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The  Perturbation  Peak  (PP)  method  and  Frontal  analysis  (FA)  are  considered  as  the most  accurate  meth-
ods  for adsorption  isotherms  determination  in liquid  chromatography.  In this study  we investigate  and
explain  why  this  is  not  the  case  in  Supercritical  Fluid  Chromatography  (SFC),  where  the PP method  does
not work  at  all,  using  a modern  analytical  system.  The  main  reason  was  found  to  be that  the  solute  to be
studied  must  be  dissolved  in  the  MeOH  reservoir  before  it is mixed  with  CO2.  Since the  solute  occupies  a
certain  partial  volume  in  the  reservoir,  the  larger  the  solute  content  the  larger  this  fractional  volume  will
be, and  the final  MeOH  fraction  in  the mobile  phase  will  then  be  smaller  compared  to  the  bulk  mobile
upercritical fluid chromatography
erturbation peak method
lution by characteristic points
ntipyrine

phase  without  solute  in the  modifier.  If the  retention  of small  injections  on  the concentration  plateaus,
i.e.,  “analytical-size”  perturbation  peaks,  is  sensitive  to small  variations  of MeOH  in the  eluent,  this  will
seriously  decrease  the  accuracy  of  the  PP  method.  This  effect  was  verified  and  compensated  for  and  we
also  demonstrated  that  the  same  problem  will  occur  in  frontal  analysis,  another  concentration  plateau
method.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

There is currently a strong trend towards the use of prepara-
ive Supercritical Fluid Chromatography (Prep-SFC) for purification
nd many leading pharmaceutical industries have replaced their
reparative Liquid Chromatography (Prep-LC) instruments with
rep-SFC ones, especially for purification of gram amounts in the
iscovery stage of drug development. The main reason for this is
hat the production rate can be several-fold higher in prep-SFC
ompared to Prep-LC [1]. In addition, the main solvent in Prep-SFC
CO2) is already in the carbon cycle and therefore much less envi-
onmentally harmful than the organic solvents frequently used in
rep-LC. This trend is now also visible in the analytical chromatog-
aphy area; one sign is that leading instrument manufacturers have
ecently launched new generations of analytical SFC instruments
2,3].
One inherent disadvantage of SFC is that the method is more
omplex than LC, mainly due to the compressibility of the super-
ritical mobile phase fluid that causes local variations in density,

� Presented at the 40th International Symposium on High Performance Liquid
hase Separations and Related Techniques (HPLC 2013 Hobart), Hobart, Tasmania,
ustralia, 18-21 November 2013.
∗ Corresponding author.

E-mail address: Torgny.Fornstedt@kau.se (T. Fornstedt).

ttp://dx.doi.org/10.1016/j.chroma.2014.05.070
021-9673/© 2014 Elsevier B.V. All rights reserved.
temperature and viscosity in the column. Currently the lack
of fundamental knowledge hampers both understanding of the
underlying mechanisms as well as reliable computer-assisted opti-
mizations of large scale SFC processes [4]. Computer-assisted
optimization can ultimately be used to design more robust separa-
tion processes with higher production rates that are cheaper, safer
and more environmentally friendly. Reliable computer-assisted
optimization of Prep-SFC requires both proper modeling of the
separation process and accurate determination of the adsorption
isotherms of the component(s) in the used phase system. With
accurate adsorption isotherms, over broad solute concentration
ranges, it is also possible to obtain deeper mechanistic under-
standing of the adsorption process; i.e., to determine the degree
of heterogeneity and energy of interaction as well as the mono-
layer capacity of the adsorption sites. For high quality adsorption
data it is possible to calculate the adsorption energy distribution
(AED) and thereby, prior to the model fitting procedure, deter-
mine the particular types of interactions, e.g. dipole–dipole, van der
Waals, etc., that are present in the phase system. This was recently
demonstrated for liquid-based biosensor systems [5].

In a recent study we  investigated the usefulness of a mod-
ern analytical SFC instrument for rapid and reliable determination

of adsorption data [6]. This is important since process units in
the pharmaceutical industry uses new commercial, analytical-scale
SFC instruments to scout separation systems prior to scale-up.
More specifically, we investigated the possibility to transfer the

dx.doi.org/10.1016/j.chroma.2014.05.070
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2014.05.070&domain=pdf
mailto:Torgny.Fornstedt@kau.se
dx.doi.org/10.1016/j.chroma.2014.05.070
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ollowing adsorption isotherm determination methods from LC to
FC: Elution by Characteristic points (ECP), the Retention Time
ethod (RTM), the Inverse Method (IM) and the Perturbation

eak (PP) method. RTM, ECP and IM are based on elution profiles,
hereas the PP method and Frontal Analysis (FA) are so called

oncentration plateau methods based on experiments where the
hromatographic column is equilibrated with a constant stream
f the component to be studied. For LC it has been verified and
alidated that concentration plateau methods are more accurate
nd reliable than methods based on elution profiles [7–10]. In our
FC study, the adsorption isotherm data generated by the different
ethods were analyzed and validated by comparing computer sim-

lated elution profiles, using the determined isotherm data, with
xperimental ones [6]. Here we found that the methods based on
lution profiles, i.e., ECP, IM and RTM, were able to accurately pre-
ict overloaded experimental elution profiles while the PP method,
ased on generating data from concentration plateaus, was  not able
o do so in these SFC experiments [6]. The adsorption isotherm
btained from the PP method did only coincide with the ones
btained by ECP, RTM or IM for the initial linear part of the adsorp-
ion isotherm, while at increasing component concentrations, the
P method successively deviated more and more from the other
ethods.
There are a small number of articles describing the determina-

ion of adsorption isotherms for SFC [11–16]. Lübbert et al. [16] used
he PP method, however, the authors did not verify the determined
dsorption model’s ability to predict overloaded elution which
akes it difficult to judge the reliability of the method for SFC.
evertheless, the authors presented a sound approach to control
ressure and temperature and in our SFC study [6] we  confirmed
nother recent publication [17] regarding the importance of using
xternal sensors for temperature, mass flow and pressure. In our
tudy these sensors were used to ensure near isopycnic and isother-
al  conditions, which are needed to transfer adsorption isotherm

etermination methods from LC to SFC. Under these conditions
e also showed that the ideal model, that for example are used

o derive the ECP method [18,19] and RTM, can accurately describe
he system [6] because modern analytical SFC systems usually have
ery high column efficiencies.

The aim of this study is to investigate and explain why the PP
ethod results in an adsorption isotherm that differs from the one

etermined using ECP. We  will also investigate if the same prob-
em occurs in SFC for the FA method that is considered to be the

ost accurate method in LC [7,20–22]. Finally, AED-calculations is
onducted, this has only been done once as far as we know [23].

. Theory

As in our previous study [6], it is assumed that the column is
perated under close to isopycnic and isothermal conditions and
his assumption is verified experimentally by external measure-

ents of mass flow, pressure and temperature. A short description
f how to calculate density from an Equation of State is presented
n Section 2.1 and the bi-Langmuir adsorption isotherm model is
resented in Section 2.2. The PP, ECP and FA adsorption isotherm
etermination methods are presented in Sections 2.3–2.5. The the-
ry for gradient elution is presented in Section 2.6 and Section 2.7
escribes the processing of the adsorption isotherm data.

.1. Mobile phase density and effective volumetric flow

To calculate the density of the mobile phase fluid at a certain

oint in the chromatographic system the Kunz and Wagner [24]
quation of State, as implemented by the National Institute of Stan-
ards and Technologies in REFPROP v 9.1 [25] was used. The inputs
re the mass fractions of CO2 and MeOH (wCO2 and wMeOH) and the
. A 1354 (2014) 129–138

temperature and pressure at a specific point on the column. For
practical purposes, the pressure and temperature was  measured at
the inlet and outlet of the column (Pinlet, Poutlet, Tinlet, Toutlet). The
mass fractions of CO2 and MeOH were calculated from the total
mass flow, ṁtotal, measured by a mass flow sensor, and the MeOH
mass flow, ṁMeOH, according to,

wCO2 = ṁtotal − ṁMeOH

ṁtotal
, wMeOH = 1 − wCO2 (1)

The explicit statement of near isopycnic conditions is that the
density in the axial direction is nearly constant. For practical pur-
poses, this is verified by comparing the density at the column inlet
and outlet,

�(Pinlet, Tinlet) ≈ �(Poutlet, Toutlet) ≈ �(Paverage, Taverage). (2)

The effective volumetric flow rate FV,average is calculated from
the total mass flow and the average density, �average,

FV,average = ṁtotal

�average
. (3)

In some experiments antipyrine will be introduced in the MeOH
fractions. We will ignore the effect of antipyrine in the estimated
mass fraction, Eq. (1), and average density, Eq. (3), since the max-
imum possible mass fraction of antipyrine is about 1% in the
experiments. We  therefore only expect small errors in these calcu-
lations. In addition, to account properly for this a suitable Equation
of State for the mixture CO2/MeOH/antipyrine will be needed and
it is not available today.

2.2. The adsorption isotherm model

The adsorption isotherm relates the concentration in the mobile
phase, C, and in the stationary phase, q, and in this study the bi-
Langmuir model, the sum of two single-site Langmuir terms, are
used,

q = qs,1
K1C

1 + K1C
+ qs,2

K2C

1 + K2C
, (4)

where qs,1, qs,2 is the monolayer saturation capacity and K1, K2 the
association equilibrium constant for site 1 and 2. Here we define
the first adsorption site as the low energy site and the second one
as the high energy site, i.e., K1 < K2.

2.3. The Perturbation Peak (PP) method

In the PP method the adsorption isotherm is determined by
injecting a small excess or deficiency of the studied component into
a column that is already equilibrated with an eluent containing a
constant stream of identical molecules, i.e. a concentration plateau.
The perturbation peak will be a single peak in the chromatogram
and its retention time is related to the slope of the adsorption
isotherm according to,

dq

dC0
= VR(C0) − VM

Va
, (5)

where VR(C0) is the retention volume of the perturbation peak at
an established concentration plateau with concentration C0, Va is
the stationary phase volume, VM is the column hold up volume and
dq/dC0 is the slope of the adsorption isotherm. By repeating this
experiment at several different concentration plateau levels, the
whole adsorption isotherm can be determined. Eq. (5) is derived
from the ideal model of chromatography and assumes constant

volumetric flow and constant amount of modifier in the eluent.
However, because only the first moment of the perturbation peak
is used, low column efficiency will only reduce the height of the
perturbation peak.
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.4. The elution by characteristic points (ECP)

In the ECP method, the adsorption isotherm data is usually
btained by integrating the diffuse part of an overloaded elution
rofile [20,26,27]. However, this method requires that the point
here the concentration is zero is known and since this concen-

ration range usually is very noisy this introduces uncertainties in
he estimated adsorption isotherm [26]. By instead determining
he raw slope of the adsorption isotherm this source of error can
e eliminated [26],

dq

dC
= VR(C) − VM − Vinj

Va
, (6)

ere VR(C) is the elution volume corresponding to the mobile phase
oncentration C and Vinj is the injection volume. The ECP method
s derived using the ideal model and therefore requires moderately
o highly efficient separation systems [18,19]. However, the effi-
iency alone is not a good measurement because the shape of an
verloaded elution zone is dependent both on the column load and
he efficiency [20,28–30]. A better measurement of this should be
he Shirazi number [28,30], showing how good the ideal model
escribes the experimental data.

.5. Frontal analysis (FA)

FA is generally regarded as the most accurate method to deter-
ine adsorption isotherms in LC [20,31,32]. It is usually carried out

y injecting a large zone of solute so that a concentration plateau is
stablished. The retention volume of the front of the elution zone
s associated with the adsorbed amount on the column surface,

(C) = (VR(C) − Vsys − VM) · C

Va
(7)

here VR(C) is the retention volume of the elution front for concen-
ration C and Vsys is the system dead volume without the column.
y repeating this experiment for different injection concentrations
he whole adsorption isotherm can be determined.

.6. Gradient theory

We  base our interpretation of the varying conditions on gradi-
nt theory for LC, especially in Fig. 2. In analytical LC the separation
s usually performed using gradient mode, i.e., having a varying
olume fraction of a modifier during the elution. The retention fac-
or of the eluted components are often described using the Linear
olvent Strength (LSS) theory [33,34] which provides the follow-
ng relationship between the retention factor (k) and the volume
raction of organic modifier in the mobile phase, ϕ,

(�) = k0 exp(−S�), (8)

here k0 is the retention factor without any modifier in the elu-
nt and S is a constant that describes the modifier’s effect on the
eparation system’s retention factor.

For nonlinear adsorption isotherms it is usually assumed that
he adsorption isotherm model itself is not affected by the frac-
ion of organic modifier in the mobile phase, only the adsorption
sotherm parameters change [35–41]. In this study we have also
ssumed that the saturation capacity is not affected by the mod-
fier. If we expand the equilibrium constants in the bi-Langmuir
odel Eq. (4) using Eq. (8) we obtain,

(C, �) = qs,1
K1,0 exp(−S1�)

1 + K1,0 exp(−S1�)
+ qs,2

K2,0 exp(−S2�)
1 + K2,0 exp(−S2�)

. (9)
. A 1354 (2014) 129–138 131

2.7. Analysis of adsorption data

A three step approach for processing adsorption data from LC,
prior to the model fit with statistical evaluation using an F-test [31],
was recently developed [31,42–44]. In Step 1 the type of adsorp-
tion isotherm is determined by plotting the slope of the adsorption
data to see if it contains any inflection points. In Step 2, a Scatchard
plot is used to detect the characteristics of the adsorption isotherm,
e.g. a linear plot is only true for the Langmuir model and a concave
plot indicates a Tóth or a bi-Langmuir model. In Step 3, an Adsorp-
tion Energy Distribution (AED) [45–47] is calculated to estimate the
number of adsorption sites.

The adsorption data is fitted to a potential adsorption model
that fulfills the requirements/observations from Step 1 to 3 above.
The fitted adsorption model is validated by comparing predicted
overloaded elution profiles with experimental ones; if they differ a
new model must be tried.

3. Experimental and procedures

3.1. Materials

Antipyrine (1,2-dihydro-1,5-dimethyl-2-phenyl-3H-pyrazol-3-
one) pharmacopoeia grade (Sigma-Aldrich, Steinheim, Germany),
HPLC grade MeOH (Fischer Scientific, Loughborough, UK) and CO2
(>99.995%, AGA Gas AB, Sweden) were used. The SFC system was  a
Waters UPC2 system (Waters Corporation, Milford, MA, USA). The
column used was  a Kromasil silica 100 × 4.6 mm  column, packed
with 5 �m nominal particle size, 100 Å pore size (AkzoNobel Eka,
Bohus, Sweden). The column temperature was measured with two
PT-100 4-wire resistance temperature detectors with an accuracy
of ±0.2 ◦C (Pentronic AB, Gunnebo, Sweden). The inlet and outlet
pressures were measured, in the same way as in [6], using two
absolute pressure transmitters (model EJX530A, Yokogawa Electric
Corporation, Tokyo, Japan) with an accuracy of ±1 bar. The signals
were logged using a PT-104 data logger from Pico Technology (Cam-
bridgeshire, United Kingdom). The mass flow was  measured using
a Bronkhorst mini CORI-FLOW model M12  (Bronkhorst High-Tech
B.V., Ruurlo, Netherlands) with an accuracy of ±0.2% of the mass
flow. The MeOH mass flow was measured by connecting the mass
flow meter between the solvent pump and the vent valve, before
the mixer, while the total mass flow was measured directly after
the mixer.

3.2. Procedures

All experiments were conducted at a set flow rate of 1 mL/min, at
a set back pressure of 150 bar and at a column temperature of 35 ◦C.
The set MeOH composition was  varied between 8 and 12 (v/v)%set

(notice that here we will use the notation %set for the set compo-
sition and %act. for actual or measured composition). The settings
were verified by additional measurements of mass flow, pressure
and temperature to ensure all adsorption isotherm determination
methods use the true conditions, see Section 2.1. The dead volume
of the system capillaries and connections from the injector to the
detector was taken from [6]. The actual volume fraction MeOH in
the samples can be calculated using the following relation,

(v/v)%act = mtot − mantipyrine

�MeOH · Vtot
× 100, (10)

where mantipyrine is the amount of antipyrine, mtot is the total mass
of the prepared solution with volume Vtot and �MeOH is the density

of MeOH. Ten solutions were prepared in MeOH in the concentra-
tion range between 10 and 115 g/L. The exact concentrations of the
solutions where chosen so the actual MeOH fraction in the system
could be adjusted precisely by the SFC instrument. The smallest
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Table  1
Experimentally obtained values of the MeOH volume fraction in samples with different concentrations of antipyrine at 22 ◦C. Details on the calculations used are presented
in  Section 3.2.
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Antipyrine (g/L) 0 13.52 25.59 37
MeOH (volume fraction) 1 0.990 0.981 0

hange in fluid composition using the UPC2 system is 0.1 (v/v)%set.
or example: if a 10 (v/v)%act. MeOH content is sought on a pertur-
ation plateau and the modifier solution equilibrating the column
ontains 95 (v/v)%act. MeOH the system needs to compensate this by
umping about 10.5 (v/v)%set MeOH. The solutions fulfilling these
equirements are listed in Table 1. All overloaded elution profiles
sed a 250 g/L solution of antipyrine in MeOH. Partial loop injec-
ions of 10, 20, 30 and 40 �L were made using a 50 �L fixed loop.
oth small perturbation injections and larger partial loop injec-
ions were compared with some full loop injections with excellent
greement.

.3. Calculations

The adsorption energy distribution was calculated using the
xpectation maximization method [46] with 300 grid points and
00 000 iterations. Chromatographic simulations were done using
he Rouchon algorithm with 2 500 theoretical plates (N) [20,48]. All
alculations and plots were conducted using Python 3.3.2, Numpy
.7.1, Scipy 0.13.0 and Matplotlib 1.3.1.

. Results and discussion

Previously we have noticed that adsorption isotherms deter-
ined using the PP method deviates considerably from the ones

etermined with other methods such as the ECP method, the
nverse method and the retention time method [6]. Our hypothe-
is is that this deviation is due to the fact that the amount of MeOH
odifier in the column decreases with increasing solute concentra-

ion in the established concentration plateaus. The reason for this is
hat the solute will displace some modifier and this will result in a
eduction of MeOH fraction in the eluent, although the instrumental
etting of the CO2/MeOH ratio is constant. The difference between
et and true CO2/MeOH ratio will increase with increasing solute
oncentration in the established concentration plateau.

Below we verified the above effect by measuring the adsorp-
ion isotherm of the studied component (antipyrine) at different
O2/MeOH ratios and then used two different approaches to rec-
ify this effect. The first approach used was to ensure that the MeOH
raction was constant at the different plateau concentrations used
n the PP method. The second approach was to conduct normal PP
xperiments and compare the retention time of the perturbation
eak at different plateau concentrations with overloaded injections
ith corresponding MeOH fraction in the eluent.

.1. System verification

The performance of the chromatographic system was  verified
y external measurement of pressure, temperature and mass flow.
he flow rate of the SFC-system was set to 1 mL/min at a column
emperature of 35 ± 0.5 ◦C and the Back Pressure Regulator (BPR)
as set to 150 ± 1 bar. Pressure, temperature and mass flow were
easured at 9 different CO2/MeOH compositions from 88.7/11.3 to

1.2/8.8 (v/v)%set. At the set condition of 90/10 (v/v)%set CO2/MeOH,

he system was estimated to deliver 90.3/9.7 (v/v)%act. CO2/MeOH
ith a density of 0.86 g/mL at a flow rate of 1.1 mL/min. At the

et condition of 91.2/8.8 (v/v)%set CO2/MeOH (the lowest relevant
eOH composition) the system was estimated to deliver 91.6/8.4
49.05 60.46 71.67 82.67 93.47
0.963 0.954 0.945 0.937 0.928

(v/v)%act. CO2/MeOH with a density of 0.86 g/mL at a flow rate of
1.1 mL/min. For more details on all MeOH fractions, see Table 2.

For all methanol fractions, the axial temperature gradient was
measured to be 0.5 ◦C. It cannot be assumed that radial temperature
gradients across the column do not exist, and if so, these would
need to be measured using a different approach. However, if there
are small gradients, these will be present for all experiments, i.e.
not only for the PP but also for the ECP measurements. Since ECP
and PP deviates strongly in this study we  can assume we  can ignore
these effects.

For all set conditions evaluated, the system was  estimated to
deliver a slightly higher volume fraction of CO2 and the relation
between the set and estimated volume fractions was linear and
could therefore easily be interpolated. The deviations from set and
estimated volume fraction are in general small and it is reasonable
to assume that the system actually delivers very close to the set
conditions. For the CO2/MeOH eluent ratios used in this study, the
relative error between the measured density and the density cal-
culated by the REFPROP software was less than 1.75% according to
the study [49]. This error might increase with the increasing mass
fraction of the component in the eluent; however the maximum
mass fraction of antipyrine is only about 1% in the experiments.

4.2. Adsorption of antipyrine for different methanol content

It is generally recognized that the retention factor decreases
with increasing amount of modifier in the eluent. In Fig. 1(a), the
natural logarithm of the retention factor for antipyrine, at differ-
ent fractions of MeOH in the eluent, is plotted. As we can see, the
LSS-theory, Eq. (8), describes the retention time well with an S-
value of 15 (note that we  use the natural logarithm and not the
base ten logarithm that is also commonly used). This is rather high
compared to the S-values of about 8 that is generally observed in
reversed phase LC for molecules with molecular weight 188 g/mol
like antipyrine [50]. The higher sensitivity of the retention times
in SFC with respect to the MeOH fraction has also been reported
in a study by Berger et al. [51], here a large retention shift of 4-
hydroxybenzoic acid eluted on a diol phase was  observed, even for
small increases in MeOH content of the eluent. The authors went
even further and isolated the effect of change in pressure, density
and composition on the retention and their conclusion was that
composition, i.e., the MeOH content of the eluent, was by far the
most important parameter. In the current study it was  estimated
that there was  no measurable difference between the average den-
sity at the lowest and the default 90/10 (v/v)%set composition. There
is however a pressure gradient of about 10 bar, see Table 2, and this
gradient is identical regardless of the set eluent composition. The
only change that is then measurable is the eluent composition and
this should therefore further be investigated.

In order to quantify how the adsorption isotherm of antipyrine
is affected by the amount of MeOH in the eluent, the adsorption
isotherm was  determined using the ECP method [26] for different
MeOH content. Prior to the adsorption isotherm model fit the raw
adsorption isotherm data was analyzed using Adsorption Energy
Distributions (AED) calculations and Scatchard plots to reduce the

number of potential adsorption models. In Fig. 1(b) the AED from
the raw slope of the adsorption isotherm data is plotted, as can
be seen the AED is at least bimodal with a low energy site that
diverge off scale. This is probably because the low energy site is not
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Table  2
Performance verification of the Waters UPC2 system. Temperature (T), pressure (P), effective volumetric flow (Fv,average) and density (�) at the column inlet and outlet together
with  mass flow of CO2 (ṁCO2 ) and of MeOH (ṁMeOH). Details of procedures and calculations are presented in Section 2.1 and 3.

Set (v/v)% Column Position ṁCO2 (g/min) ṁMeOH (g/min) T (◦C) P (bar) � (g/mL) Estimated (v/v)% Fv,average (mL/min)

88.7/11.3 Inlet 0.84 0.09 34.4 169 0.87 89.0/11.0 1.1
Outlet 33.9 156 0.87
Average 34.2 163 0.87

90/10  Inlet 0.85 0.08 34.4 169 0.86 90.3/9.7 1.1
Outlet 33.9 156 0.86
Average 34.2 163 0.86

34.4
33.9
34.2
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91.2/8.8 Inlet 0.86 0.07 

Outlet 

Average 

aturated; however, the lower capacity/higher energy site is totally
esolved. The adsorption energy of the resolved site decreases with
ncreasing amount of MeOH in the eluent (except for 10%set and
2%set MeOH, probably due to experimental noise). Because the
ED was at least bimodal and the Scatchard plot (not shown) was
onvex the adsorption data can be described with models such as
he bi-Langmuir or bi-Tóth adsorption model. In Fig. 1(c), the bi-
angmuir model fit to the adsorption data is presented. The initial
lope of the adsorption isotherm is clearly decreasing with increas-
ng amount of MeOH in the eluent as expected from the reduction
f retention factor with increasing amount of MeOH in the eluent;
ee Fig. 1(a).

In Fig. 2, the determined bi-Langmuir adsorption isotherm
arameters from the model fit in Fig. 1(c) are plotted. We can
bserve that the monolayer saturation capacity is more or less unaf-
ected by the MeOH concentration, see Fig. 2(a) for the low energy
ite and Fig. 2(c) for the high energy site where the lines are the
verage monolayer layer saturation capacity. The equilibrium con-
tant is decreasing with increasing amount of MeOH in the eluent;
ee Fig. 2(b) for low energy site and Fig. 2(d) for the high energy

ite. The observed S-values, see Eq. (9), are 13.9 and 17.5 for the
ow and high energy site, respectively. This clearly shows that the
quilibrium constants are responsible for reduction of the reten-
ion time with increasing amount of MeOH in the eluent and not
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ig. 1. In (a) the natural logarithm of the retention factor for antipyrine (k) is plotted for
he  line is the best fit of the data to Eq. (8). In (b) the adsorption energy distributions cal
ompositions as in figure (a). In (c) the bi-Langmuir model fit to the ECP adsorption data 
 168 0.86 91.6/8.4 1.1
 156 0.86
 162 0.86

the changes in the saturation capacity. In this context it should be
mentioned that the accuracy of the low energy site, both for the
saturation capacity and the equilibrium constant, is probably low.
The reason for this is that the maximum concentration of antipyrine
used in this study is not high enough to saturate the low energy site,
as clearly indicated from the AED-calculations, see Fig. 1(b). How-
ever, it is hard to reach higher antipyrine concentration because
this would require larger injections that increases the risk of errors
due to the introduction of larger MeOH sample plugs [52,53].

4.3. Standard perturbation peak and frontal analysis experiments

The basic procedure for the PP method used here is identical to
the one described in our previous study and the reader is referred
to this for more details [6]. Each plateau was established by
mixing CO2 and the modifier stream with a known concentration
of dissolved antipyrine for 3 hours before injecting 3 �L of the
modifier solution diluted 10 times. Solutions of exactly 13.5, 25.6,
37.4, 49.0, 60.5, 71.7, 82.7 and 93.5 g/L antipyrine were used in
the PP experiments and a total of 4 injections were done on each

plateau to measure the average retention time of the perturbation
peaks. Increased asymmetry of the perturbation peaks could be
observed if the concentration of the perturbation pulse was  sig-
nificantly different from the approximate plateau concentration,

0 2 4 6 8 10
0

40

80

120

160
(c)8 .0  %

8.5  %
9.1  %
9.6  %
10.0  %
10.5  %
11.0  %
11.5  %
12.0  %

 8, 8.5, 9.1, 9.6, 10, 10.5, 11, 11.5 and 12 (v/v)%set MeOH in the eluent (circles) and
culated for adsorption data determined using the ECP method for the same MeOH
at the same eluent compositions as for figure (a).
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ig. 2. The determined adsorption isotherms parameters using the ECP method for
he  two Langmuir sites (circles) and their averages (lines). In (b) and (d) the associa
lines).

or example by injecting pure MeOH. The system was set to pump
0/10 (v/v)%set CO2/MeOH, for which the real volume fraction
eOH was determined to be 9.7%act. and this volume fraction
as used to calculate the plateau concentration. For example,
sing a modifier stream concentration of antipyrine of 13.5 g/L the

lateau concentration would be 1.30 g/L (13.5 × 0.097) The average
etention time of the obtained perturbation peaks are plotted in
ig. 3(a), labeled “PP uncorrected”, together with the elution profile
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ig. 3. In (a) experimental elution profiles for 10, 20, 30 and 40 �L injections of 250 g/L a
erturbation peak retention times obtained from 3 �L perturbation injections on establi
ircles using the “standard” approach with set modifier fraction of 10 (v/v)%set MeOH an
0.1,  . . .,  10.8 (v/v)%set MeOH. In (b) ECP adsorption isotherm slopes (solid line), symbols 

eOH (circles) or using compensated (see above) MeOH fractions (squares) with fitted bi-
sing  the ECP (solid grey), PP uncorrected (dotted), PP corrected (dashed) and FA (circles
e fractions 0.08–0.12 MeOH is presented. In (a) and (c) the saturation capacities of
quilibrium constants of the same Langmuir sites (circles) and the best fit to Eq. (9)

obtained when injecting 40 �L of 250 g/L antipyrine for the same
set conditions. It is apparent that the perturbation points do not
lie on the diffuse rear of the elution profile and that the distance
from the elution profile and the perturbation points increases
with increasing plateau concentration. These observations were

apparent already in the previous study [6].

FA experiments were conducted by first equilibrating the col-
umn  with pure eluent followed by changing the modifier to MeOH
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ntipyrine using an instrumental setting of 10 (v/v)%set MeOH. The symbols are the
shed 0, 13.5, 25.6, 37.4, 49.0, 60.5, 71.7, 82.7 and 93.5 g/L antipyrine plateaus. The
d the squares using the “compensated” approach with set modifier fractions of 10,
are experimental data from perturbation peaks at an instrumental setting of 10%set

Langmuir model (dashed and dotted line). In (c) the adsorption isotherms obtained
) methods.
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ontaining 10, 40, 70, 100 and 130 g/L antipyrine. The fronts of the
reakthrough curve were then used to calculate the raw adsorp-
ion isotherm data points, see Eq. (7), that is plotted in Fig. 3(c)
ogether with the corresponding adsorption isotherms estimated
sing the ECP and PP methods. The ECP data can accurately be used
o predict elution profiles and is therefore regarded more or less a
reference”. As can be seen the estimated adsorbed amount, q, by
he PP and FA methods are higher compared to the ECP method and
t can therefore be concluded that the FA and PP methods will, at
east for this particular system, overestimate the adsorbed amount
f solute component.

In the standard PP and FA methods the partial volumes of mobile
hase and solute changes when varying the plateau concentration
f the solute. In the current experimental set up the solute is deliv-
red via the modifier stream of MeOH and then mixed in a passive
ixer in the SFC system. In Section 3.2 it was described how the

artial volume of a solution of antipyrine and MeOH was deter-
ined. The MeOH volume fraction was determined for different

oncentrations of antipyrine from 10 g/L to 150 g/L and the fraction
aried linearly from 99%, for 10 g/L antipyrine, to 88%, for 150 g/L
ntipyrine. This means that while the system delivers a constant
olumetric flow of modifier, the fraction of MeOH in this stream
ecreases with increasing concentration of antipyrine. In Section
.2 it was shown that the retention of antipyrine is sensitive to the
eOH content in the eluent. The variation of the MeOH volume

raction is therefore a reasonable explanation to why  the distance
etween the perturbation points and the diffuse rear of the elution
rofile in Fig. 3(a) increases with increasing plateau concentration
nd only the first PP points overlap with the elution profile’s rear.
e  assume that the FA method will also suffer from this effect

nd a decrease in MeOH content will result in longer breakthrough
imes that will lead to the observed overestimation in the adsorbed
mount, see Eq. (7).

.4. Rectifying methanol variations in the perturbation peak
xperiments

Here an approach for compensating the decrease in modifier
ontent in the eluent in PP experiments is presented. For the elu-
ion profile in Fig. 3(a) the system is set to deliver 10 (v/v)%set MeOH
ut the calculated and measured amount is estimated to be 9.7
v/v)%act. However, only when there is no component in the eluent
he volume fraction of MeOH will be 9.7 (v/v)%act.; on a 1 g/L plateau
he volume fraction of MeOH is 9.6 (v/v)%act. (9.7 × 0.99) and on
he 15.0 g/L plateau it is only 8.5 (v/v)%act. (9.7 × 0.88), i.e., the dif-
erence increases with increasing plateau concentration. Knowing
his, it should be possible to compensate the lowered MeOH frac-
ion by setting the system to deliver a larger fraction of MeOH to
he eluent. Obviously, the plateau concentration will then be dif-
erent for the compensated plateau because the volume fraction of
he modifier stream varies.

Due to limitations of the SFC system, the smallest change in
eOH volume fraction is 0.1%set, i.e., it can be set at 10, 10.1%set,

tc. This means that it will not be possible to exactly compen-
ate for arbitrarily chosen plateau concentrations. Therefore, only
olutions with a MeOH volume fraction that could be exactly com-
ensated by steps of 0.1 where prepared. Because the volume
raction MeOH varies linearly with the concentration of antipyrine,
his can be done by simple interpolation. For example, for an instru-

ental setting of 10.1 (v/v)%set MeOH, the system is estimated to
eliver 9.8 (v/v)%act. and a solution of antipyrine with a MeOH

olume fraction of 0.99 would compensate this to 9.7 (v/v)%act.

 solution of exactly 13.5 g/L antipyrine has a volume fraction of
.99 and was thus prepared as the first corrected perturbation
oint. The plateau concentration for an instrumental setting of 10.1
. A 1354 (2014) 129–138 135

(v/v)%set MeOH would be 1.32 g/L (13.5 × 0.098). Setting the system
to 10.8 (v/v)%set MeOH would require a solution of exactly 93.5 g/L
antipyrine to compensate to a MeOH content of 9.7 (v/v)%act. on
the plateau. The actual perturbation peak analysis was  performed
in the same way  as described in Section 4.3, except now the system
was set at 10.1, 10.2, . . .,  10.8 (v/v)%set MeOH  (9.8–10.5 (v/v)%act.

MeOH measured) when equilibrating the plateau using solutions
of 13.5, 25.6, 37.4, 49.0, 60.5, 71.7, 82.7 and 93.5 g/L antipyrine,
respectively.

When comparing the average retention time of the corrected
perturbation peaks with the uncorrected perturbation peaks, it
is apparent that the difference increases with increasing com-
pensation and that the compensated perturbation peaks elute
increasingly faster with increasing compensation, see Fig. 3(a).
This is not surprising since the retention of antipyrine decreases
with increasing MeOH fraction in the mobile phase, see Fig. 1(a).
Comparing the corrected perturbation peaks retention time with
the diffuse rear of the elution profile, the absolute difference only
increases slightly with the plateau concentration. Compared to
the uncorrected perturbation peaks retention time, the corrected
peaks are much closer to the diffuse rear; in theory the points
should exactly match the same concentration on the diffuse rear.
The results from the corrected perturbation peak experiments
strengthen the hypothesis that the displacement of MeOH in the
mobile phase due to the solute is a major reason for the observed
difference between adsorption data determined using PP and ECP
method.

4.5. Overloaded injections and perturbation peaks using the same
methanol fraction

Each retention time obtained by standard PP experiments corre-
sponds to the slope of the adsorption isotherm for a unique mobile
phase (CO2/MeOH) composition. This is why the points in Fig. 3(a)
cannot be compared with the retention time of the same concen-
tration on the overloaded elution profile. However, it should be
possible to compare the PP retention times with elution profiles
obtained for the same unique mobile phase fluid composition. For
the perturbation peaks obtained on plateaus when pumping mod-
ifier solutions of 25.59, 49.0 and 114.5 g/L this would correspond
to make overloaded injections with the system set to 9.8, 9.6 and
9.1 (v/v)%set MeOH. These elution profiles are plotted in Fig. 4(a–d)
where the elution profile obtained at a set condition of 10 (v/v)%set

is plotted as a reference (dashed grey). From these figures it is
clear that the retention of antipyrine increases significantly with
decreasing MeOH content in the mobile phase.

The perturbation points plotted in Fig. 4(a–d) are the same as
the “uncorrected” ones in Fig. 3(a) and, as explained above, each
perturbation point can only be compared to an elution profile with
the same mobile phase (MeOH/CO2) composition. The perturba-
tion point with no component in the eluent is marked with a star in
Fig. 4(a) and should be compared with the elution profile obtained
at a set MeOH content of 10.0 (v/v)%set. The perturbation points
obtained on plateaus established when using modifier solutions
of 25.59, 49.0 and 114.5 g/L antipyrine are marked with stars in
Fig. 4(b–d) and should be compared with the overloaded elution
profiles obtained with 9.8, 9.6 and 9.1 (v/v)%set MeOH, respectively.
Except for the perturbation point with no component in the elu-
ent, it is obvious that the distance between the perturbation point
and the corresponding elution profile always is smaller than the
distance between the perturbation point and a non-corresponding
elution profile. In theory the perturbation points should lie exactly

on the corresponding elution profile. However, the results here
also strengthen the hypothesis that it is the displacement of
MeOH which makes the traditional PP method not applicable in
SFC.
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.6. Predicting elution profile using different approaches

The adsorption isotherms obtained using the ECP method,

he uncorrected PP method and the corrected PP method were
sed to simulate a 40 �L injection of 250 g/L antipyrine with an

nstrumental setting of 10 (v/v)%set MeOH. The simulations were

0

5

10

15

20
(a)

3 4 5 
0

5

10

15

20
(b) Inc

ig. 5. A 40 �L injection of 250 g/L antipyrine experimental elution profile (black solid lin
y  different methods. In (a) elution profiles calculated using adsorption isotherms determ
P  (dotted black line). In (b) experimental elution profiles for different MeOH fractions (8
sing  adsorption isotherms determined by ECP (solid gray line).
MeOH (circles) with experimental elution profiles for a 40 �L injection of 250 g/L
in (a) 10, in (b) 9.8, in (c) 9.6 and in (d) 9.1 (v/v)%set MeOH in the eluent where the
f MeOH.

performed using the Equilibrium-Dispersive model, with 3000 the-
oretical plates, as described in the previous study [6]. In Fig. 5(a)
the experimental elution profile (solid black) nearly perfectly

coincides with the elution profile simulated using the ECP adsorp-
tion isotherm (solid grey). The simulation using the uncorrected
PP method adsorption isotherm gives very poor prediction. The
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imulation using the adsorption isotherm from the corrected PP
ethod is significantly better, though still gives a poor prediction,

.e., even with correction the PP method is not a good choice for
dsorption isotherm determination. In Fig. 5(b) experimental elu-
ion profiles obtained when using instrumental settings of 8, 9.1,
0, 11 and 12%set MeOH are presented together with simulations
sing the corresponding determined ECP adsorption isotherm. It is
lear that the adsorption isotherm obtained using the ECP method,
n contrast to the PP method, can accurately predict experimental
lution profiles.

One reason for the deviation between the adsorption isotherms
etermined using corrected PP and ECP could be the existence of
n injection plug [52]. The adsorption of antipyrine in the injection
olvent plug is practically zero. This means that the solute will travel
t a different velocity in the plug compared to the mixed phase. To
inimize this effect we keep the injections small. Any effect will

owever be incorporated in the ECP adsorption data and not in
he PP data. The effect of the solvent plug could theoretically be

itigated by injecting the solute in a solvent with identical elution
trength as the eluent, which is the preferred way  in LC. However,
t is difficult, or almost impossible, to accomplish this in practice
or SFC.

. Conclusions

Recently LC methods for adsorption isotherm determination
ere transferred to SFC under close to isopycnic conditions and

t could be concluded that methods based on overloaded elution
rofiles worked well also for SFC. The PP method is not based on
lution profiles, instead small perturbations on constant concen-
ration plateaus of the studied component are made and from the
etention times of the eluted perturbation peaks the adsorption
sotherm can be derived. However, the PP method will in practice
esult in incorrect adsorption isotherms in SFC and the higher the
lateau concentration the larger the error.

Here we investigated from a practical perspective why  the PP
ethod gives incorrect results for SFC and we verified that the

eason for this was the principal difference in experimental setup
etween SFC and LC. More specifically, the component to be studied
ust be delivered in the organic modifier, here MeOH, via the mod-

fier pump and not from the same pump that contains the main part
f the mobile phase (CO2). This means that the component displaces
nly the MeOH in the organic modifier which causes deviations
rom the set MeOH/CO2 ratio in the final mobile phase and this
eviation increases with increasing component concentration. As
he MeOH content affects the adsorption isotherm, these deviations
ill mean that different adsorption isotherms at each component
lateau in the PP experiments are measured, not the same one. This

s not a failure of the PP method itself, or its theory, but is instead a
ajor complication when measuring adsorption isotherms in SFC

sing the PP method, i.e., it is in practice not possible to use the PP
ethod for SFC instruments.
We could verify that variations of MeOH in the eluent was

he main reason why the PP method gives incorrect adsorption
sotherms for SFC using two different approaches. In the first
pproach the MeOH fraction was adjusted so it was kept con-
tant on all component concentration plateaus. In the second
pproach we compared the retention times of the perturbation
eaks with ordinary overloaded elution profiles recorded using the
ame MeOH content as for the perturbation peaks.

The reason why the procedure to maintain a constant MeOH

raction for all concentration plateaus did not give perfect overlap
ith the diffuse rear or the elution profiles remains to be investi-

ated. A possibility is the effect of an injection plug. The magnitude
f this effect would increase with increasing injection volume and

[
[
[
[
[
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this might explain why  the deviation increases with higher concen-
tration. A comprehensive study of the plug effect requires extensive
work and is beyond the scope of this article, but we are currently
performing experiments to investigate this.

The FA method will probably also give incorrect results in SFC
due to the same reasons as for the PP method. Concentration
plateau methods can therefore not be recommended in SFC and
other methods should be used to properly determine adsorption
data. Finding suitable methods will be of importance for exam-
ple when predicting scale-up from an analytical SFC instrument
to an industrial preparative one or for understanding molecular
interactions in SFC systems.

Acknowledgment

This work was  supported by the Swedish Research Council
(VR) in the project “Fundamental studies on molecular interactions
aimed at preparative separations and biospecific measurements”
Grant #621-2012-3978. The work was also supported by the
Swedish Knowledge Foundation in the KK HÖG 2011 project
“Improved Purification Processes to Satisfy Modern Drug Quality
Assurance and Environmental Criteria” and by the Research Coun-
cil for Environment, Agricultural Sciences and Spatial Planning in
the project “High-Value Compounds from Agricultural and Forestry
Waste by Sustainable Methods–an Interdisciplinary Approach for
Bioresource Utilization”.

References

[1] F. Kamarei, P. Vajda, G. Guiochon, J. Chromatogr. A 1308 (2013) 132.
[2] A. Grand-Guillaume Perrenoud, J.-L. Veuthey, D. Guillarme, J. Chromatogr. A

1266 (2012) 158.
[3] A.J. Alexander, T.F. Hooker, F.P. Tomasella, J. Pharm. Biomed. Anal. 70 (2012)

77.
[4] G. Guiochon, A. Tarafder, J. Chromatogr. A 1218 (2011) 1037.
[5] G. Cilpa-Karhu, K. Lipponen, J. Samuelsson, K. Öörni, T. Fornstedt, M.-L. Riekkola,

Anal. Biochem. 443 (2013) 139.
[6] M.  Enmark, P. Forssén, J. Samuelsson, T. Fornstedt, J. Chromatogr. A 1312 (2013)

124.
[7] J. Lindholm, P. Forssén, T. Fornstedt, Anal. Chem. 76 (2004) 5472.
[8] A. Felinger, A. Cavazzini, G. Guiochon, J. Chromatogr. A 986 (2003) 207.
[9] A. Felinger, D. Zhou, G. Guiochon, J. Chromatogr. A 1005 (2003) 35.
10] R. Arnell, P. Forssén, T. Fornstedt, J. Chromatogr. A 1099 (2005) 167.
11] F. Kamarei, A. Tarafder, F. Gritti, P. Vajda, G. Guiochon, J. Chromatogr. A 1314

(2013) 276.
12] Z. Bao, B. Su, H. Xing, Y. Yang, Q. Ren, J. Sep. Sci. 33 (2010) 3256.
13] A. Depta, T. Giese, M.  Johannsen, G. Brunner, J. Chromatogr. A 865 (1999)

175.
14] S. Ottiger, J. Kluge, A. Rajendran, M.  Mazzotti, J. Chromatogr. A 1162 (2007)

74.
15] C. Wenda, A. Rajendran, J. Chromatogr. A 1216 (2009) 8750.
16] M.  Lübbert, G. Brunner, M.  Johannsen, J. Supercrit. Fluids 42 (2007) 180.
17] A. Tarafder, P. Vajda, G. Guiochon, J. Chromatogr. A 1320 (2013) 130.
18] L. Ravald, T. Fornstedt, J. Chromatogr. A 908 (2001) 111.
19] H. Guan, B.J. Stanley, G. Guiochon, J. Chromatogr. A 659 (1994) 27.
20] G. Guiochon, D.G. Shirazi, A. Felinger, A.M. Katti, Fundamentals of Preparative

and Nonlinear Chromatography, 2nd ed., Academic Press, Boston, MA, 2006.
21] J. Samuelsson, T. Fornstedt, Anal. Chem. 80 (2008) 7887.
22] J. Samuelsson, R. Arnell, J.S. Diesen, J. Tibbelin, A. Paptchikhine, T. Fornstedt,

P.J.R. Sjoberg, Anal. Chem. 80 (2008) 2105.
23] P. Vajda, G. Guiochon, J. Chromatogr. A 1305 (2013) 293.
24] O. Kunz, R. Klimeck, W.  Wagner, M.  Jaeschke, The GERG-2004 Wide-Range

Equation of State for Natural Gases and Other Mixtures, Fortschr.-Ber. VDI,
VDI-Verlag, Düsseldorf, 2007, n.d.

25] E.W. Lemmon, M.L. Huber, M.O. McLinden, NIST Standard Reference Database
23:  Reference Fluid Thermodynamic and Transport Properties-REFPROP, Ver-
sion 9.1, National Institute of Standards and Technology, Standard Reference
Data Program Gaithersburg, 2013, n.d.

26] J. Samuelsson, T. Undin, A. Törncrona, T. Fornstedt, J. Chromatogr. A 1217 (2010)
7215.

27] J. Samuelsson, T. Undin, T. Fornstedt, J. Chromatogr. A 1218 (2011) 3737.
28] S. Golshan-Shirazi, G. Guiochon, Anal. Chem. 61 (1989) 1368.

29] S. Golshan-Shirazi, G. Guiochon, J. Chromatogr. 506 (1990) 495.
30] G. Guiochon, J. Chromatogr. A 965 (2002) 129.
31] J. Samuelsson, R. Arnell, T. Fornstedt, J. Sep. Sci. 32 (2009) 1491.
32] A. Seidel-Morgenstern, J. Chromatogr. A 1037 (2004) 255.
33] L.R. Snyder, J.W. Dolan, J.R. Gant, J. Chromatogr. 165 (1979) 3.

http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0145
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0160
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165
http://refhub.elsevier.com/S0021-9673(14)00855-3/sbref0165


1 atogr

[
[

[

[

[
[
[
[
[

[

[
[
[
[

[

[

38 M. Enmark et al. / J. Chrom

34] J.W. Dolan, J.R. Gant, L.R. Snyder, J. Chromatogr. 165 (1979) 31.
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