JOURNAL OF
CHROMATOGRAPHY A

s o

ELSEVIER Journal of Chromatography A, 977 (2002) 39-58

www.elsevier.com/locate/chroma

Characterisation of reversed-phase liquid chromatographic columns
by chromatographic tests. Evaluation of 36 test parameters:
repeatability, reproducibility and correlation

Dora Visky™“, Yvan Vander Heydéh , Timea’Ivaflyi , Peggy Bdten , Jacques De° Beer ,
Zsuzsanna Kova@$ ’Bela NdsZal , Eugene Rbets , Desire L. Mdssart |
Jos Hoogmarteris

“Laboratorium voor Farmaceutische Chemie en Analyse van Geneesmiddelen, Katholieke Universiteit Leuven, Van Evenstraat 4,
B-3000 Leuven, Belgium
°Department of Pharmaceutical and Biomedical Analysis, \tije Universiteit Brussel, Laarbeeklaan 103, B-1090Brussels, Belgium
“‘Wetenschappelijk Instituut Volksgezondheid, J. Wytsmanstraat 14, B-1050Brussels, Belgium
“Department of Pharmaceutical Chemistry, Semmelweis University, Hdgyes E. ug, H-1092 Budapest, Hungary

Received 24 May 2002; received in revised form 21 August 2002; accepted 21 August 2002

Abstract

The European Pharmacopoeia (Ph. Eur.) or other official compendia give only a general description of the stationary phase
in the description of a liquid chromatographic method. Therefore the selection of a column giving suitable selectivity
presents difficulties. Earlier, a test procedure was proposed that allows measurement of a number of parameters which are
reported to be representative for stationary phase characteristics. This paper describes how the test procedure was applied o
69 RP-LC G, columns. Chromatographic parameters obtained as test results were evaluated, and their repeatability,
reproducibility and correlation were examined.

0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Pharmacopeia (USP) [2] give the precise eluent
composition but they do not mention the brand of the
Many liquid chromatographic (LC) methods are stationary phase(s) that can (has to) be used in order
described in the Ph. Eur. and most use reversed- to obtain the required selectivity. Thus, monographs
phase (RP) G columns. In the description of a do not give precise information about column identi-
liquid chromatographic method, the Ph. Eur. [1] or ty. Instead of mentioning the brand name, which is
other official compendia such as the United States not allowed to be communicated in an official

monograph, the Ph. Eur. prescribes a system

- suitability test and further refers to a description of
*Corresponding author. Tel+32-16-323-442; fax:+32-16-

323-448 the stationary phase in the reagents part with in-
E-mail address: jos.hoogmartens@farm.kuleuven.ac.be formation on particle size, pore size, specific surface
(3. Hoogmartens). area and chain length [3]. This information is
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insufficient to choose a suitable column from a
market offering more than 600 different brands.

Engelhardt et al. carried out the determination of
impurities of salicylic acid according to the Ph. Eur.
on three different commercially available RP col-
umns [4]. With one of the columns, all acidic solutes
were coeluted with the solvent, on the other, station-
ary phases changes in the elution sequence were
observed. This example demonstrates the problem
that may occur if the column properties are not
sufficiently described. Steffeck et al. also drew
attention to the difficulties related to RP-LC column
selection [5].

A number of factors influence the properties of
silica-based reversed phases. The nature of the silica
can be characterised by the particle diameter, specific
surface area, pore diameter, pore volume, chemical
purity and acidity. The silanol derivatization, e.g.
length and nature of the alkyl group, the use of
mono-, di- or trichlorosilanes for derivatisation, the
surface concentration of bonded alkyl groups and the
amount of unreacted, accessible silanol groups also
affect the properties of the RP stationary phases [6].

Properties of RP-LC columns can be characterised
by non-chromatographic and chromatographic meth-
ods [7]. Carbon content, amount of metal impurities,
particle size, surface area, pore size, packing density
and acidity can be determined by non-chromato-
graphic methods. However, these techniques are not

columns for a particular separation. Such a chro-
matographic test procedure can also be used to verify
the performance of a column at any time of its life

cycle.

After a careful study of the literature, eight
different methods were chosen which allow the
determination of 36 test parameters [38]. The test

procedure and output parameters used are summe
rised in the Experimental section, and for further
detailed information, the reader is referred to the
literature [4,13,16,26,38,39]. This test procedure
allows examination of all important properties of the

RP stationary phases such as efficiency, hydropho-

bicity, silanol activity, ion-exchange capacity, steric
selectivity and presence of metal impurities.
This test procedure was now carried out pn 69 C
RP-LC columns. A general test procedure needs to
use repeatable and reproducible test methods. Be-
cause repeatability data and interlaboratory results
for chromatographic tests were not found in the
literature, several columns were examined in differ-
ent laboratories. In this paper, the selected general
test methods were examined; a critical discussion
about the different chromatographic parameters, their
repeatability, reproducibility and correlation is made.
The study also evaluated whether some of the test
parameters allow column classification.

easy to perform and cannot be carried out on a 2. Experimental

packed column without destruction.

Properties such as column efficiency, hydropho- 2.1. Instrumentation

bicity, silanol activity, ion-exchange capacity, steric

selectivity and the amount of metal impurities can be 2.1.1. Laboratory 1

characterised by chromatographic tests. Many papers
proposed different chromatographic tests [4,5,8—35]
to characterise commercial columns which have been
reviewed recently [36,37]. Until now none of these

tests has been widely accepted. It has never been
verified sufficiently whether columns having closely

related characteristics as determined by these chro-
matographic tests, are indeed suitable for the same
chromatographic separation. Such verification is the
subject of a project, which the work described here,

HPLC system: Varian (Walnut Creek, CA, USA)
9010 LC pump, a 9100 autosampler and 9050 UV-
Vis detector; column-thermostat:  water-bath

equipped with a Julabo EM thermostat; data acquisi-
tion: ChromPerfect 4.4.0 software (Justice Labora-

tory Software, Fife, UK); pH-meter: Consort C831
(Consort, Turnhout, Belgium) equipped with a
Hamilton (Bonaduz, Switzerland) combination glass
electrode.

belongs to. The final aim of this project is to verify 2.1.2. Laboratory 2

whether it is possible to formulate a chromatographic
test procedure for the characterisation of stationary
phases in order to facilitate selection of appropriate

HPLC system: Merck—Hitachi (Tokyo, Japan) L-
6200 Intelligent pump, L-4000 UV detector and
Rheodyne (Cotati, CA, USA) injector; data acquisi-
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tion: D-2500 Chromato-Integrator; column-thermos- ent tests, the results were discussed together. Some
tat: T-6300 column thermostat; pH-meter: Ankersmit parameters, which were adapted from the originally
A520 (Orion, Boston, MA, USA) with Orion combi- published methods and which do not represent a
nation glass electrode. well-defined character of the stationary phase, are
reported under “other parameters” here. The Ph.

2.1.3. Laboratory 3 Eur. or IUPAC nomenclature was used, and calcula-

HPLC system: Waters (Milford, MA, USA) 625 tions were carried out according to the formulas of
S/N pump with 600E control unit 717plus auto- the Ph. Eur. In some methods the peak order changed
sampler and 996 Photodiode array detector; column- depending upon the column examined. Since the
thermostat: water-bath equipped with a Haake W19 selectivity factor is always larger than 1 according to
DC1 thermostat; data acquisition: Millennium 3.0 IUPAC nomenclature, the relative retention factor
software; pH meter: Metrohm 713 (Herisau, Switzer- rk’Y was used instead of the selectivity factor.
land) with automatic temperature correction system, Changes in the elution order can be characterised in
Metrohm 6.0203.100 combination glass electrode. this way.

2.2. Chemical and chromatographic conditions 2.3.1. Method 1 [26]

Mobile phase: acetonitrile/0.028 CH,COONH,
pH 7.05 (26.2:100 w/w).

Sample: 2,3-dihydroxynaphthalene (6 mg), 2,7-
dihydroxynaphthalene (3 mg) dissolved in 10.0 ml of
acetonitrile.

Output parameter: metal impurities: Dihydroxy-
naphthalene efficiency ratio test

Solvents were of LC grade, other chemicals were
AR grade. Electrodes were calibrated daily according
to the Ph. Eur. [40] with 0.081 potassium phthalate
(pH 4.01) and 0.05M potassium tetraoxalate (pH
1.78) or 0.01M borax (pH 9.18) buffers. The pH of
aqueous buffers of mobile phases was adjusted by
mixing 0.2 M H,PO,, 0.2M KH PO, and 0.2M
K,HPO, solutions. Water and organic solvents were n, -dihydroxynaphthalene
added afterwards. Preparation of mobile phases was(DERT)=—
carried out by weight (w/w).

The C,; RP-LC columns examined are reported in
Table 1, all the columns were new. Column tempera-
ture was maintained at 4C. Stationary phases were
flushed with the mobile phase for 90 min before any
sample was injected. The mobile phases were not
pre-heated. A flow-rate of 1 ml/min was used and
20 pl of sample was injected, UV-detection was
performed at 254 nm.

n, s-dihydroxynaphthalene

2.3.2. Method 2 [4]

Mobile phase: acetonitrile/water/0M potassium
phosphate buffer pH 2.3 (312:340:340 w/w).

Sample: uracil (0.1 mg), diphenhydramine (6 mg),
o-hydroxyhippuric acid (0.7 mg), acetylsalicylic acid
(25 mg), 5p-methylphenyl-5-phenylhydantoin
(MPPH) (4 mg), diazepam (0.5 mg), toluene (15
mgq) dissolved in 10.0 ml of mobile phase.

Output parameters: efficiencyl,,pp,, hydropho-
bICIty rk(’jiazepam/MPPH r‘kltoluene/MPPHS"a'nOI aCtiVity:
IFk(’jiphenhydramine/MPPH Symmetry factor of d|phenhY'

N i ’
dramlne' Others' r‘kacetylsalicylic acid/ MPPH
rk

2.3. Test methods and output parameters

Eight chromatographic methods (M1-M8) chosen
from the literature are summarized below. The
development of this test procedure was described in
our previous paper [38]. Concentration dependence
of the parameters, the effect of the method sequence?2.3.3. Method 3 [13]
and the selection of the dead time marker was also Mobile phase: methanol/0.5% GH COONa pH
discussed there. The pH of the mobile phase of 7.80 (118.5:100 w/w).

Method 3 was lowered from 7.6 to 7.3 to protect the =~ Sample: acetylacetone (1 mg) dissolved in 10.0 mi
columns as much as possible. of methanol.

When a column property was examined in differ- Output parameter: metal impurities: peak area/

’
o-hydroxyhippuric acid/MPPH
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Table 1

C,¢ RP-LC columns investigated

Column Name of column Length Particle Manufacturer/supplier

number (m) sizey(m)
1 ACE 3 C18 150 3 Advanced Chrom. Tech./Achrom
2 ACE 5 C18 250 5 Advanced Chrom. Tech./Achrom
3 Alltima C18 3 150 3 Alltech
4 Alltima C18 5 250 5 Alltech
5 Apex Basic 250 5 Jones Chromatography/Sopachem
6 Apex ODS I 250 5 Jones Chromatography/Sopachem
7 Aqua C18 150 5 Phenomenex/Bester
8 wBondapak C18 250 10 Waters
9 Brava BDS C18 3 150 3 Alltech

10 Brava BDS C18 5 250 5 Alltech

11 Chromolith Performance 100 - Merck

12 Discovery C18 250 5 Supelco

13 Genesis C18 3 100 3 Jones Chromatography/Sopachem

14 Genesis C18 4 250 4 Jones Chromatography/Sopachem

15 Hypersil BDS C18 3 100 3 Alltech

16 Hypersil BDS C18 5 250 5 ThermoQuest

17 Hypersil ODS 3 100 3 Alltech

18 Hypersil ODS 5 250 5 ThermoQuest

19 HyPURITY Elite C18 3 150 3 ThermoQuest, SerColLab

20 HyPURITY Elite C18 5 150 5 ThermoQuest, SerColLab

21 Kromasil 100-3 C18 100 3 Alltech

22 Kromasil 100-5 C18 250 5 Macherey-Nagel/Filter Service

23 Kromasil 100-5 C18 EKA 250 5 Akzo Nobel/SerColLab

24 LiChrosorb RP-18 250 5 Merck

25 LiChrospher 100 RP-18 250 5 Merck

26 Luna C18 (2) 150 5 Phenomenex/Bester

27 Nucleosil 100-3 C18 100 3 Alltech

28 Nucleosil 100-5 C18 250 5 Macherey-Nagel/Filter Service

29 Nucleosil 100-5 HD C18 250 5 Macherey-Nagel/Filter Service

30 Nucleosil 100-5 Nautilus C18 250 5 Macherey-Nagel/Filter Service

31 OmniSpher C18 250 5 Varian

32 Pecospher C18 83 3 Perkin-Elmer

33 Platinum C18 3 150 3 Alltech

34 Platinum C18 5 250 5 Alltech

35 Platinum EPS C18 3 150 3 Alltech

36 Platinum EPS C18 5 250 5 Alltech

37 Prodigy ODS (3) 100 3 Phenomenex/Bester

38 Purospher RP-18 250 5 Merck

39 Purospher RP-18 e 250 5 Merck

40 Purospher STAR RP-18 e 250 5 Merck

41 SPHERI-5 RP C18 250 5 Perkin-Elmer

42 Spherisorb ODS2 3 100 3 Waters

43 Spherisorb ODS2 5 250 5 Waters

44 Supelcosil LC-18 250 5 Supelco

45 Supelcosil LC-18 DB 3 150 3 Supelco

46 Supelcosil LC-18 DB 5 250 5 Supelco

a7 Superspher RP-18 e 250 5 Merck

48 Symmetry C18 3.5 100 35 Waters

49 Symmetry C18 5 250 5 Waters

50 TracerExcel ODS A-3 150 3 Teknokroma/SerColLab

51 TracerExcel ODS A-5 250 5 Teknokroma/SerColLab

52 TSKgel ODS-80TS 150 5 TosoHaas/SerCoLab
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Table 1. Continued

43

Column Name of column Length Particle Manufacturer/supplier
number (mm) size iym)
53 TSKgel Super ODS 100 2 TosoHaas/SerColLab
54 Uptisphere 3 HDO C18 100 3 Interchrom/Achrom
55 Uptisphere 5 HDO C18 250 5 Interchrom/Achrom
56 Uptisphere 3 ODB C18 100 3 Interchrom/Achrom
57 Uptisphere 5 ODB C18 250 5 Interchrom/Achrom
58 Validated C18 250 5 Perkin-Elmer
59 Wakosil C18 HG 5-10 100 5 SGE/Achrom
60 Wakosil C18HG 5-25 250 5 SGE/Achrom
61 Wakosil C18 RS 3-10 100 3 SGE/Achrom
62 Wakosil Il C18 RS 3-25 250 3 SGE/Achrom
63 X-Terra 3 100 3 Waters
64 YMC-Hydrosphere C18 150 5 YMC Sep. Techn./ThermoQuest
65 YMC-Pack Pro C18-3 150 3 YMC Sep. Techn./ThermoQuest
66 YMC-Pack Pro C18-5 150 5 YMC Sep. Techn./ThermoQuest
67 Zorbax Eclipse XDB-C18 250 5 Agilent Technologies
68 Zorbax Extend C18 250 5 Agilent Technologies
69 Zorbax SB-C18 250 5 Agilent Technologies
®The internal diameter is always 4.6 mm.
peak height of acetylacetone,..acetone SYmmetry pyridine, metal ion impurities: k;yz,_dipyridyl,
factor of acetylacetone. k. rk-

2.3.4. Method 4 [26]

Mobile phase: methanol/water/0f potassium
phosphate buffer pH 2.7 (34:90:10 w/w).

Sample: phenol (5 mg), benzylamine (5 mg)
dissolved in 10.0 ml of mobile phase.

Output parameter: ion-exchange capacity at low

pH: rkllaenzylamine/phenol
2.3.5. Method 5 [26]

Mobile phase: methanol/water/0f potassium
phosphate buffer pH 7.3 (34:90:10 w/w).

Sample: phenol (5 mg), benzylamine (5 mg)
dissolved in 10.0 ml of mobile phase.

Output parameter: ion-exchange capacity at high

pH: rkllaenzylamine/phenol
2.3.6. Method 6 [39]

Mobile phase: methanol/water (34:100 w/w).

Sample: uracil (0.1 mg), caffeine (0.3 mg), theo-
bromine (0.2 mg), theophylline (1 mg), phenol (3.5
mgq), pyridine (1 mg), 2,2dipyridyl (3 mg), 2,3-
dihydroxynaphthalene (3 mg) dissolved in 10.0 ml of
mobile phase.

Output parameters: silanol activit
rk’

!
~caffeine/phenol

rk symmetry factor of

’
pyridine/caffeine pyridine/phenol

) 2,3-dihydroxynaphthalene
2,3-dihydroxynaphthalene/2 &ipyridyl’ Symmetry factor of

2,2 -dipyridyl, symmetry factor of 2,3-dihydroxy-
naphthalene, other paramewtﬁ.eophylline/theobromine
rk::affeine/theophylline
2.3.7. Method 7 [4]
Mobile phase: methanol/water (50:50 w/w).

Sample: uracil (0.1 mg), phenol (1.3 mg), toluene
(10 mg), ethylbenzene (12 mgp-ethylaniline (1
mgq) dissolved in 10.0 ml of mobile phase.

Output parameters: efficieney;,,.,« hydropho-

S ) , )
blc"_ylpluene k ethylbenzenerk ethylbenzene/_tqluer%lanOI
activity: symmetry factorpedthylaniline, other

paramer&féluene/phendl

2.3.8. Method 8 [39]
Mobile phase: methanol/water (317:100 w/w).
Sample: uracil (0.1 mg), phenol (0.6 mg), toluene

(2.5 mgq), ethylbenzene (2.5 mg), butylbenzene (7

mg), amylbenzene (7 owgrphenyl (0.2 mg),

triphenylene (0.02 mg) dissolved in 10.0 ml of

mobile phase.
Output parameters: efficieQgyi,cnzene hydro-
phObiCity: k;mylbenzene rk,

’ .
rk’amylbenzene/butylbenzene steric
rk , Other parameteirk

ethylbenzene/toluene
selectivity:
!

triphenyleneterpheny! toluene/phenol
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All samples described above were diluted with an
equal volume of the appropriate solvent, both solu-
tions were used as samples. In each method, three
chromatograms were recorded for each of the two
samples. Mobile phases in the consecutive methods
are sequenced in the way that intermediate column
washing between different mobile phases is not

. A 977 (2002) 39-58

the latter ones, the results of the first test series were
used to calculate the reproducibility. The values of
the discussed parameters for each column are sum
marised in Table 4 and are shown in Figs. 1-6. The
correlation data between parameters are summarise
in Table 5.

necessary. After Method 8, the column was flushed 3.1. Efficiency

with methanol/water (50:50 w/w) (mobile phase in
Method 2) and finally with acetonitrile, both for
90 min [38]. Columns were stored in pure acetoni-
trile.

The retention time of uracil was used as dead
time. The dead time measured with Method 6 was
also used for Methods 4 and 5 [38].

Efficiency can be characterised in terms of theoret-
ical plate numbers. Generally aromatic hydrocarbons

are employed for this reason as probes in the

literature [4,41,42]. In this work the test compounds
were MPPH in Method 2, toluene in Method 7 and
amylbenzene in Method 8. The theoretical plate

number was measured with buffered (Method 2) and
non-buffered (Methods 7 and 8) mobile phases as

3. Results and discussion

The measured parameters are reported and dis-
cussed according to the column properties. When a
column property was examined by different test
methods, the results from these methods are dis-
cussed in the same subsection. Repeatability and
reproducibility data are examined in detail because
only repeatable and reproducible methods can be
used in a general test procedure.

Repeatability and reproducibility data are ex-
pressed in terms of RSD; these values were calcu-
lated from two data sets. It should be mentioned that
usually at least three data are required for calculating
RSD values.

Repeatability was examined with four columns of
different type on the same instrument. The stationary
phases were new and the test procedure was per-
formed consecutively twice on the same columns.
Repeatability data are reported in terms of RSD
values in Table 2.

Reproducibility data were based on data from 29
columns belonging to 14 different types. All were
new and columns of the same type were from the
same batch. All types but one were tested in two
different laboratories; column of type 66 was ex-
amined in three laboratories. Reproducibility data are
summarised in terms of RSD values in Table 3. The
laboratories that tested a given column are also
identified in these tables.

Each column was tested once except those, which
were involved in the repeatability study. In case of

well.
Repeatability and reproducibility of the parameters

were good, RSD values were below 10% in every
case, the average RSD values were less than 5%.
Fig. 1 shows the theoretical plate number/column of
amylbenzene for all columns. The list of the columns
contains 13 pairs of longer (250 mm) and shorter
(100 or 150 mm) columns, packed with the same
stationary phase, but with a smaller particle diameter
for the shorter ones. In all but one case, the shorter
column is less efficient; columns 33 and 34 show
similar efficiency.
Table 5(a) shows that the correlation coefficients
between the theoretical plate numbers, obtained

according to three different methods, are greater than

0.9. The theoretical plate numbers measured with
amylbenzene and toluene are very highly correlated.
This means that parameters estimating the efficiency
are interchangeable. Claessens et al. observed the
same phenomenon in their comparative study [43].

No real classes of columns with similar efficiency

can be distinguished from Fig. 1. Column classifica-
tion by any of these methods provides a similar
pattern. Only a few columns (columns 5, 30, 57 and
61) appear at different places.

Although significant differences exist between
individual columns, no clear-cut classification can be
made based on this parameter only. Columns 62 and
63 are examples of extreme efficiencies. The high

value for column 62 can be explained by the

combination of small particle diameter) @d
25 cm length.
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Table 2
Repeatability of the parameters
Property Parameter Method ~ Hypersil BDS Hypersil ODS Kromasil Nucleosil
RSD (%) RSD (%) RSD (%) RSD (%)
Efficiency Nyppn M2 0.70 4.33 2.24 7.39
Neotuene M7 1.60 0.62 344 6.22
Namyibenzene M8 2.12 1.97 0.33 1.09
Hydrophobicity TK jiazepam/mppH M2 0.08 0.05 0.75 0.48
rkl’oluene/MF’PH M2 060 024 151 039
toluene M7 0.67 0.35 0.40 1.48
élhylbenzene M7 083 041 055 174
rkéthymenzene/mluene M7 0.09 0.07 0.02 0.59
;mylbenzene M8 206 197 120 171
I’kélhylbenzene/loluene M8 023 018 005 009
rk;mylbenzenelbuly\benzene M8 031 010 019 001
Silanol activity Symmetry factor of diphenhydramine M2 10.2 9.78 8.80 14.2
rkc’iipl‘lenhyn:hamine/MPPH M2 096 365 395 083
rkéalfemelphenol M6 063 312 109 970
rk;’)yr\dine/caffeine M6 - - 608 184
;’Jyndine/phenol M6 - - 500 801
Symmetry factor of pyridine M6 - - 24.0 6.80
Symmetry factor ofp-ethylaniline M7 11.3 20.2 5.49 5.13
lon-exchange capacity k..., amine/phenoPH 2.7 M4 0.24 0.55 1.06 1.92
rkk;enzylamine/phenolpH 73 M5 0.56 1.65 2.90 3.47
Steric selectivity TK. phenylenes-terpheny! M8 0.65 0.01 0.12 0.30
Metal impurity DERT M1 1.65 9.04 2.67 1.00
Peak area/peak height of acetylacetone 28.9 1.86 6.39
Nacetylacetone M3 8.14 259 1.33 5.38
Symmetry factor of acetylacetone M3 3.58 40.1 5.09 16.8
k;,z'rdlpyndyl M6 - - - 17.0
é,S-dihydmxynaphlhaIene M6 052 273 294 228
Symmetry factor of 2,2dipyridyl M6 - - - 7.91
Symmetry factor of 2,3-dihydroxynaphthalene M6 21.3 225 2.94 9.28
rk;‘S-d\hydroxynaphlhalene/2‘,~21ipyridy| M6 - - - 6.62
Other parameters TK. cetyisaicylic acid/MPPH M2 0.13 0.83 741 0.99
I’kt’)-hydroxyhippuric acid/MPPH M2 013 030 840 105
rkl’heophy\line/(heobvomine M6 015 073 063 048
rkéalfemellheophyllme M6 062 248 076 056
K otuene /phenol M7 0.47 0.14 0.12 1.74
rk; M8 1.12 0.18 0.93 0.71

toluene/phenol

Testing laboratory used was Laboratory 1. M refers to the method used to determine the given panathetnetical plate numberk’,

relative retention factork’, retention factor; DERT, dihydroxynaphthalene efficiency ratio test; empty cell, the compound was not eluted.

3.2. Hydrophobicity series, differing by one methylene group
[8,15,17,19,21,45]. The determination of
Hydrophobicity can be characterised by the re- aethylbenzene/tolueneor a amylbenzene/butylbenzéﬁetypical
tention factor of an aromatic hydrocarbon for this purpose, using methanol/water or methanol/
[4,14,15,44—-46] or by the selectivity factor)( aqueous buffer mixtures as mobile phases.

between nonpolar alkylbenzenes in a homologous The following parameters were examined:



Table 3

Reproducibility of the parameters

Property Parameter Method Discovery  Genesis 3 Genesis 4 HyPurity Elite 5 Kromasil EKA  Purospher STAR ~ SPHERI Symmetry 5
Testing laboratory 1, 2 1,2 1,2 1,23 1,2 1,3 1,2 1,3
RSD (%)  RSD (%) RSD (%)  RSD (%) RSD (%) RSD (%) RSD (%) RSD (%)
Efficiency NyppH M2 3.26 0.34 3.07 9.06 2.05 0.03 0.89 0.90
Nioluene M7 435 5.10 1.86 4.62 6.48 0.36 1.34 8.90
Namylbenzene M8 10.9 8.54 254 3.49 3.94 2.01 3.30 2.77
Hydrophobicity TKiiazepam/MPPH M2 10.1 8.34 6.90 4.94 14.6 0.47 6.93 1.70
TK{oiuene/ MPPH M2 0.51 0.43 0.69 1.90 0.67 1.36 0.75 3.84
toluene M7 1.65 0.33 0.63 2,57 1.30 1.22 178 3.92 o
Lihylbenzene M7 1.78 0.17 0.39 2.48 135 1.05 175 3.98 -
TKetnylbenzene /toluene M7 0.15 0.17 0.33 0.30 0.06 0.17 0.04 0.54 =
L mylbenzene M8 1.29 0.86 0.20 2.14 0.74 0.21 0.94 151 %
T, nylbenzene/toluene M8 0.04 0.23 0.07 0.35 0.13 0.04 0.08 0.63 @
TKamylbenzene /butylbenzene M8 0.09 0.03 0.13 0.26 0.07 0.05 0.04 0.26 o
Silanol activity Symmetry factor of diphenhydramine M2 311 9.31 453 11.2 5.28 9.49 53.8 11.9 o
TKiphenhydramine/ MPPH M2 0.58 0.37 0.11 2.17 1.03 1.01 14.7 3.25 o
K. afteine /phenol M6 0.68 167 077 1.02 0.22 178 1.33 213 =)
TKoyridine cafreine M6 7.70 1.48 0.83 2.25 1.20 176 - 10.5 8
MKpyridine /phenol M6 5.61 0.23 0.02 3.25 1.44 0.02 - 12.6 S,
Symmetry factor of pyridine M6 27.9 253 0.28 175 4.48 4.69 - 21.8 S
Symmetry factor ofp-ethylaniline M7 16.5 275 6.32 241 26.8 0.14 - 133 -
>
lon-exchange capacityrkien,yiamine/phenoPH 2.7 M4 1.90 3.02 5.13 5.83 0.09 6.52 12.2 14.0 ‘\Ql
Kb enzylamine/phenoPH 7:3 M5 5.15 185 152 352 0.63 0.13 17.9 7.43 N
N
Steric selectivity TKiriphenyleneo-terphenyl M8 0.32 0.38 0.98 0.91 0.17 0.35 0.23 1.45 E
Metal impurity DERT M1 317 51.2 39.2 57.9 41.2 49.6 - 195 t‘lg
peak area/peak height of acetylacetone M3 30.2 154 16.9 30.1 125 215 - 19.3 &3
Nacetylacetone M3 58.5 313 40.2 456 34.6 429 - 40.0
Symmetry factor of acetylacetone M3 42.4 30.9 12.2 26.2 104 5.52 - 10.9
K . gipyriay! M6 3.05 6.46 351 3.10 177 155 - 114
g)a_dihydmxymphma‘ene M6 5.07 6.34 3.45 4.67 2.36 0.34 272 17.7
TK2 3-dinydroxynaphthalene/ 2;2lipyridyl M6 2.02 0.16 0.07 157 0.55 1.20 - 5.69
Symmetry factor of 2,2dipyridyl M6 17.3 243 7.13 8.60 2.51 141 46.3
Symmetry factor of 2,3-dihydroxynaphthalene M6 3.07 5.75 8.85 5.67 6.11 26.7 8.99 10.5
Other parameters Ky ceryisalicylic acid/MPPH M2 0.02 1.02 2.15 2.16 0.23 2.35 0.23 4.34
TKy-hydroxyhippuric acid/MPPH M2 1.30 2.49 3.34 1.77 1.82 2.24 1.80 272
TKineophylline/theobromine M6 253 8.72 4.03 3.91 0.03 5.27 0.47 5.40
TKeatteine /theophyliine M6 0.32 6.58 3.80 1.16 0.17 4.44 0.39 3.95
"Kioiuene/phenol M7 1.26 0.27 0.37 0.54 0.05 0.40 0.23 0.40
rk; M8 0.28 0.34 0.10 2.13 0.64 1.19 0.43 1.13

oluene/phenol
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Validated YMC- YMC Pro  Zorbax Zorbax Zorbax Average RSD
1,2 Hydro-sphere  Pack 5 Eclipse Extend SB of the 14
Testing laboratory 1,2 1,3 1,2 1,2 1,2 columns
Efficiency NwepH M2 3.27 0.48 5.29 052 10.9 541 3.24
Nioluene M7 4.14 7.09 1.84 4.20 5.14 4.38 4.26
Namylbenzene M8 4.50 4.23 0.93 3.63 6.31 4.24 4.38
Hydrophobicity rkr'jiazepam,w,PH M2 8.04 6.11 4.40 9.08 1.97 494 6.32
TK{oiuene/ MPPH M2 0.32 0.45 150 0.32 0.12 0.06 0.92
toluene M7 0.97 5.69 421 0.52 2.28 0.62 1.98
émymenzene M7 0.88 5.61 5.27 0.26 243 0.20 0.97
TKetnylbenzene /toluene M7 0.09 0.58 1.06 0.30 0.13 0.83 0.34
;my,benzene M8 0.85 5.45 2.29 1.34 1.36 0.51 1.41
r émy\benzene/mmene M8 0.09 0.34 0.01 0.13 0.01 3.18 0.38
TKamylbenzene /butylbenzene M8 0.06 071 0.05 0.07 0.05 0.46 0.16
Silanol activity Symmetry factor of diphenhydramine M2 333 9.63 52.1 16.3 20.4 12.8 20.1
TKiphenhydramine/ MPPH M2 1.81 118 433 0.08 4.45 1.50 6.15
K. afteine /phenol M6 121 1.56 1.44 245 259 0.65 1.39
TKoyridine cafreine M6 0.77 041 5.62 1.86 1.99 0.48 2.84
MKpyridine /phenol M6 0.45 117 4.24 0.60 0.72 21.9 4.02
Symmetry factor of pyridine M6 3.59 18.3 28.4 4.18 153 2.39 134
Symmetry factor ofp-ethylaniline M7 245 14.0 1.74 29.8 2.62 5.59 13.2
lon-exchange capacityrkien,yiamine/phenoPH 2.7 M4 11.2 8.21 15.2 0.43 1.52 0.13 6.10
Kb enzylamine/phenoPH 7:3 M5 185 17.7 3.58 16.2 12.0 5.62 10.2
Steric selectivity rkl’r\phenyleneb-lerphenyl M8 0.14 0.8 0.26 0.08 0.07 0.01 0.44
Metal impurity DERT M1 53.2 30.2 52.0 30.5 27.9 355 40.0
peak area/peak height of acetylacetone M3 25.0 10.9 194 16.7 135 20.1 194
Nacetylacetone M3 24.7 28.1 39.3 319 27.4 30.8 36.6
Symmetry factor of acetylacetone M3 5.00 175 9.41 25.1 17.3 24.4 18.2
K . gipyriay! M6 4.88 10.8 0.24 1.66 172 6.37 4.34
g)a.dihydmxynaphma‘ene M6 5.31 11.4 0.06 1.05 2.97 341 477
TK2 3-dinydroxynaphthalene/ 2;2lipyridyl M6 0.41 0.62 0.31 0.65 1.22 3.14 135
Symmetry factor of 2,2dipyridyl M6 5.99 9.98 15.8 131 38.3 133 16.7
Symmetry factor of 2,3-dihydroxynaphthalene M6 141 27.6 355 391 485 9.09 12.2
Other parameters Ky ceryisalicylic acid/MPPH M2 0.23 0.98 131 0.93 0.28 0.55 119
TKy-hydroxyhippuric acid/MPPH M2 143 3.65 0.30 231 0.99 0.94 1.94
TKineophylline/theobromine M6 114 8.25 16.7 021 5.45 3.17 5.39
TK;atteine /theophyliine M6 11.8 5.87 14.6 1.33 0.59 0.91 3.99
"Kioiuene/phenol M7 0.16 0.46 117 0.53 0.12 0.09 0.43
TKioiuene/phenol M8 0.21 1.23 0.11 0.75 0.19 3.15 0.85

85-6¢€ (2002) £/6 W “i6orewoyD C / ‘e ® ABIA ‘A

M refers to the method used to determine the given parametéheoretical plate numberk’, relative retention factork’, retention factor; DERT, dihydroxynaphthalene
efficiency ratio test; empty cell, the compound was not eluted.
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Table 4
Measured parameters of the columns
Column Peak area/peak rkl’)enzylamlmelphenol k, 2] 2dipyridyl rkt/:aﬂeme/phenul k,tuluene rk, ethylbenzene/toluene SF p- n amylbenzene rk( triphenylene/terphenyl
number height of aa pH 2.7 pH 7.3 ethylaniline
Method M3 M4 M5 M6 M6 M7 M7 M7 M8 M8
1 115 0.082 0.309 6.81 0.37 5.81 1.80 1.36 18 680 1.50
2 14.0 0.085 0.306 6.32 0.36 5.46 1.80 1.25 24170 151
3 11.6 0.058 0.454 12.32 0.47 8.59 181 133 17 230 1.45
4 174 0.073 0.461 11.98 0.44 8.86 1.81 1.35 20010 1.46
5 231 0.001 0.953 .77 0.80 3.13 1.65 113 16 240 2.32
6 148 0.51 4.86 176 15100 1.40
7 13.0 0.065 0.314 9.24 0.51 6.56 1.83 1.25 12940 1.27
8 42.8 0.090 0.771 7.48 0.65 3.56 170 1.27 10980 122
9 11.3 0.090 0.441 5.96 0.47 3.86 1.78 2.25 16 070 137
10 12.7 0.118 0.928 6.10 0.47 3.79 1.76 2.10 14 890 1.50
11 115 0.073 0.472 3.63 0.41 2.82 179 1.55 7330 1.46
12 12.6 0.086 0.301 4.36 0.39 3.67 1.78 1.15 21120 1.50
13 11.8 0.082 0.334 8.86 0.44 7.47 1.83 1.33 8640 137
14 15.9 0.079 0.302 9.91 0.44 8.07 1.85 1.46 23 840 1.32
15 8.02 0.122 0.2711 6.08 0.36 4.70 1.79 1.97 7670 1.53
16 12.0 0.136 0.332 6.60 0.35 433 179 414 18 900 1.56
17 125 0.692 1.361 0.43 4.59 1.40 1.83 7840 1.28
18 20.5 0.680 1.318 0.43 4.43 1.79 17410 131
19 10.7 0.086 0.298 4.43 0.37 3.76 179 1.28 14 410 155
20 12.3 0.081 0.295 4.35 0.36 3.79 179 1.35 10730 1.58
21 10.9 0.077 0.279 11.22 0.38 9.74 1.82 2.27 7510 152
22 12.3 0.065 1971 9.66 0.41 7.67 177 244 18810 1.63
23 16.3 0.076 0.260 9.40 0.37 8.77 1.82 1.78 22 560 1.56
24 17.7 0.187 2717 0.81 4.26 172 2.36 19105 178
25 194 0.176 0.63 8.39 177 2.32 16 630 177
26 138 0.031 0.249 8.63 0.41 7.10 1.84 127 13100 115
27 7.33 0.068 1.984 16.42 0.82 5.60 174 1.87 8590 172
28 13.1 0.114 1573 13.01 0.74 5.78 174 179 20050 1.66
29 324 0.081 0.331 8.39 0.41 7.11 181 1.45 20780 1.45
30 11.0 0.012 0.393 5.47 0.34 4.42 1.69 1.18 18 140 1.95
31 18.7 0.081 0.305 10.36 0.34 9.09 181 124 22630 1.67
32 215 0.133 0.516 14.24 0.48 721 1.84 2.93 7390 133
33 12.9 0.178 1.085 7.26 0.74 3.01 173 271 13 440 121
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0.196
0.386
0.401
0.057
0.019
0.059
0.062
0.238
0.222
0.263

0.134
0.157
0.107
0.024
0.022
0.073
0.068
0.059
0.072
0.065
0.082
0.096
0.070
0.068
0.057
0.070
0.051
0.044
0.045
0.032
0.048
0.035
0.072
0.067
0.067

1.963
8.163
8.837
0.260
1.000
0.324
0.310
0.904
1.477
1.615

0.350
0.418
0.374
0.281
0.318
0.332
0.381
0.328
0.457
0.355
0.528
1.000
0.383
0.785
0.370
0.387
0.350
0.385
0.157
0.309
0.292
0.282
0.304
0.430
0.613

6.96
7.07
9.21
8.62
9.01
9.28
8.82
9.06
4.24
9.17
9.64
8.69
9.25
9.86
7.33
7.70
10.22
10.41
3.94
7.93
7.95
8.34
7.99
7.83
9.27

0.83
0.45
0.43
0.41
0.57
0.44
0.44
0.50

0.63

0.65

0.41

0.43

0.43

0.39
0.37
0.38
0.44
0.46
0.47
0.44
0.46
0.50
0.47
0.44
0.51
0.40
0.43
0.26
0.43
0.32
0.52
0.44
0.44
0.41
0.37
0.57

2.95

8.17
3.45
5.10
6.63
6.77
7.01
7.32
5.97

1.70

157
1.84

1.79
1.79
1.83
1.79
1.79

181
1.81

1.80
1.81
1.84
1.82
1.82
1.78
1.83
1.82
1.80
1.82
1.81
1.83
1.83
1.84

161
1.81

1.86
1.87
1.85
1.85

17570
21620

6820
14130

8130
27 860

5840
14 090
19910
16 350
22120
19 200
21000

Empty cells, parameter cannot be measured because the compound(s) is not eluted.

85-6¢€ (2002) £/6 W “i6orewoyD C / ‘e ® ABIA ‘A
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column number

1

Fig. 1. Efficiency of RP-LC columns: theoretical plate number of
amylbenzene determined according to Method 8. Bottom: columns
arranged as in Table 1; top: columns arranged according to
ascending efficiency.

rI(L;iaazepzam/MPF’H‘andrk,'roluene/MPPI‘MethOd 2);k/
and kéthylbenzene (MethOd 7)1 rk/ethylbenzene/toluene
(Methods 7 and 8) .k, inenzene (Method 8) and
rk;mylbenzene/butylbenzene(MethOd 8) No practical
problems were observed during their determination.

Repeatability and reproducibility of these parame-
ters were excellent, the average RSD values between
laboratories were less than 2% except in the case of
MKjiazepam/mppw Which showed the poorest repro-
ducibility.

The retention factors of toluene, ethylbenzene and
amylbenzene measured with Methods 7 and 8 are
highly correlated (>>0.99, see Table 5(b)).

The correlation coefficients between
rk:athylbenzene/'roluene (MethOdS 7 and 8) and
rk;mylbenzene/butylbenzent(MethOd 8) were larger than
0.94. The relative retention factors evaluated from
MethOd 2 (kéiazepam/MPPH andrk,toluene/MPF)‘l dO not
correlate well (=0.63). They do not provide the
same information as the relative retention factors
from Methods 7 and 8, the correlation between them

toluene

Chromatogr. A 977 (2002) 39-58

.
k toluene

M

Lk

5 29 33 37 41 45 49 53 57 61 65 69

i
1

5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69

column number

.
k toluene

156 9 1317212

(@)

1.9

'
rk ethylbenzene/toluene

ethylbenzene/toluene

rk

1
(b)

Fig. 2. Hydrophobicity of RP-LC columns: (a) retention factor of
toluene, (b) relative retention factor of ethylbenzene/toluene, both
determined according to Method 7. Bottom: columns arranged as
in Table 1; top: columns arranged according to ascending hydro-
phobicity.
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Fig. 3. Silanol activity of RP-LC columns: (a) relative retention
factor of caffeine/phenol determined with Method 6, (b) symme-
try factor of p-ethylaniline, determined according to Method 7.
Bottom: columns arranged as in Table 1; top: columns arrange

according to ascending silanol activity.
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Fig. 4. lon-exchange capacity of RP-LC columns: (a) relative
retention factor of benzylamine/phenol at pH 2.7 according to
Method 4, (b) relative retention factor of benzylamine/phenol at
pH 7.3 according to Method 5. Bottom: columns arranged as in

d Table 1; top: columns arranged according to ascending ion-
exchange capacity.
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Fig. 5. Steric selectivity of RP-LC columns: relative retention 18.00
factor of triphenylened-terphenyl, determined according to Meth- 16.00
od 8. Bottom: columns arranged as in Table 1; top: columns
arranged according to ascending steric selectivity. 14.00
_12.00
£ 10.00
. g
is rather poor (0.5%r<0.76). It should be men- & &%
tioned that the analytes in Method 2 are not purely 6.00
aromatic and that the mobile phase of Method 2 is 4.00
buffered, while Methods 7 and 8 use unbuffered 2.00
eluent. 0.00
Retention factors and relative retention factors 18.00
have correlation coefficients between 0.36 and 0.77.  16.00
Better correlation (0.58r<0.77) can be found if 1‘2‘22
only non-buffered data are taken into account, al- ;;10-00
though the probes employed are neutral. s 6,00
The hydrophobicity parameters, which were mea- < 4,
sured with non-buffered mobile phase, all gave 4.00
similar information and therefore any of them can be 2.00 -
used for column classification. In Fig. 2, the hydro- 0.00 - ik R - ERELLELELIERELERE
phobicity of the columns, obtained with two different 1.5 9 1317212529 33 37 41 45 49 53 57 61 65 69

column number

methods, is reported. The pattern of columns remains
the same if the different retention factors are consid- Fig. 6. Metal impurity of RP-LC columns: (a) peak area/peak
ered (exception: column 52) and very similar if height of acetylacetone (a.a.), determined with Method 3, (b)

retention factors and relative retention factors are relative retention factor of 2,3-dihydroxynaphthalene’2,2
dipyridyl, determined with Method 6. Bottom: columns arranged

examined (excep_tionS: columns 11, 21, 25, 39, 52 4 in Table 1: top: columns arranged according to ascending metal
and 53). These figures are not shown. Because thecontamination value.
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Table 5

Correlation coefficientsr] between parameters estimating the same column property

Parameter Method 1 2 3 4 5 6 7 8 9

(a) Efficiency

1. Nyepn M2 1.000 0.903 0.917

2. Nyuene M7 1.000 0.982

3. Namyibenzene M8 1.000

(b) Hydrophobicity

1. K iazepamimpen M2 1.000 0.629 0.364 0.377 0.505 0.383 0.523 0.561

2. 1K{5uene/mppH M2 1.000 0.692 0.707 0.672 0.713 0.657 0.764

3. Kiguene M7 1.000 0.999 0.667 0.989 0.579 0.669

4. Kiinyenzene M7 1.000 0.700 0.994 0.615 0.726

5. T inyibenzene/toluene M7 1.000 0.734 0.976 0.950

6. K myibenzene M8 1.000 0.663 0.768

7' I'kéthylbenzene/loluene M8 1000 0943

8' rk;mylbenzene/butylbenzene M8 1000

(c) Slanol activity

1. Symmetry factor of

diphenhydramine M2 1.000 0.816 0.212 0.630 0.650 0.545 0.637

2. TKjiphennydramine /MPPH M2 1.000 0.180 0.710 0.663 0.335 0.463

3. 1K 4steine/phenol M6 1.000 0.067 0.681 0.388 0.107

4. YK} ridines cafreine M6 1.000 0.815 0.150 0.349

5. 1K} rigine/phenol M6 1.000 0.547 0.482

6. Symmetry factor of

pyridine M6 1.000 0.465

7. Symmetry factor of-

ethylaniline M7 1.000

(d) Metal impurity

1. DERT M1 1.000 0.800 -0.327 0.211 -0.116 0.061 0.400 —0.072 0.518
2. Peak area/peak height

of acetylacetone M3 1.000 —0.453 0.510 0.300 0.118 —0.092 0.343 0.631
3. Nycerytacetone M3 1.000 -—0.294 0.006 —0.270 —0.146 0.189 -0.145

4. Symmetry factor of

acetylacetone M3 1.000 0.113 —0.028 —0.076 0.522 0.364
5. K. 2 -dipyriay M6 1.000 0.362 —0.461 0.259 0.018
6. K3 3_dinydroxynaphtnalene M6 1.000 0.484 0.028 -0.013

7' rké,3—d\hydroxynaphthalene/2’,2

dipyridyl M6 1.000 -0.171 0.000
8. Symmetry factor of 2,2 1.000 0.382
dipyridyl M6

9. Symmetry factor of 2,3- 1.000

dihydroxynaphthalene M6

retention factor can be determined with most preci- 3.3. Slanol activity

sion, and only one substance is required to measure
it, this parameter can be recommended to character-
ise hydrophobicity. These observations are in accord-
ance with those in the literature [43].

Columns 35 and 36 clearly show lower hydro-
phobicity with both methods (Fig. 2a,b) but no
classification of the columns is possible on the basis
of hydrophobicity alone.

It was an early observation that free silanol groups
on RP-LC columns can be evaluated with basic
compounds using normal-phase chromatography.
Strong retention of nitrobenzene [47,48], pyridine
and 2,6-dimethylpyridine [45] or aniline [14] is a
sign of high silanol activity. Later, basic compounds
and reversed-phase chromatography were generally
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used to examine silanol activity. Poor peak symme- It was observed that there is no method in this
try [12,21,42] and strong retention of basic com- protocol in which a symmetry factor of a base is
pounds [19,41,49] indicate the activity and acces- measured in neutral mobile phase. Therefore addi-
sibility of free silanols on the silica surface. Pyridine tional data on the symmetry factor of benzylamine
[39,45], aniline [18,21], aniline derivatives were obtained with Method 5 for 60 columns (data
[18,27,42] and basic drugs (e.g. diphenhydramine, not provided). The correlation between the symmetry
amytriptiline) [12,31] are applied for these measure- factor of benzylamine determined at pH 7.3 and the
ments. Free silanol groups can be evaluated by a other parameters related to silanol activity was
selectivity factor of two compounds, which have calculated. The following correlation coefficients
different acid/base characters: of caffeine/phenol were obtained: symmetry factor of diphenhydramine

[15,28], pyridine/phenol [50], caffeine/theophylline  r=0.750), rkt’,iphenhyd,‘,jmﬂne,,\,IF>PH (r=0.720),
[8] or diphenhydramine/p-methylphenyl-5- rk,’aenzy,mme,phenOI pH 2.7 ¢=7.190) and
phenylhydantoin [12] are frequently used. Separation rk;yridine,pheno,(r =0.713). According to these results,

of ortho-, meta- and para-toluidine is also a sign of which are not discussed further, it was concluded

high silanol activity [17,23,25]. Characterisation of that no information was lost due to the fact that the

silanol activity was reviewed a few years ago [51]. determination of the symmetry factor of benzylamine
Some practical problems were observed during was not included in the protocol.

examination of the silanol activity. On some col- The symmetry factomp-athylaniline is a fre-

umns, diphenhydramine, pyridine apeethylaniline quently used parameter for silanol activity. Consider-

peaks could not be detected because they were too ing the precision problems related to its determi-

strongly retained. The repeatability and reproducibil- nation, it is not recommended as a test parameter.

ity of all the symmetry factors was poor (Tables 2 Classification of columns accordingtQic/pnenol

and 3). The relative retention factors can be mea- (Fig. 3a) yields totally different results than classifi-

sured with good repeatability (RSD: 1-10%) and cation using the symmetry factpretifylaniline
reproducibility (average RDS: 1.4-6.1%). The (Fig. 3b) as could be expected from their correlation

MK atreine/phenoi F€SUIES for the columns are shown in coefficients. The above results confirm the claim of

Fig. 3a. Claessens et al. [55] that different silanol activity test
Table 5(c) contains the correlation data between results often are not in mutual agreement and not

parameters regarding silanol activity. Good correla- interchangeable. Column classification on silanol

tion was found between the symmetry factor of activity will depend on the test method applied.

diphenhydramine antk(; ,cnnydramine/mpprl =0.82), In Fig. 3a, a small group of columns with high

both measured in Method 2. Less correlation- ( silanol activity can be distinguishedrk(=0.5).

0.63 and 0.71) exists between these two parameters There is a large group of columns with medium

andrk/ igine/ carreine (M€thod 6). These three parame- silanol activity (Or& <0.5) and only one column

ters also show some correlation=0.35-0.64) with (Column 61) with low silanol activityl{ =0.3). In

the symmetry factor op-ethylaniline. The correla- Fig. 3b, which shows the symmetry factomp-of

tion coefficients ofrk} qine/phenor @Nd all the other ethylaniline, again a small group with high silanol

parameters are between 0.48 and 0.82. Poor correla- activity can be recognised with the symmetry factor

tion was observed between the symmetry factor of  padthylaniline>2.5 or o (empty cases where no

pyridine andp-ethylaniline ( =0.47). No correlation peak op-ethylaniline can be detected). Columns

was found between the Ilatter parameter and with distinctly low silanol activity do not form a

MKeatreine/phenol T =0.11). These results clearly indi- well-separated group.

cate that the parameters do not represent the same

column property. This can be due to the fact that the 3.4. lon-exchange capacity

silanol activity may not be the same at buffered

(M2) or non-buffered conditions (M7 and M8). It is The ion-exchange capacity can be characterised by
also possible that some of the parameters are less measuring the relative retention factors between a
suitable for characterising silanol activity. base and a neutral or a slightly acidic compound at
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low and relatively high pH values [32,33]. Low of triphenylengtho-terphenyl is also widely ap-

ion-exchange capacity is characterised by small plied to characterise steric selectivity [15,26,28,33].
values. The selectivity factor of benzylamine/phenol In this work, steric selectivity was calculated using
is widely used in the literature [15,26,28,35], recent- rk/, ;cnyiencortho-terphenyl DECAUSE the two compounds

ly bretylium tosylate [52] was employed for this used are not carcinogenic. There was no practical
purpose. problem during the determination of this parameter.

In this test procedure, the ion-exchange capacity Repeatability and reproducibility were excellent,
was measured as th&,. ., iamine/phenodetermined at RSD values were below 1.5% in every case. Results
acidic (Method 4) and neutral pH (Method 5). The for the columns tested can be seen in Fig. 5.
retention time and peak symmetry of benzylamine in Classification of the columns cannot be made.
Method 5 depended on the amount injected, there- The highest steric selectivity is observed for
fore a well-defined concentration has to be used. The columns 5, 30, 33, 34, 38 and 63; most of these
repeatability was good at both pH values, and the columns are polar-embedded. All the other columns
reproducibility was acceptable at pH 2.7 but poor at are in the range 1.0—-2.0 and most show values in the
pH 7.3. range 1.0-1.5. There are no stationary phases with

Fig. 4a and 4b show the ion-exchange capacity of extremely low steric selectivity.

the stationary phases examined at pH 2.7 and 7.3,

respectively. No benzylamine peak could be detected 3.6. Metal impurity

for column 6 at both pH values and therefore it is not

possible to determine its ion-exchange capacity with Metal impurity on the silica surface can be

this method. examined using chelating agents. Beer bitter acids
At pH 2.7, there is a small group of columns with [56], acetylacetone [13,25);dp¥ridyl [39,57,58]

high ion-exchange capacityk( 2.7> 2,3-dihydroxynaphthalene [26,39,58] or hinokitiol

enzylamine/phenol

0.3) and a large group with low capacity [49,50] have been used to characterise metal con-
(rKpenzylamine /phenoi2- 7<<0.10). At pH 7.3, few col- tamination. Small theoretical plate numbers, strong
umns show high ion-exchange  capacity retention and poor peak symmetry of these com-
(rKpenzylamine /phenot 7-3>2.0) while several columns pounds are indications for metal ions on the silica
have low ion-exchange capacityk{,,iamine/phenol surface [58]. Measurements have to be carried out at
7.3<0.75). In total, 85% of the columns having low optimum pH, where these compounds can form
ion-exchange capacity at pH 2.7 also show this complexes with metal ions. It is also recommended
property at pH 7.3 but several stationary phases have to carry out these measurements on a metal-free
high ion-exchange capacity at only one pH value. instrument to avoid metal—ion accumulation on the
No good correlation was noted between parame- packing.
ters characterising silanol activity and ion-exchange Nine parameters were introduced in the test
capacity. procedure to characterise metal contamination
of the supports. Each method gave problems be-
3.5. Seric selectivity cause the compounds were not eluted from some
stationary phases. Repeatability was poor, repro-
Steric selectivity can be determined using two ducibility was even worse (Tables 2 and
aromatic hydrocarbons: one twisted and one planar, 3). Only tH€ 5 yinyaroxynaphinalene/2,alipyridyl:
with mobile phases containing methanol/water [32— Kk} 5 qinyaroxynapnthaiene@Nd K' 5 ziipyiay cOUld be re-
34]. The selectivity factor of the compounds is a produced easily (Tables 2 and 3).
measure for the steric selectivity. Tetraben- Only one high correlation can be found in Table
zonaphthalene/benzjpyrene [25], phenan- 5(d): the dihydroxynaphthalene efficiency ratio test
trophenantrene/tetrabenzo-naphthalene [54,55] and (DERT) and peak area/peak height of acetylacetone
other polycyclic aromatic hydrocarbons [41,53,54] r=(0.80). These two parameters give the same
are generally used. These compounds are toxic, and information. Poor correlatiomMg) was found

most of them are carcinogenic. The selectivity factor between k and

!
2,3-dihydroxynaphthalene
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rké,3-dihydroxynaphthalema/2’,-2!ipyridy| measured Wlth
Method 6. Very different correlation coefficients were
found between the parameters, indicating that they
do not measure the same column property. Correla- 3.8. Comparison of short and long columns
tion factors>0.75 were observed between
ké,3-dihydroxynaphtha|ene(representing metal impurity)
and kt/oluene or k/ethylbenzene(representing hydropho-
bicity). This indicates that the retention of this
aromatic metal complexing agents also depends on
the hydrophobicity of the columns or that this
parameter measures hydrophobicity rather than metal
contamination.

Peak area/peak height ratio of acetylacetone may

be considered as a standard method to characterise

tional parameter for a particular property was there-
fore not detected.

Parameters of columns, which were made from the
same material but have different particle size and
column length, showed similar parameters. Only
results concerning the efficiency were different. This
means that these columns have the same selectivity
but their efficiency depends on the particle size and
column length.

metal contamination [13] (Fig. 6a). A cluster of
columns with a high amount of metal impurity can
be distinguished when this parameter is above 100. It

has to be noted that this parameter also depends on

the column dimension and the particle size. If one
compares the columns from the same brand but
having different length and/or particle size (Col-

umns 1-2, 3-4, 9-10, 13-14, 19-20, 33-34, 35—
36, 50-51, 54-55, 56-57, 61-62 and 65-66), it can

be seen that in most of the cases these latter effects

are smaller than the differences between columns
from different brands.

One of the most repeatable and reproducible metal
impurity parameters i%; , g,y (Fig. 6b). It can
be regarded as a sign of high metal contamination
when this parameter is above 12. Empty cases in Fig.
6 mean that the compound was not eluted. No
columns with extremely low values can be found
with any of these methods. As can be expected from

4, Conclusion

After careful study of literature data, a test pro-
cedure was proposed to characterise RP-LC columns

This test procedure was applied tg;69 C RP-LC

columns in order to characterise them on the basis of

the parameters measured. Several columns were

examined in different laboratories in order to check
the reproducibility of the results.

Each property of the RP stationary phases was
characterised by different parameters, which were

compared. At least one parameter regarding the

efficiency, hydrophobicity, silanol activity, steric

selectivity and metal impurity can be determined

with good precision. For the ion-exchange capacity,
the precision is poorer. It is therefore more difficult
to examine the latter property.

Parameters characterising efficiency are highly
correlated. Classification based on any of these

the poor correlation in Table 5(d) £€0.30), the
column ranking in Fig. 6a,b is different.

It can be concluded that classification of RP-
columns based on metal impurity depends on the
parameter used.

parameters provides a similar pattern, independent of
the parameter applied. Hydrophobicity parameters
were also well-correlated and all of them give similar
classification. Correlation between parameters de-
scribing silanol activity is usually poor, therefore the
classification pattern highly depends on the parame-
ter used. This statement is also true for the parame-
ters concerning metal impurity. It can be concluded
that not all the parameters measure the properties
they are claimed to do in the literature.

For each of the parameters, the columns showed a
least slightly different results, which means that
these parameters allow characterising the columns. It

was observed that one parameter is insufficient to
classify stationary phases in distinct groups. There-

3.7. Other parameters

Further correlation was examined between the
parameters measuring the above properties and the
so-called other parameters (Tables 2 and 3) that were
proposed in the original articles.

No examples of high correlation were found
between other parameters and one that refers to a
particular property (e.g. silanol activity). An addi-
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fore in a next step, classification of the columns
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[12] T. Daldrup, B. Kardel, Chromatographia 18 (1984) 81.

based on several test parameters needs to be evalull3] M. Verzele, C. Dewaele, Chromatographia 18 (1984) 84.

ated. This will be done using chemometric methods.

Such chemometric methods have already been ap-

plied in the classification of columns, but only a
restricted number of testing results was used
[18,23,25,26,28,30,34,48,59—-61].

Later, a classification (clustering) of columns
based on a limited (minimal) number of test parame-
ters will be made and representative separations will

be carried out on these stationary phases. The

[14] M.J. Walters, J. Assoc. Off. Anal. Chem. 70 (1987) 465.

[15] K. Kimata, K. Iwaguchi, S. Onishi, K. Jinno, R. Eksteen, K.
Hosoya, M. Araki, N. Tanaka, J. Chromatogr. Sci. 27 (1989)
721.

[16] W. Jost, R. Gasteier, G. Schwinn, M. Tueylue, R.E. Majors,
International Laboratory, May (1990) 46.

[17] H. Engelhardt, M. Jungheim, Chromatographia 29 (1990) 59.

[18] S.J. Schmitz, H. Zwanziger, H. Engelhardt, J. Chromatogr.
544 (1991) 381.

[19] M.J.J. Hetem, JW. De Haan, H.A. Claessens, C.A. Cramers,
A. Deege, G. Schomburg, J. Chromatogr. 540 (1991) 53.

correlation between the results of the test procedure [20] SV. Galushko, Chromatographia 36 (1993) 39.

and the chromatographic behaviour of these column
in the compendial analyses will be examined by
chemometric methods.

Acknowledgements

The authors thank the manufacturers and the
suppliers for the gift of columns. D. Visky and T.
Ivanyi thank the Ministry of the Flemish Community
for financial support. Y. Vander Heyden is a postdoc-
toral fellow of the Fund for Scientific Research
(FWO) Vlaanderen.

References

[1] European Pharmacopoeia 3rd ed., Council of Europe, Stras-
bourg, France, 1996.

[2] United States Pharmacopeia 24, The United States Phar-
macopeial Convention Inc, Rockville, MD, USA, 1999.

[3] Silica gel for chromatography (Reagents, 4.1.1). European
Pharmacopoeia Addendum 2001, Council of Europe, Stras-
bourg, France, 2000.

[4] H. Engelhardt, R. Gruner, International Laboratory, Sep-
tember (1999) 34.

[5] R.J. Steffeck, S.L. Woo, R.J. Weigand, J.M. Anderson, LC—
GC Int. 13 (1995) 720.

[6] H. Engelhardt, B. Dreyer, H. Schmidt, Chromatographia 16
(1982) 11.

[7] T. Hanai, in: P.R. Brown, E. Grushka (Eds.), Advances in
Chromatography, Vol. 40, Marcel Dekker, New York, 2000,
p. 315.

[8] A.P. Goldberg, Anal. Chem. 54 (1982) 342.

[9] J.S. Landy, J.L. Ward, J.G. Dorsey, J. Chromatogr. Sci. 21
(1983) 219.

[10] P.C. Sadek, PW. Carr, J. Chromatogr. Sci. 21 (1983) 314.
[11] C. Gonnet, C. Bory, G. Lachatre, Chromatographia 17
(1983) 242.

s [21] DV. McCalley, J. Chromatogr. 636 (1993) 213.

[22] H.A. Claessens, E.A. Vermeer, C.A. Cramers, LC-GC Int.,
November (1993) 692.

[23] T. Hamoir, F. Cuesta Sanchez, B. Bourguignon, D.L. Mas-
sart, J. Chromatogr. Sci. 32 (1994) 488.

[24] U.D. Neue, D.J. Phillips, T.H. Walter, M. Caparella, B.
Alden, R.P. Fisk, LC-GC Int. 8 (1995) 26.

[25] B.A. Olsen, G.R. Sullivan, J. Chromatogr. A 692 (1995)
147.

[26] E. Cruz, M.R. Euerby, C.M. Johnson, C.A. Hackett, Chro-
matographia 44 (1997) 151.

[27] H. Engelhardt, M. Arangio, T. Lobert, LC—GC Int., De-
cember (1997) 803.

[28] A. Sandi, A. Bede, L. Szepesi, G. Rippel, Chromatographia
45 (1997) 206.

[29] G. Wieland, K. Cabrera, W. Eymann, LC-GC Int., February
(1998) 74.

[30] DV. McCalley, R.G. Brereton, J. Chromatogr. A 828 (1998)
407.

[31] U.D. Neue, E. Serowik, P. Iraneta, B. Alden, T.H. Walter, J.
Chromatogr. A 849 (1999) 87.

[32] U.D. Neue, B.A. Alden, T.H. Walter, J. Chromatogr. A 849
(1999) 101.

[33] W. Verstraeten, J. de Zeeuw, J. Crombeen, N. Vonk, Interna-
tional Laboratory, March (2000) 20.

[34] M.R. Euerby, P. Petterson, LC-GC Europe, September
(2000) 665.

[35] R.J.M. Vervoort, E. Ruyter, A.J.J. Debets, H.A. Claessens,
C.A. Cramers, G.J. de Jong, J. Chromatogr. A 931 (2001)
67.

[36] C. Stella, S. Rudaz, J.-L. Veuthey, A. Tchapla, Chromato-
graphia 53 (2001) S-132.

[37] S.D. Rogers, J.G. Dorsey, J. Chromatogr. A 982 (2000) 57.

[38] D.Visky, Y.Vander Heyden, T. Ivanyi, P. Baeten, J. De Beer,
B. NosZal, E. Roets, D.L. Massart, J. Hoogmartens, Phar-
meuropa 14 (2002) 288.

[39] M. Kele, G. Guiochon, J. Chromatogr. A 830 (1999) 41.

[40] Potentiometric determination of pH. (General Methods,
2.2.3) European Pharmacopoeia, 3rd ed., Council of Europe,
Strasbourg, France, 1996.

[41] P.J. van den Driest, H.J. Ritchie, Chromatographia 24 (1987)
324.

[42] N.D. Danielson, J.J. Kirkland, Anal. Chem. 59 (1987) 2501.



58 D. Visky et al. / J. Chromatogr. A 977 (2002) 39-58

[43] H.A. Claessens, M.A. van Straten, C.A. Cramers, M.
Jezizrska, B. Buszewski, J. Chromatogr. A 826 (1998) 135.

[44] C.H. Lochmuller, D.R. Wilder, J. Chromatogr. Sci. 17 (1979)
574.

[45] B. Buszewski, L. Nondek, A. Jurasek, D. Berek, Chromato-
graphia 23 (1987) 442.

[46] J.G. Atwood, J. Goldstein, J. Chromatogr. Sci. 18 (1980)
650.

[47] K. Karch, I. Sebastian, I. Halasz, J. Chromatogr. 122 (1976)
3.

[48] T. Welsch, H. Frank, H. Zwanziger, S. Liebisch, W. En-
gewald, Chromatographia 19 (1984) 457.

[49] Y. Othsu, Y. Shiojima, T. Okumara, J. Koyama, K. Kimata,
N. Tanaka, J. Chromatogr. 481 (1989) 147.

[50] Y. Sudo, T. Wada, J. Chromatogr. A 813 (1998) 239.

[51] J. Nawrocki, J. Chromatogr. A 779 (1997) 29.

[52] U.D. Neue, C.H. Phoebe, K. Tran, Y.-F. Cheng, Z. Lu, J.
Chromatogr. A 925 (2001) 49.

[53] K. Ogan, E. Katz, J. Chromatogr. 188 (1980) 115.

[54] L.C. Sander, Anal. Chem. 56 (1984) 504.

[55] L.C. Sander, S.A. Wise, J. Chromatogr. 316 (1984) 163.

[56] M. Verzele, C. Dewaele, J. Chromatogr. 217 (1981) 399.

[57] H. Engelhardt, T. Lobert, Anal. Chem. 71 (1999) 1885.

[58] W. Eymann, Chromatographia 45 (1997) 235.

[59] M.F. Delaney, A.N. Papas, M.J. Walters, J. Chromatogr. 410
(1987) 31.

[60] T. Ivanyi, Y.Vander Heyden, D. Visky, P. Baten, J. De Beer,
I. Lazar, D.L. Massart, E. Roets, J. Hoogmartens, J. Chroma-
togr. A 954 (2002) 99.

[61] A. Felinger, M. Kele, G. Guiochon, J. Chromatogr. A 913
(2001) 23.



	Characterisation of reversed-phase liquid chromatographic columns by chromatographic tests. 
	Introduction
	Experimental
	Instrumentation
	Laboratory 1
	Laboratory 2
	Laboratory 3

	Chemical and chromatographic conditions
	Test methods and output parameters
	Method 1 [26]
	Method 2 [4]
	Method 3 [13]
	Method 4 [26]
	Method 5 [26]
	Method 6 [39]
	Method 7 [4]
	Method 8 [39]

	Results and discussion
	Efficiency
	Hydrophobicity
	Silanol activity
	Ion-exchange capacity
	Steric selectivity
	Metal impurity
	Other parameters
	Comparison of short and long columns

	Conclusion
	Acknowledgements
	References



