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Abstract 

Thermochemical conversion of sewage sludge (SS) into bioenergy is a promising and 

sustainable approach to combat the energy crisis and mitigate the climate change. Among all 

the products from the thermochemical conversion, syngas, a mixture of hydrogen (H2) and 

carbon monoxide (CO), has attracted increasing attention since it is a versatile and flexible 

platform feedstock for the production of value-added chemicals and fuels via Fischer-Tropsch 

synthesis (FTS) process. However, conventional thermochemical conversion of biomass 

mainly focuses on H2 production, and effective approaches for CO production are still lacking. 

In this thesis we proposed a novel two-stage sorption-enhanced (TSSE) thermochemical 

conversion process, which relies on the integration of a CaO-based CO2 carrying cycle, to 

intensify the utilization of sludge carbon. In the process, the CO2 generated from SS at the first 

stage (a lower temperature around 500-600 °C) is captured and stored in the form of CaCO3 to 

enhance H2 production and is then released at the second stage (a higher temperature around 

700-800 °C) to gasify the sludge char for CO production. Thus, the syngas production from the 

TSSE thermochemical conversion of SS is significantly improved in the following two aspects: 

(1) producing syngas with separated H2- and CO-rich streams at the first stage and the second 

stage, respectively, and (2) improving the utilization efficiency of carbon for CO production. 

The TSSE pyrolysis of SS sample with a CaO/SS mass ratio of 1:1 (Ca/SS-1:1) could produce 

284.7 NmL/gdry ss of syngas with the gross H2/CO molar ratio of 0.4, obtaining 62.4 vol% of 

H2-rich gas stream at 550 °C and 72.5 vol% of CO-rich gas stream at 750 °C, respectively. The 

carbon utilization in the SS could reach as high as 20.4% using the proposed TSSE pyrolysis 

process, and the yield of CO is remarkably higher than that using other conventional sorption-

enhanced thermochemical conversion processes. 
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The maximum conversion of syngas into downstream synthetic products via the FTS process 

requires a controllable H2/CO ratio in the syngas to match the usage ratio of the FTS reactors, 

while the lack of tunable H2/CO ratio in the syngas limits direct industrial application of SS-

derived syngas. By the introduction of steam into the first stage of the TSSE steam gasification 

of SS, the H2 production at the first stage is significantly enhanced, and the H2/CO ratio of 

produced syngas is tunable from 0.9 to 4.7 by controlling the CaO and steam contents. The SS 

sample with a CaO/SS mass ratio of 3:7 (Ca/SS-3:7) produces the maximum syngas production 

reaching 323.8 NmL/gdry SS with an H2-rich gas stream (72.2 vol% purity) at the first stage and 

a CO-rich gas stream (60.5 vol% purity) at the subsequent second stage. The performance 

characterization of the TSSE steam gasification process shows a high yield of tar, indicating 

that the proposed TSSE steam gasification process still has a great potential to promote the 

decomposition of tar for enhanced syngas production. 

The tar in syngas would block and corrode the downstream equipment, restricting the industrial 

and practical application of syngas. To address the issue of tar removal in the syngas and further 

enhance the syngas production, the Ni-CaO/Al2O3 catalyst and biochar were introduced into 

the TSSE steam gasification of SS. A synergistic effect of CaO and Ni in the Ni-CaO/Al2O3 

catalyst was observed to enhance the H2 production at the first stage, while CaO is a factor of 

vital importance for CO production at the second stage. The presence of steam and Ni5Ca40/Al 

catalyst shows unprecedented performance in enhancing the H2 production at the first stage 

due to the promotion of tar cracking/reforming and water-gas shift reaction. Biochar 

supplements carbon source for CO production, remarkably promoting the CO production at the 

second stage. Upon introducing steam, Ni5Ca40/Al catalyst and biochar, a 9.3 times higher yield 

(396.9 NmL/gdry SS) of H2 at the first stage was obtained compared to the TSSE pyrolysis of 

Ca/SS-3:7, and the yield of CO (208.4 NmL/gdry SS) at the second stage triples that without 

biochar (66.6 NmL/gdry SS). Therefore, there is a complementary effect of steam, Ni-CaO/Al2O3 
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catalyst, and biochar on the enhancement in H2 production at the first stage and CO production 

at the second stage. With the introduction of steam, Ni-CaO/Al2O3 catalyst, and biochar, the 

yield of syngas further increases to 645.5 NmL/gdry SS with an 88.2 vol% of H2 at the first stage 

and a 55.6 vol% of CO at the second stage, and a H2/CO ratio of 2 is achieved, which is 

desirable for the downstream synthesis of value-added chemicals and fuels via FTS process. 

And the percentage of tar is eliminated by 22.0% and the total gas increases by 42.7% compared 

to those from the TSSE steam gasification process. 

This work develops a new TSSE thermochemical conversion process that has been 

demonstrated to effectively utilize the carbon in SS for high-purity CO production in addition 

to the sorption-enhanced production of high-purity H2, and to achieve the production of syngas 

with tunable H2-to-CO molar ratios through the inherent separation of H2 and CO generation. 

This technology makes it possible to achieve the waste-to-energy conversion by direct 

integration of the TSSE thermochemical conversion with the syngas application via FTS 

process where H2 and CO could be mixed in desirable ratios for the downstream synthesis of 

value-added chemicals and fuels. 
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Chapter 1 Introduction 

1.1. Background 

With the population growth and rapid economic development, the global energy demand continues 

to escalate. The depletion of fossil fuels and environmental pollution caused by the consumption 

of fossil fuels are gradually aggravated [1, 2]. There is an urgent need to transit the energy source 

from fossil fuels to renewable sources [3]. Among all the renewable sources, biomass has attracted 

intensive attention since it is abundantly available, less dependent on geographical and climatic 

conditions, and easily storable and transportable [4].  

As one kind of biomass source, sewage sludge (SS) is generated in large quantities during 

wastewater treatment. The risk of pathogens, persistent organic pollutants and heavy metals make 

SS a hazardous waste, which is mainly disposed of by landfill and land applications so far [5, 6]. 

However, rapid urbanization worldwide results in an increasing amount of wastewater required 

for treatment, and therefore, a quick growth in SS generation [7]. This poses a significant challenge 

to conventional approaches for SS treatment considering the land shortage and environmental 

concerns [8, 9]. Therefore, efficient approaches to treat SS in an environmentally benign and 

sustainable manner are in urgent demand. 

To date, one promising approach would be the thermochemical treatment of SS, which could not 

only lead to an effective minimization of SS but also make use of the bioenergy it contains [10-

12]. Incineration power generation is a commonly considered thermochemical treatment technique 

for SS at present, other emerging technologies mainly include pyrolysis and gasification [6]. 

Unlike incineration that directly recovers heat from SS [5], pyrolysis and gasification can produce 

value-added chemicals or fuels, such as biochar [13-15], liquid fuels [16-18], and syngas[19, 20]. 
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Among these products, syngas, which consists mainly of hydrogen (H2) and carbon monoxide 

(CO), has gained increasing interests due to its high calorific value and wide application as a 

platform feedstock for a wide range of high value-added fuels and chemicals via well-established 

industrial processes, such as Fischer-Tropsch synthesis (FTS) process [21]. Considering that H2 is 

carbon-free energy and versatile in the chemical industry, a lot of research effort is spent on 

pursuing high yield and purity of H2 from biomass [22, 23]. A process was proposed named 

sorption-enhanced thermochemical conversion of biomass with calcium oxide (CaO), aiming to 

enhance H2 production by the introduction of the CaO carbonation reaction to capture the carbon 

dioxide (CO2) released during biomass reforming [24]. The purity of H2 in the gas stream obtained 

after the sorption-enhanced steam gasification of biomass can reach as high as 70-80 vol% [25]. 

However, less attention was paid to another important component of the syngas, CO production 

from the biomass, and effective approaches for biomass-derived CO production are lacking. 

There are still some challenges to restrict the industrial and practical application of the syngas via 

well-established industrial processes. Firstly, different synthetic products and FTS operation 

modes demand different H2/CO ratios in the syngas [26, 27]. The maximum conversion efficiency 

of syngas into downstream synthetic products requires that the composition of the syngas matches 

the overall usage ratio of the FTS reactors [28]. However, an uncontrollable H2/CO ratio in the 

biomass-derived syngas incurs additional process and cost of refining. Secondly, a tar limit of 0.05 

g/m3 or less is generally required for the industrial application of the biomass-derived syngas [29]. 

Nevertheless, the tar contents in the biomass-derived syngas are always beyond the limit value, 

which would block and corrode the downstream equipment [30]. Therefore, it is of great 

significance to precisely control the H2/CO ratio and eliminate the tar in the biomass-derived 

syngas. 
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1.2. Objectives and scope 

This thesis presents a novel two-stage sorption-enhanced (TSSE) thermochemical conversion 

process integrating of a CaO-based CO2 carrying cycle to produce syngas from SS. More 

specifically, the CO2 generated from SS is captured to enhance H2 production at the first stage, 

and is then released to gasify the sludge char for CO production at the second stage. Besides, the 

yield and purity of H2 and CO are further enhanced and optimised by adding steam and catalysts. 

Moreover, the performance characterisation of the TSSE thermochemical conversion process on 

product distributions, tar compositions, and elemental utilization are also investigated.  

The specific objectives of this thesis are: 

(1) To intensify the carbon utilization of SS for CO production. 

(2) To produce syngas from SS with separated H2-rich gas stream at the first stage and CO-

rich gas stream at the second stage. 

(3) To obtain a tunable H2/CO ratio in the SS-derived syngas. 

(4) To clearly understand the mechanism of the proposed TSSE thermochemical conversion 

process. 

(5) To eliminate tar for the enhancement in the syngas production over bio-functional Ni-CaO 

catalyst and biochar. 

The background, objectives and scope of this thesis are described in Chapter 1. In Chapter 2, the 

current status and challenges of global energy supply and SS treatment, recent developments of 

the sorption-enhanced thermochemical conversion process of biomass for syngas production and 

tar elimination methods are reviewed. Chapter 3 presents a novel TSSE thermochemical 

conversion process of SS for syngas production and the improvement in the utilization efficiency 

of carbon in the SS. Chapter 4 presents the SS-derived syngas production with a tunable H2/CO 
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ratio via the introduction of steam into the TSSE steam gasification process. Besides, studies on 

the performance characterisation of the novel TSSE thermochemical conversion process are also 

exhibited in this chapter. Chapter 5 shows the catalytic activity of the bi-function Ni-CaO/Al2O3 

catalyst and biochar on the tar elimination for syngas production. Thereinto, the role of Ni and 

CaO contents in the Ni-CaO/Al2O3 catalyst on syngas production and the stability of the Ni-

CaO/Al2O3 catalyst are also studied. Besides, the synergistic effect of steam, Ni-CaO/Al2O3 

catalyst and biochar on the syngas production is also studied in this chapter. Chapter 6 summarises 

the main findings of this work and suggests the prospects for the future work on SS-derived syngas 

via the TSSE thermochemical conversion process. 
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Chapter 2 Literature review 

2.1. Renewable Energy 

The growing global population and rapid economic development contribute to an increase in 

energy demand. The global energy consumption continues to rapidly grow at a growth rate of 2.9% 

in 2018, which is the fastest growth since 2010 and almost double the average rate of 1.5% over 

the last ten years, leading to the fastest increase rate of 1.7% of energy-related CO2 emissions for 

the past seven years [1]. Fossil fuels still accounted for 81.1% share of global primary energy 

consumption in 2017, including oil (31.9%), coal (27.1%), and natural gas (22.1%) (Fig. 2.1) [2]. 

Due to continuously increasing energy demand and overwhelmingly relying on fossil fuels, human 

beings are facing unprecedented risks, such as fossil fuel depletion and environmental pollution 

[3, 4]. Given that, much research emphasis has been put on the exploitation and utilisation of 

renewable energy that is of great importance to the sustainable development of global energy [5-

7].  

Renewable energy supply also continues to grow at an average annual rate of 2.0% since 1990, 

providing an estimated 13.7% of the global total primary energy consumption in 2017 [2]. 

Thereinto, bioenergy originated from biomass is the largest contributor to the global renewable 

energy supply, accounting for nearly 68% of the entire contribution of renewable energy, followed 

by hydro (18.5%), wind (5.1%), and geothermal (4.5%), etc. (Fig. 2.1). However, the traditional 

use of biomass to supply energy for residential cooking and heating is the main utilisation method 

of biomass nowadays, accounting for 83.4% of solid biomass consumption in 2017, mainly in 

developing countries, like Asia and Africa [2]. The traditional use of biomass for residential 

cooking and heating has been used for thousands of years, usually in simple and inefficient devices, 
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posing negative effects on air pollution and human health [8, 9]. Quaschning [10] reported that 

1.55·1011 tonnes of biomass are produced annually, while roughly 1% of that amount is used 

worldwide as a source of heat. There is still enormous potential for biomass to be exploited and 

utilised. Compared to other renewable energy sources, biomass has the advantages of abundant 

availability, low dependence on geographical and climatic conditions [11]. Besides, biomass can 

be converted into easily storable and transportable bioenergy, like syngas, liquid fuels via the 

modern biomass-to-energy technologies, i.e. pyrolysis and gasification, to compensate for the 

shortcomings of other renewable energy sources such as solar and wind, which greatly fluctuate 

in supply [10]. Therefore, biomass plays a crucial role in providing a reliable renewable energy 

supply. 

 

Figure 2.1. Fuel shares in world total primary energy supply (left) and world renewable energy supply 

(right) in 2017 [2]. 

2.2. Sewage sludge 

Biomass is rich in organic material that comes from natural plants such as agricultural crops and 

residues, forestry crops and residues, algae, but also animal wastes including manure, municipal 
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solid waste, and sewage sludge (SS) [12, 13]. Dewatered SS contains sufficient embedded energy 

around 15-20 MJ/kg of dry SS corresponding to that of lignite and most of the biomass like 

sawdust, wood pellet, rice straw, etc., thereby being regarded as an attractive energy source [14, 

15]. With the proposal and implementation of the concept ‘zero waste’ in several countries, e.g. 

China, India, New Zealand, etc, [16], waste-to-energy technologies that simultaneously achieve 

sustainable SS management and energy supply, attract intensive attention recently [17, 18].  

2.2.1. Properties and production of sewage sludge 

SS, a complex mixture of organic and inorganic compounds, is a kind of by-product from the 

wastewater treatment plant. The organic matters of SS vary widely from 22 to 82 wt% with an 

average of 48 wt% [15], while the lignocellulosic biomass has much higher contents of organic 

matters of above 75 wt% [19]. Due to a large amount of inorganic solid particles contained in the 

SS, the inorganic (ash) contents at an average of 44 wt% are much higher than that from the 

lignocellulosic biomass (around 4 wt%) [15]. And SS has substantially higher nutrients compared 

to the lignocellulosic biomass, such as nitrogen (7% N), phosphorus (2% P2O5), and potassium 

(0.5% K2O) [20]. However, there are also significant numbers of microorganisms in the SS, 

including viral, bacterial, protozoan, fungal, and helminth pathogens [21]. Bibby and Peccia [22] 

reported that more than 27 kinds of viruses (Adenovirus, Coronavirus, HIV) existing in humans 

are found in SS. Besides, SS also contains various toxic heavy metals such as Zn, Ni, Cd, Cr, Cu, 

Pb, etc, [23] and persistent organic pollutants such as dioxins, pesticides, polycyclic aromatic 

hydrocarbons (PAHs), etc. [24]. Without appropriate disposal and treatment, SS would have a high 

possibility to pollute the soil, surface water, and groundwater, and pose significant risks of 

secondary pollution to the environment and human health.  
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With the growing population and deepening industrialization, a large amount of wastewater is 

produced. Correspondingly, with the implementation of the continuously strict water environment 

protection policy, an increasing number of wastewater treatment facilities being constructed result 

in a soar of SS production. Around 7.2 million dry tonnes of SS are generated in the U.S. annually 

[14, 25]. In Europe, SS production reached 10.9 and 9.3 million dry tonnes in 2005 and 2010, 

respectively [26, 27]. The total dry SS production in Australia in 2019 has increased to 0.37 million 

tonnes, compared to 0.33 million tonnes in 2017 and 0.3 million tonnes in 2010 [28]. From 2013 

to 2018, there is a drastic increase in the dry SS production in China with an average annual growth 

of 12.3%, reaching 11.8 million tonnes in 2018 which is 1.8 times higher than that in 2013 (6.6 

million tonnes) [29, 30]. However, the produced SS from the wastewater treatment plant contains 

around 80% moisture [31]. That means around 36, 47, 2, and 59 million tonnes of dewatered 

sewage sludge are annually produced and required appropriate treatment and disposal in the U.S., 

Europe, Australia, and China, respectively. Therefore, the growing and enormous production and 

complex composition of SS have made the appropriate treatment and disposal be one of the most 

challenging environmental problems.  

2.2.2. Current treatment technologies of sewage sludge  

Currently, land application, landfill, and incineration are the three main disposal technologies of 

SS [14, 26, 28, 32]. Due to the high content of organic matters and nutrients, beneficially use of 

SS as valuable fertilisers and soil ameliorates for land application has been the principal disposal 

technology, especially in developed countries. The proportion of SS to the land application is 67%, 

41%, 55%, and 14% in Australia, Europe, and the U.S., and China, respectively (Fig. 2.2). To 

ensure the protection of human health and the environment from the pathogen and heavy metals 

in SS, several countries have issued their national regulation with the ceiling concentrations of 



Chapter 2 

12 
 

toxic heavy metals and pathogen reduction guidelines for SS or the soil amended with SS [33-35]. 

However, no agreement has been reached yet about the adverse effects caused by the land 

application of SS. Some studies show that none of the heavy metals in the soil amended with SS 

is over the ceiling concentrations set up by the regulation [36, 37], and the leached heavy metals 

pose no danger of soil, surface water and groundwater [38, 39]. On the contrary, Islam et al. 

reported that the accumulation and lability of Cr, Pb, Co, Zn, Cu, Ni, and As significantly increases 

in the field amended by SS over 25 years, posing a remarkable threat to the groundwater, surface 

water, and thereby human health [40]. In addition, the heavy metal accumulation in plants exhibits 

a significant positive correlation with the concentration of heavy metals in the soil amend by SS 

[41-43]. And the properties of soil, like pH and organic matter content, have negative and positive 

correlations with the heavy metals in the plant, respectively [40, 41]. Therefore, the persistence, 

accumulation, and lability of metals in the soils and plants over time and with the change of the 

soil properties, lead to a rise of the public concern from the land application of SS [36]. 

A number of problems associated with SS landfill, such as lack of space, offensive odours, flies, 

and the risks of the surrounding water, soil, and air, resulted in the landfilling of SS being 

progressively decommissioned [44-46]. In the developed countries, the proportion of SS for 

landfill gradually decreases, accounting for 4%, 17%, and 30% in Australia, Europe, and the U.S., 

respectively (Fig. 2.2). Several European countries have banned the landfill of SS [47]. 

Nevertheless, the landfill is still the most widely used disposal method of SS in China, and up to 

63% of SS is disposed of to landfill due to the economical advantages compared to land application 

and incineration. This trend is also observed in the different members of Europe. For example, 

28% of SS is disposed of to landfill in EU-12 (new member states including Poland, Hungary, 
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Romania, etc.), which is about twofold of that in EU-15 (old member states with better economics 

including Germany, France, United Kingdom, etc.) [26].  

 

 

Fig. 2.2. SS disposal methods in Australia [28], Europe [26], U.S. [14], and China [32]. 

In conclusion, the landfill and land application of SS are becoming less viable and gradually 

constrained with increasing environmental security and human health concern and regulatory 

pressure. Therefore, it is urgent to exploit a more environmentally and economically sustainable, 

effective resource recovery approach for SS treatment [48, 49]. One approach capable of achieving 

those goals would be thermochemical conversion, e.g. incineration, pyrolysis, gasification, which 
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is considered as waste-to-energy technologies [50]. Incineration has been widely implemented 

nowadays, which can not only recover the embedded energy of SS [14], but also minimize the 

environmental risks of SS, including thermal destruction of toxic organic pathogens and a large 

reduction of SS volume (around 50-80% of SS). Besides, the generated stabilized ash can be reused 

to produce ceramic and building materials. The outstanding performance of incineration in the 

disposal of SS leads to a gradual increase in the percentage of incineration of SS [51], accounting 

for 19%, 15%, and 2% in Europe, the U.S., and China, respectively (Fig. 2.2). Another emerging 

thermochemical conversion processes, like pyrolysis and gasification, have not been widely 

implemented in practice. They still have some key barriers and challenges needed to be addressed 

prior to their widely practical application.  

2.3. Thermochemical conversion process for syngas production 

Incineration of SS can generate electricity and heat, while by the means of other emerging 

thermochemical conversion processes, like pyrolysis and gasification, SS can be converted into 

value-added chemicals or fuels, such as biochar, bio-oil (tar), and gaseous products [52]. Biochar 

mostly consists of solid carbon and ash [53], while bio-oil mainly consists of alkanes, alkenes, 

aromatic compounds, carboxylic acids, fatty acids, aldehydes, ketones, steroids, fatty nitriles and 

amides, etc [54]. As for the gaseous products, it mainly contains hydrogen (H2), carbon monoxide 

(CO), carbon dioxide (CO2), methane (CH4) and low molecular weight hydrocarbons. Among all 

the products, increasing attentions are paid to the production of syngas, a mixture of H2 and CO, 

since it has high calorific value and wide application as a platform feedstock for a range of liquid 

biofuels and value-added chemicals via the Fischer-Tropsch synthesis (FTS) process [55]. 

2.3.1. Pyrolysis for syngas production 
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Pyrolysis is the thermal conversion of organic matters in an inert atmosphere, which can be 

categorized as slow pyrolysis and fast pyrolysis based on operational temperature, heating rate, 

temperature, and residence time [54]. Slow pyrolysis is characterized by low operating temperature 

(300-400 °C), slow heating rate, and long residence time (up to several hours), while fast pyrolysis 

is operated under a higher temperature (450-600 °C), high heating rate (10-200 °C/min), and short 

residence time (several seconds) [32, 54].  

Table 2.1. Thermal behaviour of the pyrolysis of biomass.  

Biomass 
Main components and their decomposition 

temperature range 
Ref. 

Lignocellulosic biomass Cellulose: 290-390 °C 
Hemicellulose: 200-400 °C 
Lignin: 200-700 °C 

[56] 

Municipal solid waste Food residue: 200-600 °C 
Paper: 200-400 °C 
Wood and leaf residue: 280-700 °C 
Plastics: 200-600 °C 
Textile: 250-400 °C 
Rubber: 200-500 °C 

[57] 

Animal waste Chicken litter: 270-550 °C 
Cattle litter: 200-600 °C 
Swine solids: 200-500 °C 

[58-60] 

Microalgae Protein: 210-310 °C 
Lipid: 150-515 °C 
Carbohydrate: 110-420 °C 

[61] 

SS Lipid: 150-290 °C 
Carbohydrate: 290-410 °C 
Protein: 360-525 °C 

[62] 

Generally, most of the lignocellulosic biomass consists of cellulose (30-50%), hemicellulose (20-

35%), and lignin (10-27%) [63]. Algae and SS are mainly composed of protein (contents exceed 

60%), lipid, and carbohydrates [64]. And animal waste is a complex mixture of the above 

components. [65, 66]. The pyrolytic thermal behaviour of the different types of biomass is 

summarised in Table 2.1. The results show that the main pyrolytic process of different types of 
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biomass occurred at the same temperature range of 200-500 °C, which is fully overlapped with the 

slow and fast pyrolysis reaction temperature (300-600 °C). 

Table 2.2 describes the product distributions of the pyrolysis of different types of biomass. The 

low operating temperature and inert atmosphere of the pyrolysis result in bio-oil and biochar as 

the main products with a low gas yield. The yield of bio-oil and biochar obtained from the pyrolysis 

of biomass are up to 74 wt% and 54 wt%, and gas yields from the pyrolysis of lignocellulosic 

biomass, municipal solid waste, algae, and SS are in the range of approximately 5-36 wt%, 4-54 

wt%, 12-21 wt%, and 3-22 wt%, respectively. Additionally, as the pyrolysis temperature increases, 

the char yield decreases while the bio-oil and gas yields increase. A short residence time of the 

fast pyrolysis limits the secondary cracking reaction of bio-oil, thereby leading to a higher bio-oil 

yield compared to the slow pyrolysis [67-69]. 

Regarding the gaseous production, the evolution of main gaseous products during the pyrolysis of 

lignocellulosic biomass, algae, and SS shows a similar trend, which has two distinct stages. Most 

of the gaseous products, mainly consisting of CO2, CO, CH4 and light hydrocarbons (C2H4 and 

C2H6), released at a low temperature between 200-500 °C, while H2 production was mainly 

observed at high temperatures (>500 °C) [56, 70, 71]. The H2 production observed at high 

temperatures (>500 °C), mainly attributes to secondary reactions as CH4 steam reforming or tar 

cracking/reforming [56, 68, 72]. It was reported that the formation of CO is mainly attributed to 

the cracking of carbonyl group rupture of oxygen heterocycles, and dehydrogenation of hydroxyl 

group [73, 74]. Besides, Maliutina et al. [68] reported that the CO2 gasification of biochar at a 

higher temperature than 800 °C also contributes to the CO production. Therefore, the production 

of H2 and CO shows an increasing trend with the increasing temperature [68]. As shown in Table 

2.3, the purity of H2 is only 9-18 vol% when the temperature is below 500 °C, while it reaches up  
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Table 2.2. Product distributions of the pyrolysis of biomass.  

Pyrolysis 

types 
Biomass T (°C) 

Products yield (wt%) 
Ref. 

Gas Bio-oil Biochar 

Lignocellulosic biomass 

SPa Pine wood 300  14 32 54 [75] 600 26 49 25 
Bagasse 480 25 26 37 [76] 680 36 22 28 

FPb Palm kernel shell 600 5 74 21 [68] 800 17 66 17 
Wood feed 400 10 66 24 [77] 550 16 67 17 
Bagasse 480 14 51 25 

[76] 680 18 40 30 
680 36 22 28 

Municipal solid waste 

SP Carpet, paper, plastic etc. 550 34 38 18 [78] 
FP Carpet, paper, plastic etc. 550 54 39 7 [78] 

Tyre 425 4 58 38 
[67] 475 8 57 35 

575 10 55 35 
Algae       

SP Scenedesmus 
450  

12 58 30 
[79] Defatted Scene. 21 45 33 

Spirulina 15 39 30 
FP Chlorella vulgaris 600 12 46 42 [68] 800 18 60 22 

SS       
SP SS 400 12 50 38 [80] 600 18 52 30 

SS 475 14 25 55 [81] 625 19 45 20 
SS 450 10 37 53 [82] 850 15 43 42 

FP SS 400 20 49 31 [82] 600 22 53 25 
SS  450 3 45 52 [83] 600 11 46 43 
SS 450 10 37 53 [82] 850 15 43 42 

a SP stands for slow pyrolysis. 
b FP stands for fast pyrolysis. 
 
to 45 vol% at the temperature over 500 °C. Similarly, the purity of CO ranges of 2-14 vol% and 

22-55 vol% at the temperature below and above 500 °C, respectively. However, the common 
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operating temperature of pyrolysis is 300-600 °C, leading to the syngas production from pyrolysis 

may seem to be much inferior. 

Table 2.3. Syngas purity generated from the pyrolysis of biomass.  

Pyrolysis types T (°C) 
Syngas purity (vol%) 

Ref. H2 CO 
Sugarcane Bagasse 

SPa 680 29 38 
[76] FPb 480 9 14 

680 45 21 
Palm kernel shell 

FP 600 20 48 [68] 800 22 55 
Tyre 

FP 
425 18 2 

[67] 475 15 2 
575 18 2 

Algae (Chlorella vulgaris) 

FP 600 9 22 [68] 800 45 30 
SS 

SP 
600 15 25 

[84] 800 23 35 
1000 30 33 

SP 400 10 9 [85] 500 25 10 
a SP stands for slow pyrolysis. 
b FP stands for fast pyrolysis. 

2.3.2. Gasification for syngas production 

Gasification is thermal destruction of organic matters at high temperature (700-1000 °C) under a 

partial oxygen atmosphere, which favours the generation of gaseous products. The partial oxidant 

agents can be air, steam, CO2, or their mixture, the amount of which is lower than that required for 

the stoichiometric combustion to occur. Gasification can be divided into three main steps, 

including (1) devolatilisation occurring at a relatively low temperature (300-500 °C); (2) tar 

cracking and reforming mainly occurring at the temperature over 600 °C; (3) char gasification 
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mainly occurring at a high temperature (> 700 °C) [86]. Different gasifier agents mainly influence 

the reactions occurring in the last two steps, thereby yielding different gas compositions during 

biomass gasification. The important chemical reactions involved in the gasification of biomass are 

shown in Table 2.4. 

Table 2.4. Important chemical reactions involved in the gasification of biomass.  

Reaction name Equation Equation 

number 

Pyrolysis 

Devolatilisation 
 

CxHyOz→H2+CO+CO2+CmHn+H2O+Tar+Char, ∆H298K>0 Eq.1 

Tar cracking/reforming 

Tar reforming Tar+H2O→H2+CO+CO2+CmHn+H2O, ∆H298K>0 Eq.2 

Tar cracking  
 

Tar→H2+CO+CO2+CmHn, ∆H298K>0 Eq.3 

Gasification 

Water-gas shift  CO+H2O⇋CO2+H2, ∆H298K= -41.2 KJ/mol Eq.4 

Reverse Boudouard  C+CO2⇋2CO, ∆H298K= +172.4 KJ/mol Eq.5 

Char reforming-I C+H2O⇋CO+H2, ∆H298K= +131 KJ/mol Eq.6 

Char reforming-II C+2H2O⇋CO2+2H2, ∆H298K= +89.8 KJ/mol Eq.7 

Methane reforming  CH4+2H2O⇋CO2+4H2, ∆H298K= +206 KJ/mol Eq.8 
Methanation-I 2CO+2H2⇋CH4+CO2, ∆H298K= -247 KJ/mol Eq.9 
Methanation-II 
 

C+2H2⇋CH4, ∆H298K= -72.8 KJ/mol Eq.10 

Combustion 

Char combustion-I C+1/2O2⇋2CO, ∆H298K= -111 KJ/mol Eq.11 
Char combustion-I C+O2⇋CO2, ∆H298K= -394 KJ/mol Eq.12 
CO combustion CO+1/2O2⇋CO2, ∆H298K=  -283 KJ/mol Eq.13 
H2 combustion 
 

H2+1/2O2⇋H2O, ∆H298K= -285.8 KJ/mol Eq.14 

Ca-based reactions 

CaO carbonation CaO+CO2⇋CaCO3, ∆H298K= -178.2 KJ/mol Eq.15 
CaO calcination CaCO3⇋CaO+CO2, ∆H298K= +178.2 KJ/mol Eq.16 

2.3.2.1. Air gasification 
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Air gasification is the most widely studied and applied since the air is simple and easy to obtain 

without any extra or complicated process. As shown in Fig. 2.3, the gas evolution from the air and 

air-steam gasification of biomass reported by Chang et al. [87] could clearly exhibit the 

performance and character of this process on syngas production. Since the agent air inherently has 

a high proportion of N2 (around 78%), the gaseous products from the air and air-steam gasification 

are typically dominated by N2 with a low purity of H2 and CO. Besides, the syngas production is 

promoted at high temperature, especially above 800 °C. Moreover, the equivalent ratio (ER) is a 

crucial factor affecting the syngas production. A higher value of ER could promote the oxidization 

reactions of H2, CO and char to produce more CO2 and steam (Eq. 11-14), resulting in a decrease 

in H2 and CO production. The air-steam gasification of biomass shows an increase in H2 and CO2, 

while CO and CH4 slightly decreased, suggesting the occurrence of steam gasification reaction, 

like water-gas shift reaction (Eq. 4) and methane reforming reaction (Eq. 8) to promote the H2 and 

CO2 production [88].  
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Fig. 2.3. Effluent gas composition from the air and air-steam gasification of biomass as a function of 

temperatures, ER, and steam to biomass ratios (S/B) [87].  
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As shown in Table 2.5, the gas products obtained from air gasification of biomass mainly consist of a low 

yield and purity of H2 (22-101 mL/gdry biomass, 2-10 vol%) and CO (55-161 mL/gdry biomass, 4-18 vol%), while 

rich in 44-70 vol% N2. Upon on the air-steam gasification of biomass, higher yield and purity of H2 (57-

127 mL/gdry biomass, 10-20 vol% H2) are obtained compared to air gasification, meanwhile with lower yield 

and purity of CO (29-98 mL/gdry biomass, 6-8 vol% CO). 

Table 2.5. Gas production generated from the air and air-steam gasification of biomass. 

Temperature 

(°C) 
ER S/B 

Gas yield (mL/g dry 

biomass) 
 Gas purity (vol%) 

Ref. 

H2 CO CO2 CH4  H2 CO CO2 CH4 N2 

Air gasification 

Rice straw              

700 
0.1 

/ 
34 151 218 67  4 18 26 8 44  

0.2 29 143 266 67  3 15 28 7 47 [89] 
0.2 23 161 380 69  2 14 33 6 45  

SS              

750 
0.2 

/ 
99 73 144 37  10 7 14 4 61  

0.3 101 92 188 36  8 7 14 3 65 [90] 
0.4 49 66 218 15  3 4 14 1 75  

SS              

1100 
0.2 

/ 
22 55 62 5  4 11 13 1 66  

0.2 25 63 75 6  4 10 12 1 70 [91] 
0.3 32 80 112 7  4 10 13 1 68  

Air-steam gasification 

SS              

770 

0.2 0.7 94 29 95 18  18 6 19 4 51  
0.1 0.5 108 39 82 22  20 7 16 4 50  
0.3 0.4 57 36 124 15  11 7 24 3 53 [92] 
0.2 0.3 67 38 97 17  14 8 20 3 53  

SS              
750 0.3 0.5 127 98 189 36  10 8 15 3 61 [90] 

2.3.2.2. CO2 gasification 

Under the drive of the beneficial use of CO2 to produce value-added chemicals and energy, the 

CO2 gasification of biomass has been also widely investigated. Taking the CO2 gasification of 

lignocellulosic biomass [93] as a sample as shown in Fig. 2.4, the purity of H2 decreases from 18 
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to 2 vol% as the percentage of CO2 introduced into the reactor is increased from 0 to 40% at 900 

°C, while the purity of CO increases from 2 to 70 vol%. The presence of CO2 would promote the 

reverse Boudouard reaction (Eq. 5) and reverse water-gas shift reaction (Eq. 4) at a high 

temperature to consume H2 and produce CO. Thus, a definite H2 depression and CO enhancement 

are observed from the CO2 gasification of biomass with the increasing amount of CO2 introduced. 

Also, CO2 is found to significantly increase the conversion of char residue to volatiles at high 

gasification temperatures and less than 1% ash remains using CO2. Similar trends above were 

observed with municipal solid waste [94] and SS [95] as the feedstock.  
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Fig. 2.4. H2 and CO production of CO2 gasification of lignocellulosic biomass as a function of the 

percentage of CO2 [93]. 

2.3.2.3. Steam gasification 

Steam gasification is considered as one of the most effective techniques for generating H2 from 

biomass. Franco et al. [96] reported that the yield of H2 from steam gasification of Holm-oak 

significantly increases by 5.6 times compared to the pyrolysis, meanwhile CO2 yield also increases 
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by 2.6 times. Zhang et al. [97] also found out that H2 and CO2 yield from the steam gasification is 

higher than those from pyrolysis and oxygen gasification, while the CO and CH4 yields are lower 

than those from pyrolysis and oxygen gasification. Besides, a decrease in char and tar yields was 

observed from the steam gasification of biomass [98]. In the presence of steam, the production of 

H2 can be enhanced through steam gasification of tar (Eq. 2), char (Eq. 6, 7), methane (Eq. 8) and 

water-gas shift reaction (Eq. 4). Nilsson et al. [99] revealed that the reactivity of char with steam 

(Eq. 6, 7) is roughly three times faster than with CO2 (Eq. 5) at all temperatures. The steam 

reforming of char takes preference over reverse Boudouard reaction. Thus, the water-gas shift 

reaction that consumes CO to produce CO2 is dominant, leading to a reduction of CO and 

remarkable enhancement in CO2 production from steam gasification compared to pyrolysis and air 

gasification.  

The gas production from the steam gasification of sugarcane bagasse reported by Loha et al. [100] 

is shown in Fig. 2.5 to clarify the performance and characterise of steam gasification on syngas 

production. It can be seen that the H2 and CO purity increases with the increasing gasification 

temperature, since higher temperature favors the endothermic steam gasification and cracking of 

tar (Eq. 2, 3), char (Eq. 6, 7), methane (Eq. 8) reactions for H2 and CO production, meanwhile 

suppress the exothermic water-gas shift reaction that consumes CO and produces CO2. Regarding 

the influence of S/B, H2 and CO2 purity in the gas increase with higher S/B, while CO and CH4 

decrease. The presence of steam would facilitate the steam reforming reactions, especially methane 

reforming (Eq. 8) and water-gas shift reactions (Eq. 4) that consume CO and CH4 to produce H2 

and CO2. However, several studies have reported that there is a threshold limit of S/B beyond 

which any increase in S/B would suppress H2 production [101]. Hu et al. [102] pointed out that 



Chapter 2 

24 
 

excess steam consumes more energy and thereby results in a decrease in the temperature of the 

reactor to lower the H2 production. 
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Fig. 2.5. Effluent gas composition from steam gasification of sugarcane bagasse as a function of 

temperatures and S/B [100].  

As shown in Table 2.6, H2 becomes the most abundant products in the presence of steam, reaching  

401-1088 mL/gdry biomass of yield and 50-60 vol% of purity, which are significantly higher than 

those from the air, air-steam and CO2 gasification of biomass (Table 2.5 and Fig. 2.4). Thus, steam 

gasification has been perceived as the most attractive pathway for sustainable H2 production, while 

the purity of H2 is still insufficient for directly commercial application. Additionally, CO2 

production is a second only to H2 with 65-377 mL/ gdry biomass of yield and 16-34 vol% of purity. 

Hence, the process is inevitably problem with undesirable CO2 generation along with H2, incurring 

additional costs and process for gas purity. Moreover, another component of syngas, the yield and 

purity of CO production from steam gasification are inferior with 73-254 mL/gbiomass of yield and 

6-26 vol% of purity.  
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Table 2.6. Gas production generated from the steam gasification of biomass.  

Temperature 

(°C) 
S/B 

Gas yield (mL/gdry biomass)  Gas purity (vol%) 
Ref. 

H2 CO CO2 CH4  H2 CO CO2 CH4 

Oil palm tree 

600 
3.1 a 

992 106 65 2  56 6 34 2 
[99] 700 1088 172 93 5  57 9 31 3 

800 960 301 154 12  51 16 26 4 
Sawdust 

800 
1.1 401 174 209 70  46 20 24 8 

[100] 1.8 507 159 249 60  51 16 25 6 
4.7 716 88 377 50  57 7 30 4 

Straw 

800 
0.5 661 148 273 46  58 13 24 4 

[101] 0.7 694 108 282 22  61 10 26 2 
0.9 683 73 315 10  63 7 30 1 

Sugarcane Bagasse 

750 
0.75 

/ 
 52 26 16 4 

[96] 1.25  53 20 22 4.6 
1.75  54 16 24 4.7 

SS 

900 14 b 494 254 177 62  49 25 18 6 [102] 

900 
3.05 672 247 111 14  49 18 22 6 

[103] 5.62 728 220 83 8  53 16 20 5 
7.38 694 227 83 8  52 17 19 5 

a. The steam flow rate was set as 3.1 g/min. 
b. The steam flow rate was set as 14 mL/g/min. 

2.3.3. Sorption-enhanced thermochemical conversion process 

The sorption-enhanced gasification process was firstly proposed by Gurran et al. [103] in 1967, 

which was applied for hydrogen-rich gas production from coal. The application of this technology 

in biomass has gained a lot of attention in recent years. Among the sorption-enhanced steam 

gasification of biomass, the steam reforming reactions are integrated with a CO2 sorption reaction 

in a single step. More specifically, a CO2 sorbent is used to in situ capture of CO2 as soon as it 

produced, which can shift the steam reforming reactions, like water-gas shift reactions beyond 

thermodynamic equilibrium limitations, resulting in enhanced H2 yield and purity. 
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2.3.3.1. CO2 sorbents 

A highly efficient CO2 sorbent, which should possess the properties of thermal stability, high CO2 

sorption capacity, easy regeneration and cost-effectiveness, is one of the key factors for the H2 rich 

production from the sorption-enhanced steam gasification process [104]. The natural incurring Ca-

based CO2 sorbent, like, limestone and dolomite, have been demonstrated to have a significant 

enhancement in H2 production from sorption-enhanced steam gasification of biomass. It was 

reported that the H2 purity increases from 47.6 to 68.2 mol% at 800 °C after the addition of calcined 

limestone [105]. A similar increase in H2 purity from 43.6 to 55.5 vol% was obtained from the 

steam gasification of biomass after the addition of calcined dolomite [106]. Additionally, it was 

also reported that the Ca-based CO2 sorbents have a catalytic effect on tar cracking for H2 

production (Eq. 3). Wei et al. [107] presented the influence of sand and dolomite on product yields 

and gas compositions. The dolomite exhibits a catalytic activity on tar cracking with an obvious 

increase in gas yield and decreases the tar yield compared to sand, meanwhile, the H2 purity 

increases notably in the presence of dolomite. Except for the natural sorbents, the application of 

some wastes which are rich in CaO for H2 production from biomass also attracts much more 

attention. Salaudeen et al. [108] investigated the steam gasification of sawdust with calcined 

eggshell as a CO2 sorbent. Increasing calcined eggshell to biomass ratio (CEBR) provides more 

CaO to capture CO2 and thereby enhance H2 production. With the increase of CEBR from 0.5 to 

1.0, the H2 purity increases from 56 to 78 vol%. Weerachanchai et al. [109] compared the gas 

compositions from the sorption-enhanced steam gasification of larch wood using calcined waste 

concrete, calcined limestone and silica sand. The calcined waste concrete with 14.8 wt% of CaO 

gives intermediate amount of H2 (15.6 mmol/g and 46.9 vol%), compared to calcined limestone 

(30.2 mmol/g and 63.6 vol%) and silica sand (4.0 mmol/g and 21.8 vol%).  
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In addition to CaO-based sorbents, other emerging CO2 sorbents, alkaline ceramic materials and 

hydrotalcite sorbents have also been proposed as potential candidates for CO2 adsorption in the 

sorption-enhanced steam gasification process. Peltzer et al. [110] summarised that alkaline ceramic 

materials, like Li2ZrO3, have superior performance on stable adsorption level over repeated cycles, 

and easily regenerated even at high CO2 concentration compared to CaO. Wang et al. [111] 

investigated the H2 production from sorption-enhanced steam reforming of glycerol over a 

NiO/NiAl2O4 catalyst and K-Li2ZrO3 CO2 sorbent. With the addition of K-Li2ZrO3 CO2 sorbent, 

the H2 purity increases from 65% over NiO/NiAl2O4 to 99.6% over NiO/NiAl2O4 and K-Li2ZrO3. 

Aceves Olivas et al. [112] reported a 92.2% of H2 purity from steam gasification of ethanol with 

Na2ZrO3 as a CO2 sorbent, compared to only 69.6% without the Na2ZrO3 sorbent. Hydrotalcite 

sorbent has the advantages of lower energy consumption of regeneration, thermal stability [113], 

and is limited its industrial application due to the poor CO2 sorption capacity and slow reaction 

kinetics [114]. Wang et al. [115] showed that the H2 purity enhances from 19 to 33 mol% after the 

addition of hydrotalcite-based sorbent via sorption-enhanced steam gasification of ethanol. 

Dewoolkar and Vaidya [116] reported that the H2 yield increases from 40 to 78% with the 

increasing Ni-Ca hydrotalcite sorbent mass fraction from 0.1 to 0.25.  

2.3.3.2. Performance of Ca-based sorbent on syngas production 

Ca-based sorbent (CaO as the main active material) with the advantages of high CO2 sorption 

capacity at low CO2 partial pressure and moderate temperature, low cost and abundance, has been 

the most widely used CO2 sorbent in the sorption-enhanced steam gasification of biomass [117]. 

Regarding the Ca-based sorbent, temperature poses a vital influence on not only the steam 

reforming reactions, but also the thermodynamic equilibrium between CaO 

carbonation/calcination reactions (Eq. 15, 16). Kierzkowska et al. [118] plotted the equilibrium 
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partial pressure of CO2 (𝑃CO2
𝑒𝑞 ) over CaO using the correlation of Baker [119] as shown in Fig. 2.6. 

For any given 𝑃CO2
𝑒𝑞 , CaO carbonation takes place when the temperature is lower than the 

corresponding equilibrium value, while the CaO carbonation is inhibited and CaCO3 calcination 

occurs with a higher equilibrium value. Han et al. [120] studied the characteristics of CaO 

carbonation with the increasing temperature at a CO2 partial pressure of 0.1 atm as shown in Fig. 

2.7. It was observed that there are three distinct stages, namely slow carbonation stage (< 480 °C), 

fast carbonation stage (480-770 °C) and calcination stage (> 770 °C). The temperature is located 

in the fast carbonation stage could ensure a fast and sufficient CO2 sorption kinetic and 

significantly benefit for the H2 production by moving the water-gas shift reaction (Eq. 4) in the 

forward direction. When the temperature is located in the calcination stage, the sorption-enhanced 

effect of CaO becomes negligible, posing less effect on the gas composition.  

 

Fig.2.6. Equilibrium partial pressure of CO2 over CaO [118]. 
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Fig. 2.7. Characteristics of CaO carbonation with the increasing temperature at a CO2 partial pressure of 

0.1 atm [120]. 

Given this, the influence of temperature on the syngas production from the sorption-enhanced 

steam gasification of biomass can be clearly illustrated by Fig. 2.8 reported by Zhang et al. [121]. 

With the increase of temperature, the H2 yield remarkably enhances from 40 mL/gbiomass at 450 °C 

to 206 mL/gbiomass at 850 °C. Nevertheless, the H2 purity exhibits a trend of initial increase with 

the temperature, peaking at 550 °C (65 vol%), and then decrease with the temperature. However, 

the CO and CO2 purity show an opposite trend, and CH4 purity mainly decreases with the 

increasing temperature. At a lower temperature, the CaO carbonation occurs, the H2 purity 

increases whereas CO2 and CO purity diminishes. However, at a higher temperature, the CaO 

carbonation is inhibited, and thereby the sorption-enhanced effect of CaO is weakened and even 

disappeared. Meanwhile, the increasing temperature favours the endothermic tar 

cracking/reforming, reverse Boudouard, char reforming and methane reforming reactions (Eq. 2, 

3, 5-8) to facilitate H2, CO and CO2 production and consume CH4, leading to an enhancement in 
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H2, CO, CO2 production and reduction in CH4. Therefore, at a higher temperature, the H2 purity 

diminishes, while CO and CO2 purity increase. Chen et al. [122] reported a similar trend with the 

maximum H2 purity (72.8 vol%) at 700 °C. Hence, there is a compromise between the purity and 

yield of H2 when choosing the optimal temperature.  
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Fig. 2.8. Effluent gas composition and H2 yield from sorption-enhanced steam gasification of biomass as a 

function of temperature [121].  

The molar ratio of CaO to the carbon in biomass (CaO/C) is another key factor to influence the 

syngas production. Due to the promoting water-gas shift reaction (Eq. 4) in the presence of CaO, 

the H2 production increases with the CaO/C, while the CO production decreases with the CaO/C. 

Wei et al. [123] reported that the H2 yield and purity is enhanced from 64.3 mL/gbiomass and 28.7 

vol% in the absence of CaO to 211.0 mL/gbiomass and 61.8 vol% at a CaO/C molar ratio of 2, 

meanwhile the CO purity declines from 32.0 to 12.1 vol%. However, some studies reported that 

there exists an optimal value of CaO/C for the highest H2 production. Hu et al. [102] revealed that 

the H2 yield and purity start to decrease when CaO/C is higher than 0.7. The CaO addition has a 
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significant effect on the heat transfer properties inside the reactor. Zhou et al. [124] reported that 

CaO addition would slow down the increasing rate of the temperature of the mixture of CaO and 

biomass compared to that of biomass without CaO. Therefore, there probably exists an optimal 

CaO/C ratio for H2 production, since an excess of CaO in the reactor will absorb heat and hinder 

heat transfer between reactants which leads to the decrease of H2 production. 

2.3.4. Current status and challenges of syngas production from sewage sludge 

The syngas production from the air, air-steam, steam, and sorption-enhanced steam gasification of 

SS is shown in Fig. 2.9. Similar to other types of biomass, it can be seen from Fig. 2.9a that the 

purity of H2 is in the range of 6.0-16.4 vol% and 8.2-24.2 vol% from the air and air-steam 

gasification of SS, respectively. With the addition of steam, the purity of H2 is increased to 28-53 

vol% due to the promoting of steam reforming reactions (Eq. 2, 4, 6-8). In the presence of CO2 

sorbent, the H2 purity is further enhanced to 59-72 vol% from the sorption-enhanced steam 

gasification of SS. Despite the enhanced H2 production, the addition of CaO would produce H2-

rich gas stream at even lower temperature compared to steam and air gasification process. 

Therefore, SS has the potential to produce high purity clean energy (H2) using the sorption-

enhanced steam gasification process. Besides, there is a significant weight loss after the 

gasification process, and it was reported that most of the heavy metals are retained in the char 

[125], which make it easier no matter to recovery the heavy metals or disposal of them. Thereby, 

the sorption-enhanced steam gasification of SS makes it possible to achieve waste-to-energy and 

satisfy the environmental criteria of sustainable development and economic and social concerns.  

Another important component of the syngas, the CO purity is low, ranging from 5 to 25 vol% (Fig. 

2.9b). And no obvious change is observed for the CO purity from air, air-steam, steam and 

sorption-enhanced steam gasification of SS. Most researches to date focused on H2 production 
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from SS, however, effective utilization of carbon in the SS for CO is ignored, and effective 

approach for the enhanced CO production from SS is still lacking.  
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Fig. 2.9. Syngas production from air [90, 91, 95, 126], air-steam [90, 127-130], steam [131-135] and 

sorption-enhanced steam gasification [122, 136-138] of sewage sludge. (a) H2 purity; (b) H2 yield; (c) CO 

purity; (d) CO yield. 

2.4. Tar elimination for syngas production 

With the exception of the generation of syngas, tar is also formed accompanying with the syngas 

during the gasification of biomass, which can be condensed at a lower temperature, then foul, 

block and corrode the downstream equipment, like pipes, filter, engines, etc [139]. It was reported 

that the applications of the syngas derived from biomass require a low tar content of less than 0.05 

g/Nm3 [140]. As shown in Table 2.7., the tar content is still far above the required values. 

Therefore, tar elimination is indispensable for the industrial application of the biomass-derived 

syngas using gasification technology. Up to now, a lot of work concerning tar elimination using 

physical and chemical methods has been widely reported [141, 142]. The physical methods 

including scrubber, filter, cyclone and electrostatic precipitator, have been proven to reduce about 
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40-99% tar [140]. However, the physical methods only remove the tar from the gaseous products, 

while there is no energy recovery associated with the physical tar elimination [143]. The chemistry 

methods mainly containing thermal and catalytic elimination of the tar can not only reduce the tar 

contents but also enhance the syngas production by converting the tar into syngas.  

Table 2.7. Tar contents of the thermochemical conversion of biomass 

Biomass types Thermochemical conversion types Tar content (g/Nm3) Ref. 

Black pine Air 26.8 [88] Air-steam 21.2 
Agrol Steam-oxygen 12.4 [144] 

Pine sawdust Catalytic steam gasification 48 [145] 

SS  
Air-steam 45.3 [127] 
Pyrolysis 13.1 [133] Steam gasification 20.6 

 

2.4.1. Thermal elimination of tar for syngas production 

Thermal elimination of tar means the tar is cracked at a high temperature above 700 °C [146]. 

Jaramillo-Arango et al. [141] found that the tar yield from the pyrolysis of SS increases with the 

temperature, reaching a maximum at 600 °C, and then decreases due to the promoting tar 

reforming/cracking for gas production at a higher temperature. Zhang et al. [84] reported that tar 

yield slightly decreases between 600 and 700 °C, and then decreases greatly as the temperature 

increases from 700-1000 °C. de Andrés et al. [128] reported that the tar production from SS with 

the increasing time from 750 to 850 °C reduced by 65% at a residence time of 7.5 s and 49% at a 

residence time of 2.5 s. Besides, temperature also poses a crucial influence on tar compositions. 

The variation in the composition of the tar reported by Jaramillo-Arango et al. [141] shows that 

oxygenated compounds, aliphatic and aromatic compounds are the major components of the tar 

derived from SS, which decrease with the temperature, while nitrogen-containing compounds and 

PAHs increase with the temperature. Similarly, Fuentes-Cano et al. [147] revealed that the rise in 
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temperature would reduce the content heterocyclic and monoaromatic tar, while increasing the 

contents of 2-7 rings PAHs. It was concluded that the light tars (heterocyclic and mono-aromatic 

compounds) are the precursors of heavy tars (2-7 rings PAHs). Furthermore, the higher 

temperature could lead to a lower yield of tar and a higher yield of gaseous products 

correspondingly, especially with the steam reforming. Phuphuakrat et al. [148] exhibited a 

reduction of 78% in the gravimetric tar mass under the thermal cracking at 800 °C. Based on that, 

the tar elimination efficiency is further promoted to 88% by steam reforming. The H2 and CO 

production increases by 143.7% and 42.9% under the thermal cracking at 800 °C. With the steam 

reforming, the H2 production increases by 306.3%, while the CO production decreases by 28.9% 

due to the promoting water-gas shifting reaction (Eq. 4). However, the temperature of thermal 

cracking needs to be as high as 1000 °C to get complete tar removal [140, 149]. The high 

temperature requirement incurring abundant energy input makes it hard to eliminate tar thermally 

alone to get the tar contents meet the requirement for the industrial application of syngas. 

2.4.2. Catalytic elimination of tar for syngas production 

Contrary to thermal cracking of tar, the addition of catalyst would achieve high tar elimination 

efficiency at a lower temperature. Abu El-Rub et al. [150] showed that the conversion efficiency 

of phenol is only 6.0 wt% at 700 °C, while it is enhanced to 91 wt% at 700 °C with the presence 

of Ni catalysts. Furthermore, catalytic elimination of tar is an attractive and sustainable method in 

dual aspects of eliminating tar efficiently and simultaneously producing syngas. Various types of 

catalysts such as alkali metals [151, 152], noble metal-based catalysts [153-155], nickel-based 

catalysts [156-158], have been developed for tar elimination during the gasification of biomass. 

Umeki et al. [151] studied the tar and soot production from the gasification of pine sawdust 

impregnating with aqueous K2CO3 solution. The results indicated that K could promote the 
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decomposition of light tar (1-2 rings aromatic compounds) and inhibit the formation of PAHs. 

Among the noble metals, Guan et al. [159] claimed that Rh is found to be significantly more active 

than others with a selectivity order of Rh > Pt > Pd > Ru ≈ Ni. Ammendola et al. [160] also 

disclosed that the noble Rh/LaCoO3/Al2O3 catalyst can completely convert the tar as well as the 

light hydrocarbons with a limited coke formation, being far more active than the Ni/Al2O3, 

dolomite, and olivine. Although noble metal catalysts perform excellent catalytic active and good 

resistance toward deactivation and sintering, their high cost and limited availability restrict their 

large-scale industrial applications.  

Ni-based catalysts have attracted much attention due to the high activity, low-cost and easy 

regeneration. Ni has been proved to have a significant capacity for C-C, C-H, and C-O bond 

cleavage. Zhu et al. [161] exhibited the highest activity of Ni/AC (activated carbon) for cleavage 

of C-O bond compared to Co/AC and Cu/AC. Prats et al. [162] found that Ni clusters dispersed on 

the surface of TiC are able to capture and dissociate the C-H bond of methane at room temperature, 

and C-H bond scission energy barriers become smaller than the CH4 adsorption energies and can 

be as low as 0.18 eV. Given this, Ni-based catalysts are widely applied for the purpose of dry 

reforming of methane [163, 164], water-gas shift reaction [165, 166] for syngas production. Also, 

the C-C, C-H, and C-O bonds are the important linkages in the structure of tar, and thereby the 

cleavage of those bonds is conducive to the cracking/reforming of tar and light hydrocarbons for 

syngas production. Choi et al. [142] reported 97% of tar removal efficiency with the addition of 

Ni/AC. And the addition of Ni poses an increment in H2 purity from 11.8 to 29.2 vol%, and an 

enhancement in the CO purity from 9.1 to 15.9 vol%. Moreover, the Ni-based catalysts had the 

ability to reduce gaseous by-products, like, NOx, NH3 emission during the gasification of biomass, 
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especially SS with high N contents. A significant reduction in NH3 content in the produced gas 

from 1926 to 259 ppm from the gasification of SS with the addition of Ni/AC [142].  

However, the rapid deactivation deriving from carbon deposition and thermal sintering is the 

shortcoming of the Ni-based catalysts. Much effort has been devoted to improving Ni catalysts 

performance on the selection of the type support [167-171] and subsequent modifiers [172-174]. 

The support plays a key role on catalyst performance, since it can promote the secondary reactions 

of coke to inhibit coke deposition and the strong metal-support interaction enhancing Ni dispersion 

and minimizing Ni sintering [168, 175]. A wide range of Ni support, like Al2O3, CeO2, SiO2, ZrO2, 

MgO, TiO2, dolomite, has been proposed for the tar elimination. Santamaria et al. [167] compared 

the influence of support on Ni catalysts performance in the in-line steam reforming of tar derived 

from biomass fast pyrolysis. The tar elimination efficiency and H2 selectivity are found in the 

following order: Ni/Al2O3 ≈ Ni/ZrO2 > Ni/MgO > Ni/TiO2 > Ni/SiO2. The Ni/Al2O3 and Ni/ZrO2 

catalysts show the best catalytic activity with 98% of tar removal efficiency, which is related to 

the suitable physical properties of the support favouring a proper metal dispersion. The low Ni 

dispersion in the Ni/TiO2 catalyst leads a poor activity on the tar removal efficiency. Although 

Ni/SiO2 catalyst has a high surface area and Ni dispersion, its microporous structure hinders the 

access of tar bulky molecules to Ni activity sites leading to the lowest tar elimination efficiency. 

Miyazawa et al. [168] demonstrated that Ni/Al2O3 exhibits the highest tar removal efficiency with 

the highest H2/CO ratio in the generated syngas from no matter the oxygen or steam gasification 

of tar derived from biomass. The order of the catalytic performance at 550 °C is as follows: 

Ni/Al2O3 > Ni/ZrO2 > Ni/TiO2 > Ni/CeO2 > Ni/MgO > no catalyst. While Ni/CeO2 shows a smaller 

amount of coke than other catalysts since it can promote the reaction of carbon with O2 and steam. 

The experimental results conducted by Furusawa et al. [169] concluded that Al2O3 supported metal 
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(Ni and Pt) catalysts show better catalytic performances on the steam reforming of 

naphthalene/benzene than CeO2, MgO, ZrO2, TiO2 supported catalysts. Wu and Williams [170] 

also claimed that a typical and suitable support for Ni catalysts is Al2O3, because of its chemical 

and physical stability and high mechanical properties. Besides, the Ni/ Al2O3 catalyst prepared by 

co-precipitation shows a higher catalytic performance on the tar elimination and gas production 

compared to the Ni/Al2O3, Ni/ZSM-5, Ni/CeO2/Al2O3, Ni/CeO2, Ni/MgO catalysts prepared by 

the impregnation method, which can be explained that co-precipitation allows catalyst with a big 

metallic area and high thermal stability of metallic phase [176].  

Various modifiers, like noble metals (Ce, Ru, Co, Pb) [172, 177-179], alkali (Na, K, Mg, Ca) [173, 

174, 180, 181] have also been studied to improve catalytic activity, coking resistance, and stability 

of Ni-based catalyst. Among all the modifiers, CaO is becoming an appealing one in the steam 

reforming of biomass-derived tar and light hydrocarbons in view of its bi-functional property. In 

the bi-functional Ni/CaO catalyst, the Ni species is associated with the steam reforming of tar and 

light hydrocarbons and CaO species possess the sorption property, both of which are contributed 

to the syngas production. Wu et al. [174] prepared Ni-CaO-Al2O3 multifunctional catalysts using 

the co-precipitation method showing higher H2 concentration and larger CO2 adsorption ability in 

10 reaction-desorption cycles in comparison with the mixture of CaO adsorbent and Ni/Al2O3 

catalyst. And this Ni-CaO-Al2O3 catalyst was recommended to be widely applied for many other 

sorption-enhanced processes for syngas production. Ashok et al. [182] compared the catalytic 

activity of NiO-CaO-Al2O3 (Ni-Ca-Al), NiO-CaO (Ni-Ca) and NiO-Al2O3 (Ni-Al) prepared by the 

co-precipitation method on the steam reforming of toluene as a model compound of tar. The Ni-

Ca-Al catalyst has higher H2 production and lower CO2 production compared to the Ni-Ca and Ni-

Al catalysts, suggesting a synergy between the Ni and CaO. Also, the Ni-Ca-Al catalyst possesses 
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lower amount of carbon formation rate (2.5 mg/g/h) as compared to the carbon formation rate of 

Ni-Ca (130.4 mg/g/h) and Ni-Al (45.3 mg/g/h). Nahil et al. [183] reported that the addition of CaO 

to the Ni-Mg-Al catalyst leads to an increase in H2 production and selectivity due to the promoting 

of the water-gas shift reaction by in situ CO2 capture. The catalyst deactivation and sintering due 

to the carbon deposition are significantly decreased with the addition of CaO. Besides, the Ni-Mg-

Al-CaO catalyst shows a comparatively stable CO2 adsorption capacity even after 20 cycles. Xu 

et al. [184] designed an ordered mesoporous NiO-CaO-Al2O3 with advantageous textural 

properties and superior thermal stabilities, which exhibits excellent catalytic activities and long 

catalytic stabilities on the dry reforming of CH4. Besides, the modification of Ca among the 

mesoporous skeletons also improve the catalytic performance as well as suppressing carbon 

deposition by enhancing the chemisorbed activation of the CO2. In conclusion, the above-

mentioned results indicate that bi-functional Ni-CaO-Al2O3 catalyst is an appealing candidate for 

the sorption-enhanced process, posing dual roles in tar cracking/reforming for gas production and 

promoting H2 production with the in situ CO2 capture.  

2.4.3. Biochar for syngas production 

Biochar is another product of the thermochemical conversion of biomass, the applications of which 

are diverse, ranging from heat and power production [185], environmental decontamination [186], 

soil amendment [187] and animal husbandry [188], or building materials [189]. Besides, the 

biomass-derived char has the potential for syngas production mainly in the following two aspects 

[190]. 

Vassilev et al. [191] presented a comprehensive review on the composition of biomass ash, 

showing that the main components in biochar are alkali and alkaline-earth metals, like SiO2, CaO, 
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K2O, P2O5, Al2O3 and MgO. And a porous biochar is obtained as the gases devolatilize from the 

solid biomass during pyrolysis. Somerville and Jahanshahi [192] described that the porosity of 

biochar increases with pyrolysis temperature, increasing from 50% at 300 °C to 70% at 850 °C. 

Similarly, the surface area of biochar significantly enhances with the temperature. Chen et al. [193] 

discovered that the surface area of pine needle is extremely low (0.65 m2/g). With increasing 

pyrolytic temperature to 400 °C, the removal and destruction of -OH, aliphatic C-O, ester C=O 

groups and aliphatic alkyl lead to an enhancement of surface area to 112.4 m2/g. The further 

removal of aromatic CO- and phenolic -OH linked to aromatic cores boosts the surface area to 

490.8 m2/g at 700 °C. Raw biomass is typically acidic or basic with pH-values ranging from 5 to 

7.5. Biochar is typically alkaline with pH-values of 9-12 [194]. Due to the alkali and alkaline-earth 

metals, high porosity, surface area and pH value, biochar has been proved to have a promoting 

effect on the tar cracking/reforming for syngas production (Eq. 2, 3). Park et al. [179] studied tar 

production from fir wood by pyrolysis at 500 °C and then pass through the second reactor with 

different temperature or biochar particles. The tar yield is reduced from 24.8% by pyrolysis to 

13.7% by thermal cracking at 800 °C, and further to 7.7% with the biochar in the reactor at 800 

°C. Besides, the syngas yields are increased correspondingly. The CO yield shows the largest 

increase from 7.7 wt% by pyrolysis to 18.0 wt% by thermal cracking at 800 °C, and further to 25 

wt% with the biochar at 800 °C. The H2 yield increases from 0.04 wt% by pyrolysis to 0.5 wt% 

by thermal cracking at 800 °C, and further to 1.0 wt% with biochar at 800 °C.  

Moreover, biochar derived from lignocellulosic biomass features rich carbon. The carbon contents 

could reach as high as 95% with increasing pyrolytic temperature above 700 °C, whereas the 

oxygen and hydrogen contents decrease due to the dehydration, deoxygenation and 

depolymerization of the biomass [195]. The carbon-rich biochar has been demonstrated to be 



Chapter 2 

40 
 

gasified by CO2 for CO production via reverse Boudouard reaction (Eq. 5), which has attracted 

wide attention. It has the potential to be used to mitigate the accumulation of CO2 in the atmosphere 

or as a post-treatment technique to improve the quality of exhaust/flue gas [190]. Regarding the 

char derived from SS, the carbon contents are low, only ranging 0.6-6.4% reported by Oh et al. 

[196] and 20.2-30.7% reported by Ahmad et al. [195], due to high ash contents in SS. However, 

SS-derived char shows high reactivity with CO2. Gupta et al. [197] also claimed that CO2 

gasification of biomass-derived char is influenced by char morphology and inorganic content, later 

being the major factor. Scott et al. [198] compared the CO2 gasification rate of three types of chars 

(SS, car tyres, coal). The highest reactivity of char with CO2 is derived from SS, which is attributed 

to the SS-derived char containing large amounts of alkali and alkaline-earth metals to catalyse the 

gasification of carbon by CO2.  

2.5. Summary 

This chapter presents the literature review that rapid growth in generation and hazardous 

components of SS pose a significant challenge to conventional disposal and treatment approaches 

considering the land shortage and environmental concerns. Sorption-enhanced thermochemical 

conversion, regarded as a waste-to-energy technology, can achieve the transformation of SS into 

high yield and purity H2 as a promising alternative to combat the increasing environmental issue 

facing SS management. However, the conventional sorption-enhanced thermochemical conversion 

only aims to enhance H2 production. Another important component of the syngas, CO, has not 

received much attention from the sorption-enhanced thermochemical conversion process, and 

effective approach for the enhancement in CO production is still lacking. Additionally, a certain 

amount of tar is also produced along with the syngas from the sorption-enhanced thermochemical 

conversion process, restricting the application of the generated syngas. The bi-functional Ni-
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CaO/Al2O3 catalyst and biochar have been reviewed to be capable of tar elimination and 

enhancement in syngas production. The next chapters will discuss the results on the development 

of a novel two-stage sorption-enhanced process to enhance the CO production under the premise 

of high H2 production, and further maximise the syngas yield and improve the syngas quality.  
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Chapter 3 Sorption-enhanced thermochemical conversion of 

sewage sludge to syngas with intensified carbon utilization 

3.1. Introduction 

Developing renewable energy is an effective solution to the energy crisis and climate change, and 

contributes 32% of the reduction in anthropogenic CO2 emissions to limit global warming to well 

below 2 °C [1]. Given its abundant availability and low dependence on geographical and climatic 

conditions [2, 3], biomass has played an important role in the development of global renewable 

energy. It is projected that the share of biomass-derived electricity will reach 12% of the total 

electricity derived from renewable energy in 2040, increasing by more than 30% as compared to 

the 2013 level [4]. In addition to electricity generation in the power sector, biomass can also be 

converted to a wide range of end-use fuels and value-added chemicals [5], offering a choice of 

renewable energy products via various approaches for dedicated conversion. 

Thermochemical conversion would be one efficient way to transform biomass into biochar [6, 7], 

liquid fuel [8], and syngas [9, 10]. Among these products, syngas, which consists mainly of H2 and 

CO, has gained increasing interest due to its high calorific value and wide application as a platform 

feedstock for the production of a variety of liquid biofuels via the Fischer-Tropsch synthesis 

process [11-13]. Recently, sewage sludge, a kind of municipal solid waste generated in large 

quantities during wastewater treatment, has been recognized as a promising source of biomass, 

given its high content of organics and increasing annual generation [14-16]. Thermochemical 

conversion of sewage sludge to syngas is attracting increasing attention, since it could not only 

make use of the bioenergy contained in the sewage sludge, but also lead to an effective 

minimization of this hazardous waste in an environmentally benign and sustainable manner [17].  
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Considering that H2 is carbon-free energy and is versatile in the chemical industry, most attention 

so far has been paid to obtaining H2 with regard to syngas production from sewage sludge. 

Recovering the H2-containing pyrolytic gas as a byproduct has been considered during the 

pyrolysis of sewage sludge to produce biochar or liquid fuel [18-20]. However, the yield of H2 is 

quite low because the inert atmosphere applied for pyrolysis is unfavourable for the production of 

gaseous components [20]. In order to promote the yield of H2, the gasification technique that has 

been widely investigated for biomass conversion was applied to sewage sludge. Such a technique 

is based on thermal treatment of organic matters with an oxidizing agent, including air [21, 22], 

steam [17], and oxygen [23]. Among these agents, steam has been proved to be the most effective 

to gasify biomass for H2 production [24], while the gasification with air or oxygen leads to a 

lowered H2 purity [10]. As for steam gasification of sewage sludge, Nipattummakul et al. [17] 

concluded that the yield of H2 could be improved with an increasing steam-to-sludge ratio, since 

H2 is directly produced through the steam reforming reactions, especially the water-gas shift 

(WGS) reaction (Eq. 1). 

CO+H2O⇋CO2 +H2 , ∆H298 K = -41.2 kJ/mol                 (1) 

However, the WGS reaction would inevitably result in the generation of CO2 along with H2, 

limiting the purity of H2 in the gas stream obtained to 40-50 vol% [25]. Recently, steam 

gasification of sewage sludge or other biomass enhanced with CO2 sorption was proposed to 

further improve the H2 yield and purity. In this process, a CO2 sorbent, typically CaO, is employed 

to in situ capture the CO2 released directly from the biomass matrix and generated due to the steam 

reforming reactions of CO or light hydrocarbons, driving the whole biomass conversion process 

to the direction of producing more H2 [26-28]. The purity of H2 in the gas stream obtained after 
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the sorption-enhanced steam gasification of biomass can be increased to as high as 70-80 vo% [29, 

30]. 

Technically, H2 production from sewage sludge can be substantially improved by steam 

gasification enhanced with CO2 sorption. However, the improvement in H2 production mainly 

comes from the hydrogen in the steam rather than that in the sewage sludge. Furthermore, this is 

realized at the cost of the utilization efficiency of carbon, which is the most abundant element in 

the sewage sludge. Here, in order to intensify the carbon utilization of sewage sludge, we propose 

a novel two-stage sorption-enhanced (TSSE) thermochemical conversion process, where the 

production of H2 and CO is separated and CO-rich syngas is obtained through manipulating the 

CaO-based CO2 carrying cycle for capture and conversion of the carbon in sewage sludge. In this 

chapter, the technical feasibility of the proposed process was experimentally demonstrated, the key 

factors influencing the syngas production and carbon utilization of sewage sludge were 

investigated, and the mechanism for intensification of carbon utilization was clarified.  

3.2. Experimental section 

3.2.1. Sample preparation 

The sewage sludge used in this chapter was obtained prior to anaerobic digestion from a municipal 

wastewater treatment plant in Sydney, Australia. The moisture content of the raw sewage sludge 

as received was 95.6%, and the proximate and ultimate analysis of the sewage sludge after 

dewatering at 105 ℃ for 16 h are shown in Table 3.1. The contents of volatile organics and the 

main elements, including C, H, N, and S, in the dewatered sewage sludge accorded with the typical 

values as reported in previous studies [14].  
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The sewage sludge pellets blended with different amounts of CaO were prepared using the 

following method. A calculated amount of CaO (Reagent grade, Sigma-Aldrich) was mixed with 

the sewage sludge under magnetic stirring for 3 h at room temperature. Then, the resulting slurry 

was dried at 105 ℃ for 16 h, followed by grinding, pressing, and sieving to obtain SS-CaO pellets 

(0.85-1.00 mm) ready for tests. For convenience, the SS-CaO pellets prepared were notated as SS 

(without the addition of CaO), Ca/SS-1:9, Ca/SS-3:7, Ca/SS-1:1, Ca/SS-7:3, and Ca/SS-9:1, in 

which x:y indicates the mass ratio of CaO to sludge (dry basis). 

Table 3.1. Ultimate and proximate analysis of the sewage sludge after dewatering. 

Proximate Analysis a (wt%, dry basis) Ultimate analysis b 
(wt%, dry ash free 

basis) 

Moisture 13.6 C 47.1 

Volatile matter 60.1 H 7.7 

Ash 21.8 N 8.8 

Fixed carbon 4.5   
a The proximate analysis was conducted using a thermogravimetric analyzer (TGA, TGA/DSC 1, Mettler 
Toledo). 
b The ultimate analysis was conducted using an elemental analyzer (Vario EL III, Elementar). 

3.2.2. Test of the prepared SS-CaO pellets 

Temperature-programmed decomposition (TPD) of SS and Ca/SS-1:1 was performed using a 

thermogravimetric analyzer (TGA, TGA/DSC 1, Mettler Toledo). Approximately 30 mg of the 

sample was placed in a 70 μL alumina pan and heated from room temperature to 1000 °C at a rate 

of 10 °C/min under a N2 flow of 100 mL/min. A fourier transform infrared (FT-IR) spectrometer 

(Nicolet 6700, Thermo Scientific) was connected to the TGA to simultaneously monitor the 

change in gas composition in the reaction atmosphere, and the FT-IR spectra were recorded every 

0.52 min with a 4 cm-1 resolution and 32 scans in the range of 4000-600 cm-1. The H2 in the 
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atmosphere was monitored every 1.5 min using a gas chromatograph (GC, 7890B, Agilent) 

equipped with a 5A molecular sieve column and a thermal conductivity detector (TCD). 

N2
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Fig. 3.1. Illustration of the experimental setup used for thermochemical conversion of sewage sludge in this 

chapter. 

Thermochemical conversion tests of the prepared SS-CaO pellets were carried out in a fixed-bed 

reactor with a stainless steel tube (inner diameter: 6 mm) at atmospheric pressure, and the whole 

experimental setup is illustrated in Fig. 3.1. During the temperature-programmed isothermal 

pyrolysis of SS and Ca/SS-1:1, 0.25 g of SS or 0.50 g of Ca/SS-1:1 was loaded on the quartz wool 

supported in the tube. Then, The loaded sample was heated from room temperature to 350 °C at a 

rate of 30 °C/min and held for 30 min, and then heated to 950 °C at a rate of 30 °C/min with the 

temperature held for 30 min every 100 °C under a N2 flow of 15 mL/min. During syngas production 

tests of the SS-CaO pellets in the proposed TSSE thermochemical conversion process, an 

appropriate amount of the SS-CaO pellet sample was loaded in the tube. Under a N2 flow of 10 
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mL/min, the sample was heated to and kept at 550 °C for 30 min to produce H2; after that, the 

remaining sample was heated to and kept at 750 °C for another 30 min to produce CO. During the 

experiment, the condensation gas (tar) was condensed and collected in the condensation system. 

The concentrations of H2 and CO in the effluent gas from the fixed-bed reactor were monitored 

on-line by a 7890B GC, while CO2, CH4, C2H4, and C2H6 in the effluent gas were detected on-line 

by a Nicolet 6700 FT-IR spectrometer. The data acquisition interval for both GC and FT-IR was 

every 1.5 min. 

3.2.3. Sample characterization 

FT-IR spectra of the freshly prepared SS and Ca/SS-1:1, as well as the residues after isothermal 

pyrolysis at different temperatures, that were mixed with KBr powder in a mass ratio of 1:200, 

were recorded by a Nicolet 6700 FT-IR spectrometer with a 4 cm-1 resolution and 32 scans in the 

range of 4000-600 cm-1. Powder X-ray diffraction (XRD) was performed to identify the crystal 

phase in the sludge residues after pyrolysis using an X-ray diffractometer (X’Pert PRO, 

PANalytical) with Cu Kα radiation in the 2θ range of 10–80°. The carbon and hydrogen contents 

of the freshly prepared SS-CaO pellets and their residues after pyrolysis were determined using an 

elemental analyzer (Vario EL III, Elementar). The percentage of residual sludge was expressed as 

the mass fraction of the solid sample after N2-TPD with the initial solid sample. 

The remaining carbon (ηC) in the sludge residues of SS and Ca/SS-1:1 after isothermal pyrolysis 

at different temperatures is calculated according to the following Eq. 2: 

ηC (%)= CR
C

×100%            (2) 
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where CR is the mass percentage of the carbon remaining in the sludge residues of SS or Ca/SS-

1:1 after pyrolysis at a certain temperature, %; C is the mass percentage of the total carbon in the 

freshly prepared SS or Ca/SS-1:1, %. 

The utilization efficiency of carbon in the sludge to CO (ηCO) is calculated according to the 

following Eq. 3: 

ηCO (%)= 12×YCO
22.4×C×1000

×100%         (3) 

where YCO is the yield of CO, NmL/gdry SS; C is the mass percentage of the total carbon in the 

freshly prepared SS-CaO pellets, %. 

The utilization efficiency of hydrogen in the freshly prepared SS-CaO pellets to H2 is calculated 

according to the following Eq. 4: 

ηH2
 (%)=

2×YH2
22.4×H×1000

×100%          (4) 

where YH2 is the yield of H2, NmL/gdry SS; H is the mass percentage of the total hydrogen in the 

freshly prepared sludge pellets, %. 

3.3. Results and discussion 

3.3.1. Investigation of the process integration scheme 

Process integration of the sludge pyrolysis and the CaO-based CO2 carrying cycle is studied by 

comparison of the thermochemical behaviour of SS and Ca/SS-1:1 during the temperature-

programmed decomposition in a N2 atmosphere (N2-TPD) as shown in Fig. 3.2. The freshly 

prepared SS is pyrolyzed following four stages. As shown in Fig. 3.2a, the weight loss below 185 

°C results largely from the removal of moisture in the sludge matrix. The largest weight loss 
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(~52.2%), accompanied by the appearance of CO2, H2O, and light hydrocarbons in the reaction 

atmosphere, is observed in the temperature region of 185 °C-550 °C. This is due to devolatilization 

of the sludge [31], during which we could notice that a considerable proportion of the carbon in 

the sludge is released in the form of CO2. Most of the H2 is generated from 550 °C to 800 °C due 

to cracking of the sludge tar [32], and the generation of CO is not notable until the temperature 

was over 850 °C.  

0 200 400 600 800 1000
0.00

0.04

0.08

0.12
 

 C
2
H

4

 CO
 CO

2

 C
2
H

6

 CH
4

 H
2
O

In
fr

ar
ed

 a
bs

or
ba

nc
e

Temperature (C)

0

20

40

60

80

100

 

 

W
ei

gh
t p

er
ce

nt
ag

e 
(%

)

(a)
Stage IVStage I Stage II Stage III

0

2

4

6

8

10

W
ei

gh
t d

er
iv

at
iv

e 

0

200

400

600

800

 H
2

H
2 in

te
ns

ity

0 200 400 600 800 1000
0.00

0.04

0.08

0.12
 

 C
2
H

4
  

 CO
 CO

2
 

 C
2
H

6

 CH
4

 H
2
O

In
fr

ar
ed

 a
bs

or
ba

nc
e

Temperature (C)

0

20

40

60

80

100

 

 

W
ei

gh
t p

er
ce

nt
ag

e 
(%

)

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05Stage IVStage IIIStage II

W
ei

gh
t d

er
iv

at
iv

e 

Stage I
(b)

0

200

400

600

800

 H
2

H
2 in

te
ns

ity

 

Fig. 3.2. N2-TPD profiles of the freshly prepared (a) SS and (b) Ca/SS-1:1. 

It should be noted that the CaO is converted into Ca(OH)2 in the sewage sludge slurry during the 

SS-CaO pellets preparation. Upon introduction of CaO into the sludge matrix, the thermochemical 

behaviour of the as-derived mixture (Ca/SS-1:1) exhibits a significant difference as compared to 

that of SS. It is clearly observed in Fig. 3.2b that the strong CO2 peak disappears in stage II, while 

a sharp H2O peak appears at ~450 °C, a temperature which is appreciably lower than that for 
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Ca(OH)2 decomposition [33]. This is attributed to the carbonation reaction between Ca(OH)2 and 

the CO2 released due to sludge pyrolysis (Eq. 5). There is a notable weight loss in stage III (Fig. 

3.2b), which is accompanied by the appearance of the CO2 and CO peaks. This indicates the 

occurrence of CaCO3 decomposition and reverse Boudouard (Eq. 6) reactions in this temperature 

region. It can be concluded that Ca(OH)2 works as a CO2 carrier in the sludge matrix, capturing 

the CO2 generated during sludge pyrolysis and releasing it to gasify the pyrolysis-derived sludge 

char for CO production at higher temperatures. It is worth mentioning that 22.1% of the sludge 

components remain after N2-TPD of Ca/SS-1:1, which is appreciably lower than that of SS 

(28.5%) and close to the content of ash in the sludge (21.8%). In addition, it is shown in Fig. 3.2 

that the generation of both H2 and CO shifts to lower temperatures when Ca(OH)2 participates in 

the sludge pyrolysis. Thus, these observations clearly reveal that H2 and CO production could be 

significantly enhanced on account of integrating the CaO-based CO2 carrying cycle into sludge 

pyrolysis.  

Ca(OH)2+CO2→CaCO3+ H2O, ∆H298 K= -69.0 kJ/mol     (5) 

C+CO2⇋2CO, ∆H298 K = +172.4 kJ/mol                              (6) 

Transformation of the Ca species during N2-TPD of Ca/SS-1:1 is revealed in Fig. 3.3. The only Ca 

species identified in the freshly prepared Ca/SS-1:1 is Ca(OH)2, which is formed through the 

hydration reaction between CaO and H2O in the sludge slurry during sample preparation, and starts 

to capture CO2 through the carbonation reaction at ~350 °C. The identification of CaCO3 in the 

sludge residues after pyrolysis at 450 °C supports the occurrence of the carbonation reaction of 

Ca(OH)2 (Eq. 5) in Fig. 3.2b. It is shown in Fig. 3.3 that the CaCO3 phase, formed by carbonation 

of Ca(OH)2 below 500 °C [34, 35] and CaO at higher temperatures [36], could be identified in the 
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temperature range of 350 °C to 650 °C. This indicates that the temperature regions where the 

sludge releases CO2 due to pyrolysis (Fig. 3.2a) and Ca(OH)2 or CaO captures CO2 due to 

carbonation could fully overlap, which is an important basis for the efficient operation of the 

proposed process to intensify the carbon utilization of sludge. 
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Fig. 3.3. XRD patterns of the freshly prepared Ca/SS-1:1 and its corresponding residues after isothermal 

pyrolysis at various temperatures.   

The influence of the presence of Ca species on the pyrolysis characteristics of the sludge during 

N2-TPD was further investigated by analyzing the change in the FT-IR spectra as shown in Fig. 

3.4. In the freshly prepared SS, the bands related to the stretching vibrations of O–H (~3400 cm-

1), –CH2– (~2925 and 2850 cm-1), –CH3 (~2960 and 1440 cm-1), C=O (~1650 cm-1), COO– (~1400 

cm-1), and Si–O–Si (~1030 cm-1); and the bending vibration of N–H (~1560 cm-1) are identified 

[37, 38]. The most significant change in the FT-IR spectra regarding SS is the gradual 

disappearance of the –CH2, –CH3, C=O, and COO– bands as the temperature increases from 350 
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to 550 °C. This indicates the destruction of aliphatic chains and carbonyl groups in the sludge 

matrix, and therefore results in the generation and release of CO2, CO, and light hydrocarbons as 

shown in Fig. 3.2a. No evident bands, except Si–O–Si, are observed in Fig. 3.4a after 650 °C, 

revealing that the sample is largely mineralized. With regard to Ca/SS-1:1, there are no new bands 

identified in the spectra except the ones indicating Ca species, viz., Ca(OH)2 (~3640 cm-1) and 

CaCO3 (~1415 and 870 cm-1) [39], whose change in the spectra is in line with the XRD analysis 

in Fig. 3.3. The change in the bands related to O–H, –CH2–, –CH3, C=O, COO–, and N–H in the 

spectra regarding Ca/SS-1:1 do not differ much when compared to those regarding SS. However, 

the Si–O–Si band become stronger as the temperature increased, indicative of an enhanced 

mineralization effect. This observation is supported by the weight loss analysis in Fig. 3.2. 
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Fig. 3.4. FT-IR spectra of the freshly prepared (a) SS and (b) Ca/SS-1:1, and their corresponding residues 

after isothermal pyrolysis at various temperatures. 

3.3.2. Production of syngas with separated H2- and CO-rich streams 
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Temperature-programmed isothermal pyrolysis of SS and Ca/SS-1:1 at selected temperatures was 

performed to further compare their syngas production characteristics (Fig. 3.5). With regard to H2 

production, the temperature-dependence of yield exhibits different characteristics between SS and 

Ca/SS-1:1. Without the addition of CaO (SS), the production of H2 lasts for a wide temperature 

range from 550 °C to 950 °C. This is in line with the results in Fig. 3.2a and the conclusions from 

other studies that a sufficiently high temperature is required to achieve an acceptable yield of H2 

from sludge [10]. However, almost 85% of the total yield of H2 from Ca/SS-1:1 is attributed to the 

pyrolysis of sludge at temperatures between 450 °C and 650 °C, where carbonation of Ca(OH)2 or 

CaO to capture the CO2 released due to sludge pyrolysis occurs as discussed above. In fact, the 

increase in the total H2 yield from 68.1 NmL/gdry SS for SS to 107.5 NmL/gdry SS for Ca/SS-1:1 (Fig. 

3.6) comes from the enhancement in H2 production in this temperature range, indicating that the 

occurrence of the Ca(OH)2 or CaO carbonation reaction would facilitate H2 production from sludge 

at lower temperatures. This is probably due to the sorption-enhanced steam gasification effect that 

promotes the WGS reaction (Eq. 1) via capture of CO2 by Ca(OH)2 or CaO [40]. In addition, the 

enhanced H2 production would also be associated with the catalytic effect of CaO on tar cracking 

[32, 41].  

The production of CO from sludge is more sensitive to temperature than that of H2, since it is 

intensively generated within 850-950 °C for SS and 650-750 °C for Ca/SS-1:1. The sludge would 

need to be pyrolyzed at elevated temperatures, higher than 850 °C, if the production of CO is 

required. However, with the addition of CaO, CO is produced during sludge pyrolysis at a 

temperature of as low as 650 °C. This is determined by the thermodynamics of the CaO-based CO2 

carrying cycle, where the CO2 captured at lower temperatures starts to be released due to CaCO3 

decomposition at such a temperature (Figs. 3.3 and 3.4) [36]. Thus, it is conceivable that the 
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intensive release of CO2 at temperatures between 650 °C and 750 °C drove the reverse Boudouard 

reaction with sludge char for CO production. In addition to the facilitation in CO production, the  
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Fig. 3.5. Yields of H2 and CO during temperature-programmed isothermal pyrolysis of SS and Ca/SS-1:1, 

respectively, at selected temperatures. 
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Fig. 3.6. The total yield of H2 and CO during the temperature-programmed isothermal pyrolysis of SS and 

Ca/SS-1:1 from 350 °C to 950 °C. 



Chapter 3 

77 
 

total yield of CO from Ca/SS-1:1 (221.8 NmL/gdry SS) is more than 3 times that from SS (66.1 

NmL/gdry SS) as shown in Fig. 3.6. It is clear that the significant increase in CO yield resulted from 

the utilization of CO2 released during sludge pyrolysis which is captured by Ca(OH)2 or CaO and 

converted into CO via the reverse Boudouard reaction (Eq. 6) with sludge char. 

The H2/CO molar ratio in the syngas produced from Ca/SS-1:1 is higher than that from SS at 

temperatures below 550 °C, and lower than that from SS at temperatures above 650 °C. This means 

that the integration of the CaO-based CO2 carrying cycle into sludge pyrolysis improves the 

selectivity to H2 production at lower temperatures and to CO production at higher temperatures. 

The selectivity of both H2 to CO at 550 °C and CO to H2 at 750 °C is over 10:1 (molar ratio) for 

Ca/SS-1:1 as shown in Fig. 3.5, offering an opportunity to control the H2/CO molar ratio in the 

syngas produced by performing the pyrolysis in sequence at selected temperatures. In fact, this is 

an important consideration when we proposed the TSSE thermochemical conversion process in 

this chapter. 

Fig. 3.7 exhibits the performance of syngas production from SS-CaO pellets using the proposed 

TSSE pyrolysis process at various mass ratios of CaO to sludge (dry basis). The temperatures are 

determined as 550 °C and 750 °C, which were proved to be optimal for the production of H2 and 

CO, respectively, in Fig. 3.5. During the H2 production stage at 550 °C, the yield of H2 increases 

with the CaO/sludge mass ratio, and reaches 171.8 NmL/gdry SS at a CaO/sludge mass ratio of 9:1, 

almost 9 times as high as the yield without the addition of CaO (Fig. 3.7a). In addition to the find 

in previous studies that the presence of CaO could promote tar cracking to increase H2 production 

[32, 41], we would like to explain the role of CaO in the H2 production stage according to Le 

Chatelier’s principle in this chapter. Considering that Ca species would exist in the form of  
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Fig. 3.7. Syngas production performance of sewage sludge in the proposed TSSE pyrolysis process: (a) H2 

yield and purity generated at the first stage; (b) CO yield and purity generated at the second stage; (c) syngas 

yield and the CO/H2 molar ratio, as a function of the mass ratio of CaO to sewage sludge. Experimental 

conditions: 550 °C for the first stage, 750 °C for the second stage. 

Ca(OH)2 in the sludge matrix at temperatures below 550 °C [33][34], it is actually Ca(OH)2 that 

captures the CO2 released from sludge and provides steam as a hydrogen feedstock through the 

carbonation reaction (Eq. 5), shifting the equilibrium of the WGS reaction (Eq. 1) forward to H2 

production. Hence, as is shown in the global reaction (Eq. 7), more H2 would be produced with 

higher Ca(OH)2 contents in the sludge, resulting in higher H2 concentrations in the gas stream 

obtained after pyrolysis at 550 °C. This explanation can be supported by the time evolution of the 

CO2 release rate at this stage (Fig. 3.8). It was clearly observed in Fig. 3.8 that less CO2 is released 

from each gram of the dry sewage sludge with a higher CaO/sludge mass ratio in the H2 production 

stage, indicating that more CO2 is captured by Ca(OH)2 to promote the WGS reaction.  

Ca(OH)2+CO→CaCO3+H2 , ∆H298 K= -110.2 kJ/mol          (7) 

Unlike the situation in the H2 production stage, the yield of CO during the CO production stage at 

750 °C do not keep increasing with the mass ratio of CaO to sludge after the yield and the 
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concentration of CO reaching 192.8 NmL/gdry SS and 75.8 vol%, respectively, at a CaO/sludge 

mass ratio of 1:1. This is not surprising when we realize that the excess Ca(OH)2 which did not 

participate in the capture and release of CO2, would not benefit the reverse Boudouard reaction for 

CO production in this stage. From this point of view, the recommended mass ratio of CaO to SS 

would be 1:1 for syngas production using the proposed TSSE pyrolysis process, during which gas 

streams with a high purity of H2 and CO, respectively, could be obtained from the two stages. 

Typically, 209.0-300.5 NmL/gdry ss of the CO-rich syngas with a H2/CO molar ratio of 0.4-0.7 is 

produced from SS-CaO pellets through the TSSE pyrolysis process proposed in this chapter. 
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Fig. 3.8. CO2 release rate of different sludge samples as a function of time during the first stage for H2 

production at 550 °C. 

3.3.3. Improvement in carbon utilization efficiency 

The utilization efficiency of carbon in the sludge during the proposed TSSE pyrolysis process, 

relying on the CaO-based CO2 carrying cycle, was studied by analyzing the change in the 

remaining carbon (Eq. 2) and the accumulative conversion of sludge carbon into CO (Eq. 3) in 
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Fig. 3.9. The remaining carbon in the SS residues significantly decreases to less than 40% after 

the isothermal pyrolysis at 450 °C, and experiences a marginal decrease as the temperature 

increases. After the isothermal pyrolysis at 950 °C, still 25.2% of the carbon remains as sludge 

chars in the residues. The significant loss of carbon observed at ~450 °C is due to the 

devolatilization of sludge as discussed above in Fig. 3.2a, resulting in the release of sludge carbon 

in the form of tars [42] and carbon-containing gases (CO, CO2, and light hydrocarbons). However, 

in the presence of Ca(OH)2 (Ca/SS-1:1), the amount of remaining carbon is higher than that in the 

pyrolysis residues of SS under 600 °C, which results from the capture of CO2 released from the 

sludge and storage of it in the form of CaCO3. After 600 °C, the remaining carbon in the Ca/SS-

1:1 residues becomes lower than that in the SS residues, which is accompanied by the significantly 

higher accumulative conversion of sludge carbon into CO of Ca/SS-1:1 as compared to SS. The 

largest difference in both the remaining carbon and the accumulative conversion of sludge carbon 

into CO were observed at 750 °C, indicating an efficient integration of CaCO3 decomposition and 

reverse Boudouard reactions at this temperature. Hence, the mechanism that the CaO-based CO2 

carrying cycle enhances the carbon utilization efficiency can be concluded as the gasification of 

sludge carbon into CO at temperatures of ~750 °C using the CO2 released from sludge at lower 

temperatures. 

The elemental availability of the proposed TSSE pyrolysis process was further explored by 

comparing the conversion of the carbon in the sludge into CO (Eq. 3) and of the total hydrogen in 

the sample into H2 (Eq. 4) at various CaO/sludge mass ratios (Fig. 3.10). The hydrogen conversion 

is less than 8%, and do not gradually increase as the yield of H2 do (Fig. 3.7a) with increasing 

CaO/sludge mass ratios. This reveals that the hydrogen availability is not sensitive to the 

CaO/sludge mass ratio, albeit more steam is introduced, through the decomposition of Ca(OH)2, 



Chapter 3 

81 
 

for H2 production as the addition of CaO increased in the SS-CaO samples (Table 3.2). However, 

the conversion of carbon is much higher than that of hydrogen when the CaO/sludge mass ratio is 

over 3:7, and could reach a conversion efficiency of as high as 20.4% at the CaO/sludge mass ratio 

of 1:1. When the syngas production performance of Ca/SS-1:1 is further compared with that 

reported in other studies (Table 3.3), it can be observed that the H2 yield in this study is higher 

than that from pyrolysis of sewage sludge reported in most of the other studies, and comparable 

with the yield of H2 produced from pyrolysis of other biomass. Regardless of the biomass used, 

the yield of H2 could be significantly improved upon introduction of steam, albeit sewage sludge 

appears to be a less competitive candidate for H2 production via steam gasification as compared 

with other biomass. However, the yield of CO in this study is remarkably higher than those from 

pyrolysis or steam gasification of sewage sludge and other biomass, revealing clearly that the 

TSSE thermochemical conversion process proposed in this study can realize a significantly 

improved utilization of carbon in the biomass, in the form of CO, in comparison to other 

conventional processes. 
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Fig. 3.9. The (a) remaining carbon in the sludge residues and (b) accumulative conversion of sludge carbon 

into CO after the temperature-programmed isothermal pyrolysis at various temperatures. 
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Fig. 3.10. Total utilization efficiency of carbon in the sludge to CO and hydrogen in the sample to H2 during 

the proposed TSSE pyrolysis process. 

Table 3.2. The molar ratio of bonded water in Ca(OH)2 to carbon in the freshly prepared SS-CaO samples. 

Sample Water/carbon molar ratio 

SS 0 

Ca/SS-1:9 0.1 

Ca/SS-3:7 0.2 

Ca/SS-1:1 0.5 

Ca/SS-7:3 1.1 
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Table 3.3. Summary of syngas production via sorption-enhanced thermochemical conversion of biomass 

Biomass Technique a CaO 

dosage 

Temperature 

(°C) 

H2 yield 

(mL/gdry 

basis) 

CO yield 

(mL/gdry 

basis) 

Ref. 

Southern pine 
bark SG 1 b 600 850 80 [43] 

Japanese oak SG 2 c 600 500 g - [44] 

Pine tree SG 0.5 c 700 210 g - [45] 

Sawdust P 2 d 850 e 90 75 [46] 

SS SG 0.43 d 600 130 g 80 g [47] 

SS SG 0.7 c 650 125 - [48] 

SS P 0.43 d 600 40 20 [49] 

SS P 1 d 550/750 f 87 g 198 g This 

chapter 
a. SG and P are short for steam gasification and pyrolysis, respectively.  
b. The molar ratio of CaO to biomass. 
c. The molar ratio of Ca to carbon in the biomass. 
d. The mass ratio of CaO to biomass. 
e. The sample was heated at a rate of 40 °C/min to 850 °C. 
f. The sample was treated in sequence at 550 °C and 750 °C. 
g. The value was expressed in the normal volume per gram of biomass in dry basis, NmL/gdry basis. 

3.3.4. Operation mechanism of the proposed TSSE thermochemical conversion process 

Based on the discussions above, we can summarize the operation mechanism of the proposed 

TSSE thermochemical conversion process for syngas production from sewage sludge as follows 

(Fig. 3.11). The first stage operated at temperatures below 600 °C is based on the conventional 

thermochemical biomass conversion process integrated with CaO. In which, Ca(OH)2 provides 

steam to reform CO and the light hydrocarbons generated due to sludge devolatilization, producing 

H2 and CO2. The CO2 generated, due to both the steam reforming reactions and the sludge 

devolatilization, is captured by Ca(OH)2 or CaO and stored in the sludge matrix in the form of 

CaCO3, which drives the pyrolysis of sludge towards the direction in favour of H2 production. 

Although H2 production is enhanced due to the sorption of CO2 by CaO, quantities of carbon 
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remain in the sludge residues, in the form of CaCO3 and char, without an effective utilization. 

Therefore, a second-stage operated at a higher temperature of 700-800 °C is introduced into the 

thermochemical conversion process to intensify the carbon utilization efficiency. In this stage, the 

stored CO2 is released due to CaCO3 decomposition and in situ gasifies sludge char to produce CO 

via the reverse Boudouard reaction (Eq. 6). Therefore, compared to the conventional 

thermochemical H2 production enhanced by CaO, the proposed two-stage process has the 

following two advantages: (1) carbon utilization of the sewage sludge is intensified by producing 

CO from the byproducts, viz., CO2 and char, during pyrolysis; (2) separate collection of the gas 

streams rich in H2 and CO, respectively, can be achieved through the two stages, making it possible 

to adjust the molar ratio of CO to H2 in the syngas produced for a downstream synthesis of 

chemicals or fuels.  

  

Fig. 3.11. Process integration mechanism of the TSSE thermochemical conversion of sewage sludge. 

Nonetheless, there is still room for further improvement of the proposed TSSE thermochemical 

conversion process considering its practical application. On one hand, the process requires to be 

operated at a high CaO-to-sludge mass ratio of around 1:1. However, considering that the sludge 

ash after the second stage is rich in free CaO (Fig. 3.12), the actual usage of lime could be 

substantially reduced by recycling portions of the CaO-rich sludge ash as a substitute of the fresh 
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limestone. Furthermore, the spent CaO, which is sintered and diluted with the ash components of 

sludge after several recycling cycles, would be potentially suitable as raw materials for the cement 

industry [50]. On the other hand, CO2 could still be detected in the gas streams obtained at both 

stages (Fig. 3.13). Alternatively, highly efficient and cost-effective CaO-based CO2 sorbents could 

be employed to improve the CO2 capture performance during the first stage, while the fluidized-

bed reactor mode deserves to be explored to promote the CO2 gasification of char during the second 

stage. In addition, incorporation of steam gasification into the first stage is an approach worth 

studying to further improve the yield and purity of the syngas produced from sewage sludge 

through the TSSE thermochemical conversion process proposed. 
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Fig. 3.12. XRD patterns of the corresponding residues after the TSSE thermochemical conversion of 

different SS-CaO pellets prepared. 
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Fig. 3.13. Time evolution of the gas generation rate during the temperature-programmed isothermal 

pyrolysis of (a) SS and (b) Ca/SS-1:1. CmHn represents CH4, C2H6, and C2H4. 

3.4. Conclusion 

A novel TSSE thermochemical conversion process is proposed in this chapter to effectively 

convert sewage sludge into syngas. On account of integrating the CaO-based CO2 carrying cycle 

into the conventional thermochemical conversion of sewage sludge, the CO2 generated from 

sewage sludge is captured and stored in the form of CaCO3 at a temperature of ~550 °C, and is 

then released at a higher temperature of ~750 °C to gasify the char for CO production. This two-

stage process has been experimentally demonstrated to improve thermochemical syngas 

production in the following two aspects: (1) producing syngas with separated H2- and CO-rich 

streams, and (2) improving the utilization efficiency of carbon in sewage sludge.  

Temperature and the CaO/SS mass ratio are key factors influencing the performance of the 

proposed TSSE thermochemical conversion process for syngas production from sewage sludge. 

At low temperatures of ~550 °C, a high selectivity of H2 to CO is achieved in the syngas produced, 

leading to the acquisition of a H2-rich gas stream; while at higher temperatures of ~750 °C, a high 

selectivity of CO to H2 leads to the acquisition of a CO-rich gas stream. The inherent separation 
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of H2 and CO during syngas production offers a chance to adjust the CO/H2 molar ratio for a 

downstream synthesis of chemicals or fuels. Importantly, as much as 20.4% of the carbon in the 

sewage sludge could be utilized in the form of CO through the proposed process, resulting in a 

remarkably higher yield of CO than other biomass conversion processes currently reported for 

thermochemical syngas production.  
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Chapter 4 Tunable syngas production from two-stage 

sorption-enhanced steam gasification of sewage sludge 

4.1. Introduction 

The global fuel and chemical production predominantly originate from petroleum crude oil. With 

the depleting reserves and rising prices of crude oil, producing fuels from renew chemical 

feedstocks is imperative. Syngas, a variable composition mixture of hydrogen (H2) and carbon 

monoxide (CO), has been cited as an essential precursor to a wide range of high value-added fuels 

and chemicals via well-established industrial processes such as Fischer-Tropsch synthesis (FTS) 

process [1-3]. The conventional production of syngas is based on partial oxidation with steam and 

oxygen from non-renewable fossil fuels (e.g. coal and natural gas), which could increase the 

consumption of fossil fuels and aggravate the energy crisis [4-6]. Syngas production from 

renewable biomass is an alternative, sustainable and carbon-neutral approach to combat the energy 

crisis [7]. To date, syngas production based on the thermochemical conversion of biomass has 

become increasingly interesting [8, 9].  

Different synthetic products and FTS operation modes demand various H2/CO usage ratios in the 

syngas. For example, a H2/CO ratio of 1 is desired for hydroformylation process [10, 11], whereas 

a H2/CO ratio of 2 is typically optimal for the synthesis of methanol, paraffins, olefins and 

oxygenates via FTS process [12]. For cobalt catalysts, the H2/CO usage ratio ranges between 2.06 

and 2.16, while iron-based catalysts would facilitate the water-gas shift (WGS) reaction and 

thereby reducing the H2/CO usage ratio ranging from 0.5-2 [13]. Tunable H2/CO ratio in syngas 

could easily meet any demand usage ratios for the downstream synthesis process, avoiding extra 

steps to adjust the H2/CO ratio and thereby maximising the conversion efficiency of syngas into 

Published as: Yang, X., Kan, T., Kheradmand, A., Xu, H., Strezov, V., Yu, A., Jiang, Y. (2021) 
Tunable syngas production from two-stage sorption-enhanced steam gasification of sewage sludge, 
Chemical Engineering Journal, Vol. 404, 126069, https://doi.org/10.1016/j.cej.2020.126069. 
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downstream synthetic liquid fuels and value-added chemicals. Thus, it is critical to precisely 

control the H2/CO ratio in the syngas, making it a versatile and flexible platform feedstock for 

industrial applications [14].  

It is still challenging for conventional thermochemical conversion of biomass to produce syngas 

with tunable H2/CO ratio. Firstly, H2 and CO are produced together via the conventional 

thermochemical conversion processes. Secondly, the conventional biomass-derived syngas always 

consists of a high purity of H2 production while a poor CO production. Different types of processes 

have been studied to pursue high yield and high purity of H2, such as steam gasification [15, 16], 

hydrothermal gasification [17], sorption-enhanced steam gasification [18, 19] and catalytic 

gasification [20, 21]. A high H2 purity of 97 mol% is produced from the sorption-enhanced 

chemical looping reforming of waste cooking oil in a packed-bed reactor reported by Pimenidou 

et al. [22]. The H2 purity could reach up to 70-80% from the sorption-enhanced steam gasification 

[19, 23], hydrothermal gasification [24] and pyrolysis with on-line steam reforming [25] of 

biomass. However, high-purity H2 is often accompanied by a relatively low purity of CO from the 

thermochemical conversion of biomass. For example, a CO purity of 26% and 11.4% were 

obtained from the steam gasification of wood [18] and supercritical water gasification of sewage 

sludge [24], respectively. Hence, additional steps are usually needed to adjust the H2/CO ratio in 

the syngas to meet the requirements, which makes the overall process more complex and expensive 

[26]. 

The novel proposed two-stage sorption-enhanced (TSSE) pyrolysis process shown in Chapter 3, 

achieved a separate production of the unprecedentedly high purity of H2 and CO at different stages 

from sewage sludge (SS), which is a promising option for SS treatment. These findings showed 

that the TSSE pyrolysis of SS could produce a CO-rich syngas mixture with a H2/CO ratio of 0.4. 
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Considering steam is the most efficient partial-oxidation atmosphere for H2 production [27], the 

present work investigates the incorporation of steam gasification into the first stage to further 

adjust the H2 and CO production through the TSSE steam gasification process, and then to broaden 

the H2/CO ratio in the syngas produced from SS. This work presents a new process to control and 

tune the H2/CO ratio in the biomass-derived syngas, which is of significant interest to the 

downstream synthesis of chemicals and fuels from an industrial perspective. Besides, there is no 

report on the performance characterization of the novel TSSE thermochemical conversion 

including pyrolysis and steam gasification process. A clear understanding of the underlying 

mechanism of the novel TSSE thermochemical conversion process would be greatly beneficial to 

the subsequent optimization for further improving the yield and purity of H2 and CO production 

from biomass. Therefore, studies on the performance characterization in terms of specific product 

distributions, tar compositions, and elemental utilization in the TSSE thermochemical conversion 

process are also conducted in this chapter. 

4.2. Material and methods 

4.2.1. Sample preparation 

The SS used in this chapter was obtained prior to anaerobic digestion from a municipal wastewater 

treatment plant in Sydney, Australia. The ultimate and proximate analysis of the SS and the 

preparation method of SS and CaO (SS-CaO) pellets were shown in Section 3.2.1 in Chapter 3. 

The prepared SS-CaO pellets were notated as Ca/SS-1:9, Ca/SS-1:4, Ca/SS-3:7, Ca/SS-2:3, and 

Ca/SS-1:1, in which x:y indicates the mass ratio of CaO to SS (CaO/SS, dry basis). 

4.2.2. Experimental procedures 

The TSSE steam gasification of SS was performed in a fixed-bed reactor at atmospheric pressure, 

and the diagram of the experimental setup is shown in Fig. 4.1. The SS-CaO pellets were loaded 
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on the quartz wool supported in a stainless-steel tube (length: 300 mm; inner diameter: 6 mm) and 

heated by an electric furnace. A nitrogen flow of 15 mL/min was used as the carrier gas during the 

experiment, and a constant flow pump and a preheater were employed to introduce steam into the 

reactor. The detailed procedures are as follows: (1) heating the loaded SS-CaO pellets from room 

temperature to 550°C at a rate of 30 °C/min and keeping at 550 °C for 45 min, as the first stage 

process; (2) subsequently, heating the remained sample from 550 °C to 750 °C at a rate of 30 

°C/min and keeping at 750 °C for another 45 min, as the second stage process. Steam was 

introduced into the reactor for the first 30 min at the first stage. The corresponding introduced 

steam to SS-embedded carbon molar ratio (S/C) was 0.5, 1, 1.5 and 2, respectively. No steam was 

introduced into the reactor for the TSSE pyrolysis of Ca/SS-3:7. During the experiment, the 

condensable gas (tar and steam) released from the fixed-bed reactor was condensed and collected 

in a condensation tube, which was put into a dewar flask containing a mixture of dry ice and 

ethylene glycol with a cooling bath temperature of -15 °C. The incondensable gas was monitored 

on-line using a comprehensive two-dimensional gas chromatograph (GC, 7890B, Agilent) 

equipped with two columns and two thermal conductivity detectors (TCDs). The H2, N2, CH4, CO, 

and CO2 were initially separated on the first-dimensional column (PoraPLOT Q), and the first 

column effluent of H2, N2, CH4, CO was then injected into the second-dimensional column (HP-

Molesieve) for further separation. The data acquisition interval for GC was every 2 min. 

4.2.3. Sample characterisation 

The qualitative and quantitative analyses of the organic compounds in the condensable tar were 

conducted by a gas chromatography-mass spectrometer (GC-MS) (Agilent) with an HP-5MS 

column (30 m×250 µm×0.25 µm). Prior to the tar analysis, the steam condensed with the tar was 
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dehydrated using anhydrous sodium sulfate. The electron ionization mode was used at an electron 

energy of 70 eV.  

Two-dimensional 

gas chromatograph

Condensation tube

Dewar flask

Condensate

Tar
Fixed-bed reactor

Mass flow meter

Stainless steel tube

Quartz wool 

SS-CaO pellets

Tem
perature controller

Thermocouple

Water

PreheaterPump

N2

(110 °C)

Condenser  

Fig. 4.1. Illustration of the experimental setup for the TSSE steam gasification of SS used in this chapter. 

The distributions of char and tar at 550 °C (first stage) and 750 °C (second stage) are expressed in 

mass fractions of char and tar obtained after each stage in the initial sum of SS and steam, 

respectively, while the percentage of gas was calculated by the difference between total and the 

fractions of char and tar. For each case, the mass of char and tar were gained as the weight 

differences of solid sample and condenser before and after the TSSE thermochemical conversion 

of Ca/SS-3:7, respectively. Regarding the yield of char, the mass of CaO was excluded as CaO has 

no potential to be converted into tar or gas. Since the water could take part in the reactions for 
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syngas production and it was condensed together with the liquid tar, the mass of water was 

included in the yield of tar. 

The contents of carbon and hydrogen in the fresh Ca/SS-3:7 and its residual chars were determined 

using Vario MICRO cube elemental analyser (Elementar Analysensyteme GmbH, Germany). The 

carbon and hydrogen in the gas were calculated by Eq. 1 and 2, respectively. 

The proportion of carbon in the fresh Ca/SS-3:7 converted into gas was expressed as gas-C and 

calculated according to the following Eq. 1: 

Gas-C(%)= 12×(𝑌𝐶𝑂+𝑌𝐶𝑂2+𝑌𝐶𝐻4)
22.4×𝐶×1000

×100%                     (1) 

where Y is the yield of CO, CO2, and CH4, NmL/gdry SS; C is the mass percentage of the total carbon 

in the freshly prepared Ca/SS-3:7, %. 

The proportion of hydrogen in the total hydrogen fed into the system including the hydrogen 

contents of fresh Ca/SS-3:7 and added steam converted into gas was express as gas-H, which was 

calculated according to the following Eq. 2: 

Gas-H(%)= 2×𝑌𝐻2+4×𝑌𝐶𝐻4

22.4×𝐻×1000
×100%                          (2) 

where Y is the yield of H2 and CH4, NmL/gdry SS; H is the mass percentage of the total hydrogen in 

the freshly prepared Ca/SS-3:7 and added steam, %. 

The quantity of CaCO3 in the residual char of Ca/SS-3:7 was determined based on the reference 

intensity ratio (RIR) method [28] using an X-ray diffractometer (X’Pert PRO, PANalytical) with 

the Cu Kα radiation in the 2θ range of 10-80°. A known weight fraction of corundum (Al2O3) as 

an internal standard was used. The content of CaCO3 in the residual char of Ca/SS-3:7 was 

calculated by the following Eq.3. 

Xcal=
𝐼𝑐𝑎𝑙

Icor
∙ Xcor

Kcal,cor
∙ 1

1-Xcor
                                       (3) 
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Where x is the weight fraction, and I is the intensity of the strongest line of phase, and the subscripts 

cal and cor are phase CaCO3 and the standard phase Al2O3, respectively. The value Kcal,cor is 

determined by taking the ratio of the strongest line of phase CaCO3 to the intensity of the strongest 

line of phase Al2O3 in a 50:50 mixture by weight. 

4.3. Results and discussion 

4.3.1. Tunable H2/CO ratios in the syngas from the TSSE steam gasification of SS 

The syngas production generated from the TSSE steam gasification of SS with various mass ratios 

of CaO to SS at S/C-1 is shown in Fig. 4.2. At the first stage, CO2 is the predominant component 

in the effluent gas stream obtained from the bare SS (Fig. 4.3a). Upon the addition of CaO, an 

increase in H2 production is observed at the first stage (Fig. 4.2a), which is attributed to the 

catalytic effect of CaO on the tar-steam reforming and cracking for H2 production. Besides, the 

addition of CaO could in situ capture CO2 to promote the WGS reaction (Eq. 4) thus achieving a 

higher H2 production. However, the yield of H2 at the first stage does not keep increasing with the 

CaO/SS ratios when the CaO/SS ratio is over 3:7. It was reported that the excess of CaO and 

addition of steam would absorb large amounts of heat and hinder heat transfer to reduce the activity 

of WGS reaction (Eq. 4) leading to the decrease of H2 production at the first stage [29]. The purity 

of H2 increases with the CaO/SS ratios and H2 becomes the predominant component of the effluent 

gas stream when the CaO/SS ratio is over 1:4. As shown in Fig. 4.3, the CO2 production decreases 

with the increasing CaO contents, and the flow rate of CO2 is almost negligible at the first stage 

when the CaO/SS ratio is over 3:7, leading to the highest H2 purity of 81.6 vol% from the Ca/SS-

1:1 at the first stage (Fig. 4.2a). 

CO+H2O⇋ CO2 + H2 , ∆H298 K = -41.2 kJ/mol                    (4) 
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Fig. 4.2. H2 and CO production obtained from the TSSE steam gasification of SS as a function of the 

CaO/SS mass ratio: (a) H2 yield and purity generated at the first stage; (b) CO yield and purity generated at 

the second stage; c) total syngas (H2+CO) yield and H2/CO molar ratio. Experimental conditions: S/C-1, 

550 °C for the first stage, 750 °C for the second stage. 

At the second stage, H2 dominates the effluent gas stream generated from the bare SS (Fig. 4.3a). 

Upon the addition of CaO, the yield and purity of CO gradually increase with the CaO contents 

reaching maximum over the Ca/SS-3:7 (Fig. 4.2b). Since no steam was introduced at the second 

stage resulting in negligible steam gasification of char, the increasing CO production is due to the 

increased amount of CO2 captured with the CaO contents at the first stage and released at the 

second stage to gasify the char for CO production via the reverse Boudouard reaction (Eq. 5). 

Similar to the H2 production, the yield and purity of CO decrease when the CaO/SS ratio is over 

3:7, which might be caused by the negative effect of excess CaO on the heat transfer in the reactor, 

thereby reducing the activity of the reverse Boudouard reaction (Eq. 5) [29]. Besides, a high CO2 

purity is released at the second stage, resulting in a lower CO purity of 41.9 vol% from Ca/SS-1:1 

at the second stage (Fig. 4.2b).  

           C + CO2⇋ 2CO, ∆H298 K = +172.4 kJ/mol                            (5) 
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Fig. 4.3. The gas flow rate produced from the TSSE steam gasification of SS as a function of the CaO/SS 

mass ratio: (a) bare SS; (b) Ca/SS-1:9; (c) Ca/SS-1:4; (d) Ca/SS-3:7; (e) Ca/SS-2:3; (f) Ca/SS-1:1. 

Experimental conditions: S/C-1, 550 °C for the first stage, 750 °C for the second stage. 

In summary, the addition of CaO could increase the selectivity of H2 at the first stage and CO at 

the second stage. The syngas production peaks at 323.8 NmL/gdry SS produced from the TSSE steam 

gasification of Ca/SS-3:7, with 72.2 vol% of H2 at the first stage and 60.5 vol% of CO at the second 

stage (Fig. 4.2), indicating that there is a threshold limit value for CaO contents. Compared to the 

H2 production from the TSSE pyrolysis shown in Chapter 3, the H2 production from the TSSE 

steam gasification in the present work is greatly enhanced (Fig. 4.2a). More specifically, the H2 

yield of Ca/SS-3:7 reaches 125.7 NmL/gdry SS at S/C-1, which is around 3 times higher than that of 
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42.5 NmL/gdry SS from the TSSE pyrolysis (Fig. 3.4, Chapter 3). It is apparent that at the first stage 

the peak flow rate of H2 increases dramatically and remains for about 50 min at the first stage of 

the TSSE steam gasification (Fig. 4.3d), while in the TSSE pyrolysis the H2 flow rate peaks in 16 

min, and then rapidly drops to a very low level (Fig. 4.4). The enhancement in H2 purity from 49.2 

to 72.2 vol% is also observed at the first stage with the addition of steam. The presence of steam 

could promote the WGS reaction (Eq. 4) for enhanced H2 production. Hence, not only a higher 

yield of H2 but also a higher purity of H2 could be obtained upon the addition of steam at the first 

stage. For the CO production at the second stage, there is only a slight difference in the yield of 

CO from the steam gasification and pyrolysis, while the addition of steam reduces the purity of 

CO due to a higher percentage of CO2 released at the second stage. It is also recommended that 

the optimal CaO/SS ratio is reduced from 1:1, reported for pyrolysis (Fig. 3.4, Chapter 3), to 3:7 

for the steam gasification presented in this chapter. 
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Fig. 4.4. Gas flow rate produced from the TSSE pyrolysis of Ca/SS-3:7. Experimental conditions: 550 °C 

for the first stage, 750 °C for the second stage.  
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In order to further study the influence of steam on the syngas production from the TSSE steam 

gasification of SS, the H2 and CO production from the TSSE steam gasification of Ca/SS-3:7 is 

plotted as a function of the S/C ratios, as shown in Fig. 4.5. The increase of the S/C ratios leads to 

a higher H2 yield at the first stage due to the enhanced WGS reaction (Eq. 4) for H2 production 

(Fig. 4.5a). However, there is also a threshold limit value for the S/C ratio of 1 beyond which the 

increase of S/C ratio would not further improve the H2 production at the first stage. This trend has 

also been reported in other papers [30, 31]. It is well accepted that the excess of steam would have 

a detrimental effect on the temperature inside the reactor to reduce the activity of steam-reforming 

reactions and WGS reaction (Eq. 4). In addition, according to Table 4.1, the mass fraction of 

CaCO3 decreases in the solid residues obtained after the first stage when the S/C ratio is over 1, 

indicating that less CO2 is captured by the CaO, thereby weakening the beneficial effect of CaO 

on the WGS reaction (Eq. 4) for H2 production.  

0

100

200

300

400

H
2/C

O
 m

ol
ar

 ra
tio

 

 

Sy
ng

as
 y

ie
ld

 (N
m

L/
g dr

y 
SS

)

 Syngas yield

0

100

200

300

400

500

C
O

 y
ie

ld
 (N

m
L/

g dr
y 

SS
)

 

H
2 y

ie
ld

 (N
m

L/
g dr

y 
SS

)

 H
2
 yield

0

100

200

300

400

500(b)(a)
 

 

 CO yield
(c)

S/C-0.5
S/C-1 S/C-1.5

S/C-2 S/C-0.5
S/C-1 S/C-1.5

S/C-2
0

1

2

3

 H
2
/CO molar ratio

0

25

50

75

100

C
O

 p
ur

ity
 (v

ol
%

)

 H
2
 purity

H
2 p

ur
ity

 (v
ol

%
)

0

25

50

75

100

S/C-2S/C-1.5
S/C-1S/C-0.5

 CO purity

 

Fig. 4.5. H2 and CO produced from the TSSE steam gasification of Ca/SS-3:7 as a function of S/C ratios: 

(a) H2 yield and purity at the first stage; (b) CO yield and purity at the second stage; (c) total syngas (H2+CO) 

yield and H2/CO molar ratio. Experimental conditions: 550 °C for the first stage, 750 °C for the second 

stage.  
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Table 4.1. Quantitative analysis of CaCO3 in the solid residual chars obtained after the first stage. 

 I
CaCO3

 I
corundum

 Mass fraction of CaCO3 

X
CaCO3

 

S/C-0.5 136874 173684 19.3% 

S/C-1 132465 158128 20.5% 

S/C-1.5 133083 168399 19.4% 

S/C-2 149334 190985 19.2% 
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Fig. 4.6. The gas flow rate produced from the TSSE steam gasification of Ca/SS-3:7 as a function of S/C 

ratios: (a) S/C-0.5; (b) S/C-1; (c) S/C-1.5; (d) S/C-2. Experimental conditions: 550 °C for the first stage, 

750 °C for the second stage.  
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At the second stage, decreasing yield and purity of CO are obtained with the increased S/C ratios 

(Fig. 4.5b). The results of Table 4.1 indicate that less CO2 is captured at S/C-1.5 and S/C-1, thereby 

less CO2 is released at the second stage for CO production (Fig. 4.6). The syngas production over 

Ca/SS-3:7 is further compared with that reported in other studies as summarized in Table 4.2. 

Noteworthy, the H2 purity (72.2 vol%) obtained at the first stage is higher than or comparable with 

that reported in the literature. The CO purity of 60.5 vol% obtained at the second stage in this 

chapter is significantly higher than the range of 2 to 25 vol% reported by the other studies for 

sorption-enhanced steam gasification of biomass. Hence, the TSSE steam gasification process 

could achieve high purity H2 and CO as the dominant gas composition at the first stage and the 

second stage, respectively. The inherent separation of H2 and CO generation provides a promising 

option for direct integration of the TSSE steam gasification of biomass with the syngas 

applications where H2 and CO could be mixed in any desirable ratios, ready for use in the 

downstream synthesis of chemicals or fuels with no need for the additional process for refining 

the H2/CO ratio in the syngas. 

As shown in Fig. 4.2c, the H2/CO molar ratios could be systematically tuned from 1.1 to 4.7 by 

varying the CaO/SS ratios. An H2-rich syngas is obtained from the TSSE steam gasification of SS-

CaO samples when the CaO/SS ratio is below 3:7, thereinto, the H2/CO ratio decreases with the 

CaO/SS ratios. When the CaO/SS ratios are above 3:7, the H2/CO ratios are stable at around 1, 

which is the desirable ratio for FTS process using iron-based catalysts and the production of 

aldehydes via hydroformylation of alkenes [10, 11]. In Fig. 4.5c, the H2/CO ratios of 0.9-1.2 are 

obtained by changing the S/C ratios. It is noted that a more pronounced effect of the addition of 

CaO on the tunable H2/CO ratios is observed, reflected in a wider range of H2/CO ratios, thereby 

H2/CO ratios are more sensitive to the CaO contents compared to the steam contents. 
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Consequently, the H2/CO ratios could be effectively controlled in the range of 0.9-4.7 by varying 

either the CaO contents or the steam contents, which can fully cover the requirements for different 

downstream synthetic products and FTS optional modes. 

Table 4.2. Summary of syngas production via the conventional sorption-enhanced steam gasification of 

biomass reported in the literature. 

Biomass Temperature  

(˚C) CaO type 
Gas concentration (vol%) 

Ref. 
H

2
 CO 

Pine sawdust 650 Calcined limestone  47 5d  [32] 

Pine sawdust 900 Calcined limestone  53 17 [33] 

Pine tree sawdust 650 CaO 58 20 [34] 

Larch 650 Calcined limestone  64 5 [35] 

Almond shells 770 Calcined dolomite 56 24 [36] 

Japanese oak 700 CaO 63 2 [37] 

Sawdust 670 CaO 52 24 [38] 

Sawdust 580 CaO 71 6 [39] 

Municipal solid waste 900 Calcined dolomite 47 15d [40] 

Municipal solid waste 750 CaO 48 13 [29] 

SS 600 CaO 59 25 [41] 

SS 650 CaO 72 5 [42] 

SS 550/750a CaO 72.2b 60.5c This chapter 
a The sample was treated in sequence at 550 °C and 750 °C. 
b The value was obtained at 550 °C. 
c The value was obtained at 750 °C. 
d The gas concentration was expressed as the mol%. 

4.3.2. Performance characterisation of the TSSE thermochemical conversion process 

4.3.2.1. Product distributions 

To clearly understand the specific transformation of SS via the TSSE thermochemical conversion 

process, the distributions of char, tar, and gas produced from Ca/SS-3:7 are shown in Fig. 4.7. 
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After the first stage, the percentages of tar and char generated from the sole pyrolysis of Ca/SS-

3:7 are at a similar level of around 45%. From the steam gasification of Ca/SS-3:7, an enhancement 

in the proportion of tar from 46.1 to 76.3% is observed with the increased S/C ratios. 

Correspondingly, the proportion of gas reduces from 11.7 to 2.0% with the increased S/C ratios. 

However, as discussed in Fig. 4.5c, the yield of gas exhibits an opposite tendency to some extent. 

Moreover, the percentage of char declines from 42.2 to 21.3% with the increased S/C ratios, while 

no significant change in the mass of char is observed (Table 4.3). Thereby, the reduction in the 

proportions of char and gas could be ascribed to the increased reactants consisting of Ca/SS-3:7 

and steam with the increased S/C ratios as the denominator in the calculation of the percentage of 

char and gas.  

Table 4.3. The mass of the residual char obtained after the first stage. 

 Mass of residual char (g) 

Pyrolysis 0.3133 

S/C-0.5 0.3149 

S/C-1 0.3130 

S/C-1.5 0.3109 

S/C-2 0.3086 

After the second stage, no significant variation in the tar percentage is observed compared to that 

after the first stage, revealing that no devolatilization of organic matters of SS for tar production 

and no tar reforming and cracking reactions occur, and only gas-solid reactions happen at the 

second stage. Taking the product distributions from Ca/SS-3:7 at S/C-1 as an example, compared 

to the first stage, the percentage of char diminishes by 17.3% while the percentage of gas enhances 

by 18.1% after the second stage. This might be attributed to the release of CO2 via the 
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decomposition of the CaCO3 formed at the first stage and the char gasification by the release of 

CO2 for CO production (Eq. 5) at the second stage.  
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Fig. 4.7. Effects of S/C ratios on the distributions of char, tar, and gas from the TSSE thermochemical 

conversion of Ca/SS-3:7, left: after the first stage (550 °C); right: after the second stage (750 °C). 

4.3.2.2. Tar composition 

Considered as an undesirable by-product, tar is expected to further undergo cracking and reforming 

reactions for syngas production. Therefore, it is important to identify the composition of tar for the 

subsequent promotion of tar decomposition for syngas production. The tar composition obtained 

from the TSSE thermochemical conversion of Ca/SS-3:7 is complex including a wide variety of 

organic compounds. In this chapter, each GC/MS measurement was carried out under identical 

conditions for comparison. The constituents identified in the tars can be divided into the following 

five groups: (1) aliphatic hydrocarbons with the number of carbon ranging from C6 to C35; (2) 

mono-aromatic compounds including toluene, styrene, phenol, benzene and their corresponding 

alkyl derivatives; (3) two-ring aromatics which include naphthalene, benzofuranone and their 
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corresponding alkyl derivatives; (4) oxygen-containing compounds, such as alcohols (ROH), 

ketones (ROR'), carboxylic acids (RCOOH), esters (RCOOR'), where R and R' represent long 

aliphatic chains and cyclanes with the number of carbon ranging between C5 and C39; (5) nitrogen-

containing compounds, which include indol, pyridine, amide, and their alkyl derivative.  
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Fig. 4.8. Effects of S/C ratios on the tar compositions obtained from the TSSE thermochemical conversion 

of Ca/SS-3:7. 

Fig. 4.8 shows the variations of tar composition as a function of the S/C ratios, expressed as the 

peak area fractions of each group. It can be seen that the steam contents exert only a negligible 

influence on the tar composition. The tar composition is dominated by oxygen-containing 

hydrocarbons in the range of 43.4-47.9%, aligning well with the previous studies [43, 44]. 

Conventional petroleum fuels have lower oxygen contents and consequently higher energy values. 

Therefore, extensive researches in the upgrading of bio-oil by hydrodeoxygenation have been 

carried out to promote the wide application of bio-oil [45, 46]. The percentages of aliphatic 

hydrocarbons and mono-aromatic hydrocarbons are at a similar level of 18.8-19.6% and 15.2-
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19.2%, respectively, followed by nitrogen-containing hydrocarbons and two-ring aromatic 

hydrocarbons. In addition, polycyclic aromatic hydrocarbons (PAHs) are considered as 

carcinogenic and mutagenic chemicals, which is an important constituent of tar reported by other 

papers [47, 48]. In this chapter, no PAHs is identified in the tars. It was reported that the PAHs 

could be formed when the temperature is above 700 ˚C [49], while the tar in this chapter is 

produced at 550 ˚C, leading to the negligible amounts of PAHs and avoid increasing the toxicity 

of tar.  

4.3.2.3. Elemental utilization efficiency 

The CO and H2 in the syngas are mainly derived from the carbon and hydrogen containing 

compounds in the SS. To understand the transformation of elements during the TSSE 

thermochemical conversion process, the elemental utilization efficiency was explored by 

comparing the carbon and hydrogen distributions in the char, tar and gas between the TSSE 

pyrolysis and steam gasification of Ca/SS-3:7 (Fig. 4.9). The carbon in the char (char-C) and gas 

(gas-C) are expressed as percentage of the fresh Ca/SS-3:7, while the hydrogen in the char (char-

H) and gas (gas-H) are expressed as proportion in the total hydrogen fed into the system, including 

the hydrogen contents of fresh Ca/SS-3:7 and the introduced steam. The carbon and hydrogen in 

the tar (tar-C and tar-H) were obtained by the difference of those in the char and gas.  

As for the carbon distribution from the TSSE pyrolysis of SS at the first stage, the carbon in the 

tar, char, and gas is around 61.4%, 36.6%, and 2.0%, respectively. Compared to the carbon 

distribution from the TSSE pyrolysis of SS, a slight reduction of carbon distribution in the char is 

ascribed to the char-steam gasification reactions leading to a slight increase in the percentage of 

gas-C to 6.2% from the TSSE steam gasification of SS at S/C-1 at the first stage. When the 

temperature increases to 750 °C at the second stage, the increase of tar-C is negligible for both the 
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TSSE pyrolysis and steam gasification, as discussed above. However, 57.4% of char-C emitted 

from the first stage into the second stage is converted into gas-C for the TSSE pyrolysis, and 42.1% 

of char-C remains in the char. Upon the TSSE steam gasification, the conversion efficiency of 

char-C emitted from the first stage into the second stage to the gas-C increases to 74.8%, and the 

residual char-C reduces to 22.0%. 

 

Fig. 4.9. Comparison of the elemental (C and H) distribution in the char, tar, and gas obtained from the 

TSSE thermochemical conversion of Ca/SS-3:7. 

For the hydrogen distribution at the first stage, most of the hydrogen of up to 83.4% and 86.1% 

distributed in the tar was generated from the TSSE pyrolysis and steam gasification of SS, 

respectively. The percentage of char-H decreases from 10.6% obtained from the TSSE pyrolysis 

to 4.5% obtained from the TSSE steam gasification, while the proportion of gas-H increases from 
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6.0% obtained from the TSSE pyrolysis to 9.4% obtained from the TSSE steam gasification. 

Regarding the hydrogen distribution at the second stage, the fraction of gas-H to the char-H emitted 

from the first stage into the second stage increases from 30.2% generated from the TSSE pyrolysis 

to 60.0% generated from the TSSE steam gasification, and the fraction of the remaining char-H 

reduces from 64.2% generated from the TSSE pyrolysis to 28.9% generated from the TSSE steam 

gasification. 

In summary, the addition of steam has little influence on the distribution of carbon and hydrogen 

in the tar, while it could promote the conversion of carbon and hydrogen from solid-phase (char) 

to gas-phase, with 7.1% of char-C and 1.3% of char-H generated from the TSSE steam gasification. 

Considering the syngas is the target product of TSSE steam gasification, the promotional 

conversion efficiencies of carbon and hydrogen in the char to the gas could improve the utilization 

efficiency of carbon and hydrogen. The conversion efficiency of carbon and hydrogen in the tar to 

the gas can still be further improved, since up to 62.6% of carbon and 86.6% of hydrogen remain 

in the tar which would be discharged from the reactor at the first stage and not take part in the 

reactions at the second stage. This is mainly ascribed to the relatively low temperature (550 °C) at 

the first stage, which favors the devolatilisation of SS for tar production [50]. The high levels of 

tar-C and tar-H from the mixture of SS and CaO at 600 °C were also observed by Liu et al. [51]. 

It is imperative to promote the transformation of tar to gas at the first stage in order to further 

increase the syngas production. Previous studies have examined several methods for the 

elimination of tar, among which, thermal and catalytic cracking and reforming of tar for syngas 

production are generally preferred [52]. For the TSSE thermochemical conversion process, the 

development of cost-effective catalysts is of great importance to further eliminate tar production 

and promote syngas production. In addition, it is worth further employing the optimal temperature 
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at the first stage which would achieve the best compromise between tar elimination and CaO 

carbonization.  

4.4. Conclusions 

In order to achieve a tunable H2/CO ratio in the syngas produced from the TSSE steam gasification 

process of SS, steam was introduced into the first stage of the TSSE steam gasification process, 

resulting in significantly enhanced H2 production at the first stage with 3 times as high as the H2 

production from the TSSE steam gasification compared to that from the TSSE pyrolysis of Ca/SS-

3:7. For the TSSE steam gasification of SS, the maximum syngas production is generated from 

Ca/SS-3:7 reaching 323.8 NmL/gdry ss with 72.2 vol% of H2 at the first stage and 60.5 vol% of CO 

at the second stage. Moreover, a wide range of H2/CO ratio in the syngas from 0.9 to 4.7 is obtained 

from the TSSE steam gasification of SS. The H2-rich and CO-rich gas stream are produced at the 

first stage and the second stage, respectively, providing a promising option for direct integration 

of the TSSE steam gasification of SS with the syngas applications where H2 and CO could be 

mixed in desirable ratios for the downstream synthesis of value-added chemicals and fuels. Based 

on a detailed analysis of product distributions from the TSSE thermochemical conversion of SS, 

the tar is mainly produced at the first stage, while the second stage is dominated by the conversion 

of char into gas. The steam contents exert only a negligible influence on the tar composition. 

Considering a majority of carbon and hydrogen remain in the tar, there is plenty of room for further 

improvement of the conversion efficiency of the tar into the syngas. Future work on promoting the 

decomposition of tar is in progress for optimising the TSSE thermochemical conversion process 

to achieve high-quality syngas production from SS.  
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Chapter 5 Syngas production from co-gasification of sewage 

sludge and biochar using two-stage sorption-enhanced 

catalytic thermochemical conversion process 

5.1. Introduction 

Syngas is a critical precursor for the production of synthetic fuels, which has great potential to 

combat the energy crisis [1, 2]. Syngas production from the gasification of biomass, a renewable 

energy source, has attracted extensive attention worldwide [3, 4]. However, there are some 

undesirable impurities in the biomass-derived syngas restricting the commercial feasibility and 

industrial implementation of biomass gasification for syngas production.  

One bottleneck of the existing gasification technology is the tar removal from syngas [5, 6]. Tar is 

a kind of viscous liquid of hydrocarbons and free carbon with low condensation temperature, 

which is often accompanied by syngas production and can easily lead to blockage and corrosion 

of downstream equipment [7]. Thermal and catalytic cracking of tar into syngas can achieve the 

purpose of simultaneously purifying the syngas and enhancing the syngas yield, recognized as a 

sustainable and economical promising approach to eliminate the tar. Regarding the thermal tar 

elimination, a higher temperature results in a lower yield of tar and a higher yield of gas [8, 9]. It 

was reported that temperatures over 1000 °C are required to remove the tar completely [10]. The 

large energy input makes it hard to eliminate tar thermally alone. Catalytic elimination of tar has 

been demonstrated to facilitate its conversion into the gas at lower temperatures [11-13]. Various 

types of catalysts such as alkali metals [14, 15], noble metal-based catalysts [16-18] and nickel 

(Ni)-based catalysts [19-21], have been developed for tar elimination during the gasification of 

Published as: Yang, X., Gu, S., Kheradmand, A., Jiang, Y. (2021) Syngas production from two-stage 
sorption-enhanced steam gasification of sewage sludge over bifunctional Ni-Ca catalyst, Energy 
Fuels, Vol. 35(6), pp. 4997-5005. https://doi.org/10.1021/acs.energyfuels.0c04395. 
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biomass. The noble metal-based catalysts, such as Rh, Ru, Pt, exhibit excellent catalytic activity, 

thermal stability and coke resistance [22]. However, high cost and limited availability restrict their 

large-scale applications. The previous research demonstrated that Ni-based catalysts are also 

highly active for tar elimination and cost-effective, especially under steam atmosphere [20, 23-

25]. Bi-functional Ni-CaO/Al2O3 catalyst is an appealing candidate for the sorption-enhanced 

process to maximise H2 production, posing dual roles in tar cracking/reforming for gas production 

and promoting H2 production with the in situ CO2 capture simultaneously, which has been applied 

for the dry reforming of methane [26], steam gasification of ethanol [27] or tar model compounds 

[28]. Ashok et al. [28] demonstrated that Ni-CaO/Al2O3 catalyst shows a superior catalytic 

performance on steam reforming of toluene reflected by high H2 production, stable CO2 adsorption 

capacity and significant coke resistance.  

Removal of undesirable incondensable gases, like CO2, is another challenge for the utilization of 

the biomass-derived syngas. Recent studies suggest that biochar is carbon-rich, and high-

temperature biochar may reach carbon contents of more than 95 wt% [29-31]. To date, the 

applications of the carbon-rich biochar mainly focus on its carbon sequestration properties. Since 

the carbon in biochar has been demonstrated to be stable and refractory, the biochar in the soil 

could be one possible means of reducing the atmospheric CO2 concentration [32]. It is estimated 

that the maximum sequestration potential of biochar might be as large as 1.8 Gt of carbon per year, 

which accounts for 12% of the total global carbon anthropogenic emissions [33]. On the other 

hand, biochar can also be used for upgrading the flue gas or syngas. Several studies have 

investigated that the carbon-rich biochar can react with the CO2 gas in the biomass-derived syngas 

to produce CO via reverse Boudouard reaction [34-36]. It was reported that the concentration of 

cumulative CO volume increased by 76.4% using CO2 compared to N2 as an agent [37].  
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A new two-stage sorption-enhanced (TSSE) thermochemical conversion of sewage sludge (SS) 

integrating with a CaO-based CO2 carrying cycle has been proposed in Chapter 3 and 4, in which, 

CaO works as a CO2 carrier in the sludge matrix, capturing the CO2 generated from the SS to 

promote the H2 production at the first stage (a lower temperature) and releasing it to gasify the SS 

char for CO production at the second stage (a higher temperature). However, this process is still 

facing the following two challenges: (1) tar elimination for syngas production; and (2) a certain 

amount of CO2 released at the second stage without being efficiently converted into CO. To 

address the first issue, the effect of increasing temperature and a series of Ni-CaO/Al2O3 catalysts 

with different Ni and CaO ratios on the elimination of tar for syngas production were investigated 

in this chapter. And a co-gasification process of SS and carbon-rich biochar from pyrolysis of 

Eucalyptus was proposed, in which the biochar acts as an extra carbon source to in situ eliminate 

the CO2 for CO production. Moreover, the synergistic effect of steam, Ni-CaO/Al2O3 catalyst and 

biochar on the syngas production from the TSSE catalytic steam gasification of SS was also 

studied. 

5.2. Material and methods 

5.2.1. Material preparation 

The SS used in this chapter was obtained prior to anaerobic digestion from a municipal wastewater 

treatment plant in Sydney, Australia. The mixture of SS and CaO (SS-CaO pellets, 0.85-1.00 mm) 

used in this chapter containing 30% of the mass ratio of CaO, is notated as Ca/SS-3:7. The detailed 

SS-CaO pellet preparation methods, and the SS properties including ultimate and proximate 

analysis were described in Section 3.2.1 in Chapter 3. 

The Ni-CaO/Al2O3 catalysts were prepared using a co-precipitation method. Certain amounts of 

Ca(NO3)2·4H2O, Al(NO3)3·9H2O and Ni(NO3)2·6H2O were dissolved in deionised water, and then 
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Na2CO3 solution (1 M) was added dropwise to the solution under vigorous stirring. The pH value 

was adjusted to 9 using NaOH solution. The suspension was aged under agitation for 3 h and then 

filtered under vacuum. The obtained filter cake was rinsed with deionised water several times, then 

dried at 80 °C for 24 h. The dried solid was calcined at 800 ◦C for 4 h with a heating rate of 2 

°C/min in the static air, followed by grinding, pressing, and sieving to obtain the Ni-CaO/Al2O3 

pellets (0.5-0.85 mm) ready for use. The Ni-CaO/Al2O3 catalysts are labelled as NixCay/Al, where 

x and y denote the weight fraction of Ni and CaO, respectively.  

Table 5.1. Proximate analysis of air-dried Eucalyptus, and ultimate analysis of air-dried Eucalyptus and 

Eucalyptus-derived biochar. 

Proximate 

analysis a 
(wt%, dry basis) 

Ultimate 

analysis b 

(wt%, dry ash free basis) 

Eucalyptus 
Eucalyptus-

derived biochar 

Moisture 7.3 C 52.0 72.2 

Volatile matter 83.1 H 6.8 1.5 

Ash 4.0 N 1.4 1.63 

Fixed carbon 5.6    
a The proximate analysis was conducted using a thermogravimetric analyzer (TGA, TGA/DSC 1, Mettler 

Toledo). 
b The ultimate analysis was conducted using an elemental analyzer (Vario EL III, Elementar). 

The biochar used in this chapter was obtained from the pyrolysis of Eucalyptus (size: 1 mm) at 

800 °C for 60 min with a heating rate of 10 °C/min under a continuous pure N2 flow rate (15 

mL/min). The proximate analysis of the air-dried Eucalyptus is shown in Table 5.1, and the 

contents of volatile matter, ash and fixed carbon are comparable with the typical values as reported 

in other studies [38, 39]. The volatile matter content of the air-dried Eucalyptus is much higher 

than that of SS reported in Table 3.1 in Chapter 3, while the ash content is much lower. There is a 

significant rise of up to 72.2 wt% in the proportion of carbon in the Eucalyptus-derived biochar 

(Table 5.1). 
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5.2.2. Experimental procedures 

The TSSE catalytic thermochemical conversion (including pyrolysis and steam gasification) of the 

SS were performed in a fixed-bed reactor at atmospheric pressure, as shown in Fig. 5.1. The 

biochar pellets, Ni-CaO/Al2O3 pellets, and SS-CaO pellets were loaded on the quartz wool in 

sequence in a stainless-steel tube (length: 300 mm; inner diameter: 6 mm). A nitrogen flow of 15 

mL/min was used as the carrier gas during the experiment, and a constant flow pump and a 

preheater were employed to introduce steam into the reactor. Detailed procedures of the TSSE 

catalytic thermochemical conversion process are as follows: (1) heating the loaded pellets from 

room temperature to the first stage temperature at a rate of 30 °C/min and keeping for 45 min, as 

the first stage; (2) subsequently, heating the remaining sample to the second stage temperature at 

a rate of 30 °C/min and keeping for another 45 min, as the second stage. As for the TSSE catalytic 

steam gasification, the steam was introduced into the reactor for the first 30 min at the first stage, 

and the corresponding molar ratio of steam to carbon (S/C) in the SS was 1. The tar was collected 

by a condenser system and incondensable gases (H2, N2, CH4, CO, and CO2) were on-line analysed 

by a comprehensive two-dimensional gas chromatograph (GC, 7890B, Agilent). The detailed tar 

collection and gaseous products detection were described in Section 4.2.2 in Chapter 4. 

5.2.3. Sample characterization and product distribution analysis 

The powder X-ray diffraction (XRD) was performed to identify the crystal phase of the fresh Ni-

CaO/Al2O3 catalysts using an X-ray diffractometer (X’Pert PRO, PANalytical) with the Cu Kα 

radiation in the 2θ range of 10-80°. 
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Fig. 5.1. Illustration of the experimental setup used for the TSSE catalytic thermochemical conversion of 

SS in this chapter. 

H2 temperature-programmed reduction (H2-TPR) was employed to analyse the reduction 

behaviour of the fresh Ni-CaO/Al2O3 catalysts using an automated chemisorption flow analyser 

(ChemBET PULSAR TPR/TPD, Quantachrome Instruments). About 50 mg catalyst pellets were 

loaded in a quartz U-tube and heated to 800 °C at a rate of 10 °C/min under a gas flow of 50 

mL/min containing 10 vol% of H2 with N2 as the balance gas.  

The CO2 adsorption capacity of Ni5Ca40/Al catalyst was conducted by a thermogravimetric 

analyzer (TGA/DSC 2, Mettler Toledo). Approximately 30 mg of the Ni5Ca40/Al catalyst was 

placed in a 70 μL alumina pan and heated from room temperature to 600 °C for 30 min at a rate of 

10 °C/min under a 20 vol% CO2 flow of 80 mL/min, and then heated to 800 °C for another 30 min 

at a rate of 10 °C/min under a N2 flow rate of 80 mL/min. The carbonation-calcination cycles were 
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repeated for 5 times. The CO2 adsorption capacity was expressed as the mass fraction of the added 

weight after the carbonation process at 600 °C in the CaO weight of the Ni5Ca40/Al catalyst. 

The morphology of fresh and spent Ni5Ca40/Al catalyst was observed using a JEOL-7100F field 

emission scanning electron microscope equipped with an energy-dispersive x-ray spectrometer. 

The distributions of SS-derived char, biochar and tar are expressed in mass fractions of them in 

the sum of Ca/SS-3:7, steam and biochar, while the percentage of gas was calculated by the 

difference between total and the fractions of SS-derived char, biochar and tar. For each case, the 

mass of SS-derived char, biochar and tar were gained as the weight differences of the Ca/SS-3:7, 

biochar and condenser before and after the TSSE thermochemical conversion process, 

respectively. Regarding the yield of SS-derived char, the mass of CaO was excluded, as CaO has 

no potential to be converted into tar or gas. Since the steam could take part in the steam reforming 

reactions and it was condensed together with the liquid tar, the mass of steam was included in the 

yield of tar. 

5.3. Results and discussion 

5.3.1. Process description 

On the basis of the TSSE thermochemical conversion process proposed in Chapter 3 and 4, Ni-

CaO/Al2O3 catalyst and biochar were introduced into the process to eliminate tar and enhance 

syngas production simultaneously in this Chapter. The TSSE catalytic thermochemical conversion 

process diagram is shown in Fig. 5.2. To avoid cross-contamination between SS-CaO, biochar and 

catalyst, the SS-CaO, Ni-CaO/Al2O3 catalyst and biochar pellets are layer loaded. At the first stage 

(a lower temperature around 600 °C), the SS devolatilization is occurred to generate tar and 

gaseous products (H2, CO2, CO and CH4). And thereby, the CaO and Ni in the SS-CaO and Ni-
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CaO/Al2O3 catalyst would catalyse the tar cracking/reforming (Eq. 1, 2) and water-gas shift (WGS, 

Eq. 3) reactions to produce H2 and CO2. Meanwhile, the released CO2 from the above reactions 

would be in situ captured by CaO, which shift the equilibrium of those reactions toward higher 

yield and purity of H2 at the first stage. When it comes to the second stage (a higher temperature 

around 800 °C), the captured CO2 is released from CaCO3 decomposition and in situ gasifies SS-

derived char to produce CO via the reverse Boudouard reaction (Eq. 4). The unconverted CO2 

from SS-CaO layer and released CO2 from Ni-CaO/Al2O3 catalyst layer would react with biochar 

for CO production.  

Tar→H2+CO+CO2+CmHn, ∆H298K>0                                                    (1) 

Tar+H2O→H2+CO+CO2+CmHn+H2O, ∆H298K>0                                 (2) 

CO+H2O⇋CO2+H2, ∆H298K= -41.2 KJ/mol                                            (3) 

C+CO2⇋2CO, ∆H298K= +172.4 KJ/mol                                                  (4) 

 

Fig. 5.2. Process diagram of the TSSE catalytic thermochemical conversion of SS in this chapter. 
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5.3.2. Role of temperature on syngas production 

To study the effect of temperature on the syngas production from the TSSE catalytic steam 

gasification of SS, the yield and purity of H2, CO, CO2 and CH4 as a function of temperature are 

shown in Fig. 5.3. The key point of the proposed TSSE thermochemical conversion process is the 

CaO act as a sorbent to capture CO2 and promote H2 production at the first stage. Therefore, 

restricted by the thermodynamic equilibrium of the CaO carbonation reaction at the first stage [40], 

the temperature range of the first stage was set from 550 °C to 650 °C at intervals of 50 °C. As 

shown in Fig. 5.3a, the yield of H2, which is the target product at the first stage, increases from 

256.0 NmL/gdry SS at 550 °C to 543.9 NmL/gdry SS at 650 °C, whereas the purity of H2 decreases 

from 90.2 vol% at 550 °C to 79.4 vol% at 650 °C. The enhancement in the H2 yield is mainly 

ascribed to the favored endothermic tar cracking/reforming reactions at the high temperature for 

H2 production, which is accompanied with the decrease in the yield of tar at the elevated 

temperatures (Fig. 5.3a (insert)). However, the high yield of H2 production always accompanies 

with a high yield of CO2 generated, and part of which is not captured by CaO and then released, 

leading to a decrease in the purity of H2. Taking both the yield and purity of H2 into account, the 

temperature of the first stage is determined as 600 °C for H2 production. 

The target product at the second stage, CO, is mainly generated via the reverse Boudouard reaction 

(Eq. 4). This is a highly endothermic reaction and favourable at high temperatures. The yield and 

purity of CO and CO2 in the gas product generated from the second stage of the TSSE catalytic 

steam gasification process as a function of temperature ranging from 750 °C to 900 °C at 50 °C 

intervals are shown in Fig. 5.3b. The CO yield increases by 60.6% from 129.8 NmL/gdry SS at 

750°C to 208.4 NmL/gdry SS at 800 °C, while the CO2 yield decreases from 750 °C to 800 °C. 

However, no obvious change in the production of CO and CO2 was observed when the temperature  
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Fig. 5.3. Influence of temperatures on the gas production at (a, insert: product distribution) the first stage 

and (b) the second stage of the TSSE catalytic steam gasification of Ca/SS-3:7. Experimental conditions: 

0.3 g Ca/SS-3:7 pellets, 0.3 g Ni5Ca40/Al pellets, 0.1g biochar pellets, S/C-1. 

0 20 40 60
0

5

10

15

20

25

30

 750 C
 800 C
 850 C
 900 C

 

 

C
O

2 fl
ow

 ra
te

 (N
m

L/
m

in
/g

dr
y 

SS
)

Time (min)

(a)

600

650

700

750

800

850

900

Te
m

pe
ra

tu
re

 (
C

)

0 20 40 60
0

5

10

15

20

25

30

 750 C
 800 C
 850 C
 900 C

 

 

C
O

 fl
ow

 ra
te

 (N
m

L/
m

in
/g

dr
y 

SS
)

Time (min)

(b)

600

650

700

750

800

850

900

Te
m

pe
ra

tu
re

 (
C

)

 

Fig. 5.4. Influence of temperature on the (a) CO2 and (b) CO flow rate from the second stage of the TSSE 

catalytic steam gasification of Ca/SS-3:7. Experimental conditions: 0.3 g Ca/SS-3:7 pellets, 0.3 g 

Ni5Ca40/Al pellets, 0.1 g biochar pellets, S/C-1, 600 °C for the first stage. Solid lines represent CO2 and CO 

generated flow rate along with the reaction time; Short dash lines represent the reaction temperature along 

with the reaction time. 
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of the second stage is above 800 °C. As the reactant gas that produces CO at the second stage, CO2 

is mainly released from the decomposition of CaCO3 formed at the first stage. However, whether 

the temperature of the second stage increases to 850 °C or 900 °C, Fig. 5.4 shows that the flow 

rate of CO2 still peaks at 800 °C. Therefore, despite the thermodynamic and kinetic favourability 

of the reverse Boudouard reaction (Eq. 4) at a higher temperature, large quantities of reactant gas 

CO2 is released at 800 °C, leaving less reactant gas CO2 at 850 °C or 900 °C for CO production 

and resulting in little change in CO production at 850 °C and 900 °C. Consequently, 800 °C is 

chosen as the temperature for the second stage for CO production. 

5.3.3. Role of Ni-CaO/Al2O3 catalyst on syngas production  

5.3.3.1. Role of the Ni content of Ni-CaO/Al2O3 catalyst 

Fig. 5.5 shows the performance of Ni-CaO/Al2O3 catalysts at various Ni contents (2.5, 5, 7.5 and 

10 wt%) with a fixed CaO content of 40 wt% in the syngas production. It appears that among the 

studied catalysts, the highest H2 yield and purity at the first stage were obtained over Ni5Ca40/Al 

catalyst, and just slightly lower yields were obtained when Ni7.5Ca40/Al and Ni10Ca40/Al catalysts 

were used, whereas the lowest yield was observed for Ni2.5Ca40/Al catalyst (Fig. 5.5a). As for the 

CO production at the second stage (Fig. 5.5b), no obvious change of CO production was observed 

between the catalysts with various Ni contents. It was reported by Osaki and Mori [41] that the 

degree of contact of catalyst and carbon is one of the concerning factors influencing the rate of 

reverse Boudouard reaction (Eq. 4). The layer loaded SS-CaO, Ni-CaO/Al2O3 catalyst, and biochar 

pellets greatly reduces the degree of contact of Ni-CaO/Al2O3 catalyst and carbon in the SS-CaO 

and biochar pellets, resulting in a weak catalytic activity of Ni on the reverse Boudouard reaction 

(Eq. 4). As shown in Fig. 5.5c, there is a stable H2/CO ratio of 1.6-2.0 in the syngas by adjusting 

the Ni content. 
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Fig. 5.5. H2 and CO production as a function of Ni content of Ni-CaO/Al2O3 catalyst from the TSSE 

catalytic steam gasification of Ca/SS-3:7: (a) H2 yield and purity generated at the first stage; (b) CO yield 

and purity generated at the second stage; (c) total syngas (H2+CO) yield and H2/CO molar ratio. 

Experimental conditions: 0.3 g Ca/SS-3:7 pellets, 0.3 g Ni-CaO/Al2O3 catalyst pellets, 0.1 g biochar pellets, 

S/C-1, 600 °C for the first stage, 800 °C for the second stage. 

The X-ray diffraction analyses were conducted to identify the crystalline phases in the Ni-

CaO/Al2O3 catalysts with various Ni contents as shown in Fig. 5.6a. The fresh Ni2.5Ca40/Al catalyst 

dominates by CaO-Al2O3 mixed oxides, while free CaO and Ca(OH)2 are the main crystalline 

phases in the fresh Ni-CaO/Al2O3 catalysts when the Ni contents are over 2.5 wt%. The existence 

of free CaO and Ca(OH)2 act as CO2 sorbents to favour H2 production. The small diffractions of 

NiO were detected in all Ni-CaO/Al2O3 catalysts. The presence of the NiO phase indicates the 

availability of catalytic sites to promote the tar cracking/reforming and WGS reactions (Eq. 1-3) 

[42, 43]. Except for the NiO phase, the NiAl2O4 crystalline phase appears in the Ni-CaO/Al2O3 

catalysts when the Ni content is over 2.5 wt%. The NiAl2O4 is assigned to the spine structure 

providing high stability and strong dispersion for the metallic particles [44]. Besides, the 

characteristic peak of Al2O3 is also identified in all catalysts.  
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Fig. 5.6. XRD pattern of the fresh Ni-CaO/Al2O3 catalysts with various (a) Ni contents and (b) CaO 

contents. ■ CaO; ▼Ca(OH)2; ♦ NiO; ▲Al2O3; ● NiAl2O4; ♥ CaO-Al2O3 mixed oxides. 

The H2-TPR profiles of Ni-CaO/Al2O3 catalysts with various Ni contents are shown in Fig. 5.7. 

The peak appearing at a high temperature around 840 °C is ascribed to the NiAl2O4 phase which 

has a spinel structure with the characteristic of thermal stability requiring high temperature for its 

reduction [45]. In agreement with the XRD results, no reducible peak assigned to the NiAl2O4 

phase at ca. 840 °C is observed for the Ni2.5Ca40/Al catalyst. There are two Ni reduction peaks 

between 550 °C and 800 °C observed for all the Ni-CaO/Al2O3 catalysts, which are ascribed to the 

NiO species interacting with CaO and Al2O3 [46]. However, the Ni reducible peaks of Ni5Ca40/Al 

catalyst between 550 °C and 800 °C slightly shift towards higher temperatures, which might 

indicate that NiO is dispersed more thoroughly and even more strongly interaction with CaO and 

Al2O3 [47]. The high dispersion and strong metal-support interaction probably facilitate the 

catalytic performance for H2 production at the first stage. 
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Fig. 5.7. H2-TPR profiles of the fresh Ni-CaO/Al2O3 catalysts. 

5.3.3.2. Role of the CaO contents of Ni-CaO/Al2O3 catalyst 

Further investigations for the syngas production performance of the Ni-CaO/Al2O3 catalysts as a 

function of CaO contents (30, 40 and 50 wt%) with the optimal Ni content of 5 wt% were 

conducted as shown in Fig. 5.8. Of these three catalysts, Ni5Ca40/Al catalyst shows the highest H2 

production at the first stage, followed by Ni5Ca50/Al, while the lowest H2 production was obtained 

using Ni5Ca30/Al catalyst (Fig. 5.8a). At the second stage, CO production is enhanced with the 

increased CaO contents in the Ni-CaO/Al2O3 catalyst (Fig. 5.8b). As the XRD patterns are shown 

in Fig. 5.6b, CaO, Ca(OH)2, and the CaO-Al2O3 mixed oxides are identified in the fresh Ni5Ca30/Al 

catalyst. With the increasing CaO contents, the CaO and Ca(OH)2 phases are dominant in the fresh 

Ni5Ca40/Al and Ni5Ca50/Al catalysts. The changes in the Ca species and contents would influence 

the CO2 sorption capacity, thereby affecting the H2 production at the first stage and the CO 

production at the following second stage. The existence of NiO and NiAl2O4 is also identified in 

all three catalysts as shown in the XRD phases in Fig. 5.6b and H2-TPR profiles in Fig. 5.7. The 
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Ni reducible peaks of Ni5Ca40/Al catalyst between 550 °C and 800 °C shifting towards higher 

temperatures were also observed compared to Ni5Ca30/Al and Ni5Ca50/Al catalysts. The H2/CO 

ratio ranges from 1.2 to 2.0 by controlling the CaO contents (Fig. 5.8c). 
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Fig. 5.8. H2 and CO production performance as a function of CaO contents of Ni-CaO/Al2O3 catalysts from 

the TSSE catalytic steam gasification of Ca/SS-3:7: (a) H2 yield and purity generated at the first stage; (b) 

CO yield and purity generated at the second stage; (c) total syngas (H2+CO) yield and H2/CO molar ratio. 

Experimental conditions: 0.3 g Ca/SS-3:7 pellets, 0.3 g Ni-CaO/Al2O3 catalyst pellets, 0.1 g biochar pellets, 

S/C-1, 600 °C for the first stage, 800 °C for the second stage. 

5.3.3.3. Role of the composition of Ni-CaO/Al2O3 catalyst on the syngas production 

The aforementioned results show that the Ni5Ca40/Al catalyst exhibits the highest selectivity of 

syngas production from the TSSE catalytic steam gasification of SS. It has been demonstrated that 

both components of the catalysts, Ni and CaO could affect the syngas production performance of 

SS (Fig. 5.5 and Fig. 5.8). Therefore, it is critical to investigate the synergistic effect of Ni and 

CaO in the Ni-CaO/Al2O3 catalyst on syngas production. Fig. 5.9 shows the syngas production 

from the Ni-CaO/Al2O3 catalysts consisting of different components. The Ni5Ca40/Al catalyst, 

containing Ni, exhibits a higher yield of H2 produced at the first stage than the Ca40/Al catalyst, 

and the same trend was observed between the Ni5/Al and Al catalysts (Fig. 5.9a), which is 
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attributed to the presence of Ni that could enhance the catalytic cracking/reforming of tar (Eq. 1, 

2) for H2 production [42]. It was reported that Ni could promote the cleavage of C-C, C-H, C-O 

bonds in the tar, and the formed cracking products are more likely to be dehydrogenated and thus 

increase the H2 production [47]. Additionally, Ni shows high catalytic activity in the WGS reaction 

(Eq. 3) to promote H2 production [43, 48]. However, no significant improvement in CO production 

at the second stage was observed between the catalysts with or without Ni. As the above-

mentioned, the layer loading of SS-CaO, Ni-CaO/Al2O3, and biochar pellets reduces the contact 

degree of Ni with the reactants of the reverse Boudouard reaction (Eq. 4) and thereby fails to 

enhance the CO production at the second stage.  
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Fig. 5.9. Syngas production performance as a function of the presence of Ni and CaO in the Ni-CaO/Al2O3 

catalyst from TSSE catalytic steam gasification of Ca/SS-3:7: (a) H2 yield and purity generated at the first 

stage; (b) CO yield and purity generated at the second stage; (c) total syngas (H2+CO) yield and H2/CO 

molar ratio. Experimental conditions: 0.3 g Ca/SS-3:7 pellets, 0.3 g Ni-CaO/Al2O3 catalyst pellets, 0.1 g 

biochar pellets, S/C-1, 600 °C for the first stage, 800 °C for the second stage. 

For the CaO-containing catalysts, a higher yield of H2 was observed over the Ni5Ca40/Al and 

Ca40/Al catalysts at the first stage compared to the Ni5/Al and Al, respectively (Fig. 5.9a). The 

presence of CaO would capture the CO2 to shift the equilibrium of reactions (Eq. 1-4) that 
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produced CO2, thereby favouring the H2 production at the first stage. Taking the WGS reaction 

(Eq. 3) as an example, the time evolution of CO and CO2 release rate, as shown in Fig. 5.10b and 

Fig. 5.10c, shows that less CO and CO2 amounts were released from Ca/SS-3:7 with the Ca40/Al 

and Ni5Ca40/Al catalysts at the first stage compared to Al and Ni5/Al catalysts. Not only for the 

enhancement of H2 yield, but the presence of CaO would also increase the purity of H2 obtained 

at the first stage. For instance, the purity of H2 increases from 67.4 vol% with the Ni5/Al catalyst 

to 88.2 vol% with the Ni5Ca40/Al catalyst. Regarding the CO production at the second stage, the 

Ca40/Al and Ni5Ca40/Al catalysts show an outstanding performance in both the yield and purity of 

CO compared to Al and Ni5/Al catalysts, respectively (Fig. 5.9b). Fig. 5.10c indicates that more 

CO2 was captured by CaO in the Ca40/Al and Ni5Ca40/Al catalysts at the first stage, resulting in 

high CO2 emissions at the second stage, along with high CO production via the reverse Boudouard 

reaction (Eq. 4). Consequently, the addition of CaO in the catalysts has greatly improved the H2 

production at the first stage and CO production at the second stage. 
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Fig. 5.10. Comparison of the generated flow rate of (a) H2 at the first stage, (b) CO at the first stage, and 

(c) CO2 at the two-stages from Ni5Ca40/Al, Ni5/Al, Ca40/Al, and Al.  

Moreover, Ni5Ca40/Al catalyst shows a higher H2 yield and purity compared to Ni or CaO alone 

catalysts (Ni5/Al and Ca40/Al catalysts), concluding a synergistic effect between the Ni and CaO 
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for H2 production. And the presence of CaO poses critical influence on CO production at the 

second stage. The produced syngas is rich in H2 with the H2/CO ratios ranging from 1.6 to 2.8, 

while the presence of CaO in the catalyst would produce a lower H2/CO ratio of below 2 (Fig. 

5.9c).  

5.3.3.4. Stability test of Ni5Ca40/Al catalyst  

The above findings indicate high selectivities of H2 at the first stage and CO at the second stage 

was achieved over the Ni5Ca40/Al catalyst. From an industrial perspective, it is of great 

significance to investigate the stability of this bi-functional catalyst in practical application. Thus, 

the Ni5Ca40/Al catalyst was tested for 5 cycles to demonstrate its stability for syngas production. 

The residual char from the spent Ca-SS/3:7 and biochar after each TSSE catalytic steam 

gasification process were replenished by fresh Ca-SS/3:7 and biochar. As shown in Fig. 5.11, H2 

and CO production reach maximum values at the 1st cycle, and then exhibit a decrease at the 2nd 

cycle and keep stable until the 5th cycle, indicating a good stability of H2 and CO production after 

the first run. A similar tendency on the CO2 adsorption capacity of Ni5Ca40/Al is shown in Fig. 

5.12. The CO2 adsorption capacity peaks at the 1st cycle reaching 39.0%, and then steeply 

decreases to 17.4% in the 2nd cycle and tends to be stable until the 5th cycle because of the sintering 

of CaO and the change of physical properties over cyclic carbonation-calcination reactions [46, 

49]. The CO2 adsorption capacity is one of the vital factors for syngas production. The decrease in 

the cyclic CO2 capture capacity of the Ni5Ca40/Al catalyst would weaken the promotional effect of 

tar cracking/reforming and WGS reaction (Eq. 1-3) for H2 production at the first stage, thereby 

resulting in less CO2 being available for CO production in the following second stage.  
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Fig. 5.11. The stability of the Ni5Ca40/Al catalyst in the syngas production from the TSSE catalytic steam 

gasification of Ca/SS-3:7: (a) H2 yield and purity generated at the first stage; (b) CO yield and purity 

generated at the second stage; (c) total syngas (H2+CO) yield and H2/CO molar ratio. Experimental 

conditions: 0.3 g Ca/SS-3:7, 0.3 g Ni5Ca40/Al catalyst, 0.1 g biochar pellets, S/C-1, 600 °C for the first 

stage, 800 °C for the second stage. 

In addition, the catalytic effect of Ni is another important factor for syngas production. The change 

in the distribution of elements in the Ni5Ca40/Al catalyst was investigated by comparing TEM-

EDS images of the fresh and spent Ni5Ca40/Al catalyst after 5 cycles, as shown in Fig. 5.13. The 

Ca and Ni elements in the fresh Ni5Ca40/Al catalyst exhibit a homogeneous distribution (Fig. 5.13 

top). After 5 cycles, most Ni in the spent catalyst is agglomerated compared to the fresh catalyst 

(Fig. 5.13, bottom). The sintering of Ni could suppress its catalytic activity in tar 

cracking/reforming and WGS reactions (Eq. 1-3) for syngas production [50]. Hence, the synthesis 

of highly active, robust, and sinter-resistant catalysts to facilitate tar conversion for syngas 

production is still one of the urgent research topics. There is an increase in the H2/CO ratio from 

1.9 to 2.8 with the increase of cycle number, indicating a large reduction in CO production at the 

second stage (Fig. 5.11c). 
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Fig. 5.12. Cyclic CO2 sorption capacity of the Ni5Ca40/Al catalyst. 

 

 
Fig. 5.13. TEM-EDX images of the (top) fresh and (bottom) spent Ni5Ca40/Al catalyst after 5 cycles. 

5.3.4. Synergistic effect of steam, Ni5Ca40/Al catalyst and biochar on syngas production 

1 µm 1 µm 1 µm Ca Ni 

1 µm 1 µm Ni 1 µm Ca 
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5.3.4.1. Role of steam on syngas production 

Fig. 5.14 shows the synergistic effect of steam gasification (SG), pyrolysis (P), Ni5Ca40/Al catalyst 

(Cat) and biochar on the syngas production from Ca/SS-3:7 using the TSSE catalytic 

thermochemical conversion process. As shown in Fig. 5.14a, the lowest yield and purity of H2 at 

the first stage were obtained from the SS-Cat-Biochar-P, at 120.2 NmL/gdry SS and 64.7 vol%, 

respectively. Upon introduction of steam, 3.3 times higher H2 yield was achieved from the SS-

Cat-Biochar-SG, reaching 396.9 NmL/gdry SS, and the purity of H2 reaches 88.2 vol% at the first 

stage. In Fig. 5.15a, in contrast to a sharp peak of the generated flow rate of H2 from SS-Cat-

Biochar-P, a slowly decreasing trend was observed from SS-Cat-Biochar-SG, resulting in a higher 

production of H2. The H2 generation over a longer period of time was triggered by the addition of 

steam which could enhance the steam-reforming reactions for H2 production, such as the WGS 

reaction (Eq. 3). This is supported by the less CO generated from SS-Cat-Biochar-SG compared 

to SS-Cat-Biochar-P, as shown in Fig. 5.15b. An increase in the generated flow rate of H2 is always 

accompanied by a decrease in the generated flow rate of CO, and vice versa. For the CO production 

at the second stage in Fig. 5.14b, a CO yield of 157.2 NmL/gdry SS was obtained from the SS-Cat-

Biochar-P, and 208.4 NmL/gdry SS from SS-Cat-Biochar-SG, with a 32.6 % increase. The purity of 

CO decreases from 64.0 vol% to 54.2 vol% after the addition of steam. As a reactant for CO 

production via the reverse Boudouard reaction (Eq. 4), a higher amount of CO2 was released at the 

second stage from SS-Cat-Biochar-SG as shown in Fig. 5.15c, resulting in a higher yield of CO, 

while a lower purity of CO. In summary, the addition of steam could significantly increase both 

the yield and purity of H2 at the first stage. Correspondingly, a high amount of CO2 was captured 

at the first stage and then released at the second stage, leading to high yield of CO at the second 

stage on the premise of sufficient residual carbon in the char. 
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Fig. 5.14. Syngas production as a function of the use of steam, Ni5Ca40/Al catalyst or biochar from the 

TSSE catalytic thermochemical conversion of Ca/SS-3:7: (a) H2 yield and purity generated at the first stage; 

(b) CO yield and purity generated at the second stage; (c) total syngas (H2+CO) yield and H2/CO molar 

ratio. Experimental conditions: SS: 0.3 g Ca/SS-3:7 pellets, Cat: 0.3g Ni5Ca40/Al catalyst, Biochar: 0.1g 

biochar pellets, P: Pyrolysis, SG: steam gasification (S/C-1), 600 °C for the first stage, 800 °C for the second 

stage. 

5.3.4.2. Role of biochar on the syngas production 

There is a slight increase in H2 production at the first stage between the SS-SG and SS-Biochar-

SG (Fig. 5.14a), indicating the presence of biochar would sightly promote the H2 production at the 

first stage. It was reported that the biochar shows a catalytic activity for tar reforming for H2 

production due to its relatively high surface area and containing alkali/alkaline-earth metals [51, 

52]. However, the presence of biochar could remarkably enhance the CO production at the second 

stage (Fig. 5.14b). For instance, the yield of CO reaches 208.4 NmL/gdry SS from SS-Cat-Biochar-

SG, almost 3.1 times higher than that from SS-Cat-SG (66.6 NmL/gdry SS). The carbon-rich biochar 

could act as a carbon source to convert CO2 via the reverse Boudouard reaction (Eq. 4) for CO 

production. Hence, the influence of the addition of biochar on the H2 production at the first stage 
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is not significant, while it has a drastic promoting effect on the CO production at the second stage 

to address the issue that the lack of carbon source remains in the SS for the conversion of CO2. 

5.3.4.3. The synergistic effect of steam, Ni5Ca40/Al catalyst and biochar on the syngas production  

The above results demonstrate that steam and Ni5Ca40/Al catalyst could promote H2 production at 

the first stage. As shown in Fig. 5.14, the yield of H2 from SS-Cat-Biochar-SG increases by 230.3% 

compared to SS-Cat-Biochar-P, while SS-Cat-Biochar-SG only exhibits a 34.4% increase in the 

yield of H2 compared to SS-SG. This indicates that the steam performs a higher selectivity in H2 

production than the Ni5Ca40/Al catalyst and biochar. Besides, The CO production from SS-Cat-

Biochar-SG and SS-Biochar-SG enhance by 213.0% and 147.6% and compared to SS-Cat-SG and 

SS-SG, respectively. Higher increase of CO production for SS-Cat-Biochar-SG (213.0%) than SS-

Biochar-SG (147.6%), indicates a beneficial effect of biochar on the CO production pronounced 

by the presence of Ni5Ca40/Al catalyst. This is likely because the addition of Ni5Ca40/Al catalyst 

makes more CO2 accessible for the CO production at the second stage. In conclusion, the 

synergistic effect of steam, Ni5Ca40/Al catalyst and biochar could maximise the yield of the H2 and 

CO production at the first and the second stage, respectively. Besides, a gas stream with high purity 

of H2 (88.2 vol%) was obtained at the first stage, and a gas stream with high purity of CO (55.6 

vol%) was generated at the following second stage, enabling an inherent separation of H2 and CO 

products from the SS. 
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Fig. 5.15. Comparison of the generated flow rate of H2 at the first stage (a), CO at the first stage (b), and 

CO2 at the second stage (c) from the SS-Cat-Biochar-P and SS-Cat-Biochar-SG. 

When the syngas production over Ni5Ca40/Al catalyst and biochar is further compared with that 

reported in other studies (Table 5.2), it can be observed that the both H2 and CO purity in this 

chapter are higher than those reported by other studies. The one of the important reason for the 

high H2 purity in this chapter is that the temperature for H2 production (600 °C) favors CaO 

carbonation reaction and ensures a fast sufficient CO2 sorption kinetic, and thereby significantly 

benefits for the H2 production by moving WGS reaction (Eq. 3) in the forward direction. However, 

the catalytical reaction temperature in other studies (Table 5.2) for H2 production over the catalysts 

containing CaO is generally up to 800-950 °C which favors the reverse CaO carbonation reaction 

with a negligible sorption-enhanced effect of CaO. Regarding the higher CO purity in this chapter, 

the existence of CaO in the catalyst could transfer CO2 captured at the first stage (600 °C) to release 

and react with the biochar for CO production at the following second stage (800 °C). Thus, the 

combined use of Ni-CaO/Al2O3 catalyst and biochar exhibits a superior on an inherent separation 

of high purity H2 and CO production from SS. 
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Table 5.2. Summary of syngas production, tar removal efficiency and catalyst stability performance over Ni-CaO/char catalysts via 

catalytic thermochemical conversion of biomass.  

Catalyst Biomass Reactor 
Operating 

Temperature 

Syngas purity 

(vol%) 

Tar 

removal 

efficiency 

(%) d 

Catalyst stability Ref. 

H2 CO 

Ni/CaAlOx (the 
molar ratio of Ca to 

Al of 1:1) 
Sawdust Dual fixed bed 

reactors 

TR a: 500 °C 
TC b: 800 °C 

 
50  30 / 

The amount of coke deposited on 
the catalyst was less than 10 wt% 
of the weight of the reacted 
catalyst after one cycle. The 
addition of Ca into the Ni/Al2O3 
catalyst could improve the catalyst 
basicity, and thereby reduce coke 
formation during pyrolysis-
reforming of biomass. 

[53] 

Ni-Ca-Mg-Al 
(1:1:1:1 mol ratio) 

Wood 
sawdust 

Dual fixed bed 
reactors 

TR: 550 °C 
TC: 800 °C 

 
52.3 23.0 / / [54] 

10 wt% Ni-dolomite 
(calcined at 900 °C) 

Rice 
husk 

Two stages 
fixed bed 

reactor system 

TR: 950 °C 
TC: 950 °C 

 
59.1 22.8 

Only 0.24 
g/Nm3 of 
tar was 

obtained.  

 
The amount of carbon deposited 
on the Ni-dolomite catalyst was 
only 1.33 wt% after one cycle. 
 

[55] 

20 wt% Ni-24 wt% 
CaO-Ca2SiO4 

Sawdust 

Thermogravim
etric mass 

spectrometry 
(TG-MS) 

850 °C 68 18.5 / 

Ni-CaO-Ca2SiO4 exhibits superb 
cyclic stability. After 15 cycles, 
the H2 yield decreased by 7%, 
while the CO yield slightly 
increased. 

[56] 

15 wt% NiO/wood 
char Sawdust Dual fixed bed 

reactors 
TC: 800 °C 

 33.5 31.1 97 

Exhibited an excellent tar removal 
rate in the first 2 h, and then the 
rate slightly decreased by 13% but 
remained stable and high after 2 h 
until 8 h. (continued on next page) 

[57] 
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Catalyst Biomass Reactor 
Operating 

Temperature 

Syngas purity 

(vol%) 

Tar 

removal 

efficiency 

(%) d 

Catalyst stability Ref. 

H2 CO 

11.3 wt% Ni-12.1 
wt% Co/ lignite char 

(acid washed) 
Corncob 

Two stages 
fixed bed 

quartz reactor 

TR: 900 °C 
TC: 450 °C 

 
63.0 2.0 / 

H2 yield decreased by 23.4% after 
7 cycles. 

 
[58] 

8 wt% Ni/pine 
sawdust char 

Pine 
sawdust 

Dual fixed bed 
reactors 

TR: 800 °C 
TC: 800 °C 

 
43.8 23.1 90.8 

 
/ 

 
 

[59] 

         

Ni5Ca40/Al 
+ Biochar 

Sewage 
sludge 

Fixed bed 
reactor 600/800 c 88.2 55.6 22.0 

The catalyst exhibited an excellent 
performance of syngas production 
in the first run. After the first run, 
stable performance of syngas 
performance was maintained for at 
least up to four cycles. 

This 
chapter 

a TR: Temperature of pyrolysis/gasification of biomass. 
b TC: Temperature of catalytical reforming/cracking of tar. 
c Sample was treated in sequence at 600 °C and 800 °C. 
d Tar removal efficiency defined as the percentage of tar removed over catalyst. 
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As shown in Fig. 5.14c, the H2/CO molar ratio of syngas is tunable from 0.8 to 5.4. The SS-Cat-

Biochar-P in the absence of steam produces CO-rich syngas with the lowest H2/CO ratio of 0.77. 

While in the presence of steam and Ni5Ca40/Al catalyst, the H2-rich syngas was produced with the 

highest H2/CO ratio of 5.4 from SS-Cat-SG. The median H2/CO ratios of 2.8 and 2.0 were obtained 

from SS-Biochar-SG and SS-Cat-Biochar-SG which are in the presence of steam and biochar. 

Therefore, the H2/CO molar ratio could be tuned by controlling the utilization of steam, Ni5Ca40/Al 

catalyst, and biochar. More specifically, the steam and Ni5Ca40/Al catalyst could improve the 

selectivity to H2 production, and the biochar could improve the selectivity to CO production. More 

importantly, an H2/CO molar ratio of 2.0 was achieved over the SS-Cat-Biochar-SG, which is an 

ideal H2/CO molar ratio for the synthesis of liquid fuels and value-added chemicals, like methanol, 

via the Fischer-Tropsch process [60, 61].  

5.3.5. Product distributions 

To clearly understand the thermal and catalytic tar elimination for gas production, the distributions 

of char, tar and gas are shown in Fig. 5.16. Regarding the TSSE catalytic pyrolysis of Ca/SS-3:7 

(Fig. 5.16, left), the tar percentage decreases to 35.4% from 42.0% obtained from the TSSE 

pyrolysis of Ca/SS-3:7, while the gas production slightly increases to 36.2% from 35.9%. Fig. 5.16 

(right) exhibits that the distributions of tar and gas from the TSSE catalytic steam gasification of 

Ca/SS-3:7 account for 50.6% and 32.4%, respectively. Compared to the TSSE steam gasification 

of Ca/SS-3:7 shown in Fig. 5.16 (right), the percentage of tar from the TSSE catalytic steam 

gasification decreases by 22.0%, while the proportion of gas increases by 42.7%. Therefore, the 

elevated temperature and the presence of steam, Ni-CaO/Al2O3 catalyst and biochar could promote 

the tar cracking/reforming for gas production. 
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Whereas, the tar removal efficiency in this chapter is lower compared to that in other studies 

reaching up to 90.8-98.8% (Table 5.2). In this chapter, the tar vaporization and then 

cracking/reforming over catalyst happens at 600 °C (the first stage), while a beneficial catalytic 

tar removal was obtained at higher temperature up to 800-950 °C in other studies (Table 5.2). 

Additionally, it can be noticed that the dual reactors with separation of a tar vaporization reactor 

and a catalyst bed reactor would lengthen the residence time of tar inside the reactor to further 

promote the tar cracking/reforming reactions for tar elimination. Those also point the way to the 

further efforts on efficient tar elimination for syngas production. 
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Fig. 5.16. The distributions of char, tar, and gas produced from the TSSE catalytic thermochemical 

conversion of Ca/SS-3:7. 

5.4. Conclusion 

To promote tar removal for syngas production from TSSE thermochemical conversion of SS, the 

thermal and catalytic elimination of tar for syngas production was investigated. It is demonstrated 
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that the elevated temperature could promote H2 production at the first stage and CO production at 

the second stage. And 600 °C and 800 °C are determined as the optimal temperatures for the first 

and second stage, respectively, at which a perfect integration of tar cracking/reforming, WGS  and 

SRM reactions and CaO carbonation reaction for H2 production at the first stage, and the reverse 

Boudouard reaction and CaCO3 decomposition reaction for CO production at the second stage 

could be achieved. The highest syngas production was obtained from the Ni5Ca40/Al catalyst, 

which shows a high dispersion of Ni and strong metal-support interaction. A synergistic effect of 

CaO and Ni in the Ni5Ca40/Al catalyst is defined to enhance the H2 production at the first stage, 

while CaO is a critical factor for CO production at the second stage. The stability test shows that 

after the first run, a good performance of H2 and CO production was maintained for at least up to 

four cycles. 

The elevated temperature and the presence of steam and Ni5Ca40/Al catalyst play a significant role 

in H2 production at the first stage (396.9 NmL/gdry SS), which is 9.3 times higher than that from the 

TSSE pyrolysis of Ca/SS-3:7 (in the absence of steam and Ni5Ca40/Al catalyst, and 550 °C as the 

first stage temperature) reported previously. The purity of H2 increases to 88.2 vol% from 49.2 

vol% obtained from the TSSE pyrolysis of Ca/SS-3:7. Thereinto, the control experiments indicate 

that the steam performs a higher selectivity to H2 than the Ni-CaO/Al2O3 catalyst. However, the 

presences of steam and Ni5Ca40/Al catalyst have a suppression effect on the CO production at the 

second stage. Biochar remarkably promotes the CO production at the second stage, which could 

be further pronounced by the presence of Ni5Ca40/Al catalyst. The yield of CO (208.4 NmL/gdry 

SS) at the second stage triples that in the absence of biochar (66.6 NmL/gdry SS). The percentage of 

tar decreases by 22.0% and the gas increases by 42.7% with the elevated temperature and the 

presence of steam, Ni-CaO/Al2O3 catalyst and biochar. Therefore, a synergistic effect of steam, 
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Ni5Ca40/Al catalyst and biochar is complementary to drastically eliminate the tar and facilitate 

syngas production. The highest yield of syngas reaches 645.5 NmL/gdry SS with 88.2 vol% of H2 at 

the first stage and 55.6 vol% of CO at the second stage, and a desirable H2/CO ratio of 2 is achieved 

for the downstream liquid fuels and value-added chemicals synthesis via Fischer-Tropsch process.  
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Chapter 6 Conclusions and future work 

6.1. Conclusions 

Thermochemical conversion is a promising approach to treat sewage sludge (SS) and recover its 

embedded energy. Consider that conventional thermochemical conversion process mainly focuses 

on the H2 production while ignores the CO production. This thesis proposed a novel two-stage 

sorption-enhanced (TSSE) thermochemical conversion process of SS for H2 and CO production, 

and much effort has been paid on the maximisation of the yield and improvement of the quality of 

H2 and CO. The main research innovations and contributions of this thesis are summarised as 

follows. 

A novel two-stage sorption-enhanced (TSSE) pyrolysis process was proposed in Chapter 3. Based 

on the introduction of a CaO-based CO2 carrying cycle, large amounts of CO2 which is released 

without utilization during conventional sorption-enhanced thermochemical conversion of SS is 

capable of being utilized for CO production in the proposed TSSE pyrolysis process. More 

specifically, the CO2 generated from SS is captured by CaO and stored in the form of CaCO3 at a 

lower temperature (first stage, 500-600 °C) to facilitate the H2 production, and is then released at 

a higher temperature (second stage, 700-800 °C) to gasify the sludge char for CO production. This 

new TSSE pyrolysis process can improve the utilization efficiency of carbon for CO production, 

with a remarkably higher yield of CO than that using other conventional sorption-enhanced 

thermochemical conversion processes. More importantly, the proposed process can achieve the 

inherent separation of H2 production at the first stage and CO production at the second stage 

providing great convenience for the application of H2 and CO for the downstream synthesis of 
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chemicals or fuels, which cannot be achieved by the conventional sorption-enhanced 

thermochemical conversion process.  

Chapter 4 presents a TSSE steam gasification process via the introduction of steam at the first 

stage to obtain a tunable H2/CO ratio in the syngas to meet different demands of H2/CO ratios for 

the downstream application process. By controlling the CaO and steam contents, a wide range of 

H2/CO ratio can be adjusted from 0.9 to 4.7 in the SS-derived syngas using the TSSE steam 

gasification process. Under the optimal conditions, an H2-rich gas stream (72.2 vol% purity) and 

CO-rich gas stream (60.5 vol% purity) could be obtained at the first stage and the second stage, 

respectively. The high purity and inherent separation of H2 and CO production can avoid imposing 

severe cost penalties for the cleaning, refining and separation of H2 and CO before application. 

This process presents a promising option for direct integration of the TSSE steam gasification of 

SS with the syngas applications where H2 and CO could be mixed in any desirable ratios for the 

downstream synthesis of value-added chemicals and fuels. The studies on the performance 

characterisation of the TSSE thermochemical conversion process show that a high yield of tar is 

produced at the first stage, while the conversion of char into gas is dominated at the second stage. 

A co-gasification of SS and biochar using TSSE catalytic steam gasification process over Ni-

CaO/Al2O3 catalyst was proposed in Chapter 5 to address the issue of tar removal in the syngas 

and simultaneously enhance the syngas production. A 22.0% of reduction in the tar yield and a 

42.7% of enhancement in the gas yield is obtained with the addition of biochar and Ni-CaO/Al2O3 

catalyst. And there is a complementary effect of steam, Ni-CaO/Al2O3 catalyst and biochar on the 

syngas production, thereinto, the addition of steam and Ni-CaO/ Al2O3 catalyst triggers a drastic 

enhancement in the yield and purity of H2 at the first stage, while the presence of biochar acts as 

the carbon source to promote the CO production at the second stage. A desirable H2/CO ratio of 2 
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is achieved, which is typically desired for the downstream synthesis of value-added chemicals and 

fuels via FTS process. 

The novel proposed TSSE thermochemical conversion process with the inherent separation of H2 

and CO production has great potential to directly integrate with the FTS process to produce high 

value-added fuels and chemicals, offering a sustainable and environmentally benign approach to 

convert waste, i.e. SS to energy. 

6.2. Future work 

In spite of the promising results shown above, related studies are still in progress and further 

developments are required.  

1. Further improve the yield and purity of CO production at the second stage 

In this work, it is observed that the increase in H2 production at the first stage always accompanies 

by an increase in the amount of CO2 captured by CaO. Much more CO2 released from CaCO3 

dissociation reaction at the second stage exists in the effluent gas stream without participating in 

the reverse Boudouard reaction for CO production, leading to a reduction in the purity of CO at 

the second stage. In further work, it deserves to develop the cost-effective catalysts to accelerate 

the reaction rate of reverse Boudouard reaction, thereby achieving better integration of the reverse 

Boudouard and CaCO3 dissociation reaction at the second stage. The released CO2 from the CaCO3 

dissociation reaction can directly be converted into CO via the reverse Boudouard reaction to 

further promote the yield and purity of CO at the second stage.  

2. Extend the utilization of the proposed process to other biomass sources 
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The technical feasibility to transform SS into syngas with potentially controllable H2/CO ratios 

has been demonstrated in this work by using the proposed TSSE thermochemical conversion 

process, which will be applicable to various forms of biomass other than SS. In principle, a better 

performance of syngas production could be achieved by the conversion of the lignocellulosic 

biomass with higher contents of organic matters, e.g., agricultural wastes.  

3. Develop efficient and stable additives for industrial application 

The naturally abundant and readily available limestone feedstock is one of the vital additive 

required for the operation of the proposed TSSE thermochemical conversion process. The benefit 

of recycling the CaO-rich sludge ash and potential synergy with cement manufacture will offer the 

proposed process techno-economic superiority for industrial application. Additionally, high 

catalytically active, stable, cost-effective Ni-CaO multifunctional catalysts are also deserved to be 

exploited for the industrial application of the proposed TSSE thermochemical conversion process. 

 

4. Industrial application of the proposed TSSE thermochemical conversion process 

Upon introducing the interconnected fluidized-bed reactor concept, the proposed TSSE 

thermochemical conversion process can be operated in a continuous mode for practical application. 

As illustrated in Fig 6.1, the proposed TSSE thermochemical conversion process can be performed 

on two interconnected fluidized-bed reactors, where the CaO-based CO2 sorbent is circulated 

between the first reactor for CaO carbonation to capture CO2 and the second reactor for CaCO3 

calcination to release CO2. The lime-dried SS is continuously fed into the first reactor operated at 

500-600 °C, and mixed with the CaO/ash streams circulated back from the second reactor to 

produce high-purity H2 via the steam reforming and CaO carbonation reactions. Meanwhile, the 

CaCO3/sludge char streams are circulated into the second reactor operated at 700-800 °C to 
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produce high-purity CO via the CaCO3 calcination and reverse Boudouard reactions. The spent 

CaO/ash streams discharged from the second reactor are composed of inorganic oxides, such as 

CaO, SiO2, MgO, and Al2O3, which are potential feedstock readily for the use of cement 

production. This is a promising way of the practical application of the proposed TSSE 

thermochemical conversion process in industries. 
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Fig. 6.1. Conceptual design for industrial application of the proposed TSSE thermochemical process of SS 

based on the calcium-looping scheme. 

5. Integration of the proposed TSSE thermochemical conversion process with the application 

process of syngas 

To fully achieve the conversion of waste to energy, it has been demonstrated that high purity of 

H2 and CO can be separately collected via the proposed TSSE thermochemical conversion of SS, 

while the other indispensable step is the conversion of the generated syngas into the common types 
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of energy, like thermal, electricity, liquid fuels. Hence, extra processes, such as the FTS process 

for various chemicals and liquid fuels, syngas fermentation for bioethanol, internal combustion 

engines for heat or electricity are needed. Therefore, it is of great significance for the sustainable 

management of waste-to-energy to integrate the proposed TSSE thermochemical conversion 

process with the industrial application process of syngas. 




