
JANUARY 1967 

ON-LINE RADIOMETRY IN HIGH-PERFORMANCE 
LIQUID CHROMATOGRAPHY USING A STORAGE LOOP 

BY: 

HJ. VAN NIEUWKERK 



ECN does not assume any liability with respect 
to the use of, or for damages resulting from 
the use of any information, apparatus, method 
or process disclosed in this document. 

Netherlands Energy Research Foundation ECN 
RO. Box 1 

1755 ZG Petten (NH) 

The Netherlands 

Telephone (0)2246-4949 

Telex 57211 



ECN-196 

JANUARY 1987 

ONLINE RADIOMETRY IN HIGH-PERFORMANCE 
LIQUID CHROMATOGRAPHY USING A STORAGE LOOP 

BY: 

H J . VAN NIEUWKERK 



- 3 -

TABLE OF CONTENTS biz 

INTRODUCTION 5 

1. ON-LINE COUNTING IN RADIO-HPLC 

Abstract 8 

1.1. Introduction 9 

1.2. Development of on-line radioaetry in HPLC 12 

1.3. Variables of on-line liquid scintillation counting 23 

1.4. Influence of voluae and flow pattern 32 

1.5. Comparison of the procedures for on-line radioaetry 39 

1.6. Conclusion 42 

References 43 

2. APPARATUS AND SOFTWARE FOR LOW-LEVEL RADIOMETRIC DETECTION IN 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

Abstract 48 

2.1. Introduction 49 

2.2. Apparatus 50 

2.3. Software 57 

2.4. Conclusion 73 

References 73 

3. CHARACTERIZATION OF A BETA-DETECTOR FOR ON-LINE RADIOMETRY IN 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

Abstract 74 

3.1. Introduction 75 

3.2. Principle 77 

3.3. Experimental 84 

3.4. Conclusions 89 

References 89 

4. LOW-LEVEL RADIOMETRIC DETECTION IN LIQUID CHROMATOGRAPHY 

USING SOLVENT SEGMENTATION AND AN EFFLUENT STORAGE LOOP 

Abstract 90 

4.1. Introduction 91 

4.2. Experimental 93 



4 

biz 

4.3. Results and discussion 95 

4.4. Conclusions and future research 110 

References 111 

14 
5. RADIOMETRIC DETECTION OF C-LABELLED POLAR COMPOUNDS USING 

AN EFFLUEKT STORAGE PRINCIPLE BASED ON SOLVENT SEGMENTATION 

Abstract 113 

5.1. Introduction 114 

5.2. Experiaental 115 

5.3. Results and discussion 117 

5.4. Conclusions 130 

References 133 

CONCLUSIONS AND FURTHER DEVELOPMENT 134 

Appendix Subroutine in FORTRAN IV for peak detection and peak 135 

paraaeter calculation in chroaatogvaas with UV- and 

radioactivity detection 



- 5 -

MTKOOOCTIOW 

The applications of high-performance liquid chromatography (KTLC) h-.-x 

increased considerably In recent years. Simultaneously, the .-o-line 

detection of the separated comp^jnds is emphasized to shorten V»th > i* 

handling and turn-over time cf the analysis. 

The role of radiometric detection, in this development shonld lo impo -

tant, due to the Inherent specificity and senalti'lu». It Is, fcoweve . 

hampered for at least two reasons. 

Firstly, the use of radionuclides and radlo-lai»e) led compound* is re

stricted to a few specialized laboratories with authorization to hen̂ 'c-

"open" radioactivity. The subject* of investigati'r vary f^sm metabolic 

studies at the wCl- (VJa-) l*/e* t<? experiment? related to waste ma

nagement where considerably higber activities tav* .a be dealt with. 

A second restriction is impost for Instrument;! reasons, The wich 

featured sensitivity of radioanalysis is of i .-actical sign'. _ance only 

if a sufficiently long counting t.lme is avai7_>ble. The vol rs of on

line detectors for ooo-radioch*^ieai measurement in HPLC v^ry from s 2 

to = 20 Ml. Vith usual flow tit ? of * 0.5 to = 2 ml••in* oie arrives 

at average residence times of - L to 3 6 s which is too lov "7 far for 

most radiometric observations. The fact that mos', radioaoai.'cical de

tectors feature somewhat larger volumes, up to * 100 Ml, do*3 not Inva

lidate this conclusion. 

The obvious remedies ars not attractive either; Increasing the volume 

of the detector implies band broadening. Use of higher speelt" acti

vities entails auto-radloanalysls and higher radiation level*., tore-

over, the limit set by the official licence of the radiocheat al 1. Mo

ratory Is often prohibitive. 

The present study deals with the second restriction, particularly *,' .1 

the situation in reversed-phase HPLC. It is felt that the wide.nng o-

the apparatlonal scope will Induce the development of pre- an; post' 

column radio-labelling procedures so as to sake on-line radloaetry more 

generally applicable. Only 0 -emitting radionuclides are considered 

here as they are the most important by far and ecause they p. se tht 

obvious problems in terns of range and absorption of the mitred 
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radiation. 

The solution proposed here is based on the use of a capillary storage 

loop for temporary residence of the colon eluate. To avoid back nix

ing, the liquid is interspaced with a second, immiscible, phase 

("spacer") so as to fora a sequence of snail 10-50 Ml separate seg

ments. This train passes the on-line radiometric detector to obtain a 

first seas of the ehroaatograa, called the "direct" measurement. It 

then reaches the storage loop. The usual on-line 0V aeasureuent is done 

in the sane ran. The eluate cue spacer is, mt a later stage, punned 

through the detector at a greatly reduced flow rate to obtain the 

"reversed" or "delayed" measurement. 

•eta-detection is based on liquid scintillation. Accordingly, the 

(organic) liquid scintillant is used as the "spacer". In nost cases it 

is possible to extract the analyte from the aqueous eluate into the 

organic phase during transport to and storage in the loop. This ensures 

a high counting efficiency. If the analyte is non-extractable, the 

counting efficiency is considerably less but the number of counts col

lected is still sufficient for quantitative assay, due to the extended 

counting tine. 

On-line radioaetry using a spacer is of practical value only if the 

procedure is as fully automatized as possible; this requirement ob

viously includes the processing and reporting of both ÜV- and radiome

tric data. Moreover, the systen should possess automatic protection 

against sudden missteps. At the same time, the user must have the pos

sibility to Interfere in all steps of the programmed procedure. 

Chapter 1 of the present text gives an account of the development which 

on-line radionetry in HPLC of radio-labelled compounds went through. In 

addition, the influence of the flow pattern within the detector cell on 

the peak broadening is defined. 

It appears that the present apparatus and procedure may yield results 

which are comparable to off-line counting under ideal(ized) conditions 

while avoiding the effort and risks of it. A modified version of this 

chapter has been made available to the Commission on Radiochemlstry and 

Nuclear Techniques of the International Union of Pure and Applied Che

mistry (IUPAC). 
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Chapter 2 deals with the apparatus, procedure and related software. The 

choice of the Material of which the storage loop is to be made of 

proves to be essential in avoiding band broadening by surface wetting. 

Equally necessary is the use of a liquid "spacer" as gases are easily 

coapressed thus encumbering the interpretation of the chromatogram in 

the "reversed" node. 

The limits of detection and determination are reduced considerably if 

the raw data are subjected to Fourier transformation starting from a 

frequency spectrum and applying a Hamming filter. Although the program 

proceeds automatically the user has the option of setting the cut-off 

frequency for each run individually. Some practical examples are given. 

A condensed version of this chapter has been published in the Journal 

of Radioanalytical and Nuclear Chemistry [j. Radloanal. Nucl. Chem. 99 

(1986), 423]. 

In chapter 3, the characterization of on-line 0-detectors in HPLC is 

discussed. The measurement of the dispersion within the detector and 

the variation of its effective volume with the flow rate are consider

ed. This test has been published in the Journal of Radioanalytical and 

Nuclear Chemistry [J. Kadioanal. Nucl. Chem. 100 (1986), 165]. 

Chapter 4 describes the separation and determination of compounds of 
14 

low polarity. The test compounds are C-labelled carbaryl and para-

thion. A comparison is drawn between ÜV-, "direct" and "reversed" ra

diometric detection and determination. At the commercially available 
14 -1 

specific activity of * 7 *q C*(ng carbon) , the lower limit of de

tection is - 0.5 ng parattiion and = 0.2 ng carbaryl. This text has been 

published ir. Chromatographla [Chromatographia 19. (1984), 137]. 

Chapter 5 deals with the application to polar compounds. Here, four 

amino acids are used as test compounds. The low counting efficiency for 

these non-extractable analytes can be compensated for by the longer 

counting time in the "reversed" mode. This text has been published in 

the Journal of Chromatography [j. Chromatogr. 360 (1986), 105]. 

The appendix gives a summary of the subroutine for peak detection and 

peak evaluation. 
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1. ON-LINE COUNTING IN RADIO-HPLC 

Abstract 

The current position and possibilities of on-line counting in radio-

HPLC are assessed in terns of the usual analytical criteria. It appears 

that the sensitivity and resolution can match that of fraction collec

tion and separate counting, if a spacer liquid and a storage loop are 

used. In most other cases on-line counting is useful as a rapid first 

scan. 
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1.1. Introduction 

High Performance Liquid Chromatography (HPLC) is reputedly the fastest 

growing section of separation procedures. This is due to its inherent 

versatility and the ever widening scope of applications. This very 

success presses for the development of reliable, sensitive and quick 

procedures for on-line detection and quantitation. 

At least the following requirements are to be met: 

- a limit of determination (quantitation) which is comparable to that 

of the off-line procedure; 

- perfect stability of the sensitivity, thus enabling the use of pre

recorded calibration curves; 

- a sufficiently large linear dynamic range to cover current applica

tions; 

- no appreciable peak broadening; 

- no limitation of the chromatographic separation by the detection and 

quantitation steps; 

- possibility of automation. 

In addition there are the obvious parameters by which a comparison 

between on- and off-line procedures has to be made: the turn-over time 

and the (additional) costs. 

Among the analytical techniques used in on-line detection and quantita

tion, radlometry takes a somewhat isolated position due to its inherent 

limitation to a radiochemical laboratory. Until now it has been applied 

solely to compounds which were radio-labelled well before the actual 

separation step, the isaln topic being metabolic studies. In this text 

the outlook is restricted to that usage. Eventually a radioactive rea

gent could be applied to the analyte just before entrance into the 

column or at its exit. This will widen the scope of the technique 

appreciably, although it will remain restricted to a radiologically 

controlled area. 

The practical objections against on-line radiometry are threefold: 

short counting time, increased background count rate, peak broadening 

due to the finite volume of the detector. The main theme of this text 

is that these apparent shortcomings can be overcome if certain precau

tions are taken. Thus, on-line radlometry may be as sensitive as the 

off-line procedure without appreciable loss of resolution while 
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eliminating the cumbersome steps of sampling, transport, counting and 

administration. 

The inherent sensitivity of radiometry can be judged from the specific 
14 

activities of commercially available radiolabelled compounds. For C-

labels the current values are 5-10 Bq (ng) (1 Bq - 1 desintegration 

per second). With an average residence-time in an on-line detector of 

5-50 s, a counting-efficiency of 50-80Z and a background count rate of 

0.1-1 c*s , the limit of quantitation is of the order of 1 ng. It is 

obvious that the main restriction is in the short residence time; typi

cal off-line counting times range from 100 to 1000 s. Increase of the 

on-line residence time by a factor 10 by enlarging of the detector 

volume inevitably entails peak broadening. 

It appears that this problem has been approached in three ways: 

- The flow rate through the HPLC-colunm is lowered. 

- Several separate detectors are used In a series while their respec

tive signals are synchronized electronically nd summed. 

- The effluent Is split into small sections by an immiscible "spacer" 

liquid and temporarily stored in a coiled-rapillary loop. After com

pletion of the separation, the effluent and spacer are again led 

through the detector, now in the reversed direction and at a lower 

flow rate. 

It is obvious that the first choice bears upon the separation process 

and thus violates one of the requirements mentioned above. The second 

implies the alignment of a few exactly equal on-line detectors while 

the flow rate must be kept painfully constant. The obtained Increase in 

residence time is small. Use of a spacer and a loop presupposes an 

automated system and a careful combination of the nature of the spacer, 

the material and diameter of the connecting capillary tubes and the 

flow pattern through the system. 

Detection is based on scintillation counting with a solid or liquid 

scintillator. The solid may be the wall of a flow-through cell or be 

present as a granular filling. The liquid scintillatot may mix homoge

neously with the effluent or be added as a non-mlscible second phase. 

In this case it may act as a spacer. Eventually the analyte may be ex

tracted into the scintillator phase so as to yield a high counting 

efficiency. 
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Thus tbere are, in principle, six major possible combinations of flow 

and counting regimes: The three mentioned options to obtain a suffi

ciently long residence time may be joined with either homogeneous or 

heterogeneous counting. For each combination, the influence of the 

volume and the flow pattern within the detector and the connecting 

capillaries has to be considered for the chosen configuration. 
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1.2. Development tf on-line radiometry in HPLC 

Application of on-line radiometry in chromatography has started in GC 

around 1955, based on gas-flow proportional counters [1-6J. From about 

1960 on, liquid scintillation (LS) is used too. The effluent gas is 

mixed with the scintillator liquid by thermal turbulence [3]. The early 

sixties witness the advent of solid scintillation counters [7-10J. A 

survey of the first transition from off- to on-line practice can be 

found in ref. [llj. 

On-line LS-counting of the effluent from LC-columns is first reported 

in 1962 [7, 8]; it is modified by subsequent authors [9, 10, 12J. Fi

gure 1, ref. [12], gives a flow diagram; the detector cell (figure 2, 

taken from ref. [l2]) is still quite large, with 2.5 to 3.A ml volume. 

A mixing chamber ensures Instantaneous homogenisation while the narrow 

tubing of 0.035" i.d. reduces effects of back mixing. Counting-

efficiency is 50-75Z for 14C and 5-16Z for 3H. 

lOmVlr 

3ml/hr 

26 ml< hr 

pump 

dionanc mix 

to flow o i l 

1—1 r i H> 

~* • 1 U d 
to fiociio 

H>«Ctrp 
' olomolor 

nciion 
lolloclof 

Fig. 1 Flow diagram of the on-line radiometry array from ref. [l2]; 

J.A. Hunt, Anal. Blochem. 23 (1968), 289-300 
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Kei F 

-—sloinlcss 
ilool 

polrotliylono 

Fig. 2 Polythene flow cell from ref. [l2J; J.A. Hunt, Anal. Biochem. 

23_ (1968), 289-300 

Both homogeneous and solid state on-line scintillation counting [l3J 

are discussed in ref. [l4j. Figure 3 schematizes the system for hetero

geneous counting with a packed cell while figure 4 refers to the homo

geneous version. It is seen that only part of the effluent is counted 

on-line. The effect of back mixing is suppressed by spacing with air 

bubbles. The detector volume is still large, 1.4 ml, but the efficiency 
14 3 

has gone up to 80% for C and 30% for H. 

The main difficulty posed by packed detectors is their liability to 

pressure build-up, clogging and subsequent memory effects [l4J. This 

will become more marked for small scintillator particles. Occasionally, 

the same effects are met in homogeneous counting, depending on the 

material of the flow-through detector [2l]. It should be remarked that 

air bubble segmentation is Introduced in GLC around this time 

[U, 15]. 
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! bil i i 

Schematic representation of the heterogeneous counting system I = Column. 2 = ultra
violet detector, 254 nm; 3 = two-pen recorder; 4 = liquid scintillation ;ncciromeier; 5 = V-
shaped flow cell filk-d with glass scintillator beads; 6 «* pump ('optional), 1.5 ml mm, 7 * fraction 
collector. 

Probe wit'.i scintillator flow cell for the heterogeneous counting system. 1 « Metal cap and 
bent sleeve for light-proofing; 2 — swage lock; 3 « Viton O-rings; 4 « interchangeable boro«ili-
cate glass -ell; j m semi-circular collar disks; 6 « bottom view of cell and probe. 

3 Apparatus for heterogeneous on-line scintillation counting from 

ref. [l4]; L. Schutte, J. Chromatogr. 72, (1972), 303-309 
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«r-| 

* * 

4 

J j t 

Schematic representation o: the homogeneous counting system. I = Column; 2 = ultra
violet detector, 154 nm; 3 « two-pen recorder: 4 « liquid scintillation spectrometer; 5 = hciical 
flo«- cell. 6 •« scintillator solution reservoir; 7 « proportioning pump; 8 = mixing spiral. 9 = 
fracuon collector. 

Fig. 4 Apparatus for homogeneous on-line scintillation counting from 

ref. [l4J; L. Schutte, J. Chromatogr. 72 (1972), 303-309 

Application of on-line radioaetry in ion chromatography starts In the 

early seventies, using a solid scintillator-packed cell for 0-counting 

and a flow-through coil within a well-type Nal crystal for Y-detection 

[ 16-18]. Cell volumes range from 10 to 830 Ml, and flow rates from 0.2 

to 2 ml'mln . The first application of a semiconductor detector deals 

with GC [20]. 

In this same period commercial apparatus for on-line liquid scintilla

tion counting becomes available. The "Tracerlab Cornflow Model SCE-542" 

and the "Beckmann 3-Mate" LS spectrometers are now applied regularly 

[l4, 19J. The use of polyacrylamide gel as a semi-solid spacer in homo

geneous on-line LS-counting proves successful [19]. The flow-cell vo

lume is 1-1.5 ml. Equally, separate standard on-line cells for homoge

neous LS-counting are for sale; the influence of the mixing ratio 

scintillator/effluent can now be measured accurately [2l]. Figure 5 

gives the detector array. The application of a coincidence citcult 

suppresses the background [28] if at the cost of the efficiency. 
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Fig. 5 Detection unit for homogeneous on-line scintillation counting 

from ref. [21 ]; B. Detjens et al. 61T Fachz. Lab. 19_ (1975), 

192-201; cell A Is for homogeneous counting while cell B is 

filled with grains of solid scintillator 

The main, obvious, disadvantage of on-line radioactivity measurement in 

HFLC is still extant, however, as the average residence time in the 

detector is short due to its direct dependence on the flow rate of the 

separation step. Thus on-line counting is still mainly limited to rapid 

scanning, mostly by the heterogeneous procedure. In case of the more 

sensitive homogeneous counting the main stream of the effluent is still 

processed off-line [l4, 29]; ref. [24] gives a survey of this practice. 

Exceptions do occur already [25, 26, 37]; figure 6 refers to this. The 
2 2 

corresponding limit of quantitation is 10-20 nCi or 4*10 -8*10 Bq. 

Particularly in the production of short-lived Y-emitting radionuclides, 

the on-line procedure gains field [35]. The same development is mani

fest in radiopharmaceutical research on compounds of short-lived Y-

emitters (UC, " N , 150 and 18F [47]), " BTc [36, 48] and 125I [45] as 

well as in fission-product processing [39]. 
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PUtt* 

Solvent 
reservoir 

HPLC 
pump 

• Injection head 

IScintillont 
reservoir 

Filter 

Pump Pulse 
damperter 

Flow ce.i m . , ^ 
scnt.lloi.on " - T o o r ° ! n 

counter 

Spectromerer 
ratemeter 

Fig. 6 Scheaatlc of an HPLC equipped with a continuous-flow radioacti

vity detector fro» ref. [25]; D.R. Reeve and A. Crosier, J. 

Chromatogr. 137_ (1977), 271-282 

The use of a gas-flow proportional counter for scanning of LC effluent 

for 3- and Y-eaitters yields a limit of determination of = 0.02 uCi or 

750 Bq for CI (E0 - 0.7 MeV) and 3.0 pCi or 1.1-10 Bq for Cd 

(B. - 80 KeV) [38]. 
p 

The use of a loop for temporary storage of the effluent, which origina

ted in the sixties [22], was advocated as an interface between LC co

lumns and on-line detectors [23, 33, 34]. This possibility was also 

suggested by the simultaneous development of autoanalyzers (cf. ref. 

[27]). 

In 1979 another solution to the problem of the short residence time in 

the detector is put forward; five detectors are used in series with 

their outputs synchronised. Originally developed for TLC [30], applica

tion in GC followed soon [3l] and that in HPLC again a few years later 

[32]. The effective cell volume is 0.14 ml and the total flow rate 
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1*5 nl*nln on a scintlllator/effluent ratio of two. Obviously, the 

synchronisation depends on a constant flow rate. The lialt of detection 

is stated to be s 1.5 Bq [64]. It can be concluded now that this proce

dure has not been adopted in other laboratories. 

A new generation of on-line spectrometers cones into use in the early 

eighties. Application ir homogeneous counting becoaes based on the 

"Flo-one" radioactive flow detector with a 500 Hi cell voluae 

[40, 46, 49, 52-55, 57, 58, 61, 63, 69, 71-73, 76], the "Iso-flo" (Mew 

England) [68], the "Badloaetrlcs" [62] and the "Berthold" [51, 74] flow 

detector. Control by a aicro-processor begins [40]. A coaparison of 

procedures is given in refs. [42] and [54]. Splitting of the eluent 

becoaes less frequent but does occur still [54]. 

The Halt of detection is of the order of 0.02 nCi or 8*10 Bq for C 

[61]. Heterogeneous scintillation counting is iaprovlng by the intro

duction of new scintillators [41, 43, 59, 70, 75]. Particles of Ce-

lapregnated Ll-glass with sieve sizes froa 200 down to 40 vm are packed 
14 

in a flow-through cell to reach 40-60Z efficiency for C. A coaparison 

of the new procedures for hoaogeneous and solid scintillator counting 

is given in refs. [56, 57, 67]. The ratios of the efficiencies for H 
14 

and C, relative to counting with anthracene (= lOOZ) are given in 

ref. [56] as: 

Scintillator 

Tttriua silicate (Ce) 

CaP2 (Eu) 

Glass (HE 901) 

3H 

100Z 

1101 

60Z 

14c 

1101 

loot 
80Z 

The voluaes of the packed cells for solid scintillators range froa 25 

to 500 Pi. Table I (ref. [57]) suaaarizes the advantages and the draw

backs. Table II (ref. [60]) draws the balance between the various on

line detection aethods of which radloaetry is Just one. It is concluded 

that the aaln advantages of radioactivity are its specificity and po

tential sensitivity. The analogous developaent in cheatlualnescence 
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is discussed in ref. [S8J and that for fluoriuetry in ref. [59'. 

It stands to reason that the on-line simultaceous measurement of H imd 

C by the two channel technique has been inr.-stlgated for thes< new 

solid scintillators [65j. Simultaneously new procedures for off-line 

determinations are developed [66J, to overcome the still existing limi

tation of the residence time. 

The use of a storage loop in (seml-)homogeneous or-line radio HPLC is 

first reported in 1984 [77]. Figure 1, chapter "., gives the diagram of 

the system which is controlled by a "Dat*ram" vPDP-11 type) microcompu

ter. The extraction system and the storage loop consist of a 

60 x 0.25 mm i.d. connection tube with switching valve, a 400 x 0.25 mm 

i.d. extraction capillary and a 50 m x 1.0 mm i.d. storage loop. The 

mon-mlscible scintillator extracts the analyte and acts as a spacer. 

The sclntillator/effluent ratio is 1:1. The effective detector volume 

is * 65 Ml. 
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Table I Types of flow cells for the flow-through radioactivity detector 

Type 1: Solid scintillator (heterogeneous) cell 

Basic types 

Plastic scintillator cell - 200 Vm (20Z-25Z efficiency for 14c) -
aqueous solvent systea 

Glass scintillator cell - 70-90 urn (20Z-25Z efficiency for C, 1Z 

for - XE scintillator cell - 100-200 Mm europiua activated 

calcium fluoride (75Z-80Z efficiency for 14C, 5Z for \ ) 

Advantages of solid scintillator cell 

High salt or buffer concentration affects counting efficiency only 

slightly 

Non-destructive to saaple - entire sample recovered 

Disadvantages of solid scintillator cell 

Samples may bind irreversibly to solid support 

Low counting efficiency of low energy 6-emitter ( Hj 

CaF. cell may become soluble in water and poison biological mole

cules 

Type 2: Liquid scintillator (homogeneous) cell 

Basic type 

PTFE tubing sizes of 10-2000 ul 

Advantage of liquid scintillator cell 

High counting efficiency (75Z-80Z) for high energy 3-emitters ( C, 

S, etc.J 

No adsorption on PTFE lines, thus no contamination 

Disadvantage of liquid scintillator cell 

The sample must be mixed with a non-gelling scintillation fluid, 

and thus no further chemical or biological studies of the material 

are possible 

Taken from ref. [57]. 
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Taken froa ref. [60] 



- 22 -

In a first scan at flow rates of 0.1-1 nl*min , dictated by the HTLC-

colusm, the effluent is counted. After coapletion of the separation, 

the contents of the storage loop are puaped back through the detector 

at a flow rate of 0.01-0.1 al'ain for a second "delayed" counting. 

The efficiency for C is * 85Z. In case the analyte is non-extract-

able, the efficiency is 25-301. Extraction included, the limit of de-
-2 

taction is = 0.2 Bq or * 10 nCl and that of determination = 15 Iq or 

* 0.5 nCl at a flow rate of 0.2 nl'nin and correspondingly less for 

lower flow rates. This is lower by one order of magnitude, compared 

with earlier procedures. 

If only * 10Z of the eluate is considered mm regions of interest, du

ring the "delayed" aeasureuent, the extra tine needed snouats to about 

five tines that of the first "direct" scan. This compares favourably 

with the usual off-line alternative. 

An Important further improvement is obtained by a smoothing treatment 

of the data. The advantage of a liquid as a spacer over a gas is its 

Incompresslbility which enables an exact prediction of the regions of 

interest in "delayed" counting. 
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1.3» Variables of on-line liquid scintillation counting 

Pron the previous section it appears that the average residence tine in 

the detector is the variable of paraaount importance. Increase by en

largement of the detector volume causes peak broadening; this is consi

dered in the next section. Other obvious parameters are the counting 

efficiency and the background count rate. These variables can be de

fined in terms of counting geometry, intrinsic efficiency, mixing ratio 

of scintillator to effluent, quenching and electronics. 

The dynamic range and the stability or repeatability of the measurement 

depend on dead time, absence of high-voltage variations as «ell as on a 

constant flow rate from the HPLC and scintillator pumps. From the nume

rical values of efficiency and background count rate, the sensitivity 

and the limits of determination (quantitation) and detection can be 

obtained. 

The counting efficiency, e (counts'desintegration or, abbreviated, 

c"d ), follows from the number of collected counts, A (counts), ob

tained for a certain known amount of activity Q (d*s ) at a given 

(total) flow rate v (mi's" ): 

A - e * ~ * Q - c - T - Q (1) 
v 

Here, V (ml) is the effective detector volume and T («) the average 
V e -lx 

residence time. The factor c • — - e • T [c*Bq J is the sensitivity of 

detection. By plotting A " 7 against v, the variation of ev with v can 

be checked. It can be demonstrated that this is due to a small but per

ceptible decrease of V with v [78J. Thus, at v - 0, one obtains the 

product of e and the geometric detector volume. The determination of 

the detector volume Is discussed in the next section. 
By putting: 

Q - Q • m (2) 
•P 

with a - aass of analyte (g) and 

Q - specific activity (Bq»g~ ) 
»P 
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equation (1) transforms into: 

A . E * — • • • Q « e * T - m » Q (3) 
v xsp Hsp 

Thus the analytical sensitivity is equal to e • T • Q (c«g~ ). With 
-1 -1 sp 

Q at 5-10 Bq'ng and e at 0.5-0.8 c*d , one needs an average resi

dence time of the order of 500 s to determine 0.1 ng. For a detector 

volume of 100 ul this Implies a flow rate of - 10 ul*mln . 

For homogeneous LS-counting, the efficiency has been measured as a 

function of the composition of the scintillator, the mixing ratio, 
quenching effects and the cell geometry. The estimated maximal effi-

3 14 

ciencies are = 50Z for H and s 90Z for C and > 90Z for more energe

tic B-emitters like 32P, S, Cl, Ca, 6°Co and * 1I [42]. Table III 

draws a comparison between on- and off-line counting [l2] using plastic 

cells; it follows that the efficiencies are comparable but significant

ly lower than the mentioned upper limits. 

Table IV, taken from ref. [44], compares the "static" (i.e. true) with 

the "dynamic" efficiency, £ , obtained from (4): 

Q • V Q • T v ' 
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Table III Maximal efficiency of various scintillators in the teflon 

and polyethylene flow cells 

Scintillator 

A 

B 

C 

D 

Isotope 

14c 
3H 

14c 
3H 

14c 
3H 

1Ac 
3H 

Polycell 

69.9 

13.6 

69.2 

9.4 

68.6 

10.1 

65.4 

6.5 

Efficiency, Z 

3314 

73.3 

14.9 

71.0 

10.4 

71.4 

11.4 

64.3 

7.0 

Teflon cell 

51.1 

4.5 

44.0 

3.0 

45.2 

3.3 

37.6 

2.0 

3314* 

76.0 

15.7 

73.5 

11.9 

73.6 

13.0 

70.8 

8.5 

10 ml of the same solution counted in the flow cell was counted in 

polyethylene bottles in the "Packard series 3314" 

Taken from ref. [l2]. 

A - 100 g naphthalene, 10 g PPO, 0.25 g dimethyl POPOP per liter 

dioxane; 

B - as A, but containing 10% v/v of a mixture of butan-1-01 (100 

parts), 2,2 diethyldihexylamine (11.7 parts) and acetic acid 

(2 parts); 

C - 60 g naphtalene, 4 g PPO, 0.2 g dimethyl POPOP, 100 ml methanol, 

20 g ethylene glycol per liter dioxane; 

D - as C, but containing 2% v/v of the addition specified under B. 



Table IV Performance characteristics of the tri—carb liquid scintillation counter and of 

three radioactivity detectors 

Tri-carb 

ISOFLO 

Homogeneous counting 

Heterogeneous counting 

FLO-ONE 

Homogeneous counting 

LB 504 

Homogeneous counting 

Heterogeneous counting 

Static efficiency 

Mean ± SD, X 

(n - 12) 

52.1 ± 0.2 

28.3 ± 0.9 

37.9 ± 2.7 

38.9 + 4.6 

CV, X 

0.3 

3.3 

7.1 

12.0 

Dynamic efficiency 

Mean ± SD, X 

(n - 5) 

26.7 ± 2.1 

17.2 ± 1.8 

27.2 ± 3.6 

31.4 ± 0.8 

4.2 ± 0.5 

CV, % 

7.8 

10.6 

13.1 

2.6 

11.4 

Background 

Mean ± SD, cpm 

(n - 10) 

6.2 ± 2.2 

27.6 ± 10.6 

22.9 ± 3.3 

16.1 ± 2.4 

37.6 ± 4.4 

* 
Automated background subtraction, CV » coefficient of variation 

Taken from ref. [44]. 
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Increase of the ratio scintillator/effluent Improves the efficiency; a 

practical optimum is reached at - 5 [25J. Reported values vary from - 8 

to 1 [7, 12, 14, 19, 21, 25, 29, 32, 46]. A comparison between hetero

geneous and homogeneous counting with the same flow cell and under 
r 1 14 

identical conditions is given in ref. [21 J; the difference for C is e 
- 0.12 against e > 0.95. 

Table V summarises the situation for heterogeneous counting. To a first 

approximation, the efficiency is proportional to the surface area of 

the scintillant, thus Inversely proportional to the radius of the par

ticles, r. At the same time, the pressure drop over the cell, necessary 
2 

to maintain a chosen flow rate is Inversely proportional to r . The 

compromise is at a 50 Mm particle diameter [41, 56J. 

Table VI gives the results obtained for various mesh grades of the same 

scintillator under Identical counting conditions [50]. As expected, the 

efficiency increases with the mesh grade until the grain size is of the 

order of the range of the 6 -particles. The Influence of the detector 

volume and shape on the light transfer in heterogeneous counting are 

discussed in ref. [41 J. An increase of the effective volume from 

3 60 Hi to - 300 Ml reduces the efficiency by one third. 

If a non-miscible liquid scintillator is used which also acts as a spa

cer, extraction of the analyte is imperative to obtain a high efficien

cy of e • 0.7-0.8 [77, 88J. When the analyte remains in the aqueous 

phase the efficiency is of the order of 25-30Z [79J. This value depends 

on the lengths of the segments in the capillary tube, which varies 

originally below 2 mm. If storage in a loop is applied for more than 

one hour the segments tend to cluster slowly, which may cause a change 

in the counting efficiency. The application of a loop is greatly 

enhanced if it is possible to choose regions of interest from the di

rect scan. In the reversed, "delayed" measurements, these regions are 

selected so as to save time. This presupposes accurate and precise 

pumping, governed by a microprocessor [77, 78, 79]. 

The background of the on-line detectors Is of the order of 10-

80 c'min ; most reported values are between 20 and 40 c'min . The use 

of a coincidence circuit decreases the background to > 5 c'min , if at 

the cost of the efficiency [21 ]. The influence of light-activated 



Table V Survey of heterogeneous on-line liquid scintillation detection 

Author 

and 

reference 

Schutte, L. 

[14] 

Detjens, B. 

[21] 

Potasher, S.J. 

[37] 

Mackay, L.N. 

[41] 

Mori, S. 

[43] 

Baba, S. 

[32] 

Scintillator 

Ce/Li NE 901 

250-1000 MB 

NE 913 

50-150 MB 

Anthracene; 

grinded 

Ce/LI NE 901 

38-63 Urn 

Li-glass; 

powdered 

Koch-light Lab 

Li-glass; 

powdered 

Efficiency 

14C 

17 

40 

15 

73 

45 

32 

3H 

0.1 

0.1 

V 

(ul) 

480 

U-shaped 

74 

510 

130 

100 

140 

per cell 

Background 

(c*min~ J 

140 

for U C 

Stated Unit of 

detection in WCi 

UC1 

2 

0.3 

0.25 

0.27 

3H 

1 
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Table VI Efficiency (Z) of various radionuclides on a solid 

scintillator 

Mesh size of 

packed 

solid 

scintillator 

60- 80 

80-100 

100-120 

120-140 

140-160 

160-180 

180-200 

> 200 

3H 

(water) 

1.82 

2.32 

4.06 

6.85 

5.74 

3.73 

3H 

(toluene) 

1.38 

1.80 

2.45 

3.46 

4.38 

6.23 

5.87 

3.83 

14c 

(toluene) 

37.9 

41.4 

49.2 

56.9 

62.3 

70.7 

68.4 

58.7 

1 2 5I 

58.2 

62.0 

65.8 

72.1 

66.5 

65.1 

32P 

9.2 

10.7 

10.3 

10.2 

10.2 

10.5 

Taken from ref. [50]. 



- 30 -

phosphorescence way be serious in on-line counting [50J; in delayed 

counting froa a storage loop it is no problem. 

The linear dynamic range of on-line radioaetry is large, due to the low 

dead time of the counting devices used. With typical dead times of 

20-200 ns, one can accept as much as 5 ug analyte with a specific acti

vity of 5-10 Bq'ng to be present in the detector. Compared to the 

statistical uncertainty in the counting results, electronics do not add 

appreciable variance [21 J. Pumps have to be calibrated and controlled 

regularly for their accuracy rather than for precision. 

The limits of decision, detection and quantitation (or determination) 

[80J can be derived froa the efficiency and the background. Application 

of elementary statistical considerations on integral counting [8l] or a 

chromatogram built up from channels [78J lead to such formulations. It 

follows that the standard deviation in the net peak area, A, of an 

elution peak which comprises n channels, each of width t (s), is given 

by: 

2 

a (A) - (A + B + n2 • - ^ • cj111
 (5) 

*B 

where C is the number of background counts collected in time t (s) in 
B B 

off-peak regions. 

The corresponding expression for the relative standard deviation In 

the determined analyte mass, ° t e \ («) in *» follows froa o(A) [82]: 

o ( . ) - 122 . [. . . . I . Q + 4 . i . J - + 
rel a • e - 1 . Q * *•» H 

v sp 
/ ÏÏ 

16 • C • t 1 / 2 

T - ] 1 / 2 (6) 

The newly Introduced variables N (-) and t (s) stand for the number 

of plates in the HPLC column and the retention tiae of the peak 
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involved. The liait of determination. IL.L, now follows from the cri-
Q D 

terlon [80]: 

°rel <»> < F 2 <7> 

rel Y 
At 95Z confidence level, k is 14.1. 
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1.4» Influence of voluae and flow pattern 

The sensitivity of on-line radioaetry is proportional to the detector 

voluae but so is the accompanying band broadening. A coaproaise aust 

thus be found. It appears that the aaxiaal acceptable voluae Is a func

tion of the flow pattern in the detector. For the ideal case of pure 

"plug flow", loss of resolution is due to the finite detector voluae 

only. In the opposite situation of "back mix flow", thus of perfect 

alxing, the added variance is aaxiaal. Here the mass balance for the 

detector voluae is: 

dc . ,_. 
c i n - T , d T + C (8) 

where c. Is the concentration of the effluent entering the detector 
in ? •» 

and c that within. Again T • — is the average residence tiae. 

For given values of V, v and the standard deviation in the retention 

tiae of the original elutlon peak, o (s), the resulting peak broadening 

can be coaputed. It is convenient to plot the relative broadening, 

R (-), as a function of the equally diaensionless quantity —. Alterna-
T V 

tively, — can be defined as , where o (al) is the voluae Stan-
vol 

dard deviation of the elution peak. In the case of hoaogeneous counting 
with v. and v. (al's ) as the respective flow rates of effluent and 
scintillator, one has: 

T V V 
— - * - (9) o o v, + v„ K ' vol 1 2 

Tables VII and VIII give R» defined as the relative broadening at the 
T 

50Z-, 10Z- or lZ-level of the peak aaxiaua, as a function of of — for 

"plug" and "back nix flow", together with the decrease of the peak 

aaxiaua (c /cQ) and the asyaaetry (- ratio of widths for second and 

first halves). 
The (R)._-data can be suaaarized by the eapirical expressions (10) and 
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(11), if R does not exceed five: 

(R)1% - exp £ • (0.043 + 0.032 In 1)J (10) 

plug 

(R)1Z « exp [0.557 £ ) 2 • exp (-0.45 ̂ )] (11) 

b.a. 
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Table VII Peak broadening, asyaaetry and factor P for "plug flow" as a 
T 

function of -^ 

T 

o* 

0 

0.50 

1 

2 

3 

4 

5 

6 

c 
aax 
co 

1.00 

0.99 

0.96 

0.86 

0.72 

0.60 

0.50 

0.42 

*1X 

1.00 

1.01 

1.04 

1.14 

1.28 

1.43 

1.59 

1.76 

*ioz 

1.00 

1.01 

1.04 

1.16 

1.33 

1.54 

1.77 

1.99 

R50Z 

1.00 

1.01 

1.04 

1.18 

1.41 

1.75 

2.14 

2.55 

Asyaaetry at 1Z 

1.00 

1.00 

1.00 

1.00 

1.00 

1.01 

1.01 

1.01 

P 

1.000 

1.001 

1.001 

1.002 

1.003 

1.003 

1.004 

1.004 

V - 70 (Ml) 

Asynaetry - ratio of widths for second and first halves 
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Tabla VIII Peak broadening, aiyitry and factor P for "back alx" flow 
T 

as a function of ^ 

T 

"0 

0 

0.25 

0.50 

0.75 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

c 

1.00 

0.97 

0.91 

0.87 

0.79 

0.60 

0.48 

0.40 

0.34 

0.31 

\x 

1.00 

1.03 

1.14 

1.29 

1.46 

2.21 

2.98 

3.74 

4.51 

5.28 

*10X 

1.00 

1.03 

1.10 

1.20 

1.32 

1.84 

2.38 

2.93 

3.47 

4.02 

•501 

1.00 

1.03 

1.09 

1.15 

1.23 

1.52 

1.82 

2.12 

2.44 

2.74 

Aayaaatry at It 

1.00 

1.03 

1.16 

1.39 

1.66 

2.78 

3.86 

4.92 

5.92 

7.04 

P 

1.00 

1.01 

1.02 

1.02 

1.03 

1.04 

1.04 

1.05 

1.05 

1.05 

V - 70 (Ml) 
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Figure 7 visualises this. Sanation (11) is coacoaitaat with the 

anudatioa that j should aot exceed 0.3 [83]. The Influence of the flow 

rate, v (ul«s~ ), H T and thus ©a — is soaewhat stronger than follows 

v ° 
fron T - — as the effective detector voluue v (ml) tends to decrease 

with larger flow rates [82]. The original standard deviation of the 

seek can be obtained fron that observed ia on-line radionetry by a 

slnple itineration procedure based on figure 7. 

Even in case of conplete separation, peak broadening has aa effect on 

the linit of deteruination, (L_L, aa the influence of background in

creases. It can be shown that the corresponding increase ia (l> 1_ is 
1/2 Q D 

eeual to F , where the factor P is defined by equation (12), with 1 
as the peak broadening at the lZ-level. 

A + E • (4o • / USS) • C /t^ + I 2 • (4o - / ÏÜÏÖ")2 • C /t 2 

p _ " — " • * S— 
A + (4o • / ÏÜÏÖ") • ̂ /t, + (4o • / Ï S Ö ) 2 • CB/tB

2 

(12) 

The values of P as a function of — for "plug" and "back nix" flow are 

given in tables VII and VIII. 

The flow pattern within the detector can be detemined by radiotracer 

experinents in which a known volune of an active solution is led 

through the detector. The procedure is described in ref. [82] and based 

on standard tracer nethods [84]. For snail deviations fron "plug flow", 
2 2 — 1 

the added variance is about 2T *(D/uL) where D (en *s ) is the appar

ent diffusion constant, u (cn*s ) the linear velocity in the axial 

direction and L (en) the length of the detector along its axis. 

Feak broadening due to connecting tubes is discussed in ref. [85, 86]. 

Eaplrically, the added variance can be estlusted by conparisou of the 

0V- and radioactive on-line signals (cf. figure 1, chapter 2) or, in 

case of loop storsge, of the "direct" and delayed" chroaatograas under 

due consideration of the peak broadening in the radioactivity 

detector. 
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t 
S 

K-MIX FLOW" 

VO sV/övol 

Fig. 7 Relative peak broadening at the level of 1% of the saxiaua, for 
T V 

"plug" and "back aix" flow as a function of — " 0 
vol 
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As an exaatple the data froa table II, chapter 4, on the separation of 

C-carbaryl may be taken» The average o .-values for ÜV- and direct 

beta-measureaent are 33 Ml and 49 pi respectively* The added voluae 
2 

variance is thus = 1250 (ul) . The effective voluae of the detector Is 

65 ul, aaklng - ? — = 0.83. 
° i vol 

Entering figure 7 with this value, one finds 1L_ =1.03. Thus the 

expected o-value for the radioactivity signal Is = 34 pi. It follows 

that the observed added variance Is due to the aixing-Tee by which the 

scintillator Is added (cf* section 4.2.1.). 
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1.5. Comparison of the procedures for on-line radlometry 

The criteria for a comparison between on-line radlometry and the tradi

tional off-line counting were stated in the introduction . It emerged 

from a closer examination that the crucial quantities are the limit of 

determination (or quantitation), (L0)D»
 a n d t n e relative peak broaden

ing, R. To obtain a good performance, the counting time should be made 

independent of the flow rate in the separation column without causing 

loss of resolution. The necessary investments in apparatus and time 

have to be weighed against the advantages obtained. 

Table IX summarizes the procedures which were considered in the pre

vious sections. The values given for R and P refer to the 1%-level and 

"plug flow", based on o - 20 ul, t - 100 s, C_ - 200 c and t„ -
« rel r B B 

10 s (cf. equation (6)). For comparison, off-line counting is repre

sented, supposedly based on the optimal conditions of a counting time 
3 

of 10 s, 10 vl per fraction and an efficiency of 100Z. The influence 

of the background is calculated on the assumptions, C - 200 c and t_ -
3 -1 B B 

10 s, thus for a count rate of 12 c*min . The specific activity of 
the analyte is set at Q - 7 Bq*ng and the efficiency at 0.8 for 

sp 
homogeneous on-line counting. 

It Is seen that the off-line procedure is matched by the combination of 

spacer/extractant and storage loop only. The extra investment in terms 

of apparatus and time, needed to realize an automated use of a spacer 

and a storage loop, can be estimated from ref. [77, 78] and a compari

son with recent off-line procedures [63, 87]. The costs of hardware are 

4 
of the order of US $10 . Next to this comes an investment in the wri
ting of software. 

The time needed for a "direct" counting of the total chromatogram at 

v - 2000 pi «min is about 5 to 10 minutes. If 10% is counted in the 

"delayed" mode at v - 20 wl'mln , this takes ten times as much. These 

50-100 minutes should be compared to the off-line counting of s 150 

fractions of 10 pi each, as the maximal fraction volume should not 

exceed one third of the volume standard deviation of the peak. 
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Table IXa Performance of homogeneous on-line scintillation counting 

Author 

and 

reference 

Runt, J.A. 

[12] 

Schutte, L. 

[1*1 

Bakay, B. 

[19] 

Detjent, B. 

[21] 

Reeve, D.R. 

[25] 

Drugger, H.A. 

[29] 

Baba, S. 

[32] 

Kassier, H.J. 

[*•] 

Nleuwkerk, 

H.J. van 

["] 

Off-line 

V 

(ul) 

2500-

3400 

1400 

1060 

52 

200 

and 

1100 

200 

140 

500 

65 

10 

par 

fraction 

v (ul*aln ) 

effluent 

50 

300 

300 

1670 

1000 

and 

5000 

300 

500 

2000 

1000 

to 

5 

— 

aclntlllant 

435 

1400 

and 

600 

air 

2500 

and 

44 

spacer 

1670 

1000 

and 

2050 

2000 

1000 

6000 

1000 

to 

5 

— 

T 

(•) 

310-

420 

36 

23 

0.95 

6 

9.4 

5.2 

5.6 

3.8 

2 

to 

400 

103 

T 
0 

13-

17 

9.1 

5.7 

1.3 

5 

38 

1.3 

2.3 

6.3 

1.6 

0.5 

«IX 

-plug" 

2.5-

3.5 

2.3 

1.75 

1.1 

1.6 

and 

> 5 

1.1 

1.2 

1.8 

1.1 

1.01 

P 

"Plug" 

1.02-

1.05 

1.006 

1.004 

1.001 

1.004 

1.001 

1.002 

1.004 

1.001 

1.001 

<VD 

(nt) 

0.2 

1.1 

2.3 

4.2 

6.7 

and 

4.3 

7.7 

1.4 

(5 cells 

In series) 

1.1 

2.1 

to 

0.1 

0.05 

For miseries! values of paraaeters see section 1.5. 



Table IXb Performance of heterogeneous on-line scintillation counting 

Author 

and 

reference 

Schutte, L. 

[14] 

Potashner, S.J. 

[37] 

Roberts, D.W. 

[70] 

Off-line 

(homogeneous) 

V 

(wl) 

480 

300-

2000 

200 

10 

per 

fraction 

V 

( ui «min ) 

1500 

1000 

1000 

— 

e 

(cd"1) 

0.17 

< 0.55 

0.25 

to 

0.50 

1.0 

T 

(8) 

19 

18-

120 

12 

103 

R1X 

"plug" 

1.04 

> 3-

> 10 

2.5 

1.01 

P 

"plug" 

1.001 

1. OS

's 1.5 

1.001 

< ^ D 

(ng) 

9.8 

> 3.3-

> 0.5 

0.05 

The e-values refer to C. For the other parameters, see section 1.5. 
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This counting takes = 40 hours. Even with a reduction to 10Z of the 

eluate, the time gain remains considerable. On top of this come the 

advantages of avoiding any drop spilling, transport and administration 

as well as the automatic data processing. 

1.6. Conclusion 

On-line radiometry is a useful tool in current HPLC of radio-labelled 

compounds. The main application goes for rapid scanning of the colunn 

effluent. The introduction of a "spacer"-liquid and a storage loop 

combined with control by a microprocessor make on-line radiometry a 

good alternative to fraction collection and off-line counting. The use 

of pre- or post-column radioactive coupling agents may widen the field 

of applications for radio-HFLC. 
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2. APPARATDS AND SOFTWARE FOR LOW-LEVEL RADIOMETRIC DETECTION IN HIGH-

PERFORMANCE LIQUID CHROMATOGRAPHY 

Abstract 

An automated apparatus for on-line radlo-HPLC is presented. Its main 

features are a storage loop, smoothing of the chromatogram by Fast 

Fourier Transformation and control by a dedicated micro-computer. 
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2«1. Introduction 

For the detection of low levels of beta-radioactivity following a HPLC 

separation, we decided to use a systea in which after the beta-detector 

the coluan effluent is collected in a storage capillary tube, froa 

which regions of interest can be reintroduced in the saae beta-detec

tor, at a reduced flow rate. To prevent band broadening a non-water 

aiscible liquid scintillator is added to the aqueous coluan effluent. 
14 

The C-labelled test coapounds are extracted to the scintillator 

phase, where they are detected. 

There are two possibilities to recall the contents: 

- they can be puaped to the end of the storage capillary before rein-

troduction into the beta-detector; 

- the flow direction in the storage capillary nay be reversed. 

Since the latter technique is the siaplest, this was chosen. 

It was considered necessary to control the chromatographic apparatus by 

a coaputer systea, in order to aake exact tiaing and convenient data 

processing possible. Although at the tiae we started this study soae 

coaputerized chroaatographic systeas were coaaercially available, none 

of thea could handle both analog (froa a UV-detector) and digital (froa 

the beta-detector) input signals. Moreover, none of thea had the data-

collection capability to recount regions of interest froa the storage 

capillary tube we wanted to use. Consequently, such a systea and the 

necessary software were developed. 

The aain use of the equlpaent will laply low levels of radioactivity, 

thus noise reduction by saoothing is an essential part of the process

ing of the data. The Savltzky-Golay filters which are usually 

applied to chroaatographlc data, are not convenient with the digital 

data froa the beta-detector because of the relatively high noise le

vels. Therefore a saoothing technique based on Fast Fourier Transfora 

[2] was used. 
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2.2. Apparataa 

2.2.1. General 

Figure 1 gives the scheaatic diagram of the apparataa. Two enaaa ara 

aeeded: one for the elaeat aad the other for the liquid aclatillator. 

Because they should he controllable by a coaputcr, we chooe* the doal-

bead pwap aodel 31 (Perkia Elner, aorwalk, CT, USA). 

Aa Injection systea we use the coatrollable Rheodyae (Cotati, CA, USA) 

aodel 712» with the Iheodyae 7163 aoleaold valve U t . The TBfUT col—a 

systea of Browalec (Saata Clara, CA, USA) waa choaca to aaawre rapid 

aad aiaple chaaging of the atatloaary phase. For reference parpoaea a 

UT-detector (Roatroa, Zurich, Switzerland) aodel Uvikoa 725 is incorpo

rated in the systea. 

An 8-port switching valve (Valco, Houston, TX( USA) aodel 12611 with 

air activator and the Iheodyne aodel 7163 solenoid valve kit are need 

for reversing of the flow in the storage systea by the coapwter. The 

extraction systea and the storage loop coasist of capillary tubes which 

have been discussed elsewhere [3]. 

2.2.2. Beta-detection 

The beta-detection systea is composed of coaaerclally available parts. 

The systea is built around an Isoflo (Unclear Enterprises, Edinburgh, 

OK) flow-through detector cell with a 63 Ml (noainal) voluae. This cell 

is aounted in a hoae-aade light-tight aluainlun housing, in which two 

aatched photoaultipller (FN) tubes aodel 8575 (RCA, Harrison, KJ, USA) 

in aagnetic shields aodel 218 (OKTEC, Oak Ridge, TN, USA) are aounted 

aa well (figure 2). A high-voltage of -2800 V la supplied to the PH-

tubes by an ORTEC 456 high-voltage power supply via ORTEC 265 PM-

bases. 

The dysode outputs of the PM-bases are fed into two spectroscopic an-

pliflers, each consisting of an ORTEC 113 scintillation preaapllfier 

(input capacity: ainlaal), a aodel 2110 (CANBERRA, Marlden, CT, USA) 

tialng filter aapllfier (input: inverted; gain: aan.; int. tiaa con

stant: out; diff. tiae constant: 10 pa)» and a CANBERRA 1428 A constant 

fraction dlscrlainator (threshold: alniaal; detection aode: leading 

edge; output: TTL, width 50 ns). 
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2.2.3. Computer system 

For the computer system we decided to take a machine comparable to a 

PDP-11 for several reasons: In our institute we have a large number of 

them, so spare parts and software support were already available. Be

sides, these machines offer strong lnterrupt-handling, which can b* 

very handy for collecting data. 

The DATARAM (Technitron, Schiphol, The Netherlands) LS1-11/2 computer 

is built around a DEC LS1-11/2 microprocessor model KD11-HA, with a 

DR 115 S 32 K x 16 memory module and a DSD 430-2 single/double density 

dual floppy disk drive. As can be seen in figure 1 four units communi

cate with the computer via a RS-232C interface, for which a DLV11-J 

four line asynchrone serial interface is installed. The operating sys

tem chosen is RT11FB. 

A video terminal model 910 with VT-52 modification and a graphics board 

installed from TeleVldeo (Sunnyvale, CA, USA) is used for user-

comntunlcation with the computer. Hard copies are provided by a model 

MX-100III printer from Epson (Nagano, Japan). 

The main communication between the computer and the chromatographic 

system goes via a Nelson Analytical (Cupertino, CA, USA) model 862 

interface. This interface was chosen because it has 8 relay outputs, 3 

sense Inputs, two analog Inputs with a variable input sensitivity, 

timing possibilities, 64 K of memory, a peak detection algorithm and 

sampling times of 5 ms to 10 s can be chosen. 

The TTL outputs from the two beta spectroscopic amplifiers are fed into 

a home-nade coincidence counter/tisy* computer interface with a resolu

tion time of 25 ns, timing possibilities from 0.1 f» 100 ceconds and a 

counter capacity of 16 bits (- 65536 counts). 

The injection and switching valves were mounted on a switch-board as 

can be seen in figure 3. On this photo the position of the storage 

capillary tube, which is helically coiled and in horizontal position 

under the switch-board can be seen as well. For position detection of 

the two valves, mlcroswitches are mounted, which switch on at the 

extreme positions of the valves, occupying two of the three sense In

puts of the Nelson interface (figure 4). Relays 7 and 8 are used to 

choose between the switching valve and the injection valve, 
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Fig. 3 Valve switching board, DV-detector and beta-detector 
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respectively. By this method incomplete rotation of the valves can be 

detected as well* Relays 1 through 4 are used to activate a gas pres

sure of 0.3 HPa to rotate the injector and the switching valve. 
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2.3. Software 

Two FORTRAN IV computer programs were written, one to control the chro

matographic apparatus and collect the data, and the other to process 

the collected data. 

2.3.1. Data collection program 

2.3.1.1. General 

Figure 5 gives the flow diagram of the program to control the appara

tus. After starting this program it first checks whether the Nelson 

Interface and the pump have been switched on. If this is not the case 

the program pauses until this has been done. Then from a special data 

file on the system diskette the most recently used chromatographic 

conditions are read, the apparatus is adjusted to meet these specifica

tions and the valves are placed in the correct positions. 

Now the program enters a waiting loop in which background counts are 

collected and the operator can choose if he wants to change (some of) 

the chromatographic conditions, leave the program or inject an aliquot. 

If he decides to do the latter, after rotation of the injector sampling 

of the UV- and beta-signals starts. Then the program enters a data col

lection loop which can be stopped at any time by the operator. After a 

preset time data collection is stopped, the chromatograms (UV and beta) 

are dumped in a data file on the user diskette, and the chromatographic 

conditions on the system diskette are updated. If no reintroduction of 

the contents of the storage capillary into the beta-detector is de

sired, the system is reset and waits for a new injection. 

In the opposite case, the switching valve is rotated, the pump speeds 

are adjusted (only the eluent pump is used to empty the storage capil

lary), and sampling of the beta-signal is started again. The program 

enters a data collection loop again for some preset time, after which 

the reverse chromatogram is dumped in the same data file on the user 

diskette, the system is reset and enters the waiting loop for a new 

Injection. 

2.3.1.2. Rotstion of the valves 

A special routine has been developed for rotating the valves, as it 
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is mandatory that they are in the correct position before the program 

proceeds. If this proves to be iapossible, the system is out of order 

and the program should not continue. 

Figure 6 gives the flow diagram of this routine. First relays 7 or 8 

are activated to detect the position of the switching or the injection 

valve, respectively. Then the position of the valve is detected; if it 

is already in the right position, the routine is left. If not, the gas 

pressure necessary to rotate the valve is activated by activating one 

of the relais 1 to 4. Relay 1 is used to place the injector in the 

"load" position, relay 2 to place it in the "Inject" position, relay 3 

is used to place the switching valve in the "load" position and relay 4 

to place it in the "unload" position. If within a preset time the valve 

reaches the right position, the gas pressure is deactivated and the 

routine is left. In case the preset time is exceeded, a state of aal» 

functioning is assumed and the program pauses until the operator has 

straightened this out. 

2.3.1.3. Data collection 

The sampling times of the NELSON interface and the coincidence 

counter/timer are set to 0.1 s. In the program 500 datapoints are re

served for the collected data of the UV-detector, the direct beta-

signal and the reverse beta-signal each. 

If necessary, measured data points are summed, so the total number of 

registered data never exceeds 500. Thus, if a run lasts 5 tain, 5x60/0.1 

• 3000 measurements are performed, so six measurements are summed to 

yield one data point. This is established by the interrupt-routlnes 

that collect the data points from the UV- and the beta- detector. 

2.3.2. Data processing program 

2.3.2.1. General 

Figure 7 gives the flow diagram of the program that is used to process 

the data files that have been created by the data collection program. 

It handles the UV- and beta-data in a similar way. Slight differences 

occur in the peak detection routine. Its options are filtering the 

data, peak detection and creating hard copies (data on detected peaks; 

plots of the chromatogram8). The first two options will be discussed in 
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Fig. 6 Flow diagram of routine to rotate the switching and the injec

tion valve 
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the next sections» 

2.3.2.2. Filtering 

For easy detection of overlapping peaks, it is necessary that the raw 

data of a beta-radiochromatogram are smoothed as the noise level is 

much higher than in UV-chromatograms. There Savitzky-Golay filtering 

is usually sufficient [lj. If this kind of filtering is performed on 

the chromatogram of figure 8, a result like in figure 9 is obtained. 

It can be seen that even smoothing with a 17-points filter does not 

give acceptable results. Wider filters cannot be used because peak 

broadening would then occur. Besides, the beginning and the end of the 

chromatogram are not filtered. 

Removal of the high-frequency noise information from the beta-radio

chromatogram can be performed elegantly using Fast Fourier Transfrom 

(FFT) [3j. If after FFT the high-frequency information is discarded and 

then an inverse FFT is performed, the result is a smoothed chromato

gram. Therefore a FFT-program in BASIC [4J was translated into a 

FORTRAN-IV routine. 

Performing FFT on the chromatogram in figure 8 yields the frequency 

spectrum in figure 10, which gives the lower half of the frequency 

spectrum. The upper half is not shown, as it is a mirror image of fi

gure 10. The operations described below for the lower half, are per

formed on the upper half as well but mirror-like. A routine was deve

loped to determine the point which separates the chromatographic infor

mation from the noise: 

a. the average of the amplitudes of the high-frequency half of the 

frequency spectrum (figure 10) is determined; 

b. the average of the second quartile is calculated; 

c. if this average is larger than that obtained under (a), the process 

is repeated for the third quartile etc» 

If the average is not larger than the previous value from (b), the 

interval width is halved and its end position is made equal to its 

previous starting position. The average of this new interval is calcu

lated and the routine returns to (c) until, finally, the interval con

sists of one point only. From this final position (b) on, all 
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3 'A W 

Fig. 8 Beta-chroaatograa of a alxture of alanine (A), valine (V), 

laoleuclne (I) and leucine (L); coluan: 10 ca Brownlee RP-18; 

eluent 0.1 M phosphate buffer + 0.2 M Ha-hexylsulphate, 

pfl - 4.37 flow rate 1 al.aln ; raw data 
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Information on higher frequencies Is discarded. If now the residual 

frequency spectrum is led through an inverse FFT routine, a filtered 

chromatogram is obtained, but this procedure entails the risk that 

artefacts occur on both sides of real peaks. A smoothing of the fre

quency information up to position (b) may prevent this. For this pur

pose a so called Hamming filter was chosen. This is a cosine function 

with which the frequency information between a starting position (a) 

and position (b) is multiplied: 

X(I) « 0.54 + 0.46 * cos (ÏÏ * J^) (1) 
D~a 

in which I represents the data points (a < I < b). For a 512 point 

Fourier transformation a starting position of about 26 was empirically 

found to give good results, with minimal peak distortion. For (a) 

therefore a valley near position 26 was chosen. 

After multiplication of both halves of the frequency information with 

the function I, the Inverse FFT is performed. Peak areas proved not to 

change by this smoothing procedure. Figure 11 illustrates the proce

dure. It should be remarked that it displays only the first part of the 

frequency spectrum. There exists an upper part which is the mirror-

image of the first. This is processed identically and simultaneously 

but now from right to left. 

2.3.2.3. Peak detection 

2.3.2.3.1. General 

There are slight differences between the peak detection routines of the 

UV-data and the beta-data. In the UV-data both positive and negative 

peaks are detected, and a peak is valid if its net area is larger than' 

the number of data points involved times 0.0001 AU, which is the noise 

level. 

In the beta-data only positive peaks are detected. The peak detection 

criterion here is the precision of the background level and thus the 

number of background counts that are collected during a known time. 

This will be explained In the next sections. 
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2.3.2.3.2. Beta background level and background standard deviation 

Background counts C and the background counting time t are accumulat-
B B 

ed during two stages. Firstly, they are collected during the waiting 

periods in the chromatographic process, i.e. when the system is waiting 

until a sample is injected. Secondly, during data processing the first 

data points (until a possible peak appears) of the reversed chromato-

gram are added to C_, while T is adjusted accordingly. If no reversed 
B D 

chromatogram has been recorded, the direct beta-chromatogram is used. 

By this method a rather exact estimation of the background level and 

its standard deviation is obtained. Then the background level B per 

data point is calculated: 

in which t represents the sampling time per data point. The standard 
s 

deviation per data point is calculated accordingly: 

(3) 

2.3.2.3.3. Detection limit of the beta peak detection routine 

The peak detection is performed in the smoothed data. Once a peak has 

been detected, its gross area, T, the accompanying standard deviation, 
1/2 

o_ - T , and the number of data points involved, W, are calculated. 

The net area, A, follows from: 

A - T - B • W (4) 

and the standard deviation in it, o from 
A 

°A " [°T + <°B ' W>2J1 / 2 - [A + B • W + i . t2
g . W 2 ] 1 ' 2 (5) 

fcB 

a„ B 
S 
i'2 

H 
• t s 



- 69 -

The peak-detection criterion is 

A > F • o (6) 
A 

Combination of (5) and (6) yields 

A > 1/2 F2 + [l/4 F* + F2 • CB • ~ • W(l + ~ • W)]1 / 2 (7) 
B B 

For a Gaussian chromatographic peak, with plate number N and retention 

time t , the peak-width W is given by 

4 • t 
W « ^ <8> 

t • N ' s 

Combination of equations (7) and (8) gives the minimal detectable num

ber of counts as a function of the various experimental parameters and 

of F 

A > 1/2 F2 + [1/4 F4 + ± j £ • f £ l (1 + ^ • ^ ) ] 1 / 2 (9) 

2 
It follows that A is at least F . In our routine, F is set equal to 

3. 

The corresponding detectable mass, m, is obtained from the relation 

A - m • e • - • Q (10) 
v xsp N ' 

By combining equations (2), (5), (8) and (10) it is possible to express 

the relative standard deviation in the < 

function of the experimental parameters 

the relative standard deviation in the determined mass, o , (m), as a 
rel ' 

4C„ t 16C„t2 1 / 2 

m.e._.Q B N t „ , N 

v sp B 
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Figure 12 gives the variation of o . (m) with n for a set of actual 

conditions pertaining to the present experimental set-up: c » 0.80; 

V - 70 VI; v - 0.1 ml'min" (reversed flow); Q - 2 GBq • (mMol)~ ; 
sp 

N » 6400; t - 2 min; C_ - 200; t_ - 1000 s. It should be noticed that 
r B D 

the influence of the background is negligible here. Consequently, 
1/2 

o (m) will vary with v 

The beneficial influence of the reduced flow rate at reversed flow can 
14 

be seen in figure 13, which refers to a recovery experiment with C-

parathion. The upper chromatogram gives the filtered "direct flow" data 

from the B-counting. In the "reversed flow" chromatogram the flow rate 

is ten tines lower. Here a well detectable peak can be seen. 

Reduction of the flow rate in the reversed mode below v - 0.05 ml'min 

will bring the average residence time in the flow cell, V/v, in the 

range of the counting periods used in routine off-line measurements. 
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0.5 0.75 1.0 125 

Mass of analyte in ng 

Fig* 12 The relative standard deviation In m, o „(m), as a function 
rel 

of m; for parameter values see section 2.3.2.3.2. 
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counts 
per 0.6 
sec 

! 

0 . 8 . 

0 . 6 . 

0 .4 4 

0.2 . 

1 

6 d irect 
FFT-fi lter 

counts 
per 8.0 .-
sec 

1 

time (min) 

14 
Fig. 13 Beta-chromatogram of C-parathlon on a 10 cm cyano column; 

upper chromatogram: filtered data of direct run; eluent: 

1 ml'mln acetonltrile-water (30:70); scintillator: 

1 ml'mln Ready-Solv NA; lower chromatogram: filtered data of 

reversed run from 50 m x 1.0 mm l.D. stainless steel storage 
-1 

capillary tube; flow rate: 0.2 ml'mln eluent 



- 73 -

2.4. Conclusions 

On-line radio-HFLC on beta-labelled compounds, using a storage loop, 

saoothing of the chromatographic data by Fast Fourier Transformation 

and control by a dedicated microcomputer is a promising alternative to 

traditional off-line procedures* 

The lower limit of detection depends on the lowest possible flow rate 

which is applicable during the relntroduction of the loop contents into 

the B-detector. 
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3. CHARACTERIZATION OF A BETA-DETECTOR FOR OH-LIME RADIOMETRY IH HIGH-

PERFORMANCE LIQUID CHROMATOGRAPHY 

Abstract 

The characterization of a B-detector for on-line radio-HPLC in tens of 

sensitivity, effective volume, overall efficiency and lialts of deter

mination, detection and decision is discussed. 
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3»1» Introduction 

The combination of high-performance liquid chromatography (HPLC) and 

radiotracer measurement is usually based on off-line counting. It is 

obvious that an on-line procedure is of interest in that it avoids 

sampling, transport and the accompanying loss of resolution. The draw

backs of on-line counting are the relatively short counting time, its 

incompatibility with the faster HPLC separation and probable loss of 

resolution due to oack-mlxing. 

These objections can be eliminated by applying a storage loop which 

enables the delayed but on-line counting of the effluent, which has 

been split into small volume segments by a suitable non-mlscible 

"spacer" liquid [lj. Thus delayed on-line detection at reversed flow 

direction becomes possible on mixtures of labelled compounds, separated 

by HPLC. 

Host radiotracer experiments deal with organic molecules, labelled with 

pure ^"-emitters. On-line detection thus focusses on liquid scintilla

tion counting, either wl h a solid scintillator in a "packed" cell or 

with the scintillation liquid added as the "spacer" into which the 

analyte is extracted. To characterize this apparatus and to compare it 

to conventional off-line counting Implies the determination, as a func

tion of the flow rate, of: 

- the sensitivity; 

- the effective volume of the detector cell and the reduction of signal 

variance; 

- the overall efficiency; 

- the limits of determination, detection and decision. 

The sensitivity is defined as the number of counts per Bq or per gram. 

The effective volume defines the efflcacity of the nominal, geometri

cal, volume. The overall efficiency combines the effects of absorption, 

detection and quenching In the organic (scintillator) solution or its 

dispersion within the aqueous phase with the efficiency of the detector 

cell Itself. 

The precision and the limits of decision and determination may be de

rived from the expressions fpr the standard deviation in counting-
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result and background determination, following the approach given by 

Currie [2]. 

The apparatus for HPLC with on-line UV- and radlometric-detection 

(cf. chapter 2, fig. 1) has been described in ref. [5]. The following 

details are of interest here. 

Immediately after the UV-detector, a mixing-Tee permits the addition of 

the spacing scintillation liquid by means of a separate pump. The mix

ture then passes through an extraction capillary which leads to the 

beta-detector.The mixing-Tee is preferably equipped with a high-

pressure stainless- steel frit to ensure good mixing. The total volume 

between the UV- and the beta-detector varies from ~ 250 to ~ 850 Hi, 

according to the array used. The internal diameter of the connecting 

tubes Is 0.25 mm. 

The modular parts of the beta-detection system were chosen so as to 

enable high count rates and a low background. A flow-through cell of 

63 ul nominal volume (Isoflo, Edinburgh, UK) is used. It is mounted in 

a home made aluminium housing in which two photomultipliers from RCA 

(Harrison, NJ, USA), model 8575, in magnetic shields by ORTEC (Oak 

Ridge, TN), model 218, are mounted (cf. chapter 2, fig. 2). A high 

voltage of -2800 V is supplied by an ORTEC 456 power supply via ORTEC 

265 photomultipller bases. 

The dynode outputs are fed into ORTEC 113 scintillation pre-ampllfiers 

(input capacity: minimal), a model 2110 CANBERRA (Meriden, CT, USA) 

timing filter amplifier (input: inverted; gain: maximal; int. time 

constant: out; diff. time constant: 10 us) and a CANBERRA 1428 A 

constant fraction discriminator (threshold: minimal; detection mode: 

leading edge; output: TTL, width: 50 ns). 
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3«2. Principle 

3.2.1. Sensitivity 

The relation between the observed (net-) signal, A [c], and the activi

ty to be measured, Q depends on the overall efficiency e [e-d'1] 
and the ratio of the effective detector voluae, V [ml], over the flow 

rate v [al*s ]: 

A - e • I • Q (1) 

The factor is the sensitivity of the activity measurement. 

The corresponding expression in tens of the determined mass, in [g], 

Is: 

A " £ * l ' <*«„ * " <2> 
v sp 

where Q [Bq*g~ ] is the specific activity of the labelled analyte, 
8 p V r -li 

and the sensitivity is defined as c — Q Leg J. 

The sensitivity can be determined by observing A as a function of v for 

sufficiently large plug-shaped aliquots, of voluae V [ml], to keep the 

detector completely filled over a number of data sampling periods, 

t [si. It follows Immediately that the signal versus time curve fea-
8 -1 
tures ramps of V/v seconds, with v a3 the flow rate in mi's , and a 
plateau of (V -V)/v seconds. 

a 
The ratio: 

n - (V - V)/v • t (3) 
a s 

determines the number of observations and thus the precision of the 

determination of E#V. If one neglects the background signal, the indi

vidual counting result per observation, A , is given by: 

Ag - (e • V) • $- . t g (4) 
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It now follows that the relative standard deviation of the mean for n 

observations, o .(A ), is given by: 

V -V -1/2 

°rel(As) * t(C*V) * v * "T~l * 1 0 0 Z ( 5 ) 

a 

For V » V, this expression reduces to: 

°rel(As) " t(C*V) * vl"1/2 ( 6 ) 

If this standard deviation is attributed to e*V solely, it sets the 

lower Unit to the experimentally attainable uncertainty In e*V. Any 

appreciable deviation must be due to other causes than counting statis

tics. 

3.2.2. Effective volume of the detector cell and reduction of signal 

variance 

These parameters can be derived fro» the sane measurements on a large 

plug-like aliquot, as discussed above. The various possibilities are 

summarized by equation (7); it can be derived from the description of 

tracer experiments in terms of dimensionless age functions [3,4]: 

^ (C/C.) - ̂  ƒ I-dv « f- (7) 
o d 

Here, C stands for the count-rate [c*s J and C,. for that of the 

plateau, I for the (dimensionless) internal age function, v for the 

reduced time, defined by equation (8) and ? for the average residence 

time in the detector cell: 

v - t/Td (8) 

The slope of the curve of relative count rate versus time reflects the 

dimensionless internal age function I. 
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Two Halting cases are of special practical interest: The pure plug 

flow and the case of back-aix flow or coaplete mixing. Here one can 

Integrate equation (7). In the first situation, I is constant and equal 

to unity and (7) reduces to: 

At - T (8a) 
d 

where At stands for the duration of the raap of entrance or exit. 

~t/Td 
For back-aix flow, I = e and one gets for the entrance ramp: 

A " t / Td 

£- - (1-e a) (8b) 

and: 

for the exit curve. In the first case, the detector does not contribute 

to the variance of the signal; in the second the variance becomes Infi

nite. If the slopes of the ramps are not constant, the 1-curve has to 

be constructed graphically, using equation (7). From this I-curve, the 

variance due to the detector cell, °, [s ], can be calculated by stan

dard procedures [3,4J. 

The added variance may be expressed in terms of the dimensionless para

meter D/uL, with D - apparent axial diffusion coefficient of the ana-

lyte [cm *s J, u • linear velocity [em's J and L - length of the 

detector along the axis of flow [cm]. For a homogeneous liquid and 

small deviations from plug flow, equation (9) applies: 

Gd * 2 ' & > ' Td <9> 

The relative standard deviation due to the detector may thus be written 

as: 
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<°d>rel = TT = <2 * uT ) 1 / 2 (1°> 
a 

The same formulation is applicable to the flow through the connecting 

capillary tubes. The added variance can be determined by comparing the 

peek-widths from the UV- and the "direct" on-line radioactivity mea

surements. In case of a storage loop, the "direct" and "delayed" 

(reversed) results are compared. 

The variance caused by detector cell and connecting tubes has to be 

judged in terms of the variance in the original chromatographic peaks, 
2 r 2i 
o , [s J, given by equations (11) and (12) in which t denotes the 

retention time in seconds and N the plate number of the chromatographic 

peak: 

Vak - *> <"> 

<°Peak>rel " ; <12> 

The importance of the spacing scintillation liquid can thus be expres

sed in terms of the avoided signal-variance, Ao2, and its ratio to the 

variance of the peak, R: 

Ao2 - 2D [(T2/uL)t + (T
2/uL)d] (13) 

R . I | 2 2 l . 2 N D [ ( T 2 (T2 ] ( U ) 

a t peak r 

where D is the apparent axial diffusion coefficient of the analyte and 

the suffixes t and d denote the tubes and the detector. It should be 
2 -3 

remarked that the terms T /uL vary with v ; thus the advantage ratio 
becomes large at low flow rates. The influence of radial diffusion is 

discussed in ref. [6j. 

When the simple relation (8a) Is used to determine T, at small devia-
d 

tions from plug flow but at low flow rates, thus at relatively high 
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Table I Estimated relative systematic bias in the determination of 

the effective volume of the detector cell, as a function of 

the flow rate and the minimal detectable percentage of the 

full (plateau) count rate 

Flow rate 

in yi'min' 

(v) 

9.5 

14 

18.5 

37 

75 

150 

600 

1200 

2400 

D/uL 

-4 
2*10 

1.5»10"4 

io-4 

5»10"5 

2.5'10~5 

1.3'10"5 

3.1.10"6 

1.6«10"6 

7.8'10~7 

Relative positive systematic bias in % 

At 0.5Z At 1% 

s i g n i f i c a 

13.2 

11.4 

9.4 

6.6 

4.8 

3.4 

1.8 

1.2 

1.0 

12 

10.5 

8.5 

6.2 

4.5 

3.2 

1.6 

1.2 

0.8 

At 2% 

n e e 

10.2 

9.8 

8.0 

5.6 

4.0 

2.8 

1.4 

1.0 

0.8 

Assumed values: D - 10 [cm *s J 

S - 1.54'10~ [cm ] 

L - 4.45 [cm] 

u « v/S [em's ] 
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D/uL-values, a systematic positive bias occurs In the determination of 

T . Its magnitude can be derived from the elementary theory of Gaussian 

signals, in dependence of the count-rate which is still just accepted 

as significant. Table I summarizes the results. 

3.2.3. The overall_efflciency 

The ratio of the experimentally determined values of e«V and V yields 

e. As both experimental parameters have been measured as a function of 

the flow-rate, v [ml*s ], it is also possible to consider e as a func

tion of v. 

3.2.4. Limits of determination, detection and decision 

The relevant formulae for the precision have been presented in ref. 

[5j. The expression for the relative standard deviation in the analyte 

mass, a (m) in %, is repeated here: 

2 1/2 
, , , , 100 r V n , , CB fcr , " V ^ , „., 

o (.) in % r — -[-e^Q + 4*r*7iï+ * ] (15) 

m.e.—.Q * B t 'N 
v xsp B 

Here the symbols have the following meaning: 

C_ [counts] • number of counts collected in back-ground 

measurements in non-peak regions 

t_ [s] • time of background counting 

o [g] =• mass of analyte 

N [-] - plate number of chromatographic peak 

t [s] » retention time of eluent peak 

Q [Bq«g ] - specific activity of analyte 

V [ml] « volume of beta-detector 

[B1 #S ] - flow rate v 
e [count8*d ] - efficiency of beta-detector . - ! • 

For a given set of values for Q [Bq*g-1], C [c], t [s], t [s] and 

N, one may calculate o (m) as a function of v, taking into account 

the simultaneous variation of £*V. From this expression, the limit of 

determination, Lg(m) [g], follows as the mass m for which one has: 
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°rel<*> * t ^ <16> 

As was mentioned in ref• [5], the peak-detection routine uses k = 3. 

This ensures the reporting of minor peaks which are just outside the 

regular scope of determination, often set by k« • 14.3 [2J. 

The limit of detection, Ln(«»0 [g]> is usually defined by equation (17), 

in which k and ka are put equal to 1.65 [2J: 
o p 

LD(m) « ka • a(B)m + kp • a(m) (17) 

The suffix m in 0(B) signifies that, here, the standard deviation in B 
m 

has to be expressed in terms of mass. Using the formulae derived in 

chapter 2 one gets the implicit expression: 

, , . o B s v . 
LD(m) r e • V Q + 

B xsp 
„ 2 1/2 

Vk,, _.„ C„ t C *t 

L_ .[„ . LI . Q + 4 . -2 . -JL-+ 16 . JL_£] (i8) 
e.V.Qgp

 L v % tB Nl/2 t2.N J 

The limit of decision, L (m) [g], is defined by: 
c 

L (m) - k • a(B) (19) 
c < x m 

Again, k • 1.65 [l]. I t follows from equation (3) , chapter 2, that: 

k - C 1 / 2 • t 
Lc(m) - -Z—l 2. . e . v (20) 

B sp 
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3.3. Experimental 

3.3.1. Sensitivity 

The results of the sensitivity determinations are summarized in figure 

1. At flow rates below 0.2 ml'min" , the value of e*V is 0.059 ± 0.001 

[c'd^'ml]. 

3.3.2. Effective volume of the detector cell 

The observations on the effective volume of the detector cell are col

lected in table II. The variation with the flow rate is small: 

V = [72.5 - 9'10~3 • v] PI (21a) 

with v in ul'min , for v < 1500 m*mln . Using these data and the 

procedure described in the next section the more general expression: 

V ' [70.7 - 3.6'10~3' v] ul (21b) 

was obtained for v < 4000 yl'min . 

The reduction of signal variance by application of the spacer is for 

D - 10 [cm 's ] about equal to (Aa) = 7.8*10 'v [s ] with v in 

ml'min . Thus at v - 0.1 ml'min one has avoided Ao - 0.3 s, against 

a o of the order of 0.05 s. 
peak 

The data on £'V for the flow rates of 200, 600 and 1000 ui'min from 

figure 1 can be combined with the observations collected in table II. 

The result Is e - 0.809 ± 0.008. 

The e'V-data for 2000 and 4000 Pl'min~ may be used to calculate the 

effective volume of the detector-cell at those flow rates if it is 

assumed that the efficiency remains constant. The results are (63-3) 

and (59±3) Ml respectively. Combining these data with the experimental 

results from table II yields equation (21b) of the previous section. 
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Table II Experiments on the determination of the effective volume of the detector cell 

Flow 
rate in 
Wl'min"1 

9.3 

28.4 

30.3 

58.9 

123.6 

250 

255 

424 

600 

1000 

Plug 
volume 
in Ml 

23 
1000 
23 
23 

1000 
1000 
108 
108 
108 
108 
108 
23 
23 

1000 
23 

1000 
1000 
108 
108 
108 
108 
108 
1000 
1000 
23 
23 

1000 
1000 
108 
108 
108 
108 
108 
108 

Ascending 

Observed 

76.6 

73.2 
55.6 
78.7 
79.9 
78.3 
83.1 
83.1 

79.5 

75.5 
73.7 
72.6 
70.0 
71.3 
71.3 
75.2 
73.8 
73.4 

72.6 
75.8 
53.9 
53.9 
66.0 
60.7 
63.4 
63.5 

Corrected 

68.52 

67.5 
51.5 
73 
74.5 
73 
77.5 
77.5 

75.5 

72.5 
71 
70.5 
68 
69 
69 
73 
71.5 
71.5 

71 
74.5 
53 
53 
65 
60 
62.5 
62.5 

Plateau 

Observed 

85.8 

78.2 

78.5 

82.1 
82.1 
82.1 
78.9 
85.3 
78.5 
69.8 

72.3 

75.3 
75.5 
78.1 
75.5 
74.2 

77.3 
74.8 

63.1 
63.0 
61.0 
74.2 
61.0 
56.0 

Corrected 

76.5 

72.5 

72.5 

76.5 
76.5 
76.5 
73.5 
79.5 
74.5 
66.5 

69.5 

73.5 
73.5 
76 
73.5 
72 

76 
73.5 

62 
62 
60 
73 
60 
55 

Descending 

Observed 

70.3 
75.1 
78.7 

70.3 
76.7 
79.5 

73.4 

85.9 
68.6 
75.2 
72.6 
67.3 
70.0 

65.0 
61.8 
66.0 
71.3 
66.0 
63.5 

Corrected 

65.5 
70 
73 
65.5 
71.5 
75.5 

70 

82.5 
66.5 
73 
70.5 
65.5 
68 

64 
61 
65 
70 
65 
62.5 

Corrections to the experimental values are based on table I 



86 

Fig. 1 The product e*V as a function of the flow rate 
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3.3.A. Limits of determinationt detection and decision 

Using equations (15) and (21b) one may calculate the limit of determi

nation as a function of the flov rate for a given set of values for the 

parameters other than v. Table III gives the result for the conditions, 

used in ref. [5]. 

The corresponding data for the limits of detection and decision are 

given too. For comparison, the limit of detection of the peak search 

routine, defined in 2.4., is mentioned. It can be seen that the chosen 

peak detection routine is a practical compromise. 

It should be remarked that the influence of the present background on 

these results is marginal. No substantial improvement can be expected 

from a further reduction. 
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Table III Limits of determination, detection and decision; detection 

limit of the peak detection routine 

Flow 

rate in 

Ul-min 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

200 

300 

400 

500 

1000 

2000 

L Q(.) 

in 

ng 

0.09 

0.18 

0.27 

0.36 

0.45 

0.54 

0.64 

0.77 

0.82 

0.91 

1.85 

2.75 

3.65 

4.6 

9.45 

18.1 

s <•> 
in 

ng 

-4 
8*10 

2'10-3 

3'10-3 

4*10'3 

-3 
5'10 

-3 
5*10 

-3 
6*10 

-3 
7*10 J 

8'10-3 

8'10-3 

0.02 

0.03 

0.04 

0.05 

0.09 

0.18 

L c(.) 

in 

ng 

IQ"6 

2-10"6 

3-10*6 

4-10-6 

5-10'6 

6-10"6 

7-10"6 

8'IC'6 

9-10"6 

io-5 

2'10-5 

4'10'5 

5'10'5 

6'10"5 

2'10_4 

-4 
3'10 

Detection limit in 

ng, according to 

peak-detection 

routine 

0.01 

0.01 

0.02 

0.02 

0.03 

0.03 

0.04 

0.04 

0.04 

0.05 

0.09 

0.14 

0.18 

0.22 

0.46 

0.88 

Parameter values: C * 200 [c] 

N - 1600 

tB - 1000 [a] 

t » 120 [s] 

Q s p - 6.9 [Bq'ng- ] 
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3«4. Conclusions 

The present beta-detector has an effective volume of = 70 Pi and an 

overall efficiency of * 801. The effective volume decreases somewhat 

with increasing flow rate. 

The product of detection efficiency and effective volume is 0.059 ± 

0.001 counts'ml (desintegration) at flow rates below 0.2 ml*min . It 

decreases to 0.050 at 2 ml*min , due tc a diminution of the effective 

volume. 
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4. LOW-LEVEL RAPIOMETRY DETECTION IN LIQUID CHROMATOGRAPHY USING 

SOLVENT SEGMENTATION AND AN EFFLUENT STORAGE LOOP 

Abstract 

In this study a new approach is presented for on-line radiometric de

tection in reversed-phase LC of medium to low polarity compounds label

led with C. 

14 14 

The test compounds, C-carbaryl and C-parathion, are extracted post-

column into a non-water miscible liquid scintillation cocktail* The 

segmented two-phase system formed is introduced into the beta-detector 

without phase separation and collected in a capillary storage tube. 

After completion of the LC separation and detection process, the direc

tion of the flow in the storage system is reversed and the segmented 

contents of the loop led at lower flow rates through the beta-detector 

again. An enhanced signal, corresponding to the increase in counting 

time, is obtained without measurable peak broadening. 

The lowest possible detection limit of the system is 9 counts per peak 

corresponding to sub-nanogram quantities of tested pesticides. Calibra

tion curves are linear over at least 2 orders of magnitude and have the 

expected theoretical slopes. 

The reproducibility of the system is better than 4Z rel. S.D. An appli

cation to a recovery study of parathion shows the practical potential 

of this technique. 
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4.1. Introduction 

On-line radiometric detection In liquid chromatograpy (LC) is still an 

unsolved problem when it comes to counting very low levels of radioac

tivity such as frequently encountered when using radiolabelled com

pounds in, e.g. pharmacokinetics and metabolism studies or recovery 

studies In trace analytical procedures. The inherent difficulty is the 

combination of a fast separation process with a slow counting operation 

or, in other words, making the chromatographic and detection step com

patible with each other. Although several improvements have been intro

duced in the past years and a number of commercial detectors have ap

peared on the market this aspect has not yet been solved to full satis

faction. 

The usual detection techniques for beta-emitters separated by LC are as 

follows: 

(1) Homogeneous scintillation counting where a miscible scintillator 

solution is added to the column effluent [l, 2, 4-10, 13, 15J. With 

conventional scintillator cocktails which involve solutions of suitable 

fluorophores (energy acceptors) in non-water miscible organic solvents 

such as pseudocumene this already restricts the user to normal-phase LC 

whereas with the much more Important reversed-phase LC often emulgators 

have to be used which are also commercially available but which reduce 

the inherent sensitivity of the technique. 

(2) There is the possibility of heterogeneous counting [l, 3, 6, 8-12, 

14-17J, which involves the packing of solid scintillator Into the de

tector cell. Typical materials used for solid scintillation include 

glass (Ce), CaF. (Eu) and yttrium silicate (Ce). Although in principle 

quite attractive, the disadvantages of solid scintillators are a lower 

counting efficiency particularly for tritium-labelled compounds, passi

vation through coating by effluent components and occasional pressure-

drop problems across the cell. 

Nevertheless distinct improvements in materials and techniques have 

been achieved in recent years. This is manifested by the fact that in 

1972 limits of detection were estimated [lOJ, for a separation system 

using a large-particle ion exchanger resin, to be in the order of 
3 14 

37 kBq (1 MCI) for H and 370 Bq (10 nCi) for C for heterogeneous 
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counting techniques. For homogeneous counting these values were 185 Bq 
3 14 

for H and 75 Bq for C. According to the recent manufacturer's liter-

ature [18] these values are now improved to levels of 5 Bq H and 

1-'- 3 14 

0.7 Bq C (heterogeneous) or 2 Bq H and 0.7 Bq C (homogeneous), 

respectively. These improvements can be attributed to developments in 

the chromatography, improved scintillators [3, 6, 10, 16J, better 

detector geometry [l6J and spectroscopic amplifiers [3, 5, 9, 13] and 

to the availability of powerful data acquisition systems. 

Further measures would be necessary if still lower limits of detection 

and (or) a higher counting accuracy are required. Some of these could 

be as follows: 

(1) Off-line counting by fractionating the column effluent and counting 

of the fractions has the advantage of the counting time being indepen

dent of the separation time. The drawbacks are, on the other hand, loss 

of resolution, the technical problems and the difficulty for automa

tion. 

(2) Lowering the effluent flow rate offers a possibility to increase 

residence time of the radioactive zones in the detector. Disadvantages 

are long analysis times, since most of the long counting time is wasted 

on regions of no interest, and increased band broadening due to poor 

dynamic flow patterns. 

(3) An increase in the detector volume will enhance the sensitivity, 

but results in a significant loss of resolution if the cell volume is 

larger than one third of the volume standard deviation of the peak of 

Interest [2o]. 

(4) Use of several detectors in series [l5, 19] and synchronized summa

tion of the detector signals has been proposed as another alternative 

but the synchronisation problems and the cost of hardware are prohibi

tive. 

Since all these measures do not lead to a real improvement and satis

factory solution of the problem of on-line low-level counting, a novel 

approach based on a solvent-segmentation principle is proposed. A non-

water miscible organic scintillator is added to the aqueous column 

effluent from a reversed-phase system. Thus a solvent-segmented flow 

pattern is obtained. The organic plugs have three functions: they 
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suppress band broadening in the system; they are carrier of the scin

tillator molecules, and the radioactive compounds are, at least partly, 

extracted into the scintillator plugs for counting. The segmentation 

principle permits storage of the effluent in a loop without band broad

ening. 

Following the normal separation and counting process, the regions of 

interest can be reintroduced into the same beta-detector and the coun

ting time chosen independently of the separation step. Advantages of 

such an approach will be a minimum loss of resolution, an optimal use 

of the analysis time, and adaptation to the accuracy and detection 

level required, economical use of the beta-detector and the possibility 

to automate the system fully. 

This study presents a critical assessment of the proposed principle in 

terms of band broadening and other analytical parameters. 

4.2. Experimental 

f. 1? * \' .AERf If-"f 

The schematic diagram of the apparatus used is shown in chapter 2, 

figure 1. A more detailed description of it and of the choice and deve

lopments of optimal hardware and software is described elsewhere [21 J. 

The basic operations are as follows: separation is carried out with a 

dual-head pump model 3B (Perkln Elmer, Norwalk, CT, USA). A Rheodyne 

(Rheodyne, Cotati, CA, USA) Injector model 7126 with a 7136 solenoid 

valve kit was used. 

Details of the chromatographic conditions are given in the legends to 

the figures. A Kontrol (Zurich, Switzerland) Uvlkon 725 UV-detector was 

Included for reference purpose. The water-immiscible liquid scintilla

tor cocktail was added with the second pumphead via a mixing-Tee, 

Swagelok T-plece (Chrompack, Middelburg, The Netherlands) to the ef

fluent stream. The scintillator liquid serves to form segments which 

suppress band broadening and act as an extraction medium and scintilla

tion agent. 

The two-phase solvent-segmented system then passes a Valco (Houston, 

TX, USA) 8-port switching valve model 12611 with air activator and a 

Rheodyne 7136 solenoid valve kit and through the beta-detector for 
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counting at the chromatographic mobile phase flow rate condition. 

The beta-detector has been built from the following parts: a home-made 

light-tight housing, an Isoflo flow-cell (Nuclear Enterprises, 

Edinburgh, UK) with a nominal volume of 63 el, two photomultlpller (PM) 

tubes model 8575 (RCA, Harrison, NJ, USA), a high-voltage power supply 

model 465 (ORTEC, Oak Ridge, TN, USA), two PM-bases (ORTEC 265), two 

magnetic shields (ORTEC 218), two scintillator pre- amplifiers (ORTEC 

113), two timing filter amplifiers model 2110 (Canberra, Meriden, CT, 

USA) and two constant fraction discriminators (Canberra) model 1428A. 

The segmented effluent stream from the detector is then collected in 

a storage loop of which three types have been tested: a stainless steel 

tube 50 m * 1/16" O.D. * 1.0 mm I.D., a stainless steel tube 20 m * 

1/8" O.D. * 2.1 mm I.D. and a PTFE tube 20 m * 1/8" O.D. * 1.5 mm I.D. 

(Chrompack). The loop effluent flows to waste via the earlier mentioned 

Valco 8-port switching valve. By rotating of the switching valve the 

contents of the storage system can be reintroduced into the beta-

detector. 

The chromatographic apparatus is controlled via home-made software [2l] 

by a computer system consisting of a DATARAM LS1-11/2 computer with a 

DEC LSI-11/2 microprocessor model KD11-HA, a DR 115 S 32 K * 16 memory 

module, a DLV 11-J four-line asynchrone serial interface, a DSD 430-2 

single/double density dual floppy disk (Technltron, Schiphol, The 

Netherlands), under RT-11. Furthermore, a model 862 Interface (Nelson 

Analytical, Cupertino, CA, USA) a model 910 terminal with VT-52 modifi

cation and a graphics board installed (TeleVideo, Sunnyvale, CA, USA), 

a model MX-100 111 printer (Epson, Nagano, Japan) and a home-made coin

cidence counter/time interface are used. 

4.2.2. Chemicals 

Separations were carried out on 10 cv columns (Brownlee, Santa Clara, 

CA, USA) packed with LIChrosorb RP-18 or cyano material (Merck, 

Darmstadt, GFR), using doubly distilled demlneralized water and 

acetonltrile or methanol (Baker, Deventer, The Netherlands). Segmenta

tion and scintillation detection was carried out with Ready-Solv NA 
r 14 i 

(Beckmann, Palo Alto, CA, USA) and test substances were [ring-2,6- CJ 
-1 rl4 i 

parathion (specific activity 777 MBQ'mMol ) and I Cj carbaryl (speci-
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fie activity 2.20 GBq'mMol ) (Amersham International pic, Amersham, 

Buckinghamshire, UK). 

Other experimental details and procedures are mentioned in the corre

sponding sections under Results and discussion. 

4.3. Results and discussion 

Prior to an investigation of the performance of the apparatus depicted 
14 

in chapter 2, figure 1, suitable two-phase systems and C-labelled 

test substances had to be chosen and the chromatographic conditions 

evaluated. 

LC of the model compounds 

The pesticides parathion and carbaryl were chosen as test substances 
14 

since they are of different polarity, easily available in C-labelled 

form and of considerable importance in agrochemistry. Batch experiments 

had shown that the two compounds are readily extractable from an 

aqueous phase into an immiscible organic phase such as used in scintil

lator cocktails. The separation was carried out on 10 cm Brownlee co

lumns packed with cyano or 5 Urn LiChrosorb RP-18 material. Water-

acetonitrile and water-methanol mixtures were used as eluents. The 

retention times for parathion at different separation conditions are 

shown In figure 1. Carbaryl as a more polar compound elutes under simi

lar conditions with somewhat shorter retention times. 

4.3.1. Two-phase^(solvent-segmented) systems 

Liquid scintillator cocktails are based on apolar solvents such as 

toluene, p-xylene or pseudocumene (1,2,4-trimethylbenzene) to which 

fluorophores such as butyl-PBD (2-(4-tert-butylphenyl)-5-(4-biphenyl)-

1,3,4-oxadiazole) and bis-MSB (p-bis-(o-oethylstyryl)-benzene) have 

been added. 

Since they are immiscible with aqueous phases such as used in reversed-

phase LC they have not been used as such in this chromatographic mode. 

By adding detergents like Triton X-iOO a certain amount of the water 

phase can be dispersed in the scintillator and hence a pseudohomoge-

neous emulsion is obtained. Applying the idea of a solvent-segmented 
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system, the apolar scintillators can be used as such and Beekman Ready-

Solv NA (based on pseudocumene) was chosen. 

In a first test series the polarity modifiers acetonitrlle and methanol 

have been studied with regard to their influence on phase separation 

characteristics and the relative volume changes. In a series of batch 

experiments equal amounts of water-modifier mixtures and Raady-Solv NA 

were shaken and the volumes of the phases measured. The results in 

figure 2 show that methanol can be used up to 90Z (v/v) in the mobile 

phase before any volume increase in the scintillator phase occurs 

whereas acetonitrile dissolves much more easily in the scintillator. 

On the other hand, in the presence of higher proportions of methanol 

a clean separation of the phases took place much more slowly than with 

acetoaltrile. After consideration of the chromatographic data, it was 

decided to carry out further studies with acetonitrile-water (30:70, 

v/v) and a cyano column. Under these conditions parathion elutes with a 

5 minute retention and carbaryl after 3 minutes. For the dynamic seg

mentation system the scintillator cocktail was added after the column 

and UV-detector in a 1:1 proportion. 

A.3.2. Extraction yield 

The amount of labelled compound extracted into the scintillator segment 

has a direct bearing on the signal. The more complete the extraction 

is, the higher will be the signal. Although it is not necessary that 

100Z of the compound be extracted (a 50Z extraction yield will only 

result in a two-fold increase in the detection limit), it is important 

that the extraction reaches an equilibrium, to assure a good reproduci

bility. The extraction process depends on parameters such as flow rate 

and volume as well as flow and mixing characteristics in the extraction 

coll. Helically colled tubes will provide better secondary flow pro

files and, hence, better mixing. The tube material, i.e. stainless 

steel or PTFE can also affect the results* 

A series of on-line experiments was performed to establish optimal 

conditions for the extraction of paratlrfor.. The chromatographic condi

tions were as described above. UV-detectir»n was carried out at 280 nrn. 
14 

23 vl samples of C-parathion were Injected and flow rates for eluent 

and scintillator (1:1, v/v) were altered from 1.0 to 0.5 to 0.1 ml'min. 
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R 

(min) 

20 

Parathion 

RP-18 

MeOH 

10 

0 

CH3CN 

Cyano 

0 50 100 
•» % org. modifier 

Fig. 1 Retention time of parathlon; columns: 10 cm Brownlee packed 

with LlChrosorb RP-18 or cyano; eluent: methanol-water or 

acetonltrlle-water 
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0. 

MeOH 
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(50/50) 

0 50 100 
•» % org. modifier 

2 Batch measurements of phase volume changes due to extraction of 

organic modifier from water-modifier mixtures to Ready-Solv NA; 

initial phase volume-ratio 1:1 
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Three different stainless-steel extraction systems were used between 

the mixing-Tee and the beta-detector: 

A* 3 cm x 0.25 am I.D. connection tube + switching valve + 40 cm x 

0.25 mm I.D. extraction capillary; total volume between UV- and 

beta-detector, 250 Ml. 

B. As in A, but 80 cm x 1.0 mm I.D. extraction capillary; total volume, 

850 Hi. 

C. As in A, but with an in-line solvent filter (Upchurch Scientific, 

Oak Harbor, HA, USA) + additional 3 mm x 0.25 am I.D. connecting 

tubing prior to the switching valve and a 40 cm x 0.5 mm I.D. 

extraction capillary; total volume, 350 ul. 

The in-line high-pressure filter has a stainless-steel frit incorporat

ed which causes a very strong local mixing of the two phases, thus 

making the extraction process more efficient. The results are shown in 

table I; the extraction efficiency at the 0.1 ml*min flow condition 

was taken as 100%. It can be seen that, at higher flow rates, extrac

tion is not complete wlt'.i configuration A. Configurations B and C are 

very similar in performance but C requires less time for a complete 

extraction thanks to the in-line filter. System C was therefore chosen 

for all further experin-mts. 

4.3.3. Comparison of storage loops 

The performance of three different storage loops, all helically coiled 

for compactness and placed in horizontal position to avoid recombina

tion of segments, has been tested. They were LI: & PTFE loop, 

20 m x 1.5 mm I.D.; L2: ft stainless steel loop, 20 m x 2.1 mm I.D. and 

L3: a stainless steel loop 50 m x 1.0 mm I.D. 

The flow rates of the tluent and the scintillator mixture were 1 ml'min 

each which corresponds to a 2 ml'min total flow through the beta-

detector. The flow rate to empty the storage loop in reverse was 

0.2 ml'mln ; hence the residence time of the segments in the beta-

detector during the recall step was 10 times as long as during the 

direct measurement. For mixtures of carbaryl and parathion, separated 

with acetonltrile-water (30:70) on a cyano column and detected by UV, 

direct beta and reversed beta-counting, a comparison was made with 
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Table I Extraction yield of parathion 

Flow rates 

(ml-min"1) 

1.0 

0.5 

0.1 

1.0 

0.5 

0.1 

1.0 

0.5 

0.1 

Extraction 
* 

system 

A 

A 

A 

B 

B 

B 

C 

C 

C 

Extraction 

yield (Z) 

64 

74 

100 

94 

98 

100 

92 

99 

100 

A • 3 cm x 0.25 mm I.D. connecting tube + switching valve + 

40 cm x 0.25 mm I.D. extraction capillary; 

B • as in A, but 80 cm x 1.0 mm I.D. extraction capillary; 

C • 3 cm x 0.25 mm I.D. connecting tube + in-line solvent filter + 

3 cm x 0.25 mm I.D. connecting tube + switching valve + 

40 cm x 0.5 mm I.D. extraction capillary 
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regard to band broadening and signal efficiency for the three storage 

loop systems. The reader should note that In figures 4-6 and 8 below 

there Is a considerable difference in full-scale sensitivity between 

the b and c plots. 

As an example figure 3 shows the chromatograms obtained with UV- detec

tion and with the use of loop Ll. Figure 4 shows the beta- signals as 

smoothed by a fast Fourier transform filtering technique. The full 

results of the comparative study are reported in table 11. From fi

gure 4 and table 11 it can be seen that wl*:h the use of a FTFE storage 

loop considerable band broadening takes place, particularly for the 

less retained carbaryl peak. This can be explained by wetting of the 

inner wall of the tube by the apolar scintillator, which causes carry

over of the labelled compounds from one segment to the other. 

Changing over to steel with a more hydrophillc surface improves this 

situation. The relatively small amount of broadening with loop L2 can 

be explained by a partial recombination of segments. Additional band 

broadening becomes almost negligible with the narrower 1.0 mm l.D. 

stainless-steel loop as seen in figure 5 and in table II. The data in 

table II also show the contribution to band broadening of the direct 

beta-counting device to be considerable. Band broadening in this sec

tion of the apparatus must be attributed to the mixing-Tee and connec

tions. 

As to the counting efficiency, the beta area ratio (• peak area re

versed mode/peak area direct mode) data reveal that no loss is taking 

place when going from the direct to the reversed beta-counting mode. 

The area ratios are all above the theoretical value of 10. The same 

goes for peak height ratios with loop L3, since essentially no peak 

broadening occurs between the two modes. 

Another point to be mentioned is the small shift of the peak maxima of 

carbaryl in figures 3 and 4 (the two peaks are approaching each other). 

An explanation for this phenomenon might be that, in this particular 

case, during the direct run air has been in one of the pumps, somewhere 

between t - 2.5 min and t - 4 mln. 
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Fig. 3 Chromatograms of the separation of C'carbaryl and C-

parathlon on a 10 en cyano column; eluent: acetonltrlle-water 

(30:70); 

a: UV-detection at 280 nn (0.0034 AU full scale); 

b: direct beta-detection (17 counts full scale); 

c: reversed beta-detection with a counting tlae 10 times as 

long as In b with storage system Ll (94 counts full scale); 

b and c: raw data 

time 
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4 Chromatograms of the separation of C-carbaryl and O 

parathlon; conditions as In figure 4; chromatograms filtered 

using Fast Fourier Transform; 

b: direct beta-detection (11 counts full scale); 

c: reversed beta-detection (81 counts full scale) 



Table II Data on band broadening and counting efficiency of carbaryl (C) and parathion (P) 

with various storage loops 

* 

Loop 

Ll 

L2 

L3 

Test 

coapound 

C 

P 

C 

P 

C 

P 

Retention tine (aln) 

UV 

2.23 

4.05 

2.22 

4.03 

2.31 

4.44 

Beta 

direct 

2.43 

4.29 

2.43 

4.23 

2.51 

4.64 

Beta 

reversed 

27.1 

44.2 

25.1 

43.1 

25.6 

46.4 

Beta 

height 
** 

ratio 

6.0 

9.0 

9.2 

9.7 

10.0 

11.5 

Beta 

area 
*** 

ratio 

13.4 

12.0 

13.1 

10.9 

10.3 

11.4 

UV 

76 

137 

80 

138 

78 

150 

**** 
FWHM 

Beta 

direct 

98 

174 

132 

169 

111 

165 

(VI) 

Beta 

reversed 

212 

212 

189 

198 

112 

160 

** 

Ll: FIFE, 20 a x 1.5 mm I.D. 

L2: stainless steel, 20 n x 2.1 mm I.D. 

L3: stainless steel, 50 m x 1.0 am I.D. 

Height ratio - peak height "reversed"/peak height "direct' 
*** Area ratio - peak area "reversed"/peak area "direct* 

FWHM: full width at half maximum (height) 
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Fig. 5 Chromatograms of C-carbaryl; chromatographic conditions as in 

figure 4, but a larger concentration injected; 

a: UV-detection at 280 nm (0.015 AU full scale); 

b: direct beta-detection (194 counts full scale); 

c: reversed beta-detection with storage loop L3 installed 

(1726 counts full scale); 

b and c: filtered data 
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4.3.4. Analytical aspects 

Repeatibility 

The repeatibility of the beta-detection process including the chromato

graphic step was investigated by making five consecutive 23 ul-

injections of carbaryl and parathion each. This amounted to 386 Bq 

C-parathion and an average of 555 ± 12 counts per injection and a 

rel. S.D. of 2.2* for the direct detection and 5816 ± 218 counts or 

3.8% rel. S.D. for reversed detection. 

For carbaryl 333 Bq were injected and the comparative values were 

521 ± 18 counts (3.5% rel. S.D.) and 5534 ± 111 counts (2.0% rel. 

S.D.), respectively. In all instances the concentrations were more 

than 40 times above the detection lli«ii. 

Linearity of response 

14 
For calibration curves amounts of 10 to 386 Bq C-parathion and 5.5 to 

333 Bq C-carbaryl were injected. As can be seen from figure 6, carba

ryl and parathion share the same calibration curves, for "direct" 

(lover curve) as well as "reversed" (upper curve) measurements. There

fore the calculations were made for carbaryl and parathion together. 

The slopes of 1.48 and 15.5 are in close agreement with the expected 

values of 1.5 (direct) and 17 (reversed) [2l], respectively. 

Detection Halts 

Due to settings in the peak detection routine [21 ], the detection limit 

is 9 counts per peak at zero background. Computations show [21J that if 

in 1000 s 200 background counts are collected, for a peak with a reten

tion time of 2 min on a column with a plate number of 1600, the detec

tion limit Is 11 counts. When this peak is recounted 10 times as long 

in the reversed measurement a detection limit of 21 counts is found due 

to the Increase of the contribution of the background error. 

With the detector used In our study (geometrical volume - 63 ul), at a 

direct flow rate of 1 ml«min eluent and 1 ml'min scintillator, 

11 counts is equivalent to an injection of 7.4 Bq (i.e., 9.2 pMole or 

2.8 ng UC-parathion, and 3.4 pMole or 0.69 ng C-carbaryl). At a 

reversed flow rate of 0.2 ml•min" , 21 counts equal 1.35 Bq (i.e., 
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IA 14 
1.8 pMole or 0.50 ng C-parathion, and 0.62 pMole or 0.13 ng C-
carbaryl). 

4.3.5. Application to a recovery study 

To demonstrate the application potential of the present detection tech-
14 

nique C-parathion was used to study the recovery of this pesticide in 

the course of a conventional clean-up procedure. 150 ml of filtered 

water from the Noord-Hollands Kanaal were spiked with 860 Bq C-

parathion (total concentration - 5.73 Bq'ml" - 7.39 pMole'min • 

2.15 ng'ml"1). 

The water was extracted three times with 4 ml hexane. After centrifu-

gation, the combined hexane fractions were added to a 5 cm x 1 cm I.D. 

column containing 30-70 mesh silica. Parathion was then eluted from 

this column with 15 ml dichloromethane. The effluent was collected and 

dichloromethane was evaporated by a mild stream of nitrogen. The resi

due was dissolved in 1 ml acetonitrile-water (30:70), of which 23 ul 

aliquots were Injected in the LC system described before. 

A typical chromatogram is shown in figure 7. The UV trace demonstrates 

that even after clean-up a considerable amount of interferences is 

still present which disturbs this detection mode. Even in the direct 

beta-chromatogram no peak was observed according to the peak routine 

[21]. However, the reversed beta-counting technique produces a useful 

chromatogram. The parathion peak represents 186 ± 15 counts 

(12 * 1 Bq). Since 0.023 x 860 Bq - 19.8 Bq (23 ul injection volume) 

would correspond to 100% we can compute a recovery of 60 ± 5% for the 

above clean-up procedure. 

Further examination showed that no detectable amount of activity re

mained in the water or in the hexane; hence an amount of the used sili

ca was placed in a counting vial and vigorously shaken with a scintil

lation liquid. Counting this two-phase system via off-line beta- detec

tion showed that at least 12% of the parathion was still present on the 

silica. Since due to absorption of the emitted betas in the silica, at 
14 

best 50% of the C-parathion present can be detected in this way, we 

can conclude that the major loss has occurred on the silica clean-up 

column due to irreversible adsorption. 
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Fig. 6 Calibration curves of Ocarbaryl and C-parathion at total 

flow rates of 0.2 tnl'min (upper line) and 2.0 ml'mln (lower 

line); 

the plots are based on 32 and 36 data points, respectively, and 

have regression coefficients of 0.995 and 0.996 
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14 
7 Chromatograms of Noord-Hollands Kanaal water spiked with C-

parathlon (see text for details of clean-up); conditions as In 

figure 6; 

a: UV-detection at 280 nm (0.062 AU full scale); 

b: direct beta-detection (1 count full scale); 

c: reversed beta-detection (16 counts full scale); 

b and c: filtered data 
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4.4. Conclusions and future research 

It has been shown that aqueous column effluents containing compounds 

which are at least partly extractable can be effectively stored in 

stainless-steel capillaries of about 1 mm internal diameter. The column 

effluent is segmented by Ready-Solv NA, a non-water miscible scintilla

tion liquid, which serves as segmentation and extracting liquid and as 

scintillating agent. Re-introduction of the loop contents into the 

beta-detector causes no measurable peak broadening while signals are 

enhanced proportionally to the increased residence time. 

Further studies will deal the possibility to recall only certain se

lected zones of the chromatogram for prolonged counting and the use of 

segment-to-segment stop-flow counting for extremely low concentration 

levels. 

The extension of this principle to polar analytes which are not easily 

extractable into the scintillator plug is the subject of ongoing work. 

The use of ion pairing and complexation to Improve extractability are 

the subject of investigation. The discussed solvent-segmentation 

approach offers also the possibility of using post-column radioactive 

counter ions. The radioactive products, formed instantaneously, are 

then extracted into the scintillator plug and counted. Similar tech

niques have been propagated for post-column fluorescence labelling. 
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5. RADIOMETRIC DETECTION OP C-LABELLED POLAR COMPOUNDS USING AN 

EFFLUENT STORAGE PRINCIPLE BASED ON SOLVENT SEGMENTATION 

Abstract 

A new method is presented for on-line detection of beta-labelled com

pounds of high polarity in reversed-phase column liquid chromatogra

phy. 

14 
The aqueous column effluent containing the C-labelled amino acids 

alanine, valine, isoleucine and/or leucine, is segmented with a non-

water miscible liquid scintillator. This two-phase system is introduced 

into the beta-detector without phase separation, where the betas emit

ted in the aqueous phase are detected in the scintillator phase. The 

detector effluent is collected in a storage capillary tube. 

At the end of the chromatographic process the contents of the storage 

capillary tube are introduced into the beta-detector by reversing the 

direction of the flow. The two phases are homogenized by adding a 

water-misclble liquid scintillator. By lowering the flow rates the 

signal increases proportionally. 
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5.1. Introduction 

In on-line detection of compounds containing low levels of radioactivi

ty following a column liquid chromatography (LC) separation one is 

faced with the problem that, due to the fast separation, the residence 

time of the compounds In the detector cell is too short to yield a 

chromatographic signal which can be distinguished from the background. 

The residence time may be Increased by an increase of the detector 

volume or a decrease of the eluent flow rate. However, if the detector 

volume is chosen too large (larger than one-third of the volume stan

dard deviation of the peaks of interest [l]), unacceptable peak broad

ening occurs. By placing a number of detectors in series and summing 

their signals [2J, it is possible to Increase the effective volume 

without a noticeable Increase of band broadening, but problems with the 

synchronization of the detector signals and the cost of the apparatus 

may be prohibitive. 

If the eluent flow rate is lowered, much time is wasted on regions in 

the chromatogram where either no or a high level of radioactivity is 

presert. This can be prevented if only the regions of interest are 

counted at a lower flow rate or in a stop-flow mode. Changing the flow 

rate during the chromatographic run is technically possible, but then 

detailed information on the nature of the sample is required. 

In order to be able to deal with unknown samples, it was decided to 

build a system where the effluent of the radioactivity detector is 

stored in a capillary tube, from which regions of interest can be re

called to the same detector and counted at a lower flow rate or in 

stop-flow mode. 

In an earlier publication [3J it is described how aqueous column efflu-
14 

ents containing medium to low polarity compounds labelled with C are 

segmented by a non-water misclble liquid scintillator to prevent band 
14 

broadening in the detection and storage system. The C- labelled con-
pounds are extracted into and detected in this scintillator. 

Although the system was originally developed for aqueous column efflu

ents containing compounds of lov to medium polarity, e.g. 
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14 14 
Ocarbaryl and C-parathion, It should be possible to use this 

system or adapt It for compounds of high polarity. This Is desirable 

for metabolism studies since many metabolites are relatively polar and 

are present In low concentrations, hence posing problems for ultimate 

detection. 

Contrary to compounds of low to medium polarity, compounds of high 

polarity are not or only poorly extracted into the scintillator phase. 

Although they can still be detected by this scintillator, the counting 

efficiency decreases, as not all betas which are emitted in the aqueous 

solution, reach the scintillator phase. 

In this study we describe how the storage principle is applied to aque-
14 

ous effluents containing C-labelled compounds of high polarity. 

5.2» Experimental 

The basic configuration of the apparatus is shown in figure 1 of chap

ter 2. Hardware and software [4J, system constants [5] and performance 
14 

with aqueous effluents containing C-labelled compounds of low or 

medium polarity [3J have been described elsewhere. In the basic confi

guration a dual- head pump model 3B (Perkin Elmer, Norwalk, CT, USA) is 

used. One of the heads delivers the aqueous eluent which flows via a 

Rheodyne (Cotati, CA, USA) model 7126 injector with the Rheodyne 7136 

solenoid valve kit, a Brownlee (Santa Clara, CA, USA) 10 cm cyano 

cartridge column and a Uvikon 725 (Kontron, Zurich, Switzerland) UV 

detector. After the UV detector a non-water miscible liquid scintilla

tor is added to the effluent stream via the second pump head of the 

Perkln Elmer model 3B. 

Thus a solvent-segmented stream is formed which passes an in-line sol

vent filter (Upchurch Scientific, Oak Harbor, WA, USA), a Valco 

(Houston, TX, USA) 8-port switching valve model 12611 with air activa

tor and a Rheodyne 7136 solenoid valve kit, a 40 cm x 0.5 mm I D . 

stainless steel extraction capillary and is introduced into the beta-

detector without phase separation for monitoring the effluent during 

the chromatographic step. 

The beta«detector consists of the following parts: an Isoflo flow-cell 
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(Nuclear Enterprises, Edinburgh, UK) with a geometrical volume of 

63 Ul, two photo multiplier tubes RCA (Harrison, NJ, USA) model 8575 

and two magnetic shields model 218 (ORTEC, Oak Ridge, TN, USA) in a 

home-made light-tight housing, a high voltage power supply (ORTEC 456), 

two photomultiplier bases (ORTEC 265), two scintillation pre-amplifiers 

(ORTEC 113), two timing filter amplifiers model 2110 (CANBERRA, 

Meriden, CT, USA) and two constant fraction discriminators (CANBERRA 

1428 A). 

The segmented effluent of the beta-detector flows into a stainless-

steel storage capillary tube 50 m x 1/16" O.D. x 1.0 mm I.D. After the 

chromatographic process the contents of the storage capillary tube can 

be re-Introduced into the beta detector by rotation of the switching 

valve. 

The chromatographic apparatus is controlled and data from the UV- and 

beta-detectors collected via home-made software [4,5J by a DATARAM 

(Technitron, Schiphol, The Netherlands) computer with a DEC L.SI-11/2 

microprocessor model KDll-HA, a DLV 11-J four line asynchrone serial 

interface, a DSD 430-2 single/double density floppy disk, a DR 115 S 

23 K x 16 memory module, a home-made coincidence counter/timer and a 

Nelson Analytical (Cupertino, CA, USA) model 862 interface. For user-

communication with the computer and hard copies a TeleVideo (Sunnyvale, 

CA, USA) model 910 terminal with VT-52 modification and graphics board 

installed, and an Epson (Nagano, Japan) model MX-100 ill printer/ 

plotter are used, respectively. 

The apparatus needed to adapt this system for storing effluents con

taining compounds of high polarity Is mentioned under Results and dis

cussion. 

5^2.2. Chemicals 

14 14 14 
The amino acids L(- C) alanine, L(- C) valine, L(- C) isoleuclne and 

14 
L(- C) leucine (specific activities 6.48, 10.7, 19.2 and 12.9 GBq» 

mMole , respectively) were obtained from Amersham International pic 

(Anersham, Buckinghamshire, UK). LC was carried out on a 10 cm x 4.6 mm 

I.D. Brownlee 5 ttn LiChrosorb RP-18 (Merck, Darmstadt, GFR) cartridge, 

with an eluent consisting of twice distilled demineralized water, 
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0.05 M sodium hexyl sulphate (Eastman Kodak, Rochester, NY, USA) and 

0.1 M H P0. (Baker, Deventer, The Netherlands) brought to pH 4.3 with 

NaOH (Baker). At a later stage, the phosphoric acid was replaced by 

acetic acid (Baker) and 4% of methanol (Baker) was added. Liquid scin

tillators used are the non-water misclble Ready-Solv NA and the water-

miscible Ready-Solv CP (Beekman, Palo Alto, CA, USA). 

5.3. Results and discussion 

5 ..3.1. Two-pump systems 

14 14 

When extractable compounds like C-carbaryl (C) and C-parathion (P) 

are separated with the system described under Apparatus, a result as 

shown in figure 1 is obtained [3]. The top chromatogram represents the 

UV absorption signal. In the middle chromatogram the directly measured 

beta signal is shown. It has been smoothed by a technique using Fast 

Fourier Transform (FFT), which has been described elsewhere [4], At the 

end of the chromatographic run the switching valve (chapter 2, 

figure 1) is rotated and the total flow rate is lowered from 2.0 ml* 
-1 -1 

min to 0.2 ml «min . Thus the chromatogram that is stored in the 

storage capillary tube, is re-introduced into the beta-detector (re

versed mode) at a 10 times lower flow rate. The signal then obtained is 

presented in the lower part of figure 1. As can be seen, no additional 

band broadening occurs in the storage capillary, and the signal in

creases by a factor of 10. More details can be found in ref. [3]. 
When this system is used for polar non-extractable compounds, results 
such as given in figure 2 are obtained. The top chromatogram represents 

14 
the direct beta signal of Oalanine and the lower chromatogram the 

signal of the reversed run; both have been smoothed. Figure 2 shows 

that: 

1. The peak in the reversed chromatogram does not have the same posi

tion as the peak in the direct chromatogram; this was caused by a 

malfunctioning pump and, therefore, requires no further discussion. 

2. The total peak area in the reversed run is less than ten times the 

peak area in the direct mode (see also table I); the reason for this 

is, that during the direct mode the segments are smaller, so that a 

larger amount of beta-radiation reaches the scintillator phase. 
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3. The peak in the reversed mode is broadened: as the inner wall of the 

stainless steel storage tube is wetted by the polar aqueous phase, 

alanine, which resides in the aqueous phase, leaks to other segments 

via the inner wall of the storage tube. 

4. The peak has been split; this is caused by a combination of peak 

broadening, counting statistics and filtering procedure. 

Band broadening due to wetting can be avoided by replacing the 

stainless-steel capillary storage tube by a PTFE tube of 60 m x 0.8 mm 

I.D. (Chrompack), as can be seen in figure 3. Still, however, a large 

proportion of the signal is lost (table I) by recombination of seg

ments, even more than in figure 3, because here a more polar eluent was 

used. The "reversed" peak area now is even smaller than the "direct" 

peak area, although the counting time is ten times as long. In other 

words, in this case peaks which are not or poorly detectable during the 

direct chromatographic run, certainly cannot be detected in the re

versed code. The fact that valine was used as test compound, while in 

figure 3 alanine was considered, is of no significance, as will be 

shown later. 

To overcome the problems, a system was set up where a water-miscible 

scintillator was added to the column effluent and segmentation took 

place with air, as suggested by Snyder [6J. It appeared that such a 

system cannot be used, because, due to the emulsifiers present in the 

scintillator, segment formation is very poor, and compressibility pro

blems occur when the flow rate is changed or the flow direction is 

reversed. 

Another approach was therefore followed: the effluent was segmented 

with hexane, and a solid scintillator was used (yttrium silicate, nomi

nal particle diameter 18 Mm). Although with separate streams of efflu

ent and hexane no pressure problems were observed in the detector cell, 

with a segmented system of effluent and hexane the pressure increased 

so rapidly that no measurements could be performed, and eventually the 

glass wall of the cell broke. 

5^3.2. ThTee-£um£_8v,8terns 

From the previous section it can be concluded, that in the forward 

(direct) mode, the solvent segmentation principle can be used for 
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radioactivity detection. In reversed flow, however, band broadening, 

peak distortion and very low counting efficiency occur, probably as a 

result of a breakdown of the solvent segmentation pattern. 

Table I Comparison of the storage systems used In figures 2, 3 and 5 

System 

Figure 2 

Figure 3 

Figure 5 

Figure 5 

Figure 5 

Compound 

Alanine 

Valine 

Alanine 

Isoleucine 

Leucine 

• 

Area (counts) 

Direct 

409 

332 

553 

182 

250 

Reversed 

2123 

98 

4412 

1326 

1873 

Area ratio 

Found 

5.2 

0.3 

8.0 

7.3 

7.5 

Expected 

10 

10 

5 

5 

5 

Area ratio • area "reversed*/area "direct 
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The signals from measurements at reversed flow can be enhanced while 

still maintaining the band-broadening suppression effect of the seg

mented system, by homogenizing the contents of the storage tube just 

before re-introduction into the beta-detector. The highest counting 

yields can be expected if this is done by adding a water-miscible li

quid scintillator. For this Ready-Solv CP was used, because of its 

capability to dissolve a large amount of water (up to 50%) and in 

order to avoid high back pressures due to gel formation. Ready-Solv CP 

is added to the contents of the storage tube in a 1:1 ratio. 

Figure 4 shows how the system of figure 1, chapter 2, is modified to 

allow additon of the second scintillator with a Gilson (Villiers-le-

Bel, France) "Minipuls 2" peristaltic pump. In figure 5 and table I the 

performance of the modified system is shown for the amino acids 

alanine, isoleucine and leucine. From table I it can be seen that in 

the reversed mode the peak areas now are distinctly higher than in the 

direct mode. The increase (7-8 fold) is, however, higher than can be 

expected on the basis of the increased counting time (5 fold). This 

will be explained in the next section. 

5^3.3.^Calibration^curves 

The linearity of response of the system used in figure 5 was checked by 
14 14 

injecting amounts of 170-4300 Bq C-valine, 110-4500 Bq C-alanine 
14 

and 50-4400 Bq C-leucine. Figure 6 shows that the three amino acids 

share the same calibration curves for the direct (lower plot) as well 

as for the reversed (upper plot) measurements. Here one observes an 

advantage of radioactivity detection: one calibration curve is valid 

for different compounds. 

Direct measurement 

From the plot of the direct measurements one can conclude that very 

reproducible results are obtained although a two-phase detection system 

has been used. Usually in liquid scintillation detection these systems 

are avoided because of their low reproducibility. Obviously, in the 

present system detection of the betas from the non-extractable analytes 

in the aqueous plugs by the organic scintillator is reasonably effi

cient, provided that small segments are formed. This implies that 
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the technique can be used instead of solid scintillation detection, 

particularly in situations where dirty samples have to be handled which 

cause an increase of the background level or a decrease of the counting 

efficiency due to adsorption phenomena. 

Because the compounds remain in the aqueous phase, their isolation from 

the effluent for further analysis is as easy as with solid scintilla

tion detection» The technique may also be used instead of homogeneous 

detection, where a water-miscible liquid scintillator is added to the 

column effluent. Using a two-phase system, band broadening, which may 

be considerable in homogeneous detection because of the high viscosity 

of the effluent-scintillator mixture, is suppressed. Besides, it may 

lead to a saving of scintillation liquid, since the mixing ratio of 

scintillator to effluent usually varies between 3:1 and 2:1 in a homo

geneous system. Again, it is possible to isolate the separated com

pounds as easily as with solid scintillation detection. 

The slope of the calibration curve for the direct measurement was 

0.5 counts. (Bq injected) , whereas for extractable compounds such as 

parathion and carbaryl under similar circumstances a value of 1.5 was 

found [3J. In other words, the counting efficiency Is approximately 

3 times lower than observed earlier [3j. Since the counting efficiency 

for carbaryl and parathion amounts to 81 - 1% [5J, the value for the 

amino acids is about 30%. 

Reverse measurement 

The slope of the calibration curve of the measurement in the reversed 

mode (figure 6) was 3.2 counts. (Bq Injected) , about 6 times as much 

aa for the direct run, while the residence time was only 5 times 

higher . This may be caused by the fact that the influence of quenching 

is lower in the reversed mode, as the aqueous phase containing the 

amino acids is held in mlcellar form inside the scintillator phase, due 

to the emulsifiers in the Ready-Solv CP. 

This difference (6 vs. 5-fold Increase) is somewhat smaller than that 

reported in the previous section (7-8 vs. 5-fold). The former result 

must be considered as more accurate, because it is based on the high 

number of experiments used to construct the calibration curves. 
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Fig. 4 Schematic diagram of LC equipment with on-line beta-detector 

and storage system for aqueous column effluents containing 
14 

non-extractable C-labelled compounds of high polarity; for 

connections to the computer see chapter 2, figure 1 
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5.3.4. Influence_gf eluent composition 

The eluent mixture used so far caused rapid deterioration of the column 

performance. This resulted in a gradual increase of the pressure and a 

sudden occurrence of double peaks. In order to study the influence of 

the organic modifier in the eluent, the latter was slightly modified: 

the phosphate buffer was replaced by an acetate buffer and 4Z of 

methanol «as added. Under these circumstances much better peak shapes 

and resolution were obtained (figure 7) and a slope of 0.7 counts*(Bq 

injected) was found for the calibration curve of the direct measure

ment (figure 8), 1.4 times as much as with the phosphate buffer eluent. 

In an earlier study [3J, it was observed that the presence of methanol 

results in a slower separation of the aqueous phase from the liquid 

scintillator. In other words, the 4Z of methanol in the eluent causes 

the segments to be smaller without loss of peak integrity, thereby 

increasing the counting efficiency with a factor of 1.4, as a larger 

amount of the beta-radiation reaches the scintillator segments. 

For the measurements in the reversed mode (figure 8) a slope of 

3.9 counts* (Bq injected) was found, 1.2 times as much as with the 

phosphate buffer eluent. This Increase may be explained by assuming 

that smaller micelles are formed when the methanol is present in the 

aqueous phase, while the segmentation pattern still effectively sup

presses the band broadening in the storage loop. The fact that the 

counting efficiency increases, both in the direct and in the reversed 

measurements, when methanol is added to the eluent, implies that the 

system has to be recalibrated when the eluent composition is changed 

(e.g. in case of gradient elution). 
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5.3.5. Detection limits 

Under the experimental conditions used the lower limit of detection is 

11 counts per peak in the direct mode, and 21 counts per peak in the 

reverse mode [3J. These values stand for injected amounts of 21 Bq 

(figure 6) or 16 Bq (figure 8) for the direct mode and 6.4 Bq 

(figure 6) or 5.4 Bq (figure 8) for the reversed mode, respectively. 

These amounts correspond with low ("direct" flow) or sub ("reversed" 

flow) picomole levels for the four amino acids used, as is evident from 

the data summarized in table II. 

5.4. Conclusions 

It has been shown that the two-phase storage/detection system, which 

was originally developed for extractable compounds of low to medium 

polarity [3J, can also be used for non-extractable compounds of high 

polarity. 

In the direct mode the reproducibility and sensitivity of the liquid-

liquid system are highly satisfactory and the system may be used as a 

third detection method besides the conventional detection techniques 

with solid scintillators or water-miscible scintillators. For usage in 

the reversed mode the stainless steel storage capillary tube has to be 

replaced by a small bore (s 0.8 mo I.D.) PTFE capillary tube, and an 

extra pump has to be Installed to add a homogenizing liquid scintilla

tor to the contents of the storage loop just before their re-introduc

tion into the beta-detector. 

The counting efficiency is about 30Z for the four amino acids in the 

direct mode, resulting in detection limits at the low (direct mode) or 

sub (reversed mode) picomole level. Optimization of the counting effi

ciency is presently being studied. An alternative way to homogenize the 

contents of the storage loop just before their re-introduction into the 

beta-detector may be by means of another high-pressure in-line solvent 

filter, which causes a homogeneous dispersion of infinitely small non-

miscible particles. This possibility will be studied in the near fu

ture. 
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Table II Detection limits of four anino acids under direct- and 

reversed-aode conditions 

Compound 

14 
C-Alanine 

14 
C-Valine 

C-Isoleucine 

14 
OLeucine 

Node 

Direct 

Reversed 

Direct 

Reversed 

Direct 

Reversed 

Direct 

Reversed 

Detection limit (pMole) 

From figure 6 

3.3 

1.0 

2.0 

0.6 

1.1 

0.4 

1.6 

0.5 

From figure 8 

2.4 

0.8 

1.5 

0.5 

0.8 

0.3 

1.2 

0.4 

For details of experimental conditions, see figures 6 and 8 
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points 
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CONCLUSIONS AND FURTHER DEVELOPMENT 

On-line radiometry using a storage loop offers advantages over both 

off-line counting of the segmented eluate from a HPLC-column and 

"direct" continuous measurement at the exit of the column. 

The obvious drawback Is the extra time needed. Moreover, the method is 

limited to radiolabelled compounds by definition. Further developments 

should therefore aim at the removal of these limitations. 

The first improvement (meanwhile realized for the apparatus described 

here) should clearly concentrate on the selection of the regions of 

interest for the "delayed" (reversed) counting mode. When this is done, 

the estimation of the time budget, given in section 1.5., pertains. 

The method may be given a wider scope by introducing pre- or post-

column labelling of the analyte with a radioactive reagent. This im

plies the separation of the excess of reagent from the (now radio-

labelled) analyte. The radionuclide involved should feature a suffi

ciently long half-life to allow for the use of one single batch of 

reagent in a series of analyses. Obviously, the specific activity 
35 

should be high. A convenient choice could be S, Tl/2 • 87.5 d, 
35 

E R >1.5 MeV. The commercially available S-labelled compounds have a 
13 -1 

specific activity of (1-5)«10 Bq*(mMol) . This brings on-line radio
metry of labelled analytes into the picograo range. 
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Appendix Subroutine in FORTRAN IV for peak detection and peak parame

ter calculation in chromatograms with UV- and radioactivity 

detection 

Following subroutine is part of a home-made soft-ware package for data 

processing of chromatograms with UV and/of on-line radioactivity detec

tion. It is written in FORTRAN IV and operates on a DATARAM LSI-11/2 

computer under RT-11. The software consists of a main program and vari-

0"*: subroutines in an overlay structure for data reading from floppy 

disc, Fast Fourier Transform filtering (FFT) of the raw UV and radio

activity data (option), peak detection and parameter calculations on 

raw or FFT-filtered data (option), plotting data on screen (option) and 

making hard-copies of the chromatograms with information on injection, 

column, eluent, etc. (option). 

General information about sample injected, eluent, flow rates, etc. is 

stored in ASCII strings (BYTES). Raw or FFT-filtered data are stored as 

reals in a two-dimensional array DATA (L,IP) (L-l: UV data, L-2: direct 

radiogram, L-3: reverse radiogram). IP equals the number of samples/ 

chromatogram with a maximum of 500 samples/chromatogram. The actual 

value for IP depends upon the direct measuring time and normally varies 

between 450-500 samples. Other important variables are: 

- IFA • flow-rate eluent; 

- IFB - flow-rate scintillator; 

- IF0 * flow-rate in reverse measurement; 

- IT1 • direct measuring time (min); 

- IT2 * reverse measuring time (min); 

- AGC » number of counts recorded in background in time AGT (AGT 

in s); 

-AC - 0.1 s; 

-IX • number of interrupts per sample (interrupt time « 0.1 s); 

- IFHA (L) - Hamming filter; 

- IFBL (L) - rectangular filter. 

Following actions take place in the given subroutine: 

- detection of peaks in the arrays DATA (L,IP) (positive peaks in the 

direct and reverse radiograms, positive and negative peaks in the UV-

chromatogram; 
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chromatogram; 

- calculation of gross and net peak area; 

- some checks on validity of peaks detected (peak area, minimum peak 

width, position peak-maximum of positive or negative peaks relative 

to the UV baseline); 

- correction for overlapping peaks (UV data only); 

- determinaton of peak position and peak maximum with curve fitting; 

- calculation of peak variance, plate number (from peak variance and 

peak width on half height), peak height and asymmetry factor; 

- sending output to terminal (IFU-5) or printer (IFU-6). 
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Following actions take place in the given subroutine : 

- detection of peaks in the arrays DATA (L,IP) (positive peaks 

in the direct and reverse radiograms, positive and negative 

peaks in the UV chromatogram) 

- calculation of gross and net peak area 

- some checks on validity of peaks detected (peak area, minimum 

peak width, position peak-maximum of positive or negative peaks 

relative to the UV baseline) 

- correction for overlapping peaks (UV data only) 

- determination of peak, position and peak maximum with curve-fitting 

- calculation of peak variance, platenumber (from peak variance 

and peak width on half height), peak height and asymmetry factor 

- sending output to terminal (IFU=5) or printer (IF(J=6) 

SUBROUTINE PDO(L) 
C 
C 
C 

BYTE INJ (62) ,K0L(62) ,ELA(50) ,ELB(50) ,ELCC30) ,BET(62) , TAP (62) , T (8) , 
1 D(9),AA 
INTEGER BEG(100),MAX(100),END(100),IS(100) 
REAL A1(500),0PP(100),SD(100),HT(100) 
COMMON /VAR/INJ,K0L,ELA,ELB,ELC,BET,TAP,IFA,IFB,IFC,IF0, IT1,IT2, 
1 IGL,IFU,IFI,T,D 
COMMON /AGG/AGC,AGT,AC 
COMMON /CNTTL/DATA(3,500),ID(3),IDX(3),IID,IX,IP 
COMMON /F0UG/IFHA(3),IFBL(3) 

C 
C peak detection ? (NO : Type 'N', Standard : Type '5', Extensive : 
C Type 'U') 
C 

IF (IFU .EO. 6) GO TO 7 
5 ID(L)=0 

WRITE (5,10150) 
READ (5,10160) AA 
IF (AA .EG. 'N*> RETURN 
IF (.NOT.(AA .EQ. 'S' .OR. 
ID<L)=1 

C 
C title for output 
C 
7 IF (L .EQ. 1) WRITE (IFU,10000) IGL 

IF (L .EQ. 2) WRITE (IFU,10010) 
IF (L .EQ. 3) WRITE (IFU,10020) 
IF (IFHA(L) .EQ. 0) WRITE (IFU,10030) 
IF (IFHA(L) .GT. 0) WRITE (IFU,10040) 
IF (ID(L) .EQ. 0) GO TO 2300 

! output to printer 
! 0 = no peak detection, 1 = peak detècti 

AA .EQ. 'U')) GO TO 5 

! UV wavelength 
! direct radiogram 
! reverse radiogram 
! no FFT filtering 

IFHA(L)~1,IFPL(L)-1 
! no peak detection 
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C 
C Calculation o-f first derivative on raw- or FFT-filtered data 
C 

DO 10 1=1,IP-1 
10 At(I)=DATA(L,I+l)-DATA(L,I) 
C 
C setting of some parameters (starting values) 
C 

V=IX*AC/AGT ! 1/(number of samples in which background » 
recorded for direct radiogram) 

IF (L .EQ. 3) V=(V*IT2)/IT1 ! as above, for reverse measument 
IPU=0 f serial number of peak detected 
IV=-1 ! with IV=-1,0 or 1, the program searchs 

for peak start, peak maximum and peak end, 
respectively. 

1=1 ! sample number 
C 
C peak detection on first derivative of data 
C 
30 A=A1(I) 

IF (IV) 50,60,70 
C 
C search for peak start 
C 
50 IF (A .EQ. 0. .OR.(A .LT. 0. .AND. L .GT. 1)> GO TO 160 

T1=A/ABS(A) ! positive/negative peak 
IV=0 
IB=I ! sample number peak start 
GO TO 160 

C 
C search for peak maximum 
C 
60 IF (A*T1 .GE. 0) 60 TO 160 

IV=1 
11*1=1 ! sample number peak maximum 
GO TO 160 

C 
C search for peak end 
C 
70 IF (A»T1 .LT. 0) GO TO 160 

IV=-1 
IE^I ! sample number peak end 

C 
C calculation of gross peak area 
C 

0P=0. 
DO 80 I1=IB,IE 

80 0P=0P+DATA(L,I1) • gross peak area 
C 
C calculation of peak width (in samples) 
C 

I2=IE-IB+1 
IF (L .GT. 1) GO TO 110 

C 
C UV <L=1) s background substraction and validity check on net peak area 
C 

I-IM-1 
0P*0P-I2*(DATA(1,IB)+DATA(1,IE>)«.5 ! net peak area 
IF (0P*T1 .LT. .0001*12) GO TO 160 ! validity check net peak a 
A-DATA(1,IB)+(IM-1B)•(DATA(1,IE)-DATA(1,IB))/<IE-IB) ! background 
1 ! in peak maximum 
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GO TO 120 
C 
Z Radioactivity data (L=2 or 3) : background substraction, calculation 
C of standard deviation Dl in gross peak area and validity check on 
C net peak area. 
C 
110 1=1-1 

IF (OP .LE. 0.) GO TO 160 
D1=SQRT(0P+(I2»SQRT(AGC)*V)*»2) ! standard deviation in gross 
A=AGC*V ! background per sample 
0P=0P-A*I2 ! background substraction 
IF (OP .LT. 3.*D1) GO TO 160 ! validity check on net peak area 

C 
C validity check on peak width (in samples) 
C 
120 IF (IE-IB .LT. 4) GO TO 160 ! minimum peak width is 5 samples 
C 
C peak valid, setting of some peak parameters 
C 
150 IPU=IPU+1 

sample number of peak start 
sample number of peak maximum 
sample number of peak end 
net peak area 
standard deviation in gross peak area 
net peak height in maximum 

BEG(IPU)=IB 
MAX(IPU)=IM 
END(IPU)=IE 
0PP(IPU)=0P 
SD<IPU)=D1 
HT(IPU)=DATA(L,IM)-A 

C 
C ne:ct sample 
C 
160 1=1+1 ! next sample 

IF (IPU .GE. 100) GO TO 170 
IF (I .LT. IP) GO TO 30 
IF (IPU .EQ. 0) GO TO 2300 ! no peaks detected 

170 IF (L ,GT. 1) GO TO 2000 ! no resolution of peaks in radiogra 
C 
C CORRECTION FOR OVERLAPPING PEAKS (UV-DATA ONLY) 
C check for overlapping peaks (UV data only) 
C 

IE=0 ! serial number last overlapping peak 
210 IB=IE+1 ! serial number first overlapping peak 
220 IE=IE+1 

IF (IE .GE. IPU) GO TO 240 
IF (END(IE) .GE. BEG(IE+1)) GO TO 220 

230 IF (IE: .EQ. IB .AND. IE .NE. IPU) GO TO 210 ! no overlapping peak 
240 IF <IU .GE. IPU .OR. (IB .EQ. IPU-1 .AND. END (IB) .LT. BEGUB+1))) 

1 GO TO 2000 
C 
C resolution of overlapping peaks (UV data only) 
C 
300 RIC0=(DATA(1,END(IE))-DATAU,BEG(IB)))/(END(IE)-BEG(IB))! 

AFS=DATA(1,END(IE))-RIC0*END(IE) ! intercept with baseline 
IS(IB)=BEG(IB) ! separation sample number 
IS(IE+1)=END(IE) 

310 DO 570 IM=IB,IE 
Tl-OPP(IM)/ABS(OPPdM) ) ! positive/negative peak area 

C 
C validity check on position of peak maximum relative to baseline : 
C removal of negative peak with maximum above baseline and positive 
C peak with mar,imum under baseline (UV data only). 
C 

IF ((DATA(1,MAX(IM))-MAX<IM)*RICQ-AFS>#T1 .LT. 0) GO TO 1000 
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IF (IM .EQ. IE) GO TO 550 
C 
C calculation of separation sample number between overlapping peaks 
C 

IF (BEG(IM+1)-END(IM)) 510,500,1020 
500 IS(IM-«-l>=END(IM) 

60 TO 550 
510 Dl=1000. ! minimum distance from baseline 

DO 520 I1=MAX<IM),MAX(IM+1> 
D2=ABS(DATAU, II )-Il*RICO-AFS) ! distance from baseline 
IF (D2 .GT. Dl) GO TO 520 
D1=D2 
IS(IM+1)=I1 ! separation sample number 

520 CONTINUE 
C 
C validity check on peak width (in samples, UV data only) 
C 
550 IF (MAX(IM)-IS(IM) .LT. 1 .OR. IS(IM+1)-MAX(IM) .LT. 1) 60 TO 1000 
C 
C temporary peak area in AU (UV data only) 
C 

0P=0. 
DO 560 I1=IS(IM),IS(IM+1) 

560 0P=0P-I1*RIC0-AFS+DATA(1,I1) ! net area in AU 
IF (Tl .LT. 0) 0P=0P*.5 ! weighting factor for validity cha 

C 
C validity check on peak area (UV data only) 
C 
570 IF (0P*T1 .LT. (IS(IM+1)-IS(IM)+1)«.0001) GO TO 1000 
C 
C recalculation of peak area (UV data only) 
C 

DO 600 IM=IB,IE 
BEG(IM)=IS(IM) 
END(IM)=IS(IM+1) 
HT(IM)=DATA(1, MAX(IM))-MAX(IM)*RIC0-AFS 
0PP(IM)=0. 
PO 600 I1=BEG(IM),END(IM) 

600 üPP(IM)=OPP(IM)-Il«RICO-AFS+DATA(l,II) ! net peak area in AU 
60 TO 210 

C 
C re-arrangement of peaks after validity checks (UV data only) 
C 
1000 IPU=IPU-1 

IE=IE-1 
DO 1010 I1=IM.IPU 
BEG(I1)=BEG(I1+1) 
MAX(I1)=MAX(I1+1> 
END(I1)=END(I1+1> 
HT(I1)=HT(I1+1) 

1010 0PP(I1)=0PP(I1+1) 
IF (IM .GT. IB .AND. IM .LT. IE) 60 TO 310 
GO TO 230 

C 
C 2 (or more) neighbouring peaks withdrawn. 
C 
1020 IE-IM 

60 TO 230 
C 
C CALCULATION OF PEAK PARAMETERS FOR VALID (AND UV : RESOLVED) PEAKS 
C 
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2000 WRITE (IFU,10050) 
IF <L .EQ. 1) WRITE (IFU,10060) 
IF (L .NE. 1) WRITE (IFU,10070) 
V=IX»AC/60. ! conversion factor sample — > min. 
A=V»IFA»100. ! conversion factor sample — > ul. 
IF (L .EQ. 3) V=(V*IT2)/IT1 ! conv. factor sample — > min. <rewer 
DO 2200 IV=1,IPU 

C 
C calculation of exact peak maximum position 

IB=BE6(IV) 
IM=MAX(IV) 
IE=END(IV) 
XM=IM-.5+Al(IM-1)/(A1(IM-1)-A1<IM)) ! peak position 
IF (IFU .EQ 5 .AND. AA .EQ. 'U') WRITE (5,10110) IB,IM,XM,IE 

C 
calculation of left and right inflection points 

YL=0. 
YR=0. 
DO 2020 I=IB,IE 
T1=A1(I) ! first derivative 
IF (Tl .GT. Y D GO TO 2010 
YL=T1 ! minimum 
IL=I ! sample number of minimum first der. 

P010 IF (Tl .LT. YR) GO TO 2020 
YR=T1 ! maximum 
IR=I ! sample number of maximum first der. 

12020 CONTINUE 
XL=IL+(A1 (IL)-A1(IL-1))/(2.*A1(IL)-A1 (IL-l)-Al (IL+D) !left i.p. 
XR=IR+(A1 (IR)-Al (IR-1) )/(2.*Al(IR)-Al (IR-l)-Al (IR+D) ! right i.p. 
IF (.NOT.(IFU .EQ. 5 .AND. AA .EQ. 'U')) GO TO 2025 
IF (XL .LE. XR) WRITE (5,10120) XL,XR 
IF (XL .GT. XR) WRITE (5,10120) XR,XL 

calculation of platenumber from peak variance 

2025 T1=ABS(XR-XL)*.5 ! half peak width (in samples) 
SCH1=(XM/T1)**2 ! platenumber 1 
T1=(T1#A>»*2 ! variance (ul#*2, A=conv. factor sample — > i 

calculation of peak height (local) 

RICO=(DATA(L,IE)-DATA(L,IB))/(IE-IB) ! baseline 
AFS=DATA(L,IB)-RICO*IB ! intercept with baseline 
YH=DATA(L,IM)-RICO*IM-AFS ! net peak height 

calculation of asymmetry factor and peak width at half peak height 

11=0 ! 0 = 10*/. of peak height, 1=507. of peak height 
AFS=AFS+.1*YH ! intercept asymmetry factorline (// baseline) 

>030 DO 2040 I=IM-1,IB,-1 
RIC0C=A1(I) ! rico curve 
IF (RICOC .EQ. RICO) GO TO 2040 
AFSC=DATA(L,I)-RICOC*I ! intercept curve 
XL=(AFSC-AFS)/(RICO-RICOC) ! position right intersection 
IF (XL .GE. I .AND. XL .LE. 1+1) GO TO 2050 

>040 CONTINUE 
2050 DO 2060 I-IM,IE 

RIC0C=A1(I) ! curve 
IF (RICOC .EQ. RICO) GO TO 2060 



- 142 -

! intercept curve 
! position left intersection 

1+1) GO TO 2070 

'U') 

AFSC=DATA(L,I)-RICOC*I 
XR=(AFSC-AFS)/(RICO-RICOC) 
IF (XR .GE. I .AND. XR .LE. 

2060 CONTINUE 
2070 IF (II .NE. O) GO TO 2080 

IF (IFU .EQ. 5 .AND. AA .EQ. 
AF=(XR-XM)/(XM-XL) 
11 = 1 
AFS=AFS+.4*YH 
GO TO 2030 
IF (IFU .EQ. 5 .AND. AA -EQ. 'U') WRITE (5,10140) XL,XR 

calculation platenumber at half height o-f peak 

WRITE (5,10130) XL,XR 
asymmetry -factor 

2080 
C 
C 
C 

C 
C 
C 

T2=XR-XL 
SCH2=5.54*(XM/T2)**2 
T2=(.5*T2*A)**2 

output i-f overlap 

! peak with at hal-f height 
! platenumber 
! HWHM (ul**2) 

1) 60 TO 2150 
IPU) GO TO 2120 
1) GO TO 2110 
.EQ. BEG(IV+D) Il=' 

Il = ' ' 
IF (IPU .EQ 
IF (IV .EQ. 
IF (IV .GT. 

2100 IF (END(IV) 
GO TO 2150 

2110 IF (END(IV-l) .NE. BEG(IV)) GO TO 2100 
IF (END(IV) .NE. BEG(IV+D) GO TO 2120 
Il = ' *' 
BO TO 2150 
IF (END(IV-l) .EQ. BEG(IV)) 11= 

start 

! centre 

3' ! end 

terminal, IFU = 6 

! peak position in min 

printer) 

2120 
C 
C output o-f peak parameters (IFU = 5 
C 
2150 XM=XM*V 

IF (L .GT. 1) GO TO 2160 
0PP(IV)=0PP(IV)*IFA*IX*10./6. 
HT(IV)=HT(IV>*1000. 
WRITE (IFU,10080) IV,II.XM,HT(IV),AF,Tl,SCHl,T2,SCH2,0PP(IV) 
GO TO 2200 

IV,I1,XM,HT(IV),AF,T1,SCH1,T2,SCH2,0PP(IV),8, 

! net peak area in mAU*ml 
! peak height in mAU 

2160 

2200 

C 
C 
C 
2300 

WRITE (IFU,10090) 
1 SD(IV) 
CONTINUE 
RETURN 

no peaks detected 

WRITE (IFU,10100) 
RETURN 

C 
C 
C 
10000 
10010 
10020 
10030 
10040 
10050 

10060 

•formats 

(//' UV '13' nm:') 
(//' beta direct:') 
(//' beta reverse:') 
(' no filtering') 
(' FFT-filter (512 chans.) 
(/' peak maximum height 

area') 
#'5X'(min) (mAU) factor 

FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
1 plate-
FORMAT (' 
1 number <mAU*ml)') 

Hamming > '13' i rect. > '13) 
asymm. v*r. plate- HWHM 

(ul-"-2) number (ul^2) 
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10070 FORMAT (' #'5X'(min) (counts) factor (ulA2) number (ulA2) 
1 number (counts)') 

10080 FORMAT (X,13,A2,2X,F7.3,X,F8.2,X, F6. 2,2<X,F6.0,X,F7.0),X,FS.2) 
10090 FORMAT (X, 13, A2, 2X, F7. 3, X, F8.1,X, F6.2,2(X,F6.0? X, F7.0) , X,F8. 0' 

1 +'A1'_ 'F5.0> 
10100 FORMAT (/' no peaks detected') 
10110 FORMAT (/' start : 'I3.5X' max : '13' ('F6.2*)'4X'end : '13) 
10120 FORMAT (' inflection points : 'F6.2' and 'F6.2; 
10130 FORMAT (' intersections : 'F6.2' and 'F6.2' (.1 height)') 
10140 FORMAT <14X,F6.2' and 'F6.2' (.5 height)'/) 
10150 FORMAT <> peakdetection :'//' options: none (G), standard (S), 

1 extended (U) : '*) 
10160 FORMAT (AD 

END 


