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Abstract

In this study, the pyrolysis products of natural wood samples and waste wood are compared
and an adequate kinetic model calculation is provided.

The pyrolysis of natural beech wood, birch wood and of waste wood was investigated by
thermogravimetric analysis (TGA) at heating rates between 1 and 50 K/min. Some represen-
tative product gases were measured quantitatively by FTIR spectroscopy in case of beech
wood and waste wood, and by microGC in case of birch wood.

Kinetic model calculations were performed using a novel 7-step reaction model. The model
considers permanent gas, tar and char formation from the wood pseudocomponents as well as
a condensed phase intermediate metaplast. The stoichiometric coefficients of the decompo-
sition products are calculated automatically which greatly facilitates the investigation of the
model sensitivity to input parameters. The rate constants of the decomposition reactions were
fitted to the measured DTG curves until good agreement for the decay of the solid mass and,
vice versa, for the total amount of gas release was obtained. Next, the elemental compositions
of the tar, char and metaplast species were adjusted to obtain good agreement with the
measured release of permanent gases.

The measured gas phase product distributions for the two hardwoods were comparable and
could well be recalculated with the kinetic model. The waste wood was found to decompose
qualitatively into the same gas phase products like natural wood, but in addition, nitrogen
containing species (HNCO and NHs3) were identified which probably arise from non-natural
ingredients like aminoplast.
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1- INTRODUCTION

Pyrolysis is defined to be a thermal decomposition process in the absence of oxidizing species
and gasifying media. The pyrolysis of biomass like wood, straw and agricultural residues may
be viewed as a stand-alone process for the production of valuable chemicals or secondary
fuels with higher energy density. Moreover, pyrolysis is also understood to be the first chemi-
cal conversion process during the combustion and gasification of biomass. Despite continuous
efforts, a complete experimental characterization of biomass pyrolysis products has not yet
been achieved and the reported data show a large scattering [1]. In particular, it has been
observed that the retrieval of kinetic data from the measurements is not trivial [2] and, there
are no generally accepted model calculations available to date [3,4]. Since there is no
experimental basis for detailed kinetic pyrolysis models, a variety of global reaction models
has been developed previously [3,5,6]. From these studies it appears that (i) a precise
modelling of thermogravimetric data requires a multi-component representation of the solid
material (DAEM model [6]) and (ii) an adequate modelling of the volatile compounds may
require a very large gas phase kinetic data base [7]. However, even the very complex models
will still be phenomenological approximations to the real process. Therefore, a compromise
between oversimplified and oversophisticated modelling is sought in this paper.

In the experimental part, two natural wood samples, beech and birch, were investigated by
thermogravimetric analysis with quantitative, time resolved determination of some key
species released. As further comparison, some experiments were performed on waste wood.
The experiments were carried out under conditions of negligible tar decomposition, hence
they can be described by a reaction model in which permanent gases, water vapor, tar and
char appear as final products. The 7-step model used here is an extension of earlier model
developments [8,9]. It employs tar and char species of variable elemental compositions.

2- MATERIALS AND METHODS

Experimental procedure

All wood samples were tested for elemental and proximate analyses. Small amounts of beech
wood or waste wood (~ 10 mg) and somewhat larger amounts of birch wood (~ 200 mg) were
heated in Netzsch thermoanalyzers (series STA 449) under nitrogen atmosphere at constant
heating rates between 1 and 50 K/min. The evolving pyrolysis gases were analyzed:

a) by FTIR (Bruker, Tensor 27) in case of beech wood and waste wood; here, CO, CO;, and
CH,4 were determined quantitatively using calibration standards [10];

b) by microGC (Inficon, 3000 microGC) in case of birch wood; here, the tar and water free
gas composition was analyzed for CO, CO,, CHy, C,- and Cs- hydrocarbons and H, [11].

The residence time of the pyrolysis gas in the sampling line was only about 50 msec, hence
tar decomposition which occurs at time scales above 30 sec was negligible.

Overall kinetics

It is a common feature of thermal decomposition and pyrolysis processes that the major
decomposition temperature Tp increases with increasing heating rate . According to an
earlier analysis by Kissinger [12], the measured values Tp = f(3) can be used to derive the
Arrhenius parameters ko and E, (pre-exponential factor and activation energy) for the
decomposition process according to eq. (1):
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where R is the universal gas constant. In a strict sense, this equation holds only for a single
component which decomposes according to a single first order reaction. However, eq. (1) is
often applied to polymeric materials and multiple reaction systems as well. In biomass pyro-
lysis, both cellulose and lignin contribute to the major decomposition peak. Hence the derived
kinetic parameters may reflect the different concentrations of these species and are difficult to
interpret. Further, Tp does not depend very strongly on B. A change of B by a factor of 10
results in a change of Tp by 30 - 50 K. Therefore, the determination of ky and E, may readily
become erroneous due to the required extrapolation procedure.

Note also that eq. (1) refers to the thermally thin regime, where the pyrolysis is under kinetic
control. Eq. (1) is less applicable to large particles with internal temperature gradients.

Model development

In the model calculation, the biomass is assumed to be composed of cellulose (C¢H;¢Os)n,
hemicellulose (CsHgO,), and lignin (C;oH;¢O4)s. In the decomposition equations, only the
monomers of these pseudocomponents are used. Each of the monomers decomposes in two
parallel reactions which differ by the gas phase tar(,) and the metaplast tar, s) products:

pseudocomponent —» o tar) + 31 CO2 + 7y CO + 8; Hy + €, H,O + £ CHy + m; charg, (2.2)
—» o targ, ) t Bz CO,+ Y2 CO+6,H, + &, H,O+ Cz CH4 + n2 char(s) (2b)

The inclusion of a metaplast intermediate is well known from other models [3,7]. In the
present model, the nature of the metaplast is not strictly defined. It may be a high boiling
liquid or a solid intermediate or a mixture thereof. The decomposition of the metaplast is
assumed to occur according to eq. (2.a). The first requirement for the set of reaction equations
is their agreement with the measured DTG curves which represent the mass loss rate of the
condensed phase and the associated increase of the total amount of volatiles. The gas compo-
sition results from the stoichiometric coefficients a - 1, which are calculated automatically by
the model. A variation of the gross elemental composition of tar), targ, sy and/or char, results
in a change of the calculated gas composition. This provides a means of iterative refinement
of the model results.

3- RESULTS AND DISCUSSION

The proximate and ultimate analyses of the three wood samples [10,11] are given in Table 1.

Prox. Analysis (as received, [wt.-%])  Ultimate Analysis (dry, ash free, [wt.-%])

Moisture Ash Fix C Volatiles C H O N S
beech 6.1 0.24 18.63 75.03 49.57 6.08 44.14 0.21 -
birch 8.2 0.8 13.2 859 47.6 6.9 453 0.1 0.1
waste 8.8 1.56 2529 6435 5134 584 41.87 0.95 -

Table 1: Composition of the wood samples.

From these analyses, it is obvious that beech wood and birch wood have similar compositions.
The waste wood contains a notably high amount of nitrogen.



6" International Conference on Engineering for Waste and Biomass Valorisation — May 23-26, 2016 - Albi, France
(ISBN: 979-10-91526-05-0, p. 190-196, reproduced with permission)

The TG and DTG curves were published elsewhere [10,13]. Here we report only the kinetic
analysis by plotting log (B/Tp?) vs. 1/Tp for beech wood and birch wood as shown in Fig. 1.
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Figure 1: Kissinger plots of beech wood and birch wood pyrolysis (e beech, from refs 14-18;
e beech, this work; ¢ birch, this work; E, [J/mol]).

Despite the close chemical composition of beech wood and birch wood, their thermal stability
is somewhat different. According to the above overall rate constants, the half-life times are
2 min for beech wood and 3.6 min for birch wood at 350 °C.

During beech wood and waste wood pyrolysis, FTIR spectra were recorded for qualitative and
quantitative gas analysis. Example spectra are shown in Fig. 2 for a temperature which is
close to the major decomposition peak at § = 10 K/min. The absorption peaks of CO and CO,
are clearly visible, as are the absorption bands of alcohols, aldehydes, acids and phenols. A
weak absorption by pyrolysis water is seen. CHy is not yet visible at this temperature.
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Figure 2: FTIR spectra of pyrolysis gas from beech wood and waste wood (T = 355 #5 °C).

The absorption bands of isocyanic acid (HNCO) are located between the CO, and CO peaks
[19] and become visible after subtraction. HNCO was detected only in the waste wood
spectra. The maximum absorbance occurred around 270 °C. Figs. 3.a and 3.b show the
temperature dependence of measured HNCO spectra and of the integral band intensity.
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Figure 3: HNCO spectra and band intensity during the pyrolysis of waste wood.
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Simultaneously with HNCO, ammonia was detected in the FTIR spectra, with characteristic
absorption bands around 966 and 930 cm™. It appears probable that HNCO and NHj originate
from monomeric or weakly crosslinked aminoplasts which are used as adhesives in wood
panels [20,21]. Taking into account an overall composition of C¢HsONs for the aminoplast
and comparing the ultimate analyses of beech wood and waste wood, the amount of amino-
plast in the waste wood can be estimated to be up to 5 wt.-% [10].

Figs. 4.a and 4.b show the measured quantitative release rates of CO, CO, and CH4 during the
pyrolysis of beech wood and waste wood. The pattern of the release rates was found to be
very well correlated to the DTG curves for CO,, less well for CO and poorly for CHa.
Moreover, CHs was detectable from ~ 350 °C only and showed two release peaks close to 400
°C and 550 °C. This suggests that parts of the CHs may be formed by secondary pyrolysis
reactions, e.g. from metaplast intermediates.
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Figure 4: Pyrolysis gas evolution from a) beech wood and b) waste wood.

The model calculation was performed for the natural beech wood sample and the comparison
between experiment and model calculation is shown in Fig. 5. The model correctly predicts
the gas evolution to be well, moderately and poorly correlated to the total mass loss (DTG).

The release of CO is reproduced quantitatively by the model, but the predicted amount of CO,
is roughly twice as high as the measured one. Note, however, that a ratio of CO, : CO = 2 is
quite typical in low temperature pyrolysis [1]. From this point of view, the calculated release
of CO, appears to be in good agreement with previous findings, but the experimental results
appear to be close to the lower end of previous results. Methane (like other hydrocarbons) is
difficult to simulate numerically. The present model calculation reproduces the total amount
of released CHy4 quite well, but the calculated methane formation is between 250 and 450 °C,
i.e. starting and finishing earlier than measured experimentally.
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Figure 5: Comparison of measured and calculated pyrolysis gas evolution from beech wood.
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4- CONCLUSIONS

Although quite similar in chemical composition, the thermal degradation of beech wood and
birch wood was found to be significantly different. The pyrolysis gas composition of beech
wood and waste wood was found to be similar, but waste wood releases significant amounts
of isocyanic acid and ammonia which probably originate from adhesives. Quantitative data
were presented for the release of CO, CO, and CH4. By model calculation, the CO release is
simulated in good agreement with the experimental findings. The calculated release of CO, is
in good agreement with previous literature data, but is approximately twice as high as the
measured release. The calculated amount of methane formation during pyrolysis agrees well
with the measurements, but the methane formation is calculated to occur too early during the
pyrolysis process.

REFERENCES

[1] Neves, D., Thunman, H., Matos, A., Tarelho, L., Gémez-Barea, A.: Characterization and
prediction of biomass pyrolysis products. Prog. Energy Combust. Sci. 37, 611-630 (2011)

[2] White, J.E., Catallo, W.J., Legendre, B.L.: Biomass pyrolysis kinetics: A comparative cri-

tical review with relevant agricultural residue case studies. J. Anal. Appl. Pyrol. 91, 1-33
(2011)

[3] Dufour, A., Ouartassi, B., Bounaceur, R., Zoulalian, A.: Modelling intra-particle pheno-
mena of biomass pyrolysis. Chem. Eng. Res. Design 89, 2136-2146 (2011)

[4] Dieguez-Alonso, A., Anca-Couce, A., Zobel, N., Behrendt, F.: Understanding the primary
and secondary slow pyrolysis mechanisms of holocelluolose, lignin and wood with laser-
induced fluorescence. Fuel 153, 102—-109 (2015)

[5] Di Blasi, C.: Modeling chemical and physical processes of wood and biomass pyrolysis.
Prog. Energy Comb. Sci. 34, 47-90 (2008)

[6] Tapasvi, D.: Experimental and simulation studies on biomass torrefaction and gasifica-
tion. PhD thesis, Norwegian University of Science and Technology, Trondheim,

Norway (2015). http://brage.bibsys.no/xmlui/discover. Accessed 05 Oct. 2015

[7] Ranzi, E., Cuoci, A., Faravelli, T., Frassoldati, A., Migliavacca, G., Pierucci, S., S. Som-
mariva.: Chemical kinetics of biomass pyrolysis. Energy & Fuels 22, 42924300 (2008)

[8] Mitzing, H., Gehrmann, H.-J., Merz, D., Kolb, T., Seifert, H.: A five step pyrolysis
mechanism for wood burning models. Proc. 19th Europ. Biomass Conf., Berlin, June 6 —
10 (2011). Proc.on CD-ROM, ISBN 978-88-89407-55-7. http://www.etaflorence.it/
proceedings. Accessed 05 Oct. 2015

[9] Mitzing, H., Gehrmann, H.-J., Merz, D., Kolb, T., Seifert, H.: A new pyrolysis model for
lignocellulosic biomass. ECCE/ECAB, Berlin, 25 — 29 Sept. (2011).
http://web.archive.org/web/20110923235325/http://www.ecce2011.de/posterlist-path-
1,2.html. Accessed 05 Oct. 2015

[10] Baris, D., Mitzing, H., Gehrmann, H.-J., Stapf, D.: Thermogravimetrische Untersuchung
von Althdlzern mit FTIR - MS — Kopplung. 27. Deutscher Flammentag, TU Clausthal,
Sept.16—-17 (2015). VDI - Berichte 2267, pp. 709 - 717, VDI - Verlag, Diisseldorf (2015)

[11] Ciuta, S., Patuzzi, F., Baratieri, M., Castaldi, M.J.: Biomass energy behavior study
during pyrolysis process by intraparticle gas sampling. J. Anal. Appl. Pyrol. 108,
316-322 (2014)

[12] Kissinger, H.E.: Reaction kinetics in differential thermal analysis. Analytical Chemistry
29, 1702-1706 (1957)

[13] Ciuta, S., Patuzzi, F., Baratieri, M., Castaldi, M.J.: Wood pyrolysis study by thermal
analysis correlated with innovative intra-particle sampling technique. 33rd International
Conference on Thermal Treatment Technologies & Hazardous Waste Combustors.




6" International Conference on Engineering for Waste and Biomass Valorisation — May 23-26, 2016 - Albi, France
(ISBN: 979-10-91526-05-0, p. 190-196, reproduced with permission)

Baltimore, MD, Oct. 13—-15 (2014)

[14] Koufopanos, C.A., Maschio, G., Lucchesi, A.: Kinetic modelling of the pyrolysis of
biomass and biomass components. Can. J. Chem. Eng. 67, 75-84 (1989)

[15] Grenli, M.G., Vérhegyi, G., Di Blasi, C.: Thermogravimetric analysis and devolatiliza-
tion kinetics of wood. Ind. Eng. Chem. Res. 41, 42014208 (2002)

[16] Schinkel, A.-P.: Zur Modellierung der Biomassepyrolyse. Ph.D. Thesis. Universitit
Kassel, Germany, (2002)

[17] Miiller-Hagedorn, M.B.: Charakterisierung der Pyrolyse von Biomasse am Beispiel von
Nadel- und Laubbaumholz. Ph.D. Thesis. Universitit Karlsruhe, Germany (2004)
Fortschr.-Ber. VDI Reihe 6 Nr. 523. VDI Verlag, Diisseldorf, Germany (2004)

[18] Gomez, C.J., Manya, J.J., Velo, E., Puigjaner, L.: Further applications of a revisited
summative model for kinetics of biomass pyrolysis. Ind. Eng. Chem. Res. 43,

901-906 (2004)

[19] Hansson, K.-M., Samuelsson, J., Tullin, C., Amand, L.-E.: Formation of HNCO, HCN
and NH; from the pyrolysis of bark and nitrogen-containing model compounds. Comb.
and Flame 137, 265-277 (2004)

[20] Feng, Y., Mu, J., Chen, S., Huang, Z., Yu, Z.: The influence of urea formaldehyde resins
on pyrolysis characteristics and products of wood-based panels. BioResources 7, 4600-
4613 (2012)

[21] Debal, M., Girods, P., Lémmonon, J., Karama, J., Donnot, A., Rogaume, Y.: TG-FTIR
kinetic study of the thermal cleaning of wood laminated flooring waste. J. Thermal Anal.
and Calorimetry 118, 141-151 (2014)



