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Abstract

BACKGROUND: Pyrolysis-compound specific isotopic analysis (Py-CSIA: Py-GC-(FID)-
C-IRMYS) is a relatively novel technique that allows on-line quantitation of stable isotope
proportions in chromatographically separated products released by pyrolysis. Validation of
Py-CSIA technique is compulsory for molecular traceability in basic and applied research. In
this work, commercial sucrose from C4- (sugarcane) and C3- (sugar beet) photosystem plants
and admixtures, were studied using analytical pyrolysis (Py-GC/MS), bulk 8"°C IRMS and
8"*C Py-CSIA.

RESULTS: Major pyrolysis compounds were furfural (F), furfural-5-hydroxymethyl (HMF)
and levoglucosan (LV). Bulk and main pyrolysis compound 8"°C (%o) were dependent on
plant origin: C3 (F: -24.65+0.89; HMF: -22.07+0.41 %o; LV: -21.74+0.17 %0.) and C4 (F: -
14.35+0.89 %o; HMF: -11.224+0.54 %o; LV -11.44+1.26 %o). Significant regressions were
obtained for 8"°C of bulk and pyrolysis compounds in C3- and C4 admixtures. Furfural (F)
was found "C depleted with respect to bulk and HMF and LV indicating the incorporation of
the light carbon atom in position 6 of carbohydrates in the furan ring after pyrolysis.
CONCLUSION: This is the first detailed report on 8'"°C signature of major pyrolytically-
generated carbohydrate-derived molecules. The information provided by Py-CSIA is valuable
to identify source marker compounds of use in food science/fraud detection or in

environmental research.
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I ntroduction

Analytical pyrolysis is defined as the thermochemical decomposition of organic materials at
elevated temperatures in the absence of oxygen.' The product of pyrolysis (pyrolysate) from
most natural matrices in general consists of more or less complex mixtures of volatile
products with specific precursors i.e. furans and pyranes from carbohydrates,
methoxyphenols from lignins, and nitriles, pyrroles, and piperazines from proteins.>” This
pyrolysate is amenable to chromatographic separation which, when combined with a mass
spectrometry detector, yields a valid fingerprint information about the molecular structure

. . 4
even of complex mixtures of natural and synthetic macromolecular substances.

On the other side, stable carbon isotope analysis consists on the measure of the quantitative
assessment of the main stable isotopes of carbon (*C and "*C) in %o relative to an
international standard, viz., the fossil Pee Dee 1 belemnite (5'°C). This valuable tool with a
wide range of applications in environmental sciences” is also helpful in food traceability/fraud
detection®” as well as in forensic sciences.'™'" A well-known large differential 8'"°C value is
that between plants in terms of its photosynthetic pathways: C3, C4 and crassulacean acid
metabolism (CAM). Most terrestrial plants are C3 plants with §'°C values ranging from -24
to -34 %o, whereas many aquatic, desert and salt marsh plants as well as tropical grasses have
the alkanedioic acid (C4) pathway and 8"°C values ranging from -6 to -19 %o.'2 Plants with

CAM have intermediate 5'"°C values typically in the range of -10 to -20 %o.">""

Pyrolysis-compound specific isotopic analysis (Py-CSIA) is a relatively novel technique in

which the volatile pyrolysis products (pyrolysate) are directed, through a combustion or

pyrolysis interface, into an isotope ratio mass spectrometer to measure stable isotope
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proportions (i.e., 8"°C, 8D, 8'*0, 8'°N) of specific compounds. A schematic typical

configuration of a generic Py-GC-C-IRMS device can be found in Glaser (2005)."

Nowadays we know that the pyrolysis process does not produce appreciable fractionation of
stable isotopes and therefore pyrolysis products are considered to be isotopically

representative of the starting material'®'®

. Therefore this analytical pyrolysis hyphenated
technique can provide valuable information (processes, origin and fingerprinting) about
natural and synthetic materials. Since the first adaptation of the technique for 8"°C by Goiii
and Eglinton (1994)'°, Py-CSIA has been successfully applied i.e. to determine molecular
turnover times of major soil components including proteins and lignin' to the

. . . . . . 2021
characterization of dissolved organic matter in aquatic systems and bogs “

soil litter decay
22 1 . o1qe . .0 .
rates,” wood components ¥ to discern vanillin origin 3 or in the research on carbonaceous

meteorites.>*

In this communication the stable isotope composition of the main compounds released by
pyrolysis from commercial sugar samples synthesized by plants with differing photosystem
systems, i.e., C4 sugarcane and C3 sugarbeet; were studied using conventional micro-furnace
analytical pyrolysis, bulk stable isotopic analysis and pyrolysis compound specific stable

isotopic analysis.
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Materials and methods

Commercial samples of sucrose from sugarcane and beet sugar purchased from ABF Group
“Azucarera Espafiola” (Madrid, Spain) were finely grounded in an agate mortar. Pure
samples and mixtures of both sugar types (20, 40, 60and 80 % in dry weight) were prepared

for analysis.

Conventional analytical pyrolysis (Py-GC/MS)

The direct pyrolysis-gas chromatography—mass spectrometry (Py-GC/MS) analysis was
performed using a double-shot pyrolyzer (Frontier Laboratories, model 2020i) attached to a
GC/MS system Agilent 6890N. Samples 0.5 mg were placed in small crucible capsules and
introduced into a preheated micro-furnace at 500 °C for 1 min. The evolved gases were
transferred into the GC/MS for analysis. The gas chromatograph was equipped with a low
polar-fused silica (5%-phenyl-methylpolysiloxane) capillary column Agilent J&W HP-5ms
Ultra Inert, of 30 m X 250 um % 0.25 pum film thickness The oven temperature was held at 50
°C for 1 min and then increased to 100 °C at 30 °C min™, from 100 °C to 300 °C at 10 °C
min™', and stabilized at 300 °C for 10 min using a heating rate of 20 °C min™ in the scan
modus. The carrier gas used was helium at a controlled flow of 1 mL min™. The detector was
an Agilent 5973 mass selective detector, and mass spectra were acquired at 70 eV ionizing
energy. Compound assignment was achieved via single-ion monitoring for various
homologous series, via low-resolution mass spectrometry, and via comparison with published

and stored (NIST and Wiley libraries) data.

This article is protected by copyright. All rights reserved



Bulk carbon stable isotopic analysis (6"C)

Bulk isotopic signature of carbon (813 C) was analysed using a Flash 2000 HT (C, H, S)
combustion (EA) elemental micro-analyser. The combustion tube was set at 1000 °C and
sample size was 1.00 mg wrapped in tin foil. The microanalyser was coupled via a ConFlo IV
interface unit to a continuous flow Delta V Advantage isotope ratio mass spectrometer
(IRMS) (Thermo Scientific, Bremen, Germany) (EA-IRMS). Isotopic ratios are reported as
parts per thousand (%o) deviations from appropriate standards recognized by the International
Atomic Energy Agency (IAEA)* The standard deviation of bulk 8'"°C was typically less than

+ 0.05%o relative to the appropriate recognized IAEA standards.

Pyrolysis compound specific isotopic analysis (51 iC Py-CSIA)

Direct pyrolysis compound specific isotopic analysis (Py-CSIA) of carbon (8'°C) was carried
out with a double-shot pyrolyzer (Frontier Laboratories, model 3030D) attached to a GC/FID
Trace GC Ultra system. At the end of the chromatographic column and in order to locate
specific peaks within the chromatogram, the flux was divided and 10% diverted to the flame
ionization detector (GC/FID) and 90% to a GC-Isolink System equipped with a micro-
furnace for combustion set at 1020 °C (EA) and coupled via a ConFlo IV universal interface

unit to the Delta V Advantage IRMS (Py-GC-(FID)-C-IRMS).

Samples of 0.5 mg were placed in small crucible capsules and introduced into the preheated
pyrolyzer micro-furnace at (500 °C) for 1 min. The evolved gases were then directly injected
into the GC/FID/IRMS system for analysis. The gas chromatograph was equipped with a low

polar-fused silica (5%-phenyl-methylpolysiloxane) capillary column Agilent J&W HP-5ms
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Ultra Inert, of 30 m x 250 pum % 0.25 pm film thickness. The oven temperature was held at 50
°C for 1 min and then increased to 100 °C at 30 °C min™', from 100 °C to 300 °C at 10 °C
min™', and stabilized at 300 °C for 10 min using a heating rate of 20 °C min™'. The carrier gas

was helium at a controlled flow of 1 mL min™'.

Isotopic ratios for specific compounds are reported as parts per thousand (%o) deviations from
the appropriate standard (PDB) recognized by the IAEA.* The standard deviations of
compound specific 8"C was typically less than + 0.1%o relative to the IAEA standard. The
identity of the compounds in the different chromatographic peaks were inferred by comparing
and matching the mass spectra obtained by the conventional Py-GC/MS with the Py-GC/FID
and Py-GC/IRMS chromatograms obtained using identical column and the same

chromatographic conditions.

Results and discussion

Conventional analytical pyrolysis (Py-GC/MS)

The number and the total abundances of compounds released after the direct pyrolysis at 500
°C from both sucrose samples are very similar (Table 1 and Fig. 1) and no noticeable
differences were detected between cane and beet sugar pyrograms. As expected, the majority
of products released from the sucrose were typical carbohydrate-pyrolysis compounds® i.e.,
furans, lactones (furanones), cyclic ketones (cyclopentanones) as well as anhydrosugars. A
lignin marker (guaiacol) and a sulphur compound (dihydro-2-(3 H)-thiophenone) was also

present (Table 1).

This article is protected by copyright. All rights reserved



The conventional pyrograms were used as a source of structural information to later being
able to assign C isotopic values to peaks of known compounds. This was done by matching
Py-GC/MS chromatogram with that obtained with the flame ionization (Py-GC/FID) and the

IRMS (Py-GC-C-IRMS) analysis as shown in the example in Fig. 2.

Bulk 6" C IRMS analysis

Bulk C isotopic analysis for the two sucrose types (sugarbeet C3 and sugarcane C4) and its
admixtures were measured. The expected differences in the bulk 8'°C were found between
the sugar from the main photosystem type plants: the C3 °C depleted (-22.82 % 0.44 %o) and
C4 C enriched (-12.34 + 0.89 %o). A linear correlation with very significant fit (R*=0.988;

n=6) was found between bulk 5"°C and the % of mixture in the sample (Table 2 and Fig.3).

Compound specific isotopic analysis (Py-GC-(FID)-C-IRMS)

The main specific compounds released by pyrolysis were clearly identified in the FID and the
IRMS chromatograms. To the best of our knowledge and taken into consideration not only
peak size but also possible co-elutions inherent to the relatively complex pyrogram from
sucrose, we confidently were able to assign structure and 8'°C values for three major
pyrolysis peaks for both cane and beet sugar: furfural (F), furfural-5-hydroxymethyl (HMF)
and levoglucosan (LV). The above major three pyrolysis compounds represented 48.53% of

cane sugar and 42.71% of beet sugar pyrolysis chromatographic area.

Again, the expected differences in the 5'°C signatures between the sucrose from the plants

with different photosystems were reflected by the diagnostic pyrolysis compounds: the C3
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beet (F: -24.65+0.89 %o; HMF: -22.07+0.41 %o; LV: -21.74+0.17 %0) and the C4 sugarcane
(F: -14.354£0.89 %o; HMF: -11.22+0.54 %0; LV -11.44£1.26 %0). As depicted in Fig. 3,
outstanding significant linear regressions were also obtained when analysing the 8'*C isotopic

signature for the major sugar pyrolysis compounds in admixtures of beet and cane sugar

(20%, 40%, 60%, 80% and 100%).

Consistent isotopic fractionation (A8'°C) was observed between the 5-carbons pyrolysis
product (F), bulk and the other two sucrose derived structures with six C atoms (HMF & LV).
The highest difference was found between F and HMF the former being significantly °C
depleted (A813CF_HMF= -2.5440.97 %o). This isotopic difference may correspond to the known
systematic "°C depletion found for the carbon atom in position 6 of carbohydrates of both C3
and C4 type plants®®?’. After the transformation of sucrose and pyrolysis-derived compounds
(mainly dehydrogenation, dehydration, decarbonylation and decarboxylation), this light C is
likely to remain Incorporated in the furan ring ** being responsible for this 3'°C depletion

observed in furfural (C5 structure).

This is a further confirmation that effectively furans released by pyrolysis effectively derive
from carbohydrates retaining the original C isotopic signature. The fact that furfural retains
the signature of the hydrocarbon light C in regard to isotope distributions in secondary plant
products may have importance as a tool for food authenticity control and in monitoring plant

physiological status.”

The marker compounds F, HMF and LV are structures commonly found, not only in

pyrolysates of sucrose, but also in a wide range of more complex organic materials that have

a variable carbohydrate proportion i.e., natural fibres, woods, soils, peat and other organic

This article is protected by copyright. All rights reserved



deposits, compost, etc**>®. This technique could also be used in tetramethylammonium
hydroxide (TMAH) thermochemolysis where a Py-GC/MS system is being employed to carry
out thermally assisted hydrolysis (THM) in the presence of TMAH provided that the isotopic
composition of the added methyl groups have been measured, e.g. carbohydrate THM
products have been detected during the TMAH thermochemolysis of Sphagnum moss and

peat36.

Our results indicate that pyrolysis compound specific isotopic analysis (Py-CSIA) can readily
provide valuable information about the origin, composition, quality and even an accurate
isotopic fingerprinting of foodstuffs. In addition this technique can be of use as a source of
valid surrogates to organic matter origin and also, upon appropriate calibration and
experimental designs, for the assessment of turn-over times—mainly for ’fast C pools’—in

complex environmental matrices like soils, peats and sediments.
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FIGURE CAPTIONS
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Figure 1. Total ion chromatograms of the pyrolysis products released at 500 °C from beet and
cane sugar (sucrose). Lettering on peaks refers to Table 1. Stars on traces indicate the major
pyrolysis products for which C stable isotopic composition was measured. F: 2-
furancarboxaldehyde [furfural]; HMF: 2-furancarboxaldehyde, 5-(hydroxymethyl)-

[Hydroxymethylfurfural]; LV: 1,6-anhydro-B-D-glucopyranose [levoglucosan].
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Figure 2. Matching sucrose Py-CSIA peaks with structural data. Chromatograms (pyrograms)
from CSIA (Py-GC/8"°C IRMS), flame ionization (Pyr-GC/FID) and mass spectrometry (Py-
GC/MS). The sample corresponds to pure sugarcane sucrose (100% C4). F: 2-
furancarboxaldehyde [furfural]; HMF: 2-furancarboxaldehyde, 5-(hydroxymethyl)-

[hydroxymethylfurfural]; LV: 1,6-anhydro-B-D-glucopyranose [levoglucosan].
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Figure 3.Isotopic signature of commercial sucrose from beet (C3) or sugarcane (C4) and their
admixtures. Bulk and compound specific 8°C (%o) values and the corresponding regression
lines. F: 2-furancarboxaldehyde [furfural]; HMF: 2-furancarboxaldehyde, 5-
(hydroxymethyl)- [hydroxymethylfurfural]; LV: 1,6-anhydro-B-D-glucopyranose

[levoglucosan].

This article is protected by copyright. All rights reserved



TABLE CAPTIONS

Tablel. Total abundance of the main pyrolysis products released at 500 °C from beet and

cane sugar (sucrose). Reference peak and retention time corresponds to labels in Fig.1.

Tablel.
Ret Beet Cane
Ref  (min) (%) (%) Compound
1 2.12 2.58 2.52  Furan, 2,5-dimethyl-
2 2.37 0.91 0.88 Butanal, 3-methyl-
3 2.44 2.06 1.80 Propanoic acid, 2,2-dimethyl-
4 2.53 1.44 1.41 Dihydro-2-(3H)-thiophenone
5 2.80 7.09 7.37 Furfural
6 2.95 1.70 1.77  2-Furanmethanol
7 3.01 1.61 1.47 2-Propanone, 1-(acetyloxy)-
8 3.17 2.44 2.17 2-Cyclopentene-1,4-dione
9 3.34 1.12 1.17 2-Cyclopenten-1-one, 2-methyl-
10 3.44 2.33 2.11 2(5H)-Furanone
11 3.52 2.49 2.12  2(3H)-Furanone, 5-methyl-
12 3.63 1.04 0.98 2(5H)-Furanone, 5-methyl-
13 3.75 2.34 1.33  2-Butanone, 3,3-dimethyl-
14 3.82 2.52 2.96 2-Furancarboxaldehyde, 5-methyl-
15 3.97 3.14 2.85 Propanoic acid, ethenyl ester
16 4.17 1.18 1.11  Cyclopentanone, 2,5-dimethyl-
17 4.28 1.08 1.11  2,4-Dimethylcyclopent-4-ene-1,3-dione
18 4.47 5.77 5.15 2-Cyclopenten-1-one, 2-hydroxy-3-methyl-
19 4.56 1.06 1.10  2,3-Dimethyl-2-cyclopenten-1-one
20 4.72 1.66 1.52  3,5-Dimethylcyclopentenolone
21 4.80 1.01 1.03  Phenol, 2-methoxy (guaiacol)
22 4.85 1.78 1.63  Phenol, 3-methyl-
23 4.97 3.07 3.30 2,5-Furandicarboxaldehyde
24 5.07 1.18 1.19  2,3-Dihydro-5-hydroxy-6-methyl-4H-pyran-4-one
25 5.33 1.17 1.05 2-Butanone, 1-(2-furanyl)-
26 5.44 0.83 0.81 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy-
27 6.16 0.84 0.59 1-(Dimethylfuranyl)-2-propanone
28 6.35 1.34 1.17 1,2-Benzenediol
29 6.46 1.54 1.38  3-Furancarboxylic acid, 2-methyl-, methyl ester
30 6.71 3.69 0.90 2-Furancarboxylic acid, methyl ester
31 7.04 27.40 34.25 2-Furancarboxaldehyde, 5-(hydroxymethyl)-
32 7.66 0.92 0.96 5-Acetoxymethyl-2-furaldehyde
33 8.22 0.67 1.12  1,4-Benzenediol, 2-methyl-
34 9.34 0.79 0.84 2,4-Octadienoic acid, 3-methyl-, methyl ester
35 10.30 8.22 6.91 1,6-Anhydro-f-D-glucopyranose (levoglucosan)
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Table 2. Isotopic signature of commercial sucrose from beet (C3) or sugarcane (C4) and their
admixtures. Bulk and compound specific 8'"°C (%o) values.

Table 2.

Mixture
(% C3 sugar) Bulk F HMF LV

0 -12.34+0.89 -14.35+0.89 -11.22+0.54 -11.44+1.26
20 -15.33+1.86 -17.26+0.37 -13.55+0.20 -15.18+0.00
40 -16.93+0.85 -17.91+£0.36 -16.42+0.11 -16.47+0.09
60 -18.95+1.66 -20.86+0.42 -17.82+0.12 -18.19+0.27
80 -20.24+0.67 -20.75+0.36 -19.48+0.86 -20.51+0.46
100 -22.82+0.44 -24.65+0.76 -22.07£0.41 -21.74+0.17

Accepted Article

F: 2-Furancarboxaldehyde [furfural]; HMF: 2-furancarboxaldehyde, 5-(hydroxymethyl)-
[Hydroxymethylfurfural]; LV: 1,6-Anhydro-B-D-glucopyranose [levoglucosan]. Values +
STD (n=3)
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