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a  b  s  t  r  a  c  t

In  SFC  the  sample  cannot  be  dissolved  in  the  mobile  phase,  so  it is  often  dissolved  in  pure  modifier,  or
another  liquid,  sometimes  resulting  in  serious  distortions  of  the  eluted  peak  profiles  already  at  moderately
high  injection  volumes.  It is  suspected  the  reasons  for these  effects  are  solvent  strength  mismatch  and/or
viscosity  mismatch.  This  study  presents  a systematic  and  fundamental  investigation  of  the  origin  of
these  peak  deformations  due  to the  injection  solvent  effects  in SFC,  using  both  systematic  experiments
and  numerical  modeling.  The  first set  of experiments  proved  that  the  injection  volume  and  the  elution
strength  of  the  sample  solution  had a major  impact  of the  shapes  of  the eluted  peaks.  Secondly,  the
sample  band  elution  profile  was  numerically  modeled  on  a theoretical  basis  assuming  both  un-retained
and retained  co-solvent  injection  plugs,  respectively.  These  calculations  quantitatively  confirmed  our  first
set of  experiments  but also  pointed  out  that  there  is also  an  additional  significant  effect.  Third,  viscous
odeling
racer peak

fingering  experiments  were  performed  using  viscosity  contrast  conditions  imitating  those  encountered
in  SFC.  These  experiments  clearly  proved  that  viscous  fingering  effects  play  a  significant  role.  A new
method  for  determination  of  adsorption  isotherms  of solvents  was  also  developed,  called  the  “Retention
Time  Peak  Method”  (RTPM).  The  RTPM  was  used  for  fast  estimation  of the  adsorption  isotherms  of  the
modifier  and  required  using  only  two experiments.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

There is a strong trend towards a revival of Supercritical Fluid
hromatography (SFC) with focus on preparative SFC (Prep-SFC)
ecause of its lower environmental impact and shorter run times
s compared to preparative liquid chromatography (Prep-LC). This
rend was recently summarized by an extensive review written by
he now passed away Georges Guiochon and Abhijit Tarafder [1];
n this article was also listed what was identified to be the major
remaining challenges” for the adaptation of SFC as a reliable chro-
atographic mode. Today, many Prep-LC units have been replaced

y Prep-SFC units in the pharmaceutical and fine chemical indus-
rial sector, especially for chiral purifications [2]. More recently the

evival of SFC has spilled over to the analytical area driven by strong
dvances in instrumentation [3,4]. The relatively low viscosity of
he mobile phase in SFC as compared to LC makes SFC a prime

∗ Corresponding author. Tel.: +46 54 700 1620, +46 73 932 81 69(M);
ax: +46 54 700 2040.

E-mail address: Jorgen.Samuelsson@kau.se (J. Samuelsson).

ttp://dx.doi.org/10.1016/j.chroma.2015.04.059
021-9673/© 2015 Elsevier B.V. All rights reserved.
candidate to boost the high throughput trend [5] and leading instru-
ment manufacturers have apparently already embarked on this
road.

Many of the “remaining challenges” and difficulties with SFC in
packed columns resulting in complex behavior [6] are related to
the compressibility of the mobile phase in SFC; in a way  SFC can be
regarded as a “rubber variant of LC” where everything considered
as constant in LC is varying in SFC [1]. Altogether, these features
of SFC typically result in less reproducibility as compared to LC
and poor predictions in scaling up from analytical SFC instruments
to preparative SFC instruments. One way of overcoming some of
these problems has been to use external devices for measuring
the operational conditions in the column [7,8]. Recently, we also
employed design of experimental (DoE) approaches to investigate
which operational parameters are most important to control for
reliable transfer of methods between different system and scaling
up for some uncharged compounds [9,10].
In SFC the sample cannot readily be dissolved in the mobile
phase, so it is often dissolved in a liquid, or the modifier itself. This
can result in solvent strength and viscosity sample solvent-mobile
phase mismatch. The mismatch, already at low to moderate high

dx.doi.org/10.1016/j.chroma.2015.04.059
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2015.04.059&domain=pdf
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ample volumes, will often result in serious distortions of the eluted
eak profiles. These combined effects are often simply denoted as
plug effects” [11,12]. It is well-known from LC that injecting the
olute in an injection solvent with stronger elution strength as com-
ared to the bulk mobile phase leads to severe and complex band
istortions especially at large injection volumes [13–15]. It can be
uspected that the underlying reason for these “plug effects” are
ven more complex in SFC and might also be due to viscous fin-
ering effects. However, except for an experimental study [12],
xperimental and simulated by Yun et al. [11], or purely theoret-
cal ones [16] there are few studies in SFC aiming at combining
xperimental evidence and quantifying these phenomena using

 modeling approach. In this study we are going to investigate
he plug effect utilizing a combined experimental and modeling
pproach.

There are two main injection principles in SFC [17,18]: (i) the
ixed-stream injection mode and (ii) the modifier-stream injec-

ion mode, respectively (see Fig. 1). In the first injection mode, the
njection is conducted prior to the column after the CO2 stream and

odifier have been mixed (cf. Fig. 1a). The second mode is only used
n Prep-SFC and requires that the injection is made in the modifier-
tream, which is then mixed with the CO2 stream (cf. Fig. 1b). Each
njection technique has its potential advantages and disadvantages
nd these were recently evaluated in preparative SFC by Miller
nd Sebastian [18]. They found that modifier-stream injection was
dvantageous for many cases, especially for high-volume injections
nd for solutes having a low retention factor, which were markedly
isturbed when performing mixed-stream injections. In a recent
ublication these problems were realized experimentally and the
uthors suggested viscous fingering was a principle factor influenc-
ng the observed peak distortions, when utilizing the mixed-stream
njection mode [11].

When a viscosity mismatch between two fluids is apparent, and
ne fluid pushes the other, a phenomenon known as viscous fin-
ering (VF) can occur. More particular, in SFC a high viscosity fluid
the ‘plug’) pushes a lower viscosity fluid (the eluent) and the lead-
ng interface sharpens. At the same time the trailing interface of
he sample band (plug) is penetrated by the lower viscosity mobile
hase in a complex manner that resembles fingers [19–22]. In SFC
he mobile phase has a lower viscosity than the injection plug,
nd this viscosity contrast is quite large. However, still no one has
nvestigated and experimentally proved the effects also occur in
FC. Physical evidence of the VF phenomena in liquid chromatogra-
hy has been obtained by several research groups [23,24]. Shalliker
t al. [25,26] used glass columns and a mobile phase which had the

ame refractive index as the C18 silica; hence, the otherwise opaque
olumn bed became perfectly transparent. The viscosity between
he injection plug and the mobile phase could be adjusted and the
F effect visualized either with the aid of colored samples or by

a)

b)

ig. 1. Schematic figure illustrating system plumbing for (a) mixed stream injection
nd  (b) modifier stream injection.
. A 1400 (2015) 131–139

injection of a solvent with a different refractive index to the mobile
phase.

The aim of this investigation is to gain a deeper understand-
ing of the major underlying reasons for the peak distortions taking
place already at low to moderate sample volumes in SFC. Especially,
we aim at investigating the relative impact of the solvent strength
and the viscous contrast mismatches, respectively. To investigate
this, a three step approach was applied. First, we investigated and
compared experimentally modifier- and mixed-stream injections
as well as the effect of the sample’s elution strength. Secondly, the
sample elution band from mixed stream injections was numeri-
cally modeled assuming effects of both un-retained and retained
co-solvent, respectively. Finally visualization experiments were
conducted using liquid conditions with a viscous contrast between
the eluent and sample solution similar to what would be observed
in SFC conditions. For estimating the modifier adsorption isotherm
without using large injections a new adsorption isotherm acqui-
sition method was  developed, the “Retention Time Peak Method”
(RTPM).

2. Theory

2.1. Calculating the methanol volume fraction

For simulation of chromatographic experiments, the volumet-
ric fraction of methanol in the eluent was  used. However, the
instrumentally set conditions need to be verified as they cannot
be assumed to be the same as the actual conditions. To calculate
this we  need to estimate the molar volume of carbon dioxide and
methanol. The molar volume of the fluid (V) was  calculated accord-
ing to Kato et al. [27]:

V = M

�
,

M = xCO2 MCO2 + xMeOHMMeOH

(1)

where M is the molecular weight of the fluid, � the mass density
of the fluid and x is the mole fraction. To estimate the volumetric
fraction, the partial molar volume (Vi) needs to be calculated. It
could be calculated according to [27]:

VCO2 = V + xMeOH
∂V

∂xCO2

VMeOH = V − xCO2

∂V

∂xCO2

(2)

For a more in depth discussion about Eq. (2) see Eqs. (4) and (5)
in Kato et al. [27].

From the calculated molar volume and measured mass flows ṁ
of carbon dioxide and MeOH it is straight forward to calculate the
volumetric fraction of MeOH:

v%MeOH  =
ṁMeOH
MMeOH

VMeOH

ṁMeOH
MMeOH

VMeOH + ṁCO2
MCO2

VCO2

× 100 (3)

The density of the fluid was estimated using the Kunz and Wag-
ner [28] equation of state as implemented by the National Institute
of Standards and Technologies in REFRPOP v 9.1. The necessary
inputs are the mass fractions of carbon dioxide and methanol, pres-

sure and temperature. The molar fractions were estimated using
the measured methanol and total mass flow. ∂V/∂x were numeri-
cally estimated by integrating REFPROP database in CoolProp [29]
using a Python 3.x wrapper.
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.2. Chromatographic modeling

In this study the elution profiles were calculated using the
quilibrium-dispersive (ED) model of chromatography [30]. In this
odel the Langmuir model [31] was used to describe the distri-

ution of solutes between the stationary and mobile phases. The
angmuir model could be expressed as:

 = qs
KC

1 + KC
(4)

here qs is the monolayer saturation capacity and K is the asso-
iation equilibrium constant. In chromatography, a compound
dsorption described using the Langmuir model will result in right
ngled-triangular shaped elution zones.

.3. Simple new method for adsorption isotherm estimation

In this study the adsorption isotherm of methanol was deter-
ined using the following simple approach:

. The initial slope of the adsorption isotherm was estimated from
the retention time of a perturbation peak obtained when using
an eluent of pure carbon dioxide.

. The association equilibrium constant was estimated from the
retention time of a perturbation peak using an eluent with
methanol.

Using this new method it is assumed that the adsorption
sotherm of methanol is described using a Langmuir model in this
tudy. From now on this method is going to be called “Retention
ime Peak method” (RTPM). This method is not limited to just
sing the Langmuir adsorption isotherm or for determination of
o-solvent. Below is a general presentation of the method.

If a small excess of a compound is injected into a column already
quilibrated with a mobile phase containing the same compound

 peak will be detected [30,32,33]. This peak is generally called the
erturbation peak, the retention time (tR) of which is dependent
n the concentration (Ci) of the concentration plateau and could be
alculated as:

R(Ci) = t0

(
1 + F

dq

dC

∣∣∣
C=Ci

)
(5)

here t0, F and dq/dC are the holdup time, the phase ratio (ratio
etween the stationary and mobile phases) and the slope of the
dsorption isotherm, respectively.

The slope of the adsorption isotherm is estimated experimen-
ally without any compound in the eluent, in other words Ci = 0.
n this case the initial slope of the adsorption isotherm could be
stimated as:

dq

dC

∣∣∣
C=0

= tR (0) − t0

Ft0
(6)

Now we need to assume an adsorption isotherm model. In this
tudy we use the Langmuir model, but other models could also be
sed. For the Langmuir adsorption isotherm, Eq. (4), the initial slope
f the adsorption isotherm is equal to qs·K. To estimate the associa-
ion equilibrium constant in the Langmuir model the retention of a
erturbation peak is determined using a column equilibrated with a
obile phase containing the same compound with a concentration

f Ci:√

b = qsK − ˇ

Ciˇ

 ̌ = tR (Ci) − t0

Ft0

(7)
. A 1400 (2015) 131–139 133

The RTPM for determination of adsorption isotherms is based
on the same theory as the perturbation peak (PP) method [30,33].
The advantage of the RTPM over the PP method is that fewer exper-
iments are required to determine the adsorption isotherm for the
simple adsorption isotherm models. The major drawback is that
the adsorption model is needed to be assumed in advance. As a
consequence no raw adsorption data is generated. This means that
no further insight about the adsorption process, from tools such
as Scatchard plots and adsorption energy distribution calculations
[34,35] can be obtained. Another drawback is that the experiments
need to have higher accuracy compared to the PP method, because
no redundant experimental data are used. Another similar and fast
method to estimate the adsorption isotherm is the Retention Time
Method (RTM) [30]. In the RTM method the initial slope is esti-
mated from an analytical injection and the association equilibrium
constant is estimated from the sharp front of an overloaded elu-
tion profile [30]. To get overloaded elution profiles for the RTM
substantial injection volumes are needed, that could result in peak
distortion and therefore unreliable adsorption parameters. This is
no problem for RTPM, because the adsorption data is determined
from the retention time of analytical small volume injections. The
RTPM method could readily be expanded to other adsorption mod-
els using similar approaches as for RTM [7].

3. Experimental

3.1. Chemicals

HPLC grade methanol, 2-propanol and heptane (Fischer Sci-
entific, Loughborough, UK), CO2 (>99.99%, AGA Gas AB, Sweden),
toluene (Analar normapur, VWR  Chemicals) dichloromethane
(Analar normapur, VWR  Chemicals), cyclohexanol (99%,
Sigma–Aldrich) and ethanol (99.7%, VWR  Chemicals) were
used as solvents and mobile phase. As solutes antipyrine (Ph. Eur.,
Fluka Analytical) and salicylanilide (98%, Aldrich Chemicals) were
used. In the viscosity experiments Oil-Red ‘O’ dye (Sigma–Aldrich)
was used to visualize the injection plug. The columns used in this
study were packed with Kromasil Diol (5 �m nominal particle size,
60 Å pore size Akzo Nobel, Bohus, Sweden) in 4.6 mm × 150 mm
tubes. One column was used in SFC experiments and the other
in LC experiments. In the viscosity experiments an HR glass col-
umn  (5 mm,  I.D.) Pharmacia (Uppsala, Sweden) was packed with
Kromasil-100-5-C18 (100 Å pore and 5 �m particle size) (Akzo
Nobel, Bohus, Sweden) using axial compression.

3.2. Instrumentation

The SFC experiments were performed using two Waters UPC2

systems (Waters Corporation, Milford, MA, USA) each equipped
with a 100 �L loop. The first UPC2 was equipped with a PDA detector
and the second was  interfaced to a Waters SQD single quadrupole
(Waters Corporation, Milford, MA,  USA) using APCI. Effluent from
UPC2 was diluted with 0.2 mL/min methanol, probe temperature
was 350 ◦C and cone voltage 30 V. Manually tuned selective ion
monitoring at 37 m/z.

To determine accurate volumetric flow and volume fractions
of methanol, the first UPC2 was interfaced to additional pres-
sure transmitters (model EJX530A, Yokogawa Electric Corporation,
Tokyo, Japan) and a Coriolis based mass flow meter (Bronkhorst
mini CORI-FLOW model M12, Bronkhorst High-Tech B.V., Ruurlo,
Netherlands). For more information about the measuring proce-

dure, the reader is referred to the recent publication by Enmark
et al. [8].

The HPLC experiments were performed on an Agilent 1200 sys-
tem (Agilent Technologies, Palo Alto, CA, USA) equipped with a
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inary pump, an auto sampler, a diode-array UV-detector and a
hermostated still air column oven.

For the viscosity experiments a Jasco PU 1580 HPLC pump
JASCO, Japan) was used for the delivery of all mobile phases.

 Midas auto injector from Spark Holland (AJ Emmen, The
etherlands) was used for sample injection. Detection was
chieved photographically using a Nikon D5100 SLR camera (Nikon
orporation, Japan) fitted with a variable focal length 18–300 mm

ens (Nikon Corporation, Japan) fixed at 300 mm for image acqui-
ition. The f-stop was set at 10, and the camera was operated in
ideo record mode. Still photographs were taken as ‘snap-shots’
rom these videos using Adobe Photoshop CS6 and processed later
sing Inkscape 0.91 (Open Source software). In order to minimize
he cylindrical lens effect of the tubular column, the column was
oused in a 30 cm × 40 cm × 30 cm tank, which was  illuminated
sing an 8 W white fluorescent light tube (Diversa, Poland) located
irectly behind the column.

.3. Procedure

To investigate the effect of injection volume and injection
olvent on peak distortion in mixed-stream injection mode, exper-
ments were performed using the method set conditions of
0/90 v% methanol/CO2, 1 mL/min, back-pressure of 150 bar and

 temperature of 30 ◦C. Volumes from 2 to 75 �L were injected.
oncentrations of 0.5–300 g/L antipyrine and 0.5–60 g/L salicy-

anilide diluted in MeOH were separately injected for each volume
n at least duplicate. Separate solutions of ca 0.2 g/L antipyrine and
.2 g/L salicylanilide diluted in methanol, ethanol and toluene were
lso prepared and injected between 2 and 75 �L. All low volume
nd low concentration injections were monitored at 220 nm while
igh concentration injection of antipyrine and salicylanilide were
ecorded at 310 and 350 nm respectively.

Injections of pure methanol between 2 and 75 �L were also
erformed and recorded at 202 nm.  These injections were comple-
ented by mass spectrometric detections. Injections of 2–60 �L

ure MeOH-d4 was made in duplicate. The abundance of the 37
/z ion was recorded in selective ion monitoring mode.

To investigate the effect of injection volume on peak distor-
ion in modifier-stream injection mode, the UPC2 system using a
DA detector was reconfigured for modifier-stream injections by
iverting the modifier flow to the injection valve and then mixing
his flow with the carbon-dioxide stream in a low volume tee just
rior to the column. Volumes of 5, 30 and 75 �L of 0.25–300 g/L
ntipyrine and 0.5–60 g/L salicylanilide were diluted in MeOH and
eparately injected. The running conditions were identical to the
ixed-stream injection mode.
The dependence of the retention factor and adsorption isotherm

f antipyrine and salicylanilide on the v% methanol was  investi-
ated on 5, 10, 15, 20, 25, 30, 40, 60, 80 and 100 v% methanol. All
ther running conditions were identical to the other experiments.
n each methanol level, 2, 5 and 10 �L of 0.25–300 g/L antipyrine
nd 0.4–60 g/L salicylanilide were injected. Wavelengths of 220,
10 and 355 nm were used to record chromatograms.

The column void volume was estimated from the retention time
f N2O dissolved in methanol at 5 v%, which has previously been
hown to be a stable estimate of column void volume. The sys-
em void volumes were estimated by from the breakthrough times
f dilute injections of antipyrine when replacing the column with

 “zero” volume union. This was done in both mixed-stream and
odifier-stream injection mode.
The HPLC experiments were done with 15/85, v%,
thanol/heptane as mobile phase, the column was operated
t 30 ◦C, the flow rate was set to 2.0 mL/min and detection was
one at 220 nm.  Duplicate injections were done with solutions of
a 0.2 g/L of antipyrine or salicylanilide. The solutes were dissolved
. A 1400 (2015) 131–139

in ethanol, 2-propanol and mobile phase with injection volumes
of 2 and 75 �L.

In the viscosity experiments a sample of Oil-Red ‘O’ dye was
dissolved in 45:55, DCM:Toluene (viscosity of 0.38 cP), which was
used as a visualization agent. Two  mobile phases were used one
without a viscosity contrast (45:55, DCM:Toluene) and the sec-
ond with a viscosity contrast of approximately 3.8 times (19:24:57,
DCM:Tolene:cyclohexanol (viscosity of 1.44 cP)). The viscosity val-
ues are derived from previous work by Catchpoole et al. [21].
In these experiments the mobile phase flow rates were set at
0.5 mL/min and injection volumes were 5 �L.

3.4. Calculations

The elution profiles were calculated using the equilibrium-
dispersive (ED) model of chromatography [30] solved by using
the orthogonal collocation on finite elements (OCFE) method
[36,37]. To discretize the spatial derivatives of the ED model the
Adams–Moulton method implemented in the VODE procedure [38]
was used to solve the system of ordinary differential equations. In
these calculations the efficiency was  assumed to be 5000 and the
numbers of subdomains used in the calculation were set to 500.

The adsorption isotherms of antipyrine were determined using
the elution by characteristic method in slope mode [39]. Using the
ECP method it is necessary to have a calibration curve to convert
detector response (R) to concentration (C), this was done by fit-
ting the detector response for three different column loads for each
condition to Eq. (8) so that the injected mass is equal to eluted mass.

C = k1 log
(

k2 − R

k2

)
+ k3R (8)

where k1, k2 and k3 are constants used in the calibration curve.
The adsorption isotherm dependency on methanol content was

estimated by fitting determined adsorption isotherm for antipyrine
at set conditions of 10, 15, 20, 30, 40, 60, 80 and 100% MeOH to a
cubic polynomial.

All calculations except for OCFE were conducted using open
source software Python 3.4.2, Numpy 1.9.1, Scipy 0.15.1 and Mat-
plotlib 1.4.3.

4. Results and discussion

In this study we  are investigating the major underlying reasons
for elution peak distortion caused by the solvent plug that occurs as
a sample is introduced in SFC using a different sample solvent com-
pared to the eluent. First, in Section 4.1, observations are made from
experiments using the two dominating injection modes: injections
in the modifier and in the mixed-stream, respectively. Here, it will
be discussed how these experiments can be attributed to the sam-
ple solvent effects and the adsorption behavior will be classified
in a qualitative way. Secondly, the elution strength of the injection
solvent is investigated (Section 4.2). In Section 4.3 solute elution
profiles were calculated by using a plug model assuming that the
injection creates an un-retained sample solvent plug that affects
retention of the solute. Finally in Section 4.4, sample zone broad-
ening will be investigated. In this section, first solvent adsorption is
studied by both experiments and modeling. Secondly, band broad-
ening due to viscosity contrast between sample solvent and mobile
phase is experimentally visualized and discussed.

4.1. Injection mode and adsorption observations
The most common injection mode in SFC, which is utilized by
all major commercial SFC instruments, is the mixed-stream injec-
tion mode (cf. Fig. 1a). Alternatively, the modifier-stream injection
mode allows (cf. Fig. 1b) the sample to be introduced into the
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Fig. 2. Comparisons between mixed (black solid line) and modifier stream (grey
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is possible to quantitatively describe the distortion of the elution
profile when injecting different 2–75 �L of 0.25 g/L of antipyrine
dissolved in methanol. Salicylanilide was  not chosen due to its
apparently more complex adsorption mechanism. To qualitatively

Table 1
Properties of solvents used in this study [41].

Solvent Viscosity [cP] ε0(SiO2) Dielectric constant

Heptane 0.42 0 1.92
olid line) injections of antipyrine and salicylanilide. In the top row 5, 30 and 75 �L
njections of antipyrine. In (a) 0.25 g/L and in (b) 100 g/L. In the bottom row 5, 30
nd  75 �L injections of salicylanilide. In (c) 0.5 g/L and in (d) 20 g/L.

odifier-stream prior to the mixing point between carbon dioxide
nd modifier. Usually in mixed-stream injection it is most likely
hat the composition of the injection solvent will be different from
he eluent. For modifier-stream injection, the injection solvent can
e chosen to be identical to the modifier blended with carbon diox-

de. To study the peak deformation obtained using the two  injection
odes, two small organic molecules, antipyrine and salicylanilide
ere studied. In Fig. 2(a and b) 5, 30 and 75 �L of 0.25 and 100 g/L

ntipyrine injections are presented for mixed and modifier-stream
njection. In Fig. 2(c and d) 5, 30 and 75 �L of 0.5 and 20 g/L salicy-
anilide are presented. From visual inspection the resulting profiles
rom low-concentration injections of antipyrine and salicylanilide
n Fig. 2(a and c), it is apparent that high volume injections in
he mixed-stream injection mode gives markedly deteriorated elu-
ion profiles, while the equivalent injections in the modifier-stream
njection mode does not. The center of mass of the elution pro-
le obtained in mixed-stream injection mode is shifted to shorter
etention times, while it remains approximately constant for the
odifier-stream injections. Only when injecting 5 �L is the elution

rofile obtained in the two modes similar, regardless of injected
oncentration.

The elution profiles obtained from the high concentrated sam-
les give insight into the adsorption behavior of the solutes. The

eft angled-triangular elution profile for antipyrine, see Fig. 2(b),
ndicates that antipyrine follows “Langmuirian” adsorption (Eq.
4)). For salicylanilide the overloaded elution profiles are right
ngled-triangular shaped, indicating that salicylanilide follows
anti-Langmuirian” adsorption, see Fig. 2(d). However, further
xperiments would be required to verify the origin of this observa-
ion.

The trend of shifting the center of mass of the elution profiles to
horter time when injecting the sample in higher elution strength
iluent has previously been reported in SFC [12] where the conclu-
ion was to (1) inject as small volumes as possible and (2) use a less
olar injection solvent.

.2. Changing elution strength of sample solvent
Common practice in SFC is to dissolve the sample in the
rganic modifier, e.g. methanol, which has a much stronger “sol-
ent strength” compared to CO2, while in Normal Phase Liquid
. A 1400 (2015) 131–139 135

Chromatography (NPLC) the sample is often dissolved in the mobile
phase. To investigate the effect of the solvent strength on the elu-
tion peak shape three different solvents were used to dissolve the
sample and the effects in NPLC and in SFC are compared.

In SFC the mobile phase was 7.2 v% MeOH. The effect of the
injection solvent was investigated by using toluene, methanol and
ethanol as sample solvents. Toluene was  selected because it is more
nonpolar solvent compared to the alcohols and therefore closer
in elution strength of the eluent. In NPLC, the same stationary
phase was  used, but the eluent was 15/85, v/v, ethanol/heptane
and as injection sample solvents ethanol, 2-propanol and 15/85,
v/v, ethanol/heptane were used. Because methanol is immiscible in
heptane, 2-propanol was used instead. Injections were done at two
different injection volumes; 2 and 75 �L with the solutes dissolved
as described above. The profiles obtained from 2 �L injections over-
lapped perfectly for all sample solvents in both SFC and HPLC (not
shown). This indicates that there are no injection plug-phenomena
when the injection volume is small enough relative to the actual
column volume, which agrees very well with previous reversed
phase liquid chromatographic observations [14,15].

One way  of comparing the solvent strength is to use the elu-
ent strength (ε0) on SiO2, defined by Snyder as the adsorption
energy of the solvent adsorbing on the stationary phase per unit
area [40]. High adsorption energy means high eluent strength in
NPLC mode. Since the eluent strength was determined for silica
adsorbents and here a Diol stationary phase was employed, the
values of the eluent strength should be treated as approximate and
only the relative order of the solvents are used in this discussion.
The solvent strengths for sample solvents according to ε0(SiO2) and
dielectric constant is presented in Table 1, data from ref. [41].

In NPLC when 75 �L was  injected, Fig. 3b and d, the degree of
peak distortion was largest for the sample dissolved in ethanol,
which has the largest eluent strength contrast between the eluent
and the sample solution, followed by isopropanol (second largest)
and lastly mobile phase. The same trend was evident in SFC, Fig. 3a
and c, where methanol has the largest eluent strength contrast
between the sample and the eluent and subsequently the largest
peak distortions were apparent followed by ethanol and toluene
with minor peak distortion. Finally, one could observe that for sal-
icylanilide in NPLC, Fig. 3d, which had a smaller retention factor
compared to antipyrine, Fig. 3b, the peak distortions were more
pronounced, as expected for solute that elutes closer to the void.

The deformations of the peaks seen in NPLC and in SFC are
qualitatively the same. This indicates that the plug-phenomena are
similar in NPLC and SFC. Dissolving the sample in a solvent with
similar elution strength as the mobile phase seems to minimize
the peak distortion in SFC, which agrees with previous results [12].

4.3. Prediction of elution profiles

So far it has experimentally been shown that the injection sol-
vent will affect the elution profile. Now we will investigate if it
Toluene 0.59 0.22 2.38
Isopropanol 2.40 0.60 20.33
Ethanol 1.10 0.68 24.55
Methanol 0.59 0.73 32.70
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Fig. 3. Observations of the peak distortion of antipyrine and salicylanilide when
injected in SFC and NPLC mode. In (a) experiments conducted in SFC mode with
75 �L ca 0.2 g/L antipyrine injected in toluene (grey), ethanol (dashed grey) and
methanol (black). Running conditions were 90/10 v% CO2/MeOH. In (b) experiments
conducted in NPLC mode with 75 �L of ca 0.2 g/L antipyrine injected in 2-propanol
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Fig. 4. Determined Langmuir adsorption isotherm parameters for antipyrine at dif-
ferent fractions of modifier are plotted. In (a) the monolayer saturation capacity

In Fig. 5c, simulated elution profiles assuming expanding injec-
tion plug is shown, this will be discussed later in Section 4.4.1.

a) b) c)

Fig. 5. Experimental (a) and simulated (b and c) elution profiles of antipyrine is
grey), ethanol (dashed grey) and 85/15 v% heptane/EtOH. Running conditions 85/15
% heptane/EtOH. In (b) and (d) the equivalent injections of 0.2 g/L salicylanilide.

escribe the propagation of the solute through the column when
he solutes in the sample solution have different adsorption prop-
rties than in the eluent the following assumptions were made.

. The injection creates an un-retained solvent plug that travels
along the column. The sample zone broadening along the column
is only due to dispersion in the separation system. In other words
methanol is simulated as a compound with no retention.

. The solute retention is modifier dependent and this dependency
is only manifested in the adsorption isotherm.

The assumptions above gives a simple model that is similar to
he “plug model”, which was previously used to describe how pH-

ismatch between sample solution and eluent affects the elution
rofile [13]. In the pH study the chromatography was modeled
sing the ideal model (efficiency is infinite) solved using char-
cteristic lines approach. Yun et al. have also analyzed the plug
henomena using a similar approach [11]. In Yun et al. the plug

s modeled using the ED model and linear adsorption isotherm
ere used to describe the retention of the solutes. In this study

he adsorption of antipyrine is assumed to be described using the
angmuir model. As in the study by Yun et al. the MeOH fraction
as also simulated. However, instead of using mass fractions as in

he case by Yun et al., we instead used volume fractions; see Section
.1, in order to get better correlation with concentrations used in
he Langmuir model, see Eq. (4).

The adsorption isotherm for antipyrine was determined using
he slope elution by characteristic point method [39] at differ-
nt fractions of modifier. As already has been shown in Fig. 2b,
ntipyrine’s elution profiles are right angled-triangular wherefore
he Langmuir model was chosen. The adsorption isotherm was
etermined using 5 �L injection of 300 g/L antipyrine on eluents
ith 7.2, 18.0, 29.6, 40.5, 60.2, 79.7 and 100 v% MeOH (set con-
itions of 10, 20, 30, 40, 60, 80 and 100). Injections of 5 �L were
sed because the analytical elution profiles from mixed and also
n modifier injection mode were coincident, see Fig. 2. The result-
ng adsorption isotherm parameters are presented as symbols in
ig. 4. To be able to use this data in the ED model the determined
and in (b) the association equilibrium constant is plotted. Symbols correspond to
determined adsorption data and lines model fit to a cubic polynomial function.

adsorption isotherm parameters were fitted to a cubic function, see
grey line in Fig. 4.

The experimental elution profiles for the injection of 2, 5, 10,
20, 30, 60 and 75 �L injections of 0.25 g/L of antipyrine in MeOH
and eluent of 7.2 v% MeOH, are presented as black line in Fig. 5a. In
Fig. 5b, the corresponding calculated elution profiles are presented.
Comparing the experimental and calculated elution profiles one
could see that the elution profiles are very similar. The main dif-
ferences are noted at high injection volumes (60 and 75 �L) where
the simulated profiles were less distorted. Also note that the exper-
imental elution profiles were slightly broader than the simulated
profiles. Yun et al. studied 5, 50, 1000 and 2000 �L injections and
in contrast to our study they found that generally the simulated
profiles were broader compared to the experimental profiles [11].
plotted. In (a) experimental elution profiles for 2, 5, 10, 20, 30, 60 and 75 �L 0.25 g/L
antipyrine in eluent containing 7.2 v% MeOH are plotted. In (b) corresponding sim-
ulated injections when the methanol plug is not retained and (c) same as in (b) but
now the methanol is retained.
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.4. Sample zone broadening

The above results clearly indicate that the solvent strength is a
ain contributing factor responsible for peak distortion. However,

s noted, the simulated elution peaks were not as broad or dis-
orted as the experimental peaks, indicating that other factors may
lso be responsible for peak distortion. Below two other contribut-
ng factors are discussed, first solvent adsorption to the stationary
hase thereafter viscosity mismatch between sample and solvent,
nd eluent.

Another factor that could cause band broadening is that the
njection of pure methanol may  cause a pH plug with lower pH
ue to that alkyl-carbonic acid is formed in MeOH/CO2 environ-
ent [48]. However, this potential pH plug will only very weakly

ffect the solutes ionization under investigation and have some
light effect on the polarity of the stationary phase. Therefore it
s believed that the potential pH plug will have a very minor effect
n the studied experimental systems.

.4.1. Solvent adsorption
Referring back to the simple plug model described above (Sec-

ion 4.3) it was  assumed that the injection creates an un-retained
olvent plug that travels along the column. However, several stud-
es have shown that MeOH adsorbs to the stationary phase [42,43].
f MeOH adsorbs to the stationary phase, the injection plug will
e diluted and unsymmetrically broadened. To investigate MeOH
dsorption to the stationary phase; 2, 30 and 60 �L injection of
eOH were injected on an eluent containing 7.2 v% MeOH and

etected using a UV detector at 202 nm,  see Fig. 6a. As can be seen
he elution profiles presented are right angled-triangular, which
ndicates that MeOH actually adsorbs to the stationary phase. The
hape also indicates that the adsorption of methanol could be
escribed using a type I adsorption model [44]. One drawback with
hese experiments is that the signals are deformed and very noisy.
ne must stress that the signal recorded using a UV detector are
ctually not originating from the injected molecules, but instead
rom displaced molecules from the eluent that are already adsorbed

o the column [42,45]. To detect the injected molecules they must
e labeled, using for example, deuterium [46] and then detect
hem using a selective detector that could distinguish between
abeled an unlabeled molecules. Often the displaced elution zone

a) b) c)

ig. 6. Experimental (a and b) and simulated (c) MeOH elution profiles from 2, 30
nd  60 �L injections. In (a) pure methanol is injected and recorded at 202 nm.  In (b)
euterium labeled methanol (Mw = 36 g/mol) is injected and detected using APCI-
S  at 37 m/z. In (c) the calculated retained methanol elution profile described using

he  Langmuir model with qs = 37 v%MeOH/L and K = 1.46 L/v%MeOH.
. A 1400 (2015) 131–139 137

is called the “perturbation peak” and the elution zone containing
the injected molecules the “tracer peak”. To get a better insight
the experiments were redone, but now with deuterium labeled
MeOH (CD3OD) instead of regular MeOH see Fig. 6b. The signal was
detected using SIM mode (37 m/z). The elution profiles in this case
were left angled-triangular shapes and eluted after the perturba-
tion peak. This observation is expected for tracer pulses when the
adsorption of MeOH is described using a type I adsorption isotherm
[47]. UV and MS  traces of the methanol injection clearly indicate
that MeOH adsorbs to the stationary phase and subsequently this
will result in plug broadening. To model the MeOH injection, the
adsorption is assumed to be described using a Langmuir adsorp-
tion isotherm and the adsorption isotherm was estimated using
the RTPM, described in Section 2.3. The initial slope of the adsorp-
tion isotherm was  estimated from the retention time (35 min) of
methanol using pure carbon dioxide and the association equilib-
rium constant was estimated from the retention of the perturbation
peak of methanol using a 2 �L injection, using an eluent with 7.2
v% MeOH.

With this data the elution profiles for injections of 2, 5, 10, 20,
30, 60 and 70 �L of 0.25 g/L of AP in MeOH and eluent of 7.2 v%
MeOH were again simulated, but now methanol was  assumed to
be retained, see Fig. 5c. Comparing the simulated elution profiles
with and without methanol adsorption we could see only minor
differences. The main observed difference is that the predicted elu-
tion profiles are slightly broader from the model with methanol
adsorption, see Fig. 5c.

In Fig. 6c, the predicted methanol elution profiles are presented.
Comparing experimental methanol elution profiles in Fig. 6a, we
see that the predicted methanol elution profiles were not as broad
as the experimental ones. One explanation to this observation could
be the viscosity mismatch between the sample solution and the
eluent.

4.4.2. Viscous fingering effects
The viscosity of a CO2 mobile phase containing 7.2 v% MeOH  at

150 bar and 30 ◦C is around 0.16 cP [49]. The viscosity of methanol
is 0.59 cP. Thus the viscosity contrast between eluent and injec-
tion solvent is in the order of at least 3.7 times. To experimentally
visualize viscosity effects of this magnitude we  performed experi-
ments in glass columns using a matched refractive index between
the stationary phase and the mobile phase. Under these conditions
the opaque stationary phase is transparent. In this study 5 mm I.D.
columns were packed with a 5 �m C18 silica phase and equilibrated
with 45/55 v% dichloromethane/toluene, which has a viscosity of
0.38 cP. This mobile phase has the exact same refractive index as
the C18 silica. Fortuitously, cyclohexanol has a very high viscos-
ity, and the same refractive index as the stationary phase. Hence
the viscosity of the mobile phase can be easily adjusted simply by
adding cyclohexanol to the dichloromethane/toluene mixture. The
injection was  visualized by adding an un-retained colored dye to
the sample [19–22,50].

Two  experiments were conducted; the first with no viscosity
contrast between the eluent and the sample solution, see Fig. 7a.
The second experiment was performed such that there was a vis-
cosity contrast between the injection solvent and the mobile phase
of approximately 3.8 times, see Fig. 7b. The sample zone in the
column without viscosity contrast, Fig. 7a, is more or less bullet-
shaped whereas this is not the case when there was  a viscosity
contrast (cf. Fig. 7b). From inspection of these images we can clearly
see that the sample zone was  distorted and severely tailing and this
would drastically broaden the elution zone of the injection solvent.

We strongly believe that the observed extra band broadening of
the methanol plug in Fig. 6 is primarily a consequence of the vis-
cosity contrast between the eluent and the sample solution. This
will result in a broader sample zone that propagates through the



138 M. Enmark et al. / J. Chromatogr

Fig. 7. Photographs illustrating the change in band-shape as a function of the vis-
cosity contrast. In this experiment the refractive index system was  matched with
the  stationary phase, so that the column becomes transparent. In both cases the
viscosity of the injection plug was 0.38 cP. The injection volume was 5 �L, flow rate
0.5  mL/min. The column internal diameter was  5 mm,  and the column length was
5
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4  mm.  Flow direction is from left to right. In (a) mobile phase viscosity 0.38 cP, vis-
osity contrast around 0 and in (b) mobile phase viscosity 1.44 cP, viscosity contrast
bout 3.8 times.

olumn and in that way can interact with the solute and result in
roader solute elution profiles as observed in Fig. 5. Such broad-
ning effects will occur even for retained solutes since the band
istortion associated with the viscosity contrast effect takes place
he very instant that the solute injection plug enters the column.

. Conclusions

The dominating injection technique in SFC, mixed-stream injec-
ion, was investigated through experimentally based modeling and
as compared with modifier-stream injection. Modifier-stream

njections allow for experiments without injection plug effects by
njection in the modifier stream prior to the mixing chamber. It

as observed that mixed-stream injections gave rise to significant
eak distortion even at moderately large injection volumes, which
ere not present in the modifier-stream injection mode. The peak
istortions observed in this study will have the most pronounced
ffect at preparative-scale injection volumes. In the analytical case,
enerally smaller volumes are injected so little if any distortion
ould be expected. Previous studies have shown strong indica-

ions that these distortions (plug effects) are a combined solvent
nd viscous fingering effect. Therefore, our focus was to distin-
uish between the two effects qualitatively and as quantitatively
s possible.

First, the effect of the solvent strength and viscosity of the dilu-
nt on the peak shape was studied in both SFC and NPLC. It was
vident that the trends were similar for SFC and NPLC; the sol-
ent strength was much more important than the viscosity and
njection in a diluent with similar solvent strength as the mobile
hase resulted in less peak distortions. The center of mass of the
lution profiles in both NPLC and SFC were shifted to shorter reten-
ion times when injecting the sample in diluent of higher elution
trength.

Secondly, two sets of calculations of the elution bands were
erformed where the solvent was assumed to be un-retained and
etained, respectively. For un-retained solvent the calculations con-
rmed quantitatively the empirical conclusions from above; that
he solvent strength contrasts are the main reason for the distort-
ons. Still the experimental elution profiles were broader than the
redicted ones, even when theoretically taking into consideration
olvent adsorption onto the stationary phase, which resulted in
roader elution profiles, but not as broad as the experimental ones.
his also confirms that there is an additional source for broaden-
ng and distortion of the elution bands especially at large injection
olumes.

The additional source of this band broadening could be due
o viscous fingering and this hypothesis was investigated through
PLC experiments imitating the SFC conditions. It was  shown that
iscous fingering was indeed present in these experimental con-

itions, which employed 5 mm I.D. columns, similar to the 4.6 mm

.D. columns used in HPLC and SFC experiments. The sample zone
as distorted at the leading edge and severely tailing, both factors
ill drastically broaden the elution zone of the injection solvent.

[

[
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We  believe that the observed extra band broadening of the solvent
plug is a consequence of the viscosity contrast between the eluent
and the sample solution.

We conclude that the contrast between the elution strength of
the sample solvent and the eluent is the main reason for the peak
distortions. The next most important factor is viscous fingering
effects that can cause some additional band broadening. The solvent
adsorption effect had only minor effect on the band broadening. A
general conclusion regarding the maximum possible injection vol-
ume  without causing peak distortion will also be a function of the
retention factor of the solute. Based on the experimental findings
presented here, no peak distortions occur at 5 �L injections, but
Fairchild recently showed severe distortions already at 2 �L injec-
tions [12]. A more comprehensive study entailing several solutes
with different retention factors as well as different sample sol-
vents would likely allow for more exact guidelines. Importantly we
have shown that separating the various factors that lead to band
broadening is a complicated task and improving separation perfor-
mance may  require a multifaceted approach to optimize the sample
injection protocol.
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