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Abstract

One of the main limitations of micellar liquid chromatography (MLC) is the lower efficiency compared to reversed-phase liquid chromatog-
raphy (RPLC) with hydro-organic mobile phases. The main contribution to the reduced efficiency has been shown to be due to the slow mass
transfer between micelles, the aqueous phase, and the stationary phase mainly due to surfactant adsorption onto the stationary phase. The u:
of a variety of stationary phases, including large-pore short alkyl chain, non-porous, superficially porous, and perfluorinated, is shown to have
differing effects on remediation of the reduced efficiency. Diffusion coefficients were determined by the Taylor—Aris dispersion technique
for the construction of Knox plots. The Knox plots are used to compare the efficiency data obtained with the different columns using several
alkylphenones in both micellar mobile phase and hydro-organic mobile phase.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Micellar liquid chromatography; Efficiency; Diffusion coefficients; Stationary phases, LC; Alkylphenones

1. Introduction sive study[2—4,7-13] Reduced efficiency in MLC has been
attributed to several factors, including (i) poor wetting of the

Micellar liquid chromatography (MLC) has been plagued hydrophobic stationary phase by the aqueous mobile phase

by two main problems compared to reversed-phase liquid [2]; (ii) slow mass transfer between the micelles, the bulk

chromatography (RPLC) with hydro-organic mobile phases: aqueous phase, and the stationary phase; and (iii) dynamic

(i) the excessive retention observed for hydrophobic com- modification of the stationary phase due to surfactant ad-

pounds due to the weak eluting power of micellar mobile sorption[3,4,8,16—23]which further reduces mass transfer

phases when used with conventional porous HPLC station-within the stationary phase.

ary phase$1-6]; and (ii) reduced efficiency due to one or The contributions to the total peak variance in MLC can

more causes of slower mass transfer and/or flow anisotropybe described as follows:

[2—4,7-13] With respect to excessive retention of hydropho- ) ) ) ) )

bic compounds, we recently reported the advantages of usCiot = %inj T Odet T Teddy 1 Odift,mp + dif,sp

ing stationary phases with large pore diameter, or “wide-pore 2 2 2

stationary phases” in overcoming the perceived weak eluting + Omtsp+ Omi(interstitial) T “mi(intraparticle) (1)

power assoma_t ed .W'th mlcellar_ mobile phafs4. We also where the total peak variancetz&) is the sum of the vari-

showed that this wide-pore stationary-phase approach to elut-ances due respectively to sample injection, detection, eddy

ing hydrophobic compounds in MLC is compatible with one . '

\ ; : .~ dispersion (or flow anisotropy), diffusion of the solute in the
of MLC’s most important advantages: the direct sample in- ; e ) _
troduction of biological fluid§15]. However, the problem of mobile phase, diffusion of the solute in the stationary phase,

- . . . . stationary-phase mass transfer, mobile-phase mass transfer
reduced efficiency in MLC still remair(8,4] despite exten- (between pores or interstitial), and stagnant mobile-phase

mass transfer (within the pores, or intraparticle).

* Corresponding author. Tel.: +1 215 895 6218; fax: +1 215 895 6275. Based on our previous work with wide-pore station-
E-mail addressjfoley@drexel.edu (J.P. Foley). ary phases, we showed that retention could be greatly
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reduced through the use of wide-pore stationary phasesthat they must diffuse in a thermodynamically unfavorable
due to the improved access of the micelles to the pores.free state?
Since nearly all £99%) of the stationary-phase surface The two main approaches that have been used to enhance
area is within the pores, the analytes spend most of theirefficiency in MLC are to add small amounts of alcohol to
time within the pores. With conventional porous HPLC the micellar mobile phase and to increase the column tem-
phases (pore diameters of 150r less), the micelles are  perature[2,5,10,17,25,26]Dorsey et al[2] found that the
largely excluded from the pores by steric constraints and addition of 3% 1-propanol to the mobile phase and use of
therefore do not have access to the analytes except whera column temperature of 4C gave column efficiencies ap-
they have diffused out of the pores into the interstitial re- proaching those of hydro-organic mobile phases. Bailey and
gion. In addition to steric constraints, it is well known Cassidy have stated that the low efficiencies are not due to the
that surfactant monomers adsorb onto the stationary phasenass transfer effects related to adsorbed surfactant on the sta-
[5,7,8,12,19,21,22]When ionic surfactants are employed, tionary phase, but instead, the efficiency improvements from
the resulting charge buildup on the stationary phase within alcohol addition are related to effects within the mobile phase
the pores gives rise to a Donnan-like potential that will [11]. However, several other studies have explored the role
tend to repel like charged species from the pore, especially of surfactant adsorption on reduced efficiefigy,8,16—23]
large structures such as micelles whose dimensions (typi-Others have studied the effects of varying the concentrations
cally 30-604 [24]) are commensurate with pore diameters and types of alcohols to attempt to reduce the amount of sur-
of typical (small-pore) ODS phases most commonly used in factant adsorbed onto the stationary pnase,10,17,25]
RPLC. In the case of non-ionic surfactants, steric effects are  For the purposes of our experiments, 5% 1-propanol was
most likely the cause of micellar exclusion from small-pore added to the mobile phases and the columns were ther-
materials, whereas with ionic surfactants, both electrostatic mostated to 40C, as these conditions are generally recog-
and steric effects are probably responsible for micellar ex- nized as being among the best to promote efficiency in MLC.
clusion. The use of elevated temperatures was shown by Lg2ile

The wide-pore solution to the excessive retention of hy- to increase efficiency in MLC purportedly due both to (i) a
drophobic compounds in MLC may or may not exacerbate shift in the equilibrium of the solute away from the micelle
the problem of poor efficiency for these compounds. One per- and toward the bulk solvent, and to (ii) a decrease in the
spective is focused on micelle penetration into the pores (oradsorbed surfactant on the stationary phase. The effects of
not) and the subsequent effect on solute diffusion. With con- the addition of alcohols into micellar mobile phases should
ventional pore size bonded phase silica, in which the micellesalso be mentioned. Zana and co-workers have extensively
are excluded from the por§s4], intraparticle mass transfer  studied the effects of alcohols on various properties of mi-
of all solutes presumably occurs via diffusion of those so- celles[27-32] In general, the addition of short-chain alco-
lutes in their free states, which will be relatively rapid since hols (methanol-propanol) decrease the size, critical micelle
diffusion coefficients of small-to-moderately sized unbound concentration (CMC), and aggregation numkdy ¢f ionic
molecules are relatively large. In contrast, when large-pore surfactants. A 7% (v/v) addition of 1-propanol was reported
phases are employed, the micelles are able to penetrate théo reduce the CMC of sodium dodecyl sulfate (SDS) from
pores and interact with the solutes, reducing their effective 8.2 to 3.8 mM[32,33] The primary purpose of the addition
diffusion coefficient and thus slowing the solutes’ intraparti- of alcohol is to improve on the poor wetting of the stationary
cle mass transfer. phase, as well as to reduce the amount of adsorbed surfactant

Another perspective is centered around a possible kineticon the stationary phase. However, the addition of alcohols
barrier to the mass transfer of hydrophobic compounds due tomay also shift the equilibrium of the solute away from the
a thermodynamically unfavorable “intermediate” state: some micelle and toward the bulk solvent. These factors should
studies have suggested that hydrophobic compounds do nobe considered when interpreting the results and when mak-
participate significantly in the aqueous component of the ing comparison to micellar mobile phases without increased
three-way partitioning schenfig]. Thatis, they spend mostof  temperature or the addition of alcohols. The use of these well-
their time in the stationary phase or bound to the micelle, and established conditions was intentional in order to determine
very little time in the free state in the bulk aqueous phase be-whether further improvements in efficiency could be made
cause they are hydrophobic. If this is correct, then what hap- based on the selection of stationary phase packing and silica
pens when the pore size is such that the micelles are excludegbore size.
by steric and/or Donnan exclusion effects? Is the intraparti-  The use of the large-pore columns allows for reduced re-
cle mass transfer of a hydrophobic solute slower than might tention of hydrophobic compounds, so that higher alkylphe-
otherwise be expected since the compound could only dif- none homologues (heptanophenone, octanophenone, and
fuse within the pore in its (thermodynamically unfavorable) nonaphenone) were eluted with reasonable retention fac-
free state? If so, then when wide-pore phases are employedtors () for all columns evaluated except the Zorbax OSD
is the effect of the lower effective solute diffusion coeffi- 70A, which was employed in conventional pore-size con-
cient described in the first perspective counterbalanced fortrol experiments where large retention factors in MLC were
hydrophobic compounds by the removal of the requirement expected.
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2. Experimental FluoroSep Octyl columns. For thesCCg, and Gg Zorbax
Poroshell columns, the MLC mobile phase consisted of 1-
2.1. Equipment propanol-15mM SDS (5:95, v/v); this lower concentration

of SDS was used for the Zorbax Poroshell columns because

An Agilent (Rockville, MD, USA) HP1100 Liquid Chro- (i) experimental comparisons with 50 mM SDS showed no
matograph system equipped with an in-line mobile-phase tangible difference in retention between the solute of interest
degasser, quaternary gradient pump, diode array detectorand the§ marker, nitromethane; and (ii) 15 mM was the min-
column thermostat, and a variable volume autosampler wasimum concentration of SDS at which reasonable selectivity
used for all experiments. Control of the chromatograph was observed.
and integration were performed using Agilent Chemstation  For all experiments, UV detection at 254 nm was used, and
software, version A.06.04. Studies were conducted using the columns were held at a constant temperature of*4D.0
hydro-organic mobile phases as well as micellar mobile To construct Knox plots for each column, a variety of flow
phases over an array of seven HPLC columns. The HPLC rates were used. For all columns except the Kovasi| e
columns used were: Zorbax ODS (Agilent Technologies, flow rates employed were 0.05, 0.1, 0.2, 0.4, 0.7, 1.1, and,
Wilmington, DE, USA) 250 mmx 4.6 mm, Sum, 70A; 1.5 mL/min. Due to pressure restrictions, the flow rate of the
Nucleosil G (Phenomenex, Torrance, CA, USA) 250 mm  Kovasil Cy4 column was limited to 0.7 mL/min, and the flow
x 4.6mm, 7um, 1000A; Kovasil MS-G4 (CU Chemie  ratesused foritwere 0.05,0.1,0.2,0.35, 0.5, and 0.7 mL/min.

Uetikon, Uetikon, Switzerland) 33 mm 4.6 mm, 1.5um, Nitromethane was used agararker for all experiments. The

non-porous; Zorbax Poroshell 300SBgCCs, and G (Ag- various particle, pore sizes and surface areas of the columns

ilent Technologies, Wilmington, DE, USA), 76 2.1mm,  made it necessary to vary by column the injection volume of

5pm, 300A; and FluoroSep-RP Octyl (ES Industries, West  the test solutions. For each column, the injection volume em-

Berlin, NJ, USA) 100 mmx 4.6 mm, 5um, 1000A. ployed was based on the manufacturers’ recommendations:
40p.L for the Zorbax Gg and Nucleosil G, 20u.L for the

2.2. Reagents, chemicals, and solutions FluoroSep Octyl, 1Q.L for the Kovasil G4, and 2u.L for all

Poroshell columns.

SDS ultrapure bioreagent (100%) was obtained from  The diffusion coefficients of the alkylphenones were deter-
Mallinckrodt Baker (Phillipsburg, NJ, USA), HPLC-grade mined using the Taylor—Aris dispersion technid@é—37]
1-propanol and methanol were obtained from Allied Signal, The apparatus was modeled after that used by other workers
Burdick and Jackson (Muskegon, MI, USA), HPLC grade [38-40] A 1585-cm length 316 stainless steel tube (0.020
water was obtained from a Milli-Q Plus water system (Mil- in. (50.8um) inner diameter, 0.0625 in. (1%9n) outer di-
lipore, Milford, MA), USP grade nitromethane used agat ameter) (Alltech Associates, Deerfield, IL, USA) was wound
marker was obtained from Mallinckrodt Baker (Phillipsburg, into 16-cm coils and placed in a constant temperature wa-
NJ, USA), test solutes acetophenone, 99%, propiophenoneter bath at 40.G: 0.1°C. The same HP1100 HPLC used in
99%, heptanophenone, 98%, and octanophenone, 98%, wereghe MLC experiments described above was used to measure
all obtained from Aldrich (Milwaukee, WI, USA), and non-  the diffusion coefficients. The stainless steel tubing was con-
aphenone was obtained from Acros Organics (Geel, Bel- nected directly from the injector to the detector to eliminate
gium). To prepare the stock solutions, 1.0 mL of each test any other intermediate tubing of varying length and radii.
solute was diluted to 100 mL with methanol. Analytical test Five uL injections of each solute in its corresponding mobile
solutions were obtained by diluting 1.0 mL of the stock so- phase were made in duplicate. The flow rate was maintained

lution to 100 mL using the corresponding mobile phase. at 0.10 mL/min with detection at 254 nm. Provided that the
flow is laminar, a Gaussian peak is obtained. For liquids, the

2.3. Procedure diffusion coefficient may then be calculated from the expres-
sion[41].

Alkylphenone test solutes were studied on seven columns
using an SDS mobile phase and a hydro-organic mobile phase . 0.23101R
for comparison purpose. Two lower alkylphenone homo- =~ (W1/2)2
logues (acetophenone and propiophenone) were used for the
Zorbax Gg column due to the excessive retention (>180 min whereD is the diffusion coefficient of the solute expressed in
at 1.5mL/min) of the higher homologues using the 50mM cm?/s, r is the radius of the capillary tube expressed in cen-
SDS mobile phase. For all other columns, the test solutestimeters tr is the residence time of the solute in the tubing
used were heptanophenone, octanophenone, and nonaphexpressed in seconds, and, is the peak width at its half
none. The solutes were injected in duplicate for all exper- height expressed in seconds. Secondary flow effects should
iments. The RPLC mobile phase consisted of a mixture of be considered38,42), but can be neglected through use of
45/55 (viv), methanol and water for all columns. The MLC a sulfficiently long column of the correct radius, flow rate,
mobile phase consisted of 1-propanol-50 mM SDS (5:95, and coil diameter. The accuracy of the apparatus and con-
viv) for the Zorbax Gg, Nucleosil G, Kovasil G4, and ditions used were evaluated by measuring two of the test

)
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Table 1
Measured diffusion coefficients in various solvents at@0o
Solute D (x10 % cné/s)
Methanol-water Methanol-water Methanol-water 1-Propanol-0.015M 1-Propanol-0.050 M
(30:70% (30:70) (45:55) SDS (5:95) SDS (5:95)
Acetophenone 8.84 9.46 9.39 6.82
Propiophenone 8.64 4.69
Heptanophenone 5.85 6.85 6.55 2.15 1.67
Octanophenone 6.22 1.97 1.59
Nonaphenone 5.99 1.85 1.57

@ For comparison from ref40].

solutes under the same conditions as previously experimen-the mixed component solutions was less than baseline, the
tally determined40]. In addition, the absence of any peak individual components were injected in order to accurately
abnormalities such as tailing indicated our system was re- measure N with the statistical moments method. The reduced
liable. Table 1llists the values of the determined diffusion plate height was calculated by:

coefficients.
H
h=" (4)
dp
3. Results and discussion whereH is the plate height and, is the particle size of the

_ _ stationary phase.
Knox plots of reduced plate height versus reduced velocity  For reduced velocity, the overall diffusion coefficient must
are used to compare efficiencies between chromatographide known for each solute in each mobile phase. The reduced

systems. The Knox equation[#3]: velocity was calculated by:
B/

n=atBy B @ o=t ©)
Vv

whereA', B', andC’ are constants related to flow anisotropy, whereu is the superficial linear velocity of the mobile phase
longitudinal diffusion, and mass transfer processes, respec-as determined by the retention of tienarker, nitromethane.
tively; h is the reduced plate height andis the reduced When using Knox plots, it is generally accepted that a
mobile-phase velocity. Th&' term is important as it is re-  well-packed column is represented by a minimum reduced
lated to the flow through the column and the band broaden- plate height of four or less (lob < 0.6). In this work, we
ing due to eddy dispersion. The adsorption of surfactant on are primarily interested in demonstrating improved efficiency
the stationary phase is related to #eterm in that the ad-  with micellar mobile phases over that of a hydro-organic mo-
sorbed surfactant changes the surface of the stationary phasbile phase. Most data show that neither hydro-organic, nor
and the micelle—stationary-phase interaction. In addition, the micellar mobile phases demonstrated a minimuntleg.6.
charge buildup of the surfactant may contribute to repulsion This may be partly because the experimental conditions were
of the micelles and limit the ability of the micelle to penetrate selected to remain constant for all columns to allow for ease
the pores. Th€' term represents the contributions from the of comparison. Optimization of experimental conditions, in-
various mass transfer processes: mobile-phase mass transfecjuding mobile phase and column temperature, would likely
stationary-phase mass transfer, and stagnant mobile-phaseesult in improved absolute efficiencies. In addition, as the
mass transfer. given Knox plots are displayed in logarithmic scale, small
To calculate reduced plate height, an accurate calculationdifferences in lodh, or small offsets in the Knox plot curves,
of the plate number is required. The use of either the statisti- represent significant differences in efficiency.
cal moment methof#14] or the equation developed by Foley Due to the excessive retention of the higher alkylphenone
and Dorseyf45] has been shown to provide the most accu- homologs, it was necessary to use acetophenone and propio-
rate determination of theoretical plates for non-ideal peaks. phenone astest solutes for the Zorbag &dlumn. Therefore,
To that end, the use of statistical moments was employedcare should be taken when making a direct comparison of the
here for all theoretical plate count measurements. Columnreduced parameters of thiggolumn to the other columns.
efficiency using the statistical moments method is calculated Additionally, although the same flow rates were used for all
by N = Mf/Mz, whereN is the column efficiencyM; is columns, the reduced velocity will be different among the
the first statistical moment, arid, is the variance (second columns due to the contributions of linear velocity (depen-
centroid momentj44]. ChemStation software calculates the dent on column inner diameter), particle size, and diffusion
number of theoretical plates using statistical moments, ascoefficient, as shown ikq. (5) These differences should be
well as the zeroeth through fourth moments, which greatly considered when making comparisons among the columns.
facilitates the use of this approach. Where the resolution of Our evaluations are primarily focused on a comparison of
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1.2 umn could be expected with 5% propanol in the mobile phase,
i.e., 28% less adsorbed surfactant in the previous Sigidy
Since the polarities of {g and G 4 are similar, the amount of

1.0
\ adsorbed surfactant on thef&olumn should also be similar.
08 .\ M Although reduced, the adsorbed surfactant may continue to
2 \‘\‘\.\././' affect the flow anisotropy.
/ To further study the contribution of the variance due to in-

oe e traparticle mass transfer, three superficially porous Poroshell
columns were obtained from Agilent. The Poroshell parti-
cles have a solid core of silica in the center surrounded by
a thin layer of 30Gk porous silica, rather than a completely
porous silica particle, and their specific surface area is in be-
Fig. 1. Knox plot of propiophenone: Zorbax ODS in MeOH-water (45:55) tween that of conventional porous bonded-phase silica and
(#) and 1-propanol-50 mM SDS (5:998]. non-porous bonded-phase silica. These columns are primar-
ily used for the analysis of proteins because their intermediate
the improvement (or lack thereof) in the reduced plate height pore diameters are sufficient to allow most proteins to enter
for each column from the hydro-organic mobile phase to the the pores while their relatively shallow pore depth is designed
micellar mobile phase. to minimize intraparticle mass transfer, at least in terms of
Fig. 1shows the Knox plot evaluation of the ZorbaxeC  the slow diffusion of large compounds in the stagnant mo-
column with 708 pore size. The mass transfer contribution pjle phase within the pore. We hypothesized that intraparticle
from the C term is approximated by the slope of the curve mass transfer might also be significantly reduced using these
at higher reduced velocities. The increase in slope indicatescolumns with smaller analytes under MLC conditions, rec-
a higher resistance to mass transfeg. lillustrates the re-  ognizing that the pore diameter of 380s somewhat less
duced efficiency in MLC using the Zorbax £column with than the optimal in terms of micelle penetration and the cor-
70A pore size even when 1-propanol and elevated column responding eluting strength of the mobile phfiss.
temperatures are employed. Fig. 3a—c shows the Knox plots for nonaphenone for the
To determine the contribution of the intraparticle mass C;, Cg, and Gg Poroshell columns. As with the non-porous
transfer, two approaches were taken. First, a non-porous col-kovasil G4 column, a significant improvement in the mi-
umn, Kovasil G4, was used to eliminate the variance due to cellar efficiency was not noticed. The apparent lack of im-
intraparticle mass transfefig. 2 shows that the Knox plots  provement in efficiency in both the non-porous and Poroshell
for both the micellar and hydro-organic mobile phases do not columns indicates that the intraparticle mass transfer is not
demonstrate an increase in slope as their reduced velocitieshe dominant factor in the loss of efficiency. A comparison of
increase. This indicates that there is little resistance to massthe Knox plots of the three Poroshell columns, Cg, and
transfer in either case. The generally flat profile of the mi- ;g showed that all three columns had similar MLC efficien-
cellar mobile phase suggests that the differences i log cies, where the €column was slightly improved over the
tween the micellar and hydro-organic mobile phases at lower Cg and Gg columns in the analysis of heptanophenone and
reduced velocities may be due to increased flow anisotropy octanophenone. Conversely, the Knox plots using the hydro-
magnified by the surfactant adsorption onto the stationary grganic mobile phase showed the Poroshell efficiency to be
phase. Although 5% 1-propanol was added to the mobile clearly improved in order of decreasing polarity of the sta-
phase, a previous study by Hinze and coworkers showed thaltionary phase: € Cg> Cyg. Since the Gcolumn showed the

-0.5 0.0 0.5 1.0 1.5

log v

only a modest reduction in adsorbed surfactant ong0l- greatest netimprovement in efficiency from hydro-organic to
micellar mobile phase, itis assumed that this is due to the de-
2.0 creased adsorbed surfactant on the@umn as compared to
1.8 the Gg and Gg columns. The amount of surfactant adsorbed
\ by a Gs column has previously been shown to be substantially
16 less than that adsorbed by ag@olumn[19].
‘g, 14 Dorsey et al[2] suggested the use of short alkyl bonded

phases as an additional means to improve efficiency in MLC.

12 w Cline-Love showed that aCcolumn had unique selectiv-
1.0 »> ity properties over a traditional4g column. One interesting

L o
08 finding from Berthod et al[19] showed that a €column
" o8 03 02 07 1o s had the greatest amount of adsorbed surfactant as compared
' ' ' log v ' ' ' to Cig, Cg, CN, and bare silica columns. This was unexpected

and they concluded that the mechanism for adsorption onto

Fig. 2. Knox plot of nonaphenone: Kovasi shon-porous in MeOH-water mOderately p(_)la_r Stationary phases, Ii_kﬁ G_nOt Only_dL_‘e
(45:55) @) and 1-propanol-50 mM SDS (5:99). to hydrophobic interactions, but possible silanophilic inter-
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2.0 1.4
16 1.2 e\\

12 &—”’/‘/ £ 10 \/

= =]

o

= 08 9

0.4 0.6
00 ' ‘ ‘ ' ' 04 : : : :
0.0 0.5 1.0 15 2.0 2.5 3.0 0.5 0.0 05 1.0 15 2.0 25
(@) log v log v
20 Fig. 4. Knox plot of nonaphenone: Nucleosiy @O00A in MeOH-water
6 u (45:55) @) and 1-propanol-50 mM SDS (5:99].
12 /./ standard pore size fluorooctyl (FO) column. Our experiments
g 08 /l/'/.» using a large-pore (100°§» FO column also show improved
' \/I’./o/' efficiency as well as greatly reduced retention for the higher
0.4 alkylphenone homologuesig. 5shows the Knox plots of mi-
cellar mobile phase are improved versus the hydro-organic
0.0 ‘ ‘ ‘ ' ‘ mobile phase. Further, the relative flatness of the curve indi-
0.0 0.5 1.0 15 2.0 25 3.0 . ) :
(b) log v cates that the re_sstancg to mass transfer is low with res_pect
to both intraparticle and interstitial mass transfer. According
2.0 to Meyer[48], if log h < 1, when logv = 2, then the station-
ary phase has good mass transfer properties for the injected
16 ‘/r-" solute. InFig. 5, at logv = 1.8, logh = 0.82, indicating that
12 as logv approaches 2, the FO column has good mass transfer
§, propertiesFig. 6shows the slightimprovementin peak shape
~ 08 using the FO column with micellar mobile phase as compared
~—__ to the hydro-organic mobile phadgg. 7illustrates the clas-
04 sical lack of efficiency with micellar mobile phase using the
0.0 , . , , : Poroshell Gg column.
0.0 0.5 1.0 15 2.0 2.5 3.0 The two stationary phases which showed improved ef-
(c) log v ficiency over hydro-organic mobile phase were the large-

. pore G and FO columns. This may be indicative of reduced
Fig. 3. Knox plots of nonaphenone: (A) Poroshe]l8DOA in MeOH-water amounts of adsorbed surfactant due to the polarity difference
(45:55) @) and 1-propanol-15mM SDS (5:958]. (B) Knox plot of 4 the mjcelle and the stationary phases. Given that surfac-
nonaphenone: PoroshellsGB00A in MeOH-water (45:55) ¢) and 1- . . .
propanol-15mM SDS (5:95M). (C) Knox plot of nonaphenone: Poroshell _tant adsorbed _onto a bonded Sta‘tlonar.y phase is believed to
C1s 300A in MeOH-water (45:55)4) and 1-propanol-15mM SDS (5:95)  increase the viscosity of both the stationary phase and the
(m). interfacial regions between the stationary and mobile phases,

a smaller amount of surfactant adsorption should result in a

actions. Therefore, we chose to use a slightly less polar sta-Smaller reduction in mass transfer and a smaller increase in
tionary phase, & in the hopes that less surfactant adsorption

would occur. Berthod did not study & @olumn; however, 12
the Gg column showed the least amount of adsorbed surfac- 10
tant of the columns studie#ig. 4 clearly shows that the £ '
1000A stationary phase had superior efficiency with the mi- =
cellar mobile phase compared to the hydro-organic mobile 8987
phase. However, the large positive slope and the absence of
a discernable minimum in the micellar Knox plot may still 06
indicate a mass transfer issue within the mobile phase.

A fluorinated column was selected to further explore the 04 ‘ ' '

0.5 0.0 05 1.0 15 2.0

possibility that reduced adsorbed surfactant can contribute to
efficiency gains. Yang et §u6,47]first reported on the use of
fluorinated stationary phases in MLC in 1994. They reported iy 5. knox plot of nonaphenone: FluoroSep Octyl 1608 MeOH
both decreased retention and improved efficiencies using a(4s:55) @) and 1-propanol-50 mM SDS (5:9).

log v

—water
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Fig. 6. Separation of (1) heptanophenone, (2) octanophenone, and (3) nonaphenone on a FluoroSep Gctgld®00at 40C. The flow rate used was
0.7 mL/min,x = 254 nm, mobile phase: (A) MeOH-water (45:55), (B) 1-propanol-50 mM SDS (5:95).

flow anisotropy. This should be further confirmed by the study are generally somewhat lower than those calculated by other
of adsorption isotherms of the surfactant on all the columns means, i.e., equations based on Gaussian peak JA&ap&s]
used. The higher plate count of thes@nd FO columns in MLC
Table 2provides a summary of retention factor, number are noteworthy as it demonstrates that the presumed reduced
of plates per column, and reduced plate height for the variousadsorbed surfactant is a major contributor to improvements
columns at a flow rate of 0.7 mL/min using MLC and hydro- in efficiency in MLC. Additionally, although the Poroshell
organic mobile phases. Although this flow rate was not the columns did not show an improvement in efficiency, the C
optimized one as determined by the Knox plots, itrepresents acolumn was more efficient in MLC than theg@nd Gg
practical flow rate for comparison in which the retentiontimes Poroshell columns, whereas it was the least efficient under
of all solutes were less than 20 min. As stated previously, the hydro-organic conditions. This again, supports the theory that
differences in reduced velocities are due to differences in dif- the reduced stationary-phase adsorption provides a means to
fusion coefficients of the analytes, as well as column particle improve efficiency in MLC and is in agreement with previous
size and column inner diameter. The reduced velocities for conclusions reached in this area by several researchers such
nonaphenone are given for comparison. All plate counts re- as Borgerding et al8], Berthod et al[9], and Lavine and
ported were calculated by the statistical moments method andHendayand26].
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Fig. 7. Separation of (1) heptanophenone, (2) octanophenone, and (3) nonaphenone on a Pago3b8A Column at 40C. The flow rate used was
0.7 mL/min,x = 254 nm, mobile phase: (A) MeOH-water (45:55), (B) 1-propanol-15mM SDS (5:95).
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Table 2

Comparison of retention and efficiency in micellar and reversed-phase liquid chromatography

Column Mobile phase  Nitromethaneg (min) Heptanophenone Octanophenone Nonaphenone

k NP h¢ k NP h¢ k vd NP h¢

Kovasil Cia 0.050M SDS 0.34 2.38 1080 20.4 3.03 1350 16.4 3.77 155 1490 1438
MeOH-water 0.34 739 1440 153 16.6 1780 127 36.6 4.09 2190 10.2

Poroshell G 0.015M SDS 0.24 20.8 827 18.2 27.8 750 20.0 355 143 410 37.9
MeOH-water 0.23 0.87 919 16.3 151 875 17.1 261 450 700 21.4

Poroshell G 0.015M SDS 0.23 15.1 568 26.6 20.6 596 25.2 26.7 147 335 44.8
MeOH-water 0.23 3,57 1330 113 7.16 2050 7.33 143 458 2540 5091

Poroshell Gg 0.015M SDS 0.22 16.6 706 21.3 235 648 23.2 319 150 474 317
MeOH-water 0.23 7.99 2330 6.45 17.8 2760 543 39.1 463 3180 4.71

Nucleosil G 0.050M SDS 4.58 2.00 4410 8.0 243 4370 8.17 2.88 406 3640 9.82
MeOH-water 4,57 145 3880 9.21 2.68 4380 8.16 495 107 4240 8.42

FluoroSep octyl ~ 0.050 M SDS 1.80 2.85 2740 7.29 3.36 4300 4.65 3.83 295 3100 6.45
MeOH-water 1.82 1.60 2500 8.00 294 2580 7.77 534 7.64 2500 8.00

@ Flow rate = 0.7 mL/min; SDS mobile phases contains 5% 1-propanol; MeOH-water mobile phases contain 45% methanol and 55% water.
b N = plates/column as calculated by statistical moments method.

¢ h=reduced plate height.

d 3 = reduced velocityy for heptanophenone and octanophenone are smaller due to smaller diffusion coeffleiblets)(
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