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ABSTRACT 1 

The comprehensive description of complex mixtures such as bio-oils is required to 2 

understand and improve the different processes involved during biological, environmental or 3 

industrial operation. In this context, we have to consider how different ionization sources can 4 

improve a non-targeted approach. Thus, the Fourier transform ion cyclotron resonance mass 5 

spectrometry (FT-ICR MS) has been coupled to electrospray ionization (ESI), laser desorption 6 

ionization (LDI) and atmospheric pressure photoionization (APPI) to characterize an oak pyrolysis bio-7 

oil. Close to 90% of the all 4500 compound formulae has been attributed to CxHyOz with similar 8 

oxygen class compound distribution. Nevertheless, their relative abundance in respect with their 9 

double bound equivalent (DBE) value has evidenced significant differences depending on the ion 10 

source used. ESI has allowed compounds with low DBE but more oxygen atoms to be ionized. APPI 11 

has demonstrated the efficient ionization of less polar compounds (high DBE values and less oxygen 12 

atoms). The LDI behavior of bio-oils has been considered intermediate in terms of DBE and oxygen 13 

amounts but it has also been demonstrated that a significant part of the features are specifically 14 

detected by this ionization method. Thus, the complementarity of three different ionization sources 15 

has been successfully demonstrated for the exhaustive characterization by petroleomic approach of 16 

a complex mixture. 17 

 18 

KEYWORDS 19 

Non-targeted analysis, bio-oils, petroleomic approach, Ultra-high resolution mass 20 

spectrometry. 21 

 22 

HIGHLIGHTS 23 

 Non-targeted mass spectrometry approach by combining electrospray ionization, 24 

atmospheric pressure photoionization and laser/desorption ionization. 25 

 Exhaustive description of pyrolytic bio-oil components. 26 

 Distinction of sugaric derivatives, lignin derivatives and lipids contained in a woody-based 27 

pyrolytic bio-oil.  28 
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1. INTRODUCTION 1 

The analysis of complex mixtures by mass spectrometry is currently still a challenge. Different 2 

methodologies may be used. The first category involves a targeted analysis using the combination of 3 

mass spectrometry with liquid or gas chromatography, which is limited to known class of compounds 4 

[1–4]. The second category, capable of a broader description of a complex mixture, includes non-5 

targeted analysis methods, such as petroleomic or metabolomic approaches. Some works use gas or 6 

liquid chromatography [5,6], but the main part of non-targeted analyses in the field of petroleomic is 7 

performed without separation prior the acquisition of the mass spectrum. Therefore, it requires the 8 

use of ultra-high mass resolution and accurate mass measurement analysis due to the absence of 9 

separation prior the acquisition of the mass spectrum. Fourier transform ion cyclotron resonance 10 

mass spectrometry (FT-ICR MS) [7–11] and in a lesser extent the Fourier transform Orbitrap mass 11 

spectrometry (FT-Orbitrap MS) [12–14] represent techniques from the second category. These 12 

techniques offer numerous advantages as an exhaustive description of complex mixtures and the 13 

reduced time of data acquisition, but also suffer from several drawbacks. The key obstacle in non-14 

target analysis is the ionization competition effect, which ensures the detection of easy ionized 15 

species (not always the most abundant) at the expense of other mixture components. The 16 

combination of different ionization techniques such as electrospray (ESI), laser desorption (LDI) and 17 

atmospheric pressure photoionization (APPI) as well as the analysis of positive and negative ions may 18 

overcome this problem [15–17]. 19 

Pyrolysis bio-oil is a good example of a highly complex mixture made up of thousands of 20 

compounds with differing properties [18]. Furthermore, their composition changes depending on the 21 

raw feedstocks and the conditions employed for their production and/or the catalytic treatment 22 

carried out prior to their use as bio-fuel [19,20]. Indeed, pyrolysis bio-oil components are too 23 

oxygenated to allow their direct use as a fuel and require catalytic treatment to remove the main 24 

part of the oxygen atoms.  Exhaustive and accurate characterization is required to improve, the 25 

pyrolysis process itself and the catalytic treatment efficiency [21–24]. This can be achieved through 26 

application of the petroleomic non-targeted approach with FT-ICR MS [25–27] or FT-Orbitrap MS 27 

[28,29], whereby a part of the total composition of bio-oil can be elucidated. 28 

The majority of published studies dealing with the characterization of pyrolysis bio-oils by FT-29 

ICR MS were conducted using ESI typically in negative ion mode.  Different sample preparations (with 30 

or without fractionation of the sample) or the addition of dopant to increase the ionization yield have 31 

been reported. Miettinen et al. [30]  and Jarvis et al. [31] have analyzed the aqueous and oily phases 32 

of different pyrolysis bio-oil after fractionation. In both studies, the heteroatom class distributions 33 

showed larger amounts of highly oxygenated compounds in the aqueous fraction than in the oily 34 
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phase. The authors concluded that the aqueous phase is mainly composed of “sugaric species”; 1 

whereas the oily phase is composed of lipids and pyrolytic lignin derivatives. A more exhaustive 2 

fractionation method was used by Liu et al. [32] to fully characterize by (–) ESI FT-ICR MS the 3 

pyrolytic bio-oil of red pine.  The least polar fractions of bio-oil were not ionized when the raw bio-oil 4 

was infused in the ESI source due to ionization extinction effect. We recently proposed the use of 5 

different dopants to improve ionization efficiency in (+/–) ESI FT-ICR MS [33]. In that case, it was 6 

possible to detect on the same mass spectrum, without fractionation, the bio-oil components of the 7 

aqueous and oily phases. The effect of alternative dopants in (–) ESI FT-ICR MS has been 8 

demonstrated to improve deprotonation (addition of NH4OH [15,25,26] or NaOH [15]) or to favor the 9 

formation of [M+Cl]– adduct ion (NH4Cl dopant) [15]. In (+) ESI FT-ICR MS, formic acid and NH4Cl 10 

(formation of [M+H]+) or NaCl (generation of [M+Na]+ sodiated ion) ions have been used [15]. 11 

Regardless of these advances, ESI exhibits poor ionization of non-polar compounds. The use of LDI or 12 

APPI has been previously proposed to detect these non- or poorly-ionized bio-oil components. 13 

Cole et al. [28] investigated nitrogen species from raw switch grass pyrolysis bio-oils using ESI 14 

and APPI FT-Orbitrap MS and have shown that N1 and N2 compounds are the dominant species 15 

observed with (+) ESI FT-Orbitrap MS whereas with (+) APPI FT-Orbitrap MS the majority were 16 

oxygen-containing species. They also characterized the less complex toluene extracts from biochar by 17 

FT-Orbitrap MS with ESI, APPI and LDI sources [17]. Leonadis et al. [34] investigated the less polar 18 

bio-oil components (aromatic and aliphatic carbon and nitrogen-containing species) by APPI FT-ICR 19 

MS. More recently, Chiaberge et al. [10] demonstrated the ability of APCI and APPI FT-ICR MS to 20 

detect less polar and apolar bio-oil components whereas ESI FT-ICR MS is more suited for polar 21 

species. We have also demonstrated the capability of combining LDI FT-ICR MS and ESI FT-ICR MS 22 

analysis to investigate raw or HDO-treated lignin pyrolysis bio-oils [23].  23 

Overall, the literature demonstrates that to attain a complete description of a complex 24 

mixture, such as bio-oil, complementary ionization techniques must be used. In this study a 25 

comprehensive investigation of one complex mixture, an oak pyrolysis bio-oil, was performed using 26 

ESI, LDI and APPI. This is the first time such a detailed petroleomic study has been conducted for bio-27 

oil. 28 

2. MATERIALS AND METHODS 29 

2.1. Bio-oil production 30 

The bio-oil was produced by pyrolysis in a micro-fluidized bed reactor set at 500 °C 31 

(temperature of the sand) for 12 min. Two grams of oak powder were continuously injected in to the 32 

bed via a micro-feeder developed at CNRS Nancy. More details about the process and the raw 33 
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material composition are available in previous work [35]. The bio-oil was recovered in methanol (the 1 

“bio-oil solution”) and stored at –20°C, prior to analysis. 2 

2.2. Preparation of the samples 3 

LCMS grade methanol (VWR−Prolabo), water (Fisher Chemical), and sodium acetate (Fisher 4 

Scientific) were used as supplied. For the ESI FT-ICR MS analyses, the bio-oil was diluted to a final 5 

concentration of 2% in methanol. Sodium acetate (0.1 mg.mL–1) was added to favor cationization 6 

[33]. For the APPI experiments, the sample is diluted in methanol (4% v/v) without addition of 7 

dopant. For LDI experiments, 1 µL of bio-oil/water (70% v/v) solution was deposited on a stainless 8 

steel target and dried at room temperature.  9 

2.3. Fourier Transform Ion Cyclotron Resonance Mass Spectrometers  10 

The instrument used for the analyses was a 12 T SolariX FT-ICR equipped with ESI, APPI and 11 

LDI sources (Bruker Daltonics). The different ionization methods and operating parameters were 12 

optimized via the FTMSControl V2.1.0, build 98 (Bruker Daltonics). Alternatively, some LDI FT-ICR MS 13 

measurements were performed on a 9.4 T IonSpec active shielded mass spectrometer. 14 

2.3.1. ESI FT-ICR MS 15 

ESI FT-ICR MS analyses were performed in both positive and negative ion modes. The 16 

capillary voltage was set at ± 4000 V and the end plate offset at – 500 V. The source gas was tuned 17 

with nebulizer gas (1 – 1.8 bar), dry gas (4 – 6 L/min) and heated at 180 °C. The sample was infused at 18 

a flow rate of 200 µL.h–1 into the ion source. The ions were accumulated for 0.3 s per scan and 200 19 

analyses were summed to obtain the final mass spectrum in the 129 to 1000 m/z range. The length of 20 

the transient was 3 s and the mass resolution was ≈680 000 at m/z 400.  21 

2.3.2. APPI FT-ICR MS 22 

The analyses were performed in positive ion mode with the APPI source equipped with a 23 

krypton lamp at 10.6 eV. The voltages of the capillary and the end plate were set at ± 1000 V and – 24 

500 V, respectively. The nebulizer and dry gas were tuned at 1.8 bar and 6 L.min–1 respectively and 25 

the source heated to 180 °C. The sample was infused at a flow rate of 1 mL.h–1 and the ions were 26 

accumulated for 0.05 s. The mass spectra acquired in the 129 to 1000 m/z range were the sum of 100 27 

analyses. The transient length was 1.5 s and the mass resolution was ≈340 000 at m/z 400.  28 

2.3.3. LDI FT-ICR MS 29 

The measurements were performed in negative ion mode. Fifty analyses were accumulated 30 

to obtain the final mass spectrum in the 147 to 1000 m/z range. Measurements were conducted at 31 
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the 355 nm wavelength with a diameter of the laser spot of 300 µm. Six hundred laser shots per 1 

analysis were accumulated at a 1000 Hz laser frequency. A 1.7s transient length was acquired, which 2 

resulted in mass resolution of ≈390 000 at m/z 400. The power of the laser was optimized to avoid 3 

fragmentation and recombination phenomenon [36].  4 

Other experiments were performed using a 9.4 T LDI FT-ICR mass spectrometer (IonSpec, 5 

Lake Forest, CA). LDI was performed by a Nd:YAG ORION air-cooled laser system (New Wave 6 

Research Inc, Fremont, CA) working at 355 nm. 7 

The laser power was kept down to 0.7 J cm–2 to avoid fragmentation processes and to obtain 8 

intense ion signals. A decrease of the laser power did not modify the nature of the detected species 9 

but induced a significant decrease in their abundance. The resulting ions from (8 laser shots) were 10 

stored in a RF-only hexapole before their transfer to the FT-ICR cell. The ion guide was tuned to 11 

optimize the efficient transfer of ions in the m/z 150−500 range into the FT-ICR MS cell. A 1.049 s 12 

transient length was acquired with 4096 K data points. Typically, the average mass measurement 13 

accuracy was better than 500 ppb, and the mass resolution was between 500 000 and 2 000 000. To 14 

increase the signal to noise ratio, each mass spectrum reported in following sections was the sum of 15 

45 individual mass spectra.  16 

2.4. Data post-acquisition treatment 17 

The ESI/LDI and APPI FT-ICR MS mass spectra (S.I. 1 and S.I. 2) were analyzed using Data 18 

Analysis V4.4, build 102.47.2299 (Bruker Daltonics) and calibrated with well-known oxygenated 19 

compounds and a peak list, for each mass spectrum, was generated for all ions with a S/N ratio 20 

greater than 4. PetroOrg software (Florida State University) was used for the peak assignment. The 21 

attribution parameters were set as following: C1-100H2-200O1-20N0-20S0-1 (for negative ion mode). Sodium 22 

adducts are considered for (+) ESI analyses. The tolerated mass error was ± 1 ppm. The identified 23 

peaks and the efficiency of the calibration was checked by the graph representing the mass error 24 

against m/z (S.I. 3) and the value of the RMS. 25 

For 9.4 T LDI FT-ICR MS measurements prior to acquisition, the mass spectrometer was 26 

externally calibrated by considering well-known ions such as hydride gold cluster ions. Following 27 

acquisition, internal calibration was performed with specific and well characterized CxHyO3,4,5
+/‒ ion 28 

series. A peak list of signals with a S/N > 4.5 was generated and the Composer software (Sierra 29 

Analytics, Modesto, CA) was used for ion assignment with the following search criteria: C1–100H1–100N0–30 

5O0–30Na0–1
+ (positive ion) or C1–100H1–100N0–2O1–30S0–1

– (negative ion) general formula, 3 ppm tolerance 31 

error, and a double bound equivalent (DBE) ranging from 0 to 40. The recalibration of the mass 32 

spectrum was then conducted with signals assigned with an error lower than 1 ppm by considering 33 
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the following equation with m/z the mass-to-charge ratio, m (uma) the mass and z the charge of the 1 

ion, f the measured frequency (Hz) and, A and B the constraints:  2 

𝑚

𝑧
=
𝐴

𝑓
+
𝐵

𝑓2
 3 

For the non-assigned signals or the assigned signals with an error greater than 1 ppm a 4 

manual assignment was conducted by using Omega 8 Elemental Composition software (Varian-5 

IonSpec Inc.) with the previously reported search criteria. 6 

Post-treatment was applied to process data to achieve some graphical representations that 7 

were necessary in order to compare the results obtained in the different analytical conditions. More 8 

specifically, van Krevelen diagrams were used to illustrate the different components of the bio-oil. 9 

Each compound was represented by a dot where the x and y coordinate represent its O/C and H/C 10 

ratio, respectively. This representation ensures to distinguish species which are relative to lipids (low 11 

O/C ratio and H/C ratio close to 2), sugaric derivatives (high O/C and H/C ratios) and pyrolytic 12 

products of the lignin (H/C value close to 1 and O/C ratio in the 0.2 to 0.6 range) (S.I. 4) 13 

3. RESULTS AND DISCUSSION 14 

3.1. ESI FT-ICR MS 15 

Whatever the ion detection mode, 95% of the signal is attributed to CxHyOz compounds 16 

(Table 1), the composition of which is consistent with the elemental analyses of oak bio-oil [35]. In 17 

(+) ESI, the remaining signal is attributed to CxHyNOz compounds whereas in (–) ESI, both CxHyNOz and 18 

CxHySOz species are identified and correspond to 2% and 3% of the total ion signal, respectively. In (+) 19 

ESI, NOz ions are detected as [M+H]+, which corresponds to protonation of the basic sites of the 20 

molecule such as amine group or pyridine ring [28]. This is in agreement with the dramatically 21 

increase of the signals attributed to nitrogen-containing species when formic acid is added to the 22 

sample [33]. NOz anions are thought to be related to neutral or acidic compounds, which may include 23 

for example an indole moiety. It is proposed that the SOz species are associated with aromatic 24 

sulfonated compounds, which easily deprotonate. Alternatively, they may also correspond to HSO4
– 25 

attachment to CxHyOz bio-oil components during the ESI process [37]. The [M–H]– anion and the 26 

[M+Na]+ cation distribution of the CxHyOz bio-oil components present similarities in terms of DBE and 27 

the number of oxygen atoms. Nevertheless, differences are highlighted when the relative intensity of 28 

these compounds is considered (Figure 1). In (–) ESI, the [M–H]– ions illustrate a wide variation in the 29 

number of oxygen atoms (O2 to O16). The most important signal is observed for O4 to O6 30 

compounds. Sodiated cations [M+Na]+ are detected for O1 to O14 bio-oil components, the most 31 

abundant signal is obtained for O5 and O6 species and, a bimodal distribution is observed. The 32 

second massif is centered on O11 compounds. This behavior has been observed in a previously 33 
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published work dealing with the study of Miscanthus bio-oil by ESI FT-ICR MS under similar 1 

experimental conditions [33]. Furthermore, the van Krevelen diagrams of CxHyOz compounds 2 

detected in (–) ESI and (+) ESI are reported in Figure 2. Lipids are predominantly observed in (–) ESI 3 

but are also observed in (+) ESI. In both ion detection modes, the pyrolytic lignin derivatives 4 

constitute the majority of the signal. Nevertheless, (–) ESI analysis reveals a more extended 5 

distribution of compounds in terms of unsaturation number and oxygen amounts. The sugaric 6 

compounds are more numerous and abundant in (+) ESI. The ability of highly oxygenated compounds 7 

to easily poly-coordinated the sodium cation explains this behavior. 8 

It has to be noted that these results display significant similarities with the works of 9 

Miettinen et al. [30] and Jarvis et al. [31] who investigated by (–) ESI FT-ICR MS after fractionation 10 

the oily and aqueous phases from different pyrolysis bio-oils. Lipids and pyrolytic lignin derivatives 11 

were common to both fractions whereas “sugaric species”, which correspond to the most 12 

oxygenated compounds, were only highlighted in the aqueous phase. These latter compounds are 13 

relative to the second distribution (centered on O11) observed in this study for [M+Na]+ ions. The 14 

first massif of the O-containing bio-oil components, common to both ion detection modes, is 15 

indicative of the pyrolytic lignin derivatives. In spite of a lower sensitivity of (+) ESI for pyrolytic lignin 16 

derivatives and lipids, it is the only experimental condition able to give semi-quantitative information 17 

regarding the sugaric and lignin pyrolysis compounds. As a conclusion, both detection modes are 18 

useful for the thorough characterization of bio-oil. 19 

The comparison of the obtained results with previously published works [15,38,39] can be 20 

made to tentatively assign some signals, obtained by (+) or (–) ESI FT-ICR MS (see S.I. 2a and 2b), to 21 

well-known pyrolysis compounds derived from the wood constituents. Thus, the ions observed at 22 

m/z 185.04213, 187.05764 and 347.09467 may be attributed to [M + Na]+ adducts of levoglucosan, 23 

glucose and cellobiosan, which are cellulose and hemi-cellulose pyrolysis products. The specific 24 

compounds, which derivate from the lignin pyrolysis may also be observed in the form of [M + Na]+ 25 

and/or [M – H]–. Cinnamic acid and coniferyl aldehyde, two of the lignin paracoumaryl unit derivate 26 

are detected as [M – H]– ion at m/z 147.04512 and 177.05571,respectively. Pyrolysis compounds of 27 

guaiacyl (vanillin, eugenol, acetoguaiacon), and syringyl (syringol, methylsyringol, syringaldehyde) 28 

units were also evidenced (see S.I.3) 29 

3.2. APPI FT-ICR MS 30 

The predominant part of the total ion current (TIC) observed in (+) APPI, is the results of O-31 

containing compounds. The NOz species only represents 10% of the signal. The Oz-species 32 

distribution ranges from O1 to O13 with maxima around O6-O7 (Figure 1). The corresponding van 33 
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Krevelen diagram (Figure 2) indicates that both lipids and pyrolytic lignin derivatives are observed in 1 

APPI. In spite of limited reported data on APPI analyses of woody bio-oils, the comparison with 2 

Osborne et al. [40] investigation of dissolved organic nitrogen-containing compounds by APPI FT-ICR 3 

MS demonstrates that neither proteins nor tannins are detected by (+) APPI FT-ICR MS of pyrolysis 4 

bio-oils. As we observed, only lignin derivate compounds and lipids but not cellulose-linked species 5 

are detected. Thus, APPI should be considered as inefficient for the ionization of sugaric derivatives. 6 

Further examination of (+) APPI mass spectrum, reveals that 75 % of the TIC for O-containing 7 

bio-oil components is associated with protonated species and the other species are molecular M●+ 8 

ions. Different ionization pathways may explain the formation of the observed cations, considering 9 

that no dopant was added in our (+) APPI experiments. Due to the ionization energy of methanol 10 

(10.84 eV), the solvent cannot be directly photoionized by Kr photons (10.6 eV), but the dimer of 11 

methanol, corresponding to 2% of the methanol in solution, has a lower ionization energy (9.74 eV) 12 

and is efficiently ionized [41]. The radical cation dimer may yield a protonated methanol ion by 13 

elimination of a CH3O● (or ●CH2OH) radical. Additionally, the generation of large protonated 14 

methanol clusters is facilitated by the large binding energy of neutral CH3OH to protonate solvent 15 

clusters, e.g., CH3OH binding energy with [CH3OH]nH+ is  – 33  kcal/mol for n = 1, – 22  kcal/mol for n = 16 

2, and – 16  kcal/mol for n = 3 [42]. The interaction of these protonated methanol clusters with O-17 

containing bio-oil components induces the transfer of the proton, and eventually the fission of the 18 

methanol cluster, to the most acidic bio-oil compounds. Wood pyrolysis bio-oils typically have a low 19 

pH values and significant amounts of acidic compounds [20]. More specifically, this happens for O/C 20 

> 0.4 compounds, which have odd m/z values (S.I 5). The formation of even m/z ions may be the 21 

result of the direct photoionization, according low ionization energy of highly unsaturated and 22 

conjugated species or charge transfer from the [CH3OH]2
●+ ion. Alternatively, part of the large 23 

number of the bio-oil components may act as a self-dopant. It has to be noted that the addition of a 24 

typical APPI dopant (toluene) had no significant effect on the obtained mass spectrum. 25 

3.3. LDI FT-ICR MS 26 

The experiments were conducted in both positive and negative mode. In this latter case, 27 

both 9.4 T and 12 T instruments were used. The majority of detected ions are O-containing 28 

compounds, independent of the instrument or the ion detection mode used. This observation is 29 

more pronounced in negative LDI FT-ICR MS for which the obtained distribution with the 12 T 30 

instrument is CxHyOz (92 %), CxHyNOz (3%) and CxHySOz (5%) and CxHyOz (97 %), CxHyNOz (3%) and 31 

CxHySOz (0.3%) for the 9.4 T FT-ICR mass spectrometer (Table 1). The distribution of O-containing 32 

species presents a maximum at O6 components in negative ion detection mode. A broad distribution 33 

of the number of oxygen atoms is observed for the 12 T instrument (from O3 to O17); whereas the 34 
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mass spectrum obtained with the 9.4 T mass spectrometer limits the distribution to 10 oxygen 1 

atoms. In (+) LDI, the signal is relative to CxHyOz (83% of the TIC) and CxHyNOz (17% of the TIC) 2 

compounds. The O-containing compounds ranges from O2 to O14 with maxima observed for O4 – O5 3 

species (Figure 1). The species containing 8 to 14 oxygen atoms are detected as sodium adducts. 4 

These sodium ions originate from the solvents used in the analysis. In gas phase, Na+ easily 5 

coordinates with low unsaturated compounds which contain a significant amount of oxygen atoms.  6 

According to the O/C and H/C ratios, both pyrolytic lignin derivatives and sugaric compounds 7 

(but not lipids) are detected on the 12 T (–) LDI mass spectrum (Figure 2). The 9.4 T (–) LDI, leads to 8 

the specific observation of the pyrolytic lignin compounds (Figure 2). Lignin linked compounds are 9 

observed in the LDI experiments due to their significant absorption properties at the laser 10 

wavelength used. This is confirmed by previous work carried out by Olcese et al. [23] who 11 

investigated bio-oils produced by pyrolysis of lignin for which O2 to O8 compounds with DBE values 12 

ranging from 7 to 25 were observed. Smith et al. [29] also observed that O4, O5 and O6 were the 13 

main O-containing bio-oil component observed by LDI–Orbitrap MS. Differences in (–) LDI results 14 

obtained with the 12 T and 9.4 T instruments can be explained with the different 355 nm laser 15 

profiles of both setups. The energy surface distribution of the smartbeamTM laser which is coupled 16 

with the 12 T FT-ICR MS instrument is less homogeneous than the Orion. Indeed, the “average 17 

homogeneity” of the smartbeamTM is obtained by the repetition on the same area of a large number 18 

of different laser shots [43]. For the Orion laser, each laser shot is more homogeneous. As a 19 

consequence, the smartbeam laser leads to the formation of hot (and cold) spots, for which the laser 20 

energy may be higher (and lower) than the laser energy deposited at the surface of the sample by 21 

the Orion laser. Typically, the compounds which have low absorption properties (in this case sugaric 22 

compounds) need high laser energy to be desorbed and ionized. Such conditions occur in the hot 23 

spots of the smartbeamTM laser but not with the homogeneous Orion laser. 24 

In LDI, compounds are detected as radical or protonated/deprotonated ions. The radicals are 25 

highly unsaturated compounds (H/C < 1) with O/C < 0.4, as shown in S.I. 5. Among the O-containing 26 

species, only 4% of the signal is attributed to M●– ions using the 12 T mass spectrometer (S.I. 4). 27 

Whereas, when using the 9.4 T equipped with the Orion laser, they represent 22% (M●+) and 15% 28 

(M●–). It is proposed that these differences are linked to the laser-sample interaction which is 29 

strongly dependent on the laser beam as previously mentioned. 30 

3.4. Complementarity of the different ionization sources  31 

Irrespective of the ionization method used and the ion detection mode, the obtained 32 

compound class distribution is mainly associated with O-contained compounds, which is consistent 33 

with CHNOS elemental analysis, at least 90% of the TIC is related to CxHyOz compounds (Table 1). 34 
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Nitrogen species are always detected while SOz compounds are only detected in negative ion 1 

detection mode. Figures 2 and 3 well illustrate the complexity of the bio-oil samples and the 2 

complementarity of ESI, APPI and LDI sources for their ionization and analysis. 3 

3.4.1. Positive ion mode analyses 4 

The distributions of the O-species achieved in (+) ESI and (+) APPI appear very similar based 5 

on the importance of Oz bio-oil components (Table 1), which extend to a similar range from O1 to 6 

O14 and from O1 to O13, respectively. However, further insight can be gained by assessing the 7 

intensity of the DBE distribution for each heteroatom class (Figure 1). In ESI, the most intense 8 

compounds detected contain 10 and 11 oxygen atoms and have DBE < 5. The other prominent 9 

species are composed of 5 to 7 oxygen atoms and their DBE values range from 0 to 5. The most 10 

oxygenated species have the properties of pyrolytic sugaric derivatives whereas the less oxygenated 11 

ones are pyrolytic lignin derivatives and lipids, these components were also evidenced on a 12 

Miscanthus bio-oil in (+) ESI [33]. On the other hand, in case of APPI, compounds having 10 or more 13 

oxygen atoms are not significant which means that sugaric compounds are not ionized in APPI. 14 

However, species containing 4 to 8 oxygen atoms are intensely detected, which is also seen using ESI. 15 

But their unsaturation degree is much more important, with DBE ranging between 5 and 20. These 16 

molecular properties can be attributed to pyrolytic lignin derivatives and lipids. Moreover, 17 

compounds identified in ESI contain up to 30 carbon atoms on a mass range of m/z 150 to 600 18 

whereas in APPI, they have up to 40 carbon atoms and a mass range from m/z 200 to 800.  19 

 Thus, APPI is useful to observe the highest mass-to-charge-ratio compounds with high DBE 20 

values and low polarity (not observed on (+) ESI mass spectrum). Nevertheless, these hetero-21 

polyaromatic compounds are not totally apolar due to their capability to be ionized in APPI by 22 

protonation rather than charge transfer. ESI is a suitable method to observe polar to middle polar 23 

compounds which are characterized by a low unsaturation degree and a significant amount of  24 

heteroatoms such as oxygen in the case of bio-oils [10,13,16]. The (+) LDI analysis yields results very 25 

similar to those obtained by (+) ESI and (+) APPI. It leads to an intermediate behavior and allows both 26 

middle polar to low polar bio-oil components to be observed at the exception of the high mass 27 

species. The combination of the different used ionization methods is consequently well suited to 28 

exhaustively describe pyrolytic bio-oil.  29 

The examination of the obtained signals in respect to the DBE value and the number of 30 

oxygen atoms for the three different ionization techniques Figure 1 highlights that positive ESI is 31 

more sensitive to ionization competition. More specifically, highly saturated compounds with high 32 

levels of oxygen are well suited to form stable sodium adducts which lead to the increase of the 33 

associated signal. The same kind of discrimination is observed with components presenting a high 34 
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proton affinity when bio-oil is directly infused in the ESI source. In contrast, positive APPI and in a 1 

lesser extent positive LDI lead to a less compound-dependent ionization and ensure a more precise 2 

description of the bio-oil component distribution to be obtained but only on pyrolytic lignin species.  3 

3.4.2. Negative ion mode analyses 4 

The CxHyOz compound distributions obtained in (–) ESI and (–) LDI are very similar in respect 5 

with the oxygen atom amounts (Figure 1). In both ionization modes, a broad O-class of compounds 6 

are detected, with O2-O16 components in (–) ESI and O3-O17, in (–) LDI using the 12 T FT-ICR MS. 7 

The O-species range obtained with the 9.4 T FT-ICR MS is narrower (O3 to O10 oxygen atoms). 8 

However, when using either instrument, the O4 to O6 species are the most predominant. These 9 

observed trends are very similar to those obtained in positive detection mode with ESI, LDI and APPI. 10 

As shown in Figure 1, degree of unsaturation is more important for compounds detected in LDI than 11 

those in ESI. These results are consistent with published literature. For example, the LDI and ESI 12 

analyses of extracts from fast pyrolysis char obtained by Cole et al. [17] present similar distribution of 13 

compounds in respect to their heteroatom classes with a DBE distribution centered at higher values 14 

in LDI. Consequently, this behavior has to be considered as a generalization for woody bio-oils of 15 

what we previously reported for lignin pyrolysis products [23]. Thus, negative LDI exhibits the 16 

capability to efficiently ionize low to medium polar compounds presenting different amounts of 17 

oxygen atoms and a high number of unsaturation, which is due to the absorption properties at the 18 

wavelength of the ionization laser, whereas negative ESI is more suited to more polar species such as 19 

lipids. 20 

The comparison of positive and negative mode van Krevelen diagrams for lignin derivate 21 

compounds is also of significant interest. The O/C ratio is very similar and generally ranges from 0.1 22 

to 0.7. In contrast, the H/C ratio varies significantly. For LDI and APPI, this ratio for the observed 23 

compounds is centered on 1, in contrast it is significantly higher in positive ESI and lower in negative 24 

ESI. ESI ensures the efficient ionization of polar compounds, positive ESI is sensitive to basic 25 

compounds whereas negative ESI is well suited to neutral or acidic species. APPI and LDI are less 26 

sensitive to these differences in chemical properties and as a consequence, the acidic and neutral 27 

fraction of bio-oil is predominantly highly unsaturated species, which easily deprotonated to produce 28 

anions stabilized by significant mesomeric effects. 29 

The complementarity of the ionization sources is also assessed by the Venn diagrams giving 30 

the repartition of the different 4500 compound formulae depending on the ionization source and the 31 

ion polarity (Figure 3). In positive ion mode (Figure 3a), APPI enabled to identify 1297 exclusive 32 

formulae whereas ESI and LDI allowed to attribute 449 and 92 own formulae, respectively. As a 33 

result, only 65 compounds were common to the 3 ionization sources. Besides, the same 34 
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representation was done in negative ion mode (Figure 3b), with ESI and LDI. It appeared that 617 1 

formulae were specific to ESI, and 625 to LDI in the best conditions. Finally, as (−) ESI has been the 2 

only ionization method in most bio-oil analyses [22], it is clearly demonstrated here that this strategy 3 

nearly highlights 1250/4500 elemental formulae corresponding to less than 28% of the total bio-oil 4 

components. 5 

4. CONCLUDING REMARKS 6 

Comprehensive petroleomic analysis of bio-oil by ESI, APPI and LDI FT-ICR MS, showed that 7 

the heteroatom distributions as obtained by these three different methods were very similar. In fact, 8 

for any given ion detection mode, the CxHyOz species are the most abundant compound family and 9 

their distributions extend across comparable ranges of oxygen atom numbers. However, when 10 

focused on the DBE distributions obtained for each of the ionization modes, some differences 11 

became apparent. In ESI, the compounds were more highly saturated, with 2 < DBE < 10, whereas in 12 

APPI, they were more unsaturated with 5 < DBE < 20. In LDI, the range of unsaturation was between 13 

those obtained by ESI and APPI but it was also affected by the FT-ICR MS laser configuration. With a 14 

non-homogeneous laser beam, components identified were less unsaturated  15 

This approach successfully demonstrated that the characterization of complex mixtures by 16 

non-targeted analysis required the use of different but complementary ionization sources in order to 17 

have the most exhaustive as possible description. Indeed, at the maximum, the common used 18 

negative ESI only allowed the MS detection of less than 28% of the combined features obtained by 19 

ESI, APPI and LDI FT-ICR MS. 20 
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CAPTION 1 

Table 1: Relative distribution of compound families identified in bio-oil using positive and negative 2 

detection mode in ESI, LDI and APPI FT-ICR MS. 3 

Figure 1: Relative intensities of the CxHyOz compounds in (+) and (–) ESI, APPI and LDI FT-ICR MS 4 

spectra of wood-derived bio-oil according to the DBE and oxygen atom distributions 5 

Figure 2: Relative intensities of the CxHyOz compounds in wood-derived bio-oil represented on the 6 

van Krevelen diagrams according to their H/C and O/C ratios as obtained by (+) and (–) ESI, 7 

APPI and LDI FT-ICR MS.  8 

Figure 3: Venn diagrams of CxHyOz compounds in wood-derived bio-oil obtained in (a) positive ion 9 

mode and (b) negative ion mode.  10 
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Table 1 1 

 2 

 3 

 4 

 5 

 6 

  7 

 
# 12C identified 

compounds 
CxHyOz CxHyNOz CxHySOz 

ESI (+) 1521 95% 5% – 

ESI (-) 1382 95% 2% 3% 

APPI (+) 2778 90% 10% – 

LDI (-) 936 92% 3% 5% 

LDI (+) * 415 83% 17% – 

LDI (-) * 1222 97% 3% – 

  

* 9.4T FT-ICR MS 
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