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ABSTRACT: A novel analytical approach based on pyrolysis-gas chromatography coupled with mass spectrometry with in situ 

silylation using hexamethyldisilazane for the study of carbohydrates is presented in this work for the first time. A micro reaction 

sampler was used to simultaneously obtain the pyrolyis reaction and facilitate the derivatisation of pyrolysis products of glucose 

and cellulose, by enabling the materials to react with the derivatising agent in a sealed capsule at high temperatures and for long 

periods of time. This drastically increased the complete silylation of the pyrolysis products and reduced the complexity of the py-

rograms obtained compared to fast pyrolysis. In particular, the partial silylation of anhydrosugars, among the main pyrolysis prod-

ucts, was almost completely overcome after ten minutes of reactive pyrolysis. Different results were also obtained for glucose and 

cellulose in terms of predominant pyrolytic pathways. The formation of anhydrosugars, in particular levoglucosan, was the prefer-

ential pyrolytic reaction for glucose. The formation of cyclopentenones and small fragmented molecules with up to three carbon 

atoms was predominant for the pyrolysis of cellulose in the adopted conditions. This work discloses a powerful and potentially 

widely applicable analytical method for the investigations of organic materials under controlled pyrolytic conditions with the ad-

vantage of increasing the effectiveness of in situ derivatisation. 

The study of carbohydrates and of their reactivity is a sub-

ject of high interest in several fields of scientific research, 

such as food, renewable energy, biopolymers, pharmacy, etc. 

A wide variety of analytical techniques have been developed 

and optimised to investigate different properties of both simple 

and complex carbohydrates 1-7. 

applied silylation as derivatisation reaction. Off-line and on-

line procedures were tested using different silylating agents, 

such as hexamethyldisilazane (HMDS), trimethylsilyldiethyl-

amine (TMSDEA), bis(trimethylsilyl)trifluoroacetamide 

(BSTFA) and trimethylsilylimidazole (TMSI) 19. The in situ 

addition of HMDS during on-line pyrolysis was found to be a 

powerful method for the characterisation of cellulose 17, also in 

complex matrices such as wood 21-23. The main drawback is 

the formation of partially silylated pyrolysis products, in par-

ticular anhydrosugars, since the short time of pyrolysis (less 

than one minute) and the steric hindrance effects do not allow 

a sufficient contact time between the pyrolysis products and 

the derivatising agent 17,19-21. All this greatly increases the 

complexity of the pyrograms. 

Analytical pyrolysis is a powerful technique for the analysis 

of polymeric materials, and it has been widely used to study 

cellulose in detail since the ‘70s 8-11. Pouwels et al. reported an 

exhaustive description of the pyrolysis products obtained from 

micro-crystalline cellulose using Curie-point pyrolysis 9. Ana-

lytical pyrolysis allows the thermal breakdown of a macro-

molecule into smaller molecules, which can be analysed by 

gas chromatography, thus providing a specific fingerprint of 

the original material and information at a molecular level 12. 

Analytical pyrolysis has also been effectively used to under-

stand the decomposition pathway of lignocellulosic materials, 

as well as the effects of catalysts during pyrolysis 13-15. 

With the aim to overcome the phenomenon of partial silyla-

tion, we investigated the potentialities of the micro reaction 

sampler. As described by Hosoka et al. 24, such pyrolysis ac-

cessory was developed to make easier the analysis of intracta-

ble and high molecular weight polymers, since the reaction 

occurs at an elevated temperature in a sealed glass capsule un-

der high pressure for a selected time. The authors used the mi-

cro reaction sampler for the study of polycarbonate and nylon 

6.6, using tetramethylammonium hydroxide as derivatising 

agent. Fu et al. 25 applied the micro reaction sampler to the 

study of lignin pyrolysis, although they did not focus on the 

effect of pyrolysis time on the composition of pyrolysis prod-

ucts. At the best of our knowledge, our work represents the 

first investigation of the potentiality of this technique with ap-

plication to carbohydrates and using HMDS. 

The pyrolysis of simple and complex carbohydrates leads to 

the formation of many pyrolysis products bearing hydroxyl 

functional groups. Such compounds, being highly polar, are 

not suitable for gas chromatographic analysis, and can cause 

peak broadening with a loss in resolution due to detrimental 

column adsorptions as well as adsorption at the Py-GC inter-

face. A derivatisation step is therefore recommended, and the 

most common derivatisation reactions are methylation and si-

lylation 16-18. TMAH (tetramethylammonium hydroxide) is the 

most common methylating agent, but its use leads to the oc-

currence of racemisation and reduction reactions, the creation 

of a strong alkaline environment, and the production of non-

informative products 18. Moldoveanu 8 and Fabbri et al. 17,19,20 
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EXPERIMENTAL SECTION System by NIST (AMDIS, version 2.71). Pyrolysis products 

were identified by comparison with previous results in the lit-

erature9,20,21,26-28, and by match with mass spectra from the 

Wiley and NIST/EPA/NIH spectral libraries. Some attempts 

were also made at identifying previously unreported species. 

Semi-quantitative calculations were performed: percentage 

areas were calculated for each pyrolysis product, considering 

the sum of all the compounds integrated. The values were used 

to compare and interpret the results, as discussed below. To 

evaluate the reproducibility, pyrolysis experiments were per-

formed in triplicate at 0.5 and 30 minutes. The relative stand-

ard deviations obtained for all the calculations performed were 

≤ 10%, thus showing a good reproducibility of the technique. 

Materials. D-(+)-glucose (99.5 %), Sigmacell cellulose 

type 101 and hexamethyldisilazane (99.9 %) were purchased 

from Sigma-Aldrich (USA). The presence of inorganics in cel-

lulose was evaluated by heating 1 mg of sample in a muffle 

furnace at 700 °C for 2 h. No solid residue was found. 

Py-GC/MS Apparatus. The instrumentation consisted of a 

micro-furnace pyrolyzer EGA/PY-3030D (Frontier Lab, Ja-

pan) connected to a 6890 gas chromatograph equipped with a 

split/splitless injector. The gas chromatograph was coupled 

with a 5973 Mass Selective Detector (Agilent Technologies, 

USA). A PY1-1050 Micro Reaction Sampler was used as a 

sample holder in all experiments. The two main elements of 

this sampler are the pyrolysis chamber and the crushing rod, as 

illustrated by Hosaka et al.24 

 

RESULTS AND DISCUSSION 

The pyrolysis chamber holds a glass capsule containing the 

sample, which is initially lowered into the furnace, where the 

pyrolysis takes place at the set temperature and reaction time. 

During the pyrolysis, the products are trapped inside the cap-

sule. After the set amount of time has elapsed, the rod is low-

ered using the rotating knob, crushing the capsule and sending 

the pyrolysis products to the chromatographic system. 

Glucose. Figure 1 presents the pyrograms obtained for 0.5 

and 30 minutes pyrolysis time, representative of a relatively 

short and long pyrolysis/reaction time, respectively. The peaks 

corresponding to identified compounds are labelled with a 

number, and a complete list is reported in Table 1. The molec-

ular structures of some compounds were not disclosed. Never-

theless, these pyrolysis products are included in Table 1 for 

completeness of information. All the reported species were 

also divided into categories according to their molecular struc-

tures and pyrolytic formation.  

When performing experiments with the reactive sampler, a 

metal pyrolysis tube must be used in place of the usual quartz 

one inside the furnace, in order to withstand the pressure spike 

arising when the capsule is crushed. The use of a glass capsule 

to hold the sample allows pyrolysis temperatures up to 400 °C 

to be employed. 

The pyrolytic profile of glucose showed remarkable changes 

depending on the pyrolysis time. The pyrograms obtained for 

short pyrolysis times (0.2, 0.5 and 1 min) were very similar. 

The most abundant pyrolysis products were 1,6-anhydro-β-D-

glucopyranose-2TMS (#57) and 1,6-anhydro-β-D-

glucofuranose-3TMS (#65). These two anhydrosugars are re-

ported as the most abundant pyrolysis products of glucose, 

since they are produced by elimination of one water molecule, 

which is considered one of the initial and predominant pyroly-

sis reactions of monosaccharides 29. In addition to these major 

pyrolysis products, some small molecules, such as hydroxya-

cetic acid (#7) and dihydroxyacetone (#25) showed relatively 

high abundances. The formation of such pyrolysis products 

takes place from a variety of reactions including eliminations, 

fragmentation, extrusions, and rearrangements 30,31. 5-

hydroxymethyl-2-furaldehyde (#31) was also detected among 

the most abundant pyrolysis products. In fact, furan deriva-

tives (five-ring cycle containing one oxygen) are also common 

pyrolysis products of glucose32.  

Sample Preparation. Approximately 100 μg of glucose or 

cellulose were weighted directly inside the capsule, and 3 μL 

of the derivatising agent (hexamethyldisilazane) were added. 

The capsule was then put under a gentle stream of nitrogen to 

ensure an inert atmosphere, and finally it was flame-sealed and 

inserted in the pyrolysis chamber.  

Experimental Parameters. Pyrolysis was performed in all 

experiments with a furnace temperature of 400 °C and an in-

terface temperature of 280 °C. Pyrolysis products were inject-

ed in the chromatographic system with a 20:1 split ratio and at 

a temperature of 280 °C. Chromatographic separation was ob-

tained using an HP 5MS column (30 m x 0.25 mm, film thick-

ness 0.25 μm, Agilent Technologies, USA) coupled with a de-

activated silica pre-column (2 m x 0.32 mm, Agilent Technol-

ogies, USA) and helium as carrier gas (1 mL/min). A tempera-

ture program was used for the chromatographic oven: 50 °C 

isothermal for 1 min, 10 °C/min up to 100 °C, 100 °C iso-

thermal for 2 min, 4 °C/min up to 190 °C, 190 °C isothermal 

for 1 min, 30 °C/min up to 280 °C, 280 °C isothermal for 30 

min. The mass spectrometer was operated in EI positive mode 

(70 eV, m/z range 50-600). The transfer line was kept at 300 

°C, while the ion source was kept at 230 °C and the quadru-

pole at 150 °C. 

The results are comparable to those obtained with conven-

tional flash pyrolysis, since the pyrolysis and derivatisation 

reactions occur very rapidly and can be considered simultane-

ous. As a consequence, the formation of partially silylated py-

rolysis products, especially anhydrosugars, is a significant col-

lateral effect. In fact, mono-TMS (#47, 48) and bis-TMS (#52, 

53, 55 and 57) anhydrosugars are present with high relative 

abundances in the pyrograms of glucose at short pyrolysis 

times, compared to the corresponding tri-TMS compounds 

(#63, 64, 65). 

The reaction times for pyrolysis experiments were 0.2, 0.5, 

1, 2, 5, 10, 20, 30 and 60 minutes for both glucose and cellu-

lose.  
 

Data Interpretation. Pyrograms were analysed using the 

Automated Mass spectra Deconvolution and Identification  
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Figure 1. Pyrograms of glucose obtained by Py(HMDS)-GC/MS using pyrolysis times of a) 0.5 minutes and b) 30 minutes.  

 

 

Figure 2. Pyrograms of cellulose obtained by Py(HMDS)-GC/MS using pyrolysis times of a) 0.5 minutes and b) 30 minutes. 
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Table 1. List of pyrolysis products identified in the pyrograms of glucose and cellulose. Numbers refer to the peak numbers in 

the pyrograms shown in Figures 1 and 2. 

N° Compounds TMS a Most abundant m/z Compound class 

1 2-hydroxymethylfuran  1 75, 81, 111, 125, 142, 155, 170 Furans 

2 hydroxyacetaldehyde, enolic form 2 73, 147, 189, 204 Small molecules 

3 hydroxyacetone, enolic form I 2 73, 100, 147, 188, 203 Small molecules 

4 silane I - 73, 191, 207, 295 - 

5 phenol (G) 1 73, 151, 166 Aromatics 

6 silane II - 73, 117, 147, 191, 207, 295 - 

7 hydroxyacetic acid 2 73, 133, 147, 161, 177, 205 Small molecules 

8 pyruvic acid, enolic form I 2 73, 100, 114, 128, 147, 217 Small molecules 

9 hydroxyacetone, enolic form II 2 73, 100, 116, 147, 188, 203 Small molecules 

10 3-oxopropanoic acid, enolic form I 2 73, 114, 129, 147, 191, 217 Small molecules 

11 2-furancarboxylic acid 1 73, 95, 125, 169, 184 Furans 

12 unknown I - 73, 152, 167 Others 

13 1,2-cyclopentadione, enolic 1 73, 75, 81, 111, 155 Cyclopentenones 

14 3-hydroxypropanoic acid (G) 2 73, 147, 177, 219 Small molecules 

15 unknown II - 85, 101, 115, 131, 159 Others 

16 3-hydroxycyclopenta-1,2-dione (G) 1 73, 115, 129, 143, 171, 186 Cyclopentenones 

17 2-hydroxycyclopenta-1,3-dione 1 73, 75, 101, 143, 171 Cyclopentenones 

18 unknown III - 73, 104, 116, 147, 188, 204 Others 

19 1,2-dihydroxybenzene (C) 1 75, 91, 136, 151, 167, 182 Aromatics 

20 3-hydroxy(4H)pyran-4-one (C) 1 75, 95, 147, 169, 184 Pyrans 

21 5-hydroxy-2H-pyran-4(3H)-one (C) 1 73, 75, 101, 129, 143, 171, 186 Pyrans 

22 2-hydroxymethyl-3-methylcyclopenten-2-one (G) 1 73, 117, 147, 183, 198 Cyclopentenones 

23 2-methylcyclopenta-1,3-dione, enolic form (C) 1 75, 117, 139, 169, 184 Cyclopentenones 

24 3-methylcyclopenta-1,2-dione, enolic form (C) 1 73, 97, 169, 184 Cyclopentenones 

25 dihydroxyacetone 2 73, 103, 129, 147, 189, 219 Small molecules 

26 unknown IV - 73, 217, 232 Others 

27 3-hydroxy-6-methyl-(2H)-pyran-2-one (G) 1 75, 109, 139, 168, 183, 198 Pyrans 

28 glycerol 3 73, 103, 117, 133, 147, 205, 218 Small molecules 

29 2-methyl-3-hydroxymethyl-2-cyclopentenone 1 73, 103, 129, 153, 183, 198 Cyclopentenones 

30 2,3-dihydrofuran-2,3-diol 2 73, 147, 157, 231, 246 Furans 

31 5-hydroxymethyl-2-furaldehyde 1 73, 109, 139, 169, 183, 198 Furans 

32 1,2-dihydroxybenzene (C) 2 73, 239, 254 Aromatics 

33 3-hydroxycyclopenta-1,2-dione, enolic form (C) 2 73, 133, 147, 169, 230, 243, 258 Cyclopentenones 

34 2,3-dihydroxypropanoic acid (G) 3 73, 103, 117, 133, 147, 189, 205, 292, 307 Small molecules 

35 1,4:3,6-dianhydro-α-D-glucopyranose 1 59, 69, 73, 81, 85, 103, 117, 129, 145, 155, 170 Anhydrosugars 

36 unknown V (G) - 73, 103, 117, 129, 133, 147, 189, 231 Others 

37 1,4-dihydroxybenzene 2 73, 239, 254 Aromatics 

38 Arabinofuranose (C) 4 73, 103, 129, 143, 147, 217, 230 Others 

39 2-(1,2-dihydroxyethyl)-furan (G) 2 73, 147, 169, 183, 257, 272 Furans 

40 3-hydroxy-2-hydroxymethyl-2-cyclopentenone 2 73, 257, 272 Cyclopentenones 

41 2-hydroxycyclopenta-1,3-dione, enolic form 2 73, 133, 147, 243, 258 Cyclopentenones 

42 3,5-dihydroxy-2-methyldihydro(4H)pyran-4-one (G) 2 73, 101, 147, 155, 183, 273, 288 Pyrans 

43 3-hydroxy-2-hydroxymethylcyclopenta-2,4-dienone 2 73, 147, 255, 270 Cyclopentenones 

44 1,2,5-trihydroxypentane (C) 3 73, 85, 133, 143, 147, 233 Aromatics 

45 unknown VI (C) - 73, 133, 147, 231 Others 

46 3,5-dihydroxy-2-methyl(4H)pyran-4-one 2 73, 128, 199, 271, 286 Pyrans 

47 1,6-anhydro-β-D-glucopyranose (C4) 1 73, 103, 117, 129, 145, 155, 171 Anhydrosugars 

48 1,6-anhydro-β-D-glucopyranose (C2) 1 73, 101, 116, 129, 145, 155 Anhydrosugars 

49 2-deoxy-D-ribono-1,4-lactone (G) 2 73, 97, 103, 147, 189, 219, 261 Lactones 

50 2-methyl-3-hydroxycyclopentanone, enolic form (C) 2 73, 103, 147, 169, 185, 243, 258 Cyclopentenones 

51 1,2,3-trihydroxybenzene 3 73, 239, 342 Aromatics 

52 1,4-anhydro-D-galactopyranose 2 73, 101, 116, 129, 145, 155, 189, 204, 217 Anhydrosugars 

53 1,6-anhydro-D-galactopyranose 2 73, 101, 116, 129, 145, 161, 189, 204, 217 Anhydrosugars 

54 2-hydroxymethyl-5-hydroxy-2,3-dihydro(4H)pyran-4-one 2 73, 129, 147, 155, 183, 273, 288 Pyrans 

55 1,4-anhydro-D-glucopyranose 2 73, 129, 157, 191, 217 Anhydrosugars 

56 1,2,4-trihydroxybenzene 3 73, 239, 342 Aromatics 

57 1,6-anhydro-β-D-glucopyranose 2 73, 101, 116, 129, 155, 191, 204, 217, 230 Anhydrosugars 

58 xyloic acid γ-lactone (G) 3 73, 103, 117, 147, 189, 204, 217, 231, 246, 259, 349, 364 Lactones 

59 4,5-dihydroxy-2-hydroxymethyl-(2H)-pyrane (C) 3 73, 103, 133, 147, 257, 330, 345, 360 Pyrans 

60 2,3-dihydroxy-6-methyl-(4H)-pyran-4-one (G) 2 73, 147, 169, 271, 286 Pyrans 

61 unknown VII - 73, 103, 129, 191, 204, 217, 243, 333 Others- 

62 2,3,5-trihydroxy(4H)pyran-4-one 3 73, 103, 133, 147, 255, 330, 345, 360 Pyrans 

63 1,6-anhydro-β-D-glucopyranose 3 73, 103, 129, 147, 191, 204, 217, 243, 333 Anhydrosugars 

64 1,4-anhydro-β-D-glucopyranose 3 73, 103, 117, 129, 147, 191, 204, 217, 243, 332 Anhydrosugars 

65 1,6-anhydro-β-D-glucofuranose 3 73, 101, 116, 129, 147, 157, 191, 217, 243, 319 Anhydrosugars 

66 riboic acid γ-lactone (G) 3 73, 103, 117, 129, 147, 205, 273, 292, 363, 378 Lactones 

67 arabinoic acid γ-lactone (G) 3 73, 103, 117, 129, 147, 205, 246, 273, 292 Lactones 

68 unknown VIII (G) - 73, 147, 191, 217, 278, 407 Others 

69 unknown IX (G) - 73, 103, 133, 147, 221, 278, 291, 407 Others 

70 unknown X (G) - 73, 147, 191, 204, 291, 407 Others 

71 L-altrose 5 73, 147, 191, 205, 217, 305, 319 Anhydrosugars 

72 3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-one (G) 4 73, 103, 117, 129, 147, 189, 205, 217, 220, 243, 305, 333 Pyrans 

73 gluconic acid δ-lactone  4 73, 103, 117, 129, 147, 189, 205, 217, 230, 244, 305, 333, 361 Lactones 

74 glucopyranose (G) 5 73, 103, 117, 129, 147, 191, 204, 217, 231, 246, 273, 363 Others 
a Number of trimethylsilyl groups; (G): pyrolysis products only from glucose; (C): pyrolysis products only from cellulose 
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As the pyrolysis time was increased, the pyrograms showed 

that the formation of lighter compounds was favoured, gener-

ating an increase in the heights of the peaks at lower retention 

times. These pyrolysis products are mainly molecules with 

two or three carbon atoms, different functionalities and unsat-

urations. In addition, some of these molecules are enols and 

they were not observed at short pyrolysis times. In fact, long 

pyrolysis times made it possible for HMDS to interact with 

enolizable carbonyls in their enolic forms. Once the hydroxyl 

group of an enol has been derivatised, the compound is 

blocked in this form and cannot regain its carbonyl moiety. 

This behaviour was best represented by the enolic form of hy-

droxyacetone (#3). The peak of this species was absent at 

short retention times, but quickly increased at longer times and 

became one of the highest peaks in the pyrogram. 

drides, or compounds with similar structures, could also be 

formed from the pyrolysis of pure glucose in these conditions. 

Starting from 10 minutes pyrolysis time, the chromato-

graphic peaks present in the cluster showing the highest rela-

tive abundance changed. The mass spectra of the correspond-

ing compounds showed the peak at m/z 204 being more abun-

dant than the one at m/z 217. The peak at m/z 204 is assigned 

to the radical ion [TMSOCH=CHOTMS]+˙, in which the two 

OH are on vicinal carbons, whereas the peak at m/z 217 is as-

signed to the ion [TMSOCH=CH−CHOTMS]+, in which the 

two OH are separated by a methylene group 20,37. The relative 

abundance of these fragment ions in the mass spectra can be 

indicative of the carbon atoms actually involved in the dimeric 

bonds 38, even if straightforward conclusions are difficult to be 

obtained, due to the possibility of migration of functional 

groups during pyrolysis 34. Peaks at m/z 407 and 461 were also 

present in most of the mass spectra. Some of them also 

showed peaks at m/z 508 and 563, which are again reported for 

some isomeric forms of dianhydrides 38. In addition to the 

formation of these different dimeric compounds for long py-

rolysis time, their relative abundance also increased, showing 

that condensation reactions were more effective for long py-

rolysis times. 

The peaks at intermediate retention times, on the contrary, 

were significantly reduced with the increase of pyrolysis time. 

These peaks were attributed to two main categories of pyroly-

sis products. The first category consists of rearrangement and 

multiple dehydration products such as cyclopentenones, py-

rans and furans. The decrease in the formation of these mole-

cules could be attributed to fragmentation reactions, generat-

ing the small molecules mentioned above. In fact, the litera-

ture reports that the elimination of water is the predominant 

initial reaction during the pyrolysis of glucose. Depending on 

the position of the OH involved in the process, several pyroly-

sis products can be obtained. Furans are produced when two 

OH on vicinal carbons are involved. Pyrans and cyclopente-

nones are also formed by similar reactions. The aldols formed 

as intermediates in these reactions can further undergo a retro-

aldol fragmentation, thus generating molecules such as hy-

droxyacetaldehyde (#2) and hydroxyacetone (#3)29. At long 

pyrolysis times the fragmentation of primary pyrolysis prod-

ucts into small molecules becomes a more important pyrolytic 

pathway compared to short pyrolysis times. 

Cellulose. Figure 2 reports the pyrograms obtained at 0.5 

and 30 minutes pyrolysis time. Remarkable differences be-

tween the pyrograms at different times were obtained. Many 

of the pyrolysis products found for glucose were observed for 

cellulose as well, however the yields of each species at a given 

pyrolysis time varied considerably. 

At short pyrolysis times, the highest peaks in the pyrogram 

of cellulose were attributed to multiple dehydration products, 

such as cyclopentenones (#24, 29, 40, 41, 43, 50), aromatic 

compounds (#51, 56) and pyranes (#54, 62). The prevalence of 

this species using short reaction times is in agreement with the 

results that can be found using flash pyrolysis with in-situ 

derivatisation17. In particular, hydroxyacetic acid (#7), 3-

hydroxy-2-hydroxymethyl-2-cyclopentenone (#40), the enolic 

form of 2-hydroxycyclopenta-1,3-dione (#41) and 2,3,5-

trihydroxy(4H)pyran-4-one (#62) were the most abundant py-

rolysis products in these conditions, confirming the results ob-

tained by Fabbri et al. using the same derivatising agent 17. 

The second category of pyrolysis products, whose relative 

abundance was reduced at long pyrolysis times, was partially 

derivatised anhydrosugars. Anhydrosugars are produced with 

the formation of a C-O-C bridge between C1 and C6 or C1 

and C4. These compounds are more resistant to fragmentation 

reactions 33, and it is more likely that the increase in pyrolysis 

time favoured the derivatisation of all hydroxyl groups rather 

than a fragmentation. In fact, a remarkable increase in the rela-

tive abundance of the peaks corresponding to the persilylated 

forms of anhydrosugars (#63, 64, 65) was obtained, and these 

became the highest peaks in the pyrogram.  

The formation of anhydrosugars appears to be less favoured 

in cellulose than in glucose. A comparison of these results 

with the literature is difficult. Differences in the yields of py-

rolysis products between glucose and cellulose were investi-

gated by TGA-FTIR and Py-GC/MS experiments, and were 

attributed to an involvement of the glycosidic bond in the reac-

tion mechanisms 39,40. Interestingly, these works provided op-

posite results, showing that cellulose is more prone than glu-

cose to generate anhydrosugars. A role of the derivatising 

agent in the pyrolysis mechanisms is therefore to be hypothe-

sised in our experiments.  

At high retention times a cluster of compounds was detected 

in all pyrograms. The mass spectra suggested that these com-

pounds are dimeric forms of glucose. It is known that addition, 

condensation and oligomerisation reactions can occur during 

pyrolysis. In particular, the recombination of monomers is 

possible due to the high density of radicals created in the pyro-

lytic process 34. Although the straightforward identification of 

these dimeric species is particularly challenging and beyond 

the aim of this work, it was interesting to notice that the spe-

cies formed were different for short and high pyrolysis times. 

Below 5 minutes of pyrolysis time, the mass spectra of most 

dimers showed peaks at m/z 217, 361 and 509. These m/z val-

ues are reported in the literature as characteristic of the mass 

fragmentation of TMS derivatives of di-fructose dianhydrides 

obtained from fructose, inulin and sucrose 35,36. These dianhy-

It is not easy to compare the results obtained in different 

conditions, since cellulose crystallinity, distribution of oligo-

mers, water content and pyrolysis temperature are all factors 

that can influence the yields of the different pyrolysis products 
8,41. In addition, the work by Fu et al. 25 shows that the compo-

sition of the pyrolysate can vary significantly when using a 

sealed or an open vessel. Considering that the formation of 

levoglucosan from cellulose implicates a depolymerisation 
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step by transglycosidation, it is evident from our results that, 

in these conditions, the chain scission with reverse aldolisation 

is a predominant pathway. This process, in fact, directly leads 

to the formation of smaller molecules. 

and those of cyclopentenones, furans and pyrans decreased. 

After 60 minutes, small molecules accounted for more than 

50% of the total composition. Concerning anhydrosugars, it 

was interesting to note that, although their yield was as low as 

5%, this value was maintained throughout all the investigated 

time range. This is consistent with the observations made in 

the previous sections that the small molecules are mainly 

formed from secondary fragmentation reactions of cyclopen-

tenones, furans and pyrans. 

At longer pyrolysis times an extensive fragmentation is ob-

served. Small molecules, in fact, are the prevalent products at 

30 minutes and above, and the highest peak in the pyrogram 

corresponds to the enolic form of hydroxyacetone (#3). This 

behaviour could be correlated with the lower yield of anhy-

drosugars compared to glucose. In fact, as stated above, anhy-

drosugars are less prone to undergo fragmentations, whereas 

all the other pyrolysis products (furans, pyrans, cyclopente-

nones, etc.) can easily undergo further fragmentation, as the 

pyrolysis time increases. The increase in the formation of per-

silylated anhydrosugars for long pyrolysis times was however 

still observed in the pyrograms of cellulose. 

 

 

At high retention times, a cluster of chromagraphic peaks 

assigned to dimeric compounds was observed in the py-

rograms of cellulose. However, most of these compounds were 

different from those detected for glucose. Their mass spectra 

showed the peak at m/z 204 as base peak rather than the one at 

m/z 217. Peaks at m/z 361 and 407 were also present in most 

of the mass spectra. No peak at 509, typical of dianhydrides, 

was detected in these mass spectra. The dimeric species pro-

duced during the pyrolysis of cellulose were not condensation 

products, as dianhydrides are, but most likely they were the 

result of a not complete depolymerisation, followed by some 

rearrangements difficult to be predicted. It was also interesting 

to observe that for short pyrolysis times (up to 5 minutes) sev-

eral dimeric compounds were formed, whereas for 10, 20, 30 

and 60 minutes of pyrolysis one predominant dimer was ob-

served (Figure 2b, labelled). The peak area for this dimer in-

creases with pyrolysis time, indicating that, given enough 

time, all dimeric species rearrange to form one specific stable 

compound. 

 

Semi-quantitative calculations 

Distribution of categories of pyrolysis products. Once all 

peaks attributed to identified compounds were integrated, the 

areas were converted into percentages, considering the sum of 

all the compounds. The compounds were also grouped into 

categories, as listed in Table 1. A total percentage for each 

category was determined by addition of all percentage areas of 

its members. Figure 3 shows the results of these calculations 

for the six most relevant categories (small molecules, furans, 

pyrans, cyclopentenones, aromatics and anhydrosugars) at the 

different pyrolysis times. 

Figure 3. Product categories distribution at different pyroly-

sis times for a) glucose and b) cellulose. 

 

Anhydrosugars. The dependence of the degree of derivati-

sation of anhydrosugars on the pyrolysis time for both glucose 

and cellulose was evaluated. For this analysis, the peak areas 

of the nine identified anhydrosugars (#47, 48, 52, 53, 55, 57, 

63, 64, 65) were considered and grouped according to their 

derivatisation degree (mono-TMS, di-TMS and tri-TMS). In-

tegrated areas were then used to calculate the percentages of 

the three groups. The percentage values of mono-TMS, di-

TMS and tri-TMS anhydrosugars for both glucose and cellu-

lose are showed in Figure 4, and some interesting differences 

between glucose and cellulose are worth mentioning. 

In the case of glucose, anhydrosugars accounted for more 

than 50 % at all pyrolysis times. They showed a slightly in-

creasing trend, reaching more than 75 % after 60 minutes. At 

short reaction times, all other compound categories accounted 

for less than 20% of the total composition, with small mole-

cules and furans being the most abundant. At long reaction 

times, small molecules became the second predominant cate-

gory, maintaining a yield of ca. 20 % after 5 minutes. The 

yield of furans, on the other hand, decreased significantly and 

no furan derivative was detected after 60 minutes. 

At the shortest pyrolysis times (0.2 min), the presence of all 

three groups can be noted in both cases. For glucose, the 

mono-derivatised compounds accounted for a small percent-

age, but their signals were observed up to reaction times of 

more than 1 minute. On the other hand, the amount of mono-

derivatised anhydrosugars for cellulose was very high at 0.2 

minutes, but their formation was not observed in any of the 

other pyrograms. 

Different trends were observed for cellulose. At short reac-

tion times, cyclopentenones were the most abundant products. 

At long reaction times, the yield of small molecules increased 
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A small percentage of partially derivatised compounds was 

still present up to 30 minutes for glucose, whereas at this time 

only tri-derivatised compounds could be observed in the cellu-

lose pyrogram. At 60 minutes, the longest observed pyrolysis 

time, both glucose and cellulose achieved a complete persi-

lylation of the anhydrosugars. 

cules. In addition, long reaction times (≥ 10 minutes) favoured 

the silylation of carbonyl functionalities in their enolic form. 

A cluster of peaks was observed for both glucose and cellu-

lose at long retention times. In the case of glucose, the peaks 

were attributed to di-fructose dianhydrides, possibly originat-

ing from condensation reactions between two monosaccharide 

molecules. The average intensity of the cluster increased at 

long pyrolysis times. In the case of cellulose, on the other 

hand, the peaks were attributed to dimers deriving from an in-

complete depolymerisation. The increase in pyrolysis time re-

duced the number of peaks of the cluster, showing that a pre-

ferred species was obtained by rearrangement reactions of the 

other dimers. 

 

 

The persilylation of anhydrosugars and the formation of small 

molecules both contributed to a simplification of the py-

rograms at long reaction times, with the peaks attributed to the 

most stable species growing significantly in intensity. The in-

crease in sensitivity and chromatographic resolution proves 

very useful when dealing with mixtures or non-standard sam-

ples, and reduces the error of semi-quantitative calculations. In 

addition, given the current focus on pyrolysis as promising 

tool able of converting biomass into bio-fuels and value-added 

chemicals, our data could promote new investigations and re-

search for acquiring a more comprehensive picture of the 

chemical pathways undergone by carbohydrates during ther-

mal conversion treatments. 
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