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Flushing solvent 


Quartz wool 


Carrier gas 
N2 70 mL/min 


Cooling fan 


Sample cup 


Furnace 
→To pyrolyze a sample. 
Air cooling part 
→To trap the pyrolyzates. 


Outer tube 
A movable 
pyrolysis tube 


Solvent flushing part 
→To collect the pyrolyzates. 


3-port 
switching valve 


Seal gas 
N2 10 mL/min 


 
     


A novel analytical pyrolysis device 
applicable for less volatile pyrolyzates 


Journal of Analytical and Applied Pyrolysis 113 (2015) 165–173 
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A movable pyrolysis 
tube is pulled. 
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-Operation- pyrolysis and trapping of pyrolyzates 


Less volatile  
pyrolyzates 


Seal gas 


Carrier gas 







      


 
 


 
 


Flushing  
solvent 


The trapped pyrolysis products 
are washed out by a solvent. 
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-Operation- solvent flushing 
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MALDI-MS 
HPLC 
ESI-MS 


      


 
 


 
 


 
 


 
 


 
     


high molecular weight pyrolyzates can be 
trapped and collected by a solvent flushing 


-Operation- solvent flushing 
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Thermally-Assisted Hydrolysis and Methylation (THM)-GC 


Even during the THM 
reaction of polymer 
samples, less volatile 
products are 
occasionally formed. 


Flame ionization 
detector (FID) 


(for quantification) 


Capillary column 


Mass spectrometer 
(for peak identification) 


UV cured acrylic resin 


Effective procedure for 
intractable condensation 
polymers such as polyesters 
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Introduction 


 MALDI-MS measurement of trapped pyrolyzates 


  


3000 500 0 1500 2500 2000 1000 


n=7 


  


2500 
m/z 


1900 2100 2300 1700 


n=20 


n=22 


n=24 n=26 


1500 


MALDI-MS 
HPLC 
ESI-MS 


O


CH2


CH2


CH3 CH3


O


O
CHCH2


O
CH CH2CH2


O


O
CH CH2


O


CH2


CH2


CH3 CH3


O


O
CHCH2


O
CH CH


O


CH2


CH2


CH3 CH3


O


O
CHCH2


CH2 CH2 CH


O


CH2 CH2


O


n


 


OCH3 OCH3OCH3


O


C CH2 CH


O


CH2 CH2


O


n


 


OCH3 OCH3


CH2


OCH3


O


Δ, TMAH 







Sample 


O
O


O
O CH2


n


 


4


PBT 


TMAH, Δ 


CH3O
OCH3


OCH3


OO


CH3O


+ 
CH3O


OH


OH
OH


poly(butylene terephthalate) (PBT) 


Evaluation of THM reaction 
 


temp. 300ºC 
PBT 100 μg 
TMAH 3 μL 


(25 wt% in MeOH) 
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Experimental 


PBT : THM-GC measurement with an internal standard 


300ºC 


tetramethylammonium 
hydroxide (TMAH) 
 (25% in methanol) 


TMAH 3 μL 


sample 100 μg 


OH


N
+


CH3 CH3


CH3


CH3


Flame ionization 
detector (FID) 


(for quantification) 


Capillary column 


Mass spectrometer 
(for peak identification) 


organic alkali  Polymer Sample 


O
O


O
O CH2


n


 


4


poly(butylene terephthalate)  
(PBT) 


Internal standard material 


Phthalic acid 
20.0 mg/mL in methanol 


Conditions 
・Pyrolyzer…Frontier Lab PY-2020D  
・Py…300ºC 
・ITF…320ºC 
・INJ…320ºC                 
・FID…320ºC 
・Column…Frontier Lab Ultra-ALLOY+-5 (metal capillary) 
   (5% diphenyl-95% dimethyl polysiloxane) 
   (30 m × 0.25 mm i.d., × 0.25 μm film) 
・head pressure…83 kPa                                     
・split ratio…50:1 (pyrolyzer : column) 
・oven…40ºC(2 min) →[10ºC/min]→320ºC (10 min) Phthalic acid 3.8 μL 
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Results & Discussion 


pyrolysis temp: 300ºC PBT: 100 μg TMAH: 3 μL (25% in methanol) 
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product containing ester linkages  


reaction efficiency：76.9±9.4 % (n=10) 
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MALDI-MS 


TMAH 30 μL 


PBT 1 mg 
Sample cup 


Furnace 
300 or 400ºC 


Solvent 
tetrahydrofuran (THF)  
1 mL 


THM condition MALDI-MS measurement condition 


MALDI-TOFMS 


AXIMA CFR-plus 
（SHIMADZU） 


laser 
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10 mg/mL in THF 


1.5 mg/mL in THF 


NaTFA  
Cationizing agent  
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Results & Discussion 


THM products of PBT 


PBT: 1 mg  TMAH: 30 μL THM temp: 300ºC Solvent: THF 1 mL 
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PBT: 100 μg TMAH: 3 μL 


PBT : THM-GC measurement at different temp. 
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reaction efficiency: 76.9±9.4%(n=10) 


THM temp: 400ºC 


THM temp: 300ºC 


reaction efficiency: 83.6±10.2% (n=10) 
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THM products of PBT(MALDI-MS measurement) 
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Conclusions 


1. The pyrolysis device applicable for less volatile products was applied 
to evaluate the efficiency of THM reaction of poly(butylene 
terephthalate) (PBT).  


2. Powdered PBT sample mixed with TMAH was introduced into the 
developed pyrolysis devise at 300 or 400 ºC, and then the recovered 
products were subjected to MALDI-MS measurements.  


3. In the resultant MALDI mass spectra, various larger products from PBT, 
containing ester linkages, were observed, indicating insufficient 
hydrolysis of ester bonds during THM reaction.  


4. Furthermore, the products with vinyl and/or carboxyl terminals were 
also detected in the mass spectra for higher THM temperature, which 
indicate that not only hydrolysis but also ordinary pyrolysis contribute 
to some extent to THM procedure of PBT.  


5. The formation yields and the distributions of the larger products varied 
depending on THM conditions such as temperature.  


6. The information obtained should be helpful to optimize THM-GC 
conditions of polymer samples.  
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Analytical techniques based on :  Analytical pyrolysis 


Gas chromatography and 
liquid chromatography 


Mass spectrometry 


To investigate organic materials in cultural heritage 
objects: their composition, their ageing processes, their 
interactions…to support the knowledge of  heritage objects 
and the development of conservation strategies 


The Analytical Chemistry for Cultural Heritage Group at 
the Department of Chemistry of University of Pisa 


www.scich.it  







Py-GC/MS 
EGA-MS 


Chemical analysis of waterlogged 


archaeological wood  


Analytical Pyrolysis:  


Wood archaeological objects: rare, preserved only in peculiar 
environments as underwater,  deeply degraded,  need 
consolidation    composite objects: degraded wood  + 
conservation materials +  inorganic salts 



http://www.navipisa.it/le-navi.htm





 characterise and document the 
objects and their state of 
preservation 
 


 evaluate conservation methods 


Py-GC/MS and EGA-MS analysis of archaeological wood  


Saving Oseberg project (2014-2016) funded by the 
Norwegian State and the University of Oslo - Museum of 
Cultural History 
 
ArCo Project (2014-2016)  Ageing Study of Treated 
Composite Archaeological Waterlogged Artifacts, 
funded as JPI-JHEP Joint Pilot Transnational Call 







Alum treatment 
KAl(SO4)2∙12H2O 


1905-1912 


Investigated samples: composite waterlogged wood artifacts  
containing inorganic components and conservation materials 


•The Oseberg collection, Norway  samples from alum-treated wood 
fragments from the Viking Ship Museum of Cultural History (Oslo) taken from 
the surface (alum rich) and from the core . Hypothesized specie: birch 







Investigated samples: composite waterlogged wood artifacts  
containing inorganic components and conservation materials 


French shipwrecks:  
“L’Aimable Grenot”, corsair boat dating 18th century (oak), and the “Lyon 
ship”, Roman boat dating 2nd century AD (oak and softwood) 


A post-treatment using a solution of 
PEG 20% and disodium sebacate 
10% was tested to solve 
conservation issues related to the 
acidity of the wood 
 
 


Samples from French shipwrecks were provided by Arc Nucleart (Grenoble) 







French shipwrecks: 
 
Genoese shipwreck “La Lomellina” (1516 AD), discovered in 1979 near 
Villefranche sur Mer  samples from the external surface (Lo-3), core(Lo-4) 
and internal surface (Lo-5) of the same fragment, treated with PEG 4000 and 
disodium sebacate  
Hypothesized specie: pine 
 


Investigated samples: composite waterlogged wood artifacts  
containing inorganic components and conservation materials 


Samples from French shipwrecks were provided by Arc Nucleart (Grenoble) 







The Viking ships, Denmark : 
 
Skuldelev ship (Viking Ship Museum of Roskilde, Denmark), Sk. 
Sample was taken from the surface of a fragment treated with PEG 
4000.  


Nydam Boat (Gottorf Castle in Schleswig, 
Germany), Ny, treated with PEG 2000.  
 
Wood species: oak 
 


Investigated samples: composite waterlogged wood artifacts  
containing inorganic components and conservation materials 







Fast Py(HMDS)-GC-MS 
Tpyr 550°C, 100 μg sample, 5 μL HMDS 


A Multi-Shot Pyrolyzer EGA/Py-3030D (Frontier Lab) was used for the 
experiments and HMDS was used as derivatising agent. 
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*  PEG pyrolysis products 


L’Aimable Grenot 
corsair boat dating 
18th century (oak), 
treated with PEG 
and Na2Seb 







Chemical analysis of archaeological degraded wood:  


Evaluation of the degradation state of wood: 


  


 - comparison between archaeological and sound wood of the 


same species 


 


 - comparison between different samples from the same object 


 


 - Evaluation of H/L ratio : ratio between the amount of 


holocellulose and the amount of lignin  


 


 







Chemical analysis of archaeological degraded wood:  
Determination of  the ratio between the amount of 
holocellulose and the amount of lignin : H/L ratio 


Evaluation of the  degradation/preservation state of 
archaeological wood in terms of loss of wood components 


The differences between the H/L ratio obtained for sound and 
archaeological wood of the same species can be used to 
estimate the extent of degradation 


Pyrolytic H/L ratio: The Sums of chromatographic areas of pyrolysis 
products deriving from holocellulose and lignin are compared 


  
 
 
 


Lucejko JJ et al , Analytical pyrolysis vs. classical wet chemical analysis to assess the decay of 
archaeological waterlogged wood, Analytica Chimica Acta 745 (2012)  70-77  







Evaluation of H/L ratio 


Pine 
ref 


Oak 
ref O1 O2 Lo-3 Lo-4 Lo-5 Sk Ny 


Sum H 
% 73.6 75.0 4.0 7.0 30.0 40.6 18.5 18.1 18.5 


Sum L 
% 26.4 25.0 96.0 93.0 70.0 59.4 81.5 81.9 81.5 


H/L 2.8 3.0 0.04 0.08 0.4 0.7 0.2 0.2 0.2 


Pyrolytic H/L ratios obtained for the archaeological and sound wood samples 


Oseberg: 
Alum treated 


Lomellina: internal 
and external 
fragments 


Viking ships 


Significant loss of carbohydrates: The archaeological wood 
samples showed a drastic reduction of the H/L ratio, if compared with 
the corresponding sound woods.  







Determination of H/L ratio 


Pine 
ref 


Oak 
ref O1 O2 Lo-3 Lo-4 Lo-5 Sk Ny 


Sum H 
% 73.6 75.0 4.0 7.0 30.0 40.6 18.5 18.1 18.5 


Sum L 
% 26.4 25.0 96.0 93.0 70.0 59.4 81.5 81.9 81.5 


H/L 2.8 3.0 0.04 0.08 0.4 0.7 0.2 0.2 0.2 


Pyrolytic H/L ratios obtained for the archaeological and sound wood samples 


Oseberg: 
Alum treated 


Lomellina: internal 
and external 
fragments 


Viking ships 


Oseberg wood treated with alum shows almost no residual 
carbohydrates 







Determination of H/L ratio 


Pine 
ref 


Oak 
ref O1 O2 Lo-3 Lo-4 Lo-5 Sk Ny 


Sum H 
% 73.6 75.0 4.0 7.0 30.0 40.6 18.5 18.1 18.5 


Sum L 
% 26.4 25.0 96.0 93.0 70.0 59.4 81.5 81.9 81.5 


H/L 2.8 3.0 0.04 0.08 0.4 0.7 0.2 0.2 0.2 


Pyrolytic H/L ratios obtained for the archaeological and sound wood samples 


Oseberg: 
Alum treated 


Lomellina: internal 
and external 
fragments 


Viking ships 


Among the samples from La Lomellina, Lo-4 showed, from the middle 
part of the fragment,  showed a better preservation of carbohydrates 







List of identified compounds


• Construction of a library of the mass spectra of all the original and degradation wood 
pyrolysis products. 


• Possibility to deconvolute the pyrograms eliminating overlapping 
• Automatic recognition and integration (areas) of the peak whose spectrum matches with 


those in the library. 


Py(HMDS)-GC/MS 
The AMDIS (Automated Mass spectral Deconvolution and Identification System) software  







Determination of H/L ratio: limitations 


•H/L reflects the relative loss of one wood component (holocellulose or lignin), 
but it does not give any information on degradation and chemical changes 
occurred 
 


• if both holocellulose and lignin are involved in degradation at comparable 
level, the evaluation of the H/L ratio is not useful to compare samples 
 


• H/L doest not give information if one of the two main wood components 
(holocellulose or lignin) is present but highly degraded 
 
 information about the specific chemical changes occurred in 
wood components is needed : molecular information on lignin, 
cellulose and hemicelluloses 
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Pyrolysis products can be grouped into 
classes for semiquantitative analysis: lignin 
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Pyrolysis products can be grouped into classes for 
semiquantitative analysis: polysaccharides 
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Relative amounts of lignin pyrolysis products in 
archaeological samples 


Oseberg: 
Alum treated 


Calculation of the percentage abundance of each category 
with respect to the total lignin: information on lignin 
alteration processes 
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Relative amounts of lignin pyrolysis products in 
archaeological samples 


Oseberg alum treated material:  lignin units with carboxylic groups 
 oxidation of lignin  


Oseberg: 
Alum treated 
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Relative amounts of polysaccharides pyrolysis products in 
archaeological samples 


The relative abundance of anhydrosugars can be related to 
the degree of depolymerisation and hydrolysis of cellulose 


Lomellina: surface  
and core samples 


S. Braovac et al. “Chemical analyses of extremely degraded wood using analytical pyrolysis and 
inductively coupled plasma atomic emission spectroscopy” Microchemical Journal 124 (2016) 368 







EGA-MS 
Tpyr = 50-200°C (20°C/min), 200-500°C 


(8°C/min), 500-700°C (20°C/min) 


The thermal degradation ranges of 
the components can be studied by 
EGA-MS 
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Conclusions 
• Analytical pyrolysis-based techniques Py(HMDS)- GC/MS , EGA-MS, 
Double shot Py(HMDS)-GC/MS permit to evaluate the degradation state 
of composite archaeological wooden artefacts in presence of 
consolidant materials 
 
• The categorisation of a high number of wood pyrolysis products 
and the evaluation of their distribution allowed to obtain a high 
molecular detail, going beyond the simple estimation of the H/L ratio 
and highlighting new potentialities of analytical pyrolysis in the 
analysis of archaeological wood. 
 


• EGA-MS and double shot PY-GC/MS can be exploited to better 
investigate separately wood and consolidant materials  
 
 
Work in progress : Important correlations and complementarities are emerging 
between the results obtained by Py(HMDS)-GC/MS and several analytical techniques 
(SEM-EDX, FT-IR, synchrotron radiation based micro-FTIR, classical wet chemical 
methods, XRD, ICP-OES, IC) used to characterise inorganic compounds 
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 Increased focus on protecting our environment   
 Interest in environmentally friendly, non-petrochemical based 


plastics 
 


 Bioplastics/biodegradable plastics/green plastics/ecoplastics  


• Made from renewable material e.g. cellulose 


• Designed to biodegrade or compost at the end of their life span 


• Facilitated by fungi and bacteria and their enzymes 


 
 


 


2 







Figure 1: Classification of the biodegradable polymers (Avérous and Pollet, 2008) 
3 







 Beginning in the 1980’s: Companies have tried to produce 
various PHAs due to increasing petroleum prices 
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Figure 2: Intracellular PHA 


accumulation  (Ujang et al., 2009)  


 PHAs: synthesized and 
intracellularly accumulated in 
bacteria (Ujang et al., 2009) 


• Synthesis is stimulated under 
unfavourable growth conditions  
 Excess supply of carbon source 
 Limited Fe, N, P, S, O K, Na, Mn or Mg  


• 30% to 80% of their cellular dry 
weight 


• Carbon/energy stores in microbial 
cell 
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Table 1: Main PHA homopolymers (Avérous and Pollet, 2008) 
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 Polymer composition is governed by 
• Bacterial strain  
• Carbon and nitrogen source utilised for growth 


 
 Gamal et al. (2011): 


• Carbon source: Galactose, fructose mannose, xylose, sucrose, 
lactose, glucose 


• Nitrogen source: Tryptone, peptone, beef extract, yeast extract, 
NH4Cl, (NH4)2HPO4, (NH4)2C6H6O7, NH4NO3 and (NH4)2SO4 


 
 
 
 


 


 







Nile Blue Agar plate assay 


• Dye binds to the lipids  Fluorescence  
• Studies often report fluoresce as an indication of PHA and/or 


PHB-production only (Kouker and Jaeger, 1987; Bhuwal et al., 2013) 


Nile Blue A staining and epifluorescence microscopy 


• Dye binds to the lipids and oxazone in the dye causes 
fluorescence when viewed at ~460nm 


• Superior than Sudan Black staining- stains more granules and 
not easily removed from the cells during decolourisation (Ostle 
and Holt, 1982) 


Sudan B Black staining and light microscopy 


• Sudan B black dye is slightly basic and binds with the acidic 
groups in compound lipids of the granules. Smears are viewed 
at 1000×. 


• Studies report the blue-black intracellular inclusions as PHB 
• Does not differentiate between the various types of PHAs 


(Bhuwal et al., 2013) 
7 
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Figure 3: PHA markers: products suitable to GC analysis obtained upon pyrolysis 


and methanolysis of PHAs  (Torri et al., 2014)  


 Py/GC-MS is a relatively new technique for the analysis of PHAs in 
bacterial cells (Torri et al., 2014) 


 
 Preserves monomer structures containing carboxyl and hydroxyl 


groups and protects the functional groups from thermal reactions 
 


 Pyrolysis products can be used as alternative markers for 
identification and semi-quantification of PHA monomers in bacterial 
biomass  
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 Previous studies report on the use of staining methods as a rapid 
detection of intracellular PHA and/or PHB as well as Py/GC-MS for 
the detection of PHA monomers 


• Staining procedures don’t differentiate between the types of PHAs 


 
 This study demonstrates the use of staining methods as a 


preliminary screening method for the detection of intracellular PHA 
accumulation and the use of Py/GC-MS for the identification and 
profiling of PHA-monomers 
 


 Therefore, given the association between the nutrient constraints 
and the ability of bacterial cells to produce variable PHAs, the 
present study investigated the use of variable nutrient regimes and 
the technique of Py/GG-MS to develop an innovative screening 
method for the identification and quasi-quantification of variable  
PHA monomers. 


 Such a system would enable targeted bioprospecting for novel PHAs 
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• Using the Nile Blue A agar assay 
• Observe for orange fluorescence under UV 
light  


PHASE  1: To screen B. 
thuringiensis for its ability 


to produce PHAs  


• Grown for 14 d in 36 different nutrient 
conditions where carbon: nitrogen was 
supplied in a 30: 1 


PHASE 2: To evaluate 
PHA-monomer synthesis 


by B. thuringiensis 


• Smears from each nutrient condition 
• Sudan B black staining light microscopy 
• Nile blue A staining epifluorescence 
microscopy 


PHASE 3: To detect 
intracellular PHAs using 


staining methods and 
microscopy techniques 


• Perform Py/GC-MS to identify the PHA-
monomers synthesised after 14 d of growth 
in variable nutrient combinations 


PHASE 4: To profile PHA-
monomers using Py/GC-


MS 
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PHA-production by B. thuringiensis isolated from Eucalyptus dunnii wood 
chips was screened for using the Nile blue A assay  


Screening for PHA-production by B. thuringiensis 


B. thuringiensis 


Streaked  (CRM) + 0.5 µg/ml Nile blue A solution 


Grown for 3 days at 37°C 


Examined under UV light (312 nm) 


PHA Positive: fluoresce bright orange 


Increased fluorescence intensity = increased PHA 
content Bhuwal et al., 2014 
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Figure 4: Arrows indicate isolates which failed to fluoresce under UV 
transillumination and are negative for PHA production (A). B. thuringiensis 
fluoresced orange under UV transillumination thus is positive for PHA production 
(B).  


After the 3 d incubation period, B. thuringiensis fluoresced orange-
yellow under UV illumination.  
Therefore the strain was positive for PHA production. 







 10 ml  reaction vessels 


• E2 basal medium; 100 µl B. thuringiensis 


• Grown for 14 d; 28°C; 90 rpm 
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A1: Glucose + NH4Cl A2: Glucose + 
Yeast extract 


A3:  Glucose +(NH4)2SO4 A4: Glucose + Tryptone 


B1: Sucrose + NH4Cl B2: Sucrose + 
Yeast extract 


B3: Sucrose + (NH4)2SO4 B4: Sucrose + Tryptone 


C1: Cellulose + NH4Cl C2: Cellulose + 
Yeast extract  


C3:  Cellulose 
+(NH4)2SO4 


C4: Cellulose + Tryptone 


D1: Fructose + NH4Cl D2: Fructose + 
Yeast extract 


D3: Fructose +(NH4)2SO4 D4: Fructose + Tryptone 


E1: CMC + NH4Cl E2: CMC + 
Yeast extract 


E3: CMC +(NH4)2SO4 E4: CMC + Tryptone 


F1: Starch + NH4Cl F2: Starch + 
Yeast extract  


F3: Starch + (NH4)2SO4 F4: Starch + Tryptone 


G1: Lactose + NH4Cl G2: Lactose + 
Yeast extract 


G3: Lactose + (NH4)2SO4 G4:  Lactose + Tryptone 


H1: Glycerol + NH4Cl H2: Glycerol + 
Yeast extract  


H3: Glycerol + (NH4)2SO4 H4: Glycerol + Tryptone 


Growth parameters to evaluate PHA-monomer synthesis by B. 
thuringiensis 
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A) Intracellular PHA detection using epifluorescence microscopy 


Samples taken from each reaction vessel after 1 d and 
14 d 


Heat-fixed smears made on glass slides 


Flooded with a 1% aqueous solution of Nile blue A dye  


Incubated at 55°C; 10 min  


Gently rinsed with water  


Flooded with 8% acetic acid for 1 min  


Rinsed with water again 


Light microscope had a filter with an excitation 
wavelength ~460 nm 


Cells possessing PHA granules fluoresced bright 
orange 


Epifluorescence emitted by Nile blue A stained cells positive for PHA  


Tan et al., 2014 
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Figure 5: Samples taken after 24 h emitted a dull orange fluorescence (A), probably 
due to a low amount of intracellular PHA granules being produced after a short 
incubation period. Samples taken after 14 d, emitted a bright orange fluorescence (B) 
indicative of a higher amount of PHAs produced and more intracellular PHA granule 
accumulation.  


No difference in the intensity of the fluorescence emitted by the isolate when 
grown in the different nutrient feed combinations.  
These fluorescent cells could contain PHA and/or PHB 
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B) Intracellular PHB detection using the Sudan B black staining 
assay 


Samples taken from each reaction vessel after 1 d 
and 14 d. 


Heat-fixed smears were made on glass slides with 


Slides were flooded with a 0.3% ethanolic solution 
of Sudan black B dye;10 min 


Xylene for 10 s 


Counter-stained with 0.5% safranin; 30 s  


Cells positive for PHB: blue-black intracellular 
granules which were ovoid or spherical in shape. 


 Conducted as a qualitative and rapid test for the detection of intracellular PHB 
granules 


Abinaya et al., 2012 
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Figure 6: After 24 h, the isolate failed to produce PHBs as noted by the lack of blue-
black intracellular granules (A).  After 14 d, cells had a higher amount of intracellular 
PHB accumulation as denoted by the blue-black ovoid or spherical granules inside the 
cells which is due to the Sudan black dye binding to the synthesised PHBs (B).  


No difference in the intensity of the stain when the isolate was grown in the 
different nutrient feed combinations.  
 
Furthermore, this assay was not specific for PHB detection, since PHB was not 
the only monomer detected after characterisation using Py/GC-MS 
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Profiling of PHA-monomers using Py/GC-MS  
Py/GC-MS was used to profile the type(s) of PHA-monomers produced by the 
bacterium when grown in the various nutrient combinations.  


Samples taken from each reaction vessel after 1 d and 14 d 


Centrifuged 10 000 rpm; 10 min 


Freeze-dried in pyrolysis cups 


A drop (~5 µl) of the derivatising agent TMAH 


Pyrolyzed  at 500°C for 20 msec (interface of 250°C) 


Complete degradation polymers  monomers 


The pyrolyzates: 


Multi-Shot pyrolyzer® EGA/PY-3030D (Frontier Laboratories 
Ltd.) with a GC-MSQP2010 Ultra (Shimadzu Corporation) 


Separated using Ultra Alloy+5 column  
The main pyrolysis products were identified by GC–MS analysis Torri et al., 2014 
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 Sensitivity of Py/GC-MS allowed for monomer detection when in  minute 
amounts  


Figure 7: Chromatograms from post analysis of Py/GC-MS, after 1 d  (A) and 14 d (B) 
when B. thuringiensis was grown in fructose and yeast extract 
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Cellulose + NH4Cl 
9-Octadecenoic acid 


Fructose + NH4Cl 
2-Butenoic acid, 4,4-dimethoxy 


CMC + Yeast extract 
11-Octadecenoic acid 
10-Nonadecenoic acid 


Sucrose + Yeast extract 
2-Hexadecenoic acid 
9-Octadecenoic acid 


10-Nonadecenoic acid 


Cellulose + Yeast extract  
2-Butenoic acid 
2-Pentenoic acid 


cis-10-Heptadecenoic acid 
10-Nonadecenoic acid 


Fructose + Yeast extract 
2-Butenoic acid 


9-Octadecenoic acid 
9-Hexadecenoic acid 


cis-10-Heptadecenoic acid 
11-Octadecenoic acid 


cis-10-Nonadecenoic acid 


Glucose + Yeast extract 
2-Butenoic acid 


2-Hexadecenoic acid 
9-Hexadecenoic acid 


cis-10-Heptadecenoic acid 
10-Nonadecenoic acid 


 


Lactose + Yeast extract 
2-Hexadecenoic acid 
9-Hexadecenoic acid 


cis-10-Heptadecenoic acid 
11-Octadecenoic acid 
10-Nonadecenoic acid 


Glycerol + Yeast extract  
2-Hexadecenoic acid 
9-Hexadecenoic acid 


cis-10-Heptadecenoic acid 
11-Octadecenoic acid 


cis-10-Nonadecenoic acid 


Glucose + Tryptone 
2-Butenoic acid, 3-methoxy-4-nitro- 


2-Hexadecenoic acid 
9-Hexadecenoic acid 
9-Octadecenoic acid 


cis-10-Nonadecenoic acid 


Sucrose + Tryptone 
2-Butenoic acid 


cis-10-Heptadecenoic acid 
9-Octadecenoic acid 


cis-10-Nonadecenoic acid 


Cellulose + Tryptone 
2-Hexenoic acid 


cis-10-Heptadecenoic acid 
 


Fructose + Tryptone/ CMC + 
Tryptone/ Starch + Tryptone 


cis-10-Heptadecenoic acid 
cis-10-Nonadecenoic acid 


Lactose + Tryptone 
9-Hexadecenoic acid 


cis-10-Heptadecenoic acid 
9-Octadecenoic acid 


cis-10-Nonadecenoic acid 


Table 3: Profiles of  PHA monomers synthesised by B. thuringiensis after 14 d  
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Short chain 
length (SCL)  


C3-C5 hydroxyacid 
monomers  


High crystallinity 


 Brittle  


Stiff  


Normally coupled with 
a MCL  copolymer 


Reduce crystallinity 


Increase ductility + 
toughness 


Low shrinkage  


Practical for application 


Medium chain 
length (MCL)  


C6-C16 hydroxyacid 
monomers 


Elastomers 


Low crystallinity  


Low Tg 


Long chain 
length (LCL)  


≥C17 


- Larger molecules  


Increased forces = 
Increased Tm 


Increased Tbp 


Polymers with LCL: 
Excellent toughness 


and strength 


Reduced 
biodegradation rate 


Recyclable plastics 
(Smith, 2005) 







 Nile blue A and Sudan B black staining techniques allowed for the rapid 
detection of PHA granules 
 


 Py/GC-MS  profiling  provided an efficient and precise identification 
method of PHA monomers 


• Fast routine method 
• Semi-quantitative determination of monomer composition of PHAs 
 


 B. thuringiensis is able to use a variety of nutrient combinations to 
produce a variety of PHA monomers. 
 


 This study has conclusively shown that Py/GC-MS is an effective 
technique to identify PHA monomers. 
 


 Py/GC-MS  has also revealed that the Sudan Black assay is not specific for 
PHB detection. 


 This combined approach of staining and Py/GC-MS analysis provides a 
novel  tool for  targeted biosynthesis of polymers for bioplastic 
applications 
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2. Materials and methods 


3. Results and discussion 


3.1 Thermogravimetric characteristics 


3.2 Kinetics during non-isothermal pyrolysis 


3.3 Fast pyrolysis of chitosan 


3.4 Fast pyrolysis of chitin 


4. Conclusion 
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1. Introduction 


Fig. 1 Chemical structural formulas of chitin and chitosan 


Why is pyrolysis 


What are chitin 


and chitosan 


Why to study the 


pyrolysis of chitin 


and chitosan 


Pyrolysis is a promissing thermal technology, 


which could convert biomass to value-added bio-


fuel and bio-chemical rapidly. 
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Chitin and chitosan have abundant amino and 


acetamido groups, and can be transformed into value-


added nitrogenous chemicals. However, these 


processes and mechanisms are not clear enough.  
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2. Materials and methods 


2.1 Materials 


Chitin: purchased from Aladdin Industrial Corporation (Shanghai, China).  


Chitosan: whose degree of deacetylation was 85%, purchased from Jinan Haidebei Marine 


Bioengineering Co., Ltd. (Jinan, China). 


2.2 Methods 


TGA: from room temperature to 700 °C with the heating rate of 20 C/min. 


Solid-state CP/MAX 13C-NMR: carried out at 100 MHz acquired in cross-polarization 


conditions with a spinning rate of 5 kHz. 


Py-GC/MS: pyrolyzed at 350, 450, and 600 C for 20 s with a heating rate of 10 C/ms. The 


split ratio was 50:1, and the flow rate of helium was 1.00 mL/min. An HP-INNOWax capillary 


column was selected as the separation column. The column temperature was programmed 


from 50 C to 250 C (10 min) with a heating rate of 5 C/min. 
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3.1 Thermogravimetric characteristics 
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Chitin 210 379 409 1.671 15.61 


Chitosan 190 298 413 1.277 33.32 


Fig. 2 TG and DTG curves of chitin and chitosan  
Fig. 3 Solid-state CP/MAS 13C-NMR spectra 


of the char residues from chitin and chitosan 


Table 1 Summary of degradation characteristics of chitin and chitosan 
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3.2 Kinetics during non-isothermal pyrolysis 


Entry Sample Method Temp. ( C) E (kJ.mol) A (s-1) R2 


1 Chitin (present work) Coats-Redfern 210-409 114.05 2.76  107 0.973 


2 Chitosan (present work) Coats-Redfern 190-413 106.87 1.67  107 0.950 


3 Chitin (Tang et al., 2005) Friedman 287-427 221 1.52-1.85  1017 -- 


4 Chitosan (Tang et al., 2005) Miura-Maki -- 189 1.01  1015 -- 


5 
Chitin (Stolarek and 


Ledakowicz, 2005) 
Kissinger 200-400 155.3 2.51  1010 -- 


6 Chitosan (Zeng et al., 2011) Ozawa–Flynn–Wall 252-377 137 -- -- 


Table 2 Summary of kinetic parameters of chitin and chitosan pyrolysis 


The simplified Coats-Redfern model was used to govern the kinetic process: 
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3.3 Fast pyrolysis of chitosan 


RT (min) Compound 
Selectivity (%) 


350 C 450 C 600 C 


1.827 Acetaldehyde  5.88 6.78 


2.094 Acetone  0.87 2.39 


5.858 Pyridine  3.94 3.7 


6.424 Pyrazine 15.05 9.04 11.25 


6.517 Pyridine, 4-methyl-  2.56 3.49 


7.547 Pyrazine, methyl- 4.66 4.34 4.7 


8.348 2-Propanone, 1-hydroxy-  2.86 4.1 


9.052 Pyrazine, ethyl-  1.18 0.98 


11.855 Acetic acid 24.02 24.13 11.88 


13.401 Pyrrole 4.28 5.58 5.77 


14.303 1H-Pyrrole, 3-methyl-  1.96 3.17 


15.398 1H-Pyrrole, 2,4-dimethyl-  0.65 1.36 


15.951 Acetylpyrazine  3.37 6.06 


19.015 Acetamide 36.32 16.95 9.66 


27.17 2-Hydroxy-gamma-butyrolactone 5.24 3.37 1.3 


28.997 Imidazole,2-acetamino-5-methyl-  3.75 3.25 


29.457 3-Pyridinol, 2-methyl-  1.02 1.16 


31.491 3-Pyridinol 10.42 3.14 4.08 


Table 3 Main pyrolysis products from chitosan detected by Py-GC/MS 
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3.3 Fast pyrolysis of chitosan 
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Fig. 4 Proposed formation processes of pyrazine compounds from the fast pyrolysis of chitosan 
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3.3 Fast pyrolysis of chitosan 
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from the fast pyrolysis of chitosan 
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3.4 Fast pyrolysis of chitin 


RT (min) Compound 
Selectivity (%) 


350 C 450 C 600 C 


1.855 Acetaldehyde 2.94 


2.232 2-Propenal 1.3 


5.895 Pyridine 0.41 0.75 


8.357 2-Propanone, 1-hydroxy- 0.81 1.81 


9.02 Acetaldehyde, hydroxy- 3.88 4.2 


11.8 Acetic acid 0.93 17.02 16.88 


14.303 1H-Pyrrole, 2-methyl- 0.4 0.63 


14.492 2,4-Dihydroxypyridine 0.88 2.1 


19.029 Acetamide 0.97 11.83 12.05 


19.614 dl-Aspartic acid, N-acetyl- 1.02 


19.964 Acetamide, N-ethenyl-N-methyl- 4.6 


22.895 DL-Alanine, N-acetyl- 1.48 


23.783 Furan, tetrahydro-2,5-dimethyl-, cis- 3.69 2.84 


24.363 1H-Pyrrole-2-carboxaldehyde 1.17 1.03 


25.15 3-Formyl-1-methyl-2(1H)-pyridone 4.02 7.53 


26.006 Acetamido acetaldehyde 20.77 17.92 


28.261 8-Azabicyclo[3,2,1]actane, 8-acetyl- 0.81 1.12 


29.002 Imidazole, 2-acetamino-5-methyl- 6.87 8.41 


32.127 3-Acetamidofuran 1.66 1.66 


Table 4 Pyrolysis products from chitin detected by Py-GC/MS 
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3.4 Fast pyrolysis of chitin 
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4. Conclusion 
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Pyridines, pyrazines, and pyrroles evolution from chitosan pyrolysis, whose total selectivity 


was 50.50% at 600 °C, profited from the nucleophilic addition reaction of primary amine and 


carbonyl. Herein, selectivity of pyrazine compounds was up to 22.99%. Moreover, acetamido 


chemicals from chitin pyrolysis were released through the ring-opening degradation, especially 


acetamido acetaldehyde with the highest selectivity of 20.77% at 450 C. 
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Forensic context


2


But why study tire 
traces?


Study of the variation of tire chemical profiles
Dr Gueissaz – line.gueissaz@unil.ch


High potential for traffic accident 
reconstruction 


Tire traces → estimation of :
• Trajectories of vehicles
• Points of impact
• Speeds of vehicles


Depending on the 
conditions, tires may leave 


traces on the road :


Source photographs: Service Technique des Accidents de la Police Cantonale
Bernoise







Forensic context


Which vehicles are the source of the tire traces ?


Source photograph: Service Technique des Accidents de la Police Cantonale Bernoise
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Chemical analysis


• Statistical comparison of the chemical profiles


Tire trace
Tire


Link ?
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Comparison
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Analytical method: development and 
optimisation


• Aim: find the analytical parameters that give the 
smallest variability (semi-quantitatively) between 
replicates of a same tire


• Use of Experimental Designs: test different parameters
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Temperature
650°C


Time
15 seconds


Gueissaz L., Massonnet G. (2013) "Tire traces – Discrimination and 
classification of pyrolysis-GC/MS profiles", Forensic Science International, 
230(1–3): 46-57


Pyrolysis







Tire traces
Production of tire traces with 10 tires of different brands


Chemical analysis by Py-GC/MS
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3x


Gueissaz L., Massonnet G. (2013) "Tire traces – Discrimination and 
classification of pyrolysis-GC/MS profiles", Forensic Science International, 
230(1–3): 46-57


1) Extraction of the 
chemical profile


2) Comparison of 
chemical profiles
with multivariate 


statistics


Pyrolysis: 650°C - 15 s







Extraction of the chemical profile


Chemical profile is defined by the 
relative areas of 86 selected 


compounds


- Integration of the area of the 
target ions


- Normalisation on the sum and 
pretreatment
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- Analysis of polymers/copolymers 
used for tread formulation


→  21 compounds identified







Summary of results
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X


The chemical profile of a trace is not 
differentiated from the chemical profile 


of its tire source


The chemical profile of a trace is 
generally differentiated from the 


chemical profile of tires which are not 
at its origin


=


≠


Gueissaz L., Massonnet G. (2015) " Chemical Analysis of Tire Traces in Traffic 


Accidents Investigation ", Journal of Forensic Science and Medicine , 1(2): 99-108


Linear Discriminant AnalysisHierarchical Cluster Analysis


+


1 2 3 4 5 6 7 8 9 10


1 8 0 0 0 0 0 0 0 0 0


2 0 6 0 0 0 0 0 0 0 0


3 0 0 4 0 0 0 0 0 0 0


4 0 0 0 6 0 0 0 0 0 0


5 0 0 0 0 9 0 0 0 0 0


6 0 0 0 0 0 7 0 0 0 0


7 0 0 0 0 0 0 8 0 0 0


8 0 0 0 0 0 0 0 10 0 0


9 0 0 0 0 0 0 0 0 8 0


10 0 0 0 0 0 0 0 0 0 9







Discrimination of tires: aims


• Test the developed methodology on a larger sample 
of tires


• Study whenever the chemical profiles of tires vary :


• Are we able to differentiate/discriminate tires 
according to these parameters?


Study of the variation of tire chemical profiles


Dr Gueissaz – line.gueissaz@unil.ch
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Between brands


Between models







Discrimination of tires


• 60 tires : randomly collected


10


Brands Models Total of tires


Michelin 4 19


Bridgestone 5 10


Continental 3 9


Goodyear 2 5


Pirelli 2 2


Dunlop 1 4


BF Goodrich 1 4


ESA Tecar 1 4


Kleber 1 1


Yokohama 1 1


Rupp SA 
(retreaded)


1 1


11 brands 22 models 60 tires


Analysed by Py-GC/MS
3 replicates


Extraction of the chemical
profiles (86 compounds)


Data : matrix of 
180 x 86


Multivariate statistics: 
Principal Component 


Analysis (PCA)
and 


Quadratic Discriminant 
Analysis (QDA)
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PCA results (180 replicates)
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P
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PC 1 (72%)


All season
Rupp S.A. retread


All season
ESA Tecar – 4 tires


All season
Goodyear Ultra Grip 6 


All season
Yokohama 


Geolandar G91 


All season


SUMMER
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Summer VS







PCA results
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• Loadings PC 1 → isoprene and limonene = most important
major pyrolysates of polyisoprene (natural rubber or synthetic polyisoprene)
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All season
ESA Tecar


Summer
BF 


Goodrich


Isoprene


Isoprene


Limonene


Limonene







PCA results
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(1


3
%


)


PC 1 (72%)


Bridgestone Model 1


Bridgestone Model 2


Bridgestone Model 3


Bridgestone Model 5


Bridgestone Model 4
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Within a same brand → models of tires are generally well separated
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Isoprene
Limonene


Model 1


Isoprene
Limonene


Model 5


Model 4


Isoprene
Limonene


Comparison based on semi-
quantitative data are necessary 


→ multivariate statistics







PCA results
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PC 1 (72%)


Study of the variation of tire chemical profiles
Dr Gueissaz – line.gueissaz@unil.ch


Continental
PremiumContactSSR


4 tires


BF Goodrich
G-Force Profiler


4 tires


Bridgestone
ER370
4 tires


Michelin 
Energy
12 tires


Tires of same brand and model generally → only 1 group







QDA : supervised classification


• Model construction
– Training set : 2/3 data = 100 analyses


• Model validation 
– Test set : 1/3 data = 50 analyses


• Classification by :


• Performance : mean rates of correct classifications


16


Randomly 
selected and 
conducted 
100 times 


(resampling)
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Brand → 7 categories


Model → 12 categories







QDA : supervised classification
Results


Calibration Validation


Brand 7 categories 97.6 ± 1.28 93.0 ± 3.92


Model 12 categories 95.2 ± 1.57 85.6 ± 3.83
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Discussion


• The chemical profiles of tires vary :


• PCA and QDA results support that


Study of the variation of tire chemical profiles


Dr Gueissaz – line.gueissaz@unil.ch
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Between brands


Between models


The chemical profiles of the 60 tires can be 
statistically well discriminated according to brand or 


according to model of tires







Conclusion
• With the study on tire traces and the present study:


Differentiated


Not differentiated
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Pearson’s correlation 
between chemical profiles of
tire trace and suspected tire


Decision 
model


Study of the variation of tire chemical profiles


Dr Gueissaz – line.gueissaz@unil.ch


Decision model → threshold
based on Pearson’s 


correlation Th
re


sh
o


ld


0.985


Casework







Conclusion


• Decision model was tested on blind tests
→ correct results obtained


• Already used for real caseworks 


→ traffic accident reconstruction
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Thank you for your attention !!! 
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Questions ?
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