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Retention mechanisms involved in supercritical fluid chromatography (SFC) are influenced by interdependent parameters
(temperature, pressure, chemistry of the mobile phase, and nature of the stationary phase), a complexity which makes the selection
of a proper stationary phase for a given separation a challenging step. For the first time in SFC studies, Parallel Factor Analysis
(PARAFAC) was employed to evaluate the chromatographic behavior of eight different stationary phases in a wide range of
chromatographic conditions (temperature, pressure, and gradient elution composition). Design of Experimentwas used to optimize
experiments involving 14 pharmaceutical compounds present in biological and/or environmental samples and with dissimilar
physicochemical properties. The results showed the superiority of PARAFAC for the analysis of the three-way (column × drug
× condition) data array over unfolding the multiway array to matrices and performing several classical principal component
analyses. Thanks to the PARAFAC components, similarity in columns’ function, chromatographic trend of drugs, and correlation
between separation conditions could be simply depicted: columnswere grouped according to theirH-bonding forces, while gradient
composition was dominating for condition classification. Also, the number of drugs could be efficiently reduced for columns
classification as some of them exhibited a similar behavior, as shown by hierarchical clustering based on PARAFAC components.

1. Introduction

Supercritical fluid chromatography (SFC) becomes an appre-
ciated separation technique in science due to its capacity to
provide fast, robust, and efficient analysis [1]. In addition, this
technique is considered as green due to its low consumption
of organic solvents [2] that are toxic, expensive, and harmful
to environment [3]. Therefore, SFC recently showed great
success in many fields, such as the separation and detection
of PAHs and petroleum related compounds [4–7], oligomers
and polymers [8], food residues [9], unpermitted addition
and misuse of dyes in different foodstuffs [10], cosmetics and

body care products [11], pharmaceutical separation [12], drug
development and discovery [3, 13–15], impurity profiling [16–
18], and drug testing [1, 19, 20].

During the last decade, many improvements were
brought to SFC instrumentation to make this technique
compatible with the majority of columns, including columns
packed with sub-2 𝜇mparticles [21, 22] since a key point for a
separation method in SFC is to choose the proper stationary
phase [3]. In practice, method development is often based on
trial and error, which consumes effort, time, and materials,
and limits the age of column due to the numerous runs
required. Thus, it would be preferable to understand the
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behaviors of the SFC stationary phases by testing the available
columns under awide range of operational conditions, that is,
combinations of the parameters that influence the chroma-
tographic response: the pressure, the temperature, the type
of the organic modifier associated with carbon dioxide as a
mobile phase, and the gradient elution of the organic modi-
fier.

Many studies have been carried out to classify and to
test different columns generally in chromatography [3–
6, 11, 18, 23–28], and specifically in SFC such as those by
Lesellier et al., who were pioneers in SFC [3–6, 11, 23–26, 29].
In [4, 5], they compared varied alkyl-bonded Silica stationary
phases to investigate the effect of the length of the alkyl chain
(from C4 to C18), embedded groups and fluoroalkyl bonding
on the separation of PAHs (polyaromatic hydrocarbons),
and benzene and naphthalene derivatives at constant
temperature, pressure, and mobile phase composition. West
et al. also carried out studies on polar stationary phases
(Silica gel, cyano and aminopropyl- (NH2-) bonded Silica,
propanediol bonded Silica, poly(ethylene glycol), and
poly(vinyl alcohol)) to evaluate the influence of various
polar-bonded groups and polymers and Silica gel on the
separation of a wide range of PAHs at constant temperature,
pressure, and mobile phase composition of methanol [5, 6].
In another work, they tested the behavior of 26 aromatic
stationary phases based on phenyl and pentafluorophenyl
ligands using essential oils of grapefruit and lemon (i.e.,
acidic and neutral compounds) where temperature was set
at 25∘C and the outlet pressure was maintained at 150 bar
for all columns with methanol as organic modifier [23]. In a
recent study, West et al. tested different sub-2𝜇m columns
for the separation of ionizable and nonionizable compounds
at a constant temperature and pressure with methanol
[29]. Grand-Guillaume Perrenoud et al. evaluated the use
of columns packed with sub-2 𝜇m particles in SFC and
UHPSFC conditions and provided systematic comparisons
of the performance for pharmaceutical compounds such as
steroids, benzodiazepines and their derivatives, butylpara-
ben, mefenamic acid, diclofenac, acetaminophen, chlorthali-
done, indapamide, papaverine, and noscapine at constant
temperature and pressure using methanol as organic
modifier [30]. In the field of quantification of cosmetics, SFC
approaches were developed for the analysis of cream, glyceryl
caprylate in eye liner, and caffeine in eye serum at constant
conditions of 35∘C and 150 bar with methanol as organic
modifier [11].

The retention mechanisms involved in SFC are impacted
by different parameters: temperature, pressure, chemistry of
the mobile phase, and nature of the stationary phase [31].
The addition of an organic modifier (e.g., methanol, ace-
tonitrile, and ethanol) to CO2 also has an influence through
the modifier adsorption by the column (mainly methanol)
and the solubility of solutes in the mobile phase. The use
of an organic modifier results in a better distribution of
targeted solutes between phases and could lead to improved
separation in a reduced analysis time [3]. However, all the
previously published studies were carried out by keeping one
or two of these parameters constant, and to date no study
changing all the parameters together for column testing and
classification has ever been carried out.

In the literature, column classification in SFC has been
carried out by chemometric analysis based on linear solvation
energy relationships (LSER) [3, 5, 11, 25, 29]. Principal
component analysis (PCA) and hierarchical clustering (HC)
were employed widely in liquid and/or gas chromatography
to identify patterns and relationships between the columns
since these methods can handle samples of large sizes and
complexities. Therefore, these tools have been used for
identification, classification, and qualitative control [32, 33],
evaluation of the stationary phases [18, 25, 27, 28], and
elucidation of retention mechanisms [27, 28, 34]. Moreover,
hyphenated chromatographic instruments such as HPLC-
DAD or LC-MS can generate tremendous amounts of data
in a short time. Thus, the first classical tool that will come
tomind for analyzing complex-many-parameter-data is PCA
of two-array data. Accordingly, it is not a surprise to see that
numerous chromatographers applied PCA along with HC for
many purposes including process of column clustering [35].
When handling a three-way data set as in our case, three
options are available [36, 37]:

(a) Subjecting each single matrix to classical PCA: in this
case, score and loading plots will end up with little
information due to the small size of the analyzed
matrices.

(b) Unfolding the three-way array along each dimension
before running classical PCAs. In that case, the
chemical or physical interpretation of the loadings
may not be guaranteed.

(c) Stacking the collected matrices together in one cube
and applying multiway methods like PARAFAC to
end up with interpretable data in the three dimen-
sions. In SFC, it unfortunately appears that modeling
three-way array data for pattern recognition is not
popular, especially for pharmaceutical separation.
Furthermore, the classification of columns using pha-
rmaceutical compounds in SFC seems to be rare,
especially when basic solutes are involved due to
the appearance of additional retention mechanisms
between the drugs and the columns. To our knowl-
edge, the application for PARAFAC has never been
reported in column classification in SFC.

Therefore, we propose here a systematic analysis through
PARAFAC and HC strategies of a series of SFC columns in a
representative set of experimental conditions to unravel the
role of three interacting parameters (temperature, pressure,
and gradient of organic modifier) with a representative set
of drugs (acidic, basic, and neutral). The retention times
of the drugs were taken as response for chromatographic
testing and classifications of columns and organized in a
three-dimensional array (columns × drugs × conditions).
The interrelationships between the structurally different
stationary phases will be uncovered and two key pieces
of information will be obtained: (1) which of the three
experimental parameters studied aremost likely to impact the
classification of the columns and (2)which column-condition
couples could exhibit a similar behavior for the considered
mixture.
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2. Experimental

2.1. SFC Instrumentation. AnAgilent 1100 series system (Agi-
lent Technologies, Waldbronn, Germany) supplied with an
auxiliary Aurora A5 fusion SFCmodule (Aurora SFC systems
Inc., Redwood City, CA, USA) was employed in this study.
Carbon dioxide, CO2, was passed through a G1312A binary
pump using high-pressure mixing. The system consisted of
a G1314A variable wavelength detector with a 14𝜇L high-
pressure flow cell (10mm path), and a G1329A autosampler
with a 5.0 𝜇L fixed loop. The working temperatures of 35∘C
and 53∘C of the columns were regulated with a Croco-Cil
RS 232 column oven, and 16∘C was maintained using Huber
Minichiller 280 cooling system (USA Inc.).

2.2. Chemicals and Reagents. A set of 14 drugs including
different pharmaceutical families and covering a wide range
of p𝐾a and log𝑃 [38] was chosen to test and classify the 8
selected stationary phases. Scheme 1 provides the full struc-
tures of the drugs with their known physicochemical proper-
ties.

The 14 drugs were more than 99.5% pure. Carvedilol,
diclofenac, etodolac, haloperidol, hydrocortisone, iprifla-
vone, theophylline, and toremifene citrate were purchased
from TCI (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan).
Fluka-Sigma Aldrich (St. Louis, MO, USA) provided anti-
pyrine, nadolol, warfarin, and terfenadine. Fagron (Waregem,
Belgium) supplied caffeine and ibuprofen. Messer (Puteaux,
France) supplied carbon dioxide (purity ≥ 99.995%).

2.3. Tested Stationary Phases. The testing procedure in this
study has been applied to eight commercial stationary phases:
XBridge HILIC (HILIC), Silica (Silica), Diol, 2-Ethylpyridine
(2-Et), C4, Amino (NH2), Cyano (CN), and Propylpyridy-
lurea (PPU). For comparison purposes, all columns had the
same dimensions of 3.0 × 100mm ID with 3.0 𝜇m particle
diameter andwere purchased fromPrinceton SFC (Cranbury,
NJ, USA), except for XBridge HILIC, which was purchased
fromWaters Corporation and filledwith 3.5𝜇mparticles.The
selected columns were chosen because they are structurally
different from each other. Figure 1 shows the grafted ligands
along with the corresponding p𝐾a value of the selected
columns.

2.4. Preparation of Standard Solutions. Stock solutions of the
14 drugs were prepared at a concentration of around 750 ppm
in pure methanol. The injection solutions for the chromato-
graphic runs were diluted from the stock solutions in pure
methanol in order to provide an UV absorbance around
200–250 mAU (milli-absorbance unit) (the concentrations
were within the range ≈100–250 ppm). Between injections,
samples were stored at −25∘C or less to avoid degradation.

2.5. Running Conditions. To analyze samples containing ana-
lytes covering a wide range of log𝑃 and p𝐾a, gradient elution
was preferred to the isocratic elution [3]. The methanol
proportion increased from 2.0% v/v (time = 0min) to 25%
v/v (t = 5min) and was then maintained at 25% (t = 12min).

Table 1: Design of Experiment (DoE) based on Brereton’s method.

𝑇 𝑃 𝐺 Codes
(∘C) (bar) (MeOH%/min)
35 (0) 175 (0) 5.00 (0) 000
53 (+1) 129 (−1) 3.12 (−1) +−−
53 (+1) 220 (+1) 6.83 (+1) +++
16 (−1) 220 (+1) 3.12 (−1) −+−
16 (−1) 129 (−1) 6.83 (+1) −−+
35 (0) 175 (0) 5.00 (0) 000
35 (0) 175 (0) 5.00 (0) 000
53 (+1) 220 (+1) 3.12 (−1) ++−
16 (−1) 220 (+1) 6.83 (+1) −++
53 (+1) 129 (−1) 6.83 (+1) +−+
16 (−1) 129 (−1) 3.12 (−1) − − −
35 (0) 175 (0) 5.00 (0) 000

After the end of each gradient run, the composition of the
mobile phasewas gradually set back to the starting conditions
for 3min before running the next injection. The tested drugs
have been injected separately at 3.0 𝜇L injection volume twice
successively and the average of the retention times was taken
as response. UV detection was carried out at 220 nm. All
runs were operated at a flow rate of 2.0mL/min. Brereton’s
method was applied [39] to set up the Design of Experiment
(DoE). We used a 23 full factorial design (chromatographic
parameters: temperature, pressure, and %MeOH/min). Four
additional central points were provided in the DoE, leading
to 12 experiments corresponding to 9 different conditions.
The selected levels of each parameter and the codes needed
to build the design are presented in Table 1. This design was
the same for each of the eight columns.

2.6. Software. All chromatographic data acquisition and
processing were conducted using Chemstation (rev. B 0402)
(Agilent Software, Waldbronn, Germany) software. The sta-
tistical analysis was performed with MATLAB (The Math-
works, Natick, MA, USA) 9.0.0.341360 (R2016a) and “the N-
way toolbox for MATLAB” [40].

3. Statistical Analysis

3.1. Data Handling

3.1.1. Structure of the Data. The adopted chromatographic
protocol had a good repeatability as evidenced from the
repeated measurements of the condition 000 (the central
point in the design, see Table 1): Coefficient of variation value
on retention times was 1-2% for acidic and neutral drugs and
was 7–11% for basic drugs. As indicated in Table 1, the central
point was repeated four times. For the subsequent analysis,
the mean of the four repetitions was used, reducing the
number of experimental conditions to nine. In the following,
this three-way array is denoted by 𝑋, with elements 𝑥𝑖𝑗𝑘, for
𝑖 = 1 to 𝐼 = 8 (the number of columns), 𝑗 = 1 to 𝐽 = 14
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Figure 1: Structures of the eight tested stationary phases.

(the number of drugs), and 𝑘 = 1 to 𝐾 = 9 (the number of
experimental conditions). For better legibility in the figures,
the column identity is given by the abbreviation of Figure 1,
the drug identity by the 3 first letters of its name, and the
experimental condition by the abbreviation given in Table 1.

3.1.2. PCA and PARAFAC Analyses. In order to use PCA for
the analysis, the 𝐼 × 𝐽 × 𝐾 three-way array must be unfolded
in a two-way array for each factor, a 𝐼 × 𝐽𝐾 matrix for the
columns, a 𝐽 × 𝐼𝐾 matrix for the drugs, and a 𝐾 × 𝐼𝐽 matrix
for the experimental conditions. PCA consists in rewriting
each of thesematrices as the product of amatrix of scores and

a matrix of loadings and approximating the original matrix
by retaining the first components only, typically 2 or 3. The
corresponding 2D or 3D score plot enables visualizing the
projection of the points (drugs, columns, or conditions), and
the composition of the loadings informs about the descriptors
that are responsible for the greatest part of the variance.
Due to the unfolding of the original three-way array, these
loadings combine two factors (column and condition, drug
and condition, and drug and column)whose effects getmixed
up and are hence difficult to interpret.

A PARAFAC model of the three-way array 𝑥𝑖𝑗𝑘 is a
decomposition into trilinear components; that is, it is given
by three weight matrices 𝐶,𝐷, and 𝐸 [41]. A model with 𝑅
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components minimizes the sum of the squared residuals 𝑟𝑖𝑗𝑘
in

𝑥𝑖𝑗𝑘 =
𝑅

∑
𝑟=1

𝑐𝑖𝑟𝑑𝑗𝑟𝑒𝑘𝑟 + 𝑟𝑖𝑗𝑘. (1)

An advantage of PARAFAC is that, for a given number 𝑅
of components, the minimum is unique, while the optimum
number of components can be found by the method of
core consistency [37]. In some cases, it can be interesting
to interpret one of the matrices as a score matrix and the
two others as loading matrices, for example, fluorescence
emission spectra measured at several excitation wavelengths
for several samples.

Here, each weight matrix plays an equivalent role and will
be both considered as weights (on the columns, drugs, or
conditions) and used as scores (i.e., in order to visualize the
points in a 𝑅 dimensional space or smaller): the chromato-
graphic columns will be plotted using the columns of C, the
drugs using those of D, and so forth. Thus, one advantage
of PARAFAC over PCA is to introduce only parameters
with straightforward interpretation. Another reason to prefer
PARAFAC is its parsimony. As a matter of fact, an 𝑅-
component PCA model of an 𝐼 × 𝐽 × 𝐾 array unfolded to an
𝐼×𝐽𝐾matrix possesses 𝑅(𝐼+𝐽𝐾) parameters, whereas the 𝑅-
component PARAFACmodel has only 𝑅(𝐼+𝐽+𝐾). Thus, if a
PARAFAC model is able to represent a three-way data array,
PCA models will also be able to model the unfolded arrays,
but since they contain many more parameters, they will be
prone to overfitting. To summarize, PARAFAC models are
less sensitive to noise than PCA models and provide weights
that can be directly related to the different factors of the three-
way array.

For PCA, the columns of the three matrices were cen-
tered, and we experimented both scaling the columns to
unit norm (which amounts to working on the correlation
matrix) and not scaling them (the same on the covariance
matrix). The results with and without scaling being very
similar and since, for PARAFAC, none of the three factors
are favored, no centering or scaling was performed, the
results shown in the next section are those obtained without
scaling. Whereas principal components are orthogonal and
ordered by decreasing contribution to the explanation of the
variance, PARAFAC weights are not orthogonal, and there is
no natural order between the components. We systematically
ordered the components provided by the N-Way Toolbox in
decreasing order of the squared residuals obtained with each
component separately.

3.1.3. Hierarchical Clustering (HC). Since PCAandPARAFAC
are not grouping methods, we classified the drugs, columns,
and experimental conditions thanks to HC, using as descrip-
tors,

(i) for PCA, the scores of the three PCAs performed on
one of the three matrices obtained by unfolding the
three-way array;

(ii) for PARAFAC, one of the three weight matrices of
PARAFAC.

The scores were centered, not normalized, and the Euclidian
distance was used.

4. Results and Discussion

4.1. Classical PCA Analysis by Unfolding theThree-Way Array.
Before using PARAFAC, classical PCA was applied to the
three matrices obtained by unfolding the three-way array.
When studying the behavior of the columns (described by
the retention times of the 14 drugs in the 9 experimental
conditions), we also worked on the matrix restricted to the
central condition (000). Figures 2(a) and 2(b) show the score
and the loading plots generated on this matrix by a two-
component PCA, which accounts for almost all the variability
(97.1%) of the chromatographic data.

The score plot indicates that Diol and HILIC have a
very similar behavior, while Silica, which is separated from
the others columns by the first component only, displays a
very different behavior. As appearing from the loadings in
Figure 2(b), (1) basic drugs, terfenadine, toremifene, nadolol,
carvedilol, and haloperidol, and (2) acidic drugs, diclofenac
and etodolac, have a big weight on PC1 and PC2, respectively,
in comparison to the other drugs, which indicate that they
play a main role in column classification.

Interestingly, PCA on the whole 8× 126matrix describing
the 8 columns in the 9 experimental conditions leads to
very similar results, as shown by the score plot displayed in
Figure 3.

As indicated in Figure 3, the first two principal com-
ponents also account for almost all the variability (92.5%)
of the complete data. Diol and HILIC are gathered close
to each other, and CN is not so far from them. Silica
remains apart over the nine conditions. Both 2-Et and PPU
showed comparable behavior over the nine conditions. NH2
manifested a unique behavior for drugs separation over the
nine conditions as it is seen alone in the plot PC2. The same
remark is for C4.

The composition of the loadings is given in Figure 4: they
are reshaped in a 14 × 9 matrix to facilitate the interpretation
of the roles of drugs and experimental conditions. Especially
for the first component, the similarity of the weights of the
drugs across conditions is obvious and is due to the use of a
balanced experimental design. A similar behavior is observed
when performing the PCA of the drugs: the weights of the
columns across conditions also vary very little in the loadings.
Thus, it appears that many parameters of the PCAs on the
unfolded three-way array are superfluous and that a trilinear
PARAFAC model is hence likely to capture the effects of the
three factors, columns, drugs, and experimental conditions,
while providingmore straightforward interpretations of these
effects.

4.2. PARAFAC Analysis. Following the core consistency
criterion, a PARAFAC model with 𝑅 = 2 components
and explaining 93% of the variance could model the data
adequately. The two columns of the three weight matrices
𝐶,𝐷, 𝐸 are displayed as bar plots in Figure 5.

The main conclusions of the two previous PCAs are
immediately read on the PARAFAC components: (1) matrix
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Figure 2: (a) Score plot as generated by PCA for the 8 × 14 matrix (8 columns described by 14 drugs in the central condition only). (b)
Loadings of the 8 × 14 matrix (8 columns described by 14 drugs in the central condition only).

𝐶: according to the main component, Silica and, to a lesser
extent, NH2 behave very differently from the others. (2)
Matrix 𝐷: according to the main component, the behaviors
of the basic and acidic drugs are very different. (3) Matrix 𝐸:
the weights of the experimental conditions vary very little.

The PARAFAC matrices can also be used individually
as coordinates similarly to PCA scores for plotting and for
clustering using these coordinates as descriptors.

4.2.1. PARAFAC Based Column Classification. PARAFAC
“score plot” and PARAFAC based HC of the columns are
shown in Figure 6.

As two PARAFAC factors were needed to model column
mode, then this would support the following issues: (a)
there are two main working behaviors for drugs retention

by the columns over the nine conditions and (b) the work-
ing columns can be divided into two categories according
to their attached chemistries. As seen in Figure 6(a), the
large variation in the distribution of the 8 tested columns
indicated the presence of different retention behaviors. HC
was performed on the two first PARAFAC components and
provides equivalent information. The retention behavior will
be explained as follows.

The nature of the interaction between different stationary
phases and probe drugs was explored assuming the follow-
ing behavior: (a) primary interaction involved between the
drug and the main functional group(s) on the surface (Si-
OH or grafted ligand for other phases) and (b) secondary
interactions between drug and residual -OH groups of
the columns. The latter mechanism exists since all tested
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columns in this study were derived from Silica substrate (see
Figure 1). On the other hand, mechanism in SFC depends
on the experimental condition and on the physicochemical
properties of interacting parts (bulkiness of grafted ligand,
chemical states of drugs, and composition of mobile phase)
[42, 43]. Therefore, in the current study, the choice behind
using MeOH specifically as the organic modifier added to
pressurizedCO2 is helpful for improving the final solubility of
solutes, which results in a proper distribution between phases
and hence good separation [42]. Clusters of methanol are
developed in the mobile phase which improve the polarity of
the entire phase [21, 42, 44].

N-grafted bulky ligands of PPU and 2-Et columns pro-
vided long retention time due to the H-bonding with basic
drugs [45]. This long elution time indicated a favorable
interaction between basic drugs and these columns where
this behavior is explained as follows: pH of the mobile
phase CO2/MeOH is known to be 4-5; accordingly, many
basic drugs (p𝐾a = 7.9–9.67) are positively charged due to
protonation of N atom as in our drugs: Nad, Tor, Car, andThe
as indicated from their structures (see Figure 1). At this pH,
the surface of column is mainly in neutral form (or partially
protonated for certain phases like PPU) as indicated in
Figure 1. Primary interactions as electrostatic interactions are
not possible or limited, while the possible interaction would
beH-bonding between polar functional groups in basic drugs
and the surface -OH groups on the columns [43]. Both 2-Et
and PPU phases were clustered close to each other, supposing
the close pattern of retention separation mechanism due to
the similarity in the bulky nature of attached moieties (see
Figure 1).

NH2 was found alone, because the surface is grafted
with amine-based ligand and this may suppress secondary

interactions between polar drugs and residual polar -OH
groups that lead to short elution time for basics solutes in
comparison to the other tested columns [44]. Moreover, the
NH2 bonded phase should be protonated (NH3

+); the basic
compounds are also protonated which explains the repulsion
between the basic compounds and the stationary phase,
leading to the fast elution of basic drugs.

The fast elution of basic compounds was observed in C4
column due to the unavailable polar functional groups to
participate in H-bonding (i.e., the only polar contribution
stems from silanol groups) which means weak interaction of
drugs with this column [29].

Similar retention behavior due to relative strength of H-
bonding was obtained for Diol and HILIC; the two surfaces
were characterized by the presence of high concentration
of bonded -OH groups which explain the close distance
obtained in PARAFAC analysis. Both columns exhibit strong
interactions and long retention times, especially HILIC with
the silanol groups, which should naturally always contribute
to long retention of basic species [29]. The appearance of
polar CN with other OH-based-phases was an interesting
result as the former column is grafted with a different
moiety (see Figure 1). The explanation of this behavior is
that PARAFAC depicted the overall behavior of the columns
over the nine orthogonal conditions. CN column showed
quite long retention times close to those obtained on Diol
and HILIC especially for basic drugs; it was hence clustered
close to them. This is related to the strong interactions with
positively charged drugs. The unpredicted proximity of CN
with H-bonding columns was also attributed to the other
dominating forces between CN column and the aromatic
drugs (𝜋-𝜋 complexation). Protonation of CN ligand in the
studied experimental conditions is not possible and this
excludes the primary interactions (i.e., electrostatic interac-
tions) in this case. However, strong dipole-dipole interactions
may exist, together with interactions with residual silanol
groups (favored by the short length of the bonded alkyl
chain).

Silica was not close to HILIC and Diol although it
provides H-bonding as dominant interaction pathway.This is
related to the different behaviors of basic drugs: terfenadine,
toremifene, nadolol, haloperidol, and carvedilol on Silica
with comparison to HILIC and Diol. These drugs have a big
weight on PC2 and are largely responsible for column clas-
sification as shown in Figure 2(b), which puts Silica apart
from the other columns on the “score” plot. Moreover, the
p𝐾a of silanols on the regular Silica is around 4, while it is
equal to 8 on XBridge HILIC columns, a fact which might
explain the difference in behaviors with drugs.

The main conclusion at this stage is that the columns
were grouped when they exhibit comparable mechanisms for
retaining different drugs including primary and secondary
interactions.

Concerning drugs, acidic drugs (Dic, Ibu, Eto, War, and
Ant) were eluted faster than basic drugs in all conditions [43].
Neutral compounds showed modest affinity to the studied
phases. Neutral and acidic compounds were eluted in a very
short time; this can be explained since the interaction of these
compounds with the eight tested stationary phases would be
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attributed to weak Van Der Waals forces and 𝜋-𝜋 interaction
between these drugs and the grafted ligands attached to the
phases. One point that should be mentioned here is that, for
the Silica column only, carvedilol and nadolol were not eluted
within the frame time of the other columns, leading the Silica
column to be clustered away from the others.

Generally, the chromatographic behaviors of drugs would
be explained in the light of primary and/or secondary
interaction mechanisms. For example, the basic theophylline
drug was eluted with nonpolar drugs like (Ipr and Caf)
over the tested columns, Antiacidic drug was clustered with
neutral Hyd drug which has different chemistry.This unusual

behavior can be explained by assuming different types of
interactions (i.e., primary and secondary ones). On the other
side, secondary interaction was dominant in the retention of
the majority of drugs.

4.2.2.PARAFACOutputs inCondition-Dimension. PARAFAC
“score plot” and PARAFAC based HC of the experimental
conditions are shown in Figure 7.

PARAFAC plots indicated that the tests fall roughly into
two distinct categories. Figures 7(a) and 7(b) reveal that
the experimental conditions were grouped according to the
gradient elution similarity: on one side the conditions of low
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gradient elution (−) and on the other side the conditions of
high gradient elution (+) (including the central point).

The influence of temperature and pressure on clustering
of conditions also needs to be commented upon. The close
distance between conditions −+− and − − − could be related

to the same temperature (16∘C) and the same low gradient
elution 3.12%MeOH/min but different pressures. Along the
same line, conditions +−− and ++− were found in the same
cluster as they were operated at the same temperature (53∘C)
and gradient elution (3.12%MeOH/min). Conditions −−+
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and −++ and +++ and +−+ (same gradient and temperature)
were found in the same cluster. These results revealed that
temperature is more important than pressure. The main
conclusion that would be drawn from the earlier discussion
is that the studied parameters are important but with dif-
ferent impact; gradient elution of MeOH would have a high
influence on the whole process of classifications and on the
possible variations of the chromatographic performances of
the selected columns followed by the temperature and finally
the pressure.

Therefore, according to the results obtained by PARAFAC
analysis, the nine experimental conditions could be reduced
due to the similarities between some conditions. This will
result in lower consumption of solvents, saving of energy, and
increasing the lifetime of columns.

4.2.3. PARAFAC Outputs in Drug-Dimension. In this part,
studying PARAFAC outputs in drug-dimension was ad-
dressed to get a clear insight into the entire SFC process. The
results are graphically depicted in Figure 8.

Based onFigure 8, 70%of the drugswere grouped accord-
ing to their acid-neutral versus basic characteristics as fol-
lows: groupAwhich is amix of neutral and acidic compounds
(ibuprofen, diclofenac, etodolac, warfarin, theophylline,
hydrocortisone, ipriflavone, caffeine, and antipyrine) and
group B (basic compounds) (nadolol, terfenadine, haloperi-
dol, toremifene, and carvedilol). Herein, antipyrine is a
weak base, which behaved like neutral in our conditions,
so it is clustered with neutral hydrocortisone. Theophyl-
line also is a weak acid and behaved as neutral in the current
running conditions; thus it was clusteredwith neutral caffeine
and ipriflavone.

Therefore, based on the above discussion, a subgroup
of the 14 drugs might be selected for running future SFC
characterization. A chromatogram for drugs carried out
in condition −−+ (low temperature and pressure but high
gradient elution) is displayed in Figure 9.

5. Conclusions

PARAFAC was used for efficient and quick column clas-
sification regarding the separation of dissimilar drugs at
different operating conditions. To run PARAFAC, a three-
way array data (columns × drugs × conditions) was shaped
from raw data and modeled to get informative clustering.
The wide ranges of the studied chromatographic conditions
and drugs were clustered to uncover the complex retention
mechanisms often involved in SFC. SFC columns were
grouped when they exhibited comparable mechanisms for
retaining different drugs including primary and secondary
interactions. Regarding the effect of the parameters on
column classifications, the gradient elution of % MeOH was
the dominating parameter over the temperature and the
pressure. Moreover, PARAFAC outputs confirmed that (1)
different conditions in SFC could be minimized into only
two clusters since some conditions were clustered together
(i.e., having the same retention distribution of the dissimilar
drugs over the tested columns) and (2) for similar kinds of
operational conditions, columns, and experiments, a reduced
set of drugs of different chemistries could be involved in
the future. Thus, less efforts, time, and materials will be
consumed in addition to decreasing column ageing. Finally,
the use of PARAFACwas a useful and quick guide for column
classification based on the retention time of compounds
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and for the design of convenient chromatographic future
development and optimization method.
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“Supercritical fluid chromatography in pharmaceutical analy-
sis,” Journal of Pharmaceutical and Biomedical Analysis, vol. 113,
pp. 56–71, 2015.



Journal of Analytical Methods in Chemistry 13

[13] C. Brunelli, M. Dunkle, S. Morris, and P. Sandra, “Development
of a generic gradient sfc method for application in drug dis-
covery and development,” Chromatography Today, 2009.

[14] K. De Klerck, D. Mangelings, and Y. Vander Heyden, “Super-
critical fluid chromatography for the enantioseparation of
pharmaceuticals,” Journal of Pharmaceutical and Biomedical
Analysis, vol. 69, pp. 77–92, 2012.

[15] G. H. Goetz, W. Farrell, M. Shalaeva et al., “High throughput
method for the indirect detection of intramolecular hydrogen
bonding,” Journal of Medicinal Chemistry, vol. 57, no. 7, pp.
2920–2929, 2014.

[16] K. M. Alsante, S. W. Baertschi, M. Coutant, B. L. Marquez, T. R.
Sharp, and T. C. Zelesky, “Degradation and Impurity Analysis
for Pharmaceutical DrugCandidates,” in Separation Science and
Technology, A. Satinder and S. Stephen, Eds., vol. 10, pp. 59–169,
Academic Press, 2011.

[17] A. J. Alexander, T. F. Hooker, and F. P. Tomasella, “Evaluation
of mobile phase gradient supercritical fluid chromatography
for impurity profiling of pharmaceutical compounds,” Journal
of Pharmaceutical and Biomedical Analysis, vol. 70, pp. 77–86,
2012.

[18] C. Galea, D. Mangelings, and Y. V. Heyden, “Method develop-
ment for impurity profiling in SFC: the selection of a dissimilar
set of stationary phases,” Journal of Pharmaceutical and Biomed-
ical Analysis, vol. 111, pp. 333–343, 2015.
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