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SUMMARY 

Improvement of separation in column liquid chromatogra

phy can be accomplished by increasing either the selec

tivity or the efficiency. The achievement of large selec

tivity factors is fundamentally of greater importance in 

liquid chromatography. However, the optimation of selec

tivity in practice is of limited value when the samples 

to be analyzed are getting more and more complex. 

In Part II the use of selective phase systems is 

demonstrated for the analysis of extracts from biological 

material: cortisol and tricyclic antidepressants in human 

plasma. 

A quantitative assay of cortisol in human plasma by 

modern liquid chromatography using a selective p-nitro

aniline modified silicagel is described. The extraction 

and subsequent chromatographic analysis is optimized, 

resulting in a recovery for cortisol of 96% and a minimum 

detectable amount of 1 ng cortisol respectively. The 

specificity of the method was tested by field desorption 

mass spectrometry. Quantitative analysis of cortisol in 

human plasma by liquid chromatography is compared with a 

number of very specific and sensitive techniques: two 

fluorometric assays, competitive protein binding and 

three radio irnmuno techniques. The radio irnmuno assay 

methods offer the best prospects on routine basis for 

laboratories equipped for radioactive tracers, while 

liquid chromatography gives a good alternative •. 

A liquid chromatographic system with high separation 

efficiency for the analysis of tricyclic antidepressants 

is obtained with eluents consisting of mixtures of ethyl 

acetate, n-hexane and methylamine on a silicagel column. 

The retention behaviour of the components is regulated by 

varying the concentration of n-hexane, the modifier 

methylamine and the water content of ethyl acetate. 

In complex samples often the combination of optimal 

selectivity and maximum efficiency is still insufficient 
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to enable complete separation by high performance liquid 

chromatography. The use of selective detection methods 

is imperative to perform analysis. Part III deals with 

this subject. The sensitivity and selectivity of detection 

for many classes of compounds by standard liquid chroma

tographic detection devices such as photometers, fluoro
meters and coulometric cells can be improved substantially 

by coupling the exit of the chromatographic column to a 

chemical reaction system. This can be carried out by 

continuously adding a suitable reagent to the column 

effluent and continuously monitoring the reaction mixture. 

It is shown in the present study that additional band

broadening and the consequent loss of resolution can be 

reduced to an acceptable level by careful design of the 

reaction system. 

Two types of reactors are studied: open tubular reactors 

and packed bed reactors (packed with non-porous spherical 

glass beads). Performance and characteristics of these 

reactors are evaluated and rules are given for their 

optimum design. 

The main mechanisms of dispersion in a packed bed are 

molecular diffusion and mixing arising fromstreamsplitting, 

generally termed eddy diffusion. This eddy diffusion is 

mainly determined by geometry parameters; the estimation 
of these geometry parameters is of the utmost importance 

forthe prediction of band-broadening and consequently in 

the design of packed bed reactors. A suitable choice of 

reactor length and particle size of the glass beads should 

be made for a given combination of reaction time and 
allowable additional band-broadening in the reactor. 

Another restr±ction in practice is the maximal allowable 

pressure drop over the reactor. Favourable conditions 

are found near the minimum of the pressure drop vs particle 
size curve (for constant values of the residence time and 

the additional band-broadening in the reactor), giving 

acceptable reactor lengths. 

Axial dispersion in a helically coiled tube is smaller 

than in a straight tube, because of a secondary flow, 
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perpendicular to the main direction of flow. The ratio of 

the dispersion coefficient in a helix and the dispersion 

coefficient in a straight tube is related to the dimension

less group DnSc~ by a single curve. This relation enables 

the prediction of band-broadening in coiled tubular reac

tors. Similar as in packed bed reactors a suitable choice 

of the internal diameter,length and coiling ratio should 

be made to obtain the fixed reaction time and not to exceed 

the allowable extra band-broadening and pressure drop. 

It appears that little additional band-broadening will be 

obtained for narrow bore tubes. The coiling ratio,defined 

as the ratio of the diameter of the coil and the internal 

diameter of the tube, is to be kept small too. 

Selection criteria for a reactor type depend on the 

speed and the complexity of the reactions involved. It 

appears that for fast reactions (residence time < 5 min 

packed bed reactors give the lowest additional band-broa

dening, whereas the axial dispersion in helically coiled 

open tubes is relatively large. Therefore open tubular 

reactors should only be selected when packed reactors 

can not be used because of the reaction conditions. 

For slow reactions (residence time > 5 min ) neither glass 

bead columns nor helically coiled tubes can be used, 

without accepting large values for the extra-column 

peak-broadening; then gas-segmented liquid flow reactors 

should be considered. 

The use of a packed bed reactor in combination with a 

colorimetric detection system is described for the analysis 

of hydroperoxides. Another application described of this 

reactor type is the derivatization of amino-acids to 

fluorescent products by reaction with o-phthalaldehyde. 

A coiled tubular reactor is described which enables the 

electro chemical detection of reducing sugars. 

Data on band-broadening and minimum detectable amounts 

are listed for the reaction systems described above. 
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SAMENVATTING 

Verbetering van scheidingen in de vloeistofchromato

grafie kan verkregen worden door verhoging van de selec

tiviteit of van de efficiency. Het streven naar grotere 

selectiviteitsfactoren is echter fundamenteel van groter 

belang. De optimalisering van selectiviteit is echter in 

de practijk beperkt wanneer de te analyseren monsters 

complexer van aard zijn. 

In deel II worden selectieve fasen systemen beschreven 

voor de analyse van stoffen uit extracten van biologisch 

materiaal; cortisol en tricyclische antidepressiva inplasma. 

1 Een kwanti tatieve bepalings methode van 
cortisol,in mertselijk plasma wordt beschreven met moderne 

vloeistofchromatografie met behulp van een selective 

chemisch gebonden stationaire fase, p-nitroaniline op 

silicagel. De extractie en chromatografische analyse is 

geoptimaliseerd en resulteert respectievelijk in een 

recovery voor cortisol van 96% en een minimaal aantoonbare 

hoeveelheid van 1 ng cortisol. De specificiteit van de 

methode is getest met veld desorptie massaspectrometrie. 

De kwantitatieve analyse van cortisol met vloeistofchro

matografie is vergeleken met een aantal zeer specifieke 

en gevoelige bepalingsmethoden; twee fluorometrische 

technieken, drie radio immuno assays en competitive 

protein binding·. De radio immuno assays bieden goede 

perspectieven voor routine analyses in laboratoria, 

uitgerust voor bepalingen met radioactief materiaal, terwijl 

vloeistofchromatografie een goed alternatief is. 

Een vloeistofchromatografisch systeem met een hoog 

scheidend vermogen voor de analyse van tricyclische 

antidepressiva wordt verkregen. met eluenten bestaande uit 

ethylacetaat, n-hexaan en methylamine op een silicagel kolom. 

Het retentie gedrag van de komponenten wordt geregeld door 

de concentratie van n-hexaan, methylamine en het water 

gehalte van ethylacetaat. 

Voor complexe monsters is de combinatie van optimale 
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selectiviteit en maximale efficiency vaak nog onvoldoende 

om volledige scheiding te bewerkstelligen. Het gebruik van 

selectieve detectie methoden kan dan noodzakelijk zijn. 

In deel III wordt dit beschreven. De gevoeligheid en 

selectiviteit van de detectie van vele stofklassen door 

standaard vloeistofchromatografische detectoren, zoals 

spectrofotometers, fluorometers en coulometrische cellen, 

kan aanzienlijk verbeterd worden door de uitgang van de 

chromatografische kolom te koppelen aan een chemisch 

reactie systeem. Dit wordt practisch uitgevoerd door 

continu een reagens aan het kolom effluent toe te voegen 

en voortdurend het reactiemengsel door de detector te leiden. 

In dit proefschrift wordt aangetoond dat additionele 

piekverbreding in de reactor en het resulterende verlies 

in scheidend vermogen tot een acceptabel niveau beperkt 
kan blijven door een geschikt ontwerp van het reactie systeem. 

Twee typen reactoren worden beschreven:· 
buis reactoren en gepakte reactoren (gepakt met niet
poreuze inerte glasbollen). Karakteristieke eigen

schappen van deze reactoren worden geevalueerd en vuist

regels voor een optimaal ontwerp worden gepresenteerd. 

De dispersie mechanismen in een gepakt bed zijn 
moleculaire diffusie en convectieve menging, meestal 

eddy diffusie genaamd. Deze eddy diffusie wordt hoofdzake

lijk bepaald door geometrie parameters; de afschatting van 

deze geometrie parameters is van groot belang voor de 

beschrijving van piekverbreding en dus voor het ontwerp 

van gepakte reactoren. 

Een geschikte keuze van reactor lengte en deeltjesgrootte 

van de glasbollen moet worden gemaakt voor een bepaalde 

combinatie van reactietijd en toegestane extra piekver

breding in de reactor. Een extra restrictie in de practijk 

is de maximaal toelaatbare drukval over de reactor. 

Geschikte condities worden gevonden in het minimum van de 

drukval-deeltjesgrootte curve (bij constante waarde van 

de verblijftijd en de additionele piekverbreding in de 
reactor), waarbij acceptabele reactorlengtes verkregen 

worden. 
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Vanwege een secundaire stroomis de axiale dispersie in 
een schroefvormig gekromde bu!s kleiner dan in een rechte 

Het quotient van de d!spersiecoefficient in een 

helix en de dispersiecoeff!c!ent in een rechte buis is 

gerelateerd aan de dimens!eloze groep DnSc~ door een 

enkele curve. Deze relatie maakt het mogelijk de p!ek

verbred!ng in een gekromde buis reactor te voorspellen. 

Zoals b!j gepakte reactoren d!ent een geschikte keuze voor 

de 1nwend1ge diameter, lengte en krommingsgraad gemaakt te 

warden, om een bepaalde react!et!jd te verkrijgen en de 

maximaal toegestane piekverbreding en drukval n!et te 

overschr!jden. We!nig piekverbreding wordt verkregen voor 

buizen met een kle!ne inwendige diameter en een hoge 

krommingsgraad. 

Criteria voor de keuze voor een reactortype hangen 

samen met de reactie snelheid en de complexheid van de 

betreffende reactie. Het blijkt dat voor snelle reacties 

(verblijftijden kleiner dan 5 m!n) gepakte bedden de 

kleinste add!tionele p!ekverbred!ng geven, terwijl de 

ax!ale d!spers!e in schroefvormig gekromde bu!zen relat!ef 

groat is. Daarom d!enen buisreactoren alleen dan gekozen 

te warden, wanneer gebruik van gepakte reactoren door de 

reactie condit!es onmogelijk is. Voor langzame react!es 

(verbl!jftijden grater dan 5 min) zijn noch gepakte reac

toren noch buisreactoren geschikt, tenz!j hoge waarden 

voor de extra piekverbreding acceptabel zijn1 in die 

gevallen kunnen gas-gesegmenteerde vloeistof stromen in 

overweging genomen warden. 

Het gebruik van een gepakte reactor in combinat!e met 

een colorimetrisch detectiesysteem wordt beschreven voor de 

analyse van hydroperoxiden. Tevens wordt de derivatisering 

van aminozuren tot fluorescerende producten in een gepakte 

reactor door een react!e met o-ftaalaldehyde beschreven. 

Een buisreactor wordt gebruikt om de electochemische 

detectie van reducerende sulkers mogelijk te maken. Gege

vens over piekverbreding en minimaal aantoonbare hoeveel

heden voor de genoemde reactie systemen warden vermeld. 
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PART I 

INTRODUCTION 
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It is well established that by any standard the 

analytical technique of chromatography is one of the most 

powerful that has ever been developed. The isolation of 

species from complex mixtures requires such efficient 

separation methods. During the last two decades column 

liquid chromatography 1
-

8 has developed into a position 

where it can offer highly efficient and fast separations 

comparable to those of gas chromatography, although the 
capability of capillary gas chromatography has not yet be.en 

reached. 
The most recent developments in column liquid chroma-

tography have been made in the direction of faster sepa

rations, optimization of column design and operating 

parameters, improvement of the quantitative aspects of the 

technique and more sensitive and specific detectors. 

The ability of any chromatographic technique to perform 

separations is expressed in the resolution R. The resolu

tion is a measure of separation of two adjacent peaks and 

is defined as: 

(I.l) 

where AtR = tR 2 - tR 1is difference of retention time of 
I I 

peak 1 and peak 2 and at,l and at, 2 are the standard 

deviations of the elution functions in time units and 
0 t 1 

n = --'-. 
0 t,2 

Assuming equal band widths (n=l) a relationship can be 

derived between resolution and three fundamental chroma

tographic parameters: 

- 1 
(I. 2) 

As can be seen from Equation (I.2) the resolution depends 

upon both the selectivity r and the efficiency N of the 

chromatographic system and on the capacity factor k. 

The former is expressed in terms of the selectivity 

factor, r, defined as: 
21 



(I.3) 

where k1 and k2 are respectively the capacity factors of 

the components 1 and 2. The capacity factor, k, is the 
ratio of the times spent by a compound in respectively 

the stationary and the mobile phase. The ratio of the 

concentrations of a component in mobile and stationary 

phase is defined as the distribution coefficient K. More 

fundamentally, r is equal to the ratio of distribution 

coefficients. Column efficiency is generally expressed as 

the theoretical plate number N, defined as: 

N 
t 2 
(~) (I.4) 

or the related quantity height equivalent to a theoretical 

plate, H, defined as: 

H = L 
N 

where L is the column length. 

(1.5) 

While both selectivity and efficiency are important, 

achievement of large selectivity factors is fundamentally 

more critical in liquid chromatography. The equation for 

the resolution shows that the degree of separation of two 

peaks increases with N~. Broadly, the number of plates 

depends on operating conditions such as eluent flow-rate, 

packing particle size, stationary phase loading and so 
f 

forth, in short on the dynamics of the system. In liquid 

chromatography the number of theoretical plates that can 

be obtained is limited to ·about 30,000 (for a 50 cm column) 

whereas in gas chromatography up to 500,000 plates (for a 

150 m open .tubular column) are reported. 

The second parameter in Equation (I.2) which determines 
resolution is the capacity factor for a component. The 
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resolution improves as k increases until, at larger values 

of ~the factor k!l goes to unity and therefore no longer 
plays a role in resolution. A consequence of large k values 

is a large analysis time. In high speed analysis k is small 

and the factor k!l must be considered. A compromise between 

analysis time and resolution must obviously be made, that 

is, tpere is an optimal k value (k = 2) 9 • 

Relative retention, or the selectivity factor, r 2 , 1 , on 

the other hand, is an equilibrium property of a specific 

system, independent of all its extensive properties. 

Basically, to increase r, it is necessary to change one of 

the chromatographic phases at least, so as to improve the 

selectivity of the system. In contrast to gas chromatogra

ph~ where interactions in the gas phase are negligible, in 

liquid chromatography r is determined by the composition 

of both the stationary as well as the mobile phase. A main 

goal of research in liquid chromatography is the selection 

of appropriate phase systems for a given separation problem. 

In liquid liquid chromatography (LLC) selectivity is 

determined by the relative solubility of the solutes in the 

two immiscible phases, which are usually prepared from 

binary or ternary liquid-liquid systems. Secondary effects 

on retention are caused by the support. Two variations 

exist in LLC. In straight phase LLC the most polar phase 

is used as stationary liquid and in reversed phase LLC the 

most apolar phase is the stationary one. 

In liquid solid chromatography (LSC) the same phase 

variation is possible. Using a polar support and an un

polar solvent, selectivity is governed by the relative 

strength of interactions between the solute molecules and 

the surface of the support. In reversed phase LSC, how

ever, using an unpolar support and a polar solvent, these 

interactions are very weak and r is mainly determined by 

the solubility of the solutes in the mobile phase. This 

last mode of operation is commonly performed on chemically 

bonded stationary phases. In LSC the mobile phase is in 

selective competition with solute molecules for adsorption 

sites on the adsorbent. 
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In ion exchange chromatography (IEC) r depends on a set 

of parameters such as the type of ion-exchange matrix, its 

poor structure and its degree of crosslinking, respective

ly the type, surface concentration and distribution of 

functional groups, the type of the eluent ion, its concen

tration, the ionic strength and pH-value of the eluent, 

the temperature. 

Selectivity in ion pair chromatography (IPC) is con

trolled not only by the volume ratio of the two phases and 

the temperature, but also by the type and concentration of 

the counter ion, the type and composition of the org'anic 

mobile phase, the ion strength of the aqueous statio'nary 

phase in straight phase chromatography and the pH of1 this 

aqueous phase. Ion pair chromatography can also be perfor

med in a reversed phase and in an adsorption mode. 

Improvement of selectivity in general is limited when 

the samples to be analysed are getting more and more 
complex. Some additional selectivity is obtained by' 

extraction procedures of the sample. Finally the situation 

is reached where improvement of chromatographic selectivi

ty of one solute pair results in a decrease of selectivity 

of an other pair of components. Then increase of the 

efficiency of the separation column is the only way to 

improve separation. The major reason why classical liquid 

chromatography has been so successful was the sufficiently 

high values of r, but it was dealing with relatively simple 

separation problems. 

Within the last decades, there has been a revival of 

interest in liquid chromatography, resulting primarily 

from the theoretical understanding of gas chromatography, 

which have greatly speeded up separations and improved 

the efficiency of the columns. If the combination of the 

advantages of high r values with high efficiencies is 

still insufficient, the only possibility for analysis left, 
is the use of selective detectors. 

An extremely selective detection method is based on 

reaction detection. The reaction is performed on line in 

a flow reactor in front of the detection device. Such a 
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reaction detector generally also has the advantage of 

decreasing the detection limits. 

In Part II the improvement of chromatographic selecti

vity is demonstrated for extracts from biological material; 

cortisol in plasma and tricyclic antidepressant drugs in 

plasma. Also a comparison is made with very selective and 

sensitive determination methods (radio immuno assay (RIA) , 
competitive protein binding (CPB and fluorometry), which 

determine directly in the bulk without prior profiling the 

mixture by means of a chromatographic separation procedure. 

This comparison is made with respect to quantitative 

analysis. 

In Part III the performance and characteristics of 

packed bed reactors and tubular reactors are discussed. 

Rules for optimum design are given and some chromatogra

phic applications of flow reactors are shown. 
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PART 11 

IMPROVEMENT OF CHROMATOGRAPHIC 
SELECTIVITY - APPLICATION TO THE 
ANALYSIS OF SAMPLES OF 
BIOLOGICAL ORIGIN 



Parts have already been published elsewhere: 

J.H.M. van den Berg, Ch.R. Mol, R.S. Deelder, J.H.H. 
Thijssen, "A quantitative assay of cortisol in human plasma 
by high performance liquid chromatography using a selective 
chemically bonded stationary phase", 
Clin. Chim. Acta, 2! (1977) 165. 

J.H.H. Thijssen, J.H.M. van den Berg, H. Adlercreutz, 
"The determination of cortisol in human plasma. Evaiuation 
and comparison of seven assays". Submitted for publication 
in Clin. Chim. Acta. 

J.H.M. van den Berg, J. Milley, N. Vonk, R.S. Deelder, 
"Mechanisms of separation using the ternary mixture 
dichloromethane-ethanol-water in high performance liquid 
chromatography", J. Chromatogr., 132 (1977) 421. 

J.H.M. van den Berg, H.J.J.M. de Ruwe, R.S. Deelder, 
Th.A. Plomp, "Column liquid chromatography of tricyclic 
antidepressants", J. Chromatogr., 138 (1977) 431. 
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1. A selective chemically bonded stationary phase for the 

quantitative assay of cortisol in human plasma. 

1.1 Introduction. 

Adequate information concerning the function of 

steroid-producing endocrine organs and the interaction of 

the hypothalamic-hypophyseal system with these organs can 

be derived from estimations in urine and in plasma. 

Steroid analyses are applied regularly during diagnosis 

and control of therapy in cases of hypo-, hyper-, and 

dysfunctions of the adrenal cortex and the gonads. 

A determination of corticosteroids in human plasma, 

demands that specificity is combined with high sensitivity. 

For single components these conditions can be fulfilled by 

very specific, analytical methods like radio immune assay 

(RIA) 1 competitive protein binding (CPB) and to some 

extent by fluorometry. A comparative study will be given 

in Section II.l.5. lilhen different steroids have to be 

determined in one run, separation of the complex mixture 

prior to detection is a necessity. Chromatography is the 

separation method of choice. In this study high performan

ce liquid chromatography is selected for the analysis of 

cortisol in plasma. The presence of synthetic steroids 

like dexamethasone, used in diagnosis and therapy, should 

not interfere during the analysis. Chromatographic para

meters and extraction methods should be optimized to 

determine low concentrations (about 0.28 ~mole cortisol is 

present in 1000 ml plasma) with reasonable reliability. 

In addition it is desirable not to overburden the patient 

by requiring a large amount of blood. 

1.2 Separations of corticosteroids by column liquid 

chromatography. 

For test mixtures of corticosteroids Fitzpatrick et al. 
10 described pre-column benzoylation of the non-UV-absor

bing hydroxy steroids. This aim was the improvement of 
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detection-selectivity and detection-sensitivity for these 

compounds. Henry et aL. 11 proposed the use of 2,4 dinitro

phenylhydrazones as derivatives. This derivative may be 

used as an alternative to benzoate esters. 

\vith respect to chromatographic selectivity several 

investigations were performed on test mixtures. Liquid

liquid partition mechanisms were studied in order to find 

a method for the prediction of partition coefficients 12
•

13
• 

Tymes 14 reported the reversed phase chromatography of 

steroids and gave retention data on 28 corticoids and 

related steroid analogs on a chemically bonded phase. 

In addition to the literature cited above, numerous 

papers on the subject of separations of corticosteroids 

by high performance liquid chromatography appeared. 

Only a limited number dealt with the quantitative analysis 

of cortisol in plasma. Meijers et al. 15 used liquid liquid 

chromatography for the analysis of cortisol but at that 

time efficient columns were not available, so separation 

and detection limit were not optimal. A practical dis

advantage of this method is the low solubility of cortico

steroids in the mobile phase. Further, the high value of 

the partition coefficients required the use of packing 

materials of low specific area. Hesse and Hovermann 1 6 

used an apolar layer of a ternary mixture of dichloro

methane, ethanol and water as the eluent in a number of 

separation problems. In particular, they described a 

method for the determination of some corticosteroids in 

plasma, this eluent being a good solvent for cortico

steroids17•18. It is assumed that a conjugated phase 

is deposited on the packing and that separations are 

based on partition between the apolar eluent and the polar 

conjugated phase in the pore system of the support (phase 

systems corresponding to points on the binodal curve of 

the phase diagram, see Figure II.l). For the chromato

graphic determination of cortisol in serum, it was decided 

to evaluate this method. However, columns were found to 

be unstable and a gradual decrease in the capacity ratios 

was observed by van den Berg et al. 19
• 
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Similar negative results were obtained by Parris 20
• Good 

and stable separation conditions 19 r 181 , however, could be ob
tained by working under adsorption chromatographic condi

tions. Therefore eluents were applied corresponding to 

points outside the miscibility gap of the three solvents 

(region 1 of Figure II.l). Efficient separations of test 

mixtures of steroids 19 were obtained as shown in Figure 
II. 2. 

Cl9 

Cf¥:12 C19 QB 07 06 05 OA 03 02 0J "2fJ 
....... XCHzClz 

Figure II.l. Phase diagram for the ternary system diehlo

romethane-ethanol-~ater at ambient temperature. 

In 1973 Touchstone and Wortmann 21 described the first 

liquid solid chromatographic assay of cortisol in plasma. 

Recently Loo et al. 22 and Schwedt et al. 23 reported on 

such systems. 

Chemically bonded phases have not got the disadvantages 

as mentioned above. Wortmann et al. 24 used a reversed 

phase chromatographic procedure. Therefore it seemed use

ful to develop a liquid chromatograhic assay of cortisol 

in human plasma using a selective chemically bonded 

stationary phase on silica. 

In our laboratory silicagel (LiChrosorb SI 60, Merck, 

Darmstadt, GFR) was chemically modified according to a 

method described by Brust et al. 25
• Irregular silica, with 

a mean particle diameter of 5 ~m, was chlorinated by 
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thionylchloride. The product was dried and subjected to a 

reaction with para-nitroaniline. This slightly polar 

packing proved to be selective for steroid analysis and 

further investigations on plasma level were performed. 

4 

2 

3 I 0,01 AU 

5 6 

9 
7 8 

TIME,mm-

Figure II.2. Chromatogram of a test mixture of steroids. 

Conditions: column, stainless-steel 316,300 x 4.6 mm I.D.; 

adsorbent, LiChrosorb SI 60, dp = 5 ~m; mobile phase, 

Xd· hl th = 0.940, X th l 0.050, X t = 0.010. 
~c orome ane e ano 3~a er 

(x =mole fraction); voZumeflo~-rate, 1.5 am /min; u = 0.2 

am/s; UV detection at 240 nm, 0.1 a.u.f.s. Peaks: 1 = 

monoahZorobenzene; 2 progesterone; 3 11-desoxycortiao-

sterone; 4 = testosterone; 5 corticosterone; 6 = corti

sone; 7 = dexamethasone; 8 = cortisol; 9 = prednisolone. 

During these investigations a similar packing material 

became commercially available. Nucleosil N02 (Machery and 

Nagel, Dueren, GFR), a chemically modified spherical 

silica, was preferred in the later experiments. 

The separation was optimized with a test mixture by 

varying the mobile phase composition in such a way that 

the capacity ratio of cortisol was about 5. Cortisol is 

separated from other substituents in the plasma extract 

without the loss of to much sensitivity. The selectivity 

of the chosen phase system, Nucleosil No2 and modified 

adsorbent and dichJ,oromethane-2-propanol- water (97.5: 

2.3: 0.2, v/v) as eluent is given in Table II.l. 
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It is practicable to perform analyses of cortisol 

without interference by dexamethasone. Prednisolone can be 

used as internal standard. 

Recently it has been shown that spherical as well as 

irregular particles can be packed regularly to obtain 

efficient and reproducible columns with a balanced-density

slurry packing procedure. Short elution times and low 

heights equivalent to a theoretical plate have been 

achieved. Our columns gave plate heights of 30 vm for 

cortisol and prednisolone. 

Table II.l. Capacity ratios on NucZeosiZ N0 2 and p-nitro

aniZine modified LiChrosorb SI 60. Mobile phase: dichZoro

methane-2-propanoZ- water (97.5 : 2.3 : 0.2, v/v). 

Compound Modified silica Nucleosil N02 
k rx,cortisol k rx,cortisol 

11-Desoxycorticosterone 0.37 0.07 0.2 0.04 

Testosterone 0.86 0.15 0.3 0.06 

Corticosterone 1. 78 0.31 1.04 0.21 

Cortisone 2.53 0.44 2.14 0.44 

Cortisol 5.73 1 4.88 1 

Dexamethasone 5.15 0.90 8.06 1. 65 

Prednisolone 8.95 1. 56 8.84 1.81 

1.3 Experimental. 

Equipment. 

A liquid chromatograph (model 771, Kipp & Zn., Delft, 

The Netherlands) was used in this study. A variable wave

length UV detector (type PM2D LC, Zeiss, Oberkochen, GFR) 

was operated at 240 nm. Column and detector cell were 

thermostatted at ambient temperature by a circulating 

liquid. 

In addition a liquid chromatograph (type 8500, 

Varian, Palo Alto, USA.), equipped with an injection valve 
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(type HPSV 20, Spectra Physics, Berkeley, USA.), and an 

UV detector (type Variscan,Varian) was used. Columns were 

filled by the balanced-density-slurry method 121
- 123 • 

ChemiaaZs. 

Dichloromethane, 2-propanol and ethanol, all p.a. 

grade were purchased from Merck. 

Sodium hydroxide solutions of 0.25 M were prepared. 

Standard samples of cortisol and prednisolone were 

prepared in ethanol at a concentration of 10 ~g/ml. 

Dichloromethane for the extraction of the plasma 

samples was cleaned over an Al2o3 column (Woelm, Eschwege, 

GFR., basic, activity grade I). 

Extraction proaeduPe. 

The extraction of corticosteroids from plasma was 

carried out with dichloromethane, which was washed over 

Al 2o3 • 

To 1 ml plasma 7 ml dichloromethane was added and 20 ~1 

internal standard (corresponding to 200 ng prednisolone) . 

At the same time 0.1 ml 0.25 M NaOH solution was added 

to exclude phenolic contaminations from the extract 2 6
• 

This mixture was stirred for 30 s; in a vortex mixer. 
Then the water phase was separated by centrifugation 
(1000 g). 

5 ml of the aliquot is transferred and evaporated to 

dryness under warm nitrogen gas (40°C.). The residue is 

dissolved in 100 ~1 eluent. 

After 10 min in an ultrasonic bath the sample was 

homogeneous and could be injected into the liquid chroma

tograph (60 ~1). The value of the injection volume is 

restricted because of the contribution to peak-broadening 

should not exceed certain limits. On the other hand, the 

injection volume should be large to ensure a minimal di

lution, as it has been pointed out by several workers 27
•

28 

(see also Section III.1.4). 
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1.4 Results and discussion. 

Extraetion reaovery. 
Extraction procedures were performed with ethyl 

acetate, diethyl ether and dichloromethane as solvents. 

The extraction was judged by means of measuring recovery 

of cortisol and prednisolone. Cortisol was quantitated by 

measuring peak heights and correcting against the internal 

standard. Calibration curves without the extraction proce

dure were determined with test mixtures; calibration 

curves including an extraction step with 1 ml pool-plasma 

samples to which increasing amounts of cortisol and pred

nisolone were added, were also determined. The ratio of 

the slopes of the calibration curves with and without 

extraction gives the recovery. Table II.2 presents the 

recovery of cortisol and prednisolone for the solvents 

mentioned. From these results it is apparent that the 

extraction with dichloromethane is to be preferred. 

Figure II.3 gives the calibration curves for cortisol and 

prednisolone in standard mixtures and plasma samples for 

the extraction with dichloromethane. 

Washing with sodium hydroxide has no significant 

influence on recovery, but the purity of the sample is 

increased19 • 

Table II.2. Reeovery of aortisol and prednisolone for 

some solvents. 

Solvent Recovery cortisol .Recovery prednisolone 

Ethyl acetate 

Diethyl ether 

Dichloromethane 

% 

89 

78 

96 

% 

82 

72 

93 

Figures II.4 and II.S show the chromatograms obtained 

with the Nucleosil N02 and nitroaniline-modified silicagel, 
respectively. 
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INJECTED AMOUNT CORTISOL, 
ng-

20 

Figure II.3. Calibration aurves. 0, aortisol test mi~tuves; 

e, aovtisol e~tvaated from plasma; D, prednisolone test 

mixtures; •• prednisolone added to plasma and extvaated 

from plasma. 

RepeatabiZity. 

The precision of the method has been determined by the 

mean standard deviation per point of duplicate measure

ments. For each determination the whole procedure consis

ting of extraction and chromatographic analysis was 

carried out. 23 duplicate measurements gave a relative 

standard deviation of 3.3% (Table II.3l. 

Biological spreading of the cortisol content in plasma 

has been eliminated in ti1is way. 
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Table II.3. Plasma cortisol values in duplo of some 

randomly selected patients. 

Subject Plasma-cortisol, 

jJmole/1 

1 0.330 0.358 

2 0.338 0. 371 

3 0.594 0.619 

4 0. 671 0.660 

5 0.567 0. 602 

6 0.638 0.630 

7 0.792 o. 770 

8 0.402 0. 429 

9 0.424 0.424 

10 0.457 0.402 

11 0.968 0.993 

12 0.487 0.473 

13 0.616 0.622 

14 0.399 0.382 

15 0.385 0,366 

16 0.264 0.261 

17 0.558 0.578 

18 0.550 0. 572 

19 0.413 0.396 

20 0.314 0. 294 

21 0.644 0.663 

22 0.272 0.259 

23 0.349 0.338 

Mean 0.498 JJmole/1; mean standard deviation per point 0.017 

JJmole/1; number of duplicates 23. 
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Figure 11.4. Chromatogram of plasma sample. Column: 200 x 

4.6 mm I.D.; Nueleosil N0 2; dp = 5 ~m. Eluent: diahloro

methane-2-propanol- water (97.5:2.3:0.2, v/v); flow-rate 

1.15 ml/min. Detection: UV 240 nm. 

Confirmation of the identity. 

To show the selectivity of the liquid chromatographic 

method a chromatogram of a plasma of a patient treated 
with dexamethasone was made. Figure 11.6 shows the result; 

the cortisol content is decreased drastically by this 

treatment to 0. 069 jlmole cortisol./1 plasma. 
Figure 11.7 demonstrates the results that can be ob

tained by the off-line coupling of liquid chromatography 

and field desorption-mass spectrometry (FD-MS). 

The cortisol was collected as it eluted from the liquid 

chromatographic column and the wire emitter was submerged 

in the solution, containing 10-5 g cortisol/m!. The FD-MS 

of cortisol confirms the identification of the peak in the 

chromatogram of a plasma extract. 
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Figure II.5. Chromatogram of pZasma sample: A, without 

addition of internal standard; B, with addition of inter

nal standard. Column: 220 x 2.1 mm I.D.; modified LiChro

sorb SI 60; dp = 5 um. Eluent: diahloromethane~2-propanol

water (97.5:2.3:0.2, v/v); flow-rate:25 ml/h. Deteation: 

UV 240 nm. Sample: C = aortisol; P prednisolone. 

39 



p 

I 0.01AU 

20 
TIME, min ---

Figure II. 6. Chr>omatogram of a plaema eample of a patient 

treated with de~amethasone. Conditions see Figure II.5. 

30 

.. 

Figure II.7. Field deso~ption-mass spectrum of cortisol. 

Equipment: Var>ian Mat 711; Emitter 10 ~m heated by a 

current of 15 mA; sour>ce temper>ature 75°C. 

The FD-MS e~per>iment is performed by Dr. J. van der Greef~ 

University of Amster>dam. 
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1.5 The determination of cortisol in human plasma. 

Evaluation and comparison of seven assays. 

1.5.1 Introduction. 
For the estimation of cortisol concentrations in 

plasma many different methods have been published, in 

which fluorometry, colorimetry, double isotope derivative, 

competitive protein binding and radio immuno techniques 

were used. Since it is not easy to evaluate the practi

bility of all these techniques and only a limited number 

of comparative studies 29 - 3 ~ are available a study was 

undertaken to compare a number of clinical useful assays. 

Here comparison on seven different assays will be des

cribed. Three of these do not rely on the use of radio

activity and four are using radioactive cortisol. 

The methods which were compared consisted of: 

I1ethod 1: Fluorometric method. The technique as recommen

ded by a Working Party of the British Medical 

Research Council was used as described previous
lyas,a6. 

Method 2: Modified, more specific fluorometric method, 

as described by Clark 37 , 38 • 

Method 3: High performance liquid chromatography, as 

recently reported 39 • (See Section II.2). 

Method 4: Competitive protein binding technique, the 

modification as described by de Jong et al. 40 • 

Method 5: Solid phase radio immuno assay~ 1 • 

Method 6: Radio immunoassay using 125 r-cortisol 43
• 

Method 7: Direct radio immuno assay in diluted plasma, 

according to the method described by Foster 

et al. 42 and Thijssen et al. 43
, using 3H-corti

sol as tracer. 

Method 6 and method 7 have been described and evaluated 

by Thijssen et al. 43 • 

1.5.2 Comparison. 

For the comparison of the different assays, plasma 

samples obtained during clinical investigations of 
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patients were used. No selection has been used during this 

procedure, random samples were taken for the tests. After 

collection and in the time between assays the samples were 

stored at -20°C. Samples were distributed frozen and were 

transported in this way. 
In the comparative study using routinally obtained 

patient samples, no absolute method was available to 

measure the true cortisol content of each sample. Because 

the direct 3H-radio immuno assay (method 7) has been 

compared in different series of plasma samples arbitrarily 

the values obtained with method 7 have been used in the 

statistical evaluation as the "independent variabel", as 

the reference method. In Table II.4 are shown the results 

of the comparative study. In this table the number of 

plasma samples assayed with the two compared techniques 
is given, the correlation coefficient, the intercept 

(± standard deviation} and the slope (* standard deviation) 

are given, compared with method 7, the direct 3H-radio 

immuno assay. In addition, the calculated mean error 

per point is given. 

From the individual points the regression lines were 

calculated by a least square method. The fitting function 

was composed of a constant and a first order term. 

Furthermore, the mean distance from each individual point 

to the fitted regression line was calculated (mean error 

per point), the correlation coefficient and the standard 

deviation of the fitting coefficients. 

From the figures in Table II.4 given, there seems to be a 

fairly good correlation between the results obtained with 

the commonly used fluorometric method (method 1}. The 

slope of the calculated regression line is not signifi

cantly different from unity. However, although we are 

dealing with a relative large number of samples, the 

estimated mean error per point is large. In addition, 

there is a highly significant intercept of 0.17 ± 0.02 
~mole/1 of the ordinate. Especially the intercept is an 
indication of the problems encountered with the fluoro

metric method. because,except for the fluorescence given 
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Table II.4. Correlation between the various methods that have been compared. 

method number of slope (± s .d.) of the intercept± s.d., correlation mean error 

estimations regression line llmole/1 coefficient per point, 

llmole/1 

1 288* 0.98 ± 0.032 0.171 ± 0.018 0.90 0.174 

2 25 0.95 ;I; 0.033 0.013 ± 0.012 0.99 0.039 

3 58 1.05 ;l: 0.055 0.102 ± 0.023 0.93 0.088 

4 39 0.80 ;I; 0.034 0.065 ± 0.022 0.97 0.081 

5 24 1.10 ± 0.057 0.060 ± 0.034 0.97 0.108 

6 69 1.13 ± 0.032 0.012 ± 0.016 0.97 0.102 

Arbitrarely the direct 3H-radio immunoassay (method 7~ 2 • 43 )has been taken as the inde

pendent variable. 

~ Three values have not been included in the calculations (see Figure II.8.A). 

method 1: fluorometric 35 • 36 

method 2: modified fluorometric 37
•

38 

method 3: high performance liquid chromatography 39 

method 4: competitive protein binding~ 0 

method 5: solid phase radio immuno assay 41 

method 6: 125r-radio immuno assay'* 3 
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Figure II.8.A. Cortisol aontent in plasma measured by 

fluorometry P.s. aortisol aontent in plasma measured by 
3 d' . H-ra ~o ~mmuno assay. 

Figure II.8.B. Cortisol aontent in plasma measured by 

liquid ahromatography v.s. aortisol aontent in plasma 

measured by 3H-radio immuno assay. 

by steroids other than cortisol i.e. corticosterone,, the 

interference of the assay by widely-used common pharma

ceutics may be serious. To illustrate this problem, in 

Figure II.8.A are shown the cortisol values obtained after 

suppression by dexamethasone, as estimated by method 1 and 

7. In 3 cases (indicated as 1 in Figure II.8.A). 'l';h.e inter
ference is evident from the highly increased levels 
measured by fluorometry, but in a number of cases, the 

interference is fairly large but disturbance can not 

easily by judged from the values obtained. The main 

troubles with the fluorometric estimation are caused by 

commonly used tranquilisers,derived from diazepam. The 

interference with the cortisol assay can be explained by 
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the properties of the substances, t~ey show a clear 

fluorescence under the conditions used for cortisol~~. 

The more specific and more time-consuming fluorometric 

method ad described by Clark (method 2) shows a more 

satisfactory correlation and a good regression with the 
3H-r.adio immune assay. As well the slope as the intercept 

are not significantly different from 1 and 0 respectively. 

The third method compared is a liquid chromatographic 

method (see Figure rr.B.B). The slope of the regression 

line is not different from unity. The calculated inter

cept is puzzling because of the separation ability of 

the chromatographic step and the selective UV detection 

method employed. We have no explanation therefore for the 

intercept. The correlation coefficient with 3H-radio 

immune assay was satisfactory, it has values between the 

correlations seen with method 1 and method 2. 

Method 4, 5 and 6 have the use of radioactive cortisol 

in common. Of these methods the competitive protein 

binding (method 4) shows the least satisfactory results. 

Although the correlation coefficient is almost equal to 

those found for method 5 and 6, both the slope and the 

intercept of the regression line are significantly 

different from 1 and 0 respectively. Again, these results 

are different from the ones expected while with the 

protein used for the estimation, more cross-reacting 

steroids may be present in plasma samples obtained from 

patients. 

The two other radio immuno assays (method 5 and 6) 

which were investigated agree well with the 3H~radio 
immune assay. In both instances no significant intercept 

is seen, with the 125r-cortisol estimation, a slope, 

slightly different from unity was observed. 

Because differences in the standard used could be 

excluded, the questions remain unanswered whether a 

difference in specifity, due to the tracers. used, might 
be important. 
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1.5.3 Discussion. 
One of the purposes of this study was an evaluation 

of the practicability of various methods which can be 

used for the estimation of cortisol in human plasma. The 

first practical decision that must be made is whether 

radioactive labels may of may not be used. In case one 

can use radioactive tracers, the choice is obvious: 

performing a radio immuno assay offers several advantages 

i.e. small plasma sample required, sim?licity and usually 

specificity, depending on the a~±seruro used. Although 
/./ 

the competitive protein bind2ng is a good alternative, 
// 

larger variability -~/this method and less specificity 
are disadvan tCJ,g:es·: Making a choice between radio inununo assavs 

bas.eQ.on ·fhe use of 3H-cortisol or of 125r-methyl-tyrosine""' 

cortisol depends on: 

a. availability of equipment for the measurement of 

radio activity. 

b. the 125 r-cortisol can not be prepared easily. 

Therefore usually the commercially available tracer 

is used. At least in Europe, the quality of this 

tracer did show large variations. Moreover, the 

stability is less, partly due to the relative short 

half-life time of the 125r. 

For laboratories who are not planning to use radio
active tracers of cortisol for the estimation of the results 
of three different methods are offered. 

The widely used relatively simple fluorometric method can 
hardly be recommended because of: 

a. necessity of using agressive chemicals, 
b. moderate specificity towards cortisol, 

c. non-specific fluorescence due bo plasma components, 

d. interference of several drugs in the assay. 

Especially the interference can lead to highly misleading 

results. The more specific fluorometric method of Clark 

does not have all the disadvantages mentioned above. 

The disadvantage left is the use of the agressive 

chemicals and more over more time is required to perform 

the analysis in a routine case. 
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The liquid chromatographic method offers a specific 

estimation only for these laboratories who have the 

technical facilities to perform this form of chromato

graphy. Especially the separation power gives the method 

a special place as a reference method and in addition 

it offers the possibility of determining several components 

(e.g. prednisolone) during the same analysis. 
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2. Column liquid chromatography of tricyclic antidepres

sants. Optimation of phase systems. 

2.1 Introduction. 

Tricyclic antidepressants (TCA) are widely used for 

the treatment of anxiety and depression and it is not 

surprising that the incidence of overdosage with these 

drugs has considerably increased. In order to develop an 

adequate therapeutic treatment in cases of overdose or in 

chronic treatment of endogene depression a fast, selective 

and sensitive method for the analysis of TCA in plasma is 

required. 

2.2 Separations of tricyclic antidepressants by column 

liquid chromatography. 

The application of column liquid chromatography for 

the analysis of TCA has many advantages over gas-liquid 

chromatography45 - 48 , thin-layer chromatography 49 • 50 , and 

spectrophotometric techniques 51 • 52 • Knox and Jurand 59 

examined the application of amineperchlorate ion pairs 

on silica gel with dichloromethane and a higher aliphatic 

alcohol (n-butanol or isoamyl alcohol) as eluent, while 

Persson and Lagerstrom54 preferred methanesulphonic acid 

as the stationary phase and dichloromethane,n-hexane and 
n-butanol as the mobile phase in ion pair partition 

chromatography. Mellstrom and Eksborg 55 chromatographed 

chlorimipramine, desmethylchlorimipramine and trimipramine 
on a diatomaceous earth coated with a mixture of hydro

chloric acid and tetraethylammonium chloride as the 

stationary phase. The mobile phase was a mixture of 

n-hexane and isobutanol. Ion pair chromatography in an 

adsorption mode was performed on a chemically modified 
silicagel by Knox and Pryde56 and by Westenberg 64

• 

Adsorption chromatography of TCA on alumina 53 and silica
ge157-64 was reported by several workers. The separation 

and determination of amitriptyline and some of its most 
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important metabolites in plasma, using a reversed phase 

system1 was described by Kraak and Bijster 65
• The influence 

of the content of dichloromethane and methanol, type and 

content of base in the eluent was investigated. Similar 

procedures based on reversed phase systems were developped 

by Brodie et al. 6 6 .and Salmon and Wood 67 
• 

The aim of this study was to develop a complete sepa

ration of all TCA by liquid solid chromatography on silica

gel using a versatile mobile phase system. The procedure 

should also permit the routine determination of TCA in 

plasma samples. 

2.3 Experimental. 

Apparatus, ohemiaala and materials. 

The liquid chromatograph was constructed from custom

made and commercially available parts 68 • 

In all experiments, organic solvents of analytical 

grade (Merck, Darmstadt, GFR.) were used, including the 

35% aqueous solution of methylamine. Solvents were de

gassed by ultrasonication immediately before use. LiChro

sorb SI 60 and Lichrosorb Alox-T (Herck) with a mean 

particle diameter of 5 ~m were used as packing materials. 

The names and formulae of the tranquillizers are listed 

in Table II.5. 

The columns were packed by using the balanced-density

slurry-technique. Mixtures of ethyl acetate (or dichloro

methane), n-hexane and methylamine were used as eluents. 

Capacity ratios (k) were calculated from the re.tention 

times of the components and an unretarded compound (mono

chlorobenzene). The samples were dissolved in the eluent 

and injected by means of a sampling valve device. The 

volume of the loop was varied during the experiments. 
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Table II.S. Struatures of TCA. 

Dihydrodibenzoazepines 

Imipramine (IMI) -H 

Desipramine (DESI) -H 

Trimipramine (TRIM!) -H 

Clomipramine (CLOMI) -Cl 

Dibenzocycloheptanes 

~ ., 

Amitriptyline (AMI) 

Nortriptyline (NOR) 

Dibenzocycloheptene 

Protriptyline (PRO) 

Others 
Opipramol (OPI) 

Promazine (PROM) 
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Extraction procedure. 

The procedure for the extraction of the TCA from plasma 

is outlined in Table II.6. 

Table II.6. Saheme for extraction of TCA from pZasma. 

Stage Operation 

2 ml of plasma (1) Add internal standard, add 40 ul 

of lN NaOH solution. 

(2) Add 10 ml of diethyl ether. 

(3) Homogenize for 5 min. 

(4) Decant organic phase. 

(5) Repeat steps ( 2) , (3) and (4) 

twice with aqueous phase. 

(6) Pour aqueous phase into glass 

tube, centrifuge for 1 min at 

1000 g. 

Diethyl ether phase (1) Collect diethyl ether phase from 

steps (4) and (6). 

Residue 

(2) Dry over anhydrous Na2so4 • 

(3) Evaporate solvent with a warm 

stream of nitrogen. 

(1) Dissolve in 200 ul of eluent. 

(2) Ultrasonicate for 1 min. 

(3) Analyse aliquot by liquid 

chromatography (volume injected: 

48 ul). 

The extraction procedure resulted in recoveries of 91 ± 
4% for amitriptyline and 95 ± 4% for imipramine. 

2.4 Results and discussion. 

2.4.1 Selection of the phase system. 

The composition of the mobile phase was varied in 

order to find the optimal separation conditions. The 
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influence of the percentage of n-hexane and of the modi

fier methylamine on the capacity ratio was measured. The 

presence of methylamine is essential: when no methylamine 

is present in the eluent the basic TCA are irreversibly 

adsorbed on the column. Caude et al. 69 obtained similar 
results for the separation of phenothiazines on silica

gel with a mobile phase consisting of ethyl acetate, 

methanol and ethylamine. 

In order to elucidate the influence of the modifier 

methylamine, the capacity ratios {k) of some compounds 

were plotted against the percentage of methylamine at a 

constant water content of the eluent {Figure II.9). It 

can be seen that the retention decreases rapidly at 

higher methylamine contents. Ammonia or other weak bases 

can be used instead of methylamine. Increasing the per

centage of n-hexane produces a small increase in the 

capacity ratios, as can be seen in Figure II.lO. 

The order of elution of the components depends primari

ly on the acid-base properties of the substituents; prima

ry amines are less basic than secondary, while secondary 

are more basic than tertiary amines, because of steric 

hindrance. Hence imipramine will be eluted before desi

pramine and amitriptyline before nortriptyline. 

Figure II.9. Dependenae of k on volume pePaentage of 

methylamine (MA) in eluent aonsisting of ethyl aaetate 

{20% satuPated with wateP) and a 55% aqueous solution of 

methylamine. 1 Desipramine; 2 = promazine; $ = imipra

mine; 4 = amitriptyline; 5 alomipramine; 6 = trimi

pramine. 
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Figure II.10. Effect of volume pePaentage of n-hexane 

(nC 6 ) on the oapaaity Patio. Mobile phase: ethyl aoatate. 

(dPy), n-hexane and 0.1% (v/v) methylamine. 1 = NoPtrip

tyline; 2 = promazine; 3 = imipramine; 4 = amitriptyline; 

5 trimipramine. 

From Table II.7, it can be concluded that mobile phase 

compositions based on ethyl acetate give slightly less 

selective but faster separations than those based on 

dichloromethane. 

Table II.7. Capacity ratios of TCA on LiChrosorb SI 60 

with different eluent aompositions. 

Eluent 1: ethyl aaetate (20% saturated with water) + 0.2% 

(v/v) of methylamine. Eluent 2: diahloromethane (20% 

saturated with water) + 0.2% (v/v) of methylamine. Eluent 

3: diahZoromethane (20% saturated with wateP) + 20% (v/v) 

of n-hexane + 0.2% (v/v) of methylamine. 

Sample Capacity ratio, k 

Eluent 1 Eluent 2 Eluent 3 

Trimipramine 0.08 0.17 0.30 

Clomipramine 0.38 0.44 0.55 

Amitriptyline 0.40 0.51 0.62 

Imipramine 0.56 0.67 0.90 

Nortriptyline 2.61 2.44 

Desipramine 2.74 4.11 4.33 

Opipramol 3.5 10.3 10.1 
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Some preliminary experiments had already shown a 

smaller selectivity on alumina with mobile phases con

sisting of dichloromethane, n-hexane and acetic acid. 
The presence of acetic acid in the eluent was also 

necessary for symmetrical elution of the components. Hence 

separations on silicagel were to be preferred, and this 

preference is clearly demonstrated in Figures II.l2 and 

II.l3. 

4 

2 3 IQ06AU 6 

5 

0 12 36 48 
- TIME;,min 

Figure II.ll. Chromatogram of TCA test mixture. Column: 

1?0 x 4,6 mm I.D., LiChrosorb Alox-T, mean particle dia

meters 5 ~m. Eluent: dichloromethane + 20% {v/v) of n

hexane + 0.06% (v/v) of acetic aaid. Flow-rate: 0.9 ml/min. 

Detection: UV~ 254 nm. Components: 1 tetraahloromethane; 
2 = alomipramine; J amitriptyline + imipramine; 4 = 

desipramine; 5 = opipramol. Volume injected: 20 ~z. 
Figure II.l2. Chromatogram of TCA test mixture. Column: 

300 x 4.6 mm I.D. LiChrosorb SI 60, mean particle diameter 

5 ~m (HETP 20-30~m for all components). Eluent: ethylace

tate (20% saturated with water) + 40% (v/v) of n-hexane + 

0.02% (v/v) of methylamine. Flow-rate: 0.7 ml/min. Detea

tion:uv, 254 nm. Components: 1 =solvent; 2 = monochloro

benzene; 3 = trimipramine; 4 = amitriptyline; 5 = imipra

mine; 6 =promazine. Volume injeated:48 ul. 
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Figure II.l3. ChPomatogram of TCA teat mirotuPe. CoZumn: 

300 ro 4.6 mm I.D. LiChroaorb SI 60~ mean particle diame

ter 5 ~m (HETP 20-30 ~m for aZZ components). EZuent: 

ethyZ aaetate (20% saturated with water) + 0.2% (v/vJ of 

methylamine. Flow-rate: 1.7 mZ/min. Deteation: UV~ 254 nm. 

Components: 1 monochZoPobenzene; 2 = trimipramine; 3 

CZomipramine; 4 = amitPiptyline; 5 = imipramine; 6 = pPo

mazine; 7 nortPiptyZine; 8 = desipPamine; 9 = protrip

tyZine. VoZume injected: 48 ~z. 

2.4.2. Quantitative analysis of tricyclic antidepressants 

in plasma samples. 

In order to determine TCA concentrations in plasma 

samples it is important to combine high sensitivity with 

high selectivity. The selectivity can be regulated by 

varying the content of n-hexane and methylamine and by 

the degree of water saturation of ethyl acetate. When 

working with a UV detector, the sensitivity is dependent 

mainly on the molar absorbance at the optimal wavelength 

(see Figure II.l4) and noise of the detector. UV detection 

in this instance was limited by the choice of ethyl 
acetate (cut-off at 260 nrn). Other workers 27 r 28 have 
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Figure II.14. UV speatra of TCA. 1 = protriptytine; 2 

aLomipramine; J promazine; 4 = desipramine; 5 = imipra

mine 6 = opipramol; 7 = trimipramine; 8 = amitriptyline; 

9 = nortriptyline. 

Table II.S. Charaateriatie parameters for deteation. 

Column: 300 x 4.6 mm LiChrosorb SI 60~ mean partiale dia

meter 5 ~m. Eluent: ethyl acetate (dry) + 0.05% (v/v) of 

methylamine. Flow-rate: 1.3 mZ/min. Detection: UV, 254 nm; 

noise (peak to peak)~ 2.10- 4 a.u.; time aonstant~ 0.7 s. 

Parameter Amitriptyline 

Sensitivity, S (a.u. ml g- 1 ) 1.9 1013 

Minimal detectable amount, 

M (g) 13.5 10-9 

Capacity ratio, k 2.5 

Molar absorbtivity at 254 nm, 

E (a.u, 1 mole- 1 cm-1 ) 4900 

Imipramine 

13 10-9 

4.0 

6300 

considered the determination of sensitivity (S), minimal 

detectable amount (M) and maximal allowable injection 

volume (V
0
), and these properties are summarized in Table 

II.8. 
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Figure II.l5. Chromatogram of an extraat of plasma. 

Column: 300 x 4.6 mm I.D. LiChrosorb SI 60, mean partiate 

diameter 5 pm. Eluent: ethyl aaetate (dry) + 0.06% (v/v) 

of methylamine. Flow-rate: 1.0 ml/min. Pressure drop: 96 

atm. Deteation: UV, 264 nm. Components: AMI = amitripty

line (126 ng)(HETP 25 pm); IMI =imipramine {132 ng) 

(HETP = 26 pm); PROM= promazine (186 ng)(HETP = 30 pm). 

Volume injeated: 48 pl. 

Figure II.l6. Chromatogram of an extraat from plasma. 

Column: 300 x 4.6 mm I.D. LiChrosorb SI 60, mean partiale 

diameter 5 pm. Eluent: ethyl aaetate (dry) + 0.04% (v/v) 

of methylamine. Ftow-rate: 1.1 mt/min. Pressure drop: 110 

atm. Deteation: UV, 254 nm. Components: CLOMI = atomipra

mine {67 ng)(HETP = 24 pm); IMI imipramine (70 ng) 

(HETP = 20 pm). Volume injeated: 48 pt. 

The response of the UV detector was linear with amounts 

of sample injected of up to at least 300 ng, and injections 

of amounts up to 100 pl could be allowed without causing 

more than a 5% loss in resolution. 

Figures II.l5 and II.l6 demonstrate the analysis of 

amitriptyline, imipramine and clomipramine in human plasma 

(with promazine and imipramine, respectively, as internal 

standards) • 

57 



58 



PART m 

DESIGN OF POST-COLUMN 
REACTORS FOR SELECTIVE DETECTION 



Parts have already been published elsewhere: 

R.S. Deelder, M.G.F. Kroll, J.H.M. van den Berg, 
"Determination of trace amounts of hydroperoxides by 
column liquid chromatography and calorimetric detection", 
presented at the "Second International Symposium on 
Column Liquid Chromatography", Wilmington, U.S.A., May 
1976. J. Chromatogr., 125 (1976) 307. 

R.S. Deelder, M.G.F. Kroll, A.J.B. Beeren, J.H.M. van den 
Berg, "Post column reactor systems in liquid chromatogra
phy", presented at the "Third International Sympositim on 
Column Liquid Chromatography", Salzburg, Austria, Septem
ber 1977. Submitted for publication in J. Chromatogr. 

60 



1. Reaction detection in column liquid chromatography. 

1.1 Introduction. 

Photometric flow detectors are probably the most wide

ly used detection devices in modern liquid chromatography. 

They are mainly operated in the UV-region of the spectrum, 

where numerous compounds of chemical or biological inte

rest show absorption. 

Sometimes, non-absorbing molecules are converted into 

absorbing by appropriate derivatization reactions prior 

to separation 70 - 72 • Although the sensitivity of the UV 

detector is extended in this way to a wide range of 

substances, it adversily affects the chromatographic 

selectivity. Also formation of artifacts or of several 

derivatives of one compound can occasionally occur. 

A number of methods of chemical analysis are based on 

specific colour reactions followed by photometric mea

surements. However, the specificity of the reactions is 

frequently unsatisfactory and pre-separations by extrac

tion or chromatography may be required to eliminate inter

fering substances. 

Direct coupling of a chromatographic column to a 

chemical reaction system (Figure III.1) not only enables 

the elimination of interfering substances. It also permits 

the selective determination of a group of compounds, if 

reagents are used specific to this group of compounds, 

in this way substantially increasing the selectivity of 

liquid chromatographic photometric detection. Formation 

of artifacts in post-column derivatization reactions is 

not as likely as inpre-columnderivatization. However, 

the solubility of the reagents and the effluent may limit 

this mode of operation. It is obvious that the derivatiza

tion reagents are not to be detected and the rate of 

post-columnreactions must be relatively high as will be 

demonstrated in Section III.4. Automatic on-stream 

detection by measuring the developed absorbance or 

fluorescence after a fixed reaction time, is currently 
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applied in the analysis of biologically important mixtures 

by ion-exchange chromatography73 t 7 ~. 

Figure III.l. Sahematia diagram of the ahromatographia 

system with reaation deteation. 

A number of papers were introducing continuous reaction 

procedures 75
-

85
• The number of publications dealing with 

the technological aspects of reactors in column liquid 

chromatography is rather low, this in contrast to the 

importance of reactor design and optimation. It is shown 

in the present study that additional band-broadening and 

the consequent loss of resolution can be reduced to an 

acceptable level by careful design of the reaction system 

{see Sections III.2 and III.3), even if high performance 

columns are used for separation. 

1.2 Reactor types. 

Currently three post-column reactor designs are applied: 

1. Tubular reactors. 

In the simplest design flow reactors consist of narrow 

stainless steel coiled tubes. 

2. Gas-segmented reactors. 

In detection systems based upon this principle,! the 

column effluent is fed into a continuous series of 

short slugs of reagent separated by gas bubbles. 
3. Packed reactors. 

Columns packed with inert particles, such as glass 
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beads, serve as a reactor. 
Packed and tubular reactors are investigated in this 

thesis in Sections III.2 and III.3, respectively. The 

axial dispersion in these reactors is investigated as well 

as some general characteristics and rules for the optimal 

design are given. 
some general properties of reaction systems will be 

treated in this chapter. 
Axial dispersion in open tubular reactors can be 

reduced by using a gas-segmented liquid flow. Even in 

carefully designed gas-segmented reaction systems 86 the 

axial dispersion is such, that it exceeds the limits 

imposed by modern liquid chromatography. Therefore reactors 

of type 2 will only be treated summarily here, The draw

backs of gas-segmented flows are well-known: 
a. because of the compressibility of gas, the stream tends 

to pulsate rather than to flow regularly: 

b. streams have to be debubbled before they enter the flow 

cell: 
c. the size of the gas-bubbles has to be controlled and 

volume-increase because of temperature-increase has 

to be avoided; 
d. the pressure drop and flow velocities vary in the 

presence of gas for different tubing materials. 

Nevertheless this type of reactors is widely used in 

automated calorimetric analyzers such as the Technicon 

Auto Analyzer systems. In these reactors the column 

effluent is fed into a continuous series of short slugs 

of reagent separated by gas bubbles. A leakage between 

the segments of the reaction mixture is brought about by 

fluid from a segment wetting the wall of the reactor tube 

and mixing with the next segment73
• Mixing in the acceptor 

slug is mainly due to the circulating flow within each 
segment 97

- 89 • Prediction of the axial dispersion resulting 

from this mechanism is only possible if the leakage flow 

and mixing within the slugs can be described accurately. 
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To our knowledge no rigorous theoretical treatment of this 

problem has been reported. Recently Snyder90 gave the 

following semi-empirical expression for the dispersion in 

segmented flow reactors: 

2 [ 0.14 
d 2/3 (~ + V )5/3 2/3 

~l t r n G n 
Aa = 

2/3 D <!> 
+ t,r 

Y r r 

[ 
2.35 (<!> + nv )5/3n2/3 tv ] r G 

lf3 <!> d 4/3 (III.1} 
r t 

where dt is the internal diameter of the reactor tube, <l>r 

the liquid flow through the reactor, VG the volume of a 

gas bubble, n the viscosity of the reaction mixture and y 

its surface tension. Further, I~ is a dispersion coeffi

cient for the tracer substance in water and n the segmen

tation frequency. Mixing the fluid slugs is represented 

by a flow with a flat velocity profile equal to the actual 

mean velocity of the slug and with an effective radial 

dispersion coefficient, IDr' which accounts for the 

enhanced mass transfer 91
• 92 • Moreover, the thickness of 

the liquid slug left behind by the fluid slug is calcula

ted by using a well-known equation from fluid mechanics 
93

1
94 • In fact, the radial dispersion coefficient, IDr' 

depends on the actual flow pattern in the slug, and 

IDr = IDr (Re, Se, B, A, •.• ) (III. 2) 

where S = 1/dt, the dimensionless slug length, 1 is the 

actual slug length and A = d
0
/dt' the curvature ratio. 

However, in Equation (III.1) IDr is assumed to have a 

constant value and Snyder95 ' 96 has calculated a mean 

value for IDr from an extensive series of experimental 

Acrt2 values using this equation. The measurements were ,r . 
carried out for a single tracer substance and for Se -

2500, 10 < Re < 100 and 10 < B < 200. In these ranges 

variations in the radial mass transfer rate are likely 
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limited24
• 

In practice the values of ~r' n, y, tv and IDr are 
fixed by the chromatographic separation and the reaction 

involved. Now, ~crt can be minimized by a proper choice ,r 
of the tube diameter. dt, and the slug frequency, n. 

From Equation (III.l) it can be shown that ~crt,r values of 

approximately 1 s are within reach. However, Equation 

(III.l) only expresses band-broadening from the reaction 

coil itself. Practical experience8 6 ,,rith gas-segmented flow 

reactors in liquid chromatography shows that mixing tees, 

connectors and the debubbler overrule the contribution of 

the reactor coil itself 97 • 98 • Particulary the debubbler 

seems to have an adverse effect at this point, as liquid 

holdup is needed to prevent gas bubbles from being sucked 

into the flow cell. To make the most of the theoretical 

performance of segmented flow reactors, the conventional 

debubblers should be eliminated. Systems which permit 

photometric measurements on gas-segmented liquid flows 

by means of so-called electronic debubbling 99 are used in 

highly automated clinical analyzers; these systems are not 

yet commercially available for use in liquid chromatography. 

1.3 Effect of the reactor on the overall resolution. 

The reaction system can be considered as to consist of 

a reactor and a measuring cell (e.g. a flow cell of a 

spectrophotometer). A chromatographic peak leaving the 

column will undergo an additional broadening in the 

reactor. This has an adverse effect on the analytical 

performance, especially for narrow peaks. 

Let the variance, expressed in time units, of a solute 

band passing from the column into the reaction system be 
2 

bcrt,c' the variance of the residence time distribution 

function in the reactor system bcr~ and the variance of 
,r . 2 

the peak at the end of the reactor-detector system crt. 

These peak broadening processes are independent and 

therefore: 
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(III.3) 

2 It is assumed that the variance bat caused by the ,r 
reactor system can be approximated by the variance of the 

residence time distribution function of an inert non

reacting component. 

The increase in band-width, due to the dispersion 

phenomena in the reaction system, reduces the separation 

between the components A and B. The separation between two 

peaks that differ by AtR = tR,B- tR,Ain their retention 

time is characterized by the resolution RA,B (see Part I) : 

(III.4) 
2at,B (n + 1) 

where at,A and at,B are the standard deviations of the 

elution functions and n = at,A/crt,B• 
Assuming n = 1, the following equation can th.en be 

derived 

R 

R max 

for reactors: 

= 1 + ( t,r2) ~ 
[ 

t:,a 2 J -1 

l'lat,c 
(III.S) 

The maximum value of the resolution, Rmax' will be ob

tained with Aat,r = 0 and at = Aat,c• 
This relationship is graphically represented in Figure 

III.2. If a 5% decrease in resolution is considered 

acceptable, then: 

(III.6) 

Now, Aat,c can be calculated from the plate number, N, of 

the separation column used and the retention time, tR' of 
the solute. 

The number of theoretical plates is defined as: 
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(III. 7} 

Where tR is the retention time of the solute and crt is the 

standard deviation of the elution profile. 

f :max 
t!)O 

0 Q6 

Figure III.2. ReZationehip between R/Rmax and ~atrl~ato' 

The height equivalent to a theoretical plate is: 

L 
H = N (III.8) 

where L is the column length. 

The column length, L, giving a resolution :aA,B at the 
column outlet can be calculated from the equation (neglec-

ting extra column effects) : 

2 + 1 2 
L = 4 (n + 1)2 2 

RA,B 
rB,A 

) HB (III.9) 

rB,A - 1 ks 

where rB,A = KB/KA (the selectivity factor, which is 
greater than unity), KB and KA are the distribution 

coefficients of the components B and A, respectively, ks 
the capacity ratio of component B and HB represents the 

plate height for the slower migrating component B. If the 

standard deviation ot increases according to Equation 

(III.3) due to extra column dispersion R becomes smaller 

(Equation (III.4)). Consequently a longer column is 
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required to obtain the original resolution, Rmax' by 
applying Equation (III.9). 

1.4 Effect of the reactor on the minimum detectable 

amount of sample. 

tiost detectors used in liquid chromatography are 

dependent on concentration, in contrast to gas chromato

graphy where mass flow devices are more common (e.g. 

flame ionisation detector) . The chromatographic process 

always involves dilution of the sample components, which 

increases the minimal detection concentration limit of 
any chromatographic method as compared with a direct 

measurement of concentration. 

This dilution-effect can be described as the ratio of 
the maximum of the concentration peak leaving the column, 

Cmax' to the concentration of the component in the sample, 
c 27,28,97. 

0 • 

A (1 + k) (21TL H)~ 
(III.lO) 

where V
0 

is the sample volume, L the length of the column 

and H the plate height of the column. A represents the 

free cross sectional area of the separation column and 
2 equals A = eT1Tr , with eT the total porosity of the column 

and r the column radius. The product C
0

V
0 

corresponds to 

the amount of the component injected. 

If a reaction system is used as a detector, further 

dilution occurs owing to the addition of the reagent and 

the broadening in the reaction system: 

A(l+k) (21TLH)\ 
(III.ll) 

where ~c and $r represent, respectively, the volumetric 
flow-rate of the eluent and the reagent. 
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From this it can be concluded that if small concentratlo~s 

of component have to be detected, ~c and 6ot,r should be 
kept as small as possible. 

If the additional peak-broadening due to the reactor, 

6crt r' is not allowed to be larger than 0.33 ncrt c the 
, ncrt c , 

factor~ in Equation (III.ll) is about 0.95. 
crt 

The increase of the volumetric flow-rate has a larger 
0 

influence on the dilution, because the factor ~ ~~ 
c r can vary from 1 to 0. 

This loss in dilution, which increases the minimal 

detectable concentration, should be compensated by a large 

increase in molar absorbtivity to make the derivatization 

in the post-column reactor worth while. 



2. Design and application of packed bed reactors. 

2.1 Introduction. 

It has been demonstrated that columns with non-porous 

spherical glass beads of less than 100 ~m in mean particle 

diameter are suitable for use as packed reactors. 
Jolley and co-workers 100 - 103 used a packed tubular reactor 

in a calorimetric detection system for a carbohydrate 
analyser, with glass beads serving as the packing material. 

In this study the reactor design was not critical because 

of the long retention times and thus rather broad elution 

peaks involved. Since then several workers attempted to 

employ packed bed reactors in their liquid chromatographic 

equipment in order to improve the sensitivity and selec

tivity of their analysis. 

Regnier et al. 10 ~• 105 developed a post-column system for 

enzymatic reactions consisting of a substrate pump, a 

post-column reactor and a photometric detector. Quantita

tion of enzyme activity in the effluent may be accomplished 

by incubating an enzyme with an appropriate substrate and 

continuously monitoring the formation of the product after 
a fixed time spent in the flow-through reactor. 

Deelder and van den Berg et al. 8 6 • 10 6 , and Little et al. 107 

made a study of the design of chemical reactors for post

column derivatization. A theoretical treatment as well as 

experimental results were given for packed bed reactors. 

Jonker 108
t

109 showed the application of this reactor-type 

inamino-acidanalysis using the ninhydrin reaction. 
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2.2 Dispersion in packed beds. 

To start with, mixing in its present meaning refers 

to random fluctuations of matter that diminish existing 

concentration gradients. 
Axial and radial mixing in packed beds is important 

both in chemical reactors and in equipment devoted to 

separation processes. In separation columns extra dis

persion processes caused by mass transfer occurs, as is 

the case in many chemical reactors. Axial dispersion is 

usually an undesirable feature since it causes residence 

time distribution in chemical reactors 

as well as in separation columns. Radial mixing, on 

the other hand, is desirable. 

An attempt to increase the degree of radial mixing 

may also increase the degree of axial mixing. Therefore a 

good knowledge of the inter-relationship is necessary. 

As the dispersion in the axial direction is likely to 

differ from that radial to it, one defines two effective 

diffusion or mixing coefficients IDa and !Dr. It is well 

understood that in the case of physical similarity both 

mixing coefficients are proportional to the mean velocity 

of flow u, as well as, to the mean particle diameter dp. 

Therefore the Peclet numbers 

appear to be the dimensionless measure of effective 

diffusion in a packing. 
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2.2.1 Axial dispersion. 

In Figure III.3 a composite of diffusional data is 

given with the Peclet group as ordinate and Reynolds 
udp 

number based on particle diameter (Re = v ) as abscissa 
for liquids. In these curves three major regions can be 

distinguished. In the zone with Re > 250 the behaviour of 

the Peclet group is independent of the Reynolds number. 

The constancy of the Pe-group gives information that in 

this regime the dispersion IDa increases linearly with 

the fluid velocity and the particle diameter. Such a 

linear variation with fluid velocity is characteristic of 

a fully developped turbulence. In the performance of 

rapid reactions a reactor operation corresponding to a 

point in zone 3, will be optimal if a high pressure drop 

would be acceptable. But this is not easily realizable 

in the present state of art of liquid chromatography. 
-4 . 

Below the Reynolds number 3.10 the curve tends to ap-

proach directly the curve for molecular diffusion (the first 

zone). This region has not yet been explored for liquids. 

Pe 
103 

t
a .. ' 

.• 
' 
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Figure III.3. The experimental relationship between the 

axial and radial Pealet number and the Reynolds number. 

The two main mechanisms of dispersion in a packed 

bed are first molecular diffusion and secondly mixing 

arising fromstreamsplitting, generally termed eddy diffusion. 
The former will be of predominant importance at low 

Reynolds numbers (zone 1) and the latter at high Reynolds 
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numbers (zone 3), with both mechanisms making a contri

bution in the intermediate region (zone 2: 3.10-4 
< Re < 

250). This intermediate region is of importance in modern 

liquid chromatography. If molecular diffusion is the only 

mechanism operating, the axial dispersion coefficient IDa 

is related to the molecular diffusivity Dm by the equation: 

(III.l2) 

where y is known as the tortuosity factor1 y = 0.67 for 

Eu = 0.4, with Eu the interparticle porosity for non

porous particles. According to theoretical analysis by 

Aris et at. 110 at high Reynolds numbers the Peclet number 

should then approximate a value of about 2 for liquids 

for axial dispersion. So: 

= ! ud 
2 p 

(III .13) 

For the intermediate region (zone 2) liquids will obey the 
relation according to Hiby 111 : 

(III.l4) 

with Al and A2 constants and dp the mean particle diameter 
of the packing. 

Recently Horvath and Lin112 treated the influence of 

interstitial stagnant mobile phase on the interplay of 

convective and diffusional mixing. An equation has been 

derived for unsorbed solutes, being: 

(III.l5) 

Equation (III.l4), however, is preferred, because of the 

lack of experimental data to prove the validity of 
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Equation (III.l5). 

In Equation (III.l4) a reduction of axial dispersion is 

taken into account. Because of the wide distribution of 

pore sizes in the bed, a tracer will flow at greater 

velocities through some pores than through the others. 
Therefore, at the scale of particle size, an axial concen

tration gradient will set up. The issuing streams from 

neighbouring pores come into contact again, radial dis

persion will take place, thus diminishing the magnitude 

of the effects of axial dispersion. An equation often 

used for the comparison of gas and liquid chromatography 

in dimensionless form reads: 

(III .16) 

ud 
where Re = ~, with ~ the kinematic viscosity and Se the 

Schroidt number equal ~ 
too· 

m 
Excellent reviews on the subject of axial and radial 

dispersion are published by Gunn et at. 113 - 115 and 
others 1 1 6- 1 1 7 

2.2.2 Radial dispersion, 

Figure III.3 shows the log-log plot for liquid phase 

radial dispersion in packed beds. At high Reynolds numbers 

the radial Peclet number approaches a value of about 

eleven. The dominating convective dispersion is determined 

by deviations in the flow path caused by particles. The 

reduction effect as pointed out in the second term of 

Equation (III.l4) for axial dispersion is not observed for 

radial mixing. Therefore in the intermediate region .the 

Peclet number (Per) is even larger than in zone 3. 
Since liquid chromatographic conditions are situated in 

the intermediate zone (zone 2), it is evident that the 

radial mixing of a reagent and the column effluent, con

taining the component molecules, is not accomplished to 

high extent in a packed reactor. 
In practice this problem is solved by mixing these two 
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flows in front of the packed bed reactor in a tee-piece 

with 0.15 mm I.D. channels. The reagent was added to the 
column effluent through a 0.15 mm I.D. stainless steel 

capillary tube (see Figure III.4). A similar approach 

was described by Stahl et aZ. 78 and Nachtmann 118
• This 

contruction assures a maximum impulse exchange which 

favours rapid mixing. The completeness of mixing was 
experimentally verified by using indicator techniques119

-

l 2 0 

I COLUMN EFFLUENT 

0.15mm 1.0. 

t 
REAGENT 

Figure III.4. Tee-pieae between aoZumn and reactor. 

2.3 Determination of geometry factors from the band-broa

dening of unsorbed solutes. 

The chromatograph used for the measurement of band

spreading in packed beds was assembled from the following 
moduli: reciprocating pump (type DMP 1515, Orlita, Giessen, 

G.F.R.); sample valve (type HPSV-20, Spectra Physiscs 

Berkeley, U.S.A,), with a 20 ~1 loop; UV detector (type 
PM2D, Zeiss, Oberkochen, G.F.R,). The dead volume between 

the sampling valve and the column inlet as well as between 

the column outlet and the flow cell was minimized by using 
the shortest possible length of 0.25 mm I.D. connector 

tubing. All measurements were corrected for the contribu

tion to band-broadening by injection and detection. 

Narrow sieve fractions of the glass beads were prepared 

by an air classifier (Zichzack sichter, type MZR, Alpine, 

Augsburg, G.F.R.). The columns were prepared from stainless 

steel tubing. In Figure III.5 the dimensions as well as the 
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mean particle size of the glass beads (Sovitec, Charleroi, 

Belgium) are given. 

The filling of the stainless steel tubing with glass 

beads was achieved by a balanced-density-slurry-procedure 

as proposed by several workers 121 - 123 • The slurry liquid 

consisted of dioxane, tetrachloromethane and 1,1,2,2-tetra

bromoethane (23:23:54 v/v %) and sodiumlaurylsulphate 

(0.05 w/v %). Afterwards the glass beads are added; 2.3 g 

glass beads are required per cm3 column volume. The slurry 

is pushed through the column by means of hexane using 

pressures up to 600 atm •• 

For the measurements of band-spreading 2,2,4-trimethyl 

pentane was used as eluent and diluted solutions of nitro

benzene 1 the tracer, in 2,2,4-trimethylpentane were 

injected. The flow-rate was varied. The peaks obtained 

were symmetrical. Plate heights were calculated from 

half-height widths (Equations (III.7) and (III.8)). In 

each run, the flow-rate was measured. The linear flow 

velocity, u, for non-porous particles can be calculated 

from the elution time of the peak top and the column length. 

The reduced velocities were obtained by using the solute 

diffusivity of nitrobenzene in 2,2,4-trimethylpentane of 
-5 2 -1 2.5 x 10 cm s , measured separately (see Section III. 

3. 4) • 

The resulting plots of the reduced plate height h = 
H Udp 
~ versus the reduced linear velocity v Dm is represen-
t~d in Figure III.S. It should be noted that in the 

practice of chromatography the term reduced linear 

velocity, v, is used for the quantity ReSc. The results 

of Done et al. 12 ~ for a Zipax (a porous-layer glass-bead) 

packing and Knox and Parcher125 for glass beads are also 

shown. The agreement with the results of Done et al. 12 ~ 

is striking. Sternberg and Poulson12 6 made a systematic 

study of the effect of column to particle ratio, dr/dp' on 

the spreading of unretained component peaks in gas chro

matography. They noticed a decreasing value of h with 

increasing particle size in a fixed diameter column (thus 

with increasing dp/dr ratio). This phenomenon could explain 
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that the performance of the Zipax columns and our glass

bead columns is slightly worse (higher h values) over the 

entire range of v compared with the glass-bead columns of 

Knox. The particle sizes are approximately the same. The 

use of larger diameter columns in our case, however, is 

a necessity to get larger volumetric flow-rates at the 

same linear velocity of the liquid. 

The estimation of the geometry parameters A1 and A2 
(Hiby constants) seemed to be of the utmost importance in 

the design of packed bed reactors (see Section III.2.4.). 

1.5 LOG h 

t 
1.0 

0.5 

0 

0 w 1.5 2.0 2.5 

KNOX,ZIPAX 

-8!:-·s 
p KNOX,GLASSBEADS 

dr 
-=6 dp 

LOO 'l' 

Figure III.S. Reduaed plate height-reduaed velocity plot 

for unretained solutes in glass bead columns. 

0 28 tt: 0. 4 cm column~ dp 17 pm; • 48 x 0. 8 cm column~ 

dp = 35 pm; • 29 x 0.9 am column, d 15 11m; --- Done, 
Kennedy, Knott: 12 ~;~Knox, Parcher~ 25 

A curve fitting procedure to the data of Figure III.S. 

by means of the least squares method was used to estimate 

A1 and A2 • The fitting function was in the case of a packed 

bed without mass transfer, derived from Equation (III.l4): 

H = (III.l7) 
u 

In Table III.l our results are summarized with the 

estimations, reduced from published experimental results. 

It can be seen that our experimental results agree reaso

nably well, especially with the extensive investigations 

of band-spreading in glass beads and Zipax columns by 
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Knox and coworkers 124
•

125
•

127
• 

Table III.1. Comparison of experimental results of A1 and A2 . 

Investigator A1 A2 

Hiby 1 11 0. 6 0. 7 

Edwards, Richardson 116 0.5 9.7 

Knox, Parcher125 7.2 33.9 

4.2 31.8 

Horvath, Lin112 6.9 11.1 

Done, Kennedy, Knox124 10.3 18.2 

our results 

0 (Figure III.5) 10.7 18.6 

• 9.0 15.7 

10.0 16.8 

Remarks 

gases and liquids, 

glass beads 

gases, glass beads 

liquids, glass beads 

dr/dp = 8 
liquids, glass beads 

dr/dp = 6 
liquids, glass beads 

liquids, Zipax 

dr/dp = 20-60 

liquids, glass beads 

dr/dp = 235 

liquids, glass beads 

dr/dp = 171 

liquids, glass beads 

dr/dp = 600 

Generally speaking a lower value of A1 and a higher A2 
represent a "better" column packing. Together with the 

tortuosity factor y they represent the parameters of the 

column packing. The value of y, however, does not vary 

significantly from column to column and is assumed to 

be 0.7 117
•

127
• Consequently the quality of a given column 

packing can be quantified by the overall values of A1 and 

A2 • As evident from our data in the following treatment 

values of A1 = 10 and A2 = 18 will be used. 

78 



2.4 Design of gacked bed reactors. 

As in chromatographic columns, peak-broadening, Aat,r' 
in packed tubular reactors is proportional to the mean 

residence time, tv, in the reactor. The proportional fac
tor being N-~, where N is defined as the plate number, or: 

(III.18) 

If it is assumed that there is no mass transfer, then band

broadening is due to the combination of axial molecular 

diffusion and convective mixing (as pointed out in Section 
III.2.2) and can be expressed through the empirical 

relation (III.17). The contribution of convective mixing, 

expressed in the second term on the right-hand side of 

Equation (III.17), can be reduced considerably by using 

appropriate column packing techniques. Plate heights 

corresponding to 1 or 2 times dp (this implies h = 1-2, 
see Figure III.S) are obtainable128

• These findings suggest 

that columns packed with small particle size glass beads 

can be put in good use as post-column.reaction systems, 
because of the small values of H (see Equation (III.18)). 

The problems of reactor design are similar to those 

encountered in choosing the optimal conditions for liquid 
chromatographic separations 129 - 13 ~. In fact, a suitable 

choice of reactor length, L, particle size of the glass 

beads, dp' should be made for a given combination of 

reaction time, tv' and allowable additional band-broade

ning, Aat,r• In practice limits are set to the pressure 
drop, Ap, over the reactor. The variance, Aat2 , of the ,r 
residence time distribution in the reactor should meet 
the requirements of the chromatographic column concerned 

(see Section III.1.3). The residence time, tv' is fixed by 
the reaction kinetics. A procedure for the design of a 

packed reactor is based on Equation (III.17) and the 

following set of equations: 
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L u = (III.19) 
tv 

and 

llp unL 
k d 2 

0 p 

(III. 20) 

Equation (III.20) is the Darcy equation giving the pressure 

drop, llp, over a packed column, where k
0 

is the permeabili

ty constant of the reactor and n the dynamic viscosity 
of the reaction mixture. In fact we have three independent 

Equations (III.17), (III.19) and (III.20). This implies 

that of the five parameters L, dp, llp, tv and llcrt,r three 
can be chosen at will. As tv and llcrt,r are fixed, only 
one of the three remaining parameters need be chosen. 

Substitution of Equation (III.l9) for u and of Equation 

(III.21) for H and of Equation (III.20) for dp' in 
Equation (III.17) gives Equation (III.22.a): 

1;3/2 - Hl/2 -ljl ~ (D t ) 1/2 
m v 

where 

( n ) 1/2 

and 

1 
1jl = 

k t llp 
0 V 

L 

(III.21) 

0 (III. 22 .a) 

(III. 22 .b) 

(III. 22 .c) 

For fixed t and llcrt and chosen value of L, Equation v ,r 
(III.22.a) gives the corresponding value of llp. From 
Equation (III.20) dp is found. These calculations were 
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0- 5 cm2 s-1 ' 0 carried out for y = 0.7, Dm = 2 • 1 , A 1 = 1 , 
-3 

~t 2 = 18, k
0 

= 2 • 10 and n = 0.5 cP. 

These calculations were carried out for crt,r = 0.5, 1, 2, 
4 s~ in Figures III.6 - III.9 Ap and L are plotted against 

dp for the various Acrt,r• In these figures also the 
independent variable tv is varied between reasonable 

limits (30- 480 s). 

Favourable conditions are found near the minimum of the 

Ap versus dp curves, giving short reactors and low pressure 

drops. The smallest contribution to peak-broadening ob

tainable in practice, is 0.5 s, because of the unavailabi

lity of glass beads smaller than 10 ~m and because the use 

of very small glass beads leads to excessively high pressure 

drops (see Figure III.6). If Acrt,r is allowed to have a 
larger value, from the practice of liquid chromatography 

5 s is already an extreme value, a larger range of particle 

sizes are reasonable, because the slopes of the Ap versus 

d curves decrease, as can be seen in the right parts of p 
Figures III.6 - III.9. 

Larger values of the residence time, tv, can only be 

applied when Acrt,r is also increasing (Equation (III.18)). 
This is due to a practical limit set to the number of 

plates that can be realized in a reactor column. 

In order to facilitate comparison of reactor types (see 

Section III.4) in Figures III.10 and III.11 dp is plotted 

against Acrt,r for various reaction times, tv' and for 
reactor lengths of 25 and 50 cm respectively. In practice 

limits are set to the pressure drop, Ap, over the reactor 

and the broken lines interconnect points of equal pressure. 

The values for the parameters y, n, Dm' :\ 1 , ~t 2 , k
0 

were 

chosen such as to cover the conditions met in specific 

reaction-detection systems. The influence of these physi

cal constants Dm, n and y and the packing geometry fac

tors ~t 1 and A2 on the graphs will be discussed here. The 

influence of y is very small (see Figure III.12). The 

slope of the Ap versus dp curves increase with lower Dm 

values while the minima of these curves move to lower dp 

values (see Figure III.13). When varying the viscosity of 

the reaction mixture, consequently the molecular diffusion 
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Figure III.6. Reaator length, L, and reaator pressure drop, 

~p, as a function of the particle diameter, dp, for various 

reaction times, tv, at a constant residence time distribu

tion in the reactor, ~crt , of 0.5 s. Numbers plotted near ,r 
the curves: tv ins. Conditions: y = 0.7, A1 = 10, A2 = 18, 

-5 2 -1 k
0 

= 0.002, n = 0.5 aP, Dm = 2.10 am s 
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Figure III.7. Reactor length> L~ and reactor pressure drop, 

8p> as a function of the particLe diameter, dp• for various 

reaction times, tv, at a constant residence time distribu

tion in the reactor, 8crt • of 1.0 s. Numbers plotted near ,r 
the curves: tv in a. Conditions: y = 0.7, A1 10, A2 18, 

-5 2 -1 
k

0 
= 0.002, n = 0.5 aP~ Dm = 2.10 am s 
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Figure III.8. Reactor length~ L~ and reactor pressure drop~ 

Ap~ as a function of the particle diameter~ dp• for various 

reaction times, tv, at a constant residence time di~tribu

tion in the reactor, Acrt,r• of 2.0 s. Numbers plotted near 

the curves: tv ins. Conditions: y = 0.7, \ 1 = 10, \ 2 = 18, 
-5 2 -1 k

0 
0.002, n = 0.5 aP, Dm = 2.10 cm s • 
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Figure III.9. Reaetor Zength, L, and reactor pressure drop, 

~p, as a function of the particZe diameter, dp, for various 

reaction times, tv, at a constant residence rime distribu

tion in the reactor, 6crt,r• of 4.0 s. Numbers pZotted near 

the curves: tv ins. Conditions: y = 0.7, A1 = 10, A2 = 18, 
-5 2 -1 

k
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0.002, n = 0.5 cP, Dm = 2.10 ems 
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Figure III.lO. The particZe diameter, dp, as a function 

of the band broadening, 8crt,r• for various reaction times, 

tv• assuming a constant reactor length L = 25 cm. The 

broken lines interconnect points of equal pressure drop. 

Figure III.ll. The particle diameter, dp• as a function 

of the band broadening, 8crt , for various reaction times, ,r 
tv• assuming a constant reactor length L = 50 cm. The 

broken lines interconnect points of equal pressure drop. 

coefficient will alter, since Dm is proportional to 1/n. 

In Figure III.l4 the influence of Dm is superposed on the 
pressure drop increase because of the increase of n 

according to Darcy in the 8p - dp plot. But the influence 

of all these parameters is small in comparison with the 

effect of the Hiby constants (Figures III.l5 - III.l7). 

The estimation of the values of these parameters seems to 

be very important (see Section III.2.4). To be sure of 

having constant and reliable values of these geometry 

factors, the packing procedure should be reproducible. 

The values of the Hiby constants A1 and A2 were determined 

in separate experiments with glass bead columns (see 

Section III.2.4). 

At a given length of the reactor, the internal diameter, 

dr' of the reactor should be chosen such as to fit in with 
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the residence time and the volumetric flow rate, ~r + ~c' 
through the reactor. The internal diameter is found from: 

dr = [ 4tv (~c + ~r)]~ (III.23) 
'lfe:TL 

where ~c is the volumetric flowrate through the column. 

and e:T the void fraction of the reactor (e:T = 0.4 for 
non-porous particles). 

The use of packed reactors in high performance liquid 

chromatography ia possible with relatively fast reactions 

as will be shown in Sections III.2.5 and III.2.6. 
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Figure III.l2. Reaator length, L, and reaator pressure drop, 

Ap, as a funation of the partiale diameter, dp, for various 

tortuosity faators, y. Numbers plotted near the aurves: y. 

Conditions: tv = 120 s, Acrt r = 1.0 s, A1 = 10, A2 18, 
• -5 2 -] 

k
0 

= 0.002, n = 0.5 aP, Dm = 2.10 am s . 
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Figure III.l3. Reactor Zength 3 L~ and reaator pressure drop~ 

np, as a funation of the partiale diameter 3 dp' varying 

the value of the molecular diffusion aoeffiaient~ Dm~ of a 

aomponent in the reaation mixture. Numbers plotted near 
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Figure III.l4. Reaator length, L, and ?eaator pressure drop, 

6p, as a funation of the partiale diameter, dp• for various 

values of the visaosity, n. of the reaation mixture. Num

bers plotted near the aurves: n in 10-J P. Conditions: 
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Figure III.l5. Reactor Zength~ L, and reactor pressure drop~ 

~p, as a function of the particle diameter, dp, for various 

vaZues of the geometry factor A2 and at constant Al = 5. 

Numbers pZotted near the curves: A2 . Conditions: tv 120 s~ 

~at r = 1.0 s, y = 0.7, A1 = 5, k
0 

= 0.002, n = 0.5 cP, 
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Dm = 2.10 cm s 
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Figure III.l6. ReaatoP length~ L, and reaator pPessure drop, 

Ap, as a funation of the partiale diameter, dp, for various 

values of the geometry factor A2 and at aonstant A1 = 10. 

Numbers plotted near the curves: A2• Conditions: tv = 120 s, 

Aat r = 1.0 a, y = 0.7, A1 10, k
0 

= 0.002, n = 0.5 aP, 
, -5 2 -1 

Dm = 2.10 am s . 
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Figure III.l7. Reaator length~ L~ and reaator pressure drop, 

~p. as a function of the partiaZe diameter, dp, for various 

values of the geometry faator A2 and at aonstant A1 = 15. 

Numbers plotted near the aurves: A2 • Conditions: tv 120 s, 

~ot r 1.0 s, y = 0.7, A1 15, k
0 

= 0.002, n = 0.5 aP, 
• -5 2 -1 

Dm 2.10 am s 

2.5 Application of the packed bed reactor for the 

determination of trace amounts of hydroperoxides. 

2.5.1 Introduction. 

Hydroperoxides are important intermediates in a 

number of (industrial) oxidation processes and the study 

and control of these processes require sensitive methods 

for determining the individual hydroperoxides in the 

reaction mixtures. Because of their thermal instability, 

the compounds should preferably be separated by column 

liquid chromatography. 

Direct uv-absorption detection has been used in the 

liquid chromatography of hydroperoxides. However, this 
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approach proved to be unsuitable when using complex 

reaction mixtures containing high concentrations of other 

reaction products. A well-known sensitive and selective 

method for the calorimetric determination of hydroperoxides 

is based upon the reaction with sodium iodide in a mixture 

of 2-propanol, acetic acid and water; the absorbance of 

the reaction mixture due to r; is usually measured at 

362 nm. The direct objective of this work was the con~ 

struction of an on-stream system for this reaction which 

should be used in combination with the chromatographic 

separation of hydroperoxides. 

2.5.2 Experimental. 

The liquid chromatograph (Figure III.l8) was 

constructed in our laboratory and has been described 

elsewhere 97
• Chromatographic columns (30 cm x 4.6 mm) 

were made from stainless-steel tubing. The columns were 

filled with 5 ~m silicagel (LiChrosorb SI .60, Merck, 

Darmstadt, G.F.R.) by a slurry packing procedure. 

SPECTROPHOTOMETER 

Figure III.18. Schematic diagram of the chromatographic 

system. 

The plate numbers achieved in these columns under normal 

operating conditions appeared to range from 12,000 to 

15,000. A 50% water-saturated mixture of 2,2,4-trimethyl-
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pentane and ethanol (95 : 5 v/v %) was used as the eluent. 

Normally, the columns were operated at a liquid flow 

rate (~ ) of about 1.1 cm3 min-1 , which corresponds to a 
c -1 

linear eluent velocity of ea. 0.2 cm s • 

The reagent used for calorimetric detection of hydro

peroxides was formed in situ by mixing two streams of 

equal flow-rates (0.55 cm3 min- 1), one consisting of a 
-1 

solution of sodiumiodide in 2-propanol (12.5 g 1 ), 

the other being a mixture of acetic acid and 2-propanol 

(10 : 90 v/v %). In situ formation of the reagent is 

necessary, because of its instability. The reagent streams 

were supplied by reciprocating high-pressure pumps (Type 

DMP-AE-10.4, Orlita, Giessen, G.F.R.). An effective pulse 

damping system is essential, because of pulsating reagent 

flow will disturb the homogeneity of the reaction mixture 

and, consequently, produce a high detector noise. 

A pulse damping circuit consisting of a large volume 

bourdon tube and capillary tubing proved to be sufficient. 

The reagent was added to the column effluent through a 

0.15 mm I.D. stainless steel capillary tube. The connec

tion between the column and reactor consisted of a short 

piece of 0.15 mm I. D. capillary tubing (see Section .III. 

2.2.2). The stainless-steel reactor (50 cm x 4.6 mm I.D.) 

was filled with glass beads (Sovitec, Charleroi, Belgium) 

of 15 11m mean particle size. Narrow sieve fraction of 

these glass beads were prepared by an air classifier 

(Zichzacksichter MZR, Alpine, Augsburg, G.F.R~. 

A balanced-density-slurry method (see Section III.2.3) 

was used for packing the columns. The reactor column was 

~hermostated at 70°C. The absorbance of the reaction 

mixture due to the presence of r; was continuously 

measured at 362 nm with a PM2D spectrophotometer (Zeiss, 

Oberkochen, G.F.R.) equipped with a thermostated low

dead-volume flow cell. The contribution to peak-broade

ning from injection and detection device is 0.4 s. 



2.5.3 Results and discussion. 

The reaction conditions were derived from a standard 

calorimetric method for the assay of low concentrations of 

hydroperoxides in hydrocarbons. It \'las found that the 

reaction time for hydroperoxides could be considerably 

reduced from that in the original procedure QY heating the 

reaction mixture. 

In view of the boiling points of the components of this 

mixture, a temperature of 70°c was chosen. At this tempe
rature, the influence of the reaction time on the forma

tion of I; from Nai by cyclohexyl hydroperoxide was in

vestigated; the results are shown in Figure III.l9. The 

measurements were carried out on mixtures containing equal 

volumes of the reagent mixture sodium iodide, 2-propanol 

and acetic acid and the eluent mixture 2,2,4-trimethyl

pentane-ethanol. The curve shows this at the selected 

residence time of 90 s almost 80% of the maximum absorbance 

is attained. 

6000 

0 

t PEAK SURFACE 

------------------

100 

REACTION TIME1S --
200 300 

Figure III.19. Influence of reaction time on the formation 

of I; from sodium iodide by cycZohexyZ hydroperoxide, in 

reaction mixture at 70°C. 

The linear eluent velocity in the chromatographic 

column corresponds to a volume flow-rate of about 1,1 cm3 

min-1 • The total volume flow-rate for the reagent was set 
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arbitrarily at the same value. This choice is a compromise; 

on the one hand, high flow-rates cause undesirable dilution 

of the sample compounds (see Section III.1.4), while on the 

other hand difficulties, such as irreproducible pump set

ting and irregular flow, will arise from too low flow

rates. 

In order to estimate ~crt from practical liquid ,r 
chromatography, we consider a 30 cm column. The application 

of a 5 11m packing enables plate numbers of about 15,000 

to be attained in such a column. Suppose that the column 

is operated slightly above its optimal linear velocity, 

for instance at 0.2 cm s-1 • In practical separations, the 

capacity ratio, k, will be at least 1, which corresponds 

to a retention time of 300 s. 

and N, we find ~crt = 2.45 s ,c 
0.81 s, when a loss of 5 % is 

Using these values for tR 

(k = 1) and hence 6ot,r = 

accepted (see Section III.13, 

Equation (III.6)).The condition 6crt,r = 0.8 scan be met 
by using short columns (L = 10 cm) packed with glass beads 

of 6 \liD, at a pressure drop of 8 atm. It can be calculated 
3 -1 from Equation (III.23) that with ~c + ~r = 2.2 cm min , 

the internal diameter of the reactor column should be 

0.72 cm. 

For practical reasons, it was decided to construct the 

reactor of standard 4.6 mm I.D. stainless-steel tubing. 

Consequently, standard low-dead-volume end-fittings could 

be used. From Equation (III.23) it is found that L = 50 cm. 

It can be shown that the column should be packed with 15 \liD 

glass beads in order to meet the condition 6ot,r = 0.8 s 
(graph not included). The viscosity of the reaction mixture 

is almost equal to the value assumed (0.54 compared with 

0.5 cP). Therefore, the pressure-drop over the reactor 

was expected to be 29 atm.; the experimental result was 

20 atm. 

The additional band-broadening in the reaction system, 

6ot,r' was measured experimentally. For this purpose, a 
UV-absorbing compound, m-nitrophenol (k = 1.1) was injected 

into the chromatographic column, which had been connected 

directly to the spectrophotometer. The elution peak was 
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observed at 280 nm. 

Io.02AU o~~oo 

o~oo 0 ~ ~'() 
'---------' ~-----.J....._.. '---...:.~ 
30 20 10 0 

- TIME,min 

Figure III.20. Ch~omatog~am of a test mixtu~e of pe~oxides. 

Cotumn:300 x 4.6mm; paaked ~ith 5 ~m LiCh~oso~b SI 60. 

Eluent: 2. 2, 4-trimethylpentane-ethanol (95: 5v/v %) ; 50% ~ate~ 
3 -1 

satu~ated. Fto~-~ate: 1.1 am min • Flo~-~ate reagent 
3 -1 

~~ = 1.1 am min Detection by reation system. consis-

ting of a 50 x 0.46 am paaked bed reactor; ~ith 15 ~m glass 

beads. and an UV deteato~. operated at 360 nm.temperatu~e: 

?0°C. 

The reactor was then placed between the chromatographic 

column and the spectrophotometer; the reagent flow was 

replaced by a flow of pure 2-propanol. The same compound 

was injected again and ~at,r could be calculated by 

comparing the band widths of the peaks. The value of 0.9 

± 0.2 s which was found, agrees with the theoretical 

value fairly well. 

Figure III.20 shows the chromatogram obtained for a 

model mixture of peroxides derived from cyclohexane; the 

peak of cyclohexyl hydroperoxide (k ~ 5) corresponds to 

about 1 ug. The minimum detectable amount of this peroxide 

was 5 ng; injection of this amount produces a peak five 

times the standard deviation of the detector noise signal 
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Figure III.21. Calibration curve for cycZohexyZhydroperoxide. 

-4 (noise equals 2.10 A.U.). 
In Figure III.21 a calibration curve is given for cyclo

hexylhydroperoxide. 

2.6 Application of packed bed reactors for the analysis 

of amino-acids. 

Recently the detection of primary amines is significant

ly enhanced by using a selective fluorescence reaction 
135 - 136 • O-phthalaldehyde reacts in alkaline medium in the 

presence of a reducing agent such as 2-mercapto-ethanol by 

giving rise to strongly fluorescing compounds. Benson and 

Hare 137 modified the reagent employed by Roth 135 and demon

strated that, by using o-phthalaldehyde reaction-detection 

in combination with an efficient separation, a highly 

sensitive analysis of protein amino-acids and peptides 

could be achieved. 

However, packed beds should be preferred as reactors, 

because they give the lowest possible additional band

broadening. Figure III.22 gives the scheme of a reaction 

system for the fluorometric detection of amino-ac~ds 

separated by "soap chromatography" 138
• The separation 

conditions are summarized in Figure III.23. The reagent 
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consisted of a solution of o-phthalaldehyde (0.8 g/1), 

ethanol (10 ml/1) and 2-mercapto-ethanol (2 ml/1) in 0.1 !1 

sodium tetraborate buffer (pH = 10.4). The linear eluent 

velocity in the chromatographic column corresponds to a 
volume flow-rate of 1 cm3 min- 1 • The flow-rate for the 

reagent was arbitrarely set at the same value. Mixing of 

the column effluent and reagent was achieved by using a 

tee in which both streams were fed through 0.15 mm I.D. 

channels (see Section III.2.2.2). At 20°C the reaction was 

almost complete for tv 60 s. The reaction was carried 

out in a 30 cm x 4.6 mm I.D. stainless steel reactor 

packed with 15 vm glass beads. It can be calculated from 
3 -1 Equation (III.23) that for ~ + ~ 2 cm min the c r 

mean residence time in the reactor will be about 60 s. 

Further, as can be seen from Figure III.10, this reaction 

can be carried out for Acrt,r < 1 s at a moderate pressure 

drop. The fluorescence of the reaction products was 

continuously measured at 455 nm with a fluorometer (type 

135800/50, Farrand, New York, u.s.A.) equipped with a 

home made flow-cell; the excitation wavelength was 340 nm. 

Figure III.23 shows a chromatogram for a mixture of 

amino-acids, 

The minimum detectable amount of the amino-acids 

is about 100 pg, even for strongly retained components. 

It should be emphasized that these detection limits are 

only attained when fluctuations in column and reagent 

flow are virtually eliminated. Reciprocating high-pressure 

pumps (type DMPSK 15, Orlita, Giessen, G.F.RJ equipped 

with an effective pulse-damping circuit were used. The 

additional band-broadening in the reaction system, IJ.crt , ,r 
was measured experimentally. To this purpose, an uv-

absorbing amino-acid, tyrosine, was injected into the 

chromatographic column, which had been connected 

to an UV detector (PI-12D, Zeiss, Oberkochen, G. F. R.) • The 

eluent had been modified by adding methanol in order to 

reduce the capaci·ty factor for tyrosine to about 1. The 

reactor was placed between the column and the detector; 

the reagent flow was replaced by water. The same compound 
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was injected again and !J.at was calculated by comparing ,r 
the widths of the peaks. A value of about 1 s was found. 

PRESSURE nCOLUMN 

MO~"ro' t n• 

PUMP 

REACTOR 
0-PHTALALOEHYDE 30K .4fl cm 

dp:15,um 

FLUOROMETER 

Figure III.22. Sehematia diagram of the system for sepa

ration and fluorometria detection of amino-aeids. 

2 

1 

0 

4 
3 

5 

6 

30 TIME, min __....... 60 

Figure III.23. Chromatogram for a mixture of amino-acids. 

Column: 20 am x 0.46 am I.D. paeked with 5 ~m LiChrosorb 

RP-8. Eluent: 0.01 M sodium phosphate buffer, pH= 2.5 in 

water + 1 vjv % 2-propanol + 0.06 w/v % sodium laurylsul-
J . -1 J . -1 phate. Flow-rate eluent: 1 am m~n , reagent lam m~n . 

Components: 1 = aystine.H20, 2 = taurine, J aspartic 

acid, 4 glutamic acid, 5 = serine, 6 = threonine, 7 = 

alanine. 
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3. Design and application of tubular reactors. 

3.1 Introduction. 

In analytical chemistry,process industry and 

medical technique, mass and heat transfer is frequently 

accomplished with tubes and laminar flow. This laminar 

flow is expected especially in the case of viscous liquids 

and flow in capillary tubes. Generally one strives for: 

a good radial concentration mixing, 

a minimal axial dispersion. 

Turbulent flow is favourable for this aim. In many prac

tical application no turbulent flow can be realized. 

Laminar flow in straight tubes is less favourable. 

In comparison with laminar flow, helical coiled tubes 

give better results, because of a secondary flow per

pendicular on the axial flow direction. The transfer in 

radial direction is realized by diffusion and by convec

tion. By the secondary flow a smoothing effect on the 

distribution of the axial velocities is noticed, which 

reduces the residence time distribution. A small increase 

of the axial pressure gradient is the result. 

To derivatize eluted components after the separation 

columns, numerous workers 75
-

85 added a suitable reagent 

to the column effluent using a tee piece and short lengths 

of highly coiled .tubing. At the flow-rates employed, 

these coils provide time for mixing reagent with effluent 

and the time is ample for the reaction to go to completion 

and occasionally for destruction of excess reagent80 • 

The basis of the design of such tubular reactors will 

be given in this section. 

3.2 Axial dispersion in straight tubes. 

The problem of dispersion of soluble matter in a 

solvent flowing through a straight tube of circular cross 

section was first treated by Taylor 139 , 140 , and was 

subsequently extended significantly by Aris 141 • Aris 
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showed the form of the effective dispersion 

coefficient to be equal to the sum of the molecular 

diffusion coeffi.cient and Taylor's dispersion coefficient: 

2 2 Pe2 
dt u 

ID Dm + --- Dm (1 + _a_) (III.24) a,s 
192Dm 192 

where dt is the diameter of the tube. 

At high Peclet numbers the effective dispersion coef~icient 

is just 

192Dm 

which was found originally by Taylor. However, at low 

Peclet numbers, the relative effect of axial diffusion 

increases, and in the limiting case, when Pea goes to 

zero, the effective coefficient ID is simply the a,s 
molecular diffusion coefficient Dm. 

Figure III.24, which summarizes the region of applica

tion of the various solutions, can be used to compare the 

applicability and limitations of the various equations. 

This graphical summary of the regions of application was 

introduced by Ananthakrishnan et al. 142 - 144 • A very 

detailed analysis of the problem for straight tubes has 

been successfully completed by these investigators. 

According to Ananthakrishnan et al. 142 and as indicated 

in Figure III.24 the Taylor-Aris equation is applicable 

if: 

4D t 
T = m V > 0.8 
~ t 

(III.25) 

where T dimensionless time, defined as the ratio of 

characteristic time for convective transport 

to that for radial diffusion. 
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tv residence time. 

Dm molecular diffusion coefficient 

dt internal diameter of the tube. 



01 1J) 10 

-c-

Figure III.24. Summary of all operating conditions~T vs Pe. 

[] Pure diffusion 

~ Pure convection 

Em Taylor's solution 

EJ Taylor solution with Aris' modification 

CJ Numerical solution only 1 ~ 2 

A second restriction given for the application of Equation 

(III.24) is: 

Pea > 100 (III.26) 

The first limitation is in fact similar to the condition 

according to Taylor: 

L 
>> 

Pe a (III.27) 

A third criterium for the validity of the Taylor-Aris 

equation is that the capillary tube has sufficient theo

retical plates or: 

!:::.at, r < < tv (III.28) 

where t is the residence time and t:::.crt the standard v ,r 
deviation of the residence distribution. Equation (III.28) 

also implies a symmetrical elution pattern. 
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From the effective dispersion coefficient in axial direc

tion the variance of the residence time distribution . 

~at 2 can be derived because according to Einstein 145
: ,r 

a 2 
L,a 

where tv 
2 

aL,a is 

2ID t a v 

is the mean 

the variance 

Furtheron: 

~at 
2 2 

,r aL,a 

t 2 ~ 
V 

so: 2D t 2 

~at 
2 m v 

+ ,r 
UL 

with u L Equation 
t 

V 3 2D t 
~at 

2 m v 
+ ,r L2 

(III.29) 

residence time equal to ~ and 
u 

of the band in distance units. 

1 H (III.30) 
N L 

dt2u2tv 3 

96 D L2 
m 

(III.31) 

(III.31) becomes: 

d 2 t t V (III.32) 
96Dm 

Introducing the plate height Equation (III.32) becomes: 

H 
2D 

m 
2 

dt u 
+--

u 96D m 

(III.33) 

Except for extremely low flow velocities the first term on 

the right hand side of Equation (III.32) can be neglected. 

At velocities as used in practice the variance per second 

of residence time in the reactor, can be expressed as: 

~at 
2 

dt 
2 

,r (III.34) 
t 96D 

V m 

For a non-parabolic flow profile this equation should be 

modified as: 

2 
~at ,r 

2 
Kdt 

96D m 

where K depends on the particular flow profile. 
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3.3 Axial dispersion in coiled tubes. 

Curved configurations of circular tubes have some 

definite advantages over straight tubes. The nature of 

curved-tube fluid motion as compared with straight tube 

parabolic flow, causes a higher axial pressure gradient, 

a higher critical Reynolds number for transition to 

turbulent flow and last but not least a narrower residen

ce time distribution. Besides the advantage of the com

pactness of coils, higher heat and mass transfer coeffi

cients are measured. The reason is that when a fluid 

flows through a helically coiled tube, a secondary flow, 

that is, flow perpendicular to the main direction of 

flow, sets in. This secondary flow (Figure III.25) is 

due to the centrifugal forces acting on the flowing fluid. 

Near the tube center the axial velocity is greatest and 

here centrifugal forces will act most strongly. The 

fluid near the center is thrown outward and replaced by 

recirculating fluid moving inward along the tube wall. 

Dean146 ' 147 was the first to analyse mathematically 

the phenomenon of secondary flow in tubes of circular 

cross-section coiled in the form of a circle, and ob

tained approximate expressions for the fluid velocity 

profile. The theoretical analysis of laminar dispersion 

in helical coils or the simpler case of a curved tube 

consist in solving the convective diffusion equation 

along with the equations of motion. 

Dean proposed the use of a new dimensionless parameter, 
dt 

now known as the Dean-number, Dn = Re la- for charac-
c 

terizing helical flow. Here Re is the Reynolds number, 

dt the diameter of the tube, and de the coil diameter. 

However, Deans analytical solutions are only valid for 

a very limited range of flow conditions. 

t1ore recently several investigators 1 4 8 
-l 

5
" have 

obtatned analytical and numerical methods for solving 

the equatior.s of motion over a 'l'lide range of Reynolds 
d 

numbers and curvature ratios (), d c) (See Figure III. 26}. 
t 
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OUTERWAH 

Figure 111.25. Seeondary f~ow pattern in the erose seetion 

of a eoi~ed tube. 

Figure 111.26. A eoi~ed tube. 

The calculated axial flow velocity profiles were found to 

deviate strongly from their parabolic straight-tube 

counterparts; the difference between mean axial velocity 

and the velocity on the various axial streamlines are 

greatly reduced. These results are confirmed by experi

mental data 149
• The secondary flow in coiled tubes 

causes an increase in radial mass transfer and, therefore, 

reduces axial dispersion in comparison with a flow 

through straight pipes. When defining 

2 

K = (~crt,r 2 )coiled Equation (III.34) can be 

(~crt,r ) straight 

written as Equation (II1.35) as stated before for non

parabolic flow patterns (K ~ 1). Horvath et a~. 155 

tried to exploit this phenomenon in liquid chromatography 

and investigated solute band-spreading in coiled uncoated 

capillary columns. Experimentally a considerable decrease 

in band-broadening was observed due to the "coiling 

effect", but the residual dispersion was still unaccepta

ble for liquid chromatography. 
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An exact treatment of dispersion in laminar flow of 

liquid in coiled tubes essentially concludes the solution 

of three-dimensional mass-transfer equation accounting 

for molecular as well as convective diffusion at a given 

flow field. No satisfactory solution for this problem has 

been found up to now, due to the complexity of the 

equations involved. 

Recently Trivedi and Vasuveda 156
•

157 have presented 

experimental results for dispersion in coiled tubes over 

a wide range of Dean numbers; these authors found that 

the experimental K-values when plotted against Dn were 

represented by a series of curves according to the 

Schmidt-number Se. However, as the K-values were derived 

at least in part from asymmetrical step response curves, 

the accuracy of the results leaves to be desired (condi

tion of Equation (III.28)}. 

A recent theoretical study 1 58 
-I 

6 0
, 1 7 8 • 1 ·7 9 shows that K can be 

given as a function of Dn 2sc in the case of large mole-

cular diffusion and at least for Dn < 20 and A > 20. K 

is the ratio of the dispersion coefficient of the helix 

ID
0 

and the dispersion coefficient of the straight tube 

IDs. The Schmidt number, Se, is defined as Se = -2-
with n the viscosity and p the density of the pDm 

fluid. As already stated in Section III.3.2 for coiled 

capillaries the variance per second of residence time 
is: 

2 
D.crt ,r 

d 2 
t 

K-- with K ~ 1 (III.36) 

Analogous to the derivation of Equation (III.34) from 
Equation (III.24), Equation (III.36) resulted from: 

ID a,c Dm + K 

d 2 2 
t u 

( III. 37) 
192Dm 

again by neglecting the molecular diffusion term. 
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Here the plate height equation is: 

2D 2 

H m + 
dt u 

(III. 38) K 

u 96Dm 

To asses the significance of secondary flow in capilla

ry columns, solute band-spreading in coiled tubes was 

investigated experimentally. The results form the basis 

of the design of open tubular reactors. 

3.4 Determination of the effect of coiling on the resi

dence time distribution. 

In order to measure K-values, helical coils of various 

internal diameter and coiling ratio were prepared. The 

geometries of the helical tubes, made of thin walled 

stainless-steel tubing are summarized in Table III.2. 

All coils were tightly wound. 

The viscosities and densities of the solvents and the 

molecular diffusion coefficients of the tracers in the 

solvents are mentioned in Table III.3. The molecular 

diffusion coefficients are measured by the Taylor method 
139,140 in a straight tube. 

Table III.2. Dimensions of the coiZed tubes used. 

Coil no. dt L d d 
A c c 

dt cm cm cm 

1. 0.0508 1150 15.5 305 

2. 0.0508 1150 52.0 1024 

3. 0.11 610 6.0 54.5 

4. 0.11 610 17.0 154.5 

5. 0.11 610 2.0 18.2 
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Table III.3. Physiaal aonstants of the systems measured. 

Solvent 

2, 2 ,4-tri-

methylpentane 

chloroform 

hexane 

10 H,cm 

t 

5 

10 

Tracer 

nitro-

benzene 

benzene 

benzene 

Psolvent 
-3 g cm 

0.69 

1. 48 

0.66 

-u. cms·1 

20 30 

0.52 

0.54 

0.29 

Dm,tracer 
105cm2s-l 

2.5 

2.05 

4.1 

Figure III.27. Plate height versus linear veloaity of 

different aoiled tubes. 

• benzene-ahloroform (A = J05) 

• benzene-hereane (A = 1024) 

D nitrobenzene-iso-oatane (A = 155) 

~ nitrobenzene-iso-oatane (A = 55) 

Se 

300 

180 

110 

The procedure for determining the residence time dis

tribution essentially consisted in measuring the standard 

deviation of a peak of the tracer. This was done as a 

function of the flow-rate. Injection was made by means of 

a sample valve and detection by UV-absorbance. All mea

surements were corrected for injection and detection con

tributions, being < 3%. Besides the limitations given in 

Equations (III.25), (III.26), and (III.28) it should be 

noted that the time constant of the registration syste~ 

should not exceed 0.2 6o in order to avoid distortion t,r 
of the peak shape 161

• 

The symmetry of the peaks obtained was better than 98% 
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measured at 0.6 of the peak height. The symmetry is 

defined as the ratio of the peak width of the front and 

the rear end of the peak. 

The resulting H-u curves are given in Figure III.27. 

Flattening of the H versus u curves in coiled tubes is 

observed as expected as a consequence of secondary flow. 

It is also clearly demonstrated that there is a strong 

effect of diffusivity. Higher plate heights are obtained 

with slow diffusing components, indicating molecular 

diffusion plays a significant role in the dispersion 

mechanism under these conditions (second term on the 

right hand of Equation (III.33)). The effect of coiling 

is once again clearly demonstrated in Figure III.28 

where ~at is plotted versus 1/d • ,r c 

5 
--.__ 

-----
~dc,cm-1 -0 

0 at Q2 Q3 0.4 

Figure III. 28 .Influence of tube aoiling. on b.at· • ,r 
Tube: 25 m x 0.0508 am. Benzene in iso-oatane, flow-rate 

2.056 am 3 min- 1• Oaalaulated from Equation III.32. 

In Figure III.29 K-values from Equation (III.36) are 

plotted against DnSc~. The data points are represented 

by a single curve as predicted by Janssen160 • In this 

figure three regions can be distinguished. The differen-
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10 100 1000 

Figure III.29. Reduetion of axial dispersion due to 

seaondary flow in eoiled tubes~ K-values were ealaulated 

from experimental data by using Equation (III.36). 

Nitrobenzene-iso-oetane: Ot.. = 1 024~ \1 A = 305~ D A 155~ 

6/.. 55. Benzene-ahtoroform: •.A = 305. Benzene-hexane: 

.~. = 1024. 

tiation is related to the ratio of the inertia forces and 

friction forces in the flow. For values of the group 

DnSc~ < 10, there is no significant difference between the 

axial dispersion in helical coils and in straight tubes 

(zone 1). For increasing values of DnSc~ (DnSc~ > 10) the 

axial dispersion in the helical coils decreases as 

compared with axial dispersion in straight capillaries 

(zone 2). Janssen et al. 160 observed a very small decrease 

of K for values of DnSc~ larger than 100 {zone 3). In our 

measurements this flattening is not observed experimentally 

and K had not yet reached a constant value at DnSc~ of 

even 500. Zone 2 is relevant for practical use of helical 

coils as tubular reactors. Zone 3 is only reached for 

high values of Se and/or Re and small values of A, Values 

of A smaller than 25 are practically inconvenient for 

dt smaller than 0.1 cm. 
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The measurements in region 2 were represented by a single 

curve which could approximately be fitted by the following 

equation: 

( III. 39. a) 

for 
1 

200 > DnSc 2 > 10 

whereas K 1 (III. 39 .b) 

for 
!. 

DnSc 2 < 10 

By using the K-values from Equations (III.39.a) and ' 

(III.39.b) it is possible to predict band-broadening' in 

coiled tubular reaction systems. This opens possibilities 

to optimize the design of capillary reactors in high 

performance liquid chromatography. 

3.5 The pressure drop in a coiled tube. 

In the case of a non-compressible fluid the pressure 

drop Ap in a laminar flow in a straight pipe is expressed 

by the Hagen-Poisseuille equation: 

512n <P
2
tv 

lip = 
1T2 d 6 

t 

(III.40) 

with n the viscosity and <!> the flow-rate of the fluid, dt 

the internal diameter of the tube and tv the residence 

time. 

The circulation in the cross-section of a coiled tube 

causes an increase of the axial pressure gradient. 

Considerable data are available on pressure drop in coiled 

tubes and a good agreement exists between theoretical and 

experimental values 162 - 164 (Figure III.30). 

For coiled tubes the following equation is stated: 
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512n 
~p = 1jJ 

d 6 
t 

(III. 41) 

with 1jJ > 1 

1jJ is defined as the ratio of the pressure drop for a coiled 

tube and for an equivalent straight pipe at the same 

flow-rate. 1jJ is a function of the Dean number and the 

coiling ratio A. It turns out that for Dn ~ 25 the increase 

in pressure drop in comparison with flow through a straight 

pipe is less than 10% (1/J < 1.1). As in practice this con

dition will always be fulfilled for post-column reactors, 

Equation (III.40) can be used as a good approximation and 

the pressure drop increase was neglected. 

_ .. 
Figure III.30. Pressure drop in coiled tubes 162 

3.6 Design of tubular reactors. 

Similar as in packed bed reactors, peak-broadening 

~crt,r in capillary reactors can be expressed by the 

mean residence time tv and the plate number N. Here, a 

suitable choice of the internal diameter, dt, length L, 

and coiling ratio A, should be made to fulfil! the fixed 

reaction time tv' ailowable ~crt,r and without exceeding a 
maximal allowable pressure drop ~p. 
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The three criteria are expressed in the following 

equations: 

t.p = 1jJ 

(III.42 .a) 

(III.42 .b) 

(III.42 .c) 

By using K values from Equation (III.42.a) it is possible 

to predict band-broadening in coiled tubular reactor 

systems. To simplify the procedure for each value of ~ 
2 r 

the relation of t.or,t/tv and dt can be plotted for various 
values of A. This is done in Figure III.32 for ~r = 1 cm3 

min-1 • With the aid of Figure III.31, in Figure III.32 

,r is plotted against the internal diameter of the 

reactor tube, dt, for reaction times varying from 30 to 
420 s. The curves were calculated from Equation (III.42.b) 

or with the aid of Figure III.31 with ~r = 1 cm3 min-1 , 
-5 2 -1 -3 (Dm = 2.10 cm s , n = 0.5 cP and p = 0.7 g cm , A= 200). 

It can be observed from Figure III.32 that little 

additional band-broadening will be obtained for narrow 

bore tubings and small residence times, however, with the 

consequence of long reactors, small internal diameters and 

high pressure drops. 

At a given residence time in the reactor,tv' the mirlimum 

internal diameter of the reactor, dt' will be limited for 

practical reasons by the pressure drop and tube length. 

At a constant flow-rate a decrease of the internal 

diameter,dt, generates higher linear velocities,u, conse

quently it requires longer capillaries at a fixed delay 

time,tv. A decrease of the· internal diameter also increases 

the pressure drop over the reactor drastically. Also the 

chance of clogging is higher. Arbitrarily a pressure limit 

of 50 atm (' = 1) and a maximum length of 50 m were chosen. 
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Figure III.31. Band-broadening per time unit in aoited 

tubutar reaators as a funation of the tube diameter, dt, 

for various votumetria [tow-rates and aurvature ratios A. 

For the various residence times indicated in Figure III.32 

the minimum value for dt was calculated with Equation 

(III.42.b) for ~p = 50 atm. On the other hand the internal 

tube diameters for a reactor length of 50 m were calculated 

from Equation (III.42.a). The practical limits for dt are 

indicated in Figures III.32 - III.35 by broken lines. 

Si "1 f" i f 2 d 3 cm3 mJ.·n-1 both mJ. ar J.gures are g ven or q> = , an 

for A = 200 (Figures III.33 and III.34) and also for ~ = 
3 cm3 min-1 with A= 25 (Figure III.35). As can be con

cluded from Figures III.34 and III.35 where ~ is kept con

stant and A is varied from 200 to 25 it is worth while 

to select a smaller coiling ratio A. This results in a 

larger internal reactor diameter and thus in a smaller 

length. The effect is an appreciable decrease in pressure 

drop. 

3.7 Application of a coiled tubular reactor for the 

determination of sugars. 

The use of high performance liquid chromatography for 

the analysis of trace amounts of sugars has previously 

been almost impossible owing to the low sensitivity of 

detection. Hitherto, liquid chromatographic separations 
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O.DI 

Figure III.32. Band-broadening, 

dt• for various reaation times, 

total volumetria flow-rate ( 

stant aoiling ratio (A= 200); 
-3 n = 0.5 aP, p = 0.7 g am 

0.01 

~crt • versus tube diameter, ,r 
tv• assuming a constant 

1 am 3 min- 1 ) and a aon-
-5 2 -1 

Dm = 2 x 10 am s • 

Figure III.33. Band-broadening, ~ot,r• versus tube diameter, 

dt• various reaation times, , assuming a constant 

total volumetria flow-rate (~r = 2 am 3 min-1 ) and a aon-
"l. . {' ) 1 2 -1 stant ao~ ~ng rat~o A = 200 ;D = 2 x am s 

-3 m 
n = 0.5 aP, p 0.7 g am 
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ClD9 tdt~m ty~30• 60s 1201 

Figure III.34. Band-b~oadening~ Aat ~ ve~sus tube diamete~, 
.~ 

dt, fo~ va~ious ~eaation times~ tv, assuming a constant 

total volumet~ic flow-~ate (~~: 3 am 3 min-1 ) and a con

stant coiling ~atio (A= 200);D = 2 x 10-5 cm 2 s- 1 , 
-3 m 

n = 0.5 cP, p = o.? g cm 

o. t •••30•so~ -.... !/~ 
/ 

0.01 

Figure III.35. Band-b~oadening, Aat,~· ve~sus tube daimete~, 

dt, fo~ va~ious ~eaction times, tv, assuming a constant 

total volumet~ic flow-~ate (~~ = 3 cm 3 min- 1 ) and a con

stant coiling ~atio (A= 25);D = 2 x 10-5 cm 2 s- 1• n = 
-3 m 

0.5 cP, p = 0.7 g cm 
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of carbohydrates with various stationary phases have been 

described 165 - 169 • The absence of suitable chromophores 

demands the use of refractive index detectors, and the 

detection limit obtained by these detectors is about 20 pg 

of sugar 169 • Classical liquid chromatographic methods 

involve the use of cation exchangers or sugar-borate 

complexes on anion exchangers with gradient elution for 

separation, which is the principle of commercial sugar 

analyzers 170 - 173 • The detection is effected by colour 

reactions after elution 170 - 172 and detection limits in the 

microgram region have been achieved. Better results can be 

obtained by using an oxidative reaction that relies on the 

reduction of cerium (IV) to fluorescent cerium (III) by 

the eluted carbohydrates 174 • 

o..?MN.OH 
0.01 11 KJF•(CH )6 

COOLING 
2mx.254mm 

Figure III.36. Schematic diagram of the system for the 

separation and detection of reducing sugars. 

Recently Takata et al. 175 described a highly selective 

method for detecting reducing sugars by combination of a 

reaction system and electrochemical detection: 

3-reducing sugar + Fe(CN) 6 

4-Fe(CN)6 

4-___.,... Fe ( CN) 
6 (III .43) 

(III.44) 

The reaction occurs in alkaline solution at high tempera

ture {tv = 2 min at 90°C). Glass-bead columns can not be 
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used for this reaction since alkaline solutions attack the 

packing material. 

For this reaction a metal tubular reactor was used. The 

scheme of the reaction system is given in Figure III.36. 

Sugars are separated on a strongly acidic cation exchange 

resin (Aminex A-9, Biorad, Richmond, U.S.A.) in the K+-form 
176 • Deionized water was used as the eluent at a flow-rate 

3 . -1 of 0.35 cm m1n • The column effluent is mixed with the 

reagent consisting of a solution of 0.01 !1 K3Fe(CN) 6 in 

0.3 M NaOH, flow-rate 0.3 cm3 min-1 • A coiled 316 stainless

steel capillary tube 25 m x 0.254 mm I.D. was used as the 

reactor~ the coil diameter was 2.5 cm. A coulometric de

tector as described by Lankelma and Poppe177 is used for 

measuring the concentration of the reduced ion Fe(CN):-. 

The particular reaction mixture made it necessary to 

modify the detector slightly. The glassy carbon electrodes 

were replaced by platinum sheets. Moreover, an external 

calomel electrode was used instead of the internal referen

ce electrode of the original design. The working electrode 

had a constant potential of +0.5 V. 

GLUCOSE 

10 8 8 
..,._. TIIIE,min 

Figure III.37. 

25 am :x: 4. 6 mm 

Eluent: tJater. 
3 -1 0.3 am min . 

2 0 

Chromatogram of a mi:x:ture of sugars. Column: 

I.D. Amine:x: A-9 aation exahanger (K+-form). 
3 -1 Flow-rate,eluent: 0.35 am min , reagent: 
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Figure III.37 shows a chromatogram for a mixture of sugars. 

The additional band-broadening in the reaction system vJas 

4.5 s and the pressure drop 18 atm. The band•broadening 

was measured by injecting fructose directly into the 

reactor. 

This value of 8at,r = 4.5 s agrees with the theoretical 

value of 3.9 s well. The contribution of the 

separation column is 8at,c = 6.2 s for glucose. The band

broadening caused by the coiled capillary reactor tube is 

22% of the band-broadening of a similar straight capillary 

tube. The minimum detectable amount reached with this type 

of detection is about 100 ng. 
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4. Selection criteria for post-column reactors. 

In applying reactor systems the "chemistry" of the 

reaction involved is of the utmost importance for the 

choice of the reactor type. For simple, one-step fast 

reactions and, consequently, low values of tv' i.e. 2-4 
minutes at most, this choice is obvious. Packed reactors 

give the lowest additional band-broadening and should be 

preferred therefore. 

Helically coiled tubes are attractive as reactors 

because of the simple construction and the easily predic

table dispersion. However, in spite of the "coiling-effect" 

the dispersion in these reactors is relatively important: 

even for fast reactions, i .• e. tv = 30 s, the additional 

band-broadening, Acrt,r' will be about 1 s and packed 

reactors should be preferred. In some applications the 

properties of the reagent are such as to preclude the use 

of reactors packed with glass beads. Glass-bead columns 

can not be used for reactions in alkaline solutions since 

the packing material will be attacked. 

For these reactions a metal tubular reactor can be 

applied. By comparison of Figure III.10 for packed reactors 

and Figure III.32 for coiled tubular reactors it may be 

concluded that in general packed reactors should be pre

ferred over tubular reactors. 
For slow reactions(reaction times larger than 5 minutes) 

neither glass-bead columns nor helically coiled reactors 

can be used without accepting large values for the addi

tional band-broadening, Acrt,r' It should be noted, however, 

that many reputedly slow reactions can considerably be 

speeded up, because a closed pressurized reactor allows 

the reaction mixture to be heated up to temperatures excee

ding the boiling point at atmospheric pressure of the sol

vent109. For particular applications, however, this 

approach is not appropriate, e.g. when aggressive reagents 

such as concentrated acids are used. Then a segmented flow 

reactor is suitable. 
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