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The concept for a continuous chromatograph utilizing a rotating annulus was 
presented over 25 years ago. Such a system with a stationary feed point and stationary 
effluent ports can accept a continuous feed stream aszd separate it into a series of con- 
stituent streams that appear as separate helical bands in the ammlus. A theoretical 
plate concept can be used to mathematically describe the system. Recent develop- 
ments for contim~ous liquid chromatography include the addition of gas overpressure 
for higher pressure operation and the use of segmenting spacers at the feed entry to 
allow gradient elution. Molecular sieves and ion-exchange systems are being investi- 
gated for utility in several specisc separations. 

iNTRODUCTION 

Preparative, large-scale chromatographic separations are usuaJ.ly achieved by 
increasing the diameter of the analytical-scale sorption column. This expanded size 
allows larger amounts of feed material to be introduced in a batch mode without 
seriously overloading the column. Unfortunately, the increase in the dimension normal 
to the eluezt flow contributes to a loss of resolution due to radial flow variations and 
other mixing e&cts. As a result, the scale-up of conveational columns beyond about 
2.5 cm diameter leads to a measrrrable loss of resolution. 

Much consideration has been given to the technique of continuous liquid chro- 
matography and to various systems designed to take advantage of its capabities. 
One system would contain provisions for the solid sorbent phase to move counter- 
current to the eluent stream and have intermediate t&eoEpoints for the various dif- 
ferent solutes; however, the design problems associated with such a scheme would be 
quite diEcult. A variation of the technique developed by Arehart et al.‘, which is the 
clcsest approach to this concept, would still not be adequate since it contributes to 
extensive backmixing. fn any case, the bulk sorbent phase must have the capability 
of moving past the fegd entry point and various product takeoff points in order for the 
chromatograph to be truly co~tim~ous. 

= Research sponsored by the Energy R esearch acd Development Administration under contract 
with Union Carbide Corporation. 
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An- annular chromatogmph rotating with respect to a feed stream and &rate 
collection points was proposed by Martin2 over 25 years ago. Later, it was considered 
on a theoretical basis by Giddings”. Several other workers have developed and evalu- 
ated various versions of this concept during the past 20 years, but apparently were not 
able to circumvent the operational problems. For example, Svensson et cZ.~ utilized 
an annular array of individual columns while Fox et aL5 used a rotating annulus. Gn 
the other hand, Dunuill and Lill4p carried out experiments to determine the effective- 
uess of a stationary anuulus with rotating feed nozzle and fraction coHector. In these 
cases, the designs of the various systems resulted in relatively simple biochemical 
separations; however, such systems used only gravity or low-pressure Bow, making it 
difEcult to take advantage of high-resolution separations and the designs of the sys- 
tems were not compatible with gradient elution techniques. 

We are now considering an extension of this concept in which a rotating an- 
nulus will be used with stationary feed and elution streams as well as stationary eluate 
collection ports. Further, the feed and eluent streams will be introduced through 
appropriate seals to permit pressurized operation with an ovelrpressure of gas, -LL~ 
segmenting vanes will be included at the top of the annular bed to reduce feed back- 
mixing and to allow gradient elution. 

A more complete theoretical analysis of the system utiliing a theoretical plate 
concept has also been completed, and a photometric monitor has been developed for 
measuring elution position and band spreading. 

THEOFtETICAL CONSIDERATiO‘h’S’ 

principk #Jr operatiOl1 
In our approach, operation of the continuous, annular chromatograph in- 

volves moving an annular bed of sorbent past a stationary feed entry point and sta- 
tionary effiueut recovery ports (Fig. 1). As the annulus rotates, it is subjected to a 
short feed introduction time followed by a relatively long period of elutibn fiorzl a 
series of &rent nozzles. During this operational sequence, the initial entry point com- 
pletes a revolution. 

As elution proceeds, the eluted substances progress down the annulus, giving 
the appearance of helices as the annulus rotates. The more strongly sorbed species 
exit from the rotating annulus at a greater distance from the feed point, thus providing 
a continuous separation of species with differing sorption characteristics. 

Mathematical description 
The anndar chromatograph can be described mathematically by a theoretical 

plate approach similar to that developed by Martin aud Synge’ and amplified by Saidg 
for stationary columns. The mathematical description should result in algebraic~ 
expressions for the elution position (as measured from the feed point) of each solute 
and for the bandwidth as a function of elution position or other system parameters. 

General considerations. The following simplifying assun$tions are made: 
( 1) The annulus consists of a series of equally sized segments arranged circumferentiaG 
ly. (2) Ezch of these annular segments is made up of a seties of theoretical -pIales, 

* See &o List of symbols at the end of me art&e. 
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Fig. 1. Pressurized, continuous annular chromatograph. 

progressing from the top to the bottom, &at have identical tied heights. (3) The 
concentration of a solute as it leaves tbe theoretical plate is 2t equilibrium with the 
average concentration of the solute sorbed in the stationary phase. (4) There is EO 
iateral mass transport of the solute or solvent to adjoining 2nnul2r sewen&. (5) No 

radial variation exists in either the fluid or the sorbent phase. (6) The superficial 
velocity of the efuent is constant throughout the amndus. 

One of the problems encountered ~.FI mathematically describing the annular 
chromatograph is the establishment-of 2 usable point of reference. This is somewhat 
diEcult since the feed and etuate recovery points are stationary while the anmiar 



sorbent phase is in motion. In fact, it is convenient to use two references, viz. the 
stationary feed point and a speciEc point in the rotating annulus (e.g., the top). FOF 
the sake of simplicity, the following additional assumptions were made in an attempt 
to circumvent this problem: 61) A single annular segment as it rotates will be one 
reference point for the mathematical treatment and the fed point will be the other. 
(2) All of the solute is assumed to be in the first theoretic&l plate at the end of the feed 
introduction period. 

The actual chrolmatographic process begins at t = 0, when the reference an- 
nular segment just leaves the feed zone. Thereafter, the elution sequence occnrs and 
the annular position of the reference segment, in terms of the stationary feed point, 
is dependent on the time and arzgular speed of the annuks. -The steady-state chro- 
matographic patterns car be established by following the chromatographic process in 
a single columnar segment as it makes a complete circuit. 

The mathematical description of the process with the above assumptions can 
be generated by considering a series of material balances of the solute around each 
of the theoretical plates of the reference segment. For example, at plate I, after the 
feed stage during the time lapse of dr (or an eluent flow through the segment of .4v 
and an anguIar displacement of d@ from the feed point), the material balance would 
be (Fig. 2) 

solute in - solute out = change in solute inventory (I) 

If dt, dv, and 40 become vanishingly small, the differential form of the material 
balance becomes 

where 
c1 = concen’&ation of solute in the fluid phase leaving the first theoretica: 

plate, moles/cm3 
v = total eluent flow through an annular segment during time t and displace- 

ment 0, cm3 
V = total vohrme of an aimufar segment, cm3 
N = total number of theoretical equilibrium plates in the annular segment 

K = distribution coefiicient, 
moles solute/cm3 sorbent phase 

moles solute/cm3 fluid phase 

E = void fraction in chromatograph, 
cm’ Auid phase 

cm3 annular volume 

Rearrangement yields 

dc, -= --Bdv 
Cl 

where 
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Fig. 2. Movement of an annular segment in the continuous annular chromztograph 

Here the boundary conditions are 

Y = 0, t = 0, Ct = er 

where c, = solute concentration in the feed, moles/cmS. The solution of eqn. 3 
results in the fluid phase solute concentration in plate 1 of the anmdar se--e@ after 
the flow of a volume, v, of the eluent 

During the time required For the flow of v through the annular segment, the segment 
has rotated away from the feed point by an angle of 

@=mt=E& (51 

where 
A = cross-sectional area of the annular segment, cm2 
t = time fork the reference annular segment to be displaced by an angle of 0 

from the feed point, set 
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24 = eluent superficial velocity, cm/set 
u) = angular velocity, rad/sec 

Therefore, the concentration of the solute as it leaves the first theoretical plate at a 
position 8 from the feed point is given by eqn. 4. 

Similarly, the mobile phase concentration can be represented at any theoretical 
plate, n, in the annular segment at any point around the annulus by 

Cl2 -=e -_Bo (BW’ (Bw)“-- 1 

Cf (n - I)! = e-B’e (n - I)! 

where 

BL2F[ l ] 
& f (1 - &)K 

L = vertical distance from feed point to exit, cm. In the case of the system exit, 
this equation becomes 

=N 
e-BrO(Br@)N-i 

-= 

Cf (N- I)! 0 

This is a Poisson distribution, which can be approximated by a Gaussian distribution 
for large values of B’O (ref 9) 

CN -= 
Cf +tB.Q exp _ 1 CB’Q - w - l)lZ t 2B’Q > 

Eluriulz position. The maximum value of solute concentration at the exit will 
occur at a specific angular location, ~3, and can be determined by allowing the dif- 
ferential of eqn. 7 with respect to 8 to approach zero: 

f 

e-Bre (B’Q)“-2 

(N-2)! I( 

1 _ B’O 
N-l = ) 0 

Eqn. 9 indicates that the first derivative is zero at 

B’O = N - 1, B’O = 0, B’O = 03 

or at 

Q= N-1 
B 

,Q=O,Q=m 

The maximum exit concentration or “elution position”, @, of the solute must then be 
at the point where 

or, for large values of fV 

BL+ 



From eqns. 8 and- 11 the maximum concentration will then be 

ff we introduce the expression for B’ into eqn. 11, the elution position is de- 
fined by 

Thus, eqn. -13 should predict the radial exit location of the maximum concentration 
of a solute (elution position) as a ftmction of system length (L), angular vefocity or 
rotational speed (CO). superficial velocity (u), void fraction (E), and the distribution 
coefficient (K). 

Bmdwd’h. In order to establish conditions for separating two or more solutes, 
both the elution position and the width of solute bands m-ust be predictable. The 
solute band is defined as the solute concentration in the circumferential or horizontal 
direction. Disregarding circumferential difFusional e&As and mixing, there are two 
major contributions to the width of the helical bands as they exit the chromatograph: 
the initial width of the feed stream and longitudinal diffusional and mixing effects. 
The first of these is easily measured and thus predictable at the feed introduction 
point, while the second can be estimated with the assumptions inherent in the theo- 
retical plate theory. 

As indicated by the mathematical treatment of Van Deemter et aL1’, the various 
band spreading phenomena in combination can be represented by 2 simple addition 
of the variances of each of the mechanisms. Thus, the total variance, oCt, would be 
a linear combination of the two effects noted above 

tit* = Of_ + $2 (14) 

or 

where the subscripts t,f, and I represent total, feed, and longitudinal, respectively. 
lt is most convenient to express band spreading by angular displacement since 

this fits in with the angular elution position. ln this case, the standard deviation of 
band spreading, a, will be expressed as the angle of displacement from the midpoint 
of the band. 

The contribution of the feed bandwidth is rather straightforward siucd it is 
defined by the distance between spacers at the top of the chromatograph. On the other 
hand, band spreading in the longitudinal direction, Go, can be approximated by mod- 
ifying the expression developed for the concentration proHe given by eqa. 6. As 
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previously mentioned, this expression for large values of B’8 can be approximated 
by a Gaussian distribution which, when put in the standard form, could be used to 
determine the standard deviation. 

AS before, we have considered a reference segment of the annulus rotating se- 
quentially through the feed zone and the elution zone. The total quantity of solute, 
Q, leaving the segment during the course of the elution would be 

Q= m s cNdv or Q=* 
I 

m 

c,~ dO 
--co 0 --m 

(Note: Because all of the materia1 is eluted in a single revolution after which feed is 
again introduced, the limits of integration, --oo and co, are actually “dummy” 
limits, relating only to a single sample input pulse.) 

The tota quantity of feed introduced to the first plate was: 

AL 
o=CpT[&+(l -&)Kj (17) 

Normalizing eqn. 16 by dividing by eqn. 17 results in 

which is a necessary criterion for a standard Gaussian distribution of the function 

P’ 2) 

From eqn. 12 it can be seen that 

But, for a standard Gaussian distribution, the maximum value will also be 

Combining eqns. 19 and 20 and substituting eqn. 11 results in 

B 

a1 = T 

(19) 

(21) 

The total bandwidth at the exit of the chromatograph can then be approximated by 

EXF’ERIMENTAL EQUIPMENT 

(22) 

An annular chromatograph and a photometric monitoring device were de- 
veloped and fabricated for this study. * 



The a.m&r @~omatogra~h (Fig. I) was fabricated from PIetiglase. The 
annulus was formed from two concentric open cyhnders and appropriately sealed at 
the top and the bottom by flanges. The annulus was I.30 cm wide and 50 cm long, 
with an outside diameter of28.4 C&I. The top of the cyhnder forming the inner an&us 
wall was also sealed. The enclosed head space above the annuhts was created by bolt- 
ing another open cylinder with sealed top to the flange on the outside annulus wall. A 
Teflon@ flow distributor fit into a special port provided in the top of the chromato- 
graph with a double O-ring seal. frzlet holes drilled through this distributor allowed 
access of the feed line and six eluent lines, whife an air line provided constant over- 
pressure. The head space in the top of the chromatograph provided a gas blanket 
over the annulus which could be pressurized to a maximum of 25 p.s.i.g_, while the 
Ck-ing seal allowed the distributor to remain stationary during rotation of the anmdus. 

Forty-eight spacers were placed across the annulus at regular intervals at the 
top and the bottom of the annulus. These spacers not only served to maintain a COR- 
stant annulus width, but also segmented the top of the column into different re&ons 
for gradient elution 

The sorbent bed was held in place by a plastic fabric over a wire mesh, which 
was clamped in place between two plastic gaskets, and the entire chromatograph was 
bolted onto a support plate. The eluate stream tended to contact solid surfaces at the 
system exit which could result in flow over the surfaces, extensive mixing, and sepa- 
ration into a few, dkrete ehrate streams. To circumvent this problem, a series of 
l/&in.-thick spacers was also placed in the annular exit just below the stationary 
phase support. Each spacer extended across the annulus exit, and had a triangu!ar 
cross section whose apex extended below the chromatograph. This arrangement, 
which resulted in channeling of the eluate stream onto each spacer, with eluate drip- 
ping from each apex, preveated gross backmixing. The spacers were placed at 2-cm 
intervals around the 2nmh1s exit. 

A slow-speed drive system allowed the support plate (and the annular chroma- 
tograph) to rotate at speeds of approximately 0.1 to 20 rph. Metering pumps were 
available to introduce the feed and eluent streams through the stationary distributor; 
for nongradient elution, an electrical feedback level control was available to maintain 
a constant eluent level above the surface of the sorbent. 

Monitoring device 

A device for monitoring the concentration of solute in the helical bands was 
developed. It included a light source that imposed light through the outer chromato- 
graph wall into the eluting band and a photo detector that measured reflected light. 
These were enclosed in 2x1 aluminum body (see Fig. 3). Light from the source was 
focused with a lens into the sorbent phase, and the reflected light was then focused 
onto a photovoltaic silicon detector. The signal from the silicon detector was amph- 
fied and subsequently recorded on a strip-chart recorder. 

For gradient eiution, the top of the sorbent bed was just above the lower edge 
of the top spacers. This separated the top of the amulw into 2 seties of “segments” 
with a small amount of contained headspace above each. During operation, the feed 
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Fig. 3. Schematic of solute monitoring device. 

stream was introduced sequentially into each segment as the annulus rotated past the 
feed nozzle. The separation process was actually begun before the solute had progress- 
ed below the bottom of the spacer. The feed rate was controlled so that the head space 
in each segment was not exceeded during the time that the feed point was above the 
segment_ With this mode of operation_ the eluent streams were introduced into each 
segment as it passed sequentially under the individual eluent nozzles. The eluenr flow- 
rates were also adjusted so that the segment head space was not exceeded. The spacing 
of the eluent nozzles was such that the eluent in the segment head space was exhausted 
just as the segment progressed to the next nozzle. 

For isocratic elution, the sorbeni level was maintained above the top of the 
spacers and the feed nozzle tip was adjusted so that it was below the surface of the 
sorbent bed. This resulted in the feed nozzle plowing through the top portion of the 
bed. In most cases, the packed sorbent material had enough fluidity to prevent any 
permanent trace from the feed nozzle; however, an overlay of a nonadsorbing gel 
could be used to circumvent this problem. With such an approach, feed convective 
mixing was retarded and the initial feed bandwidth was about half that when the 
segments were used. A constant head of eiuent fluid was maintained above the entire 
bed by a simple liquid-level feedback controller and the gas overpressure forced the 
eluent through the sorbent. 

Solute monitor. Band eluting position was simply determined visually as the 
midpoint of the exiting solute band. However, the concentration across the solute 
band was determined by the monitoring device. Since the helical band appeared to be 
stationary while the annulus rotated, band monitoring was achieved by attaching 
the monitoring device to the outer surface of the chromatograph and allowing it to 
scan across the band with the motion of the annulus (Figs. 4 and 5). 

EXPERIMENTAL RESULTS 

Two different types of separation were studied: (1) a system using cross- 
linked dextran gels for separation by molecular size, and (2) a system using ion- 
exchange resins. The former would be typically applied to biochemical separations, 
while the latter would normally be used for separation of inorganic solutes. The pri- 
mary experimental parameters measured were the elution position and the bandwidth 
.as a funciion of bed depth. These data were correlated by the expressions developed 
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Fig. 4. Separation of a nickel and two cobalt complex ions in a simulated ammonia process liquor by 
the continuous annular chromatograph. 

by the mathematical model, and the resultin g correlations were used to verify the 
validity of that mathematical interpolation_ 

Molecular sieve separatiom 

Cross-linked dextran gels can be used to separate mixtures of biological mac- 
romolecules by difference in molecular size. This molecular sieving operation is one 
of the most important separation tools used in biochemical research. 

In order to evaluate the continuous annular chromatograph for such applica- 
tions and, at the same time, to verify the mathematical model, a series of tests was 
made with various Sephadex’ gels as the stationary phase. Typicall, Sephadex G-25 
in the size range of 100-300 pm was used with a test feed stream containing Blue Dex- 
tran 2000’ (a high-molecular-weight, soluble dextran) either as a single solute or in 

* Trademark of Pharmacia Fine Chemicals, Uppsala. Sweden. 
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Fig. 5. Typical output of moniioring device as it scans across +Jre elution bands in tke ion-exchange 
separation of nickel and cobalt compIex ions. Scanning wavelengtk, 620 mm; scanning s-peed, 49”/k. 

combination with CoCl,. In the latter case, the significant difference in the molecular 
size of the two solutes (the Blue Dextran molecule was much too large to pene- 
trate the gel matrix) gave a clear indication of the molecular sieving action. Since 
both solutes were highly colored materials, they were easily detected and quantified 
in the experimental apparatus. Distilled water was used as the eluent. 

Ion-exchange separation 
Tite separation of nickel and cobalt from a synthetic process liquor was in- 

vestigated as an ion-exchange separation of potential utility. In the preferred process 
for tickel recovery from oxide ores=, an ammonia-rich process liquor is produced 
that contains a nickel complex ion and as many as three cobalt complex ions. Hurst” 
recently identified these complexes as [Ni(NH3)6-Z(H20)=]2*, [Co(NH,),COJ”, 

Ko(NH,)&O,] +, ami CWN-W,f3’, referred to hereafter as Ni-2, Co-I, CO-~, and 
Co-3 and he proposed that a high-resolution ion-exchange separation could be used 
for the final purification step in this process with recovery of both nickel and cobalt. 
In such a process, a continuous chrornatograph would be most useful. 

Dowex 5OW-X8 ion-exchange resin (50-6O~m) was used to separate the com- 
ponents in a synthetic feed liquor containing Ni-I, Co-l, and CO-~. The third cobalt 
species was not inchrded since it represents a relatively simple separation. The eluent 
was 1 M (NH,),CO, buffered to a pH of 7.8, and the elution sequence was Ni-I 
followed by Co-l and Co-2 (Fig. 4). Since .A tiee solutes afe colored substances with 
useful light absorption properties, the separation could be easily followed by the 
monitor. 
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Void fraction 
The elution position of a specifk solute, measured as the- angular displacc- 

ment of the band from the feed point, should be dependent on the lengtt of the chro- 
matograph, speed of rotation, superkial velocity, void f&&on, and distribution 
coefficient, as indicated in eqn. 13. Blue Dextran 2000 has such a large molecukr 
weight that it should not penetrate the pores of Sephadex gels, and minimal surface 
sorption phenomena are expected. Thus, it could be wed to measure the efkiency 
of the cbromatographic system. 

Since no interaction of the solute with the stationary phase is expected, the 
distribution coefiicient should be zero and the mathematical expression for elution 
position should be 

Since E should be relatively constant at a given elution rate (where u is constant), 
we would expect a plot of B vs. L to produce a straight line at a given rotational 
speed. This was found to be true at rotational speeds of 0.001340044 rad/sec, where 
the band displacement was measured vertically down the annuhus (Fig. 7). 

VERTICAL DISTANCE FROM ENTRY POINT 

Fig. 7. Effect of vertical distvlce and rotational speed on elution position of the Blue De&an band 
eluding through Sephadex G-25 (MU-3Wpm) in She continusu.s zmmkr chromatograph. Eke& 
disUkd water; feed, 20 g/l Blue Dextran at 1 ml/min 

Further, it would be expected that, upon measurement of the elution position 
of Blue Dextran at specik operating conditions, eqn_ 24 after rearrangement could 
be used to establish the void fraction, E. If this value was found to be relatively con- 
stant over a range of operating conditions, the mathematical interpretations of the 
system would prove to be useful. U&g this approach, the void fraction was found 
to be-essentially constant for all russ, that is, it -was independent of flow-rate (Table I). 



Amudar 
velocity, 0) 
[raf.#sec X 10s) 

-- 
1.05 
1.05 
LO? 
1.02 
1.03 
1.05 
1.03 
1.05 
1.05 
1.11 
2.60 

1.37 1.38 
1.63 1.21 
1.95 0.94 
1.93 0.97 
1.92 0.93 
2.15 0.93 
2.42 0.69 
2.68 0.74 
3.40 0.58 
2.10 1.01 
1.89 2.41 

221 
Lt.77 
1.58 
1.60 
1.58 
1.54 
1.16 
1.19 
0.92 
I.64 
3.98 

Caldated 
vafrze of .stC 
for Bike 
Dexlran 

Caicufated 
value of h- e 
for CoCfz 

0.36 0.34 
0.34 0.32 
0.36 0.39 
0.37 0.37 
0.35 0.37 
0.38 0.40 
0.32 0.33 
0.38 0.37 
0.38 0.35 
0.38 0.39 
0.35 0.35 

Mean (standud deviation) 0.36 (0.02) 0.36 (0.026) 

* ~Measured at 50 cm beiow the feed point. 
=* calculzted using eqn. 13. 

Distribution coescient 

After the void fraction is ~IIOWIZ, eqn. 13 can also be used to determine the 
distribution coefkient for eluting substances which have an affinity for sorption. In 
the molecular sieve separation, CoCl, does penetrate the gel pores, where it uszdergoes 
a weak ionic interaction with the stationary phase This causes the solute to e!ute after 
Blue Dextran. The elution position can be used to establish a distribution coefficient. 
As shown in Table I, this distribution coefkient was reasonably constant over the 
range of operating conditions, thus further showing the utility of the mathematical 
interpretation. As expected, the Blue Dextran and CoCl, were well separated in all 
tests. 

All of the measured ionic constituents in the ion-exchange separation were 
sorbed more strongly by the solid phase than was CoC& by the Sephadex G-25. Using 
an externally measured void fraction (E = 0.40) and the elution positions of the three 
constituents, distribution coeEcients were again determined. The calculated distri- 
bution coeficients were relatively constant over a minimal range of operating con- 
ditions (Table II), but were up to 25 7; less than those measured by stationary ana- 
lytical colrrmns. The distribution coefficients were quite dependent on pH and it is 
expected that variations in pM within the annular cbromato_~ph caused the diEerence. 

Theorelicai plates 

In a few of the ruts, the solute monitoring device was used to measwe the 
width of the CoCl, band just prior to the elution exit (at 45 cm from the fetd point) 
in the moledular sieve separation and the width of the M-1 band in the iozl-exchange 
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separation. These data, coupled- with the feed bandtidtk and elution position, x&I 

allow determiriafion af the number of theoretic& plates. 
Barid spreading due to hmgitudinal dispersion should be approximated by 

eqn. 21_ That expression rearranged for dete rmining the number of theoretical pi&es, 
N, wiIl be 

N = (@CT,,’ 

From tke relationship for total band spreading, eqn. 15, it can be shown that 

Tke width of the band at half the maximum concentration, W, is muck easier to mea- 
sure than the standard deviation_ Tkis parameter can be related to the standard 
deviation by 

8 = P/Skl2 (27) 

Recognizing the contribution of the initial feed bandwidth, W,, to total band spread- 
ing and incorporating eqns. 26 and 27 into eqn. 25 resuit in 

This relationship was used to determine the number of theoretical plates in the vertical 
section of the annular ckromatograpk from elution and bandwidths data. 

The number of theoretical plates in the ammfar chromatograph using the mo- 

lecular sieve separation was calculated from CoCi, bandwidths to be 646, with a 
standard deviation of 169, over four different tests (Table III). The Ni-l bandwidth 
was used to determine tke number of theoretic& plates in the ion-exchange separa- 
tion. The rest&s of three tests gave a mean value of 416, with a standard deviation of 

NUMBER OF THEORETTCAL PLATES FOR CoClz ELUTION IN THE CONWNUOUS 
CHROMATOGRAPK 
Operating conditions: temperature, 25 & 2”; g-s overpressure, 5-7 p.s.i.; eluent, distilled water; 
sorbent phase, Sephzdex G-25; particle size, lKt-300~m. 

1.05 
I.01 
1 .o;? 
2.60 

I.37 
1.95 
1.93 
I.89 

bnndwidk, 

$f.l x IO=) 

0.7 
3.g 
6.8 
7.9 

17.6 I.90 645 
13.3 1.41 687 
16.8 2.45 497 
31.1 3.51 755 

- 

* Mawred at 45 cm below the feed point. 
*- C&Mated with eqn. 28. 
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3 1 (Table IQ Neither of these systems constitutes a hi&-resolution system; howeve& 
the number of theoretical plates are probably in the expected range for the type of 
solid phase used. 

Efect of feed rate on bandwidth 
The feed rate was 3 m@in in each of the tests with ion-exchange resin. This 

represented a superfkial velocity of 0.024 cm/set, about equal to the average elution 
rate around the chromatograph. Obviously, as the feed rate was increased, additional 
n-&g and band spreading woauld be expected. Indeed, it was found that the band- 
width increased at feed rates which FeWhed in a superticial velocity greater than twice 
the average eluting superficial velocity (Table TV). This elect will have to be taken into 
account when studying or designing for a specific separation. 

TABLE IV 

EFFECT OF FEED RATE ON Ni-1 BANDWIDTH 

Operating conditions: temperature, 25 & 2”; gas overpressure, 5 and 10 p.s.i.; eluent, 1 M(NH&CG, 
buffered to pH 7.8; sorbent phase, Dowex 50-X8; particle size, 50-6Opm. 

Fluent superficiul Feed superficial Bamliiidths W’ 
vel’ocity (cmisec) velocity (cm!secl (mi) 

0.24 0.24 0.11 
0.24 0.53 0.12 
0.24 0.78 0.20 
0.24 0.23 
0.12 0.78 0.30 

* Bandwidth measuxi at 40 cm below the f& point. 

CONCLUSIONS 

The rotating annular chromatograph has been shown to represent a potentially 
useful concept for continuous chromatography. The use of gas overpressure allows 
pressurized operation, which is usually required in modem chromatomphy, and the 
use of segmenting spacers at the chromatograph top allows gradient elution. A moni- 
toring device, measuring reflected light, can be used to detect band positions and band- 

_ width when a transparent annulus is used. 
The system can be mathematically described by a modified theoretical plate 

model, and the resulting correlations can be used for design purposes. Future ex- 
periments will be required to completely de&e the effects of feed stream concentra- 
tion and flow-rate. 

LIST OF SYMBOLS 

A = cross-sectional area of the ann&r segment, cm2 



c concentition of solute Ln the hid phase, moks/cm3 
C z cafibration constant 

K = distribution caefkient, 
moles soIute/cm3 sorbent phase 

moles soIute/cm3 fluid pkse 
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L = vertical distance from feed point to exit, cm 
n = general designation for theoretical plate rtumber 
N = total number of theoretical equilibrium plates in the annular segment 
Q = total quantity of solute introduced to an ammIar segment, mole. 
R = ratio of solute monitor reading at a solute concentration of c to the instrument 

reading for zero solute 
f = time for the reference annular segment to be displaced an a&e of 0 from the 

feedpoint, set 
zc = efuent superficial velocity, cm/xc 
V = total eluent flow throu& an annular segment during time i and displacement 

0, cm3 
f/ = total volume of a~ ammi2r segment, cm3 
W = width of solute band at half the maximum solute cor~ce~~tiation, rad 

cm3 fluid Dhase 
& = void fraction in c&omatograph, cm3 anrzular~volume 

w = angular velocity or rotation21 speed, rad/sec 
d = standard deviation of the solute concentration across a solute band, rad 
0 = angular displacement of the solute band measured from the feed point, rad 
Q = angular displacement of the maximum solute concentration at the chromato- 

graph exit, rad 

1 = &-st theoreticA plate 
f = feed point 
I = longitudinal 
n = 12th theoretical plate 
iV = Nth theoretical plate 
0 = initial 
d =totd 
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