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The vapour phase cracking of tar from pyrolysis of birch wood
(particles, 0.5–1.0 mm) was studied in a thermogravimetric analyser
(TGA) and in a coupling of the TGA with a consecutive tubular
reactor. The  TGA  was heated from 100 to 1000 °C at a heating rate of
5 K/min in all experiments and the tubular reactor was operated at
constant temperatures of 600, 700, and 800 °C at different residence
times. Kinetic parameters for tar cracking and yield coefficients for the
production of different gases from tar cracking were calculated.

Introduction

The tar con tent of gases from thermochemical con ver sion of bio mass has an im -
por tant in flu ence on the op er a tion of any down stream equip ment •1–3•. Al though
knowl edge of the tar crack ing ki net ics is of ma jor im por tance for find ing op ti mal op er at -
ing con di tions and an op ti mal re ac tor de sign (e. g. of gasifiers, ...) only few pa pers have
been pre sented deal ing with ki net ics for tar crack ing [4–9]. And this de spite the fact that
hun dreds of pa pers have been pre sented deal ing with ki net ics for pri mary py rol y sis of
dif fer ent types of bio mass (e. g. •10–14•).

The ob jec tive of the pres ent pa per was to in ves ti gate vapour phase crack ing of
tar from py rol y sis of birch wood. Be sides the de ter mi na tion of ki netic pa ram e ters for tar
crack ing and that of yield co ef fi cients for the for ma tion of prod uct gases, vari a tion of
these pa ram e ters with tem per a ture of tar for ma tion was also found. This find ing could
be of im por tance for the up grad ing of the tars.

Sample preparation

For each ex per i ment about 250 mg of birch wood par ti cles (size frac tion 0.5–1.0 mm)
were filled in a sam ple bas ket (25 mm in length and 10 mm in di am e ter) made of Incoloy 800
wire mesh. The prep a ra tion of the par ti cles was done by means of a rasp and siev ing. Be fore the 
ex per i ments all sam ples were dried for 2 hours at a tem per a ture of 105 °C  in a dry ing oven. Ta -
ble 1 shows the prox i mate and ul ti mate anal y sis of the birch wood used.
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                           Table 1. Proximate and ultimate analysis of birch wood

wt.-%, dry

Volatiles
Fixed C
Ash

88.6
11.1
0.3

wt.-% dry and ash free

C
H
O
N

50.7
6.3
42.3
0.7

Experimental set-up

Fig ure 1 shows a di a gram of the ex per i men tal set-up used for this work. It is a
cou pling of a thermogravimetric analyser (TGA) and a tu bu lar re ac tor, where ex per i -
ments both with the TGA alone and with the cou pling were car ried out. The tu bu lar re -
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Figure 1. Thermogravimetric analyser combined with a tubular reactor
for investigation of tar cracking reactions



ac tor (Æ16 mm ´ 2.2 m) is made of quartz-glass (for avoid ance of pos si ble cat a lytic ef -
fects of me tal lic com pounds •15•) and is pro vided with three in de pend ent heatable zones 
in or der to achieve dif fer ent res i dence times of the volatiles. A de tailed de scrip tion of
this ex per i men tal set-up can be found in •16•. 

In all ex per i ments the TGA was op er ated at the same con di tions. The wood
sam ples  in side  the  TGA-reactor  were heated from 100 to 1000 °C at a heat ing rate 1 of
5 K/min. Dur ing the heat ing, the re ac tor of the TGA was purged with 2.4   l·min–1 (s.t.p.)
of ni tro gen. In or der to pro tect the bal ance of the TGA from the py rol y sis gases, it was
purged sep a rately with 1.2  l·min–1 (s.t.p.) of ni tro gen dur ing the ex per i ments. In the ex -
per i ments with the tu bu lar re ac tor, the lat ter was op er ated at tem per a tures of 600, 700
or 800 °C, how ever those zones which were not needed for ex per i ments with short res i -
dence times were kept at 250  °C in or der to avoid tar con den sa tion. The tu bu lar re ac tor
was purged with the to tal flow of gas (3.6 l·min–1 (s.t.p.) ni tro gen + volatiles) com ing
from the TGA. The pres sure in the ex per i men tal   set-up (TGA and tu bu lar re ac tor) was
at mo spheric in all ex per i ments. Ta ble  2 gives an  over view  of  the   op er at ing   con di tions 
in the TGA and in the  tu bu lar  re ac tor  dur ing  the ex per i ments.

Down stream of the tu bu lar re ac tor, the prod uct gas was cleaned in a wa ter
cooled tar trap at a tem per a ture of 15 °C. The non-condensable gas mix ture was ana lysed 
with re gard to the con tents of car bon mon ox ide, car bon di ox ide, meth ane, eth ane,
ethene, acet y lene, hy dro gen and wa ter. The gas anal y sis was done by a BOMEM MB 100 
FTIR-spectrometer (Hartmann & Braun), a BINOS 1000 car bon mon ox ide analyser
(Fisher & Rosemount) and a CALDOS hy dro gen analyser (Hartmann & Braun). Tar
was as sumed to be the dif fer ence be tween the dif fer en tial mass loss (from the TGA) and
the sum of the gases found.

Table 2. Operating conditions in the TGA and in the tubular reactor

Run TGA

Tubular reactor

Zone Entrance 1 2 3 Experimental average
residence time in heated

zone
t •s•

Length
•m•

0.13 0.95 0.5 0.62

#2
#4
#5
#6
#7
#8
#9

Temperature
•°C•

250
250
250
250
250
250
250

600
250
700
250
250
800
250

600
250
700
700
250
800
250

600
600
700
700
700
800
800

2.12
0.64
1.82
0.99
0.55
1.63
0.49

#1 Without tubular reactor

85

Rath, J., Staudinger, G., Vapour Phase Cracking of Tar from Pyrolysis of ...



Results and discussion

Results from the tar cracking experiments

Fig ures 2 to 10 show the ex per i men tally found rates of for ma tion of tar, car bon
mon ox ide, car bon di ox ide, meth ane, eth ane, ethene, acet y lene, hy dro gen and wa ter
over the TGA-temperature (= sam ple tem per a ture) from the dif fer ent runs (see Ta ble
2). It must be noted that the rates of for ma tion shown in fig ures 2 to 10 are over all rates

of for ma tion. This means that they rep re sent the amounts formed in the to tal sys tem
”TGA + tu bu lar re ac tor”. Since the tar pro duced by pri mary py rol y sis in the TGA does
not com pletely crack in the tu bu lar re ac tor, the over all rates of tar for ma tion from the
dif fer ent runs are al ways pos i tive. The same ap plies for the dif fer ent gas com po nents.
These rates of for ma tion are again over all rates of for ma tion (formed in the to tal sys tem
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Figure 2. Rate of tar formation from different
runs, as difference form differential mass loss

and sum of rates of formation of all
detected gases

Figure 3. Rate of formation for carbon
monoxide from different runs

Figure 4. Rate of formation for carbon
dioxide from different runs

Figure 5. Rate of formation for methane
from different runs



”TGA + tu bu lar re ac tor”). And these
over all rates of for ma tion for the dif fer -
ent gas com po nents re sult from pri mary
py rol y sis re ac tions (in the TGA) and the
con tri bu tion from tar crack ing (in the tu -
bu lar re ac tor).

Run #1 rep re sents the re sult ob -
tained from a TGA ex per i ment with out
the tu bu lar re ac tor. Be cause of the low
heat ing rate in the TGA, the volatiles
leav ing the wood par ti cles in side the re -
ac tor of the TGA are only ex posed to
tem per a tures al most equal to the tem -
per a ture of their for ma tion. Since most of the volatiles were formed at low tem per a tures
(250–450 °C) where the ex tent of vapour phase tar crack ing re ac tions can be ne glected
•4, 16•, in the TGA only pri mary py rol y sis re ac tions are con sid ered. Be sides tar the main
prod ucts from pri mary py rol y sis of birch wood are char, car bon mon ox ide, car bon di ox -
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Figure 6. Rate of formation for ethane
from different runs

Figure 7. Rate of formation for ethene
from different runs

Figure 8. Rate of formation for acetylene
from different runs

Figure 9. Rate of formation for hydrogen
from different runs

Figure 10. Rate of formation for water from
different runs



ide, eth ane and wa ter. Fur ther from pri mary py rol y sis of birch wood low amounts of
meth ane, ethene, acethylene and hy dro gen are ob tained.

Runs #2 to #9 rep re sent the re sults ob tained from ex per i ments us ing the TGA
cou pled with the tu bu lar re ac tor where the tu bu lar re ac tor was op er ated at dif fer ent
con di tions (see Ta ble 2). In all runs the TGA was op er ated at the same con di tions as in
run #1. Be cause of this it is as sumed that in the TGA also in runs #2 to #9 only pri mary
py rol y sis takes place and the prod ucts leav ing the TGA are the same as in run #1. A fact
which sup ports this as sump tion is that the sam ple weight loss curves from runs #1 to #9
are iden ti cal. There fore the dif fer ences in the ex per i men tally found rates of for ma tion
for tar, car bon mon ox ide, car bon di ox ide, meth ane, eth ane, ethene, acet y lene, hy dro gen 
and wa ter (see Figs. 2–10) from the dif fer ent runs are only from tar crack ing re ac tions in
the tu bu lar re ac tor down stream of the TGA.

As can be seen in Fig. 2, the dif fer ences in the rates of tar for ma tion be tween
run #1 (only pri mary py rol y sis) and runs #2 to #9 (ex per i ments us ing the tu bu lar re ac -
tor) are large up to a tem per a ture of 370 °C and de crease with higher tar for ma tion tem -
per a ture (= sam ple tem per a ture). As al ready found from py rol y sis of spruce wood •16•
also from py rol y sis of birch wood dif fer ent types of tar are pro duced, de pend ing on the
mo men tary sam ple tem per a ture. The con ver sion of these tars by tar crack ing is de pend -
ent on the tem per a ture of tar for ma tion. For ex am ple, tar which was pro duced by pri -
mary py rol y sis in the tem per a ture range up to 350 °C (see run #1) is mostly con verted in
run #8 (by tar crack ing in the tu bu lar re ac tor). The same over all rate of for ma tion was
found in all runs for tar which was pro duced at tem per a tures above 380 °C. 

Kinetic modelling

The em ployed ap proach was pre sented in our pre vi ous study on the vapour
phase crack ing of tar from py rol y sis of spruce wood [16]. It is as sumed that three dif fer -
ent types of tars are pro duced from pri mary py rol y sis each hav ing its own crack ing char -
ac ter is tics.

Production of primary tars

The pro duc tion of pri mary tars was mod elled ac cord ing to eq. (1). It as sumes
that three in de pend ent par al lel re ac tions pro duce three dif fer ent types of pri mary tar,
types 1, 2 and 3. But since be sides tar also other prod ucts are ob tained from pri mary py -
rol y sis, eq. (1) is not a com plete ki netic model for pri mary py rol y sis. Fig ure 11 shows the
re sult for the rate of tar for ma tion dur ing run #1. In this run the TGA was used with out
the tu bu lar re ac tor and only pri mary pyrolsis is con sid ered. The in di vid ual rates of tar
for ma tion of the three in de pend ent par al lel re ac tions and the sum of these re ac tions ac -
cord ing to equa tion (1) are also pre sented in Fig. 11. Ta ble 3 con tains the ki netic pa ram -
e ters for these three in de pend ent par al lel re ac tions.
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Table 3. Kinetic parameters of the three independent parallel reactions for
the formation of primary tar from pyrolysis of birch wood

Tar 1, formation Tar 2, formation Tar 3, formation

k0

Ea •kJ·mol–1•
V* •mg·g–1•
n

108 •g·mg–1·s–1•
138
210
2

4·109 •s–1•
144
290
1

1024 •g·mg–1·s–1•
346
106
2

Vapour phase cracking of tar

A good de scrip tion of the ex per i men tal re sults pre sented in Fig. 2 was pos si ble
when for the crack ing of the three dif fer ent pri mary tars the fol low ing was as sumed: Pri -
mary tars 1 and 2 crack ac cord ing a sim ple first or der over all ki netic model (see eq. (2)).
Pri mary tar 3 does not crack. 

- =

-

r k Ctar i i

E

RT
tar i

a i

, , ,

,

0 e (2)

The ki netic pa ram e ters
for the crack ing of pri mary
tars 1 and 2 were cal cu lated
ap ply ing a flow model which
con sid ers the non-isothermal
con di tions as well as the ax ial
dis per sion in side the tu bu lar
re ac tor [see 16]. Ta ble 4
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Figure 11. Formation of primary
tar in a TGA experiment and
modelling results using three
independent parallel reactions

  Table 4. Kinetic parameters for the vapour 
  phase cracking of tar from pyrolysis of birch wood

Substance Ea •kJ·mol–1• k0 •s–1•

Birch wood, tar 1
Birch wood, tar 2
Birch wood, tar 3

55.32
136.60

No cracking

576.2
6.343·107

No cracking



shows the ki netic pa ram e ters cal cu lated for the vapour phase crack ing of the tars from
py rol y sis of birch wood de ter mined within this work.

Fig ure 12 shows a com par i son be tween ex per i men tal re sults for the rate of tar
for ma tion and pre dic tions from the tar crack ing model for dif fer ent runs. As can be seen
from Fig. 12, the crack ing model is well able to de scribe the de pend ency of tar con ver -
sion on the tar for ma tion tem per a ture. Models which are just based on dif fer ent tar
yields (which are only in te gral val ues) ob tained from dif fer ent ex per i men tal con di tions
•4–9• are not able to con sider such ef fects.

Stiles and Kandiyoti •7• also in ves ti -
gated the ther mal crack ing of tar from py -
rol y sis of birch wood (sil ver birch) and
they as sumed a crack ing of  tar through a
set of par al lel and in de pend ent first or der
re ac tions which are de scribed by one
com mon fre quency fac tor  k0  and a sta tis -
ti cal dis tri bu tion of ac ti va tion en er gies
(Ea and s). Stiles and Kandiyoti •7•  de ter -
mined  the fol low ing  ki netic  pa ram e ters:
Ea = 73  kJ/mol, s = 6.2  kJ/mol  and  k0 =
= 5.3·10³ l/s.

A com par i son of these ki netic data
with the pa ram e ters de ter mined within
this work (see Ta ble 4) shows that the
pa ram e ters (Ea and k0) de ter mined for
”birch wood, tar 1” within this work are
lower than those de ter mined by Stiles

and Kandiyoti and the pa ram e ters de ter mined for ”birch wood, tar 2" are higher than
those de ter mined by Stiles and Kandiyoti. It seems that if the crack ing of two dif fer ent
types of tars (type 1 and 2) is mod elled only by one set of pa ram e ters then these
pa ram e ters are more or less mean val ues of those which are ob tained when the two
dif fer ent tars are mod elled sep a rately.

Gas formation from tar cracking

As can be seen from Figs. 3 to 10 the over all rates of for ma tion of the dif fer ent
py rol y sis gases are strongly de pend ent on the op er at ing con di tions of the tu bu lar re ac tor 
(see Ta ble 2). 

The main prod uct from tar crack ing is car bon mon ox ide. A com par i son of the
runs #1 (pri mary py rol y sis) and #8 (tu bu lar re ac tor: 800 °C, t = 1.63 s) in Fig. 3 show
that the rate of for ma tion of car bon mon ox ide in creases by about the fac tor 7. Since
there ex ists such a strong de pend ency of the rate of for ma tion of car bon mon ox ide on
the ex per i men tal con di tions in side the tu bu lar re ac tor (tem per a ture and res i dence
time), the yield of car bon mon ox ide (or the rate of for ma tion of car bon mon ox ide) can
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Figure 12. Rate of formation of tar from
different runs, comparison between

experimental results and predictions
from the tar cracking model



be con sid ered as an in di ca tor for the ex tent of tar crack ing re ac tions. This was also sug -
gested by Boroson et al. •4•. How ever Morf •18• sug gests to use the hy dro gen yield as an
in di ca tor for the ex tent of tar crack ing re ac tions. But since the de ter mi na tion of hy dro -
gen usu ally bases on heat con duc tiv ity mea sure ments which are very sen si tive to the
pres ence of other com po nents in the gas and fur ther since the hy dro gen yields are much
lower than the car bon mon ox ide yields, car bon mon ox ide seems to be the more suit able
in di ca tor for the ex tent of tar crack ing re ac tions. 

Due to the strong de pend ency of the rate of for ma tion of car bon mon ox ide on
the ex per i men tal con di tions in side the tu bu lar re ac tor it was as sumed that there ex ists a
lin ear cor re la tion be tween the rate of tar crack ing and the rate of car bon mon ox ide for -
ma tion from tar crack ing. This as sump tion was ex tended to all gas eous com po nents.
There fore the for ma tion of the in di vid ual prod uct gases j from tar crack ing can be de -
scribed ac cord ing to eq. (3) us ing the rates of tar crack ing (crack ing of tars i=1 and i=2,
tar 3 does not crack) and con stant yield co ef fi cients Yj,i

r r Yj tar i j i
i

= -
=

å ( ), ,
1

2

(3)

A com par i son of ex per i men tal re sults and model pre dic tions (eq. 3) showed
that a rea son able ac cor dance could only be ob tained for the com po nents car bon mon ox -
ide, car bon di ox ide and wa ter. For the com po nents acet y lene, eth ane, ethene, hy dro gen
and meth ane the model was not able to pre dict the ex per i men tal re sults in any case. For
ex am ple,  the rates of for ma tion of eth ane (see Fig. 6) ob tained from run #6 (tu bu lar re -
ac tor: 700 °C, t = 0.99 s) are al ways much higher than from run #1 (only pri mary py rol y -
sis) but those from run #8 (tu bu lar re ac tor: 800 °C,  t = 1.63 s) are sig nif i cantly lower than 
those from run #1. A pos si ble ex pla na tion seems to be the oc cur rence of ad di tional ho -
mo ge neous gas-phase re ac tions be tween the dif fer ent hy dro car bons and hy dro gen
(which cause e. g. a re duc tion of eth ane and with that a re lated pro duc tion of ethene and
hy dro gen at high tem per a tures) •17•.

But when the com po nents acet y lene, eth ane, ethene, hy dro gen and meth ane
are put to gether to one prod uct group ”hy dro car bons and hy dro gen (HC + H2)” the
model was again able to pre dict a rea son able ac cor dance with the ex per i men tal re sults.
The yield co ef fi cient for the prod uct group ”HC + H2” was cal cu lated on the ba sis of the
law of con ser va tion of mass and the yield co ef fi cients for car bon mon ox ide, car bon di ox -
ide and wa ter. For each type of tar the sum of all yield co ef fi cients must be one 
( ), , ,Y Y Y Ytar i tar i tar iCO CO H O HC H2

+ + + =+,tar  i 2 2
1 .

The de ter mined yield co ef fi cients Yj,i for the pro duc tion of gases from crack ing
of tars from py rol y sis of birch wood are pre sented in Ta ble 5. These co ef fi cients are con -
stant with re spect to the in ves ti gated tem per a ture range (600–800 °C). Fur ther the com -
po si tion of the prod uct group ”HC + H2” is con stant. For ”HC + H2” from crack ing of
tar 1 a C/H-ratio of 1/3.09 (mol/mol) and for ”HC + H2” from crack ing of tar 2 a
C/H-ratio of 1/3.29 (mol/mol) was de ter mined. Fig ures 13 to 16 show a com par i son of
ex per i men tal re sults for car bon mon ox ide, car bon di ox ide, wa ter and ”HC + H2” from
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dif fer ent runs and pre dic tions from the model (see eq. 3) us ing the yield co ef fi cients pre -
sented in Ta ble 5.
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Figure 13. Rate of formation of carbon
monoxide from different runs, comparison

between experimental results and predictions
from the tar cracking model

Figure 14. Rate of formation of carbon
dioxide from different runs, comparison

between experimental results and predictions
from the tar cracking model

Figure 15. Rate of formation of water from
different runs, comparison between

experimental results and predictions

Figure 16. Rate of formation of ”HC + H2”
from different runs, comparison between

experimental results and predictions

                        Ta ble 5. Yield co ef fi cients for the pro duc tion of gases from
                         crack ing of tar from py rol y sis of birch wood

Component j Yj,tar1 •g/g• Yj,tar2 •g/g•

Carbon monoxide
Carbon dioxide
Water
HC + H2

0.60 
 0.20  
 0.075
 0.125

0.55
0.07
0.16
0.22

S  1.00  1.00



Conclusion

The crack ing of tar from py rol y sis of birch wood par ti cles was in ves ti gated by
ap ply ing a ex per i men tal set-up con sist ing of a TGA and a tu bu lar re ac tor. The ex per i -
men tal re sults showed that the ex tent of tar crack ing is not only de pend ent on the con di -
tions in the crack ing re ac tor (tem per a ture and res i dence time) but also on the tem per a -
ture at which the tar was formed. Ap plying a model which was pre sented in a pre vi ous
study, ki netic pa ram e ters for tar crack ing and yield co ef fi cients for the pro duc tion of
gases from tar crack ing were de ter mined. 

Nomenclature

Ctar •mg/g·m3• –  tar concentration
daf –  dry and ash free
Ea •J/mol• –  activation energy 
k0 •1/s•, •g/mg·s• –  pre-exponential factor 
m •K/s• –  TGA heating rate
n –  reaction order
Q •m3/s• –  flow rate of purge gas
r •mg/g·m3·s• –  rate of reaction 
R •J/mol·K• –  universal gas constant 
s •J/mol• –  standard deviation of activation energy
t •s• –  time
T •K•, •°C• –  temperature
t •s• –  average residence time of gas in the tubular reactor
Vtar  •mg/g• –  tar yield
Vtar

* •mg/g• –  ultimate tar yield 
Y •g/g• –  yield coefficient 
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