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Abstract

Among the various alternatives to fossil energies, microalga-based fuels are promising
solutions. Thanks to their ability to grow under harsh conditions and trap industrial exhaust
gases, these microalgae can help reduce global warming effects. One efficient way to process
this feedstock is to use hydrothermal liquefaction (HTL) which leads to an intermediate bio-
crude and a residual solid. This bio-crude can be further refined to produce usable biofuel by
eliminating problematic heteroatoms such as nitrogen, oxygen, and metals. The residual solid,
which can represent 50% in mass is, however not useable nc'vadays. To valorize this
insoluble fraction, the present work is focused on its 'nui=cular characterization and, in
particular, on its metal content. Metals are particularlv nichlematic for downstream processes
when they are in an organic form such as porphyrinc a. they destroy catalysts. Identification
and speciation of these metal organic species .. th.us needed. However, these analyses are
challenging because of the high molecu! r d.versity of these samples. Here, complementarity
between electron paramagnetic resona>ce spectroscopy (EPR) and FTICR-MS, which is a
state-of-the-art mass spectrometer v.a< used for the speciation of copper elements in the
residual solid. A signal charza:terisdc of a copper surrounded by four symmetric nitrogen
atoms was observed in EPR, :tir,gesting porphyrinic structures. The dynamic range of FTICR-
MS broadband analyse. was not sufficient to access the isotopic fine structure of the copper
porphyrins. Continuous accumulation of selected ions analyses (CASI) was thus, performed to
boost the dynamic range of the mass spectrometer in a narrower mass range allowed to
confirm for the first time the presence of copper porphyrins in a residual solid of bio-crude.

Different families of copper porphyrins were observed, and putative structures were proposed.
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1. Introduction

The acceleration of global warming has prompted the scientific community to seek
sustainable energy solutions. One major challenge is the reduction of greenhouse gases
produced by the consumption of fossil fuels. Among the different alternatives, microalga-
based fuels are promising solutions. Due to their fast growth rate, cultivation on non-arable
lands, and potential high lipid content microalgae are of particular interest. In recent projects,
wild microalgae were fed using exhaust gases of industries, allcwing the capture of CO, [1-3].
One way to process harvested microalgae mixtures is to use bydicthermal liquefaction (HTL).
HTL has been reported as an efficient way to process such fe xdstock in numerous published
reviews [4-8]. Using a direct thermochemical conersion of wet microalgae, this process
avoids preliminary energy-consuming drying stens. Moreover, the temperature and pressure
process conditions allow to exploit the sp-citic water properties for the bio-molecules
conversion through hydrolysis, decarboxy.-«on and dehydratation. Obtained products are the
bio-crude (a liquid), some gases, an~ a solid residue resulting from heavy fragments and
molecule condensations. The ok ea bio-crude is the only valorized product nowadays.
However, it was reported in ¢ oicvvious work that the amount of solid residue can reach 50 %
in mass [3]. Finding ‘vay~ to valorize this fraction is thus, important. To this end,
understanding its molectar composition is an important preliminary step. However, this
residue is composed of thousands of different species which makes it challenging to study.
Inductively coupled plasma atomic emission spectrometry (ICP-AES) after mineralization
conducted on these samples has revealed the presence of several metals and especially iron
and copper [3]. Such metals can be present either in a form of salt or in organic forms
including porphyrins. This metal-organic form is particularly problematic during downstream
processes as it destroys catalysts. Iron porphyrins were already identified and characterized in

this kind of bio-crudes in previous works using Fourier transform ion cyclotron resonance



mass spectrometry (FTICR-MS) [9, 10]. FTICR-MS are state-of-the-art instruments that
deliver very high performances in terms of resolution, mass accuracy, and the dynamic range,
which is required to resolve the highly complex samples and attribute to each detected signal
a unique molecular formula [11-13]. However, additional metals are contained into this
residue, but no organic signatures were detected with these analyses. Indeed, only a limited
number of element are considered for molecular formula assignments such a carbon,
hydrogen, nitrogen, oxygen and sulfur [14]. The consideration of additional elements will
yield necessary to an increase of wrong attributions so this shetla e performed carefully and
typically with additional knowledge of the sample for instr.icc based on ICP-MS analysis [15,
16]. Electron paramagnetic resonance (EPR) spectrosrop’ ' measures the resonant absorption
of microwave radiation in the presence of a static maynetic field [17, 18]. Absorptions are
observed when the spin or the orbital angula~ 1. orentum of an unpaired electron creates a
magnetic dipole [17]. This technique is +art’cularly useful for the characterization of metals-
containing species [19]. It has prove it usefulness for the characterization of vanadyl
porphyrins in asphaltenes from th» Athabasca oils sands [20]. In this work, EPR
measurements were performec to ouserve behavior of copper. Signal of a copper surrounded
by four nitrogen atoms w>s observed, assuming a porphyrinic structure. FTICR-MS
measurements using cnunuous accumulation of selected ions (CASI) [21] was then

conducted to identify the structure of this organic copper.



2. Experimental part

2.1.Production of the bio-oil

The production of the bio-oil is described in a previous paper [3]. Briefly, cultivation of algae
took place in an industrial environment using CO2 from plant emission without any
purification as carbon sources. In this context, the cultivated algae were wild algae as ambient
indigenous species as opposed to inoculated selected species. After the harvesting procedure,
hydrothermal liquefaction conversion (HTL) was performed *o transform algae into a bio-
crude. This bio-crude was characterized in a previous work (3). 't was, then, further refined
using distillation to remove the water and liquid/solid ex ract on with hot toluene. Obtained
products were bio-oil and a solid residue with a progordon of 50% for each. Elemental
composition of the bio-crude is given in table S1 and the insoluble fraction elemental content
in table S2. In the present work, we focusec our effort on the solid fraction of a bio-crude

from algae produced in fresh water during * inter 2018.

2.2.5S0lid-state EPR spectroscop /

Echo field sweep and 2D hype .~ sublevel correlation (HYSCORE) spectra were recorded
with a Bruker ELEXYS =58L spectrometer (Bruker, Bremen, Germany) operating at a
temperature T = 5K usira 4 CoolEdge cryofree system [22]. For pulsed 2D HYSCORE
experiments, a four-puise sequence (m/2)-t—(n/2)- t;—(m)-t,—(n/2)—detection(echo) sequence
was used with pulse lengths of ©/2 and & pulses of 16 ns and 32 ns and a delay T = 136 ns for
+1/2 copper excitation line and pulses lengths of /2 and = pulses of 28 ns and 56 ns and the
delay t = 136 ns for selective excitation of carbon-centered radical species. The 2D spectra
were acquired with 256x256 time-domain data points to build t; and t, dimensions. The

unmodulated part of the echo was removed by second-order polynomial subtraction. Finally,



2D Fourier transformation and a Hamming apodization window function were applied to

obtain the 2D HYSCORE spectra.

2.3.FTICR-MS

All analyses were performed on an FTICR Solarix XR (Bruker Daltonics, Bremen, Germany)
equipped with a 12 T superconducting magnet and a laser desorption ionization (LDI) source
used in positive ion mode. The mass spectrometer was externally calibrated with a solution of
sodium trifluoroacetate. Mass spectra were afterward interna'ly calibrated with confidently
assigned signals yielding a mass accuracy below 300 ppb i'r u.» considered mass range. A
sample of the insoluble fraction of the bio-crude was deg nsite d using a solvent-free method,
following a previously published procedure [23]. Mess cnectra were recorded in positive ion
mode at 8 million points with a sum of 500 scans. yielding a resolution of 1 500 000 at m/z
150 and 500 000 at m/z 500. The following i:>struimental parameters were implemented: Plate
offset at 100 V, deflector plate at 210 Vv, 'iser power at 19 %, number of laser shots at 40,
frequency of laser shots at 1000 Hz, fu.:nel 1 at 150 V, skimmer 1 at 25 V. To boost the
dynamic range of the FTICR-M’ «na achieve better sensitivity for low-abundance species,
continuous accumulation of celected ions (CASI) experiments were conducted [21]. For this
purpose, the porphyrinic 1eon (between m/z 425 and m/z 675) was isolated thanks to the
quadrupole and then tran. ferred to the infinity ICR cell. Data acquisition and data treatment
were performed using FTMS Control (version 2.3, Bruker Daltonics, Bremen, Germany) and

DataAnalysis (version 5.1, Bruker Daltonics, Bremen, Germany) respectively.



3. Results and discussion

3.1. EPR results

The insoluble fraction was analyzed by pulse EPR techniques at 5 K. The low temperature is
used to decrease the number of spins at the high energy level. The spectrum displayed in
Figure 1 shows the echo field sweep spectrum representing the echo intensity corresponding
to the first derivative of the imaginary part of the molecular magnetic susceptibility
concerning the external static magnetic field (in arbitrary unit) in the function of magnetic
field (in gauss). We can see a typical Cu®* (d9 electronic spin 5=./2) species with a g value of
2.11. The g factor is a constant of proportionality, whose ‘alut is the property of the electron
in a particular environment. It was calculated tha ks tu Equation 1 with v the X-band
microwave frequency in GHz and B the magnetic ficid in mT. Note that one tesla corresponds

to 10000 gausses.
Equation 1. g=71.4484v /B

It presented also a hyperfine intera tion with ®Cu (nuclear spin 1=3/2) with a coupling
constant of A = 212 G. This iateroction corresponded to a local magnetic field induced by
unpaired electrons of the compound. This interaction allowed us to provide crucial
information about th: can.n'e such as the number and the identity of atoms in a molecule or
compound, as well as their distance from the unpaired electron. In our case and according to
Peisach-Blumberg [24], the obtained hyperfine interaction indicates a four nitrogen atoms
coordination around the Cu®*. Moreover, superhyperfine coupling was also observed and
corresponded to additional smaller splitting from nearby nuclei. This superhyperfine coupling
was observed in the +1/2 copper hyperfine transition with a pattern of nine lines resulting
from the superhyperfine coupling of Cu®* electron spin with 4 equivalent nitrogen atoms (1=1)
with the superhyperfine coupling of 17 G. Such results are typical of copper porphyrin

structure.
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Figure 1. Echo field sweep spectrum of insoluhile i uction recorded at 5 K

To go further insight into the environmen. and have access to the local structure of copper
porphyrin and carbon-centered radi.a = -D-HYSCORE experiments have been performed.
Such experiments allow transferting clectron magnetization to surrounding nuclei by mixing
the two electron spin manifoiu~. r"igures 2a and 2b display the results for copper moiety and
radical species respectivc ly. \’eaks appearing in the upper right (+, +) quadrants typically arise
from nuclei in which the 1yperfine coupling is less than the Larmor frequency. They appear
at the Larmor frequency, separated by the hyperfine coupling. Peaks from nuclei in which the
hyperfine interaction is greater than the Larmor frequency appear in the upper left (-, +). For
the copper species (Figure 2a) only weak coupling with **C and *H in the (+, +) quadrant is
observed with respectively hyperfine constant Ai, of 5.8 MHz and 2.1 MHz. This weak
coupling results from the second sphere coordination of the porphyrin. No nitrogen atoms
couplings are observed. Effectively echo field sweep experiment shows a coupling of 17G (~

48 MHz) with nitrogen that is too high compared to the bandwidth to be observed, i.e. 20



MHz. For the carbon-centered radical (Figure 2b), a nitrogen atom pattern that contributes to
both quadrants can be observed. In the (+, +) quadrant we can observe a N pattern at 4.6
MHz that can be assigned to the double quantum (dq). In the (-, +) quadrant single quantum
(sq) and dq for **N can be measured. Two dq peaks with Ajs of 6.1 and 7.8 MHz indicate that
two different nitrogen atoms are inserted in this radical structure. Weak coupling in the (+, +)

quadrant for *C and 'H is also observed with a maximum value of 10 MHz for protons.
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Figure 2: 2D-HYSCORE spo-tri. of (a) copper (+1/2 line) species and (b) carbon-centered
radical. Spectra were rec)rde1at 5 K

2.2. FTICR results

To obtain a molecular characterization of suspected copper porphyrins, Laser Desorption
lonization coupled to Fourier transform ion cyclotron resonance mass spectrometry (LDI-
FTICR-MS) was used. LDI has proven to be the particularly efficient for the ionization of
porphyrins and has the advantage to work with either liquid or solid samples [23, 25-28]. A
FTICR mass spectrometer was used for this analysis, allowing the best performances in terms

of resolution, mass accuracy, and dynamic range.[12, 29-31] Initial broadband LDI-FTICR



experiment yielded to the detection of signals consistent with copper-containing species.
However, the signal-to-noise was not sufficient to detect ®*Cu isotopes (Figure S1). To
improve the dynamic range and facilitate the observation of ®*Cu isotopes, continuous
accumulation of selected ions (CASI) was performed on the porphyrin signals region
(between m/z 425 and m/z 675) [32]. CASI involved to the use of the quadrupole mass filter to
transmit a small proportion of the ions to the ICR cell. The number of ions that are introduced
to the ICR cell is controlled by the accumulation time (typically in the ms range). It is limited
by charge space effects that can yield to change in ion freai'=nc ' and even to coalescence
effect [33]. With CASI a higher amount of ions of this na'1u.‘er mass range is trapped in the
ICR cell using a higher accumulation time. As a conscauence, this greatly enhances the
dynamic range of the analysis. A better sensitivity far :nw-abundance species was therefore

obtained.

Obtained results are reported in Figure 3. 7 “qure 3a presents the acquired mass spectrum with
the broadband mass spectrum colore in Ylack and the CASI experiment is in red. The first
observation that can be enouncec 1s *he very high number of signals obtained in the analyzed
insoluble fraction of the bioc an. Figure 3b presents a zoom at m/z 537 on 400 mDa. This
zoom highlights the coripioxity of the sample with more than 50 signals detected in this
range. The mass accurac / and the resolution of the FTICR however allow the molecular
formula attribution of each detected signal. Several molecular formulas are also reported in
the inset. It can also be observed around m/z 450 the presence of intense signals that spike out

of the distribution. These signals correspond to iron porphyrins [34, 35].
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Figure 3. Obtained broadband (in pia~k) and CASI isolation (in red) mass spectra of the
insoluble fraction of the bio-cri.de .nalyzed by LDI-FTICR-MS in positive ion mode. The
inset presents a nominal mass 7ou™m at m/z 537. Several species were attributed and added to
this inset.

To research specifically cusp:cted copper porphyrins, the constraints applied to the molecular
formula attribution alg~.ithm were as followed: N4Cu;0, and a minimal double bond
equivalent (DBE) value of 17 according to the minimal possible core (tetrapyrrole). Even with
the high mass accuracy of the FTICR, several molecular formulas were found for the same
signal and isotopic fine structure verification was needed to find real copper porphyrins.
Figure 4 presents an example of the CASI mass spectrum between m/z 537 and m/z 541 of the
insoluble fraction of the bio-crude (in red) with the simulated isotopic pattern of the molecular
formula C3,H3sN4Cu” suspected as a good candidate for the detected signal at m/z 537.20740

(in black). The mass deviation is 50 ppb compared to the calculated mass. This experimental



mass is also consistent with the CsgHosN4* molecular formula one with a deviation of only 10
ppb. Its simulated pattern is colored in blue. Zooms at m/z 537 and m/z 539 were given in
Figures 4b and 4c respectively to compare the experimental measurement and the simulated

isotopic pattern.

By comparing the simulated isotopic pattern with the experimental measurement, it was found
at m/z 539 (monoisotopic signal at +2 Da compared to most abundant Cu isotope of
CsH34N4Cu™) a signal corresponding to the molecular formula CaH3N.2°Cu*. Molecular
attribution of this signal provided no other possibility.  ~ontrast, the signal of the
CasHsN,C," ion is not present in Figure 4c. As a con.equ nce, the detection of such the

%*Cu isotope validates the molecular formula of the ccpper porphyrin CaoHasNsCu®.

a) c)

N
gaz' 22(7;42J 537.20740 53920559 i
3 uN,* . 5 .
oH.,CuN, GH.mON, || C,H,N=Cu," |
53920559
538.21075 C,H,N,#Cu,*
C, H,CuN,“C *
540.20894 1
| G, H,,N,®C *Cu * "
539.2140
l 537.20737 ! [| C, HuN C.
537.20737 |
CahyN,' i
53821073 | : |
G, H_N,"C* ‘ ‘
a7 125 | 537.200 537.210 537.220 539.200 539.210 539.220
r,9.21408 mz mz
| CoHoN, ",
]

537.0 537.5 538.0 538.5 539.0 5395 540.0 540.5
mz

Figure 4. CASI LDI-FTICR-MS mass spectrum showing (a) the m/z 537-540 range of the
insoluble fraction of the bio-crude (in red), a simulated isotopic pattern of the molecular
formula C3,H34CuN," (in black), and a simulated isotopic pattern of the molecular formula
CagHasN4 (in blue). Additional zooms at (b) monoisotopic ion and (c) at monoisotopic +2 Da
were also given.

The signal of copper porphyrin detected at m/z 537.20740 was the most intense at present

already a relative intense ®*Cu isotope. For lower intensity copper porphyrin signals, the



detection of ®*Cu is not always possible. One strategy to assign unambiguously additional
copper porphyrins is to take advantage of the negative mass defect of copper (Mc,: 62.92960
U, MD¢, —0.07040 u) by the use of Kendrick mass defect (KMD) plots [36, 37]. Kendrick

mass defect is defined by Equation 2.

Equation 2. KMD = Observed nominal mass — Observed mass X T2 0156s

The KMD allows taking out the mass defect contribution of > CH; repetition unit from a
measured m/z. By representing this KMD versus the Ken.'rick nominal mass it is possible to
generate two-dimensional plots of the mass spectrur. whe re the x-axis is the nominal mass of
the m/z value and the y-axis is the decimal one. <pe:.ies of the same family which only differ
by the number and length of alkyl grou.s (iumber of CH, repetition units) are on the exact
same y-axis and have therefore the zome KMD value. The obtained plot was made using a
Python script PyC2MC viewer [(8] and is given in Figure 5a. Here, the black dots represent
all signals peak picked in e riass spectrum. In Figure 5b, the previously detected copper
porphyrin with a molec.'ar formula of CsH3sN4Cu®™ was added using a pink star. Then, by
adding or subtracting exactly the mass of CHj to the starting porphyrin (Ca;H3sN4Cu®) with a
tight error interval (14.01565 + 0.0005 Da), other copper porphyrins of the analysis could be
identified. The same procedure was applied with the addition and subtraction of the mass of
H, to detect copper porphyrins having a different DBE value. In this range of 0.5 mDa, only
signals having exactly the correct value are recovered, allowing a very precise attribution

pathway. The resulting identified series are presented in Figures 5a and 5b. It can be observed



that copper porphyrins are detected with a DBE varying from 17 to 23 with different number
and lengths of alkyl chains. Examples of attributed molecular formulas are given in Table 1

and an exhaustive list is given in supporting information in Table S3.
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Figure 5. Kendrick mass defect versus Kendrick nominal mass diagram of (a) the whole m/z
peak list of the analyzed bio-crude (black) and the extracted copper porphyrins (from red to
blue) for each value of DBE and (b) zoom of porphyrin region.

Table 1: Example of attributed molecular formula of copper porphyrins

Intensit Molecular

(arbitrary li/nit) Calc. m/z Err (ppm) formula DBE
2746443 441.113496 -0.072 Cas5 Hao Cu Ny 17
5757098 469.144796 -0.001 Ca7 Hs Cu Ny 17
1467602 425.082196 -0.012 Ca4 Hig Cu Ny 18

2754068 453.113496 0.011 C26 H22 Cu Ny 18



1130983 423.066546 0.175 C24 His Cu Ny 19

2036204 451.097846 0.214 Cze Hoo Cu N4 19
3310538 477.113496 0.051 Cos Hao Cu Nyg 20
5040052 491.129146 0.006 Co9 H24 Cu Ny 20
1061847 433.050896 0.137 Cos His Cu Ng 21
1215822 447.066546 -0.189 Ca6 His Cu Ny 21
1550163 459.066546 -0.063 Co7 His Cu Ng 22
1827498 473.082196 0.092 Cos Hig Cu Ny 22
4529688 541.144796 0.080 Cs3 Has Cu Ny 23
5751931 555.160446 0.112 Csa Hos Cu Ny 23

Using obtained molecular formulas of copper porphyrins, several putative structures were
drawn and are given in Figure 6. Such structures are based or. piovious research on vanadium

petroporphyrins [13, 25, 39, 40].

Chemical Formula: Co7HpsCuN, Chemical Fori. ula: Co6H22CUN,  Chemical Formula: CogHagCuNg4

DBE 17 DBE 18 DBE 19

&

Chemical Forr.u. * C,.'',,CuN,  Chemical Formula: Cy6H1gCuN,  Chemical Formula: CogHgCuN,

DBE 2( DBE 21 DBE 22

Chemical Formula: C33H6CuN,

DBE 23

Figure 6. Putative structures of copper porphyrins detected in the insoluble fraction of the bio-
crude based on an attributed molecular formula.



4. Conclusion
Complementarity between EPR and FTICR-MS was highlighted in this work for the

characterization of copper porphyrins in an insoluble fraction of a bio-crude. EPR bought to
light precious insights about the presence of copper species surrounded by four symmetric
nitrogen atoms. FTICR-MS analyses were not precise enough to attribute directly such
species. Indeed, the mass difference between copper porphyrins and other molecular formula
candidates was too low to avoid misassignments (Figure S2). However, the improved
dynamic range afforded by CASI experiments allowed valiucte the presence of copper
porphyrins for the most intense ions and the use of KMD nic*s to extend the attribution to
lower intensity ions. Copper has been already found in . io-crudes [41] but it is the first time,
to our knowledge, that it was observed in porphyrins. C':Ch species are extremely resistant, so
much that they pass through refining processts ar d are found in exhaust of motors [15].

Knowing their presence is thus, importan* for future biofuels design.
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= First identification of copper-porphyrins in bio-crudes

= Complementarity between EPR and FTICR-MS for copper-porphyrins speciation
= EPR brought precious insights about the environment of copper atoms

= Kendrick mass defect plots to extend the attribution of lower intensity ions



