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Abstract 
 

Food waste is an organic waste which is generated from different sources like household, cafeteria and 

restaurants. About 1.3 billion tonnes of food waste is wasted every year and it is considered to be the 

largest portion of municipal solid waste dumped in landfill.  There are different environmental issues 

related to food waste dumping in landfill such as air pollution, bad odour, methane generation and 

leaching. Recently, food waste has been accepted as a great source for energy generation. There have 

been different thermal technologies for the treatment of food waste from which hydrothermal 

carbonization (HTC) is the suitable treatment method. The food waste was treated under HTC process at 

three different temperatures (200, 250 and 300 °C) with retention time of 1 h. The potential of food waste 

for energy generation was studied in detail using co-combustion and Co-HTC process. Moreover, the 

effect of food waste as an adsorbent for the removal of pharmaceutical was also studied. Different 

characterization techniques used in this study were elementary and proximately analysis, High heating 

value (HHV), scanning electron microscopy (SEM), X-Ray diffraction (XRD), Brunauer Emmett Teller 

(BET), Fourier-transform infrared spectroscopy (FTIR), Thermal gravimetric analysis (TGA), and 

pelletization and tensile strength. The carbon content of hydrochar was significantly increased to 73% as 

compared to raw food waste. During co-combustion the percentage of hydrochar in a blend is responsible 

to improve the ignition and devolatization behaviour of coal. The HTC process also help to improve the 

HHV of the food waste as compared to raw feedstock. The Co-HTC process is very favourable to increase 

the mass yield, reduce ash content and increase the combustion behaviour of the blend. The addition of 

binder in coal and food waste blend can increase the strength of food waste pellets, which can be used 

for different energy generation processes. Lastly, chemical activation of food waste hydrochar can 

increase the surface area and can add new functional groups on the surface of hydrochar. This surface 

modification can increase the adsorption capacity of food waste hydrochar to remove carbamazepine and 

naproxen from aqueous solution.  
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CHAPTER 1: Introduction 
  



 

2 

 

1.1  Background 

 

Food waste is a type of organic waste that comes from numerous sources like restaurants, household, 

cafeteria and processing plants, contributing to a significant portion of municipal solid waste (MSW) 

(Kiran et al., 2014). According to the Food and Agriculture Organisation (FAO)  approximately  1.3 

billion tonnes of edible food is wasted every year while ~ 3.5  billion tonnes of CO2  is generated due to 

the disposal of food waste (Chalak et al., 2016). Due to rapid urbanisation, increased human population 

and industrialisation all over the world, the quantity of MSW produced is expected to reach 9.5 

billion/year by the end of  year 2050 (FAO, 2009).  

In a food supply chain, food waste can be divided into pre-consumer and post-consumer. Pre-consumer 

contains waste produced by processing, agriculture and distribution, while post-consumer contains waste 

generated from meal preparation and consumption (Pfaltzgraff et al., 2013). According to the recent 

estimate of National Defence Council (NRDC), about 40% of food in the USA is lost through its 

processing and distribution. Similarly, the United Kingdom and Japan discard between 30% to 40% of 

their produced food each year (Kosseva, 2009). About 9 million tonnes of food waste is generated in 

South Africa every year (Oelofse & Nahman, 2013), while according to Singapore’s National 

Environmental Agency, Singapore generated about 542,700 tonnes of food waste in 2006, which 

increased  to 640,500 tonnes in 2010 (Rajagopal et al., 2013). Due to fast economic expansion and 

population growth in Asian countries, food waste generation is expected to rise further in the coming 

years. For example, in urban settlements of Asian countries, the volume of food waste is expected to rise 

from 278 to 416 million tonnes from the year 2005 to 2025, while overall about 1300 million tonnes of 

worldwide food waste is generated annually (Melikoglu et al., 2013).  

Food waste can have several negative impacts on the environment depending upon how it is managed. 

Food waste is considered to be the largest portion of municipal solid waste which is disposed of in a 

landfill. Food waste dumping in a landfill can cause some serious health problems such as air pollution, 

bad odour and leaching. In the landfill, food waste is a cause of methane production, which is a 
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greenhouse gas. Generally, food waste degrades faster as compared to other organic wastes present in 

the landfill and generate high volume of methane (Levis & Barlaz, 2011). Hence, the amount of food 

waste to landfill must be reduced. Moreover, landfills cover a lot of space, especially where the cost of 

land is high and land can be used for further development. However, open dumping of food waste is also 

not acceptable as rainfall can result in the formation of unwanted leachate which can cause health issues. 

To avoid these problems recycling of food waste is obligatory. Waste to energy concept for incineration 

of food waste is not suitable due to the presence of high moisture content in food waste. Moreover, 

incineration of food waste is inadequate for capturing important nutrients present in food waste. 

Therefore, other treatment methods are often preferred for proper handling of food waste (Pham et al., 

2015).  

Hydrothermal carbonisation (HTC) is a promising thermal treatment for the conversion of wet feedstocks 

into value added products. Different researchers have used variety of food waste to convert into valuable 

products using HTC process (Parshetti et al., 2014; Saqib et al., 2018). The two main products of HTC 

process are hydrochar and bio-oil, while hydrochar is the main product with nearly 40-70% by mass.  

HTC is normally carried out relatively at low temperature as compared to other thermal treatment 

technologies and HTC does not require extra drying before treatment. Different complex reactions take 

place within the HTC process such as decarbonylation, dehydration and decarboxylation (Berge et al., 

2011). Different process parameters such as temperature and retention time during HTC, play a vital role 

in the physiochemical properties of hydrochar. The chemical structure present on the hydrochar has high 

resemblance with natural coal. This unique characteristic of HTC has brought attention of researchers to 

investigate hydrochar as a replacement for fossil fuel used in different processes (Cao et al., 2007).  

Over the years, a range of food waste has been used for conversion  into value added product using HTC 

process These include restaurants leftover (Kaushik et al., 2014), rabbit food (Berge et al., 2011), olive 

and grape pomace (Pala et al., 2014; Pellera et al., 2012), orange waste (Pellera et al., 2012), dog food 

(Hwang et al., 2012) and shrimp waste (Kannan et al., 2017). The above mentioned studies were carried 
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out at different retention time and temperature and the findings showed that HTC process is useful to 

convert food waste into hydrochar having high percentage of carbon and high heating value.  

Besides the treatment of food waste discussed above, energy is another important issue. The global urge 

for energy has radically increased and the fossil fuel reserves are continuously depleting at an alarming 

rate (Change, 2006). The global forecast in increased fuel utilization in the future have amplified 

uncertainties about fossil fuel balance of supply and demand (Dincer, 2000). Hence, urgent attention is 

requisite to produce energy from the cheaper and alternative renewable energy resources (Kaygusuz, 

2002). The mixture of food waste appears to be challenging because it can cause difficulties in fuel 

recovery technologies (Khan et al., 2009). Co-combustion of food waste with low rank coal is generally 

accepted as less expensive, time saving and less risky options to utilize biomass (Demirbas, 2004). 

Different kinds of biomass such as bamboo and wood (Liang et al., 2017), sugarcane (Xie et al., 2018), 

corn stalk (Zhou et al., 2016) and sludge (Huang et al., 2018) have been treated with coal to increase the 

energy efficiency of the final product. The results of above mentioned studies showed that, increasing 

the percentage of coal with biomass can increase the production of energy in co-combustion process. As 

mentioned earlier the HTC has the ability to produce high-energy dense product from food waste, 

however, to date, there has been no published information on the co-combustion of food waste hydrochar 

and coal. Hence, hydrochar-coal blend might be used as fuel for a variety of applications such as energy 

generation through co-combustion with coal. The combustion behaviour of hydrochar and coal might be 

influenced by the fraction of blend percentage.  

In the recent past, a modified method of HTC named as Co-hydrothermal carbonisation (Co-HTC) is 

gaining a lot of attention of the researchers. In Co-HTC, coal and biomass are mixed together and treated 

under subcritical water. This process has some additional advantages over HTC of individual biomass 

and coal (Saba et al., 2017). During HTC process, the mild acidic condition can enhance the sulphur 

removal efficiency of low rank coal.(Alvarez et al., 2003). Theses acidic solutions are produced by 

dehydration and decarboxylation reaction of the biomass present in HTC process (Lynam et al., 2015). 

Thus, CO-HTC has the capability to further enhance the properties of coal using acid produced by 
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biomass in the HTC process. However, only limited work has been carried out on the treatment of mixed 

feedstocks in HTC, and even fewer on HTC mixture of coal and biomass. Zhang eta al., (2017b) carried 

out HTC of pinewood and sludge mixture and concluded reduction in ash content while increase in 

functional group during HTC process (Zhang et al., 2017b). However, there has been only one study 

found on Co-HTC of miscanthus and coal (Saba et al., 2017), where the authors  reported increase in 

HHV and more than 70% decrease in ash content during Co-HTC process. To date, however, no studies 

have been conducted on Co-HTC of coal and food waste Thus, Co-HTC of food waste and coal blend 

can be an area for researchers to explore for energy generation and addition of binder to make strong 

pellets of the blend in order to increase mass and energy densities.   

Besides energy, there are other potential applications of hydrochar such as soil amendment, nutrient loss 

mitigation, carbon sequestration as well as an adsorbent for contaminant removal. The presence and 

detection of a range of emerging contaminants  in surface water and groundwater have become a world-

wide problem due to their potential hazards to the environment and human health  (Briones et al., 2016). 

Pharmaceutical antibiotic residues can enter our environment via human excretion (Murdoch, 2015). 

These compounds are potent and most sewage treatment plants in many parts of the world including New 

Zealand are not fully optimised to remove trace levels of these pharmaceuticals. Therefore, potential 

exists for pharmaceutical residues to enter the aquatic bodies and has subsequent impact on the ecosystem 

health.  

Hydrochar is a low cost carbon dense solid material obtained from HTC processes and  can act as a 

wastewater treatment agent (Lehmann et al., 2006). The surface of hydrochar possess different functional 

groups which play a vital role in adsorption of contaminants on its surface. A chemically activated 

hydrochar contains higher surface area and has the potential to adsorb pharmaceutical pollutants from 

waste water. Literature suggest that carbamazepine and naproxen pharmaceutical pollutants are found 

widely in New Zealand waste water (Murdoch, 2015). The concentration of carbamazepine and naproxen 

were 709 ng/l and 989 ng/l in Rotorua waste water treatment plant. It is envisaged that a novel hydrochar 

adsorbent could be effectively utilised to remove these two pharmaceuticals from aqueous solution.   
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1.2  Research objectives 

 

The overarching aim of this study is to reduce the amount of food waste going to landfill by converting 

it into hydrochar using (HTC). The specific objectives of this study are listed below: 

1. To evaluate the physical, chemical, structure and combustion properties of the food waste 

hydrochar for energy generation using co-combustion with coal.  

2. Identify the effect of Co-HTC of food waste and coal at different temperatures on physiochemical, 

structural and Hydrochar qualities, and to investigate the effect of pelletization on the mechanical 

strength, energy and mass densities of the hydrochars. 

3. To determine the effect of adsorption by activated food waste hydrochar for the removal of 

carbamazepine and naproxen from aqueous solution.  

1.3 Thesis structure 

 

This thesis is comprised of 6 chapters from which chapter 2 was published as a review paper in the 

Science of Total Environment Journal, chapter 3 was published in the Journal of  Bioresource Technology 

and chapter 4 in the Journal of Waste Management. In this thesis the chapters are arranged in the 

following manner.  

Chapter 1 of this thesis consists of background information related to worldwide problem of food waste 

along with hydrothermal carbonisation of food waste and research objectives.  

Chapter 2 represents the literature review, which includes the global perspective of food waste with a 

particular emphasis on New Zealand. This chapter also includes different thermal technologies that are 

currently being used for the treatment of food waste such as incineration, pyrolysis and HTC. In this 

chapter, the effect of temperature, water, time and reaction mechanism of HTC is discussed in detail. 

This chapter also consists of some possible application of food waste hydrochar. Moreover, the utilization 

of food waste as a fuel and as an adsorbent are also discussed.  
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Chapter 3 provides the experimental data of the thesis. In this chapter, food waste is converted into 

hydrochar using HTC process at three different temperatures. Physiochemical and structural analysis of 

the hydrochar was carried out. Afterward, the co-combustion of hydrochar and coal was carried out at 

three different blending ratios. The ignition and burnout temperature along with activation energy were 

calculated using kinetics equations.  

Chapter 4 presents the discussion on the effect of temperature on Co-HTC process of food waste and coal 

blend. In this chapter, food waste and coal were treated individually in HTC process and then a blend of 

both were treated together under Co-HTC process. All the physical, chemical and combustion properties 

were analysed. Furthermore, all the hydrochars were compressed to form pellets, however, in order to 

make stronger pellets molasses as a binder was used. The pelletized samples were tested for tensile 

strength, mass and energy densities.  

Chapter 5 discusses the adsorptive removal of two frequently detected pharmaceutical compounds 

(carbamazepine and naproxen) in New Zealand wastewater using aqueous solution as a media. First 

hydrochar was activated using acid solution and physicochemical properties were determined Activated 

food waste hydrochar was used to study the removal efficiency of carbamazepine and naproxen from 

aqueous solution. Moreover, different isotherms models and kinetic were applied on the obtained data.  

Chapter 6 summarises the techno-economic analysis of previous studies and overall findings obtained in 

this research are illustrated.      
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2.1 Global Perspective of Food Waste 

 

It has been more than seven decades since food waste reduction was made a part of the FAO mandate 

back in 1945 (Parfitt et al., 2010). Nevertheless, the amount of wasted food is much higher now as 

compared to the past. In the US alone, more than one-third of all food produced goes unconsumed every 

year, with the majority of it ending up in landfill (Gunders, 2012). The National Defence Council of 

United States calculated that about 40% of all food processed in the USA goes to waste (Kummu et al., 

2012). According to the United States Environmental Protection Agency (USEPA) the USA spends about 

$ 1 billion per year in order to dispose of all its food waste (Buzby et al., 2011). In the neighbouring 

country, Canada, retailer and consumer generate more than 40% of food waste  costing about $31 billion 

per year from which 47% is wasted at homes (Gooch et al., 2010). In North America, more than 30% of 

fresh vegetable and fruit are declined by supermarkets just because they are not much attractive to 

consumers (Gustavsson et al., 2011). Brazil is the densest populated country in the Latin America and is 

considered as the world's number one country in terms of  food waste generation, with about 30% of its 

production totally dumped after the harvest (Gandra, 2015). 

According to the European Commission study on food waste, European countries generated about 89 

million tonnes of food waste in the year 2006 (Change, 2006). Households in several countries in Europe 

generated the extensive amount of food waste at about 38 million tonnes of the total food waste produced, 

while manufacturing sector produced about 35 million tonnes per year. Retail sector produced about 4.4 

million tonnes of food waste, while food service sector generated about 12.3 million tonnes overall 

(Møller et al., 2014). Based on population growth, food waste is expected to increase from 89 million 

tonnes in 2006 to 126 million tonnes in 2020. 

The United Kingdom (UK) is the largest food waste producer in Europe (Monier et al., 2010). The Waste 

& Resources Action Programme (WRAP) of the UK estimated that approximately 7 million tonnes drink 

and the food was wasted in 2010 from the UK households per year (Quested & Johnson, 2009). 
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According to a study, in the UK,  47% more fresh food was wasted from households as compared to 

frozen since fresh food gets damaged faster (Martindale, 2014).  

Within the Asian countries, China has the largest population and also generates a large amount of food 

waste. The overall consumption of food in China is rising due to increased population and China is facing 

some serious problems regarding food waste such as landfill-overflow (Kiran et al., 2014). Over $32 

billion dollar value of food is discarded annually across China, while 128 million people live under the 

poverty line (Zhou, 2013). Municipal solid waste generated by Hong Kong is about 9,278 tonnes per day 

and the amount of food waste is about 41.7% from the total MSW in Hong Kong. More than 3,200 tonnes 

of food waste is produced in Hong Kong every day (Bureau, 2014). Therefore, the Hong Kong 

government started awareness program to the public, introduced separation process for food waste, 

convert food waste into fertilizer by anaerobic digestion and waste to energy treatment technologies for 

non-separated food waste. 

In Africa there are about 800 million hungry people and Africa is wasting away about $4 billion dollar 

worth of grains per year due to large post-harvest losses. In the last decade, different food crises have 

infected 20 million people in Africa. There are many reasons why Africa produces a large quantity of 

waste. For example, almost about 25 to 40% of the food produced in Africa is lost due to unskilful 

harvest, inadequate storage and transport facilities. Furthermore less accessibility of produce to the 

market makes it difficult for food to reach up to the value chain (Nforngwa, 2013). The global food waste 

composition data by percentage is shown in Figure 2.1 (Change, 2006).  
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Figure 2.1. Global (pre consumer, consumer and post-consumer) food waste composition data by 

percentage (Change, 2006) 

 

2.2  Food Waste in New Zealand 

 

According to Waste Management Institute NZ (WasteMINZ), National Food Waste Prevention Study in 

2014, New Zealand household produces about $ 600 million of food waste per year (Yates, 2013). The 

Ministry of Environment (MFE) in 2012, released the national data on the amount of waste disposed of 

to landfill in New Zealand. According to the MFE in 2011, about 2.46 million tonnes of solid waste was 

discarded to municipal landfills in New Zealand, similar to the quantity of waste disposed of in 2010. 

According to a report by the MFE (2009), organic waste was the largest amount of waste deposited in a 

landfill in 2007-08, comprising about 28% of the final waste stream containing kitchen, green waste and 

some other organic waste like food processing waste.  
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In New Zealand, residential waste is collected by kerbside collection or wheelie bins supplied by either 

private contractor or a council. According to an estimate, about 26% of waste to landfill comes from 

residential activities. There are many different kinds of organic waste collections provided in different 

parts of New Zealand. The majority of households and businesses have proper access to collection service 

for green waste. However, currently, in NZ, no private food waste collection is available for households. 

. New Zealand food waste audits was conducted in 2015 with the main objective of collecting data on 

the amount of waste disposed of in New Zealand, to calculate avoidable, potentially avoidable, or non-

avoidable quantity of food waste. The food waste data  was based on a list of sixteen food groups, the 

data were then assessed and categorised according to it avoidability , potential avoidability or non-

avoidability as shown in Table 2.1 (Yates, 2013). 
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Table 2.1 Food waste in New Zealand by food group and avoidability in tonnes per annum (Yates, 

2013) 

Food groups Total tonnes 

per annum 

Food waste 

% 

Avoidable 

food waste 

Potentially 

avoidable 

food waste 

Non 

avoidable 

food waste 

Fresh 

vegetables 

63,774 27.8 31,980 15,634 16,159 

Fresh fruits 55,684 24.3 21,164 1,305 33,215 

Meat and fish 31,291 13.7 11,396 1,596 18,299 

Bakery 20,575 9.0 17,992 2,583 0 

Homemade 13,090 5.7 12,831 212 47 

Drinks 9,128 4.0 1,850 0 7,278 

Dairy 8,426 3.7 4,818 0 3,608 

Other foods 6,057 2.6 542 4,947 568 

Pre-prepared 4,849 2.1 4,722 55 72 

Staple foods 4,828 2.1 4,741 87 0 

Snack foods 4,027 1.8 3,738 0 289 

Condiments 3,471 1.5 3,298 7 112 

Desserts 2,175 0.9 2,162 13 0 

Fats 743 0.3 464 237 41 

Processes 

vegetables 

552 0.2 444 108 0 

Processed 

fruits 

407 0.2 403 0 4 

Total 229,022 100.0 122,547 26,784 79,692 
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2.3  Food Waste Thermal Conversion Technologies 

 

Thermal conversion of waste involves high temperature processing of the waste. Waste treatments are 

necessary in order to reduce the adverse impact of waste on the environment. Different waste practices 

are applied in different countries depending upon the waste treatment as required by the respective laws. 

The following section discusses the available current different thermal conversions of food waste 

practices. 

2.3.1  Incineration 

 

Incineration is a technology that includes conversion and combustion of waste materials into heat and 

energy. The heat produced from combustion process may be utilised to run steam turbines for energy 

generation or can be used by heat exchangers to heat up streams in industries (Stillman, 1983). 

Incineration process assists in minimising the amount of waste deposited to landfill. Incinerator reduces 

the amount of solid waste to 80-85% by volume. Incineration of waste is an old waste management 

technology and is not fully accepted by some European countries (Monni, 2012). This is mainly due to 

the gas  emission from the incinerators which contain dioxins and heavy metals (Psomopoulos et al., 

2009). Several studies have been conducted that  identified some heavy metals presence in wastes and 

include Cd, Hg, Ni, Pb, Cu, Cr and Zn from incineration process (Haiying et al., 2010; Zhang et al., 

2008). These heavy metals can escape into the environment after incineration process. Several studies 

have shown the transfer of heavy metals during combustion into volatile metallic vapour or bottom ash. 

This transfer behaviour depends on the physio-chemical properties of heavy metals and their compounds 

during combustion. Metals with high boiling points like Cr are deposited in the ash while highly volatile 

metals like Cd and Zn transfer into vapour and leave in the form of gas (Reimann, 1989).  

In spite of advantages of incineration of solid waste like heat recovery, there are several disadvantages 

of solid waste incineration such as  the production of the large volume of flue gas and hazardous fly ash 

and poor public acceptance (Williams, 2005). There is a dearth of information on the direct incineration 
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of food waste for energy recovery and one of the reasons is probably due to the excess water content of 

food waste  and non-combustible components (Pham et al., 2015). Caton et al. (2010) explored energy 

recovery by using food waste incineration. In their study, the authors dried pelletized and non-palletized 

food waste and compared with wood pellets using modified residential pellet stove. The dried food waste 

combustion analysis showed similar behaviour as wood, with marginally higher temperature which is 

due to the higher energy content of dried food waste. Moreover, higher combustion was achieved without 

pelletizing the fuel. The authors found that the energy recovery using food waste could reduce the cost 

of traditional fuel use and disposal. 

Elsewhere,  Kim et al. (2013a) carried out food waste environmental impact study with regards to 

incineration in South Korea with the objective to analyse the environmental impact of global warming 

and production of renewable energy.  In their study, the authors dried the MSW including food waste  to 

reduce the water content before burning at 850 ºC to 1,100 ºC. The results suggested that the high-

temperature gas from steam production could help in running the steam turbine to produce electricity. 

After a complete incineration, it was found that the ash contained no organic carbon and hence was 

transported to the landfill. About 342 kg of CO2 of greenhouse gases (GHG) were produced from 

incineration of 1 tonne of food waste. The environmental credits for incineration were found to be -315 

kg of CO2 from 1 tonne of food waste. Therefore, this study was a good example of incineration being 

one of the most convenient alternatives to produce renewable energy in South Korea.  

 

In another study, Myrin et al. (2014) explored energy values of three refuse derived fuels (RDF) produced 

from recovered wood and two MSW with different food waste contents. The RDF 1 contained low food 

waste contents while RDF 2 contained high food waste contents. The fuels were characterised with 

respect to emission of pollutants like polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans 

(PCDF) during incineration. Results showed that RDF 1 combustion produced lower PCDD and PCDF 

concentration (14.6ng/m3) than RDF 2 (23.96 ng/m3). The higher value of PCDD and PCDF in the 

combustion of RDF 2 was attributed to high moisture content. It was observed that the separation of food 

waste at the early stage of waste management is necessary for effective incineration of MSW-derived 
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fuel. Despite these positive results from incineration of dried food waste that have been reported so far,  

energy recovery through incineration of only food waste is not regularly possible due to energy loss for 

removing water  from organic wastes. Different thermal conversion technologies along with their reaction 

condition and product distribution are depicted in Figure 2.2.  
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 Figure 2.2. Reaction conditions and product distribution of thermal conversion technologies (Funke & 

Ziegler, 2010; Kambo & Dutta, 2015; Libra et al., 2011) 
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2.3.2 Pyrolysis 

 

Pyrolysis is the thermochemical conversion of organic biomass or feedstock in which feedstock is heated 

at high temperature (300 to 650 ºC) in the absence of or under limited oxygen supply. The pyrolysis 

process produces three main by-products depending on the type of feedstock used: solid carbon-rich 

product (biochar), a condensed volatile liquid (bio-oil), and non-condensable gases like CO2, CO, H2, and 

CH4 (Mohan et al., 2006). Pyrolysed biochar has several potential agricultural benefits which include 

increase in crop yield, mitigate nutrient loss, reduce fertiliser runoff, improve soil structure, and improve 

the water-holding capacity of soils (Kookana et al., 2011). There are four major motivated objectives of 

biochar applications for environmental management: waste management, energy production, soil 

improvement and climate change, besides several other applications of biochar such such as bio 

composite (Das et al., 2016a; Das et al., 2016b), as construction material (Akhtar & Sarmah, 2018a; 

Akhtar & Sarmah, 2018b)  and  geotechnical applications  (Pardo et al., 2018). 

 

The pyrolysis process is further divided into three subcategories: slow, intermediate, and fast depending 

on the reaction temperature, retention time, and heating rate (Laird et al., 2009). As compared to other 

pyrolysis processes, slow pyrolysis is considered as the main  pyrolysis process for making biochar due 

to higher solid yield (25-35%) (Mohan et al., 2006). Generally, in slow pyrolysis process, feedstock is 

heated in the temperature range of 300-650ºC with low heating rate and long residence time (Onay & 

Kockar, 2003). The reaction temperature, time, initial moisture content, heating rate, and pressure of raw 

material are believed to be the main key parameters responsible for physicochemical properties and 

quantity of yield of biochar (Laird et al., 2009). Low reaction temperatures and slow heating rate results 

in high solid yield (Karaosmanoğlu et al., 1999), while high reaction temperature and high heating rate 

present large influence on the surface area, higher heating value (HHV), and carbon contents (Ronsse et 

al., 2013).  

The pyrolysis of kitchen waste using CO2 gas has newly been studied (Lee et al., 2020). This research 

emphasis on increasing bio-oil quality by decreasing the levels of cyclic compounds in comparison to 
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pyrolysis using (N2) gas. During pyrolysis process, CO2 showed two important roles: changing the carbon 

distribution and reducing the production of cyclic compounds like benzene derivatives, which is due to 

CO2 inhibits the generation of free radicals along with dehydrogenation of linear hydrocarbons. 

Consequently, the production of cyclic compounds in the oil-phase products were lesser, while the 

production of non-cyclic mixtures were high. It can be concluded that the CO2 help to move the carbon 

distribution from condensable hydrocarbons to non-condensable hydrocarbons. Oh et al. (2017) 

investigated using pyrolysis of kitchen waste with CO2 atmosphere, comparing the results to same 

kitchen waste using N2 atmosphere. Few chemical species were produced using CO2 gas than in the N2 

gas atmosphere. The authors reported that the carbon demonstrated a shift from liquid to gas phase when 

using CO2 during pyrolysis process resulted in high yield of syngas (e.g., H2 and CO). These products 

were formed due to the result of the thermal breakdown of volatile organic species. The CO2 environment 

changed the liquid composition of the species and decrease the quantity of oil produced. 

Few studies have been conducted on different kinds of food wastes using pyrolysis. For example, 

Grycová et al. (2016), carried out pyrolysis treatment of two different kinds of food waste (cereals and 

peanut crisps) at temperature 750-800 ºC.  This study showed that increase in temperature accelerate 

hydrogen evolution. The highest concentration of hydrogen for cereal waste was 61 vol% and -66 vol% 

for peanut crisps waste at temperature 750-800 ºC.  The author’s reported that the pyrolysis is one of the 

sustainable and economically profitable solutions for the minimisation of waste materials which could 

result in the reduction in the volume of the waste sent to landfill. However, full-fledged potential of this 

technology is yet to be fully recognised. Volpe et al. (2015) carried out slow pyrolysis (400-650 ºC) of 

citrus wastes like orange and lemon peel waste. The calorific values of both the biochar are comparable 

to commercial coal and this biochar can be used in coal co-firing power stations. High-temperature 

biochar showed high thermal ductility and was found to release volatiles at the higher rate as compared 

to biochar produced at low temperature. This unique behaviour could be attributed to the presence of 

high ash content in these biochar’s resulting in high thermal conductivity. High energetic properties of 

biochar were obtained at 500 ºC for both of the wastes. The results suggested that orange and lemon peel 

wastes can be pyrolysed together to attain high-quality fuel. In another study, Lazzari et al. (2016) treated 



 

20 

 

mango seed waste for the production of bio-oil using pyrolysis at different temperatures (450 ºC, 550 ºC 

and 650 ºC). Mango seed consists of two parts: tegument and almond and the highest bio-oil yield of 

38% at 650 ºC was obtained for tegument and 28.1% at 450 ºC for almond. The findings also revealed 

that the composition of tegument bio-oil was mostly phenolic, while the composition of almond bio-oil 

contained the huge amount of ketones, hydrocarbons and acids.  

 

2.3.3  Hydrothermal Carbonisation (HTC) 

 

The conversion of organic biomass into a carbon-rich solid product via thermochemical process is known 

as (HTC), or sometimes as wet torrefaction process. In this process, the feedstock is submerged in water 

under a temperature range of 180-350 ºC (Zhao et al., 2014) and pressure of about 2-6 Mpa for 5-240 

min (Libra et al., 2011). At the end of 19th century, HTC process gained more attention as a hydrothermal 

degradation process for the organic feedstock with a useful recovery of gaseous and liquid fuels 

(Bobleter, 1994). However, according to the latest research on HTC process, more emphasis has been on 

the production of solid char, which has various applications in the industrial and environmental sectors 

(Libra et al., 2011).  

The HTC process is performed in the presence of water and therefore feedstock with high moisture 

content does not affect the production process. In this process, three major products are formed, 1) solid 

(hydrochar), 2) liquid (a mixture of bio-oil and water), 3) few amount of gases (mainly CO2). The process 

conditions play a vital role in the distribution and properties of final products (Yan et al., 2010). Several 

factors shown in Figure 2.3 affect the production of hydrochar with temperature and retention time having 

a greater influence on physiochemical properties of the final products (Kambo & Dutta, 2014a). 

Overview of the characteristics of hydrochar produced from several feedstocks at different time and 

temperature is presented in Table 2.2 and Table 2.3. With increase in carbonisation temperature and time, 

volatile matter content decreases and fixed carbon content increases thereby improving hydrochar fuel 
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quality. Other fuel properties like fuel ratio and calorific value also get improved with rise in temperature 

and time and show characteristics similar to the brown coal.  

Hydro-oil is also considered an emerging liquid fuel for use in engines, boilers, turbines, and a wide 

range of chemicals. The bio-oil obtained from HTC is normally composed of a wide range of organic 

matter, including ketones, alcohols, acids, aldehydes, esters, and phenols. Different types of food waste 

have been used to generate HTC bio-oil, including fruit residues animal fat, frying oil, industrial waste, 

and mixed kitchen waste from households. Bio-oil with low viscosity, low nitrogen, low oxygen and high 

HHV concentration are the essential components to enable its usage in petroleum refineries (Zhang et 

al., 2013a). 

The literature data on ultimate and proximate analysis of food waste hydrochar is presented in Table 2.3 

and it can be observed that with rise in reaction time and temperature, elemental as well as fixed carbon 

content improved which significantly improves recalcitrance nature of hydrochar against biodegradation 

and makes it a likely precursor for soil amelioration. However, hydrochar is less suitable for long‐term 

C sequestration in comparison with biochar (which have more poly-aromatic  carbon) but has potential 

for soil amelioration mainly due to its ability to deliver essential nutrient (Busch & Glaser, 2015). 

According to  Sun et al. (2014) feedstock types could also influence characteristics of hydrochar and it 

is clear from both the Tables (2.1 and 2.2) with different types of feedstock. Hydrochar is the main 

product obtained in HTC process with 40-70% mass yield (Yan et al., 2010) and exists in a wet state like 

slurry and thus require a series of steps like filtration, thermal/solar drying and mechanical dewatering 

prior to being utilised as a fuel.. The HTC process helps to remove a small amount of oxygen from the 

feedstock by dehydration, decarbonylation and decarboxylation reactions. Hydrochar surface displays an 

excessive amount of aromatic rings with a substantial quantity of oxygen-containing functional groups 

(e.g. -OH, -COOH). The presence of these oxygen-containing functional groups on hydrochar surface 

clarifies its compatibility with water and thus the water retention capacity of soil can be increased with 

its use as soil-amendment material (Sevilla & Fuertes, 2011).
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Figure 2.3. Factors effecting the production of hydrochar
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Table 2.2. Overview of the characteristics of hydrochar produced from several feedstocks from energy point of view 

 

Feedstock Temp 

°C 

Time 

(hr) 

Fuel 

ration * 

HHV 

(MJ/kg) 

Atomic Ratio Energy 

Yield (%) 

References 

O/C   H/C 

Tobacco 

stalk 

raw - - 0.20 18.78 0.95 0.13 - (Cai et al., 2016) 

char 180-260 1-12 3.05-1.15 18.78-

27.18 

0.90-0.24 0.13-0.08 79.74-59.84 

Coconut 

fibers 

raw - - 0.13 18.4 0.95 0.12 - (Liu et al., 2013) 

char 150-375 0.5 0.34-0.62 24.7-30.6 0.49-0.20 0.09-0.05 76.67-59 

Poultry 

manure 

raw - - - 18.8 0.89 0.13 - (Oliveira et al., 2013) 

char 220 4 - 67.6 0.34 0.12 67.6 

Food waste raw - - 0.19 - 1.13 0.14 -  

(Berge et al., 2011) char 250 20 0.55 - 0.14 0.08 70.3 

Peanut hull raw -  - -- - - - (Fang et al., 2015) 

char 200-300 6 - - 0.33-0.23 0.09-0.08  

Corn stalk raw -  - 15.51 0.65 1.59 - (Xiao et al., 2012) 

char 250 4 - 29.21 0.17 0.93 54.21 

 

 

 

 

 

 

*Fuel ratio=Fixed carbon/Volatile matter 
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Table 2.3. Overview of the characteristics of hydrochar produced from several feedstocks (ultimate and proximate analysis) 

 
Feedstock Temp 

(°C) 

Time 

 (h) 

Proximate analysis (wt. %) Ultimate analysis (wt. %) 

References 
M FC A VM C H O N 

Tobacco 

stalk 

raw - - 6.6 15.19 3.05 75.11 46.22 6.06 43.38 2.37 Cai et al., 

2016 
char 180-

260 

1-12 5.65-

1.32 

15.60-

48.75 

3.05-

7.49 

5.11-

42.44 

46.22-

65.24 

5.84-5.28 42.06-

16.22 

2.11-

4.46 

Coconut 

fibres 

raw - - - 11 8.1 80.9 47.75 5.61 45.51 0.90 (Liu et al., 

2013) 
char 150-

375 

0.5 - 24-48.8 6.2-8.6 69.8-42.6 62.47-

78.20 

5.28-4.31 31.09-

15.93 

 

Poultry 

manure 

raw - - - - - - 46.8 6.3 41.9 1.3 (Oliveira et 

al., 2013) 
char 220 4 - - - - 54.4 6.2 18.4 4.4 

Food waste raw - - 12.6 14.8 7.5 77.6 36 5 40.8 3.2 (Berge et al., 

2011) 

 

char 250 20 5.7 29.7 11.2 53.4 67.6 5.8 9.9 4.6 

Peanut hull raw -   - - - - - - - (Fang et al., 

2015) 
char 200-

300 

6 - - - - 70.57-

76.41 

6.05-6.07 23.39-

17.52 

1.86-

2.06 

Corn stalk raw -   - - - 46.84 6.26 40.70 1.17 (Xiao et al., 

2012) 
char 250 4 - - - - 71.36 5.60 16.27 2 

          RT=Residence time; M=Moisture content; A=Ash; FC=Fixed carbon; VM =Volatile matter; C=Carbon; H=Hydrogen; O=oxygen; N=Nitrogen
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2.3.3.1 Reaction Mechanism of Hydrothermal Carbonisation 

 

Exothermic reaction take place during HTC process. (Berge et al., 2011; Funke & Ziegler, 

2011) which is a combination of dehydration and decarboxylation reactions (Berge et al., 

2011). To date, the complexity of reaction governing the HTC process has not been reported 

in literature (Funke and Ziegler, 2010).  However, HTC reaction mechanism has been described 

using information obtained during biomass gasification, liquefaction, hydrolysis, carbonisation 

and pyrolysis which demonstrate similar reaction chemistry (Basso et al., 2013; Kambo & 

Dutta, 2015; Libra et al., 2011). The important reaction mechanisms reported during HTC are 

hydrolysis, dehydration, decarboxylation, condensation, polymerisation and aromatisation and 

these are briefly discussed below. 

The major reactions that take place during the HTC of biomass are dehydration and 

decarboxylation reaction. Most of the extractables are removed simultaneously which possess 

good water solubility. These extractable increase the degradation mechanism like 

decarboxylation and dehydration leading to condensation reaction (Sharma et al., 2020). 

During hydrolytic reaction, the water reacts with cellulose or hemicelluloses and breaks ester 

and ether bond, which is the main reaction  acting on the solid surface of biomass (Titirici et 

al., 2012). The hydronium (H3O+) ions, formed from the splitting of water molecules during 

biomass heating in water, facilitates the hydrolysis reactions. Continued heating of water 

further decomposes the intermediate components formed (oligomers and glucose) into organic 

acids such as: acetic acid, lactic acid, levulinic or keto acid etc). This is the reason why with 

increase in temperature, the pH of processed water decreases. The product thus formed gets 

further hydrolysed to form furans, 5-HMF etc. This makes it clear that the hydrolysis of 

biomass is mostly governed by temperature. The hydrolysis of hemicellulose starts at 

temperature above 180 °C, while the cellulose hydrolysis starts above 230 °C.  



 

26 

 

During HTC, physical and chemical reactions are responsible for the oxygen removal. 

Dewatering is a well-known physical process in which residual water is expelled out from 

biomass due to its increased hydrophobicity (Kambo & Dutta, 2015). The elimination of 

hydroxyl group is a chemical dehydration process, which basically lowers H/C and O/C ratio. 

Figure 2.4 shows the delineation of the reaction pathways in the form of Van Krevelen diagram. 

 

Figure 2.4.  Delineation of the reaction pathway shown by Van Krevelen Diagram (Berge et 

al., 2011; Cai et al., 2016; Gao et al., 2016; Gao et al., 2012; Yuliansyah et al., 2010) 

 

During the HTC treatment, the elimination of carboxyl group takes place largely due to 

degradation of carboxyl group above 150 °C, although no detailed reaction mechanism of 

decarboxylation has been reported in the literature. It is uncertain, whether carbonisation can 
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be achieved without decarboxylation, but most of the time the decarboxylation takes place after 

dehydration reaction place during HTC (Funke & Ziegler, 2010). 

During polymerisation, the intermediate monomers formed during hydrolysis at the initial 

phase of HTC process gets polymerised to form polymer chain. The intermediates like 5-HMF 

and aldehyde are unstable, therefore are very reactive. This reactive compound gets easily 

polymerized by aldol-condensation and intermolecular dehydration. The disintegrated linear 

structure of cellulose during hydrolysis process at the initial phase also gets cross- linked to 

form crossed linked polymer similar to lignin, one of the most important reaction routes for the 

formation of hydrochar. 

During HTC, the linear carbohydrates chain of hemicellulose and cellulose are vulnerable to 

form aromatic structure. Aromatic structures are the building blocks of the hydrochar (Reza, 

2013b). Carbon microspheres are also formed as a result of precipitation of aromatic clusters 

at super critical point. Natural coal also have large amount of aromatic rings, which perhaps 

explains why HTC is also called a process which mimics natural coalification process (Reza, 

2013a). 

2.3.3.2 Role of water in Hydrothermal Carbonisation 

 

The HTC process of biomass is performed in the subcritical water, where it is in a liquid phase 

and behaves as a non-polar solvent increasing the solubility of organic compounds present in 

the biomass. Water contains high degree of ionisation at high temperature and pressure, 

resulting in dissociation into hydroxide ions (OH-) and acidic hydronium ions (H3O+) showing 

acidic and basic characteristics (Marcus, 1999). The subcritical water present in the HTC 

process helps to initiate the reaction mechanism by hydrolysis, which reduces the level of 

activation energy for cellulose and hemicellulose, resulting in the fast depolymerisation and 

degradation into water soluble products (Bobleter, 1994). 
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Water is added in HTC process in the ratio of 3:1 time to the mass of dry feedstock (Hoekman 

et al., 2013). In HTC process water is used as a reacting medium and an alternative to the toxic 

solvent and corrosive chemicals (Hashaikeh et al., 2007). The lignocellulosic biomass contains 

some amount and different kinds of inorganic elements which are alkali and alkaline earth 

metals like iron (Fe), sulphur (S), sodium (Na), phosphorous (P), magnesium (Mg), potassium 

(K), calcium (Ca), etc. These inorganic elements are present in the form of ash after combustion 

and they occur in their oxide form (Masiá et al., 2007). During HTC process of biomass these 

oxides are responsible to cause slagging, corrosion, fouling, klinker formation etc (Baxter et 

al., 1998). HTC process has the potential to convert organic chlorine (Cl) into inorganic state, 

thus minimizing the possibility of dioxin formation and corrosion in the combustion of 

feedstock having high Cl content (Zhao et al., 2014). Furthermore, in HTC process the 

formation of acetic acid in liquid phase is responsible for acid solvation mechanism helping to 

leach out and solubilise the inorganic elements, resulting in the reduction of overall ash content, 

which is not feasible in any dry thermal pre-treatments (Benavente et al., 2015). 

 

2.3.3.3 Role of temperature in Hydrothermal Carbonisation 

 

Temperature is found to be the key element that influences product characteristics in HTC 

(Funke & Ziegler, 2010). Reaction temperature has a strong effect on hydrochar properties, 

exhibiting almost an inverse linear relationship with carbon content; with decreasing char yield 

as temperature increases (Liu et al., 2013). The rate of hydrolysis of biomass fragments is 

dependent on temperature. Hemicellulose gets hydrolysed at temperatures between 180oCand 

200oC, lignin in the range of 180–220oC, and cellulose above 220oC. The rate of polymerisation 

also depends on temperature (Titirici et al., 2007).  
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2.3.3.4 Role of residence time in Hydrothermal Carbonisation 

 

The span of reaction has a significant effect on hydrochar yield. Longer residence time and 

higher temperature have shown to decrease hydrochar yield (Hoekman et al., 2011); although, 

higher temperature and longer residence time have shown to improve the energy content by 

improving energy density (Kambo & Dutta, 2014b). However, some studies have shown that 

residence time has a negligible effect on the chemical nature of hydrochar, however has been 

found to improve the structural properties (Gao et al., 2013). All the changes in morphology 

due to increase in residence time is attributable to the fact that, more volatiles get released and 

more carbonisation of char takes place (Newalkar et al., 2014). Two types of chars are formed: 

first one is solid remainder of biomass also called primary char or non-liquefied remainder and 

second one is called as polymerized char or secondary char. Increased residence time leads to 

formation of secondary char predominantly (Knezevic et al., 2009). This formation of 

secondary char due to condensation and depolymerisation decrease the conversion process and 

yield of bio-oil at longer residence time (Xu & Etcheverry, 2008). 

 

2.3.3.5 Effect of Process water quality and reuse/re-circulation of processed water 

 

The pH and organic content of carbonisation process is highly affected due to significant 

change changes in process or initial water quality (Lu et al., 2014). The initial water quality 

can be manipulated by addition of acids, salts and bases (Reza et al., 2015a). The organic 

content can be manipulated by recirculation the processed water which has been found to have 

high TOC/COD/DOC (Weiner et al., 2014). Since process water is high not only in organic 

carbon contents but also in intermediate compounds like organic acids (Lactic acids, acetic, 
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formic and oxalic acids) (Hoekman et al., 2012), thus by recycling and reusing of water  can 

be used to manipulate both pH and organic content of initial water. 

Reza et al. (2015a) found that lower pH increases furfural and HMF formation. Lower pH 

yields more elemental carbon and less elemental oxygen. However, lower pH will produce less 

mass yield. The decrease in mass yield at lower pH is due to the fact that the lower pH facilitates 

more degradation of hemicellulose and cellulose as compare to medium pH range (Reza et al., 

2015a). Acidic condition promotes hydrogen bond breakage which decreases the dielectric 

constant which makes water more effective pre-treatment solvent for non-polar substance 

(Lynam et al., 2011). The decrease in the mass yield was observed on addition of greater 

amount of acetic acid which was basically due to increased amount of participation of cellulose 

in reaction with additional of greater acetic acid dose (Lynam et al., 2011). Addition of acid is 

also noted to increase HHV of hydrochar. For instance, increasing acetic acid level in cellulose 

which has lower HHV as compare to lignin will remain bounded thus increasing overall HHV 

of char formed (Lynam et al., 2011). Elsewhere, HHV of cellulose was reported to be around 

15.58 MJ/Kg and that for lignin being around 23.32 to 26.63 MJ/Kg (Demirbaş, 2005). 

 

2.3.3.6 Biological treatment technologies 

 

Besides thermal treatment of food waste there are several biological methods available for the 

treatment of food waste. Anaerobic digestion and alcoholic fermentation is of paramount 

importance. Anaerobic digestion is considered to be the best biological method for handling 

organic waste (Lee et al., 2009). In anaerobic process all the organic waste is broken down in 

the absence of oxygen environment with the help of microbes. This biological transformation 

of organic waste results in the production of biogas (Lastella et al., 2002). Anaerobic digestion 

involves a sequence of reactions such as hydrolysis, acidogenesis and methanogenesis 
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(Themelis & Ulloa, 2007). There are few disadvantages linked with anaerobic digestion 

process such as low level of organic removal and extended retention time (Torres & Lloréns, 

2008). The composition of organic material also directly affects the rate of degradation. 

Therefore, physicochemical and enzymatic pre-treatments are required to increase the rate of 

biological degradation of organic waste (Charles et al., 2009).  

The high cost of substrate transportation, operations and digester construction, and low value 

of by product are widely acceptable challenges in anaerobic digestion (AD) of kitchen waste, 

thus a single valorization of kitchen waste might not be a preffered option compared to 

combining anaerobic digestion with other kitchen waste based biorefineries (Xu et al., 2018). 

High capital cost of AD facilities, the required infrastructure and labor costs associated with 

AD operations, it is preffered to use existing process for food waste treatment. Current AD are 

commonly built for treatment of sewage sludge or for manure treatment. Adding of kitchen 

waste to these existing AD is desirable because the food waste can significantly increase the 

heat/electricity outputs from the exiting systems while not highly increasing the digester 

volume and cost. The adoption of co-digestion in these facilities will impose higher 

requirements for process control, monitoring and optimization will be needed to confirm the 

feeding recipe to avoid inhibition (Xu et al., 2018)  

Another important biological treatment of the organic waste is known as alcohol fermentation, 

also known as ethanol fermentation. This process is also anaerobic in which sugar is converted 

into carbon dioxide and ethanol. Alcohol fermentation is carried out in two steps, first the 

glucose is broken down into 2 pyruvate molecules with the help of yeast, which is known as 

glycolysis. In second step, 2 pyruvate molecules are further converted into 2 carbon dioxide 

and 2 ethanol molecules, this second step is known as fermentation. Alcohol fermentation is a 

reasonable process for the production of ethanol using food waste. However, the economic 

feasibility of the process still requires further investigation in order to reduce the cost of ethanol 
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production. A comparison of thermal and biological treatment technologies can be found in 

Table 2.4.  
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Table 2.4 Comparison of thermal and biological treatment technologies of food waste 

 

Treatment 

method 

Treatment method 

conditions 

Major products By-products 

Incineration 400-550 °C Electricity, heat Ash 

Pyrolysis 300-1200 °C Char, gas, oil  char 

Hydrothermal 

carbonisation 

(HTC) 

180-350 °C Hydrochar and small 

amount of gas 

Oil and process water 

Anaerobic 

digestion 

30-55 °C, reactor size 

10-10,000 m3, and 

anaerobic condition 

CH4 and CO2 Sludge 

Alcohol 

fermentation 

30-35 °C, anaerobic 

condition and pH 4.5-6 

Ethanol and CO2 Animal feed 
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2.4  Advantages and Disadvantages of Hydrothermal Carbonisation 

 

Hydrothermal carbonization reaction is carried out at a comparatively low temperature as compared to 

incineration and pyrolysis. Moreover, HTC requires wet feedstock or supplemental liquid and produces 

a large amount of solid char with more water soluble organic compounds. Gaseous products especially 

CO2 obtained from HTC is smaller due to limited exposure to oxygen in the reactor and presence of 

dissolve oxygen in the water. By far, the total amount of gases produced in HTC is small in comparison 

to other conversion processes. Major advantage of HTC is that it does not require separation and drying 

as it is a wet conversion process, unlike incineration and pyrolysis which requires a pre-drying before 

thermal treatment. The energy required for pre-drying the feedstock can be also crucial and highly 

dependent on the moisture content present in the feedstock. Furthermore, the feedstock type, 

concentration, carbonisation time, stabilizers and additive can change the quality and quantity of solid 

char. The chemical structure of the char produced from HTC has more resemblance with natural coal as 

compared to char produced under pyrolysis reaction (Libra et al., 2011). This unique property of HTC 

char has enabled researchers to investigate the HTC char as a substitute for fossil fuel in different 

processes (Cao et al., 2007). The energy content is highly dependent on the feedstock reaction, condition 

and composition. Most of the products obtained from thermal processes are used for energy applications, 

while hydrochar can be potentially used as an environmental adsorbent or solid fuel and this aspect has 

been discussed later. 

There are few disadvantages associated with the HTC process such as lack of reaction kinetic data 

including reaction pathway and mass transfer, which are an important parameters for process 

optimization and design of kinetic reaction during HTC process (Munir et al., 2018). There has been a 

lot of literature available on the HTC studies on laboratory scale. However, only few pilot scale HTC 

processing are reported in the literature. Unavailability of industrial batch scale HTC process is major 

challenge towards the future of HTC technology. The utilisation of energy during HTC process is very 
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much relevant to the conditions of pressure and temperature of the process. A detailed process 

intensification and integration is required to improve the economic and environmental benefits of the 

HTC process. The HTC process requires product separation after the process. Generally, vacuum 

filtration is used for solid liquid separation which adds an extra cost to the process and reduce product 

yield. Nano membrane technology could be an alternative for product separation to reduce the cost of the 

process (Munir et al., 2018). There are very few commercial application and lack of techno-economic 

analysis of the HTC process. 

 

2.5  Hydrothermal Carbonisation of Food Waste 

 

A range of  food waste has been utilised for HTC process including dog food (Hwang et al., 2012), rice 

bran (Sugano et al., 2012), tofu waste (Tian et al., 2012), peanut shell (Huff et al., 2014), orange waste 

and olive pomace (Pellera et al., 2012), egg shells, sweet potato, grape and pomelo peels (Wu et al., 

2013), grape pomace (Pala et al., 2014),  sugar beet pulp (Cao et al., 2013), sweet corn (Lu & Berge, 

2014), wheat bran (Reisinger et al., 2013), fish meat (Kang et al., 2001), rabbit food (Berge et al., 2011) 

and restaurants leftover food (Kaushik et al., 2014). These studies have been carried out at different 

temperature and time (200-350 ºC and 0.2-120 h). The findings from these studies have shown that HTC 

treatment of food waste is valuable, producing hydrochar which contains high initial carbon content (45-

93%) and energy values ranging from 15 to 30 kJ/g. The energy attained from HTC hydrochar of food 

waste can be greater than incineration process (Li et al., 2013).  

 

Table 2.5 summarises the various types of food wastes utilised for HTC along with their reaction 

conditions. Kaushik et al. (2014) studied enzymatic hydrothermal pre-treatment of food waste collected 

from restaurants. The production of hydrochar and bio-oil was carried out at three different temperatures 

150 ºC, 250 ºC and 350 ºC with a constant retention time of 20 minutes. The pre-treatment of food waste 

was carried out using three different enzymes (carbohydrates, protease and lipase). They found out that 

enzyme treatment was helpful to improve the quality of solid char. The carbon contents of enzyme pre-
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treatment hydrochar ranged from 43.7% to 65.4%, while for non-pre-treatment ranged from 38.2 to 

53.5%. The calorific values of enzyme pre-treatment hydrochar ranged from 17.4 to 26.9 MJ/kg, while 

for non-pre-treatment it ranged from 15 to 21.7 MJ/kg. On the other hand, there was no significant change 

in the production of bio-oil from food waste. The enzyme treatment reduced the production of organic 

compounds in the bio-oil, indicating an improvement in its quality.  

 

It has been well demonstrated that during the HTC process, only a small portion of carbon (10-40%) is 

passed to the liquid and more than 10% togas phase (Lu et al., 2012). In another study, Li et al. (2013) 

also utilized food waste collected from restaurants for HTC. Food waste was carbonized over time of 

95hr at temperature 225 ºC, 250 ºC and 275 ºC. The temperature increase did not play a vital role in the 

increase of energy and carbon content. The energy content remained steady at 22,033 J/g while carbon 

content at 52.4 % when temperature was increased from 225-275 ºC. The authors concluded that more 

than 70% of initial carbon remained within the solid phase, while small fraction of carbon was transferred 

into liquid and gas phases. HTC is a beneficial process for treatment of food waste as it does not require 

extensive drying and the process is considered favourable for carbon sequestration in order to mitigate 

climate changes as compared to other processes. 
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Table 2.5. Hydrothermal carbonisation of different food wastes 

 

Feedstock 

Temp 

(°C) 

Time 

(h) 

Energy 

(MJ/Kg) 

Proximate analysis (wt. 

%) 

Ultimate analysis (wt. %) 

   References  

FC A VM C H O N 

Dog Food raw - - 24 - - - - - - - (Hwang et al., 2012) 

char 234-295 2.5 26 25 13 62 56 0.6 18 0.5 

Peanut Shell raw - - - - - - - - - - (Huff et al., 2014) 

char 300 0.5 - 50.8 2.39 46.72 66 4.2 22.84 0.5 

Orange 

Waste 

raw - - - - - - - - - - (Pellera et al., 2012) 

char 300 0.5 - - 2.56 74.98 48.93 5.31 44 2.26 

Grape 

pomace 

raw - - 20 21.9 5.4 72.6 49.10 6.30 42.31 2.29 (Pala et al., 2014) 

char 175-275 0.10-1 24.32-28.31 29.2-

43 

3.4-1.1 69.3-

54.3 

58.64-

68.32 

6.21-

5.92 

32.95-

23.45 

2.32-

1.17 

Olive 

Pomace 

raw - - - - - - - - - - (Pellera et al., 2012) 

char 300 0.5 - - - - 71.12 4.03 21.28 3.57 

Rabbit Food raw - - 18.1 9.6 28.4 62 42.5 5.8 40.8 3.2 (Berge et al., 2011) 

char 250 20 29.1 29.7 11.2 53.4 67.6 5.8 9.9 4.6 

Restaurants 

leftovers 

raw - - - - - - - - - - (Kaushik et al., 2014) 

char 150-350 0.2 18.26.9 - - - 38.2-

65.4 

5.6-7.3 54.7-

24.1 

0.5-5.6 

FC=Fixed carbon; VM =Volatile matter; A=Ash, C=Carbon; H=Hydrogen; O=Oxygen; N=Nitrogen
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2.6  Applications of Hydrochar 

 

Recent innovations in research and technology in the field of thermal treatment of food and 

agricultural wastes have broadened hydrochar applications for various purposes. There are 

potentially several applications that can be associated with the by-products of thermal 

treatment. The following sections discuss the potential application of hydrochar obtained 

through HTC process along with their advantages and limitations. 

 

2.6.1  Agriculture 

 

Unlike biochar, amount of information on hydrochar is relatively less as far as hydrochar 

application for soil amendment is concerned. Hydrochar possesses significantly different 

physical and chemical characteristics as compared to other chars (Sevilla et al., 2011b). Hence, 

the introduction of hydrochar for soil amendment can potentially change the soil functionality 

and ecology of microorganism (Reza et al., 2014a). Moreover, the physical and chemical 

properties of hydrochar and its stability in soils are particularly dependent on the feedstock, 

reaction conditions and characteristics of soils. Kannan et al. (2017) used shrimp waste to carry 

out HTC and observed that hydrochar was similar to the one produced using lignocellulosic 

waste, human bio-waste and sewage waste. The authors concluded that that shrimp waste 

hydrochar can be used for agriculture applications. Rillig et al. (2010) treated beet root chips 

for HTC and studied its effect on Arbuscular Mycorrhiza (AM). They reported positive results 

on (AM) root colonisation and spore germination at high hydrochar implementation rate (20%). 

However, by increasing the hydrochar concentration more than 10 % could be harmful to the 

growth of some plants like Taraxacum. In another study Bargmann et al. (2014) showed that 
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soil mixed with hydrochar resulted in a decrease of nitrogen availability to the plant reaching 

almost zero in the first week, followed by slow release of nitrates in the later weeks. The 

findings suggested that the hydrochar should be introduced into the soil several weeks before 

planting. When hydrochar is applied in soil, the heavy metals or other toxic compounds present 

in soil can disturb the existing food chain, which can cause serious damage to the environment 

by soil pollution and toxicity. Therefore, a considerable amount of research is required to 

evaluate the outcome of eco-toxicological properties of hydrochar and its impact on the soil to 

minimise adverse effect on plant growth. 

 

2.6.2  Carbon Sequestration 

 

When biomass is transformed into solid char and is introduced into a soil, this process is known 

as carbon sequestration. There has been an increasing and unprecedented attention  in the 

application of solid char into the soil for potential CO2 mitigation (Lehmann et al., 2006), 

Nevertheless, only a few studies have explored the potentials of utilisation of hydrochar for 

carbon sequestration (Naisse et al., 2015; Schimmelpfennig & Glaser, 2012). Majority of these 

studies have shown that hydrochar is not helpful in carbon sequestration due to its low stability 

in soil. According to Malghani et al. (2013), hydrochar was found to decompose almost 50% 

in a span of 100 days in soil and resulted in atmospheric release of CO2 and CH4. Similarly, 

Kammann et al. (2012) and Schimmelpfennig et al. (2014) also found  emissions of CO2, CH4 

and N2O when hydrochar was applied in soil. The high emission of GHGs with the significance 

of hydrochar in the soil could potentially be linked to the high microbial activity caused by an 

easy breakdown of carbon in hydrochar (Kambo & Dutta, 2015). Recently, Kannan et al. 

(2017) carried out HTC process on shrimp waste  at temperature range from 150 to 210°C with 

retention time of 1-2 hrs. They concluded that shrimp waste calorific value increases from 18 
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to 23 MJ/kg when temperature was raised from 150- 210 °C and maximum yield of 42% was 

obtained at temperature 184 °C. Thus, they recommended the use of shrimp waste hydrochar 

for carbon sequestration. However, to the best of our knowledge, solely food waste hydrochar 

has not yet been explored as soil amendment for potential carbon sequestration. Therefore, 

further detailed research is required to optimize the application of hydrochar in the soil for 

carbon sequestration with better stability and low GHGs emissions.    

 

2.6.3  Energy Production 

 

Hydrothermal carbonization process transforms biomass into a coal-like material having high 

physiochemical properties, which can be used as an alternative to coal for energy production 

(Reza et al., 2014a). The increase in carbon-oxygen ratio is due to the removal of cellulose and 

hemicellulose from biomass which eventually increases the higher heating value (HHV) of the 

solid product. The entire degradation of hemicellulose can be observed during the HTC process 

resulting in the increase of lignin content. Lignin behaves like a natural binder and helps the 

densification process (Reza et al., 2012). Furthermore, the polymeric structure of biomass has 

an intense impact on the hydrophobic behaviour. From the polymeric structure of biomass, 

hemicellulose contains the highest capacity of water adsorption while lignin displays a small 

tendency for water sorption (Acharjee et al., 2011). Therefore, the removal of hemicellulose 

from feedstock can enhance its hydrophobicity, which can be further increased by modifying 

the reaction temperature and time (Acharya & Dutta, 2013). The elimination of alkali and 

alkaline earth metals from feedstock remove the chances of scaling, fouling and corrosion 

during ignition, creating hydrochar a very acceptable product for energy production (Liu & 

Balasubramanian, 2014).  
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Saqib et al. (2015) prepared hydrochar from dry leaves under different temperature (200-250 

ºC) and found that the energy content can be increased by increasing temperature. The highest 

energy content of 19.98 MJ/kg was obtained at 240 ºC with 21% higher than feedstock. 

Therefore, dry leaves can be used to obtained high energy content hydrochar. Parshetti et al. 

(2013a) used palm empty fruit bunches to prepare hydrochar at three different temperatures 

(150, 250 and 350 ºC). The authors blended hydrochar with coal in 15%, 10% and 20% 

respectively and the combustion properties of hydrochar for energy generation with co-

combustion of coal were evaluated. Their results showed that combustion properties of coal 

and the hydrochar blend was highly dependent on the percentage of hydrochar in the blend and 

therefore HTC has potential to covert palm empty fruit bunches into high carbon hydrochar 

which can be used for energy generation with co-combustion of coal. In another study, Li et al. 

(2013) used food waste collected from restaurants to carbonise at different temperatures using 

HTC process for energy generation. The results showed that energy contents related to 

recovered solids are equivalent to high-value coal and food waste treated with HTC at 275 oC 

was quite feasible. 

 

2.7  Techno-economic assessments 

 

The economic features of hydrothermal carbonisation can be assessed through techno-

economic assessments (TEA), especially when the commercialization is envisaged. Since, 

implementation of biomass/organic waste to energy mainly depends on the cost 

competitiveness of bio- fuels to those produced from conventional fossil sources, therefore it 

becomes imperative to understand TEA of food waste HTC. There is a dearth of published 

literature on the HTC of food waste. The following review is based on the limited literature of 

food waste HTC with an aim of producing hydrochar as a solid fuel. The economic and 

technical viability is guided by collection cost of food waste, equipment costs, utilities 
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operational costs and manufacturing costs. It becomes important to understand cost associated 

with food waste utilisation for its possible valorisation. The costs associated are: labour cost 

for collection, fuel cost for transportation, insurance, etc. Cost varies year wise due to 

fluctuation in the aforementioned variables therefore; cost during a year can be adjusted using 

simple equation (Eq. (2.1)) as given below. 

C/Cb = I/Ib            (Eq.2.1) 

C represents a cost in certain year; I represent inflation rates in same year; Cb represents known 

cost in the year when indexed was Ib.   

 

The equipment cost is governed by its specification like the material of manufacturing, size 

etc. In most cases stainless steel due to its resistance to corrosion and rusting is preferred as the 

manufacturing material. The cost of a module can be calculated using the specifications of the 

equipment. However, to get to the overall plant cost, total cost, auxiliary services and 

contingency cost need to be considered.  The factors like the cost of labour, number of labour 

required and working capital should also be factored in. The labour requirement is governed 

by number of processing steps in entire plant operation. The utilities cost include the heating 

need for the reactor. The heating can be oil powered or an alternative source. It can also be 

offset by using by heat integration optimization techniques during HTC process. 

 

Manufacturing cost is the sum of direct manufacturing costs, fixed manufacturing costs and 

general manufacturing expenses that arise. The cost due to the amount of feed (raw material, 

utilities, operating labour cost) is considered as direct manufacturing costs. The cost that 

incurred due to daily operation of the HTC plant is considered as fixed cost, the cost associated 

with administration, and R&D comes under general manufacturing cost.  The literature by 

(Bradley and Solutions, 2006; Turton et al., 2008) can be useful in getting information on these 

https://www.sciencedirect.com/science/article/pii/S0048969719330438?dgcid=coauthor#fo0005
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different tests.  Techno economic analysis of food waste HTC with and without enzymatic pre-

treatment showed that the enzymatic pre-treatment increases the price of the hydrochar/bio-oil 

mainly due to the high price of the enzymes used (Mahmood et al., 2016). However, enzymatic 

pre-treatment of food waste produces attractive platform chemicals like 5-HFM with high 

market value (Kaushik et al., 2014).  For the plant with 2000 tonne food waste per day  having 

annual production cost is presented below in Table 2.6 (Mahmood et al., 2016). The factors 

like the minimum selling price of hydrochar also warrant consideration while performing TEA. 

 

Table 2.6. Summary of annual production cost ($US) calculation with HTC plant capacity of 

2000 tonne food-waste per day [data from (Mahmood et al., 2016)] 

 

Cost of land $ 1,250,000 

Taxation rate 30% 

Annual interest rate 10% 

Module cost $15,297,619 

Fixed capital cost $25,700,000 

Working capital investment $4,445,200,000 

Raw material cost $44,426,097,668 

Cost of utilities $2,650,900 

Cost of operating labour $158,700 
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For the assessment, the minimum selling price of hydrochar ($/tonne) was set as $30, which is 

more than half of the market price of hydochar ($85.68/tonne). Without any sort of pre 

enzymatic treatment of food waste, the hydrochar produced is inexpensive when compared to 

biochar produced from pyrolysis. The sensitivity analysis of TEA shows that profitability of 

HTC plant depends on the factors like yield and selling price of hydrochar (Mahmood et al., 

2016). The identification of key parameters will be necessary for a future research study. 

 

Given below in Table 2.7 is some of the data for the available technology for industrial-scale 

HTC that will help us understand the lump sum cost of production of running the plant. Most 

of the reactor is continuous in nature and take more than 5 hours mostly to complete one 

treatment cycle. Integrating HTC plant near to source will greatly reduce the need to transfer 

huge quality of feedstock needed to run the plant profitably.  
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Table 2.7. Data of available technology for industrial-scale HTC (Child, 2014) 

Manufacture Reactor type Reactor name Capacity Process condition 

Cost 

(€ mill) 
Contact detail 

SunCoal Continuous CarboREN 

Approximately 50000 

tons per year raw 

biomass 

200°C; 2 MPa; 6-12 

hours 
3 

Email: info@suncoal.com 

Website: www.suncoal.de 

AVA-CO2 Batch HTC-0 

10800 DM tons / year 

(40000-50000 tons 

raw biomass); 8040 

tons / year of biocoal 

220-230°C; 2.2-2.6 

MPa 5-10 hours 

6-10 

 

Thomas Kläusli 

Email: tk@ava-co2.com 

Website: www.ava-co2.com 

TFC 

Engineering, 

Kelag AG 

Continuous 
TF.C-Carbon-

5000/10-12 

10 000 tons per year 

raw biomass 

200-230°C; 2-2.5 

MPa; 3-4 hours 
2.9 

Roland Rebsamen 

Email: info@tfc-engineering.li 

Website: www.tfc-engineering.li 

 

TerraNova 

Energy 
Continuous - 

8000 tons per year of 

wet sludge 

200°C; 2-3.5 MPa; 

Approximately 4 

hours 

5-6 
Email: info@terranova-energy.com 

Website: www.terranova-energy.com 

Ingelia S.L Continuous 
Inverted Flow 

Reactor 

Each module is 

designed to process 

6000 tons of wet 

biomass annually 

180-220°C; 1.7-2.4 

MPa; 4-8 hours 
- 

Email: ingelia@ingelia.com 

Website:www.ingeliahtc.com/English/ind

ex.htm 

mailto:info@suncoal.com
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More techno-economic and feasibility study/analysis of the HTC process is needed before 

scaling up. Execution of biomass waste to energy mainly depends on the cost competitiveness 

of bio-fuels to those produced from conventional fossil sources; therefore it becomes 

imperative to understand techno-economic assessments of the HTC of biomass. 

 

2.7.1 The challenges and future recommendation  

 

Based on the aforementioned discussion, the following key challenges have been identified 

together with some future recommendations of the commercialisation aspect of HTC.  

• The industrial scale HTC reactor design plays an important role in the process run and 

affects process reaction kinetics. Heat integrations enhancement, handling poor heat 

transfer system, reducing the cost of reactor at high pressure etc., are some of the other 

main challenges (Kumar et al., 2018).   

• Any upgrades needed on the rector requires to be understood from the point of view of 

product characteristics, therefore detailed characterization such as elementary and 

proximately analysis, surface area, heating value, energy density and thermal stability of 

the product obtained is must to improve quality and stability (Sharma et al., 2019). 

• It is important to collect and analyse detail information about the feedstock. The HTC 

treatment will normally require a minimum flow of 50 000 tons per year of feedstock 

(Child, 2014). Moreover, the higher capacity of the plant can greatly reduce costs (Child, 

2014).  

• Storage of feedstock may be required to ensure continuous HTC process and prevent 

problems in the event of HTC plant downtime. Therefore, it is important  to gather 

information regarding the flow of feedstock on an hourly, daily, weekly and yearly basis.  
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• A detailed study on the continuous flow system and process optimization in needed 

before any commercialization, and application of catalysts to improve product yield and 

characteristics need to be investigated in detail. 
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2.8 Co-combustion 

 

Co-combustion is known to be one of the most useful ways of utilizing different kinds of 

biomass and waste as an alternative to fossil fuel. Power generation from biomass and coal 

blends are gaining importance due to the fact that biomass is considered to be carbon neutral. 

Biomass and coal co-combustion is considered to be renewable and sustainable energy option 

with low cost which helps in the reduction of (GHG) (Sahu et al., 2014). The introduction of 

waste or biomass to coal fire plant of high efficiency can further enhance the efficiency of the 

plant (Baxter, 2005). The co-combustion of biomass and coal is a traditional coal fired boilers 

and can be a suitable option for application of biomass for energy generation. Globally, co-

firing is considered to be the most economical technology available to reduce the emission of 

CO2 (Sahu et al., 2014).   

Biomass is known to be an environmental friendly fossil fuel and possess some advantages 

over other fuel like coal. Biomass contains low level of sulphur and nitrogen and thus, co-

combustion of biomass can easily reduce 75% of SO2 and convert most of the nitrogen into 

ammonia. Moreover, cultivation of crops and plants as biomass fuel can also reduce the level 

of greenhouse gases from the atmosphere (Saidur et al., 2011). Globally there are 62 countries, 

which are currently producing power from biomass, in which the USA is the largest to produce 

electricity using biomass with 26% of global production. Germany is considered to be the 

second with 15% followed by Brazil and Japan with 7%. The worldwide use of biomass for 

energy is shown in Figure 2.5.  
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Figure 2.5. World-wide distribution of energy produced using biomass (Evans et al., 2010) 

 

 2.8.1 Basic principles of co-combustion 

 

In order to understand the basic mechanism of biomass and coal co-combustion, co-combustion 

phenomena need to be understood in details and the following sections briefly discuss some of 

the important factors that play an important role in co-combustion of biomass and coal 

 

2.8.1.1 Devolatization behaviour of co-combustion 

 

Devolatization can be defined as the release of volatile matters from organic solid fuel due to 

thermal decomposition upon exposure to high temperature. The products of devolatization are 
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greenhouse gases and hydrocarbons such as char, tar and soot.  The process of devolatization 

is dependent on the product and the rate of decomposition temperature which can directly affect 

ignition, burnout and formation of pollutant during combustion (Niksa et al., 2003; Solomon 

et al., 1992). Coal devolatization properties have been examined in details by modelling and 

experiment, (Solomon et al., 1993; Solomon et al., 1992). The main organic structures present 

in the coal are aliphatic groups, aromatic groups and side chains (Fletcher et al., 1992). During 

devolatization generally, low rank coal release lighter gases due to the presence of low level of 

aromatic carbons. Biomass consist of three major organic components named as hemicellulose, 

cellulose and lignin (Mohan et al., 2006). During thermal combustion, normally hemicellulose 

decomposes at lower temperature and result in the release of more volatile particles. The 

devolatization properties of coal and biomass are completely different due to their difference 

in structural properties. The co-interaction between biomass and coal during devolatization 

process has been studied in details using thermogravimetric analysis. During co-combustion 

the volatiles are released from the biomass, which may react with volatiles of coal or coal. 

These reactions can help in the releasing of volatiles from solid fuel blend and reduce yield of 

char (Haykiri-Acma & Yaman, 2010; Jones et al., 2005; Park et al., 2010). 

 

2.8.1.2 Ignition behaviour of co-combustion 

 

Ignition stability is highly important for burnout of carbon and pollutant formation such as NOx 

during fuel combustion. There are two mechanisms involved in the ignition behaviour of fuel, 

(1) homogeneous and (2) heterogeneous ignition. During homogeneous and heterogeneous 

ignition, the volatiles from solid fuel particles are generally produced due to the direct attack 

of O2 on the solid fuel surface. The ignition performance of solid fuel is affected by numerous 

factors which include, particle size, fuel properties, temperature, particle density, heating rate 

etc (Essenhigh et al., 1989; Sun & Zhang, 1998).   
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In co-combustion of biomass and coal, the particle size of biomass are generally larger than the 

particles of coal  due to the fact that biomass particles are expensive and difficult to grind as 

compared to the coal (Baxter, 2011). The ignition behaviour of the biomass compared to coal 

may be different, due to dissimilar fuel properties and particle size. The large particle size of 

biomass having high moisture content can result in a delay in devolatization and ignition (Lu 

et al., 2008). Moreover, high volatile contents are generally found in biomass, which are 

released at low temperatures. Therefore, creating a more favourable condition for intense flame 

as compared to coal (Sahu et al., 2014). Chi et al. (2010) carried out an investigation on similar 

behaviour of of coal blend and coal. The authors used a tube furnace having a flame monitoring 

system and observed similar ignition behaviour to coal and biomass co-combustion. The 

ignition properties in a coal blend were found to be mainly controlled by coal due to high 

volatile present in biomass and its percentage in the blend (Chi et al., 2010)  

 

2.8.1.3 Burnout behaviour of co-combustion 

 

The amount of residual part left during combustible process of solid fuel is known as carbon 

burnout. In solid fuel combustion, the carbon dense product affects quality of fly ash and 

thermal performance of the plant. The burnout in solid fuel combustion is highly dependent on 

the reactivity of the char of the solid fuel particles (Hurt, 1998; Park et al., 2010). The char 

reactivity is greatly influenced by different factors such as temperature, pressure, heating rate 

and fuel properties. Thermogravimetric analysis (TGA) is used to compare the fuel reactivity 

of different biomasses. Different researchers have concluded that reactivity of coal char is 

generally less than the reactivity of biomass (Campbell et al., 2002; Zolin et al., 2002). 

Moreover, the particle of biomass char are non-spherical and possess large aspect ratio, which 

is beneficial for residence time and heat transfer as compared to spherical (Gera et al., 2002). 

Kruczek et al. (2006) carried out co-combustion of different kinds of biomass with brown coal. 
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The reactor was filled with brown coal having different percentage of biomass ranging from 

10-50% on weight. The experiments were carried out at temperature range of 1100-1300 °C. 

The authors concluded that the addition of biomass to brown coal can enhance combustion rate 

and the devolatilisation. Moreover, the authors further reported that by increasing the 

percentage of biomass in a blend can reduce the emission of greenhouse gases. In another study, 

Parshetti et al. (2013a) carried out co-combustion of palm oil bunch char with Indonesian low 

rank coal. The blending ration of biomass with coal was 5-20%. They also concluded that the 

fuel properties of the biomass and coal blend were significantly influenced by the percentage 

of char in the blend.   

 

2.9 Co-Hydrothermal Carbonisation (Co-HTC) 

 

Co-Hydrothermal Carbonisation is a relatively new technology in which mixture of biomass 

and coal are treated simultaneously. According to Saba et al. (2017), CO-HTC has some 

additional benefits over traditional HTC process in terms of sulphur removal efficiency. 

Furthermore, the fuel properties of coal can be further increased when treated with biomass as 

a blend. There have been few studies found on the treatment of mixed feedstock in HTC, 

however, only a single study has been so far reported in the literature (Saba et al. (2017) for 

CO-HTC. Earlier, Parshetti et al. (2013b) carried out HTC treatment of sewage sludge and coal 

for the production of energy. Sewage sludge and coal were treated in HTC process at 250 °C 

with reaction time of 15 minutes. The authors concluded that the HTC of sewage sludge 

produce a char with HHV of 15.82 MJ/Kg. Moreover, the co-combustion of coal and sludge 

gave several benefits such as the combustion properties of coal and sludge is highly dependable 

on the quantity of sludge in the blend. The emission during co-combustion were also reduced 

as the fraction of sludge was increased.  
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In another study, Zhang et al. (2017b) carried out Co-HTC of sewage sludge and pinewood 

sawdust in different ratio. The results of this study revealed that the mixing ratio of 1:1 of 

sludge and pine sawdust provided the best performance with yield of 58.11% and carbon 

content of 66.56%. The authors suggested that Co-HTC of coal and biomass is a promising 

technology to produce best quality of hydrochar, which can be used for soil applications. For 

instance, Saba et al. (2017) followed the recommendation of Zhang et al. (2017b) of mixing 

ratio and carried out Co-HTC of miscanthus and coal at three different temperatures (200, 230 

and 260 °C). They concluded that HHV increased tremendously after Co-HTC treatment. The 

authors also prepared pellets using hydrochar and coal and calculated mass and energy 

densities.  

 

2.10 Pelletisation of food waste 

 

Pelletization is a technology in which loss particles of biomass are compressed under specific 

pressure and temperature to form a briquettes fuel (Zaini et al., 2017). The pelletization process 

is useful to increase bulk density of solid fuel, energy density, and mechanical strength 

(Hamawand et al., 2017; Li et al., 2012). Nevertheless, the binding mechanism and mechanical 

strength may be affected by the composition of the biomass and different pelletization 

parameters such as temperature, particle size, pressure, moisture and binders (Kaliyan & 

Morey, 2009; Wang et al., 2017). Usually pelletization of hydrochar under low pressure cannot 

attain the required mechanical strength due to the high brittle lignin properties formed during 

HTC process (Kambo & Dutta, 2014a). However, high mechanical strength pellets can be 

achieved under high compression pressure due to attraction forces (Liu et al., 2014). On the 

other hand, high pressure compression force required extra energy consumption. 
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According to Zhai et al. (2018) food waste is mostly composed of carbohydrates and proteins 

having limited lignin content, and therefore cannot form solid bridge between particles for 

stronger mechanical strength. The authors also reported that, stronger mechanical strength 

pellets of food waste can be formed using different binders under low pressure. Hydrothermally 

treated food waste can be used to prepare mechanically stronger pallets using molasses as a 

binder.. Furthermore, they concluded that molasses could increase the mechanical strength of 

the pellets due to the formation of solid bridge by recrystallization and can be used as a 

hydrochar fuel for domestic purposes. Other  researchers have used different kinds of binders 

to make pellets such as lignosulphonate, starch, lignin, crude glycerine and molasses (Kaliyan 

& Morey, 2009; Zhai et al., 2015).  

Besides pelletisation, hydrochar can also be used for other applications such as adsorption. 

Generally, hydrochar possesses a low surface area and porosity, thus potentially expected to 

have low adsorption capacity. However, increasing the surface area and porosity can help the 

hydrochar to increase its adsorption efficiency for a variety of contaminants. Different studies 

have reveal the potential of hydrochar to remove different contaminates from soil and water.    

2.11 Adsorption removal of contaminates  

 

Information on the use of hydrochar as an effective adsorbent for remediation purpose is 

limited. Liu and Zhang (2009b) investigated char obtained from pine wood and rice husk using 

HTC technology, as adsorbents for removal of lead in aqueous solution. The authors reported 

that both the chars contained a high amount of oxygen containing surface functional groups on 

their surfaces, however, possessed low surface area as compared to other lignocellulosic 

biomass. However, the presence of oxygen rich functional group on the hydrochar surface was 

found to be  responsible for higher adsorption capacity than other solid chars (Liu et al., 2010). 

There have been few other studies, which also revealed similar findings about the application 
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of HTC char for wastewater treatment (Liu & Zhang, 2009a; Parshetti et al., 2014; Regmi et 

al., 2012). For instance, Regmi et al. (2012) prepared char using HTC process in order to 

remove copper and cadmium from aqueous solution, where  char was activated using KOH 

solution to increase surface properties of the char. It was found that activated hydrochar 

possessed higher adsorption capacity for copper and cadmium as compared to non-activated 

hydrochar and commercially activated char. The lead removal capacities of pinewood and rice 

husk hydrochar were found to be 4.25 and 2.40 mg/g respectively. The authors also concluded 

that lead adsorption on both chars was highly influenced by pH of the solution and adsorption 

was an endothermic process.  

In another study conducted by Parshetti et al. (2014), hydrochar was prepared using food waste 

collected from different restaurants and was utilised for the removal of Acridine orange and 

Rhodamine 6G dyes from contaminated water. The thermodynamics study revealed that 

adsorption is spontaneous and endothermic in nature. Overall, studies conducted so far using 

hydrochar as an adsorbent for removal of contaminants in aqueous solution suggest that 

hydrochar prepared from food waste could have potential  environmental importance for the 

removal of dyes from aqueous solutions. However, the research on the hydrochar application 

for removal of contaminants from water is still in the early stage of development and hence, 

further studies are required. 

Adsorption is a phenomena in which molecules of solid, liquid or gas are held by another solid 

on its surface. Hydrochar has the ability to be used as a sorbent to remove contaminants from 

aqueous solution. During sorption different mechanisms are responsible to increase the 

sorption capacity of hydrochar for specific contaminant. Surface properties of hydrochar play 

a vital role in the sorption capacity (Fletcher et al., 2014; Niu et al., 2017). This sorption of 

inorganic contaminants by hydrochar is mostly due to three factors, ionic exchange, surface 

precipitation and electrostatic attraction (Sizmur et al., 2017). Chemical sorption on the 
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hydrochar surface is due to ion exchange having large amount of functional group for instance, 

phenolic and carboxylic groups (Lee et al., 2010). These functional groups enhance the cation 

exchange capacity (CEC) to hydrochar, which is directly dependent on the type of feedstock 

and carbonisation temperature (Gomez-Eyles et al., 2013). Precipitation or co-precipitation of 

contaminants to insoluble salts take place on the surface of hydrochar having high mineral ash 

content (Cao et al., 2009). Sorption resulting from electrostatic attraction takes place between 

electrons from aromatic groups and positively charged ions in H2O present on the surface of 

hydrochar resulting in the formation of C=C aromatic bonds (Harvey et al., 2011).  

Hydrochar generally has low surface area due to small distribution of pores as compared to 

biochar. The large number of microspores can result in the increase of surface area of the 

hydrochar thus more contaminants can be adsorbed on to its surface. Several researchers have 

reported direct relationship between hydrochar surface area and contaminants adsorption 

capacity (Kim et al., 2013b; Tan et al., 2015). Furthermore, surface area and functional groups 

of the hydrochar can be manipulated by further modification or activation of hydrochar (Sizmur 

et al., 2017). Modification and activation of hydrochar have the ability to increase the anion 

sorption and metal cation sorption capacity. 

Although hydrochar modification before or after HTC process of the feedstock can change the 

physical and chemical properties, the HTC operating conditions can also have a large impact 

on the hydrochar characterization. It is well documented that  increasing the temperature during 

HTC process can increase the surface area, , mineral concentration and pore distribution 

(Ahmad et al., 2012; Chen et al., 2014; Kim et al., 2012). 

It is of paramount importance that the hydrochar is produced at optimum temperature condition 

in order to maximise the contaminant adsorption capacity if the hydrochar to be used only for 

that purpose (as adsorbent). It has been reported that there was an increase in the surface area 
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of hydrochar and microstructure developments when treated at high temperatures (Cantrell et 

al., 2012; Fletcher et al., 2014). Hydrochar produced during HTC process at high temperatures 

generally have high percentage of fixed carbon in their structure due to loss of volatile matter 

at high temperatures (Cantrell et al., 2012; Kim et al., 2012). During high temperature HTC 

process the aromaticity of the hydrochar was found to increase while polarity of the hydrochar 

decreased making hydrochar less hydrophilic. However, increasing temperature can reduce the 

amount of O and H contents and result in loss of functional groups which could subsequently 

affect the sorption of metals on hydrochar (Kim et al., 2012). Ding et al. (2014), carried out 

adsorption of Pb onto the char prepared at four different temperatures (200, 400, 500 and 600 

°C). The authors suggested that oxygen containing functional groups were mainly responsible 

for the removal of Pb from water..  

Hydrochar can be modified through physical activation, chemical activation and magnetic 

activation. Physical activation process involves different types of oxidizing agents such as air, 

steam and CO2. Physical activation is generally more economical and simple; however, less 

effective than chemical activation methods. In steam activation process, hydrochar can be 

upgraded to activated hydrochar with increased high surface area and carbonaceous structure. 

Steam activation can change the hydrochar properties by eliminating the trapped products due 

to incomplete combustion during HTC (Manyà, 2012). Table 2.8 provides a summary of 

available different activation methods that have been used under varied production conditions 

and the use of hydrochar in contaminant removal. 
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 Table 2.8. Different activation methods for char production conditions and pollutant removal  

Activation Method Feedstock Temperature °C Sorbate References 

Physical Activation 

Steam activation Bur-

cucumber 

300 & 700 Sulfamethazine (Rajapaksha et al., 

2015) 

Steam and KOH 

activation 

Spruce - - (Azargohar & Dalai, 

2008) 

Steam activation Tea waste 300 & 700 Sulfamethazine (Rajapaksha et al., 

2014) 

Chemical Activation 

(NaOH, KMnO4 or 

HNO3)  

Bamboo 550 Furfural (Li et al., 2014) 

NaOH Pine chip 300 Ibuprofen, 

naproxen and 

diclofenac 

(Jung et al., 2015) 

HCl Wheat 

straw 

450 Phosphate and 

Nitrate 

(Li et al., 2016a) 

Magnetic Activation 

Fe2O3 Cotton 

wood 

600 Arsenic (Zhang et al., 2013b) 

Composite Oak bar 

and wood 

400 to 450 Cd2+, Pb2+ (Mohan et al., 2014) 

Magnetic char Pinewood 600 As5+ (Wang et al., 2015) 
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2.12 Gap Analysis  

 

Waste to energy is becoming economically and environmentally attractive practice and food 

waste has been considered as a potential feedstock to produce energy and other value-added 

products by various researchers. However, owing to its high moisture content, food waste is 

not considered to be favourable for common thermal treatments like incineration and pyrolysis. 

Various environmental pollution problems such as loss of organic matter and nitrogen may 

arise due to the absence of proper air pollution measures related to incineration, which strongly 

encourages to seek other alternative environmentally friendly techniques for handling food 

waste. Thermal treatments like pyrolysis are suitable for reducing operation costs and CO2 

emissions compared to incineration. The technical and economic problems related to the use 

of incineration and pyrolysis are: high moisture content, heterogeneous nature and lower 

heating value of food wastes. However, HTC process can be used to convert food waste into 

useful products.  

In HTC, pathogens and organic contaminants are eradicated due to high process temperature 

and the reaction time of HTC is normally less than incineration and pyrolysis. This quality of 

HTC helps to improve the processing of food waste and increase the consumption of products. 

HTC is an appealing technology among other thermal techniques available for converting food 

waste into applicable products like hydrochar, bio oil and others. Nevertheless, detailed techno- 

economic analysis is required to study the possibility of using HTC technology on a larger 

scale operation. Hydrochar produced from food waste has newly been recognised to be helpful 

for the removal of contaminants from aqueous solution. This unique application can be of 

scientific interest for further investigation in the HTC process of food waste. Lastly, an 

organised collaborative prospective is required with inputs from experts to extract long and 

short term advantages in terms of material and energy recovery from food waste. 
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The combination of food waste hydrochar and coal has not been studied before and hydrochar-

coal blend might be used as fuel for a variety of applications such as energy generation through 

co-combustion with coal. Moreover, Co-HTC is a relatively new technology and has not being 

applied on food waste yet. This technology will further enhance the usage of food waste and 

coal as renewable energy. The adsorptive potential of food waste-derived ‘hydrochar’ for 

contaminants in aqueous environment has  been recently recognised and this aspect is still in 

an infancy as only few studies have been attempted in the past and the mechanisms of 

interaction between hydrochar and contaminant removal is yet to be understood. Therefore, 

this aspect could become a key focus for scientific community investigating usefulness of HTC 

process of food waste and producing high quality hydrochars that can be potentially used in 

contaminant remediation.  

  



 

61 

 

 

 

 

 

 

CHAPTER 3: Physicochemical, structural and 

combustion characterization of food waste hydrochar 

obtained by hydrothermal carbonization. 
Published in the journal of Bioresource Technology 

 

  



 

62 

 

Abstract 

 

A solid carbon-rich product hydrochar, was prepared using hydrothermal carbonisation of food 

waste at temperatures of 200, 250 and 300 °C. To acquire detailed insight into physicochemical 

and structural properties, hydrochar samples were characterised using a range of techniques. 

The carbon content and higher heating value of food waste increased considerably from 39 to 

73% and 15 to 31 MJ/kg corresponding to the heating temperature. The blends of hydrochar 

and coal prepared in three different ratios (5%, 10% and 15%) exhibited different thermal 

behaviour. The overall results of co-combustion study showed that the activation energy of 

hydrochar samples decreased from 56.78 KJ/mol to 29.80 KJ/mol with increase in temperature. 

Hydrochar prepared at 300 °C with coal blending ratio of 10% exhibited the lowest activation 

energy of 19.45 KJ/mol. Additionally thermal gravimetric analysis of the samples showed that 

high temperature carbonization can increase the combustion properties of hydrochar. 
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3.1 Introduction 

 

As the world energy crisis looms, alternative sustainable green energy option has been the main 

focus in many parts of the world. The burgeoning world population coupled with shortage 

of fossil fuel based energy could result in catastrophic situation with shortage of energy 

required in diverse sectors in the future. This high requirement of energy has forced researchers 

to seek other means of producing energy from renewable sources to fulfil energy demand 

(Mafakheri & Nasiri, 2014). 

Biomass is the leading source of energy in rural areas for many centuries (Liu & 

Balasubramanian, 2014). Biomass provides about 10–14% of total energy consumption of the 

world while coal, gas and electricity provide 12–14%, 14–15% and 14–15% respectively 

(Saqib et al., 2015). All non-fossil biological materials are the source of bioenergy. As a matter 

of fact, bioenergy has the ability to solve the global energy crisis. The increase in production 

of renewable energy must not result in the increase of carbon dioxide CO2 emission. Hence, 

renewable and natural forms of energy should be preferred over the traditional fossil fuel 

sources which have been declining rapidly. 

The production of high carbon material from renewable resources has great potential for 

research in diverse sectors including application in  wide range of technologically relevant key 

sectors, including energy production (White et al., 2009). However, the main disadvantages of 

using such materials for energy production are their high production cost, use of expensive 

metal catalysts, fossil-based precursors and with high-temperature processing units. Besides 

these drawback, high carbon materials obtained from biomass are likely to play the main role 

in the production of biofuels (Lehmann, 2007).  

https://www.sciencedirect.com/topics/engineering/looms
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/fossil-fuels
https://www.sciencedirect.com/topics/engineering/renewables
https://www.sciencedirect.com/topics/engineering/energy-demand
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/biomass
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/energy-consumption
https://www.sciencedirect.com/topics/engineering/bioenergy
https://www.sciencedirect.com/topics/engineering/renewable-energy
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Recently, it has been widely accepted that food waste is an untapped resource having a great 

potential for energy generation. This accomplishment has motivated the basic research on 

technologies associated with recovery of valuable fuels from food waste, in order to reduce 

depletion of natural resources, environmental burden on its disposal, and minimize its risk to 

human health (Pham et al., 2015). 

Food waste is a type of organic waste that is produced from different sources like household, 

restaurants and processing plants, contributing to a large proportion of municipal solid waste 

(Kiran et al., 2014). Worldwide, the amount of food waste generated is increasing at a steady 

rate. According to Food and Agricultural Organization (FAO) about 1.3 billion tonnes of edible 

food per year are wasted (Ross et al., 2012). Food waste requires proper management in order 

to reduce risk to human health and environment (Kim et al., 2011). Food waste contains high 

moisture content and decomposes very easily (Zhang & Jahng, 2012). 

There have been several studies conducted in the recent past on the use of  HTC method for 

conversion of food waste like dog food, orange and olive waste, fish meat and restaurant 

leftover into value added products (Hwang et al., 2012; Kang et al., 2001; Kaushik et al., 2014; 

Pellera et al., 2012). Hydrothermal carbonisation is a favourable chemical process that 

transforms lignocellulosic biomass into an value-added products such as hydrochar (solid 

product), bio-oil and gases (Libra et al., 2011). However, the properties and distribution of 

these products are greatly dependent on the HTC reaction conditions.  Unlike incineration, 

HTC can be used to process wet feedstock, as the dehydration process takes place in the 

presence of water (Funke & Ziegler, 2010). Moreover, hydrochar is easily filterable from the 

reaction solution and hence, no further drying is required. HTC is a suitable method to convert 

food waste into useful products as compared to other thermal theologies which required pre-

thermal drying. 
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Though there have a few studies on HTC and associated solid product, the detailed chemistry 

behind the conversion of biomass into high carbon products during HTC is still yet to be 

understood. Therefore, it is important to understand the different reaction mechanism of HTC 

by analysing the chemical properties of the solid char. Hwang et al. (2012) conducted 

hydrothermal carbonisation of dog food to recover solid fuel from waste and reported the 

carbon content of hydrochar obtained being more than 75%. Orange waste and olive pomace 

were used as feedstock to prepare an adsorbent using HTC and pyrolysis. The olive pomace 

based adsorbent prepared by pyrolysis showed higher adsorption capacity, while orange waste 

based adsorbents prepared by pyrolysis and HTC processes showed similar adsorption capacity 

(Pellera et al., 2012). According to Parshetti et al. (2014) food waste can be converted into 

hydrochar which can act as an important adsorbent for different pollutants. In another study, 

restaurant leftover food was hydrolysed enzymatically before HTC (Kaushik et al., 2014). The 

hydrochar produced via enzymatic pre-treatment showed calorific and carbon content values 

ranged from 17.4 to 26.9 MJ/kg and 43.7% to 65.4%, respectively. While hydrochar with no 

pre-treatment displayed calorific and carbon content values of 15.0 to 21.7 MJ/kg and 38.2% 

to 53.5%, respectively. The overall results shows that enzymatic pre-treatment of food waste 

before HTC can improve the quality of hydrochar and bio-oil.      

Many researchers have investigated co-combustion of coal with different biomasses like textile 

dyeing sludge and sugarcane bagasse, sewage sludge, corn stalk and pine sawdust, pine wood 

and bamboo (Huang et al., 2018; Liang et al., 2017; Ullah et al., 2017; Xie et al., 2018; Zhou 

et al., 2016). Others have studied only on specific materials like paper and wheat straw 

(Vamvuka et al., 2009; Wang et al., 2009). However, to the best of our knowledge, there has 

been no systematic investigation on the co-combustion of hydrothermally converted food waste 

with coal. Hence, the objectives of this work are (1) to convert food waste into hydrochar by 
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HTC process and (2) to evaluate the physiochemical, structural and combustion properties of 

food waste hydrochar for its energy generation via co-combustion with coal.  

 

3.2 Materials and methods 

3.2.1  Feedstock 

 

In this study, all food products were purchased from a local grocery store in Auckland. Given 

food waste composition varies from place to place therefore, a standard food waste recipe was 

prepared in order to keep composition constant. The types of food waste used in this study are 

summarized in Table 3.1. All the components of food waste were weighed in an equal 

proportion and were homogenously mixed with a food grade blender following the protocol 

developed by Komilis and Ham (2006) . Food waste was stored in a sealed container at 4 ºC 

before the HTC. For the co-combustion study, low-rank coal of sub-bituminous rank was 

obtained from the Solid Energy New Zealand. 

 

Table 3.1. Different types of food waste used in this study 

S. No Vegetables Fruits Meat Staple food 

1 Onion skin Banana Chicken Rice 

2 Potato peel Orange Fish Potato 

3 Carrot peel Apple Beef Bread 

4 Tomato Lemon Pork Pasta 

5 Cabbage Banana Lamb Noodle 
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3.2.2 Hydrothermal carbonisation 

 

Hydrothermal carbonization of food waste was carried out in a 1L high-pressure batch 

reactor (Amar Equipment Pvt Ltd, India) at different temperatures (200 °C, 250 °C and 300 °C) 

with a constant reaction time of 1 h. In a single run, 100 g of food waste was dispersed in 

300 mL of de-ionized water. The reactor was pressurised to 30 bar using N2 gas and was stirred 

at 600 rpm. The reactor was sealed and heated to the desired temperature followed by cooling 

for quenching the reaction. The reactor was then opened at room temperature (23 ± 2°) and the 

solid (hydrochar) and liquid (water and bio-oil) products were carefully separated by means of 

filtration. The hydrochar was washed with de-ionised water to remove impurities, dried in an 

oven at 105 °C for 2 h, weighed and stored in a sealed container until further analysis. 

3.2.3 Characterisation of hydrochar 

The moisture content, volatile matter and ash contents of food waste and hydrochars were 

measured using ASTM D1762-84 standard methods. The elementary analyses of organic 

elements present in food waste and hydrochars were determined using an elemental analyser 

(Thermo Flash 2000). Briefly, the samples were placed in a tin capsule which were dropped in 

a quartz tube containing tungsten oxide and copper as a catalyst heated at 1020 °C. 

The helium as carrier gas was enriched with pure oxygen temporarily as the samples were 

dropped into the tube. 

The energy density, yield and higher heating value (HHV) were calculated using an empirical 

approach previously used by Elaigwu and Greenway (2016). The surface morphology of food 

waste and hydrochar was determined using scanning electron microscopy (SEM) FEI Quanta 

200F (FEG = Field Emission Gun). The crystalline properties of all the samples were analysed 

using Bruker D2 Phaser X-Ray diffraction (XRD). The scattering angle 2θ, was scanned from 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carbonization
https://www.sciencedirect.com/topics/engineering/higher-pressure
https://www.sciencedirect.com/topics/engineering/batch-reactor
https://www.sciencedirect.com/topics/engineering/batch-reactor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/reaction-time
https://www.sciencedirect.com/topics/immunology-and-microbiology/glucopyranosyl-lipid-a
https://www.sciencedirect.com/topics/engineering/quenching
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrochar
https://www.sciencedirect.com/topics/engineering/volatile-matter
https://www.sciencedirect.com/topics/engineering/ash-content
http://www.astm.org/Standards/D1762-84
https://www.sciencedirect.com/topics/engineering/quartz-tube
https://www.sciencedirect.com/topics/engineering/tungsten
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/helium
https://www.sciencedirect.com/topics/engineering/carrier-gas
https://www.sciencedirect.com/topics/engineering/pure-oxygen
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/flux-density
https://www.sciencedirect.com/topics/engineering/higher-heating-value
https://www.sciencedirect.com/science/article/pii/S0960852418308915#b0010
https://www.sciencedirect.com/topics/engineering/surface-morphology
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/scanning-electron-microscopy
https://www.sciencedirect.com/topics/engineering/field-emission
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10° to 80° at 30 kV having 10 mA of Cu Kα radiation. The Brunauer Emmett Teller (BET) 

surface area and pore size of all the samples were determined using TriStar 3000 instrument 

provided with N2 adsorption. Fourier-transform infrared spectroscopy (FTIR) spectra of food 

waste and hydrochar were recorded using PerkinElmer Spectrum 100 with the resolution of 

4 cm−1 to determine the surface functionality of the samples. 

 

3.2.4 Hydrochar thermal and co-combustion analysis 

 

Thermal gravimetric analysis (TGA) was performed to measure the weight changes (mass loss) 

of different materials under high-temperature conditions in a controlled atmosphere. TGA is a 

powerful technique to analyse combustion and thermal behaviour of different types of materials 

like biomass, coal and their blends (Idris et al., 2010). In the present study coal and hydrochar 

samples were dried, followed by grinding and sieved to a particle size less than 150 µm. A 

series of blends having 5%, 10% and 15% of food waste hydrochar on a weight basis were 

prepared for TGA analysis. The sample weight loss (TG) and rate of weight loss (DTG) of all 

the hydrochar samples and blends were determined using TG/DTG Shimadzu-50 series used 

with an air flow rate of 50 mL/min with 25-800 ºC heating at a heating rate of 15 ºC/min. The 

ignition and burnout temperatures of all the samples were calculated using TG-DTG method 

earlier used by Muthuraman et al. (2010b). The burn out temperature  of the samples were 

noted based on the mass stabilization while the ignition temperature (T0) was detected based 

on the intersection of DTG and its peak value with the corresponding slope with respect to TG 

profile.  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pore-size
https://www.sciencedirect.com/topics/immunology-and-microbiology/adsorption
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ftir-spectroscopy
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3.3 Results and discussions 

3.3.1 Characterisation of hydrochar 

 

The solid yield, elemental analysis, proximate analysis, and heating value 

of hydrochar produced at 200 °C, 250 °C and 300 °C for 1 h are summarised in Table 3.2. 

There was a significant change observed in the elementary composition of solid material due 

to carbonisation. For example, increase in carbon contents and decrease in oxygen and 

hydrogen content were observed as the operation temperature was increased during the HTC 

process. Food waste contains about 39% of carbon while after HTC the carbon content 

increased to 62.83%, 68.10% and 73% for temperatures 200 °C, 250 °C and 300 °C. Elemental 

molar ratios of H/C and O/C of biomass and hydrochar were calculated and displayed in Van 

Krevelen diagram, which allows one to observe the conversion of carbon hydrates into carbon-

rich material (Fuertes et al., 2010a). This diagram shows a clear picture of chemical 

transformation of carbon into carbon-rich product, these chemical transformations are 

dehydration, decarboxylation, and demethanation (Fuertes et al., 2010a). The Van Krevelen 

diagram of food waste and hydrochar shows that overall, the H/O and O/C ratios decreased as 

the HTC temperature was increased as shown in Figure 3.1. A change in O/C ratio suggests 

that decarboxylation also took place during the process, which was in agreement with an earlier 

study conducted by Sevilla et al. (2011b).    

  

https://www.sciencedirect.com/topics/engineering/proximate-analysis
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrochar
https://www.sciencedirect.com/science/article/pii/S0960852418308915#t0010
https://www.sciencedirect.com/topics/engineering/solid-material
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/carbonization
https://www.sciencedirect.com/topics/engineering/carbon-content
https://www.sciencedirect.com/topics/engineering/operation-temperature
https://www.sciencedirect.com/topics/food-science/food-waste
https://www.sciencedirect.com/science/article/pii/S0960852418308915#f0005
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Table 3.2. Elementary and proximate analysis of low rank coal, food waste biomass and 

hydrochar materials using HTC at different temperatures. 

Properties Coal Food waste HC 200 ºC HC 250 ºC HC 300 ºC 

Elementary Analysis % 

Carbon 75.1 39 ± 1.36 62.83 ± 0.33 68.10 ± 1.28 73 ± 0.70 

Nitrogen 1.10 5.7 ± 0.77 4.35 ± 0.24 4.42 ± 0.41 5.17 ± 0.53 

Sulphur 0.33 <0.3 <0.3 <0.3 <0.3 

Hydrogen 5.1 7.32 ±0.27 7.25 ± 0.74 7.09 ± 0.27 7.01 ± 0.45 

Oxygen 18.4 47.68 ± 0.65 24.88 ± 0.52 20.09 ± 0.84 17.09 ± 0.81 

Yield (wt %)   7 ± 0.21 5.95 ± 0.78 5.25 ± 0.84 

HHV (MJ/kg) 22 15 ± 0.44 20.81 ± 0.74 28.98 ± 0.54 31± 0.61 

Proximate analysis (%) 

Moisture 21 76.45 ± 1.05 65.21 ± 0.98 61.45 ± 0.71 53.11 ± 0.64 

Volatiles 34 79.11 ± 0.80 65.14 ± 0.68 51.75 ± 0.42 50.36 ± 0.12 

Ash 4.5 6.41 ± 0.54 4.52 ± 0.71 3.11 ± 0.68 2.21 ± 0.18 

Fixed carbon 40.5 14.48 ± 0.64 30.34 ± 0.55 45.41 ± 0.48 47.43 ± 0.73 

Energy yield - - 12.81 ± 1.12 11.60 ± 0.87 10.92 ± 0.54 

Energy 

densification 

- - 1.83 ± 0.58 1.95 ± 0.62 2.08 ± 0.45 
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Figure 3.1. Van Krevelen diagram of food waste and hydrochars. 

 

Hydrothermal carbonization of food waste resulted in small quantity of solid char (7%), 

obtained at 200 °C which further reduced down to 5.95% and 5.25% at 250 °C and 300 °C 

respectively. The decrease in hydrochar yield can be attributed to the primary or secondary 

decomposition of biomass or of solid residue as explained previously by Parshetti et al. 

(2013a). The HHV is another important characteristic of hydrochar. In all the hydrochars, 

the calorific value of hydrochar showed an increase as the HTC temperature was increased 

(Table 3.2). For example, food waste showed about 15 MJ/kg of heating value, however, this 

heating value was increased to 20.81 MJ/Kg, 28.98 MJ/kg and 31 MJ/kg for HC 200 °C, HC 

250 °C and HC 300 °C, respectively. There was a significant decrease in the volatile carbon as 

expected, while increase in fixed carbon percentage was also observed due to increase in 

carbonisation temperature as shown in Table 3.2. Similar findings were also reported for 

lignocellulosic biomass and municipal waste stream by Hoekman et al. (2011) and Mumme et 

al. (2011). 
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The fixed carbon yield was 30.34%, 45.41% and 47.43% for HC 200 °C, HC 250 °C and HC 

300 °C, respectively. High HTC temperature promotes the condensation, dehydration and 

decarboxylation reactions which result in high energy densification (Hoekman et al., 2011). 

The energy densification ranged from 1.83% to 2.08% and energy yield ranged from 12.81% 

to 10.92% for temperatures range investigated (200–300 °C) as summarised in Table 3.2. In 

another study, Parshetti et al. (2013a) used palm empty fruit bunches to convert into carbon 

rich solid char at different temperatures (150-350°C). During this study, the yield of char was 

76% at 150 °C that further reduced to 49% at 350 °C. This decrease in mass yield directly 

affected the energy yield of the hydrochar and was reduced from 78.18% to 68.52% when 

treated at different temperatures (150–350 °C). In comparison to the above study, hydrochar in 

the present study possessed   low mass yield as mentioned earlier. This low yield of hydrochar 

was responsible for low energy yield because energy yield is directly proportional to the mass 

yield of the hydrochar. 

 

3.3.2 Hydrochar structural properties 

 

A detail visual examination of food waste and hydrochar through microscopic investigations 

reveal interesting modification in their morphological features as presented in Figure 3.2. 

The SEM images display a slight difference between the hydrochars produced at different 

temperatures, showing the breaking down of lignocellulosic structure due to HTC process. 

Visual observations suggest that the food waste has flaky appearance and unstructured while 

HC 200 °C resulted in the transformation of the surface morphology of the hydrochar due to 

breakdown of the lignocellulose biomass, resulting in improved surface structure of 

hydrochars. However, increasing the temperature to 250 °C and 300 °C, plate-like structures 

with cracks were observed. These cracks are likely formed due to the release of volatile 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/energy-yield
https://www.sciencedirect.com/science/article/pii/S0960852418308915#t0010
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/scanning-electron-microscopy
https://www.sciencedirect.com/topics/engineering/surface-morphology
https://www.sciencedirect.com/topics/engineering/lignocellulose
https://www.sciencedirect.com/topics/engineering/structure-surface
https://www.sciencedirect.com/topics/engineering/volatile-matter
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matter during HTC process. These transformations are likely to be due to decomposition 

of monomers of the complex macro-molecules like carbohydrates, proteins and lipids. 

Different types of lignocellulosic biomass have been found to exhibit different microstructures 

properties under different operating conditions (Peterson et al., 2012).  

     

 

     

 

 

Further investigation of chemical structural composition of food waste and hydrochar can be 

acquired by using FTIR spectroscopy data which provide information on the surface 

functionality of hydrochars. Alignment of peaks and important functional groups for different 

wavelengths are adopted from previous study Sevilla et al. (2011b). The results of FTIR 

analysis of food waste are shown in Figure 3.3 and it can be observed that the single bond such 

 

Plate-like structure 

 

Cracks Cracks opening 

Food waste 

HTC 250 °C 

HTC 200 °C 

HTC 300 °C 

Figure 3.2. SEM analysis of food waste and hydrochars 

https://www.sciencedirect.com/topics/engineering/volatile-matter
https://www.sciencedirect.com/topics/engineering/monomers
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macromolecule
https://www.sciencedirect.com/topics/engineering/structural-composition
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ftir-spectroscopy
https://www.sciencedirect.com/science/article/pii/S0960852418308915#s0070
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as –OH (3350 cm−1), C–H (2900 cm−1) and C–O (1000 cm−1) are the characteristics 

of hemicellulose and cellulose. The peaks of C O (1650 cm−1) and C C (1500 cm−1) 

provide further evidence of the presence of cellulose and hemicellulose (Parshetti et al., 2013a) 

The –OH stretch at (3350 cm−1) can be attributed to the presence of water and hemicellulose. 

  

https://www.sciencedirect.com/topics/engineering/hemicelluloses
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cellulose
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After HTC process, the FTIR spectra showed a significant change (Figure 3.3 (b)). For example 

the peak –OH peak completely disappeared which indicated that there was no water present in 

0

20

40

60

80

100

120

5001000150020002500300035004000

T
ra

n
s
m

it
ta

n
c
e
 

Wavenumber (cm-1)

Food Waste
33

50 29
00

16
50

1500 1000

O-H 

Stretc

h 

C-H 

Stretc

h 

C=O 

Stretc

h 

C=C 

Stretc

h 

C-O 

Stretc

h 

HC 200 ºC 

HC 250 ºC 

HC 300 ºC 

 

 

b 

a 

 

Figure 3.3. FTIR analysis of (a) Food waste, and (b) Hydrochars 
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the hydrochars. The C–H double peak appeared at 2916 cm−1 indicating vibration of aliphatic 

C–H bond. The peaks C O and C C at 1703 cm−1 and 1454 cm−1 respectively exhibit the 

presence of esters, carboxylic acids and aldehydes present in hydrochar. On the other hand, a 

new band appeared at 668 cm−1, which was assigned as C–H bending vibrations, an indication 

that aromatic rings are formed at high temperature. The decrease in the intensity of band at 

3700–3000 cm−1 indicated that dehydration and decarbonisation reaction occurred during HTC 

of food waste. According to the chemical characterisation of hydrochars, the presence of high 

concentration of oxygenated functional groups and low aromatization indicates that food waste 

can be useful for preparing activated carbon by controlled chemical activation (Wang et al., 

2011).  

The XRD patterns of the food waste and hydrochars showed no crystallinity with all 

hydrochars exhibiting mainly amorphous nature of the samples as shown in Figure 3.4. 

Hydrochar obtained at 200–300 °C showed the presence of (0 0 2) interlayer at 2θ = 18.5–

24.94°. The highest intensity of crystalline structure was observed for HC produced at 300 °C. 

The broad reflection at 2θ around 20° in the hydrochar samples could be attributed to the 

interlayer reflections among irregular polycyclic aromatic sheets of amorphous carbon (Sun et 

al., 2013). The overall findings of XRD suggested that high-temperature carbonisation of food 

waste is responsible for the amorphous structure in the hydrochars. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/vibration
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carboxylic-acids
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https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/crystal-lattice
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Figure 3.4 XRD spectra of food waste and hydrochars 

 

The BET surface area results showed that hydrochar prepared from food waste via HTC was 

not highly porous with surface area ranging from 5.23 to 7.14 m2/g within the temperature 

range (200–300 °C) investigated (Table 3.3), which is similar to the surface area values 

obtained earlier by Fuertes et al. (2010a) and Parshetti et al. (2013a) for hydrochars. Reaction 

time also plays an important role in increasing the surface area, though this aspect has not been 

investigated on hydrochar yet. However, Kambo and Dutta (2015) reported that the solid yield 

of hydrochar was found to decrease with longer reaction time. In the use of hydrochar as an 

effective sorbent or for applications where surface area plays an important role, thermal or 

chemical activation of hydrochar becomes an important issue in order to achieve high surface 

area (Sevilla et al., 2011a). 
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Table 3.3. BET surface area, pore volume and pore diameter of food waste and hydrochars 

prepared using HTC at different temperatures 

Properties Food waste HC 200 ºC HC 250 ºC HC 300 ºC 

BET surface area (m2/g) 1.45 ± 0.91 5.23 ± 0.61 7.14 ± 1.15 5.98 ± 0.71 

Pore volume (cm3/g) 0.09 ± 0.12 0.09 ± 0.15 0.05 ± 0.30 0.009 ± 0.10 

Average pore diameter 

(nm) 

7.05 ± 0.11 6.14 ± 0.54 5.05 ± 0.51 3.70 ± 0.55 

 

 

3.3.3 Hydrochar thermal and co-combustion analysis 

 

The decomposition behaviour of food waste was evaluated using thermogravimetric 

analysis and Figure. 3.5 (a) and (b) depicts the TG and DTG profiles of food waste and 

hydrochars respectively. The TG curves below 150 °C represent moisture content and volatile 

matter release. The food waste combustion took place in two stages: between 56  °C and 210 °C 

and second between 270  °C and 380 °C in contrast to coal combustion which took place in 

only one combustion stage from 392 °C to 585 °C. Lapuerta et al. (2004) and Mohammed et 

al. (2012) used maritime and empty fruit bunches to calculate the combustion parameters and 

the conclusions in both these studies were that  hemicellulose and cellulose decomposed 

between 200  °C and 400 °C. Therefore, on the basis of reported literature findings and our 

results, it can be surmised that a rapid change observed for DTG curve in food waste sample 

could be most likely due to the decomposition of cellulose and hemicellulose. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thermogravimetric-analysis
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Figure 3.5. (a) TGA and (b) DTGA curves for food waste, coal and hydrochars 

 

0

20

40

60

80

100

0 100 200 300 400 500 600

M
a
s
s
 L

o
s
s
 (

%
)

Temperature (˚C)

a

Food Waste

coal

HC 200 ºC

HC 250 ºC

HC 300 ºC

-0.008

-0.006

-0.004

-0.002

0

0.002

0 100 200 300 400 500 600

D
T
G

A
 (

m
g
/s

)

Temperature (ºC) 

b
Food waste

Coal

HC 200 ºC

HC 250 ºC

HC 300 ºC



 

80 
 

During the hydrothermal carbonisation process, considerable changes in the mass loss which 

take place can be observed from the plots of TG and DTG as shown in Figure 3.5 (a) and (b). 

All the hydrochars produced at different temperatures clearly showed two-stage combustion. 

For example, HC 200 °C showed first combustion stage between 170  °C to 334 °C, while 

second combustion stage was at 342  °C to 419 °C. Similarly, HC 250 °C showed two-stage 

combustion between 175  °C to 263 °C and 276  °C to 395 °C. Lastly, HC 300 °C displayed the 

two-stage combustion between 183 °C to 260 °C and 300  °C to 477 °C. Fixed carbon and 

volatile percentage play an important role in the degradation rate of a sample which is 

discussed in Section 3.1.1. At temperature 170 °C–450 °C, the TG curves display the 

highest weight loss rate, which is similar to the decomposition of cellulose and hemicellulose 

throughout HTC process. 

To calculate the bilateral effect of hydrochars produced at different temperatures on 

combustion properties of low-rank New Zealand coal, co-combustion analysis were carried out 

using 5%, 10% and 15% hydrochar blending ratio with coal. All the blend samples exhibited 

only one combustion stage. The increase in blending ratios of hydrochar resulted in the 

decrease of ignition temperature (To) of the mixed solid fuel as shown in Table 3.4. Municipal 

solid waste (MSW) contains high percentage of volatile matters and during the process, and 

unleash its volatile matter very quickly as compared to coal volatilization resulting in 

remarkable weight loss difference between their blends (Muthuraman et al., 2010a). It is 

important to note that the fuel may get ignited before the point where it is expected, which can 

cause potential fire hazard. 

  

https://www.sciencedirect.com/science/article/pii/S0960852418308915#f0010
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Table 3.4. Combustion parameters, activation energy and correlation coefficients of coal, 

hydrochar and their blends 

Sample To  

(ºC) 

Tf (ºC) DTG peak 

Temperature 

(ºC) 

DTG Rmax 

(mg/s) 

Activation energy 

(KJ/mol) 

 

(R2) 

Region I Region II  

Coal 509 590 550 -0.001 179.41 0.99 

HC 200 ºC 358 535 365 -0.003 56.78                   47.38 0.98 

HC 250 ºC 287 526 233 -0.003 40.46                   36.68 0.98 

HC 300 ºC 272 509 231 -0.004 33.60                   29.80 0.98 

Coal+ 5% 

HC 200 ºC 

309 547 490 -0.003 63.29 0.99 

Coal+10% 

HC 200 ºC 

294 540 542 -0.004 46.38 0.97 

Coal+15% 

HC 200 ºC 

260 533 501 -0.008 33.28 0.98 

Coal+ 5% 

HC 250 ºC 

312 575 533 -0.002 42.82 0.99 

Coal+10% 

HC 250 ºC 

289 565 557 -0.003 29.56 0.99 

Coal+15% 

HC 250 ºC 

255 579 146 0.00 21.55 0.97 

Coal+ 5% 

HC 300 ºC 

350 554 203 -0.0008 39.16 0.99 

Coal+10% 

HC 300 ºC 

323 547 549 -0.004 19.45 0.98 

Coal+15% 

HC 300 ºC 

294 557 531 -0.003 24.45 0.98 

To = Ignition temperature, Tf = Burnout temperature, DTG Rmax = Maximum weight loss rate. 
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On the other hand, the burnout temperature of the coal and hydrochar (200–300 °C) blends 

increased as the percentage of blend ratio was increased. A similar increase in the burn out 

temperature for co-combustion of coal and hydrochars was observed in a few earlier studies 

(Muthuraman et al., 2010a; Parshetti et al., 2013a). During the co-combustion, both coal and 

hydrochar burned separately and the reaction rate of hydrochar was faster than coal, which 

decreased the oxygen concentration needed for coal, consequently by increasing the blending 

ratios and the additive effect on the burnout improvement was reduced. The DTG mass loss 

rate (DTG Rmax) for all the blended samples are shown in Table 3.4. The increase in blended 

ratio resulted in the gradual increase of DTG mass loss. Zheng and Koziński (2000) reported 

that the height of the DTG peak is directly proportional to the reactivity and inversely 

proportional to the temperature peak. In our study, the weight loss rate increased and 

temperature peak decreased as hydrochar was blended with coal, which is an evidence of 

increase in reactivity as compared to coal. These outcomes also prove that the combustion 

performance of the blended fuel was highly influenced by the ratio of hydrochar added. 

3.3.4 Kinetics 

 

In order to determine the amount of weight loss for coal, hydrochar and their blends, Arrhenius 

kinetic parameters of the combustion process were calculated as summarised in Table 3.4. 

Regions 1 and 2 in Table 3.4 illustrate the activation energy values relative to the char 

combustion and weight loss stages. The change in mass vs temperature can be defined as: 

𝑑𝛼

𝑑𝑇
=

𝐴 

𝛽 
 𝑒−

𝐸
𝑅𝑇(1 − 𝛼)𝑛 

(3.1) 

where, A stands for pre-exponential factor, e represent mathematical quantity, E represents 

the activation energy, T for kelvin temperature, R represent gas constant and n stands for 

reactor order.  

https://www.sciencedirect.com/topics/engineering/oxygen-concentration
https://www.sciencedirect.com/science/article/pii/S0960852418308915#t0015
https://www.sciencedirect.com/topics/engineering/peak-temperature
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Using the approximation method of  Coats and Redfern (1964), Eq. (1) can be rearranged 

and integrated into the following logarithm form; 

log [
𝑔(𝛼)

𝑇2
] = log [

𝐴𝑅

𝛽𝐸
(1 −

2𝑅𝑇

𝐸
)] −

𝐸

𝑅𝑇
 

(3.2) 

The activation energy E can be calculated using the slope and intercept obtained from Eq. (1). 

The combustion of coal displayed the highest activation energy of 179.41 KJ/mol with one 

stage combustion. However, all the hydrochars produced at the temperature range of (200–

300 °C) showed a two-stage combustion as discussed earlier. The activation energies of HC 

200 °C in the first stage combustion displayed the value of 56.78 KJ/mol and in the second 

combustion stage, it was 47.38 KJ/mol respectively. However, with increased temperature, 

there was a reduction in activation energy values in both the stages of combustion. For instance, 

HC 300 °C displayed the lowest activation energy of 33.60 KJ/mol at first stage and 

29.80 KJ/mol at the second stage. Some of the unique properties of hydrochar, such as high 

surface area and highly amorphous carbonaceous structure are the main reasons for its lower 

activation energy (Mumme et al., 2011). The presence of inorganic species in hydrochar may 

have a catalytic effect on the thermal degradation of lignocellulosic biomass and thus resulting 

in lower activation energy (Yorulmaz & Atimtay, 2009). 

According to Idris et al. (2010), activation energy is the minimum amount of energy required 

to initiate combustion. All the coal and hydrochar blends showed one stage combustion and a 

single region of activation energy as shown in Figure 3.6. For example, the coal and HC 200 °C 

blended in 5%, 10% and 15% exhibited activation energy in the range of 63.29–33.28 KJ/mol. 

However, the coal and HC 250 °C blend mixed with same proportion displayed activation 

energy value from 42.82 to 21.55 KJ/mol. Furthermore, the lowest activation energy in the 

temperature range studied was observed for coal and HC 300 °C blended in 10% was 

https://www.sciencedirect.com/science/article/pii/S0960852418308915#e0005
https://www.sciencedirect.com/topics/engineering/thermal-degradation
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19.45 KJ/mol. The coal and hydrochar blend with lowest activation energy is recommended. 

The correlation coefficients of all the samples were in the range of 0.97–0.99 for combustion, 

showing the satisfactory accuracy of the combustion results. 
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Figure 3.6. TGA and DTG profile for coal and hydrochar blends. (a) TG profile for the 

200 °C hydrochar blend. (b) DTG profile for the 200 °C hydrochar blend. (c) TG profile for 
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrochar
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the 250 °C hydrochar blend. (d) DTG profile for the 250 °C hydrochar blend. (e) TG profile 

for the 300 °C hydrochar blend. (f) DTG profile for the 300 °C hydrochar blend. 

3.4 Conclusions 

 

Following conclusions can be drawn from the findings reported in this chapter: 

• The HTC of food waste showed an increase of 62–73% of carbon as compared to raw 

biomass. 

• The results showed that food waste hydrochar blend improves the ignition and 

devolatilization characteristics of low-rank coal. Moreover, the combustion behaviour 

of the blend was highly affected by the percentage of hydrochar in the blend. 

• This study demonstrated that the HTC process is suitable for the conversion of food 

waste into a solid carbon material which can be used in different energy generation 

application through co-combustion with coal. 

  

https://www.sciencedirect.com/topics/food-science/food-waste
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrochar
https://www.sciencedirect.com/topics/engineering/ignition
https://www.sciencedirect.com/topics/engineering/lower-rank-coal
https://www.sciencedirect.com/topics/immunology-and-microbiology/combustion
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Abstract 

 

A blended feedstock containing food waste and coal was used to perform co-hydrothermal 

carbonization (Co-HTC) at different temperatures to observe the effect of temperature on the 

solid fuel properties of different hydrochars. Moreover, these hydrochars were mixed with 

molasses which act as a binder to prepare high mechanical strength pellets.  A range of 

techniques was used to characterise the hydrochars and pellets. Food waste and coal hydrochars 

produced at 300 °C exhibited high heating value (HHV) of 31.1 and 31.4 MJ/kg respectively, 

however, HHV of the Co-HTC 300 °C hydrochar decreased to 28.6 MJ/kg. The ash content of 

hydrochar obtained via the Co-HTC at 300 °C, was 53% less than the ash content of raw coal. 

Combustion results showed that the Co-HTC of food waste and coal is more thermally suitable 

than HTC of food waste and coal.  During pelletization molasses played an important role in 

making solid bridge between the hydrochars. The tensile strength of all the hydrochars ranged 

between 2 to 4.5 MPa. The blend treated at 300 °C showed the highest tensile strength of 4.5 

MPa. The mass density of food waste and blend increased as the temperature was increased, 

however, the mass density of the coal sample showed a decreasing trend.  The energy densities 

of all the hydrochars ranged between 22.2 to 39 GJ/m3 and the energy density of the blends 

were higher than the coal and food waste hydrochar. 
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4.1 Introduction 

 

The energy demand for the world is increasing rapidly and given the population of the world 

is expected to increase from the current 7.5 billion to more than 10 billion by 2040, it is critical 

that alternative energy strategies need some rethinking. According to a recent report, the 

demand for energy is expected to reach 42 quadrillions BTU by 2040 (Shaykheeva et al., 2016). 

In order to meet this high energy demand without further addition of greenhouse gases to the 

rising global temperature due to the mindless use of fossil fuel, development of sustainable 

technologies is the need of the hour. Biomass is the most abundant renewable resource present 

on the surface of the earth with 10-15% of world total energy (Bach & Chen, 2017; Van Doren 

et al., 2017). Biomass such as crop, wood, food and textile can be used as fuel in different 

energy uses. Thus, the bio economy of biomass provides an alternative fossil fuel and can add 

to the circular economy (Union, 2014). Food waste is an untapped biomass with great potential 

for energy generation and thus energy recovery using food waste can be an attractive option 

for alternative energy production. 

Food waste is usually defined as “the waste generated at the end of the food chain” or 

sometimes alternatively known as ‘food loss’ (Parfitt et al., 2010). From production to the 

consumption stage, about 1.3 billion tonnes of food is wasted annually (FAO, 2009). According 

to Union (2014) states, cities, regions and business should carry out awareness programs on 

food waste in order to change the behaviour of the people, to achieve food waste reduction 

target, to encourage people to donate food in food banks, and to use unsold or safe food to feed 

animals. A substantial amount of food waste is currently dumped in landfill in many parts of 

the world which needs to be reduced because landfill space is limited (Yates, 2013). 

Incineration can also be another possible technology for converting waste into energy utilising 

food waste. However, due to the high moisture content in food waste and the emission of dioxin 
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and heavy metals during incineration, food waste incineration is not a recommended practice 

(Psomopoulos et al., 2009). Composting and co-composting of sewage sludge with agriculture 

waste is relatively new technology which is recently explored (Zeng et al., 2018; Zhang et al., 

2017a; Zhang et al., 2018). 

Anaerobic digestion and composting is also another method for the treatment of food waste. 

However, both the processes have long duration of microbial reaction (20-40 days). Also, 

production of free ammonia (NH4) high concentration from composting and anaerobic 

digestion can be toxic (Pham et al., 2015). The hydrothermal treatment process can act as an 

economical and sustainable solution for food waste disposal due to the capability of this process 

in breaking down the food waste into simpler treatable materials (Baroutian et al., 2018). In 

recent times, many researchers have effectively used hydrothermal treatment to convert 

different types of food wastes into value-added products (Pham et al., 2015). 

Hydrothermal carbonization is a widely used hydrothermal technology with multiple 

advantages for converting a variety of organic biomasses without an energy-extensive drying 

process while offering high conversion efficiency using low temperature. HTC has been used 

over the years to treat different biomasses which include wheat straw (Reza et al., 2015a), 

tobacco stalk (Cai et al., 2016), sewage sludge (Xu & Jiang, 2017), food waste (Kaushik et al., 

2014) and others. During HTC, wet biomass is converted into value-added solid (also known 

as hydrochar), liquid and gaseous products without pre-drying before conversion, at a 

temperature range of 180 to 350 ºC and with comparatively low energy input (Funke & Ziegler, 

2010; Libra et al., 2011). According to Li et al. (2013) HTC of food waste is more favourable 

than incineration in terms of energy balance because low energy is required for HTC process 

as compared to other process. Mahmood et al. (2016) carried out techno-economic analysis of 

food waste hydrothermal treatment on plant receiving 2000 tonnes of waste daily. The 

estimated study was carried out for 20 years with minimum selling price. However, the author 
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suggested that further research should be carried out in order to get maximum profit by 

hydrothermal treatment of food waste.  

During the HTC process, feedstock undergoes a series of reactions such as dehydration, 

decarboxylation, condensation, hydrolysis, polymerization and aromatization (Libra et al., 

2011). The decrease in the oxygen and hydrogen content of feedstock during the HTC process 

is responsible for high energy densification and formation of the carbonized material having a 

similar composition like coal (Berge et al., 2011). The use of HTC to convert different kinds 

of food waste into hydrochar has been well documented in the literature (Hwang et al., 2012; 

Kannan et al., 2017; Pellera et al., 2012). For example, Hwang et al. (2012) conducted 

hydrothermal treatment of dog food waste to recover energy from waste and reported that 75% 

of carbon was stored in hydrochar. Elsewhere, Pellera et al. (2012) used olive pomace and 

orange waste-derived biochar produced via pyrolysis and HTC for the removal of Cu ions from 

aqueous solution. The authors concluded that olive pomace-derived char displayed a higher 

adsorption capacity for Cu when heated at 300 ºC, while char derived from orange waste 

displayed similar adsorption capacity for both pyrolysis and HTC processes. In another study, 

Kannan et al. (2017) used the shrimp waste in HTC process to prepare hydrochar at 

temperatures ranging from 150- 210 ºC with a retention time of 60-120 min. The authors 

observed that at a temperature of 184 ºC and retention time of 112 min generated maximum 

hydrochar yield (42%). Moreover, the calorific value ranged from 18-23 MJ/kg, which was 

comparable to the calorific value of hydrochar produced from lignocellulosic waste, food waste 

and sewage sludge. Based on the properties of hydrochar obtained in their study, the authors 

also suggested that shrimp waste hydrochar can be potentially used for carbon sequestration, 

agriculture applications and energy generation (Kannan et al., 2017). 

Co-Hydrothermal Carbonization is a process where more than two feedstocks such as biomass 

and coal are treated simultaneously. This process offers some additional advantages as 
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compared to conventional HTC.  For example, low-rank coal can be upgraded during HTC, 

due to the mild acidic condition which is responsible to increase the sulphur removal 

efficiencies (Alvarez et al., 2003). The acidic solutions are produced during HTC of biomass 

via decarboxylation and dehydration reactions (Lynam et al., 2015). Thus, Co-HTC has the 

potential to further improve the coal synergistically utilising acids produced during HTC of 

biomass. Furthermore, the polymerization-condensation reactions can be influenced by the 

presence of a porous or metal structure, hence, resulting in the increase of hydrochar yield. 

(Mumme et al., 2015). The surface of coal can act as a potential condensation site in the Co-

HTC process which can aid in the overall formation of hydrochar from feedstock during the 

Co-HTC process (Saba et al., 2017). Moreover, better homogeneity of biomass-coal blends 

might be achieved by Co-HTC treatment which will possibly reduce the high cost of the solid-

to-solid mixture having different densities.  

To date, limited studies have been conducted on HTC of mixed feedstocks, and even fewer on 

HTC mixture of biomass and coal. Recently, a study carried out using HTC treatment of sewage 

sludge and pinewood showed positive synergistic effects like nutrient concentration, reduction  

in  ash  content  and  increase  in  the  densities  of  the  functional  group  due  to interaction 

during HTC (Zhang et al., 2017b). Saba et al. (2017) carried out Co-HTC of lignocellulosic 

biomass and bituminous coal mixture simultaneously at a temperature of 200-260 ºC. The 

authors reported the high calorific value of 27 MJ/kg from Co-HTC of biomass and coal and 

>70% decrease (from 11% to 3%) in the ash content, while pelletization of Co-HTC hydrochar 

had higher energy and mass densities.  

Pelletization is a process in which a material is compressed into a shape like a pellet. According 

to Li et al. (2018) pelletization of HTC hydrochar is very important in increasing mass and 

energy densities, and strength and enhancing hydrochar transportability and storability. 

Pelletization of coal and hydrochar is considered to be useful, as it not only increases the fuel 
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quality, but it also enables the hydrochar to hold coal particles in van interlock matrix (Liu et 

al., 2016). However, Zhai et al. (2018) reported that food waste hydrochar possess a very poor 

mechanical strength due to low lignin content as proteins and carbohydrates are the main 

components of food waste. The  authors,  also  reported  that  different  kinds  of  binders  can  

be  used  to  increase  the mechanical strength of food waste pellets. Studies involving low-

rank lignite coal and biomass such as food waste are not reported for Co-HTC process. 

Furthermore, given the various advantages of pelletization as discussed above, the overarching 

objectives of this study were: (1) to evaluate the fuel quality of hydrochars produced by Co-

HTC of food waste and coal at different HTC temperatures; (2) to examine the physiochemical 

and synergistic effects on hydrochars from HTC of individual biomass compared  to Co-HTC;  

and  (3)  to  investigate  the  effect  of  pelletization  on  the mechanical strength, mass and 

energy density of the hydrochars. 

 

4.2 Materials and methods 

4.2.1 Materials 

 

The composition of food waste varies widely from place to place and is country specific. 

Therefore, in order to use a consistent approach, a standard food waste was prepared in the 

laboratory following the protocol developed by Komilis and Ham (2006). All the food products 

obtained from a grocery store, weighed in equal proportion and were mixed homogeneously 

using a food blender. The blended food waste was stored at 4 ºC prior to their use. The 

composition of food waste can be found in Table 3.1. Low-rank lignite coal with a moisture 

content of 21% was purchased from Solid Energy New Zealand. The coal was ground and 

sieved down to particle size of 40 to 60 mesh. Coal was dried in an oven for 24 h at 105 ºC and 

stored before using in Co-HTC.   
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4.2.2 Hydrothermal carbonization 

 

All HTC of food waste, coal and Co-HTC experiments were carried out using a 1L batch high-

temperature high pressure vessel (Amar equipment India. Schematic of the experimental setup 

is shown in Figure 4.1. All HTC and Co-HTC experiments were performed using 100 g of 

feedstock mixed in 600 mL of deionized water. The reactor was purged with 30 bar of N2 and 

continuously stirred at 600 rpm each time. It should be noted that all the Co-HTC experiments 

used the same ratio of feedstock to deionized water; however, the feedstock blend contained 

50 wt % food waste to 50 wt % coal mixture. This 1:1 food waste to coal mixture was selected 

for the experimental simplicity as previously adopted by Saba et al. (2017). 
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Figure 4.1. Hydrothermal carbonization experimental setup schematic 

 

Preliminary studies revealed at eight different temperatures (175, 200, 225, 250, 275, 300, 325 

and 350 °C) showed that changes in physiochemical properties of hydrochar were very minor, 

increased in  carbon  content  was  also  negligible;  an  important  factor  for  energy application 

of hydrochar. Additionally, <200 °C the food waste was not properly carbonized and >300 °C 

the yield of hydrochar was even less than 4%, which was hard to perform physiochemical 

analysis. It is to be noted that above 300 °C, hydrochar obtained was very sticky and it was 

hard to remove from the reactor. Therefore, hydrothermal carbonization was  carried  out  

separately  on  food  waste,  coal  and  blend  slurries  at three different temperatures (200, 250 

and 300 °C) with a  residence  time of  1 hr. After the reaction, the reactor was allowed to cool 
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down and was then opened at room temperature.  Gaseous products were released in the fume 

hood. The hydrochar was separated from the liquid through vacuum filtration using a Whatman 

filter paper (11 µm). The impurities on the hydrochar were removed by washing with deionized 

water and the hydrochars were dried in an oven for 24 h at 105 ºC and stored for further 

analysis. 

   

4.2.3 Characterization of hydrochar 

 

The  moisture  content,  ash  content  and  volatile  matter  contents  of  the  hydrochars  and 

feedstock  were  determined  using  an  ASTM  D1762-84  standard  method.  An Elemental 

Analyser (Thermo Flash 2000) was used to determine the elements (C, H, N, S and O) present 

in the hydrochars and feedstock. The hydrochar and feedstock samples were placed in a tin 

capsule and were dropped in a tube having copper and tungsten oxide as a catalyst. The high 

heating value (HHV), energy density and yield of the hydrochars and feedstock were calculated 

using the Dulong Equation previously used by Elaigwu and Greenway (2016). Scanning 

electron microscopy (SEM) of the hydrochars and feedstock was carried out using a FEI 

Quanta 200 F (FEG = Field Emission Gun). The BET (Brunauer Emmett Teller) surface area,  

nitrogen  desorption  and  adsorption  rates  were  measured  using  a  TriStar  3000 instrument.  

Thermal gravimetric analysis (TGA) of the hydrochars and feedstock were carried out using a 

TG/DTG Shimadzu-50 series with 75 mL/min of air flow, a heating rate of 15 ºC/min and a 

holding time of 10 min at 900 ºC. 
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4.2.4 Hydrochar Pelletisation 

 

Different kinds of binder like lignin, starch, crude glycerine and molasses are used for fuel 

particles to increase the mechanical strength of pellets (Kaliyan & Morey, 2009; Zhai et al., 

2015). According to Das et al. (2015) molasses is generally used  as a binder for making coal 

briquettes in order to improve the mechanical and fuel properties. Therefore, In this study a  

molasses was used as a binder which is recommended by Zhai et al. (2018). Previous literature  

states  that  generally  10-20%  w/w  of  molasses  is  helpful  in  improving  the mechanical 

strength of pellets (Mišljenović et al., 2016; Ward et al., 2014).  Mišljenović et al. (2016) used 

wheat straw and straw bales and mixed them in sugar beet molasses at two different proportions 

(1.5% and 3%). Results showed that high pellet strength was obtained when pelleting was done 

at low temperature (<glass transition point). Molasses also played a vital role in producing 

pellet with high bulk density with low moisture content. Ward et al. (2014) treated human waste 

under pyrolysis process at 300, 450 and 750 °C for 2 hours. Starch, molasses and lime were 

used in different binding ratio to prepare briquettes. The  results  showed  that  strongest  

briquettes  were  obtained   made  by  using  20%  of molasses. 

Some preliminary experiments exhibited similar findings of hydrochar with 20% w/w molasses 

addition having maximum compression force and small compression distance as shown in 

Table 4.1. Hence, 20% w/w of molasses was selected as a binding ratio. The pelletization was 

carried out using a stainless steel single press die of 13 mm.  Approximately 0.5g of the sample 

was pressed at room temperature with a pressure of 16 MPa and were held for at least 30s. The 

molasses and dry hydrochars were mixed in a bowl for 10 minutes before pelletization. All the 

samples were placed in an oven for 4 h at 105 °C. A digital calliper was used to record the 

dimensions of the pellets and they were stored for one week at 4 °C. The length expansion was 

calculated using the following equation:  
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𝐿𝑒𝑛𝑔𝑡ℎ 𝑒𝑥𝑝𝑎𝑛𝑠𝑖𝑜𝑛 =
𝐿𝑖 − 𝐿𝑓

𝐿𝑓
 

Where Li represents the initial pellet length and Lf represents the length of the pellet after one 

week. The tensile strength of the pellets was measured using an Instron universal tester. The 

pellets were placed horizontally between the two anvils with a compression force until the 

pellet was broken. The tensile strength was calculated using the following equation: 

𝑇𝑠 =
2𝑓

𝜋𝑙𝑑
 

Where f represents the maximum force applied, while l and d are the length and diameter of 

the pellets, respectively. The equilibrium moisture content (EMC) of the pellets was measured 

using a humidity chamber at 25 °C with 60% relative humidity. Mass and energy density of 

the pellets were also calculated. 

  

(4.1) 

(4.2) 
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Table 4.1. Compressive force and distance travelled with different percentage of binder. 

 Binder (%) Compressive force (kgf) Distance (mm) 

Food waste 

 

0 11.5 ± 0.58 1.5 ± 0.45 

10 15.3 ± 0.45 1.4 ± 0.34 

15 18.1 ± 0.95 1.2 ± 0.78 

20 21.4 ±1.10 1.1 ± 0.84 

Coal - - - 

10 8.3 ± 0.87 1.8 ± 0.94 

15 13.6 ± 0.45 1.5 ± 0.64 

20 17.2 ± 0.58 1.3 ± 0.68 

Blend 0 11.2 ± 0.35 1.5 ± 0.35 

10 16.6 ± 0.37 1.3 ± 0.55 

15 19.4 ± 0.67 1.2 ± 0.64 

20 22 ± 0.45 1.1 ± 0.69 
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4.3 Results and discussion 

4.3.1 Hydrochar mass and energy yield 

 

The mass yield of raw biomass and hydrochars of coal, food waste and blends with respect to 

the operating conditions are summarised in Table 4.2. Mass yield of food waste treated with 

the HTC process resulted in a significant decrease as the temperature was increased, with the 

lowest level of yield of 5.6% at 300 °C. This decrease was attributed to the primary and 

secondary hydrothermal decomposition of food waste during the HTC process (Pińkowska et 

al., 2011). Particularly, the polymers (cellulose, hemicellulose and lignin) present in food waste 

undergo dehydration and decarboxylation reactions, resulting in the decomposition of food 

waste constituents into liquid and gaseous products (Reza et al., 2014c). The mass yield of coal 

treated under the HTC process displayed a minor decrease; the lowest yield at the highest 

treated temperature was 92.3 %. These minor changes in mass yield prove that less reactions 

took place between the water and coal during the HTC process, which could be attributed to 

the high thermal stability of sub-bituminous low-rank coal. The mass yield for Co-HTC of the 

coal-food waste blends decreased to 71.1% at the highest temperature. It is to be noted that 

mass yields of all Co-HTC blends are lower than the mass yields for HTC of coal but higher 

than HTC of food waste. In Co-HTC of the blend, food waste is mostly responsible for the 

decrease in mass yields; however, the stability in the blend is due to the presence of coal which 

is responsible for keeping higher mass yields than the HTC of food waste.  

The energy yield and densification ratio of food waste, coal and blend are summarised in Table 

4.2. The energy yield can be defined as the product of the mass yield and HHV of hydrochar / 

HHV of feedstock. The energy yield of food waste HTC increased from 10.4 % to 11.6 % when 

the temperature was raised from 200 to 300 ºC. The energy yield of coal also showed a slight 

increase from 97.2 % at 200 ºC to 100% at 300 ºC respectively. It is noteworthy that the food 
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waste HTC exhibited low energy yield due to small mass yield produced during the HTC 

process. The energy yield of Co-HTC was higher than food waste HTC but lower than coal 

HTC which was again in agreement with the findings reported by Saba et al. (2017). The energy 

yield of Co-HTC slightly increased from 81.1 % to 82.1 % when the temperature was increased 

from 200-300 ºC. The high mass and energy yield of coal proves its unique hydrothermally 

stable nature during HTC. This stable nature of coal is solely responsible for the higher energy 

yield during the Co-HTC process compared to food waste HTC (Saba et al., 2017).  

The energy densification ratio can be defined as the energy content of the hydrochar divided 

by the energy content of the feedstock. The energy densification ratio for food waste, coal and 

blend ranged from 1 to 2. The highest energy densification ratio was observed for food waste 

treated at 300 °C. The coal and blend hydrochars energy densification ratio were round 1 due 

to the small difference between the HHV of hydrochars and feedstock.  
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Table 4.2. Mass yield, HHV, energy yield and ash contents of food waste, coal and blend 

after HTC and Co-HTC processes. 

 Condition 

(º C) 

Mass Yield  

(%) 

HHV 

(MJ/kg) 

Energy yield 

(%) 

Energy 

densification 

ratio 

Ash 

(%) 

Food Waste Raw - 15.1 ± 1.34 - - 6.4 ± 0.54 

200 7.6 ± 0.22 20.8 ± 0.65 10.4 ± 1.11 1.3 ±0.25 4.5 ± 0.71 

250 6.1 ± 0.65 28.8 ± 0.55 11.6 ± 0.79 1.9 ±0.74 3.1 ± 0.68 

300 5.6 ± 0.74 31.1 ± 0.38 11.6 ± 0.59 2 ± 0.54 2.2 ± 0.18 

Coal Raw - 28.8 ± 0.58 - - 7.4 ± 0.47 

200 96± 0.58 29.2 ± 0.78 97.2 ± 0.45 1 ± 0.24 6.6 ± 0.61 

250 94.2 ±1.15 30.1 ± 0.94 98.3 ± 0.85 1 ± 0.64 6.8 ± 0.58 

300 92.3 ± 0.85 31.4 ± 1.15 100.4± 0.45 1 ± 0. -49 5.5 ± 0.67 

Blend 200 79.5 ±0.85 25.3 ± 0.54 81.1 ±1.45 1 ± 0.44 4.3 ± 0.25 

250 74.1 ± 1.24 26 ± 0.84 77.9 ± 0.47 1 ± 0.67 4.5 ± 0.61 

300 71.1 ±1.34 28.6 ± 0.69 82.1 ± 1.14 1.1 ± 0.74 3.4 ± 0.53 
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4.3.2 Fuel properties 

4.3.2.1 High heating value 

 

Raw food waste exhibited an HHV of 15.1 MJ/kg which increased from 20.8 MJ/kg to 31.1 

MJ/kg upon HTC with temperature increment from 200-300 °C (Table 4.2). Food waste 

displayed an approximately 105% increase in HHV, findings similar to those reported by 

Mumme et al. (2011) and  Hoekman et al. (2011) for municipal waste and lignocellulosic 

biomass. Raw coal displayed a relatively high HHV of 28.8 MJ/kg as compared to raw food 

waste. The HHV of coal slightly increased from 28.8 MJ/kg to 29.2 MJ/kg after HTC treatment 

at 200 ºC. The highest coal HHV of 31.4 MJ/kg was achieved at 300 ºC, which is similar to the 

HHV of food waste treated at the same temperature. Shui et al. (2012) treated sub-bituminous 

coal at different temperatures (150-350 °C) and showed promising results for the elementary 

analysis of samples. Using the elementary analysis data the HHV was calculated, which ranged 

between 30-31.6 MJ/kg, similar to the HHV of coal obtained in the present study. There have 

been a few HTC studies conducted with  mixed coal with biomass in order to increase its HHV 

(Idris et al., 2010; Saqib et al., 2018); however, only a few authors have explored blending 

feedstock such as sewage sludge and lignocellulosic biomass with coal for HTC (Parshetti et 

al., 2013; Saba et al., 2017). For instance, recently, Saba et al. (2017) used a blend of coal and 

lignocellulosic biomass and found that the HHV showed a slight increase from 24.8 to 27.3 

MJ/kg when treated at 200 to 260 °C. Earlier Parshetti et al (2013) demonstrated through HTC 

of sewage sludge with coal at 250 °C to obtain an energy density of 15.82 MJ Kg-1. 

In the present study, Co-HTC hydrochars also showed an increase in HHV from 25.3 to 28.6 

MJ/Kg similar to Saba et al. (2017). As expected, the highest HHV of the blend was achieved 

at 300 ºC, however, this highest HHV of the blend is slightly low compared to the HTC of coal 

and food waste treated at the same temperature. This may be attributed to the additional 
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interactions between feedstock as both are of different types and possess different 

decomposition and reactivity. Therefore, Co-HTC of food waste and coal can occur with some 

effects on hydrochar properties (Zhang et al., 2017b). The Co-HTC hydrochar are more 

beneficial as they possess relatively similar HHV to coal and food waste HTC hydrochar; 

moreover, the mass yield of Co-HTC hydrochar is higher than HTC hydrochar of food waste 

and lower ash content than HTC hydrochar of coal. 

 

4.3.2.2 Ultimate analysis 

 

Table 4.3 summarises the ultimate analysis of the feedstock and hydrochars obtained via HTC 

and Co-HTC.  Food waste carbon content displayed nearly a two-fold increase (from 39.5% to 

73.4%), almost similar to untreated coal. The oxygen content of food waste hydrochars showed 

a decrease from 47.7% to 17.1%, while the carbon (C) content increased with increasing HTC 

temperature for both coal and blend samples. This trend was obvious given the dehydration, 

decarboxylation and condensation reaction during the HTC process  (Hoekman et al., 2011).  

Similar findings were also reported by Kaushik et al. (2014), where the carbon content of food 

waste increased from 38% to 65% after HTC treatment. Hydrogen and nitrogen content showed 

a slight decrease while sulphur content remained unchanged. The carbon content of raw coal 

HTC showed about 10% increase when treated at 200 °C; however, a small increase was 

observed at 250 and 300 °C.  The oxygen content started to decrease as the temperature was 

increased and the lowest oxygen content of 7.8% was recorded at temperature 300 °C.  This 

decrease in oxygen content and increase in carbon content justifies the increase in HHV after 

treatment (Wang et al., 2018b). Nitrogen and hydrogen content showed minor changes, 

however, sulphur content again remained the same and was < 0.3%. The carbon content of Co-

HTC blend increased by 15.8% from 200 ºC to 300 ºC, while oxygen content decreased from 
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24.1 to 14.4 % at temperatures  200 to 300 ºC. Nitrogen content decreased considerably from 

4.5 % to 0.9 %, sulphur content was detected <0.3% and a slight decrease in hydrogen content 

was observed. Lower values for nitrogen were due to that fact that it is likely to leach to the 

liquid phase and no nitrogen is generally detected in the gas phase as reported in an earlier 

study (Hoekman et al., 2011).  

The ultimate analysis data (Table 4.3) were used to plot the Van Krevelen diagram (Figure 4.2) 

which shows that the hydrochar near to the origin in Figure 4.2 represents higher fuel quality 

(coal) while the hydrochar away from origin represents lower fuel quality (biomass). HTC food 

waste displayed a vast up-gradation in the fuel quality due to the decarboxylation and 

dehydration reaction that took place at the high reaction temperature (Hoekman et al., 2011); 

however, untreated coal was much closer to the origin of Figure 4.2 as compared to food waste 

having undergone the decarboxylation reaction and shifted to the further left side in Fig. 2 

indicating a decrease in oxygen content. 
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Figure 4.2. Van Krevelen diagram of coal, hydrochars and blends of HTC and Co-HTC 

processes.
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Table 4.3. Elemental analysis of food waste, coal and blends prepared at different temperatures via HTC and Co-HTC processes 

 Condition(º C) C (%) N (%) H (%) S (%) O (%) 

Food Waste Raw 39.5  ± 0.47 5.7 ± 0.41 7.3 ± 0.41 <0.3 47.7 ± 0.35 

200 62.7 ± 0.53 4.3 ± 0.55 7.2 ± 0.84 <0.3 24.8 ± 0.64 

250 68 ± 0.78 4.4 ± 0.27 7 ± 0.34 0.3 ± 0.41 20.0± 0.78 

300 73.4 ± 0.71 5.1 ± 0.64 7 ± 0.12 <0.3 17.1 ± 0.84 

Coal Raw 74 ± 0.47 1.1 ± 0.54 5.5 ± 0.42 0.3 ± 0.84 19.1 ± 0.65 

200 84.2 ± 1.2 1.5 ± 0.41 2.4 ± 0.21 <0.3 11.5 ± 0.47 

250 85.9 ± 0.54 1.2 ± 0.22 2.5 ± 0.78 0.3 ± 0.15 10 ± 0.54 

300 87.4 ± 1.22 1.7 ± 0.68 2.7 ± 0.74 0.3 7.8 ± 0.71 

Blend 200 65.4 ± 0.64 4.5 ± 0.97 5.6 ± 0.54 <0.3 24.1 ± 0.37 

250 70.3 ± 1.40 0.8 ± 0.47 4.9 ± 0.47 0.3 ± 0.41 23.6 ± 1.20 

300 81.2 ± 0.85 0.9 ± 0.7 3.1 ± 0.78 <0.3 14.4 ± 0.47 
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4.3.2.3 Proximate analysis 

 

The values for ash content, volatile matter and fixed carbon contents during the HTC and Co-

HTC processes are shown in Figure 4.3. Ash is mostly inactive during the HTC or Co-HTC 

process, hence, reacting and breaking down of biomass constituents allows inorganic elements 

to pass easily into a liquid phase (Lynam et al., 2015). The ash content present in food waste 

showed nearly 66% reduction (6.4% to 2.2%) during the HTC process. The ash content of 

untreated coal was 7.4%, which reduced further to 6.6% at 200 ºC. The ash content slightly 

increased to 6.8% at 250 ºC, however, more reactions took place at 300 ºC which allowed 

vigorous discharge of ash, resulting in a decrease of overall ash content down to 5.5%. In the 

Co-HTC reaction, coal and food waste blend allowed ash to transfer from the solid into a liquid 

and gas phase and this could be mainly attributed to the decomposition of food waste in a coal-

food waste blend resulting in an acidic medium (Saba et al., 2017). All Co-HTC reactions 

showed lower ash content than coal HTC and hydrochars. The lowest ash content of 3.4 % 

from the Co-HTC blend was obtained at 300 ºC, while the  ash content of untreated coal 

significantly decreased after treating with the HTC and Co-HTC processes.  

During the HTC and Co-HTC processes, all the samples exhibited a decrease in volatile matter 

content and an increase in fixed carbon. Raw food waste contained the highest percentage of 

volatile matter (79.1%), which, however, was reduced to 50.3% after HTC at 300 ºC. 

Moreover, the fixed carbon content was found to increase from 15% to 47% after HTC 

treatment. The untreated coal had about 35.5% of volatile matter which reduced to 29.5% after 

HTC at 300 ºC. On the other hand, fixed carbon raised from 57% to 65% during the same 

reaction condition. Lastly, Co-HTC of food waste and coal blend also showed a decrease in 

volatile matter from 48.2 % to 39.5 % and an increase in fixed carbon from 47.1 % to 58%. 

According to Kalderis et al. (2014), the decrease in volatile matter and increase in fixed carbon 
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is due to the polymerization and condensation reaction that took place during HTC. Moreover, 

Putra et al. (2018) stated that at high temperature volatile matters are likely to be evaporated 

and released into the atmosphere. 

 

Figure 4.3. Ternary diagram of ash, volatile and fixed carbon for coal, food waste and blends 

via HTC and Co-HTC processes 

 

4.3.2.4 Surface morphology 

 

Microscopic investigation of food waste, coal and blend samples were carried out at a 

magnification of 800x which showed an interesting modification in the morphological 

characteristics. Visual observation suggested that food waste exhibited an unstructured and 
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flaky appearance as shown in Figure 4.4 (a). However, Figure 4.4 (b) shows that food waste 

produced at HTC 300 °C had some surface morphological transformation likely due to the 

degradation of a lignocellulosic component of the biomass. In Figure 4.4 (c) and (d) represent 

the morphology of coal before and after HTC and it can be clearly visualised that there was a 

transformation of coal after HTC in the form of a honeycomb structure indicating large pore 

diameters. In Figure 4.4 (e), coal has been surrounded by food waste hydrochar indicating that 

coal may serve as a reaction site for food waste particles which are in contact with coal. The 

growth of food waste hydrochar on the coal surface showed the homogeneity of both the 

feedstock. The surface interaction of food waste, coal and blend hydrochars treated at 300 ºC 

were examined using nitrogen adsorption and desorption as shown in Figure 4.5. The average 

pore diameters of coal, food waste and the blend were 19, 7, and 9 nm respectively, an 

indication of the mesoporous nature of all hydrochars (Saba et al., 2017). The large pore 

diameter of coal HTC hydrochar can permit food waste to adsorb on it, which could result in 

the reduction of pore diameter for Co-HTC hydrochar.  
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Figure 4.4. SEM analysis of (a) Food waste, (b) Food waste HTC 300 °C, (c) Coal raw, (d) 

Coal HTC 300 °C and (e) Blend Co-HTC 300 °C 

 

(a) (b) 

(c) (d) 
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Figure 4.5. Isothermal adsorption and desorption of food waste HTC 300°C, coal HTC 300 

°C and blend Co-HTC 300 °C. 
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4.3.3 Combustion properties 

 

The combustion behaviour of coal, food waste and the blend were investigated using TGA 

analysis as shown in Figure 4.6. Food waste displayed a rapid weight loss of 96% between 170 

to 860 ºC. However, the food waste at HTC 300 ºC showed a relatively slow weight loss as 

compared to the raw food waste because the HTC process increased the fixed carbon content 

of food waste from 15% to 47% and decreased the volatile matter content from 79.1% to 50.3%. 

It can be observed that the food waste HTC at 300 ºC lost 93% of its weight between 245 to 

856 ºC (Figure 4.6). The untreated coal showed a slightly slower mass loss of 80% from 486  

to 865 ºC while coal HTC 300 °C had resulted in only 22% of mass loss from 510 to 885 °C. 

The difference between these mass losses could be attributed to the decrease in volatile matter 

content from 35.5% to 29.5%. The Co-HTC 300 °C showed 34% of the mass loss occurred 

between 320 to 880 °C. The blend has lower volatile content than the food waste HTC and 

similar fixed carbon content to raw coal. The combustion rate of the blend was found to be 

similar to the coal HTC at 300 °C than what was observed for the food waste HTC at 300 °C. 

The food waste DTG curve showed a peak at 303 ºC which is lower than the food waste HTC 

300 °C. The raw coal peak appears at 612 ºC while treated coal displayed a peak at a much 

higher temperature (670 °C), which is likely due to the presence of high carbon content in the 

coal which does not decompose rapidly (Lu et al., 2013). The blend showed DTG peak at 661 

°C, which is similar to treated coal. Given hemicellulose decomposes at 200-300 ºC and 

cellulose at 300-400 ºC, a rapid change in the mass loss as observed in the DTG curve was 

mostly due to the decomposition of cellulose and hemicellulose (Yang et al., 2007). 

Municipal solid waste (MSW) holds a high amount of volatile matters, which is released very 

quickly during the HTC process as compared to coal in which volatilization results in 

exceptional weight loss (Muthuraman et al., 2010a). The combustion parameters of hydrochars 
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and blend are shown in Table 4.4. The ignition temperature (Ti) of food waste was very low as 

expected due to the presence of a high percentage of volatile matter in the food waste which 

was already discussed in section 4.2.2.3. However, the food waste at HTC 300 ºC showed much 

higher (Ti) of which is due to the fact that hydrochar produced at high temperature has less 

volatile matters (Wang et al., 2018a). Raw coal and coal treated at 300 °C showed the highest 

(Ti) due to its more thermal stability at high temperature. The ignition temperature of blend 

was 322 °C, which justifies that food waste present in the blend starts to ignite early compared 

to coal in blend. The burnout temperature (Tb) of coal samples was the highest, however, it was 

reduced in the case of blend. The DTG peak temperature and maximum weight loss rate (Rm) 

is also mentioned in Table 4.4. In general, food waste during HTC reduced the (Ti) and 

therefore the Co-HTC of food waste and coal is more suitable for combustion having high 

thermal stability (Liu et al., 2014).  
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Figure 4.6. TGA (a) and DTGA (b) analysis of food waste HTC 300°C, coal HTC 300 °C and 

blend Co-HTC 300 °C.    
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Table 4.4. Combustion parameters of food waste, coal and blend obtained from HTC and Co-

HTC processes. 

Sample Ti (°C) Tb (°C) DTG peak temperature 

(°C) 

Rm (mg/s) 

Food waste 159 696 305 -0.004 

Food waste HTC 300 °C 245 874 465 -0.002 

Coal Raw 439 877 626 -0.003 

Coal HTC 300 °C 550 885 674 -0.0008 

Blend 322 798 678 -0.0006 

 

 

4.3.4 Pelletisation of HTC and Co-HTC products 

 

The mass densities of HTC and Co-HTC hydorchars were measured while the energy densities 

of HTC, and Co-HTC hydrochars were calculated to determine the effect of pelletisation of 

these products. Pelletisation of food waste hydrochar produced at 200 ºC had possessed 

considerably higher mass density than raw food waste pellet as shown in Table 4.5. A plausible 

explanation for this could be the lignin content in the hydrochar, which can act as a major 

binding agent for the production of different kinds of the pellets. HTC hydrochar also acts as a 

binder due to the increase in the lignin content of treated biomass (Wongsiriamnuay & 

Tippayawong, 2015). The mass density of food waste pellet treated at 300 ºC unexpectedly 

decreased as compared to pellet of raw feedstock which could be attributed to the increase in 

Ti =Ignition temperature, Tb = burnout temperature, Rm =Maximum weight loss rate.  
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hydrochar porosity as observed at  300 ºC (Zhang et al., 2017b) and given the fact that lignin 

starts to decompose at a broader temperature range (200-500 °C). Coal HTC hydrochars 

showed a decrease in mass density as shown in Table 4.5, likely due to porous pellets, which 

prevents coal from making more compact and strong pellets  (Liu et al., 2016). Furthermore, 

Opaprakasit and Painter (2003) stated that untreated coal does not possess a  glass transition 

phase prior to thermal decomposition, however, this glass transition can be observed at higher 

temperatures. Glass transition temperature plays an important role in calculating pellet 

durability of amorphous solids. Therefore, untreated coal cannot form a strong and solid pellet 

and is not more thermally stable as compared to treated coal (Stelte et al., 2011). The mass 

density of Co-HTC pellets showed a slight increase corresponding to an increase in 

temperature. It should be noted that, the mass density of the Co-HTC pellets were higher than 

the mass density of the coal HTC pellets which could be attributed to the presence of food 

waste in the blend. Thus, coal present in the blend of Co-HTC could potentially utilize treated 

food waste along with molasses as a binder in  making a high mechanical strength  pellet with 

high mass density. 
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Table 4.5. Length expansion, tensile strength, mass and energy density, and EMC of food 

waste, coal and blend from HTC and CO-HTC processes. 

 

 

Condition 

(°C) 

Length 

expansion 

(%) 

Tensile 

strength 

(Naghdi 

et al.) 

Mass density 

(Kg/m3) 

Energy density 

(GJ/m3) 

EMC 

(%) 

Food 

waste 

Raw 4.3 ± 0.85 2.5 ± 0.45 1114 ± 0.11 22.2 ± 0.85 8.2 ± 0.5 

200 3.6 ± 0.25 2.8 ± 0.65 1395 ± 0.57 27.9 ± 0.58 5.2 ± 0.55 

250 2.4 ± 0.45 2.9 ± 0.44 1295 ± 0.69 38.8 ± 0.65 3.4 ± 0.25 

300 1.8 ± 0.66 3.2 ± 0.28 1300 ± 0.51 39 ± 0.24 2.6 ± 0.67 

Coal Raw 3.5 ± 0.87 2 ± 0.47 1195 ± 0.28 35.8 ± 0.68 4.6 ± 0.87 

200 3.7 ± 0.41 2.1 ± 0.64 1106 ± 0.64 33.1 ± 0.85 4.1 ± 0.68 

250 2.8 ± 0.94 2.4 ± 0.56 1085 ± 0.34 32.5 ± 0.45 3.2 ± 0.87 

300 2.2 ± 0.54 2.7 ± 0.57 1070 ± 0.27 32.1 ± 0.84 2.5 ± 0.73 

Blend 200 3.1 ± 0.35 3.1 ± 0.94 1213 ± 0.55 36.3 ± 0.54 3.5 ± 0.74 

250 2.2 ± 0.22 3.6 ± 0.45 1245 ± 0.74 37.3 ± 0.45 2.7 ± 0.51 

300 1.5 ± 0.81 4.5 ± 0.67 1280 ± 0.85 38.4 ± 0.54 1.5 ± 0.37 
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4.3.4.1 Tensile strength of pelletisation 

 

In this study, the tensile strength of the food waste, coal and blend pellets are illustrated in 

Table 4.5. Lignin act as a natural binder in pelletization of hydrochar (Kaliyan & Morey, 2009); 

however, in this study food waste possesses low levels of lignin and thus has poor mechanical 

properties. All hydrochar pellets displayed relatively low tensile strength ranging from 2.1-4.5 

MPa. According to Kambo and Dutta (2014a) hydrochar pellets contained cracks on their 

surface, which is due to low attraction forces between hydrochar particles, thus resulting in low 

mechanical strength of the pellets. The tensile strength of the food waste pellet was 2.5 MPa 

which increased to 3.2 MPa after treating at 300 °C. A similar increase in tensile strength was 

observed in coal and blend from 2-2.7 MPa and 3.1-4.5 MPa. The blend treated at 300 °C had 

the highest tensile strength of 4.5 MPa.  However, coal had the lowest tensile strength due to 

the absence of glass transition phase, which play a vital role in the pelletisation process and 

cannot form strong pellets (Opaprakasit & Painter, 2003). Molasses as a binder plays a vital 

role in creating a solid bridge between the particles of hydrochar due to the soluble sugar 

present in molasses which recrystallizes after drying (Mišljenović et al., 2016). The high 

concentration of oxygenated groups present on the surface of hydrochar behaves like 

nucleophilic sites, which react with electrophilic sites present on the surface of the molasses. 

Hence, the functionalities of hydrochar in interaction with molasses can be increased by the 

chemical crosslinking and polymerization, resulting in an increase of mechanical strength (Zhai 

et al., 2018).  
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4.3.4.2 Hydrochar mass density, energy density and EMC 

 

The mass densities of HTC and Co-HTC hydorchars were measured while the energy densities 

of HTC, and Co-HTC hydrochars were calculated to determine the effect of pelletisation of 

these products. Pelletisation of food waste hydrochar produced at 200 ºC had possessed 

considerably higher mass density than raw food waste pellet as shown in Table 4.5. A plausible 

explanation for this could be the lignin content in the hydrochar, which can act as a major 

binding agent for the production of different kinds of the pellets. HTC hydrochar also acts as a 

binder due to the increase in the lignin content of treated biomass (Wongsiriamnuay & 

Tippayawong, 2015). The mass density of food waste pellet treated at 300 ºC unexpectedly 

decreased as compared to pellet of raw feedstock which could be attributed to the increase in 

hydrochar porosity as observed at  300 ºC (Zhang et al., 2017b) and given the fact that lignin 

starts to decompose at a broader temperature range (200-500 oC). Coal HTC hydrochars 

showed a decrease in mass density as shown in Table 4.5, likely due to porous pellets, which 

prevents coal from making more compact and strong pellets  (Liu et al., 2016). Furthermore, 

Opaprakasit and Painter (2003) stated that untreated coal does not possess a  glass transition 

phase prior to thermal decomposition, however, this glass transition can be observed at higher 

temperatures. Glass transition temperature plays an important role in calculating pellet 

durability of amorphous solids. Therefore, untreated coal cannot form a strong and solid pellet 

and is not more thermally stable as compared to treated coal (Stelte et al., 2011). The mass 

density of Co-HTC pellets showed a slight increase corresponding to an increase in 

temperature. It should be noted that, the mass density of the Co-HTC pellets were higher than 

the mass density of the coal HTC pellets which could be attributed to the presence of food 

waste in the blend. Thus, coal present in the blend of Co-HTC could potentially utilize treated 
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food waste along with molasses as a binder in  making a high mechanical strength  pellet with 

high mass density. 

Overall, the energy density of treated food waste and Co-HTC blend increased from 22.2 GJ/m3 

to 39 GJ/m3 and 36.3 GJ/m3 to 38.4 GJ/m3, respectively. However, the energy density of coal 

HTC decreased from 35.8 GJ/m3 to 32.1 GJ/m3 with an increase in temperature which resulted 

in low mass density of coal HTC. The high heating value of hydrochars and pellet making 

capability was likely to be the main reason for the increase in energy density of treated food 

waste and Co-HTC blend. 

The EMC of the pellet samples are shown in Table 4.5. The storage properties of the solid fuel 

are closely related to the EMC of the pellets. The high percentage of EMC results in low HHV, 

high transportation cost and biodegradation (Hu et al., 2015; Reza et al., 2015b). Food waste 

contains the highest percentage of EMC which is 8.2%, which decreased to 2.6% at 300 °C. 

This decrease in EMC is due to the high carbonization and rapid release of the hydrophilic 

functional group in food waste during the HTC process (Hoekman et al., 2017; Reza et al., 

2014b). Raw coal had about 4.6% of EMC which also reduced with increase in temperature 

and showed an almost similar EMC as compared with food waste treated at 300 °C. The lowest 

(1.5%) EMC was obtained by the blend at 300 °C. It can be clearly observed  that the 

temperature plays a vital role in reducing the EMC content, resulting in the dehydration at high 

temperature (Liu et al., 2013).  
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4.4 Conclusions 

 

This study demonstrated that Co-HTC of food waste and coal with 1:1 is a promising method 

to increase the HHV considerably up to 31.4 MJ/Kg, while reducing the ash content to as low 

as 2.2%. The TGA analysis showed that the combustion of food waste during HTC reduced 

the ignition temperature and therefore the Co-HTC of food waste and coal is more suitable for 

combustion having high thermal stability. Co-HTC hydrochar possesses the same benefit of 

low ash as food waste hydrochar, while maintaining high combustion and HHV of coal. 

Molasses played an important role in the formation of pellets to creating a solid bridge between 

food waste and coal by recrystallization and thus, the blend at 300 °C showed the highest tensile 

strength of 4.5 MPa. Through this study, we demonstrated that food waste co-blending with 

coal is a viable option for HTC to convert into hydrochar and products having high energy 

yield and mass density. Co-HTC of food waste and coal at 300 °C is recommended for domestic 

applications.  
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CHAPTER 5: Removal of carbamazepine and naproxen 

using activated hydrochar obtained from hydrothermal 

carbonization of food waste 
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Abstract 

 

Food waste was converted into hydrochar at three different temperatures using the 

hydrothermal carbonization process to study the impact of temperature on the properties of 

hydrochars. Moreover, food waste hydrochar was chemically activated using phosphoric acid. 

Activated and non-activated food waste hydrochars were investigated to remove 

carbamazepine and naproxen from aqueous solution. The physiochemical and surface 

properties of activated and non-activated hydrochars were investigated in detail. Hydrothermal 

carbonization of food waste resulted in the increase of surface area from 1.46 to 7.48 m2/g, 

which was further enhanced by phosphoric acid activation to 32.78 m2/g for AC-HTC-250. 

Activation of hydrochar also helps in the formation of a new functional group on the surface 

of hydrochar. Batch adsorption experiments showed that AC-HTC-250 hydrochar was very 

efficient for the removal of carbamazepine and naproxen. The adsorption capacity of 49.12 

mg/kg for carbamazepine and 14.35 mg/kg for naproxen were noted. The adsorption data 

displayed excellent fit to the Langmuir model and pseudo first order models. Operational 

parameter such as pH showed a strong effect on the adsorption of carbamazepine and naproxen. 

The optimum pH for both the compounds were 4.    
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5.1 Introduction 

 

Hydrothermal carbonization is a promising method for the conversion of biomass into a solid 

dense product having high carbon content as compared to the feedstock. The HTC of different 

biomasses can be achieved using water, which acts as a reaction medium and by applying 

moderate temperature from 180-350 °C under autogenous pressure at different reaction time 

(Jain et al., 2016; Owsianiak et al., 2016). The solid product hydrochar is formed due to a series 

of reactions like dehydration, decarboxylation, condensation, polymerization, hydrolysis, and 

aromatization (Fakkaew et al., 2015; Funke & Ziegler, 2010). This hydrochar usually exhibits 

high heating value as compared to raw biomass and has a potential for energy generation (Saqib 

et al., 2019). Moreover, the presence of functional group on hydrochar surface may improve 

its chemical reactivity (Roman et al., 2013).    

Various  researchers have used different waste products as a precursor of hydrochar that include  

sewage sludge, walnut shells, palm empty bunches and poultry manure (He et al., 2013; 

Oliveira et al., 2013; Parshetti et al., 2013a; Román et al., 2012). In particular, food waste is an 

available resource having a high potential for energy generation and has been found to be a 

good biomass for HTC (Parshetti et al., 2013a). Food and Agriculture Organization (FAO) 

stated that about 1.3 billion tonnes of food around the globe is being wasted per year (Ross et 

al., 2012). There have been a few studies conducted using HTC process for the treatment of 

food waste such as  rabbit food, fish meat, orange waste, grape pomace and restaurant leftover 

(Berge et al., 2011; Kang et al., 2001; Kaushik et al., 2014; Pala et al., 2014; Pellera et al., 

2012). Most of the researchers have used hydrochars to investigate feedstock quality to be used 

as energy generation (Parshetti et al., 2013a; Román et al., 2012), soil amendment (Oliveira et 

al., 2013) and CO2 capture (Hao et al., 2013). However, in recent times hydrochars have been 

also used as effective carbonaceous adsorbent (Li et al., 2016b). Generally, hydrochar 
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possesses a low surface area and porosity, thus potentially expected to have low adsorption 

capacity. However, increasing the surface area and porosity can help the hydrochar to increase 

its adsorption efficiency for a variety of contaminants.   

A wide range of  pollutants entering the water bodies including pharmaceuticals have become 

a global problem because of their possible hazardous nature to human and environment 

(Briones et al., 2016). After administration, most of the pharmaceutical compounds are 

excreted unchanged or as metabolite into the urine and faeces and find their ways into the 

sewage treatment plants. Given STPs are not fully optimised to remove the trace levels of these 

compounds, eventually they end up in the aquatic environment through discharge of effluent.  

The adsorption effect of heavy metals (Pb (II) and U (VI)) on hydrochars was examined in 

laboratory experiments earlier (Kumar et al., 2011; Liu & Zhang, 2009b). For example, in a 

laboratory batch experiment, Liu and Zhang (2009b) determined the sorption capacity of Pb 

(II) on hydrochars prepared from pinewood (P300) and rice husk (R300). They concluded that 

the lead maximum adsorption capacity was about 4.25 (P300) and 2.40 (R300) mg g−1, which 

was lower than other biomass-based adsorbents, including biochar (Inyang et al., 2012).This is 

due to hydrochar containing fewer oxygen-containing surface functional groups than the 

biochars (Uchimiya et al., 2011). The heavy metal removal by hydrochar is mainly controlled 

by interactions of metal ions and functional groups having oxygen content on hydrochar 

surface(Liu & Zhang, 2009b). For increasing the effectiveness of hydrochar as an to 

modify/activate the hydrochar surface to increase its ability to remove heavy metal 

contaminants. 

Different kinds of adsorbents have been prepared to remove these pollutants from water,  in 

which activated carbons still is the most widely used  due to their simple preparation method. 

Activated carbons are generally produced by either physical or chemical activation. Phosphoric 
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acid is quite an effective activating agent for the improvement of hydrochar adsorption capacity 

(Elmouwahidi et al. 2017). Moreover, phosphoric acid can easily decompose aromatic, 

aliphatic and lignocellulosic materials, which enable to produce phosphate cross bridges and 

polyphosphate (Fierro et al., 2010). Other acids such as hydrochloric acid, sulphuric acid, and 

nitric acids are also widely used for the hydrochar activation (Rajapaksha et al., 2016). 

Stavropoulos et al. (2008)) reported that activation of char using nitric acid and it was found 

that there was a decrease of microspores and surface area, which was attributed to the corrosive 

nature of nitric acid. In another study Yakout et al. (2015) reported 10-40% of the decrease in 

porosity of char after activation using sulphuric acid. Li et al. (2016b) carried out adsorption 

of Congo red and 2-naphthol on twelve different types of hydrochar produced using bamboo. 

All the hydrochars showed a tendency to absorb Congo red and 2-naphthol on its surface, with 

the surface area of the hydrochar were reported to be in the range of 2.63-43.07 m2/g. The 

adsorption capacity range for Congo red was found range from 6-33.7 mg/g, while for 2-

napthol, it ranged from 3-12 mg/g. The authors also concluded that Freundlich model described 

the isotherms better than Langmuir model and recommended that these results were applicable 

to wastewater treatment.  

Zhou et al. (2017) studied the effect of phosphoric acid on the production of hydrochar using 

banana peel. The hydrochars were prepared at a temperature of 230 °C with phosphoric acid 

concentration ranging from 0-50%.  The adsorptive removal of lead nitrate Pb(NO3)2 as a 

pollutant was investigated using the hydrochar. The authors concluded that HTC of feedstock 

using a different concentration of phosphoric acid is useful to enhance the physicochemical 

properties of hydrochar. Moreover, the authors also observed that a lower concentration of 

phosphoric acid during HTC process could not promote surface degradation, whereas higher 

concentration of phosphoric acid could result in the loss of oxygen and hydrogen. The 

hydrochar prepared with 30% of phosphoric acid was reported to be the best in terms of 
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adsorption behaviour. In another study Fernandez et al. (2015) chemically activated orange 

peels hydrochar using 50% phosphoric acid for the removal of three pharmaceutical 

contaminates (salicylic acid, flurbiprofen and diclofenac sodium). The authors concluded from 

their study that activation of hydrochar using phosphoric acid enhanced the surface of 

hydrochar, resulting in greater sorption of pharmaceutical compound from aqueous solution.  

Several researchers have mentioned the ability of hydrochar from different feedstock after 

chemical activation to remove different kinds of pharmaceuticals such as (carbamazepine and 

naproxen) from wastewater (Chu et al., 2018; Kyzas & Deliyanni, 2015; Önal et al., 2007). For 

instance, Chu et al. (2018) carried out adsorption study of carbamazepine on the char produced 

from pine sawdust at different temperatures (200 to 650 °C).  The activation of char was carried 

out using phosphoric acid. The carbamazepine was dissolved in background solution to prepare 

a stock solution. The carbamazepine stock solution was diluted into nine different 

concentrations from 1 to 50 mg/L and were placed in a shaker for 7 days. The sorption data 

were well fitted for Freundlich model and all carbamazepine isotherms were nonlinear with 

ranging 0.22 to 0.87. Kyzas and Deliyanni (2015) also carried out adsorption of carbamazepine 

using potato peels char. This study also resulted that the adsorption data were best fit to 

Freundlich and pseudo-second order equations. In another study, Önal et al. (2007) used apricot 

waste to prepared hydrochar at 500 °C. Naproxen solution was prepared at initial concentration 

range from 100 -500 mg/L. The result showed that 49.69 mg/g of naproxen initial concentration 

was adsorbed at 25 °C. Results also showed that Langmuir equation was more suitable for 

naproxen adsorption and apricot hydrochar followed pseudo second order model.   

Parshetti et al. (2014) studied HTC of food waste prepared at two different temperatures (250 

and 350 °C). These hydrochars were then subsequently used for adsorptive removal of textile 

dyes (Acridine orange and Rhodamine 6G). The authors reported that the hydrochar prepared 

at lower temperature possessed high surface area and more surface functional groups. 
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Hydrochar of 250 °C exhibited a higher adsorption capacity for textile dyes and was considered 

to be efficient in the removal of the pollutants studied. However, to the best of our knowledge, 

there has been no investigation to-date, on the adsorption of carbamazepine and naproxen using 

chemically activated food waste hydrochar.Thus, the objectives of this study are: (1) to 

chemically activate the food waste hydrochar using phosphoric acid after HTC process, (2) to 

analysis the physiochemical and structural properties of activated and non-activated food waste 

hydrochar and (3) to evaluate the removal of carbamazepine and naproxen using food waste 

hydrochar from aqueous solution. 

5.2 Materials and methods 

5.2.1 Chemicals 

 

Standard food waste was prepared in a laboratory as recommended by (Komilis & Ham, 2006). 

All the products were purchased from a local grocery store and were mixed consistently with 

equal weight using a food mixer. The food waste composition for the HTC process can easily 

be found in Table 3.1. Food waste was stored at 4 °C for further use. Carbamazepine (98%) 

was purchased from Acros organics USA, while naproxen (99.8%) was ordered from Sigma 

(NZ). Properties of carbamazepine and naproxen are presented in Figure 5.1. Acetonitrile, 

formic acid and methanol used were all LC-MS grade. Ammonium acetate, CaCl2, NaOH and 

HCl were all analytical grade and were ordered from Thermo Fisher Scientific (NZ).      
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Figure 5.1. Properties of carbamazepine and naproxen 
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5.2.2 Preparation of food waste hydrochar 

 

Hydrochars from food waste were prepared using the HTC process at three different 

temperatures (200, 250, and 300 °C) with a retention time of 1 hour. In a single batch, 100g of 

food waste was mixed with 600 ml of de-ionized water in a 1L batch reactor equipment with 

high pressure and temperature vessel. A schematic of the reactor used for the HTC process is 

already shown in Figure 4.1. The HTC reactor was sealed and was pressurized using N2 up to 

30 bars. After reaching the desired temperature, the reactor was cooled at room temperature 

and solid and liquid products were separated using vacuum filtration. Impurities present on the 

hydrochar were removed by washed with de-ionized water. All the hydrochars were dried at 

105 °C in an oven for 2 hours and stored in a container for further experiments. All the 

hydrochars were named as HTC-200, HTC-250 and HTC-300.       

 

5.2.3 Activation of food waste hydrochar 

 

As mentioned earlier, phosphoric acid is highly recommended over other acids and bases for 

chemical activation of hydrochars. In this study, the phosphoric acid activation was performed 

using a method proposed by Lin et al. (2012). In brief, 5g of hydrochar was mixed with 200 ml 

of 1M H3PO4. The solution was heated up to 80 °C for 1 h. After heating, the solution was 

cooled down at room temperature and left overnight. The activated hydrochar was separated 

from H3PO4 solution by means of filtration. The activated hydrochar was dried at 80 °C for 24 

h and stored for further analysis. All the activated hydrochars were named as AC-HTC-200, 

AC-HTC-250 and AC-HTC-300. 
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5.2.4 Characterization of hydrochar 

 

Elementary analysis (C, N, H, S and O) was performed using elementary analyser Thermo 

Flash 2000. All the proximately analyses (volatiles, ash and moisture contents) of hydrochar 

were carried out using the ASTM D1762-84 standard method. The high heating values (HHV) 

of all the hydrochar were calculated using Dulong equation, which is recommended by Elaigwu 

and Greenway (2016). Scanning electron microscopy (SEM) was performed using FEI Quanta 

200F. The Brunauer Emmett Teller (BET) surface area, nitrogen adsorption and desorption rate 

were measured using TriStar 3000. Fourier-transform infrared spectroscopy (FTIR) analysis 

was carried out using PerkinElmer 65 spectrometer. 

 

5.2.5 Adsorption 

 

The stock solution of carbamazepine and naproxen were prepared in methanol and stored at 4 

°C in amber coloured bottles. Carbamazepine and naproxen were measured using Shimadzu 

LCMS-2020 equipped with Agilent C 18 column (2.1mm x100mm, 3.5µm). Mobile phase for 

carbamazepine were A = 0.1% for formic acid, B = acetonitrile, while for naproxen mobile 

phase A = 0.01M ammonium acetate, B = acetonitrile. The volume of the injected sample was 

1µL. The peak of carbamazepine and naproxen appeared at 2.3 and 1.5 min. All the 

experiments were carried out in duplicates.  

Approximately, 0.1g of food waste hydrochar was weighed into 25mL of carbamazepine and 

naproxen aqueous solution in centrifuge glass tubes. All the tubes were placed in end-over-

end-shaker for 15 hours (contact time). Preliminary studies have shown that contact time of 15 

hrs was sufficient for the equilibration to take place. After acquiring adsorption equilibrium, 
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the hydrochar was removed using 0.2 µm cellulose syringe filters. Sorbent concentration was 

calculated using the following equation:  

𝑄𝑒 = (𝐶𝑖 − 𝐶𝑓) ∗ 𝑉/𝑚 

Where Ci (mg/L) is the initial concentration, Cf (mg/L) is the equilibrium concentration, V is 

the volume (mL) and m is the mass (g) of food waste hydrochar.  

 

5.2.5.1 Adsorption isotherms 

 

Adsorption studies for carbamazepine and naproxen were performed using 0.1g of hydrochar 

with seven different concentrations (0.125, 0.25, 0.5, 1, 2, 4 and 8 mg/L). The pH for 

carbamazepine and naproxen was kept constant at 4. The isotherms of carbamazepine and 

naproxen were measured using Langmuir and Freundlich isotherm models.  

 

5.2.5.2 Adsorption kinetics 

 

Kinetic equilibrium study of carbamazepine and naproxen (1 mg/L) was carried out for 48 

hours. About 0.1g of hydrochar was used to perform kinetic study and sample were taken at 

different time intervals (0, 0.5, 1, 3, 6, 15, 24, 48 hrs). The data from samples were used to 

study equilibrium adsorption and kinetics for activated and non-activated food waste 

hydrochars. The pH for carbamazepine and naproxen was kept constant at 4 and all the 

experiments were carried out at room temperature. The adsorption process was evaluated using 

pseudo first and second order models.      

 

 

(5.1) 
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5.2.5.3 Effect of pH and ionic strength 

 

Adsorption studies for carbamazepine and naproxen were performed at different pH range (2, 

4, 6, 8, 10, 12 and 14) to calculate the effect of different pH on adsorption. The effect of pH 

was carried out using 0.1g of hydrochar in 1 mg/L of carbamazepine and naproxen solutions. 

The pH effect on the adsorption of carbamazepine and naproxen solution was adjusted with 

either acid or base. The acid HCl (0.01M) and base NaOH (0.01M) was used to reach pH range 

of 2-14. The ionic strength for carbamazepine and naproxen was carried out using 0.1g of 

hydrochar in 25 ml of a solution containing Na+ ions having a concentration from 0.005-0.02 

M. The tubes were shaken at room temperature for 15 hours, followed by filtration and LCMS 

examination. All the parameter were fitted by using Origin Pro 8.5 software.  

 

5.3 Results and discussion 

5.3.1 Characterization of hydrochar 

5.3.1.1 Ultimate analysis 

 

The ultimate analysis of activated and non-activated hydrochars with respect to temperature 

are summarized in Table 5.1. There has been a significant change in the elementary 

composition of hydrochar due to carbonization process.  The food waste contains 40% of 

carbon, which was increased to 72.48% when treated at 300 °C in the case for non-activated 

hydrochar. On the other hand, oxygen contents showed a significant decrease from 46.81 to 

15.71% as the temperature was increased. This increase in carbon and decrease in oxygen trend 

is obvious due to condensation, dehydration and decarboxylation reaction during HTC 

(Hoekman et al., 2011). About 38 to 65% of increase in carbon content of food waste hydrochar 

were also reported by Kaushik et al. (2014). Moreover, nitrogen and hydrogen contents exhibit 

a small decrease while sulphur content stayed unaffected. In the case of activation, the carbon 
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content of activated hydrochar was higher than then non-activated hydrochars. Hydrochar AC-

HTC-200 showed carbon content of 65.55% which increased to 77.14% in case of AC-HTC-

300. The oxygen content of activated hydrochars showed further decreased as compared to 

non-activated and reached the lowest of 13.55% of oxygen content. The nitrogen and hydrogen 

content showed further decreased as compared to no-activated hydrochars. It is obvious that 

activated hydrochars will possess slightly high carbon content while low oxygen, nitrogen and 

hydrogen contents in comparison to non-activated hydrochars due to more apparent 

dehydration and high aromaticity within hydrochar produced due to acid activation (Ghanim 

et al., 2017).  

The ultimate analysis data was used to measure the atomic ratios for H/O and O/C of food 

waste and hydrochars and were plotted in Van Krevelen diagram as shown in Figure 5.2. The 

Van Krevelen diagram shows the conversion of carbon into high dense material (Fuertes et al., 

2010b). The hydrochars near to the origin in Van Krevelen diagram possess high fuel qualities 

and vice versa. Food waste showed a significant improvement in the fuel properties due to the 

different reaction which took place in the HTC process (Hoekman et al., 2011). Due to an 

increase in carbon and decrease in oxygen content of activated hydrochars, they were more 

close to the origin as compared to non-activated hydrochars.   

 

5.3.1.2 Proximately analysis 

 

The proximate analysis of non-activated and activated hydrochars along with HHV, mass and 

energy yield and energy densification ratio are reported in Table 5.2. Food waste HTC process 

resulted in the decrease of volatile content in all the activated and non-activated samples along 

with an increase in fixed carbon percentage. Food waste exhibit the highest proportion of 

volatile matter of 80%, which however, reduced to 49.88% for HTC-300 hydrochar. The 
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activation of hydrochar further reduced the volatile content and the lowest of 35.22% was 

observed for AC-HTC-200. The fixed carbon of food waste was very low of 14.14%. However, 

HTC treatment enhances the fixed carbon percentage and was found to be in the range of 29 to 

61% for activated and non-activated hydrochars. During the HTC process, ash does not play a 

vital role, thus allow to react and degraded biomass into an inorganic element which can be 

easily transferred into liquid (Lynam et al., 2015). The ash content of raw food waste displayed 

about 65% of decrease. The food waste ash content 5.98% was recorded as highest and AC-

HTC-300 hydrochar 2.08% was noted as lowest. Food waste displayed an HHV of 13.03 MJ/kg 

which however, increased from 21.53 MJ/kg to 28.52 MJ/kg after treated from 200-300 °C. 

Hoekman et al. (2011) and Mumme et al. (2015) treated lignocellulosic and municipal waste 

and reported a similar increase in HHV. There has been no significant difference between the 

HHV of activated and non-activated hydrochar due to same preparation method.  The mass 

yield of food waste showed a significant decrease after HTC process. Food waste resulted in 

8.12% of yield at 200 °C and reduced to the lowest of 5.45% when treated at 300 °C. This 

decrease in food waste yield is due to the (primary & secondary) decomposition during the 

HTC process (Pińkowska et al., 2011). The cellulose, hemicellulose and lignin present in the 

food waste experience decarboxylation and dehydration reactions which results in the 

degradation of food waste components into gas and liquid products (Reza et al., 2014c). The 

energy yield and energy densification ratio are also summarized in Table 5.2. The energy yield 

is defined as the cross product of HHV of hydrochar and mass yield / feedstock HHV. The 

energy yield showed a slight decrease from 13.41% to 11.73% when the temperature was raised 

from 200-300 °C. It is notable that food waste hydrochars possess low energy yield due to the 

small mass yield of hydrochar during HTC process. Lastly, energy densification ration is 

defined as HHV of hydrochar / HHV of feedstock. The energy densification ratio for food 

waste hydrochars was in the range of 1.65-2.15%.   
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Figure 5.2. Van Krevelen diagram of non-activated and activated food waste hydrochar 

prepared using HTC process. 
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Table.5. 1. Elementary analysis of non-activated and activated food waste hydrochar prepared at different HTC temperatures. 

 Temperature °C C % H % N % S % O % H/C   O/C  

Non Activated Raw 40 ± 1.22 5.54 ± 0.11 7.51 ± 0.12 0.3 46.81 ± 0.65 0.13 ± 0.54 1.17 ± 0.55 

HTC-200 60.51 ± 0.22 4.21 ± 0.74 7.32 ± 0.29 0.3 27.62 ± 0.36 0.06 ± 0.55 0.45 ± 0.51 

HTC-250 68.42 ± 1.85 4.18 ± 0.62 7.15 ± 0.35 0.3 20.22 ± 0.42 0.05 ± 0.52 0.29 ± 0.36 

HTC-300 72.48 ± 1.36 4.81 ± 0.35 6.91 ± 0.26 0.3 15.71 ± 0.41 0.06 ± 0.25 0.21 ± 0.64 

Activated AC-HTC-200 65.55 ± 0.45 3.22 ± 0.74 6.74 ± 0.44 0.3 24.21 ± 0.25 0.04 ± 1.23 0.36 ± 0.62 

AC-HTC-250 72.47 ± 0.23 3.31 ± 0.55 6.55 ± 0.39 0.3 17.45 ± 0.22 0.04 ± 1.36 0.24 ± 0.43 

AC-HTC-300 77.14 ± 0.74 3.07 ± 0.34 5.98 ± 0.61 0.3 13.55 ±0.12 0.03 ± 1.41 0.17 ± 0.41 
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Table.5. 2. Proximate analysis, HHV, mass and energy yield of non-activated and activated food waste hydrochar prepared at different HTC 

temperatures 

 Temperature 

°C 

Volatile 

(%) 

Ash 

% 

Fixed 

Carbon (%) 

HHV 

(MJ/kg) 

Mass Yield 

(%) 

Energy 

Yield (%) 

Energy 

densification 

ratio 

Non Activated 

 

Raw 80 ± 1.44 5.98 ± 0.62 14.14 ± 0.41 13.03 ± 0.45 N.A N.A N.A 

HTC-200 66.04 ± 1.21 4.78 ± 1.23 29.14 ± 0.41 21.53 ± 0.74 8.12 ± 0.78 13.41 ± 0.55 1.65 ± 1.14 

HTC-250 52.55 ± 0.25 3.21 ± 1.52 44.44 ± 0.48 25.37 ± 0.71 6.89 ± 0.77 13.41 ± 0.65 1.94 ± 0.65 

HTC-300 49.88 ± 0.36 2.11 ± 0.36 48.33 ± 0.32 28.52 ± 0.68 5.74 ± 1.41 12.56 ± 1.22 2.18 ± 0.22 

Activated AC-HTC-200 35.22 ± 0.54 4.21 ± 0.22 61.25 ± 0.64 22.40 ± 0.41 7.89 ± 1.11 13.56 ± 0.85 1.71 ± 0.87 

AC-HTC-250 48.78 ± 0.12 3.33 ± 0.34 48.51 ± 0.98 26.12 ± 1.52 6.45 ± 0.56 12.93 ± 0.45 2 ± 1.15 

AC-HTC-300 50.88 ± 0.65 2.08 ± 0.36 47.12 ± 0.88 28.05 ± 1.12 5.45 ± 0.38 11.73 ± 0.61 2.15 ± 0.85 
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5.3.1.3 Surface characterization 

 

A detail microscopic investigation of activated and non-activated food waste hydrochars are 

presented in Figure 5.3. All the investigation was carried out using a magnification of 800x. 

The SEM images of no-activated hydrochars showed a minor difference among the hydrochars 

due to the breakdown of lignocellulosic structure. Visual observation of Figure 5.3 (a) 

suggested that food waste display flaky and unstructured appearance. However, by increasing 

the temperature from 200-300 °C, a small transformation of hydrochar morphology took place 

due to breaking down of lignocellulosic biomass. By increasing temperature to 300 °C few 

plates-like structures were formed on the surface of hydrochar as shown in Figure 5.3 (d). These 

plates formation is due to the decomposition of complex monomers such as proteins, lipids and 

carbohydrates. According to Peterson et al. (2012), different kinds of biomasses have been 

found to present different morphological properties under different HTC conditions. On the 

other side chemical activation of hydrochar resulted in the increase of plate like structure on 

AC-HTC-200 hydrochar as shown in Figure 5.3 (e). Numerous pores can be seen on the surface 

of AC-HTC-250 and AC-HTC-300 hydrochars. The SEM of food waste Figure 5.3 (f) and (g) 

illustrate that the pores present on hydrochar are highly heterogeneous. The hydrochar AC-

HTC-250 appears to have a large number of pores and thus might have high adsorption capacity 

for contaminants.          

Further investigation on the surface morphology of the activated and non-activated food waste 

hydrochars was acquired using FTIR spectroscopy. The FTIR spectroscopy data provide 

information about the functional group present on the surface of hydrochar. The important 

functional groups and alignment of peaks are implemented from previous study conducted by 

Sevilla et al. (2011b). The FTIR analysis of activated and non-activated food waste hydrochars 

are shown in Figure 5.4. There has been no –OH peak found on all the hydrochars indicating 
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the absence of water in the hydrochar. The C-H peak at 2850 cm-1 indicates the presence of 

aliphatic carbon-hydrogen bond. The double bond of C=O and C=C appeared at 1750 cm-1 and 

1500 cm-1 display the presence of aldehydes, esters and carboxylic acids present on the surface 

of hydrochars. Moreover, a new band of C-O for activated hydrochar appeared at 1350 cm-1 

which indicate the formation of aromatic rings after chemical activation. It should be noted that 

a more intense peak of C-H at 950 cm-1 was observed for activated hydrochar as compared to 

non-activated which is due to the activation via H3PO4 (Kennedy et al., 2004). According to 

Wang et al. (2011), the presence of low aromatic and high oxygenated compounds indicates 

that food waste hydrochar has the ability to be used as an adsorbent after chemical activation.        

The BET surface area of activated and non-activated food waste hydrochars are summarized 

in Table 5.3. Raw food waste possesses a very low surface area of 1.46 m2/g as expected. 

However, after HTC treatment the surface area of non-activated hydrochars was increased to 

5.29, 7.48 and 6.14 m2/g when treated at 200, 250 and 300 °C. Similar values of surface area 

were reported earlier by Parshetti et al. (2013a) and (Fuertes et al., 2010b). Usually, the surface 

area increases till 230 °C and display decrease with further heating. During the HTC process, 

reaction time also plays an important role in order to increase the surface area of the feedstock, 

yet this feature has not been investigated. However, a solid yield of hydrochar is reduced by 

increasing reaction time (Kambo & Dutta, 2015). According to Sevilla et al. (2011a) chemical 

or thermal activation of hydrochar can play a vital role in the increase of surface area, where 

hydrochar is used as sorbent. Similarly, in this study, the chemical activation by H3PO4 of food 

waste hydrochar reported significant increase as compared to non-activated hydrochar. The 

AC-HTC-200 hydrochars showed a surface area of 22 m2/g, which further showed an increase 

up to 32.7 m2/g for AC-HTC-250. There was slightly decrease recorded in the surface area 

when treated above 250 °C. Similar finding of an increase in surface area for banana peel and 

bamboo hydrochar are reported in earlier studies Zhou et al. (2017) and (Li et al., 2016b). The 
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pore volume for all the hydrochars were in a range of 0.07-0.08 cm3/g. The average pore 

diameter showed a significant increase due to chemical activation. The food waste showed 1.71 

nm of average pore diameter. However, pore diameter were increased to 4.10, 5.22 and 4.15 

nm when treated at temperature (200, 250 and 300 °C). The average pore diameter further 

increased to 7.50, 8.88 and 6.24 nm after H3PO4 activation. These pores are also visible in the 

SEM images which are already discussed above.  
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Figure 5.3. SEM examination of (a) food waste, (b) HTC-200, (c) HTC-250, (d) HTC-300, 

(e) AC-HTC-200, (f) AC-HTC-250 and (g) AC-HTC-300. 
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Figure 5.4. FTIR analysis of non-activated and activated food waste hydrochar. 
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Table.5. 3. Surface area, pore diameter and volume of non-activated and activated food waste 

hydrochar prepared at different HTC temperatures 

 Temperature  

°C 

BET surface 

area (m2/g) 

Pore volume 

(cm3/g) 

Average pore 

diameter (nm) 

Non Activated Raw 1.46 ± 0.47 0.08 ± 0.58 1.71 ± 0.45 

HTC-200 5.29 ± 0.55 0.08 ± 0.68 4.10 ± 0.68 

HTC-250 7.48 ± 0.27 0.06 ± 0.61 5.22 ± 0.44 

HTC-300 6.14 ± 1.22 0.008 ± 1.23 4.15 ± 0.39 

Activated AC-HTC-200 22.47 ± 1.24 0.09 ± 0.22 7.50 ± 1.41 

AC-HTC-250 32.78 ± 0.87 0.08 ± 0.37 8.88 ± 1.28 

AC-HTC-300 26.88 ± 0.45 0.07 ± 0.84 6.24 ± 0.44 

 

 

5.3.2 Batch adsorption experiments 

5.3.2.1 Adsorption isotherms 

 

In order to explore the mechanistic importance of the adsorption at equilibrium, the two well-

known models (Langmuir and Freundlich) adsorption isotherms were adopted to examine the 

mechanism of adsorption. The Langmuir and Freundlich equations are shown in Eq. 5.2 

(Langmuir, 1918)  and Eq. 5.3 (Freundlich, 1906) respectively. 

Qe = Qm KL Cf / 1+KL Cf 

Qe = KF Cf 
(n) 

Where Qe is the amount of pollutant adsorbed (mg/kg), KL is donated as Langmuir constant 

(L/mg), Qm represents the maximum adsorption capacity (mg/kg), KF is the Freundlich constant 

(Ln mg1-n/kg) and n is the constant representing the adsorption intensity.  

(5.2) 

(5.3) 
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Isotherms curves for carbamazepine and naproxen are presented in Figure 5.5. The adsorption 

isotherms of carbamazepine on non-activated food waste hydrochars at optimum pH 4 are 

shown in Figure 5.5 (a), while isotherms of carbamazepine on activated hydrochars are 

depicted in Figure 5.5 (b). In the case of non-activated hydrochar, the adsorption of 

carbamazepine was in a range of 21.88-31.50 mg/kg. The HTC-250 showed the highest 

adsorption capacity for carbamazepine, which can be due to the large surface area than other 

two non-activated hydrochars. In a case of activated hydrochars, the adsorption capacity of 

carbamazepine was significantly increased from 34.50-49.12 mg/kg. This significant increase 

can be referred to the increase in surface area and development of different functional groups 

on the surface of hydrochar after H3PO4 activation which is already explained in section 3.1.3. 

The adsorption of naproxen on the non-activated and activated hydrochars at optimum pH 4 

are shown in Figure 5.5 (c) and (d). The adsorption capacity of naproxen using food waste 

hydrochar was significantly low as compared to carbamazepine. The non-activated hydrochar 

adsorption capacity was in a range of 4.20-5.98 mg/kg while for activated hydrochar it was 

increased slightly to a range of 9.77-14.35 mg/kg. The parameters of Langmuir and Freundlich 

isotherms along with regression coefficient, calculated using the intercepts and slopes are 

mentioned in Table 5.4. The correlation coefficients R2 attained from Langmuir models are 

from (0.97-0.99), while from Freundlich models are from (0.76-0.97). In Table 5.4, the 

adsorption capacity of carbamazepine and naproxen on all the food waste hydrochars can be 

explained by both models (Langmuir and Freundlich). However, the Langmuir model is 

considerable better for both the pollutants.  

The removal of 5 different pharmaceuticals compounds were investigated by Bui and Choi 

(2009). The author selected clofibric acid, ketoprofen, ibuprofen, diclofenac and 

carbamazepine for adsorption study. Similar to our study the author took an optimum pH range 

(3-5) for adsorption of all compounds and observed a decrease in adsorption. However, they 
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concluded very interesting facts of low adsorption capacities which were in a range of 0.07- 

0.41 mg/g. In another study, Mestre et al. (2007) prepared powder activated char using cork 

waste and used it to remove ibuprofen from aqueous solution. One char was chemically 

activated using K2CO3 while other was activated using steam. They concluded that the 

adsorption capacity of steam activated was much higher than the chemical activated char. The 

adsorption capacity was calculated using the Langmuir equation. In terms of food waste 

hydrochar, only one study is found in which food waste hydrochar was used to remove textile 

dye (Parshetti et al., 2014). The Langmuir model showed the best fitting than other models and 

the highest adsorption capacity of 79.36 mg/g was calculated. 
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Figure 5.5. Adsorption isotherms on (a) non-activated hydrochar on carbamazepine (b) 

activated hydrochar on carbamazepine, (c) non-activated hydrochar on naproxen and (d) 

activated hydrochar on naproxen 

  

  

  

(a) (b) 

(c) (d) 
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Table.5. 4. Isotherm adsorption parameters of carbamazepine and naproxen on non-activated 

and activated food waste hydrochar 

 

Pharmaceuticals Hydrochars Langmuir Freundlich 

Carbamazepine Qm 

(mg/kg) 

KL 

(L/mg) 

R2 KF 

(Ln mg1-n/kg) 

n R2 

HTC-200 21.88 8.02 0.98 9.50 0.47 0.92 

HTC-250 31.50 9.15 0.98 12.73 0.51 0.95 

HTC-300 26.63 6.52 0.97 12.71 0.41 0.95 

AC-HTC-200 34.50 12.98 0.99 17.55 0.39 0.96 

AC-HTC-250 49.12 10.12 0.98 25.73 0.38 0.94 

AC-HTC-300 45.60 16.97 0.98 26.34 0.33 0.90 

Naproxen HTC-200 4.20 8.01 0.97 1.95 0.45 0.76 

HTC-250 5.98 7.77 0.98 3.03 0.39 0.94 

HTC-300 4.99 6.08 0.97 2.31 0.49 0.76 

AC-HTC-200 9.77 6.25 0.99 5.03 0.34 0.95 

AC-HTC-250 14.35 8.19 0.99 8.29 0.28 0.96 

AC-HTC-300 12.34 7.45 0.98 6.49 0.31 0.95 
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5.3.2.2 Adsorption kinetics 

 

Adsorption kinetics process was performed using pseudo-first order Eq. 5.4 (Lagergren, 

1898) and pseudo- second order Eq. 5.5 (Azizian, 2004) respectively. 

log (Qe-Qt = log Qe – k1.t / 2.30 

t / Qt = 1 / k2 Qe
3 + (1 / Qe) t 

Where Qe represents adsorption capacity (mg/kg), Qt is the adsorption capacity with respect to 

time (mg/kg), K1 (h
-1) and K2 (mg.kg-1.h-1) are pseudo first and second order rate constants and 

t is the contact time (hours). Adsorption kinetic study is normally applied to study the rate of 

adsorption and adsorption mechanism (Deng et al., 2017). Figure 5.6 (a) and (b) illustrate the 

impact of contact time on the adsorption of carbamazepine and naproxen for activated and non-

activated hydrochars derived using food waste HTC process respectively. It can clearly be seen 

that the adsorption capacity of carbamazepine and naproxen on the activated and non-activated 

hydrochar rapidly increased in the initial stage and then slowed down until it reached the 

adsorption equilibrium (15 hours). This trend of adsorption indicates that adsorption of 

carbamazepine and naproxen occurred in two stages (1) Fast adsorption of carbamazepine and 

naproxen on the surface of hydrochars (2) slow diffusion of carbamazepine and naproxen into 

the hydrochars interior (Chen et al., 2017). The fast adsorption in stage 1 could be due to the 

surface physical interactions, which is supported by active sites present on the surface of 

hydrochar. These surface active sites are occupied during stage 1 thus reducing the adsorption 

process. The kinetic data for carbamazepine and naproxen is presented in Table 5.5. The 

pseudo-first order model displayed the better correlation coefficient (R2) then pseudo-second 

order model for carbamazepine and naproxen adsorption. The adsorption capacity acquired 

from carbamazepine and naproxen (non-activated and activated) hydrochars when using 

(5.4) 

(5.5) 
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pseudo-first order model were 9.55 and 16.42 and 6.8 and 8.22 mg/kg. Whereas, the maximum 

adsorption capacity attainted from experiments were 9.88 and 16.98 mg/kg for carbamazepine 

and 7.10 and 8.77 mg/kg for naproxen respectively. 

Similar results were also reported by Madikizela and Chimuka (2016). In this study the 

researcher carried out the adsorption process for three different pharmaceuticals (naproxen, 

ibuprofen and diclofenac) using polymer. The concluded that pseudo-first order was best fitted 

than pseudo-second order model. They also reported the adsorption capacity of above 

mentioned pharmaceuticals were 1.93, 2.01 and 2 mg/g. In another study, Chen et al. (2017) 

used pomelo peel char to study the effect of adsorption on the removal of carbamazepine from 

aqueous solution. The author in this study concluded that pseudo-second order fit better that 

pseudo-first order model. They also reported a very high adsorption capacity for pseudo- 

second model ranging from 24.14 to 284.90 mg/g. This high adsorption capacity is due to the 

high carbonization temperature on which char were produced. 
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Figure 5.6. Adsorption kinetics on (a) carbamazepine and (b) naproxen. 

(a) 

(b) 
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Table 5.5. Kinetic parameters for the adsorption of carbamazepine and naproxen on non-

activated and activated food waste hydrochar 

Adsorbate Hydrochars Pseudo first order Pseudo second order 

Qe  

(mg/kg) 

k1 

(h-1) 

R2 Qe 

(mg/kg) 

k2 

mg.kg-1.h-1 

R2 

Carbamazepine Non Activated 9.55 0.08 0.98 9.39 0.007 0.80 

Activated 16.42 0.22 0.99 16.34 0.004 0.85 

Naproxen Non Activated 6.8 

 

0.13 0.99 6.6 0.006 0.92 

Activated 8.22 0.18 0.98 8 0.002 0.85 

 

 

5.3.2.3 Effect of pH and ionic strength 

 

The effect of pH on adsorption is considered to be a key parameter. The presence of suitable 

connections between pollutant and adsorbent in aqueous solution is greatly depended on the 

medium (Tabandeh et al., 2012). The adsorption capacity of carbamazepine and naproxen are 

shown in Figure 5.7 (a). The adsorption capacity of carbamazepine was observed to have a 

significant increase from 124 to 203.51 mg/kg when changing pH from 2 to 4. Further increase 

in pH did not have any significant effect on the adsorption capacity. However, a sudden 

decrease was observed when increasing the pH from 12-14 respectively. Chen et al. (2017) 

reported a similar trend for adsorption capacity of carbamazepine. They reported a slight 

increase in adsorption capacity by increasing pH from 2-4 followed by a decrease in adsorption 

capacity by increase pH. The highest of 236.7 mg/g was calculated at pH 3.70. In another study, 

Naghdi et al. (2017) used pine-wood char to study the sorption effect of carbamazepine and 
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they reported that increasing pH from 2-6 result in the increase of sorption capacity for 

carbamazepine. On the other hand, the naproxen adsorption capacity was significantly lower 

than carbamazepine. The effect of different pH on naproxen showed a similar trend like 

carbamazepine. The highest adsorption capacity of 110 mg/kg for naproxen was also achieved 

at pH 4. Madikizela and Chimuka (2016) also reported that the maximum adsorption capacity 

for naproxen can be achieved using a pH of 4.6. Their results also showed a decrease in 

adsorption capacity by increasing pH above 4. The high adsorption capacity for carbamazepine 

and naproxen was achieved when pollutants were protonated. As soon as the pH of the solution 

was increased deprotonation of polluted occurred which resulted in the decrease of the 

adsorption capacity for both compounds due to the excess amount of H+ ions in acidic medium 

(Madikizela & Chimuka, 2016).  

The influence of ionic strength on carbamazepine and naproxen is illustrated in Figure 5.7 (b). 

It can be clearly seen that the adsorption capacity of carbamazepine and naproxen are constant 

in Na+ ions solution of 0.005 and 0.01 M. However, by increasing the concentration of Na+ 

ions to 0.015 and 0.02 M, the adsorption capacity of carbamazepine and naproxen resulted in 

a slight decrease. This decrease in adsorption capacity indicates that the ionic strength on 

carbamazepine and naproxen is week in nature.  
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Figure 5.7. Effect of different (a) pH on the adsorption capacity of carbamazepine and 

naproxen and (b) ionic strength on the adsorption capacity of carbamazepine and naproxen. 

(a) 

(b) 
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5.4 Conclusion 

 

In the present study food waste were successfully converted into hydrochar using HTC process 

at different temperatures. The hydrochars were chemically activated using phosphoric acid. 

After successful activation, the aforementioned material was used to remove carbamazepine 

and naproxen from aqueous solution. The SEM resulted demonstrated the formation of pores 

on the surface of hydrochar after activation. Furthermore, phosphoric acid activation also helps 

hydrochar to develop new functional group and increase in surface area of hydrochars. The 

adsorption results for carbamazepine and naproxen showed that hydrochars were best fitted by 

Langmuir and pseudo-first order kinetic models. Moreover, the adsorption of carbamazepine 

and naproxen on the hydrochars were affected by the presence of functional groups and pore 

structure. The AC-HTC-250 hydrochar showed the highest adsorption capacity of 49.12 and 

14.35 mg/kg for carbamazepine and naproxen. These results acquired might be applied to 

wastewater treatment using food waste hydrochar as an adsorbent.  
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CHAPTER 6: Conclusions 
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This research successfully reduce the amount of food waste to landfill by converted food waste 

into solid dense carbon rich hydrochar using HTC process and investigated its applications for 

energy and adsorption. Primarily, this thesis focused on the physicochemical, structure and 

combustion properties of hydrochar. The effect of coal and food waste was also studied using 

CO-HTC process along with the effect of adsorption of food waste on pollutant removal. The 

major findings of this research are listed below;  

• The carbon content of food waste after HTC treatment showed an increase of 62-73% 

as compared to feedstock. 

•  The HHV which is an important fuel property showed an increase from 15-31 MJ/kg 

when treated at three different temperatures.  

• The thermal behaviour of coal and hydrochar blend is highly effected by the percentage 

of hydrochar in the blend.  

• An overall decrease in activation energy was seen as the temperature was increased 

from 200-300 °C.  

• The hydrochar obtained at 300 °C with a blending ration of 10 % coal showed the 

lowest activation energy.  

• During Co-HTC treatment results showed that blend of coal and food waste is more 

thermally stable as compared to HTC of food waste and coal individually.  

• Co-HTC process of coal and food waste resulted in large amount of mass yield as 

compared to HTC of only food waste due to the presence of coal in the blend, which 

is more stable at high temperatures.  

• After Co-HTC molasses as a binder played a vital role in the formation of strong pellets 

of food waste and coal having tensile strength range of 2-4.5 MPa.  
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• Thus, Co-HTC of food waste and coal is a suitable option to convert them into 

hydrochar having high yield and mass density. 

• The food waste hydrochar can be activated using phosphoric acid solution which can 

enormously increase the surface area of hydrochar. Thus making it suitable for 

adsorption process. 

• Chemical activation of food waste hydrochar can also result in the formation of new 

functional group on the surface of hydrochar which also play a vital role in adsorption.  

• Activated and non-activated food waste hydrochars have the ability to remove 

carbamazepine and naproxen from aqueous solution. 

•    The activated hydrochar prepared at 250 °C showed the highest adsorption capacity 

of 49.12 mg/kg for carbamazepine and 14.35 mg/kg for naproxen. 

• The adsorption of carbamazepine and naproxen were best fitted with Langmuir and 

pseudo-first order kinetic models.  

• Therefore, food waste activated hydrochar can be used as an adsorbent for the removal 

of pharmaceuticals from wastewater.  
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