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LIST OF ABBREVIATIONS 

HFM Hollow-flbre membrane 
IMER Immoblllzed-enzyme reactor 
LC Liquid chromatography 
MDA Mlmmum detectable amount 
MDC Mlmmum detectable concentration 
NAD Nlcotmamlde adenosme dmucleotlde 
NP Normal-phase 
RP Reversed-phase 
RSD Relative standard devlatlon 
SPR Sohd-phase reactor 

1 INTRODUCTION 

1 1 Trace-level orgamc analym 

In modern trace-level orgamc analysis, chromatographlc techniques play a 
predommant role (for a good general review, see ref 1) They are employed to 
create an efficient separation of the often complex mixtures that have to be 
analysed, prior to the actual measurement, 1 e , the detection step Unfortu- 
nately, however, even the combined force of an efficient. separation plus a so- 
phlstlcated mode of detection does not always create sufficient selectlvlty and/ 
or sensltlvlty for the final goal to be reached - the ldentlflcatlon and quantl- 
tatlon of minor sample constituents typically present m the low ppm to low 
ppt, 1 e , the 10-5-10-11 g/ml, range In such cases, special attention has to be 
devoted to sample pretreatment (for trace enrichment and clean-up) and pre- 
or post-separation derlvatlzatlon or conversion of the analyte(s) of Interest 
(for improved detection selectlvlty and/or sensltlvlty) 

The challenge which an analytical chemist IS hkely to meet in an increasing 
number of cases, viz , the rapid analysis of an often large number of complex 
sample mixtures, obviously requires the selection of a sultable separation mode 
or, rather, of a suitable total analytical procedure In this paper, which deals 
with bloanalytlcal apphcatlons, 1 e , with a field m which column liquid chro- 
matography (LC) IS the preferred separation techmque, the potential of on- 
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lme post-column reactors to enhance the sensltlvlty and selectlvlty of detec- 
tlon will be crltlcally revlewed Attention will mainly be devoted to the cate- 
gorlzatlon of the exlstrng reactor systems, the (physlco-)chemlstry currently 
bemg used with such reactors and an overvlew of selected apphcatlons Fur- 
ther, the potential of automated on-hne pre-column reactions will be brlefly 
discussed and compared with the described post-column systems, as both types 
of procedures are m use nowadays for lmprovmg the potential of the analytical 
system 

1 2 Post-column reactton detectzon 

In recent years, a large number of papers, reviews and books have been pub- 
lished on the use of post-column reactors, 1 e , the prmclple of reactlon detec- 
tion (also, but less correctly, called chemical denvatlzatlon) In LC A series of 
selected references, some of which contain exhaustive blbhographles, are in- 
cluded m the list of references to this paper [2-H] In order to understand the 
growmg popularity of reaction detectlon, one should reahze that, although LC 
has become a powerful separation tool for a wide variety of samples, It 1s a 
dlstmct disadvantage of this technique, especially If compared with gas chro- 
matography, that it often cannot meet the demands of modern organic trace- 
level analysis with regard to detection performance As already brlefly stated 
above, one way to overcome this problem 1s to use chemical derlvatlzatlon or 
related conversion techniques 

In principle, (physlco-)chemlcal conversion of trace-level analytes can be 
carried out In a pre- or post-column mode The main advantages of post-col- 
umn reactions are that the analytes are separated m their orlgmal form, which 
often permits the adoption of pubhshed separation procedures, artefact for- 
matlon plays a minor role, which 1s m dlstmct contrast with derlvatlzatlon 
prior to separation, and the reaction does not need to be complete and the 
reaction products do not need to be stable, the only requirement 1s 
reproduclblhty 

Disadvantages of post-column reactlon detection are the need to add re- 
agent(s) or reagent solution (s), which generally ~111 require the use of addl- 
tlonal pumps, the extra-column peak broadening caused by the reactor, which 
may well mar the chromatographlc resolution, and the presence of excess of 
reagent which can interfere with the slgnal of the reactlon products Means for 
reducing these disadvantages will be included m the pertment sectlons below 

One should realize that post-column reaction detection IS Invariably carried 
out m an on-line mode, which makes the technique well sulted for use m au- 
tomated systems, 1 e , for the processing of large series of samples Pre-column 
techniques, on the other hand, are most often employed m an off-hne mode 
For this reason, they are outslde the field of reactlon detection, as It 1s usually 
defined, and will not be considered here For the rest, one should not under- 
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estimate the pre-column procedures with their versatrhty with regard to e.g., 
the time domain, the use of aggressive reagents and the utlhzatron of a multr- 
step procedure Interesting recent developments m the area of (semi- ) on-lure 
pre-column reaction detection will be briefly discussed rn Section 5 

2 CATEGORIZATION OF POST-COLUMN REACTORS 

A typical - although neither the simplest nor the most sophrstlcated (see 
below) - schematic diagram of an LC system with a post-column reactor 1s 
shown m Frg 1 Pump 1 1s used to deliver the eluent After the separation, 
which will generally be carried out on a chemically bonded phase or an ion 
exchanger, reagent solution is added by means of the, preferably pulseless (post- 
column situation!), pump 2 via a low-dead-volume mrxlng tee The post-col- 
umn reactor provides the desired hold-up time for the reaction Finally, the 
combined streams are passed through the detector, either directly, as shown m 
Fig 1, or after suitable organrc-aqueous phase separation 

There are three types of conventronal reactors, viz , open-tubular reactors, 
mert or active packed-bed reactors and segmented-stream reactors Such re- 
actors have been dlscussed m more or less detail in various reviews and books 
[2,4-111 and therefore only a summary of the most relevant aspects will be 
presented below. In addition, some attention will be devoted to hollow-fibre 
reactors, which are starting to gam popularity 

2 1 Open-tubular reactors 

The open-tubular reactor is the simplest type of reactor It consists of a 
straight or, more often, a hehcally coiled or knitted prece of PTFE, glass, quartz 
or stainless-steel tubing, and its dlmenslons are primarily determined by the 
hold-up time required for the selected reaction Under conventional condl- 

T -ptecc 

Post -column 
reaCtOr 

Fig 1 Schematw diagram of LC post-column reactor set-up 
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tions, lammar flow patterns prevail m open-tubular reactors, and the variance 
of the peak broadenmg m time units, a:, can be described by 

a; = t,d,2/96D, (1) 

where t, 1s the mean residence time, dt the inner diameter of the tube and D, 
the molecular diffusion coefficient of the analyte. 

A reduction m peak broadening can be affected by geometrically deforming 
a straight capillary tube, that is, by codmg or kmttmg the reactor [ 12-14 1. 
Owmg to centrifugal forces acting on the flow pattern, secondary flows per- 
pendicular to the main flow are produced As a result, better radial mixing and, 
consequently, a flattenmg of the laminar flow profile, I e , a reduction m peak 
broadenmg, occur The varrance of a coiled reactor can be expressed by modi- 
fying eqn. 1 to 

2 
o’t,co,~ = kt,d,2/96D, (2) 

with 0 < k-c 1 Under normal experimental comhtlons, k can easily be as low as 
0 14 [ 151, that is, coihng then reduces peak broadenmg by ca. 60% The re- 
duction m dispersion resulting from coiling or kmttlng open tubes is demon- 
strated m Fig 2 

In prmclple, it is also possible to reduce peak broadenmg m open-tubular 
reactors by using smaller sized capillary tubmg, i.e., by reducing c& in eqns. 1 

Fig 2 Peak dlsperslon In ideal, tightly coiled and knitted open tubes Inset secondary flow pattern 

in the cross-section of a coiled tube 



and 2 In that case, the prme to be paid is a larger pressure drop, AP, whrch can 
be calculated from the Polseullle equation 

AP=512 q F’/i? df (3) 

where q is the eluent viscosity and F the volumetric flow-rate One immediately 
sees that a mere halving of the tube diameter causes a 64-fold increase m the 
pressure drop In other words, this alternatlve approach 1s limited m its 
usefulness 

Open-tubular reactors are mainly used for reactions with fast kmetics, 1 e., 
for residence times of up to about 1 mm The mtroduction of well designed 
knitted reactors by Engelhardt and Neue [ 161 has extended their use to reac- 
tions requiring residence times of several minutes 

2 2 Packed-bed reactors 

Imtially, packed-bed reactors were stamless-steel columns packed wrth small 
(lo-15 pm), inert non-porous glass beads. Such reactors have been shown to 
have favourable characterrstlcs with regard to mixing and peak broadenmg for 
reactions with residence times of ca 0 5-4 mm [ 12,171, and also for use with 
narrow-bore (1 mm I D.) columns [ 181 According to the LC theory - applied 
to non-retention condrtrons - the variance contribution of such reactors to 
peak broadenmg can be written as [ 151 

a; =2yD,$/L2+At;‘3d~3/L2’3D:3 (4) 

where y is the tortuosity factor, L the length of the reactor, A a constant with 
a value dependent on the bed geometry and dp the particle size of the packing 
material Obviously, low a, values can be obtained by usmg long reactors packed 
with small particles As 1s to be expected, this must be paid for by an increase 
m the pressure drop, which can be calculated from the Darcy equation: 

AP=v/L=/k&d$ (5) 

where k, IS the specific permeablhty of the packing used A current value for 
kO for non-porous particles 1s 0 002 

Today, packed-bed reactors are more often packed with active than with 
mert materials These so-called solid-phase reactors (SPRs) are being mcreas- 
mgly used for catalytic (lmmoblhzed enzymes, ion-exchange resms) and stoi- 
chiometrlc (redox reagents, finely divided metals) reactions Examples are 
mcluded m the pertinent sections below Here, we should briefly discuss the 
specific contrlbutlon to peak broadening caused by the use of an SPR In the 
‘active’, as opposed to the earher ‘mert’, reactors, some retention of the ana- 
lytes is requrred for an efficient reactron, and a separation of reactants and 



257 

products can take place Nondek et al [ 191 developed a quantitative relatlon- 
ship for the so-called reaction peak broadening, a,, r, on a solid catalyst which 
has to be added to the normal peak broadenmg caused by the packed bed. 

D t, r = (,:lln2/8) (l-kp/kR)/k, (6) 

where kP and Izk are the capacity factors of the product and the reactant, re- 
spectively, and k, IS the rate constant of the first-order reaction It IS obvious 
that no reaction peak broadenmg will occur if (1) Wh is equal to lzn or (11) k, 
approaches mfimty, which imphes instantaneous conversion of the pulse of 
the reactant mto that of the product 

For enzyme reactors, the kmetlcs of enzyme reactions should be considered. 
As discussed by Bowers [ 201 m a good mtroductory text, enzyme kmetlcs are 
often complicated because of, e.g , the requirement for co-substrates, the need 
to couple the primary enzyme reaction to an mdlcator enzyme reaction or the 
interferences caused by mhibitors For a simple one-substrate system, and for 
the region of analytical interest, 1 e , at low substrate concentrations, one can 
derive that the fraction of substrate converted, X, IS represented by 

X=1-exp(-c&,V,/F) (7) 

where a IS the enzyme-loading factor, D, the diffusion coefficient of the sub- 
strate, V, the volume of the reactor and F the volumetric flow-rate This equa- 
tion states that if the amount of enzyme per umt amount of support material 
can be maximized, the residence time m the reactor or, m other words, the 
reactor volume at constant volumetric (LC eluent ) flow-rate, can be decreased 
without sustammg a net decrease m the fractional conversion The benefits of 
this are obvious 

2 3 Segmented-stream reactors 

Segmented-stream reactors are widely used m contmuous-flow analysers, m 
1969, they were mtroduced as a post-column detection system [ 211 Segmen- 
tation of a flowing liquid stream with air or other gas bubbles is a highly effec- 
tive means of suppressmg dispersion of sample or analyte plugs, allowing ex- 
tended residence times as segmentation reduces the axial diffusion of the sample 
zones It is generally accepted that dispersion m a segmented flow is brought 
about by slow mass transfer between the movmg liquid segments and the liquid 
film at the wall of the reactor Deelder and Hendricks [ 221 calculated the tlme- 
based variance of a peak leaving the reactor to be 

a; = 2 n2dfLr”l,/F, (8) 

where L and r are the length and radius, respectively, of the reactor, df is the 
thickness of the film, I, is the length of a liquid segment and F, its flow-rate If 
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full wettablhty of the reactor wall by the llquld 1s assumed, the film thickness 
can be calculated from [ 231 

where r 1s the radius of the tube, ~7 and y are the vlscoslty of the hquld and Its 
surface tenslon on the wall material, respectively, and u 1s the bulk velocity of 
the fluld Based on this work, Snyder [ 241 and Snyder and Adler [ 251 derived 
further semi-emplncal equations, which permit a more m-depth analysis of 
the problem It 1s already evident from eqn 8, however, that the mner diameter 
of the reactors, the wettablhty of the tube wall (film thlcknessf ) and the seg- 
mentation frequency (hquld segment length) are important parameters 

In recent years, solvent-segmented reactlon detectors have gamed increased 
popularity. In this instance, the aqueous LC eluent 1s segmented with a non- 
mlsclble orgamc solvent, or vlca versa Segmentation by a hquld has the ad- 
vantages that the performance of the system 1s hardly mfluenced by (small) 
varlatlons m pressure, temperature or flow, because of the low compresslblhty 
of hqulds. Although solvent segmentation efflclently reduces axial dlsperslon 
[ 261, so that addltlonal peak broadenmg 1s neghglble even for reactor rest- 
dence times of ca 20 mm [ 271, m actual practice solvent-segmented systems 
are used for their post-column extractlon potential rather than to allow one to 
use reactlons with slow kinetics This will be Illustrated m some detail below 

In solvent-segmented systems, the reactor tubmg has to be selected with 
care, because the wettmg characterlstlcs of the tube material have a dramatic 
influence on peak dlsperslon This was well demonstrated by Lawrence et al 
[ 281 for a model system with post-column fluorescent Ion-pair formation and 

Fig 3 Influence of flow-rate of 9,10-dlmethoxyanthracene-2-sulphonate on peak hroadenmg m 

the determmatlon of hydroxyatrazme using a segmented-stream reactor with PTFE or glass cods 

[301 
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extraction of the ion pair of interest into an organic solvent As can be seen 
from Fig 3, for glass coils, peak broadening was virtually independent of the 
flow-rate of the aqueous phase, whereas it strongly increased with decreasing 
flow-rate m the case of PTFE coils As the ion pairs to be detected reside m 
the organic phase, &spersion is higher in the hydrophobic PTFE tubing which 
is strongly wetted by the organic solvent 

Working with a segmented-stream system 1s relatively complicated in that 
it requires phase separation (or debubblmg ) prior to the actual detection step 
In practice, the debubbler or phase separator makes a large contribution to 
peak broadening [ 15,291 In one typical example [29], the influence of the 
length and inner diameter of a PTFE capillary on peak broadening was mves- 
tigated using water or water-methanol (50 50) as the LC effluent and hexane 
as the segmentation hquid. Although the capillary length was increased from 
1 to 10 m, and diameters of both 0 5 and 0 8 mm were used, which caused the 
reactor residence time to vary between 9 and 265 s, the peak broadenmg re- 
mained essentially constant (q - - 2 4?0 2 s) In other words, the measured 
peak broadenmg is largely due to the phase separator, as was confirmed in a 
more recent study by Deelder et al [ 151 

2 3 1 Phase separators 
As phase separators are a critical part of post-column reaction detectlon- 

extraction systems, much attention has been devoted to their proper construc- 
tion The major principle used for phase separation is wetting Early designs 
were based on the msertion of PTFE tubing m a glass tee-piece device [30] 
In another study, it was found that all-glass tee-pieces show completely satis- 
factory performance provided that a small plug of PTFE wool is inserted m 
the proper position [ 261 In all such instances, the efficient separation of the 
aqueous and organic segments is created by wetting of the glass and hydropho- 
bic surface, respectively Gravity plays only a minor role, as was demonstrated 
by the phase separation of an aqueous and organic stream of equal density 
Good phase separators of the simple wetting type (Fig 4) typically give vari- 
ante contributions of about 150 ~1~ 

Fig 4 Typical desqns of all-glass phase separators [ 261 
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Membrane separators have shown good potentral for apphcatron in post- 
column extractions, partrcularly for mnnaturlzed systems where the dead vol- 
ume has to be drastmally reduced Apffel et al [ 311 deslgned such a separator 
using PTFE membranes wrth 0 5-pm pores, whrch had a dead volume of only 
0 5 ~1 Although rt worked well for LC wrth post-column extraction, and sub- 
sequently mass spectrometrrc [31] or electron-capture [32] detectron, rapid 
cloggmg of the membrane materlal unfortunately occurred rn the analysrs of 
plasma samples. 

More recently, De Ruiter et al [33] developed a sandwrch-type phase sep- 
arator Although its desrgn 1s similar to that of the membrane separator drs- 
cussed above, it no longer contams a membrane and phase separatron IS, agarn, 
based on wetting Fig 5 shows the scheme of such a separator, whrch has an 
internal (groove) volume of only ca 40 ,~l Phase separatron occurs In the 
groove(s) machined In the upper stamless-steel block and the PTFE disc Fur- 
ther mnnaturlzatlon to a groove volume of about 8 ~1 has already been achieved 
and, in various laboratorres, the 40-~1 phase separator IS being utlhzed m rou- 
tine applications 

1 
0rgal-K outlet 

lntet-lor s,de wew 

t - 
organu Gutlet lcm 

Fig 5 Sandwtch-type phase separator Parts A and B constructed of stamless steel, part C con- 
structed of PTFE [ 33 ] 
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2 4 Hollow-flbre membrane reactors 

Porous membranes [ 34,351 and hollow-fibre membranes [ 361 can also be 
used for reagent addition and m this way reagent pumps, mlxmg tees and prob- 
lems connected with imperfect mlxmg of solvent streams can be ehmmated. 
This will result m slgmficantly less extra-column peak broadening, an advan- 
tage shared with, e g , SPRs and photochemical reactors Cassldy et al [37] 
used annular membranes, with internal volumes of l-10 ,ul, for post-column 
reactors. It has been shown that a mlxmg homogeneity of 99 9% of the theo- 
retical value can be obtained 

A microporous membrane has been used to separate-a reagent reservoir con- 
tammg glucose oxidase, buffered at pH 5, from a solvent stream contammg 
glucose (as the analyte ), potassium hydroxide, lummol and copper (II) bls (l,lO- 
phenanthrolme) The membrane limits the enzyme consumption m this re- 
action, which is an important economic advantage. The precision (relative 
standard deviation, R S D ) for the determination of glucose m serum samples 
was 2-3% [34] 

The prmclple of hollow-fibre membrane reactors can be illustrated by the 
determmation of carboxyhc acids after cation-exchange LC (eluent, 1 n-i44 
sulphuric acid, flow-rate, 0 8 ml/mm) and conductivity detection [ 381 A sig- 
mficant increase m the detectabihty can be obtained after post-column pH 
adaptation Therefore, the eluent was passed through a cation-exchange hol- 
low-fibre membrane placed between the column and the detector The en- 
hancing agents (1 e , sodium hydroxide or tetrabutylammonmm hydroxide) 
were dehvered outside the membrane (length, 50 cm) at a flow-rate of 1.5 ml/ 
mm The munmum detectable amount (MDA) for acetic acid was 40 ng The 
use of a coiled hollow-fibre membrane reactor with an internal volume of less 
than 2 ~1 has been reported; it still showed good performance as a post-column 
reaction device [ 371 This suggests the usefulness of such devices for mnua- 
turized LC systems 

3 APPLICATION OF POST-COLUMN REACTORS 

Post-column on-lme reaction detection systems are normally based on rel- 
atively fast reactions The reaction prmclples so far applied m the literature 
can be classified accordmg to the scheme shown m Table 1 or, alternatively, as 
labellmg and non-labellmg reactions Using the latter classification, it is some- 
times difficult to draw a proper dividing lure, for example, with thermo-mltl- 
ated, photochemically induced or catalytically accelerated derlvatlzatlon 
reactions 

Two further aspects should be mentioned (1) Next to reaction, reaction 
detection of course requires detection itself The high selectivity and sensltlv- 
ity mvarlably aimed at m trace-level analysis m complex matrices strongly 
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TABLE 1 

POST-COLUMN REACTION DETECTION PRINCIPLES 

Principle Non-labellmg Labellmg 

(Physrco- ) chemical change 
Electrochemrcal and redox ++ 
Hydrolytic ++ 
Micellar-enhanced ++ 
Photochemical ++ 
Physical mteractron + + 
Thermo-nntiated ++ + 

Derwatrzatron 
Ion-pan formation ++ 
True chemical derwatizatron ++ 
Lrgand-exchange and complexatron ++ 

Chemrlummescence -t-+ + 
Solid-phase reaction 

Catalytic ++ + 
Stolchrometrrc ++ ++ 

favour fluorescence as the detectron mode It 1s more broadly applicable and, 
under real-sample condltlons, more rehable than electrochemrcal detection, 
and it 1s more sensrtlve and selective than UV-vlsrble absorbance detectron 
The latter technique, however, has the advantage of general avarlablhty and IS 
a satisfactory alternative when selectlvlty 1s relatively unimportant because of 
efficient sample pretreatment [ 391 (11) One of the man-r drawbacks of many 
reactron detection systems 1s that reagent addition requires the use of addr- 
tronal pumps and mixing and demlxmg umts This adversely affects the reh- 
abllrty of the total system, raises the background slgnal and/or increases the 
noise level An elegant way to cncumvent this problem IS the use of pumpless 
reactor systems such as the SPRs, the photochemrcal, electrochemical and 
thermo-nntlated reactors Examples ~111 be found m the pertinent sectrons 
below 

3 1 Reactzons based on (physcco-Jchemccal changes 

3 1 1 Electrochemical and redox reackons 
Electrogenerated reagent addltron has the advantage that no addrtlonal 

pumps are needed, that the reagent IS extremely pure and that the number of 
side-reactions IS small Redox reactions are often used to convert non-fluores- 
cent compounds into fluorescent products An overview of some broanalytrcal 
apphcatlons 1s presented m Table 2 

The determmatron of vltamm K1 derlvatlves 1s an mterestmg example of 
electrogenerated reagent addition Amongst several alternatives for the deter- 
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minatlon of these analytes after normal-phase (NP ) or reversed-phase (RP) 
LC [ 40-421, the preferred procedure involved post-column coulometrrc reduc- 
tion to the correspondmg hydroqumones, which were detected fluorlmetrl- 
tally The MDA of the resultmg vltamm K, derlvatlves m plasma was 25 pg 
t421 

An elegant approach 1s the electrochemrcal on-lure post-column generation 
of bromine or rodme Subsequently, the bromine or rodme reacts with the an- 
alytes and the excess of halogen IS detected amperometrlcally [ 43,441 A spe- 
cially constructed electrochemical cell should be apphed, as the cell contributes 
to peak broadening An interesting apphcatlon 1s the determmatron of the dl- 
sulphlde and the throl forms of glutathlone, which react with bromine m neu- 
tral or acldrc medra, respectrvely [45] In this instance, a single-bead-string 
reactor, with a residence time of lo-20 s, provided more efficient micro mrxmg 
and a lower dlsperslon than an open-tubular reactor The MDA was 0 5 pmol 
and the lmear dynamic range three orders of magmtude The determination of 
the reduced and oxidized forms of glutathlone m rat liver mlcrosomes 1s shown 
m Fig 6 [46] Other apphcatlons are the bloanalysls of amplclllm and ramtl- 
dine in plasma [47] 

Another example 1s the formatron of hrghly fluorescent compounds after the 
reactron of phenothlazmes and aflatoxms with bromine or iodine [ 441. The 
bromine, for instance, was applied as the reagent m order to oxrdrze the phe- 

60 trh”P 40 30 20 ICI 7 

Fig 6 LC of rat mwosomal sample using on-line bromine generatlon and electrochemical detec- 
tlon Peaks GSH = glutathlone, GSSG = glutathlone dlsulphlde, PAR=paracetamol [46] 





nothlazmes The MDA m plasma samples was 0.5 ng, which was about ten- 
fold lower compared w&h a photochemlcal conversion of the analytes [48] 

Actually, for post-column electrochemical reactions homogeneous redox re- 
actions are normally preferred over electrode reactions, because the former 
usually are more rapid, and m many instances lower potentials can be applied 
[49] It is, of course, a drawback that reagent addition now requires an addl- 
tlonal pumping system (see also, however, Section 3 4 ) 

Post-column oxldatlon, followed by fluorescence detection, can be used for 
the determination of a number of blologlcally important analytes Catechol- 
ammes and thiamine were oxldlzed with potassmm hexacyanoferrate (III) 
[ 50,511, while phenothlazme derivatives could be analysed after permanga- 
nate oxldatlon [ 52].6-Mercaptopurme was determined m plasma samples after 
on-line oxldatlon with potassium chromate An air-segmented reaction co11 
was used, giving a mmlmum detectable concentration (MDC) of 2 ng/ml with 
a within-day preclslon of 3 8% at the 25 ng/ml level [ 531 

Post-column reduction has been apphed for the determmatlon of mena&one 
sodium hydrogensulphlte (vitamin K3) m ammal feed and premixes [ 541 After 
aqueous extraction, the vitamin was converted mto menadlone, which was ex- 
tracted and subJected to RP-LC Using an open-tubular reactor, menadlone 
was reduced with sodmm borohydrlde and the resulting 2-methyl-1,4-dlhy- 
droxynaphthate was detected fluonmetrlcally. Applying air segmentation and 
a reaction co11 with a length of 14 m, the MDC was 20 rig/g 

The reducing properties of ammo sugars, such as muramlc acid and other 
reducing sugars, can be used for then selective and sensltlve detectlon after 
ion-exchange LC [Xi] The sugars are able to reduce copper (II) bls( l,lO- 
phenanthrolme) m a post-column system, usmg an open-tubular reaction coil, 
m the presence of hydroxyl ions Subsequently, the copper (I) bls (l,lO-phen- 
anthrolme) formed, was re-oxidized amperometrlcally at a potential of 40 mV 
vs Ag/AgCl The MDA for muramlc acid In serum was 4 pmol One of the 
main advantages of the procedure was the low potential of the working elec- 
trode, which resulted m high selectlvlty, a low background current and excel- 
lent, long-term stability 

Another type of redox reactlon applied m post-column chemistry 1s the use 
of non-fluorescent reagents, which are converted mto fluorescent products by 
the elutmg analytes For instance, after anion-exchange LC, carbohydrates, 
orgamc acids and acetammophen can be oxldlzed by cerlum (IV) which 1s re- 
duced to the highly fluorescent cerlum(II1) Lactose, mannose, fructose and 
glucose can be determined m human serum and urine samples [ 561 

Electrochemical and redox-base reactlons can also be performed m an SPR 
Reduction reactions are popular. Sodium borohydrlde held on various types of 
support [ 571, platinum-rhodmm lmmoblhzed on alumma [ 581 and zinc re- 
actors [ 59,601 have been used 

Thyroid hormones could be determined m serum samples by using a zmc 
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SPR [59] The acidic eluent was pumped through the column and the hydro- 
gen produced split off the iodine from the iodinated thyronmes The iodide ion 
was detected by means of a catalytic prmciple, based on the iodide-catalysed 
reaction of chloramme T and N,N’-tetramethyldiammodiphenylmethane m 
an an--segmented tubular reactor with detection at 600 nm The reactor could 
be used continuously for about one day. 

SPRs based on oxidation reactions typically use an anion-exchange resm m 
its permanganate form [ 611, solid lead(IV) oxide [62] or immobihzed man- 
ganese (IV) oxide on silica [ 611 An apphcation is the oxidation of catechol- 
ammes to adrenochrome derivatives, followed by homogeneous reduction to 
the fluorescent trihydroxymdoles, 300 analyses can be performed before de- 
pletion of the reagent occurs [63] 

All chromium species that exist m a lower oxidation state than the hexava- 
lent form can be oxidized m a lead (IV) oxide SPR The determmation is based 
on complexation of chromate with l,&diphenylcarbazide and absorbance de- 
tection of the complex at 540 nm [ 641 The SPR (50 mmx 3 mm 1.D ) was 
heated at 95 ‘C! and the 1,5-diphenylcarbazide was added on-lme using a PTFE 
reactor The MDC was ca 100 ng/ml and, despite the fact that a double-reactor 
system was employed, the R S D was less than 10%. 

3 1 2 Hydrolytic reactions 
Post-column pH changes are used, for instance, for the determmation of 

barbiturates in serum [ 651, mdomethacm in plasma [ 661, purmes and pyrim- 
idmes m biologcal fluids [ 671, warfarm and its metabohtes m plasma and 
urine [68] and some antimalarial drugs m plasma [69] (Table 3) 

With mdomethacm, the sample was extracted with dichloromethane, the 
extract evaporated and the redissolved residue analysed by RP-LC [ 661 The 

TABLE 3 

BIOANALYTICAL APPLICATIONS OF HYDROLYTIC REACTIONS (INCLUDING HOLLOW- 
FIBRE MEMBRANE REACTORS) 

Analyte Matnx Reagent MDC/MDA Ref 

Amoxlcllm Plasma, urme Sodium hypochlorlte 10 ng/ml 79 

Ampwllm Bile, plasma, urme Sodium hypochlorlte 25 ng 79 
Artesunate Plasma Heating at high pH 50 nmol/l 69 
Asplnn, sahcychc acid Plasma Sodmm hydroxide 20 ng/ml 214 
Barbiturates Plasma, urme, serum Hydrolysis at high pH (HFM) 500 Pg 76 
Catecholammes Urine Heatmg at high pH 250 pg 215 
Dlhydroartemlsmme Plasma Heatmg at high pH 50 nmol/l 69 
Indomethacm Plasma Hydrolysis at high pH 15 ng/ml 66 
P-Lactamase mhlbltors Plasma, urme Hydrolysis at high pH (HFM) 25 ng/ml 77 
Warfarm (metabohtes) Plasma, urme Trlethylamme 1 ng 68 
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eluate was mixed on-lme with sodium hydroxide solution to hydrolyse the an- 
alyte and the hydrolysate was detected fluorimetrically (MDC, 15 ng/ml) 

Absorbance detection of the antimalarial drugs artesunate and dihydroar- 
temismme can also be performed after post-column hydrolysis [69]. Plasma 
samples were cleaned by hquid-hquid extraction, followed by RP-LC, on-lme 
alkalnnzatlon and heating at 70 o C for 2 mm. The resulting products were de- 
tected at 289 nm (MDC ca. 50 nmol/l). In this work a knitted PTFE reaction 
coil (4.4 m x 0 5 mm I D ) was apphed 

Special solvolytic reactions are the conversion of digitalis glycosides [70] 
and cortisol [ 711 into fluorescent products after post-column treatment with 
concentrated hydrochloric acid and ethanol-sulphuric acid, respectively 

Interesting developments in the field of on-lure hydrolytic reactions are the 
use of packed-bed reactors, whether directly on-lure (cf. Section 3 4 [ 72,731) 
or using a parallel-column system, and the use of hollow-fibre membrane 
reactors. 

A recent development is the use of parallel-column systems A pronounced 
disadvantage of non-catalytic SPRs is that some reactors are rapidly depleted 
and can be used only for a short period before reloading becomes necessary 
Another drawback is that often the reactor substrate is not available as regular 
and fine particles, which can result m severe peak broadenmg In certain in- 
stances these problems can be solved by employmg a parallel-reactor column 
approach, as has been demonstrated for both conventional and microbore LC 
]74,75 1 

With barbiturates [ 751, the analytical system consists of an amon-exchange 
column which is placed parallel to the inJection valve and the analytical col- 
umn. The acetate-containmg mobile phase is split one part flows through the 
analytical column to achieve separation of the barbiturates and the other part 
passes through the anion-exchange column and releases hydroxyl ions After 
the LC separation, the two streams are combined and an alkalme medium is 
generated which IS favourable for 254-nm absorbance detection of the solutes 
This prmciple was applied to the analysis of plasma and urme samples. 

Fig 7 Scheme of hollow-flbre membrane reactor composed of a loop of five (325 ,um I D ) sul- 
phonated polyethylene hollow flbres (8 m long) m a contamer with the appropriate reagent [ 36) 
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One of the first examples of using a hollow-fibre membrane reactor m bloan- 
alysls was described by Hagmaka and co-workers for the determination of bar- 
biturates [ 761 and clavulamc acid and salbactam [ 771 m urine and plasma 
These ,&lactamase mhlbltors and also the barbiturates are relatively rapidly 
converted mto UV-absorbing products m alkaline solution After ultrafiltra- 
tion of the samples, the analytes were separated by RP-LC and the eluent was 
mtroduced mto a sulphonated hollow-fibre (12 m x 0 3 mm I D ) post-column 
reactor suspended m sodium hydroxide solution UV detection at 270-280 nm 
gave an MDC of 25 ng/ml The hollow-fibre membrane reactor has also been 
applied to the determmatlon of pemclllms [ 78,791 

For the sensitive detection of amplclllm after RP-ion-pair LC, the analyte 
should be degraded m alkahne medium with sodium hypochlorite to yield a 
chromophore with an absorption maximum at 270-280 nm The post-column 
degradation can be performed n-r a PTFE open-tubular reactor or using an 
ammated and sulphonated polyethylene hollow-fibre membrane reactor [ 791 
The ammated and sulphonated reactors, which serve for the selective trans- 
port of ions, were connected m series and placed between the column and the 
detector. Application of the two procedures for the determmatlon of amplclllm 
m human and rat plasma resulted m an MDA of 25 ng with a precision of ca 
6% usmg the reaction coil and of 2 5 ng with a precision of 4 5% using the 
hollow-fibre membrane reactor 

An elegant reactor was designed by Davis and Peterson [ 361 Their reactor 
was made of five parallel 8-m -long, 325pm I D sulphonated polyethylene 
hollow fibres, which were suspended m a vessel contammg the appropriate 
reagent (Fig 7 ) The ion-exchange capacity of the fibre membrane was of the 
order of 1 mequiv /g The type of membrane should be chosen carefully to 
ensure a high reagent flux over the membrane m combination with munmum 
sample losses and it should be compatible with the applied eluent When utl- 
hzmg multiple-fibre systems, the dimensions of all fibres should be identical 
m order to mnumize extra-column peak broadenmg. 

3 1 3 Mtcellar-enhanced detection 
The application of mmelles m combination with LC and several (lummes- 

cence) detection principles provides features such as faster analyses and im- 
proved selectivity and detectablhty [80,81] The influence of micelles on the 
detectability can be explained partly by compartmentahzmg effects, changes 
m the population of the ground state versus the excited states and the ratio of 
radiative and non-radiative decay processes [82,83]. 

For a number of fluorescent solutes, the mtrmsic fluorescence sensitivity 
can be increased significantly by transferring the solute to a mlcellar envlron- 
ment [84] By applying mlcellar chromatography or by the post-column ad- 
dition of a micellar solvent, detection limits can be improved fifty-fold [85] 
For example, the use of a non-ionic mlcellar system (Bry-35) caused a twenty- 
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fold Increase in the fluorescence sensltlvlty of the Z-mercaptoethanol-o- 
phthaldlaldehyde derlvatlves of dodecylamme and tyrosmamlde [ 861 About 
the same gain ln detectablllty was obtained for dansylated ammo acids m cat- 
lonlc hexadecyltrlmethylammomum chloride mlcelles [87] 

The mcluslon of analytes m mlcelles can also cause a shift in the wavelength 
of maximum absorbance compared with that in bulk solutions, and may result 
in Improved sensltlvlty or selectlvlty [ 80,881 

3 1 4 Photochemrcal reacttons 
Photochemlcal reactions can be apphed for various purposes, for instance, 

to increase the detectability m absorbance, amperometrlc or fluorlmetrlc de- 
tection, or In photoconductlvlty detection However, the reactor 1s mamly used 
to convert weakly or non-fluorescmg analytes Into highly fluorescent products 
[89,90] or to create electroactlve products [91,92] (Table 4) 

The photochemlcal reactor 1s a typlcal pumpless reactor, as photons are in 
this instance the only reagent added Photochemlcal reactors are mainly used 
in the post-column mode because (1) the photochemlcal conversions are al- 
most never quantltatlve and (11) normally a number of products are formed 
When using a photochemlcal reactor, the main variable 1s the residence time 
of the analyte m the (open-tubular) reactor The composltlon of the eluent, 
the wavelength of UV irradiation and the intensity of the light source play a 
less prominent role 

In a photochemlcal reactor the analyte 1s irradiated with a high- or me&urn- 
power UV light source, e g , a mercury or a xenon-mercury lamp [93] In ad- 
dition to the lamp, a photochemlcal reactor consists of a quartz or, preferably, 
a PTFE reaction co11 (transmlsslve for z=- 200 nm) and a temperature-con- 
trolled (cooled) reactor (Fig. 8) The latter aspect 1s Important, because tem- 
perature fluctuations will Influence the flow-rate of the chromatographlc eluent 
and the reaction kmetlcs and, consequently, the accuracy and preclslon of the 
analysis Reaction times typically are of the order of lo-60 s In view of these 

TABLE 4 

BIOANALYTICAL APPLICATIONS OF PHOTOCHEMICAL REACTIONS 

Analyte Matrix MDC/MDA Ref 

Clobazam 
Clomlphene 
Demoxepam 
Desmethylclobazam 
Dlethylstllbestrol 
Fenbendazole 
Methotrexate 
Phenothlazmes 

Serum 
Plasma 
Serum 
Serum 
Urme, plasma, serum 
Serum 
Body flulds 
Serum 

20 Pg 48,93 

60 Pg 216 
100 ng 217 
50 ng 48,93 
1 ng/ml 96,218 
15 ng 94 

400 Pg 219 
50 ng 94,217 
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Fig 8 Scheme of photochemlcal reactor 1 = Xe/Hg lamp, 2 = quartz capillary, 3 = ml& of ax 
coohng, 4 = outlet of an coolmg, 5 = alummmm reflector shield, 6 = chp, 7 = glass Insulator DI- 
mensions in mm [ 93 ] 

short reaction times, coiled or knitted open-tubular reactors are the best choice 
[ 941 For most published apphcatlons, the MDAs are below 500 pg 

The determination of the non-fluorescent drug clobazam and its main me- 
tabohte m serum was possible using RP-LC and fluorescence detection using 
an nradlatlon time of only 15 s The MDA was 20 pg [93] Methotrexate and 
its metabohtes are converted mto highly fluorescent products, VIZ., 2,4-dlaml- 
noptendme derrvatrves, after 3 s lrradlatlon at 254 nm m a PTFE capillary, 
the MDAs were ca 0 4 ng. The solutes were determined m blologlcal fluids 
(1 e , plasma and urme) and the coefficient of variation was less than 2 5% 
[95] Photochemlcal conversion of drethylstllbestrol m urine allows fluorl- 
metrrc analysis down to the 1 ppb level [96]. Another applrcatlon 1s the con- 
version of cannabmol into a fluorescent phenanthrene derivative [ 971 

Photoconductlvlty detection is used for the determination of N-mtrosa- 
mines, organothlophosphates, sulphonamldes and other drugs [98-1011 On 
lrradlatlon the non-lomc analytes are converted into lomc species which m- 
crease the conductlvlty of the aqueous LC eluent 

In a number of instances the signal-to-noise ratio and the selectlvlty of a 
procedure can be improved by using a dual-reactor approach [ 72,102] For the 
determmatlon of ciprofloxacm and Its metabohtes m urine, serum, plasma, 
bile, faeces and tissue homogenates [ 1031, the effluent, after RP-LC, was heated 
m a stamless-steel capillary to achieve hydrolysis and then transported to a 
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Fig 9 Dual-reactor system for hlodetermmatlon of clprofloxacm 1 = LC effluent, 2 = stamless- 
steel capillary, 3 = heatmg unit, 4 = PTFE capillary, 5 = Hg lamp, 6 = cooler, 7 = fluorescence de- 
tector, 8=quartz envelope, 9=cooled double-wall cylinder [ 1031 

PTFE capillary m which it was irradiated by a mercury lamp (Fig. 9) The 
MDAs, with fluorescence detection, varied from 1 to 2800 pg, whereas after 
on-lme hydrolysis and photolysls the MDAs were 2 5-25 pg In order to obtain 
these favourable detection features, relatively short reaction times were utr- 
hzed. 2 s for the hydrolysis and 0 6 s for the photolysrs 

3 1 5 Physical mterackon reacttons 
A number of molecules show an increase m then mtrmslc fluorescence sen- 

sltlvlty on bmdmg (e g , hydrophobic bmdmg) to proteins or phosphohplds 
Fluorophores that can be applied for this purpose are B-amlmo-l-naphtha- 
lenesulphomc acid [ 1041, N-phenyl-1-naphthylamme [ 1051 and 1,6-dl- 
phenyl-1,3,5-hexatrlene [ 1061 

An interesting apphcatlon is the determmatron of the leclthm/sphmgomye- 
lin ratio of amniotic fluid using RP-LC and a post-column reaction with 1,6- 
dlphenyl-1,3,5hexatrlene [ 1071 This reagent is a surtable probe for the fluo- 
rescence assay of phosphohplds because of its low background fluorescence m 
water Using an an-segmented reaction coil kept at 40 *C and a resrdence time 
of 1 mm, the MDA for lecithin was 50 nmol A similar procedure was described 
for the determmatlon of phosphohplds m plasma using B-amlmo-l-naphtha- 
lenesulphomc acid as the fluorescence probe [ 1081 

3 1 6 Thermo-uutlated reacttons 
With reactions that proceed slowly at ambient temperature, one can add a 

reagent to the LC mobile phase and untlate the reaction post-column by cre- 
ating a temperature Jump This approach has been used m the LC analysis of 
ammo acids [ 1091 and guamdmes [ 1101, the nmhydrm reagent being added 
to the mobile phase without influencing the separation conditions As the re- 
action proceeds m alkaline media only, an additional pump was used for al- 
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Fig 10 LC of the serum sample from a uraemlc patient (A) before and (B) after haemodlalysls 
therapy LC system C8-15 m.M octanesulphonate and 5 mkf nmhydrm m water-acetomtnle- 
methanol (92 4 5) (pH 4 0) Reaction temperature, 75°C [ 1101 

kahnlzatlon of the eluent; the optimum reaction temperature was 70-80°C 
With this method the decrease m the creatlmne level after haemodlalysls ther- 
apy could be determined In uraemlc patient serum samples (Fig 10) 

3 2 Denvatuafon reactzons 

3 2 1 Ion-patr formation 
Ion-pair formation with simultaneous hqmd-liquid extraction 1s a useful 

technique for the analysis of charged compounds [ 111 Reactions with fast 
kmetlcs, such as ion-pair formation, are preferably selected for post-column 
reactors because, m prmclple, they allow the use of simple open-tubular reac- 
tors Unfortunately, with ion-pair extraction a solvent-segmented system has 
to be applied because the counter Ion added 1s itself the reagent, 1 e , the fluo- 
rophore, chromophore or electrophore which 1s present m large excess This 
excess should, of course, be separated from the analyte ion pair before detec- 
tlon 1s performed The commonly used approach 1s relatively straightforward 
After a suitable LC separation the eluate 1s mixed with an aqueous solution 
contammg the fluorescent counter ion and a non-mlsclble organic solvent After 
reactlon and extractlon m an reaction co11 the aqueous phase, contammg the 
excess of the reagent, 1s removed and the organic phase, contammg the ion 
pair, 1s monitored in the detector (Fig 11) If RP-LC 1s used the concentration 
of the modifier 1 e., methanol or acetonltrlle, 1s important, as high concentra- 
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Fig 11 Set-up for on-lme post-column ion-pair extraction and fluorescence detection after RP- 
LC separation DAS =9,10-dlmethoxyanthracene-2-sulphonate m water ( 1 ), TCE= tetrachlo- 
rorethane ( 2 ) , waste (3 ) , l = phase separator, flu = fluorescence detector [ 301 

TABLE 5 

BIOANALYTICAL APPLICATIONS OF ION-PAIR EXTRACTIONS WITH 9,10-DIME- 
THOXYANTHRACENE-Z-SULPHONATE AS COUNTER ION 

Analyte Matnx MDC/MDA Ref 

Bromphemramme 
Chlorphemramme 
Hydroxyatrazme 
Methadone 
Pancuronium-type compounds 
Phencychdme 
Remoxlprlde 
Secoverine 

Urine 
Unne 
Urine 
Plasma 
Plasma, serum 
Plasma 
Plasma, serum 
Plasma, serum 

3 ng 
3 ng 
30 ng 
5 ng/ml 
25 ng 
5 ng/ml 
10 ng/ml 

20 Pg 

220 
220 
30 
114 
111 
114 
113 
221 

tlons will increase the co-extraction of the counter Ion mto the organic phase 
and, thus, the background signal NP-LC can also be applied. In this instance 
the organic eluent 1s segmented with an aqueous stream contammg the ion- 
palrmg agent. Agam, high concentrations of the polar modifier m the eluent 
should be avolded as they will negatively affect the signal-to-noise ratio. 

A number of fluorescent counter ions have been described such as 9,10-dl- 
methoxyanthracene-2-sulphonate (Table 5) for reactlon w&h ammes [ 1111, 
and the acridme cation for reaction with alkylsulphonates and related sul- 
phates [ 1121 (cf Section 4) Suitable extractlon solvents are chloroform, dl- 
chloromethane and dlchloroethane 

Using 9,10-dlmethoxyanthracene-2-sulphonate as the counter ion and re- 
moxlprlde as the analyte, the MDA m plasma samples was about 1 ng/ml The 
recovery was 88% (200 ng/ml) with an R S D of 3 5% [ 1131 Other examples 
are the determmatlon of methadone and phencychdme m plasma [ 1141, the 
determination of a pancuromum derivative m serum and plasma [ 1111 and 
the blodetermmatlon of hydroxyatrazme m urine [ 301 The MDA m the last 
example was 30 ng 

Automated on-lme solid-phase lsolatlon combmed with post-column ion- 
pan+ extraction has been described for some pyrrohdmmm bromide agents 
[115,116] An ahquot of a rat bile, plasma or urme sample, contammg the 
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Fig 12 Scheme of automated Ion-pan extractlon of vencuronmm-type derlvatlves usmg 9,10- 
dlmethoxyanthracene-2-sulphonate as the counter ion A =pump, B =qector (AASP), C = LC 
column, D =pump, E =pulse damper, F =T-piece, G =extractlon ~011, H =phase separator, 
I = needle valve, J = fluorlmetrlc detector [ 116 ] 

analyte, was applied to a C, cartridge (10 mm x 2 mm I D ,40-pm particles) 
and, after washing with water and a sultable buffer, the analyte was eluted on- 
lme to the (&-bonded slhca analytlcal column and chromatographed usmg a 
9,10-dlmethoxyanthracene-2-sulphonate-contammg mobile phase of pH 3 (Fig 
12) The post-column extractlon was performed with 1,2-dlchloroethane using 
a splittmg ratlo (orgamc/aqueous) of 35% and a sandwich-type phase sepa- 
rator Approximately 800 samples could be analysed usmg this set-up. 

3 2 2 Llgand-exchange and complexatton reactzons 
Although hgand-exchange reactions are slow, they can also be applied m 

post-column reactors [ 1171 The blodetermmatlon of pemclllamme m serum 
and urine IS an Interesting example, which 1s based on the reaction of the an- 
alyte with the non-fluorescent palladium (II) -calcem complex. Complexatlon 
between the S-contammg analyte and this complex releases an equivalent 
amount of the highly fluorescent calcem (Fig 13 ) Because the palladium (II)- 
calcem complex itself 1s not fluorescent, separation of the excess of reagent 

Fig 13 LC of penlclllamme-spiked (PA) serum applying a hgand-exchange mechanism based on 
reaction of the analyte with the Pd”-calcem complex LC system cation exchanger-cltrate-phos- 
phate buffer (pH 2 2) An-segmented reactor, residence time, 20 mm at 55°C [ 1171 Sohd line, 
blank, broken line, 84 ng of PA 
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and the free calcem via extraction, 1 e , solvent segmentation, 1s not required 
However, m order to suppress extra-column peak broadening (the reaction 
takes lo-15 mm at 50-60” C), air segmentation 1s a necessity 

Blologlcal phosphates such as nucleotldes, organodlphosphonates and in- 
orgamc phosphates can be separated on a cation-exchange resin [ 1181 Sub- 
sequently, an alumu-uum (III )-morm solution was added and the reactlon was 
performed m a 400-~1 reaction co11 at 70°C The separated phosphorous acids 
~111 dlmlmsh the fluorescence of the alumlmum (III) -morm complex by a com- 
petitive reaction The MDAs were 30-100 ng 

Europmm (III) and terbium (III) can be used as selective lummophores for 
analytes such as tetracycline derlvatlves [ 1191 The detection 1s based on an 
mtramolecular energy transfer from the analyte molecule to the metal ion 
Tetracyclmes were determined m urine and serum after post-column addition 
of the europlum (III)-ethylene&ammetetraacetlc acid complex The detection 
limit and the selectlvlty were dlstmctly better than those with UV detection 

The complexatlon of metal ions with an organic compound can be applied 
for the determination of metals (e g., Cd, Co, Cu, In, Fe, Mg, Mn, Nl and Zn) 
using Indirect absorbance detection after catlon-exchange separation of the 
analyte ions [ 1201. In this particular instance Erlochrome Black T was added 
to the LC effluent Using an open-tubular reactor at 18O”C, MDAs of 2-5 ng 
were obtained As an alternatlve, orgamc analytes can be determined after the 
addltlon of metals or metal Ions as reagents For the determmatlon of dlsulfi- 
ram using a post-column solid-copper-contalmng reactor, see Sectlon 3 4 

Complexatlon of choral hgands with a transltlon-metal Ion [ 1211 has been 
used for the separation of enantlomers The procedure can be applied m both 
the pre-column [122,123] and post-column modes [124] One post-column 
procedure 1s based on the addition of a metal cation-ammo acid complex to 
the eluent of a cation-exchange column [ 1221 For instance, copper (II)-pro- 
lme complexes were used for the separation of D- and L-ammo acids Detection 
was performed using a post-column derlvatlzatlon with o-phthaldlaldehyde 

Studebaker [ 1251 was the first to use complexatlon-based SPRs for the de- 
tection of thlols, dlsulphldes and proteolytlc enzymes More recently, Irth et 
al [ 1261 elaborated an apphcatlon based on the complex formation of dlthlo- 
carbamates and related compounds with finely divided metallic copper packed 
in a 2-4 mm x 2 mm I D reactor This short bed length suffices for the quan- 
tltatlve conversion of the analytes mto a complex absorbing at the selectm 
wavelength of 435 nm The authors reported the determination of hsulfiram 
in urine. An mterestmg extension of this principle 1s reported m Section 4 

3 2 3 True chemical derwatuatlons 
In principle, many reactlons utlhzed for pre-column chemical derlvatlza- 

tlons can also be apphed in the post-column mode The actual number applied 
is, however, hmlted (Table 6) One of the most Important hmltatlons 1s the 
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TABLE 6 

BIOANALYTICAL APPLICATIONS OF TRUE CHEMICAL DERIVATIZATION 

Analyte 

N-Acetylcysteme 

Ammes (secondary) 

Catecholammes 

Cefatnzme 

Cortlsol 

Cysteme 

Dlsulphldes 

Estradlol 

Glutathlone 

Guamdmes 

Ketosterolds 

&Lactam antlblot:cs 

Phenylpropanolamme 

Polyammes 

Salsolmol 

d”-Tetrahydrocannabmol 

Matrix Reagent MDC/MDA Ref 

Plasma Pyrenemalelmlde 240 nM 138 

Serum Dansyl chloride 100 fg 222 

Urme Glycylglycme 200 Pg 223 

Serum, urine Fluorescamme 100 ng/ml 224 

Urme Benzanndme 100 ng 225 

Plasma Pyrenemalelmlde 150 ti 138 

Urme 2-Nltro&thlosulphobenzoate 300 pmol 226 

Serum Dansyl chlonde 50 Pg 227 

Plasma Pyrenemalelmlde 150 nM 138 

Serum Phenanthrenequmone 50 pm01 228 

Plasma Nmhydrm 5 pm01 229 

Plasma Dansylhydrazme 75Pg 230 

Fermentation broth o-Phthaldlaldehyde 500 ng/ml 231 

Plasma o-Phthaldlaldehyde 2 ng/ml 232 

Urine, serum, tissue o-Phthaldlaldehyde 500 fmol 233 

Plasma Glycylglycme 2 pmol/ml 234 

Serum Fast Blue salt B 50 ng 235 

prerequisite that the derlvatlzatlon reagent Itself 1s not detectable or requires 
different detection condltlons compared with the derlvatlve The use of post- 
column derlvatlzatlon plus extraction, of course, 1s an alternative An overvlew 
of post-column true chemical derlvatlzatlon procedures for Important func- 
tional groups such as amme, carbonyl, carboxyl, hydroxyl and sulphydryl can 
be found m the literature [ 2-6, 8-111 In this paper only some important as- 
pects of true chemical derlvatlzatlon are discussed 

The derlvatlzatlon of the primary ammo functions of ammo acids with o- 
phthaldlaldehyde and the labellmg of thlols with a malelmlde are examples of 
the use of non-fluorescent probes which yield highly fluorescent derlvatlves 
Both reagents have been applied m bloanalysls m both the pre-column and 
post-column modes and the MDAs are m the plcomole range [ 127] 

The most widely applied reagent in this area 1s o-phthaldlaldehyde In the 
presence of a reducing agent such as ethanethlol or 2-mercaptoethanol, this 
probe reacts, at alkalme pH, with primary ammes to yield highly fluorescent 
products Because the probe Itself 1s non-fluorescent, the kmetlcs are fast and 
the derivatives are unstable, post-column derlvatlzatlon 1s preferred over pre- 
column derlvatlzatlon by many workers [ 1281 The o-phthaldlaldehyde reac- 
tlon products can also be detected by absorbance [ 1291, amperometrlc 
[ 130,131] and chemllummescence [ 1321 methods The MDAs of primary amme 
derivatives are about 50 ng using absorbance detection at 340 nm and 50-150 
fmol using amperometrlc detectlon at a potential of 750 mV [ 1311 Problems 
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its can be as low as 0.1-10 pg The powdered copper-contammg reactor studied 
by Irth et al. [ 1261 for the determination of the tetraethyl drug dlsulfiram can 
also be employed for the trace-level determination of the tetramethyl pesticide 
thlram m surface water, food and soil 

As for chemllummescence detection, m the presence of an excess of a fluo- 
rophore, the peroxyoxalate system has been used successfully to determine 
traces of hydrogen peroxide either produced in LC-IMER systems (cf Section 
3 4) or present m ram water [ 1461 

The parallel-column system was adopted for the determination of aflatoxms 
[74] In this instance, the parallel column was packed with sohd lodme and a 
knitted open-tubular reactor was mounted between the (post-column) mixing 
tee and the detector Iodine is only sparingly soluble in the aqueous LC mobile 
phase; therefore, the parallel column can be used for the delivery of a saturated 
iodme solutron over long periods of trme In the reactor (40 s; 60” C ), attach- 
ment of iodine to the double bond of aflatoxms B, and G1 is effected, which 
makes them as fluorescent as aflatoxms Bz and Gz_ Analysis of peanut butter 
gave MDCs of about 1 ppb for all four solutes. 

5 AUTOMATED PRE-COLUMN REACTION DETECTION 

Another aspect of interest concerns the apphcatlon of reaction detection 
techniques in an on-line pre-column rather than post-column mode, which has 
already been briefly mentioned above [169,171,X34]. The appearance on the 
market of fully automated mJectlon systems for LC has stimulated this devel- 
opment Simple and relatively fast pre-column true chemical derlvatrzatlon 
procedures with reaction times of ca. 1 mm or less can be automated by usmg 
sample processors. These processors are able to perform a hmlted number of 
sample mampulatlons such as addition of solvents and, m the presence of one 
or more six-port valves, pre-column derivatlzatlons. 

Amino acid analysrs is a typical example where automated pre- and post- 
column derlvatlzatlon compete with each other Commercial mstrumentatlon 
is available from, e.g., Hewlett-Packard, Varlan and Spectra-Physics. The 
combmation of an auto-inJector and an autosampler, both fully programmable, 
allows the pre-column labellmg of ammo acids The system is able to dilute, to 
extract, to adjust the pH and to add another solvent or reagent before mJection 
on to the analytical column The derlvatlzatlon kinetics can be optimized by 
using the mJector’s thermostatically controlled micro-oven. Derlvatization 
takes place m the mJectlon needle and sample loop, and mixmg is controlled 
by movmg the hqulds forward and backward m the loop The method has been 
apphed to the determmatlon of ammo acids m biological, pharmaceutical, plant 
and food samples and also protein hydrolysates [ 1851 The primary ammes 
are first derlvatlzed with o-phthakhaldehyde m the presence of 3-mercapto- 
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proplomc acid, while the secondary ammo groups are derlvatlzed m a consec- 
utive step with 9-fluorenylmethyl chloroformate [ 1861 The reaction time m 
this two-step derlvatlzatlon procedure was 1 5 mm, resulting m MDAs of 20 
fmol The total analysis time, mcludmg the reaction, separation and recondl- 
tlomng, ranged from 20 mm for the hydrolysates to 60 min for the physlologlcal 
fluids A similar approach was described by Llang [ 1871 In this system a mixer 
(e.g , a short coiled packed-bed reactor) can be mstalled between the column 
and the mJector to mcrease the reaction time 

As an alternative, 9-fluorenylmethyl chloroformate can be apphed m com- 
bination with 1-ammoadamantane [188] or as the only derlvatlzmg agent 
[ 1891. Application of this reagent for analysis was previously hampered by the 
formation of a fluorescent side-product, fluorenylmethanol The generated ex- 
cess of the side-product 1s now removed via on-line extraction with, for m- 
stance, pentane (Fig 17) Automated pre-column derlvatlzatlon of secondary 
ammes can also be performed with 4-chloro-7-mtrobenzo-2-oxa-1,3-dlazole 
The labellmg was performed m a reaction co11 for 11 5 mm at 60” C [ 1901 

An interesting extension of the use of the o-phthaldlaldehyde derlvatlzatlon 
principle has been pubhshed by Buck and Krummen [ 1911 A laboratory-made 
automated pre-column derlvatlzatlon umt coupled on-lme with the LC system 
was employed for the conversion of ammo acid enantlomers mto their fluores- 
cent dlastereomers by rapid reaction with o-phthaldlaldehyde and N-tert -bu- 
tyloxycarbonyl (Boc) -L-cysteme mstead of 2-mercaptoethanol (Fig 18) Gra- 
&ent elutlon on a conventional &,-bonded phase yields the required separation 
for about twenty D,L-amin acid paus with low-plcomole detection hmlts Ap- 
phcatlon of the pre-column mode was possible because the lsomdoles formed 
are relatively stable, with a loss m fluorescence intensity of 37% m 12 h The 
labellmg reaction was performed m an inert packed-bed reactor at ambient 
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Fig 17 Automated pre-column derlvatlzatlon sequence of ammo acids with 
chloroformate (FMOC ) , marketed by Varlan (Sunnyvale, CA, U S A) [ 1881 

9-fluorenylmethyl 
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Fig 18 Automated pre-column derlvatlzatlon scheme for labelhng of ammo acxls with o-phthal- 
dlaldehyde [ 1911 

temperature and using a reactron time of 75 s Slmllar on-hne choral probmg 
has been studied by Nlmura and Kmoshlta [ 1921 

Automated derivatlzatlons can also be performed on-column [ 1931 With 
ammo acids the analyte solution and the premixed reagent solutions are au- 
tomatlcally transferred from two different vials, by an inJectron system, on to 
the column Mixing 1s performed at a flow-rate of 0.02 ml/mm. After a reaction 
time of 1 mm the flow-rate 1s increased to 0 35 ml/mm and the derivatives are 
separated by a gradient programme on a C,, column. Over 100 samples can be 
analysed unattended with this system Another device for m situ pre-column 
derlvatlzatlon allows the direct application of samples and the introduction of 
the whole derlvatlzatlon mixture on to the analytical column [ 1941 This de- 
vice 1s applied for the derivatlzatlon of primary ammes with fluorescamme. 

Recently, phase-transfer catalysis has become an mterestmg method to lm- 
prove the kinetics of derlvatization reactions. Generally such work is done rn 
an off-line mode, but two papers have appeared in which derivatization is per- 
formed on-line, viz , using an autosampler. De Ruiter and co-workers [ 1951961 
reported on the rapid (5 mm) water-drchloromethane two-phase dansylation 
of phenohc steroids with tetrabutylammonium bromide as phase-transfer cat- 
alyst After reaction, an ahquot of the organic phase was transferred on-line to 
the NP-LC system Fluorescence momtormg of the derivatives allowed the 
detection of low-nanogram amounts of the studied steroids (Fig. 19 ). 

Van der Horst and Holthuls [ 1971 used mlcellar transfer catalysis for the 
rapid labelhng of, for instance, valprolc acid and plasma free fatty acids with 
the highly fluorescent label 9-bromomethylacndme. With Arkopal N-130 as 
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Fig 19 LC of dansylated estradlol (E) using on-line phase-transfer catalysis Blank urme sample 
(left) and 50-ml urine samples spiked with 10 ng/ml E (centre and right) LC system C&ace- 
tonitnle-water (35 65) [ 1961 

the surfactant and tetradecylammomum bromide as the catalyst, 10 mm at 
50’ C were sufficient for conversion of the analytes Even with non-deprotem- 
lzed plasma samples, an ahquot of the mlcelle-contammg reaction mixture 
could be introduced directly on-line mto the RP-LC system 



5 1 R-e- and post-column sample treatment 

An efficient chromatographic separation combmed with a powerful mode of 
detection is often not enough to allow the determination of trace-level constit- 
uents In this paper, the potential of post-column reaction detection as a means 
of remedying this deficiency is highlighted One should be aware of the fact, 
however, that on-hne pre-column sample mampulation - other than the re- 
action detection systems discussed above - is a powerful alternative for achiev- 
mg the desired sensitivity and/or selectivity, while mamtaunng the automa- 
tion potential For an exhaustive treatment of on-lure pre-column technology 
for sample clean-up and the enrichment of trace-level analytes, readers should 
consult the pertment chapters m a book by Frei and Zech [ 1981 The recent 
mtroduction, next to the conventional non-selective C8- and C,,-bonded phases, 
of selective pre-column packing materials such as metal-loaded phases [ 1991 
and supports loaded with immobihzed antibodies [ZOO] will often allow the 
analytical chemist a choice between sophisticated pre- and post-column sam- 
ple mampulation This novel development is, perhaps, reflected in the fact that 
LC with direct UV-visible absorption detection is becoming more popular again 
for trace-level analysis For the rest, it should be evident that the combined 
use of on-line pre- and post-column mampulations is an option open when 
solving comphcated problems. Several examples utihzmg this approach are 
summarized m Table 8. 

TABLE 8 

EXAMPLES OF COMBINED ON-LINE PRE- AND POST-COLUMN BIOANALYTICAL 
MANIPULATION IN LIQUID CHROMATOGRAPHY 

Analyte ( s ) 

Amprohum 

Bile acids 

Chloramphemcol 

Peptldes 

Remoxlprlde 

Secoverme 

Vencuromum-type drug 

Procedure” 

Dlalysls, precolumn, LC, oxldatlon, fluorescence 
detection 
Dual precolumn, LC, IMER, chemllummescence 
detection 
Dlalysq precolumn, LC, denvatlzatlon, 
detectlon 
Dlalysls, precolumn, LC, denvatlzatlon, 
fluorescence detection 
AASP, LC, Ion-pair formation, fluorescence 
detection 
Precolumn, LC, Ion-pan formation, fluorescence 
detectIon 
PROSPEKT, LC, ion-pair formation, 
fluorescence detection 

Ref 

205 

250 

251 

252 

125 

221 

115 

‘On-lme pre-column mampulatlon by means of the AASP (Vanan, Sunnyvale, CA, U S A ) or the 
PROSPEKT (Spark Holland, Emmen, The Netherlands) 



6 CONCLUSIONS 

In the last decade, the potential of on-lme post-column reactlon detection 
m LC has become increasingly popular m the blomedlcal and other research 
areas Commercial equipment is starting to become available although, sur- 
prisingly, much less readily than m the area of on-lme pre-column technology 
Additional hardware, such as mixing tees, phase separators and reactor con- 
struction materials, today are of such quahty that extra-column peak broad- 
ening can be kept to a mnnmum, for both conventional-size and microbore LC 
applications 

It is obvious that open-tubular reactors will always remain popular because 
of their easy constructron and slmpllclty Reactor residence times typically 
should not be over about 1 mm but, m view of the many apphcatlons, this 
obviously is not a stringent demand For reactions with slower kmetlcs and, 
more often, when an excess of reagent has to be removed on-lure post-column, 
segmented-stream reactors serve a useful purpose 

Most early reaction detection studies require the use of one, or more, addr- 
tlonal LC pumps for reagent mtroductlon This dlstmctly mcreases the cost 
per analysis and often also affects the sensltlvlty because of mcreased noise 
One posslbillty for circumventmg the above problem 1s the use of, e.g , electro- 
chemical, photochemlcal or thermo-nutlated reactor systems, where electrons, 
photons and heat are the only ‘reagents’ used In actual practice, the first two 
alternatives are often found to have excellent selectivity Another option is the 
utlhzatlon of hollow-fibre membrane reactors, which possess a wide range of 
posslbllltles for simple reagent mtroductlon They certainly should be studied 
m more detail in the future 

The on-line mtroductlon of an SPR is another way to set up a pumpless 
reaction detectron system, with the parallel-column approach as an rmagma- 
tive alternative Stolchlometrlc solid-phase reactions certainly are useful, but 
systems based on heterogeneous catalysis and, notably, IMERs attract much 
more attention, and rightly so The inherent sensltlvlty and selectrvlty of the 
latter type of reactors, especially rf combmed with chemllummescence or laser- 
Induced fluorescence detectron [ 2011, should not be underestimated It should 
be a favoured research area m years to come 

On-line and semi-on-line pre-column derlvatrzatlon or analytlcal conver- 
sion is gradually becommg a worthwhile alternative to post-column tech- 
mques. So far, attention has been vu-tually restrrcted to the determmatlon of 
ammo acids m varrous matrrces, but the potential of the approach is, of course, 
much wider In this field, pre-column derlvatxzatron with choral agents to allow 
the separation of the (labelled) enantiomers on the conventional LC column 
1s an area of much interest 

As regards the detection step proper, m most instances this IS done by means 
of fluorescence momtormg In the near future, the emphasis on luminescence 
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detection will probably remam unaltered, especially if laser-induced fluores- 
cence becomes a more reliable and less expensive tool. This does not imply that 
other modes of detection will become superfluous On the contrary, and to 
name only a few, UV-visible absorbance because of its simplicity, electrochem- 
ical detection because of its selectivity and mass spectrometry because of its 
identification power will all remain of interest. As a final demonstration of this 
statement and of the great versatility of post-column reaction detection, even 
radioactivity momtormg has recently been applied m a reaction detection sys- 
tem. One example is the determmation of 14C-labelled urapidil and its metab- 
olites m rat plasma [ 2021. After RP-LC, a water-immiscible liquid scmtillator 
was mixed with the LC effluent and, subsequently, the radiolabelled analytes 
were extracted into the scmtillator plugs and led on-lure through the radioac- 
tivity detector 

Finally, one may state that, m prmciple, the mam advantage of post-column 
reactors over pre-column systems is the fact that they can be easily automated. 
Automation as such is an important parameter as the accuracy and precision 
can be improved significantly m this way However, nowadays various denv- 
atization and related reaction detection techniques can also be introduced as 
automated pre-column procedures usmg programmable autosamplers and auto- 
mJectors For the rest, the power inherent m systems combmmg automated 
pre- and post-column mampulation has already been discussed m Section 5 1. 

7 SUMMARY 

The mcreasmg interest m the rapid trace analysis of large series of biomed- 
ical samples using column hquid chromatographic techmques requires the use 
of well balanced combinations of sample pretreatment, separation and detec- 
tion techniques In such work, selectivity, sensitivity and reproducibihty are 
the key parameters. The apphcation of automated or semi-automated on-line 
pre-column technology and/or post-column reaction detection are excellent 
ways to meet these requirements 

A critical review is presented of the theoretical background of on-line post- 
column reactors with emphasis on their categorization, viz, open-tubular, 
packed-bed, segmented-stream and hollow-fibre membrane reactors The eval- 
uation of these reactor systems is performed by discussmg selected apphca- 
tions of, for instance, systems based on electrochemical and redox, hydrolytic, 
photochemical, ion-pairmg, true chemical derivatizatlon, peroxyoxalate che- 
milummescence and sohd-phase reactions 

As automation is becoming even more important, a number of labelhng pro- 
cedures, which can be performed m an on-lme pre-column mode, are briefly 
discussed and a comparison is made between the potential of on-lure pre- and 
post-column procedures. 
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