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SUMMARY 

l&e&&nary experimental results are reported on the eftlciency of segmented- 
flow liquid chromatography (SF-LC) as a function of experimental conditions. For 
agarosecoated tubes (sizeexchrsion mode) experimental N values are significantry 
larger than predicted by theory_ This has been traced to a combination of hydraulic 
instability (unless special precautions are taken) and uneven coatiug of the sta- 
tionary phase onto the walls of the separation tube. Further work should lead to a 
close agreement between theoretical and experimental separation efficiencies. 

The use of SF-LC as a technique for sample pretreatment prior to high- 
performance liquid chromatography is described. Serum samples for analysis of 
certain therapeutic drugs are subjected to deproteinization and drug release by 
protein precipitation, followed by SF-LC separation of released drugs from the 
particulate material comprising the protein. 

INTRODUCTION 

Iit the preceding pap& a new form of capillary liquid chromatography was 
described: segmented-flow LC (SF-LC). A theoretical treatment of column efficiency 
(IV and W values) in SF-LC was developed, and the practical consequences of this 
theory were discussed Specifically, it appears that SF-LC will not compete in most 
cases with conventional packed-column LC, because column efhciency is orders of 
magnitude higher with packed columns. It was suggested, however, that SF-LC 
might prove useful in certain specialized apphcatious, as for the pre-treatment of 
samples prior to their further analysis by conventional LC. This would be important 
in the development of fully-automated systems that allow pretreatment of the sample 
followed by LC analysis. In this connection SF-LC offers the following advantages: 

(a) particuIa&+containing samples can be handled without danger of plugging 
the SF-LC system (which consists of au open tube of relatively large diameter: OS- 
1 mm); 



(6) part&dates can be e&iently separated as a group from soluble sample- 
species, using sixe-exchzsion SF-LC; no replaceable Gher elements or phase separa- 
tion are_ required; 

(c) SF-LC requires only very simple equipment and is rnn at low press 
(l-3 p.s.i.); 

(d) SF-LC separation can be easily combined with other continuous Bow 
(AutoAndyzer~ operations ; thus cheruicakeaction, dilution, evaporation-to-dryness, 
etc. can he carried out in conjunction with SF-LC separation as part of an overall 
pretreatment procedure. 

This has suggested to us that SF-LC can be an important part of fully 
automated systems that combine sample pretreatment with LC separation and aualysis 
- in a frilly on-line mode, without operator intervention between introduction of a 
raw sample (such as human se&m) into the system, and the printing out of tial 
results at the end of the analysis. We will briefiy explore this possibility in the present 
paper. 

A further (and primary) aim of the present paper is to describe preliminary 
results aimed at verifying the theory of part I’. These studies have further identikd 
certain practicai problems which prevent SF-LC from being as efficient a separation 
tool as predicted by theory. We will also propose certain improvements in the practical 
use of SF-LC, so that separation performance can approach the leveIs predicted by 
theory_ 

ExPERlMENTAL 

A schematic of the equipment used in the present study for carrying out SF-LC 
separations is shown in Fig_ 1. It is similar to an apparatus previously described2 for 
measuring solute dispersion during segmented-fiow through uncoated glass tubing, 
but there are some important daerences. The peristaltic pump used to create ff ow of 
mobile phase and injection of air-bubbles was variously a variabte-speed Auto- 
Analyzer m Pump I (in early studies) and an AutoAnalyzerr”d Pump III (in later 
studies). Sample was introduced into the system by mannally moving the liquid inlet 
Line from a container of mobile phase (M) to sample (S) and back again It was ako 
possible in this fashion to introduce additional air-bubbles (“pecking”) following 
the sample segment, to provide reduced dispersion of the sampIe as it moved through 
the pump (prior to air injection following the pump). 

coATEoNsE OETECTOR 

fig. 1. schematk of system ti in present studies of band brcarkning in SF-SEC. M, mob&-phase 
ccnta.iaec; S. s2tupIe co*_ 
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The coated tube was typicaJ.ly a 200 x 0.1 cm length of glass, tightly coifed 
with a diameter of 0.5 in_ The stationary phase was porous, particulate silica in ini- 
tial studies, but most of the work described here used tubes coated with agarose (3 % 
solution in water) for size-exclusion chromatography (SEC) separation. 

The detector was a transverse photodiode device constructed by us. It is 
similar in principle to the detector described in ref. 2, but of different construction. 
It was possible to monitor the tube efttuent at 630 or 900 run as it left the coated tube 
and passed into a straight length of l-mm I.D. straight glass tubing. Alternatively, 
this device could be moved onto the inlet or exit portion of the coated tube itself, to 
monitor the sample as it entered or left the coated tube, without introducing any 
extra-column band broadening. The output of the detector is similar to that shown 
in Fig. 2, where both sample absorption and air-bubbles are indicated in the recorder 
output. 

Fig. 2. Typical recorder output for sample band leaving SF-LC system. 

Connections of the various elements of Fig. 1 were provided by standard 
Technicon SMAP fittings, which are compatible with OS-l.O-mm tubing. Injec- 
tion of sample for the studies of band broadening in unsegmented-flow systems was 
done by direct injection after the pump, much as described in ref. 2. 

The Enal chromatograms as illustrated in Fig. 2 were evaluated for both plate 
mumber N (and plate height H) and for retention k,, (see ref. 1). Values of N were 
determined from bandwidths at half-height w&ec): 

N = 5.54 (f&vl,a2 

The retention time fR was calculated as (1 f k,,) f,,, where f,, is the transit time (set) 
of a bubble through the coated tube. The value of k,, was determined from the 
position of the band center relative to the center of the original segment containing 
the sample (at the time of sample-injection). Thus, if the band displacement was X, 
k,, was given as x/r=. Values of k’ were then determined from kap, as described in 
ref. 1, eqn. 3. 

It was found that N values determined as above were essentially constant for 
other measurements of bandwidth (e.g., at 10 or 20% of peak height). Band asym- 



metry values (e.g., as in ref. 3) were consistently around 1.7; i.e., the bands ‘were 
fairly symmetrical. 

The experiments with silica or alumina-coated tubes used n-heptane as mobile 
phase, with control of the mob&phase water content at 50% of saturation. Et was 
also necessary, for stable column operation, to separately humidity the air used for 
segmentation at 50% relative humidity. Experiments with the agarose-coated tubes 
used 0.1% Plurafac A-39 (BASF Wyandotte) as surfactant in water for the mobile 
phase, and cupric chloride was used as solute unless specified otherwise. The surface 
tension of the resuiting solution was about 28 dynes/cm. Ah experiments were carried 
out at ambient temperature (about 22”). 

In the measurement of the retention of proteins (which do not absorb at 630 
or 900 MI), an alternative was employed. The column efauent was combined with a 
larger volume of mobile phase and debubbled just -before entering a conventional 
W photometer set at 214 run_ 

RESULTS AND DISCUSSION 

Initial studies with segmented-flow liquid-solid chromatography (SF-L%) 
Our first attempts* at carrying out SF-LC separations used silica-coated OS- 

mm capillaries. A typical separation resulting from the application of these coated- 
tubes is shown in Fig. 3, for the separation of a synthetic sample. Not only were 
the resulting separations unimpressive, but the observed H values were 15-2O-fold 
greater than predicted by theory (eqn. 19 in ref. 1): 

Fig. 3. PreW separation of a synthetic 
as descrii in Experimental section. 

sampIe by SF-LSC on silicaxuatf2d capillary. COUditiOnS 

Various modifications in the coating procedure were explored, and alumina particles 
were tried along with silica. None of these changes were effective in markedly towering 
values of H. 

- This work was carried out by R L. Grob and E. V. PieI, using mated+@IIaries provided by 
C.S. Honatl 
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We next turned to the investigation of SF-LC with agarosecoated tubes. One 
of our reasons for looking at these SF-SEC systems was that stationary-phase mass- 
transfer efkcts should be simpler and more readily understood in an SEC system. 
Thus diffusion of soiutes in swollen agarose is commonly observed to be similar to 
diffusion in wate9, so that restricted diffusion in the stationary-phase layer could 
be ru!ed out. Therefore we expected to understand more readily any discrepancies 
that might arise in comparing experimental N values for SF-SEC with theory (eqn. 
2). A second reason for our interest in SF-SEC separation was that it appeared 
possible to develop an automated sample-pretreatment module around this principle. 

Retention sir&es 
Early experiments with nylon tubin, m coated with agarose showed adsorption 

effects for various solutes. Glass tubing as used by us seems to be free of adsorption 
for the solutes studied. This is illustrated in Fig. 4 by representative data from a 
particular 200 x 0.1 cm tube coated with agarose. Here an SEC calibration curve 
is plotted, in the form solute-molecular-weight vs. solute retention. The Iatter is ex- 
pressed as k’ for the solute divided by k’ for CuCi,. The solid curve through the data- 
point for CuCI, is that predicted for 3% agarose as stationary phase (determined 
by interpolation between 2 and 4% agarose, as represented by Pharmacia curves for 
Sepharose 2B and 4B). The solid points are for typical proteins used to calibrate 
SEC columns (mol.wts_ of W-4 x 103, Blue Dextran and a low-molecular-weight 
dye: Acid Blue. 

Fig_ 4. Retention of samples in SF-LC with agarose-coa tedtubes.Tube200 x o.lcin$o.l%Pkxrafac 
in water, other corrditions as in Experimenti sectiot~ 

On the basis of these data, it was concluded that CuCZ, &es not exhibit 

anomalous retention e6kct.s in our agarose-coated tubes, and we therefore used this 
solute for further band-broadening studies (it was a convenient solute for this pur- 
pose). 

Badbrotxi2ning in SF-HZ: genera-l 

Fig_ 5 ihustrates some typical data from our kst experiments with SF-SEC 



F= 5. Variation of plate height W with mobile phase velocity u in SF-SEC separation. Tube, 
200 x O-05 an, d, = 21 pm_ Other conditions as in Fig_ 4 (Pump I, no aic-kzd 0, experimenta W 
values; 0, calculated value of Hi_ 

separation_ Theory predicts that plots of H vs. u will be linear, and intersect the H- 
axis (u = 0) at a value of N equal H,: 

H,= L,(1 -R) (24 

It is seen that the data points approach a linear plot at higher values of U, and this 
linear plot extrapolates to the correct value of H (H = H, ; eqn. 2a) at u = 0. How- 
ever, values of W at low values of tl are higher than predicted. Furthermore, the 
limiting slope of the linear plot in Fig. 5, equal to C in eqn. 22 of ref. 1, is an order 
of magnitude higher than given by eqn. 2 above. Data were collected as in Fig. 5 
for different conditions: ri, values of 1 .O and 0.5 mm; dr values of 10-25 pm. In every 
case, plots as in Fig. 5 were obtained: linear plots at large LI, extrapolating to Hf 
at u = 0, but with W values falling above the linear plot at lower values of U. 

Hycbaulic erects 
These initial N vs. u data as in Fig. 5 couid be expressed by the equation 

W= H,f Cuf Bju (3) 

The term B/K is purely empirical, but does fit the deviations from linearity in Fig. 5 
(and in other experiments) fairly well. We will use measured values of B here simply 
to assess the reiative importance of these anomalously high H values at low values 
of 1~. While this B/U term is of the same form as predicted for longitudinal diffusion 
(see ref. 3), we have argued in ref. 1 that longitudinal difIusion is in fact completely 
insignikant in SF-LC systems (see also discussion in the Appendix of ref. 5. We also 
observed that surging/pulsing effects (see discussion in ref. 1) and se_mentation ir- 
re,oularities were more common at low flow-rates, suggesting that these latter phe- 
nomena were related to the B/z4 term of cqn. 3. 

Initial experiments (as in Fig. 5) were carried out on a pump (Pump I) 
that was not equipped with an air-bar- Furthermore, no special precautions were 
taken to minim& the size of the pump tubes, by using multiple small tubes rather 
than a single large tube for the mobile phase (as in Fig. 1). These conditions in our 
experience are all conductive to hydraulic problems, resulting in surging, pulsing and 
bubXe+keguhuity_ 



At this point we mod&d the experimental procedure somewhat in order to 
confirm that the B/U term indeed arises because of hydraulic irregukities. With a 
particular coated tube (200 x 0.1 cm, ci/ = 10 pm), we determined values of B for 
the following changes (all with Pump I, no air-bar): 

Ckwe B 

ReguIy conditions (no change) 0.008 
lLisgsbubbles 0.04 
-i= 0.00 

The increase in air-bubble size (bubble length 0.5 cm, vs. 0.15 cm originally) is seen 
to increase B_ This was accompanied by increased and more violent surging of the 
mobile phase during these separations. The explanation is that with increased total 
air volume in the coated tube, the liquid-plus-air within the tube is more compressible, 
and can store more energy to be released as a surge in liquid flow at some point : 
during the separation (see discussion ofrcf. 1). 

The addition of a pulse damper immediately after the pump was observed to 
result in decreased surging, and a iower value of B as observed above. 

We next changed the pump in our SF-LC system from the Pump I (no air- 
bar) to the Pump III (with air-bar). A dramatic improvement in hydraulic stability 
and segmentation reg&rity was apparent. Furthermore, in typical experiments the 
B term was now near zero. This is illustrated in Fig. 6a for a 400 x 0.1 cm coated 
tube (d, = 1Opm). The longer tube length here would be expected to increase hy- 
draulic instability, because of the higher pressure drcp along the tube. Nevertheless, 
because of the addition of the air-bar, the resulting plots of (H - Hi) Y.S. u are now 
seen to be linear over the fnll range in tc (0_2 < TV < 2.0 cm/se& 

With an air-bar and 2 limited choice of pump speeds (our Pump III was 
mod&d to pump at ha&normal speed and 3 x normal), data such as that of Fig. 
6 require simultaneous vtiation in L, and therefore in Ht. Values of H (rather than 

Fii. 6. Variztion of plate height H with mobile phase veh&y u in SFSEC separation with improved 
hy~ti~(Fmnp~titbair-bar,rnmultipXesrnd pump tubs). Tube,450 x 0.1cm,df=12~, 
other ca&ths as in Fig. 4. 
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R - IQ are plotted in Fig. 6b. The greater scatter of the data here, V~SZ.H in Fig. 
6a, illustrates the importance of the He term, and ccmfkms the validity of our the- 
oretical expression for I& (eqn. 2a). 

Despite the use of an air-bar as in Fig. 6, hydrauhc instability in an SF-LC 
system is not totally eZiminated. This therefore remains an area for further study 
and improvement. We have looked briefly at the use of more elective surfactants 
as a further means of increasin g hydrauZZc stabZZZty. Some such commercZaZ proekcts 
ahow surface tension to be reduced to values as low as 17 dyne/cm. Briefexperiments 
with such compounds show a dramatic further improvement in hydrank stability, 
but with a simuhaneous increase in SF-LC H vaZues. The reason for the fatter is 
still speculative, but it appears from visual examination of such systems that the air 
bubbles may no longer be ‘Qrong” enough to occlude etktively the inside of the 
coated tube and to provide separation from adjacent liquid segments. Possibly thk 
problem is aggravated by uneven coating of the stationary phase E.Zm (see foZZowing 
section). 

The C term B SF-SEC: comparison with unsegmentedflow 
An initial specuZation as to the cause of the larger-than-predicted C term in 

plots such as that of Figs. 5 or 6 was that some unexpected effect might be operative; 
i.e., the form of eqn. 2 might be incorrect, or incomplete. A possible check on such 
a hypothesis is to study band-broadening in analogous separation systems where 
segmentation of the mobile phase is eliminated. Fig. 7 shows such a comparison. 
TZre experimental points at the top of Fig. 7 correspond to N VS. u values for un- 
segmented flow through a #lo x 0.1 cm coltu~ with d, = 25pm. The solid Line 
which intersects this plot at lower values of L( is tbat calculated from the Golay 
equation (eqn. 24 in ref. 1) The deviation of experimental values from this plot for 
u > 1 cm&c is expected, since secondary flow in these tightZy coiled tubes leads to 
interference with Iaminar ffow and to lower predicted values of N (see discussion of 
ref_ 6). The lower dashed line is the plot of N - Hi vs. u for segmented-ffow through 
this same tube (aZZ other conditions the same)_ The bottom dotted line is the plot of 
H - Hi vs. u predicted by eqn. 2. 

/ _.=’ 
/ ,=’ 

f ___-- 
0-1 . 

a1 1 10 
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F55 7_ Vviztion of pIate height Hwith mobile phase velocity u h SEC separations without segmenta- 
tior1.Tube,2OOxO.lcxn,d~25~ Oaud -areforIlragmati~ob~phase, ---is 
sameco&itionsbutwithxgnmtaicn,..... is calculated aJIve for segmm.30w separatian in 
thissystem. 



From the d&a of Fig. 7, it appears unlikely to us that some unexpected effect 
is responsible for the larger-than-expected H - HE values found (segmenteq flow): 
i.e., the form of eqn. 2 seems to be correct- other workers' have commented on the 
fact that ffie Golay equation has yet to be stringently veri&d. While in one sense 
this is correct, the discrepancy between SF-TX Nvdues and eqn. 2 seems to be much 
larger, and to demand an altetistive explanation. 

During our studies of unsegmented flow, as in Fig. 7 we encountered another 
effect that was initially puzzling, but which was of little significance so far as our 
interest in band broadening was concerned. Measured k’ values for segmented and 
unsegmented flow through a 200 x 0.1 cm agarose tube (& = 25 pm) were found 
to differ markedly for the same solute (CuClA: k’ = 0.11 (segmented), k’ = 0.26 
(unsegmented). Reduction of the segmentation frequency n caused no increase in 
k’. As long as any segmentation at ali was involved, k’ was constant and equal to 
0.11. Further experiments with u1~o2ted t&es showed tit the effect persisted, and 
was therefore not related to the agarose coatin g. We have previously shown that 
retention in segmented-flow through acoated tubes is “n~rmal”~, so the anomaly 
is present in the unsegmented-flow cases. Further study of this eEect in unsegmented 
flow through uncoated glass tubes (200 x 0.05 cm) showed that retention varied with 
flow-rate: 

20 0.05 
3.2 0.07 
5.4 0.10 
10.3 0.13 

Unpublished findings from another laborato$ suggest that this effect is a general 
one- That is, in unsegmented flow through narrow tubing, lower-molecular-weight 
solutes tend to be retained as a result of fIow itself (no sorption on the tube walls), 
and can in fact be separated from larger molecules. No further work was carried 
out to better understand this phenomenon. 

The C term in SF-SEC: dependhce on ci,, k’ and solvent viscosity 
We next attemptA to determine if the large values of C we observed arose 

from the mobile OF stationr~ phase. The value of C from eqn. 22 of ref. 1 can be 
expressed as: 

c= c,t c, 

where these mobile phase (r) and stationary phase (s) coefficients are given from 
eqns. IS and 20 of ref. 1 as 

C, = (1 - R)” df/36 D: 

and 

C, = (2/3) R (1 - R) d:/os 



In eqn. 4b we assume y = 1 for agarose layers. For SEC separations as in the present 
case, with t&in layers of agarose, R = 1, and (1 - R) w k’. From eqns. 8 and 9 of 
ref 1, k’ is seen to be further related to c& and dz (4’) as 

With these Iatter approximations, eqns. 4a and 4b above can be reexpressed as 

C, = (419) d;/D: (5) 

and 

C, = (g/3) &2~ 

The features that differentiate these two terms, and offer potential insight into the 
reason for C being too large in our SF-SEC experiments to date, arc as follows: 

(a) a higher dependence on d, of C, versus C,; however, we should keep in 
mind that values of df are inferred from values of k’, and a uniform coating (df = 
constant) is assumed; 

(b) the C, term is independent of d*, whereas C, increases as (i, decreases 
(c) C, depends on 02, whereas C, varies with D,, which for agarose as sta- 

tionary phase w 0,; D, and 0; vary differently as solute molecular weight or mobile 
phase viscosity is varied. 

Table I summarizes experimental data on the variation of C with d,, ci, and 
mobile phase viscosity q_ 

TAZLE I 

VAFSATION OF C (EQN. I-22) WITH EXPERIMENTAL. CONDlTIONS 
Agaxacozted tulxs (L = MO cm), Cucl, solute. 0.1% PIumfk in water except 0.1% Plumfac in 
gxycerol-w2ter (30:70) where noted, Pump I without air-hr. 

0.100 0.011 0.05 10.0 0.0052 0.0014 7.6 1.5 
0.100 0.105 0.16 24.9 0.018 O-020 3.3 1-2 
o_oso 0.086 0.29 10.3 0.0&W 0_0029 37 1.5 
0_050 0.182 0.42 20.9 0.017 O-022 11 21 

‘From eqns. 8 and 9 in ref. 1. 
-* From eqn. 4% 

l ** From eqi~ 4b. 
* R2tio of c, (30% glycerol) to c (water)_ 

In the next-to-last column of Table I are shown vahxes of CJ(Cr + CA; Le., 
the ratio of experimental to calculated C values. Thus experimental columns are 
anywhere from 3- to almost @-fold less efficient than predicted, at higher values of 
K where the CU term dominates_ The most important comparisons are those involving 
tube diameter dr (or e)_ If C, were the do ruinant term, values of C should be inde- 
pendent of dc when df is held roughly constant (eqn. 5) If C, is more importad, 
vdu~ of C should increase with decrease in dc. The data of Table I show a clear 
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trend in the latter direction. Thus, C values are greater by a factor of 3-6 for CY@ = 
0.05 versus d: = 0.1 in Table H. This suggests that the C, term is for some reason 
uuexpectedly large. 

The data in the last column of Table I show the increase in C for an increase 
in mobile phase viscosity. Here, C, refers to the value of C for 30% glycerol-water 
as mobile phase, for which q = 2.16 cP, and which is 2.4fold more viscous than water 
without added glycerol (the normal mobile phase for which C values were measured). 
A change in 9 of the mobile phase would be expected to affect D, and D, in eqns. 5 
and 5a. Thus, for diffusion in agarose, D, should be approximately the same as for 
D, of the solute (C&la in water. According to the WZke-Change equation (e.g., 
ref. 9), D, (and therefore 03 should decrease in proportion to q, so that C, should 
bc proportional to r,~_ D,, on the other hand, is proportional to q-513 (ref. IO), so 
that C, should increase as 17 w3 Thus, if q increases by 2.4fold (30% glycerol versus . 
pure water) in Table I, C, should increase by 2.4 5/3 = 4.4fold, and C, should increase 
by 2.4fold. The observed increase in C, equal tc CJC in Table f, is seen to average 
about l&fold, which is much closer to the value predicted if C, is the dominant term. 
Again, our experimental data suggest that C, (not C,) is anomalously large. The 
somewhat lower value of C.&Z in Table I vt.sz~ theory (1.6 vs. 2.4) may reflect 
preferential exclusion of glycerol from the agarose phase, but this is speculative. 

The dependence of C on d,, with df held constant, varies from 0.5 to 1 .Zpower, 
vers1(s Znd-power (C,, eqn. 5) and 3rd-power (C,, eqn. 5a), other variables constant. 
However, we believe that the values of Jr inferred as in Table I are probably incor- 
rect. Thus, if we argue that C, is larger than predicted by eqn. 4b, the question is: why? 
The most likely answer is that the coating of agarose within the tube is not uniform, 
but is “puddled”, “sagged”, or otherwise distributed in uneven fashion. Attempts to 
confirm an uneven coating of the agarose layer are complicated by the coiling of the 
tube and the thinness of the agarose layer. Nevertheless, staining of the agarose in 
typical coated-tubes indicates that the coating was indeed uneven. The low-power de- 
pendence of C on df can then be explained in terms of patches of agarose being 
present on the walk of thinly-coated tubes, with increase in agarose content (and 
apparent increase in d,) serving to fill in the bars spots between patches, without 
really increasing the true value of d+. 

Our tentative conclusion, therefore, is that lower values of C can be obtained 
when we succeed in coating these tubes more evenly with stationary phase. Preliminary 
attempts in this direction have so far proven unsuccessful, but work along these lines 
is continuing. 

PfehGuzry appikation of SF-SEC to sanzple pretreatment for LC 

when high-performance liquid chromato_mphy (HPLC) was first introduced 
a decade ago, one of its attractions was the fact that most samples could be injected 
directly onto the column, without prior sample processing as was often required in 
gas chromatography. This is still true for HPLC today, although with the extension 
of the technique to virtually every class of compounds and to a wide variety of 
sample matrices (e.g., blood, soil, pharmaceuticals, etc.), it is more and more common 
to see some sampie pretreatment required before injection onto a small-particle EiPLC 
column. As in the case of gas chromatography (GC), where sample pretreatment is 
re&red in LC, it is usually the most time4xmsuming, least well-controlkd step in 



the overall analysis. This has Ied to the need for automating sample preparation in 
certain analyses by HPLC, those where izge numbers of difhcuit samples must be 
anaiyzed routinely and reliably. Examp!es of such applications or potential areas for 
such sample-pretreatment automation include: clinical Iaboratories and the analysis 
of human sera for thera*peutic drugs, various metaboiites, etc.; quality control 
I&oratories in which solid samples such as tablets must be assayed for drugs, vitamins, 
etc.; environmental laboratories where Iarge numbers of samples of soil, foodstuff, 
etc. must be analyzed for residues, potentiahy hazardous waste-products, etc. A 
general, reliable and simple approach to the automation of sampIe pretreatment for 
HPLC analysis is aheady provided by con’tiuous-How technoio,oy, as discussed by 
Burns” and reduced to practice by Dolan et al.lz for the assay of fat-soluble vitamins 
‘tablets (FAST-LP; Technicon Corp., for Fully-Automated-Sample-Treatment). A 
variety of common chemical operations used in sampIe pretrea’rllrent for LC have 
been adapted to this AutoAnalyzer~ approach. For examp!e, proportioning of sample 
and reagents, incubation at various temperatures for any reasonable time, solvent 
extraction, etc. A recent addition to the capability of the AutoAnaIyzeP _ mthisreg3l-d 
is the deveIopment by Burr& of the evaporation-to-dryness module (EDM) which 
allows removal of volatile soIvents from sample mixtures, exchange of one solvent 
for another, and concentration of the sample 11*U_ Cue operation, however, that until 
now has not been well executed in an AutoAnalyzerm system is the simple titration 
of particulates from a sample mixture, or the physical separation of the sample as 
by chromatography. For exampie, a common procedure for preparing serum samples 
prior to their assay for therapeutic drugs is to precipitate sample-protein by addition 
of organic solvent and/or strong acid, centrifuge to remove protein, filter through 
a 0.5pm filter, and then inject onto the LC column_ The use of mechanical, renewable 
paper filters in AutoAnalyzer- systems is possible (but awkward), and complete re- 
moval of very fine particles as for use with small-particIe LC columns is not possible. 

The present technique of SF-SEC su_ggests itself as a solution to the latter 
problem. Thus with agarose columns that provide total permeation of low-molecular- 
weight soiutes (see Fig 4), it is possible to readily separate par&date-containing 
samples into fractions cf particuIates and of low-molecular-weight solutes, the latter 
than being ready for injection onto the LC column. The specific advantages of this 
apprcach have already been addressed in the Introduction_ 

Although the a,oarose<oated tubes we have investigated so lea appear to be 
less efficient than theory predicts w+ll be possibIe, it appears that these tubes are 
nevertheless suited for sampIe-pretreatment in an automated mode. The experimental 
scheme we have used in preliminary studies is outlined in Fig. 8. An automatic sampler 
(Technicon Sampler III) is used to pick up small volumes of sampIe from each vial, 
with aqueous diluent separating adjacent samples in time. The samplediluent stream 
is combined with precipitating reagent and with air, then sent to a mixing coil where 
precipitation of protein is completed. From the latter coil the sample proceeds to 
an agarosecoated tube where separation of soluble solutes of interest from pre- 
cipitated protein takes place. The separated mixture (see Fig. 9) passes through the 
sample-loop of an automatic sample-injection-valve, to a waste-line where ffie efhuent 
from the valve is monitored with a photodiode detector (for particulate& The system 
is Grst timed for injection of sample after par&t&es have cleared the valve ioop, 
then up&ted by monitoring the particulate band from subsequent samples_ A typical 
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Fig. 8. Schematic of scheme used for automated sample deproteinization-filtration by SF-SEC 
prior to LC ax&sis. See text. 

Fig. 9. Separation of denatured protein (particulates) from Iow-molecdar-weight Solute (Cdl,) in 
SF-SEC module of Fig. 8. Redrawn to eliminate bubble noise as in Fig. 2. 

separation is shown in Fig. 9, where CuCl, is used to simulate the low-molecular- 
weight solutes of interest. 

In the above fashion it is possible to separate samples for subsequent LC 
anatysis at rates of up to 20 samples/h. Of course, this requires LC separation times 
of 3 min or less per sample_ We have applied the scheme of Fig. 8 to the fully-auto- 
mated analysis of serum samples for therapeutic drugs of interest, at rates of analysis 
of IO-20 samples/h. While this work is preliminary, and ccitain practical problems 
await final resolution, it nevertheless seems an attractive approach to simple and 
reliable assay of samples requiring pretreatment before LC analysis. 

CONCLUSiON 

Our general theory for separation efficiency in SF-LC has been tested ex- 
perimentally, using agarosecoated tubes in SEC separations. The results agree with 
theory in terms of the segment-length term Hi, but the velocity-dependence of W on 
velocity (C term) is 340 times too large. Preliminary data suggest that this is due to 
uneven coating of the tube-walls with the agarose layer, and improvements in this 
coating process are expected to lower experimental N values so as to approach the 
separation power predicted by theory- 

An application of SF-SEC for the automated sampIe-pretreatment of serum 
samples prior to their LC analysis for therapeutic drugs is presented. Although this 
work is at a preliminary stage, it appears possible to duplicate ckssical deproteiniza- 
tion-centrifugation-filtration procedures by a much simpler and fully automatable 
process. Other applications of SF-LC for the pretreatment of LC samples can readily 
be visualized, and we are further exploring these options. 
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Constant term in eqn. i-22; equal to Hi (cm). 
Empirical coelhcient in eqn. 11-3; a measure of hydraulic in- 
stability and its effect on W (cm*/sec). 
Coefiicient in eqn. I-22; the dependence of H on u (set). 
The value of C for glycerol-water (30:70, v/v) as mobile phase 
in Table I of Part IL 
Concentration of solute in mobile phase. 
Contribution to C of mobile-phase mass-transfer effects; eqn. 
eqn. 11-4a (cm). 
Contriloution to C of s*&tionary-phase mass-transfer effects; 
eqn. II4b. 
Thickness of stationary phase film (cm); see eqn. 1-9 for SF 
SEC. 
Diameter of mobile-phase stream in capillary LC (cm); see 
eqn. I-Sa. 
Internal diameter of tube or capillary (cm). 
Solute diffusion coellicient in mobile phase (Table I-I) (cm*/ 
set). 
Solute mass transfer coefficient in mobile phase in SF systems 
(Table I-I) (cm2/sec). 
Solute &fusion coefficient in stationary phase (cm2/sec). 
Terms in eqn. i-24 for unsegmented capillary LC; equal to 
(l/Da and (6R2 - 16R t 11)/96, respectively. 
Mobile-phase flow-rates (ml/xc) of air-plus-liquid, air and 
liquid, respectively. 
Terms in eqns. I-25 and I-2% for scgmentccl capillary EC; 
equal to l/DA and (I - Ry/36, respectively. 
Height equivalent of a theoretical plate (cm). 
Contribution to H in SF-LC from segment length; eqns. I-16 
and I-19. 
Contribution to H in unsegmented capillary LC from mobile- 
phase mass-transfer; eqn. I-24. 
Contribution to H in SF-LC from mobile-phase mass 
transfer; eqns. I-18 and L-19. 
Contribution to H in capillary LC (either segmented or un- 
segmented) from stationary-phase mass transfer- 
H in unseeented capillary LC; eqn. I-23 (cm). 
Capacity factor in either se-men&l or unsegmented LC; eqn. 
I-1. 
The apparent capacity factor in SF-LC; equs. I-2 and I-3. 
k’ value for CuClz as solute 
Length of capillary or tube (cm). 
Len,@h of liquid segment in SF-LC (cm). 

l Reference to eqn. I-3 or II-2 indicates eqn. 3 of Pan I and cqn. 2 of part IX, nzspecGv=Iy. 
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Total amount of mobile phase (nz) or stationary phnse (s) 
within tube or capiilary. 

_ Mobile phase (Fig. II-I). 
Segmenktion Frequency (bubbles/see) in SF-IX (se~-~)_ 
Segmentation frequency (bubbles/cm) expressed a bubbles 
per unit length of capillary (csII-~); see Fig. I-3. 
Theoretical plate number for tube or capillary (or cohrmn). 
Effective plate number, equal to N(1 - R)‘_ 
Pressure drop along tube or capillary (c.g.s. units in eqn. I-21) 
Retention of a solute in an SF-KC system, measured in units 
of liquid segments; see discussion of cqns. I-l 1, I-12 and L-23: 

Retention parameter, equal to k’/(l f k’). 
Sample (Fig. 1 of Part II). 
Denotes segmented-flow. 
Standard deviation. 
Segmented-flow size-exclusion chromatography 
In SF-LC the time for a bubble to pass through the tube; 
otherwise, the time for an um-etained solute to pass through 
an LC system (set). 
Solute retention time (se+ 
Velocity of mobile phase (cm/se& 
Denotes unsegmented flow. 
Volume of mobile phase contained within the tube or cap- 
illary. exclusive of mobile phase within the stationary phase 
in SEC systems (ml). 
Volume of a liquid segment in SF-LC (ml). 
Solute retention volume (ml). 
Widtb of a solute band at half-height (set). 
Time separating to and the solute band-center (se+. 
Variance of band, measured in units of liquid segments (SF- 
Lc). 
Contributions to G from segment-length (i) and mobile-phase 
mass transfer (r); eqn. I-14_ 
Mobile phase viscosity (Poise). 
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