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SUMMARY 

The detector described is based on the large difference between the vapour 
pressure of solvents commonly used in liquid chromatography and that of most 
analytes, which thus permits phase separation between them. The column eluate is 
nebulized in a stream of warm gas in which the solvent vaporizes. Downstream, the 
particles of non-volatile analytes scatter the light of a laser beam. Part of the scat- 
tered light is collected and fed to a photomultiplier and the resulting signal is 

recorded. The detector responds to the mass flow of solutes, which makes it especially 
suitable for use with narrow-bore columns. The contribution of the detector to band 
broadening is between 0.1 and 0.2 11. The baseline is very stable even with a steep 
concentration gradient, as illustrated by the analysis of triglycerides. The response is 
not linear but proportional to the power 1.8 of the mass flow of analyte. The detection 
limit is around 150 ng/sec for non-volatile compounds which are liquid at detector 
temperature. Possible improvements are discussed. 

INTRODUCTION 

Liquid chromatography is mainly carried out using light absorption detectors 
such as UV photometers and spectrophotometers (UVD) and, to a lesser extent, 
refractive index detectors (RID). These detectors constitute the main workhorses in 

the fieldi. 
The sensitive detection of compounds having weak absorption bands in the 

range of 200400 nm such as sugars and fats is, however, very difficult with absorp- 
tion detectors. The use of the more universal RID is also restricted in practice because 
of its poor detection limit and its high sensitivity to small fluctuations of chromato- 
graphic experimental conditions, such as flow-rate, solvent composition and tempera- 
ture’. Moreover, if the separation of complex samples requires the use of gradient 
elution, the application of RID becomes almost impossible. Although for some sol- 
utes the use of either a reaction detector (RD) or a fluorescence detector (FD) is 
possible, this is not a general solution. In that respect, the LC analysis of complex 
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natural mixtures of lipids or sugars remains difficult owing to the lack of a suitable 

detector. 
The problem becomes even worse when the use of narrow-bore columns is 

contemplated for the sake of solvent economy or better sensitivity because the sample 
size available is limited3. 

The miniaturization of detector cells is also extremely difficult and the tech- 
nological problems have not yet been solved, because the detection limit should also 
be decreased or, at least, kept constant ‘+j. Some progress in the design of very small 
cells for UVD and FD has been reported 3-7 but the miniaturization of RD and RID 
seems much more difficult in spite of somk interesting suggestions’. Similarly, the 
development of open-tubular columns is plagued by the lack of a suitable detector 
with a small contribution to band broadening, i.e., an effective cell volume of the 
order of 1 n14s5. Some interesting suggestions have been made for the use of new 
detector principles’,‘, but the information is scanty. 

A non-selective detector more sensitive than the RID and easier to use, with 
a small contribution to band broadening, is thus seriously needed. The mass spec- 
trometer would be a good solution if it were not so complexlO and expensive. The 
electron-capture detector (ECD)l * and flame-based detectors have been suggested l 2. 
Both are very sensitive and could be made with very small volumes. The ECD can 
be used only with volatile analytes, unfortunately, and it is very selective. Both ECD 
and flame-based detectors are very sensitive to the solvent flow-rate, and noisy signals 
are often encountered. The adaptability of these detectors.to packed columns is thus 
difficult. This explains probably why the ECD has been practically abandoned. 

The evaporative analyser i3,14 is an alternative solution which seems very at- 
tractive for a number of reasons. As most analytes in LC have a very low vapour 
pressure at room temperature, whereas the solvents used as the mobile phase have a 
large or at least significant vapour pressure, some kind of phase separation is con- 
ceivable. In fact, this is the basis for the transport detector15-” of which the detector 
discussed here is a modified version with no mechanical conveyor, thus eliminating 
the source of much complexity and trouble. 

The aim of this paper is to describe a detector incorporating many features of 
advanced instrumentation, to discuss its performance and to demonstrate several 
advantages that are of major importance in connection with its application to nar- 
row-bore packed columns. 

THEORY 

The principle of this detector is to nebulize the column effluent into a stream of 
tiny droplets carried down a short drift tube by a driving gas; the solvent is vaporized 
and the remaining droplets then cross a narrow light beam. Light scattered by the 
residual droplets made of material non-volatile under the conditions of experiment is 
collected and is a measure of the concentration of the solute in the column effluent. 
The temperature of the gas stream and its flow-rate should be sufficiently large to 
ensure total vaporization of the solvent before the droplets cross the light beam. The 
diameter of the drift tube should be large enough to allow the time necessary for the 
solvent vaporization without creating excessive delay in the transport. Background 
signal and noise would then originate mainly from solvent impurities including fine 
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silica particles2’. This noise can be reduced by using tight filters or frits in the gas and 
solvent lines, and solvents with a very small content of non-volatile impurities. 

Current Venturi-type nebulizers give droplets in the 2-20 pm range. Alterna- 
tively, the use of a diaphragm with a 2-10 pm diameter pinhole would provide a jet of 
droplets about twice as large as the pinhole, with a narrow size distribution2’, but at 
the cost of a pressure drop which is around 1 atm/pl . min of flow-rate for a 2-,um 
hole’i. The pressure drop decreases in proportion to the fourth power of the inverse 
of the hole diameter. A typical efficient I mm I.D. column packed with 3-5-pm 
particles has an optimal flow-rate of 60-100 &min. Under these conditions, the 
additional pressure drop created by 5-pm or larger holes may be neglected. 

The droplets shrink during vaporization of the solvent. Assuming that the 
concentration of non-volatile impurities in the mobile phase is I ppm (a reasonable if 
somewhat demanding specification ) the size of the droplets of solvent impurities after 
total solvent vaporization will be 100 times smaller than that of the original droplets, 
i.e., between 200 and 2000 A with a nebulizer and around 1000 A with a 5-pm hole 
diaphragm. This constitutes the background signal. Lower backgrounds reqrire very 
thorough solvent purification. 

The largest concentrations observed in analytical LC at the column outlet are 
of the order of 1 o/0 (w/w); the reduction in size of the droplets made with such 
solutions is only a factor 4.6, so the droplets given by a conventional nebulizer are 
then roughly 0.4-4.5 pm in diameter while those given by a diaphragm are approxi- 
mately l-2 pm in diameter. 

It is important to realize that, for a given set of experimental conditions, the 
elution of a peak will not be accompanied by a change in the number of droplets 
carried out through the system, but merely by a change in their diameters. As the 
intensity of scattered light is a very steep function of particle diameter, this size 
change provides the signal. Unfortunately, the relationship between particle size and 
intensity of scattered light is very complex when the ratio of the wavelength to the 
particle diameter is between 0.1 and 10. Although the use of an electromagnetic 
radiation beam with a wavelength longer than 50-100 pm or shorter than 2040 A 
would ensure a well defined relationship at any scattering angle, such a beam is very 
difficult to generate. The response of the detector could, in principle, be extracted 
from Mie’s theory 22 but this derivation is outside the scope of this work. , 

We know, however, that the intensity of scattered light is a function of the 
complex refractive index of the material, i.e., its refractive index and absorption 
coefficient. Thus, the response factor may vary from compound to compound. The 
intensity of light of a given wavelength, I, scattered in a given direction by a droplet 
of diameter d, depends on the angle 8 between this direction and that of the incident 
light beam and the ratio d/A. A polar plot of the intensity of scattered light as a 
function of 8 has the shape of a daisy. The size of the petals and their number change 
markedly with d/A, so the amount of light scattered in a given direction by a stream of 
identical droplets does not increase regularly with increasing diameter. 

The amount of light collected corresponds to the integration over a significant 
fraction of the space of the light scattered by each droplet. Further, the size distri- 
bution of droplets is relatively wide, so there is no preferred direction for collection of 
scattered light, and the signal increases monotonously with the average size of the 
droplet. The solid angle within which collection of scattered light should be made for 
maximal signal-to-noise ratio has to be determined experimentally. 
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EXPERIMENTAL 

Fig. 1 shows a block diagram of the system. Carbon dioxide is selected as the 
driving gas because of its large specific heat, its ready availability and its low cost. 
Chemical purity is not important as long as there is no fine dust or oil mist from 
compressors. Two Millipore filters are used. The gas stream is delivered through a 
Brooks 86018 pressure controller (Brooks Instrument Division, Hatfield, PA, U.S.A.) 
and a Brooks 8902 flow-rate controller. A flow meter and an oven complete this gas 
line, which is thermally insulated from 6 to 8 in Fig. 1. The oven (6) is a coiled tube 50 
cm x 0.5 mm I.D. enclosed in a temperature-controlled copper block. Typically, the 
oven temperature is set at 30°C and the temperature of the drift tube at approxi- 
mately 40-50°C with all solvents that do not contain water. The detector consists of a 
nebulizer, a diffusion or drift tube enclosed in a heated copper block and a light- 
scattering cell. The exhaust from the detector is directed to a water aspirator operated 
slightly below atmospheric pressure. It is very important to realize that this detector 
turns the whole column emuent into a gas stream containing toxic solvent vapours 
and possibly more toxic sample particles. This stream should be vented in a way that 
avoids intoxication of laboratory personnel and harm to the environment. 

A Hughes 3225H-PC I-mW helium-neon laser (Hughes Aircraft Company, 
Carlsbad, CA, U.S.A.) delivers a red light beam at 632 nm across the light cell to a 
light trap. The scattered laser light is collected by a glass rod and transmitted through 
a short optical fibre to an RCA type R-372 photomultiplier (Hamamatsu, Middlesex, 
NJ, U.S.A.) which is polarized by a Keithley type 240A high-voltage supply (Keithley 
Instruments, Cleveland, OH, U.S.A.). The photomultiplier current is amplified using 
a Keithley type 417K electrometer and recorded on a Servotrace recorder (Sefram, 
Paris, France). 

The use of a flexible optical fibre to connect the light-scattering cell to the 
photomultiplier simplifies the mechanical construction of the detector. This also per- 
mits the transmission of low-level signals as this light conductor is insensitive to all 
sources of stray light and to mechanical or electrical shocks or interferences. 

A schematic diagram of the detector block is shown in Fig. 2. It consists of the 

I 

Fig. 1. Schematic diagram of the light-scattering detector with sample nebulization. 1 = CO, cylinder; 2 = 
Millipore filter; 3 = pressure controller; 4 = flow-rate controller; 5 = flow meter; 6 = oven; 7 = 
Millipore filter; 8 = nebulizer; 9 = heated block with drift tube; 10 = light-scattering cell; 11 = He-Ne 

laser; 12 = optical fibre; 13 = photomultiplier; 14 = high-voltage supply; 15 = electrometer; 16 = 
chromatographic column. 
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Fig. 2. Detector block. 1 = Nebulizer; 2 = drift tube; 3 = heated copper block; 4 = light scattering cell; 
5 = glass rod; 6 = glass window: 7 = diaphragms. 

nebulizer, a 30 cm x 2 mm I.D. drift tube (which can be coiled) enclosed in a heated 
copper block, and the light-scattering cell on the side of which a short piece of glass 
rod is placed perpendicular to the laser beam with the rod tip at the distance of 2-5 
mm from the beam. The glass rod serves as a collector of scattered light. 

The laser beam passes through a glass window located between two dia- 
phragms and through the light-scattering cell, and impinges on to the “Reileigh horn” 
in which it is lost because of multiple reflections. This design generates a significant 
amount of stray light, however, resulting in increased background signal and noise. 
Work is in progress to improve the signal-to-noise ratio. 

The nebulizer designs are shown in Fig. 3A and B. In the first design (Fig. 3A) 
the tip of a 0.25 mm I.D. capillary tube is pressed against a stainless-steel frit with 30- 
pm pores. The column eluate from this capillary is forced into the channels of the frit 
and nebulized by the driving gas which flows around the capillary tubing. This type of 
nebulizer is found to be efficient for moderate flow-rates of mobile phase of the order 
of 0.3-0.4 ml/min or larger. With smaller mobile phase flow-rates, considerable noise 
and spikes are observed. This phenomenon probably occurs as a result of diffusion of 
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driving gas bubbles into the channels of the frit, thus producing a non-uniform flow 
of liquid. This effect is even more pronounced with frits of smaller porosity, because 
higher pressures of driving gas are required to obtain a desired flow through the frit. 
This design is convenient for conventional 4 mm I.D. columns but would not be 
acceptable for 2 mm I.D. or narrower columns. 

The nebulizer shown in Fig. 3B operates on a conventional principle. However, 
because of the required precision, it is more difficult to machine and assemble than the 
previous one. One end of a 0.25 mm I.D. capillary tube is connected to the outlet of 
the chromatographic column. The other end is soldered to a 0.15 mm I.D. short 
stainless-steel capillary tube positioned in the centre of a short 0.5 mm I.D. tube (3). 
Stainless-steel frits are used in order to localize exactly the capillary tube (2) in the 
centre of the tube (3). The performance of this “concentric” nebulizer is good at high 
flow-rates (0.3-0.5 ml/min), and also at low flow-rates down to 20-30 pl/min, and 
probably lower. With such a nebulizer, spikes still occur on the peak profiles, but to a 
much lesser extent than with the other design. Moreover, their height and frequency 
are independent of the mobile phase flow-rate and the spikes are easy to eliminate by 
software. 

The response of the detector is studied by injecting small samples with a 
Rheodyne 7125 injection valve (Rheodyne, Berkeley, CA, U.S.A.) directly into the 

-1 

_2 

Fig. 3. Schematic diagrams of two nebulizers. (A) Nebulizer with stainless-steel fritted disc. 1 = Capillary 
tube, 0.25 mm I.D.; 2 = 30-pm stainless-steel frit. (B) Conventional concentric nebulizer. 1 = 0.25 mm 
I.D. tube; 2 = 0.15 mm I.D. stainless-steel tube; 3 = short 0.5 mm I.D. stainless-steel tube; 4 and 5 = 
stainless-steel fritted discs. 
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detector, without the use of a chromatographic column. The connection between the 
valve and the detector is designed to have the smallest possible dead volume. It is 
observed that with a 20-~1 loop, the mobile phase volume necessary to sweep 20 ~1 of 
sample out of the system and restore a signal level close to the baseline (within 0.5 “/, 
of the recorder scale) is about 53 ~1. The volumes injected are thus limited to 1 ~1. The 
resulting profiles are unsymmetrical, requiring about 10 set for the signal to return to 
the baseline, although more than 95 % of the sample is eluted during the first 3 set at a 
flow-rate of 200 $/min. The peak height is reproducible (R.S.D. 3 %), and is taken 
as a measure of the detector response. 

RESULTS AND DISCUSSION 

The flow-rate and temperature of the driving gas should be adjusted in such a 
way that the solvent is completely vaporized when the residual droplets reach the 
light-scattering cell. Typical operating conditions at flow-rates of 2OOG300 yl/min for 
mobile phases such as methanol, acetonitrile, acetone and chloroform are carbon 
dioxide flow-rate = 5 1 (STP)/min and temperatures = 30 and 45550°C for the oven 
and the drift tube, respectively. For water-containing solvents, the temperature 
should be increased to approximately 70°C for the oven and 80-85°C for the drift 
tube, with the same gas flow-rate. For smaller eluent flow-rates, lower temperatures 
are required. 

Background current drift and noise 
The dark current with the laser off at a photomultiplier polarization voltage of 

630 V is 5. 10pl’ A; the background current with the laser and driving gas on is 
2. 10-i’ A, and its noise is 1 . lo- I1 A The background current, which is easily , 
compensated in the amplifier, results mainly from stray light due to the dispersion of 
the laser beam by the glass window and back reflections in the home-made “Reileigh 
horn”. The contribution of non-volatile solvent impurities to the background signal is 
negligible, as this signal does not change markedly when the solvent flow-rate is 
modified in the 50-300 pl/min range. 

The only potential source of background signal drift is deposition of dust or 
aerosol on the inside of the glass window. Therefore, it is located outside the main 
stream of carrier gas, at some distance from the cell to prevent its contact with the 
particles. The drift is negligible. Background noise originates mainly from gas bub- 

bles in the mobile phase and solid particles in the driving gas and the mobile phase. 
For this reason, tight Millipore filters are incorporated in both lines and solvents are 
degassed using an ultrasonic bath. qnlike what happens with other detectors, the 
noise on the peak profiles may be higher than the background noise. This phenom- 
enon does not affect the detection level, but can reduce the precision in area measur- 
ements and thus the quantification. This noise is attributed to non-uniform nebuliza- 
tion and can indeed be reduced by improvements in the design and construction of 
the nebulizer. Spikes occuring occasionally during peak elution are due to a non- 
uniform flow of the eluent at the tip of the capillary tube (1 in Fig. 3A and B). 

When the detector performances are studied by direct injection (without a 
chromatographic column), intense spikes are also created by droplets of insoluble or 
undissolved sample material. 
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Fig. 4. Detector response as a function of the driving gas flow-rate. Mobile phase flow-rate, 200 &min; 
sample, glycerol (6 pg in 2 pl of methanol). 

In&fence of the driving gas flow-rate on the response 
Both the signal and noise level decrease markedly with increasing flow-rate of 

the driving gas, as illustrated in Fig. 4. The signal-to-noise ratio is larger at relatively 
low flow-rates. Below 4 1 (STP)/min, however, the noise increases rapidly, probably 
because of non-uniform nebulization. Thus the optimal flow-rate is between 4 and 5 1 
(STP)/min with this particular equipment. This value probably depends on the diam- 
eter of the drift tube but this effect was not further studied. 

Znfuence of the temperature of the drift tube on the response 
At constant temperature of the driving gas, the response of the detector for 

relatively volatile compounds depends on their vapour pressure. As expected, a plot 
of response ver,sus temperature of the drift tube (Fig. 5) shows a steady decrease in 
response for methyl myristate (b.p. = 149.3”C at 1 mmHg) and methyl phthalate 
(b.p. = 283.8”C). The response for less volatile compounds, such as methyl oleate 
(b.p. = 218.5”C at 20 mmHg) and dioctyl phthalate (b.p. = 345°C at 20 mmHg) is 
relatively insensitive to temperature changes of the drift tube. There is a slight in- 
crease of the signal when the temperature of the drift tube is increased from ambient 
to about 45”C, for which we have no explanation at present. 

The results are profoundly different for compounds that are solid at the drift 
tube temperature. The sensitivity may increase by nearly one order of magnitude 
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Fig. 5. Variation of detector response with temperature of the drift tube. Temperature of driving gas at 
nebulizer. 30°C; mobile phase. acetone; flow-rate. 200 pljmin. Solutes: l = methyl arachidate (7.88 ,ug); 
x = methyl stearate (8.56 pg); A = methyl oleate (7.74 ALg); 0 = dioctyl phthalate (6.3 pg); v = methyl 

myristate (2.85 pg); 0 = dimethyl phthalate (7.35 pg). The signal scale for dimethyl phthalate and methyl 
myristate (right ordinate) is different from that for the other solutes (left ordinate). 

when the drift tube temperature is decreased below their melting point. This phenom- 
enon is due to a difference in the mechanism of light scattering when the particles 
are not spherical. Thus, light is more strongly scattered by snow flakes than by rain 
droplets. The response of the detector for methyl arachidate (m.p. = 54.5”C) and 
methyl stearate (m.p. = 39.lC) are 9 and 4 times larger with drift tube temperatures 
of 25°C than of 60°C respectively. A similar phenomenon was not observed with all 
solid compounds. For example, the response to sugars is much lower (but most sugars 
do not crystallize readily). 

Relationship between response and sample size 
As expected, the response is not linear. Fig. 6 shows a logarithmic plot of the 
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response vusus sample size for compounds with different structures. Although a 
straight line is obtained over two orders of magnitude in sample size, the response is 
not linear as the slope is markedly different from unity. In fact, linear regression 
indicates that the average slope of the straight line log (signal) versus log (sample size) 
is 1.8 1 + 2 %. This shows that the mode of response is similar for all solutes included 

in Fig. 6. 
This result is consistent with the mechanism of detection, as the intensity of the 

scattered light increases faster than the fourth power of the diameter of the droplets. 
When a peak is eluted, the number of droplets of solution in the nebulizer per unit 
time or volume of solvent remains constant, whereas the concentration of the solute 
in these droplets varies. Consequently, after solvent vaporization, the size of the 
droplets made of pure solute is proportional to the cube root of the solute concen- 
tration at the column outlet, as long as this concentration is large in comparison with 
that of the solvent impurities. 

‘cm units 
105 _ 

104 _ 

103 _ 

IO2 _ 

____Lf______-A__--__---_____---- ------_ 

10 I IIll I , 1111111 I I ,lll,l* 

10 ’ 1 10 
PJ9 

IO2 

Fig. 6. Response of the detector XV. sample size for different compounds. Solvent, acetone, 200 &min 

(except for maltose, for which it was methanol, 200 pl/min); driving gas temperature. 30°C; drift tube 

temperature, 50°C. Solutes: 0 = Dodecyl phthalate; l = methyl linoleate; A = glycerol; 0 = maltose. 
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Fig. 7. Response of the detector vs. sample size for compounds with similar chemical structures. Solvent, 

acetone, 200 pl/min; drift tube temperature, 50°C. Solutes: l = Methyl linoleate: q = methyl oleate; 
0 = methyl stearate;A = methyl palmitate; x = methyl myristate. 

Fig. 7 shows the changes in response with sample size for compounds of similar 
structures. These solutes are fatty acid methyl esters with either the same chain length 
but a different number of double bonds, or without double bonds but with different 
chain lengths (C,,, C,,, C,,). The response curves are almost indentical for all these 
compounds, except for methyl myristate. The smaller signal for this solute is due to 
partial vaporization in the drift tube, a phenomenon that has been already discussed. 
The slopes of the straight lines log (signal) versus log (sample size) obtained by linear 
regression are very similar for these solutes: 1.82 + 1.6 %. 

The average slope for the seven compounds studied is 1.81 & 1.7 %. Finally, it 
must be pointed out that, for three solutes with identical carbon number (C,,), the 
values of the intercept of the response lines are similar (1.37, 1.37 and 1.40). The 
general trend seems to be a decrease in response with decreasing molecular weight 
(1.28 and 0.799 for C,, and C,,, respectively). This may be due to small losses by 
vaporization, or may reflect a more general phenomenon. More data are necessary to 
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discuss this point further. It is important to mention that the value of the response 
slope is not absolute, but depends on the design of the light scattering cell, and may be 
a function of the angle between the incident light beam and the axis of the collected 
scattered light beam. This point will be more thoroughly discussed in a forthcoming 
publication23. 

Detection limit 
As the solvent is eliminated by vaporization, the detector responds only to the 

presence of solute particles crossing the laser beam, and to variations in their dimen- 
sions. Thus, the limit of detection, m DL, is the mass of sample that generates a signal 
equal to a certain multiple of the background noise (2 in this work). 

The concentration C, of the solute at peak maximum and the sample mass 
flow-rate ti can be calculated from the sample size m, the volume flow-rate F of 
mobile phase and the peak width at the base, o, expressed in volume units (~1). 

For a Gaussian profile, C, is given by 

The sample mass flow-rate at peak maximum is 

ni = C,F = 
4mF 

cOJ% 

(1) 

(2) 

The peak area A is related to the sample size and the response factr, Q, by 

A = Qpn’.81 (3) 

as shown above in Figs. 6 and 7. Accordingly, the peak height, H, is related to the 
mass flow-rate by 

H = 1.81 emO~alti = 2.89 QFml,E1/w (4) 

The detection limit is that sample size which gives a peak height that is twice the 
noise: 

0.55 

mDL (5) 

where R is the noise and mDL the detection limit. A 1.56-pg injection of glycerol at a 
flow-rate of 200 pl/min gives a signal of 15 . 10-l ’ A. The band width is 20 ~1 and the 
noise is 1 . lo- l1 A. Thus, the response factor derived from eqn. 4 is 10.1 A set g-‘.*l 
and the detection limit is 0.55 pg (eqn. 5). This corresponds to a concentration of 40 
ppm in the mobile phase (eqn. 1) and a mass flow-rate of 140 ng/sec (eqn. 2). This is 
not very sensitive compared with the performances claimed for UVD or even conven- 
tional RID (1 ppm or less), but the great advantages of the detector discussed below 
compensate for this moderate sensitivity. 
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Fig. 8. Signals due to the injection of air bubbles within the sample. Mobile phase, methanol: flow-rate, (A) 
100 &min and (B) 15.7 pl/min. 

Contribution of the detector to band broadening 
It is very difficult to measure this contribution as it is very small. The residence 

time of the sample in the detector can be calculated as the volume of the drift tube 

, I ., , , ., ., .., t 

min 20 15 10 5 0 

Fig. 9. Analysis of fatty acid methyl esters. Column, LiChrosorb RP-18 (5 pm), 200 x 2 mm I.D.; mobile 
phase, acetonitrile, 200 nl/min. Compounds: C,, = methyl laurate; C,, = methyl myristate; C,, = 
methyl palmitate; C,, = methyl stearate; C,, = methyl arachidate; C,, = methyl behenate. 
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(0.94 ml) divided by the driving gas flow-rate (4.5 1 (STP)/min). It is approximately 
12.5 msec and does not contribute much to band broadening. 

The response time of the Keithley amplifier is 300 msec. The amplifier and the 
tube connecting the column to the nebulizer (3 cm x 0.25 mm l.D., 1.5 ~1 volume) are 
the weakest points. It would be possible to improve them markedly, if necessary. 

The contribution of the detector to band broadening can be estimated from the 
signal obtained when an air bubble is injected within the sample. The sampling valve 
is directly connected to the detector without the column. As the residence time of the 
bubble in the system is very short, the solubility of air in the mobile phase can be 
ignored. Fig. 8 shows two traces obtained by injecting 20 ~1 of sample with 0.3- and 
0.4-~1 bubbles at mobile phase flow-rates of 100 and 15.7 pl/min, respectively (the 
bubble volumes are corrected for the pressure existing in the mobile phase flow line). 
As discussed above, the elution of such sample volume requires slightly more than 50 
~1 of solvent. The peaks corresponding to the bubbles are very sharp. In both in- 
stances, the signal returns to the baseline. This is consistent with a total contribution to 

band broadening of less than 0.15 ,ul, including the contributions of the connecting 
tubes and the nebulizer. This figure is much better than that which has been achieved 
so far with RID or with conventional UVD. Only by using on-column UV detection, 
the optical path being equal to the column diameter, was it possible to obtain mark- 

min 20 15 10 5 0 

Fig. 10. Analysis of n-alkylbenzenes from n-hexyl- to n-dodecylbenzene. Conditions as in Fig. 9. The 
numbers on the peaks indicate the number of carbon atoms in the alkyd chains of the solute molecules. 
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min 25 20 15 10 5 0 

Fig. 11. Separation of the triglycerides of soyabean oil. Column, LiChrosorb RP-18 (5 pm), 200 x 2 mm 
I.D.; mobile phase. linear gradient from 33:67 acetone-acetonitrile to 99:l acetone-acetonitrile in 2.5 min; 

flow-rate, 0.3 ml/min. 

edly smaller values. Under these conditions, however, the sensitivity was dramatically 
decreased because of the short optical path length. 

A more sophisticated method of measurement including the use of a straight 
capillary tube is being developed to evaluate accurately the detector cell volume and its 
contribution to band broadening. 

Use of the detector under gradient elution conditions 
The detector baseline is insensitive to changes of the composition of the mobile 

phase when mixtures of the following solvents are used: methanol, acetonitrile, ac- 
etone, chloroform, hexane and other light hydrocarbons. For water-methanol or 
water-acetonitrile mixtures, temperature programming of the drift tube must be 
used, otherwise the temperature is either too low for water-rich or too high for water- 
poor mixtures. Some examples are given in the applications discussed. 

Examples of upplications 
Although this detector works best with non-volatile solutes, it can also be used 

to detect relatively volatile compounds if solvents with low boiling points are used. 
The experimental results suggest that quantitation is possible for solutes with boil- 
ing points above 280-300”Cl such as dodecylbenzene, methyl palmitate and hexa- 
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decanol. Figs. 9912 show some examples of separations. Note the absence of baseline 

drift in Figs. 11 and 12. 

CONCLUSION 

The performance of the light-scattering detector makes it especially attractive 
for the analysis of compounds that do not have a chromophore active above 200 nm 
and are present in complex mixtures that necessitate the use of gradient elution. 

All non-volatile substances, mineral or organic, are easily detected, with a 
detection level which, in practice, compares favourably with that of the refractive 
index detector. The detector can be used with any solvent, solvent mixture or mobile 
phase gradient, as long as all eluent components are volatile. This eliminates a 
number of buffers. Finally, the contribution to band broadening is extremely small: 
only the recorder and amplifier used contribute significantly, and for fast analysis 
they should be replaced with faster systems. If the band broadening contribution is 
still too large at the flow-rate used, it could be reduced further by the use of a small 
scavenger flow without a significant decrease in sensitivity. This property gives the 
detector great potential for use in combination with narrow-bore packed columns, as 
long as the detection limit is adequate. Alternatively, the performances of the detector 
could be enhanced by a reduction of its dimensions, with a concurrent reduction in the 
flow-rate of the solvent used. At flow-rates below 100 pl/min, vaporization is very 
easily accomplished with minimum external heating. 

The main drawbacks are the relatively low sensitivity, which could probably 
be improved by decreasing the amount of stray light, the non-linear response and the 
difficulties in determining very volatile compounds. 

The geometry of the nebulizer is a critical factor of its efficiency. The flow-rate 
of the driving gas should be kept low, in order to increase the solute particle dimen- 
sions and thus the sensitivity of the detector. It is difficult at this stage to estimate the 
shape, average dimensions and size distribution of the particles that scatter light, and 
to clarify the response mechanism. Nevertheless, the factors that influence the particle 
size, i.e., the sample size and the flow-rate of the driving gas, seem to have little effect 
on the slope of the response curve. 

Work is continuing on the improvement of the nebulization technique, with the 
aim of reducing signal noise and detection limits, especially at low flow-rates. 
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