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Abstract Thermo gravimetric analysis experiments were
carried out on pyrolysis of three kinds of biomasses by
temperature programming method. Employed by thermo-
gravimetric analyzer, the effects of the type of biomass and
the ratio of copper slag addition on pyrolysis were studied.
Biomass pyrolysis process can be divided into four stages,
dehydration, pre-pyrolysis, pyrolysis and carbonization. The
experimental yields in this paper were modeled by CH,,
C,Hg, C3Hg, C,H, and C3Hg, considering first-order primary
reaction and reactions of alkanes and alkenes. Copper slag is
beneficial for biomass pyrolysis. With Coats—Redfern
method, nonlinear regression of biomass catalytic pyrolysis
showed that reaction mechanism of pyrolysis process con-
firms well with shrinking core model (A3). The kinetic
parameters and equations were also calculated. Copper slag
promotes both the primary reactions of biomass pyrolysis
and the Cracking reactions of alkanes and alkenes, but it
cannot decrease the activation energy effectively.

Keywords Copper slag - Pyrolysis - Biomass -
Thermodynamic analysis

Introduction

Biomass is expected to be one of the major global primary

energy sources. The future, modern, efficient and sustain-
able uses of biomass are considered much promising and
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even inescapable in the future [1]. For the efficient uti-
lization of biomass energy, thermochemical conversion
technology has drawn much attention of scholars [2—4].
Biomass pyrolysis is a highly endothermic chemical reac-
tion and consumes additional energy sources. Tar vapor is a
by-product generated during pyrolysis process, and it
contains large amounts of carbon and energy [5]. In the
pyrolysis process, tar material may cause operational
problems such as pipe blocking, condensation and tar
aerosol formation [6]. The treatment of tar is the key to
solve the problems above for the biomass pyrolysis gasi-
fication technology. At present, the most economic and
effective method is conversion by pyrolysis catalytic.
Catalytic can not only promote the crack of tar but also
improve the composition of gas products. At high tem-
perature, the tar generated by biomass can crack deeply at
the surface of catalytic. Promoted by catalytic, micro
molecule hydrocarbon compounds take part in the
Reforming reaction and react with H,O and CO, [7].

The types of catalytic fall into two major categories,
natural ore (dolomite [8, 9], olivine [10], clay etc.) and
synthetic catalyst (alkalis catalyst [11], nickel-based cata-
lyst [12] and composite-type catalyst [13]). Natural ore
catalyst is more inexpensive than synthetic catalyst. And as
natural ore catalyst, olivine is abundant and it has good
performance of abrasive resistance at high temperature,
which can be applied to fluidized bed. Swierezynski [14]
used nickel-based olivine as catalyst to improve the process
of steam biomass gasification in a fluidized bed. Its cat-
alytic performances are confirmed in the steam reforming
of methane and toluene as a tar model compound. Xie [15]
used nickel-based catalyst to study the steam reforming of
tar in a hot coke oven for hydrogen production. In exper-
iments, CaO was added to improve the catalyst adsorption
characteristics. Nordgreen [16] studied the catalyst
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characteristics of metallic iron on the crack of tar in flu-
idized bed gasification.

Zhao and Li [17, 18] studied the properties of sawdust
gasification by experiments. In Zhao’s experiment, the
thermal stability of the MSW was analyzed by thermo-
gravimetric analysis, and effects of BF slag on the gas
products were investigated at 600-900 °C [17]. And in Li’s
experiment, the catalytic activity was evaluated by ana-
lyzing its phase composition [18]. Pyrolysis process in this
research is the primary reaction of gasification process.
And the catalyst function of copper slag gasification is
similar to pyrolysis process with copper slag as heat carrier
and catalyst. The crack reactions are promoted, which
would take place in both gasification and pyrolysis process.
Promoted by copper slag, the crack of tar increased the
fractions of H, and CO, in gas production. Analyzed by
XRD patterns, the activation components in copper slag
were Fe,O53 and Fe;0,.

The use of biomass pyrolysis technology can realize the
efficient recovery of waste heat from copper slag. With
copper slag as heat carrier and catalytic, pyrolysis kinetics
of three typical biomasses were studied in this paper.
Thermogravimetric (TG) analysis has been widely used
over the years to investigate the thermal events during
pyrolysis of biomass, and it provides quantitative results
regarding the mass loss of a sample as a function under
isothermal or non-isothermal conditions [19-22].

The pyrolysis process of the mixture of copper slag and
biomass was discussed by TG analysis with temperature
programming method. Gas products were measured and
investigated in control experiment device. By Coats—Red-
fern method, the kinetic parameters and equations were
also calculated, respectively, for the biomass pyrolysis with
copper slag as heat carrier.

Experimental
Materials

The copper slag samples were from flash smelting furnace
by water quenching treatment. Before experiments, copper
slag samples were crushed to the size smaller than 250 pum.
The composition of copper slag is shown in Table 1. From
Table 1, the element content of Fe (MFe, Fe>* and Fe®™)
reaches to 44.08% in copper slag. And FeO, SiO, and
Fe;0,4 are the main compositions in copper slag. Identified
by X-ray diffractometer (Shimadzu, XRD-7000), the pha-
ses in raw materials are fayalite (Fe,SiO4) and magnetic
(Fe;0,4), as shown in Fig. 1.

The biomass materials are corncob, pine sawdust and
straw from Liaoning Province of China (abbreviated as
CN, PE, and SW, respectively). After drying in vacuum
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drying oven at 353 K for 12 h, the samples were sieved to
150 um. The analytical data (proximate analysis, compo-
nents analysis and ultimate analysis) for the biomass
samples are shown in Table 2. From the analysis data, PE
has the highest content of volatile and CN has the highest
content of fixed carbon. It can be seen that hemicellulose,
cellulose and lignin are the three main components of the
biomass. And the contents of cellulose, lignin for PE are
highest. By ultimate analysis, the content of carbon in PE is
higher than CN and PE.

Apparatus and methods

A NETZSCH STA409PC thermogravimetric analyzer was
employed. Biomass and copper slag were mixed thor-
oughly and then placed in a high-purity aluminum crucible.
The protective gas was Ar and its flow rate was
30 mL min~", controlled by flow meters. In each experi-
ment, about 10 mg of the samples were heated from
298 to 1173 K at a heating rate of 10, 20 and
40 K min~", respectively.

And at the same heating rate and atmosphere, samples
were put into a pipe-typed furnace. Pyrolysis reactions of
biomass took place in furnace, and the gas products were
measured by gas analysis meter. The experimental condi-
tions are shown in Table 3. The mass ratio of
biomass/copper slag was abbreviated as B/S.

Experimental results and discussion
Biomass pyrolysis characteristics

Mass loss curve (TG) and mass loss rate curve (DTG) of
biomass (PE as an example) pyrolysis are shown in Fig. 2.
And the composition variation of biomass pyrolysis gas is
shown in Fig. 3. CO,, CO, CH,4 and H, are the main com-
ponents in biomass pyrolysis gas. Figure 4 is the FTIR
spectra of three types of biomass. Figure 5 is FTIR spectra of
fixed carbon pyrolysis from CN, PE and SW. According to
Figs. 4 and 5, pyrolysis of biomass is accompanied with the
crack of bond (C=0, C-0O) and the divorce of micromolecule
(-OH, CH,, —CN, —CH, —-NH,). Based on the analysis of TG,
DTG and gas composition during heating process, biomass
pyrolysis process can be divided into four stages.

1. Dehydration (<393 K). During this stage, free water
breaks away from biomass without reactions taking
place.

2. Pre-pyrolysis (393-453 K). Without mass loss, the

temperature of biomass increases gradually. The
structure rearranges and reconciliation polyethylene
reaction takes place inside the biomass.
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Table 1 Compositions of copper slag, mass%
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Fig. 1 Picture of X-ray diffraction spectrogram of copper slag '8 urves of biomass pyrolysis characteristics (PE)
. . . 5
Table 2 Properties of three biomass materials 2 . Co
Samples CN PE SW g — o0,
- 4 +CH4
Proximate analysis/mass% g
Moisture 6.07 381 6.84 S .l
Volatiles matter 73.54 79.01 67.90 S
Ash 3.43 2.17 9.36 k5
Fixed carbon 16.96 15.01 15.90 % 21
Components analysis/mass% §
NDF 17.93 10.99 32.02 8 1]
Hemicellulose 18.74 5.90 18.38 §
Cellulose 53.69 58.88 39.68
Lignin 8.75 23.42 7.38 S e a0 1o
Ultimate analysis/mass% Temperature/K
Nitrogen 1.65 0.15 0.61
Carbon 41.34 48.28 4516 Fig. 3 Composition variation of biomass pyrolysis gas
Hydrogen 5.769 6.17 5.928 . ..
3. Pyrolysis (453-773 K). Cellulose in biomass depoly-
Sulfur 0.125 0.082 0.069 yrolysis ( ). Cellu POy

merizes to monomer. And then, pyrolysis products are
generated by free radical reaction and rearrangement

Table 3 Experimental conditions

1

Biomass type B/S Heating rate/K min™ Start temperature/K_l Final temperature/K—l Atmosphere
CN 1:0 20 308 1173 Ar
PE 1:0.5
SW 1:1
1:2
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Fig. 6 Gibbs free energy variation of gas conversion reaction versus
temperature concentration of CO and CO, reaches maximum at
823 K. When the concentrations of CO and CO, begin
reactions. Carbon bond fractures in hemicellulose and to decrease, the concentrations of CH, and H, begin to
cellulose are accompanied with the production of CO increase slowly. Reactions about breaks of C-H also
and CO,. With the increase in temperature, the take place in this stage.
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Fig. 8 Composition of biomass pyrolysis gas change curves versus
ratio of copper slag

4. Carbonization (>773 K). Mass of biomass decrease
slowly accompanied with polymerization reactions and
carbonization reactions. Fixed carbon and biomass ash
are generated in this stage. And the reduction in copper
slag takes place above 1100 K, which would be
eliminated in this stage [23].
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Fig. 9 Pyrolysis gas yield with the change of ratio of copper slag
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Fig. 10 Pyrolysis gas LHV with the change of ratio of copper slag

Thermal analysis for gas conversion reactions
for biomass pyrolysis

Copper slag can act as catalyst for biomass gasification. In
copper slag, Fe;0,4 and Fe,O; are the activation compo-
nents [17, 18]. Condensable volatiles can decompose under
the action of the catalysis of copper slag. Coupled chemical
reactions in pyrolysis mainly include gas shift reactions.
Gas shift reactions include Boudouard reaction (Eq. 1),
Reforming reaction (Eq. 2) and Cracking reaction (Eq. 3).
In Boudouard reaction, the generation of CO leads to mass
loss of sample. The reagent and product participated in the
reactions were all gas. Thus, Reforming reaction does not
change the mass of sample. In Cracking reaction, the
generation of fixed carbon leads to the mass increment.
The Gibbs free energy variation of gas conversion
reactions is shown in Fig. 6. For the complexity of pyrolysis
gas composition, it is unrealistic to confirm every reaction
in pyrolysis process. Alkanes and alkenes participated in
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Reforming reaction and Cracking reaction. Thus, the
experimental yields in our work are modeled by CH,4, C,Hg,
C;Hg, C,Hy and C3Hg, considering first-order primary
reaction and reactions of alkanes and alkenes [24]. From
Fig. 6, the Gibbs free energy of three kinds of reactions
progressively decreased with the increase in temperature.
Boudouard reaction can take place spontaneously above
970 K. In pyrolysis temperature interval (453-773 K),
Gibbs free energy of Cracking reactions are lower than
Reforming reactions, which means that it is easier for
Cracking reactions to take place in this condition. When the
temperature is lower than 900 K, Cracking reactions of
C,Hg, C3Hg, Co,H, and C3Hg can take place spontaneously,
but Boudouard reaction, Reforming and Cracking reactions
of CH, cannot take place spontaneously.

Boudouardreaction: C + CO,(g) = 2CO(g) (1)
Reforming reaction:
n 2
CmHy(g) + mCO:(g) = 2mCO(g) + 5 Ha(2) @
Cracking reaction: Cp,H,(g) = mC + gHg(g) (3)

Effects of copper slag on biomass pyrolysis
characteristics

Figure 7 is the conversation of three kinds of biomasses at
different ratios of copper slag. When the ratio of B/S is 1:2,
the conversion ratio of copper slag on biomass can improve
inordinately. The effect rule for copper slag on biomass
pyrolysis characteristics is different. When B/S is 1:0.5 and
1:1, the conversion ratio does not change obviously and
inordinately. There are two speculations based on the mass
change of reactions for the phenomenon above. On the one
hand, copper slag can promote primary reactions of bio-
mass pyrolysis and Cracking reactions for pyrolysis gas

—124 e, N
4 - . » »
3339 Yoy —— Df
—13 %»H+»MH* —— D2
] N"0v¢ ::T:\:iw‘4« —a— D3
. o3 —v— D4
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Fig. 11 Linear regression curves of different models (CN)
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products. On the other hand, copper slag can promote
Boudouard reaction and Cracking reactions for pyrolysis
gas product. In other words, the promote effects of copper
slag on mass increase reactions and decrease reactions exist
simultaneously. In order to identify the speculations above,
the gas products of pyrolysis were studied below.

Figure 8 is the composition of biomass pyrolysis gas
with the change of the mass ratio of copper slag. The
content of pyrolysis gas changes with the type of biomass.
The content of CO, in pyrolysis is higher than any other
gas products. The content of CO, from CN is the highest
and reaches to 48%. As shown in Fig. 8, the addition of
copper slag can increase H, yield and decrease CO yield.
And the effect of copper slag on CN pyrolysis is more
obvious than PE and SW.

Figures 9 and 10 are the gas yield and gas LHV with the
change of ratio of copper slag. As shown in Fig. 9, the
addition of copper slag increased the production of pyrol-
ysis gas. This means that copper slag promotes pyrolysis
primary reactions. From Fig. 10, copper slag improved the
LHV of pyrolysis gas. And when B/S is 1:1, the LHV of
three kinds of biomasses are highest.

The catalyst function of fayalite and magnetite in copper
slag is similar to dolomite [25, 26]. However, the specific
surface area of copper slag is lower than dolomite for the
lack of porous structure. The catalyst function of copper
slag is by its component other than structure. Some primary
products of biomass pyrolysis and pyrolysis gas product are
electronegative. When they are absorbed on the active site
on copper slag, they became unsteady. And Cracking
reactions take place in this condition.

Dynamic kinetics of biomass pyrolysis with copper
slag

Coats—Redfern method [27] was used to analyze the
kinetics characteristics of biomass catalytic pyrolysis,
indicated that it can be used by multi-step reactions rather
than simple first-order reaction [28]. In this paper, based on
Coats—Redfern method, the kinetics of biomass pyrolysis
could be described as follows:

do

— =K 4
= i (%) )
The conversion ratio o, reaction rate k and heating rate f8
are expressed as follows:

my — m;

o= pe—— (5)

k = Aexp (— %) (6)
dr

=5 )
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Table 4 Reaction kinetics models

Models Symbol Rate equation f'(a) Reaction mechanism equation G(o)
One-dimension diffusion D, 1/20 o2
Two-dimension diffusion (cylindrical symmetry) D, [—In(1 — o))" o+ (1 —o)In(l — o)
Three-dimension diffusion(cylindrical symmetry) D; (3/2)[(1 - 1)]71/3*1}71 1—(2/3)a] — (1— a)2/3
Three-dimension diffusion (spherical symmetry) D, (3/2)(1 - a)2/3 - (- oc)m] - [1 . “)1/3 2
Random nucleation (n = 1) A 1 —1In(1 — )
Random nucleation (n = 2) Ay 2(1 — a)[—1In(1 — oc)}'/z [—In(1 — a)}l/Z
Random nucleation (n = 3) Aj 3(1 — o)[~1In(1 O()}2/3 [—In(1 — OC)}1/3
Shrinking core (cylindrical symmetry) R, 2( 1)1/2 1—(1— OC)1/2
Shrinking core (spherical symmetry) R, 3(1 —a 2/3 1—(1- oz)l/3
Chemical reaction (n = 2) C (1 —a)? (1—a)'—1
Table 5 Results of pyrolysis dynamics model parameters of the three i A E E <
biomasses /—exp (— —> dT = — —/ e udu
p RT R

Types of biomass B/S E/KJ mol™"  Als R’ RSS 0 u

E 2 2 —u
CN 10 32398 0.660 09987 0.0197 R (1 - u)” e (10)
CN 1:0.5 29.547 0.600 0.9987 0.0227
CN 11 33180 1550 09991 00171  |p {G(o‘)} ~In {AR (1 _ M)] _E (11)
N 12 31523 0918 09973  0.0468 Tz PE E RT
PE 1:0 34.010 1024 0.9940  0.0963 As the term of 2RT/E is far less than 1 and can be
PE 1:0.5 30.798 0.504 0.9962 0.0713 neglected, Eq. (11) can be simplified as:
PE 1:1 33.097 0.993 09932 0.1132
PE 12 31830 0.664 09927 0.1413  1In {GT(Z‘)} ~In (‘ﬁ) _E (12)
SW 1:0 19.531 0.056 0.9956  0.0341 PE RT
SW 1:0.5  20.408 0.078  0.9952  0.0295 The relationship between T and G(x)/T” in Eq. (12) is
SwW 1:1 20.980 0.051 0.9958 0.0325  transformed into a linear function. As shown in Fig. 11, by
SW 1:2 20.582 0.067 09910 0.0772  linear fitting of 10 mechanism functions in Table 4 [29],

Equation (4) can be converted to:

J% - %exp (- RET> dr (8)

where « is the conversion ratio, %; mg, m; and m are the
sample masses at the start, the end and at time ¢, respec-
tively, g; k is the chemical reaction rate constant; f is the
heating rate, K min~%; f(o) is the mechanism function; A is
the pre-exponential factor, min~'; E is the activation
energy, kJ molfl; and R is the universal gas constant,
kJ mol ™' K™\,
Then by integrating Eq. (8), we can get:

G(a) = 'Oaf((lz) O/TI;exp<RET>dT 9)

For convenient, the term of u = E/RT is introduced [27]:

the linear correlation coefficient R? and regression square
sum RSS are obtained. Firstly the relevance results of 10
mechanism functions were compared. The relevance of D3,
D4, A1, A2, A3 and R1 was all above 0.99. Then, the sum
RSS of six models above were compared. The RSS cal-
culated results of model A3 are lower than others. Based on
Arrhenius equation, the pyrolysis reaction of biomass
confirms well with shrinking core model (A3). Therefore,
the kinetic equation is established as:

%:%(-%) 301 ) In(1 — )] (13)
where, E; and A; are activation energy and pre-exponential
factor in different conditions, respectively. The results of
dynamics model parameters are shown in Table 5.

From Table 5, the exit of copper slag did not change
pyrolysis dynamic model. And the activation energy did
not decrease with the addition of copper slag for three

kinds of biomasses. Figure 12 is the pyrolysis process

@ Springer



1240

Z. Zuo et al.

Fig. 12 Pyrolysis process
diagram

Pyrolysis gas .

Cracking reaction Reforming reaction Boudouard reaction

n n
C,H.(9) = mc\+ > H,(g) C,H,(9) + mCO,(g) = 2mCO(g) +5 H,(9) C + CO,(g) = 2CO(g)

2Fe0-Si0,
w

Fes0, «._

Copper slag

diagram for biomass with copper slag. As shown in
Fig. 12, compared with the experiment results in “Effects
of copper slag on biomass pyrolysis characteristics” sec-
tion, copper slag promotes both the primary reactions of
biomass pyrolysis and the Cracking reactions of alkanes
and alkenes. In pyrolysis process, C atom is fixed in fixed
carbon, which leads to mass increase in the samples. And
mass increment makes activation energy does not change
obviously. All in all, copper slag is beneficial for biomass
pyrolysis and it can increase H, production, improve
pyrolysis gas composition and increase calorific value, but
it cannot decrease the activation energy effectively.

Conclusions

The results obtained from this work indicate that copper
slag would be a potential good heat carrier for the pyrolysis
of biomass. The following items were concluded:

1. Pyrolysis of biomass is accompanied with the crack of
bond (C=0, C-0) and the divorce of micromolecule
(-OH, —CH,, —CN, —CH, —-NH,). And biomass pyrol-
ysis process can be divided into four stages, dehydra-
tion (<393 K), pre-pyrolysis (393-453 K), pyrolysis
(453-773 K) and carbonization (>773 K). Coupled
chemical reactions in pyrolysis are mainly gas shift
reactions. The gas shift reactions are Boudouard
reaction, Reforming reaction and Cracking reaction.

2. The addition of copper slag can increase H, yield and
decrease CO yield. And the effect of copper slag on
CN pyrolysis is more obvious than PE and SW. Copper
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Primary reactions

Biomass

slag is beneficial for biomass pyrolysis, and it can
increase H, production, improve pyrolysis gas com-
position and increase calorific value. When B/S is 1:1,
the LHV of three kinds of biomasses are highest.

3. With Coats—Redfern method, nonlinear regression of

biomass catalytic pyrolysis showed that reaction
mechanism of pyrolysis process confirms well with
shrinking core model (A3). Copper slag promotes both
the primary reactions of biomass pyrolysis and the
Cracking reactions of alkanes and alkenes, but it
cannot decrease the activation energy effectively.
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