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a b s t r a c t

Traditionally, the determination of hydroxylated polychlorinated biphenyls (OH-PCBs) has been carried
out by gas chromatography (GC). However, the gas chromatographic behavior and sensitivity of this type
of hydroxylated compounds are not always satisfactory, hence a prior derivatization of the OH-PCBs
must be performed. Therefore, the development of liquid chromatographic methods should prove to be
a very interesting task aimed at dealing with the instrumental determination of OH-PCBs. Taking into
account that octadecylsilane stationary phases are not the most adequate for the separation of isobaric
compounds, an amide-type column has been tested. For the development of the method, the Response
Surface Methodology was used, based on a Box–Wilson Central Composite experimental design. The
initial content of methanol in the mobile phase, the gradient time, and the concentration and the pH
value of the buffer were chosen as relevant experimental parameters. A global optimum was obtained
by selecting the elution time, the sensitivity and the overall resolution as responses to optimize. The

developed method for liquid chromatography presented a very good resolution and sensitivity, and a
reasonably short analysis time. In addition, a retention study was conducted in order to survey the dif-
ferent interactions that take place in the separation process, showing that hydrogen bonding is the main
interaction between OH-PCBs and the amide-type stationary phase. However, a substantial contribution
of dispersion forces was present in methanol contents in the mobile phase below 65%. Besides, the pH
value of the mobile phase was found to be the most important parameter to control the hydrogen bond

gula
forces and therefore, to re

. Introduction

Polychlorinated biphenyls (PCBs) are a group of ubiquitous pol-
utants that are usually present in environmental and biological
amples as complex mixtures [1]. In general, PCBs, in the same
ay as other persistent organic pollutants, are metabolized lead-

ng to polar metabolites which are supposed to be more easily
xcreted. Particularly, in a living organism, PCBs are initially metab-
lized by hepatic microsomial oxidases to their corresponding
ydroxylated metabolites (OH-PCBs) which are eliminated mainly
ia the bile [2]. However, some studies have shown that OH-

CB metabolites can be bound to specific plasma proteins, being
etained and accumulated in different species [3–5]. In addition,
ome authors have established that OH-PCBs present agonist or
ntagonist interactions with hormone receptors and/or induce

∗ Corresponding author. Tel.: +34 91 7459544; fax: +34 91 5642431.
E-mail address: rlebron@iqfr.csic.es (R. Lebrón-Aguilar).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.09.032
te the OH-PCBs separation.
© 2010 Elsevier B.V. All rights reserved.

hormone–receptor-mediated responses [6,7]. Thus, nowadays, it
is still not clear if PCB toxicity is only due to their concentrations
or whether it is also due to the presence of PCB metabolites in the
same individual [8]. All the indications above demonstrate that PCB
metabolites should be considered as a secondary class of contami-
nants of concern.

OH-PCBs are usually determined by gas chromatography (GC),
with electron capture detectors (ECD) or coupled to mass spec-
trometry (MS) [9]. However, a previous derivatization of the
OH-PCBs into their methoxylated [10], propylated [11] or pentaflu-
orobenzoyl derivates [12] is mandatory for obtaining enhanced
chromatographic properties and sensitivity by GC. In order to avoid
this extra step, the development of liquid chromatographic meth-
ods should become a useful analytical tool for the separation of

these new contaminants. At the moment, there are few studies
that use liquid chromatography (LC) for OH-PCB separation and
almost all of them employ octadecylsilane stationary phases (here-
after ODS-type) [13–15]. Nevertheless, the separation obtained is
not always satisfactory, since it is driven by hydrophobic interac-

dx.doi.org/10.1016/j.chroma.2010.09.032
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:rlebron@iqfr.csic.es
dx.doi.org/10.1016/j.chroma.2010.09.032
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ions. As a consequence, those compounds with the same moiety
re mainly separated in order of their increasing molecular mass,
requently leading to coelution of isobaric compounds [15] which
annot be distinguished from their mass spectra.

A better approach would be the use of chromatographic columns
ith stationary phases (SPs) which show a greater selectivity

owards this type of compound. Especially suitable are those SPs
ith a polar embedded group [16–21], because these polar groups

ould promote hydrogen bonds with the hydroxyl group of the
H-PCBs, a very intense and selective interaction force. These SPs,

nitially introduced to improve the elution of basic compounds
22], are being increasingly used, because of their very particular
electivity, low activity of the superficial silanol groups, good repro-
ucibility, good compatibility with mass spectrometers, and their
bility to work with highly aqueous mobile phases. Among these
Ps, those with an amide group embedded into an alkyl chain show
n especially high affinity towards substances capable of giving
ydrogen bonds, as has been stated in several comparative stud-

es and applications [23–28]. The increasing interest in these SPs
as even lead to in-depth study by simulation processes of the

nteraction forces that they are able to produce [29,30].
On the other hand, even having the right chromatographic col-

mn for a given separation, it is not a simple task to find optimal
nalytical conditions due to the large number of variables involved
n the separation process. For this reason it is usually more effec-
ive and time saving to resort to experimental design procedures
31–33], and especially to the so-called Response Surface Method-
logy. As a preliminary step, this methodology requires some
creening experiments to be carried out in order to establish the
ignificant experimental factors, and also to determine the upper
nd lower levels for these factors, in an attempt to reach values
ear to the optimal response.

Therefore, the objective of this work is to develop and optimize
liquid chromatographic method for the separation of OH-PCBs

n a stationary phase with an embedded amide group, by means
f experimental design. Moreover, a deeper insight into the chro-
atographic behavior of the OH-PCBs on this type of SP is obtained.

. Experimental

.1. Reagents and standards

Methanol of LC–MS Chromasolv® grade and ammonium for-
ate (purity ≥ 99.0%) were supplied by Sigma–Aldrich (St. Louis,
O, USA). Milli-Q water was obtained using a Millipore system

Billerica, MA, USA). The OH-PCBs standards, gathered in Table 1,
ere purchased from Cambridge Isotope Laboratories (Andover,
A, USA). Formic acid (98–99% purity) was supplied by Merck Co.

Darmstadt, Germany).

.2. Apparatus

All the LC–MS experiments were carried out on a Finnigan Sur-
eyor pump with quaternary gradient system coupled to a Finnigan
CQ Deca ion trap mass spectrometer using an ESI interface, all from
hermo Fisher Scientific (Waltham, MA, USA).

For MS experiments spray voltage was set at 4.5 kV and heated
apillary temperature at 275 ◦C. Nitrogen (99.5% purity) was used
s sheath (0.6 L min−1) and auxiliary (6.0 L min−1) gas, and helium
99.9990% purity) was used as the collision gas. Mass spectra were

cquired in the negative selected ion mode (SIM) monitoring the
M−H]− ions of the studied OH-PCB congeners, that is the m/z ratios
41.2 (OH-penta-CBs), 375.2 (OH-hexa-CBs), 387.2 (labeled 4′-OH-
B159) and 409.1 (OH-hepta-CBs), using a span of six mass units,

n order to record the most intense ions in their isotopic clusters.
togr. A 1217 (2010) 7231–7241

Optimization of ion transmission into the ion trap was performed
by infusing a methanolic solution of 3′-OH-CB138 (500 pg �L−1)
into the mass spectrometer at a flow rate of 5 �L min−1 using the
syringe pump included in the LCQ instrument and mixing it with
100 �L min−1 of methanol:water:formic acid 5%, (90:8:2, v/v/v) by
means of a zero-dead volume T-piece.

The LC experiments were performed on three different columns:
a polar embedded column HyPurity Advance (100 mm × 2.1 mm,
3 �m), an octadecylsilane (ODS) reverse phase column HyPurity
C18 (100 mm × 2.1 mm, 3 �m), both purchased from Thermo Fisher
Scientific (Hypersil Division, Cambridge, UK), and an ODS column
Ascentis C18 (150 mm × 2.1 mm, 3 �m) from Supelco (St. Louis, MO,
USA). Injections of 10 �L of a mixture of the OH-PCB standards
(50 pg �L−1) were carried out. The solvent composition for this mix-
ture was adapted to have the same composition as the initial mobile
phase used in each LC run. For the optimization process, different
elution programs were assayed (see Section 3.2), containing vari-
able percentages of water (eluent A) and methanol (eluent B), and
2% of formate ammonium (eluent C). Initial conditions were always
maintained for 2 min after which the percentage of eluent B was lin-
early increased to 98%, this value being maintained until complete
elution of the compounds was obtained. Then, the program ramped
to the original composition in 1 min and equilibrated for 15 min.

The column hold-up time (tM) was determined by using an aque-
ous solution of potassium bromide (0.1%, w/v) as unretained solute.
Retention data were expressed by the logarithm of the reten-
tion factor, log k, defined as log k = log[(tR − tM)/tM] where tR is the
retention time of the solute. All the measurements were taken in
triplicate.

The determinations of pH values were carried out using a
Thermo Orion 410A pH meter, provided with a 91-04 combined
glass pH electrode with an Ag/AgCl internal reference system
(Thermo Fisher Scientific). The pH meter was calibrated using aque-
ous buffers of pH 4.01 and 7.00. Values of pH were taken in aqueous
and in hydro-organic solutions. For the sake of clarity, pH and pKa

values measured in hydro-organic solvents are referred to as s
wpH

and s
wpK˛ [34,35] respectively, while these parameters measured

in pure water are represented simply by pH and pKa.

2.3. Data treatment and experimental design

The LC–MS system, data acquisition and processing were man-
aged by Xcalibur 1.2 software (Thermo Fisher Scientific). Microsoft
EXCEL 2007 utility (Microsoft Corp., Redmond, WA, USA) was used
for calculations and the Statgraphics Centurion XV program (Stat-
point Technologies Inc., Warrenton, VA, USA) for experimental
design and statistical data analysis.

Experimental design was carried out by applying Response Sur-
face Methodology (RSM), widely used for process optimization
[36–42]. This methodology allows optimization of analytical meth-
ods by carrying out a relatively small number of experiments and
with no prior knowledge of interaction forces between analytes and
stationary phase [43–45]. Although a number of RSM procedures
are available, Box–Wilson Central Composite Design was chosen
due to its widespread use and versatility [46–50]. This procedure
consists of a factorial design together with center and star points
that allow the evaluation of the relationship of a set of controlled
experimental factors and observed results. This optimization pro-
cess involves three major steps, namely, performing the statistical
design experiments, estimating the coefficients of the mathemati-
cal model according to Eq. (1), and predicting the response in order

to check the adequacy of the model.

YX,t = ˇ0 +
n∑

i=1

ˇixi +
n∑

i=1

ˇiix
2
i +
∑
i<j

ˇijxixj + εX,t (1)
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Table 1
Characteristics of the OH-PCB congeners selected.

# IUPAC name Short name Mr Structure

1 2,3,3′ ,4′ ,5-pentachloro-[1,1′-biphenyl]-4-ol 4-OH-CB107 339.878

2 2′ ,3,3′ ,4′ ,5-pentachloro-[1,1′-biphenyl]-4-ol 4′-OH-CB108 339.878

3 2,3′ ,4,4′ ,5-pentachloro-[1,1′-biphenyl]-3-ol 3-OH-CB118 339.878

4 2,2′ ,3′ ,4,4′ ,5-hexachloro-[1,1′-biphenyl]-3-ol 3′-OH-CB138 373.839

5 2,2′ ,3,4′ ,5,5′-hexachloro-[1,1′-biphenyl]-4-ol 4-OH-CB146 373.839

6 2′ ,3,3′ ,4′ ,5,5′-hexachloro-[1,1′-biphenyl]-4-ola 4′-OH-CB159 373.839

7 2,2′ ,3,3′ ,4′ ,5,5′-heptachloro-[1,1′-biphenyl]-4-ol 4′-OH-CB172 407.800

8 2,2′ ,3′ ,4,4′ ,5,5′-heptachloro-[1,1′-biphenyl]-3-ol 3′-OH-CB180 407.800

9 2,2′ ,3,4′ ,5,5′ ,6-heptachloro-[1,1′-biphenyl]-4-ol 4-OH-CB187 407.800

w
o
e
i
i
t
t
t
l

a Labeled with twelve 13C atoms and used as internal standard.

here n is the number of factors, YX,t denotes the tth response
bserved for combination X = (x1, x2, . . ., xn), and εX,t the random-
rror variables. The parameter ˇi represents the linear effect of the

th factor. The parameter ˇii represents the quadratic effect of the
th factor, and ˇij represents the cross-product effect, or interac-

ion effect, between the ith and jth factors. In order to estimate
he parameters in Eq. (1), the experimental design must ensure
hat all the studied variables are examined on at least three factor
evels.
2.4. Molecular parameter calculation

The estimation of pKa values was achieved by using the online
program SPARC 4.5 [51], not only because of the reliability of its cal-
culations, but also for its easy and free access [52]. The s

wpK˛ values

for each compound were calculated at different MeOH:H2O ratios,
since they will vary according to the composition of the mobile
phase [34,53]. Finally, the log D was obtained with Eq. (2), using
the s

wpK˛ values previously calculated, the s
wpH values of each elu-
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Table 2
Chromatographic factors used for the Box–Wilson Central Composite Design.

Level MeOHi (%, v/v) Gt (min) AF (mM)a pHc
a

− 40 5.00 5.00 2.0

e
C
M

l
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0 65 17.5 25.0 2.4
+ 90 30.0 50.0 2.8

a Values in the eluent C, not in the mobile phase.

nt mixture, and the partition coefficient (log P) obtained with the
hembio3D Ultra 12.0 program (CambridgeSoft Corp., Cambridge,
A, USA), by applying the CLogP algorithm.

og D = log P + log
1

1 + 10
s
wpH−s

wpK˛
(2)

. Results and discussion

.1. Preliminary studies

In order to deal with the liquid chromatographic separation of
H-PCBs on a stationary phase with an embedded amide group

hereafter amide-type), a preliminary study was made to establish
he most significant variables for the further design of experiments.
or this purpose, a few experiments modifying several working
arameters were carried out, such as organic solvent (acetonitrile,
ethanol), additives (different acids and salts), column temper-

ture, and gradient parameters. The best approach was obtained
t 25 ◦C, using a mixture of MeOH:H2O with a buffer of formic
cid/ammonium formate as the eluent.

.2. Experimental design

Once the preliminary studies were finished, and in order to
ptimize the chromatographic conditions, a Response Surface
ethodology was carried out applying a Box–Wilson Central Com-

osite Design (BWD). The chosen parameters were the initial
ontent of methanol in the gradient (MeOHi), the gradient time
Gt), the ammonium formate concentration (AF) of eluent C and
ts pH (pHc). It is important to point out that the AF and pHc values

ere measured in the eluent C, not in the mobile phase, which only
ontains 2% of that eluent. Table 2 shows the different experimental
evels used in the BWD. The total number of experiments was 30,
ncluding face centered points and 8 replicates of the central point,

ith the purpose of obtaining a good estimation of the experimen-
al variability. Factor levels for each design point are detailed in
able 3.

The next step in the optimization process was to set the most
elevant characteristics for the chromatographic results. As is usual
n this type of analysis, a multicriteria approach to reach the best
eparation with a short analysis time and a high sensitivity was
ollowed. In this regard, the Derringer’s desirability function (Df)
54–56] was chosen, because it allows the simultaneous optimiza-
ion of several goals, showing user flexibility in its definition. The
etention time of the last eluted compound (4-OH-CB187) was
aken as the analysis time (ta) indicator, and the area summation
˙A) corresponding to all the OH-PCBs was chosen to evaluate
he overall sensitivity. Finally, with the purpose of obtaining the
est global resolution (RSG) we tried to maximize the value of the
eometric average of the resolutions between consecutive peaks,
alculated according to the following expression:(

n−1
)1/(n−1)
SG =
∏
i=1

RSi
= n−1

√
RS1 RS2 · · ·RS(n−1)

(3)

here Rsi is the resolution between two consecutive chromato-
raphic peaks, and n is the number of compounds taken into
togr. A 1217 (2010) 7231–7241

account to calculate the average resolution. For this calculation,
the 4-OH-CB187 was not considered, since it was the last eluted
compound, with no overlapping problems. The values obtained for
Df and the experimental responses are gathered in Table 3.

Fig. 1 shows the standardized Pareto bar charts resulting from
the BWD carried out. In these graphs, the degree of influence of
every variable in the model, as well as their combinations up to a
second order level, can be easily visualized. Furthermore, the posi-
tive (blue bar) or negative (red bar) effect on the selected response
is also indicated. The vertical line represents the confidence level
(˛) of 0.05, so that the variables whose bars exceed this line will be
those with a greater degree of statistical meaning in the model.

Thus, for RSG (Fig. 1(a)) the two more influential variables are
MeOHi and pHc, but with opposite effects, since RSG decreases when
increasing MeOHi but increases when the value of pHc rises. In
addition to these two variables, some others also have a relevant
effect on the resolution, specially AF and the effect of second order
[(AF)(pHc)], both with a negative effect on the resolution. More-
over, beneath but very close to the value of ˛ = 0.05, the effect of
Gt is found as well as many other second order effects. Therefore,
a complex dependency of RSG on the different studied variables
exists, clearly shown in Fig. 1(d), where it can be observed that
there is a second order variation in all the cases, presenting, more-
over, a maximum within the working interval for MeOHi and Gt,
and a minimum for AF. In order to really understand this behavior,
a more detailed study of the retention process for these compounds
in the amide-type column was considered interesting and useful
(see Section 3.3).

With regards to ta, the Pareto charts (Fig. 1(b)) show that all
the studied variables affect it significantly, namely, positive in
case of pHc and Gt, and negative for the MeOHi and AF. Fur-
thermore, several second order interactions are also important,
especially [(AF)(pHc)], [(MeOHi)2] and [(MeOHi)(Gt)], all with a
negative effect, and [(AF)2] with a positive effect. Nevertheless, the
graph of main effects (Fig. 1(e)) is easier to interpret than those of
RSG, since plots are less curved, and only a smooth minimum for AF,
and a maximum for MeOHi can be observed.

Finally, as can be seen in Fig. 1(c) the global sensitivity (˙A) is
mainly affected in a negative way by the AF value. In fact, this is
not surprising, as the inhibition effect of salts in the electrospray
ionization process is well known. The next variable according to
importance is the pHc, producing a moderate increase of sensitivity,
probably due to its influence on the ionization state of the OH-PCBs.
The effect of the rest of the variables is well below ˛ = 0.05. In the
graph of main effects (Fig. 1(f)) a maximum is observed for MeOHi,
which can be explained by the relationship existing between the
mobile phase composition and the efficiency of spray generation,
usually optimal for moderate contents of organic modifier. The vari-
ation of sensitivity against Gt shows a minimum around the middle
point of the tested range, probably related to a number of factors
such as chromatographic peak shape and ionization efficiency.

In order to give a global view and clarify the behavior of the
model obtained from the experimental design, Fig. 2 shows the
response surfaces for all the possible pairs of variables. In each case,
the other two variables not considered are set at their optimum
value obtained from the BWD. According to these graphs the Df
values tend to show a smooth behavior in all the cases, since for
all the variable combinations a relatively broad area exists with
values near to the optimum. This is an advantageous characteristic,
because it implies a robust analytical method and therefore good
precision can be expected. Furthermore, it can be seen that the

experimental conditions that clearly produce the worst values of
Df are the combinations of high MeOHi, low Gt and low pHc.

The multicriteria optimization process gave a maximum value
of 0.73 for Df, and the resulting optimum working conditions are
to be found at the bottom of Table 3. A good agreement between
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Table 3
Factor levels, responses and Derringer’s function values for the BWD. Optimal conditions are gathered at the end of the table (see text for symbol meaning).

Design points Factor levels Responses

MeOHi (%, v/v) Gt (min) AF (mM)a pHc
a RSG ta (min) ˙A (107) Df

1 40 5.00 5.00 2.80 0.547 45.72 2.67 0.560
2 40 30.0 5.00 2.80 0.689 65.00 2.57 0.000
3 90 5.00 5.00 2.80 0.495 37.66 3.50 0.699
4 90 30.0 5.00 2.80 0.498 39.55 3.33 0.596
5 65 17.5 27.5 2.80 0.268 33.29 2.31 0.571
6 40 5.00 50.0 2.80 0.342 24.47 1.91 0.396
7 40 30.0 50.0 2.80 0.367 42.42 2.23 0.453
8 90 5.00 50.0 2.80 0.236 13.48 1.84 0.400
9 90 30.0 50.0 2.80 0.000 13.02 1.73 0.281
10 65 17.5 5.00 2.40 0.504 37.06 3.39 0.696
11 40 17.5 27.5 2.40 0.367 32.11 2.12 0.454
12 65 30.0 27.5 2.40 0.465 33.31 2.48 0.536
13 65 17.5 27.5 2.40 0.418 27.60 2.73 0.553
14 65 17.5 27.5 2.40 0.386 27.54 2.63 0.553
15 65 5.00 27.5 2.40 0.000 21.15 2.78 0.523
16 65 17.5 27.5 2.40 0.400 22.58 1.46 0.553
17 65 17.5 27.5 2.40 0.479 22.54 1.96 0.553
18 65 17.5 27.5 2.40 0.444 22.83 1.77 0.553
19 65 17.5 27.5 2.40 0.375 23.05 2.01 0.553
20 90 17.5 27.5 2.40 0.000 12.09 1.94 0.356
21 65 17.5 50.0 2.40 0.409 24.23 1.79 0.506
22 40 5.00 5.00 2.00 0.233 21.32 2.53 0.451
23 40 30.0 5.00 2.00 0.356 38.65 2.71 0.553
24 90 30.0 5.00 2.00 0.000 10.18 1.95 0.335
25 90 5.00 5.00 2.00 0.000 10.15 2.94 0.000
26 65 17.5 27.5 2.00 0.330 23.53 2.41 0.454
27 40 5.00 50.0 2.00 0.000 17.42 1.46 0.294
28 40 30.0 50.0 2.00 0.472 35.59 1.68 0.452
29 90 30.0 50.0 2.00 0.000 7.28 1.24 0.000
30 90 5.00 50.0 2.00 0.000 7.17 1.17 0.000

Optimum BWD values
Working conditions 75.3 5.9 5.00 2.59 0.726
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week. Thus, while RSD values of the retention times ranged from
0.12 to 1.1%, peak areas varied between 9.3 and 15%. Therefore, and
according to these results, the performance of the chromatographic
method optimized by BWD is adequate to carry out analyses of
OH-PCBs with good robustness.

Table 4
Precision obtained with the chromatographic method developed by BWD to sepa-
rate OH-PCBs in an amide-type column.

Compound Repeatibility (intra-day
precision, RSD, %)

Intermediate precision
(inter-day precision, RSD, %)

tR Area tR Area

4-OH-CB107 0.37 4.5 0.28 15
4′-OH-CB108 0.34 8.5 0.24 15
3-OH-CB118 0.45 7.0 0.21 11
Calculated responses
Experimental responses

a Values in the eluent C, not in the mobile phase.

redicted and experimental values of the selected responses was
lso observed (Table 3), with a maximum deviation of around 10%
or ta, probably due to its dependency on a great number of vari-
bles (Fig. 1(b)). The optimum elution program starts with 2 min in
socratic conditions (23% A; 75% B; 2% C with 5 mM of ammonium
ormate at pH 2.6), then the percentage of B is linearly increased in
.9 min up to 98% B (decreasing the percentage of eluent A accord-

ngly and maintaining constant the 2% of eluent C). These isocratic
onditions are maintained for 32 min; then ramped to original com-
osition in 1 min, and equilibrated for 15 min.

The chromatogram obtained for the mixture of OH-PCBs on the
yPurity Advance column (amide-type) is shown in Fig. 3(a), where

he elution order of the injected OH-PCBs is also identified. This
esult was compared in Fig. 3(b) with the chromatogram obtained
ith the method developed by Letcher et al. on an Ascentis C18 col-
mn [14]. As can be seen, this ODS-type column tends to separate
he OH-PCBs mainly according to their molecular mass (corre-
ated in this case with the number of chlorine atoms), whereas
erious difficulties to separate homologous OH-PCBs were encoun-
ered. In fact, two OH-penta-CBs coelute almost completely, as
lso happens with the hepta-homologous 3′-OH-CB180 and 4-OH-
B187. Only OH-hexa-CBs are adequately resolved. This is a critical
oint, because these homologous compounds are indistinguish-
ble by their m/z. However, the retention behavior of OH-PCBs
n the amide-type column is quite different, because now those

ompounds with the same number of chlorine atoms have been
eparated in all the instances, avoiding the problem of isobaric
nterferences. Therefore, with regard to OH-PCBs separation, the
mide-type column has shown to be clearly superior to the ODS-
ype, even being shorter in length.
0.52 35.6 3.49
0.49 31.7 3.67

Analytical performance of the optimized chromatographic
method was evaluated by its repeatability (intra-day precision) and
intermediate precision (inter-day precision). To calculate repeata-
bility, expressed as relative standard deviation (RSD), six repeated
injections of 10 �L of a methanol:water (70:30, v/v) OH-PCBs mix-
ture (50 pg �L−1) were carried out. The results obtained are detailed
in Table 4. For the retention times, RSD values varied from 0.19 to
0.45%, while for peak areas values ranged from 1.9 to 8.5%. Inter-
mediate precision was calculated from three replicate analyses of
the above-mentioned solution but on three different days within a
3′-OH-CB138 0.30 3.4 0.21 11
4-OH-CB146 0.28 2.2 0.27 9.3
4′-OH-CB159 0.31 5.0 0.12 12
4′-OH-CB172 0.29 3.1 0.35 13
3′-OH-CB180 0.33 2.2 0.19 12
4-OH-CB187 0.19 1.9 1.1 14
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.3. Retention modeling

As previously mentioned, the experimental design revealed that
he relationship between experimental conditions and some chro-

atographic responses for the studied OH-PCBs seems to be quite
omplex in an amide-type column. For this reason, a deeper qualita-
ive and quantitative knowledge of the interaction forces involved
n the separation process of these compounds in an amide-type
olumn could be of the greatest interest. However, it must be
mphasized that it is not the intention of the authors to perform a
etailed characterization, since it falls outside the aim of this study

nd several recent works has been published in this field [57,58].

In order to carry out the retention study, the molecular prop-
rties that could be easily obtained and correlated with the
hromatographic elution were considered, bearing in mind that the
dence level, and main effect plots (d–f). Both graphic types are shown for RSG (a and
n dark gray in the print version) indicate a positive or negative effect, respectively.

studied SP is characterized by the presence of a hydrocarbon chain
and an embedded amide group. Secondly, the ionizable nature of
the OH-PCBs should also be considered, since the [M−H]− ion is
the chemical species detected for each OH-PCB. Therefore, it seems
reasonable to think that the two interaction forces that probably
are involved in the retention to a greater degree are the dispersion
forces between the apolar part of the analytes and the hydrocar-
bon chain of the SP, and the hydrogen bonds between the analyte
hydroxyl group and the amide group of the SP. This reasoning was
supported by the recent publication of Benhaim and Grushka [57],
where an amide-type column (Ascentis RP-amide) was studied by

applying the Abraham solvation parameter model [59]. The conclu-
sion reached indicated that factors with the greatest influence in the
chromatographic retention are related to the partition process and
hydrogen bond generation. This criterion is also supported by the
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Fig. 2. Response surface plots showing the behavior of the desirability func

ork carried out by other authors [29,30], where meticulous sim-
lation of chromatographic retention is carried out on stationary
hases for LC containing an embedded polar group, among them,
phase with an amide group. According to these authors, the pre-
ailing forces in the chromatographic retention for this type of SPs
re the hydrogen bonds, but the process seems not to be trivial at
ll. The reason is that when methanol is used as the eluent (as in
he present study), it goes into the stationary phase and interacts
y hydrogen bonds with the amide embedded group, generating an
ccluded methanol layer that takes an active role in the retention
rocess. Although the expected hydrogen bonds between analyte

olecules and the embedded amide groups were found, they are
uch more prevalent between analyte molecules and the methanol
olecules in the occluded layer. In consequence, it really seems

lear that the retention mechanism of the OH-PCBs in a column
ith an embedded amide group must be controlled by hydrogen
gainst all the possible couples of variables used in the Box–Wilson design.

bonds, with a certain contribution of dispersion forces, as had been
supposed initially. However, from experiments in Section 3.2 it can
be deduced that the relative contribution of both forces is not the
same for the different OH-PCBs studied.

Therefore, the next step was to look for reliable molecular
characteristics of the solutes related to the trend of giving hydro-
gen bond as well as dispersion interactions. Thus, the ability of a
molecule to form hydrogen bonds is usually related to the strength
or weakness of the acid character of their polar moiety, and the
variables more successfully correlated with this property are the
proton affinity of the molecule in gas phase or the logarithm of its

acidity constant (pKa) in liquid phase. With regards to the capacity
of the solute to participate in dispersion interactions, it is usually
correlated with the molecular volume (McGowan volume or equiv-
alent), or from a more empirical point of view, with the logarithm
of the partition coefficient (log P), being defined for a given sub-
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Fig. 3. Chromatograms obtained for the mixture of O

tance as the ratio of its concentrations in the aqueous and organic
hases. For ionizable substances, as in the case of OH-PCBs, log D
hould be used instead of log P, which was calculated using Eq. (2)
s explained in Section 2.4.

Log D and pKa were selected as the most suitable parameters to
orrelate with retention, and their values were obtained (Table 5).
hen, the analysis of the OH-PCBs mixture under isocratic condi-
ions was carried out, using percentages of methanol (ϕ) in the

obile phase ranging between 65 and 98%. A concentration of
.1 mM of ammonium formate in the mobile phase was used in all
he cases (2% of eluent C containing 5 mM of ammonium formate

t pH 2.6). For this study, and for comparative purposes, apart from
he amide-type column, an ODS-type column was also used, both
ith the same geometry. The retention factors (k) of the studied
H-PCBs were plotted against each ϕ value for both columns. Rel-
vant information can be achieved from these plots, based on the
Bs in the (a) amide-type and (b) ODS-type columns.

Snyder solvent strength model, which is represented by Eq. (4).

log k = log kw − Sϕ (4)

First of all, the most outstanding fact was the different trends of
these graphs in each chromatographic column. As an example, Fig. 4
shows these variations for 3′-OH-CB180, this tendency being equiv-
alent for the rest of the studied compounds. The linearity for log k
against ϕ in the ODS-type column is clear, with a value for the coef-
ficient of determination (R2) of 0.9985, whereas in the amide-type
column an evident curvature is observed, with a lower value of
R2 (0.9760). This behavior is frequently found in chromatographic

columns with polar stationary phases indicating a combined reten-
tion process [60,61].

The second conclusion that can be reached from the relationship
between log k and ϕ comes from the smooth variation observed in
plots of Fig. 4, where the absence of discontinuities can be veri-
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Table 5
Calculated s

wpK˛ and log D values for OH-PCBs at each methanol percentage (ϕ).

� 65 70 75 80 85 90 95 98
s
wpH 3.84 3.90 3.97 4.08 4.20 4.36 4.54 4.65
s
wpK˛

4-OH-CB107 5.31 5.27 5.23 5.19 5.14 5.08 5.03 4.98
4′-OH-CB108 6.43 6.43 6.43 6.44 6.46 6.46 6.47 6.48
3-OH-CB118 5.67 5.64 5.62 5.59 5.56 5.52 5.48 5.45
3′-OH-CB138 5.51 5.48 5.45 5.41 5.36 5.31 5.26 5.22
4-OH-CB146 5.17 5.13 5.08 5.03 4.97 4.91 4.83 4.78
4′-OH-CB159 6.32 6.33 6.33 6.33 6.33 6.33 6.33 6.34
4′-OH-CB172 5.08 5.03 4.97 4.92 4.85 4.78 4.69 4.64
3′-OH-CB180 5.41 5.37 5.33 5.28 5.23 5.17 5.11 5.07
4-OH-CB187 3.98 3.88 3.78 3.67 3.55 3.41 3.26 3.15

log D
4-OH-CB107 6.32 6.32 6.31 6.31 6.29 6.26 6.22 6.17
4′-OH-CB108 5.71 5.71 5.71 5.71 5.71 5.71 5.71 5.71
3-OH-CB118 6.33 6.33 6.33 6.32 6.32 6.31 6.29 6.27
3′-OH-CB138 6.67 6.67 6.67 6.66 6.65 6.64 6.61 6.58
4′-OH-CB159 6.78 6.78 6.77 6.76 6.73 6.69 6.62 6.56

fi
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i
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t
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p
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p
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c
A
a
C

F
t

for each OH-PCB were drawn at every mobile phase composition,
because they should be related to the retention mechanisms by dis-
persion forces and hydrogen bonds, respectively. The R2 values of
these graphs, taken as an indicator of goodness of fit, are shown

3.8

4.2

4.6
a

3'-OH-CB146

3'-OH-CB180

4-OH-CB187
4'-OH-CB172

lo
g

k w
4-OH-CB146 6.90 6.90 6.90
4′-OH-CB172 7.37 7.36 7.35
3′-OH-CB180 7.38 7.38 7.38
4-OH-CB187 7.29 7.22 7.12

ed. This behavior implies that the steric effects do not contribute
ignificantly to the retention process in the range of eluent compo-
ition assayed. This is an important point to consider because steric
ffects can have a relevant contribution to retention, especially at
ow organic solvent content in the mobile phase, as several authors
ave recently stated [62–64].

Finally, the k values of each OH-PCB in pure water (log kw) can
e obtained from Eq. (4), extrapolating the model at 100% of water

n the mobile phase, that is from the y-intercept value. In this
quation, the slope (S) depends on the solvent strength and is struc-
urally correlated with the hydrophobic surface of the compound,
ence with the dispersion interactions [60,65–67]. A linear rela-
ionship between log kw and S for a group of compounds indicates
similar type of interaction involved in the retention of those com-
ounds [68]. These plots can be seen in Fig. 5 for the ODS and the
mide-type columns. In the case of the ODS column all the com-
ounds are arranged in an almost perfect straight line, revealing
hat these OH-PCBs must be separated by the same mechanism,
.e. dispersion forces, the only possible interactions on ODS-type

olumns except for polar interactions with residual silanol groups.
different situation for the amide-type column was observed, since

ll the compounds are located in a straight line except for 4-OH-
B187 which is situated at a good distance from this line. This
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ig. 4. Variation of log k vs. ϕ for 3′-OH-CB180 in the (�) amide-type and (�) ODS-
ype columns.
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7.34 7.31 7.26 7.16 7.09
7.37 7.36 7.33 7.29 7.25
6.98 6.78 6.53 6.23 6.01

indicates that, in some way, the type of interaction that this com-
pound undergoes with the stationary phase is different from the
rest, which is curious since all of them have an almost identical
structure.

In order to elucidate this point, plots of log k vs. log D and s
wpKa
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Fig. 5. Relationship between the Snyder model slope (S) and ordinate (log kw) for
OH-PCBs in the (a) amide-type and (b) ODS-type columns.
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ig. 6. Coefficient of determination values obtained for the relationships of (©) log k
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wpKa and (�) log k vs. log D in the (a) amide-type and (b) ODS-type columns.

n Fig. 6. As can be seen, in the amide-type column (Fig. 6(a)), the
revalent retention mechanism is due to interactions by hydrogen
onds, reaching values of R2 between 0.65 and 0.9 for log k vs. s

wpKa

n the whole range of mobile phase composition studied. Neverthe-
ess, the contribution of dispersion forces is also significant for the
ower contents of methanol tested, with values of R2 up to 0.6 for
og k vs. log D. This double contribution to the retention mechanism
llows modulating the separation of OH-PCBs, carrying out appro-
riate gradients of methanol. Thus, at low contents of methanol,
H-PCBs are mainly separated by their substitution degree (typical
f the ODS-type columns) because of dispersion forces, and when
oving to higher contents of methanol, where the predominant

orces are the hydrogen bonds, the separation is driven by the s
wpKa

alues of the compounds (Table 5).
With regards to the ODS-type column, Fig. 6(b) clearly shows

hat the retention mechanism is almost exclusively due to disper-
ion forces, with an R2 value over 0.8 for log k vs. log D, whereas
he correlation with the value of s

wpKa is virtually zero. This behav-
or continues until the contents of methanol in the mobile phase
xceed 90%. From this point a progressive decrease of the correla-
ion for log k vs. log D takes place, indicating a great reduction in
etention with very high organic modifier contents, making it diffi-
ult to set up solute-stationary phase interactions. In addition to all
hat stated above, in case of retention of ionizable substances on an
mide-type column, a further experimental factor exists, namely
he pH of the eluent, which can be used as an additional tool in the

eparation process. This fact has been clearly seen in the particular
ehavior of 4-OH-CB187 in Fig. 5, confirming the existence of some
ifference in its retention mechanism. This can be explained by its
pKa value, the smallest among all the OH-PCBs studied (Table 5).
s a consequence, the 4-OH-CB187 is the only OH-PCB virtually ion-
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[
[
[
[
[

togr. A 1217 (2010) 7231–7241

ized at the working pH, causing the type of hydrogen bond that this
compound undergoes with the amide-type stationary phase to be
guided by a negative charge, and consequently this bond is much
more intense than that of the remaining compounds [69–71]. In
other words, the modification of the eluent pH gives an additional
tool with which to control the strength of the hydrogen bonds of the
studied OH-PCBs, and therefore their chromatographic retention in
this type of columns.

All these results show the variety of retention mechanisms that
ionizable compounds, like the studied OH-PCBs, can undergo with
amide-type columns. In fact, this variety is responsible for the spe-
cial selectivity of these stationary phases with regard to compounds
with hydroxyl groups.

4. Conclusions

To sum up, after applying experimental design procedures, a
liquid chromatographic method for the separation of OH-PCBs on
an amide-type column has been developed, with very good res-
olution and sensitivity, and a reasonably short analysis time. The
developed method allows all isobaric compounds tested in the mix-
ture to be separated, this having proved quite difficult in an ODS
column. A Response Surface Methodology was used for method
optimization, applying a Box–Wilson Central Composite Design.
The initial content of methanol in the mobile phase, the gradient
time, and the concentration and the pH value of the buffer (ammo-
nium formate/formic acid) were selected as relevant experimental
parameters. A global optimum was obtained by using the Der-
ringer’s function value and selecting the elution time, the sensitivity
and the overall resolution as responses to optimize. In addition, the
retention study carried out revealed that the prevalent interaction
between OH-PCBs and the amide-type SP takes place by hydrogen
bonds, although dispersion forces also play an important role for
moderate content of methanol in the mobile phase. Furthermore,
the Snyder solvent strength model showed that the mobile phase
pH value is the most important parameter in the control of the sep-
aration of OH-PCBs, since it allows modulation of the strength of
the hydrogen bonds.
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