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Different transition metals (Ni, Co, Fe, and Mn) at different amounts (0 
mmol/g to 1 mmol/g) were introduced into the co-pyrolysis of rice straw 
and polyethylene. The thermal behavior and the kinetics of rice straw, 
polyethylene, transition metal-treated rice straw, rice straw/polyethylene, 
and transition metal-treated rice straw/polyethylene were comparatively 
investigated via thermogravimetric analysis. The Ni, Co, Fe, and Mn 
promoted the decomposition of rice straw and polyethylene in mixtures 
compared with non-transition metal-treated mixtures in terms of the initial 
decomposition temperature. The presence of these transition metals 
catalyzed the synergistic interaction between the rice straw and the 
polyethylene in mixtures, which resulted in a reduction of residue yield 
from 14.9 wt% for rice straw/polyethylene to 12.6 wt% to 14.5 wt% for 
transition metal-treated mixtures. Moreover, the difference in weight loss 
suggested that the negative influence of the softened polyethylene on 
the rice straw in mixtures could be greatly reduced after the involvement 
of transition metals. Kinetic analysis revealed that the pyrolysis of rice 
straw, polyethylene, and transition metal-treated rice straw were well fit 
by a single first order reaction; two consecutive first order reactions were 
needed to describe the co-pyrolysis of rice straw/polyethylene with or 
without transition metals.  
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INTRODUCTION 
 

Agricultural waste is an inevitable class of biomass, which accompanies the 

harvest of agricultural crops and needs to be disposed of immediately and efficiently in 

order to ensure normal production during the next season. China is a large agricultural 

country, responsible for a large amount of agricultural waste output every year. Qiu et al. 

(2014) stated that the theoretical amount of agricultural waste output in China in 2010 

was as high as 729 million tons, and the collectable quantity was more than 600 million 

tons. The direct incineration of these agricultural waste products, one of the most utilized 

disposal methods in the past few decades, was found to be seriously responsible for air 

pollution (e.g., sulfur dioxide, nitrogen dioxide, and allergens) and soil degradation (e.g., 

water loss, microbial death, and soil agglomeration). Consequently, it is important to 

explore and develop more effective and environmentally friendly ways to dispose of 
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these large amounts of resources. In recent years, pyrolysis has been gradually developed 

in terms of converting agricultural wastes into bio-fuels (bio-oil). Such conversion not 

only serves as an effective way to dispose of agricultural waste, but it also produces 

renewable energy to meet the continuously increasing energy demand of daily life (Sipra 

et al. 2018). However, it is noticeable that bio-oil obtained from the pyrolysis of 

agricultural wastes possesses some critical drawbacks, which greatly hinder further 

development; such as low calorific value, a low pH value, high oxygen levels, and high 

viscosity (Zhang et al. 2016). Therefore, the agricultural waste-derived bio-oil generally 

must be modified to improve its quality prior to usage as a valuable fuel (Zhang et al. 

2013).  

More recently, attention has been given to the production of high-quality bio-oil 

via the introduction of a catalyst (catalytic pyrolysis) and the co-feeding of hydrogen-rich 

feedstock (co-pyrolysis) during the pyrolysis process in a single-step process (Zhang et 

al. 2016; Xiang et al. 2018). In the case of catalytic pyrolysis, a catalyst being employed 

could provide active sites to promote the deep decomposition of feedstock and intensify 

the interaction between the intermediates via the formation of hydrocarbon radical pools, 

which results in an improvement of the reaction efficiency and the quality of the bio-oil 

(Fermoso et al. 2016). Besides active sites, the distinctive pore structure of the catalyst, 

especially for zeolites-assorted catalysts, was also found to play an important role in the 

selective production of high-quality bio-oil (Hernando et al. 2016). However, due to the 

low effective hydrogen to carbon ratio (H/Ceffective) of the biomass, the yields of the 

desired compounds in bio-oil obtained from catalytic pyrolysis are still relatively low. 

Meanwhile, the high rate formation of coke during this process also gives rise to a rapid 

deactivation of the catalyst.  

A co-pyrolysis technique with the addition of H-rich feedstock, such as ethanol or 

plastics, during the biomass pyrolysis process has also been found to be effective for the 

improvement of the quality of biomass-derived bio-oil (Dorado et al. 2015). The 

involvement of co-feeding components primarily played a role in providing a large 

amount of H or hydrocarbon free radicals to promote the cleavage of O-containing 

compounds and directly interact with the biomass-derived intermediates (Zhang et al. 

2016). However, the low reaction efficiency of the interaction between the biomass and 

the H-rich feedstock, and the interactions between the intermediates highly limit the yield 

of valuable components and the conversion efficiency of the feedstock. 

In terms of their individual advantages of improving the quality of the biomass-

derived bio-oil, the combination of catalytic pyrolysis with co-pyrolysis, namely catalytic 

co-pyrolysis, has subsequently been developed (Wang et al. 2018). In a catalytic co-

pyrolysis process, it is expected that the H-rich additives could provide sufficient H-

containing compounds, while the interaction between the biomass derived intermediates 

and the H-rich additives could be greatly promoted by the catalyst (Li et al. 2014). 

According to the report of Lee et al. (2016), a strong synergistic effect was observed 

during the pyrolysis of torrefied cellulose with  polypropylene over HZSM-5. The 

maximum benzene, toluene, ethylbenzene, and xylene (BTEX) yield obtained from the 

catalytic co-pyrolysis of torrefied cellulose/polypropylene was 33.4 wt%, which was 

higher than the catalytic pyrolysis of torrefied cellulose (23.7 wt%) (Lee et al. 2016). 

Compared to the co-pyrolysis of polypropylene and Laminaria japonica in the absence of 

catalyst, the process with the treatment of Pt/mesoporous MFI molecular sieve showed a 

dramatic decrease in the oxygenates content against the substantial increase in the 

aromatics content (Kim et al. 2017). Therefore, catalytic co-pyrolysis is a feasible, 
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efficient, and promising technique for the production of high-quality biomass-based bio-

oil.  

Transition metals can be efficient and cost-effective catalysts. They have been 

applied in various fields such as the catalytic pyrolysis of biomass for the preparation of 

carbon-based materials, bio-oils, syngas, or chemicals (Collard et al. 2012; Thompson et 

al. 2015). It is unclear whether transition metals act as efficient catalysts between 

biomass and H-rich feedstock during co-pyrolysis, which could lead to changes in 

products distribution, bio-oil quality and yield, and high value-added compounds 

selectivity. To date, there has been limited research in this area. To illuminate the thermal 

behavior and the  kinetics of the catalytic co-pyrolysis of biomass and H-rich feedstock 

with the addition of transition metals is intuitive and necessary. Accordingly, the purpose 

of the present study was to investigate the influence of transition metals treatment on the 

co-pyrolysis process via TGA. Particularly, rice straw (RS) and polyethylene (PE) were 

employed as the typical representatives of agricultural wastes and H-rich feedstock, 

respectively. The thermal behavior and the kinetics of the RS and PE co-pyrolysis 

influenced by the type of transition metal (Ni, Co, Fe, and Mn) and the concentration of 

the transition metal (Ni) were exhaustively investigated via TGA at room temperature to 

850 °C under a N2 atmosphere.  

 

 

EXPERIMENTAL 
 

Materials  
Rice straw was collected from a farm in Nanjing, China, was cut into chops, 

washed with water, then sun-dried to remove most of the natural moisture. The sun-dried 

RS was oven-dried at 105 °C, ground, and sieved. The RS powder particles with a 

diameter smaller than 0.45 μm were collected. The PE powder and the transition metal 

nitrates (AR) were purchased from the Sigma-Aldrich Corporation (St. Louis, MO, 

USA).  

 
Experimental Procedure 
Characterization of RS and PE 

The three main polymer components of RS, i.e. lignin, cellulose, and 

hemicellulose, were determined according to the methodology by Wang et al. (2016) 

after a Soxhlet extraction pre-treatment to remove the extractives. An approximate 

analysis was tested according to ASTM 1762-84 using an oven and muffle furnace. The 

Ultimate analysis was performed using an Elemental Analyzer (Thermo Finnigan, EA 

112, San Jose, CA, USA). The exact mineral content in the RS, which mainly consisted 

of alkali and alkaline earth metals (potassium (K), sodium (Na), calcium (Ca), and 

magnesium (Mg)) and transition metals (Ni, Co, Fe, and Mn), was determined using an 

inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Perkin-Elmer, 

Optima Plasma 3200 RL, Waltham, MA, USA) after the RS digestion, according to US 

EPA method 6010. 

 

Sample preparation 

First, the transition metal-treated RS was prepared. It was mixed with PE, and the 

desired metal-treated RS/PE mixture was collected (Wang et al. 2018). In detail, 1 g of 

https://www.sciencedirect.com/topics/chemistry/lignin
https://www.sciencedirect.com/topics/chemistry/hemicellulose
https://www.sciencedirect.com/topics/chemistry/plasma-atomic-emission-spectroscopy
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RS powder was added into a 20 mL transition metal-containing solution with a transition 

metal concentration of 0.1 mol/L. The suspension was vigorously stirred at 60 °C to 

evaporate most of the water and then transferred into an oven to dry at 105 °C. The dried 

powder was collected and mixed with 1 g of PE powder in an agate mortar via manual 

grinding for 20 min. The ground powder was a targeted mixture of RS and PE in a ratio 

of 1:1 with a transition metal concentration of 1 mmol/g. The prepared transition metal-

treated RS/PE mixtures were labeled as RS/PE-Ni-1, RS/PE-Co-1, RS/PE-Fe-1, and 

RS/PE-Mn-1, respective to their used transition metals. Rice straw/polyethylene mixtures 

with different transition metal concentrations (Ni in a concentration from 0 mmol/g to 1 

mmol/g) were also prepared in a similar process, which were denoted to as RS/PE-Ni-0, 

RS/PE-Ni-0.25, RS/PE-Ni-0.5, RS/PE-Ni-75, and RS/PE-Ni-1. For comparison, a RS/PE 

mixture without the catalyst and RS mixtures with 1 mmol/L of the transition catalyst 

(i.e., RS-Ni-1, RS-Co-1, RS-Fe-1, and RS-Mn-1) were prepared as well. 

 

Thermogravimetric analysis  

The pyrolysis data of the RS and the PE, as well as their mixtures with or without 

transition metals, were derived from the pyrolysis experiments conducted in a 

thermogravimetric analyzer (Mettler Toledo, 188 TGA/SDTA 851, Greifensee, 

Switzerland). Approximately 10 mg of the sample was loaded into an aluminum oxide 

crucible and pyrolyzed under a 0.1 m3/min N2 flow at a heating rate of 10 °C/min. The 

weight change of the sample with the function of temperature (ambient temperature (°C) 

to 850 °C) and time consumed were collected. Consequently, the weight loss (TG) and 

weight loss rate (DTG) with the increase in temperature were calculated according to Eq. 

1 and Eq. 2, respectively, 

       
0

0

100%
temperatureW W

W



                                                             (1) 

       
d

dt


                                                                                             (2) 

where W0 (mg) is the initial mass of sample and Wtemperature (mg) is the mass at 

temperature T, and t (min) is the time corresponding to the temperature. Three parallel 

runs were carried out for all the experiments to ensure low relative errors (below 5%). 

                                                                         

Kinetic Study 
Kinetic parameters including the activation energy and the pre-exponential factor 

were calculated according to the TGA data, which can be utilized to qualitatively reveal 

the thermal conversion characteristics of the feedstock. It was reported by Xiong et al. 

(2015) and Wang et al. (2018) that the pyrolysis of the biomass and the plastics primarily 

followed a first order model reaction, which can be expressed as Eq. 3, 

       exp[( )(1 )]
dx E

A x
dt RT


                                                                  (3) 

where E is the activation energy (kJ/mol),  A is the pre-exponential factor (1/min), T is 

the temperature (K), and R is the universal gas constant (J/mol K). The conversion of 

feedstock, x, was calculated using Eq. 4, 
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where Wtime is the mass of the sample at time t and Wfinal is the mass of the sample at the 

end of pyrolysis. When a constant heating rate H (H=dT/dt) is applied, Eq. 3 can be 

integrated as Eq. 5, 

       
2

ln(1 ) 2
ln[ ] ln[ (1 )]

x AR RT E

T HE E RT

 
                                           (5) 

where due to RT/E being much less than 1 in general, the expression ln[AR / HE(1-2RT / 

E)] can be regarded as a constant. As a result, E and A can be calculated from the slope 

and the intercept of the plots of ln[-ln(1-x)/T2] versus 1/T, respectively.  

 

Interaction Investigation 
The interaction between the individual fractions in the mixture can be revealed by 

investigating the difference in weight loss (ΔW) between the experimental values and the 

theoretical ones, according to Wang et al. (2018), as shown in equation Eq. 6, 

       1 1 2 2( )mixtureW W xW x W                                                             (6) 

where Wmixture is the weight loss of RS/PE mixture with or without transition metals, 

which was obtained from the TGA experiment, and x1W1 + x2W2 represents the theoretical 

weight loss of the corresponding mixture derived from calculation. Particularly, x1 and x2 

are the weight fraction of RS and PE in the mixtures, respectively, and W1 and W2 are the 

weight loss of the RS with or without the transition metal treatment and PE, respectively. 

In principle, ΔW would close to zero if no interaction between the individual fractions 

occurred. 

 

 
RESULTS AND DISCUSSION 
 

Physicochemical Properties of the Raw Materials 
The physicochemical properties investigated via means of composition analysis, 

proximate analysis, ultimate analysis, minerals, and gross calorific value are presented in 

Table 1. It can be seen that RS primarily consisted of lignins, cellulose, and 

hemicellulose, which was comparable to other studies (Table 1) (Zhang et al. 2017; 

Castro et al. 2017). The lignin content in RS is considered important to the fixed carbon 

content of RS (6.75 wt%), while a high volatile matter content (70.85 wt%) is generally 

related to its cellulose and hemicellulose content. In comparison, PE is comprised of a 

negligible amount of fixed carbon and ash compared to its high volatile matter level 

(greater than 98%).  According to ultimate analysis, the RS contained a high level of O 

and a relatively low level of N and S in addition to the C and H content, while the PE was 

only composed of C and H. It was reported that the high O content in fuel could 

negatively affect its heat value, which can be confirmed by the gross calorific value of RS 

and PE (Hernando et al. 2016). Furthermore, the H/Ceffective ratio of PE was 2.18, which 

was much higher than that of the RS (0); this indicated that the combination of PE with 

RS would greatly improve the H/Ceffective of the RS-based feedstock. Mineral analysis 

revealed that the RS contained a large amount of alkali and alkaline earth metals, 
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especially K (13.55 mg/g) against negligible transition metals. Yang et al. (2006) found 

that the presence of K in the biomass could act as a catalyst to facilitate the 

thermochemical decomposition of the biomass. Accordingly, the pyrolysis performance 

of the RS and the mixture together with the PE may be influenced by the intrinsic K 

content of the RS to a certain degree. 

 

Table 1. Physicochemical Properties of RS and PE 

Composition Analysis 

 Lignin (wt%) Cellulose (wt%) Hemicellulose (wt%) 

RS  
(present study) 

15.4 35.9 29.2 

RS in Zhang et 
al. (2017) 

16.4 36.1 24.7 

RS in Castro et 
al. (2017) 

17.5 35.3 23.8 

Proximate Analysis 

 Fixed Carbon (wt.%) Volatile Matter (wt%) Ash (wt%) Moisture (wt%) 

RS 6.75 70.85 14.6 5.01 

PE 0.32 98.12 0.18 0.52 

Ultimate Analysis 

 C (%) H (%) O (%)a N (%) S (%) H/Ceffective
c GCV (MJ/Kg) d 

RS 40.21 5.46 52.89 0.92 0.28 0 11.96 

PE 84.64 15.36 b - - 2.18 50.79 

Minerals 

 
K 

(mg/g) 
Na 

(mg/g) 
Ca 

(mg/g) 
Mg 

(mg/g) 
Ni 

(mg/Kg) 
Co 

(mg/Kg) 
Fe 

(mg/Kg) 
Mn 

(mg/Kg) 

RS 13.55 1.03 3.18 1.23 - `- 0.4 - 

a is calculated from the mass difference (O% = 100% − C% − H% − N% − S%) 

b represents below detectable limitation 

c H/Ceffective was calculated from the equation; H/Ceffective = (H-2O-3N-2S)/C 

d The gross calorific value (GCV) of RS and PE was calculated according to Dulong’s equation 
i.e., GCV(MJ/Kg) = 0.3383 C + 1.422 (H-O/8) + 0.095 S 

 
Pyrolysis Characteristics 
RS with or without transition metals, PE, and RS/PE mixture 

Figure 1 shows the TG and DTG curves of the RS mixtures with or without 

transition metals, PE, and RS/PE during pyrolysis. It was found that the decomposition 

process of the RS can be generally divided into three stages. The first stage ranged from 

room temperature (°C) to 190 °C with a 8.1 wt% weight loss that was attributed to the 

loss of the adsorbed free water along with the release of some small molecular weight 

compounds such as gas molecules (CO, CO2, H2, and CH4) and organic acids (e.g., 

formic acid) (Kai et al. 2017). This can be indirectly confirmed by the moisture content 

obtained from a proximate analysis (5.0 wt%), which was lower than the weight loss at 

this stage and indicated that the weight loss in this stage contained not only water but also 

additional compounds. After that, the RS undergoes a rapid weight loss stage, which 

commences at 190 °C and ends at 361 °C, which accounted for 69.2 wt% of the total 

weight loss of the RS during the whole pyrolysis process. Uzun and Yaman (2017) stated 

that the decomposition of hemicellulose, cellulose, and lignins primarily takes place in 

the temperature ranges of 230 °C to 325 °C, 310 °C to 400 °C, and 160 °C to 900 °C, 

respectively. The complete decomposition of the hemicellulose and the cellulose as well 

as the partial decomposition of the lignins are responsible for the rapid weight loss of the 
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RS at this stage. However, the rapid weight loss stage of the RS was reflected in the DTG 

curve (as shown in Fig. 1b) as a distinct weight loss peak with a maximum weight loss 

rate of -5.86 wt%/min at 310 °C. It was likely that the weight loss peak at this 

temperature originated from the drastic decomposition of cellulose, since the weight loss 

peak of the hemicellulose in the biomass matrix generally occurred around 270 °C and 

was observed as a shoulder peak of the cellulose (Garba et al. 2018). The concentration 

of hemicellulose is the lowest compared to lignin and cellulose in RS (Table 1). The 

decomposition peak of hemicellulose could not be clearly observed, which may have 

arisen from the presence of minerals (such as K), which resulted in the overlap of the 

pyrolysis peak. After the rapid weight loss stage, the decomposition of RS underwent a 

slow weight loss stage from 361 °C to 850 °C with a 13.3 wt% weight loss, which was 

attributed to the carbonization process of the cellulose and hemicellulose residue and the 

slow pyrolysis of the lignin.  

After the transition metal treatment (RS-Ni-1, RS-Co-1, RS-Fe-1, and RS-Mn-1), 

the variation trend of the pyrolysis curves were in accordance with that of RS, but the 

weight loss at the first stage was slightly higher (except for RS-Co-1). A possible 

explanation is that the involvement of transition metals could enhance the hydrophilicity 

of the RS. Collard et al. (2015) found that a transition metal treatment led to a decrease in 

the number of hydrogen bonds in the biomass and partly promoted the transformation of 

the crystalline components into amorphous phase ones, which resulted in more water 

content being involved in the transition metals-treated RS. The main decomposition stage 

of the transition metal-treated RS seemed to vary with the type of transition metal. The 

decomposition of RS-Ni-1, RS-Co-1, RS-Fe-1, and RS-Mn-1 at this stage started at 194 

°C, 197 °C, 176 °C, and 199 °C, respectively, and the weight loss peaks occurred at 321 

°C, 309 °C, 306 °C, and 309 °C, respectively. This indicated that the interaction the 

between transition metal and the RS was affected by the type of metal. Wang et al. 

(2018) considered that the introduction of transition metal ions to cellulose acted as 

Lewis acid sites and played an important role in the dehydration and the 

depolymerization of the cellulose. Consequently, the initial decomposition temperature of 

the transition metal-treated cellulose exhibited a negative relationship with the Lewis 

acidity intensity of the transition metal employed (Mn was greater than Ni, which was 

greater than Co, which was greater than Fe). This conclusion was not applicable for the 

present work, due to the RS sample being composed of cellulose, hemicellulose, lignin, 

ash, and extractives, which was more complex than the biomass used in Wang et al. 

(2018). It is worth noting that among all transition metal-treated RS, RS-Ni-1 possessed a 

weight loss shoulder peak at 265 °C, which was also assigned to the rapid decomposition 

of hemicellulose. This observation further demonstrated the different catalytic behavior 

of the various transition metals. In addition, the residue of the RS (100% weight loss) 

with a transition metal treatment after the final slow decomposition stage at 850 °C was 

in the range of 30.9 wt.% to 34.2 wt.% (as shown in Table S1), which was slightly higher 

than that of the nontreated RS (30.8 wt.%). It was reported that transition metal 

compounds primarily existed as a metal element state at the temperature range of 600 °C 

to 800 °C as they were added into the biomass for catalytic pyrolysis (Glatzel et al. 2013; 

Thompson et al. 2015). Accordingly, the concentration of the transition metal compounds 

in the residue of the transition metal-treated RS can be approximately calculated, as well 

as the difference in the residue that originated from the RS (ΔResidue), which was 

showed in Table S1. It can be found that a positive ΔResidue was obtained from all 

transition metal-treated samples, which suggested that the char formation was actually 
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enhanced. This is likely due to the inhibition of the depolymerization reactions after the 

transition metal treatment (Collard et al. 2015). Similar results were found in previous 

studies (Collard et al. 2012, 2015). 

 
 

 
 
 
Fig. 1 Pyrolytic behavior of the RS mixtures with or without transition metal catalysts, PE, and 
RS/PE: a) TG curves, b) DTG curves 
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As shown in Fig. 1a, the PE possessed a high level of thermal stability before 350 

°C with a weight loss below 1.0 wt%, which can be attributed to its highly crystalline 

structure. After that, it underwent a rapid weight loss stage, taking place within a narrow 

temperature range (400 °C to 510 °C) with 98.46 wt% weight loss. Zhang et al. (2016) 

stated that the chemical structure of PE was relatively simple compared to the biomass.  

As long as an adequate number of free radicals were formed, under certain condition (i.e., 

at a relatively high temperature), the intermolecular scission and depolymerization 

reactions, as well as the intramolecular cleavage of PE, would easily occur (Xiong et al. 

2015). However, the PE was completely decomposed without solid residue during this 

decomposition period, which was consistent with its low fixed carbon content (as shown 

in Table 1). The DTG curve shown in Fig. 1b further revealed that the PE showed a 

maximum weight loss rate of -12.36 wt%/min at 460 °C.  

When the RS was pyrolyzed together with the PE (RS/PE), the corresponding 

pyrolysis process primarily displayed two successive weight loss stages in terms of the 

TG curve, as shown in Fig. 1a. The first stage started at 214 °C and ended at 367 °C and 

was attributed to the decomposition of the RS, while the PE decomposition process in the 

RS/PE mixture primarily occurred at 380 °C to 513 °C. The initial decomposition 

temperature of the RS in the RS/PE mixture was slightly delayed compared to the RS 

mixture, which may have resulted from the presence of PE. The PE gradually melted 

after 100 °C, which was an endothermic process as confirmed via DSC analysis (Kai et 

al. 2017). The formation of char after the decomposition of the RS was responsible for 

the decrease in the initial decomposition temperature of the PE in the mixture. According 

to a previous study, the pyrolysis residue of the biomass was found to promote 

catalyzation of the decomposition of polypropylene (Jakab et al. 2000). Moreover, the 

weight loss of RS/PE in the first decomposition stage was 25.0 wt%, which was close to 

the theoretical weight loss (24.9 wt%) while the loss in the second stage (56.4 wt%) was 

higher than the corresponding theoretical value (49.2 wt.%). Therefore, it was revealed 

that the PE had a slight influence on the decomposition of RS, except for the melting 

process. In addition, the decomposition of PE led to the further decomposition of the RS 

residue. This can be confirmed by the residue yield at the end of pyrolysis (14.89 wt%), 

which was lower than that of the theoretical one (15.4 wt%). According to the DTG curve 

shown in Fig. 1b, it can be seen that the decomposition of RS and PE in the mixture 

showed peak decomposition temperatures at 309 °C with a maximum decomposition rate 

of -2.93 wt%/min, and at 461 °C with a maximum decomposition rate of -8.00 wt%/min, 

respectively. These values are similar to those from isolated RS and PE, which revealed 

that the blending treatment had a slight influence on the temperature of the maximum 

decomposition rate of the individual components in the mixture.  

 

RS/PE mixture with a transition metal catalyst  

The TG and the DTG curves of the RS/PE mixture with or without transition 

metals (RS/PE, RS/PE-Ni-1, RS/PE-Co-1, RS/PE-Fe-1, and RS/PE-Mn-1) are illustrated 

in Fig. 2. After the transition metals treatment, the pyrolysis behavior of the RS/PE 

mixture presented a similar trend to the non-transition metal treated mixture (RS/PE) in 

terms of the TG results, which are mainly comprised of three weight loss stages. 

Particularly, the first stage ranging from room temperature (°C) to 163 °C was assigned 

to the loss of free water, while the second (152 °C to 367 °C) and third (360 °C to 513 

°C) stages were attributed to the decomposition of RS and PE, respectively. It was found 

that the initial decomposition temperature of RS and PE in the RS/PE-Ni-1, RS/PE-Co-1, 
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RS/PE-Fe-1, and RS/PE-Mn-1 mixtures were reduced by varying degrees when 

compared with the RS/PE mixture. For example, the RS and the PE in the RS/PE-Ni-1 

mixture started to decompose at 190 °C and 361 °C, respectively, which represented 

decreases by 24 °C and 19 °C compared to the RS/PE mixture, respectively. This result 

suggested that the involvement of transition metals was effective in the activation of the 

RS and the PE constitutes in the RS/PE mixture and promoted their decomposition. As 

shown in Table S1, the Δ Residue in the char obtained from RS/PE-Ni-1, RS/PE-Co-1, 

RS/PE-Fe-1, and RS/PE-Mn-1 was lower than the theoretical ΔResidue (negative values). 

A possible explanation is that the presence of the transition metals promoted the 

interaction between the RS and the PE to produce more volatiles regarding condensable 

and non-condensible products and consequently reduced the residue yield. The influence 

of the transition metals on the interaction between the RS and the PE followed the order: 

Ni > Fe > Mn > Co, in terms of ΔResidue.  

 

 
 

 
 

Fig. 2. Pyrolytic behavior of the RS/PE mixture with or without a transition metal catalyst: a) TG 
curves, b) DTG curves 
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The corresponding DTG curves for the RS/PE mixtures with or without a 

transition metal are shown in Fig. 2b. The temperature at the maximum weight loss rate 

for RS decreased from 309 °C for the RS/PE mixture to 293 °C, 278 °C, 259 °C, and 274 

°C for the RS/PE-Ni-1, RS/PE-Co-1, RS/PE-Fe-1, and RS/PE-Mn-1 mixtures, 

respectively. The maximum weight loss rate for the PE in the RS/PE-Ni-1, RS/PE-Co-1, 

RS/PE-Fe-1, and RS/PE-Mn-1 mixtures occurred at 449 °C, 456 °C, 457 °C, and 458 °C, 

respectively, which was 5 °C to 14 °C lower than the RS/PE mixture. These observations 

suggested that the introduction of a transition metal was in favor of the decomposition of 

the RS and the PE in the mixture and made the decomposition peak temperature shift into 

a lower zone. Furthermore, it was evident that the reduction of the RS decomposition 

temperature (16 °C to 50 °C) in the mixture was larger than the reduction of the PE (5 °C 

to 14 °C) with the addition of transition metals, which indicated the response between the 

RS and the transition metal was relatively stronger. It was proposed that for the 

decomposition of RS in a transition metal-treated RS/PE mixture, the decrease in the 

decomposition temperature of the RS compared to a non-transition metal treated mixture 

was primarily due to the presence of transition metals. However, the decomposition of 

the PE in a transition metal-treated RS/PE mixture was affected by both the transition 

metals and the active oxygenated compounds (O-containing free radicals), which 

originated from the decomposition of the RS (Zhang et al. 2016; Wang et al. 2018). 

Therefore, it seems that the interaction between the RS and the transition metals was 

stronger than the interactions between PE, transition metals, and active oxygenated 

compounds. 

 

RS/PE mixture with different levels of Ni catalyst 

Figure 3 shows the TG and the DTG curves of the RS/PE mixture with different 

levels of Ni during pyrolysis. The weight loss of the RS/PE mixture with different levels 

of Ni catalyst was mainly composed of three stages, i.e., room temperature (°C) to 214 

°C, 190 °C to 367 °C, 360 °C to 513 °C, which were assigned to the loss of free water, 

the decomposition of RS, and the decomposition of PE, respectively. It was evident that 

the free water content in the mixtures showed a positive relationship with the level of Ni 

catalyst. This was due to fact that the Ni catalyst enhanced the hydrophilicity of the 

feedstock (especially the RS) via the destruction of their structures and serving as 

hydrophilic sites themselves (Collard et al. 2015). After the water loss stage, the RS in 

the different levels of Ni-treated RS/PE samples began to decompose. The initial 

decomposition temperatures were 214 °C, 202 °C, 197 °C, 194 °C, and 190 °C  for 

RS/PE-Ni-0, RS/PE-Ni-0.25, RS/PE-Ni-0.5, RS/PE-Ni-0.75, and RS/PE-Ni-1, 

respectively. It appeared that when a greater amount of Ni catalyst was involved, the 

initial decomposition temperature was decreased. However, the decomposition of the PE 

during the third stage started at 380 °C for RS/PE-Ni-0, 384 °C for RS/PE-Ni-0.25, 381 

°C for RS/PE-Ni-0.5, 365 °C for RS/PE-Ni-0.75, and 360 °C for RS/PE-Ni-1. This result 

revealed that a lower Ni catalyst content (below 0.5 mmol/g) slightly restricted the 

decomposition of the PE fraction in the mixtures, while decomposition was greatly 

promoted when the Ni catalyst content was in a range of 0.75 mmol/g to 1 mmol/g. The 

fact that the catalyst levels played a key role in determining the initial decomposition 

temperature of the individual components in the mixtures was also confirmed in a 

previous study (Wang et al. 2018). Furthermore, in terms of the residue (Table S1), the 

ΔResidue of RS/PE-Ni-0.25 was 1.14 wt.%; which indicated that the involvement of a Ni 

catalyst promoted the formation of char content and had a slight influence on the 
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interaction between the RS and the PE to produce a greater number of volatiles, as 

aforementioned. Afterwards, the ΔResidue showed negative values and gradually 

decreased with an increase in the Ni catalyst content in the RS/PE mixtures. This result 

suggests that an increase in the Ni catalyst level played a positive role in promoting 

interactions between the RS and the PE in the mixtures to produce a greater number of 

volatiles.  

 

 
 

 
 

Fig. 3. Pyrolytic behavior of RS/PE mixture with different content of Ni catalyst: a) TG curves, b) 
DTG curves 
 

According to the DTG results shown in Fig. 3b, the temperature of the maximum 

weight loss rate of RS in the RS/PE-Ni-0, RS/PE-Ni-0.25, RS/PE-Ni-0.5, RS/PE-Ni-0.75, 

and RS/PE-Ni-1 mixtures was 309 °C, 318 °C, 311 °C, 294 °C, and 293 °C, respectively. 
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The peak decomposition temperature shifted to a higher temperature when a lower Ni 

catalyst level was involved (less than 0.5 mmol/g), while a higher Ni catalyst level (0.75 

mmol/g to 1 mmol/g) seemed to promote the decomposition of the RS at a lower 

temperature. In addition, the temperature of the maximum weight loss for the PE in 

different levels of Ni-treated mixtures showed a negative relationship with the level of 

Ni, which decreased from 463 °C for RS/PE-Ni-0 to 457 °C, 456 °C, 453 °C, and 449 °C 

for RS/PE-Ni-0.25, RS/PE-Ni-0.5, RS/PE-Ni-0.75, and RS/PE-Ni-1, respectively. 

Therefore, it could be concluded that when the Ni catalyst content in the RS/PE mixture 

was higher than 0.75 mmol/g, the catalyst would play an active role in the decomposition 

of the individual fractions (RS and PE), as well as the interaction between the RS and the 

PE. 
 

Evaluation of the Interactions during the Co-pyrolysis of the RS and the PE 
Figure 4 illustrated the variation in the ΔW in terms of temperature for the 

pyrolysis of the RS/PE mixtures with or without transition metals. For the RS/PE 

mixture, the variation in ΔW was presented as a negative value with the increase in the 

pyrolysis temperature from room temperature. Nevertheless, the values were below -2.0 

wt% before 100 °C, which suggested that there is no distinct interaction between the RS 

and the PE within this temperature range (Wang et al. 2018). However, ΔW was still 

lower than -2.0 wt% when the PE in the RS/PE mixture started to soften at 100 °C (as 

shown in Fig. 1). When the temperature was increased to 430 °C, the ΔW of the RS/PE 

mixture reached a peak value of -4.01 wt%. However, with a continued increase in 

temperature, ΔW sharply rose and changed into a positive value after reaching 471 °C. 

The marked increase in the value of ΔW may be attributed to the rapid decomposition of 

the PE and the synergistic interaction between the PE and RS intermediates. This 

deduction was confirmed by Suriapparao et al. (2018) who revealed that the bio-oil, char, 

and gas yields derived from the co-pyrolysis of biomass and synthetic plastic were non-

additive with respect to that obtained from individual fractions. The maximum ΔW value 

of the RS/PE mixture at this stage (2.86 wt%) was observed at 499 °C. Thereafter, the 

ΔW value slightly decreased, but it stagnated around 2.15 wt%, which could be a result of 

the synergistic interaction between the RS and PE residues. Accordingly, it was 

concluded that the synergistic interaction between the RS and the PE in the RS/PE 

mixture occurred almost the entire pyrolysis process. 
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Fig. 4. Variation of the ΔW in the samples as a function of temperature 
 

After the introduction of transition metals, the variation in ΔW of the RS/PE 

mixtures was greatly changed compared to the non-transition metal treated mixtures, 

which slightly varied with the type of transition metal. The ΔW of RS/PE-Ni-1 showed a 

steady decreasing trend when heated, and the minimum value of -4.91 wt% was obtained 

at 295 °C. In addition, the ΔW of RS/PE-Co-1, RS/PE-Fe-1, and RS/PE-Mn-1 had a 

slight fluctuation before reaching 188 °C (-0.49 wt%), 148 °C (-1.31 wt%), and 215 °C (± 

0.37 wt.%), respectively. Afterwards, the ΔW of RS/PE-Co-1, RS/PE-Fe-1, and RS/PE-

Mn-1 greatly decreased with an increase of temperature, and exhibited their minimum 

values of -3.50 wt% at 277 °C, -4.61 wt% at 265 °C, and -3.04 wt% at 281 °C, 

respectively. After the temperature corresponding to the minimum value of ΔW, the ΔW 

of the transition metal treated RS/PE mixtures was drastically increased. It was worth 

noting that the temperatures of the peak value of the ΔW for the transition metal treated 

RS/PE mixtures at this period were much lower than the non-transition metal treated 

mixtures, which was mainly attributed to the introduction of the transition metals. The 

transition metals were able to promote notable RS decomposition at relatively low 

temperatures, which produced more intermediates, especially oxygenated compounds, 

which were active in attacking the PE chain structure. However, the presence of the 

transition metals could intensify the synergistic interaction between the RS and PE 

intermediates. As a result, the softened PE coated on the surface of the RS could be 

readily broken though with the assistance of the transition metals, compared to the non-

transition metal treated mixtures. With the gradual increase in temperature, the ΔW of the 

transition metal treated RS/PE mixtures reached maximum positive values at 535 °C, 539 

°C, 541 °C, and 540 °C for RS/PE-Ni-1, RS/PE-Co-1, RS/PE-Fe-1, and RS/PE-Mn-1, 

respectively. These temperatures were much higher than the peak decomposition 

temperatures for the PE in the individual corresponding transition metal treated RS/PE 

mixtures (Fig. 2), which could be attributed to the strong interaction between the PE 

intermediates and the RS residue. In conclusion, the transition metals weakened the 

influence of the softened PE on the RS in the mixtures and could intensify the synergistic 

interaction between the RS and PE, especially after the decomposition of the PE.    
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Kinetic Analysis 
A first-order model was conducted to fit the main decomposition stage of RS with 

or without transition metals, PE, and RS/PE mixture. The fit results of ln[-ln(1-x)/T2] 

versus 1/T and the corresponding kinetic parameters (E and A) are presented in Fig. 5 and 

Table 2, respectively. It can be seen that all data can be well described by the first-order 

model in terms of the coefficient of determination (R2), which was in the range 0.9819 to 

0.9971. In particular, RS, PE, RS-Ni-1, RS-Co-1, RS-Fe-1, and RS-Mn-1 could be fit by 

a single first-order reaction, while two successive first–order reactions were needed for 

the description of the RS/PE mixture. Similar results were observed in previous studies 

(Zhang et al. 2016; Wang et al. 2018). As shown in Table 2, the E value of RS was 42.3 

kJ/mol. After the introduction of transition metals, the E value of the RS mixture slightly 

decreased. This result confirmed that the presence of transition metals was in favor of the 

decomposition of RS. According to the E value, the efficiency of the transition metals 

employed on the decomposition of RS were as follows; Fe was greater than Mn, which 

was greater than Ni, which was greater than Co. However, PE possessed a high E value 

of 165.4 kJ/mol. For the RS/PE mixture, the E of the RS increased to 32.0%, and the PE 

greatly decreased approximately two-fold, when compared to the isolated samples. This 

observation was in accordance with the results shown in Figs. 1 and 4, which suggested 

that the presence of PE inhibited the decomposition of RS, while the decomposition 

products of RS was favorable for the degradation of PE.   

 

Table 2. Kinetic Parameters for the Pyrolysis of Samples Including RS with or 
Without a Catalyst, PE, and RS/PE 

Material Temperature Conversion Range (x, %) E (kJ/mol) A (min-1) R2 

RS 190 to 513 80.77 42.31 1.81 × 103 0.9908 

RS-Ni-1 194 to 489 84.84 40.59 6.03 × 102 0.9974 

RS-Co-1 197 to 520 84.52 41.81 8.25 × 102 0.9947 

RS-Fe-1 176 to 490 82.68 36.70 1.82 × 102 0.9971 

RS-Mn-1 199 to 509 80.38 39.56 2.31 × 102 0.9918 

PE 388 to 520 98.95 165.37 1.48 × 1011 0.9913 

RS/PE 
218 to 385 31.56 55.84 3.70 × 103 0.9948 

385 to 513 65.93 98.50 2.67 × 106 0.9819 

Note: RS-metal-X represents the metal content in 1 g RS is X mmol. 
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Fig. 5. Plots of ln(-ln(1-x)/T2) vs 1/T of RS with or without a catalyst, PE, and RS/PE 

 

Compared to RS/PE, the E value for the RS in the transition metal treated RS/PE 

mixture greatly decreased as follows; RS/PE was greater than RS/PE-Co-1, which was 

approximately equal to RS/PE-Mn-1, which was greater than RS/PE-Fe-1, which was 

approximately equal to RS/PE-Ni-1. Particularly, the influence of Ni and Fe on the 

decrease in the E value of the RS in RS/PE was superior to Co and Mn, and the E value 

of the RS in RS/PE-Ni-1 and RS/PE-Fe-1 was found to decrease by approximately two-

and-a-half-fold. However, the transition metal treatment also had an influence on the 

reduction of the E value of the PE in the RS/PE mixture. The RS/PE-Ni-1 mixture 

showed the lowest E value for PE compared to the RS/PE mixture, followed by the 

RS/PE-Co-1, the RS/PE-Fe-1, and the RS/PE-Mn-1 mixtures. In combination the results 

for the influence of the introduction of transition metals on the E value of the RS in the 

RS/PE mixture, it can be concluded that Ni was found to be the best of the transition 

metals introduced, and possessed the strongest catalytic capability in decreasing the E 

value of RS and PE.  

 

Table 3. Kinetic Parameters for the Pyrolysis of Samples including the RS/PE 
Mixtures with Different types of Catalyst 

Material Temperature Conversion Range (x,%) E (kJ/mol)) 

RS/PE 
218 to 385 31.56 55.84 

385 to 513 65.93 98.50 

RS/PE-Ni-1 190 to 361 25.40 20.88 

361 to 510 62.46 62.91 

RS/PE-Co-1 190 to 371 28.03 37.06 

371 to 512 65.55 81.91 

RS/PE-Fe-1 
152 to 370 26.52 22.68 

370 to 508 65.18 82.72 

RS/PE-Mn-1 198 to 377 28.54 35.36 

377 to 508 64.05 91.31 
Note: RS/PE-metal-X represents the metal content in 1 g RS/PE is X mmol. 
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Fig. 6. Plots of ln (-ln(1-x)/T2) vs 1/T of the RS/PE mixture with or without a transition metal 
catalyst 

 

In terms of the influence of the level of transition metal in the sample, the E value 

of both the RS and the PE showed a distinct negative relationship with the level of Ni 

involved. In a previous study, the authors found that the addition of a greater amount of 

catalyst in a mixture of cellulose and PE was in favor of the decomposition of cellulose, 

but not the decomposition of the PE in the mixture (Wang et al. 2018). Zhou et al. (2017) 

revealed that an increase in the potassium levels of the wood sawdust/low density 

polyethylene mixtures led to an increasing trend for the E value of the wood sawdust but 

resulted in a decreasing tread in the E value of the low-density polyethylene. When the Ni 

content was 1 mmol/g (RS/PE-Ni-1), the RS and the PE in the RS/PE mixture possessed 

the lowest E value. Furthermore, the linear fit for the E value of the RS and the PE in 

different Ni content-treated RS/PE mixtures versus the corresponding Ni content was 

0.9062 and 0.9674, respectively, which indicated that there was a direct relationship 

between the E value and the level of Ni content employed.  

 
Table 4. Kinetic Parameters for the Pyrolysis of Samples including the RS/PE 
Mixtures with Different Catalyst Amounts 

Material Temperature 
Conversion Range 

(x, %) 
E (kJ/mol) A (min-1) R2 

RS/PE-Ni-0 
(RS/PE) 

218 to 385 31.56 55.84 3.70 × 103 0.9948 

385 to 513 65.93 98.50 2.67 × 106 0.9819 

RS/PE-Ni-0.25 202 to 381 31.71 37.08 5.70 × 101 0.9963 

226 to 336 63.06 83.86 2.33 × 105 0.9806 

RS/PE-Ni-0.5 419 to 496 31.25 32.88 2.38 × 101 0.9962 

197 to 380 61.65 80.90 1.38 × 105 0.9865 

RS/PE-Ni-0.75 
194 to 363 26.47 27.04 6.4 × 100 0.9915 

363 to 520 65.79 69.59 1.85 × 104 0.9941 

RS/PE-Ni-1 190 to 361 25.40 20.88 1.37 × 100 0.9884 

361 to 510 62.46 62.91 5.66 × 103 0.9912 

Note: RS/PE-metal-X represents the metal content in 1 g RS/PE is X mmol. 
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Fig. 7. Plots of ln(-ln(1-x)/T2) vs 1/T of the RS/PE mixture with different levels of the Ni catalyst 
 
 

CONCLUSIONS 
 
1. The initial decomposition temperature of the rice straw (RS) and the polyethylene (PE) 

in the RS/PE-Ni-1, RS/PE-Co-1, RS/PE-Fe-1, and RS/PE-Mn-1 mixtures was reduced 

by varying degrees in comparison to the RS/PE mixture. In addition, the introduction 

of transition metals led to a reduction in the residue yield, from 14.9 wt% for the 

RS/PE mixture to 12.6 wt% to 14.5 wt%. In terms of the transition metal content, a 

lower Ni catalyst level (less than 0.5 mmol/g) slightly restricted the decomposition of 

the PE fraction in the mixture, while decomposition was greatly promoted when the Ni 

catalyst level was in the range of 0.75 mmol/g to 1 mmol/g.  

2. The ΔW suggested that the introduction of transition metals could greatly weaken the 

influence of the softened PE on the RS in the mixture and intensify the synergistic 

interaction between the RS and the PE, especially after the decomposition of PE.  

3. The kinetic analysis revealed that the pyrolysis of RS, PE, and transition metal treated 

RS could be well fit by a single first order reaction, while two consecutive first order 

reactions were needed to exactly describe the co-pyrolysis of the RS/PE mixture with 

or without transition metals. The RS/PE-Ni-1 mixture possessed the lowest E value for 

RS and PE, when compared to the RS/PE mixture and other transition metal-treated 

RS/PE mixtures. Moreover, the Ni content showed a prominent negative relationship 

with the E value of both the RS and the PE in the mixture.  
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