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a  b  s  t  r  a  c  t

Uncommon  retention  behavior  of  a series  of  n-alkylbenzene  homologues  as  well  as  the  effect  of  different
sample  solvents  on  chromatographic  efficiency  were  studied  in supercritical  fluid  chromatography.  After
testing  various  columns,  an  alkylamide  stationary  phase  was  selected  for  detailed  studies.  The  results
showed  that  even  a small  amount  of  methanol  originating  only  from  the sample,  overloaded  the column
and  competitive  adsorption  was  induced  between  the  analytes  and  the  sample  solvent  for  adsorption  on
the stationary  phase.  This  was  indicated  by  the changes  in column  efficiency,  retention  and  peak  widths.
The  concentration  of the  analytes  in  the  sample  was  negligible  compared  to the  amount  of  methanol  –
but  their  adsorption  was influenced  by the  solvent  – while  the  adsorption  of methanol  remained  unaf-
fected  by  the  n-alkylbenzenes.  First,  the  competition  was  described  by  determining  the single-component
adsorption  isotherms  for  both  the analytes  and  their  solvent,  then  competitive  isotherms  were calculated.
isplacement effect Based  on  the  peak  profiles,  bi-Langmuir  and  competitive  bi-Langmuir  isotherms  were assumed.  The  sol-
vent effect  was  modeled  by a numerical  method  created  in-house  where  the  differential  mass  balance
equation  given  by the equilibrium–dispersive  (ED)  model  was  integrated  using  the Rouchon  algorithm.
The  experimental  observations  were  confirmed  by  in  silico  experiments  and  additional  cases  involving
two  hypothetical  analytes  were  studied  as  well.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Supercritical fluid chromatography (SFC) has gathered
ncreased attention over the last few years in the fields of
oth analytical [1,2] and preparative chromatography [3–6], theo-
etical research (e.g. the effects of sample diluent [7], mobile phase
ensity [8], modifier adsorption [9,10]), as well as forensics [11],
hiral separations [12] and numerous other areas of application
ncluding the pharmaceutical [13] and food industry [14]. Its
rowing reputation can be associated with the rapid technological
dvancements of the last decade that make SFC a highly viable and
omparable, but ultimately a complementary technique besides

iquid chromatography (LC).

SFC is usually characterized by having three major advantages
ver LC that stem from the physico-chemical properties of car-

∗ Corresponding author at: Department of Analytical and Environmental Chem-
stry and Szentágothai Research Center, University of Pécs, Ifúság útja 6, H-7624
écs, Hungary.

E-mail address: felinger@ttk.pte.hu (A. Felinger).

ttps://doi.org/10.1016/j.chroma.2019.05.045
021-9673/© 2019 Elsevier B.V. All rights reserved.
bon dioxide: (1) it is cheaper and more environmentally friendly
compared to LC due to lower organic solvent consumption, (2) the
low viscosity of the mobile phase enables higher flow-rates and
thus shorter separations and also permits rapid diffusion processes,
reduced band broadening effects hence increased efficiency and
(3) eluent strength is considered to be “well-tunable” by adjusting
temperature, pressure and the concentration of the organic mod-
ifier in the mobile phase. However, it is important to note that
depending on the experimental conditions, some of the advanta-
geous properties may  not be achieved at the same time, rather a
compromise has to be made [15].

Recently, Gritti reported unexpected retention phenomena of
a series of n-alkylbenzenes in SFC resulting in shifts in retention,
band compression and enlargement [16]. He found that the sample
solvent overloaded the C18 column and the solvent band divided
the chromatogram into three parts, each with different efficiency
results. Analytes less retained than the solvent showed similar

column efficiencies as if there was  no solvent-analyte band inter-
ference. In the case of more retained analytes, decreased column
efficiencies were observed due to band enlargement and when both

https://doi.org/10.1016/j.chroma.2019.05.045
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2019.05.045&domain=pdf
mailto:felinger@ttk.pte.hu
https://doi.org/10.1016/j.chroma.2019.05.045
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etentions matched closely, the interference resulted in extremely
igh apparent efficiencies as a result of band compression.

Similar phenomena have been reported for the first time by
ilsson and Westerlund in reversed phase ion pair liquid chro-
atography [17]. Besides the analytes, the sample also contained

igh concentrations of an organic anion that formed ion pairs with
 cationic component of the mobile phase. This created a zone with
 different composition compared to the bulk mobile phase in the
olumn that induced similar behavior, including band compression,
s mentioned above.

Choosing the most suitable sample solvent in SFC can be chal-
enging during method development. Unfortunately, the mobile
hase cannot be used since it mainly consists of pressurized carbon
ioxide that becomes gaseous at room temperature and atmo-
pheric pressure, therefore a proper liquid has to be selected. Very
ften the analytes are dissolved in solvents or solvent mixtures
mitating the polarity of the mobile phase which the compounds
re highly soluble in. Another option is to use the modifier as the
olvent. These, however, can lead to solvent–mobile phase mis-
atches due to solvent strength and viscosity differences that are

ften detrimental to peak profiles [18]. If neat carbon dioxide with
o modifier is used as mobile phase, competition between the
olutes and the sample solvent can also occur for the adsorption
ites of the stationary phase that has additional adverse effects on
eak integrity [9].

In this study, uncommon retention behavior of n-alkylbenzenes
s presented caused by competition between the sample sol-
ent and the analytes for adsorption on the stationary phase. A
umerical method is proposed to model the competition and per-

orm simulations for theoretical cases. Accurate mass flow-rate
easurements of the mobile phase have been carried out since

igh column temperatures have been used where the difference
etween set and actual volumetric flow-rates is more prevalent.
ingle-component and competitive adsorption isotherms have
een calculated to assemble the model and confirm the experi-
ental results. Finally, in silico experiments were performed for

wo theoretical cases then the results were explained.

. Theory

.1. Adsorption isotherms

In order to describe the competition between the analytes and
he sample solvent, their single-component equilibrium isotherms
ave to be known. The adsorbent surface of the column can be
onsidered nonhomogeneous, thus the different adsorption energy
ites need to be accounted for. For this purpose the bi-Langmuir
sotherm was used during the calculations, which is the simplest

odel for a heterogeneous surface where the adsorption energy
istribution is considered bimodal [19]. The adsorbent surface is
ssumed to be a combination of two different homogeneous sur-
aces:

i = a1Ci

1 + b1Ci
+ a2Ci

1 + b2Ci
(1)

here qi and Ci are concentrations of component i in the station-
ry and mobile phases, respectively; a1 is the initial slope of the
sotherm, b1 the equilibrium constant for one of the sites and a2
nd b2 are the same parameters for the other site, respectively [19].

The bi-Langmuir isotherm can be extended to multicomponent
ystems. However, when multiple compounds are present in the
ample, they interfere and compete for adsorption. In addition,

ompetition is not limited only to the analytes but can also occur
etween the sample solvent and the analytes. This is especially
rue for SFC, where the sample cannot be prepared with the use
f the mobile phase. If the surface is nonhomogeneous and the
r. A 1603 (2019) 348–354 349

compounds follow bi-Langmuir isotherm behavior then the compe-
tition can be described with the competitive bi-Langmuir isotherm
as

qi = ai,1Ci

1 + bA,1CA + bB,1CB
+ ai,2Ci

1 + bA,2CA + bB,2CB
(2)

where CA and CB are concentrations of component A and B in the
mobile phase and the other coefficients are the same as those
obtained for the single-component isotherms of the two com-
pounds [19].

2.2. Determination of adsorption isotherms

The inverse method (IM) is one of several methods available
aiming to solve the general inverse problem of chromatography
where the column response, the mass-balance equation, the initial
and boundary conditions are known and the experimental elu-
tion profiles are assumed to be solutions of the column model
[20]. Unlike the other approaches, the isotherm model has to be
selected in advance and the initial isotherm parameters are esti-
mated with the help of an analytical injection and another method
used in isotherm determination. The next step is the calculation of
overloaded band profiles by integration of a chosen mass balance
equation. Then the following objective function is used to compare
the measured and calculated band profiles:

min
∑

i

r2
i = min

∑
i

(Csim
i − Cmeas

i )
2

(3)

where Csim
i

and Cmeas
i

are calculated and measured concentrations
at point i and ri is their difference. The last step is the minimization
of the objective function through the adjustment of the isotherm
parameters with the help of an optimization algorithm [21–23].

Estimation of the initial isotherm parameters can be performed
e.g. with the elution by characteristic point (ECP) method. In this
approach the isotherm is generated from the diffuse rear part of the
overloaded band profile by integrating the peak area starting from
the tail end until the peak maximum that serves as the character-
istic point [3]. The isotherm can be calculated using partial sums as
follows:

q(C) = 1
Va

∫ C

0

(V − V0)dC (4)

where q(C) is the amount adsorbed on the stationary phase when
it is in equilibrium with concentration C, Va is the volume of the
adsorbent, V is the retention volume of the point in the rear part of
the profile at concentration C or characteristic point and V0 is the
hold up volume of the column. Each point of the rear profile gives
one point of the isotherm, however the method is derived from
the ideal model that assumes infinite column efficiency. Therefore,
the estimation is only applicable with highly efficient columns. In
addition, the model assumes rectangular injection profiles but the
resulting error can be decreased by injecting small amounts [20].
Another source of systematic error can be caused by the selection
of the starting and ending points of the integration. Although there
have been some improvements for ECP that eliminate most of the
drawbacks [24,25], the method was strictly used for rough initial
estimation in this study.

An accurate mass balance equation can be given by the
equilibrium–dispersive (ED) model when mass transfer kinetics are

controlled only by very fast molecular diffusion effects. The model
assumes constant equilibrium between the mobile and station-
ary phases and band-broadening effects including axial dispersion
and the finite rate of mass transfer kinetics is incorporated in an
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pparent dispersion term. The mass balance equation for each com-
onent can be given as:

∂Ci(z, t)
∂t

+ F
∂qi(z, t)

∂t
+ u

∂Ci(z, t)
∂z

= Da
∂2

Ci(z, t)
∂z2

(5)

here z is the distance along the column, t the time, u the mobile
hase linear velocity and F the phase ratio with

 = 1 − εt

εt
(6)

here εt is the total porosity of the column. Da is the apparent dis-
ersion coefficient that can be calculated from an analytical elution
rofile and is given with

a = uL

2N
= Hu

2
(7)

here N is the number of theoretical plates and H is the plate height.
he initial condition

i(z, 0) = 0 (8)

tates that at t = 0 the column is equilibrated with the mobile phase
n which the concentration of the solute is zero. The boundary con-
ition (i.e. the injection profile) for each component can be written
s:

i(0,  t) = C0
i (9)

 < t ≤ tp (10)

here tp is the injection time. In some cases, the injection profile
ay be assumed to be rectangular with a length of tp, however

his assumption is incorrect in most practical applications [20,21].
he inlet profile of the injection has a major effect on band profile
nd should be known accurately. Therefore, in this study the actual
njection profile was obtained from an analytical injection where
he column was replaced with a zero volume connector.

The differential mass balance equation defined in Eq. (5)
eglects the compressibility of the mobile phase. Therefore, it has

imited applicability in SFC where the pressure gradient along the
olumn alters the density of the mobile phase and eventually its
lution strength. Nevertheless, when pressure drop along the col-
mn  is only moderate, Eq. (5) gives an accurate estimation of the
and profiles.

. Experimental

.1. Chemicals

Carbon dioxide with a purity of 99.5% was purchased from
inde (Répcelak, Hungary). HPLC grade benzene, acetonitrile,
ethanol and heptane were purchased from VWR  International

Fourtenay-sous-Bois, France). The analytical standards ethylben-
ene, butylbenzene, hexylbenzene, octylbenzene, decylbenzene,
odecylbenzene, tetradecylbenzene and octadecylbenzene were
ll purchased from Sigma-Aldrich (Steinheim, Germany) with a
inimum purity of 99%.

.2. Instruments

All experiments were performed using a Waters ACQUITY UPC2

ystem (Milford, MA,  USA). The instrument was equipped with a
inary solvent delivery pump, an autosampler with a 10 �L sam-
le loop, a column thermostat, a photodiode array detector and a

ack pressure regulator. Instrument control and data management
ere performed by Empower 3 software. The extra-column vol-
me of the instrument was 0.055 cm3 from the loop to the detector
ell and was measured by replacing the column with a zero-volume
gr. A 1603 (2019) 348–354

connector. All retention volumes were corrected for this contribu-
tion.

Accurate CO2 mass flow-rates were measured with a mini
CORI-FLOW mass flow meter from Bronkhorst High-Tech B.V.
(Ruurlo, Netherlands), Model No. M13-ABD-11-0-S, Serial No.
B11200776A. This model provides an accuracy of ±(0.2% of the read
value + 0.5 g/h), which translates to a sensitivity of 0.01 g/min of
CO2.

Calculation of the mobile phase densities was based on the col-
umn  thermostat temperature and the inlet and outlet pressures
of the column measured directly using an external pressure gauge
(OMEGA Engineering, Norwalk, CT, USA). The densities were calcu-
lated using the NIST REFPROP database.

The mean volumetric flow-rate Fv was  estimated from the mass
flow-rate of the mobile phase Fm measured downstream the mixer
and the average density � calculated as the arithmetic mean of the
densities at the inlet and outlet of the column as follows:

Fv = Fm

�
(11)

However, individual volumetric flow-rates for the inlet and
outlet of the column can also be calculated. Based on the mea-
sured data, flow-rate at the inlet was Fv,in = 1.16 mL/min and
Fv,out = 1.20 mL/min at the outlet at 60

◦
C temperature and 150 bar

back pressure. The reason for these specific experimental param-
eters is explained in Section 4.1. The difference in flow-rates is
interesting but not unexpected. Because of the adiabatic expansion
of carbon dioxide along the column, a higher mobile phase velocity
at the outlet of the column can be expected.

It has been shown that there is a difference between set and
actual experimental parameters in SFC. However, in the case of
moderate temperatures, the column thermostat setting can be a
good approximation of the actual conditions [20,26]. At the time
of the experimental work, no temperature sensors were available
for accurate measurements at the column inlet and outlet, there-
fore accuracy of the temperature data could not be determined.
The column was equilibrated for 60 min  at every set temperature
in order to introduce the smallest error possible to the model.

3.3. Chromatographic experiments

All measurements were carried out with 100% CO2 mobile
phase. The flow-rate was set at 1.00 mL/min, the actual flow-rate
was calculated to be 1.18 mL/min at 60

◦
C and 150 bar back pres-

sure. Column temperature was varied between 35 and 60
◦
C, the

back pressure regulator was set at either 105, 150 or 200 bar. The
injection volume was 2.0 �L. The detector signal of the alkylben-
zenes was  recorded between 190 and 400 nm,  the optimal channels
were 260 and 273 nm.

The samples contained benzene, ethylbenzene, butylben-
zene, hexylbenzene, octylbenzene, decylbenzene, dodecylbenzene,
tetradecylbenzene and octadecylbenzene dissolved in either ace-
tonitrile, methanol or heptane. The concentrations were set at 0.5,
0.7, 1.1, 1.8, 2.2, 3.4, 4.5, 5.0 and 5.4 g L−1, respectively.

During the preliminary tests, several stationary phases
were tested for uncommon retention behavior. The columns
involved were Zorbax Eclipse Plus C18, SB-C8 and C18 (3.5 �m,
4.6 × 150 mm)  from Agilent Technologies (Palo Alto, CA, USA),
Synergi MAX-RP (4 �m,  4.6 × 150 mm)  from Phenomenex (Tor-
rance, CA, USA), Ascentis Express C18 (2.7 �m, 2.1 × 50 mm)  from
Supelco–Sigma–Aldrich (Bellefonte, PA, USA), Symmetry C8 and
C18 (3.9 and 4.6 × 150 mm,  respectively) from Waters and Kromasil

C18 (5 �m,  4.6 × 150 mm).

Ultimately, a 4.6 × 150 mm Supelcosil ABZ+Plus alkylamide col-
umn  packed with 3 �m particles from Supelco–Sigma–Aldrich was
chosen for further studies. The total volume of the column was
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Fig. 2. The effect of methanol and heptane sample solvents on column efficiency.
The  negative effect of the former is prevalent in the case of octylbenzene, decyl-
benzene and dodecylbenzene, however hexylbenzene and below showed increased
efficiency due to band compression.

Fig. 3. Shifts in retention times in the case of methanol solvent, where the chro-
matogram obtained in heptane was used as reference for the calculation. Positive
values mean a decrease in retention time in seconds. The results for benzene should
ig. 1. Chromatograms of n-alkylbenzenes in methanol (top) and heptane (bottom)
btained with the alkylamide column, neat CO2 mobile phase, 200 nm,  60 ◦ C and
50  bar BPR. Note the overloaded solvent band of methanol starting at t = 2.65 min.

tot = 2.492 cm3. The void volume was estimated by two methods,
he weight-difference method that usually gives an underestima-
ion and with the help of heptane used as an unretained marker
27]. Both approaches gave very similar results so V0 = 1.590 cm3

as used in the end. Total porosity was calculated to be εt = 0.638.

. Results and discussion

.1. The effect of different sample solvents

Screening measurements for all stationary phases were per-
ormed with the three different samples containing either
cetonitrile, heptane or methanol as solvent. The purpose of the
xperiments was to find detectable solvent adsorption that had
n effect on the retention mechanism of the analytes with neat
arbon dioxide mobile phase. In the case of acetonitrile and hep-
ane, no such phenomenon could be identified on any of the
olumns.

Methanol, however, overloaded the alkylamide column and
xhibited a strong, detectable adsorption. By adjusting temperature
nd pressure, the relative retention of the solvent and the analytes
as influenced in a way that the chromatogram would be divided

nto two parts around the middle. This was achieved with 60
◦
C

emperature and 150 bar back pressure. Fig. 1 shows the experi-
ental chromatograms obtained in methanol (top) and heptane

bottom). The top graph shows a well-defined band of methanol
tarting at around t = 2.65 min  that was confirmed by single injec-
ions of the solvent.

Comparing the two chromatograms, the changes in column effi-
iency, retention times and peak widths are rather distinct and are
aused by competitive adsorption of methanol and the alkylben-
enes for the adsorption sites. Column efficiency was characterized
y the number of theoretical plates acquired by fitting exponen-
ially modified Gaussian functions (EMG) to the experimental data.
he fitting was  performed in PeakFit v4.12 software.

One can observe in Fig. 2 that when the sample is dissolved in
eptane, the number of theoretical plates continuously increases
long the homologous series. When the sample solvent is methanol,
owever, a significantly larger efficiency is observed for homo-

ogues smaller than octylbenzene compared to the efficiency when
eptane is the sample solvent. This is caused by the displacement
ffect that the large amount of methanol induces; as methanol dis-

laces the alkylbenzenes, a peak focusing, sharpening is observed.
hen, for the later eluting alkylbenzenes, the efficiency suddenly
rops due to the tag-along effect induced again by methanol. The
etention time of octadecylbenzene is large enough so the efficiency
be  disregarded due to its very low retention resulting in a close proximity to the
system peaks.

for that compound is not disturbed by the adsorption of the sample
solvent methanol.

A closer look on efficiency (see Fig. 2) and retention times (see
Fig. 3 ) further supports the assumption and shows that the most
affected compounds were around the maximum of the methanol
band, namely octylbenzene and decylbenzene. Accordingly, further
calculations and simulations focused on this part of the chro-
matogram.

4.2. Single-component isotherms

Overloaded band profiles of methanol, octylbenzene and decyl-
benzene were recorded for the purpose of determining the
single-component isotherms by the inverse method. The two  alkyl-
benzenes could not be properly dissolved in methanol to obtain
a sample with high enough concentration, so injections of the
neat standards were performed instead. Calculations required con-
centration profiles rather than the original, absorbance versus
time profiles, therefore calibration of the detector was neces-
sary.

We chose a linear calibration approach so the wavelength of

273 nm was  selected for the recorded chromatograms of alkylben-
zenes to remain in the linear range of the detector response. By
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Fig. 4. Measured and calculated profiles obtained by the inverse method for methanol (a), octylbenzene (b) and decylbenzene (c). The agreement is very good, proving the
bi-Langmuir isotherm is a suitable choice to model the adsorption energy distribution of the heterogeneous surface.

F ote how methanol enters the nonlinear range of the isotherm while the alkylbenzenes
m . Behavior of the two different sites is also noteworthy.
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Table 1
Single-component isotherm parameters determined by the inverse method.

Methanol Octylbenzene Decylbenzene

a1 2.652 0.828 1.521
b1 (L g−1) 0.181 0.003 0.004
qs,1 (g L−1) 14.671 317.222 374.596

a2 3.895 0.833 0.890
b2 (L g−1) 4.885 0.024 0.024
q (g L−1) 0.797 34.736 37.579
ig. 5. Isotherm curves of methanol (a), octylbenzene (b) and decylbenzene (c). N
ainly  remain in the linear range due to severe dilution after the injection process

ntegrating the elution profile, the amount of the injected sample
inj can be obtained:

inj =
∫

C(V)dV = Fv

∫
C(t)dt (12)

bsorbance is proportional to concentration in the linear range of
he detector signal. The relation can be expressed with a sensitivity
actor � as follows:

(t) = �C(t) (13)

T =
∫

A(t)dt (14)

T = �

∫
C(t)dt = �m

Fv

(15)

 = AT Fv

m
(16)

here AT is the peak area. With � determined, concentration is
asily obtained as:

(t) = A(t)
�

(17)

bsorbances of methanol, octylbenzene and decylbenzene were
ransformed into concentrations with the above method.

The initial isotherm parameters were estimated numerically

ith the ECP method. The algorithm calculated isotherm curves

rom the diffuse rear parts of the chromatograms as well as the
oid and adsorbent volumes of the column. The parameters were
btained by fitting the bi-Langmuir isotherm on the output curves.
s,2

FSSR 0.661 2.947 2.919

The inverse method was  applied to the overloaded band profiles
of the three compounds to accurately determine their single-
component adsorption isotherms. The calculations were performed
by a numerical method where the differential mass balance equa-
tion given by the ED model was integrated by the Rouchon
algorithm. The method employed a nonlinear simplex algorithm to
determine the isotherm parameters. Besides the overloaded pro-
files, the initial isotherm parameters and the column parameters,
the method also required the inlet profile of the injection that was
recorded as described at the end of Section 2.2.

The measured and calculated profiles are plotted in Fig. 4 . The
calculated data fits very well to the experimental profiles con-
firming the bi-Langmuir model was  an appropriate choice for the
heterogeneous surface with bimodal adsorption energy distribu-
tion. Table 1 summarizes the final isotherm parameters for the
three compounds. The final sum of squared residuals (FSSR) is the

variance of the fitting error that gives information about the good-
ness of the fit. The values further support the observations of Fig. 4 .
The two adsorption sites, characterized by saturation capacities qs,1
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Fig. 6. Results of in silico experiments of octylbenzene (a) and decylbenzene (b). As methanol content increased, retention of the compounds decreased in both cases and the
displacement effect could be observed.
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ig. 7. Results of in silico experiments of hypothetical compounds H1 (a) and H2 (b
as  observed in the case of H1, H2 was affected by the tag-along effect.

nd qs,2, respectively, showed similar behavior in all cases. All com-
ounds exhibited a stronger affinity to site 1 during the adsorption
rocess while site 2 was saturated early on. The isotherm curves
long with the curves of the individual sites are plotted in Fig. 5 .
he diffuse rear part of the methanol band resulted in site 2 reaching
ts maximum saturation capacity very quickly while the alkylben-
enes did not really enter the nonlinear range of the isotherm. This
an be explained with the injected amount, containing only the neat
ompounds, undergoing a quick and severe dilution immediately
fter entering the column resulting in a two orders of magnitude
ecrease in concentration along the column.

.3. Competitive isotherms

Competition of the individual alkylbenzenes against methanol
as modeled with the competitive bi-Langmuir isotherm. The
odel was assembled from the previously determined single-

omponent isotherm parameters using a similar numerical
pproach as previously. The algorithm calculated competitive
sotherms and generated concentration versus time chro-

atograms. By changing the initial concentration parameters of

he analyte and solvent, a wide range of cases can be investigated.

Fig. 6 shows how the retention and peak profiles of octylben-
ene (left) and decylbenzene (right) changed with the amount of
ethanol. The initial alkylbenzene concentration was set to the
ntion decreased with increasing methanol content. While the displacement effect

actual concentrations of the sample injected during the preliminary
studies (2.2 g L−1 for C8 and 3.4 g L−1 for C10), while the concentra-
tion of methanol was increased gradually from 0 to 792.0 g L−1 so
the final step represented the real injections. In the actual sam-
ple, the concentration of the analytes was negligible compared to
the amount of methanol, while their adsorption was influenced by
the solvent. The adsorption of methanol, however, remained unaf-
fected by the alkylbenzenes. During the simulations, the retention
time of methanol was tMeOH = 6.35 min, while for the alkylben-
zenes at step 1, with no methanol present it was tC8 = 2.62 min  and
tC10 = 3.19 min.

In both cases, retention decreased as the concentration of
methanol increased. In addition, band compression and in the
case of decylbenzene, peak distortion could be observed. The
observations can be linked to the displacement effect. Competi-
tion occurred in the nonlinear range of the isotherm resulting in
methanol disturbing the adsorption of the analytes and ultimately
acting as a displacing agent. In the case of decylbenzene, the com-
petition induced overlapping bands with the solvent, producing
abnormal peak shapes and apparent efficiency.

Two  hypothetical solutes, H1 and H2, both set at 5.0 g L−1
concentration were also investigated by modifying the isotherm
parameters a1 and a2. The retention time of H1 was  set at
tH1 = 4.15 min  meaning a stronger retention than decylbenzene but
weaker than methanol, while H2 was set at tH2 = 8.74 min  which
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[27] P. Vajda, G. Guiochon, Determination of the column hold-up volume in
54 C. Rédei, A. Felinger / J. Chro

eant a stronger retention than methanol. The changes in reten-
ion and peak shapes of H1 (left) and H2 (right) are illustrated in
ig. 7 .

H1 was affected by the same displacement effect but with a more
evere outcome, displacement was more emphasized. H2, how-
ver, exhibited the tag-along effect caused by the abundance of the
eakly adsorbing methanol, prohibiting the adsorption process of

he compound by acting as an inhibitor and blocking access to the
dsorption sites. This resulted in elongated bands and decreased
pparent efficiency.

. Conclusions

Competitive adsorption of the solute and solvent was
nvestigated in supercritical fluid chromatography. A series of n-
lkylbenzene homologues were chosen as model compounds along
ith acetonitrile, methanol and heptane as sample solvents. After a

eries of preliminary experiments, the phenomenon was  success-
ully detected with an alkylamide column, at 60

◦
C temperature,

50 bar back pressure and neat carbon dioxide mobile phase. In
he case of methanol, the competition was easily identified based
n the decreased column efficiency, shifts in retention times and
hanges in peak widths, since the variation of these properties was
ighest around the methanol band.

Single-component isotherm were determined for methanol and
wo alkylbenzenes surrounding the solvent band. To account for the
dsorption energy distribution of the heterogeneous surface of the
tationary phase, the bi-Langmuir isotherm was selected and the
arameters were determined by the inverse method using a numer-

cal method where the differential mass balance equation given by
he equilibrium–dispersive model was integrated by the Rouchon
lgorithm. The results showed a very good agreement between the
xperimental and calculated band profiles and the behavior of the
wo different adsorption sites were also explored, all compounds
avored site 1 by around two orders of magnitude in terms of the
aturation capacity.

The competitive bi-Langmuir isotherm was chosen to model
he competition. The model employed the determined parame-
ers and a similar numerical approach as before. A series of in
ilico experiments were performed where all solute concentrations
ere set in the analytical range and the amount of the solvent
as increased step by step to imitate the real injections. Besides

he alkylbenzenes, two hypothetical solutes (H1 and H2) were also
nvestigated with varying retentions compared to methanol. Octyl-
enzene, decylbenzene and compound H1 were all affected by the
isplacement effect caused by the strongly adsorbing methanol act-

ng as a displacing agent, resulting in distorted, compressed band
rofiles and anomalous efficiency. Compound H2 was  affected by
he tag-along effect caused by the abundance of methanol acting
s an inhibitor, resulting in elongated peak shapes and decreased
fficiency.
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