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a b s t r a c t

In this study, the characteristics of thermal decomposition of Wyoming pine wood catalyzed with CaO/

ZSM-5 was investigated by using a thermogravimetric analyzer (TGA). The CaO/ZSM-5 catalyst was pre-

pared using a wet mixing method aided by an ultrasonic treatment to improve the dispersing uniformity

of CaO on ZSM-5. Material characterizations such as X-ray diffraction (XRD), X-ray photoelectron spec-

troscopy (XPS), nitrogen adsorption and desorption isotherms test, and scanning electron microscopy

(SEM)/energy dispersive spectrometer (EDS) were carried out to examine thoroughly the CaO/ZSM-5 cat-

alyst. The kinetic parameters and activation energy were determined using the Flynn-Wall-Ozawa (FWO)

and Kissinger-Akahire-Sunose (KAS) methods. Results indicate that the yields and conversion of pine

wood pyrolysis with CaO/ZSM-5 catalyst addition are much higher than that of pine wood individually.

Further, the effect of CaO/ZSM-5 catalyst addition on the activation energy distribution of pine wood

pyrolysis is presented and discussed in detail.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuels are currently one the main sources of energy [1].

However, the burning of fossil fuels releases significant amounts

of carbon dioxide into the atmosphere and contributes to the

increasing concerns about climate change [2,3]. Biomass is consid-

ered to be among the promising alternatives to conventional fuels

since it is CO2 neutral, environmentally friendly and available all

over the world [4–7]. Therefore, using biomass as an alternative

fuel on a large scale could reduce both the consumption of fossil

fuels and the carbon dioxide emission. Moreover, biomass can be

converted into more valuable energy carriers using either bio-

chemical or thermo-chemical conversion processes [8–10]. The

thermo-chemical conversion technologies can be further divided

into combustion, pyrolysis, gasification process, and so forth.

Pyrolysis is thermal decomposition of biomass occurring in the

absence of oxygen and relatively low temperature, which is gener-

ally the first step in combustion and gasification processes.

Among the various ways of biomass utilization, catalytic pyrol-

ysis has attracted particular attention in recent years [11–14]. The

catalytic pyrolysis process is seen as a potential application for

environmentally friendly conversion of biomass into valuable

products. In this regard, the ZSM-5 zeolite is seen to be an efficient

catalyst for degradation of biomass due to its strong acidity and

unique pore structure [15,16]. Currently, several approaches have

been used to obtain the hierarchical ZSM-5 zeolite which has been

proven to enhance the diffusion ability and catalytic performance

[17–20]. The desilication method by alkali treatment is proved to

be a novel, effective and simple strategy for creating mesopores

over ZSM-5 zeolite [21]. Groen et al. [22] have directly demon-

strated the enhanced diffusion ability of the alkali-treated ZSM-5

zeolite. HZSM-5 zeolite has also been tuned into highly active by

generating hierarchical pores via alkali treatment, which removes

the amorphous phase and produces mesopores connecting

microchannel [23]. The hierarchical porous zeolite shows excellent

coke tolerance and good stability in recycling.

In comparison, CaO can be used as the catalyst for cracking

heavy compounds into light oxygenated compounds, which can

be converted into aromatics over HZSM-5 catalyst [24–26]. Studies

also indicate that the CaO catalyst could convert the acids into

hydrocarbons by the decarboxylation reactions [27]. Thus, CaO is

seen to be an effective catalyst for the upgrading of bio-oils and
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enhancing biomass conversion. However, CaO can be deactivated

easily during the pyrolysis process [28]. Lu et al. [24] explored fast

pyrolysis of biomass over Py-GC/MS and demonstrated that the

addition of CaO could reduce the levels of phenols and eliminated

the acids, and it could increase the formation of cyclopentanones,

hydrocarbons, and several light compounds. Therefore, in order

to design a novel catalyst and prevent CaO deactivation, the

alkali-treated ZSM-5 catalyst is used to provide sufficient surface

area for biomass pyrolysis and improve the quality of generated

bio-oil.

A good understanding of the decomposition of biomass during

thermochemical conversion is important for developing efficient

processing technology. Thus, it is important to investigate the

kinetics characterization of biomass utilization. The investigation

of pyrolysis kinetics of biomass and catalytic pyrolysis have been

widely studied by many researchers [29–34,26]. However, a very

limited investigation could be found for the influence of ZSM-5

and CaO blends on the pyrolytic behavior of biomass. In thermal

and kinetic analyses of biomass pyrolysis, thermogravimetric anal-

ysis (TGA) is one of the most commonly applied thermo-analytical

technique. TGA measures the weight loss caused by the release of

volatiles during thermal decomposition as a function of time [35].

To model pyrolysis using TGA data, iso-conversional and model-

fitting are the two main methods for determining the kinetic

parameters and the reaction mechanism [36,37].

The focus herein is to investigate the characteristics and kinet-

ics of the pine wood pyrolysis. Thermal behavior of pine wood

pyrolysis using CaO and CaO/ZSM-5 catalysts with different Ca/C

ratios (0, 0.1, 0.2, and 0.3) and different heating rates (10 �C/min,

20 �C/min, 30 �C/min, and 40 �C/min) were determined by TGA,

respectively. In this study, the iso-conversional method is adopted

due to its simplicity and accuracy in estimating the activation

energy (E) independent of the reaction mechanism [38,39]. Specif-

ically, Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose

(KAS) methods are applied for E determination [40].

The specific objectives of this study are to:

(1) Investigate the pine wood pyrolysis mechanism over modi-

fied CaO/ZSM-5 catalyst.

(2) Explore the decomposition behavior at different heating rate

and Ca/C ratios.

(3) Enhance the biomass conversion and syngas and bio-oil pro-

duction during pyrolysis process.

(4) Estimate the activation energy distributions and prepare for

designing biomass pyrolysis reactor system.

2. Material and methods

2.1. Samples and catalysts preparation

In this experiment, pine wood biomass obtained from the State

of Wyoming in the US is used for thermogravimetric analysis. The

pine wood was treated through a procedure comprised of drying,

crushing, milling, and sieving to achieve a particle size below

0.15 mm. After drying at 105 �C for 24 h, the proximate, and ulti-

mate analysis were performed twice, and the results are presented

in Table 1. The proximate analysis was carried out according to the

Chinese standard procedure GB/T 212-2001. The elemental analy-

sis was determined by an elemental analyzer. Comparisons of the

functional groups of the biomass pyrolysis at different tempera-

tures were also determined using FTIR analyses in the region of

500–4000 cm�1, as depicted in Fig. 1.

Commercial NH4-ZSM-5 zeolite (SiO2/Al2O3 = 80) and nano-CaO

(Sigma-Aldrich) were used as the precursors for nano-CaO-ZSM-5

catalyst preparation. The detailed preparation method is as fol-

lows: 5 g of ZSM-5 zeolite were added to 100 mL of distilled water

to form the suspension. Then, 5 g of nano-CaO were added into the

suspension gradually while stirring simultaneously. The resultant

suspension was treated by ultrasound for 30 min. Finally, the mix-

ture was dried at 80 �C for 12 h and calcined at 600 �C for 3 h. The

preparations of CaO-zeolite catalyst using a wet mixing method

can be seen in previous works [41,42].

2.2. Catalyst characterization

Scanning electron microscope (SEM) and energy dispersive

spectrometer (EDS) were used to determine the textural, structure,

and chemical performances of the ZSM-5 zeolite, CaO, and alkali-

treated CaO/ZSM-5 catalysts. The crystal structure of the catalysts

was measured by X-ray diffraction (XRD) analysis, which was con-

ducted by a Rigaku Smartlab diffractometer with a Cu Ka radiation

source. X-ray photoelectron spectroscopy (XPS) analysis was car-

ried out to provide an additional examination of the CaO/ZSM-5

catalyst surface composition. Details on the operational parame-

ters are given in our previous studies [43]. Temperature-

programmed desorption (TPD) was conducted in a quartz reactor

equipped with an online mass spectrometer (Hiden, HPR-20 QIC),

where 0.1 g of the samples was used for each run. The catalyst

was pre-outgassed by the helium at 150 �C for 30 min. When the

catalyst was cooled down to 30 �C, a flow of CO2-helium gas mix-

ture was fed through the catalyst for 1 h of CO2 adsorption at

30 �C. The residual CO2 was kept under the helium environment

for 1 h. Then, the CO2-TPD experiment was carried out from

30 �C to 850 �C at a heating rate of 10 �C/min under the atmosphere

of helium.

Table 1

Proximate and ultimate analysis of the pine wood.

Proximate analysis (% by weight)

Fixed carbon 16.50

Volatile 78.12

Moisture 5.09

Ash 0.29

Ultimate analysis (% by weight)

Carbon 50.36

Hydrogen 6.20

Nitrogen 0.33

Oxygen 43.06

Sulfur 0.05

Fig. 1. FTIR spectra of pinewood at different pyrolysis temperature under N2

atmosphere.
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2.3. Thermogravimetric analysis

The thermogravimetric experiments were completed using the

SDT Q600 thermogravimetric analyzer. In this study, pine wood

and catalysts are mixed by using mechanical a mixing method

according to different Ca/C ratios. The mixture of pine wood and

catalyst was then grounded to obtain the uniform pine wood-

catalyst samples. All the samples (5–10 mg) were heated from

room temperature to 1000 �C and kept in the nitrogen atmosphere

for 10 min. Then, an excess of oxygen was fed into the furnace at a

flow rate of 5 mL/min to burn the solid residue. The N2 flow rate

was set to 60 mL/min through all the experimental conditions

(10 �C/min, 20 �C/min, 30 �C/min and 40 �C/min, respectively). For

each Ca/C ratio and heating rate, three repetitive TG curves were

obtained in order to assure reproducibility of the results. We esti-

mate that the uncertainty in the final conversion of pine wood

pyrolysis at each condition no to exceed 1%. The Ca/C ratio is

defined as the molar mass of CaO in the catalyst, divided by molar

mass of carbon in pine wood, as shown below:

Ca=C ratio ¼
Molar mass of CaO in catalyst

Molar mass of carbon in pine wood

The biomass conversion is calculated as:

Biomass conversion ¼
mt �mf �mc

mi �mf �mc

� 100%

where mi is the initial mass of the sample, mt refers to the mass of

the sample at time t, mf denotes the final residue mass of the sam-

ple, and mc refers to the final mass of catalyst.

2.4. Kinetic model

In a linear non-isothermal thermo-gravimetric analysis (TGA),

the sample was heated at a constant heating rate (b = dT/dt). The

weight loss of the sample with temperature changes is noted and

used for TG and DTG analyses. Generally, the reaction rate da/dT
is expressed by the decomposition rate given in Eq. (1):

da
dt

¼ kðTÞf ðaÞ ð1Þ

where f(a) represents the temperature-independent conversion

function. T is the absolute temperature (K), k is the reaction con-

stant, and a represents the conversion, which is defined:

a ¼
mi �mt

mi �mf

ð2Þ

where mi, mt, and mf refer to the initial mass of the sample, the

mass of the sample at time t, and the final mass of the sample in

the reaction. k(T) can be described by the Arrhenius equation as:

k ¼ A exp �
E

RT

� �

ð3Þ

where A (1/s) is the apparent pre-exponential factor, E (J/mol) rep-

resents the activation energy, and R (J�mol�1�K�1) represents the

ideal gas constant;

The combination of Eqs. (1) and (3) gives:

da
dt

¼ A exp �
E

RT

� �

f ðaÞ ð4Þ

when the heating rate b (K/min):

b ¼
dT

dt
ð5Þ

is introduced, Eq. (4) can be transformed into:

da
dT

¼
A

b
exp �

E

RT

� �

f ðaÞ ð6Þ

which describes the time evolution of physical and chemical chang-

ing within the decomposition process. The integrated form of Eq. (6)

is generally expressed as:

GðaÞ ¼
Z a

0

da
f ðaÞ

¼
A

b

Z T

T0

exp �
E

RT

� �

dT ð7Þ

T ¼ T0 þ bt ð8Þ

where G(a) is the integrated form of conversion-dependent func-

tion f(a), and T0(k) is the starting temperature.

Due to their simplicity and reliability, the Flynn-Wall-Ozawa

(FWO) and Kissinger-Akahire-Sunose (KAS) iso-conversional meth-

ods were used to calculate the activation energy [38]. The Flynn-

Wall-Ozawa (FWO) equation can be written as:

lnb ¼ ln
0:0048AEa

RgðaÞ

� �

� 1:0516
Ea
RT

ð9Þ

where a is equal to a constant. The values of lnb and 1/T are corre-

lated by a straight line, and the activation energy is calculated by its

slope. Thus, a series of activation energies can be obtained corre-

sponding to different a values. Similarly, the KAS equation is

expressed as:

ln
b

T2
a

 !

¼ ln
AR

EagðaÞ

� �

�
Ea
RTa

ð10Þ

The activation energy can also be determined from a plotting

ln b

T2a

� �

vs. 1/T.

3. Results and discussion

3.1. Characterization of pine wood and fresh catalysts

3.1.1. FTIR analysis of pine wood

The functional groups of pyrolysis pine wood under different

temperatures (from 100 �C to 600 �C) were determined using FTIR

spectra in the region 500–4000 cm�1 and the output is presented

in Fig. 1. The assignment of absorption bands for the pine wood

can be obtained according to the characteristic infrared absorption

frequencies [44]. Differences in the spectra with N2 pyrolysis at dif-

ferent temperature were mainly observed in the FTIR spectra. The

intensity of the AOH bands around 3350 cm�1 decreased with

temperature increase and disappeared after 400 �C. It can also be

seen that several bands show the same tendency with AOH bands,

which were assigned to the CAH stretching vibration (2881 cm�1),

aliphatic C@O and ACOOH stretching vibrations (1718 cm�1), aro-

matic C@C stretching modes (1262 cm�1), and CAO stretching

(1025 cm�1), respectively [45,46]. A low absorbance peak observed

in the region 1110 cm�1 was assigned to the CAC bond, and the

peak becomes wider with increasing temperature. The peaks pre-

sented in the region 1500–1680 cm�1 were attributed to the aro-

matic C@C stretching modes, and the peaks become slightly

stronger with increasing temperature. In addition, a small peak

due to the ACH2 out-of-plane bending vibration was found at the

wavenumber of 873 cm�1. The results are in agreement with pre-

vious work on the effect of temperature on biomass pyrolysis [47].

3.1.2. N2 adsorption and desorption analysis

The sorption isotherms of ZSM-5 zeolite, CaO, and CaO/ZSM-5

samples are shown in Fig. 2(a). It can be seen that the amount of

N2 adsorbed on the CaO/ZSM-5 catalyst is intermediate to that

observed for ZSM-5 zeolite and CaO. Further, at a relative pressure

P/P0 greater than 0.8, a sharp increase in adsorption is observed for

this catalyst. The high adsorption of N2 at the relatively low-

pressure area indicates the significant presence of micropores for
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the ZSM-5 zeolite and CaO/ZSM-5 catalyst. The phenomenon of

adsorption hysteresis illustrates the existence of mesopores, espe-

cially for the alkali-treated CaO/ZSM-5 catalyst. As shown in

Table 2, the BET surface areas of these three samples are

413.5 m2/g, 87.3 m2/g, and 204.0 m2/g, respectively. The pore vol-

ume distributions and pore area distributions of ZSM-5 zeolite,

CaO, and CaO/ZSM-5 catalysts are presented in Fig. 2(b) and

Fig. 2(c), respectively. Fig. 2(b) shows that the pore volume of the

alkali-treated CaO/ZSM-5 catalyst is distributed uniformly from

pore size 2–10 nm. Further, Fig. 2(b) and (c) show that the pore

volume and pore area of the modified CaO/ZSM-5 catalyst are

much higher than that of ZSM-5 zeolite and Ca for pore sizes less

than 2 nm and slightly higher when the pore size is greater than

2 nm. These results indicate that the hierarchical mesoporous

structure could promote the gas diffusion ability and catalytic per-

formance [19]. Thus, the modified catalyst was seen to significantly

contribute to CO2 capture, oil selectivity, and biomass conversion.

3.1.3. XRD analysis

XRD patterns of ZSM-5 zeolite, CaO, and CaO/ZSM-5 are pre-

sented in Fig. 3. As shown, the CaO and ZSM-5 samples produce

specific peaks and their crystals are characterized to be calcium

oxide (1467) and zeolite ZSM-5 (003), respectively. For CaO/

ZSM-5 catalyst, two small peaks are detected at approximately

23� and 29�, which is inferred to be a mixture of sodium oxide, cal-

cium oxide, and silicon oxide (138). This information indicates that

the CaO is dispersed uniformly in the skeleton structure of the

alkali-treated ZSM-5 zeolite. Further, XPS and SEM/EDS analyses

Fig. 2. Porosity characteristics of ZSM-5 zeolite, nano-CaO, and CaO/ZSM-5 [a: N2

adsorption-desorption isotherms; b: Pore volume distribution; c: pore area

distribution].

Table 2

Ash composition of pine wood samples by

using XRF analysis.

Compound Biomass ash (%)

SiO2 6.45

Al2O3 1.93

Fe2O3 2.54

CaO 42.90

MgO 13.61

Na2O 1.05

K2O 14.76

MnO2 3.58

P2O5 2.69

SrO 0.24

BaO 0.18

SO3 1.63

Fig. 3. XRD patterns of ZSM-5 zeolite, CaO, and the alkali-treated CaO/ZSM-5

catalyst.
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are carried out to verify the assumption and further investigate the

catalyst composition and elemental distributions.

3.1.4. TPD analysis

The CO2-TPD analysis is used to investigate the alkalinity char-

acteristics of the ZSM-5 zeolite, CaO, and CaO/ZSM-5, as shown in

Fig. 4. In order to compare the peak intensity more clearly, two

CO2-TPD experiments (1# and 2#) were carried out for the CaO/

ZSM-5 catalyst, which indicates the same weight addition with

CaO catalyst and same CaO content addition with CaO catalyst

respectively. It can be seen that the ZSM-5 zeolite shows minimal

response to the temperature programmed desorption experiment.

CaO shows two CO2 desorption peaks at 440–450 �C and 700–

710 �C, respectively. After incorporating the alkali-treated ZSM-5

zeolite with CaO, the peak at 440–450 �C disappears as seen in

1# CaO/ZSM-5 and 2# CaO/ZSM-5, which represent the same

weight and same calcium content with CaO, respectively. More-

over, the strong desorption peak (700–710 �C) shifts slightly at a

high-temperature range (710–720 �C), and the intensity of #2

CaO/ZSM-5 catalyst decreases slightly compared with CaO. During

the calcination process at 600 �C, the NH4-ZSM-5 is converted into

HZSM-5 and promotes the acidity of the ZSM-5 zeolite. Thus, the

addition of HZSM-5 zeolite decreases the amount of CO2 desorp-

tion of the CaO/ZSM-5 catalyst to some extent and improves the

CO2 desorption temperature. The results also explain the thermo-

gravimetric analysis results as shown below.

3.1.5. XPS analysis

To confirm the expected compositions of the modified CaO/

ZSM-5 samples, all peaks (O 1s, Ca 2p, C 1s, and Si 2p) relevant

to this study are identified, as shown in Fig. 5. Most importantly,

XPS analysis was carried out to obtain data on the relative

intensities of the detected peaks, thus assisting in determining

the elemental distributions at the surface of the catalyst. The

full-range XPS spectra results seen in Fig. 5(a) qualitatively

Fig. 4. XPS spectra of fresh CaO/ZSM-5 catalyst [a: Large scale XPS spectra from 0 to

800 eV; b: high resolution XPS spectra of the Ca 2p peaks; c: high-resolution XPS

spectra of the C 1s peaks; and d: high resolution XPS spectra of the Si 2p peaks].

Fig. 5. SEM images and EDS mapping (calcium, silica, alumina, and sodium distributions, respectively) for the alkali-modified CaO/ZSM-5 catalyst.
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revealed the existence of Si, Ca, O, and C elements with atomic

percent accounts for 15.3%, 20.2%, 57.2%, and 7.0%, respectively,

on the surface of the modified samples. High-resolution XPS

spectra of Ca 2p, C 1s, and Si 2p were analyzed to determine

the chemical environment of the alkali-treated CaO/ZSM-5 cata-

lyst. As shown in Fig. 5(b), two major peaks located at 346.9 eV

and 350.4 eV appeared to result from the CaCO3 spin-orbit dou-

blet (CaCO3 2p 1/2 and CaCO3 2p 3/2, respectively) with a splitting

of 3.5 eV. Another Ca 2p peak appeared at 347.1 eV approxi-

mately which could be attributed to chemical bonding of cal-

cium and oxide [48]. As for C 1s spectra seen in Fig. 5(c), the

spectra was fitted with a sum of three components: CAOR

(285.4 eV), carbon-oxygen single bond and carbon-oxygen dou-

ble bond CAO, C@O (287.8 eV), and carbonate CaCO3

(289.4 eV). Thus, it can be concluded that the surface of the cat-

alyst is composed of CaO, CaCO3, and Ca(HCO3)2. As such, the

CaO reacts with the carbon dioxide and moisture in the air to

form a small amount of CaCO3 and Ca(HCO3)2 at the catalyst

surface. Fig. 5(d) shows that the peak of Si 2p XPS spectra is

quite broad and appears to consist of three bonding environ-

ments, which are SiAO (100.2 and 102.6 eV), SiO2 (103.5 eV),

and Na-ZSM-5 (101.2 eV), respectively.

3.1.6. SEM and EDS analysis

Fig. 6 presents the particle shape and distributions of CaO/ZSM-

5 catalyst. As shown, the particles of the modified CaO/ZSM-5 are

fine and highly dispersed, which verify the XRD and BET results.

The modified CaO/ZSM-5 shows a hierarchical pore structure

which is expected to enhance the diffusion ability and catalytic

performance. In addition, the particles brightness is different due

to the different amount of carbon deposition during SEM samples

preparation process. EDS analysis is used to further investigate

the elemental composition at different brightness regions and

determine the elemental distributions for Ca, Si, Al, and Na. The

EDS results indicate that varied carbon content leads to the differ-

ent brightness. The EDS mapping is also carried out to analyze the

Ca, Si, Al, and Na elements distributions. Here, the brighter the

region, the higher content it represents. The mapping shows that

silicon and calcium produce comparable distributions, which indi-

cates that the calcium is dispersed and surrounds the skeleton

structure of the alkali-treated ZSM-5 zeolite. In comparison, the

contents of sodium and alumina are relatively low. The EDS map-

ping results show that the CaO was attached to the framework or

dispersed in the hieratical pore structure of the alkali-treated

ZSM-5 zeolite uniformly.

Fig. 6. The CO2-TPD profiles of ZSM-5 zeolite, CaO, and CaO/ZSM-5 catalysts.
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3.2. Thermogravimetric analysis

3.2.1. Effect of the heating rate

Thermal behavior of pine wood with catalysts (CaO and CaO/

ZSM-5) blends was determined using SDT Q600 thermogravimetric

analyzer (TGA). The TG and DTG curves of (a) pine wood, (b) pine

wood with CaO blends, (c) and pine wood with CaO/ZSM-5 blends

at Ca/C ratio of 0.2 at the heating rates of 10 �C/min, 20 �C/min,

30 �C/min, and 40 �C/min are presented in Fig. 7. In Fig. 7(a), the

heating rate shows significant effects on the DTG curves but the

biomass conversions after 500 �C remained basically the same with

increasing heating rate. Both TG and DTG curves reveal that the

pine wood pyrolysis process occurs mainly in three stages (dehy-

dration, volatilization, and decomposition). The first stage, from

room temperature to 250 �C, corresponded to a loss of moisture

and the very light volatile materials. Most of the weight loss is

occurred in the second stage from 250 to 400 �C approximately.

The weight loss of the second stage (250–400 �C) is attributed to

the decomposition of hemicellulose and cellulose, while the third

stage (400–700 �C) is due to the slow decomposition of lignin

[49]. Some non-volatile carbon compounds also vaporize and form

CO and CO2 in the third stage due to the high temperatures [38].

Fig. 7. TG and DTG curves of biomass pyrolysis at different heating rate (10 �C/min, 20 �C/min, 30 �C/min and 40 �C/min) under the Ca/C ratio = 0.2 [a: TG and DTG curves of

pine wood; b: TG and DTG curves of pine wood with CaO blends; c: TG and DTG curves of pine wood with CaO/ZSM-5 catalyst blends].

188 Z. Sun et al. / Energy Conversion and Management 146 (2017) 182–194



The TG and DTG curves of catalytic pyrolysis using CaO catalysts

are different from that of pine wood pyrolysis without catalyst

addition. Two more stages are observed due to the existence of

CaO during the pine wood pyrolysis process, as presented in

Fig. 7(b). It can be concluded from the DTG curve that the decom-

position of cellulose and hemicellulose occurs mainly at tempera-

tures lower than 400 �C. During the second stage, calcium oxide

absorbs the released CO2 so that the mass reduction is delayed

compare with the pure pine wood pyrolysis experiment. The fourth

stage occurred when the temperature is higher than 650 �C. CaCO3

decomposes to be CaO and CO2, thus a rapid weight decrease and

smalls peak were found at the fourth stage. The generated CO2 will

also react with biochar at a relatively high temperature and thus

improve the biomass conversion.

For the catalytic pyrolysis process with CaO/ZSM-5 catalyst

blends, the TG and DTG curves show a similar tendency for the first

two stage as seen in Fig. 7(c). Compared with co-pyrolysis of pine

wood and CaO, the weight loss rate increases a lot for the third

stage. It has been proved that ZSM-5 can markedly enhance the

deoxygenation reaction during lignin pyrolysis, reducing the oxy-

gen content of the lignin produced bio-oil [50]. Thus, it can be con-

cluded that the addition of alkali-treated CaO/ZSM-5 catalyst could

promote the deoxygenation. A higher lignin conversion could be

obtained with CO or CO2 gas generation by using CaO/ZSM-5 cata-

lyst during the third pyrolysis stage. Further, the released steam

from Ca(OH)2 also enhance the pine wood conversion to some

extent. The CaCO3 decomposition reaction occurs at the fourth

stage which leads to a DTG peak seen in Fig. 7(c). For the fifth stage,

the weight loss of the pine wood sample with CaO/ZSM-5 catalyst

blends is still higher compared with the weight loss of pure pine

wood and CaO blended. The gradually released CO2 gas further pro-

motes the pine wood conversion at a relatively high temperature.

The pyrolysis mechanism with applied CaO/ZSM-5 catalyst is

shown in the Graphical Abstract and the main reaction during

the whole biomass pyrolysis using CaO catalyst is summarized as

shown below:

Biomass pyrolysis : Biomass

! GasesðH2 þ COþ CO2 þH2Oþ CH4 þ CnHmÞ þ Tarþ Char

ð11Þ

CaO absorption : CaOþ CO2 ! CaCO3 ð12Þ

CaO hydration : CaOþH2O ! CaðOHÞ2 ð13Þ

Fig. 8. (a) TG curves of pine wood pyrolysis under different catalysts (CaO and CaO/ZSM-5) at Ca/C ratio is 0.3 and the heating rate is 20 �C/min; (b) TG and DTG profiles in

forms of temperature, a and temperature, da.

Fig. 9. Effect of Ca/C ratios and heating rates on pine wood pyrolysis under the heating rate is 20 �C/min (a) TG curves of pinewood pyrolysis at different Ca/C ratios (0, 0.1,

0.2, and 0.3); (b) The maximum DTG distributions during pine wood pyrolysis process.
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Fig. 10. Plots for determination of activation energy under the conversions from 0.2 to 0.9: (a) plots of ln(b) versus �1/T of pinewood; (b) plots of ln(b/T2) versus �1/T of

pinewood; (c) ln(b) versus �1/T of CaO/ZSM-5, Ca/C = 0.1; (d) ln(b/T2) versus �1/T of CaO/ZSM-5 Ca/C = 0.1; (e) ln(b) versus �1/T of CaO/ZSM-5, Ca/C = 0.2; (f) ln(b/T2) versus

�1/T of CaO/ZSM-5, Ca/C = 0.2; (g) ln(b) versus �1/T of CaO/ZSM-5, Ca/C = 0.3 (h) ln(b/T2) versus �1/T of CaO/ZSM-5, Ca/C = 0.3.
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CaðOHÞ2 dehydration : CaðOHÞ2 ! CaOþH2O ð14Þ

CaCO3 decomposition : CaCO3 ! CaOþ CO2 ð15Þ

Biochar oxidation : CO2 þ C ! 2CO H2Oþ C ! COþH2 ð16Þ

3.2.2. Effect of catalysts addition

Fig. 8 presents the effect of catalysts (CaO and CaO/ZSM-5 cata-

lysts) on biomass weight loss at a heating rate of 20 �C/min and

Ca/C ratio of 0.3. Previously, it was reported that the volatilization

of the CaO and pine wood blends takes place between 200 and

700 �C [14]. In Fig. 8(a), the TG curve shows similar weight loss ten-

dency when the temperature is no more than 400 �C (the dehydra-

tion stage and part of the volatilization stage). In comparison, the

TG curve of catalytic pyrolysis appears different at the high-

temperature of the volatilization stage and decomposition stage.

Further, the pine wood sample degrades faster than the blends

from 400 to 500 �C. With the temperature increasing up to

500 �C, the biomass conversion of pine wood using CaO/ZSM-5

and CaO catalysts (94.7% and 85.3%, respectively) exceeds the pine

wood sample gradually. Specifically, the catalyst blends are 10.8%

and 1.3% higher than that of pine wood sample at 950 �C. Fig. 8

(b) presents the pine wood conversion in terms of the conversion

(a) and the differential conversion (da/dT) as a function of temper-

ature. Both profiles for biomass pyrolysis are generated at a heat-

ing rate of 20 �C/min and Ca/C ratio of 0.3. The figure indicates

that under the same a conditions from 0.7 to 0.9, the correspond-

ing temperature shows difference between the catalysts blends

and pure pine wood and follows the law: CaO/ZSM-5 > CaO > pine

wood. It is explained that the released H2O or CO2 from pine wood

pyrolysis will be captured at this temperature range and thus

slows down the weight decrease of the blended samples.

3.2.3. Effect of the Ca/C ratio

Fig. 9(a) presents TG curve for pine wood pyrolysis with CaO/

ZSM-5 catalyst blends at different Ca/C ratios and a heating rate

of 20 �C/min. The TG curve shows a much different trend at tem-

peratures higher than 400 �C. Further, the effect of Ca/C ratio of

CaO/ZSM-5 catalysts on weight loss becomes much more obvious

at 700 �C. We also observe that the pine wood weight loss using

CaO/ZSM-5 catalyst blends increases slightly in the temperature

range 50–200 �C with an increasing Ca/C ratio. For temperatures

higher than 600 �C, the pine wood conversion increase with

increasing Ca/C ratio, which indicates that the addition of the

CaO/ZSM-5 catalysts improves the conversion of biomass to syngas

and bio-oils. Furthermore, increasing the Ca/C ratio enhances the

pine wood conversion.

The effect of the Ca/C ratio (CaO/ZSM-5 catalyst) and heating

rate on the maximum DTG distributions is shown in Fig. 9(b). A lin-

ear increase in maximum DTG can be observed with increasing

heating rate. The maximum peak of DTG curves occurred mainly

at 350–400 �C, which corresponds with the main weight loss of

the TG curves. It can also be seen that the maximum DTG decreases

slightly under the same heating rate with the Ca/C ratio increasing.

It is believed that the hemicellulose, cellulose, and lignin of pine

wood were lumped together to form the highest peak of DTG

curves. CO2 is generated from decomposition of pine wood and

captured by CaO or CaO/ZSM-5 catalyst. Thus, it can be concluded

that the adsorption of the produced CO2 on CaO/ZSM-5 catalyst

which reduces the weight loss rate.

3.3. Model-free kinetic analysis

The kinetic parameters such as activation energy and pre-

exponential factor were obtained from the model-free non-

isothermal TGA. WFO and KAS methods are adopted for kinetics

analysis in this study. Fig. 10 presents (a) FWO plots of ln(b) versus

�1/T of pine wood; (b) KAS plots of ln(b/T2) versus �1/T of pine

wood; (c) FWO plots of pine wood with CaO/ZSM-5 catalyst blends

at Ca/C ratio of 0.1; (d) KAS plots of pine wood with CaO/ZSM-5

catalyst blends at Ca/C ratio of 0.1; (e) FWO plots of pine wood

with CaO/ZSM-5 catalyst blends at Ca/C ratio of 0.2; (f) KAS plots

of pine wood with CaO/ZSM-5 catalyst blends at Ca/C ratio of

0.2; FWO plots of pine wood with CaO/ZSM-5 catalyst blends at

Ca/C ratio of 0.3; (f) KAS plots of pine wood with CaO/ZSM-5 cata-

lyst blends at Ca/C ratio of 0.3, respectively. The conversion (a) was

calculated according to Eq. (2). To determine the kinetic parame-

ters from FWO and KAS methods, the values of awere chosen from

0.2 to 0.9 because significant experimental errors may occur at the

lowest or largest a values. As such, the activation energy can be

calculated from the linear fit for each value of a by using Eq. (9)

and Eq. (10).

The activation energy values calculated at the heating rate of 10,

20, 30, and 40 �C/min with selected values of a (from 0.2 to 0.9)

Table 3

BET surface area and pore volume of ZSM-5 zeolite, CaO, and CaO/ZSM-5 catalyst.

Catalyst BET surface area (m2/g) Pore volume (cm3/g)

ZSM-5 zeolite 413.5 0.33

CaO 87.3 0.16

CaO/ZSM-5 204.0 0.62

Table 4

The activation energy and R2 values at 10, 20, 30, and 40 �C/min by FWO and KAS

methods using CaO/ZSM-5 catalyst.

Samples a FWO method KAS method

E (kJ mol�1) R2 E (kJ mol�1) R2

Ca/C = 0 0.2 167.6 0.99900 149.6 0.99889

0.3 172.1 0.99973 153.6 0.99970

0.4 175.2 0.99990 156.3 0.99989

0.5 177.5 0.99996 158.2 0.99996

0.6 178.6 0.99995 159.1 0.99994

0.7 179.1 0.99987 159.5 0.99984

0.8 179.6 0.99964 159.8 0.99957

0.9 208.9 0.96582 187.0 0.96140

Average 179.8 – 160.4 –

Ca/C = 0.1 0.2 169.0 0.99991 150.9 0.99990

0.3 172.5 0.99988 153.9 0.99987

0.4 175.0 0.99983 156.0 0.99980

0.5 176.1 0.99977 156.8 0.99974

0.6 176.6 0.99982 157.2 0.99979

0.7 177.3 0.99976 157.7 0.99972

0.8 183.7 0.99619 163.5 0.99560

0.9 228.0 0.94721 203.6 0.94027

Average 182.3 – 162.4 –

Ca/C = 0.2 0.2 153.1 0.99410 133.8 0.99502

0.3 160.8 0.99706 141.4 0.99722

0.4 166.0 0.99824 146.6 0.99811

0.5 170.7 0.99885 151.1 0.99863

0.6 173.5 0.99900 154.2 0.99888

0.7 174.2 0.99738 155.8 0.99784

0.8 177.0 0.89862 151.1 0.86764

0.9 215.5 0.88685 189.9 0.86964

Average 173.8 – 153.0 –

Ca/C = 0.3 0.2 148.2 0.92158 131.0 0.90961

0.3 158.0 0.96727 140.0 0.96219

0.4 163.2 0.98698 144.7 0.98489

0.5 166.5 0.99659 148.1 0.99600

0.6 167.2 0.99974 138.5 0.99967

0.7 157.4 0.99373 132.1 0.99275

0.8 136.7 0.96851 117.5 0.96179

0.9 179.8 0.96818 155.2 0.96124

Average 159.6 – 138.4 –
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using CaO/ZSM-5 catalyst are shown in Table 3. It is observed that:

(1) the R2 of all the curves are within 0.92–1.00 (FWO method) and

0.91–1.00 (KAS method), except when the Ca/C ratio is 0.2 and a at

0.8 and 0.9. This is a good quality of fit; (2) compared with non-

catalytic pyrolysis, a significant temperature increase is required

to achieve the same a when using pine wood with CaO/ZSM-5 cat-

alyst blends, as seen in Fig. 8(b). Thus, it can be observed that the

R2 of the curves fitting is relatively low when a is higher than 0.7;

(3) the activation energy of pine wood with CaO/ZSM-5 catalyst

blends increase with the increase in Ca/C ratio at an a range from

0.2 to 0.9. Furthermore, when the biomass conversion increases

from 0.8 to 0.9, the activation energy shows a significant increase

due to the calcination of calcium carbonate Table 4.

The effects of heating rates and Ca/C ratios on the pine wood

conversion distributions were investigated to determine better

portioning condition for biomass pyrolysis. Fig. 11(a) and (b) pre-

sent the biomass conversion distributions using CaO and CaO/

ZSM-5 catalysts, respectively. For pine wood pyrolysis with CaO

blends, the biomass conversion shows little differences at different

heating rates and Ca/C ratios. The maximum and the minimum

pine wood conversion occurs at the heating rate of 30 �C/min, Ca/

C ratio at 0 and heating rate of 20 �C/min, Ca/C ratio at 0.2. As for

pine wood pyrolysis with CaO/ZSM-5 catalyst blends, the conver-

sion distributions show much obvious regularity. The results indi-

cate that the heating rate shows little influence on the pine wood

conversion while the Ca/C ratio is a more important influencing

factor. With the increasing of Ca/C ratio, the pine wood conversion

increases by more than 11 %.

The activation energy distributions for different conversions

and Ca/C ratios using CaO/ZSM-5 catalyst are examined in Fig. 11

(c) (FWOmethod), Fig. 11(d) (KAS method), respectively. It is found

that within an a value of 0.2–0.9 and Ca/C ratio from 0 to 0.3, the

values of activation energy obey the following trends: (1) the acti-

vation energy is stable and shows relatively small difference at the

left half of the area when a is no more than 0.8; (2) a Ca/C ratio of

0.3 produces the minimum values of activation energy, which is

probably due to the heat release by calcium oxide carbonation;

(3) the maximum activation energy was found at the upper part

of the area because the generated CaCO3 decomposes into CaO

and absorbs much energy.

4. Conclusions

In this study, hierarchical porosity has been produced in the

ZSM-5 zeolite by using alkali treatment. CaO was synthesized with

the modified ZSM-5 zeolite to form the CaO/ZSM-5 catalyst. It has

been shown that the CaO was dispersed in the skeleton structure of

the ZSM-5 uniformly by SEM and EDS mapping. The pyrolysis char-

acteristics and kinetic behavior of pine wood with catalysts blends

Fig. 11. Pine wood conversion distributions under different Ca/C ratios and heating rates by using (a): CaO; (b): CaO/ZSM-5 catalyst; and activation energy distributions

under different conversion and Ca/C ratios by using: (c) FWO method; (d) KAS method.
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(CaO and CaO/ZSM-5) were investigated at different Ca/C ratios (0,

0.1, 0.2 and 0.3) and different heating rates (10, 20, 30, and 40 �C/

min). The effects of calcium content (Ca/C ratio), heating rates, and

different kinds of catalysts on the pine wood conversion were also

examined. The results show that the biomass conversion has been

promoted by 0.8%, 2.2%, and 1.7% (Ca/C ratios at 0.1, 0.2, and 0.3)

using CaO catalyst and 3.5%, 7.3%, and 11.5% using CaO/ZSM-5 cat-

alyst (at the heating rate of 20 �C/min).

Thermogravimetric analysis was used to study the thermal

decomposition behavior and kinetics of pine wood and pine wood

catalytic pyrolysis over the CaO/ZSM-5 catalyst. The model-free

FWO and KAS methods were used to estimate the kinetic parame-

ters. The average activation energy obtained by FWO method is

179.8, 182.3, 173.8, and 159.6 kJ/mol; 160.4, 162.4, 153.0, and

138.4 kJ/mol by KAS method for Ca/C ratios at 0, 0.1, 0.2, and 0.3,

respectively. The results imply that the addition of the CaO/ZSM-

5 catalyst in the biomass pyrolysis process could appreciably pro-

mote pine wood conversion. Moreover, CaO/ZSM-5 catalyst shows

a promising effect on activation energy and decreases the activa-

tion energy in a certain Ca/C ratio range.
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