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Abstract 10 

Energy security and environmental pollution have been important topics over the world. 11 

With depletion of traditional fossil fuels, it is necessary to find new kinds of substitute 12 

energies that are green and renewable. Co-pyrolysis/gasification of mixture of waste 13 

(i.e. plastics) and biomass is a potential solution and H2 is an ideal energy carrier with 14 

wide range of use. This paper aims to develop a new catalyst Ni-CaO-C and to examine 15 

its performance under optimal operating conditions of pyrolysis/gasification of plastics 16 

and biomass for H2 production. Experimental studies adjusting Ni loads and support 17 

ratios of catalyst were performed to explore the catalytic activity and CO2 adsorption 18 

capability of the new catalyst. Operating conditions such as feedstock ratio, pyrolysis 19 

temperature, reforming temperature and water injection flowrate were also examined 20 

experimentally to find optimal operating conditions. Consequently, experiment results 21 

indicated that high H2 production (86.74 mol% and 115.33 mmol/g) and low CO2 22 

concentration (7.31 mol%) in the gaseous products can be achieved with new catalyst 23 

Ni-CaO-C under the optimal operating conditions. Therefore, this study points to 24 

effective new approaches to increase H2 production from the pyrolysis/gasification of 25 

waste plastics and biomass.         26 

Keywords: Pyrolysis and Gasification; Biomass; Plastics; Catalyst; H2 Production  27 
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1.Introduction  29 

1.1 Background  30 

  Energy security and environmental pollution have been important topics all over the 31 

world (Jacobson, 2008). For energy security, with depletion of fossil fuels, excessive 32 

dependence on this traditional energy raises serious problems in energy supply. For 33 

environmental pollution, consumption of fossil fuels releases greenhouses gases (GHG) 34 

(especially for CO2) into atmosphere, resulting in climate change and global warming 35 

(Déparrois et al., 2019). In addition to gaseous emissions, significant amount of solid 36 

wastes such as waste plastics is also discarded every year. To solve these two problems, 37 

pyrolysis/gasification of plastics and biomass for H2 production is ideal to provide 38 

energy sustainably at low environment cost.  39 

Plastics is one typical solid waste with considerable discarded annually over the wold. 40 

Normally, plastics is a complicated polymer material with high molecular weight, 41 

which is difficult to be naturally decomposed (Verma et al., 2016). Hence new 42 

technologies to treat waste plastics effectively keep attracting interest of researchers 43 

worldwide. During pyrolysis/gasification process, plastics can be decomposed for H2 44 

production within minutes at high efficiency. However, plastics is easily melted and 45 

stuck on the surface of reactor tube to restrict continuous feed of fresh plastics (Block 46 

et al.,2018). 47 

  Biomass is a renewable energy source, which could realise a carbon neutral process 48 

when being used for energy supply (Yao et al., 2018). It is reported that bioenergy 49 

accounted for two-thirds of primary renewable energy production in 2014 in Europe, 50 

and it will continue remaining a key energy source beyond 2030 (IRENA, 2018). 51 

Biomass is one of the mostly used feedstock for pyrolysis/gasification. In previous 52 

studies, when only biomass was used for pyrolysis/gasification, low H2 production and 53 

high char yield were observed due to the high oxygen content of biomass (Alvarez et.al., 54 

2014). Pyrolysis/gasification of mixture of plastics and biomass for H2 production is an 55 

ideal solution to solve problems of energy security and environmental pollution at the 56 

same time. The advantages of this technology can be summarised from two aspects. 57 
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From feedstock aspect, biomass is renewable resource without worry of depletion (Basu, 58 

2013). Waste plastics is decomposed thoroughly with high efficiency. Co-59 

pyrolysis/gasification of plastics and biomass makes it possible for continuous feed, 60 

and char derived from biomass could promote decomposition of plastics furthermore 61 

(Zhang et al., 2016). From the product aspect, H2 is obtained for energy use, and less 62 

emission is released, alleviating the burden on environment. In addition, compared to 63 

pyrolysis/gasification of only plastics or biomass, higher H2 production and lower 64 

tar/char yields are realised because the high H/C of plastics can compensate the high 65 

oxygen composition of biomass (Block et al.,2018).   66 

  In order to make the most use of synergic effects of plastics and biomass, catalyst is 67 

introduced to promote products distribution and yields (especially for H2) significantly. 68 

Nowadays, the research focus in pyrolysis/gasification of waste plastics and biomass is 69 

to develop new catalyst with high performance.                 70 

1.2 Motivations for this study  71 

  H2 is one of the main gas products from pyrolysis/gasification of plastics and biomass 72 

with various advantages. Firstly, H2 is an ideal energy carrier, whose lower heating 73 

value could reach 12.7 MJ/m3. Secondly, H2 is a clean and renewable energy. 74 

Combustion of H2 only produces water without GHG emissions. Thirdly, H2 has a wide 75 

range of uses and high economic value (Kumar et al., 2009). For example, H2 could be 76 

directly combusted or be used in fuel cell for energy supply. It can also be used for 77 

Fisher-Tropsch synthesis to generate liquid fuels (Al-Rahbi and Williams, 2017). 78 

Utilisation of H2 for energy has a bright future. To evaluate the H2 production, both H2 79 

yield and H2 composition in gas products are important indexes. Improving the H2 80 

production with high H2 yield and composition from pyrolysis/gasification process is 81 

the main driver for this study. 82 

  Catalyst plays a key role in the pyrolysis/gasification process (Kwon et al., 2018). 83 

Nickel is normally used as active core to increase the reaction rate and extent thus 84 

higher gas yields, and it can be attached on various supports such as Al2O3, Co, foam 85 

ceramic and so on (Sikatwar et al., 2017). Due to the specific chemical or physical 86 
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characteristics of different supports, the catalyst could be modified to have different 87 

properties. Finding a new catalyst resulting in better H2 production with high H2 yield 88 

and composition from pyrolysis/gasification of mixture of plastic and biomass is the 89 

first motivation of this study.  90 

  Operating conditions are important to influence the product yields of 91 

pyrolysis/gasification process (Block et al.,2018). Inappropriate operating conditions 92 

could restrict activity of catalyst and reaction extent of reactions, thus decreasing the 93 

product yields. A comprehensive analysis is necessary to find optimal operating 94 

conditions to achieve better product yields, which is the second motivation of this study.       95 

1.3 Aim of this study 96 

  This study aims to develop a new catalyst Ni-CaO-C, and to evaluate its catalytic 97 

activity and CO2 adsorption capability for pyrolysis and gasification of plastics and 98 

biomass. Furthermore, optimal operating conditions (i.e. feedstock ratio, pyrolysis 99 

temperature, reforming temperature and water injection flowrate) under the new Ni-100 

CaO-C catalyst are also investigated.  101 

1.4 Novel contribution of this study  102 

  The novelties of this study include: 103 

 (a) In previous studies, only CaO or activated carbon was used as catalyst or catalyst 104 

support to load Ni (in Table 1). In this study, a new dual-support catalyst Ni-CaO-C 105 

(combining CaO and activated carbon to support Ni as active core) was synthesised for 106 

pyrolysis/gasification of mixture of plastics and biomass.   107 

  From Table 1, all these previous studies are for H2 production. CaO has desired 108 

ability to absorb CO2, which helps to increase the H2 composition effectively. However, 109 

CaO is quite weak to promote gas yields. Activated carbon is active to participate in 110 

most reactions in the reforming stage and it also has perfect pore structure and nice 111 

reduction effects for active core Ni. These characteristics could promote gas yield 112 

(including H2 yield) effectively, but the H2 composition becomes low correspondingly 113 

due to high yields of other gas products (e.g. CO2). So far, there is no study combining 114 

CaO and activated carbon as catalyst support together. In this study, a new dual-support 115 
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catalyst Ni-CaO-C (combining CaO and activated carbon to support Ni as active core) 116 

was synthesised for pyrolysis/gasification of mixture of plastics and biomass. The 117 

synergic effects between Ni, CaO and activated carbon will be investigated to see 118 

whether the H2 production can be improved (with both high H2 yield and composition). 119 

This is the main novelty of this study. 120 

Table 1 Previous studies on different catalysts used in gasification 121 

Publications Catalyst Feedstock(s) Agent Equipment Application 

Hu and 
Huang (2009) CaO 

Wet biomass 

(Pine sawdust) Steam 
One-stage fixed 

bed reactor  

Hydrogen 
production 

Acharya et al. 
(2010) CaO 

Biomass 

(Pine sawdust) Steam 

One-stage fixed 
bed reactor 

(Stainless steel 
cylinder tube) 

Hydrogen 
production 

Wu and 
Williams 
(2010a) 

Ni-Mg-Al-
CaO 

Plastic 
(polypropylene) Steam 

Two-stage fixed 
bed reactor 

Hydrogen 
production 

Kumagai et 
al. (2015) Ni-Mg-Al-Ca 

Biomass and plastic 

(Wood sawdust and 
polypropylene) 

Steam 
Two-stage fixed 

bed reactor 
Hydrogen 
production 

Liu et al. 
(2018) Fe2O3, CaO Microalgae Air One-stage fixed 

bed reactor 
Hydrogen 
production 

Cho et al. 
(2015) 

Ni-C, Fe2O3, 
MgO, Al2O3 

Plastic 

(PVC) Air 
One-stage 

fluidised bed 
reactor 

Hydrogen 
production 

Ren et al. 
(2017) Ni-C 

Biomass volatiles  

(from corn hub 
pyrolysis ) 

Steam 
Two-stage fixed 

bed reactor 
Hydrogen 
production 

  (b) Optimal operating conditions under the new Ni-CaO-C catalyst were also 122 

investigated, which tests the practical performance of new catalyst. A better H2 123 

production was realised eventually. This may inspire further studies by other 124 

researchers in the same field.    125 

2. Materials and methods  126 

2.1 Materials 127 

  Pure low density polyethylene (LDPE) particulates with size smaller than 5 mm were 128 

selected as plastic feedstock (provided by Shenhua Chemical Industry, China). The 129 

biomass used in this study for pyrolysis/gasification is pine sawdust, which was 130 

processed with a filter of 60 mesh. The results of proximate and ultimate analysis of 131 

biomass are shown in Table 2. The ultimate analysis of plastics is shown in Table 3. 132 

Due to pure LDPE used, it is not necessary to perform proximate analysis for the plastic 133 
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feedstock since most components of pure LDPE are volatiles, reaching nearly 99 wt% 134 

(Zhou et al., 2014).  135 

Pure plastics is used in this study because real plastic wastes are complicated in 136 

compositions of different types of plastics. At present, the main task is to examine the 137 

performance of new catalyst, using waste plastics could disturb analysing the properties 138 

of new catalyst. In future, the results of using pure plastics for co-pyrolysis/gasification 139 

could be standard to instruct practical application when treating real plastic waste. 140 

LDPE is one of the most widely used plastics with good representativeness 141 

(Czajczyńska et al., 2017). Pine sawdust is also one of the most widely used biomass 142 

for pyrolysis/gasification in previous studies (Alvarez et al., 2014).   143 

Table 2 Results of proximate and ultimate analysis of biomass (Pine sawdust) 144 

Proximate analysis Ultimate analysis 
Moisture 2.77 wt% C 49.17 wt% 

Fixed carbon 13.91 wt% H 6.36 wt% 
Volatile matter 82.03 wt% O 44.12 wt% 

Ash 1.29 wt% N 0.36 wt% 

Table 3 Results of ultimate analysis of plastics (LDPE) 145 

Ultimate analysis 
C 85.38 wt% 
H 14.62 wt% 
O 0 wt% 
N 0 wt% 

  The other chemicals used in the experiments are shown below:   146 

  Ni(NO3)2.6H2O (provided by Tianjin Yongshen Fine Chemical Ltd., China) is used 147 

to provide nickel content for Ni-CaO-C catalyst. CaO was obtained by calcining 148 

calcium acetate (Provided by Chengdu Kelong Chemical Ltd., China) in muffle furnace 149 

under 850 ºC for 2 hours. Activated carbon was obtained from potassium hydroxide and 150 

petroleum coke using activation method. Ammonia solution (25 wt%) is provided by 151 

Tianjin Tianli Chemical Ltd., China. 152 

2.2 Catalyst preparation  153 

  Appropriate catalyst preparation methods were selected. The performance when 154 

using three different methods (i.e. impregnation method (Yang et.al., 2018), rising pH 155 

method and sol-gel method (Liu and Au, 2002; Zhang et.al., 2007)) was compared, 156 

rising pH method was eventually selected as the catalyst preparation method. Details 157 
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about rising pH method were introduced in Kumagai et al. (2015). The specific amount 158 

(i.e. based on different Ni load) of Ni(NO3)2.6H2O was dissolved in deionized H2O. 159 

NH3.H2O with concentration 1 mol/L was added into the solution for precipitation drop 160 

by drop under 40 ºC and moderate stirring. In the end, pH of the solution should reach 161 

8.3. The transparent solution became turbid after precipitation. After static settlement, 162 

the solution was separated into two layers. The top transparent liquid was removed and 163 

deionized water was added until the total solution was 200 mL. Specific amount of CaO 164 

and activated carbon was added into the solution under moderate stirring. Stirring was 165 

maintained for 12 h for uniform mixture of components. Then the solution was dried at 166 

105 ºC overnight (nearly 10 h) and the precursor was calcined under N2 atmosphere at 167 

750 ºC for 3 h. 168 

2.3 Experimental System  169 

   170 

Figure 1 Two-stage fixed bed pyrolysis/gasification system (Gao et al., 2018) 171 

(1. Nitrogen cylinder, 2. Mass flowmeter, 3. Microinjection pump, 4. Quartz reaction tube and heating 172 

furnaces (Top: pyrolysis stage; Bottom: reforming stage), 5. Quartz crucible, 6. Catalytic layer: 173 

quartz wool + catalyst, 7. Temperature controllers, 8. Condenser pipe, 9. Cooling water and water 174 

pump, 10. Conical flask, 11. Dryer, 12. Gas chromatography (GC) or on-line GC) 175 
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The equipment used for pyrolysis/gasification is a two-stage fixed bed reactor, which 176 

was designed and commissioned at Xi’an Jiaotong University. The central diameter of 177 

each stage of rector is 30 mm, and the height of each stage is 150 mm. From Figure 1, 178 

the feedstock is placed in the upper stage inside a quartz crucible where pyrolysis starts. 179 

The catalyst is fixed in the bottom stage, and reforming reactions as well as cracking 180 

reactions take place when volatiles go through the catalyst layer. Both stages have their 181 

own temperature controllers, which allow separately heating. Water is injected from the 182 

top of the reactor to serve as gasification agent.  183 

  The experiment procedures are described as following: 184 

  (a) 1.0 g of catalyst was put on top of the quartz wool in the bottom stage (i.e. symbol 185 

6 in Figure 1). 0.5 g mixture of LDPE and pine sawdust were well mixed and put in the 186 

quartz crucible (i.e. symbol 5).  187 

  (b) N2 was firstly injected into the system at the flow rate of 60 mL/min for 15 ~ 20 188 

min to ensure a no-oxygen environment (i.e. symbol 2). Then the bottom stage was pre-189 

heated to the specific required temperature with constant heating rate (30 ºC/min) (i.e. 190 

symbol 7 bottom temperature controller).  191 

  (c) After the temperature of bottom stage was kept stable, the upper stage started to 192 

be heated (30 ºC/min) (i.e. symbol 7 upper temperature controller). When the upper 193 

stage temperature reached 100 ºC, the water started to be injected to the system with 194 

specific injection flowrate by switching on the water pump (i.e. symbol 3).  195 

  (d) The ice water-cooling system began to work (i.e. symbol 9), while the product 196 

gases went through drying system (i.e. symbol 11) and started to be collected at the 197 

same time. The whole pyrolysis/gasification experiment could last for 1 hour.  198 

  (e) Depending on the analytical instrument to use, different gases collection methods 199 

were utilised. When a gas chromatography (GC) would be used. Gas collection bag was 200 

connected after the dryer (i.e. symbol 11). After one-hour reaction, the gas collection 201 

stopped and the product gases in gas collection bag were examined by the GC (GC7900, 202 

Tianmei Ltd., China). Alternatively, an on-line gas chromatography (ETG Ltd., Italy) 203 

is sometimes used to measure the dynamic state of outlet gas compositions. The gas 204 
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outlet after dryer (i.e. symbol 11) was directly connected with online analyser and no 205 

gas collection bag was used. Only limited number of catalysts were chosen to 206 

investigate the real-time gas yields situations using on-line gas chromatography.  207 

2.4 Characterisation of catalysts  208 

  Thermogravimetric analysis (TGA) was carried out by a thermogravimetric analyser 209 

(SHIMADZU, Japan) to analyse the coke formation of used catalyst. Nearly 10 mg of 210 

samples was heated at 10 ºC/min under the air atmosphere from room temperature to 211 

800 ºC, and the temperature was kept stable at 800 ºC for 10 mins before decreasing. 212 

X-ray diffraction (XRD) was performed using a Bruker D8 ADVANCE (Bruker Ltd., 213 

Shaanxi, China) to detect the existing chemicals on the fresh and used catalysts. The 214 

change range of 2 theta angle is from 20° to 90°. Scanning electron microscope (SEM) 215 

was used to detect the microstructure of the used catalyst, and energy dispersive X-ray 216 

(EDX) was used to measure the element distribution on used catalyst. The SEM and 217 

EDX analysis were all performed on GeminiSEM 500 (Carl Zeiss Ltd., Shanghai, 218 

China). Brunauer Emmett Teller (BET) analysis was carried to detect the specific 219 

surface area of fresh catalysts using JW-BK200 (JINGWEIGAOBO Ltd., Beijing, 220 

China). Temperature programme reduction (TPR) was performed using a DAS-7000 221 

(Huasi Ltd., Hunan, China) under 3 mol% H2 flow to detect the reducibility of catalyst.  222 

3. Experimental studies of catalyst effectiveness  223 

  In this section, the catalytic activity for H2 production and CO2 absorption capability 224 

of the Ni-CaO-C catalyst are investigated by changing the Ni load and support ratios. 225 

The specific experimental plan is listed in Table 4. It should be noted that the main 226 

objective of this study is to improve H2 production. Thus only results of gas yields and 227 

compositions are provided and the results of other products including tar and char are 228 

ignored.  229 

Table 4 List of experimental studies for catalyst effectiveness 230 

Exp. Number (1) (2) (3) (4) (5) (6) (7) (8) (9) 

Ni load (wt%) 0 10% 10% 5% 10% 15% 20% 10% 10% 

CaO : C 

(weight ratio) 0 10:0 0:10 5:5 5:5 5:5 5:5 3:7 7:3 
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* In Exp. (10), Ni-Al2O3 catalyst was used. Ni load is still 10 wt%, and Al2O3 is used as support, 231 

which is prepared using wet impregnation method.  232 

**For Exp. (1) ~ (10), operating conditions are listed here: feedstock ratio (Biomass:Plastic) 5:5; T 233 

of pyrolysis stage 700 ºC; T of reforming stage 600 ºC; water injection flowrate 5 mL/h. 234 

3.1 Influence of Ni load on catalytic activity 235 

  In gasification, Reactions 1 - 5 take place (Higman and Burgt, 2008). As the active 236 

core, Ni content (Ni/NiO) serves to improve the reaction rates of cracking condensable 237 

volatiles (tar), reforming reactions (Reactions 4 and 5) and other reactions (Reactions 238 

1 – 3). Different loads of Ni in catalyst influence the gas yields. Five different Ni loads 239 

ranging from 0 wt% to 20 wt% were tested to investigate the influence of Ni load on 240 

catalytic activity.    241 

Water – Gas Reaction :   𝐂 + 𝐇𝟐𝐎 ↔ 𝐂𝐎 + 𝐇𝟐               +131 MJ/kmol Reaction 1 242 

Boudouard Reaction :    𝐂 + 𝐂𝐎𝟐  ↔ 𝟐𝐂𝐎                   +172 MJ/kmol Reaction 2 243 

Methanation Reaction :   𝐂 + 𝟐𝐇𝟐  ↔ 𝐂𝐇𝟒                   -75 MJ/kmol  Reaction 3 244 

Water-Gas-Shift Reaction:  𝐂𝐎 + 𝐇𝟐𝐎 ↔ 𝐂𝐎𝟐 +  𝐇𝟐          -41 MJ/kmol  Reaction 4 245 

Steam-Methane-Reforming Reaction: 𝐂𝐇𝟒 + 𝐇𝟐𝐎 ↔ 𝐂𝐎 +  𝟑𝐇𝟐  +206 MJ/kmol Reaction 5 246 

 247 

Figure 2 Gas compositions and yields when changing Ni load from 0 wt% to 20 wt% 248 

(When Ni load from 5 to 20 wt%: with all CaO:C = 5:5, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, 249 
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Reforming T: 600 ºC, Water: 5 mL/h) 250 

*Total gas yield is the sum of H2, CO2, CO and CH4 production. The total gas yield in this article 251 

all refer to this definition.  252 

 In Figure 2, no catalyst is used in Exp. (1) (i.e. 0 wt% Ni load). Under this condition, 253 

H2 composition and yield in gas mixture are only at 35.73 mol% and 3.93 mmol/g 254 

respectively. With introduction of 5 wt% Ni catalyst, H2 composition reaches 85.68 255 

mol%, but the H2 yield is still relatively low at 29.35 mmol/g. The peak of both H2 256 

composition and yield are all achieved at 10 wt% Ni load at about 86.74 mol% and 257 

115.33 mmol/g. Continuous increase of Ni load fails to promote the H2 composition 258 

and yield furthermore.   259 

  The catalytic activity of Ni-CaO-C is demonstrated when comparing results with 260 

catalysts (i.e. Exp. (4) ~ (7)) and without catalysts (i.e. Exp. (1)). It is vital to validate 261 

that Ni-CaO-C catalyst indeed possesses ability to improve gas yields. Increasing trends 262 

of H2 composition and yield could be observed when Ni load increases from 0 wt% to 263 

10 wt%. When 5 wt% Ni catalyst is introduced, a limited promotion is realised. The 264 

probable reason is that 5 wt% Ni cannot reach the lowest active core content 265 

requirement for complete reactions. Insufficient Ni hinders the reaction extent of 266 

relevant reactions, and less H2 is produced due to lower catalytic activity of catalyst. 267 

On the contrary, excessive Ni load also brings about negative influences. 15 wt% and 268 

20 wt% Ni loads have worse performances compared to 10 wt%. A probable 269 

explanation might be that excessive Ni could result in metal agglomeration of active 270 

core with larger particle size and the integrated dispersion degree of Ni also decreases 271 

(Zhao et al., 2015). Consequently, the activity of catalyst could be restricted. 272 

3.2 Influence of CaO:C ratio and support type on catalytic activity and CO2 273 

absorption capability 274 

  In order to investigate the catalytic activity and CO2 absorption capability of new Ni-275 

CaO-C catalyst, experiments with different CaO:C ratios as well as using Al2O3 as 276 

support were performed (i.e. Exp (2), (3), (5), (8), (9) and (10) in Table 4). The H2 277 

compositions and H2 yields were measured as shown in Figure 3.  278 

  When only CaO was used as catalyst support along with 10 wt% Ni load in Exp. (2) 279 

(i.e. CaO:C=10:0). At this condition, H2 composition is 88.89 mol% and CO2 280 
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composition is 2.87 mol%. The total gas yield is at about 37.35 mmol/g with H2 yield 281 

33.20 mmol/g. It could be concluded that introduction of CaO as catalyst support has 282 

good performance to influence the gas compositions due to its CO2 adsorption 283 

capability. Reaction 6 indicates CO2 adsorption process of CaO during 284 

pyrolysis/gasification process.  285 𝐂𝐚𝐎 + 𝐂𝐎𝟐  → 𝐂𝐚𝐂𝐎𝟑   Reaction 6 286 

The generated CO2 is adsorbed by CaO and CO2 composition is alleviated directly, 287 

which elevates compositions of other gases straightforward. Furthermore, reduced CO2 288 

concentration is advantageous to move reaction equilibrium of water-gas-shift (WGS) 289 

reaction (Reaction 4) towards generating more CO2 and H2. With newly generated CO2 290 

being adsorbed by CaO continuously, the composition of H2 can be further increased.  291 

  292 

Figure 3 Gas compositions and yields when changing CaO:C ratios and support type 293 

(For all cases Ni load: 10 wt%, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, Reforming T: 600 ºC, 294 

Water: 5 mL/h) 295 

  When only activated carbon was used as catalyst support in Exp. (3) (i.e. 296 

CaO:C=0:10), the H2 composition is 68.94 mol% and the total gas yield is 222.06 297 

mmol/g with H2 yield 153.09 mmol/g. The H2 yield using activated carbon is nearly 5 298 

times of that only using CaO. Activated carbon is active in reforming stage. It could be 299 
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observed that activated carbon directly takes part in series of reactions (Reaction 1 - 3). 300 

Water-Gas (WG) reaction (Reaction 1) helps to generate more CO and H2, increasing 301 

H2 yield directly. Boudouard reaction (Reaction 2) and methanation reaction (Reaction 302 

3) improve the yields of CO and CH4, which are reactants of WGS reaction and steam-303 

methane-reforming (SMR) reaction. Increasing reactants concentration results in more 304 

product gases including CO2 and H2 due to movement of reaction equilibrium. The 305 

participation of activated carbon in reactions leads to enhancement of H2 yield. In 306 

addition, the internal structure of activated carbon is another key factor influencing the 307 

gas yields. Activated carbon is an ideal catalyst support with abundant pore structure, 308 

providing sufficient specific surface area to load active core Ni and large inner space 309 

for catalytic reactions. Reactions including cracking of heavier molecules and 310 

reforming reactions are promoted effectively.  311 

  Considering characteristics of CaO and activated carbon, it is a good idea to use 312 

mixture of CaO and activated carbon as catalyst support. Under the same Ni load (i.e. 313 

10 wt%), three different ratios of CaO:C including 7:3, 5:5 and 3:7 (Exp. (9), (5) and 314 

(8)) were investigated. In Figure 3, the H2 compositions for different CaO:C ratios 7:3, 315 

5:5 and 3:7 are 84.41 mol%, 86.74 mol% and 79.88 mol%. The H2 yields are 84.56 316 

mmol/g, 115.33 mmol/g and 105.92 mmol/g respectively. Relatively high H2 317 

composition and yield are observed due to synergistic effect of two supports and active 318 

core. The specific mechanism of synergic effects will be discussed in section 3.3.  319 

  As one of the most commonly used catalysts for pyrolysis/gasification, Ni-Al2O3 is 320 

selected for comparison. In Exp. (10), Ni-Al2O3 was used as catalyst with 10 wt% Ni 321 

load and Al2O3 support. The H2 composition and H2 yield are 39.09 mol% and 9.17 322 

mmol/g. In another study using catalyst Ni-Al2O3 for co-pyrolysis/gasification of 323 

plastics (PP) and biomass (pine sawdust) (Alvarez et al., 2014), the highest H2 324 

composition and yield are at 52.10 mol% and 27.27 mmol/g when the reforming 325 

temperature is 800 ºC. Compared to the results using dual-support catalyst Ni-CaO-C, 326 

both H2 composition and yield of Ni-Al2O3 in this study and in the study of Alvarez et 327 

al. (2014) are much lower. The advantages of new Ni-CaO-C catalyst are very obvious.  328 
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3.3 Mechanism of synergic effects of Ni-CaO-C catalyst 329 

  To summarise the specific function of different components in the catalyst Ni-CaO-330 

C. Figure 4 is used to describe the synergetic effects of Ni-CaO-C on improving H2 331 

composition and yield. When volatiles from pyrolysis stage enter reforming stage, 332 

Ni/NiO (as the active core) serves to accelerate the reaction rates of different reactions 333 

by reducing activation energy, the total gas yields are promoted. At the same time, two 334 

supports also function to change the gas products distribution and yields according to 335 

their own properties. On one hand, activated carbon increases the total gas yield 336 

(including H2 and CO2 yields) due to its active participation in reactions in reforming 337 

stage and better pore structure. On the other hand, CaO is good at improving H2 338 

composition effectively. Generated CO2 (under functions of Ni/NiO and activated 339 

carbon) is adsorbed when contacting with CaO, resulting in an increasing H2 340 

composition directly and promotion of WGS reaction (i.e. more H2 generated). In 341 

addition, all the reactions occurring in reforming stage influence each other. The 342 

product for one reaction could be the reactant for another reaction and a dynamic 343 

equilibrium could be achieved with an overall trend to obtain a higher H2 production. 344 

In summary, all the factors above work together to promote the H2 composition and 345 

yield, demonstrating the catalytic activity and CO2 adsorption capability of the dual–346 

support catalyst Ni-CaO-C.  347 

 348 

Figure 4 Mechanism of Ni-CaO-C during pyrolysis/gasification of plastic and biomass (adapt 349 

from Kumagai et al., 2015) 350 
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3.4 Real time experimental tests with on-line GC analysis  351 

 Three different catalysts including Ni-CaO, Ni-C and Ni-CaO-C (CaO:C=5:5) were 352 

selected (i.e. Exp. (2), Exp. (3) and Exp. (5)) for real time experiments using on-line 353 

GC analysis. The purpose is to compare the performance (i.e. H2 production and CO2 354 

adsorption) of catalysts with different supports in real time. The outlet compositions of 355 

H2 and CO2 under three catalysts were recorded by the instrument within 1 hour and 356 

are presented in Figure 5. The outlet compositions of other gases including CO, CH4 357 

and N2 are neglected in Figure 5 in order to give a clearer interpretation.    358 

  According to Figure 5, when Ni-CaO is ued (Exp. (2)), the H2 composition starts to 359 

increase with obvious trend at about 1001 s (17 mins) and reaches peak at about 1201 360 

s (20 mins) at 36 mol%. Then the H2 composition decreases rapidly to 7 mol% at 1601 361 

s (27 mins). The H2 composition continues decreasing until the end of experiment, 362 

which is only 2 mol% eventually. The CO2 composition keeps at a low level from 0 363 

mol% to 2 mol% throughout one-hour experiment time. As analysed before in section 364 

3.2, Ni-CaO has very good CO2 adsorption capability, which is consistent with the 365 

curve of CO2 composition in Figure 5.  366 

Figure 5 Result of on-line GC analysis 367 

(For all the catalysts: Ni load: 10 wt%, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, Reforming T: 368 

600 ºC, Water: 5 mL/h) 369 
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  As for the curves of Ni-CaO-C (Exp. (5)), the H2 composition begins to rise to 5 mol% 370 

since 601 s (10 mins), followed by a short time flat trend. Then H2 composition 371 

increases sharply until the highest value 44 mol% at 1151 s (19 mins). At the end of the 372 

experiment, the H2 composition stops at nearly 5 mol%. For CO2, before 1001 s (17 373 

mins), nearly no CO2 is detected due to adsorption. A slight increase of CO2 occurs due 374 

to promotion of relevant reactions generating CO2 after 1001s (17 mins). Another 375 

obvious flat trend of CO2 composition could be observed from 1101 s to 1401 s. This 376 

flat trend implies that a dynamic equilibrium is achieved between the CO2 adsorption 377 

and CO2 generation from reactions in reforming stage. Later, CO2 generation gradually 378 

exceeds CO2 adsorption by CaO. This may be because CaO is saturated. The CO2 379 

composition starts to increase slightly.  380 

  A great increase of H2 composition occurs very early from 601 s (10 mins) when Ni-381 

C (Exp. (3)) was used. The highest H2 composition is 34 mol% and the H2 composition 382 

keeps at a high level (over 30 mol%) for a long duration from 1101 s (19 mins) to 1901 383 

s (32 mins). Even at the end of experiment, the H2 composition is still nearly 10 mol%, 384 

which is the highest end composition among three catalysts. The CO2 composition 385 

increases to a high level 15 mol% quickly at about 1001s (17 mins) and gradually 386 

decreases with a very slow pace until the experiment end. It could be observed that both 387 

H2 and CO2 compositions keep at high levels and last for long duration, demonstrating 388 

the good catalytic activity of Ni-C.      389 

  To compare the experiment results when using three different catalysts, the following 390 

findings are summarised:  391 

(1) The peak H2 composition comes the first when using the Ni-C catalyst, while the 392 

peak H2 composition comes the last when using Ni-CaO catalyst. This phenomenon 393 

can be explained as the following: compared to activated carbon, the lack of 394 

catalytic activity of CaO results in low reaction rates, which delays the progress of 395 

H2 generation reactions (e.g. reforming reactions). 396 

(2) The case using Ni-CaO catalyst has the lowest CO2 composition and the case using 397 

Ni-C catalyst has the highest CO2 composition throughout the experiment. The 398 
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experiment results are consistent with the average CO2 composition obtained from 399 

GC in section 3.2 as shown in bottom panel of Figure 3.   400 

(3) The highest H2 composition is achieved when using Ni-CaO-C among three 401 

catalysts. This peak may be due to the synergetic effect of activated carbon and CaO 402 

as discussed in section 3.3.  403 

(4) The catalyst Ni-C has the longest time to promote reactions and the largest area 404 

under the curve of H2 composition which represents the H2 yields. On the contrary, 405 

Ni-CaO has the shortest time to promote reactions and the smallest area under the 406 

curve of H2 composition.   407 

(5) The catalyst Ni-CaO-C combines the characteristics of Ni-CaO and Ni-C at the 408 

same time. A trade-off is achieved appropriately between promoting H2 409 

composition and yield as a result.          410 

4. Life time analysis of catalyst Ni-CaO-C and catalyst regeneration 411 

4.1 Life time analysis   412 

  The life time analysis was carried out in the same reactor (see Figure 6) to examine 413 

the continuous operation time for catalyst with a high catalytic performance. This is a 414 

method to assess the stability of catalyst. 1.0 g catalyst Ni-CaO-C (Ni 10 wt% and 415 

CaO:C=5:5) with 0.5 g feedstock (Biomass:Plastic = 5:5) were selected for analysis. 416 

The operating procedures are the same as those introduced in section 2.3. For each cycle, 417 

after feedstock was totally consumed, the reactor was cooled down. N2 was kept 418 

injecting into reactor to prevent oxidation of catalyst in bottom stage. Until the reactor 419 

reached room temperature, new feedstock (0.5 g) was replaced at top stage again in 420 

order to start a new cycle. The H2 yield was measured and shown in Figure 6.  421 
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 422 

Figure 6 Results of life time analysis  423 

(with Ni load: 10 wt%, CaO:C=5:5, Biomass:Plastic =5:5, Pyrolysis T: 700 ºC, Reforming T: 600 424 

ºC, Water: 5 mL/h) 425 

  In Figure 6, it can be observed that the H2 yield is nearly stable at the average value 426 

of 115 mmol/g before 12 h experiment. The stability of Ni-CaO-C is acceptable, which 427 

can be continuously operated for 12 h with relatively high H2 yield. After 12 h, the H2 428 

yield starts to decrease sharply. With experiment time increase, coke is generated and 429 

deposits on the catalyst surface to decrease the catalytic activity. In addition to coke, 430 

generated tar is another important factor causing catalyst deactivation (Cortazar et al., 431 

2018; Lopez et al., 2018). A high stability could help to decrease the frequency of 432 

catalyst regeneration, which is important for industrial application to decrease the 433 

operation cost.  434 

4.2 Regeneration of used catalyst   435 

Generally, used catalysts need to be regenerated due to low activity. In the papers of 436 

Clough et al. (2018) and Baidya and Cattolica (2015), Ni-CaO and Ni-CaO-Fe catalysts 437 

were used respectively. They performed regeneration by calcining the used catalysts 438 

under high temperature with air. The regenerated catalysts all have relatively high 439 

activity. From the results presented in Figures 8 (a) and (b), it is suggested to burn used 440 

Ni-CaO-C catalyst at least over 800 ºC. This is to ensure completed combustion of both 441 

deposited coke and activated carbon, and also entire conversion of CaCO3 into CaO. 442 

The regenerated catalyst can be used in two forms: (1) It can be directly used as Ni-443 
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CaO catalyst for pyrolysis/gasification. (2) It can be used as the precursor for 444 

preparation of new Ni-CaO-C catalyst by introducing activated carbon through 445 

impregnation method. In addition, the activated carbon can also be substituted by other 446 

carbon material such as biochar, which is much cheaper. This is our future direction to 447 

improve the catalyst furthermore.  448 

  Energy balance calculation is also performed for the process of catalyst regeneration. 449 

In order to simplify the calculation, some assumptions were made: (1) Assuming 1 g of 450 

used catalyst (i.e. Ni-CaO-C, Ni 10 wt%; CaO:C=5:5) is used for regeneration after 451 

Exp. (5). The used catalyst is calcined under 800 ºC with air; (2) Assuming all the NiO 452 

in used catalyst is totally reduced into Ni during pyrolysis/gasification; (3) Assuming 453 

only CaCO3 exists in used catalyst (no CaO exists); (4) Assuming the coke deposit on 454 

the used catalyst surface is carbon, which is calculated with activated carbon together. 455 

The coke deposit ratio is assumed to be the same as the one (i.e. 0.53 wt%) in section 456 

5.1; (5) Assuming all the chemical reactions are completed at their specific reaction 457 

temperatures. The calculation results are shown in Figure 7. The whole catalyst 458 

regeneration is a heat release process (releasing around 12,497 J when regenerating 1 g 459 

of used catalyst) due to combustion of activated carbon and deposited coke. This 460 

implies that a heat recovery process is necessary for catalyst regeneration process in 461 

practical application. The heat recovered from catalyst regeneration could be reused for 462 

other steps such as heating the feedstocks in reactors to maintain pyrolysis/gasification 463 

process. It should be noted that this energy balance calculation is simplified under the 464 

assumptions made above.    465 

 466 
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Figure 7 Results of energy balance calculation for catalyst regeneration    467 

5. Characterisation of catalysts  468 

  In this study, TGA was carried out on used catalysts to detect the coke formation. 469 

XRD analysis was used to detect the specific chemicals on the surface of both fresh and 470 

used catalysts. SEM and EDX analysis were used to investigate the microstructure and 471 

element distribution on the surface of used catalysts. TPR analysis was used to detect 472 

the reducibility of fresh catalysts. Results from these characterisation analyses can help 473 

to explain the previous experimental results in sections 3. 474 

5.1 TGA of used catalyst  475 

  In section 3.2, the influence of support ratio in catalyst was investigated. The used 476 

catalysts from Exp. (2), (3), (5), (8) and (9) were selected for TGA.    477 

  From Figure 8(a), with activated carbon content increase in the catalyst, the eventual 478 

weight ratio decreases. This is because that TG analysis was carried out under air. 479 

Activated carbon and coke were combusted. The more carbon the catalyst contains, the 480 

less weight the catalyst preserves after combustion. 481 

  For the catalyst Ni-CaO, two obvious weight loss stages can be observed at about 482 

420 ºC and 620 ºC respectively. This is consistent with the observations from Wu et al. 483 

(2013). In Wu et al. (2013), two oxidation stages starting at 410 ºC and 600 ºC were 484 
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observed. According to their explanation, two kinds of carbon were generated and 485 

deposited on the catalyst as coke. Amorphous carbon was firstly combusted from 410 486 

ºC and then filamentous carbon was combusted at higher temperature from 600 ºC. For 487 

the catalyst with dual-support, similar trends with two weight loss stages were observed. 488 

For catalyst Ni-C, only one weight loss stage was observed. This might be due to the 489 

activated carbon and the coke generated burn at the same temperature range. 490 

 491 

Figure 8 Results of TG analysis of used catalysts (a) Weight ratio (b) Derivative weight  492 

(Foe all the cases: Ni load: 10 wt%, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, Reforming T: 600 493 

ºC, Water: 5 mL/h) 494 

  From Figure 8(b), derivative weight is the derivation of weight ratio in Figure 8(a), 495 

which can be used to reflect the weight loss peak of coke on catalyst surface. Except 496 

for Ni-C, the other catalysts all have two weight loss peaks. The weight loss peak of 497 

amorphous carbon of Ni-CaO occurs at the lowest temperature. The introduction of 498 

activated carbon increases the combustion temperature of amorphous carbon. Therefore, 499 

the combustion temperature for the coke deposited on the catalyst Ni-CaO-C surface 500 

will be higher. This may be one disadvantage of the Ni-CaO-C catalyst.  501 

  Coke deposit ratio is calculated based on the initial weight of used catalyst for TGA 502 
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to reflect extent of coke deposit. Due to existence of activated carbon in double-support 503 

catalysts, it is hard to distinguish the specific weight loss of activated carbon and coke 504 

from Figure 8. Therefore, weight loss ratios of fresh Ni-CaO-C (CaO:C including 3:7, 505 

5:5 and 7:3) catalysts were also measured through TGA when there is no coke 506 

depositing on the catalyst. Then, specific coke deposit ratios were calculated using the 507 

weight loss ratio of used catalyst to minus the weight loss ratio of fresh catalyst. The 508 

coke deposit ratios for Ni-CaO-C (CaO:C=3:7), Ni-CaO-C (CaO:C=5:5) and Ni-CaO-509 

C (CaO:C=7:3) are 5.50 wt%, 0.53 wt% and 0.32 wt% respectively.  510 

5.2 XRD analysis of fresh and used catalysts 511 

  XRD analysis was applied for three different kinds of catalysts including Ni-CaO, 512 

Ni-CaO-C (Ni 10 wt% and CaO:C=5:5) and Ni-C. Both fresh and used catalysts were 513 

tested. The used catalysts were from three experiments (i.e. Exp. (2), Exp. (3) and Exp. 514 

(5)). 515 

5.2.1 Ni-CaO  516 

 517 

Figure 9. Results of XRD analysis (◆Ca(OH)2, ☆NiO, ■CaO, ○CaCO3, ▲Ni) 518 

(For both cases: Ni load: 10 wt%, CaO:C = 10:0, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, 519 

Reforming T: 600 ºC, Water: 5 mL/h) 520 

  From top panel of Figure 9, Ca(OH)2, CaO and NiO exist in the fresh catalyst. CaO 521 
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and NiO serve as catalyst support and active core respectively. Ca(OH)2 is formed 522 

because CaO is sensitive to adsorb moisture in atmosphere. During experiments, the 523 

pre-heating process of reforming stage enables the conversion of Ca(OH)2 into CaO. 524 

Ca(OH)2 is decomposed to generate CaO and H2O between 520 – 580 ºC (see Reaction 525 

7).  526 𝐂𝐚(𝐎𝐇)𝟐  → 𝐂𝐚𝐎 + 𝐇𝟐𝐎    Reaction 7 527 

  From bottom panel of Figure 9, in comparison with top panel, Ni and CaCO3 only 528 

appear on the used Ni-CaO catalyst. Other components Ca(OH)2, CaO and NiO are also 529 

detected on used Ni-CaO catalyst, same as in fresh catalyst. Ca(OH)2 might be formed 530 

after experiments during equipment cooling or following catalyst characterisation. 531 

CaCO3 is formed from CaO after adsorbing CO2 (Reaction 6). It should be noted that 532 

the CaCO3 in the used catalyst indicates the CO2 adsorption capability of CaO in 533 

catalyst. This is consistent with the low CO2 composition when using Ni-CaO catalyst 534 

in Figures 3 (bottom panel) and 5 in section 3. In addition, NiO exists in both fresh and 535 

used Ni-CaO catalysts to serve as the active core and NiO is only reduced to form Ni 536 

during pyrolysis/gasification process when contacting H2.  537 

5.2.2 Ni-CaO-C  538 

 539 

Figure 10. Results of XRD analysis (◆Ca(OH)2, ☆NiO, ■CaO, ○CaCO3, ▲Ni) 540 

(For two cases: Ni load: 10 wt%, CaO:C = 5:5, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, 541 

Reforming T: 600 ºC, Water: 5 mL/h) 542 
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From top panel of Figure 10, Ca(OH)2, CaO, NiO and Ni exist in the fresh Ni-CaO-543 

C catalyst. Because of the reduction ability of activated carbon, some NiO could be 544 

reduced to form Ni during catalyst calcination process under high temperature. 545 

Ca(OH)2, CaO, NiO, Ni and CaCO3 exist in the used Ni-CaO-C catalyst. Similarly, the 546 

existence of CaCO3 is only observed in used catalyst, which demonstrates the CO2 547 

adsorption capability of CaO in the catalyst Ni-CaO-C.  548 

  In comparison between the XRD results of fresh Ni-CaO (Figure 9) and Ni-CaO-C 549 

(Figure 10) catalysts, Ni only exists in fresh Ni-CaO-C catalyst. No activated carbon is 550 

comprised in Ni-CaO, thus no reduction ability could be offered to reduce NiO during 551 

catalyst calcination. Ni has better catalytic activity than NiO. Consequently, besides 552 

better pore structure and active in reforming stage, another advantage of activated 553 

carbon is reduction of NiO to Ni to promote H2 yield. This is consistent with the results 554 

of H2 yield in previous experimental studies (i.e. Exp. (2) and (5)), the H2 yield using 555 

Ni-CaO is much lower than that of Ni-CaO-C in Figure 3 in section 3.2.  556 

5.2.3 Ni-C 557 

 558 

Figure 11 Results of XRD analysis (☆NiO, ▲Ni) 559 

(For two cases: Ni load: 10 wt%, CaO:C = 0:10, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, 560 

Reforming T: 600 ºC, Water: 5 mL/h) 561 
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  From Figure 11, only Ni and NiO are detected in both used and fresh Ni-C catalysts. 562 

NiO is also reduced to generate Ni during catalyst calcination process. Compared to 563 

fresh Ni-CaO-C catalyst (top panel in Figure 10), the highest Ni intensity at 45 degrees 564 

on fresh Ni-C catalyst is higher, which means a better crystallinity degree and formation 565 

trend of Ni particle (Hu et al., 2009). This may be due to the higher content of activated 566 

content in Ni-C catalyst, enabling a better reduction of NiO during catalyst calcination. 567 

As a result, catalyst Ni-C possesses better catalytic activity. This is consistent with the 568 

results in Figure 3 in section 3.2 that using Ni-C (Exp. (2)) has the highest total gas 569 

yield and H2 yield.  570 

5.3 SEM analysis of used catalyst and BET analysis of fresh catalyst 571 

  Fresh catalysts Ni-CaO, Ni-CaO-C (CaO:C=5:5) and Ni-C were selected for BET 572 

analysis to detect the specific surface area. The specific results of BET analysis are 573 

shown in Table 5.  574 

Table 5 Results of BET analysis  575 

Catalysts 
Specific surface area 

(m2/g) 
Total pore volume  

(cm3/g) 

Ni-CaO 7.632 0.172 

Ni-CaO-C 542.565 0.306 

Ni-C 1365.448 0.619 

  From Table 5, it can be observed that Ni-CaO has the lowest specific surface area 576 

and total pore volume among three catalysts. Ni-C has the highest specific surface area 577 

and total pore volume. This is resulted from the better porous structure of activated 578 

carbon compared to CaO.    579 

  The used catalysts for SEM analysis come from experimental studies in section 3.2. 580 

Catalysts from Exp. (2), (3), (5), (8) and (9) were selected. All the figures (Figure 12) 581 

from SEM analysis were obtained with the same magnification (50.00 k x).  582 

From Figure 12 (a), when only CaO is used as support in catalyst, layer structure is 583 

dominant, which is guessed to be CaO or coke deposited on the catalyst surface. When 584 

CaO is 70 wt% of the catalyst support, the pore structure is still not obvious in Figure 585 

12 (b). With CaO content decrease and activated carbon content increase in catalyst,  586 
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 587 

Figure 12 Results of SEM analysis  588 

(Fall all the cases: Ni load: 10 wt%, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, Reforming T: 600 589 

ºC, Water: 5 mL/h)  590 

pore structure is observed more obviously in Ni-CaO-C (CaO:C=5:5) in Figure 12 (c). 591 

Eventually, when activated carbon is dominant in Figure 12 (d) and 12 (e), abundant 592 

pore structures are provided.  593 
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In summary, with activated carbon content increase in catalyst, better pore structure 594 

is provided, which increases the specific area of catalyst. Consequently, the cracking 595 

reactions as well as reforming reactions can be promoted. The results in Table 5 and 596 

Figure 12 are consistent with the results in Figure 3 in section3.2.  597 

5.4 EDX analysis of used catalyst  598 

 Only the catalyst of Exp. (5) was used for EDX analysis. The EDX results of used 599 

catalyst Ni-CaO-C (CaO:C=5:5) are shown in Figure 13. In Figure 13, relatively 600 

uniform distribution of four kinds of elements can be observed on the catalyst surface. 601 

On one hand, this proves the perfect distribution of active core Ni on the two supports. 602 

On the other hand, the two kinds of supports (i.e. CaO and activated carbon) seem to 603 

be well mixed. C is relatively more accumulated at the right side of catalyst. 604 

Correspondingly, less Ni is observed at the same area. Coke is predicted to be deposited 605 

in this area, which results in a higher content of C.     606 
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 607 

Figure 13 Results of EDX analysis 608 

(Ni load: 10 wt%, CaO:C = 5:5, Biomass:Plastic = 5:5, Pyrolysis T: 700 ºC, Reforming T: 600 ºC, 609 

Water: 5 mL/h) 610 

5.5 TPR analysis of fresh catalyst  611 

  The fresh catalysts used in TPR analysis come from experimental studies in section 612 

3.2. Catalysts from Exp. (2), (3), (5), (8) and (9) were selected. 613 
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 614 

Figure 14 Results of TPR analysis 615 

(For all the cases: Ni load: 10 wt%, Biomass:Plastic (weight ratio) =5:5, Pyrolysis T: 700 ºC, 616 

Reforming T: 600 ºC, Water: 5 mL/h) 617 

  From Figure 14, for Ni-CaO and Ni-CaO-C (CaO:C=7:3), they both have two 618 

obvious H2 consumption peaks due to the different crystalline phase structures of NiO 619 

on the catalyst surface. The higher peaks occur in 600 – 700 ºC, which represents the 620 

main reduction process of majority of NiO on catalysts. For Ni-CaO-C (CaO:C=5:5) 621 

and Ni-CaO-C (CaO:C=3:7), only one obvious peak can be observed in 600 – 700 ºC. 622 

For Ni-C, no obvious peak is observed in 600 – 700 ºC. To analyse the H2 consumption 623 

of different catalysts in 600 – 700 ºC, Ni-CaO has the highest H2 consumption. With 624 

activated carbon content increase in the catalyst, the H2 consumption keeps decreasing.  625 

The less H2 consumption represents that more NiO in fresh catalysts has already been 626 

converted into Ni. It is because that activated carbon itself has reduction ability. During 627 

the catalyst calcination process, activated carbon can reduce NiO to form Ni. This is 628 

consistent with the results of XRD analysis in section 5.2. In section 5.2, Ni is only 629 

observed in the fresh catalysts Ni-CaO-C and Ni-C and no Ni is observed in fresh Ni-630 

CaO.    631 
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6. Experimental studies on optimal operating conditions when using the catalyst 632 

Ni-CaO-C (Ni 10 wt%, CaO:C=5:5)  633 

  In this section, 8 different experiments (as listed in Table 6) were carried out to find 634 

optimal operating conditions. Optimal operating conditions (i.e. feedstock ratios, 635 

pyrolysis temperature, reforming temperature and water injection flowrate) are defined 636 

as a combination of the following:  637 

(1) A higher H2 yield is selected when the H2 composition in the products is higher than 638 

80 mol%.  639 

(2) The lower operation costs the better, this implies lower operating temperature and 640 

lower water injection flowrate  641 

Table 6 List of experiments for optimal operating conditions 642 

Exp.Number (11) (12) (13) (14) (15) (16) (17) (18) 
Feedstock ratio 

Biomass:Plastic (weight ratio) 3:7 7:3 5:5 5:5 5:5 5:5 5:5 5:5 

T of pyrolysis 
stage(ºC) 700 700 600 800 700 700 700 700 

T of reforming 
stage(ºC) 600 600 600 600 500 700 600 600 

Water injection 
flowrate (mL/h) 5 5 5 5 5 5 1 10 

    643 

6.1 Influence of feedstock ratio on H2 composition and yield  644 

  The results presented in Figure 15 were from Exp. (5), Exp. (11) and Exp. (12). From 645 

Figure 15, when 30 wt% plastics is used in feedstock, the H2 composition is 70.34 mol%. 646 

With more plastics is introduced in feedstock (i.e. 50 wt% and 70 wt%), the H2 647 

compositions also increase to 86.74 mol% and 91.42 mol%. It can be concluded that 648 

higher plastic content in feedstock results in higher H2 composition. According to 649 

Alvarez et al. (2014), plastics is rich in H content, which results in a higher H/C molar 650 

ratio than that of biomass. The abundant H element in plastics provides more H donors 651 

for H2 formation. Thus more hydrogen is generated and the concentration of H2 elevates. 652 
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 653 

Figure 15 Gas compositions and yields changing with feedstock ratio  654 

(For all 3 cases: Ni load: 10 wt%, CaO:C = 5:5, Pyrolysis T: 700 ºC, Reforming T: 600 ºC, Water: 655 

5 mL/h) 656 

    As for H2 yield, when the plastic content increases from 30 wt% to 50 wt%, the 657 

H2 yield increases from 102.52 mmol/g to 115.33 mmol/g. However, further increasing 658 

plastic content (70 wt%) results in reduction of H2 yield to 66.89 mmol/g. A similar 659 

trend about decreasing H2 yield with higher plastic content over 70 wt% could be found 660 

in the study of Ahmed et al. (2011). A probable explanation might be due to the 661 

synergetic effect of biomass and plastics. The H donors from plastic not only form H2, 662 

but also react with radicals from biomass. The reactions between H donors and radicals 663 

promote cracking of complicated components (e.g. aromatics) from biomass (Burra and 664 

Gupta, 2018), releasing more simple hydrocarbons (e.g. lighter hydrocarbons such as 665 

CH4 and C2~C3) and CO (Abdelouahed et al., 2012). As another source of H element, 666 

H2O will further react with the generated lighter hydrocarbons and CO through 667 

reforming reactions to produce more H2. If the plastic content is too high in the 668 

feedstock mixture, insufficient radials are offered to generate less hydrocarbons and CO 669 

due to lack of biomass, resulting in restrictions of cracking and reforming reactions. As 670 

a result, the H2 yield decreases at a higher plastic content in feedstock. 671 
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6.2 Influence of pyrolysis/reforming temperature  672 

  Previous studies indicated that temperature is an important factor to influence the 673 

product yields (Pinto et al., 2003; Brachi et al., 2014). In those two studies, 674 

pyrolysis/gasification take place at the fixed bed reactor or fluidised reactor. For two-675 

stage fixed bed reactor used in this study, it is even more convenient to implement 676 

separate temperature control of pyrolysis and reforming stages, which enables to 677 

investigate the specific influences of temperature at different stages clearly.678 

 679 

Figure 16 Gas compositions and yields changing with pyrolysis temperature  680 

(For all 3 cases: Ni load: 10 wt%, CaO:C = 5:5, Biomass:Plastic=5:5, Reforming T: 600 ºC, 681 

Water: 5 mL/h) 682 

  The results presented in Figure 16 were from Exp. (5), Exp. (13) and Exp. (14). From 683 

Figure 16, the compositions of four main gas products do not change significantly when 684 

pyrolysis temperature increases from 600 ºC to 800 ºC. Pyrolysis is a kind of 685 

decomposition process and no complicated reactions (like reforming reactions) take 686 

place in this stage to influence eventual gas compositions. Consequently, the gas 687 

compositions under different temperatures do not change much. 688 

  The H2 yield firstly goes up from 79.14 mmol/g at 600 ºC to 115.33 mmol/g at 700 689 

ºC, and then decreases to 109.79 mmol/g when temperature rises to 800 ºC. Pyrolysis 690 

is endothermic, which is beneficial under a higher temperature. A better decomposition 691 
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extent of feedstock is advantageous to provide sufficient reactants for the bottom 692 

reforming stage. That is the reason why the H2 yield is higher in higher temperatures 693 

(600 ºC and 700 ºC) compared to 500 ºC.  694 

 695 

Figure 17 Gas compositions and yields changing with reforming temperature 696 

(For all 3 cases: Ni load: 10 wt%, CaO:C = 5:5, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, Water: 697 

5 mL/h) 698 

  The results presented in Figure 17 were from Exp. (5), Exp. (15) and Exp. (16). From 699 

Figure 17, when the reforming temperature is 500 ºC, the H2 composition and yield are 700 

63.19 mol% and 13.30 mmol/g. With reforming temperature increase to 600 ºC, both 701 

H2 composition and yield experience dramatic enhancement, which are 86.74 mol% 702 

and 115.33 mmol/g. Further increase of temperature to 700 ºC results in 88.62 mol% of 703 

H2 composition and 120.67 mmol/g of H2 yield.  704 

  Both H2 composition and yield benefit from higher reforming temperature, which is 705 

consistent with previous studies (Wu and Williams, 2010b; Pinto et al., 2002). 500 ºC 706 

is not an appropriate temperature for normal function of Ni-CaO-C catalyst. The low 707 

temperature of reforming stage restricts the activity of Ni-CaO-C catalyst since both 708 

WG reaction (Reaction 1) and SMR reaction (Reaction 5) are endothermic reactions. 709 

Higher temperatures (i.e. 600 ºC and 700 ºC) tend to move the reaction equilibrium 710 

towards generating more H2. Thus increasing H2 composition and yield are achieved 711 
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under higher temperature. In addition, SMR reaction consumes CH4 to produce H2. This 712 

is consistent with the CH4 composition changes in Figure 17, which keeps decreasing 713 

along with increase of temperature and H2 composition. However, compared to the 714 

increase between low temperature interval (i.e. from 500 ºC to 600 ºC), the promotion 715 

effects under higher temperature (i.e. from 600 ºC to 700 ºC) is very limited. This might 716 

be attributed to the restriction of WGS reaction (Reaction 4). WGS reaction is an 717 

exothermic reaction and a higher temperature moves the reaction equilibrium towards 718 

generating less H2. That is the reason why less promotion effect is observed at much 719 

higher temperature.  720 

6.3 Influence of water injection flowrate   721 

 722 

Figure 18 Gas compositions and yields changing with water injection flowrate  723 

(For all 3 cases: Ni load: 10 wt%, CaO:C = 5:5, Biomass:Plastic=5:5, Pyrolysis T: 700 ºC, 724 

Reforming T: 600 ºC) 725 

  The results presented in Figure 18 were from Exp. (5), Exp. (17) and Exp. (18). From 726 

Figure 18, when the water injection flowrate is 1 mL/h, H2 composition is 87.65 mol%. 727 

Further increase of flowrate to 5 and 10 mL/h has slight influences on the H2 728 

composition, which are 86.74 and 84.99 mol%. In general, increase of water injection 729 

has negligible effect to change gas compositions. This is consistent with the results of 730 
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Pinto et al. (2002).  731 

  The H2 yield is 79.67 mmol/g when 1 mL/h water is injected. Higher H2 yield is 732 

realised at 115.33 mmol/g with 5 mL/h water injection. Further increase of water to 10 733 

mL/h decreases the H2 yield to 96.87 mmol/g. Compared to H2 composition, the H2 734 

yield has more obvious changes. An increasing trend of H2 yield is firstly observed in 735 

the range of 1 mL/h to 5 mL/h water injection. It is because that introduction of more 736 

water is advantageous to WGS reaction (Reaction 4), whose equilibrium moves toward 737 

generating more H2. However, a further increase of water injection hinders the H2 yield. 738 

Li et al. (2012) once used steam gasification technology to treat MSW (including 739 

mixture of biomass and plastics) and Acharya et al. (2010) investigated steam 740 

gasification of biomass for H2 production in the presence of CaO. In their studies, 741 

higher water injection leads to H2 yield decreasing. A probable explanation could be 742 

that the excessive water in the system may absorb considerable heat inside the reactor. 743 

This hinders normal decomposition of feedstock in the pyrolysis stage and restricts 744 

smooth progress of some reactions in the reforming stage (Li et al., 2012). Consequently, 745 

a lower total gas yield including H2 is obtained under an excessively higher water 746 

flowrate.     747 

6.4 Summary of optimal operating conditions  748 

  Through these experiments using the newly synthesised catalyst Ni-CaO-C (Ni 10 749 

wt% CaO:C=5:5, the optimal operating conditions are found to be:    750 

(1) Feedstock ratio (i.e. biomass: plastic 5:5), pyrolysis temperature 700 ºC and water 751 

injection flowrate 5 mL/h are selected due to high H2 composition (over 80 mol%) and 752 

the highest H2 yield in the product stream.  753 

(2) Reforming temperature 600 ºC: Although the H2 composition and yield of 700 ºC 754 

are higher than that of 600 ºC, the differences are very small. Considering the practical 755 

operation cost under high temperature, 600 ºC is selected as the optimal operating 756 

condition.       757 

  Under the optimal operating conditions, the H2 composition and yield are 86.74 mol% 758 

and 115.33 mmol/g respectively as shown in Figure 3. 759 
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7. Conclusions  760 

In this paper, a new catalyst Ni-CaO-C was developed for pyrolysis/gasification of 761 

of plastics (i.e. LDPE) and pine sawdust for H2 production.   Ni load and support ratio 762 

(i.e. CaO:C) were changed during pyrolysis/gasification experiments using a 2-stage 763 

fixed bed reactors in order to explore catalytic activity and CO2 adsorption capability 764 

of the new catalyst. Experimental results indicate that the new catalyst combines high 765 

catalytic activity and CO2 adsorption capability, thus it promotes H2 production with 766 

both high H2 composition and yield. As explored in this study, this is caused by synergy 767 

between Ni (active core), CaO (CO2 adsorption) and activated carbon (active in 768 

reforming reactions, massive pore structure and good reduction ability). Life time 769 

analysis indicates the stability of the newly developed catalyst.  Characterisation of 770 

fresh and used catalysts demonstrated that the new catalyst will result in low coke 771 

formation. The new catalyst will generate better pore structure and higher surface area. 772 

These characterisation results can help to explain why the new catalyst has better 773 

catalytic performance. Operating conditions (such as feedstock ratio, 774 

pyrolysis/gasification temperatures and water injection flowrate) were also tested 775 

experimentally. The optimal operating conditions using the new catalyst for 776 

pyrolysis/gasification of biomass and plastics are 10 wt% Ni, CaO:C =5:5, biomass : 777 

plastics =5:5, pyrolysis temperature 700 ºC, reforming temperature 600 ºC and water 778 

injection flowrate 5 mL/h. Under the optimal operating conditions, the specific H2 779 

composition and H2 production are 86.74 mol% and 115.33 mmol/g respectively and 780 

CO2 composition in the gas products is only 7.31 mol%. This study points to new 781 

direction for H2 production from the pyrolysis/gasification of waste plastics and 782 

biomass.  783 
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