
Introduction

Italian decree law 22/97 has acknowledged European

strategies on waste management (minimization, re-

use, recycling and recovery). In this context such de-

cree, in order to promote a ruled energetic exploita-

tion of waste, introduced CDR, a kind of refuse

derived fuel (RDF) whose characteristics are properly

defined throughout the same decree.

Nevertheless, up to now, RDF utilization has

disappointed the expectations, on one end because of

the strict law limits that regulate the production, on

the other because of the heterogeneity of its composi-

tion that bounds its exploitation.

Since the opportunity to use RDF to produce fuel

gas seems to be promising, particular attention has

been focused on process technologies such as pyroly-

sis and gasification [1].

Present work relates to experimental tests and

obtained results of the study of RDF performance,

carried out by means of thermogravimetry (TG), in-

frared and mass spectrometry, in order to characterize

the incoming material and to establish the best condi-

tion of fuel gas production.

Experimental

Materials

Samples used for the experimental work are commer-

cial products, supplied by an Italian producer. Be-

cause of the high moisture content of RDF, about

25–30%, it was necessary to dry the samples before

they were milled till to a size of maximum 0.2 mm.

After grinding, samples were kept at ambient

conditions.

Apparatus and procedures

A TA TG 2950 system, coupled with a Thermo Optek

FTIR spectrometer and a Thermo Onix quadrupole mass

spectrometer, were used to perform thermal analyses

and for on-line monitoring of evolved gas fraction.

Thermogravimetric curves have been recorded at

four different heating rates (5, 10, 20 and 50 K min–1)

and at three process temperatures (600, 700 and

800°C). Pure nitrogen was used as inert purge gas, at

constant flow rate of 100 mL min–1 [2, 3].

Ultimate analyses were obtained with a Thermo-

Quest EA 1110 analyser.

Results and discussion

Proximate and ultimate analyses of the RDF are

shown in Table 1; the data indicate a very high vola-

tile content (up to 80%) and an ash quantity of 14%.

As we see from the ultimate analysis, the material

presents a good carbon quantity, while there’s no evi-

dence of the presence of either sulphur or chlorine.

Mass loss curves during RDF pyrolysis were ob-

tained both in isothermal and constant heating rate

conditions. The evolution profile of RDF samples

from TG-DTG in nitrogen atmosphere from 100
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to 900°C, at different heating rate, is reported in Fig. 1

(data have been normalised with respect to moisture

and ash content).

The curves show that the thermal decomposition

is almost completed around 800°C; such decomposi-

tion takes place through a series of complex peaks re-

lated to the simultaneous degradation of the various

fractions (paper, plastics, wood, fabrics, etc.) contained

in RDF. Three main mass loss stages are found: the

DTG curves show that the maximum pyrolysis reaction

rate occurred at 312–360°C in the first reaction, at

430–540°C in the second reaction and above 650°C in

the last reaction. The comparison with TG curves for

the pyrolysis of paper, LDPE, wood, etc., and the anal-

ysis of evolved gas from FTIR/MS let us ascribe the

first and the third peak to the decomposition of cellu-

lose and ligneous materials; the peak in the medium re-

gion is more likely due to the decomposition of plas-

tics, mainly LDPE [4–7].

The examination of FTIR series (Fig. 2) points

out the presence, among the evolved gases, of water,

carbon monoxide, carbon dioxide, methanol, acetic

aldehyde, acetic acid, methane, ethylene, propylene,

ethyne, aliphatic hydrocarbons, benzene. Such spe-

cies have been detected as well by monitoring mass

spectra of gaseous stream, together with hydrogen,

not FTIR sensible (Table 2).

Without any separation of the fractions (such as a

chromatographic separation), a definitive identifica-

tion of components is quite difficult; nevertheless the

comparative analysis of FTIR/MS spectra vs. time/

temperature can confirm the attribution of the decom-

position reactions from thermogravimetric curves

mentioned above. As a matter of fact, m/e 44 trend

(Fig. 3a) shows a peak around 320°C, comparable with

CO2 FTIR profile (Fig. 3b); in the same way, m/e 29

(–CHO), m/e 31 (–CH3O) and m/e 43 (CH3OC–) peaks

fit the corresponding profiles coming out for methanol,

acetic acid and acetaldehyde from FTIR series, and all

the peaks fall in the same temperature range (Figs 3c

and d). All these data confirm the hypothesis of attribu-

tion of the first decomposition peak to the degradation

of cellulose and the other lignocellulosic materials.
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Table 1 Characteristics of RDF*

Element Composition/% Proximate analysis/% GHV/MJ kg–1

C 51.0 volatile matter 78.6 27.6

H 7.3 fixed carbon 7.4

N 0.8 ash 14.0

*on dry basis

Table 2 FTIR and MS signals of evolved gas

Main FTIR signal
(cm–1)

Main MS signal
(m/e)

H2O 3790 18

H2O – 2

CO 2480 28

CO2 2358 44

CH3OH 1032 31

CH3CHO 1760 29, 43

CH3COOH 1796 31, 43

CH4 3017 15, 16

C2H4 949 28

C3H6 911 41, 42

C2H2 731 26

–CH 2936–2969 41, 42, 55, 56

C6H6 670 78

Fig. 1 TG and DTG curves of RDFat different heating rates

Fig. 2 FTIR series of evolved gas



With respect to the second pyrolysis reaction, we regis-

ter, in the range of 400–450°C, the same agreement be-

tween the m/e trend and the FTIR spectra of ethylene,

propylene, methane (Figs 3e–h), and other aliphatic

compounds, coming from the decomposition of the

plastic fraction [8–13].

Particular attention should be devoted to the anal-

ysis of mass spectrum of m/e 16; in comparison with

the corresponding methane FTIR trend, we notice that

both the traces show a peak centred around 450°C,

while other two remarkable peaks, present in mass

spectrum, are less representative throughout the FTIR

profile. Such behaviour could be ascribed to the frag-

mentation spectrum of other species falling at the same

m/e ratio: i.e., CO2 m/e 16 peak is 6% of the main peak,

at m/e 44, while O2 m/e 16 peak is 4.2% with respect to

the main peak. This interpretation is coherent with the

CO2 trends, as reported in Figs 3a and b, and with the
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Fig. 3a m/e 44 trend Fig. 3b CO2 FTIR profile

Fig. 3c m/e 43 trend Fig. 3d Ethanal FTIR profile

Fig. 3e m/e 41 trend Fig. 3f Propylene FTIR profile



m/e 15 profile (Fig. 3i): as a matter of fact, m/e 15 peak

is rather representative of the methane fragmentation

path (its intensity being equal to 80% of main methane

peak, at m/e 16); such peak is less influenced from the

fragmentation of other species and is better comparable

to the corresponding methane FTIR profile.

In order to have a better understanding of RDF

pyrolysis, the determination of kinetic parameters was

carried on employing the differential method [14–19].

The residual mass fraction of active reactant is

expressed on a normalized basis, according to Eq. (1)

M=(W–Wf)/(W0–Wf) (1)

where W, W0, Wf represent mass, initial mass and final

mass of the sample, respectively. The conversion X is

expressed as

X=(W0–W)/(W0–Wf) (2)

where

M=1–X (3)

Two principal reactions take place in the range

1<M<0.42 and 0.42<M<0.10, respectively. Both the

reactions were studied assuming that

dX/dt=k(1–X)n (4)

and

k=Aexp(–Ea/RT) (5)

Therefore the plots of ln(dX/dt) vs. –1/T, follow-

ing Eqs (4) and (5), for different heating rates in

iso-conversion conditions, give the activation energy

(equals to 95.5 and 108.1 kJ mol–1, for first and sec-

ond reaction respectively, Table 3).

The reaction order (n) and the pre-exponential fac-

tor (A) were obtained plotting ln[(dX/dt)/exp(–Ea/RT)]

vs. ln(1–X).

In order to investigate the conditions of produc-

tion of a good quality gas in a pyrolysis reactor, a se-

ries of TG/FTIR/MS tests have been performed, sim-

ulating the operating conditions of RDF in a continu-

ous process, where the material comes in at a fixed

temperature, and undergoes a fast heating, for a defi-

nite residence time. Process temperatures of 600, 700

and 800°C, chosen from the analysis of thermogravi-

metric curves, have been investigated.

Data in Table 4 show that the volatile fraction

grows with the process temperature, together with the

relative conversion. On-line FTIR and MS spectra of

evolved gas monitored during the process, point out

that, at growing temperature, light volatile fraction

gets richer at the expense of aliphatic hydrocarbons;
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Table 3 Kinetic parameters

Data First reaction Second reaction

Ea/kJ mol–1 95.5 108.1

A/min–1 4.5⋅107 8.4⋅106

n 2.2 0.7

Fig. 3g m/e 16 trend

Fig. 3h Methane FTIR profile

Fig. 3i m/e 15 trend

Table 4 Conversion data

Data/% RDF 600* RDF 700* RDF 800*

volatile matter at Tiso 76.14 77.72 85.98

total volatile matter 91.04 80.68 88.22

conversion 83.63 96.33 97.46

*Dry ash free samples



as a matter of fact, FTIR signal at 2800–3200 cm–1,

related to aliphatic and aromatic absorption, goes

down, while the peak of ethyne, at low wavenumber,

definitely increases (Figs 4a, b). Furthermore, this

fact means that at growing temperature condensable

fraction (that is oils) lowers, moving the balance to-

wards the incondensable fraction and providing a fuel

gas of better quality.

Figure 5 shows the behaviour of various compo-

nents in the volatile fraction at different temperature;

as far as methane, CO, CO2, ethylene and ethyne are

concerned, the evaluation comes from the corre-

sponding chemigrams area (that is the IR absorption

intensity of a given signal vs. time), normalised with

respect to total volatile content; as far as hydrogen

and ethane are concerned, peaks of corresponding rel-

ative abundance coming from MS were used.

Such diagrams show that CO2 production gets a

maximum at 700°C and then goes down; while, CO

production follows the opposite trend, according to the

Boudouard equilibrium. Furthermore, as far as the se-

ries of C2 homologues is concerned, the progressive

dehydrogenation with temperature is observed: ethane

concentration decreases in favour of ethene, whose

quantity, at rising temperature, will lower in favour of

ethyne; for the same reasons, the hydrogen content reg-

isters a marked growth, showing a maximum at 800°C.

It is important to point out that the data are far to

be quantitative, though they provide a comparative

evaluation of how single gas component abundance

vary with the process temperature.

Conclusions

RDF pyrolysis tests have been carried out with the sys-

tem TG/FTIR/MS; in order to characterize the thermal

behaviour of such material; thermogravimetric curves

showed that the decomposition reactions are definitely

complete around 600°C (with a conversion over 80%).

The experimental results show that two principal reac-

tive steps take place, and the online monitoring of

evolved gas let us ascribe the first step to the decompo-

sition of cellulose and lignocellulosic material, the sec-

ond one to the decomposition of plastic fraction.

In order to have a better understanding of RDF

pyrolysis process, the determination of kinetic param-

eters for both steps was carried out using the differen-
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Fig. 4a FTIR curves of methane production at different

process temperatures

Fig. 4b FTIR curves of ethyne production at different process

temperatures

Fig. 5a Gas production vs. temperature, FTIR data

Fig. 5b Gas production vs. temperature, MS data



tial method. Obtained data are in good agreement

with similar values reported in other works.

The operating conditions of RDF in a pyrolysis

reactor were simulated, at different process tempera-

ture, with the aim of setting up the conditions of pro-

duction of a good quality pyrolysis gas. Data show that

the volatile fraction grows with the temperature, to-

gether with the relative conversion, and that light vola-

tile fraction (hydrogen, ethyne, etc.) gets richer, at the

expense of superior homologous hydrocarbons.

Abbreviations

RDF, CDR refuse derived fuels

M residual mass fraction

X conversion

k kinetic constant

A pre-exponential factor

Ea activation energy

n reaction order
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