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Abstract

By using a thermogravimetric analyser under argon atmosphere, the pyrolysis process and the kinetic model of
phoenix tree residues (the little stem, middle stem, and leaf) at a 30 °Cmin~" heating rate and the phoenix tree
mix at three different heating rates (10 °Cmin~", 30 °Cmin~"', and 50 °C min~") were examined. The catalyst and
the co-pyrolysis samples were at a 30 °C min~" heating rate. The catalysts were Na,CO;, ZnCl, and CaO in a
mass fraction of 5 %. The experimental results revealed that the phoenix tree residues pyrolysis process consisted
of three stages: dehydration stage, main pyrolysis stage, and the slow decomposition of residues. As the heating
rate increased, the pyrolysis characteristic temperature of the phoenix tree grew, there was a backward-shift of
the pyrolysis rate curve, and the mass loss rate gradually increased. The phoenix tree residues” activation en-
ergy changed throughout the whole pyrolysis process, and the pyrolysis temperature ranges of the three main
components (cellulose, hemicellulose, and lignin) existed in overlapping phenomenon. As compared to the
little stem, middle stem, and leaf, the phoenix tree mix was more likely to be pyrolysed under the same heating
rate. Different catalysts had a different impact on the pyrolysis: ZnCl, moved the start point of the reaction to
the lower temperatures, but did not speed up the reaction; Na,CO, speeded up the reaction without changing
the start point of the reaction; CaO speeded up the reaction, moved the start point of the reaction to higher

temperatures.
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Introduction

Biomass energy is a kind of chemical energy that is stored
in biomass, which is transferred from light energy by pho-
tosynthesis. As an ideal renewable energy, bioenergy con-
sumption ranks fourth worldwide in the most consumed
sources of energy (about 14 % of the total consumption)
and ranks just behind fossil oil, natural gas, and coal." In-
deed, biomass has been predicted to account for up to
40 % of the world’s energy consumption by the year 2020.
In fact, plant yield alone is already 20 times that of miner-
al energy,? which is indicative of the abundant reserves of
biomass energy. Furthermore, the classic energy consump-
tions have costly disadvantages: namely, the negative im-
pact of global warming caused by greenhouse gases, the
energy crisis of non-renewable fossil energy, external de-
pendence, security coefficients of energy supply, and so
on. Therefore, reasonable utilization of biomass energy is
of great interest to the world.

Biomass pyrolysis has been shown to be a novel, effective
biomass-energy utilization technique.’” The technique is
not only applicable to the combustion and gasifying pro-
cess of biomass but also to the transfer of biomass into gas,
liquid, and solid forms of high energy density. Generally,
biomass pyrolysis is a process in which gas (biomass gas),
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liquid (bio-oil), and solid (biochar)® are gained as products
from the biomass through thermal degradation under oxy-
gen-free or limited oxygen conditions. This process consists
of very complex physical chemical reactions, so a kinetics
analysis, focusing on the mechanisms underlying the phys-
ical changes and chemical reactions (especially in hetero-
geneous and non-isotherm cases), is highly important for
understanding biomass pyrolysis.®'2

Recently, many researchers have achieved significant
progress in the pyrolysis of tree biomass. For example,
Changqing Dong et al.”® studied the influence of different
chemical components in pine and cottonwood on the dis-
tribution of products in rapid pyrolysis. Additionally, Yaping
Gao™ analysed three factors (atmosphere, heating rate, and
air velocity) in the pyrolysis of four different pines: name-
ly, white pine, yellow pine, Chinese pine, and camphor.
Furthermore, Yanfen Liao et al.’® studied the pyrolysis and
combustion of different kinds of barks, branches, leaves,
stalks, sugarcane residues, and sugarcane leaves. However,
some rare research has been conducted on the pyrolysis of
the common and classic phoenix tree residues in Nanjing
Area, including the little stem, middle stem, leaf, and leaf
branch mix (named the phoenix tree mix). This paper pre-
sents the research based on the characteristics of the phoe-
nix tree mix pyrolysis at different heating rates and with dif-
ferent catalysts by using a thermogravimetric analyser. After
further calculation, a kinetics model divided into different
periods based upon the pyrolysis process is obtained.
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Experimental
Experimental samples

The phoenix tree residues (the little stem, middle stem,
leaf, and tree mix) in the Nanjing Area were chosen as
the experimental samples. Every sample was ground to
830 um — 1500 um size particles, dried for 24 h under
105 °C, and then stored in a drying vessel.

Experimental conditions

A simultaneous thermal analyser STA449F3 produced by
the German Netzsch Company was the instrument used in
this study. High-purity argon gas was used as a protection
gas with a flow of 10 mlmin~', and the heating rates were
10°Cmin~', 30 °Cmin~", and 50 °Cmin~" in the pyrolysis of
the tree mix, and 30 °Cmin~" in the other samples. In all the
experiments, the final temperature was 900 °C. The catalysts
were Na,CO,, ZnCl,, and CaO in the mass fraction of 5 %.

Results and discussion
The pyrolysis process of the phoenix tree residues

Fig. 1 illustrates the thermogravimetric (TG) curves as well
as the differential thermogravimetric (DTG) curves of the
pyrolysis process of the phoenix little stem, middle stem,
leaf, and tree mix at a heating rate of 30 °Cmin~".
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As temperature increased, the samples’ major components
(such as cellulose, hemicellulose, and lignin) produced gas-
es under a series of chemical reactions, and the TG-DTG
curves revealed the distribution of gas and solid pyrolysis
products. As determined from the samples’ pyrolysis expe-
riences, pyrolysis consisted of three distinct stages: the de-
hydration stage (stage 1), the main pyrolysis stage (stage 1),
and the slow decomposition of residues (stage lI). In the
first stage, the room temperature range was 165-200 °C,
and the TG curves had a small mass loss. Furthermore, the
DTG mass loss rate exhibited only little changes because of
the moisture evaporation in the samples. The little stems’
water loss peaks showed up at 120 °C, and other sam-
ples showed up slightly earlier, at 110 °C. Stage Il, ending
at 505-550 °C, was the major stage in the pyrolysis pro-
cess, where the samples decomposed and different vola-
tiles spread out by heating under an anoxia atmosphere.
Also in this stage, up to 60-70 % of the samples” mass loss
occurred with rapidly decreasing TG curves and evident
peaks in the DTG curves. More precisely, the peaks for the
little and middle stem are shown at 365 °C, and the rest
show at 350 °C. These are the results from the complete
reactions of three components in the samples.’® In the final
stage, stage lll, the samples formed loose porous carbon
because of the diffusing volatiles, so this stage can also be
called the carbonization stage. Both TG and DTG curves
changed slowly as caused by lignin decomposition'” and
the long duration of carbonization.
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Fig. 17— TG and DTG curves of phoenix tree residues pyrolysis at a heating rate of 30 °C min™"

Slika 1 = TG- i DTG-krivulje pirolize ostataka stabla feniks pri brzini zagrijavanja 30 °C min~
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Impact of the heating rate on the pyrolysis

The heating rate is one of the most important factors in
biomass pyrolysis, particularly as it can influence the pyrol-
ysis rate in a different temperature region, in products dis-
tribution, or in the biomass stay time. Fig. 2 shows the DTG
curves of the tree mix under three different heating rates.
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Fig. 2 — DTG curves of the tree mix under different heating rates
Slika 2 — DTG-krivulje drvne smjese pri razli¢itim brzinama za-
grijavanja

The relative characteristic pyrolysis temperatures of the
samples are summarized in Table 1. For the water evap-
oration rate peaks of the DTG curves in stage |, the maxi-
mum dehydrate rate is marked as V;, and the related peak
temperature is T;. As for the mass loss rate peaks in stage II,
the maximum mass loss rate is called V,, and the related
peak temperature is T,.

As seen in Table 1 and Fig. 2, as the heating rate increases,
all the characteristic temperatures T of the tree mix py-
rolysis grow with the backward move of the pyrolysis rate
curves. This indicates that the higher the heating rate, the
stronger the influence of diffusion on the temperature gra-
dients, thus leading to heating transfer lag and increased
T values. In addition, the amount the T value increases be-
comes lower at the higher heating rates. For example, the
T, values at 30 °C min~'and 50 °C min~" are the same,

Table 1
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which reveals lower impact of an increasing heating rate
on the heating transfer lag.

Fig. 3 shows heating rate’s influence on the mass loss rate.
[t can be seen that the mass loss rate V gradually acceler-
ates under the higher heating rates, and V, changes more
easily than does V;. Normally, higher heating rates allow
the biomass to proceed through pyrolysis under a higher
temperature, thus resulting in an accelerated pyrolysis.
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Fig. 3 —Influence of the heating rate on the tree mix mass loss

rate. V; is the maximum dehydrate, V, is the maximum
mass loss rate.

Slika 3 — Utjecaj brzine zagrijavanja na brzinu gubitka mase drv-
ne smjese. V; — maksimum dehidratiranja, V, — maksi-
malna brzina gubitka mase.

Impact of the different catalysts on the pyrolysis

Catalysts can move the start point of the pyrolysis to the
low temperature direction, or speed up the reaction, thus
improve the efficiency of the pyrolysis. Different catalysts
have a different impact on the pyrolysis, and also has dif-
ferent catalytic efficiency.’®2" Three different kinds of cata-
lyst were chosen in this paper: they are carbonate Na,CO;,
alkaline metallic oxide CaO, and chlorine salt ZnCl,. Fig. 4
shows the DTG curves with different catalysts at the heat-
ing rate of 30 °Cmin~".

— Maximum dehydration rate temperature T, and the maximum mass

loss rate temperature T, of tree mix under different heating rates

O

Tablica T — Maksimalna temperatura brzine dehidratiranja T, i maksimalna
temperatura brzine gubitka mase T, drvne smjese pri razli¢itima br-

zinama zagrijavanja (°C)
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Fig. 4 —The DTG curves with different catalyst at the heating rate of 30 °C min™"
Slika 4 — DTG-krivulje s razlicitim katalizatorima pri brzini zagrijavanja od 30 °C min~"

As shown in Fig. 4, when contrasted to the phoenix tree
mix pyrolysed at the heating rate of 30 °C min~', ZnCl,
moves the start point of the reaction to the lower tempera-
tures, but does not speed up the reaction; Na,CO, speeds
up the reaction without changing the start point of the re-
action; CaO speeds up the reaction, but it moves the start
point of the reaction to the higher temperatures.

Kinetics analysis of phoenix tree residue pyrolysis

The mass loss ratio of samples can be expressed by the
Arrhenius kinetics equation:

dx E
Ezkoexp[—ﬁ}f(x) (1)

Conversion x at t moment is:

-m(t
_m,-m() "
mo_mf

In this equation, m,, is the initial mass of samples, m; is the
mass of samples after pyrolysis, m(t) is the sample mass at
momentt, k, is the pre-exponential factor, E is the apparent
activation energy, R is the gas constant (8.314 ] mol~'K™"),
T is the absolute temperature, and f(x) is the solid conver-
sion function model relying on the reaction mechanism
and types.?* E, k,, and f(x) are called the kinetic triplet,
and the driving goal behind studying kinetics is determin-
ing the kinetic triplet.

After replacing Eq. (1) with the heating rate ¢ = dT/dt (Ks™")
and f(x), which can be expressed by the most simplistic first
order mechanism reaction equation f(x) = 1 — x, it can be
obtained that:

dx Kk,

E
=0 —— (1=
dT g¢q GXP{ RT}( ) )

Integrate Eq. (3), and obtain:

tdx ok, ¢ E
X _ 5 fexp| - |dT
I3 qT{eXp[ RT) @

The right side of the equation above can only produce an
approximate solution, not an analytical solution.

In this paper, the Agrawal-Sivasuburamanian integration
methods,?* one of the most effective methods for the pre-
cise evaluation of temperature, is applied to evaluate the
above equation. The result is:

where< <1, so Eq. (5) can be simplified as:

In{_Msz(k_OEj_i (6)
T qE) RT

In(1-x)

1 .
The In| - = " curve can be drawn according to

the pyrolysis data, and both the apparent activation energy
E and pre-exponential factor k, can be solved by the straight
slope and intercept.

The kinetics parameters of the phoenix tree residues py-
rolysis at different stages as deduced by the above men-
tioned methods are summarized in Table 2. Although this
kinetics analysis is divided into several parts based upon
the three stages of pyrolysis, it is still hard to describe the
whole pyrolysis process, particularly due to the changing
activation energy and the overlapping temperature ranges
of the three components pyrolysis. In addition, in compar-
ison to other samples, the tree mix has a relatively smaller
activation energy and pre-exponential factor at the same
heating rate of 30 °Cmin~", which allows for an easier py-
rolysis of the tree mix.
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Table 2 —Kinetics parameters of the phoenix tree residues pyrolysis at different stages
Tablica 2 — Kineticki parametri pirolize ostataka stabla feniks u razli¢itim fazama

Material Leaves Little stem M'gilgns.fm Tree mix
Materijal Lisce Mala stabljika ") Drvna smjesa
stabljika
: e
leating rate/"Cmin | 30 10 30 50
rzina zagrijavanja/°C min
E/k mol-’ 59.52 32.77 139.17 152.00 33.28 20.05
?;igael' k,/s 411-10° 13710 1.46-10%  1.31-101° 1.46-10° 4.72
r2 0.9799 0.8953 0.9877 0.9701 0.9346 0.9347
E/ k) mol" 43.08 93.56 48.20 59.96 52.58 61.33
?;azge”” ky/s7! 1.48 10>  7.11-10° 483-10°  826-10° 1.16-10°  6.30-10°
r2 0.9329 0.9684 0.899 0.9334 0.9268 0.9105
E/k mol-’ 57.06 27.13 49.64 30.01 36.63 36.71
stage Il k,/s 44.4 9.22-107" 17.6 1.11 3.18 2.02
faza lll °
r2 0.9462 0.8903 0.946 0.8553 0.9657 0.8674

E is apparent activation energy, k, is pre-exponential factor, r* is correlation coefficient.
E je prividna energija aktivacije, k, predeksponencijalni faktor, r? je korelacijski koeficijent.

The kinetics parameters of the phoenix tree residues py-
rolysis with different catalysts at the main pyrolysis stage
as deduced by the above mentioned methods are summa-
rized in Table 3. According to the activation energy £ and
pre-exponential factor k, at the same heating rate, com-
pared with these parameters of free-catalyst, ZnCl, moves
the start point of the reaction to the lower temperatures,
Na,CO, does not change the start point of the reaction,
CaO moves the start point of the reaction to the higher
temperatures.

Table 3 —Kinetics parameters of the phoenix tree residues py-
rolysis with different catalysts at the heating rate of
30 °Cmin~’

Tablica 3 — Kineticki parametri pirolize ostataka stabla feniks s
razli¢itim katalizatorima pri brzini zagrijavanja od

30 °C min™’
Catalyst free
Catalyst Bez ZnCl, CaO  Na,CO,
Katalizator .
katalizatora
E/KJmol=" 113.9018 91.454 136.3496 100.5994
k /s 3.34263 3.22283 9.50335 4.47081
o 107 107 1076 1076
r? 0.9292 0.9479 0.9950 0.9551

E is apparent activation energy, k, is pre-exponential factor, r? is correla-
tion coefficient.

E je prividna energija aktivacije, k, predeksponencijalni faktor, r* je kore-
lacijski koeficijent.

Conclusions

Throughout this study, a number of conclusions were es-
tablished; they are as follows:

1) The phoenix tree residues pyrolysis process consists of
three separate stages: the dehydration stage, the main
pyrolysis stage, and the slow decomposition of residues.
In the main pyrolysis stage, the competition reactions of
cellulose, hemicellulose, and lignin occurs, and the mass
loss ratio rises to 60-70 %.

2) As the heating rate increases, the characteristic temper-
ature of the tree mix pyrolysis grows higher, the weight
loss rate accelerates, and the pyrolysis rate curves move
backwards. However, with these higher heating rates,
the increasing amount of the characteristic temperature
becomes smaller.

3) According to the curves and parameters of pyrolysis, dif-
ferent catalysts have different impact on the pyrolysis:
ZnCl, moves the start point of the reaction to the low-
er temperatures, but does not speed up the reaction;
Na,CO; speeds up the reaction without changing the
start point of the reaction; CaO speeds up the reaction,
it moves the start point of the reaction to the higher tem-
peratures.

4) The activation energy of the phoenix residues pyrolysis
changes in the whole stages, and the pyrolysis temper-
ature ranges of the three main components (cellulose,
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hemicellulose, and lignin) exist in overlapping phenom-
enon.

5) As compared to the little stem, middle stem, and leaves,
the tree mix is more likely to be pyrolysed at the same
heating rate, partly due to its relatively smaller activation
energy and pre-exponential factor.

List of abbreviations and symbols
Popis kratica i simbola

DTG - differential thermogravimetry
— diferencijalna termogravimetrija

TG - thermogravimetry
— termogravimetrija
E - apparent activation energy, k] mol™"
— prividna energija aktivacije, k) mol~’
k, - pre-exponential factor, s
— predeksponencijalni faktor, s
m  —mass, g
—masa, g
q - heating rate, °C min™'
— brzina zagrijavanja, °C min™'
r> - correlation coefficient
— korelacijski koeficijent
R — gas constant, 8.314 Jmol~" K™
— plinska konstanta, 8.314 Jmol~" K™
T —temperature, °C
— temperatura, °C
V. —mass loss rate, min~’
— brzina gubitka mase, min~"
X —conversion rate
— brzina pretvorbe
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SAZETAK

Piroliticke karakteristike i kinetika ostataka stabla feniks
kao potencijalne energije
Hua Li,” Xu-Hui Li, Le Liu, Kun-Quan Lii Xiao-Hua Wang

Upotrebom termogravimetrijskog analizatora pod argonskom atmosferom, ispitivani su proces
pirolize i kineticki model pirolize ostataka stabla feniks (mala stabljika, velika stabljika i list) pri
brzini zagrijavanja 30 °C min~" i drvne smjese stabla feniks pri tri razlicite brzine zagrijavanja
(10°Cmin~", 30 °Cmin~"i 50 °Cmin~"). Katalizator i kopiroliticki uzorci zagrijavani su brzinom od
30 °Cmin~". Katalizatori su bili Na,COs, ZnCl, i CaO u masenom udjelu od 5 %. Eksperimentalni
rezultati pokazali su da se proces pirolize ostataka stabla feniks sastoji od tri faze: dehidratacijska
faza, glavna piroliticka faza i spora dekompozicija ostataka. Povecavanjem brzine zagrijavanja,
piroliticke karakteristike temperature stabla feniks rastu, javlja se pomak unatrag piroliticke krivulje
brzine, a brzina gubitka teZine postupno se povecava. Energija aktivacije ostataka stabla feniks mi-
jenja se kroz cjelokupni proces pirolize, a temperatura pirolize u rasponu tri glavne komponente
(celuloze, hemiceluloze i lignina) postoji u fenomenu preklapanja. U odnosu na malu stabljiku,
srednju stabljiku i list, vjerojatnije je da ¢e drvna smjesa stabla feniks biti pirolizirana pri istim brzi-
nama zagrijavanja. Razli¢iti katalizatori imaju drugaciji utjecaj na pirolizu. ZnCl, pomice pocetnu
tocku reakcije prema nizim temperaturama, ali ne ubrzava reakciju; Na,CO; ubrzava reakciju bez
promjene pocetne tocke reakcije; CaO ubrzava reakciju i pomice pocetnu tocku reakcije prema
visSim temperaturama.
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