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Abstract

Bio-oils obtained by thermochemical or biochemical conversion of biomass represent a promising
source of energy to complement fossil fuels, in particular for maritime or air transport for which
the use of hydrogen or electricity appears complicated. As these bio-oils are very rich in water
and heteroatoms, additional treatments are necessary before they can be used as biofuel. In
order to improve the efficiency of these treatments, it is important to have a thorough knowledge
of the composition of the bio-oil. The characterization of bio-oils is difficult because they are very
complex mixtures with thousands of compounds covering a very wide range of molecular weight
and polarity. Due to the high degree of orthogonality between the two chromatographic
dimensions, the on-line combination of reversed-phase liquid chromatography and supercritical
fluid chromatography (on-line RPLC x SFC) can significantly improve the characterization of such
complex matrices. The hyphenation was optimized by selecting, in SFC, the stationary phase, the
co-solvent, the make-up solvent prior to high resolution mass spectrometry (HRMS), and the
injection solvent. Additionally, a new interface configuration is described. Quality descriptors such
as the occupation of the separation space, the peak shapes and the signal intensity were
considered to determine the optimal conditions. The best results were obtained with bare silica,
a co-solvent composed of acetonitrile and methanol (50/50, v/v), a make-up solvent composed of
methanol (90%) and water (10%) with formic acid (0.1%), an addition of co-solvent through an
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additional pump for SFC separation in a 2.1 mm column, and an hydro-organic solvent as injection
solvent. The optimized setup was used to analyse two microalgae bio-oils: the full bio-oil coming
from hydrothermal liquefaction and Soxhlet extraction of microalgae, and the gasoline cut
obtained after distillation of the full bio-oil. Results in on-line RPLC x SFC-qTOF were particularly
interesting, with very good peak shapes and high reproducibility. Moreover, the high degree of
orthogonality for microalgae bio-oils of RPLC and SFC was highlighted by the very large
occupation of the separation space. Isomeric profiles of compound families could be obtained in
RPLC x SFC-qTOF and many isomers not separated in SFC alone were separated in RPLC and
vice versa, thus showing the complementarity of the two chromatographic techniques.

Keywords

On-line RPLC x SFC, Comprehensive two-dimensional chromatography, advanced biofuels,
microalgae bio-oil, HRMS

1. Introduction

With the depletion of fossil fuels and the increasing global energy demand, the development of
sustainable energy sources is of paramount importance. Microalgal biomass is a promising
resource to produce biofuels and value-added products because of its high photosynthetic
efficiency and fast growth rate. Moreover, microalgae only need water, light, nutrients, and carbon
to grow [1,2]. Microalgae can then be converted into bio-oils by thermochemical processes.
Although some studies used pyrolysis to convert the microalgae [3-5], they are converted most
often by hydrothermal liquefaction [6—9] in order to avoid the drying step of the raw material and
thus additional costs [10,11]. The main components of microalgae include proteins,
carbohydrates, and lipids. During the thermochemical conversion, they are transformed into
smaller oxygenated and nitrogenous molecules [12]. The high levels of water and heteroatomic
compounds make the bio-oils chemically unstable and corrosive. Upgrading treatments are
therefore necessary to reduce the heteroatomic content and increase the calorific value of the
bio-oils before use [13,14]. To optimize these treatments, a deep understanding of bio-oils
composition is required. However, their characterization is a challenging task as those are
complex mixtures including thousands of compounds covering a wide range of molecular weight
and polarity. Most of the time complex mixtures are analyzed by direct introduction (DI) into a
Fourier transform ion cyclotron resonance mass spectrometer (FTICR-MS) [15,16], allowing the
assignment of a molecular formula to thousands of m/z ratios with a high level of confidence.
However, two issues arise with direct introduction: (1) the impossibility to differentiate the
numerous isomers present in bio-oil samples and (2) the possible matrix effects that prevent the
detection of some compounds due to ion suppression in the ionization source.

To overcome these issues, chromatography is often hyphenated to mass spectrometry. Gas
chromatography (GC) has been used to separate bio-oils from lignocellulosic biomass [17,18].
However, GC is limited to volatile and high-temperature stable compounds. As a result, many
compounds cannot be analysed by GC unless a derivatization step is carried out. Liquid
chromatography (LC) and supercritical fluid chromatography (SFC) are promising techniques to
separate polar and neutral compounds. Crepier et al. [19] used SFC hyphenated to an ion trap
time-of-flight mass spectrometer with an atmospheric pressure chemical ionization source in
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negative mode (APCI(-)-IT-TOF) for the characterization of fast pyrolysis bio-oil from conifer
sawdust, and they compared the results obtained with DI-APCI(-)-FTICR. The interest of SFC for
isomer separation was demonstrated for several molecular formulae, with sometimes more than
three peaks observed at different retention times. Moreover, although the number of assigned
molecular formulae was lower in SFC-HRMS (1379 vs. 3949 in DI-FTICR), differences in the
oxygen distribution were highlighted. The most intense compounds in SFC-HRMS were less
oxygenated compared to DI-FTICR, suggesting that the matrix impacted the ionization of some
compounds [19].

For complex mixtures, comprehensive two-dimensional liquid chromatography (LC x LC) is a
technique of choice, leading to an impressive separation power when the separation mechanisms
are different. Although the mechanisms are similar using two reversed-phase liquid
chromatography systems (RPLC x RPLC), on-line RPLC x RPLC was found to be very attractive
for ionizable compounds (peptides or pharmaceuticals) by just changing the mobile phase pH and
possibly the stationary phase between the two dimensions [20]. As bio-oil compounds are
essentially neutral, RPLC x RPLC is much less attractive, the stationary phase change alone
being usually insufficient. However, RPLC x RPLC was applied to the analysis of the aqueous
phase of lignocellulosic biomass pyrolysis bio-oil. A porous graphitic carbon column and a bonded
silica-based column were used in first (:D) and second (?D) dimension respectively, leading to a
fairly good occupation of the retention space [21]. Two different bonded silica-based columns
were also used [22,23], but despite different stationary and mobile phases, the retention
mechanisms were related, leading to peaks distributed along the 2D-separation space diagonal
and hence to a low retention space coverage. The occupation of the retention space is a key
parameter and the combination of RPLC and SFC is a much more promising technique for neutral
compounds. Off-line RPLC x SFC has been applied to pharmaceuticals [24], natural products
such as Chinese plants [25,26], and fragrant oil [27]. The two main advantages of the off-line
approach are (i) the possibility to treat the collected fraction and hence to avoid detrimental
injection effects arising from the injection of large hydro-organic solvent volumes in SFC and (ii)
the possibility to optimize the two dimensions separately, therefore, the performance in off-line
mode is expected to be higher but at the cost of a longer analysis time. However, the off-line
approach has many drawbacks that do not exist with the on-line one: (i) the fractions are diluted
during the fraction collection, (ii) some compounds may be lost during the fraction treatment, (iii)
contamination can occur all along the process and (iv) data processing is not straightforward at
all. On-line SFC x RPLC was first set up by Francois et al. [28,29] but due to the nature of the first
dimension mobile phase, the authors had to use two two-positions/ten-port switching valve with
two loops packed with octadecyl (Cis) silica to avoid signal interferences due to the decompressed
CO_ which became apparent in the UV trace. The packed loops allowed CO; depressurization
and the trapping of the analytes before their injection into the RPLC system by adding water after
the backpressure regulator (BPR) to enhance focusing. The water was also used to serve solvent
displacement and hence efficiently remove the residual CO gas prior to introduction of the
fractions in the 2D. In contrast, in RPLC x SFC, since the first dimension eluent is liquid, a
conventional LC x LC valve with two empty loops can be used. Sarrut et al. compared on-line
RPLC x RPLC with a Hypercarb column in D and RPLC x SFC for the analysis of an aqueous
phase of lignocellulosic bio-oil [30]. They showed that the degree of orthogonality was much
higher in RPLC x SFC, leading to a small increase in peak capacity.

The objective of this work was to demonstrate the benefits of on-line RPLC x SFC hyphenated to
a quadrupole time-of-flight (qTOF) mass spectrometer for the characterization of microalgae
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based bio-oils. Key parameters were optimized for this analytical technique. Those parameters
included the stationary and mobile phases in SFC, the make-up solvent prior to the gTOF mass
spectrometer and the interface between the two dimensions of separation. An illustrative
application is given by comparing two different samples coming from two different stages of the
conversion process.

2. Material and methods

2.1. Chemicals and sample preparation

Acetonitrile (ACN), methanol (MeOH), and formic acid (LC-MS grade) were purchased from
Sigma-Aldrich (Steinheim, Germany). HPLC grade toluene was from Biosolve Chimie (Dieuze,
France). Water was provided by an Elga Purelab Classic UV purification system (Veolia water
STI, Le Plessis Robinson, France). High purity CO, (99.99%) was obtained from Air Liquide
(Paris, France)

Two bio-oil samples coming from the VASCO?2 project were supplied by TotalEnergies TRTG
(Total Research and Technology Gonfreville). The first sample was a bio-oil obtained by
hydrothermal liquefaction of a wild microalgae consortia and the second one was the gasoline cut
of the full bio-oil after distillation. A detailed description of bio-oil production was made by Barrére-
Mangote et al. [31]. The full bio-oil and the gasoline cut were first dissolved in toluene at 22 mg/mL
and in methanol at 178 mg/mL respectively. Stock solutions were further diluted at 5 mg/mL for
the full bio-oil and 16 mg/mL for the gasoline cut in methanol and filtered through PVYDF membrane
(0.22 um) before injection.

2.2. Columns

RPLC separations were carried out using a XBridge BEH Cis column (50x1.0 mm; 3.5 um) and
three columns were evaluated for the unidimensional SFC separation: Viridis BEH 2-EP (100x3.0
mm; 1.7 um), Viridis BEH (100x3.0 mm; 1.7 um), and Torus 2-PIC (50x3.0 mm; 1.7 um) all from
Waters. For on-line RPLC x SFC analyses, an additional column from Waters was used in the
second dimension: Acquity BEH HILIC (50x2.1 mm; 1.7 um).

2.3 Instruments and chromatographic methods:

2.3.1. 1D-SFC

SFC separations were carried out using a Waters UPC? (Milford, MA, USA) equipped with a binary
solvent delivery pump, an autosampler with a 10 uL loop, an isocratic pump for the make-up
solvent, a column oven compatible with temperatures up to 90°C, a diode array detector (DAD)
with a 8.4 L flow-cell and a backpressure regulator (BPR). The dwell volume was 250 pL, it was
measured according to the procedure described by Sarrut et al. [30]. Three different columns, all
from Waters were assessed: Viridis BEH 2-EP (100x3.0 mm; 1.7 pm), Viridis BEH (100x3.0 mm;
1.7 pm), and Torus 2-PIC (50x3.0 mm; 1.7 um) and three solvents B were compared: methanol,
acetonitrile/water (98/2, v/v), and methanol/acetonitrile (50/50, v/v). The gradient times were
adapted to the column dead times (to): 1%B for 4to, 1-60%B in 59, with acetonitrile/water or 1-
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40%B in 40ty with methanol and methanol/acetonitrile. For all experiments, the injected volume,
the flow rate, the oven temperature, and the BPR pressure were set at 1 yL, 1400 pL/min, 30°C,
and 137 bar respectively. The DAD outlet was connected to the mass spectrometer via a double
T-union allowing pressure regulation and the addition of a make-up solvent with a flow rate of 500
pL/min. The instrument was controlled using Empower software from Waters.

2.3.2. On-line RPLC x SFC

RPLC analyses were carried out using the first dimension of a 2D I-Class system from Waters
(Milford, MA, USA) equipped with a binary solvent delivery pump, an autosampler with a 20 uL
flow-through needle, two column ovens with a maximum temperature of 90°C, a DAD equipped
with a 0.5 pL cell. The Dwell volume was 110 uL. The 2D I-Class and the UPC2 were connected
via a 10-port/2-positions valve equipped with two identical loops (geometrically estimated volume
of 6 pL). Two valve configurations were compared, the standard (Fig. 1a) and the new (Fig. 1b)
one. This latter was selected for the bio-oil analyses as discussed in section 4. Both dimensions
were controlled using Empower 3 and were synchronized thanks to external events. On-line
RPLC x SFC conditions are given in Table 1.

2.4. Mass spectrometry parameters

Mass spectra were acquired using an Agilent 6560 IM-qTOF from Agilent Technologies
(Waldbronn, Germany) equipped with a JetStream electrospray ionization (ESI) source in positive
mode. Data acquisition was performed using MassHunter software from Agilent Technologies
over the m/z 90-900 with an acquisition rate of 5 Hz. The ionization parameters were set as
follows: drying gas temperature, 300°C; drying gas flow rate, 11 L/min; sheath gas temperature,
350°C; sheath gas flow rate, 11 L/min; nebulizer pressure, 40 psi; fragmentor, 185 V and capillary
voltage, 3500 V. After acquisition, data were sent to an Excel sheet and rearranged in 2D-contour
plots using an in-house program developed with Matlab (V7.12.0635).

3. Calculations

The mobile phase composition at elution was calculated according to:

Ce=Ci+ Cft_ci X (tr —to—tqg — tiso) (1)
g

With C; and Cs being the initial and final gradient composition and t;, tg, to, ts, and tiso being the
solute retention time, the gradient time, the column dead time, the instrument dwell time, and the
duration of the initial isocratic hold respectively.

The peak capacity for 1D separations is given by:
th—t1

nlD:1+T (2)

with t, and ti1 corresponding to the retention time of the most and the least retained peak
respectively and w to the average 40 peak width.

In RPLC x SFC, the effective peak capacity can be calculated according to [32]:

NrpLc x skc = Nrpre X @ X (1 —y) + ngprc X Ngpe X ay (3



where y is the fraction of the separation space occupied by the peaks and a is the undersampling
correction factor. y is calculated according to the procedure described by D’Attoma et al. [32].

1

= oy *
With ts being the sampling time.

The injection volume in the second dimension is given by:

2y, =t x 1F (5)

With *F being the flow rate of the first dimension.

4. Results and discussion

4.1. 1D-SFC method development

4.1.1. Stationary and mobile phases

Three different stationary phases were assessed in 1D-SFC for the separation of a gasoline cut.
Those include: Viridis BEH 2-EP, Viridis BEH, and Torus 2-PIC. The three corresponding base
peak chromatograms (BPC) (MeOH as co-solvent) are presented in Fig. 2. Viridis BEH 2-EP and
Torus 2-PIC show similar space coverage with a composition range from 1%B to 15%B and 1%B
to 16%B respectively (Eq. 1). The composition range with Viridis BEH was almost twice as wide
(27%) suggesting that this stationary phase was more suitable for this study. The peak capacity
was calculated for the three columns using Eg. 2, because the column lengths were different,
peak capacities were normalized to a 10cm-length. It represents the number of peaks that can
theoretically be separated side by side with a resolution of 1, which makes it a reliable descriptor
of the separation power. Due to the complexity of the sample, leading to a large number of
coelutions, the peak capacities were calculated using the same eight extracted ion
chromatograms (EICs). The 40 peak width values and the resulting peak capacities are listed in
Table S1. The peak capacity was more than twice as high (i.e. 185) using the Viridis BEH column
than with the other two columns (about 80). It is important to note that peak widths with MS
detection are much larger than with UV detection due to additional peak broadening (tubing,
introduction capillary, source, CO; depressurization [33]...), resulting in lower peak capacities
than those that could be expected. Given these results, the Viridis BEH column was selected in
SFC for the rest of the study.

Co-solvents are used to increase the polarity of CO»-based mobile phase and to modify the
stationary phase (by adsorption onto its surface). Their concentration in the mobile phase impacts
the critical point (pressure and temperature above which the mixture is in a supercritical state)
and the density of the mobile phase. Co-solvents also affect sample solubility, eluent strength and
selectivity [34]. Three co-solvents were investigated including methanol, a mixture of acetonitrile
and water (98/2, v/v), and a mixture of methanol and acetonitrile (50/50, v/v). BPCs for the
separation of the gasoline cut are presented in Fig. S1. The selected criterion values are listed in
Table 2. As it can be shown, the peak capacity is similar for the three co-solvents (about 190),
with a larger occupation of the retention space using the mixture of acetonitrile and water. This is
related to the lower eluent strength of this co-solvent compared to the other two. While the large



composition range can be attractive for one-dimensional separations, it is much less so for the
second dimension of on-line comprehensive 2D-LC, which must be rapid while maintaining a
sufficiently high peak capacity. The upper pressure is also important for selecting the co-solvent.
With the same flow rate of 1.4 mL/min, the upper pressure was slightly lower (Table 2) with the
mixture of methanol and acetonitrile (50/50), which allowed us to increase the flow rate and hence
to decrease the normalized gradient slope. Considering the above, our selected SFC system
consisted of a Viridis BEH column and a mixture of methanol and acetonitrile (50/50, v/v) as co-
solvent.

4.1.2. SFC make-up optimization

In SFC-MS the addition of a make-up solvent is often recommended to avoid solute precipitation
when CO; depressurization occurs, especially at the beginning of the gradient elution. Since this
solvent is supplied by an additional pump, it can be individually optimized to improve the ionization
yield without affecting the chromatographic separation. Plachk& et al. showed that the addition of
water in the make-up solvent could increase the MS response up to 50% [35]. Thus, the gasoline
cut was injected under the above selected conditions by varying the percentage of water (0 to
30%) in the make-up solvent composed of MeOH, 0.1% formic acid and water. The results are
presented in Fig. 3a. For easier interpretation, 5 EICs (m/z 223.181, 270.280, 278.248, 284.295
and 317.102) were chosen along the chromatogram as representative compounds. For all the
observed peaks, the intensity increased sharply (by a factor of up to 5) by adding 10% of water,
which could be explained by the acidic properties of the SFC mobile phase and make-up. Indeed,
CO. reacts with MeOH and water to form methoxylcarbonic acid and carbonic acid respectively.
The apparent pH is therefore acidic and the MS response is increased in ESI(+) [35,36]. For
microalgae bio-oils, this increase is significant due to the high proportion of nitrogenous
compounds. The greater the amount of water, the higher the signal is obtained. However, as
illustrated in Fig. 3b, the intensity seems to reach a plateau at high water percentage. Indeed,
when the mixture entering the ionization source is too rich in water, the solvent desolvation is
more difficult and the signal intensity no longer increases but may even decrease. This
phenomenon and the variation in signal intensity were found to be compound-dependent as
illustrated by the curves in Fig.3b. For the compound represented by the blue square, the curve
increases sharply from 0 to 10% but is constant thereafter. The trend is different for the compound
eluted at 2.641 min (green triangles), the increase in intensity from 10 to 30% is significant,
suggesting that the plateau has not yet been reached. Although the highest intensity could be
obtained with 30%H.0O or more, the RPLC x SFC analyses were performed with 10%H.O for
several reasons: (i) at 30%H-0, the water amount is too high and phase separation can occur
between the gaseous and the liquid phase, leading to a heterogeneous fluid and pressure
instability. (ii) the increase in intensity being compound-dependent, a further increase in the water
content could have led to too high signal for the compounds that responded the most and
therefore to a too wide dynamic range.

4.2. On-line RPLC x SFC

4.2.1. Interface development

In comprehensive 2D-LC, although easier to implement, the off-line mode has major drawbacks
compared to the on-line mode. Those include (i) additional dilution during fraction collection, (ii)



possible loss of compounds or contamination during fraction treatment, and (iii) time-consuming
data processing. We therefore opted for the on-line mode that has become usual in LC x LC but
is much less straightforward to implement in LC x SFC. First, unlike on-line LC x LC, there is no
commercial instrument in LC x SFC. The two devices have to be hyphenated using a home-built
interface design. The current research uses a via a 10-port/2-positions valve equipped with two
identical loops. Second, flow splitting after LC and before the valve cannot be applied due to CO>
depressurization. Third, for the same reason, the loops have to be completely filled which is not
the case in LC x LC. Additionally, due to the absence of commercially available instrumentation
and software, the operator needs to take care of data acquisition and data interpretation.

With a view to limit detrimental injection effects while injecting larger volumes in the SFC second
dimension, we studied a new configuration for the interface (Fig. 1b) that we compared to the
conventional one (Fig. 1a). With the conventional interface configuration, the two components of
the mobile phase are mixed by the mixer device of the SFC instrument. The loop is thus flushed
by the mobile phase (co-solvent and CO,). With the new configuration, the co-solvent is supplied
after the valve via a tee-union. The loop content is therefore flushed with CO, only. To compare
the performance of the two interface configurations, the LC mobile phase was replaced by a
mixture of acetonitrile and water (50/50) spiked with 50 ppm of caffeine, and the LC column was
replaced by a zero dead volume union. The LC flow rate and the sampling time were set at 10
pL/min and 1.2 min respectively. With sample loops of 6 uL, 6 pL of the mixture was expected to
be injected in SFC. The obtained caffeine peaks using the classical valve configuration are
presented in Fig. 4a and c, it is clearly noticeable that the peaks are large and distorted in this
case. However, with the second configuration (Fig. 4b and d) the peak shapes are clearly
improved, leading to thinner peaks and therefore to a higher peak capacity. With the conventional
configuration and partial loop mode, droplets of co-solvent cover the walls of the loop during valve
switching due to CO- depressurization [30]. Using this new configuration, the effluent is composed
of pure CO.. The fraction coming from the first dimension enters a loop completely empty of liquid
and co-solvent droplets cannot exist, suggesting that a partial loop injection becomes possible.
This new interface configuration was therefore chosen for our on-line RPLC x SFC analyses.

4.2.2. Injection effects in 2D-SFC

In SFC, severe injection issues can occur with too large injection volumes, especially with solvents
that contain water [37,38]. In comprehensive LC x LC, the injected volume in the second
dimension depends on both the first dimension flow rate and the sampling time (Eq. 5). Due to
the nature of the SFC mobile phase, the flow cannot be split before the valve without
depressurizing CO.. The first dimension flow rate was therefore reduced to the minimum possible
according to the gradient system used (i.e. 10 pL/min). With a sampling time of 0.6 min and a
sample loop of 6 pL, the injection volume was therefore expected to be 6 L. Injection effects in
on-line LC x SFC were studied following the same approach as previously for the interface study.
Two different column internal diameters (3.0 and 2.1 mm) were considered. The resulting peaks
of caffeine are shown in Fig. 5. Surprisingly, the peak shapes are as good with 2.1 mm (Fig. 5a)
as with 3.0 mm (Fig. 5b) i.d., the obtained peak widths being quite similar with ACN/water (50/50,
v/v) as injection solvent. Based on these results, the 2.1 mm i.d. column was preferred because
(i) sensitivity is expected to be higher for a given injection volume and (ii) the normalized gradient
slope is lower for a given gradient time thus, increasing the peak capacity. The composition of the
injection solvent was also studied since it has often been reported as a critical factor [39,40]. Fig.
5 ¢) shows the caffeine peaks obtained with three ACN/water (v/v) compositions (10/90, 50/50



and 90/10) and the 2.1 mm i.d. column. It was once again surprising to see that the injection
solvent seemed to have no significant effects on both the peak shapes and the peak widths. The
average peak width was about 0.47 s, leading to a peak capacity of about 20. These results
showed that despite a high volume (6 pL) injected in different hydro-organic solvents, the caffeine
peak kept a good shape, suggesting that the on-line RPLC x SFC coupling could provide
promising results under such injection conditions. It should be underlined that such a result is in
disagreement with studies highlighting the detrimental effect of hydro-organic solvents on peak
shapes [38], but it should also be noted that this latter study is undertaken using traditional
injection techniques and hence a mixed flow of CO, and co-solvent is passing through the
injection loop at the time of injection. Therefore, the fact that sharp peak shapes are obtained in
RPLC x SFC should be ascribed to the performance of the new interface configuration and the
fact that the loop is flushed with CO,, reducing diffusion in the tubing.

When using CO: only for the transfer and hence the injection of the fraction onto the SFC
dimension, immiscibility undeniably occurs, certainly when the transfer solvent contains high
concentrations of water. The extremely sharp peak shapes in the SFC dimension when injecting
relatively large volumes of “strong” solvent might therefore be explained as a positive effect of
that immiscibility. Similar behaviour has been observed by Francois et al. [41] when combining
NPLC and RPLC in an on-line comprehensive setup. The authors carried out a gradient of 90/10
n-hexane/ethylacetate to 34/66 n-hexane/ethylacetate in the NPLC D separation. Compounds
present in fractions eluting at the end of the D gradient (hence containing higher ethylacetate
content) showed severe peak distortion in the 2D RPLC separation, when the 2D gradient was
started using 40/60 H,O/ACN. While n-hexane is immiscible in both H,O as well as in ACN,
ethylacetate is miscible in ACN, but not in HO. When starting the 2D gradient with 100% H.O,
and hence creating full immiscibility of the fraction solvent at the start of the 2D gradient, significant
peak sharpening was observed.

As the injection of larger volumes of sample dissolved in relatively polar solvent is problematic in
regular SFC analyses, the application of a similar injection approach as applied in the current
RPLC x SFC interface could be considered advantageous as well.

4.2.3. Full bio-oil in on-line RPLC x SFC

The conditions in on-line RPLC x SFC, selected according to the above study, are listed in Table
1. Due to connection issues between the two instruments, it was impossible to apply a gradient
time higher than 0.25 min with a sampling time of 0.6 min. The final composition in the SFC
dimension was therefore set at 30%B so that the flow rate could be raised and the the normalized
gradient slope reduced as much as possible (here 5.8%). The linear retention model is widely
used in HPLC, especially in RPLC. It was recently found that it could be applied in SFC for bio-oll
compounds [42]. The coefficients (logko and S) are usually calculated according to the linear
solvent strength (LSS) theory from two preliminary runs. These coefficients were calculated for
nine compounds by Osiris software (Euradif, France) from the retention data obtained with two
normalized gradient slopes (i.e. 0.5 and 1.5%). Two different co-solvents (ACN/H.O 98/2, v/v and
ACN/MeOH 50/50, v/v) were considered for these calculations. Predicted retention times with
extrapolated normalized gradient slopes (i.e. 3 and 5%) were found to be close enough to
experimental retention times (errors of less than 5% and 10% with normalized gradient slopes of
3% and 5% respectively), thus validating the LSS model in the studied range. Fig. S2 shows the
resulting variation of S with logko. As can be observed, for both co-solvents, S decreases as the
retention increases (logko increases). The S values become very low with the ACN/H2O co-solvent
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for the most retained compounds, theoretically indicating that the final gradient composition must
be very high to elute them unless using a very low normalized gradient slope, which is impossible
in the second dimension. The ACN/MeOH co-solvent was therefore found to be more appropriate
in on-line RPLC x SFC. However, even with this co-solvent and due to the reduction of S with the
retention, some highly retained compounds could not be eluted under RPLC x SFC conditions as
highlighted in Fig. S3, showing the same 3 EICs in 1D-SFC (normalized gradient slope of 1%)
and in on-line RPLC x SFC (normalized gradient slope of 5.8%).

The contour plot obtained for 44 EICs from the full bio-oil is presented in Fig. 6a. The
complementarity of the two techniques is clearly demonstrated as several compounds not
separated in RPLC alone appear separated in SFC and conversely. The peaks are well distributed
over the separation space, leading to a distribution across the retention space close to 100% and
a calculated effective peak capacity of about 700 (Eq. 3, 4 and Table S2). The SFC
chromatograms of three successive injections are presented in Fig. 6b. The obtained excellent
peak shapes are in accordance with the observations made in section 4.2.2 for caffeine, although,
in both cases, the injection conditions were unfavourable. Moreover, the SFC retention times
proved to be highly repeatable between several consecutive injections as illustrated by the vertical
dashed lines. Isomeric separations in both dimensions are illustrated in Fig. 7 by three extracted
ion chromatograms (EICs with m/z 242.248, 277.216 and 284.295). The high separation power
enabled to separate the different compounds in both RPLC and SFC. RPLC mainly separates
compounds according to their m/z ratios but also a few isomers such as EIC 277.216. The two
spots at approximately 33 and 35 minutes are separated in RPLC only. SFC well separates the
isomers. This is clearly demonstrated with EIC 284.295 as three spots well separated in SFC, are
coeluted in RPLC. Finally, for the three considered EICs, five peaks were separated in RPLC and
four in SFC, leading to 8 well separated spots in on-line RPLC x SFC, showing the great interest
of using these two dimensions simultaneously.

4.2.4. 1D-SFC vs. on-line RPLC x SFC

One of the many compelling examples of the value of on-line RPLC x SFC over 1D-SFC is shown
in Fig. 8 with the comparison of the separations (EIC 172.170 and BPC) between 1D-SFC-HRMS
(Fig. 8a) and on-line RPLC x SFC-HRMS (Fig. 8b). The peak intensity for the EIC 172.170 is
much higher in on-line RPLC x SFC compared to 1D-SFC (up to 10 times higher) while the
guantity injected was only 3 times higher. This large difference can probably be attributed to the
upstream RPLC separation. In 1D-SFC, the peaks of EIC 172.170 are coeluted with several other
compounds as illustrated by the overlapped chromatograms in Fig. 8a (EIC in red and BPC in
black). In on-line RPLC x SFC (Fig. 8b), the RPLC separation allows to separate the red peaks
from the main peaks of the matrix, resulting in less ionization competition and an increased
sensitivity.

4.3. Comparison of two bio-oil samples

Two microalgae bio-oil samples were analyzed in on-line RPLC x SFC-qTOF. The full bio-oil
(sample #1) was obtained after hydrothermal liquefaction and Soxhlet extraction. The gasoline
cut (sample #2) was obtained after distillation of the full bio-oil. The two samples were therefore
related and thus, expected to have many compounds in common. The contour plots (BPCs) are
presented in Fig. 9a for sample #1 and 9b for sample #2. As expected, the separations are very
similar for both samples. The most intense compounds are strongly retained in RPLC (elution
between 40 and 55 minutes). Some differences can nevertheless be observed between the two

10



BPCs, especially in the dashed black squares, showing the presence of many spots in Fig. 9a
that do not exist in Fig. 9b. This suggests that several compounds were removed or converted
during the additional processing step (i.e. distillation). This is also illustrated in Figs. 9¢c and 9d
that show the EICs (m/z 200.201) for sample #1 and #2 respectively. Two spots can be observed
in Fig. 9d while three spots in Fig. 9c, the additional spot being circled in red. Considering the
distribution of the spots in the two contour plots, this additional compound (at 16 s in SFC and 33
min in RPLC) would have been eluted with another one in both 1D-SFC and 1D-RPLC, thus
showing the interest of using both techniques simultaneously.

5. Conclusions

The characterization of microalgae bio-oils is difficult because these are very complex mixtures
with thousands of compounds covering a very wide range of polarity and molecular weight. Two
microalgae bio-oils were analysed for the first time in on-line RPLC x SFC-qTOF to illustrate the
potential of this technique for such complex matrices. These included a full bio-oil coming from
hydrothermal liquefaction and Soxhlet extraction of microalgae, and the gasoline cut obtained
after distillation of the full bio-oil. Considering quality descriptors such as peak capacity, peak
shape, and peak intensity, key parameters were optimized in 1D-SFC and then in on-line RPLC
x SFC.

The best results in 1D-SFC were obtained with bare silica as stationary phase,
acetonitrile/methanol (50/50, v/v) as co-solvent, and a make-up solvent composed of methanol
(90%), water (10%) and formic acid (0.1%).

In on-line RPLC x SFC, the peak capacity was found to be similar, for the same injection column
between 3.0 and 2.1 mm i.d. columns. Consequently, the 2.1 mm i.d. column was selected, which
increased the sensitivity while improving the peak capacity by decreasing the normalized gradient
slope. Injection solvent effects were also assessed by injecting caffeine in various hydro-organic
solvents, under on-line RPLC x SFC conditions. Interestingly, acetonitrile/water solvents with up
to 90% water still provided good peak shapes. Such good results could be ascribed to a new
interface configuration, with the co-solvent supplied directly after the valve. It is suggested in this
study that creating full immiscibility between CO2 and the injection solvent at the beginning of the
2D gradient could make the peaks more focused.

The large retention space coverage provided by the two orthogonal dimensions and the resulting
high separation power allowed us to discriminate the two samples studied despite their high
degree of similarity. Very good time repeatability was shown between the analyses of successive
fractions in the second dimension, demonstrating the reliability of our on-line RPLC x SFC setup.
However, incomplete elution in SFC of the most retained compounds was reported due to the
current limitations of the equipment used.

Isomeric profiles of compound families could be obtained in RPLC x SFC-qTOF. Many isomers
that could not be separated in SFC alone could be in RPLC and vice versa, showing the great
complementarity of the two chromatographic techniques.
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Figure caption

Fig. 1: Schematic representation of the on-line RPLC x SFC setup. (a) standard configuration and
(b) new configuration.

Fig. 2: 1D-SFC separation of gasoline cut with three different columns: (a) Viridis BEH, (b) Torus
2-PIC and (c) Viridis BEH 2-EP. The dashed blue lines correspond to gradient profiles at elution.
Analytical conditions in section 2.3.1.

Fig. 3: Effect of the addition of water in the make-up solvent. (a) Sum of 5 EICs (m/z 223.181,
270.280, 278.248, 284.295, and 317.102) with different amount of water in the make-up solvent.
(b) Peak intensity (retention times of 1.536, 2.246 and 2.641 min in Fig.3 (a) versus percentage
of water in the make-up solvent.

Fig. 4: Three successive separations of caffeine in on-line LC x SFC with (a) the standard
configuration and (b) the new configuration. Corresponding contour plots with (c) the standard
configuration and (d) the new configuration. The two configurations are shown in Fig. 1. D
conditions: no column, isocratic infusion of caffeine (50 ppm in acetonitrile/water 50/50) at 10
pL/min, T = 30°C. 2D conditions: BEH HILIC (50x2.1 mm; 1.7 um) at 1.8 mL/min, 30°C., Pgpr =
150 bar, gradient from 5% to 30%ACN/MeOH (50/50) in 0.25 min, ts = 1.2 min, 6 pL injected,
make-up solvent: MeOH/H,O (90/10) + 0.1%FA.

Fig. 5: lllustration of injection solvent effects in 2D-SFC under on-line LC x SFC conditions. Two
successive separations of caffeine in SFC with two column internal diameters: (a) 2.1 mm and (b)
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3.0 mm. (c) Effect of the injection solvent on a 2.1 mm i.d. column, D conditions: no column,
solution of caffeine (50 ppm in acetonitrile/water 50/50) at 10 pL/min, 30°C, sampling time: 0.6
min. 2D conditions: Acquity BEH HILIC (50x2.1 mm; 1.7 pm), Pspr: 150 bar, A: CO;, B:
ACN/MeOH (50/50), 5% to 30%B in 0.25 min, 1.8 mL/min, 6 pL injected, make-up solvent:
MeOH/H,0 (90/10) + 0.1%FA.

Fig. 6: (&) On-line RPLC x SFC separation of the full bio-oil sample: contour plot representing the
sum of 44 EICs (b) 2D separation of three successive fractions. Analytical conditions in Table 1.

Fig. 7: On-line RPLC x SFC-qTOF separation of the full bio-oil sample: EIC 242.248 (green dotted
line), 277.216 (red dotted line) and 284.295 (black dotted line). Analytical conditions in Table 1.

Fig. 8: Separation of a full bio-oil sample in (a) 1D-SFC with ACN/MeOH (50/50, v/v) as co-solvent
(1 pL injected) and (b) on-line RPLC x SFC (3 L injected): BPC (black) and EIC 172.170 (red).
Other analytical conditions given in section 2.3.1. for 1D-SFC and in Table 1 for on-line RPLC x
SFC.

Fig. 9: On-line RPLC x SFC-qTOF separation of (a, c) the full bio-oil and (b, d) the gasoline cut.
Contour plots: BPC: (a, b); EIC 200.201 (c, d). Main differences are highlighted by the black
dashed squares and the red dotted circles. Analytical conditions in Table 1.

Fig. S1. 1D-SFC base peak chromatogram of the gasoline cut using the Viridis BEH column
(100x3.0 mm; 1.7 um) and (a) methanol, (b) a mixture of acetonitrile and water (98/2) and (c) a
mixture of acetonitrile and methanol (50/50) as co-solvent. Other analytical conditions: see section
2.3.1.

Fig. S2. Variation of the S as a function of log(ke) for nine compounds in 1D-SFC with the
ACN/H20 (98/2, viv) (orange) or ACN/MeOH (50/50) (blue) co-solvent.

Fig. S3. Three EICs in 1D-SFC using the BEH HILIC column (50x2.1 mm; 1.7 um) and a mixture
of acetonitrile and methanol (50/50) in (a) optimized 1D conditions (smooth gradient, see section
4.1.1.) and (b) the RPLC x SFC conditions (steep gradient, see Table 1). The dashed line
corresponds to the determined RPLC x SFC limit showing the missing compounds beyond.
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Figure 2
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Figure 3

Intensity (Counts)
160000 (a ) MeOH + 0.1%FA
80000
L] A
| |
0
160000 MeQH/H=0 (90/10)+ 0.1%FA h

80000
0
160000
80000

0
160000

80000

0
1.4 1.8 2.2 2.6

Time (min)

MeOH/H20 (80/20) + 0.1%FA

MeQH/H=0 (70/30) + 0.1%FA

Intensity (Counts)

300000 ( b)

200000
100000

0
0 10 20 30

%H:0
—— t‘ =1.536min

—&— t =2.246min

—A— t =2.641min

20



Figure 4
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Figure 5

Intensity (Counts) (a) 2.1mmii.d. Intensity {Counts) (b) 3.0mmii.d.
50000 25000
1 |
40000 ! 20000 |
| I
30000 | 15000 |
I I
20000 | 10000 |
10000 | 5000 |
S ' L
0 J 1 " 0 N Al . NN .
7.16 7.76 8.36 7.16 7.76 8.36
Time (min) Time {min)
Intensity (Counts) (C) 2. 1mmi.d.
40000
30000 —  10%ACN
—  50%ACN
20000 —  90%ACN
10000
0
5.96 6.56
Time (min)

22



Figure 6
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Figure 7
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Figure 8
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Figure 9
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Table 1: Experimental conditions in on-line RPLC x SFC-qTOF

!D-RPLC

’D-SFC

Column

XBridge BEH C18
(50x1.0mm; 3.5um)

Acquity BEH HILIC
(50x2.2mm; 1.7pum)

Injected volume (uL) 3 6
Flow rate (uL/min) 10 1800
Temperature (°C) 60 50
Pepr (bar) - 150
Mobile phase A: H.O, B: ACN A: CO,, B: ACN/MeOH

(50/50, viv)

Make-up solvent

MeOH/H0 (90/10)
+0.1%FA 500pL/min

Gradient elution

1-99%B in 45min

5-30%B in 0.25min, 30-5%B

in 0.01min

Sampling time (min)

0.6
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Table 2: Comparison of elution composition range, peak capacity, and total pressure for three co-
solvents with the Viridis BEH column (100x3.0mm, 1.7um). See analytical conditions in section 2.3.1.

Co-solvent Elution composition Peak capacity System pressure

range (%) (bar) at 1.4mL/min
MeOH 27 186 355 at 40%B
ACN/H20 (98/2, viv) 41 195 360 at 60%B
ACN/MeOH (50/50, v/v) 29 193 350 at 40%B
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Supplementary materials

Fig. S1. 1D-SFC base peak chromatogram of the gasoline cut using the Viridis BEH column
(100x3.0mm; 1.7um) and (a) methanol, (b) a mixture of acetonitrile and water (98/2) and (c) a
mixture of acetonitrile and methanol (50/50) as co-solvent. Other analytical conditions: see section
2.3.1.
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Fig. S2. Variation of S as a function of log(ko) for nine compounds in 1D-SFC with the ACN/H.O
(98/2, viv) (orange) or ACN/MeOH (50/50) (blue) co-solvent.
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Fig. S3. Three EICs in 1D-SFC using the BEH HILIC column (50x2.1mm; 1.7um) and a mixture
of acetonitrile and methanol (50/50 v/v) in (a) optimized 1D conditions (smooth gradient, see
section 4.1.1.) and (b) RPLC x SFC conditions (steep gradient, see Table 1). The dashed line
corresponds to the determined RPLC x SFC limit showing the missing compounds beyond.
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Table S1. Measured peak widths at 40 (min) and resulting peak capacities for the six

chromatographic systems studied.

Chromatographic system
Viridis - Torus 2-PIC Viridis BEH | Viridis BEH
m/z BEH and ng'&gg: and E%rgste'g:_? 2-EP and 2-EP and
ACN/H20 ACN/H20 ACN/H20 MeOH
278.248 0.088 0.060 0.114 0.051 0.114 0.051
280.264 0.087 0.056 0.133 0.095 0.216 0.095
284.295 0.082 0.085 - 0.070 0.095 0.070
263.237 0.095 0.053 0.107 0.075 0.105 0.075
256.264 0.094 0.041 0.133 0.100 0.104 0.058
228.233 0.082 0.043 0.155 0.116 0.099 -
296.258 0.085 0.092 0.104 0.112 0.117 0.061
298.311 0.051 - 0.070 - 0.095 0.054
Peak capacity 195 186 120 82 124 84
(10cm column)

Table S2. Key parameters for peak capacity calculation in RPLC x SFC

Parameter On-line RPLC x SFC
D RPLC peak capacity 51
2D SFC peak capacity 22
Y 0.97
o 0.64
RPLC x SFC peak capacity >700
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