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Abstract

A commercially available evaporative light-scattering detection (ELSD) system was adapted for micro and capillary LC. Therefore the
various parameters involved in the droplet formation during the nebulization step in the ELSD system were studied. It was shown that the
velocity term in the Nukiyama Tanasawa equation remains constant, leading to droplets of the same order of magnitude for narrow bore and
capillary columns. Consequently, the ELSD modification was performed by decreasing the internal diameter of the effluent capillary tube
in the nebulizer nozzle and by keeping its external diameter constant. Next, response curves for a conventional and the developed micro
and capillary LC were compared as to investigate why a linear ELSD response is often obtained when used in micro or capillary LC. By
splitting the flow rate post column, we showed that the nebulization process was not at the origin of the phenomenon. For ceramide Ill and
tripalmitin, the response curves were found to be non-linear. However the curvature was less significant when the columns internal diameter
decreased. Calculated particle size profiles for micro or capillary LC suggest that the particle entering the detection chamber are bigger
than under conventional LC conditions. Last, triethylamine and formic acid were used to increase the response of the detector. The response
enhancement, expected from previous studies, was established for the two lipids involved in this study.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction According to Stolyhwo et al[1] the residence time of
solutes in the detector was only a few milliseconds which

Adapting the evaporative light-scattering detection corresponded mainly to the travel time of the solutes across
(ELSD) for micro-liquid chromatographic use is a growing the drift tube (where) propelled by the nebulizing gas.
field of interest. Since the detector’s contribution to band Thus, though a fully miniaturized detector for micro LC
broadening is very small, it is very suitable for micro-scale has already been report?]|, several adaptations of com-
chromatography. mercially existing detectors for micro LC were realized by

The mechanism of ELSD is complex. Three steps take modifying the nebulizer. Various authd®-7] introduced a
place in order to obtain detection namely nebulization, evap- laboratory-made nebulizer in a Varex detector. Both Héron
oration and light scattering. Moreover, in the last step, three and Tchaplq8], using a Sedere detector, and Cobb et al.
different phenomena can occur depending on the particle[9], using a Polymer Labs. detector, modified the detector
diameter D) and wavelengthX) of the light source, i.e. by sliding a silica tubing of appropriate inner dimension
Rayleigh scattering (whdb/A < 0.1), Mie scattering (when  into the standard nebulizer nozzle.

0.1 < D/ < 10) and reflection—refraction (whénx > 10) The non-linearity of the ELSD response is often consid-
[11]. Thus, with ELSD several mechanisms of light scatter- ered as a disadvantage for quantitative analysis with this
ing can occur simultaneously. detector. However, several authors described a linear ELSD

response when used with micro and capillary columns
(Table 1. It is suspected that the linearity of the response
with ELSD in micro or capillary LC might be due to the re-
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Table 1

Summary of the literature about micro- and capillary-ELSD

Reference Detector Solutes Calibrationb-value rangg LOD (ng) Mobile phase composition Column (mm), particle sigen Flow rate (LLmin~1)
range (ng)
Micro LC
2 Laboratory TAG 30-300 1.51-1.65 8 Acetonitrile:acetone (2:8) Kromasgi G pm) 120mmx 0.7 mm 15
madeELSD
7 Sedere TAG 14-80 0.85-1.31 Acetonitrile:acetone (30:70) Brownlee Spheri 5 RP18 250mm 40
8 Polymer Labs. Amino acids  0.5-500 Linear fit 30-50 Acetonitrile-8 mm perfluororinated  Hyperyl BDS Gg (5pm) 1 mm 55
carboxylic acid in water gradient
Capillary LC
3 Varex Irgafos 168 18-110 1.81 6 Acetonitrile:acetone (80:20) Nova-ppkn{4190 mmx 0.32mm 3
7 Sedere TAG 2-50 1.06-1.31 Acetonitrile:acetone (30:70) Hypeisil(&.m) 150 mmx 0.3 mm 3
6 Varex Clll 0.5 Acetonitrile with TEA/FA temperature  Kromasil Gg (3.5um) 500mmx 0.32mm 15
program
4 Varex Irganox 3114 50-500 Linear fit <3 90% Acetonitrile (temperature program)  Hyperyl BDg @ um) 70mmx 0.32mm 15
and 1076
5 Varex Irganox 3114 1-20 Linear fit <1 Ethylacetate:acetonitrile (10:90) Open capillary 1.5n20pm
and 1077
8 Polymer Labs. Amino acids  0.5-500 Linear fit 0.5-1.5 Acetonitrile-8 mm perfluororinated  Hyperyl BDS Gg (5um) 0.3 mm 5
carboxylic acid in water gradient
6 Varex Glucose 1-25 and Linear fit 0.05 Methanol:water (50:50) Flow injection analysis 3

25-461

@ b-term related tdEq. (4)
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In order to study the causes of this linear tendency, the be remarked. The Varex detector for example uses a rel-
ELSD response shape was compared for conventional, microatively short straight drift tube. This direct transfer of the
and capillary LC. Therefore, we first adapted a commercial whole aerosol to the drift tube and thus the detection cell,
detector to micro and capillary LC. This miniaturization was may be considered as an advantage for coupling to micro-
based on the study of the predicted size of the nebulized separation techniques. However, the drift tube is usually set
droplets. The ELSD system was adapted in such way thatat a temperature higher than 8D to allow an appropriate
we could evaluate the changes in the response profiles rathedrying of solvent droplets issued from the nebulift].
than achieving a maximum sensitivity or a lower limit of The complete transfer of the solutes can thus be diminished
detection. by these high temperatures resulting in an unfavorable ef-
fect on the detector response. By increasing the length of the
drift tube from 6 to 25 cm, Alexandd7] showed a tremen-

2. Experimental dous enhancement in signal-to-noise ratNj with flow
rates in theuL min—! range.

Two ELSD systems, Eurosep DDL 31 (Eurosep In-  Sedere detectors as well as the Eurosep detector selected
struments, Cergy St. Christophe, France), were employed.in this study, are equipped with a nebulization chamber fitted
Experiments were executed at 1 bar air pressure and the nebwith a drain tube. The role of this drain tube is to eliminate
ulizer was set at 35C, the drift tube at 45C. The photomul- the solvent originating from the collection of big droplets in
tiplier was set at 600 V, which was the recommended voltage the nebulization chambgt1]. It allows using high flow rates
with the 50 W halogen lamp. One ELSD system, referred to with various solvent§l2] by selecting the smallest droplets
as the micro-ELSD system or capillary-ELSD system, was before they enter the drift tube. In our experience, the drain
modified for micro and capillary use as described in the re- tube can be shut when the detector is used at flow rates
sults and discussion section. The chromatographic systemselow 0.4 mLminm®, no solvent appears to flow through.
consisted of a Thermo Separation Products P1000 XR gra-The nebulization also seems to be more efficient at reduced
dient pump equipped with a TSP SCM1000 vacuum mem- liquid flow rate. The drift tube of the Eurosep detectors
brane degasser (Thermo Separation Products, San Jose, CAs markedly longer than the Varex one and thus allows to
USA). The chromatograms were recorded with a personal operate at lower temperatures (3028). Still, the DDL 31
computer integrator KromaSystem 2000 1.60 (Bio-Tek Kon- ELSD system utilized here had to be modified before being
tron Instruments, Milan, Italy). For the micro- and capillary- connected to the micro or capillary columns, due to the inner
HPLC system an IC-400-VAR (LC Packings, Amsterdam, diameter of the capillary entering the nebulizer.

The Netherlands) flow-rate splitter was set prior to a valco
INJ-P4 manual injection valve (Valco, Houston, TX, USA) 3.1, Adapting the nebulizer to micro-flow
equipped wih a 5 and JuL external loop (LC Packings).

Five analytical columns were tested in this study. A The first step in our micro-flow adaptation was to under-
conventional (4.6 mm i.dx 250mm) and a narrow bore  stand which parameters in the ESLD nebulization process

(2.0mm i.d. x 250 mm) column, both packed withpSn  were relevant for the miniaturization.
Cig-Kromasil from Interchim (Montlugon, France). A mi- When using pneumatic nebulizers, as is the case here, the
cro column (1.0mm i.d.x 150mm) packed with gm droplet size can be estimated via the Nukiyama and Tana-

Inertsil ODS-3-Gg, obtained from LC Packings. Two cap- sawa empirical equatiofi.3]. The surface volume mean
illary columns, one (0.3mm i.dx 250 mm) packed with  droplet diameteDsy, also known as the Sauter mean diam-
3um Inertsil ODS-3-Gg, obtained from LC Packings and  eter, of the wet aerosol can be calculated from:
one (0.32mm i.d.x 150mm) packed with pm Zorbax
C3SB from Micro-Tech Scientific (Saratoga, CA, USA), [ 585,/c }
sv— |, . =
o

were used. (vg — /P

Tripalmitin (ppp) and triethylamine (TEA) were pur- 0.45 15
chased from Sigma (Saint Quentin Fallavier, France). Ce- + [597(L) <1000>< &) ] (1)
ramide 1l (Clll) (stearoyl-phytosphingosine) was a gift op g 5

of Cosmoferm (Delft, The Netherlands). All solvents and
formic acid (HCOOH) were HPLC grade from Fisher whereo isthe mobile phase surface tensiprits density,u
Scientific (Elancourt, France) and used without further its viscosity, {g — vi) the difference between the nebulizer
purification. gas and liquid velocitiesQ,/Qq the ratio of liquid and gas
volumetric flow ratesgq. (1) can be split into a liquid and
gas velocity term (subscript) and a liquid and gas flow
3. Results and discussion ratio term (subscrippg).
The aim of our modification was to keep the gas veloci-
When comparing ELSD systems for micro and capillary ties the same as in the original ELSD system by maintaining
LC described in literatureT@ble 1), several differences can the annular space between the effluent capillary and the
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Table 2
Calculation ofDs, for acetone 4 = 0.79gmlL1, ¢ = 23.32dyn/cmu = 0.36cP)
Nebulizer Capillary Liquid flow rate  Gas flow rate  Gas velocity Liquid velocity a?: (velocity B2 (flow ratio Dsy
setting i.d. (um) (uL min—1) (Lmin—1) (ms™h (ms™h term, wm) term, wm) (wm)
Conventional 100 1000 2 388 212 8.2 69.2 77.4
100 300 0.64 8.2 11.4 19.6
Micro 50 50 0.42 8.2 0.8 9.0
Capillary 20 5 0.27 8.2 0 8.2
Conventional 100 1000 3 582 212 5.5 37.7 43.1
100 300 0.64 55 6.2 11.7
Micro 50 50 0.42 5.5 0.4 5.9
Capillary 20 5 0.27 5.5 0 5.5

a Refers toEq. (1)

inside diameter of the nebulization gas tube (i.e. by keeping relatively to the nebulizer outlet (5 iRig. 1). The position

constant the outer diameter of the effluent capillary tube). of the tip is important for the nebulization process because
Therefore, experiments were executed at a gas flow rate ofit affects the stability of the spray and therefore affects
2 or 3L min! through the nebulizer outlet (typical settings the background noise and the substance’s response. Us-
according to the manufacturer) for acetone with various ing a nebulizer constructed from a modified bellow valve,
nebulizer settings. Results shown Table 2 reveal that Alexander[7] showed the need to realize a nebulizer with

according toEq. (1)the droplet sizesy) with the conven- an adjustable capillary tip position. When the tip emerged
tional nozzle is about four times bigger at 1 mL minthan from the nebulizerSN was higher when using a hydro-
at 0.3mL mirrL. Calculation of the two terms and s from organic mobile phase compared to pure water.

Eqg. (1) shows that the differences D, values are mainly The design of our DDL 31 nebulizer shownkig. 1, al-

governed by the flow ratio termB]. An almost equal con-  lowed to make this modification since one revolution of the
tribution of these two terms exists at 0.3 mL minbut the upper part corresponds to a 1 mm translation of the capil-
flow ratio term ) is mainly responsible of the droplet size lary into the nebulizer. The evolutid®N when adjusting the
increase at higher flow rates. The velocity term is constant position of the capillary tip (5¢.m i.d. x 375um o0.d.) rel-
for the two liquid flow rates but like the flow ratio term it  ative to the nebulizer outlet for a flow rate of B0 min—1
is influenced by the gas velocity. was studiedKig. 2). Considering the factory preset position
These calculations constituted the basis of our modifica- (with the standard capillary) as the zero position, an opti-
tion of the ELSD nebulizer. The two settings for micro and mum was reached for a position where the tip is 1.5mm
capillary LC shown inTable 2use 50 and 20.m i.d. silica further into the nebulizer. In this work we will refer to this
tubes. These tubes are connected directly from the columnsetting as micro-ELSD. Using the 20n i.d. capillary at
to the nebulizer. In addition to minimising the solute dis-
persion these internal diameters allowed to ensure an equal
liquid flow velocity at the nebulizer outlet for our differ-
ent settings. The silica tube’s outer diameter was |875
matching the outer diameter of the standard nozzle. In the
schematic representation of the nebulizer showkign1, the
silica tube (4) was tightened in a 1/16in. (1#.2.54 cm)
polyther ether ketone (PEEK) sleeve (1) in order to fit the
connector at the top of the nebulizer (2).
By keeping the outer diameter of the tube constant, the ve-
locity of the gas was not modified. [Fable 2the Dgy values
are similar for micro and capillary settings but they are only
half of those obtained with the conventional settings when Li—— 4
operated at 0.3 mL mirt (narrow bore columns). These set- 5 /
tings were also expected to maintain the nebulization effi- % /
ciency and no evidence of solvent flowing from the drain
was found. .‘
ln,a next step.the capillary tube _that mtrOduceS_ the efflu- Fig. 1. Schematic representation of the nebulizer: (1) locking nut with
ent in the nebulizer had to be adjusted. The height of the peak sieeve, (2) upper part of the nebulizer with capillary guide, (3) gas
tip of the capillary tube (4 irFig. 1) had to be adjusted inlet, (4) effluent capillary tube, (5) bottom part of the nebulizer.
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140 - - 250 mainly responsible for the response and it leads to tow
values. If little particles are illuminated the light is diffused
- 200 according to the Rayleigh theory arnmvalues are close
to 1.8-2. For intermediate size particles, the Mie diffusion
occurs and leads to intermediate valueb.of

The ELSD response is thus related to the particle size,
that is associated to the concentration of the solute entering
the detector. The solute concentration at the peak maximum
(Cmax) is classically described bigq. (4) [14}

0 0'5 1 1'5 2 2'5 3 ’ C my/N
A . . max —
nozzle position relative to standard setting (mm) n/4\/gdC25L(k + l)
. . . . _ wheremis the amount of solute injectel,the column plate
Fig. 2. Influence on the signal of the capillary position relative to the . .
nebulizer outlet. Column 1 mm i.d., ceramide Ill. Solid lin®) SN; number,d. andL th? column internal dlame.ter and Iength’
dashed line ©): peak height. ¢ the column porosity anll the solute capacity factor.

This equation shows that the sensitivity achieved with
two columns of different inner diameter should be related to
their squared diameter ratio if all other parameters are kept
unchanged. It is valid for low injected amounts, where no
chromatographic overload occurs.

ELSD response is known to be sensitive to the peak shape.

Since the ELSD response also depends on the nebulizinqg‘S ageaij rezorted, fOT compargblltft amoufrg |njzcteloé, band
solvents, ELSD parameters and solutes, it can be difficult roadening induces an increase in ifterm ofEq. (3) [15]

to compare performances between the systems described irﬂzs dlstg::?ocrotazte%L:ra]gcectzftt:irlr?;\llﬁa rrcoanr?iret;a-tﬂsnﬁénf
different publications. Still, the detection limit in micro LC u parti !

is generally around 10ng while for capillary LC the 1ng tion chamber. For the same reason, increasing the retention
range is reached. Those results were obtained by either usin%e duces.theme}xl\éilug and modify th?.IELSE relsc,ipcr)]n[ﬁé].
non-aqueous mobiles phases for lipjd$,8], Irganox[4,5] ompansorr: 0 S rehs_pc(Jjnse pro |ezsf ould t UIS pa;l/_kat-
or amino acids with an acetonitrile:water mobile phigje tention tO(? romatographic dispersion. Unfortunately, unlike
A 50pg detection limit was reported for glucofd but UV detection, ELSD does not allow an a;cura_te measure-
it was measured in a flow injection analysis system. Thus, ment of the pIaFe count. The detectornon—hne_arlty (the value
this result may be due to the extremely low peak dispersion of parametgb) influence the_recqrded peak width. The con-
sequence is that the peak is thinner than the concentration

found with this technique. rofile [16] and; therefore, only an apparent plate count can
The nanogram barrier can be considered as a theoreticaE [16] ' » Only pp P .
e reported. Therefore, we will not compare our different

limit of ELSD [11]. It arises from the solute concentration i int £ offici K sh .
as it leaves the column and the droplet size decrease durinqSe INGS In term ot efficiency o peak shape since response

the transfer of the wet aerosol in the drift tube. For injected nflouerr10en;:1)ealr<i genomn(?tr)f/ and V|cenv§1rsa.h ¢ calibration
amounts in the nanogram range, particles around the 100 nm ur comparison on'y 1ocuses on the shape of calibratio
diameter are expected, which is the lowest size for an ef- SUVES obtained with the different settings. The reason of our

ficient light scattering. According to Charleswolftt0] the interest is that |fn S|xdotf tT)e el_lght stl_:_(::e?_hsteqtl'mble 1the d
size of a particle after solvent evaporatidd) (s related to response was found to be finear. The inearily was assesse

the droplet size at the nebulizer outl€ly], the solute con- by a linear fit or by a statistical comparison of théerm of

S . . N Eg. (3)with 1.0. These results are in apparent contradiction
centration in the mobile phas€)and its density £): with Eqg. (1) that showed that in micro-flow nebulization

C smaller droplets are obtained and thus the response should
D = Do ; () shift to the Rayleigh region of response, increasing lihe
term of Eq. (4)
The ELSD response is expressed using the classical rela- To investigate the effect of the micro-flow rate in the
tionship: nebulization process and the response, an experiment was
y=ant 3) performed with both the modifieo_i and unmodified ELSD
systems. A post column flow splitter was installed at the
wherey is the solute peak arem the injected amount and  outlet of a 2mm column: the main flow was entering the
a andb are numerical coefficients. unmodified ELSD system and 1/100th of the flow rate
Typical values foib are between 0.7 and 1.8-2 depending was directed towards the capillary-ELSD system. Ceramide
on the light scattering phenomenon. If large particles interact Ill was chromatographed using an acetonitrile:acetone
with the light beam the reflection refraction phenomenon is (10:90) mobile phase. It is assumed that the peak dispersion

120

100 A

80 | L 150

NR

wn
60 1 L 100

40 -

peak height (mV)

- 50
20 +

(4)

5L min—1, a 3mm translation was needed to reach optimal
SN conditions. This is called the capillary-ELSD setting.

3.2. Study of the ELSD response in micro and capillary LC
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Fig. 3. Response curve obtained for ceramide Il chromatographed with
propanol-1:acetonitrile (50:50). Narrow bore column (2 mm i.d.) coupled

to a post column splitter connected to a conventional ELSD system (dotted
line and circle points, upper equation) and a capillary-ELSD system (plain

line and triangle points, lower equation). Each point represents the mean(C)
of a duplicate injection.
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introduced by the flow splitter is of the same order of
magnitude in the two exiting channels and, that the concen-
tration profile entering the two detectors is identid¢al. 3
shows the calibration curves recorded simultaneously with 0__,M___JL,«I

this setting: théo term of Eq. (4)is about 1.5 in both cases. (B) o 5 10 time (min)15

The respons_e Cu_rve from the capillary-ELSD SYStem Wa_‘S Fig. 4. Chromatograms of tripalmitin obtained with the different settings:
thus almost identical to the narrow bore one. This result is (a) and (B) conventional 4.6 and 2mm columns (2200 ng injected), (C)
consistent with the concentration dependence of the ELSD micro-ELSD with the 1mm column (176 ng injected) and (D) and (E)
response. It can also be assumed that the reduction of thesapillary-ELSD with 30Qum columns kromasil and zorbax.

droplet size introduced by the 20n i.d. tube used in the

capill_ary-ELSD system was not important enough fco notice- the 1 mm i.d. column was also comparable to the 2mm
ably influence the response shape. At least the ratio between g ¢olymn. Our choice to keep the same liquid velocity in
thea term of the two equations (1/250) is found lower than  the nepylizer capillary created droplets of similar size and
the actual split ratio. This suggest that our capillary nebu- |4 to similar response curves for narrow and micro chro-

lizer is two- or three-fold less efficient than the standard one. matography. When using our capillary-ELSD system with
Next, different calibration curves were recorded using

either the conventional and the narrow bore column or

the micro and capillary columns. The results are shown in 1307 () |
Table 3for ceramide Il and triplamitin chromatographed
with propanol-1:acetonitrile (50:50) and acetonitrile:acetone
(10:90), respectively. Examples chromatograms are pre-
sented inFigs. 4 and 5As in the preceding experiment, the
calibration curve for ceramide Il shows a strong curvature
with b values at about 1.5 for the narrow bore column. The
b value of calibration curve with the capillary detector is
slightly lower and is around 1.4. A further comparison of 7007 g,
these curves is difficult since the calibration range is reduced
to 40-400ng in capillary LC compared to 250-10,000 ng
for the narrow bore system. In the case of triplamitin,
increased when the column’s inner diameter decreased in
the case of the conventional and narrow bore columns.
These two columns were employed with the same conven-
tional ELSD system and the increasebinvas consistent

with the decrease of the droplet size showrTable 2 An Fig. 5. Effgct of triethylamine and formic acid (TEA_:HCOOH) on !EI__SD

. . . response in conventional and capillary LC. Ceramide Il 625ng injected
important difference was also noticed between the ap.parentOn the 2mm i.d. column without (A) and with (8) TEA:HCOOH in
plate number of the two columns that may also explain the mopjle phase. Same solute, 40 ng injected onj@®0.d. column without
higherb value of the narrow bore column. Thoevalue for (C) and with (D) TEA:HCOOH.
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Table 3
Response of ELSD with different chromatographic systems and triethylamine and formic acid
Stationary phase, i.d. Flow rate Retention Apparent Calibration Levels a Log (a) b+ S.D. r? F2 d.f.
x length (mm) and (mLmin~1) time (min) number of range (ng) + S.D.
particle size gm) theoretical
plates
ppP’
Kromasil 4.6 x 250 (5) 1 8.7 10,000 44-6,600 7 257 0410.08 1.45+ 0.03 0.996 3,056 12
Kromasil 2 x 250 (5) 0.3 7.0 4,300 44-4,400 5 1.42 0450.10 1.60+ 0.03 0.994 2,441 14
Inertsil 1 x 150 (3) 0.05 5.6 3,300 15-250 5 250 0400.05 1.72+ 0.06 0.997 5,092 15
Zorbax 0.32x 150 (5) 0.005 11.3 3,300 12.5-250 5 4 @60.12 1.01+ 0.02 0.967 266 5
Inertsil 0.3 x 250 (3) 0.008 7.3 4,700 30-1,000 7 1.34 043.08 1.25+ 0.03 0.996 1,272 12
clue
Kromasil 2 x 250 (5) 0.3 9.9 2,800 250-10,000 6 1.95 02%.08 1.47+ 0.03 0.997 3,464 10
Inertsil 0.3 x 250 (3) 0.005 7.0 6,200 40-400 4 1.8 0.250.08 1.37+ 0.04 0.999 1,225 6
Results with triethylamine and formic acid
clie
Kromasil 2 x 250 (5) 0.3 9.9 3,400 250-2,500 4 7.62 088.07 154+ 0.02 0.999 4,313 6
Inertsil 0.3 x 250 (3) 0.008 7.1 6,000 1-80 5 209.89 2:320.02 1.26+ 0.01 0.999 12,133 8
ppp
Inertsil 0.3 x 250 (3) 0.008 7.3 3,300 8-950 4 31.55 1400.17 1.06+ 0.08 0.966 169 6

a F-test between regression-residual variance with associated degrees of freedom (d.f.).
b Mobile phase condition; acetonitrile:acetone (10:90, v/v).
¢ Mobile phase condition; propanol-1 and acetonitrile (50:50, v/v).

two different 30Qum i.d. columns, theb value decreased ticle diameter for a hypothetical solute injected at amounts
significantly to 1.01 or 1.25 despite differences in appar- between 1 and 1000 ng and with the same droplet size at the
ent plate numbers and retention time. Those values are innebulizer outlet. It is clear that the particle size increases
the range observed by Héron and Tchaf8h using the much faster in capillary LC than in micro or conventional
same compounds with a similar mobile phase composition. LC. Thus, assuming that the same quantity could be injected
Moreover, values shown ifable 2indicate that the droplet  on both type of columns, capillary chromatography is likely
size at the nebulizer outlet should be comparable or evento produce bigger particles than conventional, narrow bore
smaller than for the 1 and 2mm i.d. columns. or even micro chromatography. This increase in particle size

An explanation for this response shape can be found by shifts the response away from the Rayleigh diffusion and
calculating the particle size at the peak maximum (i.e. by the b term of Eq. (3) decreases. Still here, even when used
combiningEgs. (2) and (3) Fig. 6shows the increase in par-  in capillary LC, the ELSD system detector is not linear even
if the occurrence of a linear relationship is higher.

A theoretical sensitivity increase from 1 to 40 can be cal-
culated fromEg. (4)when comparing narrow bore and cap-
illary LC. However, this expectation is usually not met and
sensitivity improvements in the order of 10-20% for the ex-
pected value are found with conventional detection methods
such as UV[17]. The only study comparing conventional,
micro and capillary-ELSO8] just focuses on the response
shape without examining sensitivity. The calibration curves
from Cobb et al[9] only show that the slope of calibration
curves is higher in capillary than micro LC. The sensitivity
obtained with our different settings can be roughly compared
by examining thea term of Eq. (4) Thus, Table 3shows
that the sensitivity does not increase with the decreasing di-
ameter of our columns. The sensitivity appears comparable
with our different settings except for the shorter capillary
column. In addition to the lowetvalue the calibration us-
ing the 0.32mm i.dx 150 mm capillary column is also the

particle diameter (um)

400 600 800

amount injected (ng)

1000

Fig. 6. Calculated particle size after solvent evaporation as a function
of the injected amount for capillary (1), micro (2), narrow bore (3) and
conventional columns (4).

most sensitive with aa term around 4. The possible low-
est efficiency of the nebulizer at micro-flow rates was en-
visaged from the results with the post column flow splitter.
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Also, this can be a consequence of the low inner diameter
of the capillary tube. Due to the log-normal distribution of

K. Gaudin et al./J. Chromatogr. A 1051 (2004) 43-51

These results were in agreement with the assumption that
TEA and HCOOH form an ion-pair which interacts with the

the droplets’ diameter at the nebulizer outlet, little droplets solute in order to increase the particle size in the detection
are more frequent than big ongkb]. It could then be as-  chamber. The use of this response enhancement method in
sumed that our nebulizer produces a significant amount of capillary LC offers several advantages. By enhancing the

small droplets that remain undetected and reduce the sensensitivity of ELSD, TEA and HCOOH allow the analysis

sitivity. In the case of the 150 mm 0.32mm i.d. column
used at a lower flow rate than the 0.3 mm i>d.250 mm

of diluted solutions or low injected amounts, which is the
natural scope of capillary LC. It can be pointed out that the

droplets should be bigger but also more abundant. This maydetection limit of our capillary-ELSD system with ceramide

also explain the results of Cobb et al. who connected their
micro and capillary column to the detector using the same
127pmi.d. tubing. It can be thought that the lower flow rate

they encountered in capillary LC significantly increased the
droplet size at their nebulizer outlet compared to micro LC.
A compromise between sensitivity and chromatographic ef-

Il is of the same order of magnitude (0.5 ng) than the value
reported by Molander et §6] who also used TEA:HCOOH

as response enhancer. Moreover, by loweringbtierm of

Eq. (4) the dynamic range is widened allowing a calibra-
tion over two decades. In previous studies, we demonstrated
that the response amplification reached a plateau for 0.1%

ficiency is likely to be found to improve the intrinsic detec-
tion performances of a capillary-ELSD system.

(v/v) of an equimolar amount of TEA and HCOOH added
in the mobile phase. A closer examination of thevalue
with TEA:HCOOH would need some additional studies to
evaluate the possible dependencé oh TEA:HCOOH ad-
dition. A recent study, devoted to triacylglycerols shows that
theb value can be modified in large extend by adding silver
nitrate or cholesterol as additivgal].

In conclusion, despite of the predictable effect on droplet
size consecutive to the reduction of the inner diameter of the
capillary inside the nebulizer, ELSD appears to be simple
Deschamps et a]19,20] As demonstrated in a later study to adapt to micro and capillary LC. The nebulization at mi-
[20] an equimolar amount of TEA and HCOOH added to the cro flow rates has a low influence on the detector response
mobile phase increased the ELSD sensitivity, i.e. increasedshape but limits its sensitivity. The higher concentration pro-
thea term of Eq. (4) but little or no effect was noticed on file associated with capillary LC influences the detector lin-
the b term of the equation. When applying an experimen- earity rather than the diffused light intensity. When used
tal setup consisting out of flow injection or size-exclusion with capillary columns the non-linearity of the detector is
chromatography (SEC) an enhancement in ELSD responsdess pronounced. In addition, the response enhancement ob
with TEA/HCOOH was found to be solvent, solute, flow tained with triethylamine and formic acid was found more
rate and temperature dependant. Tripalmitin was among thepronounced in capillary LC than with narrow bore columns.
solutes with the lowest increase in response by this addi- This solute and solvent dependent phenomenon must be fur-
tion (1.6-fold) whereas ceramide Il was one of the most ther investigated to ascertain its impact on response linear-
affected (4.7-fold). These values were recorded with SEC ity. At the present time it allows to reach the nanogram limit
with pure chloroform as a mobile phase. Higher values (up of detection for ceramide 1.
to 30x) were obtained with other solvents and ceramide Il
as test solute. The increase in sensitivity was assumed to
be due to a supra-molecular assembly between the ion pairAcknowledgements
TEA:HCOOH and solutes. This explains the decrease of this
effect with increasing drift tube temperatures. The sensitiv- We thank Ann Detroyer for her careful reading of the
ity improvement with reduced flow rates remained unsolved manuscript and Eurosep Instruments for their technical as-
even if a rearrangement of the particle distribution at low sistance with the ELSD apparatus.
flow rates was suspected. It was thus attractive to evaluate
this phenomenon in capillary LC.

Table 3summarizes the results of calibration curves ob- References
tained with and without triethylamine and formic acid us-
ing ceramide 1l as solute and a 2.1 mm i.d. column. &he
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3.3. Assessing the sensitivity improvement with
triethylamine et formic acid in capillary-ELSD

Our group is interested in the sensitivity improvement of
ELSD by the addition of triethylamine (TEA) and formic
acid (HCOOH) for lipid analysis. This phenomenon was first
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