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Abstract: In this study, water was used as an additive in the methanol-modified carbon dioxide-based
eluent for the elution of some basic organic compounds from a hybrid silica column via supercritical
fluid chromatography (SFC). The experiments were applied to sulfonamides, propranolol, and other
organic nitrogen compounds involving aromatic rings from different classes of amine, pyrimidine,
and purine with different pKa values (the pKa values for the studied analytes range from 4.6 to 10.4).
The results revealed different responses to the different percentages of water addition. Adding 1~2%
of water to the modifier (methanol) led to a positive effect manifested by more symmetrical peak
shapes and reduced retention times for most compounds. The key factor for this improvement in the
properties of chromatographic peaks is due to the adsorption of water on the silanol groups of the
stationary phase, consequently resembling the phenomena observed in hydrophilic interaction liquid
chromatography (HILIC). Moreover, the availability of hydrogen bond acceptor and donor sites in
the analyte structure is an important factor to be considered when adding water as an additive to the
modifier for improving the chromatographic peaks. However, introducing water in an amount higher
than 3% resulted in perturbed chromatographic signals. It was also found that water as an additive
alone could not successfully elute propranolol from the hybrid silica column with an acceptable peak
shape; thus, the addition of a strong base such as amine salts was also necessary. The proposed use of
a particular amount of water in the mobile phase could have a positive effect compared to the same
mobile phase without water, improving the chromatographic peak properties of the elution of some
basic organic compounds from the hybrid silica column.

Keywords: supercritical fluid chromatography; additive role; water as additive; modifier; basic
analytes

1. Introduction

Quality control in chemical industries simply requires facilitating analytical methods
that save both time and chemicals. In this regard, supercritical fluid chromatography (SFC)
is considered complementary to other analytical techniques such as liquid chromatography
(LC) thanks to the short analysis time and low consumption of organic solvents. One of the
most attractive practical aspects of SFC is that it can be tuned to analyze both hydrophobic
compounds in the nonpolar phase [1] and hydrophilic compounds in the polar phase [2].

It has been known for years that incorporating supercritical CO; as a mobile phase in
SFC has limited use due to its low polarity, which is very close to liquid pentane or liquid
hexane [3]; therefore, the majority of SFC experiments are set up with alcohol modifiers to
improve the chromatographic results of the separation [4].

Adding small amounts (0.5-1%) of very polar compounds (called additives) to the
mobile phase is highly favorable for expanding the range of the polarity of the analytes
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that can be analyzed with SFC [5]. For instance, the separation of basic analytes (e.g.,
nitrogen-containing molecules) is considered problematic, as reported by Berger et al. [6],
who studied the elution of a dibenzylamine and benzylamine mixture using different
stationary phases. According to their results, the elution using methanol-modified CO, did
not result in good peak shapes. However, in the presence of isopropylamine (IPAm) as an
additive, an improvement in the peak shapes was obtained. Similar behavior was observed
in the elution of benzene dicarboxylic acid (polyfunctional carboxylic acids) from two diol
and sulfonic acid columns using methanol-carbon dioxide mixtures. The peak shapes were
poor, and long retention times were obtained, but incorporating very polar additives (0.5%
of either citric acid or trifluoroacetic acid) substantially improved the peak shapes [7].

Generally, in SFC, the apparent pH of CO, modified with alcohols is around 5, which
is a result of alkyl carbonic acid formed from the reaction between CO, and alcohol.
Carbonic acid may also be formed, however, in the presence of water as an additive and
CO;, [8,9]. Thus, the basic compounds surrounded by this acidic environment will undergo
an ionization process, and protonated molecules will be formed, causing unfavorable
interactions with the strong adsorption sites on the stationary phase. For this reason, the
use of water as one of the mobile phase components supposedly helps to cover the strong
adsorption sites such as the silanol groups; consequently, the retention mechanism would
be the same as in HILIC, which is basically described as the partitioning of the analytes
between the bulk mobile phase and a water-rich layer of mobile phase adsorbed on the
stationary phase. This mechanism is consistent with the outcomes of earlier studies [10-13],
which emphasized that the mobile phase components (i.e., water molecules) adsorb on the
stationary phase, thus modifying the surface chemistry of the packing material.

In related studies that focused on improving the efficiency and peak shapes of the
studied compounds, uracil was eluted with good peak shapes from the polar stationary
phases (silica-bonded diol, cyanopropyl, and 2-ethyl pyridine) without the use of any
additives in the mobile phase [12]. For sulfonamides, SFC is considered a greener and faster
alternative than HPLC, which is a suitable choice for the quantitative analysis of these
compounds. Perkins et al. showed that a gradient mode of a simple MeOH-CO, mobile
phase was able to separate a mixture of eight sulfonamides from a packed amino-bonded
Spherisorb column [14]. Afterward, Combs et al. separated eight sulfonamides from silica
and an amino column connected in series using a gradient MeOH-CO, mobile phase to
obtain a good resolution without peak co-elution [15]. In another study, nine components
of sulfonamides were baseline-separated within 4 min in isocratic elution mode using a
1.8 um RX-SIL (fully porous silica) column [16].

There is a lack of studies that report the enantiomeric separation of racemic propranolol
hydrochloride salt from a chiral stationary phase using the MeOH-CO, mobile phase
without additives [17], while different attempts are available for propranolol HCl separation
from the non-chiral columns without additives. Bailey et al. showed that propranolol HCI
eluted with a tailed peak from both aminopropyl and diol-bonded silica columns using the
MeOH-CO; mobile phase, but for better chromatographic results, the use of triethylamine
(TEA) as an additive (to reduce the interactions between solute and free silanol groups on
the surface of the stationary phase) was recommended to obtain a symmetrical peak [18].
Other stationary phases, e.g., Luna HILIC Diol, were tested for the same purpose, but
the best result with a baseline separation for a mixture containing propranolol HCI was
obtained on a Princeton SFC 2-EP column in a gradient elution mode of the MeOH-CO,
mobile phase without the use of additives [19]. More information about the propranolol
HCl elution from different stationary phases with or without additives can be found in [20].

1.1. Additive Behavior in SFC

The influence of additives in SFC has been studied by several research groups [19]. Em-
ploying additives was introduced as an approach for treating the associated problems with
the peak elution of basic analytes [21,22], such as improving the elution of phenylthiohy-
dantoin amino acid (PTH-AA) derivatives using supercritical CO, modified with methanol
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containing tetramethylammonium hydroxide as an ion-pairing reagent. A study [23] indi-
cated that the use of ion-pairing agents as additives for enantiomeric compound separation
improves separation efficiency. The results of another study [24] revealed that the peak
shapes and retention times of organic nitrogen-containing compounds were significantly
improved with the modified CO;-containing isopropylamine additive compared to those
without the use of additives.

Regarding the role of additives in improving the peak shape and separation efficiency,
different mechanisms have been suggested. These include (i) covering the residual silanol
groups of a bonded silica stationary phase, as silanols are one of the main reasons for the
poor quality of peak shapes [25]; (ii) ion pair formation between the ionizable solutes and
additives [26]; (iii) the suppression of solute ionization (for instance, a strong acid additive
could help ion suppression for less acidic solutes [5], and the same concept can be applied
for basic solutes using a strong base additive); (iv) additive adsorption on stationary phases
may enhance or cancel specific interactions between analytes and adsorbed additives [10],
and another result of additive adsorption is that it can modify the polarity of a stationary
phase [11]; and (v) modifying the apparent pH of the mobile phase, which can lead to
different ionization states of the analytes, which in turn, influences the retention of the
analytes [8].

1.2. Using Water as an Additive in SFC

The main features of water—besides being the most environmentally friendly solvent—are
that it has a very high polarity character (i.e., solvent polarity parameter P’ = 10.2 for water,
P’ = 5.1 for methanol, and P’ = 0 for pentane). Water can act both as a hydrogen acceptor
and a hydrogen donor. These properties are expected to give water a significant role as an
additive with CO,-based mobile phases in SFC [27].

Recent studies about introducing water to the modified CO, [10] have shown that
water competes with methanol to adsorb on the hybrid silica stationary phase, which is
considered one of the main reasons influencing the retention of the compounds that can
form hydrogen bonding interactions.

An interesting study was conducted by Roy et al., where they measured the polarity
of a mixture of CO; modified with 10-40% methanol with and without adding water, and
they observed that the use of 40% methanol as a modifier containing 6% water resulted in
very little change in the polarity of the mixture compared to the mixture without water. The
results were obtained by measuring the transition energy of Nile Red as a solvatochromic
probe [28]. A similar experiment was performed by West et al., referring to a very slight
change in the mobile phase polarity when the methanol content in the eluent was 60%,
containing 1.2% water in the total mobile phase [8]. Considering these findings and, at
the same time, the ability of water as an additive in the ternary mobile phase to impart an
influence on the separation process, we found that the influence of water on the analyte’s
retention is attributed to water adsorption on the stationary phase, consequently modifying
the interaction between solutes and the stationary phase.

The use of water as an additive in SFC has been utilized by a few research groups. For
instance, it was observed that the separation efficiency increased for compounds that have
a higher retention factor than water on a silica-bounded cyclofructan-6 (HILIC) stationary
phase; additionally, the gain in efficiency was lucid for most of the analytes on the bare
silica stationary phase [29]. Lafosse et al. used CO, modified with 21.6% of a methanol-
water—triethylamine mixture for phospholipid separation on a Zorbax silica column [30].
Also, water was used with methanol-modified CO; to elute monosaccharides and polyols
from silica and trimethylsilyl (TMS)-bonded silica stationary phases in SFC [31]. Ashraf-
Khorassani et al. reported that the presence of water in the mobile phase yielded sharper
peaks and enhanced the separation resolution for the sulfonamide mixture and the neutral
compounds’ mixture (containing caffeine and uracil analytes) from a bare silica column,
but for the mixture of acidic compounds, similar chromatographic data were obtained with
or without water [13].
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According to the results of [12], it was found that water was significantly more useful
and superior to formic acid to elute water-soluble nucleobases from polar stationary phases
with sharp peaks using a gradient mode of alcohol-modified CO;.

The use of a combination of water and another compound, such as ammonium hydrox-
ide, as an additive in the mobile phase [32] gave rise to enhanced peak shape and selectivity
of polar compounds because of the formation of a chaotropic agent (carbonate/bicarbonate
anion), which obstructs undesired hydrogen bonds between the analytes and the stationary
phase. Regarding the effect of water usage on chiral separation, the results demonstrated
that a dramatic gain in the separation efficiency of hydrophilic phases—compared to hy-
drophobic phases—also leads to a decrease in the retention times of hydrophilic stationary
phases [28]. Other applications of using water as an additive are reported in [33,34].

In the present work, water was evaluated as an additive to a methanol-modified
CO;-based eluent for the elution of some basic analytes from a hybrid silica column. The
evaluation was performed based on a comparison between the chromatographic results
obtained with the modified mobile phase in the presence of water and without adding water.
This attempt is a step toward operating SFC with less consumption of organic chemicals.

2. Results and Discussion

The use of water in the mobile phase was required for our experiments, so it is worth
noting that the water content in the mobile phase is limited because of the miscibility issue
between water and CO,, which can be enhanced by adding higher amounts of the polar
solvents in the total mobile phase volume [35]. In our study, 7% water in the modifier
showed a disturbed baseline even when a small portion of the modifier (3%) was in the
mobile phase; therefore, 6% water in the modifier was the maximum percentage that was
used in this study.

The analytes used in this study are shown in Figure 1. All of these compounds or their
derivatives are widely used in the pharmaceutical industry. They were chosen to exhibit a
distinctive behavior on the Viridis BEH column, as will be shown in the next sections.
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Sulfamethazine Sulfamethizole Propranolol HCI
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pKa, =7.65 pKa, =5.3

Figure 1. Molecular structures of the polar analytes with their pKa values.
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2.1. Peak Shapes and Symmetry Factor

The preliminary experiments on the Viridis BEH (hybrid silica) column were per-
formed using neat supercritical CO; as the mobile phase. As expected, CO, was not able to
elute any of the analytes except aniline, for which a tailing peak was obtained, as shown
in Figure 2. This peak eluted early (approximately three times the void time). The short
retention time may be caused by the low probability of aniline forming a hydrogen bond
with the adsorption sites of the stationary phase because the only lone pair on the nitrogen
atom in the aniline molecule interacts with pi electrons in the benzene ring; thus, it can be
easily eluted with CO;. On the other hand, the role of water as an additive in the mobile
phase on the retention of analytes could be more obvious with other analytes. As shown
in the comparison of chromatograms in Figure 3, by adding 1-2% water as an additive to
the modifier (methanol) that forms 3% of the mobile phase, the peak shapes somewhat
improved for the analytes uracil, sulfamethazine, and sulfamethizole.

Pure CO2

0.2 1

0.6 7

AU

0.4 1

. k

0 I T T
0 0s 1 18 2

Time (min)

Figure 2. Chromatogram of aniline on the Viridis BEH column (50 X 3 mm) using 100% CO, as
mobile phase at 26 °C column temperature, back pressure 150 bar, flow rate of 2 mL/min, and UV
detection at 204 nm.

On the one hand, water was able to interact with the adsorption sites (silanol groups)
on the stationary phase, which have a high affinity for polar molecules; thus, it reduced
the interaction possibility between the solutes and these sites. On the other hand, by
adsorbing water on the stationary phase, the polar analytes eluted from the column because
of partitioning into this layer and the mobile phase, but an excess of water in the mobile
phase presented the possibility for an excess amount to surround the polar molecules; thus,
they retained in the solvated stationary phase with water for a longer time, resulting in
wider peaks and less efficiency.

For the caffeine solute, as represented by the chromatograms in Figure 4, adding water
up to 3% to the modifier resulted in very little improvement in the peak shapes and slightly
decreased retention time, similar to the elution with methanol-modified CO, (without
water). The reason that adding water to the mobile phase could not greatly contribute to
the enhancement of caffeine retention may be due to the absence of the hydrogen bond
donors, that only three acceptors were available, and because of the weakly hydrated flat
faces of the caffeine molecule. Furthermore, adding more than 3% of water to the modifier
gave rise to deformed peaks for caffeine. This caused unusual results of the symmetry
factor and efficiency, as will be discussed in a subsequent section.
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Figure 3. Influence of different water content on the elution of (A) uracil, (B) sulfamethazine, and
(C) sulfamethizole on the Viridis BEH column with CO,/modifier (97:3, v/v). The modifier was
either neat methanol or methanol with the addition of water in different percentages, as indicated in
the figure. Other analytical conditions are the same as in Figure 2.
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Figure 4. Comparison of chromatograms for the influence of different water percentages on the
elution of caffeine with CO, /modifier (97:3, v/v). The modifier was either neat methanol or methanol
with the addition of water in different percentages, as indicated in the figure. Other analytical
conditions are the same as in Figure 2.

The elution of a racemic mixture of (£) propranolol HCl on a hybrid silica column in
the presence of water as an additive with methanol-modified CO, was not successful in
eluting the solute with an acceptable peak shape. Therefore, mixing a small amount of a
basic additive (for ion suppression) with the modifier was required to obtain a convenient
retention time with a good peak shape.
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The effects of three common basic additives, namely diethylamine (DEA), ammonium
hydroxide (NH4OH), and trimethylamine (TEA) with or without water, were studied for
propranolol HCI elution. The mixture of an additive and modifier formed 15% of the
total mobile phase. The results obtained for the different basic additives employed in the
modifier were clearly different from each other, as presented in Figure 5.

0.9
0.1% NH40OH
0.8 —— —— 0.1% NH4OH + 0.5% water
0.3 ——— 0.1% DEA
0.6 —— — 0.1% DEA + 1% water
——— 0.1% TEA
) 0.s [} —— — 0.1% TEA + 1% water
< o4
0.3
0.2
01
0 R
0 0S8 1 18 2

Time (min)

Figure 5. Comparison of chromatograms for the influence of different mobile phase additives on
the elution of (£) propranolol HCI with the mobile phase composition: CO, /modifier (85:15, v/v),
dashed lines: additive with water; solid lines: additive without water. The rest of the analytical
conditions are the same as in Figure 2.

The combined additive of 0.5% water and 0.1% ammonium hydroxide solution was
added to the methanol modifier, which positively influenced the peak shape, signal inten-
sity, and retention time in comparison to the addition of 0.1% ammonium hydroxide but
no water. This combination of additives was reported as a chaotropic agent by Liu and
co-workers [32] (see Section 1.2). Incorporating an amine salt with water as an additive
caused different effects on the propranolol HCI elution from the column. As noticed,
adding 1% water to methanol containing 0.1% TEA did not affect the propranolol HCl
elution compared to that without water, while with the use of DEA instead of TEA, at the
same concentration, the presence of water caused a decrease in the signal intensity of the
propranolol HCI peak to half, and the peak shape was negatively influenced compared to
the use of DEA without water, probably due to the slow mass transfer of the analyte in
the presence of adsorbed water on the stationary phase. The aforementioned observations
with propranolol HCI separation emphasize that water played propitious and unpropitious
roles in the elution process according to the mobile phase components.

The symmetry factor of the recorded peaks was estimated as an indicator for the
peak quality of caffeine, uracil, sulfamethazine, and sulfamethizole, which are shown in
Figures 3 and 4, in accordance with the water amount in the modifier. The corresponding
values for the symmetry factor of each analyte were very similar to those for the other
studied compounds (except for caffeine, where there was an anomalous trend when the
water amount was higher than 3%). The results in Figure 6 show that the symmetry of
peaks was improved (symmetry factor value close to 1) by adding water to the modifier,
indicating that 2-3% water in the modifier was enough to treat the peak tailing for the
analytes studied.
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Figure 6. Effect of the water percentage on the symmetry factor values for the elution of four analytes
on the Viridis BEH column with the mobile phase composition: CO, /modifier (97:3, v/v).

2.2. Retention Time and Peak Efficiency

According to Figure 4, caffeine was easy to elute from the column using the modified
CO; with methanol in the presence of water or even without water; moreover, we noticed
that caffeine eluted earlier when the water percentage in the modifier increased, which
can be attributed, as previously mentioned, to the relatively low hydrophilic character
of caffeine.

As can be seen in Figure 3, with 1% water content in the modifier, the retention times of
uracil, sulfamethazine, and sulfamethizole decreased. Then, as the water content increased
in the modifier, their retention time increased accordingly. This might be the result of more
analyte molecules being surrounded by the water molecules, thus increasing the analyte
attraction toward the adsorbed water molecules on the stationary phase. This can also be
the reason why the high water content has a negative impact on the symmetry factor of the
peak shape of these compounds, as also discussed earlier in Section 2.1. As also noticed
from the chromatograms in Figure 3, the signal intensity of the peaks first increased when
using 1% of water in the modifier, and then, as the water percentage increased, the peak
intensities became smaller because of the increased retention times.

As shown in Figure 3, sulfamethizole was the most retained compound among the
analytes with or without water addition, which may be due to the large number of hydrogen
bond donors and acceptors present in the sulfamethizole molecule, enabling it to retain
longer in the stationary phase.

The effect of water on the propranolol HCl retention times can be either compatible or
incompatible, as shown in the chromatograms of propranolol HCl in Figure 5. Adding 1%
water to the modifier in the presence of the DEA additive resulted in a negative impact,
where a higher retention and a wider peak shape were obtained. This was presumably
due to the formation of a positively charged amine in the DEA molecule (note that the
lone pair of electrons on the nitrogen atom can accept a proton from water, resulting in
positively charged nitrogen), causing less efficiency for suppressing the ionization of basic
propranolol molecules, producing a tailing peak and higher retention time than the peak
resulting from the use of DEA additive without water addition.
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Incorporating water with TEA as an additive (where TEA has less basicity than DEA
because of the steric hindrance of the TEA molecule) yielded an additive mixture that did
not affect the propranolol HCl retention time compared to the case when TEA was used
alone. Meanwhile, the use of ammonium hydroxide solution alone could not provide total
ion suppression of propranolol HCl because the pKawrsom) (9.26) is slightly smaller than
PKagropranoton (945), accordingly, a tailed propranolol HCI peak was obtained. However,
in the case of adding a mixture of water and ammonia solution as an additive to the
mobile phase, it was able to form the carbonate/bicarbonate anion under SFC conditions
(as mentioned earlier in Section 2.1), which is responsible for the improvement in the
chromatographic results of the hydrophilic analytes. In this regard, the use of DEA alone
as an additive in the modifier gave the best result for the propranolol HCI elution. Thus, an
important conclusion can be emphasized here that water can have a significant effect on
retention by interacting not only with components in the stationary phase but also with
other components of the mobile phase.

The efficiency of the analyte peaks was evaluated by plotting the amount of water
against efficiency, as represented in Figures 7 and 8. Admittedly, since we observed
different trends in water use for the elution of the studied analytes, it was expected that
the efficiency values for those analytes would exhibit different trends as well. For instance,
the efficiency of the uracil peak was not influenced by the water amount under the used
range of water content, but for the caffeine peaks with a water amount higher than 3%, a
loss in efficiency was observed, which was caused by the disruption of chromatographic
peaks. In comparison, for sulfamethazine and sulfamethizole analytes, a slight increase
in the plate counts at 1% of water was observed, followed by a decreasing trend due
to the wide peak shapes. Also, it is obvious that the difference in efficiency (N values)
between two consecutive points of sulfamethizole was larger than those for the other
analytes. This means that the presence of water could largely affect the peak efficiency of
sulfamethizole more than the rest of the analytes, which might be attributed to the high
number of hydrogen bond acceptor/donor sites (7/2) in the molecule of sulfamethizole.

€500 -
SS00
4s00
2 3500 -
2500 -
1500

Soo T T T T T T 1
0 1 2 3 4 S §

\X/ater percentage in the modifier %

=@ Caffeine Uracil

Figure 7. Effect of the water percentage on the calculated efficiency values for caffeine and uracil
elution on the Viridis BEH column with the mobile phase composition: CO, /modifier (97:3, v/v).
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Figure 8. Effect of water percentage on the calculated efficiency values for the elution of sul-
famethazine and sulfamethizole on the Viridis BEH column with the mobile phase composition:
CO, /modifier (97:3, v/v).

2.3. Effect of the Modifier Percentage

It is widely known in SFC that increasing the polar modifier proportion in the mo-
bile phase, even in a small amount, increases the eluent strength, thereby increasing the
analyte-mobile phase interactions and, consequently, modifying the retention of solutes [8].
In our study, two proportions of the modifier (3% and 5%) were used in the mobile phase to
investigate the impact of increasing the amount of modifier containing water as an additive
on the elution of uracil, sulfamethazine, and caffeine analytes. The water content in the
modifier was between 0 and 6%.

The presented chromatograms in Figures 9-11 of uracil, sulfamethazine, and caffeine,
respectively, confirm that the use of a higher amount of the modifier significantly reduces
the analyte retention while producing a sharp peak and more than doubling the intensity
of the detector signal (the chromatograms of sulfamethizole at 95% CO, + 5% modifier
have the same trend of response as the chromatograms for both uracil and sulfamethazine;
thus, they are not presented here). At the same time, a deformation in the analyte peak
shape can be noticed due to the competition between the analyte and methanol to adsorb
on the stationary phase, such as in the case of uracil at CO, /modifier (95:5, v/v), where
the modifier was methanol containing 6% water. It is noteworthy that increasing the
modifier content in the mobile phase apparently diminished the improvement role of
water for the analytes; thus, the effective role of water in improving the properties of
chromatographic peaks was more obvious at low modifier content in the mobile phase.
For the sake of supporting the latter conclusion, additional experiments were conducted
with CO, /modifier (90:10, v/v). The findings showed that the water content in the mobile
phase had no effect on the retention time or peak symmetry of the compounds under
investigation. Another set of measurements was carried out with CO, /modifier (99:1, v/v),
but the eluent strength was not enough to elute uracil, sulfamethazine, and sulfamethizole,
and only a single chromatographic peak was recorded for caffeine.
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Figure 9. Comparison of the influence of increasing modifier percentage on the elution of uracil
on the Viridis BEH column, where the mobile phase consisted of (A) CO,/modifier (97:3, v/v) and
(B) CO, /modifier (95:5, v/v). The modifier was either neat methanol or methanol with the addition
of water in different percentages, as indicated in the figure. Other analytical conditions are the same
as in Figure 2.
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Figure 10. Comparison of the influence of increasing modifier percentage on the elution of sul-
famethazine from the Viridis BEH column: (A) CO,/methanol (97:3, v/v); (B) CO, /methanol (95:5,
v/v). The modifier was either neat methanol or methanol with the addition of water in different
percentages, as indicated in the figure. The rest of the analytical conditions are the same as in Figure 2.
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Figure 11. Comparison of the influence of increasing modifier percentage on the elution of caffeine
with a flow rate of 1 mL/min: (A) CO,/modifier (97:3, v/v); (B) CO,/modifier (95:5, v/v). The
modifier was either neat methanol or methanol with the addition of water in different percentages, as
indicated in the figure. The rest of the analytical conditions are the same as in Figure 2.

3. Experimental Procedures
3.1. Equipment

The measurements were acquired using an ACQUITY UPC? system from Waters
Corporation (Milford, MA, USA). The system is supplied with Empower 3 software for
controlling the measurements and recording chromatograms. The instrument includes a
binary pump, namely (1) a cooled pump for carbon dioxide and (2) a modifier pump that
can be utilized up to four channels with integrated vacuum degassing; an auto-sampler
with a 10 uL sample loop; a temperature-controlled column compartment for up to three
columns; a regulator (convergence manager unit) to monitor and regulate the pressure
of carbon dioxide and maintain the set back-pressure value; and a diode array UV /VIS
detector. In this study, a hybrid silica Viridis BEH column 50 x 3 mm packed with 1.7 ym
spherical particle from Waters Corporation (Milford, MA, USA) was employed, with the
specific surface area of Spgr =340 m?2/ g and 130 A pore size.

3.2. Standards and Chemicals

CO, with a purity of 99.5% was used as the main mobile phase from Linde Group
(Répcelak, Hungary). Methanol used as a modifier and water as an additive with HPLC
grade purity were purchased from Fisher Chemicals (Loughborough, UK). The analytical
standards with at least 99% purity were aniline (ANI), uracil (URA), (£), propranolol HCl
(PRO), sulfamethazine (ZIN), and sulfamethizole (ZOL) from Sigma-Aldrich (Steinheim,
Germany) and anhydrous caffeine (CAF) from Fluka (Seelze, Germany). Chemicals used
in the experiments, such as diethylamine (DEA) and triethylamine (TEA), were obtained
from Honeywell-Fluka (Seelze, Germany), and 32% ammonia solution was acquired from
VWR (Fontenay-sous-Bois, France).

3.3. Chromatographic Experiments

The experiments were carried out with values set at 26 °C, 150 bar, 2 mL/min of
column temperature, back pressure, and flow rate, respectively; the detector signal was
recorded at 204 nm. All the samples were dissolved in methanol at a concentration of
0.5 mg/1.5 mL, except for aniline, for which the concentration was 1 pL/1.5 mL. The
sample injection volume was 1 pL.
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The symmetry factors for the chromatographic peaks were calculated with Empower
3 software using the following formula:

_ Wo.05
As = 2d

where wy 5 is the width of the peak at 5% of the peak height, and d is the distance between
the perpendicular dropped from the peak maximum and the leading edge of the peak at
5% of the peak height. The separation efficiency was estimated with Empower 3 software
according to the formula of the European Pharmacopoeia as follows:

+ 2
N:5M<R>
Wy,

where fr is the retention time of the peak corresponding to the component; wy, is the width
of the peak at half-height.

4. Conclusions

This work is a complementary study to our previous work about the competitive
adsorption of methanol and water on the applied hybrid silica column [1], which is an
attempt to use SFC with less organic solvent consumption. The results indicate that
employing a very small amount of water 0.03-0.06% in the total mobile phase can improve
efficiency, decrease retention time, and produce more symmetrical peaks for the studied
solutes, except for propranolol HCl. This improvement is assumed to depend on the
availability of hydrogen bonding acceptor/donor sites in the analyte structure (as seen
in uracil, sulfamethazine, and sulfamethizole), whereas in the case of the weak hydrogen
bond acceptor analyte (caffeine), water could not significantly affect retention and efficiency.
It is worth mentioning that, since there was no change in the polarity of the solvatochromic
probe by adding water to the methanol-CO; mixture (as mentioned in Section 1.2), it was
found that the adsorption of a small amount of water on the stationary phase led to a
change in the retention process of the analytes.

It was noticed that while the use of the modifier at a higher percentage in the mobile
phase could positively impact the peak shape and intensity of the signal, and it also
decreased the retention time significantly, it could diminish the role of water in improving
the properties of chromatographic peaks. Meanwhile, it was observed that the use of water
as an additive was not able to elute a strong basic solute such as propranolol HCI with
an acceptable peak shape. Furthermore, it was observed that incorporating water as the
additive could affect retention by interacting not only with components in the stationary
phase but also with other components of the mobile phase, which was observed with
the combined additive of HyO + NH4OH, which positively influenced the peak shape,
signal intensity, and retention time in comparison to the addition of NH4OH alone. By
contrast, the combined additive of diethylamine and water decreased the peak intensity,
and a wider peak was obtained compared to the case of diethylamine alone. In summary,
incorporating a limited amount of water as an additive to the mobile phase has a favorable
role in improving the efficiency and peak shapes for the elution of some basic solutes from
a hybrid silica stationary phase.

Author Contributions: M.Y.K.: investigation, writing—original draft preparation, and visualization;
A.F.: conceptualization, writing—review and editing, supervision, and funding acquisition. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NKFIH OTKA grant K143916. This work was sponsored by
the Stipendium Hungaricum Program, Tempus Public Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Molecules 2024, 29, 2124 14 of 15

Data Availability Statement: Data are contained within the article.

Acknowledgments: We are thankful to Abhijit Tarafder and Waters Corporation (Milford, MA, USA)
for the long-term generous loan of the ACQUITY UPC?2 equipment.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Kazmouz, M.Y,; Rédei, C.; Felinger, A. The adsorption of methanol on reversed phase stationary phases in supercritical fluid
chromatography. J. Chromatogr. A 2021, 1653, 462386. [CrossRef]

2. Huang, Y.; Wang, T.; Fillet, M.; Crommen, J.; Jiang, Z. Simultaneous determination of amino acids in different teas using
supercritical fluid chromatography coupled with single quadrupole mass spectrometry. J. Pharm. Anal. 2019, 9, 254-258.
[CrossRef]

3. Deye, ].F; Berger, T.A.; Anderson, A.G. Nile Red as a solvatochromic dye for measuring solvent strength in normal liquids and
mixtures of normal liquids with supercritical and near critical fluids. Anal. Chem. 1990, 62, 615-622. [CrossRef]

4. Upnmoor, D.; Brunner, G. Retention of acidic and basic compounds in packed column supercritical fluid chromatography.
Chromatographia 1989, 28, 449-454. [CrossRef]

5. Berger, T.A,; Deye, ].F. Role of additives in packed column supercritical fluid chromatography: Suppression of solute ionization.
J. Chromatogr. A 1991, 547, 377-392. [CrossRef]

6.  Berger, T.A.; Deye, ].F. Effect of basic additives on peak shapes of strong bases separated by packed-column supercritical fluid
chromatography. J. Chromatogr. Sci. 1991, 29, 310-317. [CrossRef]

7. Berger, T.A,; Deye, ].E. Separation of hydroxybenzoic acids by packed column supercritical fluid chromatography using modified
fluids with very polar additives. J. Chromatogr. Sci. 1991, 29, 26-30. [CrossRef]

8. West, C. Unravelling the effects of mobile phase additives in supercritical fluid chromatography. Part I: Polarity and acidity of the
mobile phase. . Chromatogr. A 2017, 1492, 136-143. [CrossRef] [PubMed]

9. Speybrouck, D.; Doublet, C.; Cardinael, P; Fiol-Petit, C.; Corens, D. The effect of high concentration additive on chiral separations
in supercritical fluid chromatography. J. Chromatogr. A 2017, 1510, 89-99. [CrossRef]

10. Kazmouz, M.Y,; Felinger, A. The competitive adsorption of water and methanol on a hybrid silica stationary phase in supercritical
fluid chromatography. Separations 2023, 10, 492. [CrossRef]

11. Lesellier, E.; West, C. The many faces of packed column supercritical fluid Chromatography—A critical review. J. Chromatogr. A
2015, 1382, 2—-46. [CrossRef] [PubMed]

12.  Ashraf-Khorassani, M.; Taylor, L.T. Subcritical fluid chromatography of water soluble nucleobases on various polar stationary
phases facilitated with alcohol-modified CO, and water as the polar additive. J. Sep. Sci. 2010, 33, 1682-1691. [CrossRef] [PubMed]

13.  Ashraf-Khorassani, M.; Taylor, L.; Seest, E. Screening strategies for achiral supercritical fluid chromatography employing
hydrophilic interaction liquid chromatography-like parameters. J. Chromatogr. A 2012, 1229, 237-248. [CrossRef] [PubMed]

14. Perkins, J.R.; Games, D.E.; Startin, J.R.; Gilbert, J. Analysis of sulphonamides using supercritical fluid chromatography and
supercritical fluid chromatography—Mass spectrometry. J. Chromatogr. A 1991, 540, 239-256. [CrossRef] [PubMed]

15. Combs, M.; Ashraf-Khorassani, M.; Taylo, L. Method development for the separation of sulfonamides by supercritical fluid
chromatography. J. Chromatogr. Sci. 1997, 35, 176-180. [CrossRef]

16. Berger, T.A.; Berger, B.K. Separation of 9 sulfonamide drugs in ~4 min by ultra-high performance supercritical fluid chromatogra-
phy (UHPSEC): With a feasibility study for detection in milk. Chromatographia 2013, 76, 1631-1639. [CrossRef]

17.  Geiser, E; Schultz, M.; Betz, L.; Shaimi, M.; Lee, J.; Champion, W.,, Jr. Direct, preparative enantioselective chromatography of
propranolol hydrochloride and thioridazine hydrochloride using carbon dioxide-based mobile phases. . Chromatogr. A 1999, 865,
227-233. [CrossRef]

18. Bailey, C.; Ruane, R.; Wilson, I. Packed-column supercritical fluid chromatography of 3-blockers. J. Chromatogr. Sci. 1994, 32,
426-429. [CrossRef]

19. Perrenoud, A.G.-G.; Boccard, J.; Veuthey, J.-L.; Guillarme, D. Analysis of basic compounds by supercritical fluid chromatography:
Attempts to improve peak shape and maintain mass spectrometry compatibility. . Chromatogr. A 2012, 1262, 205-213. [CrossRef]

20. Zheng, ].; Taylor, L.T.; Pinkston, ].D. Elution of Cationic Species with/without Ion Pair Reagents from Polar Stationary Phases via
SFC. Chromatographia 2006, 63, 267-276. [CrossRef]

21. Ashraf-Khorassani, M.; Fessahaie, M.G.; Taylor, L.T.; Berger, T.A.; Deye, ].F. Rapid and efficient separation of PTH-amino acids
employing supercritical CO, and an ion pairing agent. . High Resolut. Chromatogr. Chromatogr. Commun. 1988, 11, 352-353.
[CrossRef]

22. Berger, T,; Deye, ].E,; Ashraf-Khorassani, M.; Taylor, L. Gradient separation of pth-amino acids employing supercritical cop and
modifiers. J. Chromatogr. Sci. 1989, 27, 105-110. [CrossRef] [PubMed]

23. Steuer, W.; Schindler, M.; Schill, G.; Erni, F. Supercritical fluid chromatography with ion-pairing modifiers separation of
enantiomeric i,2-aminoalcohols as diastereomeric ion pairs. J. Chromatogr. 1988, 447, 287-296. [CrossRef]

24. Berger, T.A.; Wilson, W.H. Separation of anilines, benzamides, benzylamines, and phenylethylamines by packed-column

supercritical fluid chromatography. J. Chromatogr. Sci. 1993, 31, 127-132. [CrossRef]


https://doi.org/10.1016/j.chroma.2021.462386
https://doi.org/10.1016/j.jpha.2019.05.001
https://doi.org/10.1021/ac00205a015
https://doi.org/10.1007/BF02261058
https://doi.org/10.1016/S0021-9673(01)88661-1
https://doi.org/10.1093/chromsci/29.7.310
https://doi.org/10.1093/chromsci/29.1.26
https://doi.org/10.1016/j.chroma.2017.02.066
https://www.ncbi.nlm.nih.gov/pubmed/28274478
https://doi.org/10.1016/j.chroma.2017.06.049
https://doi.org/10.3390/separations10090492
https://doi.org/10.1016/j.chroma.2014.12.083
https://www.ncbi.nlm.nih.gov/pubmed/25604272
https://doi.org/10.1002/jssc.201000047
https://www.ncbi.nlm.nih.gov/pubmed/20405490
https://doi.org/10.1016/j.chroma.2011.12.089
https://www.ncbi.nlm.nih.gov/pubmed/22305359
https://doi.org/10.1016/S0021-9673(01)88813-0
https://www.ncbi.nlm.nih.gov/pubmed/2071688
https://doi.org/10.1093/chromsci/35.4.176
https://doi.org/10.1007/s10337-013-2539-y
https://doi.org/10.1016/S0021-9673(99)01117-6
https://doi.org/10.1093/chromsci/32.10.426
https://doi.org/10.1016/j.chroma.2012.08.091
https://doi.org/10.1365/s10337-006-0731-z
https://doi.org/10.1002/jhrc.1240110414
https://doi.org/10.1093/chromsci/27.3.105
https://www.ncbi.nlm.nih.gov/pubmed/2708495
https://doi.org/10.1016/S0021-9673(01)91488-8
https://doi.org/10.1093/chromsci/31.4.127

Molecules 2024, 29, 2124 15 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Engelhardt, H.; Gross, A.; Mertens, R.; Petersen, M. High-performance liquid chromatographic columns and stationary phases in
supercritical-fluid chromatography. |. Chromatogr. 1989, 477, 169-183. [CrossRef]

Patel, M.; Hardink, M.; Wrisely, L.; Riley, F.; Hudalla, C.; Ashraf-Khorassani, M.; Taylor, L. Evolution of strategies to achieve
baseline separation of ten anionic, water-soluble sulfated estrogens via achiral packed column supercritical fluid chromatography.
J. Chromatogr. A 2014, 1370, 240-245. [CrossRef] [PubMed]

Snyder, L.R.; Kirkland, J.J. Introduction to Modern Liquid Chromatography; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1979.
Daipayan, R.; Wahab, M.F,; Berger, T.A.; Armstrong, D.W. Ramifications and insights on the role of water in chiral sub/supercritical
fluid chromatography. Anal. Chem. 2019, 91, 14672-14680.

Khvalbota, L.; Roy, D.; Wahab, M.F,; Firooz, S.K.; Machyiiakovéd, A.; épénik, I.; Armstrong, D.W. Enhancing supercritical fluid
chromatographic efficiency: Predicting effects of small aqueous additives. Anal. Chim. Acta 2020, 1120, 75-84. [CrossRef]
[PubMed]

Lafosse, M.; Elfakir, C.; Morin-Allory, L.; Dreux, M. The advantages of evaporative light scattering detection in pharmaceutical
analysis by high performance liquid chromatography and supercritical fluid chromatography. J. High Resolut. Chromatogr. 1992,
15, 312-318. [CrossRef]

Salvador, B.; Herbreteau, B.; Lafosse, M.; Dreux, M. Subcritical fluid chromatography of monosaccharides and polyols using silica
and trimethylsilyl columns. J. Chromatogr. A 1997, 785, 195-204. [CrossRef]

Jinchu, L.; Makarov, A.A.; Bennett, R.; Ahmad, . A.H.; DaSilva, J.; Reibarkh, M.; Mangion, I.; Mann, B.F.; Regalado, E.L. Chaotropic
effects in sub/supercritical fluid chromatography via ammonium hydroxide in water-rich modifiers: Enabling separation of
peptides and highly polar pharmaceuticals at the preparative scale. Anal. Chem. 2019, 91, 13907-13915.

West, C. How Good is SFC for Polar Analytes? Chromatogr. Today 2013, 22-27.

Si-Hung, L.; Bamba, T. A review of retention mechanism studies for packed column supercritical fluid chromatography. Anal. Sci.
Adv. 2021, 2, 47-67. [CrossRef]

Taylor, L.T. Packed column supercritical fluid chromatography of hydrophilic analytes via water-rich modifiers. J. Chromatogr. A
2012, 1250, 196-204. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0021-9673(01)89631-X
https://doi.org/10.1016/j.chroma.2014.10.021
https://www.ncbi.nlm.nih.gov/pubmed/25454148
https://doi.org/10.1016/j.aca.2020.04.065
https://www.ncbi.nlm.nih.gov/pubmed/32475394
https://doi.org/10.1002/jhrc.1240150509
https://doi.org/10.1016/S0021-9673(97)00392-0
https://doi.org/10.1002/ansa.202000144
https://doi.org/10.1016/j.chroma.2012.02.037
https://www.ncbi.nlm.nih.gov/pubmed/22405538

	Introduction 
	Additive Behavior in SFC 
	Using Water as an Additive in SFC 

	Results and Discussion 
	Peak Shapes and Symmetry Factor 
	Retention Time and Peak Efficiency 
	Effect of the Modifier Percentage 

	Experimental Procedures 
	Equipment 
	Standards and Chemicals 
	Chromatographic Experiments 

	Conclusions 
	References

