
SUMMARY 

The sensitive 2nd se&tive determination of separ2ted compounds ixt eBuents 
from liquid chromatograpbic columns can be carried out by contirzuously adding a 
s&able c&xinetric agent to the colu.rm efiiuent and continuously monitoring tie 
&.,so~bance of the reaction mixture. However, a considerable amount of additional 
broadening of tie cbrom2togr2pkic peaks may occur in these systems, espe&Uy if 
slower reactions m2ke if necessary for longer residence times to be used in the reactors. 

It is shown hqw rhis additional brozdening ca be reduced to an acccpt2ble 
level by using packed reactors. Some general characteristics of these reactors are 
discussed and rules for the optimal design are given. 

J% method is described for the detemimtion of hydroperoxides in reaction 
mixaxes from the oxidation of hydrocarbons. Separations are carried out by adsorp- 
tion chronmtography. In 2n on-line packed reactor, iodine is formed by hydroper- 
oxides in an acidic solution of sodilm iodide, and the absorbance of the reaction 
mixture is mezssed at 362 EM. A delay tie of I.5 tin at 2 ~mperature of 79” in 
-the reactor Involved 2 standard deviatioa of the residezce tine distribution of less 
than 1 sec. Nanogmm z~~~ount.s of hydroperoxides can be determined by means of 
&is color&e&k detector. 

Photometric ff ow detectors are probably the most widely used detection devices 
in modem liquid qbromato&2phy (LC). ?Tbey 2re operated mainly in the W region 
of the- qxxtmm, where numerous compounds of chemical or bioIo@al interest 
show z@so@ti&~ Sotietimes, nk~absorbin~ molecules are comefled into absorbing 
products by 2pFropriate deriv2tiz2tion re2ctions (‘labetling”) prior to separation. 
However, the sensitivity of the W detector to a wide range of substances implies 2 
low selectivity, which may be troublesome in the chromatogrq&ic analysis of cum- 
plex 3lliSursi 
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The selectivity of LC photometric detectors can be subs&tiaUy increased by 
coupling the chromatographic column to a chemical reaction system in which the 
column efauent is confGnuousEy mixed with a colour reagent that is speciEc for the 
group of compounds to be determined and by measuring the absorbance of the 
reaction mixture. These on-stream reaction-detection systems are currently used in 
the analysis of biologically important mixtures by means of ion-exchange chromate-m 
graphy. However, the reactor will inevitably cause additional broadening of the 
chromatographic baad, which may have an adverse effect on the columnperformance, 
especially with narrow peaks. 

It is shown in the present study that additional band broadening and the con- 
sequent loss of resolution can be reduced to an acceptable level by careful design of 
the reaction system, even if high-performance cobnnns are used for separation_ 
Hydroperoxides are important intermediates in a number of industrial oxidation 
processes and the study and control of these processes require sensitive methods for 
determimng the individual hydroperoxides in the reaction mixtures. Because of their 
thermal instability, these compounds should preferably be separated by column 
liquid chromatography. 

Direct UV absorption detection has been used in th-e liquid chromatography of 
hydroperoxides. However, this approach proved to be unsuitable for use with com- 
plex 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 IS- 
is usually measured at 360 nm. The direct objective of this work was the construction 
of an on-stream system for this reaction which could be used in combination with 
the chromatographic separation of hydroperosides. 

A calorimetric detector consists of a reactor and a flow cell, and a chromato- 
graphic peak eluted from the cohunn wil undergo additional broadening in the reac- 
tor. Let the variance, expressed in time units, of a solute band leaving the cobmm be 
drr,d, the variance of the residence time distribution function in the reactor 4~7~~‘, 
and the variance of the peak at the end of the colorimetrtc detector system G:'. The 
variances are additive, and therefore 

’ It is assumed that the variance 40,~ in the reactor can be approximated by the 
variance of the residence time distribution function of an inert non-reacting compo- 
nent. 

The separation bgtween two peaks that differ. by 4 fR in their retention times is 
characterized by the resolution, R: 

R d.& 
f 

Where Go represents 

69 

the standard deviation of the second peak. The maximum value 
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ofthe r&oMion, La,_, wiH be obtained with o, = &,, and 6~~~ = O_ The following 

equation can then- be derived : 

If a 5 % decrease in resolution is considered acceptable, then 

Now, do,, can be calculated from the plate number, I?, of the column used and the 
retention time, tg, of the solute. 

In order to estimate LfcEtd in practical liquid chromatography, we consider a 

304m column. The apphcation of a 5-pm packin, = enables plate numbers of about 

l5,OoO to be attained in such a column. Suppose that the column is operated slightly 
above its optimal linear vefocity, for instance at 2 mm*sec-‘. In practical separa- 
tions? the capacity ratio, k’, will be at least 1, -which corresponds to a retention time 
of 300 sec. Using these values for tR and IV, we find .&,, = 2.45 set (k’ = I) and, 
hence, .&red = 0.81 sec. 

In the simplest design, i?ow reactors consist of narrow glass or plastic tubing. 
However, as the laminar flow profile in the tubes causes considerable band broadening, 
these reactors can be used with very fast reactions oniy’_ Although this additional 
peak broadening can be considerably reduced by using a gas-se_mented liquid flow, 
it still exceeds the limits imposed by modern liquid chromatography, even in carefully 
designed system?. Jolley et al.’ ,used a packed tubular reactor in a calorimetric detec- 
tion system for a carbohydrate analyzer, with glass beads serving as the packing 
mzterial. The reactor design was not critical here because of the long retention times 
and the rather broad elution peaks. 

As in chromatographic columns, peak broadening, do,,, in packed tubular 
reactors depends on the mean residence time, r,, in the reactor and the plate number, 
A? In Table 1 the plate numbers that meet the requirements of the typical chromato- 
graphic system described above are given for various reaction times, t,. It can be seen 
that the successful use of calorimetric detection in modem column liquid chromato- 
graphy is possible only with relatively fast reactions and, consequently, at low values 
of t,, i.e., 2-3 min at most. The problems of reactor design are similar to those 
encountered in choosing the optimal conditions for EC separations’. In fact, a suitable 

T-ABLE I 

REACXOR PLATE NUMBER FOR VARIOUS REACTION TIMES, rc, ASSUMING L& = 
0.81 s%z 

60 5.5oQ 
90 12,590 

120 =,m 
18Q 50,(xX) 
300 137,ooo 
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choice of reactor lengt&L, particle size of the gfassZ3ead p_acI&g, db; .z@ pr*ure 
drop over the reactor, A& &o-&d be made for St @en cotibtition ofreac&n tie, 
to, znd additional band broadening, do,,. This czm be done- by starting from the 
following get of equations: 

Where y is the tortuosity fslctor, D, is the diffusion coefficient of-the component in 
the moving flluid, u is the linear velocity of the reactor fled, 1, and A2 are ~~onstants 
characterizing the geometiy of the reactor bed, q is the viscosity of the reaction mixture 
2nd kO is the permeability constant of the reactor. Eqn. 6 wzs taken from Hiby5. 

In fact, this set can be reduced to only two inde_pzndent equations, which 
implies that of the five parameters L, d,, &I, &, and dq,,, three can be chosen at will. 
As r, and do,, are fixed otherwise, only one of the three remaining parameters need 
be chosen. 

In Fig. 1, Ap azd L are plotted against dP for various reaction times, r,, and for 
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Aa,, = 0231 sec. the latter c5ndifion corresponding to 5 % additional band broadening 
%I the reactor system for the typical chromatographic situation described earlier. The 
curves were-calculated from eqns. i-g with 7 = Q-7, D, = 2. iQw5 czu2~sec’~, & = 
11, AZ = 18, kO = 2 I HIS3 and T= OS cP_ ‘phe values of the Hiby &nstmts iI1 and 
,I2 an+ the permeability constant k. were taken fron rest&s of separate experiments 
with g&is-bead :obunns ‘. FavourabEe conditions (short reactors and Eow pressure 
drops) are found near the minimum of the dp verszcs dP curves. Fig. 1 also c0nErm.s 
that the use of coforimetric detectors in HPLC is possible only with relatively fast 
reactions. 

The length and iaternai diameter, d,, of the reactor tube should be chosen so 
as to fit in with the volume Bow, CD,. through the reactor. The internal diameter (d,) 
canbefound fromtheecp.tio~ 

Where CD, and ~0~ denote the eluent ffcw and the reagent flow, respectiveIy, and eT is 
the total void fraction of the reactor column. The ehromatographic process always 
invo&s dimtion of the sample components. This dilution effect can he described as 
the ratio of the maximum of the concentration peak leaving the column, cm._ to the 
concentration of the component in the sampIe, co (ref. 2): 

&= V-0 
co A, (1 _t k’) (2 zz L, H,)’ (W 

where V, is the sample volume, A, the cross-sectional area of the separation column, 
LC the length and H, the plate height of the c5Iumn. In the reactor, further dilution 
takes place owing to the addition of the reagent and the extra band broadening: 

If small amounts have to be detected, @, should be made as small as possible. 

Ckrumatcgrapky 
The liquid chromatograph {Fig. 2) was constructed in our laboratory and has 

been described elsewherez. Chromatographic columns (30 cm x 4 mm) were made 
from stainless-steel tubing. The columns were tilled with 5-pm silica gel (Merckosorb 
SE-60, Merck, Darmstadt, G.F.R.) by a shiny packing procedure. The plate numbers 
achieved in these cobunns under normaI operating conditions appeared to range 
from 12,QQQ to &5,OQQ. A 50 % water-saturated mixture of 2,2,4-trimethylpentane and 
ethanol (95:5) was used as the duent. Normally, the columns were operated at a 
fiquid flow-rate (CD=) of abont 1.1 cm’- rnir~-~, which corresponds to a linear eluent 
velocity of ca. Q-2 em* seCL. 
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Fig. 2. Schematic diagrzn of the c‘hromatographic system. 

Reactor system 
The reagent used for calorimetric detection of hydroperoxides was formed in 

situ by mixing two streams of equal Eow-rates (0.6 cm3~min-f), one co&&g of 2 

solution of sodium iodide in 2-propaxml (12.5 g-l-l), the other being a mixture of 
acetic acid and 2-propanoi (10:90). 1~ situ formation of the reagent is necessary 

because of its instability. The reagent streams were supplied by reciprocating b&b- 
pressure pumps (Type DMP-AE-10.4, Orlita, Giessen, G.F.R.). Arz etfective puke- 
damping system is essential because a pulszting reagent flow will disturb the homo- 
geneity 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 suflkient. 

The reagent was added to the column eBuent tbrougb 2 0. l-mm I.D. stainless- 
steel capilkry tube. The connection between the column and reactor consisted of a 
short piece of 0.25mm I.D. capillary tubing. 

The stainless-steel reactor column (50 cm x 4.6 mm) was filled with glass 
beads (Sovitec, Charieroi, Belgium) of 16 ,um mean particle size. Narrow sieve frac- 
tions of these glass beads were prepared by means of a0 air clas&er (Zickzacksichter 
MZR, Alpine, Augsburg, G.F.R.). An equal-detity slurry method6 was used for 
packing the columns. The-reactor column was thermostated at 70”. 

Thz absoikE= of the : caction &xture due to &e -presence of -Is- was 
co~timzously measured at 362 rmx with a P-M 2D spectrophotometer (Zeiss, Ober- 
kochen, G.F.R.) equipped witb 2 thermostated low-dead-volume Bow cefl; -+ntrary 
to ‘the manu.f&urer% i~structiorrs, -the spectrophotometer was operated %vitb a 
dezterium lamp, which lsu&ed in 2 reduction of the detector poise. 



-me reaction c~ndi$ions were derived from a sfandzrd coforimetic method for 
tke assay of Iow concentrations uf kydroperoxi+es in kydrocarbons; this metkod has 
be& in use for seued yews in oar fzboratory. ft was found tkat tie reaction time for 
kyeoperoxides could be &due.ed considerably from ikst in the original procedtxe by 
keating Eke reaction mix&e. 

In view of tke boihg points of the components of this mixture, a temperature 
oE70’ Was chosea At t&s temperahre, the LzfEuence ofthe reactiori tie on &e 
formation of E,- from sodium iodide by cycl&exyl kydroperoxide was investigated; 
the results are shown in Fig. 3. Tke measuremerzts were carried out on mixtures 
ax&&ing equal volumes of the reagent mixture sodium iodide, 2-propanol and acetic 
acid and tke eluent 2,2,~~etk~~o~. The curve shows tkat at a reaction 
time of 90 set almost St?% of the maximum absorbaxe is attained. Therefore, a 
residence time of 90 set was chosen for tke reaction system. 

PEAK SURFACE 

I f 
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Fig. 3. iNhence of reaction time on the formation of X3- from sodium iodide by cyclohexyl hydro- 
peroxide. 

The linear eluent velocity in the ckromafograpkic column corresponds to a 
volume ffow-rate of about I. 1 cm3 - se~-~. The total v&me flow-rate for tke reagent 
wti_ set arbitrarily at tke same vdue. This choice is a compromise: on the one hand, 
kigk dew-rates cause undesirable dilution of the sample compounds (see eqn. 9), 
&tile OIL the other hand diEc&ies, suck as tieproducible pump settings and irregular 
Bow, wii arise from too Tow to a Bow-rate. As can be seen from Fig. 1, the condition 
do,, = 0.8 set can be met by using short c+mns (L = E-20 cm) packed with glass 
beads in tke size znge 5_IO,um, at pressure drops under LO atm. 

gowever, it can be calculated from eqn. 9 tkat with @, + Bi = 2.2 cm3 - min-“, 

the inter& diameter of the reactor Column should be 0.7-M cm. For practical 
reasons, it WC& decided to consfruct tie reactor from standvd 46mm I.D. stainless- 
steel tubing- &~eUentiy, standard fow-dead-cohme end-fittings- could be used. 
From eqn: 9, it is found th& L M 50 &a. 

Fig- & S~WXS tit the Column skould be pzcked witk l5-~m glass beads in 
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order to meet the condition A+ = 0.8 sec. Thk viscosity -of-the rtiction _mlxhrre is 
almost equal td the value assumed in plotting~Fi g: 1 @.54 mmpared :with X.5 cl?). 
Therefore, the pressure drop over the re%ctor was e~pected,$o be 2S~tm; the’ experi- 
mental result was 20 a&I. 

Fig. 4 shows the chromatogram obtained for a model mixture of perotid& 
derived from cyclohexane; the peak of cyclohexyf hydrbperoxide (k’ M 5) corre- 
spends to about 1 pg. The minimum detectable amount of tkis peroxide was 5 ng; 
injection of this amount produces a peak Eve times the standaed deviation of the 
detector noise signaL 

Fig. 4. Chromatogram of a test mixture of peroxides. Column: 30 cm x 4 mm, packed with 5 pm 
Merckosorb SP-60. EIuenC: 2,2,4-trimeffiy@ez&zn+eQznol(95:5), 50% water s&urated. Flow-rate: 
1.1 cm’-min-I. Detection by reactor system. 

Tke additional band broadening in the reaction system, dqd, was measured 
experimentally. For this pm-pose, a UV-absorbing compound, ras-nitrophenol (k’ M 
l.!), was injected into the chromatographic cohmzn, wkick had been connected 
directly to the spectropkotometer. Tke elution peak was observed at- 280 ati. The 
reactor was tkez placed between the ~chromatographic c&q& and the spectra- 
pkotometer; tke reagent Bow was replaced by a flow of pure 2-propanol..Tbe same 
compound was injected again and A& could be czdc&ated by comparing the band 
wid&s of the peaks. The value of 0.9 f 0.2 see which we fotmd agrees ftiiy well 
wi’rh the theoreticA value. 


