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Abstract 

Hydrothermal Carbonization of Dairy Processing Waste: Optimizing Phosphorus 

Recovery Scenarios 

Nidal Khalaf 

Ever since phosphorus (P) was declared a critical raw material by the European Union (EU) in 

2016, the ongoing quest for securing sustainable resources of P has been growing continuously. 

Industrial wastes have been identified as potential secondary resources for the recovery of 

nutrients, including P. In parallel, the growth of the global dairy industry induced a significant 

increase in dairy processing waste (DPW), which can pose an environmental threat in the case 

of traditional treatment. Therefore, the need for proper management of dairy processing waste 

coincides with the quest for securing secondary P-resources to define P-recovery from treated 

dairy processing waste as a step towards achieving sustainable resource recovery route. 

In this study, hydrothermal carbonization (HTC) was applied as a thermochemical treatment 

of two types of dairy processing waste (chemically treated and biologically treated) to 

investigate P-recovery from HTC solid and liquid products. Experimental HTC runs were 

performed on dairy processing sludge at different operating conditions to assess the effect of 

parameters such as temperature, initial pH, and pre-treatment. Finally, a kinetic study was 

performed, and its outcomes were utilized as input for a simulation model of an industrial scale 

HTC of DPW. 

The results showed that HTC enhanced the concentration of P in solid hydrochars of DPW, yet 

the majority of P retrieved had low plant availability. HTC enhances the transformation of 

inorganic P into stable apatite forms, which explains the hydrochar capacity to retain heavy 

metals, mainly hexavalent chromium, due to the increased porosity after HTC, as revealed by 

SEM images. In terms of fertilizer quality, all produced hydrochars were compliant with the 

requirements of (PFC) 1B-(I) for solid organo-mineral fertilizers for all aspects except Cr 

content. Furthermore, hydrochars produced from biologically treated sludge possessed less ash 

content and COD recovery levels compared to those produced from chemically treated sludge. 

Therefore, EBPR-based hydrochars were recommended as cleaner hydrochars. Finally, the 

kinetic study based on real-time P concentrations revealed a first order HTC reaction with 

activation energies between 48 kJ/mol and 87 kJ/ mol for the chemically treated and 

biologically treated sludges, respectively. Finally, the simulation resulted in achieving 95% P-

recovery from an annual 752 tonnes of HTC-treated dairy processing waste. 

The study demonstrated the potential of HTC as a means for P-recovery from dairy processing 

waste, with further adjustments required regarding increasing P-availability and reducing 

heavy metal content of the produced hydrochars. 

This dissertation is part of the EU-REFLOW project, which is a Marie SKŁODOWSKA-

CURIE Horizon 2020 project aiming at the recovery of P from dairy processing waste. 
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1. Chapter 1: Literature Review 

1.1. Introduction 

Defining new pathways for the recovery of phosphorus (P) has been gaining increasing interest 

in the last decade. The main motivation behind the quest for sustainable P stems from a 

combination of complexities surrounding the balance of natural P resources in the world, taking 

into consideration its essentiality for agricultural practices and human consumption. The major 

source of P around the globe are phosphate rocks, which as a resource, suffer from several 

drawbacks including non-renewability, imbalanced distribution, and geopolitical influence.  

Some studies have predicted a potential depletion of global phosphate rocks within the coming 

century (Cooper, Lombardi, Boardman, & Carliell-Marquet, 2011). Yet, the major problem in 

P rocks lies in the imbalanced geographic and geopolitical distribution of the resource. It is 

estimated that only 4 countries in the globe possess 85% of the global reserves of P rocks, with 

Morocco alone accounting for 77% of the global reserves (Boiarkina, Young, & Yu, 2018). 

This automatically leads to an imbalance in the production of P from phosphate rocks, where 

it is reported that only 4 countries are responsible for 72% of the global P production, with 

China alone controlling 39% (Brownlie et al., 2023) . On another hand, over-dependence on P 

rocks as a source of P has resulted in geopolitical influence on essential domains such as 

agriculture and food sustainability. For instance, one of the expected impacts of the Russia-

Ukraine conflict is the rise in phosphate fertilizer prices due to the economic sanctions imposed 

on Russia. A similar precedent occurred when the price of phosphate soil in Asia and Australia 

increased from $82 to $150 after China’s decision to ban the export of phosphate materials in 

2008 (Obersteiner, Peñuelas, Ciais, Van Der Velde, & Janssens, 2013) . A study performed by 

the Department of Agricultural Economics in Kansas State University revealed that the price 

of monoammonium phosphate (MAP) in the US is expected to increase by 60% due to the 

Russian-Ukrainian conflict (Ibendahl, 2022). Based on all of the above, the quest to develop 

alternative and sustainable sources of P beyond the limitations of supply, production and 

geopolitics has become more essential.  

This section covers the topic of phosphorus recovery from the hydrothermal carbonization 

(HTC) of organic waste, which is the general category under which dairy processing waste 

falls. The first section provides an overview of the current situation regarding EU regulations 
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on P-recovery, in addition to introducing HTC as a thermochemical treatment for P-recovery. 

The second section tackles the definition of P-recovery, considering the different P-species and 

the mechanisms of their transformation during HTC of organic waste. Building on that, the 

third section provides insight into the application of P-recovery from HTC products on 

laboratory and industrial scales. 

1.2. Motivation behind P-recovery from Dairy Waste 

1.2.1. EU Regulations on Phosphorus 

In 2014, the European Economic and Social Committee and the Committee of the Regions 

reviewing the list of critical raw materials (CRM) declared phosphorus as a critical raw material 

due to the environmental impacts of P loss, the potential shortage of P-supply, and the impacts 

of this shortage on food security and agricultural practices in the EU (Smol, Kulczycka, & 

Kowalski, 2016). This declaration paved the way for a series of national and regional decisions 

to develop and implement sustainable routes for P-recycling from secondary resources, 

including organic waste. These decisions resulted in a series of directives and policies both at 

regional and national levels, such as the Water Framework Directive 2000/60/EC, the 

Fertilizing Products Regulation EU 2019/1009 and national legislations (Amery & Schoumans, 

2014). In the Water Framework Directive, phosphates in general, and organophosphorus, are 

identified as the main pollutants in the aquatic environment (Directive, 2000). Therefore, 

techniques to reduce P-losses into the aquatic environment were strongly recommended. On 

another hand, the Fertilizing Products Regulation, which was upgraded in 2019, introduces the 

framework for recycling phosphorus from waste materials and animal by-products into the 

fertilizer market (European Commission, 2019). To begin with, the recovery of P from waste 

materials is available for all materials that have a P-concentration above 0.5% by weight. 

Therefore, as the efficiency of P-recovery increases, the resulting material after recovery 

becomes less viable as a pool for P-recovery. The regulation proceeds to identify the limitations 

that define the validity of each type of fertilizer applied in the market, and one of these 

limitations is the concentration of P in terms of phosphorus pentoxide (P2O5) in the product. 

The regulation defines product function categories (PFC), which is a set including all the 

fertilizer materials satisfying one or more function. For instance, PFC 1.A.I refers to solid 

organic fertilizers, which needs to satisfy a certain set of requirements identified in the Annexes 

of the regulation (EU, 2019). On another hand, the regulation categorizes potential fertilizer 

materials as component material categories (CMC), which is a designation of fertilizer products 
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based on their properties. Annex II of the regulation identifies 11 CMCs including CMC 10, 

which refers to derived products within the meaning of regulation (EC) no.1069/2009 (EU, 

2019). Dairy processing waste and the products of its thermochemical treatment were 

suggested, alongside other STRUBIAS (struvite, biochar and incineration ashes) materials, as 

part of CMC 10 (W Shi et al., 2022a). Hydrochar was identified as a STRUBIAS material, and 

potentially it can be identified as CMC 10. To identify the position of dairy processing waste 

and its corresponding hydrochars within the categorized fertilizers in the regulation, it is 

necessary to specify the requirements of each product function category. Presented in Table 1-

1 is a summary of the minimum concentrations of P2O5 required to define different fertilizer 

products identified by the regulation (EU, 2019). 

Table 1-1: Minimum concentrations of P2O5 in various fertilizer products according to EU 

1069/2019 Regulation 

Category Fertilizer Nutrient Composition wt.%P2O5 

PFC* 1 (A) 

Solid Organic 
Only P 2 

Mixed 1 

Liquid Organic 
Only P 1 

Mixed 1 

PFC 1 (B) 

Solid Organo-Mineral  
Only P 2 

Mixed 2 

Liquid Organo-Mineral 
Only P 2 

Mixed 2 

PFC 1 (C) 

Solid Inorganic 
Only P 12 

Mixed 3 

Liquid Inorganic 
Only P 5 

Mixed 1.5 

*PFC = Product Function Category 

Meanwhile, on the national levels, several European countries have been implementing 

legislation regarding P-recycling. In 2016, Switzerland was the first country to announce the 

mandatory application of P-recovery from waste, sludge, and slaughtering house waste 

(Günther, Grunert, & Müller, 2018). Subsequently, Sweden and Austria adopted similar 

legislation for mandatory P-recovery from sewage sludge, which was followed by Germany 

implementing a new ordinance for sewage sludge management requiring mandatory P-

recovery (Fengyi, Ece Kendir, & Zeynep, 2022). This legislation fits within the German policy 

of aiming to reduce the import of phosphates by one-third in 2020 (Kabbe, 2013). The 

significance of this ordinance lies in applying P-recovery technologies in large wastewater 
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treatment plants, which is considered an upgrading step in P-recovery from waste due to the 

larger scale of application. Following the approval of the latest amendments in the EU Fertilizer 

Regulation (FPR 2019/1009,), Finland announced the implementation of a National Waste Plan 

in 2023, with the aim of reclaiming nutrients, including P, from wastes for fertilizer 

applications (Hanna, 2021). A summarized timeline of the evolution of EU regulations 

regarding P is presented in Figure 1-1. 

 

Figure 1-1: Timeline for EU Regulations and National Legislations regarding P 

The larger scope of the EU national regulations falls within a projected global scenario to 

achieve P-security. The scenario starts from the prediction of a “phosphorus peak” that refers 

to a maximum P-production from phosphate rock by 2033, beyond which the resource will start 

depleting rapidly and production can no longer be sustainable. This scenario suggests a new 

approach to achieving phosphorus security by encouraging P-recovery from waste streams to 

satisfy around 30% of global P demand before reaching the projected peak  (Cordell, 2013). 

Based on the above, P-recovery is becoming an essential step for valorizing wastes in the 

nutrient cycle, which necessitates treatment steps to increase the nutrient potential of the waste 

streams. 

Organic wastes offer the advantage of variety, since they include waste streams such as 

agricultural wastes, sludge, food by-products and organic household waste (Fabio et al., 2015). 
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Also, organic wastes are abundant and increasing in production following the increase in 

human population and the development of new industrial processes. This abundance becomes 

meaningful when inspecting the P content of the organic waste streams. 

As demonstrated by previous studies, organic waste has the potential to replace a significant 

portion of the P demand (Amann et al., 2018). According to the data collected by Cordell et al. 

(2011), the concentration of P in different organic wastes can vary between 0.02% (human 

urine) and 14% in struvite (Cordell, Rosemarin, Schröder, & Smit, 2011). Similarly, 

Havukainen et al. (2016) reported the P contents for several feedstock types, and the results 

showed that sewage sludge contains 66 kg phosphate/tonne solids, whereas cattle liquid manure 

contains 26 kg/tonne solids (Havukainen et al., 2016). The feasibility of P-recovery from 

organic wastes has been demonstrated in the literature. Ntuli et al. (2012) performed extraction 

of P from sewage sludge with a molar concentration of 14.25% of P (Shiba & Ntuli, 

2017).Similarly, Yu et al. (2021) studied the recovery of P from sewage sludge samples and 

their corresponding products with P concentrations ranging from 5-20% (B. Yu, Xiao, et al., 

2021). Furthermore, the effect of waste treatment on P-recovery has been shown in several 

previous studies, where techniques such as hydrothermal treatment led to an increase of 23% 

in total P concentration of the products compared to that in the initial feedstock(B. Yu, Xiao, 

et al., 2021). Treatment of organic waste can lead to products with higher concentrations of P, 

which enhances the economic value of P-recovery. 

1.2.2. Phosphorus in Dairy Waste 

Lying at the heart of the food industry, the dairy industry consists of a wide scope of milk 

processing technologies aimed at the production of different commodities that are at the center 

of the human diet and consumption. Dairy processing technologies include storage, mixing, 

pasteurizing and fermentation of raw milk to generate products such as cheese, whey, processed 

milk, and others. The growth of the dairy industry has been significant through the last decade, 

mainly reflecting the increase in human demand, and this growth is manifested by the increase 

in the global dairy market value, which is estimated to reach 1.128 billion dollars by 2026 

(Mahsa Shahbandeh, 2022). According to the latest studies, Ireland experienced the highest 

growth rate in raw milk production in 2019, which falls in line with the Food Wise 2025 policy 

for Ireland. In 2019, Ireland recorded an increase of 5% in contribution of the total raw cow’s 

milk production. 
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The dairy industry is considered one of the largest producers of industrial wastewater, and 

studies expect a continuity in increasing its production (Tikariha & Sahu, 2014). Dairy 

wastewater consists of a combination of streams resulting from the cleaning and washing 

operations included in the dairy processing plant, with the three major constituting streams 

including processing water, cleaning wastewater and sanitary wastewater. Processing water is 

the outcome stream of coolers and condensers specialized for cooling milk, and it is often 

considered available for reusage due to their low pollutant concentrations. On another hand, 

cleaning wastewater is the combination of streams resulting from the washing of the plant 

equipment, and it includes the dairy leftovers in the plant equipment. This stream contains high 

organic content resulting from the residues of milk and its products. Finally, sanitary 

wastewater consists of the streams coming from showers, toilets, sinks and other auxiliaries, 

which is mainly considered for its nitrogen content (Kolev Slavov, 2017). According to a recent 

study, the amount of dairy wastewater produced annually in the EU was 192.5 × 106 m3 

(Stasinakis, Charalambous, & Vyrides, 2022). 

Hence, the composition of dairy wastewater includes fats, lactose, nutrients, organic residues, 

and sanitizing agents, and it is usually characterized by high BOD and COD levels. This 

highlights the need for treating dairy wastewater either for a safer discharge or for potential 

reusage. On another level, dairy wastewater possesses considerable amounts of phosphorus, 

reaching up to 100 mg/L, which can be retained through wastewater treatment techniques 

(Ahmad et al., 2019). Recent studies have shown that the P-content in dairy wastewater can 

cover the global demand for P in the fertilizer market (Yapıcıoğlu & Yeşilnacar, 2020). 

Different streams of dairy wastewater possess different ranges of P, with DAF sludge 

containing up to 52g TP/kg of sludge (Behjat, Svanström, & Peters, 2022). The quantity of P 

in dairy waste streams, including dairy sludge, is considered economically recoverable, which 

defines such streams as secondary resources of P. 

1.2.3. REFLOW Project 

As part of the ongoing attempts to engage phosphorus recovery in waste management 

strategies, the REFLOW project was launched in 2019 as part of the Marie Skłodowska-Curie 

Innovative Training Networks (MSC-ITN) advised and funded by the European Commission 

(EC). “REFLOW” stands for “Phosphorus REcovery for FertiLisers frOm dairy processing 
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Waste”, and as the name suggests, the project aims at studying and developing methods for the 

recovery of phosphorus from dairy processing waste. 

The recovery of phosphorus (P) has been gaining more interest due to the limited nature of 

traditional phosphorus sources, in addition to the increasing demand for P due to the increasing 

human population.  As shown previously, dairy processing waste possesses economic 

concentrations of P, which are open for recovery using the right techniques. Through 

REFLOW, researchers and institutions aim to influence land management practices and the EU 

policy goals regarding phosphorus recycling and fertilizer production. The overall research 

goals of REFLOW are the following: 

- Developing processes for the recovery and reuse of P from dairy processing waste 

- Assessing the fertilizer value of the P products and their applications on laboratory and 

field scales 

- Addressing the environmental, social, and economic challenges to define market-driven 

solutions for P-recovery processes from dairy processing waste 

To achieve these goals, the REFLOW project is divided into 6 work packages, the first of which 

focuses on “phosphorus accumulation, mineralization and purification”, which is led by the 

University of Limerick, Ireland. This work package involves 6 researchers, each of which 

works on developing different P-recovery technologies from dairy processing waste as a source 

of P. Researcher #3 in this work package is responsible for executing hydrothermal 

carbonization of P-rich dairy sludge as a route for P-recovery. Within the framework of work 

package 1, the role played by Researcher #3 is a link-up between the researchers within the 

work package, as well as providing input for researchers from other work packages. For 

instance, researcher #1 is responsible for producing biologically treated dairy sludge, which is 

then thermally treated by researcher #3 to produce one of the P-products studied for fertilizer 

quality, hydrochar, along with a liquid product that presents the input for researcher #5, who is 

responsible for producing struvite from P in the liquid product of Hydrothermal Carbonization 

(HTC). Both the hydrochar and the struvite are two STRUBIAS products, which have been 

highlighted recently as potential fertilizers (W Shi et al., 2021).  

REFLOW specifies a set of technical objectives related to the recovery of P from dairy 

processing waste, and some of these objectives are listed below. 
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1. Achieving removal of soluble-P of up to 90% from dairy effluent streams using 

enhanced biological removal rather than chemically with alum or iron salts, to 

concentrate it P-rich bio solids. 

2. To extract and recover heavy-metal-free, water-soluble phosphate salts or phosphoric 

acid, to create new REFLOW fertilizers. 

3. To determine how the new fertilizers affect greenhouse gas (GHG) emissions and N 

dynamics, by conducting comparative field trials with conventional fertilizer from rock 

phosphorous. 

4. To map the loss of P through investigating P-dynamics over time in the run-off pathway, 

and post-application of DPW and new fertilizers to agricultural land. 

5. To develop sustainability indicators and conduct a comprehensive life-cycle analysis 

(LCA) of REFLOW fertilizers to determine carbon footprint relative to commercial 

fertilizers. 

The outcomes of the experimental work performed during this PhD study period is introduced 

as input for researchers in different work packages of the same project. To begin with, the two 

major outcomes of the HTC process present potential inputs for achieving technical objective 

#2, with the hydrochar being a final potential fertilizer, while the liquid product of HTC 

presents an input for another STRUBIAS fertilizer material, which is struvite precipitation, as 

revealed by Numviyimana et al. (2022) (Numviyimana, Warchoł, Khalaf, Leahy, & Chojnacka, 

2022). The hydrochar produced at different HTC conditions is utilized by researchers for pot 

and field trials to assess the fertilizer quality of the hydrochars, which satisfies technical 

objectives #3 and #4 for the REFLOW project. Furthermore, the energy and mass balances of 

the HTC experimental runs, along with the characterization data of the feedstock and the 

products, are introduced to researchers developing economic models and life-cycle assessment 

models of REFLOW fertilizers, as specified in objective #5. Finally, the research outcome of 

this study supports the results of technical objective #1 indirectly, and that is by proving the 

inhibiting effect of chemical treatment on the recovery of P from dairy processing waste. This 

is further proved by the comparison between chemically treated and biologically treated dairy 

sludge in Chapter 6 of this thesis.  

The connections between this PhD and fellow researchers in the REFLOW project are 

summarized in the Figure 1-4 below. 
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Figure 1-2: PhD research in context of REFLOW project deliverables and connections to 

other researchers 

During this research work, the following deliverables were successfully achieved and reported: 

- Database on process conditions for HTC of dairy processing waste 

- Characterization of recovered salts from the liquid product of HTC of dairy 

processing waste 

- Bench-scale testing of HTC process conditions (temperature, time, pressure) 

- Analysis of P speciation, availability, and organic content of HTC liquor 

- Scaling HTC to 8L pilot scale and recovery of products 

As mentioned previously, the objectives of this PhD are to investigate the effects of HTC 

processing conditions, including temperature, residence time and initial pH on the outcomes of 

HTC products. Particularly, P-recovery is defined as a target of the HTC process, and the 

research work revolves around optimizing scenarios for P-recovery from the products of HTC. 

These targets satisfy the core of the work package goals in targeting the recovery and reuse of 

P from dairy processing waste. 
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1.3. Techniques for P-recovery from organic waste 

Treatment techniques lie at the heart of P-recovery, with the aim of immobilizing P in complex 

structures, or concentrating P in a specific product, or transforming P into readily available 

forms in either product. The treatment technique is largely dependent on the end goal of the 

recovered P, and studies have shown that a large portion of recovered P is used in the fertilizer 

supply market (Günther et al., 2018). Therefore, many techniques adopted for the recovery of 

P aim at concentrating readily available forms of P in the potential products. 

Technologies for P-recovery from organic waste are various, and they include biological 

treatment, chemical treatment, thermochemical treatment, or a combination of processes. 

Biological treatment involves the activity of microorganisms with the aim of concentrating 

phosphorus in a specific product (Yu Yang, Xu Shi, Wendy Ballent, & Brooke K Mayer, 2017). 

Through metabolism, different types of bacteria and algae consume phosphorus from a waste 

stream and accumulate it as polyphosphates or ortho-phosphates (Günther et al., 2018). The 

most common technology for P-recovery through biological treatment is enhanced biological 

phosphorus removal (EBPR), which involves the metabolic activity of phosphorus 

accumulating organisms (PAOs) leading to the transformation of P into orthophosphates 

(Cieślik & Konieczka, 2017). The most common application of biological treatment for P-

recovery is the enhanced biological phosphorus removal (EBPR), which has been considered 

as an economically and environmentally sustainable P-treatment technique due to the lack of 

additives or extensive energy costs embedded in the process (R. Liu, Hao, Chen, & Li, 

2019).Despite its technological feasibility, biological treatment of waste for P-recovery faces 

several challenges in terms of efficiency, selectivity of microorganisms and limitations of 

application on a wide variety of wastes (N. Shen & Zhou, 2016). Izadi et al. (2023) studied 

different aspects of the EBPR process and identified several knowledge gaps related to the 

identification of the functional PAO’s, their selective efficiency and the extent of the anaerobic 

hydrolysis rate during EBPR. The authors cite a certain level of “vagueness” in defining the 

mechanisms and microbial ecology of the EBRP process.(Izadi & Andalib, 2023) Furthermore, 

the scaling up of EBPR technology in wastewater treatment has shown several gaps in terms 

of P-recovery efficiency amid the lack of proper identification of PAO’s selectivity and 

recovery effectiveness. (Izadi, Izadi, & Eldyasti, 2020) 
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On the other hand, P-recovery through chemical treatment involves the addition of acidic or 

basic solutions to extract P from waste streams to produce P-rich liquid streams. Chemical 

treatment is widely accepted as a viable technique for transforming, extracting, and recovering 

P from waste due to the efficiency of decomposing organic matter and releasing the bound P 

(Sahu & Chaudhari, 2013). The major treatment technique for P-recovery from waste streams 

is chemical precipitation or coagulation using chemical additives. In several industries, 

chemical precipitation is applied directly by the addition of metal cations such as calcium 

(Ca2+), iron (Fe3+) and aluminum (Al3+) to capture P and trap it in complex structures. The 

reactions describing the adsorption of P onto Al-based and Fe-based coagulants are presented 

below. 

 

Al2(SO4)3(14 - 18) H2O + 3Ca (HCO3)2 ⇌ 2 Al (OH)3 + 6CO2 + 3CaSO4 + (14-18H2O) (1) 

 

 

~ 2Al-OH + H2PO4
- ⇌ ~(Al)2HPO4 + H2O + OH-       (2) 

 

 Another method for chemical treatment is struvite precipitation, which is an established 

technology for the precipitation of P in waste streams in the presence of magnesium (Mg2+) 

and ammonium (NH4
+) ions.(Chrispim, Scholz, & Nolasco, 2019) The equation for struvite 

precipitation is defined as follows (Barbosa, Peixoto, Meulman, Alves, & Pereira, 2016). 

Mg2++NH4
++PO4

3-
.6H2O → MgNH4PO4.6H2O       (3) 

 Despite its feasibility in terms of accessibility and lack of transportation cost, many challenges 

surround chemical precipitation of P, the major of which are the possibility of reduced 

bioavailability of the recovered P due to the toxic effect of elements such as aluminum, in 

addition to the need for extensive amounts of chemicals to precipitate large quantities of 

phosphorus (Egle, Rechberger, Krampe, & Zessner, 2016; Musfique, Hasan, Hafizur, Hossain, 

& Uddin, 2015). Specifically, struvite precipitation faces the challenges of increased suspended 

solids concentrations, as well as the dominance of inorganic phosphates coupled with increased 

levels of dissolved calcium concentrations (Huchzermeier & Tao, 2012). Therefore, despite its 

technological feasibility, P-recovery through chemical treatment involves a set of 

environmental and economic challenges that increase the need for alternative technologies. 
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The third major field for P-recovery from organic waste streams is thermochemical treatment, 

which involves the transformation of waste material into valuable products by inducing 

chemical reactions under the influence of heat. In general, all thermochemical treatment 

techniques involve breaking chemical bonds of complex material, and temperature remains the 

deciding factor in the treatment mechanisms and its potential outcomes (Bougrier, Delgenès, 

& Carrère, 2008). Thermochemical processes utilize thermal energy to facilitate the treatment 

of waste  with a significant potential for producing energy (Xiangdong, Qunxing, Jie, Huaping, 

& Jianhua, 2019).  In terms of P-recovery, thermochemical processing enhances the 

transformation and migration of P resulting in different P-speciation at the end products 

(Xiangdong et al., 2019). 

Different processes for P-recovery from thermochemical treatment are applied industrially, 

including applications of pyrolysis and combustion. Pyrolysis can be defined as the thermal 

decomposition of waste to produce a carbon-rich product (biochar) along with bio-oil and 

syngas at temperatures ranging from 300 to 1000℃ (Frišták, Pipíška, & Soja, 2018). Different 

types of pyrolysis have been developed with different operating temperature, residence time, 

and reactor configuration. Slow pyrolysis aims at retrieving more solids (biochar), whereas fast 

pyrolysis leads to the production of bio-oil as a major product (Al Arni, 2018). Therefore, the 

recovery of P from pyrolysis products is dependent on the type of pyrolysis adopted.  For slow 

pyrolysis, P is retrieved from the biochar where transformations between different P-pools are 

enhanced at high temperatures, thus increasing the bioavailability of the retrieved P (Zhu, Zhao, 

Li, Li, & Guo, 2022). In general, high rates of P-recovery can be achieved through pyrolysis, 

which was demonstrated by Xiao et al. (2019) in their study on P-recovery from pyrolyzed 

sludge (K. Xiao et al., 2019). Meanwhile, studies have shown that for fast pyrolysis, the 

majority of P recovered is retrieved from the solid product as well (Azuara, Kersten, & 

Kootstra, 2013; Uchimiya, Hiradate, & Antal Jr, 2015). However, the application of pyrolysis 

does have several disadvantages including the need for pre-drying, which is an economic 

burden when it comes to industrial wastes with high moisture. Furthermore, the immobilization 

of heavy metals in the biochar can negatively affect its qualification as a potential P-fertilizer 

according to EU regulations (Frišták et al., 2018). 

Combustion is one of the oldest and most studied applications of thermochemical treatment of 

waste, yet less focus is exerted on P-recovery from combustion processes. In general, 



13 

 
 

 

incineration is defined as the exothermic oxidation reaction that transforms the carbonaceous 

solids in organic residues such as sewage sludge into flue gases (H. Wu et al., 2016). During 

combustion, biowaste undergoes structural and chemical transformations in the presence of 

excess air in order to produce two major products, carbon dioxide and steam as well as an 

inorganic ash containing the majority of the phosphate. Similar to pyrolysis, combustion has 

the advantage of reducing waste volume and enhances energy recovery, while maintaining the 

chances for P-recovery in the ash (Bagheri, Öhman, & Wetterlund, 2022). Due to the high 

operating temperature, combustion requires a drying step to reduce the moisture in the waste 

streams, and this increases the economic cost of the treatment. Furthermore, potential 

accumulation of heavy metals in the  ash can reduce its potential fertilizer quality, as well as 

the bioavailability of P (Atienza–Martínez, Gea, Arauzo, Kersten, & Kootstra, 2014). Finally, 

several studies have pointed out that during combustion of organic waste, P is immobilized in 

complex structures with the available metal ions, such as iron, which necessitates an additional 

extraction step for the recovery of P using high volumes of inorganic acids (Irshad, Hafeez, 

Naseem, Rizwan, & Al-Wabel, 2018; Tan & Lagerkvist, 2011). The growth in the application 

of combustion has reduced significantly due to the potential hazards embodied with the 

process, in addition to some serious concerns regarding air and water pollution (Kasina, 

Wendorff-Belon, Kowalski, & Michalik, 2019). Table 1-2 summarizes the main advantages 

and disadvantages of different treatment techniques for P-recovery from organic waste streams. 

Table 1-2: Advantages and disadvantages of different treatment techniques for P-recovery 

from organic waste 

Treatment Advantage Disadvantage Reference 

Biological 

Treatment 

No need for excessive energy 

consumption or additives 
 

(Massoompour, 

Raie, Borghei, 

Dewil, & 

Appels, 2022) 

 

Lack of proper 

identification of PAO's 

selectivity and efficiency 

in P-recovery 

(Izadi et al., 

2020) 

Ability to achieve effective P-

recovery from waste streams 

with high COD and organic 

pollutants 

 
(Broughton, 

Pratt, & 

Shilton, 2008) 
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Negative competition 

between PAO's and 

Glycogen-accumulating 

Organisms (GAO's) 

(Gebremariam, 

Beutel, 

Christian, & 

Hess, 2011) 

 

Potential technical 

difficulties on industrial 

scale such as clogging 

and undesired PAO 

growth 

(C. Zhang, 

Guisasola, & 

Baeza, 2022) 

Chemical 

Treatment 

 Requires large quantities 

of chemical additives 

(Desmidt et al., 

2015) 

Ability to remove 89-90% of 

soluble phosphates 
 

(Le Corre, 

Valsami-Jones, 

Hobbs, & 

Parsons, 2009) 

 
Possibility of toxicity due 

to the excess presence of 

iron and aluminium 

(Y. Wu et al., 

2019) 

Thermochemical 

Treatment 

 Need to add significant 

volumes of acids 

(Atienza–

Martínez et al., 

2014) 

Reduction of Waste volume  (Frišták et al., 

2018) 

Transformation of waste 

material into valuable 

products 

 
(Tan & 

Lagerkvist, 

2011) 

 

Requires a pre-drying 

step or addition of 

supplementary fuel to 

reduce moisture (except 

for HTC) 

(Bagheri et al., 

2022) 

 

Below is a detailed description of different thermochemical treatment technologies, their 

operating conditions and primary advantages and disadvantages. 

1.3.1. Combustion 

Combustion is the oldest form of biowaste treatment for energy production (Basu, 2010). 

During combustion, biowaste undergoes structural and chemical transformations in the 

presence of excess air in order to produce two major products, carbon dioxide and steam as 
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well as an inorganic ash containing the majority of the phosphate. The equation for organic 

waste combustion in the presence of oxygen is provided as below. 

Organic waste + O2 (g)→ Char (s)+H2O (g)+ CO2(g)+Heat    (4) 

The growth in the application of combustion has reduced significantly due to the potential 

hazards embodied with the process, in addition to some serious concerns regarding air and 

water pollution. Furthermore, since some potentially more useful products can be obtained 

using more energy-efficient and environmentally friendly techniques, the application of 

combustion has been limited in the biowaste-to-energy field. 

In terms of P-recovery, the operating temperature of combustion allows for recovering the 

majority of P in the solid char, with up to 99% P-recovery rates reported in literature (Atienza–

Martínez et al., 2014). Through combustion, immobilization of P by forming calcium 

phosphates can occur by the interaction of phosphates with calcium, and eventually, further 

treatment is required to leach the immobilized P from the produced ashes (Beck, Brandenstein, 

Unterberger, & Hein, 2004). 

1.3.2. Gasification 

Gasification is the transformation of a solid biomass into gaseous products through partial 

combustion (Minaret, 2015). The first application of gasification dates back to an experiment 

performed by Thomas Shirley in 1659, and the first gasification patent dates back to 1788 

(Basu, 2010). Feedstock biomass is heated at a range of 600℃-1200℃ in a gasification reactor, 

which could be a fixed bed, fluidized bed or entrained flow reactor (Minaret, 2015). The main 

product of gasification is syngas, which is a combination of gases such as CO, H2 and CO2, 

which is significant for its role in producing valuable fuel products through Fischer-Tropsch 

synthesis (Kambo & Dutta, 2015). In general, gasification occurs at a lower temperature than 

combustion and produces a small amount of solid product, char, which retains the majority of 

the inorganic material but can contain a high amount of heavy metals, thus, reducing the 

potential of using this product for fuel production or soil amendment.  

Despite its importance in producing syngas, gasification falls short among candidates for 

thermal processing of biowastes, mainly due to the yield and high mineral content of biochar, 

environmental concerns related to the production of gases, and the difficulties related to 

promoting the technique in terms of public opinion. The major application of gasification 
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focuses on  increasing the heating value of fuels, as well as enhancing the properties of the fuel 

by increasing its C/H ratio and reducing the sulfur and nitrogen content (Basu, 2010; Toptas 

Tag, Duman, & Yanik, 2018).  

P-recovery from gasification products is less promoted than other thermochemical techniques, 

mainly due to the lower recovery rates reported in previous studies (Beck et al., 2004). 

Furthermore, P-losses are more likely to occur during gasification due to the formation of 

phosphoric acid which can be released with the syngas stream. 

1.3.3. Pyrolysis 

The third technology for thermal treatment of biowaste taken into consideration in this study 

is pyrolysis, which is one of the widely researched processes in the field of biomass-to-energy 

production. Pyrolysis was originally proposed by Canadian physician Abraham Gesner in the 

mid-1840s in an attempt to produce an alternative gas to the whale oil used in lamps (Jeguirim 

& Limousy, 2019). Pyrolysis is defined as the thermochemical treatment of biomass to produce 

a solid-phase biochar, liquid phase bio-oil and a stream of gases such as CO, CO2, H2 and CH4. 

(Kambo & Dutta, 2015) Pyrolysis occurs in the complete absence of oxygen, and it is usually 

carried out at temperatures ranging from 300℃-650℃. The final desired product dictates the 

type and operating conditions of pyrolysis, but in general, the four common categories of 

pyrolysis are: slow, fast, flash and intermediate(Atallah et al., 2020a). Slow pyrolysis aims at 

increasing the yield of solid biochar, whereas fast pyrolysis enhances the production of liquid 

bio-oil, while under intermediate conditions, the three phase products of pyrolysis are produced 

in almost equal ratios(Leinweber, Hagemann, Kebelmann, Kebelmann, & Morshedizad, 2019). 

Despite its significance in industry, the application of pyrolysis encounters several setbacks 

related to high operational costs versus a moderate return of valuable products. Also, 

maximizing the yield of solid biochar through pyrolysis requires increasing the residence time 

and reducing the heating rates, which contributes to higher energy costs (Atallah et al., 2020a).  

Pyrolysis also requires a dry (<20% H2O) feedstock which render it unsuitable for most 

abundant biowastes such as sludge.  

In terms of P-recovery, pyrolysis is studied extensively, particularly for the P-content in the 

produced biochars. Pyrolysis allows for the transformation of P from its organic forms in waste 

streams to mineral complexes through binding to available metals. P-recovery rates vary 

according to the degree of pyrolysis and the operating temperature. Zhu et al. (2022) studied 
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the effect of pyrolysis temperature on P-recovery from biochar, and they reported a significant 

increase in the transformation of organic P to inorganic forms, in addition to an increase in the 

formation of the more stable apatite P forms at higher temperatures (Zhu et al., 2022). Similar 

observations were reported by Sun et al. (2018), where pyrolysis temperatures higher than 

450℃ led to the highest P-recovery rates, and this was explained by the higher surface areas 

and adsorption capacities of the produced biochars (D. Sun, Hale, Kar, Soolanayakanahally, & 

Adl, 2018). 

Despite the differences in operation, products, and the efficiency of P-recovery, all of the above 

processes for thermal treatment of organic waste require the drying of feedstock as an 

indispensable pre-treatment step, which adds to the energy cost of the overall process. 

1.3.4. Hydrothermal carbonization 

1.3.4.1. Definition 

Hydrothermal carbonization (HTC) is defined as the thermochemical conversion of organic 

biomass into carbon-rich solid, called hydrochar, in the presence of water and under mild 

operating conditions (Fang, Zhan, Ok, & Gao, 2018). In contrast to other thermochemical 

treatment processes (pyrolysis, gasification, combustion), hydrothermal carbonization occurs 

in a wet medium, where water plays the role of a catalyst for decomposition reactions. The 

catalytic role of water at temperature above 180℃  arises because of the increase in of water 

dissociation and the change in the dielectric constant compared to water at room temperature 

(Krylova & Zaitchenko, 2018). This change facilitates the solubility of organic compounds in 

addition to enhancing ionic interactions between decomposed compounds (Basso, Castello, 

Baratieri, & Fiori, 2013). Thus, the need for a drying pre-treatment step is eliminated (L. Li, 

Flora, & Berge, 2020). By eliminating the drying step, HTC allows for the treatment of biomass 

with moisture contents up to 90%, while ensuring acceptable results of solid yield and nutrient 

recovery (Michela & Luca, 2017). In addition to reducing the need for drying, HTC provides 

some advantages over other thermochemical conversion technologies.  

1- its capacity to treat a wide variety of biomass resources. Numerous studies have been 

performed on different sources of biomass (animal waste, plant waste, algal biomass, 

municipal solid waste, sewage sludge and wood residues), and results have confirmed 

the feasibility and applicability of HTC (Fakkaew, Koottatep, & Polprasert, 2018). This 

is mainly due to the operating conditions of HTC. In terms of pressure, HTC operates 
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under autogenic pressures that are generated by the effect of water temperature and the 

sealed reactor (Santana, Alves, Santana, Gonçalves, & Guerreiro, 2022).,  

2- HTC operates at moderate temperatures that do not exceed 250℃, which reduces the 

energy cost of operation in comparison to other treatment technologies such as 

pyrolysis and gasification.  

3- In terms of heavy metals, studies have shown that HTC can either reduce the total heavy 

metal content or to the immobilization of heavy metals on the hydrochar, which reduces 

their pollutant effect on soil similar to other thermochemical techniques  (H.-j. Huang 

& Yuan, 2016; Reza, Lynam, Uddin, & Coronella, 2013). Xu et al. (2017) suggested 

that the decomposition of carbohydrates due to hydrolysis leads to the changing the 

formation of coordination bonds of these molecules to produce complex precipitates (X. 

Xu & Jiang, 2017). Wang et al. (2019) have proved that increasing the severity of HTC 

conditions leads to reducing the fractions of bioavailable heavy metals, thus producing 

a stable hydrochar available for soil application (L. Wang, Chang, & Liu, 2019). 

Another advantage of HTC is the presence of water which acts as a solvent and a 

catalyst for hydrolysis and decomposition reactions (Silvia et al., 2018). Based on the 

aforementioned advantages, studies on the application of HTC as a technique for the 

valorization of biomass have been increasing during the last decade. In terms of nutrient 

recovery, it was reported that during the HTC process, the concentration of valuable 

nutrients such as phosphorous occurs in the solid or the liquid product, and the 

distribution of each p is based on the operating conditions (K. Wu, Zhang, & Yuan, 

2018). 

1.3.4.2. Process Conditions 

In general, HTC proceeds under mild operating conditions, which play a key role in 

determining the yield and characteristics of the final products. HTC results in three major 

products: a carbon-rich solid phase hydrochar, a liquid mixture of acids and bio-oil solutions, 

and traces of gases such as CO2, CO, H2 and CH4 (Nakason et al., 2017).  Hydrochar is the 

most valuable and available product resulting from HTC, and the efficiency of the treatment is 

widely connected to the yield of hydrochar and its energy density for fuel application (M. T. 

Reza, W. Becker, K. Sachsenheimer, & J. Mumme, 2014). 
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For this reason, understanding the conditions of the reaction allows for a sustainable and 

improved production of hydrochar for nutrient recovery.  

The major conditions that influence the mechanisms and outcome of hydrothermal 

carbonization are temperature, pressure, residence time and biomass/water ratio, along with 

other minor factors. HTC usually occurs inside a sealed reactor within a range of moderate 

temperatures (180℃-250℃) under an autogenous pressure that ranges between 2-6 MPa. The 

residence time of the reaction varies from 5 minutes to 72 hours, depending on the scale of 

application and the characteristics of the desired products, whereas the biomass/water ratio of 

the input feedstock ranges between 0.025-0.25 (Song et al., 2018). 

1.4. P-recovery in Hydrothermal carbonization 

1.4.1. Definition of P-recovery 

Defining phosphorus recovery might seem straightforward, yet some complexity arises when 

the context of valuable phosphorus is introduced. In general, phosphorus in waste streams can 

be categorized into two main pools: readily available P (labile) and immobile P (non-labile). 

Readily available P refers to the phosphorus that can be directly consumed by plants from a 

soil solution, and it is usually present in the form of orthophosphate (PO4
3-) (Vos et al., 2019). 

However, P in solutions rarely exists as free orthophosphate ions, but rather in complex and 

dynamic combinations that range from organic to inorganic P. Generally, readily available P is 

derived from the inorganic fraction, which defines the main P fraction in organic wastes and 

products of thermochemical treatment (Menezes-Blackburn et al., 2018). Through adsorption, 

free PO4
3- binds to existing oxides such as Fe, Al and Ca to form soluble and insoluble inorganic 

forms of P. Availability of P is directly linked to the strength of the adsorption of PO4
3- to these 

oxides, where weak adsorption gives rise to readily available P and strong adsorption produces 

immobile P (X. Yang & Post, 2011). Immobile P is produced as a result of precipitation or in 

the form of strongly bound phosphates such as calcium phosphates (Dai et al., 2015). This form 

of P is insoluble and possesses a slow-release rate and eventually plant uptake. The summation 

of readily available P and the immobile P fractions constitutes the total phosphorus in the 

mixture. 

Recovering P can simply mean retaining the total phosphorus from waste in one or more of the 

products resulting from treatment techniques. In several studies on HTC, P-recovery is defined 

as equation (1) (Cui et al., 2020; V. Qaramaleki, Villamil, Mohedano, & Coronella, 2020). 
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Precovered=
PHC

PFS

×Yield 
(5) 

Where “HC” stands for hydrochar and “FS” stands for feedstock. This definition of P-recovery 

(Precovered) stems from the perspective of treatment. Most of the studies applying this definition 

focus on the process of waste transformation into products with potentially valuable nutrient 

content. However, defining nutrient potential in terms of total P can be ambiguous, which has 

been pointed out by some studies, mainly due to neglecting the significance of plant-

availability for assessing P-recovery (Helen et al., 2017). This criticism arises from the 

observation that in some waste streams, such as chemically treated sludge, it is likely to find P 

trapped in complex forms, which places the recovered P in non-available pools for plant 

consumption (Brod et al., 2015). For this reason, several studies shed light on the plant-

available P as the actual point of interest in P-recovery techniques.  

The definition of plant-available P has been linked to the tests used to evaluate this availability, 

such as the Olsen method and other soil-based tests (Delgado & Torrent, 1997). These tests are 

based on a two-phase evaluation approach, where an extractant is added, and the amount of P 

extracted is correlated with the amount of P absorbed by the plant. This quantity is defined as 

the plant-available P (Watson, 2007). Evaluating plant-available P includes a variety of tests 

that take into consideration the type and pH of the sample been investigated. For instance, the 

Bray-Kurtz P1 test determines plant-available P using dilute hydrochloric acid and an 

ammonium fluoride solution, but it is only recommended for neutral and acidic soil samples 

(Bray & Kurtz, 1945). The Olsen test is one of the most used soil P-tests for evaluation of plant-

available P since it only relies on sodium bicarbonate solution as an extractant, which makes it 

applicable for neutral and basic samples (Horta & Torrent, 2007).  

Another protocol for defining readily available P is by measuring the solubility of P in certain 

solvents. The two main solvents used as indicators for P-solubility are water and ammonium 

citrate. This protocol was included in the EU1069/2019 Regulation for fertilizer products (EU, 

2019). In addition to defining the minimum P concentration required for stating a material as a 

potential fertilizer, the regulation requires additional information regarding the percentage of 

soluble P from total P, as an additional indicator for the fertilizer quality of the product. 

According to Part II of the General Labelling Requirements section in the regulation, a mineral 

fertilizer should have either a minimum of 40% water-soluble P or 75% ammonium citrate-



21 

 
 

 

soluble P from its total P content (EU, 2019), highlighting the growing relevance of  measuring 

readily available P. 

In their study on the recycling potential of secondary phosphorus resources, Hamilton et al. 

(2017) introduce relative agronomic efficiency (RAE) measure depending on the water-soluble 

phosphorus as the benchmark for calculations (Helen et al., 2017). According to the authors, 

this definition allows for more accurate measurements of P-recovery since it includes plant-

available P as the benchmark. While most of the literature studies on P-recovery from HTC 

target total P, recent studies are promoting the implementation of plant-availability in the 

assessment of P-recovery (Egle et al., 2016). 

Zheng et al. (2020) studied the conversion of phosphorus into P-available forms during the 

HTC of sewage sludge. Their results showed that following treatment with citric acid (CA) and 

formic acid (FA), the recovery of available P was 81.9% and 86.2% respectively (Xiaoyuan et 

al., 2020). The authors also correlated the increase of available P with the increase in 

hydroxyapatite, which is recognized as biocompatible with soil (Xiaoyuan et al., 2020). 

Furthermore, Ghanim et al. (2018) studied the effect of temperature on the recovery of 

available P from the HTC of poultry litter, and their results showed that an increase in 

temperature leads to a significant decrease in readily available P from 50% at low temperature 

to 2% at high temperature (Bashir M. Ghanim, Witold Kwapinski, & James J. Leahy, 2018). 

This can be explained by the enhancement of early hydrolysis reactions, which lead to 

increasing the rate of re-polymerization reactions and eventually the reformulation of P in 

complex forms with the available metal cations. These forms are less available, thus decreasing 

the readily available P in the hydrochar. 

1.4.2. P-speciation 

1.4.2.1. P-species in organic waste 

Assessment of P-availability requires an understanding of its chemical composition and 

consequent transformation during HTC. P-speciation provides insight into the forms through 

which the element exists, which helps understand the dynamics of P, its destination, and the 

recovery pathway. In general, P in waste can be categorized as either organic or inorganic P. 

Organic phosphorous (OP) exists as a mixture of compounds including phospholipids and 

simple phosphate monoesters (Dai et al., 2015), whereas inorganic phosphorus (IP) consists of 

two major pools, and they are apatite and non-apatite P. Apatite P (AP) includes the P 
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complexes that are associated with calcium (Ca), whereas non-apatite P (NAIP) is the fraction 

of IP that is related to aluminum (Al), iron (Fe) and manganese (Mn) oxides and hydroxides 

(H. Wang, Yang, Li, & Liu, 2020). The distribution of each phosphorus fraction in organic 

wastes is dependent on the nature of the material as well as the type of the pre-treatment 

techniques adopted. In general, IP presents the major form of P in organic wastes, comprising 

up to 80% of the phosphate in sludge materials (Y. Shi, Luo, Rao, Chen, & Zhang, 2019). This 

can be explained by the fact that OP is usually generated during biological treatment 

techniques, whereas IP is more present after chemical treatment , remains the most prevalent 

in waste management and phosphorus recovery (B. Yu, Luo, et al., 2021). The inorganic 

portion of phosphorous is primarily non-apatite P (NAIP) rather than AP, which can be 

explained by the variety of metal oxides and hydroxides that comprise NAIP, compared to the 

uniqueness of calcium phosphate as the major constituent for AP. Meng et al. (2018) reported 

that 67% of the inorganic phosphorous present in dried sewage sludge is in the form of non-

apatite P, which is similar to the findings of He et al. (2017) in waste activated sludge (He et 

al., 2017; Meng, Huang, Gao, Tay, & Yan, 2018). 

The phosphorus chemistry in dairy processing waste is similar to that of organic waste, as 

treatment techniques play the major role in defining the distribution and types of phosphorus 

in the waste stream. The main constituents of organic P in dairy processing waste are 

polyphosphates, pyrophosphates, and phosphate diesters (Aragón-Briceño et al., 2021). 

Meanwhile, the main forms of IP found in dairy processing waste include calcium phosphate 

(Ca9(Al)(PO4)7), aluminum phosphate (AlPO4) and iron phosphates (Fe3(PO4)2 and FePO4) (R. 

Huang, Fang, Lu, Jiang, & Tang, 2017a). Calcium phosphates develop polycrystalline plate-

like morphology, which enhances the immobilization of P and other components (H. Chen et 

al., 2022; Chou, Chiou, Xu, Dunn, & Wu, 2004). 

1.4.2.2. P-species after HTC: Recovery options 

In general, the recovery of P is mostly presented in terms of total P. However, few studies have 

attempted to shed light on the species of the recovered P through HTC. Even though the link 

between P-speciation and availability has not been fully established, understanding the 

chemistry of the recovered P allows for better understanding of HTC effect on P-dynamics. 

Also, taking HTC as a technique for P-recovery, the changes in P-species as a function of HTC 
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reactions and parameters provides indications to the efficiency of P-recovery in terms of 

availability. 

At temperatures above 140℃, the main P-transformation occurring is the conversion of organic 

phosphorus into inorganic forms due to hydrolysis, which is the backbone of the reactions 

within the HTC process. This transformation is mainly due to the effect of temperature and 

pressure on breaking the bonds of polyphosphates and organic P, thus releasing free PO4
3- ions 

(ortho-P), which then bind with the present metal cations to form inorganic P. As reaction 

conditions increase in severity, further decomposition of OP into IP is established, as 

demonstrated by Xu et al. (2018) during the HTC of sewage sludge (Y. Xu et al., 2018). 

Therefore, it can be concluded that HTC drives forward the transformation of OP into IP, thus 

increasing the chances of recovery from the solid product, as presented in Figure 1-2. 

 

Figure 1-3: Transformation of organic P into inorganic P through HTC 

In the inorganic fraction, the dominant species after HTC is usually NAIP due to the higher 

abundance of Fe/Al/Mg cations; however, it was suggested that Ca-associated AP is 

biocompatible with soil and possesses higher capacity to act as slow-release P fertilizers (R. Li 

et al., 2015). Several studies have attempted to influence the formation of IP during HTC of 

waste by introducing Ca additives to influence the transformation of NAIP to AP species (Feng 

et al., 2018; Y. Xu et al., 2018). Zheng et al. (2020) introduced CaCl2 to sewage sludge 
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undergoing HTC at 280℃ while varying the initial pH. The results showed that calcium 

addition facilitated IP enrichment in the hydrochar, but more significantly, the increase in Ca 

dosage led to a major increase in the fraction of AP in the inorganic fraction from 28% in the 

control experiment to 95% at a dosage of 1.6g of CaCl2 (Zheng, Jiang, et al., 2020). The 

transformation from NAIP to AP in the presence of excess Ca is presented in the same work 

through reaction (1): 

2MPO4+3Ca2++4A
-
→Ca3(PO4)

2
+2MA

+
 (6) 

where M can be Fe, Al, Mg and A- can be Cl- or OH- 

The effect of Ca dosage on P-recovery was also investigated by Zheng et al. (2020) by 

calculating the retention rate of available P, and the results showed that Ca dosage allowed for 

the recovery of 86% of available P from the hydrochar (Zheng, Ye, et al., 2020).  Thus, in terms 

of P-recovery, the concentration of inorganic P represents an increase in total P-recovery from 

the solid product of HTC. Furthermore, enhancing the recovery of available P from hydrochar 

can be induced by increasing the calcium pool in the reaction medium to encourage the 

formation of apatite P in bioavailable forms. 

1.4.2.3. P-dynamics in HTC: Destination 

Recovery of P after HTC of organic waste occurs through the reaction products. The two major 

products of HTC are the solid residue (hydrochar) and a liquid mixture consisting mainly of 

sugars, acids, and phenolic compounds (M Toufiq Reza, Wolfgang Becker, Kerstin 

Sachsenheimer, & Jan Mumme, 2014). The yield of each product is dictated by the extent of 

reactions involved during HTC, which are defined in literature as five sequential reactions 

(Reza, Uddin, Lynam, Hoekman, & Coronella, 2014b):  

1- Hydrolysis,  

2- Dehydration,  

3- Decarboxylation,  

4- Condensation polymerization and  

5- Aromatization 

These reactions are influenced by reaction parameters, mainly temperature and initial pH, 

which alter the extent of each reaction in the process(Kambo & Dutta, 2015). Similarly, P-

recovery from each of the two major products is highly dependent on the reactions mentioned 
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above, which eventually makes it a subject of HTC reaction parameters. Decomposition 

reactions lead to the production of soluble P in the liquid product, yet the condensation and 

polymerization reactions allow for P-precipitation and crystallization in the hydrochar (Becker, 

Wüst, Köhler, Lautenbach, & Kruse, 2019; Dai et al., 2017). Operating conditions influence 

these reactions, thus dictating the destination of P in HTC products. Therefore, P-recovery from 

HTC can occur through one of two pathways, the first of which is P-extraction from a P-rich 

liquid product, and the second is the retaining a P-rich solid product due to P-densification 

(Idowu et al., 2017). Hence, it is necessary to understand the dynamics of P in the context of 

HTC reactions and influencing parameters. 

1.4.3. Mechanisms of P-transformation in HTC reactions 

The transformation of P during HTC reactions dictates the destination of P, in addition to the 

chemistry of the recovered P. As mentioned previously, P in waste streams exists either in 

organic forms, long-chain polyphosphates or in inorganic forms within complex metal forms 

that depend in variety and abundance on chemical composition. The most common metals 

binding with P in organic waste are Al, Ca, Fe and Mg, due to their high affinity for P 

(Westerhoff et al., 2015). Upon increasing temperature and the build-up of autogenous 

pressure, the first HTC reaction (hydrolysis) occurs leading to the decomposition of organic P 

and polyphosphates and the release of orthophosphate (PO4
3-) into the mixture. The released 

orthophosphates are then available to follow one of two paths shown in Figure 1-3: 

1- Binding with present metal cations to form inorganic P in the solid phase 

2- Elution to the liquid phase product as orthophosphate 
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Figure 1-4: Mechanisms of P transformation during HTC reactions and effect of parameters 

As shown in Figure 1-3, the two main reactions dictating the forms and destination of P in the 

HTC process are hydrolysis and repolymerization. Hydrolysis is understood to occur at 

temperatures around 140℃, whereas repolymerization is a combination of reactions that 

transform a mixture into long chain carbon groups known as hydrochar. The chosen path of P, 

similar to the extent of hydrolysis and repolymerization, is dependent on several reaction 

conditions, including reaction time, mineral composition, temperature, and pH.  

1.4.4. Effect of process parameters and mineral composition on P-transformation 

The effect of residence time on P-recovery from HTC of waste is not extensively studied in 

literature; however, it remains an important factor. If the reaction is suspended early, then the 

chance for the orthophosphate binding to form inorganic complexes is inhibited, thus the 

phosphorus is driven towards the liquid product. However, it is common for HTC reactions to 

extend beyond one hour at temperatures above 140℃, which allows the orthophosphate ions 

to bind with the metal cations (B. M. Ghanim, Pandey, Kwapinski, & Leahy, 2016). 

The mineral content of the initial feedstock remains the most significant parameter in 

determining P-dynamics through HTC (R. Huang, Fang, Lu, Jiang, & Tang, 2017b). The 

concentration of each metal species in the initial feedstock dictates the final form of inorganic 
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P resulting in the hydrochar. That is, a higher concentration of Ca in the initial feedstock leads 

to a higher extent of apatite P formation in the hydrochar, and the same applies for Fe, Mg and 

Mn concentrations with non-apatite P. In general, it is agreed that higher metal content in the 

initial feedstock leads to higher P in the hydrochar (Ekpo, Ross, Camargo-Valero, & Williams, 

2016). This is because elements such as Ca and Fe have high affinity towards the released 

orthophosphates, and the combination of the two leads to the formation of more stable P forms 

that are recovered in the hydrochar (R. Huang & Tang, 2016). 

Another significant factor affecting P-dynamics within HTC is the effect of temperature. It is 

known that temperature facilitates decomposition reactions, mainly hydrolysis. The increase in 

temperature enhances the decomposition of biomass constituents at early stages, favoring 

decomposition  reactions and the dissolution of carbonaceous products into the liquid product, 

thus lowering the content of the solid hydrochar (Sabio, Álvarez-Murillo, Román, & Ledesma, 

2016). In terms of P-dynamics, temperature facilitates the decomposition of long-chain 

polyphosphates and organic P at the early stages of HTC, allowing for more orthophosphates 

to interact with any minerals present to form inorganic P in the hydrochar. This was observed 

by Wang et al. (2017) in their study on the HTC of sewage sludge, where the results show that 

an increase in HTC temperature from 200°C to 230°C leads to an increase in in P-recovery 

from 87.3% to 97.7% (T. Wang et al., 2017). Ghanim et al. (2018) reported similar results 

during HTC of poultry litter, where an increase in temperature from 150°C to 175°C led to an 

increase in P-recovery from 50.63 to 63.9% (Bashir M. Ghanim et al., 2018). Ismail et al. 

(2019) studied the change in P speciation in response to increasing HTC temperature, and the 

results showed an increase in IP with temperature increase at moderate values (Ismail et al., 

2019). Similarly, Shi et al. (2019) recorded a reduction in OP due to HTC, where an increase 

in temperature led to higher IP values and reduced OP values (Y. Shi et al., 2019). 

However, it is also observed that the effect of temperature is limited to an optimum range of 

values beyond which the effect of temperature on P-recovery from hydrochar is inhibited. 

Severe temperatures beyond 240℃ can lead to further decomposition of the inorganic P formed 

during the later stages of the HTC process, thus driving more P into the liquid product. This 

was demonstrated by Stutzenstein et al. (2018), where the increase in temperature of HTC of 

anaerobic digestate from 180°C to 200°C led to an increase in phosphorous recovery from 31% 
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to 44%, while a further increase from 200°C to 220°C resulted in a significant reduction in 

phosphorous recovery from 44% to 22% (Stutzenstein, Bacher, Rosenau, & Pfeifer, 2018). 

In addition to temperature, the initial pH plays a significant role in influencing the early 

hydrolysis reactions in the HTC process. It is widely agreed that HTC reactions such as 

hydrolysis and precipitation are pH-dependent (Y. Xu et al., 2015). Under acidic conditions, 

decomposition reactions are facilitated leading to a decrease in the quantity of the hydrochar 

produced (Y. Chen, Jiang, Yuan, Zhou, & Gu, 2007). Subsequently, the increase in hydrolysis 

rate leads to further release of orthophosphates, which can drive more P into the liquid product. 

Previous studies have shown that for different treatment techniques, acidic media enhance the 

release of orthophosphates from waste, whereas alkaline media favor precipitation reactions 

leading to less available orthophosphates in the liquid product and more precipitated P in the 

solid phase (Y. Xu et al., 2015). 

The effect of pH on P-dynamics in HTC can also be studied in the transitional phase by 

studying the composition of HTC at different stages of the HTC process, and the significance 

of this composition in terms of P dynamics. In the early stages of HTC, decomposition reactions 

of organic waste lead to the production of organic acids, which subsequently reduce the pH of 

the solution, thus inhibiting precipitation reactions, leading to a reduction in the quantity of P 

retrieved in the solid hydrochar (Funke & Ziegler, 2010). The P-rich liquid product can then 

be utilized as an input for P-recovery through further treatment techniques. 

However, as the HTC reaction time increases, the reaction medium becomes more alkaline due 

to the formation of ammonium products and other alkaline species (McGaughy & Reza, 2018). 

As mentioned previously, alkaline conditions promote the concentration of P in the hydrochar 

through precipitation, thus leading to higher P-abundance in the solid phase. Cerozi et al. 

(2016) suggested that at pH above 7, available orthophosphates tend to react with calcium to 

form calcium phosphates (da Silva Cerozi & Fitzsimmons, 2016). This leads to an increase in 

the apatite P in the hydrochar, which is considered the most stable form of inorganic P (R. 

Huang et al., 2017b). In terms of P-recovery, this suggests that due to the change in pH 

occurring within the HTC scheme, more P is driven towards the solid phase, however this P is 

more stable and less plant-available. 
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Therefore, the change in pH through HTC process dictates the destination of P in the output 

products, in addition to influencing the availability of P recovered. HTC promotes the 

concentration of more stable P forms in the solid hydrochar; however, altering the initial 

conditions towards higher temperature and pH can lead to shifting available P into the liquid 

product. 

1.4.4.1. Destination for P-recovery 

Since no P is present in the gas phase, the main two contenders for P-recovery from HTC of 

organic waste are the solid hydrochar and the liquid product. In general, the majority of the 

slurry resulting from HTC is in liquid form. Qaramaleki et al. (2020) in their study on the HTC 

of animal manure showed that at temperatures below 200℃, around 70% of the initial P is 

present in the liquid product (V. Qaramaleki et al., 2020). Similarly, Crossley et al. (2020) 

reported that 83% of the initial total P in coffee grounds was presented as ortho-P in the liquid 

product after HTC (Crossley, Thorpe, Peus, & Lee, 2020). However, Qaramaleki et al. (2020) 

reveal that upon increasing reaction temperature, more P is retained in the solid hydrochar, 

reaching up to 94% at temperature of 230℃ (V. Qaramaleki et al., 2020).  

Table 1-3 presents a summary of collected data on the recovery points and recovery 

percentages of P from the HTC products of different feedstock. 

Table 1-3: P-recovery from hydrochar and Liquid produced from HTC products of different 

feedstock 

Recovery Point Feedstock Recovery (%) Reference 

Hydrochar 

Cow Manure 88 
(Lucian, Merzari, Gubert, 

Messineo, & Volpe, 2021) 

Digestate 49.22 (Zheng, Jiang, et al., 2020) 

Food Waste 80 (Cui et al., 2020) 

Food Waste <90 (Becker et al., 2019) 

Poultry Litter 100 (Bashir M. Ghanim et al., 2018) 

Septage 92 (Stutzenstein et al., 2018) 

Sewage Sludge 59.57 (McGaughy & Reza, 2018) 

Sewage Sludge 70 (H. Wang et al., 2020) 



30 

 
 

 

Sewage Sludge 80 (Idowu et al., 2017) 

Sewage Sludge 82.5 (Numviyimana et al., 2022) 

Sewage Sludge 83 
(Gerner, Meyer, Wanner, Keller, & 

Krebs, 2021) 

Sewage Sludge 90 
(Ovsyannikova, Arauzo, Becker, & 

Kruse, 2019) 

Sewage Sludge 95 (Dai et al., 2017) 

Sewage Sludge 95.46 (Goldfarb et al., 2022) 

Swine Manure 100 (Buttmann, 2017) 

Liquid 

Agro-industrial 

Digested Sludge 
85 

(Carla Pérez, Jean-François Boily, 

Stina Jansson, Tomas Gustafsson, 

& Jerker Fick, 2021a) 

Coffee Grounds 82 (Crossley et al., 2020) 

Dairy Sludge 97-99.6 (Lang et al., 2019) 

Manure >90 
(Maniscalco, Volpe, & Messineo, 

2020) 

Sewage Sludge 80 
(Tasca, Mannarino, Gori, Vitolo, & 

Puccini, 2020) 

Sewage Sludge 84 (Lühmann & Wirth, 2020) 

Sewage Sludge 88 
(Sarrion, Diaz, de la Rubia, & 

Mohedano, 2021) 

 

As shown in Table 1-3, almost all P initially present in organic waste can be recovered from 

the solid or the liquid products, with most literature emphasizing P-recovery in  the hydrochar. 

This can be explained by the effect of HTC on the concentration of P in the solid product, 

mainly due to the re-polymerization reactions. Also, the mild reaction conditions of HTC 

facilitate the accumulation of P in the solid product due to the inhibitory effect of mild 

temperature on further decomposition reactions at the final stages of the reaction. Finally, the 

higher abundance of the initial P in the solid product increases the economic feasibility of P-

recovery from the solid product, which can reach up to 90% of the initial total P (Cornel & 

Schaum, 2009). However, the recovery of P from both HTC products remains feasible and 

applicable through efficient techniques that are compatible on the laboratory and industrial 

scales.  
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1.5. Applied P-recovery from HTC 

1.5.1. P-Recovery from hydrochar 

As a result of the HTC reactions, P retrieved in the hydrochar is mostly present in stable 

immobile inorganic forms, which renders the nutrient less available. Therefore, recovery of P 

from hydrochar requires an additional step that involves extracting P from the solid using acidic 

solutions. Different acid solutions are used to extract P from hydrochar, including sulfuric acid 

(H2SO4), hydrochloric acid (HCl), nitric acid (HNO3), citric acid and oxalic acid (Ali & Kim, 

2016). Acids enhance the dissolution of the complexes that bind P to metal ions, yet the 

efficiency of extraction varies with the acid strength and the extent of complexity of the 

material. Generally, strong acids such as H2SO4 and HCl achieve higher P-recovery, but 

organic acids such as oxalic and citric acids may be preferred to overcome the potential 

environmental drawbacks from using inorganic acids (Pérez et al., 2021a). The difference in 

composition also plays a role in defining the degree of extraction, since different metal ions 

have different solubilities with acids. For instance, Ca and Fe phosphates can easily be 

dissociated with acid solutions, while Al and Mn phosphates require a combination of alkaline 

and acidic treatment to release P (Petzet, Peplinski, Bodkhe, & Cornel, 2011; Sano et al., 2012). 

For this reason, several techniques including multi-step extractions of P have been developed 

(Ali & Kim, 2016). Table 1-4 presents a compilation of the results from different literature 

studies on acid extraction from the hydrochar produced from various organic wastes. 

Table 1-4: Literature data on P-recovery from HTC of organic waste through acid extraction 

Feedstock Extracting Solvent(s) Recovery (%) Reference 

Cow Manure 
3M HCl 

3M NaOH 
88 (Goldfarb et al., 2022) 

Digested Sewage 

Sludge 
0.25 M sodium oxalate 100 (Pérez et al., 2021a) 

Digestate Slurry 1.5M H2SO4 96.1 (Zhao et al., 2018b) 

Food Waste 0.5M HCl 75 (Sarrion et al., 2021) 

Poultry Manure 0.1M H2SO4 52.2 
(Topcu, Duman, Olgun, & 

Yanik, 2022) 

Sewage Sludge 2M Citric Acid 94 (Becker et al., 2019) 

Sewage Sludge 2.5M H2SO4 95.5 (Pérez et al., 2021a) 
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Sewage Sludge 3.5M HCl 89.14 (Zheng, Ye, et al., 2020) 

Sewage Sludge 65% HNO3 59.57 (Tasca et al., 2020) 

Swine Manure 0.1M H2SO4 94 (Ekpo et al., 2016) 

The data presented in Table 1-4 suggests that acid treatment of hydrochar allows for a 

significant recovery of P that can reach 100% depending on the acid used, and that can mainly 

be attributed to the effect of increasing H+ activity on the solubility of P. High acid 

concentrations tend to increase the efficiency of P extraction from hydrochar, with HCl and 

citric acid appearing to be the most effective among different acids. These findings come in 

agreement with the experimental results of Phoung et al. (2022), where the efficiency of 

different acids in P-leaching was assessed. Their results showed that for samples with 

moderately high moisture levels, the increase in acid concentration for HCl and H2SO4 leads 

to a significant increase in P-leaching (Phuong, Cong, Ta, & Nguyen, 2022). 

1.5.2. P-Recovery from liquid product 

Recovery of P from the liquid product of HTC is another viable option for valorizing organic 

waste. In general, the majority of initial P is retained in the hydrochar after HTC justify its 

recovery. Additionally Altering the initial pH of the reaction medium leads to an increase in P 

concentration in the liquid product, which enhances the chances of recovering P from the liquid 

product as orthophosphates. 

The main operation for P-recovery from the liquid product of HTC is the precipitation of ortho-

P with ions such as calcium and magnesium to produce bio-available solid products with 

fertilizer potential (Crossley et al., 2020). Struvite (NH4MgPO4.6H2O) is one of the most 

common slow-release fertilizer products of precipitation, and its production is receiving 

increasing interest in the field of P-recovery for fertilizer applications (Yu Yang, Xu Shi, 

Wendy Ballent, & Brooke K. Mayer, 2017). In 2019, struvite was designated by the EU as a 

“secondary raw material-based fertilizing product” along with several products of waste 

processing known as STRUBIAS (W Shi et al., 2022b). This adds to the significance of P-

recovery through struvite since it is more convenient to recover P in approved applicable forms 

that do not require further treatment. The production of struvite occurs through the precipitation 

of phosphate ions in the presence of ammonium and magnesium salts according to equation (7) 

(Hanhoun et al., 2011): 
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Mg2++NH4
++PO4

3-
+6H2O ↔ MgNH4PO4.6H2O      (7) 

Numviyimana et al. (2020) performed struvite precipitation on the products of HTC of dairy 

sludge by adding magnesium and iron salts, and the results showed a recovery of 99% of total 

P in the final product (Numviyimana et al., 2022). Similarly, Yu et al. (2017) precipitated P by 

dosing MgCl2 to achieve 95% of P-recovery at pH=10 (Y. Yu, Xu, Wendy, & Brooke, 2017). 

Producing struvite offers several advantages in terms of P-recovery, mainly the production of 

slow-releasing fertilizer that is compatible with EU regulations. In addition, struvite production 

involves reduced transportation costs and reduced storage volume compared to other P-

products (Fengyi et al., 2022). 

1.5.3. Industrial applications of P-recovery from HTC 

The application of P-recovery from HTC of waste is being implemented at industrial scales, 

with different technologies for recovery adopted. For instance, TerraNova® Ultra technology 

in China employs HTC of sewage sludge for the sake of energy production. Within the process, 

H2SO4 is added to the hydrochar produced to achieve up to 80% of P-recovery in the effluent 

stream (Buttmann, 2018). Lucian et al. (2021) applied HTC of Agro-Industrial digested sludge 

on an industrial scale, and the liquid product was utilized for P-recovery using  magnesium 

chloride hexahydrate (MgCl2·6H2O) for precipitation struvite, and the recovery rates of P range 

between 89% and 97% (Lucian et al., 2021). Similarly, Scrinzi et al. (2022) proposed an 

upgrade of HTC of sewage sludge to a full industrial scale model while considering nutrient 

recovery, and their proposition revolved around the recovery of 82.5% of P from HTC liquid 

product through struvite precipitation (Scrinzi, Ferrentino, Baù, Fiori, & Andreottola, 2022). 

The feasibility of P-recovery at large scale lies in the simplicity of the techniques adopted, 

whether on the hydrochar or the liquid product. The lack of complications in the upgrade from 

laboratory to industrial scale, coupled with high recovery rates, promotes the feasibility of P-

recovery from HTC of organic waste at industrial scale. 

This paper presents a review on the topic of P-recovery from hydrothermal carbonization of 

organic waste. By studying the mechanisms of P transformation through HTC reactions, and 

the value of these transformations in terms of P-recovery, it can be deduced that HTC promotes 

the concentration of P in the solid (hydrochar) at mild conditions of temperature and initial pH. 

In this case, acid extraction is applied to recover P from the complex chemical bonds within 
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the hydrochar. However, if severe HTC conditions are applied, more P is driven towards the 

liquid product, where struvite precipitation is applied for P-recovery. 

In terms of fertilizer value, there is a lack of focus on P-recovery from HTC of organic waste. 

However, recent studies have pointed out that increasing the calcium pool of the initial 

feedstock can increase the apatite P pool in the resulting hydrochar, which can be adopted as a 

slow-release fertilizer. 

So far, trends in industrial applications of HTC have focused on increasing the recovery of total 

P from both products, and the outcomes prove that HTC is a feasible technique for P 

concentration and recovery at industrial scales. However, introducing available P as a criterion 

for efficient P-recovery from HTC of organic waste is a necessary step to converge waste 

valorization with fertilizer production.  

The culmination of literature studies proved the feasibility of HTC as a thermochemical 

technique for the recovery of P from waste streams, but several questions persist regarding P-

recovery from HTC products of dairy processing waste, which are addressed in the Objectives 

section below. 

1.6. Objectives and targets 

The objectives of this research can be divided into main categories, the first of which is waste 

management. HTC allows for the treatment of dairy processing waste by reducing its volume 

and transforming it into a valuable end-product in terms of nutrient enrichment. In addition to 

that, HTC allows for the valorization of DPW by producing products such as hydrochar, 

organic acids, sugars, and gases such as carbon dioxide and methane. Some of these products 

can be directly used as alternative energy sources, while others can serve the fertilizer market. 

Also, the research aims at studying the effects of pre-treatment type (chemical vs. biological) 

on the outcomes of HTC and the quality of the products. 

The second category of objectives for this research is nutrient recovery. Complementary to the 

REFLOW objectives discussed earlier, the research aims at producing P-rich products that can 

be directly used as fertilizers or utilized as intermediates for further treatment aiming at the 

recovery of P. To optimize HTC in terms of P-recovery, another target tackled by this research 

focuses on studying the effects of parameters such as temperature, initial pH and pre-treatment 

type on the composition and quality of HTC products. 
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Therefore, this PhD thesis aims at studying HTC of dairy processing waste for the optimized 

P-recovery from its products, mainly hydrochar within the framework of EU fertilizer product 

regulations. 

2. Chapter 2: Materials & Methods 

2.1. Dairy Processing Waste 

A typical dairy wastewater treatment plant includes a series of units that aim at reducing the 

pollutant and organic content of industrial dairy streams. In general, the main units present in 

a wastewater treatment plant are primary and secondary balancing tanks, intermediate and final 

settlement tanks, in addition to aeration units and floatation tanks. A schematic illustration of 

the main units in a dairy wastewater treatment plant showing the flow of stream from dairy 

waste to dairy processing waste is presented below. 

 

Figure 2-1: Schematic illustration of a typical Dairy wastewater treatment plant 

Properties of the dairy processing waste stream are highly dependent on the type of treatment 

adopted in the early stages of the operation. Two major types of treatment are used industrially 

for dairy waste, and they are chemical and biological treatment. Both treatments are usually 

implemented between the primary and secondary balancing units. Chemical treatment of dairy 
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waste involves the addition of chemical coagulants, such as iron and aluminium salts to 

flocculate impurities in wastewater. The main target of this type of treatment is the reduction 

of chemical oxygen demand (COD) and toxic element concentrations. A schematic illustration 

of the chemical coagulation process is presented below in Figure 2-2. Dairy processing waste 

collected after chemical treatment is expected to possess low organic content and relatively 

high P content due to the low rates of P-removal during this process. 

 

Figure 2-2: Coagulation and flocculation of impurities in dairy waste using chemical 

coagulants 

On another hand, biological treatment involves the action of phosphorus-accumulating 

organisms (PAO’s) which target the removal of phosphorus to avoid potential eutrophication 

of environmental surroundings. Different PAOs operate under different conditions, yet the 

usual configuration of enhanced biological phosphorous removal (EBPR) involves a two-unit 

system, the first of which operates under anaerobic conditions followed by an aerobic unit, 

preceding the secondary balancing tank in the wastewater treatment configuration. This process 

leads to the production of a phosphorus-free effluent and phosphorus-rich sludge, as shown in 

Figure 2-3. The target compound from this process is the P-rich sludge, which despite 

possessing lower P content compared to the chemically treated sludge, presents a P-containing 

sludge with lower metal content, which is expected to affect the dynamics of P-transformation 

during HTC. 
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Figure 2-3: Schematic illustration of biological treatment of dairy waste 

For both treatment types, dairy sludge samples were collected from the dissolved air flotation 

(DAF) unit tank from Irish dairy processing wastewater treatment plants. DAF units operate 

by the induction of pressure differences to produce vapor cavities that travel through the wet 

medium. Upon this flow, suspended solids, fats, and oils are carried by the bubbles up to the 

surface of the tank to form a slurry material. This slurry material possesses considerable 

amounts of nutrients, including P (Ashekuzzaman, Forrestal, Richards, Daly, & Fenton, 2021; 

Palaniandy, Adlan, Aziz, Murshed, & Hung, 2017). A schematic representation of the DAF 

unit adopted in dairy industries is provided in Figure 2-4. Therefore, the feedstock used for the 

experimental runs consisted of two different samples from different treatment types that were 

collected and stored in special refrigerators in the laboratories at the University of Limerick, 

Ireland. The first sludge sample was chemically treated DAF sludge, with high iron (Fe) 

concentrations, whereas the second sludge sample was biologically treated DAF sludge with 

higher Chemical Oxygen Demand (COD) and different metal composition. 
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Figure 2-4: DAF unit scheme in dairy industry 

The moisture content of the sludge was measured using the oven dry method (CEN/TS 15414-

1:2010) (Al-Shemmeri, Yedla, & Wardle, 2015), and for both samples, the moisture content 

was similar, ranging from 79-81%. No water addition is required as the high moisture content 

present in the sludge allows for water to act both as a reactant and a catalyst for HTC reactions. 

2.2. Feedstock Analysis 

2.2.1. Proximate Analysis 

Elemental analysis of the samples before and after HTC was performed using a LECO CHN828 

Elemental Analyzer. Calibration of the instrument was executed using 

Ethylenediaminetetraacetic acid (EDTA) with known concentrations of C, H and N. In parallel, 

The calculation of higher heating value (HHV), which indicates the energy stored in the 

material, is performed based on the empirical equation proposed by Bishkov et al. (2017), 

according to the following formula (Bychkov, Denkin, Tikhova, & Lomovsky, 2017): 

HHV=0.00355×C
2
-0.232×C-2.23×H+0.0512×C×H+0.131×N+20.6 

Oxygen weight percentage was calculated as the difference in the sample mass balance. The 

energy densification ratio (EDR) is a correlation used to assess the change in the energy content 

of a material after processing, and it is calculated based on the formula presented in literature 

(Vallejoa et al., 2020): 

EDR=
HHVhydrochar

HHVfeedstock
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The elemental composition of nutrients such as phosphorus (P), as well as metals and heavy 

metals was measured using an Agilent 5100 synchronous vertical dual view inductively 

coupled plasma optical emission spectrometer (Agilent 5100 ICP-OES). The measured 

elements included in the ICP-OES analysis are Al, Ca, Cd, Co, Cr, Fe, K, Mg, Mn, Na, Ni, P, 

Pb and Zn. Solid samples underwent acid extraction with 3.5M hydrochloric acid (HCl) for 24 

hours to ensure high extraction of elements, whereas the liquid samples were used as received. 

The supernatant from the acid extraction, along with the liquid samples, were diluted with 1M 

HNO3 (1:10) and filtered using 0.2µ filter syringes before being introduced into the ICP-OES. 

The measurements were used to calculate mass-based ratios between the elements and P, in 

order to assess the correlations between the metal and P compositions. 

2.2.2. Ash content 

The ash content of the sludge and their derived hydrochars was measured according to CEN/TS 

15403. The procedure proceeds by measuring the respective weights of the empty crucibles 

and the crucible with the measured sample. Beyond that, the sample was introduced into a 

Nabertherm LT15/11/B410 Muffle Furnace, which was operated to achieve the following step 

heating program. The temperature was increased initially to 250℃ over a period of 50 minutes, 

after which a constant temperature of 250℃ was maintained for 60 minutes. The second 

heating step included an increase in temperature from 250℃ to 550℃ over a period of 60 

minutes, and the latter temperature was maintained for a period of 120 minutes. The step 

heating for ashing the samples is presented in Figure 2-5. 
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Figure 2-5: CEN/TS 15403 Ash Measurement Protocol 

The ash content highlights changes in the inorganic fraction of the solid sample, while shedding 

light on the fuel properties of the initial samples and the hydrochars produced. 

2.2.3. Hydrothermal carbonization 

Hydrothermal carbonization (HTC) of dairy sludge was performed on three different scales. 

The first scale is the pilot scale, where HTC is performed using a PARR 4554 reactor with a 

volume of 7.5L. The outcomes of this set of HTC runs were used in the design of experiment 

(DOE) to assess the effect of residence time, temperature, and initial pH on HTC products and 

properties. The second set of HTC runs was performed using a PARR 5523 reactor (100 mL in 

volume) reactor using the same sludge samples. Some of the runs of this set was used in the 

DOE setup, whereas the remainder of the experimental runs were performed to assess the direct 

effects of temperature and initial pH on the hydrochar yield and product quality. The third set 

of HTC runs took place using a PARR 4523 reactor with volume of 970 mL, and these runs 

were specifically designed for the comparison between chemically treated sludge and 

biologically treated sludge after HTC. A schematic illustration referring to the HTC setup is 

presented in Figure 2-7, while photos of the reactors with different scales used in executing 

HTC on laboratory scale are presented in Figure 2-8. 
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For all scale sets, dairy sludge samples were introduced into the reactor vessel in a glass liner. 

The reactor was tightly sealed to allow for autogenous pressure build-up, while the temperature 

and stirring speed of the mixer were controlled using Honeywell© 900 PID controller software. 

The reaction temperature was varied between 180°C and 240°C to account for the effect of 

temperature, while the stirring speed of the mixture was set at 180 rpm. The reaction time for 

all runs was fixed at 120 minutes, with the starting point assumed to be the time at which the 

set point temperature is reached. The reason behind the fixing the time lies in the less significant 

effect of residence time on HTC outcomes demonstrated  by this study, as well as previous 

literature (B. M. Ghanim et al., 2016). As shown in Figure 2-6, at different operating 

temperatures, the effect of residence time was not consistent. For this reason, the residence 

time of the experimental runs was fixed at 120 min, which is reasonable for allowing all HTC 

reactions to occur without disruption. The initial pH of the dairy sludge was measured using a 

calibrated Mettler Toledo pH meter, and the initial pH of the HTC runs was varied by adding 

specific amounts of concentrated H2SO4. The final pH of the HC liquors was measured using 

the same pH meter, with all measurements performed in duplicate. 

 

Figure 2-6: Hydrochar Yield vs. Residence Time at different HTC temperature 
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A schematic illustration of the experimental setup, along with real-time pictures of the three 

reactors are presented below.

 

Figure 2-7: Schematic illustration of laboratory HTC setup 

 

Figure 2-8: HTC reactors from 3 different scales; (a) PARR 4554 (7.5L) (b) PARR 4523 (1L) 

(c) PARR 5523 (100 mL) 

2.2.4. Parr Reactor Tuning 

To begin with, the PARR reactors used for performing HTC on laboratory scale were tuned 

and calibrated prior to the experimental runs. Reactor tuning was performed on three 

dimensions expressing the reactor’s performance, and they are: time needed to reach setpoint 

(a) (b) (c) 
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(SP), the deviation from process value (PV), and power consumption. The variable factor in 

the reactor tuning is the heater multiplier, which refers to the portion of the heater capacity 

occupied to achieve the target setpoint. The range of heater multiplier values was from 0.1 to 

1.5, with an increment of 0.1 between the values. The first response is the time needed to reach 

SP, which is measured from the time of heater initialization until the first point when the 

process value is equal to the setpoint value of temperature, with ±2℃ error. The results are 

expressed in Figure 2-9. 

 

Figure 2-9: Effect of heater multiplier on time to reach SP 

As shown in Figure 2-9, at low heater multipliers, the time needed to reach SP was high with 

values above 100 minutes. As the heater multiplier reaches 1 (100% heater capacity), the time 

needed to reach SP is reduced to a minimum of 37 minutes, beyond which this value did not 

increase regardless of the increase in the heater multiplier. Therefore, the optimum heater 

multiplier to achieve the quickest heating rate is proven to be 1. 

The second factor measured is the maximum deviation of the process value (PV) temperature 

from the specified setpoint (SP). The results for these measurements are provided below. 
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Figure 2-10: Deviation of PV from SP (℃) as a function of heater multiplier 

The results show a very small deviation at low heater multiplier, but as the multiplier increases, 

the maximum PV deviation increases to reach a maximum of 9.4℃ at a multiplier of 1.2. 

Whereas at a multiplier of 1, the maximum PV deviation was below 8℃, which is expected for 

a reactor volume of 1L. The deviation of PV from SP is important to understand the fluctuation 

of the quantity of heat introduced to the reactor, which affects the pressure generated inside the 

reactor and the rates of the reactions involved.  

Based on the above results, the optimal heater multiplier chosen for the HTC experiments was 

1. 

2.2.5. Sample labelling 

To account for the effects of temperature and pH on the outcome, each HTC run using the 

PARR 4554 and PARR 5523 was labelled to address the varying conditions. The reaction 

temperature was changed across the different values (180-240°C), while the initial pH was 

varied across three different values referring to the initial pH (neutral), moderately acidic and 

severely acidic conditions, which is a scheme adopted and modified from previous 

investigations (B. M. Ghanim, Kwapinski, & Leahy, 2017). Therefore, the product labels were 

designed according to the following order “Product–Temperature–pH,” where “Product” can 

either be a hydrochar (HC) or a liquor (L). “Temperature” was replaced by the values of the 

reaction temperature, and “pH” referred to the initial pH of the introduced sample. 
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A similar labelling system was used for the PARR 4523 runs with the addition of an additional 

acronym to correspond for the different treatment types. “C” was added for chemically treated 

sludge, while “B” was used for biologically treated sludge. 

2.2.6. Product separation 

Upon the termination of the reaction, the wet product was subject to separation through vacuum 

filtration using Whatman© Grade 52 filter paper. The outcome was a solid carbonaceous 

material called “hydrochar” and a dark brown liquid called “liquor.” The wet hydrochar was 

then dried in a Mason Technology Universal oven UN30 at 105°C for 24 hours, while the 

liquor was stored in the fridge at 5°C for further analysis. 

2.2.7. Characterization and analysis 

Hydrochar yield. The hydrochar and liquor underwent a series of tests for assessing the the 

HTC reaction and its products. The hydrochar yield was calculated according to the following 

equation: 

HY (%)=
dry mass of hydrochar (g)

dry mass of feedstock (g)
×100        (8) 

The hydrochar yield is part of a total mass balance performed for all runs, with the masses of 

the wet sludge, dry sludge, hydrochar, and liquid product all measured using calibrated 

laboratory balances. 

P-analysis. As mentioned previously, total phosphorus in the initial samples, the produced 

hydrochars and the liquid products is measured using an Agilent 5100 ICP-OES. The recovery 

of P in hydrochar was calculated according to the following equation: 

P-Recovery (%)=
TP in hydrochar (g)

TP in feedstock (g)
×100       (9) 

The aim of calculating P-recovery is to assess the ability of HTC for recovering P as a nutrient, 

in addition to specifying the destination of P in either product.  
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2.2.8. SMT Fractionation 

The Standards, Measurements and Testing Programme (SMT) protocol is an extraction 

protocol that identifies different P-fractions based on the extracting solvent (Pardo, Lopez-

Sanchez, & Rauret, 2003). To determine total P (TP), samples are placed in porcelain crucibles 

and calcinated at 450 °C in a muffle oven for 3 h. Afterwards, the residue of the sample is 

placed into shaking tubes with 20 mL of 3.5 M HCl. After 16 h of shaking at room temperature 

in an orbital shaker, samples are centrifugated at 5000 rpm for 5 minutes. The extract is 

collected for TP measurement. 

For the determination of inorganic (IP) and organic P (OP) samples are shaken with 20 mL of 

1 M HCl for 16 h and then centrifugated at 5000 rpm for 5 minutes. The supernatant is collected 

separately to assess the IP fraction. To quantify OP, the residue of the 1 M HCl extraction is 

calcinated at 450 °C first and then extracted with 20 mL of 1 M HCl for 16 h. After 

centrifugation, the extract is separated from the residue for follow-up measurements. Finally, 

for the measurement of non-apatite inorganic P (NAIP) and apatite P (AP), samples are first 

shaken for 16 h with 20 mL of 1 M NaOH. After centrifugation, 10 mL of extract are collected 

and 4 mL of 3.5 M HCl are added to each sample. The acidified supernatant is incubated at 

room temperature for 16 h for NAIP measurement. To obtain the AP fraction, the residue from 

the 1 M NaOH extraction is collected and undergoes shaking with 20 mL of 1 M HCl. After 

centrifugation, the supernatant is collected for AP determination. All collected fractions are 

then sent to ICP-OES for P-measurement. The detailed SMT protocol is presented in Figure 2-

11. 
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Figure 2-11: SMT protocol for P speciation 

2.2.9. COD Measurement 

To measure the Chemical Oxygen Demand (COD), the solid samples of the dairy sludge and 

its corresponding hydrochars were extracted with distilled H2O for 24 hours before undergoing 

the LCK014-DR3900 Hach© procedure for COD measurement. The procedure involves a 

hydrolysis step for 120 minutes, which was performed using HT200 Hach© heater. After 

hydrolysis, the oxidizable components of the sample react with a solution of sulphuric acid and 

potassium dichromate to induce a change in colour referring to the reduction of chromium. A 

general equation for the reaction between oxidizable substances and potassium dichromate is 

provided below. The presence of sulphuric acid is necessary to induce the oxidization reaction. 

The actual COD of the samples was found using back calculations to account for dilution. 

K2Cr2O7+4H2SO4→K2SO4+Cr2(SO4)
3
+4H2O+3(O)    (10) 

According to this reaction, a change in colour from bright orange to dull green is experienced, 

and the intensity of the green colour formation is directly proportional to the concentration of 

oxidizable substances in the sample. For the liquid samples, 1:10 dilution with pure H2O was 

performed before being analysed using the same procedure for COD measurement. 
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2.2.10. FTIR-ATR 

To identify the functional groups of the dairy sludge and its HTC products, a Fourier Transform 

Infrared (FTIR) analysis was performed using a Nicolet iS50 FT-IR with the aid of OMNIC 

software for analysis. The measurements were undertaken in Attenuated Total Reflectance 

(ATR) mode The peaks corresponding to individual functional groups were identified using a 

database available in the appendix of “Introduction to Spectroscopy-Fifth Edition”(Pavia, 

Lampman, Kriz, & Vyvyan, 2014). 

2.2.11. SEM 

To investigate the changes in the surface morphology of dairy sludge and the hydrochars, 

Scanning Electron Microscopy (SEM) was applied suing a SU70 Hitachi© SEM. The analysis 

allows visualization of   changes in the texture and composition of the surface of the material 

by the aid of a directed beam of electrons. Furthermore, with the aid of electron dispersive X-

ray (EDX), the elemental composition at the surface of particles is detected and analysed. For 

simplicity, the samples for the initial dairy sludge was studied along with 4 samples covering 

the range of HTC parameters from mild conditions of temperature and pH to severe conditions. 

2.2.12. Liquid product 

Similar to the solid product, the elemental composition of the HTC liquid product was 

measured through ICP-OES, with the liquid products diluted in 1:10 sith 1M nitric acid and 

filtered through 0.2µm syringe filters. Furthermore, P content, as well as ammonia (NH 4 
+-N) 

and nitrate (NO 3 
-) contents in the HTC liquor were measured by UV spectrophotometry using 

a Hach© DR3900 spectrophotometer. Below is a detailed description of each method adopted 

for UV measurement. 

P-measurement 

The LCK350 method allows for the measurement of total phosphorus (PO4
3-) in aqueous 

solutions. The method builds upon the reaction of phosphate ions with molybdate and antimony 

ions to form antimonyl phosphomolybdate complex, which is reduced by ascorbic acid to 

phosphomolybdenum blue, which is absorbed at a wavelength of 880 nm. The reaction of 

orthophosphate with molybdate can be described as follows (Nagul, McKelvie, Worsfold, & 

Kolev, 2015). 
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PO4
3-

+12MoO4
2-

+27H+→H3PO4(MoO3)
12

+12H2O     (11) 

H3PO4(MoO3)
12

+Reductant→[H4PMo(VI)
8
Mo(V)

4
O40]

−
    (12) 

The phosphate-molybdate complex possesses a dark blue color, whose intensity is directly 

proportional to the concentration of orthophosphate in the sample. The method includes also 

measuring total P in the sample, which requires an additional hydrolysis step for 2 hours at 

120℃, in order to transform all P into ortho-P, which is then measured according to the 

procedure above.  

N-measurement  

The concentration of ammonium and nitrate ions in the liquors were measured using the 

LCK303 and LCK 340 methods for the HACH© DR3900 spectrophotometer, respectively. 

The LCK303 method consists of hypochlorite and salicylate ions reacting with ammonium ions 

in a basic medium influenced by the catalytic activity of sodium nitroprusside to form 

indophenol blue. The reaction of ammonium ions with hypochlorite proceeds to produce 

dichloroamine, which reacts with substituted phenol to produce indophenol blue, whose color 

intensity is proportional to the concentration of ammonia in the sample. 

NH3+ClO
-
→NH2Cl+OH-        (13) 

The absorbance of indophenol blue is found to be proportional to the concentration of 

ammonium ions in the product.  

On the other hand, LCK340 method involves the reaction of nitrate ions with 2,6 

dimethylphenol to form 4-nitro-2,6-dimethylphenol, which has a yellowish color. The 

absorbance of the nitrate-phenol compound is directly proportional to the concentration of 

nitrate ions. 

Chromium 

The assessment of Cr and Cr VI took place by following LCK313 package manual, where 

chromium VI ions react with 1,5-diphenylcabazide to form 1,5-diphenylcarbazone, which 

forms a red complex that can be detected by UV spectrophotometry. The assessment of total 

Cr follows the same procedure but is preceded with a 2-hour hydrolysis step that transforms all 

Cr into Cr VI, which is then measured in the same method described above. 
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Phenols 

Phenol measurement took place by following LCK345 package manual, where phenols react 

with 4-nitroaniline to form a yellow color complex that can be detected by UV 

spectrophotometry. The intensity of the complex color is directly proportional to the phenol 

concentration, which was calculated in the original samples by utilizing the dilution factors. 

2.3. Modelling and Optimization 

Modelling HTC of dairy processing waste occurred through three approaches that merge 

between statistical analysis of laboratory experiments with modelling techniques for 

calculating reaction parameters and modelling scale-up simulation of the HTC process. The 

figure below shows the flow of steps for modelling and optimization of P-recovery from HTC 

of dairy processing waste. 

 

Figure 2-12: Strategy for modelling and optimization of HTC of Dairy Processing Waste 

2.3.1. Minitab 

Minitab© was used as a tool for design of experiment (DOE) of the experimental HTC runs. 

The Box-Behnken design was used to assess the effect of the three main parameters 

(temperature, residence time and pH) on the hydrochar yield (HY) of HTC runs. The minimum 

and maximum values of each parameter were specified based on the upper and lower limits for 

HTC operating conditions. For instance, HTC occurs between 160 and 240℃, a pH ranging 

Minitab

•Design of 
Experiment (DOE)

•Effect of 
parameters

•Optimal Scenarios

MATLAB

•Kinetic Model

•Reaction order (α), 
Reaction Rate 
constant (k) and 
Activation Energy 
(Ea)

SuperPro Designer

•Simulation of HTC 
process at industrial 
scale

•HY (%), P-
recovery (%) and 
energy calculations



51 

 
 

 

between 2-12. The residence time range was defined from 30-120 minutes. The effect of each 

parameter, along with the interactive effects of the parameters are presented in the Chapter 7. 

Furthermore, a Response Surface Method (RSM) analysis was performed, and the p-values for 

each parameter were recorded. In addition to that, the effect of interactions between parameters 

on the hydrochar yield was also studied and a regression equation is recorded. Finally, factorial 

plots reflecting the effect of parameters on the hydrochar yield are produced, and the data is 

used to specify the experimental design used in the research. 

Following completion of the HTC runs, a regression analysis was performed to validate the 

expected parameter effects, and to relate each parameter to two major outcomes: hydrochar 

yield and P-recovery. Contour plots were produced and based on the experimental results, Node 

Classification and Regression Tree (CART)© regression was performed to define optimal 

scenarios for hydrochar yield and P-recovery. CART regression is a technique of machine 

learning, which was first developed by Breiman et al. in 1984 after which it was utilized in 

different fields include financial planning, quality control and engineering optimization. This 

regression procedure depends on splitting “nodes” into branches each presenting predicted 

mean values of the studied outcome based on the experimental data relevant to the defined 

input parameters for this specific branch (Steinberg & Colla, 2009).  The models were used to 

predict the hydrochar and P-recovery values, which were then compared to actual experimental 

outcomes. 

2.3.2. MATLAB 

Understanding the kinetics of HTC reactions remains an under-study field, mainly due to the 

complexity of the reactions involved and the difficulty for full detection of their dynamics 

during the experimental runs, which should always be under autogenous pressure (D Jung & 

Kruse, 2017). As mentioned previously, the main five reactions occurring during HTC are 

hydrolysis, dehydration, decarboxylation, condensation polymerization and aromatization. The 

two major reactions influencing the quality and composition of HTC outcomes are hydrolysis 

and polymerization. Even though both reactions have been investigated extensively, the 

difficulty of defining full-scale kinetics of the HTC reaction remains persistent due to the 

interference of the reactions within a fixed time frame. Therefore, different studies approached 

the kinetics of HTC from different perspectives. The dominant approach in the literature was 

targeting HTC in a one-block-reaction manner, which involves assessing certain properties of 
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the solid material before and after HTC without investigating the intermediate reactions 

(Lucian, Volpe, & Fiori, 2019). In general, this approach defines biomass in terms of its 

constituents, such as cellulose and hemicellulose, which are adopted as starting points with 

defined chemical and physical properties. From this starting point, the kinetics of HTC are 

usually defined in terms of first-order degradation reactions, where kinetic constants and 

activation energies are calculated based on experimental data (Reza, Yan, et al., 2013). The 

“lump” model involves a series of simplification assumptions that are necessary to frame the 

reaction pathway to allow for calculations and integration of experimental data. For instance, 

Ischia et al. (2022) developed a kinetic model for the HTC of glucose by defining the final 

liquid product as acetic acid, levulinic acid and formic acid, exclusively (G Ischia et al., 2022). 

Despite the dominance of these acids in the products of glucose decomposition, the assumption 

that each decomposition step was occurring separately without any influence from other on-

going reactions, was necessary in order to reduce the complexity of the model. A similar 

pathway was adopted by Yang et al. (2022) during the HTC of kitchen waste, where the initial 

feedstock was defined as a “carbohydrate”, whereas the liquid product was defined in terms of 

furans, which is one of many constituents of the HTC liquid product (G. Yang et al., 2022). 

Another approach for defining HTC kinetics is tracking the path of a specific property in the 

initial material after HTC. Gallifuoco et al. (2018) studied the kinetics of HTC of biomass 

through the change in carbon concentrations between the initial sample and the final product 

at the end of the reaction (Gallifuoco & Di Giacomo, 2018). 

The approach adopted in this study is similar to that presented by Gallifuoco et al. (2018), with 

the main parameter of focus being P concentration instead of C concentration (Gallifuoco & 

Di Giacomo, 2018). The idea behind this approachis to assess the changes in P transformation 

in the solid phase by defining two separate “forms” of P, and they are feedstock-P (P0) and 

hydrochar P (PHC). P is assumed to transform through HTC from P0 to PHC, and similar to 

previous studies, the mechanism of transformation is assumed to be a first-order reaction. To 

account for the change in P concentration over the duration of the HTC reaction, a real-time 

sampling procedurewas undertaken using the 970 mL PARR 4523 reactor. Through a liquid 

sampling valve, samples were retrieved every 20 minutes after reaching the temperature set 

point specified for the run. These samples were mostly slurries comprising of a largeliquid 

phase with some wet solids. After centrifuging for 5 min at 5000 rpm, the liquid portion was 
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recovered, while the solid samples were left to dry in the oven at 105℃ for 24 hours. This 

procedure was performed in duplicate from the sampling point to the drying step. The samples 

from the liquid and solid phases were then stored in a fridge and prepared for ICP-OES 

analysis. The solids underwent solid-liquid extraction with 3.5M HCl for 24 hours in a 1:20 

ratio, while the liquids were diluted with 1M HNO3 and filtered using 0.2µm filters before 

analysis. The results of the ICP-OES were used to calculate the initial P concentrations found 

in the samples. 

Since the reaction time was fixed to 2hrs, each run produced a total of 14 real-time samples 

referring to the following time points (0, 20, 40, 60, 80, 100, 120). The procedure was repeated 

for the following conditions to account for the effect of treatment type and temperature on the 

P distribution in the real-time samples. 

Table 2-1: Operating conditions for MATLAB kinetic modelling runs 

Run Treatment Temperature (℃) 

1 C 180 

2 C 240 

3 B 180 

4 B 240 

 

The concentrations of P vs. time data were used as an input to a MATLAB© code developed 

for calculating the kinetic parameters of each run. The code was built around the “lsqcurvefit” 

function, which adopts experimental data to fit the rate equation and calculate its two main 

parameters: the reaction constant (k) and the reaction order (a). The least square method 

operates by minimizing the sum of squared errors between observed and fitted values. As 

mentioned previously, the reaction of formation of PHC is adopted from previous literature and 

modified in the following form. 

PHC=P0×(1-e-kt)         (13) 

To begin with, the structure of the code was divided among 4 parallel pathways, each 

corresponding to the experimental data collected from each run specified in the table above. 
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The “lsqcurvefit” requires an initial assumption of the target parameters, which were adjusted 

to find the best configuration for each dataset. The time array of the experimental data was 

transformed from minutes to seconds in order to ensure consistency of units. Furthermore, P 

concentrations were calculated from the initial ICP-OES results (mg/kg) to mol/L by utilizing 

the density of the hydrochars and the molecular weight of P. Beyond that, a separate function 

was defined for each data set followed by a “model” function, which uses the calculated (k) 

and (a) to re-define the P concentration data based on the best-fit model. Finally, plots including 

the experimental data and model data are executed to visualize the accuracy of the predicted 

models. 

In addition to that, the values of (k) and (a) were used to calculate the activation energy of the 

HTC reactions in terms of P changes. This was performed withthe Arrhenius equation and the 

varying reaction temperatures of the HTC reaction: 

k=Ae
-Ea

RT            (14) 

2.3.3. SuperPro Designer 

A scaling up design was attempted using SuperPro Designer software, which is a product of 

Intelligen©. The software aims at facilitating the modelling, evaluation and optimization of 

processes related to a wide range of industries, mainly the pharmaceutical and biotechnology 

fields. However, the software allows for modelling thermochemical processing on industrial 

scales through batch or continuous modes. 

The simulation model designed in SuperPro Designer operates in a batch mode with defined 

unit operations and pure components presenting the reactants and products of the HTC 

reaction. Defining the dairy processing waste and hydrochar components was performed by 

using defined elemental and physical properties collected and calculated from experimental 

results. A detailed strategy of simulation parameters and targeted outcomes is presented in 

Chapter 7. 

3. Chapter 3: Effect of Parameters on HTC products 
*This chapter was published in OpenEU Research Journal on July 22, 2022. The link for the 

latest version is provided at: https://open-research-europe.ec.europa.eu/articles/2-83/v2 

 

https://open-research-europe.ec.europa.eu/articles/2-83/v2
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3.1. Plain language summary 

The following paper addresses a potential technique for the treatment of dairy waste under 

controlled conditions of pressure and temperature. This treatment is known as hydrothermal 

carbonization. This technique allows for solving the increasing production of dairy waste in 

the dairy industry. Simultaneously, hydrothermal carbonization leads to the production of 

hydrochar, which possesses a potential for fertilizer application. The paper demonstrates 

through an experimental procedure that the hydrochar complies with the EU fertilizer 

regulations; particularly with Product Function Category (PFC) 1B-(I) for solid organo-mineral 

fertilizers. The paper also analyzes the chemical composition of the liquid product and 

recommends a series of additional steps to further develop both the solid and the liquid 

products. To sum up, the paper proves that hydrothermal carbonization of dairy waste increases 

the fertilizer potential of the hydrochar, while extra studies and additional treatment remain 

necessary to ensure a safe and feasible fertilizer produced from waste. 

3.2. Introduction 

The increase in human population, alongside the continuously changing lifestyle and dietary 

habits of humans, is leading to the rise of serious concerns over the ability to balance between 

sustaining human needs and conserving the environment (Shete & Shinkar, 2013b). In 

particular, the management of agricultural and industrial waste has elevated into a priority for 

several countries as studies are expecting an increase of 50% expansion in global food 

production by the year 2050 (Luqman & Al-Ansari, 2021). This expansion will not come cheap, 

as the risks for satisfying such growth include resource depletion, environmental imbalance, 

and waste disposal (Atallah et al., 2020b). The latter presents one of the rising challenges for 

most agricultural and industrial sectors, including the dairy sector. 

The dairy sector is experiencing significant expansion, where the production of milk is 

expected to reach 977 million tonnes by the year 2025, with an increase of 177 million tonnes 

from the production recorded in 2019 (Kozłowski et al., 2019). The European Union preserves 

the top spot as the largest milk producer in the world, with an aggregate 160 million tonnes of 

milk produced in 2018 (EDA, 2018). The expansion in milk production is followed by an 

increase in dairy waste resulting from the different processing streams and additives, which has 

become one of the major sources of industrial waste in Europe (Carvalho, Prazeres, & Rivas, 

2013). Dairy waste presents major challenges for environmental stability, the first of which is 
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the effect of traditional disposal methods on natural sources of water and land. In Ireland, the 

major route for dairy waste disposal is land spreading, whereas a significant quantity (24%) of 

the waste is removed by licenced contractors (Carvalho et al., 2013). Therefore, the need for 

treating dairy waste has become a necessity to avoid its potential risks. Applications such land 

spreading of dairy waste have been minimized due to their serious effects on land and marine 

resources due to the high level of pollutants and the potential leaching of elements and 

eutrophication (Tikariha & Sahu, 2014). Other common treatments of dairy waste include 

physical, biological, chemical and thermochemical operations. Physical separation of grease 

and oil traps, along with biological nutrient removal are considered conventional treatment 

techniques (Shete & Shinkar, 2013a). Meanwhile, chemical and thermochemical treatment of 

dairy waste have gained more interest in recent years for their ability to reduce suspended solids 

and pollutant concentrations (Loloei, Alidadi, Nekonam, & Kor, 2014). 

In addition to that, the treatment of dairy waste presents an opportunity to achieve a successful 

economic and environmental cycle. Dairy processing waste (DPW) was recognized as a 

potential feedstock of STRUBIAS (struvite, biochar, or incineration ashes) products, which are 

capable of fertilizer applications and soil amendments (W Shi et al., 2021). Ashekuzzaman et 

al. (2019) revealed that lime treated dissolved air floatation (DAF) dairy sludge possessed a 

significant nutrient content, in addition to heavy metal content that was below EU limitations. 

The average Nitrogen (N): Phosphorus (P): Potassium (K) content of dairy sludge was 

19.5:65.9:3.9 g/kg respectively (Ashekuzzaman, Forrestal, Richards, & Fenton, 2019). 

Similarly, the amount of nitrogen in other types of dairy waste was found to be significant, 

ranging between 14 to 830 mg/L in another study(Chokshi, Pancha, Ghosh, & Mishra, 2016). 

Thus, the treatment of dairy waste not only solves the environmental risks of the dairy industry, 

but also presents an opportunity for producing valuable products for agricultural applications. 

Previous experiments for the treatment of dairy waste have been conducted on laboratory and 

pilot scales. Hydrothermal carbonization (HTC) presents a promising technique for 

thermochemical treatment of dairy waste to produce valuable products. Wu et al. (2018) 

performed HTC of dairy manure at different values of temperature, residence time and 

biomass/water ratio. The results showed that HTC improved the elemental composition of dairy 

manure and its energy potential, and it facilitated the recovery of valuable nutrients such as N, 

P and K (K. Wu et al., 2018). Similarly, Marin-Batista et al. (2020) suggested HTC as a method 
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for improving the energy content of biomass derived from dairy waste (Marin-Batista et al., 

2020). Finally, Atallah et al. (2020) performed HTC on dairy sludge with different 

experimental conditions, and their results confirm that HTC elevates the carbon properties in 

hydrochar and increases the structural and chemical stability of the solid (Atallah et al., 2020b). 

Based on the above, the following paper investigates the HTC of dairy waste and the effects of 

different operating parameters on the quality and composition of the solid and liquid products, 

with particular emphasis on the fertilizer potential of the solid hydrochar. To our knowledge, 

no previous assessment of hydrochar as a potential fertilizer was performed in reference to EU 

Regulation 1069/2009. 

3.3. Methods 

The methodology adopted for this paper was the same as the one specified in Chapter 2, with 

HTC reactions performed using PARR 5523 reactors (V=100 mL) solely. The collection and 

separation of HTC products was performed using vacuum filtration, and the analysis and 

characterization were identical to the description in Chapter 2. 

3.3.1. Design of Experiment (DOE) 

To perform a design of experiment, early experimental trials were introduced to Minitab© and 

the Box-Behnken design was used to assess the effect of three main parameters (temperature, 

residence time and pH) on the hydrochar yield (HY) of HTC runs. The minimum and maximum 

values for each parameter are specified based on the upper and lower limits for HTC operating 

conditions. For instance, HTC occurs between 160 and 240℃, a pH ranging between 2-12. The 

residence time range was defined from 30-120 minutes to avoid extensive laboratory operation. 

The effect of each parameter, along with the interactive effects of the parameters are studied 

below. 

3.4. Results and discussion 

3.4.1. Feedstock Properties 

Table 3-1: Dairy Processing Waste Properties 

   
Elemental Composition Nutrient Composition Metals 

 
Moisture  (%) Ash (%) C (%) H (%) N (%) N:P:K (g/kg) Al (mg/kg) Ca (mg/kg) Fe (mg/kg) Mg (mg/kg) 

Dairy Sludge 79 48.33 19.45 4.2 6.02 61:57:17 7880.1 42571.84 114422 3150.3 
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The properties of the initial dairy sludge feedstock are presented in Table 3-1. From this data, 

it is observed that the sludge possesses low carbon content, high ash content and significantly 

high Fe content. This is mainly due to the addition of chemical coagulants, which mostly 

consist of iron salts for the precipitation of P and other elements. In terms of P, the initial P 

content of the dairy sludge was 5.7% by weight, which is already above the specified limit for 

EU fertilizers. The N:P:K ratio of the sludge was 4.9:5.7:1.7, which is similar to values reported 

in literature (Ashekuzzaman et al., 2019). 

3.4.2. Proximate Analysis 

Table 3-2: Proximate Analyis of Dairy waste and corresponding hydrochars 

Sample C H N S O HHV (MJ/kg) 

DS 19.4 4.05 3.2 0.72 24.53 9.152 

HC-180-8.32 19 3.1 3.54 0.39 7.51 10.103 

HC-200-8.32 17.7 2.74 2.94 0.36 4.28 9.591 

HC-220-8.32 17.2 2.59 2.67 0.34 7.42 8.773 

HC-180-4.6 16.8 2.97 3.19 7.13 17.29 7.759 

HC-200-4.6 15.4 2.57 2.82 6.6 11.75 7.479 

HC-220-4.6 15.4 2.62 2.86 7.36 11.17 7.626 

HC-180-2.25 18.8 3.35 3.66 10.46 25.58 7.854 

HC-200-2.25 17.6 2.83 3.67 9.62 21.56 7.277 

HC-220-2.25 16.5 2.45 3 10.23 19.84 6.604 

 

According to the results in Table 3-2, the C content in dairy sludge decreases after HTC, and 

with the increase in temperature. This can be explained by the production of organic acids, 

sugars and carbon-based gases, which eventually reduce the carbon content of the solid phase. 

Meanwhile, the decrease in initial pH enhances further reduction in carbon content, which can 
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also be related to the same decomposition reactions. In general, the C content of dairy waste 

was less than other types of industrial wastes (Oliveira, Blöhse, & Ramke, 2013), which can 

be explained by the high amounts of iron and other metal content introduced during chemical 

coagulation. 

The higher heating value of the dairy sludge was around 9 MJ/kg, and upon HTC, it increased 

to 10 MJ/kg at 180℃ and pH=8.32, after which it decreased as the temperature increased. This 

finding shows that hydrochars produced from the HTC of dairy sludge are not adequate for 

fuel applications, which has been reported previously in literature (Lucian et al., 2018). 

3.4.3. DOE 

The results of the DOE are presented in Figure 3-1 below. 

 

 

Figure 3-1: Factorial Plot for main parameter effect on Hydrochar Yield 

As shown in Figure 1, the effect of temperature on hydrochar yield is almost linearly negative, 

whereas for pH, the effect is not linear, with a peak hydrochar yield recorded at slightly acidic 

conditions (pH~4.5). Meanwhile, the effect of residence time on hydrochar yield was not 

deterministic, as shown in Figure 2-6, where at different temperatures, the effect of residence 
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time was different. For this reason, the residence time of the experimental runs was fixed at 

120 min. 

3.4.4. Hydrochar yield 

The hydrochar yields reported on a dry basis are presented in 3 for the different initial reaction 

conditions (Khalaf, 2022b). Additional data on hydrochar yield calculations are present in 

Table S1 in the Extended data (Khalaf, 2022a). As shown in the figure below, the maximum 

hydrochar yield was recorded at T=180℃ and pH=2.25 reaching up to 60.26%, which is 

slightly lower than the normal values of hydrochar yield recorded for similar material in 

literature (Huezo, Vasco-Correa, & Shah, 2021). 

 

Figure 3-2: Hydrochar yield at different initial conditions (HC=Hydrochar) 

Effect of temperature. Reaction temperature is considered to be the dominant parameter 

influencing the extent of reactions occurring through HTC (Khan, Mohan, & Dinesha, 2021). 

In general, there is an inverse relation between temperature and hydrochar yield, i.e., an 

increase in temperature leads to a decrease in hydrochar yield. This is because the increase in 

temperature provides additional energy for further hydrolysis and cleavage of bonds in the 

structures of the feedstock (Nizamuddin et al., 2017). The effect of temperature on hydrochar 

yield is consistent for a variety of HTC feedstock. According to Sun et al. (2010), the recovery 

of solid from HTC products was highest at temperatures below 200°C, whereas an increase of 

temperature to 200-250°C led to a significant increase in liquid yield (P. Sun, Heng, Sun, & 

Chen, 2010). The decrease in hydrochar yield beyond 200°C is attributed to increased 
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dehydration reactions. This leads to further decomposition of sugars into organic acids and 

phenolic derivatives comprising the liquid product (Olasupo, Uzairu, Adamu, & Uba, 2020). 

For this reason, specifying a range of optimal operating temperatures is an important step in 

optimizing the hydrochar yield. 

The experimental results from this study show that the increase in HTC temperature led to a 

decrease in hydrochar yield for all initial conditions of acidity. At pH=8.32, the increase in 

HTC temperature from 180°C to 220°C led to a reduction in hydrochar yield from 47.75% to 

38.18%. Similarly, at pH=2.25, the effect of temperature on hydrochar yield was more 

significant, as the yield decreased from 66.27% to 45.53% upon the increase of temperature 

from 180°C to 220°C. These results confirm the findings of previous studies. Wu et al. (2018) 

reported similar results from the HTC of dairy manure, where the increase in temperature from 

150 to 270°C led to a decrease in hydrochar yield from 74.41% to 52.75% (K. Wu et al., 2018). 

Similarly, Xiong et al. (2019) performed HTC of swine manure at various temperatures, and 

the results showed a decrease in hydrochar yield from 58.7% to 50.2% (Xiong et al., 2019). 

The same trend was reported by Sermyagina et al. (2015) during the HTC of wood chips, where 

an increase in temperature from 180°C to 250°C resulted in a 20% reduction in hydrochar yield 

(Sermyagina, Saari, Kaikko, & Vakkilainen, 2015).  

Effect of initial pH. The effect of initial pH on hydrochar yield is not fully understood. In 

general, acids are considered to be catalysts which enhance hydrothermal decomposition 

reactions during HTC (Flora, Lu, Li, & Joseph). 

The results of the experiments showed that the effect of initial acidity varied at different 

reaction temperature, which may reflect the dominant role of reaction temperature during 

hydrothermal carbonization, as presented in Figure 3-2. At T=180°C, the increase in initial 

acidity led to an increase in hydrochar yield with a maximum of 60.27% at pH=2.25. Similarly, 

at elevated temperatures, the increase in initial acidity led to a significant increase in hydrochar 

yield with maximum yields obtained at pH=2.25 at T=200°C and 220°C, respectively. In 

general, it can be observed that an increase in acidic conditions led to a significant increase in 

hydrochar yield. 

The effect of acidic activity on hydrochar yield is not consistent in literature. Our results are 

compatible with the findings of Ghanim et al. (2017) in their HTC experiments on poultry litter. 
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The increase in initial acidity from pH=7 to pH=2 led to an increase in hydrochar yield from 

23.91% to 38.13% (B. M. Ghanim et al., 2017). Similar findings were reported by Wang et al. 

(2017) during HTC of sewage sludge, where the decrease in initial pH from 11 to 3 led to an 

increase in hydrochar yield from 61.14% to a maximum of 68.39% (T. Wang et al., 2017). 

However, other studies report an opposite effect of initial pH on hydrochar yield. Liu et al. 

(2020) investigated the effect of feed-water pH on the properties of hydrochar produced from 

sewage sludge, and the results show that an increase of initial pH from 2 to 12 led to a slight 

and variable increase in hydrochar yield from 52.27% to a maximum of 57.37% at pH=9, after 

which the yield drops to 53% at pH=12 (X. Liu et al., 2020). Similarly, Mumme et al. (2011) 

reported an increase in hydrochar yield from the HTC of digested maize silage when the initial 

pH was increased from 3 to 7 (Mumme et al., 2011). 

The reason behind these contradictory findings could lie in the varying extents of 

decomposition for different HTC experiments. For instance, acidic conditions enhance 

hydrolysis of initial compounds such as cellulose and hemicellulose into sugars, furans and 

other phenolic compounds. The re-polymerization and aromatization of these compounds leads 

to the production of the complex carbon structure known as “secondary hydrochar”(Volpe et 

al., 2021) Previous studies demonstrated that secondary char production is enhanced by acid 

addition, which can explain the increase in hydrochar yield recorded in this study at pH=2.25 

despite operating at a moderate temperature (Volpe et al., 2021). The effect of temperature on 

the production of secondary char is competitive with the decomposition reactions. This was 

explained by Evcil et al. (2020) during HTC of wood samples, where they observed an increase 

in secondary char production at acidic conditions and higher temperatures combined with a 

decrease in total hydrochar mass yield (Evcil, Simsir, Ucar, Tekin, & Karagoz, 2020). 

However, if the re-polymerization is inhibited or overcome by side reactions, these products 

will add to the present liquid complex known as the “HTC liquor”, thus yielding more liquid 

product. The effect of acidity on the final re-polymerization and aromatization step for dairy-

based hydrochars is yet to be completely identified. Ash content 

Ash is composed of the inorganic remains that are left over after the combustion of the material 

(Hashan, Howladar, Jahan, & Deb, 2013). Understanding the ash content of hydrochar provides 

insight into the mineral composition of the solid product, in addition to the fuel quality of the 

product. 
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The ash content of the initial dairy processing sludge was 48.83%, which is high in comparison 

to that in other types of feedstock such as orange peel, which was around 13.5% (Burguete et 

al., 2016). Kwapinska & Leahy (2017) investigated the properties of sludge collected from 

milk processing plants in Ireland and reported that the typical ash content was 36.41% 

(Kwapinska & Leahy, 2017). The high ash content in the dairy processing sludge is due to the 

addition of ferric coagulants such as FeCl3 and FeSO4 in the wastewater treatment plant reduce 

the Chemical Oxygen Demand (COD) and Biochemical Oxygen Demand (BOD) levels in 

dairy wastewater (Davarnejad, Nikseresht, & Ajideh, 2018). This explanation is supported by 

the high Fe concentration (114422 mg/kg) present in the dairy waste used for HTC 

experiments. 

The ash content of the hydrochars increased following HTC with a minimum increase of 30%, 

as shown in Figure 3-3. This result confirms the findings of Garlapalli et al. (2016) regarding 

the increase in ash content of hydrochars formed from digestate at temperatures above 180°C. 

The authors contributed the increase in ash content to the formation of oxides, which tend to 

resist melting and remain in the ash (Garlapalli, Wirth, & Reza, 2016). The increase in 

temperature influenced an increase in the ash content in hydrochars with different initial pH. 

For instance, at pH=8.32, the increase in temperature from 180°C to 220°C led to an increase 

in ash content from 63.92% to 69.76%. This observation confirms the suggestion of Mäkelä et 

al. (2015) on the significant positive effect of temperature on hydrochar ash content (Mäkelä, 

Benavente, & Fullana, 2015). Similar results were reported by Lin et al. (2015), where the ash 

content of hydrochars increased from 54.81% to 63.78% as the HTC temperature increased 

from 180°C to 270°C (Lin et al., 2015). Meanwhile, the effect of initial pH on ash content 

could be studied by assessing the fractionation of the initial ash in HTC products.In the absence 

of acid addition, the percentage of ash content in hydrochar fluctuated between 53.99% and 

68.77%. However, as initial pH decreased, the percentage of initial ash content retained in the 

hydrochar increased significantly to reach 89.54% at T=180°C and pH=2.25. These results 

suggested that the hydrochars produced from dairy waste possess low fuel quality due to their 

high mineral content. 
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Figure 3-3: Ash Content of hydrochars from different reaction conditions (DPW=Dairy 

Processing Waste; HC=Hydrochar) 

3.4.5. Phosphorus recovery 

EU regulation. One of the approaches for measuring the potential of hydrochar as a fertilizer 

component is its phosphorus content. According to Product Function Category (PFC) 1 (B).(I) 

specified in Annex I in EU Regulation 1069/2009, a solid organo-mineral fertilizer consisting 

of multiple nutrients must contain at least 2% by mass of total P (OJEU, 2019). Results of the 

ICP measurement showed that the initial dairy waste contains 5.71% of P on a dry basis. Even 

though this concentration is above the minimum EU regulation requirement, HTC was used to 

improve the quality of the dairy waste by producing hydrochar. As shown in Figure 3-4, the P 

content in all hydrochars was higher than the initial P content in dairy waste, which 

demonstrates the ability of HTC to increase the nutrient concentration of dairy sludge. In 

addition, the increase in temperature led to an increase in the concentration of P for all 

conditions except at pH=2.25, where the increase in temperature led to a reduction in P content 

from 7.49% at T=180°C to 6.78% at T=220°C. These results confirmed the observations of Shi 

et al. (2019) regarding the positive effect of temperature on the concentration of P in hydrochar. 

The study also suggested that high concentrations of acid addition can drive phosphorus into 

the liquid product, which explains the reduction of P percentage at initial pH of 2.25 (Y. Shi et 

al., 2019). This suggestion was confirmed in this paper, where an increase in temperature led 

to a reduction in P-concentration in the liquid product. 
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Figure 3-4: Weight percentage (%) of P in dairy waste and different hydrochars (DW= dairy 

waste; HC= hydrochar) 

In terms of EU regulations, the P percentage in all hydrochars was higher than the regulation 

limit, with a maximum P percentage=9.14% at T=220°C and pH=4.6. Thus, the produced 

hydrochars qualify for solid organo-mineral fertilizer application in terms of P content. 

P-recovery. The recovery of phosphorus in hydrochar has been emphasized by several previous 

studies focusing on the immobilization of P-species through HTC (Dai et al., 2015). In general, 

the definition of P-recovery may vary, yet in this paper, it refers to the amount of initial P that 

was retained in hydrochar. Data for P-recovery calculations are present in Table S2 in the 

Extended data (Khalaf, 2022a). The P mass balance for the calculations of total P-recovery is 

presented in Table 3-3. Previous studies showed that the recovery of P in hydrochars was found 

to be around or above 80% (Meng, Huang, Xu, Gao, & Yan, 2019). As shown in Figure 3-5, 

this study found that the P-recovery in hydrochar produced from HTC of dairy waste was 

between 53% and 80% with maximum P-recovery of 80.23% observed at T=220°C and 

pH=4.6. This further showed that HTC favoured the concentration of P in the hydrochar, which 

concurs with the previous findings of Heilmann et al. (2014), where up to 90% of the total P 

was recovered in the hydrochar resulting from the HTC of different animal manures (Heilmann 

et al., 2014). Similarly, Huang & Tang (2016) investigated the recovery of P from activated 

sludge and anaerobically digested sludge, and the results showed that 89.3% and 95.5% of P 
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was recovered in the hydrochar produced from each feedstock, respectively (R. Huang & Tang, 

2016). The P-recovery rates from other techniques such as pyrolysis and incineration were also 

found to be in the range of 80-90%, as reported in recent studies(Santos, Almeida, Alvarenga, 

Gando-Ferreira, & Quina, 2021; Zhu et al., 2022). However, taking into account the need for a 

pre-drying step and the high operating temperatures for pyrolysis and incineration, the similar 

P-recovery rates achieved by HTC at lower operating temperatures reveal an advantage of 

HTC. 

Therefore, in terms of recovered P, the hydrochar produced at T=220℃ and pH=4.6 presents 

the most viable option. However, total P alone is not sufficient for defining the efficiency of P-

recovery for fertilizer application, which requires further studies on the available P pools in the 

hydrochar. Further processing for recovering P from the hydrochar include acid extraction, 

which shows high recovery rates but reproduces the problem of heavy metal recovery. On the 

other hand, alkaline extraction can produce relatively high P-recovery from hydrochar while 

reducing the amounts of heavy metals recovered (H. Liu et al., 2021). 

Table 3-3: P mass balance for HTC runs 

Sample P_0 (mg) P_HC (mg) P_HC (%) P_liquor (mg) P_liq (%) Total P Recovery (%) 

180-8.32 326.19 238.29 73.05 1.94 0.60 73.65 

200-8.32 328.77 242.25 73.69 2.38 0.72 74.41 

220-8.32 325.34 229.78 70.63 1.59 0.49 71.12 

180-4.6 302.18 208.94 69.14 2.45 0.81 69.96 

200-4.6 307.61 243.14 79.04 1.97 0.64 79.69 

220-4.6 301.04 242.32 80.50 0.86 0.29 80.78 

180-2.25 306.18 161.69 52.81 3.59 1.17 53.98 

200-2.25 305.89 192.68 62.99 3.65 1.19 64.18 

220-2.25 305.89 230.61 75.39 2.36 0.77 76.16 
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Figure 3-5: P-recovery from hydrochars at different conditions of temperature and pH. 

Effect of temperature and initial pH. Similar to its effect on hydrochar yield, temperature 

plays a significant role in influencing the recovery of P in hydrochar. In the absence of acid 

addition, the P-recovery in hydrochar was almost consistent and fluctuated between 70% and 

72%. However, the effect of temperature became more significant with pH reduction through 

acid addition. At a pH=4.6, the increase in temperature from 180°C to 220°C led to an increase 

in P-recovery from 69% to 80%. Similarly, and more significantly, at pH=2.25, the same 

increase in temperature produced a 42.58% increase in P-recovery. These results showed that 

the effect of temperature alone on P-recovery was not significant; however, in the presence of 

acid addition, the recovery of P from hydrochar increased significantly as temperature was 

increased. To explain the effect of temperature, Ekpo et al. (2016) suggested that the 

precipitation of P with metals such as Ca, Mg and Fe leads to the accumulation of P in the 

hydrochar (Ekpo et al., 2016). The increase in temperature increases the concentration of metal 

ions available for P-precipitation, which explains the increase in P-recovery at higher 

temperatures. Zheng et al. (2022) showed that an increase in the HTC reaction temperature of 

sewage sludge from 160°C to 280°C resulted in a significant increase in P-concentration in the 

hydrochar from 38.92 mg/g to 46.99 mg/g, (Zheng et al., 2022). The results of mineral 

concentrations from ICP-OES, in this study, support this suggestion, since all hydrochars 

possessed increased concentrations of minerals compared to the original dairy waste. As shown 

in Figure 3-6, increasing HTC temperature led to an increase in the concentrations of Ca, Fe 
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and Mg, with Fe remaining the dominant mineral. The effect of temperature on P-recovery in 

hydrochar has been reported in literature. Shi et al. (2019) showed that an increase in 

temperature from 170°C to 320°C led to an increase in hydrochar P-content from 81.4% to 

95.96% (Y. Shi et al., 2019). Similarly, Cui et al. (2020) observed a similar pattern during the 

HTC of wetland biomass wastes where an increase in HTC temperature improved total P 

recovery in hydrochar from 68.45% at 200°C to 84.7% at 260°C (Cui et al., 2020). 

 

Figure 3-6: Minerals concentration (mg/kg) in hydrochars produced at different conditions 

To assess the effect of initial pH, the results were analyzed by fixing the temperature and 

varying the initial pH. At moderate temperatures (T=180°C), P-recovery in the hydrochar 

showed a significant reduction as initial pH decreased from 8.32 to 2.25. However, at higher 

temperatures, the effect of initial pH on P-recovery was reversed, where an increase in initial 

acidity enhanced P-recovery, with a maximum observed at pH=4.6. The data suggests that at 

moderate acidity the effect of temperature is dominant allowing for more precipitation of P in 

the hydrochar. The effect of initial pH on P-recovery in the hydrochar was investigated by 

Zheng et al. (2020). As the initial pH increased from 3 to 7, the total P enrichment increased 

from 81.42% to 89.78%, after which it decreased to 85.2% at pH=13 (Zheng, Jiang, et al., 

2020). Similar results were reported by McIntosh et al. (2022), where the increase in the initial 

pH of sewage sludge HTC from 2 to 7 led to an increase in P-recovery from 92.8% to 98.4%, 
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respectively. However, an increase in initial pH from 7 to 12 at fixed conditions of temperature 

led to a decrease in P-recovery from 98.4% to 88.7% (McIntosh et al., 2022). 

3.4.6. Heavy metals 

EU limits. Another significant indicator for assessing the fertilizer potential of hydrochar is the 

concentration of heavy metals, which can limit the application of hydrochars. Heavy metals are 

defined as the metals and metalloids possessing densities higher than 5g/cm 3, and the most 

common heavy metals in the fertilizer sector include Arsenic (As), Cadmium (Cd), Chromium 

(Cr), Copper (Cu), Nickel (Ni), Lead (Pb) & Zinc (Zn) (Cui et al., 2021). 

The concentrations of heavy metals in the collected dairy waste and hydrochars are shown in 

Table 3-4 along with the concentration limits defined by PFC 1 (B). (I) in EU Regulation 1069 

for solid organo-mineral fertilizers (OJEU, 2019). 

The results show that the heavy metal concentrations of the initial dairy processing waste were 

below the limit of contamination specified by the EU Regulation for all heavy metals. 

Similarly, all of the hydrochars showed concentrations that were below the maximum allowed 

limits for all heavy metals except for Ni at T=220°C and pH=8.32, which recorded a 

concentration of 60 mg/kg, slightly above the allowed limit of 50 mg/kg. The total 

concentration of Chromium (Cr) was also studied, and it was observed that HTC concentrates 

Cr in hydrochars, which can present a source of environmental pollution (B. Ghanim et al., 

2022). However, assessing the actual implication of Cr concentration in hydrochars compared 

to EU regulations can be done by Cr speciation. The most abundant heavy metal was Zn (136–

230 mg/kg), while As and Cd were below limits of detection for all hydrochars, thus abiding 

by the requirements for solid organo-mineral fertilizers. 

In all hydrochars, the concentration of heavy metals was generally higher than the original 

feedstock, which shows that the major destination for heavy metals was hydrochar. The 

percentage of heavy metals that were retained in hydrochars were not lower than 60% for all 

heavy metals except Pb, which had an average recovery below 50% in the hydrochar. Data on 

the heavy metal fractions retrieved in the hydrochars are provided in Table S4 in the Extended 

data (Khalaf, 2022a). Similar observations were reported by Fu et al. (2022) during the HTC 

of livestock manure, where HTC was responsible for enriching hydrochar with heavy metals. 

The authors explained this phenomenon from two perspectives, the first of which is the low 

mobility of heavy metals, while the second explanation stems from the porous structure of 
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hydrochar, which enhances the adsorption of heavy metals (Fu et al., 2022). The adsorption of 

heavy metals by the hydrochars is also enhanced by the lower specific surface area of the 

hydrochars, which ranges between 2.7-4.2 m2/g (Masoumi, Borugadda, Nanda, & Dalai, 2021), 

compared to biochars and ashes (Dieguez-Alonso et al., 2018). 

It was observed that HTC concentrates heavy metals in the hydrochar, which could affect its 

qualification as a solid organo-mineral fertilizer. However, further validation of the fertilizer 

quality of the hydrochars can be performed by assessing the concentration of toxic substances 

such as hexavalent chromium to have a detailed vision of the heavy metal content in the 

hydrochars. Therefore, it is difficult to assess the optimal conditions for producing hydrochar 

with the best fertilizer quality, yet according to the heavy metal composition, the hydrochar 

produced at T=200℃ and pH = 4.6 possessed the lowest heavy metal concentrations. This 

reduces the operating costs for further processing compared to the other hydrochars with higher 

heavy metal content.  

Effect of Parameters. The effect of temperature and initial pH on heavy metal concentrations 

was studied according to the results presented in Table 3-4. 

In the absence of acid addition (pH=8.32), the concentrations of all heavy metals except Cr 

experienced an overall increase with an increase in HTC temperature. Similar results were 

found by Breulmann et al. (2017) during the HTC of sludge. As temperature increased from 

180°C to 200°C, the concentration of Pb increased from 34 to 40 mg/kg, along with an increase 

in the concentrations of Zn, Mn, Cr, Cd and As (Breulmann, van Afferden, Müller, Schulz, & 

Fühner, 2017). This suggests that the effect of temperature on HTC reactions increases the 

ability for adsorbing heavy metals by increasing the porosity of hydrochars (Jaruwat, Udomsap, 

Chollacoop, Fuji, & Eiad-ua, 2018). 

Upon acid addition, the effect of temperature differed depending on the metal species. At 

pH=4.6, the increase in temperature resulted in an increase in the concentration of all heavy 

metals, which confirmed the previous findings of Zhai et al. (2016) regarding the effect of 

acidic media on the accumulation of heavy metals in hydrochar (Zhai et al., 2016). However, 

as the initial pH was reduced to 2.25, the effect of temperature was reversed for Mn, Zn, Pb, 

and Co, whereas Ni and Cr maintained the same trend of concentration increase with 

temperature. One of the suggested explanations for the effect of acidity on heavy metals can 
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be the enhancement of competitive ion exchange due to the increase in H + ions with acid 

addition (Inglezakis, Loizidou, & Grigoropoulou, 2003). Breulmann et al., (2017) studied the 

effect of initial pH, and their results revealed that acid addition showed different effects on 

different heavy metals. For Zn, Cr and Cu, the increase in initial acidity reduced the 

concentration of heavy metals in hydrochar, while an opposite effect was observed on Ni, Pb 

and Mn upon the decrease in initial pH (Breulmann et al., 2017). 

3.4.7. Liquid product analysis 

Final pH. Measuring the final pH of HTC liquor provides an insight into the severity of the 

reactions occurring during HTC by hinting to the composition of the liquid product (Borrero-

López, Masson, Celzard, & Fierro, 2020). Lower values of final pH are usually connected to 

the production of organic acids such as acetic, citric, lactic and formic acids from the 

decomposition of sugars and furfurals (Lu, Pellechia, Flora, & Berge, 2013). 

As shown in 3, the conditions of liquors produced at different reaction conditions were 

fluctuating between slightly acidic and neutral. The minimum final pH (5.38) was recorded at 

T=180°C and initial pH of 2.25, whereas the maximum final pH (7.88) was observed at 

T=200°C and an initial pH of 4.6. In general, the final pH of the different liquors did not show 

any significant deviation from the normal range of pH presented in literature. Reza et al. (2015) 

revealed that the pH of the liquid product resulting from the HTC of wheat straw at different 

initial conditions of acidity ranged between 3–10 (Reza, Rottler, Herklotz, & Wirth, 2015). 

Table 3-4: Concentrations of heavy metals (mg/kg) in comparison to EU limits 

Concentration (mg/kg) 

 As Cd Cr Cu Ni Mn Pb Zn 

EU Limit 40 1.5 - 600 50 - 120 1500 

DW 0.53 0.1 5.32 4.16 6.96 181.69 4.26 136.03 

HC-180-8.32 <1.5 <0.15 56.52 9.55 45.98 288.23 3.93 211.18 

HC-200-8.32 <1.5 <0.15 17.06 7.37 21.52 324.17 4.81 223.5 

HC-220-8.32 <1.5 <0.15 31.2 8.27 60.21 322.93 3.49 230.49 

HC-180-4.6 <1.5 <0.15 13.8 7.14 28.09 290.78 3.86 205.13 



72 

 
 

 

Concentration (mg/kg) 

 As Cd Cr Cu Ni Mn Pb Zn 

HC-200-4.6 <1.5 <0.15 11.3 7.08 23.23 291.53 4 201 

HC-220-4.6 <1.5 <0.15 21.13 9.45 35.96 329.16 6.03 222.63 

HC-180-2.25 <1.5 <0.15 10.33 7.54 17.68 275.32 3.68 195.25 

HC-200-2.25 <1.5 <0.15 11.03 6.49 22.83 248.23 2.83 183.49 

HC-220-2.25 <1.5 <0.15 14.69 6.35 29.14 266.83 3.3 182.37 

(DW=dairy Waste) 

In the absence of acid addition, the pH of the final liquor was lower than that of the initial 

feedstock for all experiments. Furthermore, the increase in reaction temperature from 180 to 

220°C led to an increase in the final pH of the resulting liquor from 5.72 to 7.12, respectively. 

This reduction in acidity seems to contradict the increasing production of organic acids at 

elevated temperatures, yet two explanations for the increase in final pH are suggested. The first 

explanation links the increase in final pH to the production of ammonium products which have 

a basic chemistry. Ammonia products are the final products of protein hydrolysis, especially 

that the average concentration of protein in dairy wastewater is estimated to be around 388 

mg/L (Kurup, Adhikari, & Zisu, 2019). According to Wang et al. (2019), successive 

degradation of amino acids produces ammonia alkaline groups at high temperature, and these 

groups are concentrated in the liquid product, thus increasing the basicity of HTC liquor (L. 

Wang, Chang, & Liu, 2019). 

To address this possibility, the concentrations of NH 4 
+-N in the liquors were measured through 

spectrophotometry. In the absence of acid addition (pH=8.32), the concentration of ammonia 

increased with an increase in reaction temperature, yet this increase was not directly parallel to 

the increase in final pH. At moderate acidic conditions (pH=4.6), the final pH of the liquors 

was almost neutral at different reaction temperatures, and the concentration of ammonia was 

significantly higher than that in the absence of acid addition. Yet, the pattern relating the 

concentration of ammonia with the final pH was not consistent. Finally, at severe acidic 

conditions (pH=2.25), the final pH of the liquors became slightly acidic, which is normal due 

to the presence of higher concentrations in the reaction. Meanwhile, the concentrations of 
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ammonia were similar to those recorded at moderate initial acidity, with similar inconsistency 

between the concentrations and the final pH of the liquor. 

The results show that ammonia products indeed played a major role in increasing the final pH 

of HTC liquor, especially under acidic initial conditions, which enhance the release of ammonia 

from biomass (Inoue, Sawayama, Dote, & Ogi, 1997). However, the lack of direct correlation 

between the increase in final pH and the ammonia concentration in the liquor suggests that 

several different factors influence the increase in final pH. Similar observations were reported 

by Dai et al. (2017) during the HTC of cattle manure at different conditions of initial acidity. 

Their results showed that no direct correlation was found between the concentration of NH 4 
+-

N concentration and the final pH of aqueous products (Dai et al., 2017). 

Another explanation for the increasing pH of the liquid product comes from the facilitation of 

dehydration reactions at elevated temperatures, which increases the water in the liquid product, 

thus diluting its acidic composition (Ghaziaskar, McRae, Mackintosh, & Basu, 2019). 

Total phosphorous concentration. The concentration of total phosphorous (TP) in the 

Hydrochar (HC) liquors produced at varying initial conditions was measured. The results 

showed that at different conditions of initial pH, the concentration of TP decreased with an 

increase in reaction temperature, which can be explained by the simultaneous increase in P-

recovery in the hydrochar as shown earlier in Figure 3-5. Since higher temperatures favor P-

precipitation in the solid product, the concentration of P in the liquid product was expected to 

decrease. This was observed by Cui et al. (2021) during the HTC of wetland biomass, where 

an increase in HTC temperature from 200 to 260°C led to a significant and gradual decrease in 

P concentration in the liquid product from 492.73 mg/L to 36.7 mg/L, respectively (Cui et al., 

2021). These findings support the results of our study, where the decrease in initial pH from 

8.32 to 2.25 led to a significant increase in TP concentration in liquor at all reaction 

temperatures, as shown in Table 3-5. The extraction of P into HTC liquor at different conditions 

of initial pH was investigated by Ekanthalu et al. (2021), and their results confirmed the 

significant increase of P recovery in the liquor following the addition of inorganic acid 

(Shettigondahalli Ekanthalu, Narra, Sprafke, & Nelles, 2021). Similar observations were 

reported by Shi et al. (2021b) regarding the influence of acidic media on the release of P to 

HTC liquor (W Shi et al., 2021). This increase can be explained by the increase in the 

production of the liquid, which drives a portion of the phosphorus into the liquor. The increase 
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in average liquor yield from 76% to 82% as pH decreases from 8.32 to 2.25 supported this 

suggestion. 

Table 3-5: Liquid Yield, final pH and Ammonia concentrations of Hydrothermal 

Carbonization liquors 

Sample Temperature  

(°C) 

Initial  

pH 

Liquor  

Yield (%) 

Final  

pH 

NH4 4 +-N  

(mg/L) 

NO 3 -  

(mg/L) 

PO 4 3-  

(mg/L) 

L1  180 8.32 69.022 5.72 81.67 170.77 133.16 

L2  200 8.32 78.17 6.48 56.07 299.69 119.25 

L3  220 8.32 80.85 7.12 135.11 185.63 82.74 

L4  180 4.6 75.69 7.01 147.92 278.01 132.15 

L5  200 4.6 79.25 7.88 94.68 255.71 118.24 

L6  220 4.6 78.21 7.665 106.24 202.28 111.15 

L7  180 2.25 81.94 5.385 99.85 161.46 168.51 

L8  200 2.25 82.77 6.13 192.71 172.46 143.62 

L9  220 2.25 79.43 6.71 38.57 197.94 168.28 

Nitrate and ammonium concentration. In addition to estimating the fertilizer quality, 

assessing nitrogen content in HTC products provides insight into the extent of decomposition 

reactions occurring. According to literature, the dominant N-species in bio-oil are NH 4 
+-N 

and NO3-N, along with minor presence of NO 2 
—N and CN —N (Kruse, Koch, Stelzl, Wüst, & 

Zeller, 2016). The results of the spectrophotometric analysis are presented in Figure 3-7. It was 

clear that the concentration of nitrate was higher than that of ammonium for almost all liquors 

produced, which is in agreement with the findings of previous investigations (Shrestha, 

Acharya, & Farooque, 2021). The effects of initial conditions on inorganic N content were also 

investigated. The effect of temperature on inorganic nitrogen content varied at different 

conditions of initial acidity. In the absence of acid addition, an increase in temperature from 

180°C to 220°C increased the N-content in liquor, with a peak concentration of 355.76 mg/L 
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at T=200°C. Furthermore, the increase in temperature expanded the gap between NO3 
- and 

NH4 
+ concentrations, where an increase in temperature from 180°C to 200°C led to an increase 

in NO 3 
– concentration from 170 to 300 mg/L, accompanied with a decrease in NH4 

+ 

concentration from 82 to 56 mg/L. This effect was reversed as the temperature increased to 

220°C. Following acid addition, the effect of temperature became more significant. At pH=4.6, 

the increase in temperature induced a large decrease in ammonia concentration, whereas the 

concentration of nitrate decreased slightly. However, at pH=2.25, ammonia concentration 

increased from 100 to 193 mg/L when the temperature was increased from T=180°C to 

T=200°C, followed by a large decrease to 39 mg/L at T=220°C. 

 

Figure 3-7: Concentrations of nitrate and ammonium in Hydrothermal Carbonization liquors 

from different conditions 

The results reflected previous suggestions on the possible pathways of nitrogen during HTC. 

The increase in inorganic N content upon mild increase in temperature can be attributed to two 

major routes, the first of which is the breaking of solid nitrogen structures upon temperature 

increase, which drives the nitrogen into aqueous compounds. However, the elevation of HTC 

temperature to 240°C favors cracking of nitrogen into light gas, which will eventually decrease 

N content in the liquid product (H. Xiao et al., 2019)The second route explaining the increase 

in inorganic nitrogen content in HTC liquor was proposed by Xiao et al. (2019), which is the 

hydrolysis of Protein-N into inorganic N upon mild increase in HTC temperature (H. Xiao et 

al., 2019). Furthermore, the results confirm previous findings regarding the effect of 
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temperature on the speciation of inorganic N in HTC liquors. Fu et al. (2022) reported a 

significant decrease in NH4 
+ upon an increase in temperature, yet the decrease in NO3 

- 

concentrations was not significant (Fu et al., 2022). Similar results were reported by Alhnidi et 

al. (2020) during the HTC of cattle manure (Alhnidi, Wüst, Funke, Hang, & Kruse, 2020). 

Therefore, it can be deduced that HTC enhanced the concentration of inorganic N in the liquid 

product, which eventually avoids the polluting effect of nitrate concentration (Peña-Haro, 

Llopis-Albert, Pulido-Velazquez, & Pulido-Velazquez, 2010) in hydrochar as a potential 

fertilizer. 

It is worth noting that the highest concentration of nitrates and ammonia combined was found 

to be 425.93 mg/L at T=180°C and pH=4.6, which was similar to the optimum conditions 

observed in literature (Shrestha et al., 2021). The significance of this results lies in retrieving 

nitrates in the liquid product, which allows the hydrochar to have less nitrate concentrations, 

thus appealing to the limitations of governing bodies like the Drinking Water Directive, which 

aims at controlling nitrate concentrations in groundwater bodies (Peña-Haro et al., 2010). 

Optimal conditions. Assessing the optimum conditions for HTC stems from the target 

outcome. Since hydrochar is the main HTC product that has the potential to qualify as a 

STRUBIAS material (Wenxuan’s paper), the first layer of optimality focuses on the hydrochar 

yield. The best hydrochar yield was produced at T=180℃ and pH=2.25. The second layer of 

optimality lies in the P-recovery from HTC. The experimental results showed that the optimal 

P-recovery was at T=220℃ and pH=4.6. Finally, based on the results of the liquid product 

analysis, the highest nitrate concentrations retrieved in the liquor was at T=200℃ and pH=4.6.  

3.5. Conclusions 

In this paper, hydrothermal carbonization of sludge from a dairy processing factory was 

performed in order to produce materials which could be valorised as fertilizer components. The 

effects of temperature and initial pH on the composition and quality of the products were 

investigated. It was found that increasing temperature enhances the production of hydrochar 

with increased fertilizer potential in terms of P-content, mineral and heavy metal content with 

the exception of Cr, which requires further studying. Defining the optimal conditions for the 

fertilizer quality of the produced hydrochar requires further investigation, yet the highest P-

recovery and highest hydrochar yields were recorded after initial acid addition. Also, 
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temperature and increased acidity enhanced the concentration of inorganic nitrogen and 

phosphorus in HTC liquor. The energy content of the produced hydrochars was found to be 

low compared to other products of thermochemical treatments, which hints to the low fuel 

quality of the produced hydrochars. Finally, no direct correlation between final pH of liquors 

and corresponding NH 4 
+ concentration was observed. 

3.6. Data availability 

3.6.1. Underlying data 

Zenodo: Underlying Data for Manuscript titled "Hydrothermal Carbonization (HTC) of Dairy 

Waste: Effect of Temperature and Initial Acidity on the composition and quality of solid and 

liquid products. https://doi.org/10.5281/zenodo.6647010 ( Khalaf, 2022a). 

This project contains the following underlying data: 

• - REFLOW Heavy Metals Calculation-Underlying Data.csv 

• - REFLOW Phosphorus Recovery Calculations-Underlying Data.csv 

3.6.2. Extended data 

Zenodo: Extended Data for Manuscript titled "Hydrothermal Carbonization (HTC) of Dairy 

Waste: Effect of Temperature and Initial Acidity on the composition and quality of solid and 

liquid products" https://doi.org/10.5281/zenodo.6584574 ( Khalaf, 2022b). 

This project contains the following extended data: 

1. - Document summarizing all extended calculations and method descriptions, such as: 

a. Table S1: Hydrochar Yield and final pH calculations 

b. Table S2: Phosphorus Recovery Calculations 

c. Table S3: Experimental Data for pH adjustment 

d. Table S4: Weight Percentage (%) of heavy metals in hydrochars 

e. Table S5: Liquor Yield Calculations (mass basis) 

f. DR3900 UV-Vis Spectrophotometer Methods 

i. ▪ LCK350 

ii. ▪ LCK303 

iii. ▪ LCK340 

https://doi.org/10.5281/zenodo.6647010
https://doi.org/10.5281/zenodo.6584574
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Data are available under the terms of the Creative Commons Attribution 4.0 International 

license (CC-BY 4.0). 

3.7. Ethics and consent 

Ethical approval and consent were not required. 

4. Chapter 4: HTC reactions and Mechanisms of P-recovery 
 

4.1. General HTC reactions 

HTC involves a series of reactions that allow for the transformation of dairy waste into solid 

hydrochar with valuable properties and composition. Previous studies have investigated the 

variety of reactions included within the scope of HTC, and the general notion in literature 

agrees on the presence of the following reactions: hydrolysis, decarboxylation and dehydration, 

polymerization, and aromatization. 

Reza et al. (2014) defined HTC through five major reactions, and they are: hydrolysis, 

dehydration, decarboxylation, condensation polymerization and aromatization (Reza, Uddin, 

Lynam, Hoekman, & Coronella, 2014a). 

Hydrolysis: As mentioned previously, hydrothermal carbonization proceeds in the presence of 

water, which acts both as a solvent and a catalyst. Hydrolysis of cellulose and hemicellulose 

proceeds at specific temperatures, as water reacts with the glycosidic groups of both 

components. In general, the hydrolysis of hemicellulose is initiated at temperatures of 160°C-

180°C, whereas cellulose is hydrolyzed at higher temperatures such as 230°C (Aoyama, Seki, 

& Saito, 1995). The reaction results in the formation of glucose, which undergoes isomerization 

into fructose, in addition to a set of oligomers such as cellobiose, cellotriose and cellotetraose 

(Sasaki, Fang, Fukushima, Adschiri, & Arai, 2000). Furthermore, glucose and fructose undergo 

further decomposition to produce organic acids such as acetic, lactic, propenoic, levulinic and 

formic acids. 

Dehydration: After hydrolysis, product oligomers undergo dehydration and their monomers 

undergo C-C bond breaking and ring opening, also known as fragmentation. Dehydration 

involves the ejection of bound water from the components of biomass, in addition to the 

elimination of hydroxyl groups (M Toufiq Reza, M Helal Uddin, et al., 2014a). The removal 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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of hydroxyl groups leads to a reduction in H/C ratio, whereas a reduction in O/C ratio is 

observed due to the loss of carboxyl groups from cellulose and hemicellulose. The products of 

dehydration and fragmentation are furfural-like compounds including HMF, furfural, 5-

methylfurfural and aldehydes, which are open to further decomposition to produce organic 

acids and phenols.  

Decarboxylation: In parallel with dehydration, decarboxylation of cellulose and hemicellulose 

occur. Decarboxylation involves the removal of carboxyl groups, and it is mainly detected by 

the release of CO2, which has been found to present a major portion of gases released by HTC 

(Yan, Hastings, Acharjee, Coronella, & Vásquez, 2010). Parshetti et al. (2013) deduced the 

presence of decarboxylation as a reaction in HTC due to the change in functional groups 

accompanied with the increase in fixed carbon percentages (Parshetti, Hoekman, & 

Balasubramanian, 2013). Decarboxylation promotes the formation of carboxylic acids such 

acetic and formic acids, in addition to the release of CO2 and CO from the degradation of 

furfurals. Temperature plays a significant role in enhancing decarboxylation, which can be 

deduced from the reduction in pH values (increase in acid concentration) upon increasing HTC 

temperatures. 

Condensation Polymerization occurs as a result of decarboxylation and dehydration. The 

resulting compounds from both reactions, such as aldehydes and HMF, are highly reactive and 

unsaturated, which provides the necessary driving force for polymerization to occur. The 

proposed mechanism for polymerization in HTC is the aldol condensation, which involves the 

condensation of intermediates such as aldehydes and HMF with the carbonyl groups in present 

acids and phenol groups to produce compounds with C=C functional bonds after another 

dehydration step. 

Aromatization At hydrothermal conditions, linear polymer chains resulting from the 

condensation of cellulose and hemicellulose undergo aromatization, which refers to the 

formation of C-double bonds. As temperatures increase, linear polymers tend to form aromatic 

structures having high stability, thus presenting an upgrade towards the formation of hydrochar 

(Hoffmann et al., 2019). 
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4.2. HTC reactions of Dairy Sludge 

In general, HTC of dairy sludge follows a similar pathway of the specified reactions; however, 

it is necessary to understand the initial composition of dairy sludge. Unlike the majority of 

studied biomass in HTC experiments, dairy sludge lacks the main components of 

lignocellulosic biomass. Atallah et al. (2020) performed gas chromatography (GC) analysis of 

a similar dairy sludge sample and proved the absence of the lignin, cellulose, and hemicellulose 

(Atallah et al., 2020b). The main factor affecting the composition of dairy waste is the type of 

production line adopted in the dairy industry, yet the major component of dairy processing 

waste is the combination of different washing streams along with residues from the main 

production lines (Goronszy, 2018). A full-scale analysis of dairy processing waste was 

performed by Danalewich et al. (1998) on a wide spectrum of different streams, and their 

results confirmed that dairy processing sludge was mainly possessed a high organic content 

reflected by the high chemical oxygen demand (COD), in addition to an inorganic portion 

derived from coagulants that contain metals such as aluminum, iron, calcium, magnesium and 

others (Danalewich, Papagiannis, Belyea, Tumbleson, & Raskin, 1998). This observation was 

confirmed by Atallah et al. (2020), where fatty acid groups was found to be the main constituent 

of dairy processing sludge (Atallah et al., 2020b). Another study performed by Pauline et al. 

(2021) on a similar industrial waste mentioned the presence of long-chain alkanes such as 

tetramethyl nonadecane and others (Pauline & Joseph, 2021). 

The hydrolysis step in HTC involves the rupture of organic molecules leading to the release of 

soluble organic components which undergo various chemical and physiochemical changes in 

the mixture. This phenomenon leads to the release of soluble COD, which was observed to 

increase beyond hydrolysis temperatures during HTC (Pérez-Elvira, Fdz-Polanco, & Fdz-

Polanco, 2010). Furthermore, the solubility of carbohydrates was found to decrease upon HTC, 

hinting to the formation of hydrochar at the expense of intermediate carbohydrate compounds. 

The hydrolysis of fatty acid esters at temperatures beyond 160℃ leads to the release of fatty 

acids and carboxylic acids, which are either retained in the hydrochars or experience further 

decomposition to produce intermediate products (Heilmann et al., 2011). Another line of 

decomposition occurring is the hydrolysis of proteins in the dairy sludge, which leads to the 

production of amine groups that can experience further reactions to produce phenolic 

derivatives (Jamil et al., 2019). For dairy sludge, the main components at the event of 
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hydrolysis are volatile fatty acids and sugars such as lactose, glucose, and others, which can 

exist in oligomeric forms. For volatile fatty acids, hydrolysis allows for the breaking of long-

chain bonds and the production of shorter chain fatty acids as proven by Atallah et al. (2020) 

(Atallah et al., 2020b). Beyond that, continued hydrolysis of fatty acid molecules can lead to 

the production of phenols and aldehydes, which can either interact with other intermediates or 

persist in the solid hydrochar (Satyarthi, Srinivas, & Ratnasamy, 2011). Another pathway for 

fatty acid derivatives is decarboxylation, which is defined as the replacement of a carboxyl 

group with an -H group, and it is known for producing aliphatic hydrocarbons (Serrano, Escola, 

Briones, & Arroyo, 2019). 

The early steps of hydrolysis involve the cleavage of oligomeric bonds and the release of 

monomer sugars and intermediate groups. These sugars undergo further hydrolysis to produce 

acids such as acetic acid, lactic acid, and formic acid (Reza et al., 2015). The main destination 

of these acids and remaining sugars is the liquid product of HTC; however, since HTC runs 

along an extended duration, these products are subject to different reaction lines that can lead 

to the production of new intermediates during HTC. For instance, studies have shown that C5 

and C6 sugars can undergo dehydration to produce furfural and 5-hydroxymethylfurfural (5-

HMF), respectively (Nicolae et al., 2020).  

The formation of hydrochar occurs through two mechanisms, the first of which is a direct solid-

solid carbonization of the initial feedstock matrix to produce primary char (Pecchi, Baratieri, 

Goldfarb, & Maag, 2022). The second mechanism for hydrochar production occurs through the 

Maillard reaction. This reaction involves a series of complex interactions between soluble 

carbohydrates and amino groups resulting in condensation products mostly known as 

melanoidins (Hemmler et al., 2017). These compounds are known as “secondary char”. The 

complexity of the Maillard reaction reduces the capacity to identify all intermediates involved 

in the reaction series, in addition to the effect of parameters on its dynamics. However, based 

on the identified constituents of dairy sludge, the expected intermediates include the 

compounds produced from early hydrolysis and dehydration reactions occurring through HTC. 

These reactions lead to the production of organic acids such as acetic acid and lactic acid, in 

addition to phenols, furans and furfural intermediates, which undergo re-polymerization to 

produce the secondary char. Detection of intermediate and final products of hydrochar usually 

occurs by following the changes in functional groups related to these products. For instance, 
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hydrolysis of primary components such as glucose can be inferred by a simultaneous decrease 

in the peaks of C-(O, N), -C=O and O-C=O, coupled with an increase in -C=C hinting to the 

formation of aromatic structures(Zhuang et al., 2019). Similarly, detecting the changes 

occurring through the Maillard reaction can take place by observing the increase in C=C and 

C-H aromatic peaks referring to increased aromaticity (R. Wang et al., 2022). 

The polymerization of intermediates for the production of hydrochar has been described 

extensively by Jia et al. (2017). According to their suggestion, sugar monomers, along with 

their corresponding intermediate products such as 5-HMF and furfural, undergo 

polymerization to produce insoluble furan polymers that end up in the hydrochar (Jia et al., 

2022). Similarly, phenols and aldehydes undergo polymerization and condensation to produce 

long chain aromatic hydrocarbons retrieved in the solid hydrochar, along with the aliphatic 

hydrocarbons and long-chain alkanes produced from dehydration and decarboxylation of 

alcohols and fatty acids (Pauline & Joseph, 2021). Otherwise, all remaining intermediates 

including sugars, organic acids and phenols are driven to the liquid product. Figure 4-1 

illustrates the main HTC reactions in the context of dairy processing sludge composition. 

 

Figure 4-1: Schematic illustration of HTC reactions of dairy sludge 

HC: Hydrocarbons, VFA: Volatile Fatty Acids, HMF: Hydroxymethylfurfural 
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4.3. FTIR Analysis 

Analysing the functional groups present in dairy wastewater is dependent on the targeted 

product types, the primary treatments involved and the intensity of treatment. Therefore, it is 

difficult to define all functional groups from dairy sludge, yet previous studies can provide a 

general idea regarding the expected functional groups presented in dairy wastewater sludge 

based on the composition of the material. 

Ekka et al. (2022) studied the quantification of different fatty acids in dairy wastewater. Their 

results showed the dominance of functional groups related to fatty acids and proteins in dairy 

wastewater (Ekka, Mieriņa, Juhna, Turks, & Kokina, 2022). The most significant peaks were 

located for water and carbohydrates at 3450-3200 cm-1, followed by C=O bonds corresponding 

to proteins at 1633 cm-1, in addition to a peak corresponding to the vibration of -CO bond 

corresponding to glycerol (Kowalski, Kowalska, Wiszniowski, & Turek-Szytow, 2018). 

Furthermore, Atallah et al. (2020) presented an FTIR analysis of dairy wastewater sludge 

obtained after primary treatment. Their results showed a significant sharp peak between 2800 

and 2900 cm-1 corresponding to alkanes, in addition to another significant peak at 1500-1600 

cm-1 corresponding to alkyl groups and amides. This peak was also identified in other studies 

on similar sludge materials as corresponding to C=O vibrations in carboxylic acids (W. Wang, 

Chen, & Jang, 2020). Finally, the authors identified a peak at 1000-1100 cm-1 corresponding 

to alcohols and phenols (Atallah et al., 2020b). However, this peak was identified elsewhere as 

corresponding to C-O-C bonds referring to polysaccharides, which is similar to the case of 

dairy sludge used in our study (X. Liu et al., 2020; L. Wang, Chang, & Li, 2019). Table 4-1 

summarizes the peaks referring to the expected functional groups in the dairy sludge samples. 

Table 4-1: Table for expected FTIR-ATR peaks and corresponding functional groups 

Wavelength Band Functional Group Reference 

3600-3200 -OH Hydroxyl group (L. Wang, Chang, & 

Li, 2019) 3000-2800 -CHn Hydrochar 

2931 -CH Aliphatic hydrocarbons 

1622 C-N Amides 

1398 C=C Aromatic groups 

3282 -OH Hydroxyl group (X. Liu et al., 2020) 
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3000-2800 -CHx Alkyl aromatic structure 

1645 C-N Ketone and amide group 

1540 C=O Carboxylic group 

1037 Si-O Silicon dioxide 

3400-3200 -OH Hydroxyl and carboxyl 

group 

 

2970 Aromatic C-H  (W. Wang et al., 2020) 

2850 Aliphatic C-H  

1650-1560 C-N Amides and Amino Acids 

1378 C-H Alkyl & methyl groups 

1051 C-OH Alcohols 

871 -CH Aromatic structure 

3450-3285 -OH Carbohydrates (Ekka et al., 2022) 

 -NH Protein peptides 

1633 C=O Proteins 

1092 C-O Glycerol 

 

 

Figure 4-2: FTIR-ATR Spectra for Chemically treated sludge (orange) and biologically 

treated sludge (blue) 
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4.3.1. Primary results 

The FTIR-ATR results matched the expected configuration for dairy wastewater sludge 

presented in the table above. As shown in Figure 4-2, the broad peak at 3600-3200 cm-1 

referring to -OH hydroxyl groups was detected in both sludges. At 2900 cm-1, a small peak 

referring to alkanes and other aliphatic hydrocarbons was detected. Meanwhile, between 1500 

and 1700 cm-1, consecutive mild peaks referring to carboxylic groups and amide/ketone groups, 

respectively, were detected. Similar to the peak referring to the alkanes and aliphatic 

hydrocarbons, the amide/ketone group peak for the EBPR sludge was higher than that of the 

chemically treated sludge, and this can be explained by the higher concentration of C and N 

detected in the EBPR sludge. Finally, at 1100-1000 cm-1, a significant peak was detected for 

the chemically treated and biologically treated sludge respectively. This peak was attributed to 

polysaccharides because the concentration of phenols and alcohols was not expected to be high 

in the initial feedstock. Therefore, it can be deduced that pre-treatment type does not have an 

impact on the distribution of functional groups in dairy sludge, but rather a slight effect on the 

intensity of the peaks.  

The effect of HTC on the functional groups is similar for different types of feedstocks. In 

general, the main reactions imposing the changes in functional groups during HTC are 

decomposition reactions such as hydrolysis, dehydration, and decarboxylation. On another 

hand, polymerization reactions lead to the production of aromatic structures derived from the 

condensation of phenols and organic acids. 

Wang et al. (2019) detected the changes in functional groups after HTC of sewage sludge, and 

they reported a steady decrease in the peaks corresponding to -OH (3200 cm-1), C=O (1540 

cm-1) and changes in the peak corresponding to C=N at 1622-1658 cm-1 (L. Wang, Chang, & 

Li, 2019). Similar observations were reported by Liu et al. (2020) after the HTC of sewage 

sludge at varying conditions of acidity. Changes in the peak positioning and intensity was 

interpreted by the authors as a result of the decomposition reactions leading to higher 

aromaticity in the hydrochar (X. Liu et al., 2020). Wang et al. (2020) reported a reduction in 

the peak intensity of -OH bond at 3200 cm-1 after HTC and with increasing temperature, and 

the absence of this peak was translated in terms of dehydration reactions during HTC (W. Wang 

et al., 2020). Another significant finding reported in this study was the reduction of peak 

intensity at 1645 cm-1 and 1540 cm-1 corresponding to ketone/amide groups and carboxylic 
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groups, respectively (W. Wang et al., 2020). This reduction was attributed to decarboxylation 

reactions, which involves the removal of carboxyl groups and eventually leads to the 

production of CO2. These results are solidified by the reduction in H/C and O/C in the 

elemental analysis findings. In addition to that, Al Ramahi et al. (2021) reported a shrink in the 

-COH band detected at 1051 cm-1, with an increase in the peak near the specified wavelength 

(Al Ramahi, Keszthelyi-Szabó, & Beszédes, 2021). This can be explained in terms of 

polysaccharide degradation to produce phenols, whose functional group can appear in the same 

wavelength range (1100-1000 cm-1). The authors confirmed the previous findings regarding 

the effect of HTC on peak intensity, without altering the positions of the peaks (Al Ramahi et 

al., 2021). 

A similar observation can be reported for the hydrochars produced from chemically treated 

dairy sludge, where all spectra for different operating conditions possessed similar peak 

positions, with different intensities. To begin with, the peak between 3600-3200 cm-1 referring 

to the -OH in the hydroxyl group, disappeared for all hydrochars, which confirms the 

occurrence of dehydration as suggested in literature. Furthermore, peaks ranging from 2900-

2800 cm-1 corresponding to alkanes and aliphatic hydrocarbons increased in intensity after 

HTC. In the absence of acid modification, the increase in the alkane peak was slightly 

significant, whereas as the pH is reduced to 4.6, the increase in the alkane peak becomes more 

significant hinting to the formation of long chain hydrocarbons due to polymerization reactions. 

Another significant change observed is the reduction in the peaks occurring at 1634 cm-1 and 

1551 cm-1, which was attributed to the ketone/amide groups and the carboxyl groups, 

respectively, after HTC. This observation agrees with literature (W. Wang et al., 2020). The 

reduction in carboxyl groups is attributed to decarboxylation, which is expected during HTC. 

Furthermore, at higher operating temperature, the decrease in both peaks’ intensities was 

higher, hinting to the positive effect of temperature on decarboxylation reactions. The effect of 

initial pH was less significant at this peak. Finally, at 1108 cm-1, the peak referring to 

polysaccharides reduced and shifted to form a broader peak at 1100 after HTC. This change 

can be explained by the degradation of polysaccharides during HTC and the formation of 

phenolic compounds, whose functional group appears in the same region. Therefore, it can be 

suggested that the broader peak appearing between 1100 and 1000 cm-1 includes both 

functional groups (polysaccharide residues and phenolic compounds). The broadening of the 
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peak and the intensity of transmittance increases with increasing acidity (pH=4.6) and 

increasing temperature (T=240℃). This can be explained by the effect of temperature in 

enhancing decomposition reactions. Also, as the HTC reaction conditions increased in severity, 

shoulder peaks appeared between 900 and 950 cm-1, which could be attributed to aromatic 

structures (W. Wang et al., 2020).  

Hence, the FTIR-ATR spectra of the chemically treated sludge and its corresponding 

hydrochars reflect the changes occurring in the functional groups of the initial sample after 

HTC. Dehydration and decarboxylation occur significantly, with new peaks referring to 

phenols and aromatic structures appearing on the expense of peaks corresponding to hydroxyl 

and carboxyl groups. Also, the increase in the alkane and aliphatic hydrocarbon peak intensity 

hints to the polymerization reactions occurring during HTC. The effect of temperature and 

acidic environment is observed in intensifying the decomposition and polymerization 

reactions, yet the functional group positioning is hardly affected. 

 

 

 

Figure 4-3: Stacked Spectra for chemically treated sludge and its corresponding hydrochars;  

HC-C: chemically treated hydrochar 
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4.3.2. Interpretation 

The FTIR-ATR spectra for the chemically treated sludge and biologically treated sludge 

showed similar peak positions and intensities. Between 3600-3200 cm-1, the -OH stretching 

band corresponding to hydroxyl groups was present as a broad peak for both samples. For both 

samples, this peak completely disappeared after HTC regardless of the operating conditions. 

This can be attributed to the dehydration reactions occurring during HTC, which comes in 

agreement with previous findings (L. Wang, Chang, & Li, 2019).  

For further assessment of the functional group peaks, an interpretation analysis using the 

libraries included in the OMNIC© software is adopted to match the real spectra with potential 

functional groups. The interpretation of the spectrum for both sludges confirms the presence of 

inorganic phosphates, which conforms with the findings of the SMT protocol, where inorganic 

phosphates are the dominant fraction of P in both sludge samples. Beyond HTC, the presence 

of inorganic phosphates persists, with higher peak match, hinting to the increase in the 

inorganic P fraction, which was already demonstrated in the P-fractionation section. 

Furthermore, the interpretation confirms the presence of aliphatic nitrogen compounds, which 

is expected due to the presence of nitrogen-containing proteins in dairy wastewater. The peak 

corresponding for ketones/amides was higher in the EBPR-derived hydrochars due to the 

higher presence of nitrogen compounds in the initial sample compared to the chemically treated 

sludge. Finally, the significant reaching peak detected at 1625 cm-1 for both sludge samples 

corresponds to the hydroxyl groups corresponding mainly to the presence of water molecules. 

This peak was reduced significantly after HTC for all hydrochar samples. 

The increase in temperature does not affect the inorganic phosphate matching percentage, yet 

the aliphatic structures available in the initial sludge and the hydrochar at 180℃ are no longer 

matching the peaks produced at 240℃. Meanwhile, functional groups corresponding to 

benzoic acids and aromatics are found to be matching the peaks at 240℃. This reflects the 

transformations occurring during HTC from aliphatic structures to aromatic structures, in 

addition to the production of intermediate hydrolysis products such as benzoic acid. The 

increase in initial acidity does not affect the inorganic phosphate peak in the hydrochar 

produced at 240℃; however, higher matching peaks with alkanes and other hydrocarbons. This 

observation also confirms the polymerization reactions leading to the production of longer 
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chain hydrocarbons. Similar interpretation trends are observed for chemically treated and 

biologically treated sludges, and their corresponding hydrochars. 

 

 

Figure 4-4: Stacked Spectra for biologically treated sludge and its corresponding hydrochars;  

HC-B: Biologically treated hydrochar 

4.4. Mechanisms of P-transformation in HTC reactions 

The transformation of P during HTC reactions dictates the destination of P, in addition to the 

corresponding forms of recovery. As mentioned previously, P in waste streams exists either in 

organic forms, long-chain polyphosphates or in inorganic forms within complex metal forms 

that depend in variety and abundance on chemical composition. The most common metals 

binding with P in organic waste are Al, Ca, Fe and Mg, due to their high affinity for P 

(Westerhoff et al., 2015). Upon increasing temperature and the build-up of autogenous 

pressure, the first HTC reaction (hydrolysis) occurs leading to the decomposition of organic P 

and polyphosphates occurs and the release of orthophosphate (PO4
3-) into the mixture. The 

released orthophosphates are then available to follow one of two paths shown in Figure 4-5: 

1. Binding with present metal cations to form inorganic P in solid phase 

2. Drifting towards the liquid phase product as orthophosphate 
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Figure 4-5: Mechanisms of P transformation during HTC reactions and effect of parameters 

As shown in Figure 4-5, the two main reactions dictating the forms and destination of P in the 

HTC process are hydrolysis and repolymerization. Hydrolysis is understood to occur at 

temperatures around 140℃, whereas repolymerization is a combination of reactions that 

transform a mixture into long chain carbon groups known as hydrochar. The chosen path of P, 

similar to the extent of hydrolysis and repolymerization, is dependent on several reaction 

conditions, including reaction time, mineral composition, temperature, and pH.  

4.4.1. Effect of process parameters and mineral composition on P-transformation 

The effect of residence time on P-recovery from HTC of waste is not extensively studied in 

literature; however, it remains an important factor. If the reaction is suspended early, then the 

chance for the orthophosphate binding to form inorganic complexes becomes less available, 

thus the phosphorus is driven towards the liquid product. However, it is common for HTC 

reactions to extend beyond one hour at temperatures above 140℃, which allows the 

orthophosphate ions to bind with the metal cations (B. M. Ghanim et al., 2016). 

Meanwhile, the mineral content of the initial feedstock remains the most significant parameter 

in determining P-dynamics through HTC (R. Huang et al., 2017b). The concentration of each 

metal species in the initial stream dictates the final form of inorganic P resulting in the 
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hydrochar. That is, a higher presence of Ca in the initial feedstock leads to a higher rate of 

apatite P formation in the hydrochar, and the same applies for Fe, Mg and Mn concentrations 

with non-apatite P. In general, it is agreed that higher metal content in the initial feedstock 

leads to higher P in the hydrochar (Ekpo et al., 2016). This is because elements such as Ca and 

Fe have high affinity towards the released orthophosphates, and the combination between the 

two leads to the formation of more stable P forms that are recovered in the hydrochar (R. Huang 

& Tang, 2016). 

Another significant factor affecting P-dynamics within HTC is the effect of temperature. It is 

known that temperature facilitates decomposition reactions, mainly hydrolysis. The increase in 

temperature enhances the decomposition of biomass constituents at early stages, favoring 

gasification reactions and the dissolution of carbonaceous products into the liquid product, thus 

lowering the content of the solid hydrochar (Sabio et al., 2016). In terms of P-dynamics, 

temperature facilitates the decomposition of long-chain polyphosphates and organic P at the 

early stages of HTC, allowing for more orthophosphates to interact with present minerals to 

form inorganic P in the hydrochar. This was observed by Wang et al. (2017) in their study on 

the HTC of sewage sludge, where the results show that an increase in HTC temperature from 

200°C to 230°C leads to an increase in in P-recovery from 87.3% to 97.7% (T. Wang et al., 

2017). Ghanim et al. (2018) reported similar results during HTC of poultry litter, where an 

increase in temperature from 150°C to 175°C led to an increase in P-recovery from 50.63 to 

63.9% (Bashir M. Ghanim et al., 2018). Ismail et al. (2019) studied the change in P speciation 

in response to increasing HTC temperature, and the results showed an increase in IP with 

temperature increase at moderate values (Ismail et al., 2019). Similarly, Shi et al. (2019) 

recorded a reduction in OP due to HTC, where an increase in temperature led to higher IP 

values and reduced OP values (Y. Shi et al., 2019). 

However, it is also observed that the effect of temperature is limited to an optimum range of 

values beyond which the effect of temperature on P-recovery from hydrochar is reversed. 

Severe temperatures can lead to further decomposition of the inorganic P formed at later stages 

of the HTC process, thus driving more P into the liquid product. This was demonstrated by 

Stutzenstein et al. (2018), where the increase in temperature of HTC of anaerobic digestate 

from 180°C to 200°C led to an increase in phosphorous recovery from 31% to 44%, while 
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further increase from 200°C to 220°C imposed a significant reduction in phosphorous recovery 

from 44% to 22% (Stutzenstein et al., 2018). 

In addition to temperature, initial pH plays a significant role in influencing the early hydrolysis 

reactions in the HTC process. It is widely agreed that HTC reactions such as hydrolysis and 

precipitation are pH-dependent (Y. Xu et al., 2015). Under acidic conditions, decomposition 

reactions are facilitated leading to a decrease in the quantity of the produced hydrochar (Y. 

Chen et al., 2007). Subsequently, the increase in hydrolysis rate leads to further release of 

orthophosphates, which can drive more P into the liquid product. Previous studies have shown 

that for different treatment techniques, acidic media enhance the release of orthophosphates 

from waste, whereas alkaline media favor precipitation reactions leading to less available 

orthophosphates in the liquid product and more precipitated P in the solid phase (Y. Xu et al., 

2015). 

Furthermore, the effect of pH on P-dynamics in HTC can also be studied in the intermediate 

phase. In the early stages of HTC, decomposition reactions of organic waste lead to the 

production of organic acids, which subsequently reduce the pH of the solution, thus inhibiting 

precipitation reactions, leading to a reduction in the quantity of P retrieved in the solid 

hydrochar (Funke & Ziegler, 2010). The P-rich liquid product is then utilized as an input for 

P-recovery through further treatment techniques. 

However, as the HTC reaction time increases, the medium of the reaction tends to shift towards 

alkalinity due to the formation of ammonium products and other alkaline species (McGaughy 

& Reza, 2018). As mentioned previously, alkaline conditions promote the concentration of P 

in the hydrochar through precipitation, thus leading to higher P-abundance in the solid phase. 

Cerozi et al. (2016) suggested that at pH above 7, available orthophosphates tend to react with 

calcium to form calcium phosphates (da Silva Cerozi & Fitzsimmons, 2016). This leads to an 

increase in the apatite P in the hydrochar, which is considered the most stable form of inorganic 

P (R. Huang et al., 2017b). In terms of P-recovery, this suggests that due to the change in pH 

occurring within the HTC scheme, more P is driven towards the solid phase, yet this P is more 

stable and less plant-available. 

Therefore, the change in pH through HTC process dictates the destination of P in the output 

products, in addition to influencing the availability of P recovered. HTC promotes the 
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concentration of more stable P forms in the solid hydrochar; however, altering the initial 

conditions towards severity in temperature and pH can lead to shifting available P into the 

liquid product. 

4.4.1.1. Destination for P-recovery 

For further investigation on P-mechanisms during HTC of organic waste, it is necessary to shed 

light on the most common point of recovery among the HTC products. Since no P is present in 

the gas phase, the main two contenders for P-recovery from HTC of organic waste are the solid 

hydrochar and the liquid product. In general, the main destination of P after HTC depends on 

a major factor, which is abundance. In terms of abundance, the majority of the slurry resulting 

from HTC is in liquid form. Qaramaleki et al. (2020) in their study on the HTC of animal 

manure showed that at temperatures below 200℃, around 70% of the initial P is present in the 

liquid product (V. Qaramaleki et al., 2020). Similarly, Crossley et al. (2020) reported that 83% 

of the initial total P in coffee grounds was presented as ortho-P in the liquid product after HTC 

(Crossley et al., 2020). However, Qaramaleki et al. (2020) reveal that upon increasing reaction 

temperature, more P is retained in the solid hydrochar, reaching up to 94% at temperature of 

230℃ (V. Qaramaleki et al., 2020). Therefore, approaching P-recovery from HTC should 

consider the reaction conditions and the potential utilization of the recovered P at the endpoint.  

Table 4-2 presents a summary of collected data on the recovery points and recovery 

percentages of P from the HTC products of different feedstock. 

Table 4-2: P-recovery from hydrochar and Liquid produced from HTC products of different 

feedstock 

Recovery Point Feedstock Recovery (%) Reference 

Hydrochar 

Cow Manure 88 (Lucian et al., 2021) 

Digestate 49.22 (Zheng, Jiang, et al., 2020) 

Food Waste 80 (Cui et al., 2020) 

Food Waste <90 (Becker et al., 2019) 

Poultry Litter 100 (Bashir M. Ghanim et al., 2018) 
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Septage 92 (Stutzenstein et al., 2018) 

Sewage Sludge 59.57 (McGaughy & Reza, 2018) 

Sewage Sludge 70 (H. Wang et al., 2020) 

Sewage Sludge 80 (Idowu et al., 2017) 

Sewage Sludge 82.5 (Numviyimana et al., 2022) 

Sewage Sludge 83 (Gerner et al., 2021) 

Sewage Sludge 90 (Ovsyannikova et al., 2019) 

Sewage Sludge 95 (Dai et al., 2017) 

Sewage Sludge 95.46 (Goldfarb et al., 2022) 

Swine Manure 100 (Buttmann, 2017) 

Liquid 

Agro-industrial 

Digested Sludge 
85 (Pérez et al., 2021a) 

Coffee Grounds 82 (Crossley et al., 2020) 

Dairy Sludge 97-99.6 (Lang et al., 2019) 

Manure >90 (Maniscalco et al., 2020) 

Sewage Sludge 80 (Tasca et al., 2020) 

Sewage Sludge 84 (Lühmann & Wirth, 2020) 

Sewage Sludge 88 (Sarrion et al., 2021) 

 

As shown in Table 4-2, almost all P initially present in organic waste can be recovered from 

the solid or the liquid products, with higher emphasis in literature on P-recovery from the solid 

hydrochar. This can be explained by the effect of HTC on the concentration of P in the solid 

product, mainly due to the re-polymerization reactions. Also, the mild reaction conditions of 

HTC facilitate the deposition of P in the solid product due to the inhibitory effect of mild 

temperature on further decomposition reactions at the final stages of the reaction. Finally, the 

higher abundance of the initial P in the solid product increases the economic feasibility of P-
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recovery from the solid product, which can reach up to 90% of the initial total P (Cornel & 

Schaum, 2009). However, the recovery of P from both HTC products remains feasible and 

applicable through efficient techniques that are compatible on the laboratory and industrial 

scales. 

5. Chapter 5: P-fractionation and availability 
 

5.1. Theoretical Background 

This chapter addresses the fractions of P in the initial dairy sludge samples and their 

corresponding hydrochars produced at various conditions of temperature and initial pH. As 

mentioned previously, the standards, measurements, and testing (SMT) protocol is adopted as 

a standard method for identifying the following fractions of P: organic P (OP), inorganic P (IP), 

apatite P (AP) and non-apatite P (NAIP). 

The SMT protocol was first developed within the scope of the SMT program of the European 

Commission, and it involved modifications of previous fractionation methods to produce a 

non-sequential procedure involving different solvents that allow for the extraction of the five 

P fractions mentioned above (García-Albacete, Martín, & Cartagena, 2012). OP mainly 

consists of diphosphates, triphosphates and phospholipids that are produced from sludge 

disintegration and microbial metabolism (B. Yu, Luo, et al., 2021). Meanwhile, IP in sludge is 

composed of phosphate ions combined with metal ions such as aluminium (Al3+), calcium 

(Ca2+), iron (Fe2+/Fe3+) and magnesium (Mg2+). Different configurations of metal phosphate 

combinations produce two types of inorganic P: apatite P (mainly calcium phosphates) and 

non-apatite P (aluminium, iron, and magnesium phosphates) (B. Yu, Luo, et al., 2021). The 

difference between AP and NAIP mainly lies in the level of stability, which is higher in AP. 

Huang et al. (2015) studied the distribution of different P fractions in granular sludge, and their 

results showed that organic P and poly-P are distributed at the outer layer of molecules, whereas 

Ca-P was embedded in the core of the granules (W. Huang et al., 2015). This can be one 

explanation behind the stability of AP, which consists mainly of Ca-P, in contrast to poly-P, 

which is more available for interaction with the surrounding. Another major reason behind the 

stability of Ca-P is the structural strength of the bonds compared to other metal phosphates, 

which has been attributed to the aggregation and dispersion property of this molecule (Y. Liu 

& Nancollas, 1997). 
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Previous studies have shown that the effect of the initial composition and influencing 

parameters determines the distribution of P fractions in the HTC products. Shi et al. (2014) 

observed the transformation of P into AP after HTC, and a strong correlation between this 

transformation and the immobilization of heavy metals was reported (Wansheng Shi, Feng, 

Huang, Lei, & Zhang, 2014). Another study confirmed that HTC increases the Ca/P ratio, 

which leads to an increase in the AP fraction in the solid hydrochar (Gong et al., 2022). 

Previous studies on P-fractionation of industrial waste sludges showed that the IP dominated 

the total P concentrations, with percentages ranging from 71% to 95% (García-Albacete et al., 

2012). Similar observations were reported by Yang et al. (2019), where the IP contributed to 

87% of the total P in chemically treated sludge samples (H. Yang, Liu, Hu, Zou, & Li, 2019). 

The reason behind this configuration is attributed to the dominant presence of metal cations 

due to the addition of chemical coagulants. Meanwhile, the distribution of IP into AP and NAIP 

is highly dependent on the type of treatment applied and the nature of the solvents, however 

several studies highlighted the dominance of NAIP (R.-h. Li, Cui, Li, & Li, 2018). 

Furthermore, it was reported in literature that HTC promotes the transformation of OP into IP, 

in addition to enhancing the concentration of the AP fraction, especially at high temperatures 

(Zheng, Jiang, et al., 2020). However, understanding the effect of HTC on the P transformation 

in HTC products is dependent on the nature and composition of the feedstock material, which 

is a crucial factor in defining the forms and destiny of P. 

5.2. Comparison of thermochemical treatment techniques 

Before diving into the experimental results, it is necessary to shed light on the effects of 

different thermochemical treatments on the fractionation of P. Combustion takes place at 

temperatures above 450℃, and at such conditions, the transformations of P in sludge occur 

through two pathways. The first pathway includes the extensive transformation of OP to IP by 

breaking the bonds of pyro-P and other forms of organic P to release ortho-P, which reacts to 

form inorganic phosphate metal complexes (Qian & Jiang, 2014). The second pathway for P 

transformation during combustion is the transformation of NAIP to AP, by the dissolution of 

aluminium and iron phosphates to produce ortho-P, which has higher affinity towards Ca and 

Mg to form apatite P forms. Therefore, combustion enhances the dominance of IP, with a 

significant transformation from NAIP to AP in the produced ash (R. Li et al., 2015). 
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Pyrolysis usually operates at lower or similar temperatures compared to combustion, yet the 

transformations of P during pyrolysis is similar to that of combustion. Zhu et al. (2022) studied 

the change in P fractions after pyrolysis at 300℃, 500℃ and 700℃, and their results showed 

that pyrolysis enhanced the transformation of OP to IP, in addition to the transformation of 

NAIP to AP (Zhu et al., 2022). The effect of temperature on AP formation from pyrolysis was 

found to be positive, due to the enhanced decomposition reactions during pyrolysis. 

Furthermore, Li et al. (2023) suggested a pathway for the pyrolytic transformation of organic 

P compounds to their final inorganic P forms. The reaction started with pyrophosphates as the 

dominant organic P component, and as the pyrolysis temperature reached 400℃, the P-O bonds 

were broken, and orthophosphate monoesters started decomposing to release free 

orthophosphate ions. These ions reacted with the available metal cations, mainly Ca2+ and Mg2+ 

to produce apatite inorganic P in the produced biochar (J. Li et al., 2023). 

5.3. Experimental Results 

5.3.1. Comparison of treatment outcomes 

In this study, the SMT P fractionation in HTC products is studied over two sections. The first 

section compares the P-fractions of different STRUBIAS materials to provide a general sense 

of the effectiveness of the SMT protocol and the general P-fractionation in dairy sludge, its 

corresponding ash and hydrochars. The ash was produced at 550℃ using the standard ashing 

method, whereas the hydrochar was produced after HTC of the dairy sludge at T=180℃ and 

in the absence of acid addition. The findings presented in the table below are the results of three 

separate replica for each sample. 

Table 5-1: SMT Results for Dairy Processing Waste (DPW), Ash and Hydrochar (HC) 

Sample OP (%) IP (%) AP (%) NAIP (%) Error TP (%) Error IP (%) 

C-DPW 6.71% 99.04% 33.40% 57.57% -5.74% 9.02% 

C-Ash-550 7.23% 100.15% 38.29% 63.06% -7.38% -1.36% 

C-HC-180-8.32 4.12% 103.67% 45.25% 53.23% -7.79% 1.52% 

 

The results show that IP is the dominant P-fraction for all materials, whereas OP did not exceed 

7%. The presence of OP in the ash was not expected, and it could be attributed to the potential 

errors in the labelling of the SMT fractions as suggested in literature. That is, some non-reactive 
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P can be retrieved using the same acid and announced as organic P (Condron & Newman, 

2011). Within the IP fraction, the NAIP fraction was dominant in all 3 materials, yet the highest 

NAIP content was retrieved in the ash (63%). Meanwhile, after HTC at moderate temperature, 

the NAIP fraction was reduced coupled with a significant increase in the AP fraction, which 

hints to the formation of calcium phosphates on the expense of the less stable iron and 

aluminium phosphates. The increase in AP reflects an increase in the immobilization of P in 

the hydrochar, which could act as a slow-releasing fertilizer in soil applications (M. Chen et 

al., 2018). 

Therefore, the effect of thermal treatment on the distribution of P-fractions in dairy sludge is 

established. At high temperature (550℃), the majority of the inorganic P fraction consists of 

non-apatite P, which is attributed to the high presence of iron and aluminium. Yet, the AP 

fraction increased from 33% to 38% after combustion, hinting to the formation of apatite P at 

high temperatures. Previous studies reveal that at high temperatures, transformation from NAIP 

to AP is likely to occur due to the less stable structures of NAIP compared to AP (Ren et al., 

2021). However, the simultaneous increase in NAIP and AP after combustion at 550℃ can be 

explained by the release of ortho-P from the dissociated organic P molecules, followed by the 

precipitation of ortho-P to form AP in the presence of Ca2+. Also, despite the reformulation of 

a portion of NAIP into AP at high temperature, the concentrated presence of Fe allows for 

maintaining a high concentration of NAIP in the produced ash. 

5.3.2. P-fractionation after HTC 

However, upon HTC, a significant increase of AP was observed along with a decrease in NAIP, 

which hints to a transformation of a portion of the NAIP to AP. The fact that the transformation 

from NAIP to AP is clearer through HTC despite the higher temperature of combustion can be 

attributed to the release of metal ions such as Fe and Al in the liquid product of HTC, which 

cannot occur during combustion due to the dominance of the solid and gaseous products at 

such high temperatures. Therefore, it can be deduced that HTC allows for the concentration of 

AP in the hydrochar with a lower energy cost. 

For further assessment of P fractionation during HTC of dairy sludge, the results of the SMT 

experiments on the chemically treated and biologically treated samples are presented below. 
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Table 5-2: SMT protocol results of P-fractions (mg/kg) in chemically treated dairy sludge and 

corresponding hydrochars 

mg/kg 

Sample TP OP IP AP NAIP 

C-DPW 33855.7 1894.646 23948.26 7263.48 15019.5 

HC-C-180-8.32 42718.1 641.9114 40137.65 13489.9 23347.4 

HC-C-200-8.32 39312.9 290.2953 46318.35 14403.6 25214.3 

HC-C-220-8.32 41124.4 326.9423 45764.56 12886.8 24438.4 

HC-C-240-8.32 43941.4 43.82251 48063.65 15399.3 27927.2 

HC-C-180-4.6 19839.5 1033.499 22444.76 9635.48 17368.2 

HC-C-200-4.6 19638.1 737.2308 24889.13 8890.77 15877.3 

HC-C-220-4.6 23370.7 367.7832 24641.81 14323.4 17915.8 

HC-C-240-4.6 29497.9 143.5196 34570.67 10700.9 13154.8 

HC-C-180-2.25 17733 257.48 13941.33 10260.9 8126.53 

HC-C-200-2.25 20553.1 294.2457 18026.19 12809 11566.4 

HC-C-220-2.25 19152.6 3681.244 15083.2 14303.2 16597.6 

HC-C-240-2.25 21288.2 559.13 12221.06 12150.7 2279.43 

 

Table 5-3: SMT protocol results of P-fractions (%) in chemically treated dairy sludge and 

corresponding hydrochars with error analysis 

Sample OP IP AP NAIP TP Error (%) IP Error (%) 

C-DPW 5.60% 70.74% 30.33% 62.72% 23.66 6.95 

HC-C-180-8.32 1.50% 93.96% 33.61% 58.17% 4.53 8.22 

HC-C-200-8.32 0.74% 117.82% 31.10% 54.44% -18.55 14.46 

HC-C-220-8.32 0.80% 111.28% 28.16% 53.40% -12.07 18.44 

HC-C-240-8.32 0.10% 109.38% 32.04% 58.10% -9.48 9.85 

HC-C-180-4.6 5.21% 113.13% 42.93% 77.38% -18.34 -20.31 

HC-C-200-4.6 3.75% 126.74% 35.72% 63.79% -30.49 0.48 

HC-C-220-4.6 1.57% 105.44% 58.13% 72.70% -7.01 -30.83 

HC-C-240-4.6 0.49% 117.20% 30.95% 38.05% -17.68 30.99 

HC-C-180-2.25 1.45% 78.62% 73.60% 58.29% 19.93 -31.89 

HC-C-200-2.25 1.43% 87.71% 71.06% 64.16% 10.86 -35.22 
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HC-C-220-2.25 19.22% 78.75% 94.83% 110.04% 2.02 -104.86 

HC-C-240-2.25 2.63% 57.41% 99.42% 18.65% 39.96 -18.07 

 

To begin with, IP is the dominant P-fraction in the dairy sludge, as expected, due to the high 

concentration of metal ions from coagulants after chemical treatment. The values of the IP 

fraction in the chemically treated sludge and its corresponding hydrochars are compatible with 

the values reported in literature for chemically treated sewage sludge (R.-h. Li et al., 2018). 

For further demonstration of the effect of treatment, the dominant IP fraction is NAIP, which 

refers to the fraction of P linked to Fe, Mg and Al. Upon HTC in the absence of acid addition, 

there is a significant decrease in the OP fraction compiled with a significant increase in the IP 

fraction. This also is an expected result due to the decomposition of organic P through 

hydrolysis, which is elongated as the HTC operating temperature is increased. Meanwhile, the 

NAIP fraction remains dominant with no significant changes as HTC temperature increases. 

Therefore, the effect of temperature on the fractionation of P after HTC can be summarized by 

the reduction in OP% and the increase in the NAIP and AP fractions. Similar trends of 

temperature were reported by Ghanim et al. (2018) during the HTC of poultry litter (Bashir M 

Ghanim, Witold Kwapinski, & James J Leahy, 2018). 

At pH = 4.6, the reduction of OP upon HTC is less severe, yet with the increase in temperature, 

the OP fraction was reduced to 0.49%. Meanwhile, the fraction of AP was higher than that in 

the absence of acid addition, with the values of NAIP fluctuating between 40 and 75% of the 

total IP pool. As the pH of the initial sample is reduced to 2.25, a significant change in the 

fraction composition of inorganic P occurs. Opposite to the control pH, the AP is the dominant 

fraction of IP, reaching up to 95% at temperatures beyond 220℃. This significant change hints 

to the change in the dynamics of P-transformation, which could be explained by the higher 

exposure of ortho-P to Ca2+ ions due to the higher rates of dissociation at acidic conditions. 

Zheng et al. (2020) performed an extensive study on the effect of initial pH on the 

transformation of P during the HTC of sewage sludge. Their results showed a similar 

dominance of NAIP at different values of initial pH, yet upon the decrease of initial pH to 3, 

an increase in the AP fraction was detected (Zheng, Jiang, et al., 2020). The effect of HTC 

operating conditions on the transformation from NAIP to AP was explained by Perez et al. 

(2021) by the less immobile nature of NAIP which allows for the decomposition of metal 
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phosphates to reformulate into more stable forms such as calcium phosphates (Carla Pérez, 

Jean-Francois Boily, Stina Jansson, Tomas Gustafsson, & Jerker Fick, 2021b). One significant 

advantage of increased AP fractions in the hydrochar is the ability of calcium phosphates to 

immobilize heavy metals and contaminants in the soil. For instance, Ca5(PO4)3OH, which is 

one form of AP, was found to be capable of immobilizing Pb in more stable pyromorphite 

forms (Hafsteinsdóttir, Camenzuli, Rocavert, Walworth, & Gore, 2015). Therefore, another 

application of the produced hydrochars from dairy sludge could be the contaminant removal 

from soil. Finally, another explanation for the increase of AP on the expense of NAIP at acidic 

conditions is presented by Ghanim et al. (2018), where it was found that at acidic conditions, 

a significant decrease in metal concentrations in the hydrochars was detected (Bashir M 

Ghanim et al., 2018). This can be explained by the dissolution of NAIP and the retrieval of 

portion of the metals in the liquid product. 

To assess the effect of pre-treatment, the SMT fractionation was expanded to account for EBPR 

sludge and its corresponding hydrochars, and the results are presented in table 5-4. The 

dominance of IP in the initial sludge is similar to that in the chemically treated feedstock, with 

very low OP% in both samples. In general, biological treatment of waste streams enhances OP 

content due to the removal of poly-P and other organic P forms from the main streams into the 

sludge (B. Yu, Luo, et al., 2021). However, the total OP% is also dependent on the treatment 

configuration, where high OP% are usually produced by having EBPR as a sole treatment 

technique, which is not the case in most wastewater treatment plants (B. Yu, Luo, et al., 2021). 

The main difference between the chemically treated sludge and biologically treated sludge is 

observed in the distribution of AP and NAIP within the IP fraction. The AP was slightly higher 

than the NAIP fraction, which is different from the clear dominance of NAIP in the chemically 

treated IP fraction. This difference can be explained by the higher concentration of Ca 

combined with a very low concentration of Fe in the EBPR sludge, unlike the chemically 

treated sludge that is concentrated with Fe. The significant difference in the AP/NAIP fraction 

distribution is one of the main motivations behind P-transformation during HTC. 

Upon HTC, the OP% experiences significant decrease combined with an increase in IP% for 

all hydrochars, which proves the previous observation regarding the dissociation of organic P 

to form inorganic P during HTC. Meanwhile, the AP% decreases moderately with an increase 

in HTC temperature, whereas the NAIP fraction experiences slight increases. This hints to a 
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slow transformation from AP to NAIP, which is not as severe as that occurring in the 

chemically treated sludge due to the lower concentrations of Fe in the EBPR sludge. Also, the 

stable nature of AP does not allow for significant transformation from AP to NAIP, which is 

opposite to the facilitated transformation from NAIP to AP in the chemically treated sludge. 

Therefore, for biologically treated sludge, the continued presence of AP after HTC hints to the 

possibility of utilizing the hydrochars as slow P-release fertilizers (Zhu, Zhao, Li, Li, & Guo, 

2023). As the pH is reduced to 2, the percentage of AP is stable and similar to that of the initial 

sludge, whereas the NAIP increases slightly. This hints to the effect of initial pH on the 

decomposition of the formed NAIP to reproduce AP, which is more stable. 

It is worth noting that the SMT protocol possesses several disadvantages related to the accuracy 

of the separation between the different fractions, which might be the reason behind the 

relatively significant error values for the experimental results. One of the major phenomena 

causing errors in the SMT fractionation results is the uncontrolled interaction between the 

organic and inorganic phases during the experimental procedure (Condron & Newman, 2011). 

This is because the SMT protocol advances in a stepwise sequential extraction procedure that 

involves durations of interaction between the solvents and the targeted fractions. In the 

intermediate steps, and in the presence of inorganic acids, some transformations from one 

fraction to another may occur, thus creating the error percentages shown below. 

Table 5-4: SMT protocol results of P-fractions (mg/kg) in biologically treated dairy sludge 

and corresponding hydrochars 

mg/kg 

Sample TP OP IP AP NAIP 

EBPR-DPW 45254.97 2361.196 44768.2 19435.3 19035.79 

HC-B-180-8.32 74754.94 937.5277 78731.8 30803.1 32643.52 

HC-B-200-8.32 89515.12 2069.379 93911.2 27654.2 37779.91 

HC-B-220-8.32 92543.87 2702.3 95769.6 24611.3 40037.21 

HC-B-240-8.32 99886.23 2421.393 102303 30998.5 41502.86 

HC-B-180-4.6 55965.12 764.2218 55385.4 22544 22764.58 

HC-B-200-4.6 77044.16 1247.578 80040.5 26412.9 41172.99 

HC-B-220-4.6 92266.83 3660.582 83795.3 26182.8 36665.47 

HC-B-240-4.6 83470.98 1936.191 87710 15342.4 32888.64 
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HC-B-180-2.25 65634.99 1031.69 69045.8 29493.3 28580.75 

HC-B-200-2.25 68634.2 1070.347 69329.1 25763.7 34052.97 

HC-B-220-2.25 76215.08 2384.426 81669 26825.4 38634.68 

HC-B-240-2.25 79359.13 3565.03 79893.9 26610.7 39149.18 

 

Table 5-5: SMT protocol results of P-fractions (%) in biologically treated dairy sludge and 

corresponding hydrochars 

Sample OP IP AP NAIP TP Error (%) IP Error (%) 

EBPR-DPW 5.22% 98.92% 43.41% 42.52% -4.14 14.06 

HC-B-180-6.69 1.25% 105.32% 39.12% 41.46% -6.57 19.41 

HC-B-200-6.69 2.31% 104.91% 29.45% 40.23% -7.22 30.32 

HC-B-220-6.69 2.92% 103.49% 25.70% 41.81% -6.41 32.49 

HC-B-240-6.69 2.71% 102.42% 30.30% 40.57% -5.12 29.13 

HC-B-180-3.5 1.37% 98.96% 40.70% 41.10% -0.33 18.19 

HC-B-200-3.5 1.62% 103.89% 33.00% 51.44% -5.51 15.56 

HC-B-220-3.5 3.97% 90.82% 31.25% 43.76% 5.21 24.99 

HC-B-240-3.5 2.32% 105.08% 17.49% 37.50% -7.39 45.01 

HC-B-180-2 1.57% 105.20% 42.72% 41.39% -6.76 15.89 

HC-B-200-2 1.56% 101.01% 37.16% 49.12% -2.57 13.72 

HC-B-220-2 3.13% 107.16% 32.85% 47.31% -10.28 19.85 

HC-B-240-2 4.49% 100.67% 33.31% 49.00% -5.16 17.69 

 

One of the main drawbacks of the SMT protocol is the lack of ability to identify and quantify 

available P pools. To assess the quality of P in hydrochar, two approaches are presented in 

previous studies. The first approach encourages the production of directly applicable fertilizers, 

which contains high concentrations of readily available P. Meanwhile, the second approach 

focuses on slow-release fertilizers, where P is concentrated in complex forms and released over 

a long period of time. The advantage of this type of fertilizer is the prolonged lifetime of the 

fertilizer, in addition to avoiding excess P release by controlling the P-release to avoid 

eutrophication and excess P uptake (Cole, Smith, Penn, Cheary, & Conaghan, 2016). 
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Apatite phosphorus was identified with low bioavailability compared to non-apatite P, and that 

was explained by Eden et al. (2021) by the morphology of the material, where hydroxyapatite 

resides within a core protected by an outer shell of amorphous calcium phosphates (Edén, 

2021). Therefore, the dissociation of P complexes from apatite P is slower, leading to the slow-

release fertilizer potential. Previous studies have reported that hydrochar produced from sludge 

has the potential to act as a slow release P-fertilizer (Fei et al., 2019; J. Yu, Xie, & Zhang, 

2022). 

Since the hydrochars produced from biologically treated dairy waste possess higher AP 

concentrations compared to those produced from chemically treated waste, the former 

hydrochars have the potential to act as slow-release fertilizers. Meanwhile, the chemically 

treated hydrochar produced at high initial acidity (pH=2) possesses very high amounts of AP, 

which hints to the ability of HTC to produce slow-release fertilizers from samples with low 

initial AP. Further assessment of the readily available P concentrations in the produced 

hydrochars is provided in Chapter 6. 

 

Figure 5-1: Morphology of apatite phosphorus including core hydroxyapatite (HA) and an 

outer "shell" of amorphous calcium phosphate (Edén, 2021) 

5.3.3. Metal Correlations 

For further understanding of the P fractions produced by the SMT protocol, correlations 

between each fraction and the four major metals contributing to the formation of different P 

complexes (Al, Ca, Fe and Mg). Based on the ICP results and mass balances calculations, the 

following correlations were found.  
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As shown in Table 5-6, the chemically treated sludge possessed a large Fe/P ratio, which is 

expected due to the high Fe content in the sample. However, after HTC, and without acid 

addition, the ratios for Fe/P and Ca/P remained almost constant despite the increase in HTC 

temperature, with a slight increase in Ca/P ratio. However, as the initial pH is reduced, the 

increase in Ca/P ratio is significant, in parallel with a clear decrease in Fe/P ratio with an 

increase in HTC temperature. This illustrates the effect of initial pH on the metal composition 

of the produced hydrochars. The significant increase in Ca/P ratio with increased acidic 

conditions hints to the effect of Ca/P ratio on the formation of AP after HTC. That is, an 

increase in the pool of Ca2+ will increase the changes of ortho-P binding to form AP. The high 

Fe/P ratio in the initial samples and the hydrochars explains the dominance of NAIP. 

For the EBPR sludge, the dominance of Ca is translated in the high Ca/P ratio, whereas the 

Fe/P ratio was very low. After HTC, the Ca/P ratio increases slightly at acidic conditions, 

whereas the Al/P ratio experiences a slight increase as the severity of the reaction increases. 

This explains the dominance of AP in the EBPR sludge and its corresponding hydrochars, and 

the increase in Al/P can explain the increase in NAIP fraction after HTC despite the low Fe 

content. 

Table 5-6: Molar ratios of metals and P in dairy processing waste and hydrochars 

Sample Fe/P Ca/P Al/P 

C-DPW 2.281 0.629 0.112 

HC-C-180-8.32 2.393 0.731 0.113 

HC-C-200-8.32 2.454 0.686 0.108 

HC-C-220-8.32 2.026 0.647 0.105 

HC-C-240-8.32 2.522 0.676 0.102 

HC-C-180-4.6 2.169 1.568 0.057 

HC-C-200-4.6 2.370 1.420 0.063 

HC-C-220-4.6 1.919 3.090 0.101 

HC-C-240-4.6 2.320 0.809 0.116 

HC-C-180-2.25 1.666 1.294 0.184 

HC-C-200-2.25 1.847 1.189 0.188 

HC-C-220-2.25 1.676 1.411 0.217 
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HC-C-240-2.25 1.970 1.150 0.155 
    

EBPR-DPW 0.011 1.523 0.455 

HC-B-180-6.69 0.012 1.406 0.475 

HC-B-200-6.69 0.012 1.406 0.481 

HC-B-220-6.69 0.012 1.401 0.478 

HC-B-240-6.69 0.014 1.437 0.478 

HC-B-180-3.5 0.013 1.861 0.617 

HC-B-200-3.5 0.016 1.728 0.562 

HC-B-220-3.5 0.014 1.498 0.509 

HC-B-240-3.5 0.014 1.425 0.511 

HC-B-180-2 0.013 1.615 0.539 

HC-B-200-2 0.014 1.594 0.530 

HC-B-220-2 0.015 1.616 0.528 

HC-B-240-2 0.015 1.601 0.532 

 

For OP, high correlations with Al and Mg were observed, followed by Ca and a relatively low 

correlation with Fe. Meanwhile, for IP, higher correlations with all metals were observed, 

which is expected due to the contribution of these metals to the formation of inorganic 

phosphates. The highest IP correlation was observed with Ca, which hints to the dominance of 

Ca2+ ions in the initial sludge. Furthermore, the correlation between AP and Ca was the highest 

among all metals (0.9748), which is expected due to the dominance of calcium phosphates in 

the formation of the AP fraction. Meanwhile, Mg and Al had less significant correlations, 

hinting to the contribution of Mg and Al to the AP fraction, while Fe correlation with AP was 

the lowest among all metals. Finally, for the NAIP fraction, the only significant correlation was 

observed with Al (0.9235), while the other 3 metals showed negligible to negative correlations 

with the NAIP fraction. This shows that Al is the main metal contributing to the formation of 

NAIP, which is mainly due to the lack of Fe in the initial sludge. 

The correlations between P fractions and corresponding metals are visualized in the graphs 

presented in Figure 5-2. OP showed relatively strong correlations with all metals except Fe, 

which showed a linear curve fitting with R2 = 0.3094. The correlation between IP and all metals 
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was much stronger (R2~0.9), hinting to a direct linear relation between these metals and the 

inorganic phosphorus fraction. Digging deeper, the AP fraction showed a very strong 

correlation with Ca (highest R2 = 0.95), whereas other metals expressed a less significant R2. 

Finally, the NAIP showed a significant correlation with Al (R2=0.85) compared to the other 

non-significant linear correlations with the other metals. 

Hence, it can be deduced that for biologically treated sludge, there is a significant dominance 

of Ca and Al in the formation of inorganic P retrieved in the hydrochar. The strong correlation 

between Ca and AP solidifies the findings in table 5-6, where AP was found to be the dominant 

IP fraction in the sludge and maintained a high percentage for all hydrochars. Furthermore, the 

dominance of Al was also clear compared to Fe and Mg in the NAIP fraction, which could be 

attributed to the higher affinity of Al towards P (Pardo et al., 2003). Finally, the results showed 

a relatively significant correlation between OP and all metals except Fe, which confirms 

previous findings in literature (Darke & Walbridge, 2000). These results contradict the findings 

of the chemically treated sludge, where the clear dominance of Fe in the initial sludge masked 

all transformations of other metals and drove more P towards the NAIP. 
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Figure 5-2: Graphical correlations between each P fraction and each metal 

 

Table 5-7: Correlation coefficients for metal correlations with P fractions 

  OP IP AP NAIP 

Al 0.9218 0.95291 0.81187 0.92359 

Ca 0.89826 0.97742 0.97485 0.18886 

Fe 0.55628 0.88995 0.77742 -0.3473 

Mg 0.92397 0.95607 0.88338 -0.0695 

 

The results showed that for dairy wastewater sludge, the dominant P-fraction is the inorganic 

P, despite the application of biological treatment, and this can mainly be attributed to the effect 

of chemical treatment and the introduction of metals such as Al, Ca, Fe and Mg. Combustion 

at 550℃ leads to the concentration of non-apatite P, and that was explained by the strong 

presence of Fe, Al and Mg in the initial sample. Meanwhile, HTC at 180℃ led to a significant 

increase in the AP fraction of the same sludge, which hints to an advantage of HTC in terms of 

immobilizing P and enhancing the production of slow-release fertilizers. 

Furthermore, the general effect of HTC on P-fractionation was studied, and the results showed 

a gradual decrease in OP% with increasing temperature combined with a slight increase in 
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AP% in the IP fraction. The general increase in the AP fraction aligns with previous literature 

on P-fractionation of HTC products, where it was confirmed that HTC promotes the increase 

of Ca-associated P (Feng et al., 2018). The effect of pre-treatment was significant due to the 

differences in metal composition between chemically treated and biologically treated sludges. 

For the chemically treated sludge, the dominance of NAIP was unmatched due to the extensive 

presence of Fe and Al compared to Ca, which despite influencing the formation of AP at higher 

temperatures was not able to compete with the Fe availability at normal and slightly acidic 

conditions. However, at pH=2, the AP fraction was dominant among the IP pool, and this was 

attributed to the enhanced decomposition of the less stable NAIP fractions, which eventually 

provides more available P for binding with the available Ca2+ to form stable AP.  

For the biologically treated sludge, the dominance of Ca coupled with the negligible presence 

of Fe changes the distribution scheme of P fractions. The OP fraction remained lower than 10% 

because the sample was not a product of sole biological treatment. Furthermore, the AP fraction 

was slightly dominant in the initial dairy sludge, and after HTC, the AP concentration increased 

significantly, yet the AP% of the IP pool decreased due to the more significant increase in the 

NAIP concentration with the increase in temperature. 

The results of the SMT confirm the previous suggestions regarding the effect of severe HTC 

conditions on the formation of apatite P, which was explained by the strong relation between 

Ca and P (Zhao et al., 2018a). To confirm this effect, the correlations of Ca with IP and AP 

were strong (~0.98), reflecting a strong influence of Ca presence on the transformation of IP 

into AP. Meanwhile, the correlation between Al with IP and NAIP was significantly strong 

(~0.95) reflecting the central role of Al in forming non-apatite P, which is expected due to the 

high affinity of Al to bind with ortho-P. Meanwhile, Fe and Mg experienced less significant 

correlations with the IP fractions, and that was attributed to their lower concentrations in the 

initial samples compared to Ca and Al. 

6. Chapter 6: Comparing HTC products from Chemically and 

Biologically treated dairy sludge 

6.1. Introduction 

Lying at the heart of the food industry, the dairy industry consists of a wide scope of milk 

processing technologies aimed at the production of different commodities that are at the center 
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of the human diet and consumption. Dairy processing technologies include storage, mixing, 

pasteurizing and fermentation of raw milk to generate products such as cheese, whey, processed 

milk, and others. The growth of the dairy industry has been significant through the last decade, 

mainly reflecting the increase in human demand, and this growth is manifested by the increase 

in the global dairy market value, which is estimated to reach 1.128 billion dollars by 2026 (M. 

Shahbandeh, 2023). The largest producer of dairy milk is Europe, within which Ireland 

contributes to (numbers). According to the latest studies, Ireland experienced the highest 

growth rate in raw milk production in 2019, which falls in line with the Food Wise 2025 policy 

for Ireland. In 2019, Ireland recorded a contribution of 5% of the total raw cow’s milk 

production. 

The dairy industry is considered one of the largest producers of industrial wastewater, with 

approximately 12 m3 of dairy waste produced per annum (Tikariha & Sahu, 2014). Dairy 

wastewater consists of a combination of streams resulting from the cleaning and washing 

operations included in the dairy processing plant, with the three major constituting streams 

including processing water, cleaning wastewater and sanitary wastewater. Processing water is 

the outcome stream of coolers and condensers specialized for cooling milk, and it is often 

considered available for reusage due to their low pollutant concentrations. On another hand, 

cleaning wastewater is the combination of streams resulting from the washing of the plant 

equipment, and it includes the dairy leftovers in the plant equipment. This stream contains high 

organic content resulting from the residues of milk and its products. Finally, sanitary 

wastewater consists of the streams coming from showers, toilets, sinks and other auxiliaries, 

which is mainly considered for its nitrogen content (Kolev Slavov, 2017). According to a recent 

study, the amount of dairy wastewater produced annually in the EU was 192.5 × 106 m3 

(Stasinakis et al., 2022). 

Hence, the composition of dairy wastewater includes fats, lactose, nutrients, organic residues, 

and sanitizing agents, and it is usually characterized by high BOD and COD levels. This 

solidifies the need for treating dairy wastewater either for a safer discharge or for potential 

reusage. On another level, dairy wastewater possesses considerable amounts of phosphorus, 

reaching up to 100 mg/L, which can be retained through wastewater treatment techniques 

(Ahmad et al., 2019). Therefore, dairy wastewater treatment aims for reducing the organic and 

pollutant content of dairy waste, while offering options for P-recovery and reuse. The two main 
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categories for dairy wastewater treatment are biological and chemical, and both technologies 

are currently applied on industrial scales. 

Biological treatment of dairy waste involves the action of microorganisms under aerobic and/or 

anaerobic conditions to reduce the concentration of organic content and pollutants. One of the 

most common practices for biological treatment of dairy wastewater is the enhanced biological 

phosphorus removal (EBPR) (Burow, Kong, Nielsen, Blackall, & Nielsen, 2007). As defined 

by its name, EBPR is built upon the activity of polyphosphate accumulating organisms (PAO’s) 

such as Accumulibacter which functions under anaerobic conditions to store carbon in the form 

of intracellular polymers such as poly-β-hydroxyalkanoates (PHAs) by using the energy of 

accumulated polyphosphates to finally release P in form of orthophosphate under anaerobic 

conditions (Z. Zhang, Li, Zhu, Weiping, & Xin, 2011). Later on, and under aerobic conditions, 

PAO’s utilize the stored PHA’s as energy sources to transform ortho-P into poly-P thus leading 

to a P-rich biomass that can be retained as sludge (H.-L. Zhang et al., 2013). For dairy 

wastewater treatment, several factors are considered crucial for assessing the efficiency of 

EBPR technique, including pH, temperature and oxygen availability (Kolev Slavov, 2017). 

Despite its efficiency in P-removal, EBPR faces several challenges related to the high chemical 

oxygen demand (COD) of the produced sludge, as well as the negative competition between 

PAO’s and glycogen accumulating organisms (GAO’s) at anaerobic conditions (Gebremariam 

et al., 2011). 

On another hand, chemical treatment of dairy waste is another technique for P-removal relying 

on the addition of metal salts, mainly iron (Fe) and aluminum (Al) to precipitate P in metal 

phosphate complexes retrieved at later stages as P-rich sludge (Smith, Takacs, Murthy, 

Daigger, & Szabo, 2008). The added salts are mixed with the waste stream to allow for the 

binding of orthophosphates with the available metal cations in order to form inorganic P species 

that are later retrieved after the mixture undergoes sedimentation and flocculation as the mixing 

is ceased (Owodunni et al., 2023). Even though the technology of chemical phosphorus 

removal is simple and offers lower energy requirements, the production of large amounts of 

sludge with a significant heavy metal content remains the toughest challenge for chemical 

treatment of dairy waste. Similar to EBPR processes, the chemical removal of P is also a subject 

of parameters such as coagulant type, pH, alkalinity and stirring conditions (Smith et al., 2008). 

Therefore, the products of biological and chemical treatment of dairy wastewater require 
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further treatment to achieve sustainable and efficient P-recovery. Hydrothermal carbonization 

(HTC) is a thermochemical treatment technique that transforms waste materials into valuable 

products through a coalification process under controlled conditions of temperature and 

pressure. Despite the continuously increasing interest in HTC as a valuable transformation 

process for dairy waste, the majority of studies focus on the effects of HTC operating 

parameters, while less focus is shed on the effect of the pre-treatment step on the outcomes of 

HTC. 

Hence, this paper aims at studying the effect of pre-treatment (chemical vs. biological) on the 

products of HTC of dairy sludge under different conditions of temperature and initial pH. 

6.2. Results and Discussion 

6.2.1. Proximate Analysis 

The results of the CHN analysis reveal a significant difference in the carbon composition 

between the chemically treated sludge and the biologically treated sludge. C % in the EBPR 

samples is almost double that of the chemically treated DPW. Similarly, the composition of 

hydrogen and nitrogen is slightly higher in EBPR sludge, as shown in the table below. One 

reason for this difference could be the high percentage of metal ions present in the chemically 

treated sludge due to the addition of chemical coagulants. This explanation can be confirmed 

by studying the weight percentage of metals such as Fe, Al, and Ca in both sludge samples. 

The high concentrations of metals, and in particular Fe, in the chemically treated sludge occupy 

a large portion of the total weight (15%), which is not the case in the biologically treated sludge, 

where the highest weight concentration of metal is Ca (7%). 

The effect of HTC on the CHN composition of DPW is significant and consistent for both types 

of pre-treatments. Upon HTC, a decrease in carbon percentage is observed in the solid product, 

which is facilitated by the increase in temperature. This is mainly due to the enhanced 

decomposition reactions facilitated by temperature, which result in depositing more carbon in 

the liquid and gas products in the form of sugars, organic acids, and gases. 

The results show that pre-treatment did not have any effect on the change in CHN composition 

after HTC. The main effect is imposed by temperature and pH. 



114 

 
 

 

Table 6-1: CHN and HHV results for different sludge samples and their corresponding 

hydrochars 

Sample C (%) H (%) N (%) HHV 

(MJ/kg) 
EDR 

C-DPW 19.4 ± 0.75 4.05 ± 0.08 3.2 ± 0.01 21.88  

HC-C-180-8.32 19.0 ± 0.17 3.10 ± 0.03 3.54 ± 0.05 20.95297 0.95775 

HC-C-200-8.32 17.7 ± 0.27 2.74 ± 0.02 2.94 ± 0.07 20.4740171 0.93586 

HC-C-220-8.32 17.2 ± 0.27 2.59 ± 0.04 2.67 ± 0.07 20.2904596 0.92747 

HC-C-240-8.32 17.0 ± 0.05 2.22 ± 0.04 2.45 ± 0.06 19.935188 0.91123 

HC-C-180-4.6 16.8 ± 0.12 2.97 ± 0.02 3.19 ± 0.01 20.6769172 0.94513 

HC-C-200-4.6 15.4 ± 0.09 2.57 ± 0.02 2.82 ± 0.03 20.2649316 0.9263 

HC-C-220-4.6 15.4 ± 0.14 2.62 ± 0.04 2.86 ± 0.08 20.3095956 0.92834 

HC-C-240-4.6 13.9 ± 1.33 2.02 ± 0.07 2.26 ± 0.12 19.7947491 0.90481 

HC-C-180-2.25 18.8 ± 0.34 3.35 ± 0.03 3.66 ± 0.02 21.197148 0.96891 

HC-C-200-2.25 17.6 ± 0.81 2.83 ± 0.03 3.67 ± 0.11 20.6473876 0.94378 

HC-C-220-2.25 16.5 ± 0.19 2.45 ± 0.05 3.00 ± 0.06 20.2012475 0.92339 

HC-C-240-2.25 12.4 ± 0.64 1.9 ± 0.06 3.22 ± 0.16 19.89714 0.90949 
    

  

EBPR-DPW 38.1 ± 0.678 5.92 ± 0.0921 6.56 ±0.0012 29.3216379  

HC-B-180-6.9 32.7 ± 0.688 5.19 ± 0.0301 4.85 ± 0.143 26.1342351 0.8913 

HC-B-200-6.9 31.3 ± 0.404 4.75 ± 0.0558 4.36 ± 0.0228 24.9996195 0.8526 

HC-B-220-6.9 31.3 ± 0.0145 4.57 ± 0.0603 4.14 ± 0.313 24.6823387 0.84178 

HC-B-240-6.9 29.9 ± 0.243 4.38 ± 0.0532 3.47 ± 0.061 23.9967599 0.8184 

HC-B-180-3.5 32.2 ± 0.225 4.61 ± 0.086 4.44 ± 0.283 24.9922524 0.85235 

HC-B-200-3.5 30.5 ± 0.0738 4.34 ± 0.208 4.08 ± 0.378 24.1382115 0.82322 

HC-B-220-3.5 29.2 ± 0.25 4.11 ± 0.0453 3.71 ± 0.389 23.4830964 0.80088 

HC-B-240-3.5 29.7 ± 0.554 4.18 ± 0.273 3.73 ± 0.294 23.6859247 0.8078 

HC-B-180-2 31.7 ± 1.37 4.67 ± 0.00991 4.96 ± 0.0355 25.0423163 0.85406 

HC-B-200-2 31.3 ± 1.31 4.33 ± 0.221 4.71 ± 0.562 24.3723943 0.83121 

HC-B-220-2 30.8 ± 1.22 4.15 ± 0.248 4.06 ± 0.381 23.898316 0.81504 

HC-B-240-2 30.6 ± 3.13 4.01 ± 0.429 3.69 ± 0.401 23.5908152 0.80455 
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The results for the HHV calculations are presented in table 6-1. The range of HHV for the 

initial samples and the corresponding hydrochars (19.8-29.3 MJ/kg) was higher than that of 

lignite coal (14.7-19.3 MJ/kg) and within the range of bituminous coal (19.3-26.7 MJ/kg), 

which is a higher grade of coal (Belete et al., 2021). Also, the results show that EBPR sludge 

possesses a higher calorific value compared to the chemically treated sludge. This is expected 

since the EBPR sludge usually possesses higher organic matter, which is considered 

combustible content contributing to the calorific value of the material (Komilis, Kissas, & 

Symeonidis, 2014). 

After HTC, the calorific value of the produced hydrochars slightly decreased for both types of 

sludge samples. Even though several literature studies assess the effect of temperature on HHV 

as positive in HTC, the results of this study reveal an opposite trend, where an increase in 

operating temperature led to a decrease in HHV of hydrochars. This was explained by studies 

with similar observations through the effect of temperature on the decomposition of 

polysaccharides, which leads to transferring carbon to the liquid and gas products of HTC 

(Zhou, Liang, Han, Huang, & Yang, 2019). This suggestion is supported by the CHN data 

presented above, where an increase in HTC temperature led to a decrease in C weight 

percentage in the hydrochars. 

As shown in the table above, all densification ratios for the produced hydrochars were below 

1, which suggests that the hydrochars produced from HTC of dairy sludge are not convenient 

for energy storage and densification. The reason behind this phenomenon could be the high ash 

content of the initial samples, and potential increase in inorganic content after HTC. Moreover, 

the EDR of chemically treated sludge hydrochars is higher than that of biologically treated 

sludge hydrochars. Yet, the significance of this value is only understood in the context of the 

ash content, which is understandably high in chemically treated sludge. Thus, EBPR 

hydrochars offer similar energy densification ratios while having less ash content, which makes 

them more favorable in terms of fuel quality over chemically treated hydrochars. 

6.2.2. Van Krevelen Diagrams 

The Van Krevelen plot for chemically treated dairy sludge reflects a high O/C ratio for the 

initial sludge, which is similar to the results reported by Atallah et al. (2020) on the same type 

of material (Atallah et al., 2020b). This high O/C ratio was explained by the rich organic 
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content of the dairy sludge, yet the O/C ratio of the chemically treated sludge was significantly 

higher than that of biologically treated sludge, which was relatively low (>0.45). However, 

biologically treated sludge is usually characterized by higher organic content, and therefore, 

the low O/C ratio of this type of sludge can be explained by the higher C content of the 

biologically treated sludge, which reduces both ratios of H/C and O/C. 

According to the Van Krevelen plot, the chemically treated dairy sludge falls near the biomass 

region, whereas the biologically treated dairy sludge falls within the peat region. Upon HTC 

of chemically treated sludge, dehydration seems to be the most dominant reaction alongside 

decarboxylation, which drives the produced hydrochars more towards the biomass and lignite 

regions. The hydrochars produced at pH=8.32 had the lowest O/C, which hints to the 

occurrence of decarboxylation mainly. However, as the initial pH of HTC is reduced, the 

reduction in O/C ratio is less severe, and at pH=2.25, the change in H/C and O/C ratios suggests 

demathanation reactions, which is expected as decomposition reactions are enhanced at acidic 

conditions.  

For biologically treated sludge, the main HTC reaction detected in the Van Krevelen diagram 

is decarboxylation, which can be attributed to the higher C wt.% in this type of sludge. This is 

proved by the slight decrease in H/C ratio for all hydrochars after HTC, compared to the more 

significant decrease in O/C ratio. The produced hydrochars for this type of sludge fall within 

the peat and lignite regions, which hints to the ability of hydrochar to regulate soil pH, similar 

to lignite (Król-Domańska & Smolińska, 2012).  

Finally, it is observed that HTC of chemically treated sludge at pH=8.32 (no acid addition) 

produces the hydrochars closest to the coal region, which is the most decorated product in terms 

of energy quality. Meanwhile, for biologically treated sludge, HTC at different conditions of 

acidity produces hydrochars that fall far from the coal region. 
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Figure 6-1: Van Krevelen Plot for Chemically treated sludge and its corresponding 

hydrochars 

 

Figure 6-2: Van Krevelen Plot for Biologically treated sludge and its corresponding 

hydrochars 
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6.2.3. Ash Content 

Measuring the ash content provides insight into the inorganic content in the sludge and 

hydrochar samples. First of all, the ash content of the chemically treated sludge was 

significantly higher than that of the biologically treated sludge, which is due to the addition of 

chemical coagulants with high Fe and Al concentrations (Reza, Lynam, et al., 2013). This 

difference hints to the suggested reason for the lower concentrations of C, H and N in the 

chemically treated sludge. 

As shown in Figure 6-3, all hydrochars have higher ash content compared to the initial sludge 

for both types of treatment. One suggested explanation for the increase in ash content after 

HTC is the increase in hydrochar porosity, which allows for absorption of inorganic elements 

with reduced solubility (B. Zhang et al., 2018). Kalderis et al. (2014) reported similar findings 

during HTC of rice husk (Kalderis, Kotti, Méndez, & Gascó, 2014). In both types of sludge, 

the effect of temperature on ash content is significantly positive and almost constant, as an 

increase in temperature enhances an increase in ash content. Meanwhile, the effect of initial 

pH on ash content can be identified as negative, without affecting the temperature trends of ash 

content. As the initial pH decreases for both samples, the ash content decreases at all 

temperatures below 240℃. The decrease in ash content in acidic conditions can be attributed 

to the enhanced decomposition reactions catalyzed by acidic medium leading to the dissolution 

of some inorganic content in the liquid product (Reza, Lynam, et al., 2013). The data from the 

ICP-OES of the liquid products prove this suggestion, as the Al, Ca and Fe concentrations 

experience a significant increase under acidic conditions. For chemically treated sludge, the 

concentration of Fe in the liquid product increases immensely (>15000 mg/L) at an initial pH 

pf 2.25, whereas for biologically treated sludge, the main increase in the liquid product 

composition is observed in Ca, which increases up to 1000 mg/L at pH=2. These changes prove 

that part of the inorganic composition contributing to the ash content of the initial samples is 

being driven towards the liquid product, thus reducing the ash content of the hydrochars. 
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Figure 6-3: Ash Content (%) of dairy sludge samples and corresponding hydrochars 

6.2.4. COD vs Ash 

 

Figure 6-4: Distribution of COD and Ash between chemically treated and biologically treated 

sludge 

 

0

10

20

30

40

50

60

70

80

Ash (%)

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

COD (mg/L) Ash (%)

COD vs. Ash

DS EBPR Sludge



120 

 
 

 

Another significant difference studied between chemically treated sludge and biologically 

treated sludge is the chemical oxygen demand (COD) and the changes occurring to organic and 

inorganic content upon HTC. To begin with, the results of the UV measurements show that 

EBPR sludge contained higher COD content (15701 mg/L), which is double that content in the 

chemically treated sludge (7343 mg/L). The COD in both sludge samples is relatively lower to 

the concentration expected in dairy wastewater (50000-80000 mg/L) as reported in literature 

(Najafpour, Hashemiyeh, Asadi, & Ghasemi, 2008). This difference can be explained by the 

fact that both sludge samples are outcomes of secondary treatment, which has already passed 

through primary treatment that can reduce COD content partially. Also, the difference in COD 

content between the chemically and biologically treated sludge can be attributed to the effect 

of added chemical coagulants. Xu et al. (2017) revealed that the addition of iron salts to urban 

sludge facilitated a decrease in the COD content of the sludge, which could be attributed to the 

effect of metal salts on promoting decomposition of organic matter (X. Xu & Jiang, 2017). 

When compared to the initial ash content, the COD of the biologically and chemically treated 

samples confirms the expected difference in properties between the two sludges. For EBPR 

sludge, the sample contains higher COD and lower ash (inorganic) content, whereas for 

chemically treated sludge, the ash content is higher while the COD is lower.  

Upon HTC, the COD concentration decreases in hydrochars produced from both types of 

sludge; however, the extent of COD removal in hydrochars produced from EBPR sludge is 

significantly higher than that in chemically treated sludge. To complement the scene, the initial 

ash recovered in the hydrochars is relatively higher in the EBPR hydrochars compared to the 

chemically treated hydrochars. This shows that for EBPR sludge, the hydrolysis of organic 

matter is transcending towards the formation of inorganic matter, whereas for the chemically 

treated sludge, the persistence of the COD in the hydrochars hints to the hydrolysis of organic 

macromolecules to micro molecules, such as the hydrolysis of oligomers to monomers or the 

decomposition of sugars to organic acids. The reduction of COD upon HTC has been 

established in literature, as HTC involved the hydrolysis of organic matter at temperatures 

beyond 150℃ (Merzari et al., 2020).  

Therefore, in terms of product quality, EBRP hydrochars possess lower ash content than 

chemically treated sludge hydrochars, while possessing similar COD content due to the higher 
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COD removal during HTC of EBPR sludge. This hints to a better fuel quality of EBPR-based 

hydrochars, which is supported by the calorific value calculations. 

 

Figure 6-5: COD and Ash recovery after HTC 

6.2.5. Elemental Composition 

One of the most significant differences between chemically treated and biologically treated 

sludge is the metal composition. The experimental results of the ICP-OES reveal a huge 

difference in the composition of Fe, Al, and Ca between chemically treated and biologically 

treated dairy sludge. As expected, chemically treated sludge possesses higher values of Fe, 

which in this case is the most dominant element of the sludge weight, whereas the Fe 

concentrations in the biologically treated samples are negligible. Meanwhile, Ca is the 

dominant element in the EBPR sludge. This difference has a significant impact on P-speciation 

and the availability of P in terms of fertilizer regulations. 

Upon HTC, the trend of Fe weight percentage change as a function of temperature is not 

constant in chemically treated sludge, as shown in Figure 6-6. The majority of the produced 

hydrochars possessed lower quantities of all elements compared to the initial samples, and this 

can be explained by the dissolution of some inorganic elements into the liquid phase products 

(Eibisch et al., 2013). On the other hand, the weight percentages of Ca and Al increase upon 

an increase in HTC temperature with no significant impact of pH on this phenomenon. This 

increase is also observed in the biologically treated sludge for both elements, and this can be 
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explained by the immobilization of inorganic compounds such as calcium and aluminum 

phosphates in the hydrochar. 

 

Figure 6-6: Elemental Composition of dairy sludges and their corresponding hydrochars after 

HTC 

6.2.6. Phenol Comparison 

Phenolic compounds are intermediate products generated during HTC of waste streams, and 

they are known for their efficiency in the manufacturing of chemicals in the bio-refinery 

industry (Kambo & Dutta, 2015). Furthermore, phenolic compounds and derivatives are also 

utilized as ingredients in the food industry, as well as the pharmaceutical industry (Kalili & de 

Villiers, 2011). In addition to that, phenolic compounds contribute to the production of 

herbicides, cosmetics, and lubricants, but they are known for their toxicity even at low 

concentrations, labelling them as a hazardous organic pollutant (Mohammadi et al., 2015). 

Therefore, assessing the concentration of phenols in the HTC liquid product is essential for 

determining the quality of the products, as well as the effect of temperature and initial pH on 

hydrochar production. In general, the increase in phenolic compounds sin the liquid phase hints 

to the decomposition of furans, while at the same time referring to the increase in aromaticity 

in the produced hydrochar (Y. Zhang, Jiang, Xie, Wang, & Kang, 2019). 

The phenol concentration in the initial sludges was measured and the results are tabulated 

below. 
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Table 6-2: Phenol concentrations of chemically treated and biologically treated sludge 

Sample Phenol (mg/L) 

C-DPW 889.292 

EBPR-DPW 215.183 

 

For chemically treated sludge, the increase in HTC temperature enhances a slight increase in 

phenol concentration in the liquid product, but at high temperature (T=240℃), the phenol 

concentration is lower despite the higher liquid content. The reason behind the increase in 

phenol concentration could be attributed to decomposition reactions such as demothyxylation, 

which is followed by alkylation to produce alkyl phenols (Y. Shen, 2020). Acidic conditions 

favor slight increases in phenol concentration in the liquid product, which is more significant 

at pH=2.25. Similar observations were obtained for biologically treated sludge HTC liquid. 

Studying the increase in phenol change after HTC is necessary to assess the extent of 

decomposition reactions occurring. By performing a mass balance starting from the initial 

phenol content in the two sludges and considering the actual produced masses of HTC liquid 

for each run, a huge difference between the two types of samples is observed at this stage. For 

chemically treated sludge, liquid products experienced a general slight increase that does not 

exceed 4% except for L-C-200-2.25. Meanwhile, for biologically treated sludge HTC liquids, 

the minimum phenol mass change was 12% whereas the maximum increase was 19% at 

T=220℃ and pH=2. The significant increase in phenol concentration reveals that more 

decomposition is occurring for biologically treated sludge, which can be attributed to the higher 

organic content in this type of sample. Therefore, more intermediate products, including 

phenols are produced after HTC. Another explanation for the difference in phenol composition 

between the two types of sludge lies in the difference in the extent of condensation 

polymerization reactions of phenols with aldehydes to produce phenol-aldehyde polymers 

(Mohammadi et al., 2015). 
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Figure 6-7: Increase in Phenol concentration in the liquid product after HTC 

6.2.7. Heavy Metal Comparison 

One of the most significant characteristics of hydrochars is their heavy metal content, which is 

usually used as a reference for the pollutant content in solid products. According to the EU 

fertilizer regulation 1069/2019, for all types of organic and organo-mineral fertilizers, the 

maximum limit for hexavalent chromium (Cr VI) is 2 mg/kg (EU, 2019). This is because 

chromium is listed in the top 20 hazardous substances according to the Agency for Toxic 

Substances and Disease Registry (Oh, Song, Shin, Choi, & Kim, 2007). In particular, Cr VI 

was found to cause various health hazards including cutaneous and reproductive diseases (X. 

Zhang et al., 2022). Therefore, the presence of Cr VI in soil poses environmental and health 

risks. 

The results of UV-spectrophotometry reveal that both types of sludge possess levels of Cr VI 

that are higher than the defined limit (2 mg/kg), and after HTC, the levels of Cr VI in the 

hydrochars increase significantly reaching a maximum of 477 mg/kg in HC-C-200-2.25 and 

291 mg/kg in HC-B-200-2. In terms of fertilizer quality, the high concentrations of Cr VI render 

the potential direct application of the produced hydrochars as fertilizers in soil. On the other 

hand, the high amounts of recovered Cr VI in the hydrochars hint to a different environmental-

friendly characteristic of hydrochar, which is its high ability to absorb chromium, as shown in 
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Figure 6-8. This agrees with literature studies which showed that hydrochar from different 

types of feedstocks was efficient in removing Cr VI due to its porous structure (Vo et al., 2019). 

The results in Chapter 3 revealed an increase in total Cr content in hydrochars after HTC, which 

coincided with the results below. It is clear from the comparison of both sets of data that Cr VI 

presents the majority of total Cr in the hydrochar, adding to the environmental drawback of the 

HTC process. On the other hand, the capacity of hydrochars produced from acid-assisted HTC 

reactions to capture Cr VI presents an advantage for soil applications. Rather than being utilized 

as a fertilizer, hydrochar can be utilized as a heavy metal-capturing material. 

 

Figure 6-8: Concentration of Hexavalent Chromium in initial dairy sludge samples and their 

corresponding hydrochars with referencet to EU limit for fertilizer application 

6.2.8. P-recovery Analysis 

Analyzing the transformation of P upon HTC can take place through two routes, the first of 

which focuses on the concentration of P in the material, whereas the second tracks the recovery 

of P in HTC products. The first approach defines the efficiency of HTC in terms of producing 

potential P-fertilizers, which can be assessed with the EU Fertilizer Regulation. On the other 

hand, the second approach sheds light on the ability of HTC operating conditions in recovering 

P in the hydrochar in terms of available P-forms. 
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P-availability is usually defined as the P-forms that are easily recovered, and to avoid any 

complications, this paper defines available P as the fraction of P that can be washed with water.  

As shown in Figure 6-9, the concentration of P in the chemically treated sludge is slightly 

higher than that in the EBPR sludge, yet both concentrations fall within the expected range of 

P in dairy sludge (Behjat et al., 2022). Upon HTC, most produced hydrochars include higher P 

concentrations compared to the initial sludge, for both types of treatment. The highest P 

concentration for chemically treated sludge was obtained at T=200℃ and pH=8.32, whereas 

for EBPR sludge, the highest P concentration was observed at T=240℃ and pH=6.69. 

The effect of temperature on P concentration in the hydrochar can be described as positive 

despite some discrepancies in the results. For EBPR hydrochars, the effect of temperature is 

consistently positive; that is, an increase in HTC temperature induces an increase in P 

concentration in the hydrochar. This can be explained by the reduction of the solid mass after 

HTC, which increases the concentration of material. In addition to that, HTC reactions lead to 

the concentration of metals such as Fe in the chemically treated sludge and Ca in the 

biologically treated sludge, which have a high capacity of adsorbing free ortho-P ions to form 

inorganic complexes.  

Meanwhile, in terms of available P, a significant difference is observed between chemically 

treated and biologically treated dairy sludge samples, as shown in Figure 6-10. EBPR sludge 

possesses higher H2O-P despite having lower total P concentration. Upon HTC and in the 

absence of acid addition, no significant change in H2O-P concentration is observed despite the 

increase in temperature. As the initial pH of HTC decreases, the composition of H2O-P 

increases significantly reaching a maximum of 70000 mg/kg at T=220℃ and pH=4.6 for 

chemically treated sludge. On the other hand, for biologically treated sludge, the concentrations 

of H2O-P in all produced hydrochars were lower than that in the chemically treated sludge 

hydrochars, with a slight increase detected in the hydrochar produced at T=220℃ and pH=3.5. 

Therefore, it can be deduced that hydrochars produced from chemically treated sludge have 

higher P-availability compared to hydrochars produced from biologically treated sludge. The 

reduction in H2O-P hints to the formation of more complex forms of P, and according to the 

metal composition analysis, a significant increase in Ca concentration is observed with the 

increase in HTC temperature. Therefore, it can be suggested that Ca-associated P is less 

available compared to other P-forms, which can be explained by the fact that Ca-P are usually 
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immobilized complex molecules (R. Huang & Tang, 2016). The higher affinity of Ca to 

immobilize P has been demonstrated by Yu et al. (2019) during their study on the effect of Fe, 

Al, and Ca on P immobilization in hydrochars. Their results were explained by a more 

facilitated P bonding with P compared to Fe bonding (Y. Yu et al., 2019). 

 

Figure 6-9: Change in P concentration (mg/kg) before and after HTC 

 

Figure 6-10: Change in readily available P concentration (mg/kg) before and after HTC 
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The second approach for assessing the effect of HTC on P focuses on the notion of material 

recovery in the hydrochars. The results showed that for chemically treated sludge, and in the 

absence of acid addition, the recovery of total P ranges between 47% and 59%, with a slight 

decrease in P-recovery detected with the increase in HTC temperature. Also, H2O-P recovery 

in the absence of acid addition is lower than 10%, hinting to significant reduction in the 

available P concentration in the produced hydrochars. As the initial pH of HTC decreases, the 

recovery of H2O-P increases significantly reaching a maximum of 140% at T=180℃ and 

pH=2.25. This significant increase reflects the effect of the acidic medium on the 

transformation of P into more available forms, which offers the corresponding hydrochars as 

better performing potential fertilizers. The increase in HTC temperature in acidic conditions 

led to a decrease in H2O-P recovery, particularly at pH=2.25, which hints to the reduction in 

P-availability. 

For biologically treated sludge, the recovery of total P was significantly higher than that in the 

chemically treated sludge for all samples, with a maximum P-recovery (94%) detected at 

T=200℃ and pH=2. These values are in line with the literature values of P-recovery from 

hydrochar (Shettigondahalli Ekanthalu et al., 2021). Meanwhile, the effect of temperature on 

total P was more significant in biologically treated sludge hydrochars. The increase in 

temperature led to a gradual decrease in total P recovery at pH=8.32, which is expected due to 

driving some of the P into the liquid product. However, as the initial pH decreases, the trend 

for temperature effect changes as the increase in temperature led to a fluctuated response in 

terms of total P recovery. Meanwhile, the H2O-P recovery for all hydrochars produced from 

biologically treated sludge was lower than that of the chemically treated sludge hydrochars. As 

for the effect of temperature and initial pH, no significant changes in H2O-P were observed in 

the biologically treated sludge hydrochars. 

As explained previously in Chapter 5, assessing the fertilizer quality of the produced 

hydrochars can occur through two paths. One of the paths was discussed in Chapter 5 in relation 

to slow-release P fertilizers. These fertilizers were shown to possess higher concentrations of 

AP, which is less bioavailable for plant uptake.  The results of Chapter 5 revealed that 

biologically treated sludge hydrochars possessed higher concentrations of AP, and the results 

of the figure above show that these hydrochars possessed lower concentrations of H2O-

available P compared to the values recorded in the chemically treated sludge. To complement 



129 

 
 

 

the scene, the chemically treated sludge hydrochars produced at high initial acidity (pH=2) 

were found to possess high concentrations of AP, and the results of the graph reveal decreased 

P-availability in these hydrochars. 

Therefore, we can deduce that HTC of biologically treated dairy sludge enhanced the formation 

of stable apatite P leading to the production of hydrochars with potential slow-release fertilizer 

and low P-availability. 

 

 

Figure 6-11: Total P and readily available P recovery after HTC 
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Figure 6-12: SEM images of (a) EBPR-DPW (b) HC-B-180-6.69 (c) HC-B-240-6.69 (d) HC-

B-180-2 (e) HC-B-240-2 

The SEM image of the EBPR sludge shows an amorphous structure with flat surfaces 

dominating the structure of the molecules. The presence of tedious circular structures did not 

hint to the presence of granular particles or microspheres in the dairy sludge. However, after 

HTC, the granular structure become evident, and the flat surface of the sample almost 

completely disappears. As the operating temperature increases to 240℃, the formation of 

microspheres is enhanced in terms of quantity and quality (porous structure of the particle). 

These results agree with the findings in literature, where HTC was found to enhance the 

formation of microspheres on the surface of sludge particles (Alipour, Asadi, Chen, & Rashti, 

2021). Upon increasing the initial acidity of HTC, the structure of the produced hydrochar is 

altered significantly. The spherical structure is eliminated in favour of a “fluffy” structure of 

elongated ovals and filament-like shapes. This change can be attributed to the decomposition 

and blocking of aromatic structures at severe HTC conditions, which was reported in literature 

(L. Wang, Chang, & Li, 2019). An increase in temperature from 180℃ to 240℃ at pH=2 

(c) (d) 

(e) 
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resulted in an increase in the formation of the “flower-like” structures, which are distinct from 

the initial flat structure and the early granular structure produced at moderate temperatures. 

Similar observations are observed for chemically treated sludge. Before HTC, the sludge 

possessed a flat surface with low porosity and elongated structures. After HTC, the surface 

morphology was significantly altered as the particles showed more granular structures and 

microspheres with enhanced porosity. As the initial acidity of the sample was reduced from 

8.32 to 2.25, the surface of the hydrochar expressed less amorphous structures, along with 

increasing small regular filamentous-like structures with some cubical shapes appearing on the 

surface. As the temperature increases at pH=2.25, the surface of the hydrochar transformed 

completely into layers of small cubical structures with high porosity, and the filamentous 

structure is much abundant. The intense change in the surface morphology experienced after 

HTC mirrors the decomposition and polymerization reactions occurring during HTC. Previous 

research has suggested that at pH>6, hydrochars tend to have a dense structure composed of 

aggregate microspheres, which is attributed to the carbonization of carbohydrates. Meanwhile, 

as the initial pH is reduced, the hydrochars tend to express filamentous structures that result 

from the enhanced decomposition and repolymerization occurring during HTC (Gaur et al., 

2020). However, at extreme conditions of temperature and pH, the hydrochar was found to 

express more porous characteristics due to the dominance of small cubical sub-structures on 

the surface. The increase in the porosity of hydrochars was attributed to the increase in 

dehydration reactions, which allow for the release of water and the fragmentation of the 

material surface (Shakiba, Aliasghar, Moazeni, & Pazoki, 2023). The increased porosity of 

hydrochar is an important characteristic for retaining heavy metals and pollutants, and this can 

be confirmed by the higher recovery of heavy metals in hydrochars produced at low initial pH. 

Furthermore, the increase in hydrochar porosity and the formation of cubicle structures can 

help explain the higher P-recovery rates at higher initial acidity for both types of dairy sludge. 

Previous studies have also shown that acidic conditions favour increasing the porosity of 

hydrochars, in addition to the increase in P-recovery rates (Dai et al., 2017; Heilmann et al., 

2014). 
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Figure 6-13: SEM images of (a) C-DPW (b) HC-C-180-8.32 (c) HC-C-240-8.32 (d) HC-C-

180-2.25 (e) HC-C-240-2.25 

The results of EDX analysis revealed a uniform distribution of elements for both types of dairy 

processing waste. As expected, Fe was the dominant element in chemically treated DPW, with 

mass percentage reaching up to 45% in certain zones. Meanwhile, the main element in the 

biologically treated DPW was Ca, with very low concentrations of Fe, which confirmed the 

(a) (b) 

(c) (d) 

(e) 
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results of the ICP-OES analysis. The distribution of Ca in the biologically treated DPW showed 

more uniformity than that of Fe in the chemically treated DPW. The uniform distribution of 

both elements in the original feedstock samples can be explained by the flat amorphous 

surfaces of the materials and their low porosity. 

After HTC, an increase in P wt.% was detected in the hydrochars of both DPW samples. This 

increase confirmed the effect of HTC on concentrating P in hydrochars. Meanwhile, the 

dominance of Fe and Ca in the hydrochars persisted with less uniformity observed in the more 

porous hydrochar structures. 

6.3. Comparison outcomes 

All in all, the effect of pre-treatment on the outcomes of HTC of dairy sludge was studied 

throughout. Biologically treated sludge and its corresponding hydrochars possessed higher 

calorific value compared to chemically treated sludge, and this was mainly due to the higher 

carbon content in the EBPR sludge. The elemental composition of the two sludge samples was 

significantly different, with chemically treated dairy sludge possessing high concentrations of 

Fe, whereas Ca is the dominant metal in biologically treated sludge. Also, the COD content in 

the EBPR sludge was much higher than that of the chemically treated sludge, which possessed 

higher ash content. The significant difference in the elemental composition and organic 

composition reflected on the outcomes of HTC on different levels.  

EBPR hydrochars possessed lower ash content compared to chemically treated sludge 

hydrochars, and the COD recovery in the EBPR sludge was lower than that of chemically 

treated sludge. The transformation from organic to inorganic content through decomposition 

and polymerization reactions was confirmed by the changes in the functional groups detected 

through FTIR-ATR, which was similar in peak positions, but different in intensity between 

both sludges. Also, the higher increase in phenol concentration in the liquid products of 

biologically treated sludge assured enhanced decomposition reactions. Finally, AP was the 

dominant P fraction in biologically treated sludge, whereas readily available P was present 

more in chemically treated sludge. The removal of heavy metals such as Cr VI was more 

efficient in chemically treated sludge, particularly at severe conditions of acidity, and this was 

due to the increased porosity experienced after HTC, which was confirmed by SEM imaging. 
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Therefore, EBPR DPW-based hydrochars possess better fuel qualities and slow-release 

fertilizer potential than C-DPW hydrochars, whereas the latter offers more readily available P 

and better pollutant-capturing properties. 

7. Chapter 7: Modelling & Optimization 

7.1. Statistical Analysis 

This chapter includes the modelling of the experimental runs and the attempts to optimize HTC 

of dairy sludge to propose a feasible process targeting the recovery of P. The modelling 

scenario involves three steps, starting with a statistical analysis to define correlations between 

the parameters and the measured outcomes. For this step, statistical analysis tool Minitab© is 

used, and the experimental data is introduced for a regression analysis to assess the effect of 

temperature and initial pH on two major outcomes, and they are hydrochar yield (HY) and 

phosphorus recovery (%). The range of temperatures applied experimentally was from 180℃ 

to 240℃, whereas the initial pH ranged from 8.32 to 2.25 by acid modification. Meanwhile, 

the hydrochar yield and P-recovery data were determined experimentally from the HTC runs 

performed previously. The total number of runs included in this study is 72 runs. The results 

of the regression analysis are summarized in the equations and their corresponding tables 

below. 

Table 7-1: Hydrochar Yield results of regression analysis 

HC Yield (%) = 0.8310 - 0.001639 Temperature - 0.01299 pH 

Term Coef SE Coef T-Value P-Value VIF 

Constant 0.8310 0.0996 8.34 0.000   

Temperature -0.001639 0.000462 -3.55 0.001 1.00 

pH -0.01299 0.00434 -2.99 0.004 1.00 

 

Table 7-2: P-recovery results of regression analysis 

P_recovery (%) = 0.607 - 0.00010 Temperature - 0.0175 pH 

Term Coef SE Coef T-Value P-Value VIF 

Constant 0.607 0.272 2.23 0.029   

Temperature -0.00010 0.00126 -0.08 0.937 1.00 

pH -0.0175 0.0119 -1.48 0.144 1.00 
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The results show a significant effect of temperature and pH on the hydrochar yield since the 

calculated P-values were less than 0.005. The negative effect of both temperature and initial 

pH on HY (%) was deduced from the negative coefficients of both parameters, which show 

that an increase in temperature and/or an increase in the pH of the initial sample reduces the 

hydrochar yield of the HTC of dairy sludge.  

However, for P-recovery, the effect of temperature and initial pH on the output was less 

significant (P>0.005), which shows that there is no direct influence of temperature and initial 

pH on P-recovery. The contour plots for both correlations are provided below. 

 

Figure 7-1: Contour plot of HY (%) vs pH and Temperature 
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Figure 7-2: Contour plot for P-recovery vs pH and temperature 

According to these plots, the highest hydrochar yields could be obtained at relatively mild HTC 

conditions of temperature and initial pH, and this can be explained by the positive effect of 

both parameters on the decomposition reactions, which eventually reduce the hydrochar yield. 

On the other hand, the effect of temperature on P-recovery seems less significant than that of 

initial pH, where between a pH pf 3-4 and a pH of 6-7, relatively high P-recovery rates are 

obtained. This explains the lack of a direct significant relationship between pH and P-recovery. 

Unlike hydrochar yield, P-recovery is subject to many factors that define its rate, including the 

amount of solid retrieved at the end of the process and the species of P present in the initial 

feedstock.  

This result can mean that neither of the two factors (temperature and pH) possesses a direct 

singular influence on P-recovery, whereas a combined influence of both parameters, along with 

other factors could be a more realistic scenario. For this reason, a third factor is introduced in 

the analysis, and that is the type of pre-treatment of the dairy sludge sample. Two different 

treatment types are chemical treatment and biological treatment, the first of which includes the 

addition of chemical coagulants such as aluminum and ferric salts to remove pollutants and 
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reduce the organic content, whereas the second involves the application of enhanced biological 

phosphorus removal (EBPR) technique. 

For further assessment, the Node CART© regression model, which builds upon the 

effect of each parameter- taken as a category- to create a decision tree that allows 

for the prediction of the process responses, was developed. For hydrochar yield, the 

relative importance of the treatment type is much higher than that of pH, whereas 

the relative importance of temperature was not significant enough to be part of the 

decision tree. Meanwhile, for P-recovery, the CART© regression analysis revealed 

the dominance of pH as the most important variable influencing the outcome, 

followed by temperature and treatment type. These results reveal the influence of 

initial pH on P-recovery, which can be explained by the effect of pH on reactions 

influencing the transformation of P during HTC. At acidic conditions, more P is 

dissolved leading to the formation of readily available P that can be retrieved in the 

liquid product rather than the hydrochar. This eventually leads to a significant 

reduction in P-recovery from hydrochar. This effect is comparable to the effect of 

temperature on hydrochar yield, which is directly negative as shown in Table 7-1. 
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Figure 7-3: Relative variable importance for HC Yield (%) 

 

Figure 7-4: Relative variable importance for P-recovery 
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An optimal tree degree of hydrochar yield as a response to pH, temperature and 

treatment type is plotted, and different scenarios of optimality are presented. The 

optimal tree diagram allows for pre-planning of experiments by introducing 

pathway scenarios for the reaction outcomes based on different combinations of 

input parameters. The optimal tree diagram for hydrochar yield is shown in Figure 

7-5. 

 

Figure 7-5: Optimal Tree Diagram for HC Yield 

The first set of data is divided based on initial pH, where the first pathway refers to acidic 

reaction conditions with pH below 2.8. At this condition, the higher average hydrochar yield is 

achieved for temperatures below 210℃, which is expected due to the effect of temperature on 

hydrochar yield. In the same division, at pH above 2.8, the effect of treatment type becomes 

significant. Higher hydrochar yields are achieved from chemically treated sludge compared to 

biologically treated sludge, and this can be explained by facilitated HTC reactions for 
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chemically treated sludge. This suggestion can be confirmed by the results of the kinetic studies 

for both types of sludge. For biologically treated sludge, the effect of temperature on hydrochar 

yield is significant, as for temperatures below 190℃, the hydrochar yield was higher than that 

at temperatures above 190℃, which were influenced by initial pH, with acidic pH leading to 

higher hydrochar yields at this temperature. The choice of the parameter combination depends 

on the ultimate target of the process. For instance, if the target is to achieve higher hydrochar 

yields, three separate scenarios can be followed: 

Table 7-3: Optimal Scenarios for hydrochar yield 

Scenario Temperature (℃) pH Treatment 

1 <210 <2.875 B/C 

2 <190 >2.875 C 

3 >190 <6.46 C 

 

Similarly, a 3-node CART© optimal tree was produced from the results of the P-recovery data, 

as shown in the figure below. The tree confirmed the significance of treatment type on P-

recovery results, where biological pre-treatment allowed for a higher mean of P-recovery 

(77%) compared to P-recovery from hydrochars of chemically treated sludge. This result can 

be interpreted in one of two routes, the first of which stems from the higher organic content of 

biologically treated sludge, which hints to a higher percentage of organic P that can be 

decomposed and retrieved in the hydrochar. Whereas the second explanation stems from the 

higher calcium (Ca) content expected in the biologically treated dairy sludge, which can lead 

to the formation of apatite P, a more stable form of P that is concentrated in the hydrochar. 

Furthermore, an optimal scenario for achieving high P-recovery rates (89%) included an 

operation at acidic conditions (pH=2) compared to lower P-recovery from HTC at higher values 

of initial acidity. The effect of temperature was not accounted for in P-recovery optimization 

scenarios due to the absence of direct influence of temperature on P-recovery. 
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Figure 7-6: Node CART© Tree for P-recovery from HTC 

7.2. Kinetics for P-change during HTC of dairy sludge 

7.2.1. Theoretical Background 

Understanding the kinetics of HTC reactions remains an under-study field, mainly due to the 

complexity of the involved reactions and the difficulty for full detection of their dynamics 

during the experimental runs, which should always be under autogenous pressure (D Jung & 

Kruse, 2017). As defined previously, the main five reactions occurring during HTC are 

hydrolysis, dehydration, decarboxylation, condensation polymerization and aromatization. The 

two major reactions influencing the quality and composition of HTC outcomes are hydrolysis 

and polymerization. Even though both reactions are studied extensively, the difficulty of 

defining full-scale kinetics of the HTC reaction remains persistent due to the interference of 
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the reactions within a fixed time frame. Therefore, different studies approached the kinetics of 

HTC from different perspectives. The dominant approach in literature was targeting HTC in a 

one-block-reaction manner, which involves assessing certain properties in the material before 

and after HTC without investigating the intermediate reactions (Lucian et al., 2019). In general, 

this approach defines biomass in terms of its constituents, such as cellulose and hemicellulose, 

which are adopted as starting points with defined chemical and physical properties. From this 

starting point, the kinetics of HTC is usually defined in terms of first-order degradation 

reactions, where kinetic constants and activation energies are calculated based on experimental 

data (Reza, Yan, et al., 2013). The “lump” model involves a series of simplification 

assumptions that are necessary to frame the reaction pathway to allow for calculations and 

integration of experimental data. For instance, Ischia et al. (2022) developed the kinetic model 

for the HTC of glucose by defining the final liquid product as acetic acid, levulinic acid and 

formic acid, exclusively (G Ischia et al., 2022). Despite the dominance of these acids in the 

products of glucose decomposition, the assumption that each decomposition step was occurring 

separately without any influence from other on-going reactions, was necessary to reduce the 

complexity of the model. A similar pathway was adopted by Yang et al. (2022) during the HTC 

of kitchen waste, where the initial feedstock was defined as a “carbohydrate”, whereas the 

liquid product was defined in terms of furans, which is one of many constituents of the HTC 

liquid product (G. Yang et al., 2022). Another approach for defining HTC kinetics is tracking 

the path of a specific property in the initial material after HTC. Gallifuoco et al. (2018) studied 

the kinetics of HTC of biomass through the change in carbon concentrations between the initial 

sample and the final product at the end of the reaction (Gallifuoco & Di Giacomo, 2018). 

7.2.2. MATLAB Input 

The approach adopted in this study is similar to that presented by Gallifuoco et al. (2018), with 

the main parameter of focus being P concentration instead of C concentrations (Gallifuoco & 

Di Giacomo, 2018). The idea behind this scheme is to assess the changes in P transformation 

in the solid phase by defining two separate “forms” of P, and they are feedstock-P (P0) and 

hydrochar P (PHC). The steps applied adhere to the standard procedure proposed by Ischia et 

al. (2021), which includes collecting experimental data at different key variables, followed by 

hypothesizing a reaction mechanism, which is utilized to fit the experimental data to obtain 

best reaction rate values used to calculate the parameters of the Arrhenius equation (Giulia 

Ischia & Fiori, 2021). P is assumed to transform through HTC from P0 to PHC, and similar to 
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previous studies, the mechanism of transformation is assumed to be a first-order reaction 

(reference). To account for the change in P concentration over the duration of the HTC reaction, 

a real-time sampling configuration is introduced to the 970 mL PARR 4523 reactor. Through 

a liquid sampling valve, samples are collected every 20 minutes after reaching the temperature 

set point specified for the run. These samples are majorly a slurry including a dominant liquid 

phase with some wet solids. After centrifuging for 5 min at 5000 rpm, the liquid portion is 

retrieved, while the solid samples are left to dry in the oven at 105℃ for 24 hours. This 

procedure is performed in duplicates from the sampling point to the drying step. The samples 

from the liquid and solid phases are then stored in a specific fridge and prepared for ICP-OES 

analysis. The solids undergo solid-liquid extraction with 3.5M HCl for 24 hours in a 1:20 ratio, 

while the liquids are directly diluted with 1M HNO3 and filtered using 0.2µm filters before 

analysis. The results of the ICP-OES are used to calculate the initial P concentrations found in 

the samples. 

Since the reaction time was fixed to 2hrs, each run produced a total of 14 real-time samples 

referring to the following time points (0, 20, 40, 60, 80, 100, 120). The procedure was repeated 

for the following conditions to account for the effect of treatment type and temperature on the 

P distribution in the real-time samples. 

Table 7-4: Operating conditions for chosen input points for MATLAB fitting model 

Run Treatment Temperature (℃) 

1 C 180 

2 C 240 

3 B 180 

4 B 240 

 

The concentrations of P vs. time data were used as an input to a MATLAB© code developed 

for calculating the kinetic parameters of each run. The code was built around the “lsqcurvefit” 

function, which adopts experimental data to fit the rate equation and calculate its two main 

parameters: the reaction constant (k) and the reaction order (a). As mentioned previously, the 

reaction of formation of PHC is adopted from previous literature and modified in the following 

form. 
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PHC=P0×(1-e-kt) 

To begin with, the structure of the code was divided among 4 parallel pathways, each 

corresponding to the experimental data collected from each run specified in the table above. 

The “lsqcurvefit” requires an initial assumption of the target parameters, which was adjusted 

to find the best configuration for each dataset. The time array of the experimental data was 

transformed from minutes to seconds in order to ensure consistency of units. Furthermore, P 

concentrations were calculated from the initial ICP-OES results (mg/kg) to mol/L by utilizing 

the density of the hydrochars and the molecular weight of P. Beyond that, a separate function 

was defined for each data set followed by a “model” function, which uses the calculated (k) 

and (a) to re-define the P concentration data based on the best-fit model. Finally, plots including 

the experimental data and model data are executed to visualize the accuracy of the predicted 

models. 

In addition to that, the values of (k) and (a) are used to calculate the activation energy of the 

HTC reactions in terms of P changes. This is performed by the help of the Arrhenius equation 

and the varying reaction temperatures of the HTC reaction: 

k=Ae
-Ea
RT  

7.2.3. MATLAB outcomes 

The results of the MATLAB code are provided below. 

Table 7-5: Outputs for model MATLAB HTC reaction kinetics 

Sample Order k (mol/L.s) Ea (J/mol) 

C-DPW-180-8.32 0.7881 0.0001743 
48344 

C-DPW-240-8.32 0.8434 0.0007816 

EBPR-DPW-180-8.32 0.8365 0.0013 
87188 

EBPR-DPW-240-8.32 0.8766 0.019 
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Figure 7-7: Experimental and model plots of PHC vs. time (sec) for (a) C-DPW-180-8.32 (b) 

C-DPW-240-8.32 (c) EBPR-180-6.69 (d) EBPR-240-6.69 

The results of the fitting models show that for chemically treated sludge and biologically 

treated sludge, the order of the reaction ranged from 0.78 to 0.87, which is near the expected 

value of 1 reported in literature (Lucian et al., 2019). The first-order HTC kinetics reflects the 

macro-scale perspective in modelling HTC reaction kinetics. The reaction constant for the 

reaction occurring at T=180℃ was less than that performed at T=240℃ for both types of dairy 

sludge, which is expected due to the catalytic effect of temperature on the hydrolysis reactions, 

which are the backbone of the HTC reactions.  

Other studies reported higher reactor orders for HTC of other types of feedstocks. Jung et al. 

(2018) revealed that first-order reactions fail to describe the reactions beyond hydrolysis during 

HTC, which requires higher-order reactions (Dennis Jung, Zimmermann, & Kruse, 2018). This 

was explained by other studies as a reflection of the polymerization reactions, which is usually 

described as second-order kinetics (Giulia Ischia & Fiori, 2021). However, since the operating 
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temperatures of the HTC experimental runs did not exceed 240℃ and the residence time did 

not extend beyond 2 hours, then the dominance of hydrolysis and other decomposition 

reactions on the overall reaction kinetics is most likely unmatched, which justifies the near 1 

reaction order calculated above. 

The calculated activation energy for the reactions involving both types of dairy sludge revealed 

values that fell within the expected range of HTC activation energy, as specified in literature 

(Reza, Yan, et al., 2013). For instance, Danso-Boateng et al. (2013) performed a kinetic study 

on the HTC of primary sewage sludge with first-order reaction kinetics, and they calculated an 

activation energy of 70 kJ/mol, which is higher than that for chemically treated dairy sludge 

(48 kJ/mol) (Danso-Boateng et al., 2013). Similarly, HTC of coconut fibers was found to have 

an activation energy of 67.5 kJ/mol (Z. Liu & Balasubramanian, 2012), whereas the activation 

energy of HTC of lignocellulosic material ranged between 30 and 73 kJ/mol (Reza, Yan, et al., 

2013). Therefore, HTC of chemically treated dairy processing sludge experiences faster 

decomposition and transformation rates compared to other industrial and agricultural wastes. 

It was also noticed that the HTC of biologically treated sludge required higher activation energy 

from that of chemically treated sludge, which hints to a slower HTC reaction for biologically 

treated sludge. The significance of these results lies in the ability of the model to provide 

acceptable values of reaction constants derived from solid data such as the concentration of a 

specific element at both sides of the reaction. Furthermore, having P as the building block for 

the kinetic model allows for further investigation of the mechanisms of nutrient recovery from 

the thermochemical treatment of waste. 

The outputs of the MATLAB model were used as input for the model developed to scale up 

the HTC process as explained below. 

7.3. HTC Simulation 

7.3.1. Model Design 

To take the experimental outcomes of the laboratory HTC experiments one step further, a 

scaling-up model was developed by the aid of SuperPro Designer software, which is a product 

of Intelligen©. The software aims at facilitating the modelling, evaluation and optimization of 

processes related to a wide range of industries, mainly the pharmaceutical and biotechnology 

fields. However, the software allows for modelling thermochemical processing on industrial 

scales through batch or continuous modes. 



147 

 
 

 

To set up the model, a continuous flow mode is applied, and the elements involved in the 

reaction are defined as follows: 

1. Dairy Processing Waste (DPW) is defined as a modification of the “Biomass” pure 

component, which is a pre-defined pure component designed to account for biomass 

samples. The modifications for the DPW were adopted from the physical and chemical 

properties of the sludge samples measured in the laboratory experiments. For instance, the 

density of the hydrochar was adopted as an average value from previous literature, and it 

was found to be between 950 and 1050 g/L (Ashekuzzaman et al., 2019). Similarly, the 

specific heat capacity of DPW was adopted within a range of values corresponding to dairy 

effluents from literature, and this value ranged between 1500 and 1925 J kg-1K-1 

(Sutitarnnontr, Hu, Tuller, & Jones, 2014). Finally, the heat of formation of DPW was 

calculated from the elemental composition and introduced as is to the software. These 

values are utilized through the reaction kinetics to calculate the energy and material cost of 

the HTC reaction. 

2. “Hydrochar” is defined as a modification of “Biochar” pure component, which is another 

pre-defined component in the SuperPro library. Similar to the DPW, the modifications that 

define the hydrochar are adopted from analytical results. (values of density and specific 

heat). For both components, the chemical formula is defined empirically based on the data 

from the CHN analysis, as shown in table 7-6. The selling price of hydrochar is adopted 

from previous literature and considering the inflation trends with the progress of time 

(Lucian & Fiori, 2017), this value was fixed at a value of $350/ton (González-Arias, Baena-

Moreno, Sánchez, & Cara-Jiménez, 2021). Finally, the heat of formation of hydrochar is 

adopted from the heat calculations derived from the elemental analysis performed 

previously. 

3. The liquid product was defined as acetic acid, which is defined in literature as one of the 

dominant species in the liquid product mixture (Lynam, Reza, Vasquez, & Coronella, 

2012). This configuration is open for adjustment once the accurate composition of the 

liquid product obtained from experimental HTC runs is obtained in further research. The 

liquid product would also include water, which is included in the input and retrieved in the 

liquid product fraction. 
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4. The final product of HTC is the gaseous product, which is usually a mixture of CO2, CH4 

and other gases. N2 and O2 are pre-defined gases in the run, and their composition is 

minimal as they are not the major constituents of the HTC gases. The dominant gas 

produced by HTC is CO2, as shown in previous studies (McGaughy & Toufiq Reza, 2018). 

5. The operational unit used in the model is a continuously stirred reactor (CSTR), which is a 

perfect model of the PARR reactors, and the capacity of the reactor was defined by a 

random and adjustable average that mediates between laboratory and large-scale 

production, as shown in Figure 7-10. The whole process includes two operational units, 

starting with a feed pump designed to transfer the feedstock (DPW + water) to the HTC 

reactor, which is the second unit defined in the design. The specifications of the HTC 

reactor are defined in Table 7-7. The HTC reaction is defined as the reaction of 

transformation of DPW into its corresponding products using an empirical formula defined 

after balancing as shown below. The stoichiometric coefficients were adjusted to maintain 

a near-first order transformation from dairy processing waste to hydrochar. The inclusion 

of CO2 and methane are representations of the major fraction in the gaseous product. 

 

Figure 7-8: Reaction molar stoichiometry 

7.3.2. Model Outcomes 

The kinetics of the reaction are adopted from the results of the MATLAB fitting model, 

particularly the reaction rate constant and the activation energy. These values are inserted into 

the reaction rate law constants provided in the SuperPro reaction setup. Based on these inputs, 

the outputs of the HTC reaction occurring within the CSTR unit are expressed in the output 

stream compositions shown in Figures 7-11 and 7-12. The results reveal a hydrochar yield of 

around 72%, which is expected based on previous laboratory results. Lucian et al. (2021) 

reported a hydrochar yield of 67% starting from an input of 1000 kg of digested sludge (Lucian 

et al., 2021). Similar values were also reported in different experimental designs and scaling-

up attempts (Heidari, Norouzi, Salaudeen, Acharya, & Dutta, 2019). Meanwhile, in the liquid 

product stream, the two main components are acetic acid and water, whereas the gaseous 

product consists mainly of CO2 and CH4. Furthermore, based on the mass balance calculations, 
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P-recovery from each batch run of HTC was found to be 95%, with the majority of P being 

retrieved from the solid hydrochar stream. The results showed that around 37 tons of P could 

be recovered annually from the hydrochar produced from HTC of DPW. Lucian et al. (2021) 

modelled an industrial scale HTC process for the recovery of P from agro-industrial sludge. By 

adjusting the initial pH to drive more P into the liquid product, where struvite precipitation was 

applied to achieve P-recovery, the maximum P-recovery rate recorded was 85% (Lucian et al., 

2021). However, despite the higher recovery rate proposed in our model, the availability of P 

in the hydrochar remains questionable, which might necessitate further treatment to recover P 

in its readily available forms. 

The results of chapters 5 and 6 revealed that P-availability was dependent on the type of 

feedstock introduced. Chemically treated dairy sludge and its corresponding hydrochars 

contained higher H2O-P concentrations compared to biologically treated sludge. The 

concentration of H2O-P for the hydrochar produced at T=180℃ and pH = 8.32 was 5301 

mg/kg, which meant that the annual amount of readily available P recovered from HTC could 

reach up to 196.13 kg. Meanwhile, if the simulation was performed for operating conditions of 

220℃ and pH of 4.6, and assuming similar reaction kinetics, the quantity of H2O-P recovered 

annually from the HTC of dairy processing waste starting with 752 tonnes can be increased up 

to 2.58 tonnes of readily available P. Therefore, the recovery of readily available P from HTC 

of dairy waste on industrial scale can be enhanced by acid modification and a slight increase 

in operating temperature. 

The heat duty of the reactor unit in the SuperPro model was calculated to be 8.21 kW using 

high pressure steam as a heating agent to achieve the HTC operating temperature, whereas the 

calculated heat of reaction was found to be 1.6 MJ/kg. As shown in the heat calculations, the 

HTC performed at laboratory scale reflected an endothermic nature of the reaction, yet the heat 

of reaction in this model were significantly lower than that at laboratory scale. Therefore, we 

can deduce that an industrial-scale scenario of HTC reduces the energy cost of executing the 

HTC reaction. Merzari et al. (2018) calculated the heat of reaction for HTC of agave pulp, and 

the result showed an exothermic reaction with a -1 MJ/kg heat of reaction (Merzari, Lucian, 

Volpe, Andreottola, & Fiori, 2018). The endothermic nature of the HTC of dairy processing 

sludge could be attributed to the complex nature of dairy processing waste and the presence of 

organic matter which requires more energy to dissociate and hydrolyze.  
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Figure 7-9: Diagram for HTC reactor in SuperPro Designer 

Table 7-6: Empirical formulas for DPW and hydrochar 

Component C (%) H (%) N (%) O (%) C_ratio H_ratio N_ratio O_ratio 
Empirical 

Formula 

DPW 49.37 7.78 11.15 31.67 5.16 9.76 1 2.48 
C10H20N2O5 

     10.32 19.53 2 4.96 

Hydrochar 56.48 9.17 9.87 24.46 6.67 13.01 1 2.16 
C13H26N2O4 

     13.34 26.02 2 4.33 
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Figure 7-10: Inlet stream composition 

Table 7-7: HTC Reactor Unit R-101 Specifications 

Unit Specification Values 

HTC Reactor (R-101) Volume (m3) 11.058 

Height (m) 4.44 

Diameter (m) 1.79 

Material Stainless Steel 316 

Purchase Cost ($) 789,000 

Installation Cost ($) 236,700 

Maintenance Cost ($) 78,900 

Recipe cycle time (h) 22 
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Figure 7-11: Hydrochar stream composition 
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Figure 7-12: Liquor stream composition 
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Figure 7-13: Heat of Reaction (SPD) 

7.3.2.1. Optimal Reactor Design 

The calculated volume of HTC reactor in SuperPro Designer was 11 m3, which presents a 

design challenge in terms of heat transfer, operation, and maintenance. Therefore, a series of 

HTC reactors can be implemented to replace the single reactor model. One suggested model 

can include 4 units of 2500L batch reactors connected in parallel, with unique systems for 

feeding and extracting. A similar configuration was suggested by Zaccariello et al. (2022), 

where a scale up of laboratory results by a factor of 30 resulted in introducing a number of 

reactors in parallel, each having its own flow of input and output collection (Zaccariello, 

Battaglia, Morrone, & Mastellone, 2022). The configuration for each batch reactor must 

include a feeding pump, a heat exchanger for temperature control and a filtration unit. The solid 

outcomes from each batch reactor can be transferred to the same drying unit, whereas the liquid 

products can be collected in the same storage tank. The figure below presents a basic 

configuration of the 4 reactors in parallel configuration described above. 
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Figure 7-14: Alternative Scenario for HTC Industrial Scale Scenario 

7.3.2.2. Recycling Options 

Another aspect to optimize the simulation model targets the recovery and recycling of material 

and energy streams. Since HTC of dairy processing waste was proven to be endothermic, heat 

recovery from the reaction itself does not seem likely. Therefore, potential recovery can occur 

from other material streams, such as the gaseous mixture product. The simulation results reveal 

a total production of 222 kg of CO2 per batch. This amount can be recovered by applying 

capturing techniques such as absorption towers (Ochedi, Yu, Yu, Liu, & Hussain, 2021). The 

captured CO2 presents an environmental advantage by reducing the greenhouse gas emissions 

from the process, while presenting an economic asset that be sold or used for complementary 

industrial processes (Quadrelli, Centi, Duplan, & Perathoner, 2011). 

Another important input for recycling is the liquid product mixture, which consists mainly of 

water and acetic acid, as identified by the simulation design. The amount of water retrieved per 

batch was around 8 tonnes, which can be utilized in two potential recycling streams: 

1. Input to the new batch system, since water is added to adjust the moisture content of the 

dairy processing waste input. 

2. Input for cleaning in place (CIP) operations for feeding pumps, heat exchangers and 

filtration units. 

Finally, the liquid product mixture consists of 303 kg of acetic acid per batch of dairy 

processing waste. This quantity can either be stored for financial utilization, or utilized in the 

process for pH adjustment of parallel lines of HTC runs. 
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7.4. Heat Calculations 

7.4.1. Theory 

Assessing the heat dynamics of the HTC reaction can occur through two approaches, the first 

of which delves into the series of reactions involved within HTC. However, the drawbacks of 

this approach lie in the need to collect experimental data over several time phases during the 

HTC reaction, with the assumption that each phase corresponds to a specific 

decomposition/polymerization reaction. Yet, experience has shown that the chronological 

sequence of HTC reactions does not occur discretely, but rather the reactions are intertwined 

in terms of influence and timing. Therefore, a micro-scale approach for calculating the heat of 

the reaction will face the difficulties of accuracy in terms of data collection and discrete-

reaction assumption. The second approach for calculating the heat of the reaction is the macro-

scale approach, which focuses on the two ends of the HTC reaction, i.e., the input (feedstock) 

and output (products). This approach has been adopted by several studies on thermal treatment 

of biomass. Heidari et al. (2019) provided a strategy for calculating the heat of reaction for 

HTC of loblolly pine, which can be universalized for other types of feedstocks.  

The strategy develops around calculating the heat of the reaction from two properties of the 

materials involved in the HTC reaction, and these properties are the heat of combustion and 

the heat of formation. The heat of the reaction was calculated as follows (Heidari, Dutta, 

Acharya, & Mahmud, 2019): 

Heat of reaction=∆Hf products-∆Hf reactants 

The heat of formation is defined as “the heat evolved or absorbed when 1 mol of a compound 

is formed from its elements in their standard states at 298.16 K and 0 pressure”, according to 

Singh et al. (2000) (Singh, Kapoor, Mannan, & Kaur, 2000). On the other hand, the heat of 

combustion is the amount of energy released when a substance is burnt in the presence of 

oxygen (Knothe & Razon, 2017). The heat of combustion is often defined as the calorific value, 

or the higher heating value, which is either measured through calorimetry or calculated based 

on the elemental composition of the material. Different empirical correlations have been 

defined to calculate the heat of combustion of biomass from the composition of carbon, oxygen, 

nitrogen, and sulfur. Meanwhile, the heat of formation is a property of the material that is 

usually measured experimentally. However, Burnham et al. (2010) suggested a method to 

estimate the heat of formation of biomass materials in relation to the elemental composition, 
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moisture content and ash content (Burnham, 2010). The summarized empirical formula for 

estimating the heat of formation of biomass materials is provided below (Burnham, 2010). 

-∆Hf=∆Hc+327.4×C(wt.%)+1429.2×H(wt.%) 

For these calculations, the heats of formation of the dairy processing waste and hydrochars 

were estimated accordingly, whereas the values for the heat of combustion were already 

calculated in the elemental analysis results section. Based on these values, the heat of reaction 

of HTC is calculated according to the equation above. Also, the calculated heat of formations 

of the dairy processing waste and hydrochar are introduced to the scaling-up model applied 

through SuperPro modelling, as mentioned above. The heat of formations of the dairy 

processing waste and the corresponding hydrochar were -25.62 and -24.07 MJ/kg, respectively. 

Another important factor in defining the heat of the reaction is identifying the reactants and 

products of the HTC reaction. Since the adopted approach is macro-scale, no intermediates are 

assigned for in the reaction scheme. Also, to simplify the complexities of the HTC reaction 

mechanisms and the variability of its products, the following assumptions are made in 

compliance with previous suggestions from literature on similar HTC reactions. 

1. The liquid product is assumed to be acetic acid, which is expected to be the dominant 

component in the liquid product mixture (Yan et al., 2010). Therefore, the heat of formation 

of the liquid product is assumed to be that of acetic acid. 

2. The heat of formation of the gas product is neglected because the weight percentage of the 

total gas produced is below 10% for all reactions at different conditions. 

3. The heat of formation of water is neglected due to the presence of water at both ends of the 

reaction equation. 

Therefore, the simplified HTC reaction adopted for calculating the heat duties of the 

experimental runs becomes as follows. 

DPW (s/l)→HC(s)+Acetic Acid (l) 

According to this equation, the heat of the HTC reaction was calculated from the known heats 

of formation of the reactants and products. 
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7.4.2. Heat of reaction 

The main reaction in HTC is hydrolysis, which is defined as an endothermic reaction that 

requires energy to occur, and therefore the heat of reaction of a process involving hydrolysis is 

expected to be positive. However, reactions such as decarboxylation, dehydration and further 

decomposition of sugars are understood to be exothermic (reference). Furthermore, the 

degradation of sugars to produce intermediate compounds such as alcohols, phenols, and gases 

such as carbon dioxide, is understood to be exothermic due to the energy released during the 

breaking up of bonds (reference). Also, the thermodynamics of polymerization reactions are 

considered exothermic, especially for ring-opening polymerization reactions (reference). 

Therefore, most studies label HTC as an exothermic reaction, with the extent of exothermicity 

being dependent on the composition of the feedstock and reaction conditions. For instance, 

increasing reaction time allows for complete degradation of sugars, which increases the rate of 

exothermicity of the HTC reaction (B. Zhang et al., 2018). Similarly, increasing the reaction 

temperature was proven to have a positive effect on hydrolysis, which can increase the 

endothermicity of the HTC reaction. Rolland et al. (2020) studied the heat profile of HTC of 

microalgae and suggested that the exothermic nature of HTC is attributed to sustaining the 

reaction temperature beyond the temperature of hydrolysis, which enhances the consecutive 

exothermic reactions such as decarboxylation, dehydration, and polymerization to influence 

the total “exothermicity” of the process (Rolland et al., 2020). 

Funke et al. (2011) calculated the heat of HTC reaction for different pure feedstocks, including 

glucose, cellulose, and wood. At 240℃, the heat of reactions was fluctuating between -0.76 

and 1.07 MJ/kg, demonstrating the exothermic nature of HTC reaction (Funke & Ziegler, 

2011). Ramke et al. (2010) calculated the heat of reaction for HTC of different biomass at 

T=180℃, and the values were ranging from -4.3 to -5.7 MJ/kg (Ramke, Blöhse, Lehmann, & 

Fettig, 2010). Merzari et al. (2018) studied the HTC of different feedstock and reported a heat 

of reaction of -7.3 MJ/kg for organic municipal waste at temperature of 220℃ (Merzari et al., 

2018). On the other hand, Yan et al. (2010) reported a positive heat of reaction for hydrothermal 

carbonization of lignocellulosic biomass, with values ranging from 0.25 to 0.56 MJ/kg (Yan et 

al., 2010). The authors explained the endothermicity of the reaction by the dominance of 

hydrolysis at moderate reaction conditions, beyond which exothermic reactions such as the 

degradation of sugars dominate the HTC process (Yan et al., 2010). 
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The results of our heat calculations show that the HTC reaction is endothermic, with the heat 

of reaction calculated to be 2.58 MJ/kg, which is higher than the values reported above in 

literature. This result proves the dominance of hydrolysis among HTC reactions at mild 

conditions, which was suggested previously as the reason behind the endothermic nature of 

HTC (Kunihisa & Ogawa, 1985). The increased value of reaction heat can be attributed to the 

complex structure of dairy processing waste compared to lignocellulosic feedstocks with 

defined compositions. 

To calculate the quantity of heat transferred to the material inside the reactor, the following 

equation for conduction heat transfer is applied: 

Q=
k×A×t×∆T

l
 

Where k represents the thermal conductivity of the material (W/m.K), A is the surface area of 

the reactor body, t is the time needed to achieve heat transfer, ΔT is the difference in 

temperature and l is the thickness of the material. Thermal conductivity, surface area and 

thickness are obtained from the specs of the PARR reactor used in the experimental runs, 

whereas the change in temperature and time needed for heat transfer are manually defined by 

the user. The result of this calculation revealed a heat transfer of 0.195 MJ/kg for the 970 mL 

reactor based on the real-time energy consumption data collected during the reaction. 

 

7.5. Scaling up 

7.5.1. Strategy 

Scaling up the HTC laboratory process is a necessary step to facilitate the design of industrial 

scale applications of the process. To begin with, the scaling-up of thermochemical treatment is 

launched by defining the process flow diagram suggested for the specified reaction, in addition 

to calculating the mass and energy balances involved in the reaction. Several strategies for 

HTC scaling up have been reported in literature, but in general the main procedure for scaling 

up HTC from laboratory to industrial scale frameworks has been summarized by Piccinno et 

al. (2016). The authors suggested a multi-step procedure for developing a scale-up framework, 

with the first step consisting of data collection from laboratory experiments. These data are 

utilized to design a simple flow diagram involving all the steps involved in the HTC scheme, 
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which will be scaled up consecutively by using empirical correlations and scaling factors 

calculated according to the final volumes targeted (Piccinno, Hischier, Seeger, & Som, 2016). 

The first step in the scaling up strategy is designing a flow diagram involving the necessary 

utilities to achieve the desired process. In general, an HTC process consists of four main units, 

the most significant of which is the reactor unit, where the actual reaction occurs. Preceding 

the reactor unit, a feeding unit is necessary to transfer and adjust the feedstock to satisfy the 

requirements of the reaction. Following the reactor unit, a separation unit is required to separate 

the solid (hydrochar) from the liquid product. Finally, a storage unit consisting of a dryer and 

storage tank is added to collect the dry hydrochar and the liquid product separately. 

7.5.2. Process flow diagram 

The design of an industrial scale HTC process proceeds by defining the elements involved in 

each step in the procedure suggested by Piccinno et al. (2016). For step 1, the experimental 

data collected from laboratory experiments include hydrochar yield, mass balances, energy 

balance, heat of reaction, P-recovery, and COD. These properties are chosen to be included in 

the scale-up correlations applied later, in addition to defining the compositional properties of 

the feedstock and products. For step 2, a process flow diagram is designed including the main 

units involved in the HTC process, as well as the input and output flow streams. The schematic 

illustration of the process flow diagram is provided below. 

 

Figure 7-15: Process flow diagram for suggested HTC scale up 

The input for this schematic flow diagram is calculated from the correlations adopted from 

Piccinno et al. (2016), as well as thermodynamic correlations for energy calculations. The 
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correlations for scaling up the HTC process are presented in the table below. It is worth noting 

that these correlations are derived from empirical data including scaling up factors for chemical 

reactions, and their applicability was proved in literature for different reactions (Piccinno et al., 

2016). The assumption for scaling up was a feedstock input of 1900 kg, which is similar to the 

SuperPro Designer feedstock input. 

Table 7-8: Empirical Correlations for energy calculations during scaling up 

Property Equation Reference 

Heat in 
Q

in
=

k×A×t×∆T

l
 

(Piccinno 

et al., 

2016) 
Cooling energy Q

cooling
=m'×cp×∆T 

Heat of reaction 
Q

rxn
=

cp×mmix×(Trxn-298.15)+3.303×(Trxn-298.15)×t

0.75
 

Energy for drying 
Q

dry
=

cp,liq×mliq×(Tboil-T0)+∆Hvap×mvap

0.8
 

Feeding Pump 

Energy 

Q
pump

=55×mfeedstock 

Filtration 1-10 kWh/ton of dry material 

 

 

7.5.3. Scale up results 

The results of energy calculations for the proposed scale up are presented in the table below. 

Table 7-9: Scaling up calculations and factor 
 

Before Scale 

up 

After Scale up 
 

Energy Type Value (MJ/kg) Value (MJ/kg) Factor 

Q_reaction 2.579 0.863 0.334 
    

Q_drying 1.027 0.152 0.148 
    

Q_pump N/A 55 N/A 
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Q_heating 0.1953 0.033 0.167 
    

Q_cooling N/A 195.083 N/A 

 

Assuming a single reactor in the scaling up scenario summons several errors and impracticality, 

and therefore, the calculations for heating the large-scale reactor are abandoned in favor of a 

more realistic scenario involving a series of reactors connected in series. 

7.6. Simulation outcomes 

Statistical analysis of experimental data confirmed the negative effect of temperature on 

hydrochar yield, whereas the effect of parameters on P-recovery from hydrochar after HTC 

was less significant. A Node CART regression analysis was performed, and the results revealed 

three optimal scenarios for hydrochar yield depending on treatment type, initial pH and 

temperature. Beyond that, a kinetic model for P transformation during HTC was designed, and 

the results revealed first-order reaction kinetics with activation energy compatible with those 

reported for industrial wastes. The kinetic data was utilized as input for an industrial scale 

simulation using SuperPro Designer, and the outcomes included a hydrochar yield of 72% and 

a P-recovery rate of 95% with 37 tonnes of P recovered annually from an input of 752 tonnes 

of dairy processing waste treated annually. Finally, a scaling up strategy was developed to 

simulate a theoretical industrial scale HTC with similar mass input, and the results revealed a 

scale up factor of less than 0.5 for heat duties compared to laboratory scale results. The 

empirically calculated value of heat of reaction was similar to that calculated in the SPD 

simulation design. 

8. Chapter 8: Conclusions and Recommendations 
All in all, the above thesis tackled the application of hydrothermal carbonization (HTC) as a 

thermochemical treatment technique for P-recovery from dairy processing waste (DPW). Two 

types of DPW were studied for HTC at varying conditions of temperature and initial acidity, 

and the products were studied to assess the effect of HTC on DPW, the influence of operating 

parameters on HTC and the extent of P-recovery from the products of HTC of DPW. 

The results of this study revealed that HTC enhanced the P concentrations in hydrochars. The 

produced hydrochars at varying conditions of temperature and initial pH met all the 
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requirements for solid organo-mineral fertilizers as specified in PFC 1(B)-(I) of EU Regulation 

1009/2019, except for the concentration of chromium (Cr). The major portion of Cr retrieved 

in the hydrochars was hexavalent chromium (Cr VI), which defines the hydrochars as potential 

suitors for heavy metal removal from soil applications. Optimal conditions for P-recovery were 

recorded at T=200℃ and pH=4.6. The effect of operating parameters on hydrochar yield and 

P-recovery was established, and optimal combinations of the three factors (pre-treatment, 

temperature, and initial pH) were defined for P-recovery. The morphology of DPW and the 

hydrochars was studied, and the SEM images revealed a significant increase in porosity after 

HTC, which explains the higher capacity for P-retrieval and heavy metal removal. SMT 

fractionation demonstrated the dominance of inorganic P in the initial DPW samples, while 

HTC enhanced the transformation of organic P into inorganic P, in addition to the 

transformation of non-apatite inorganic P into the more stable apatite P. Elemental composition 

of the initial feedstock had a significant influence on the distribution of P fractions, with high 

Fe concentrations in the chemically treated sludge hindering the formation of AP, except for 

highly acidic conditions, unlike the biologically treated sludge where AP formation was higher 

due to the dominance of Ca in the feedstock composition. Therefore, HTC induced high P 

retention, but with lower P-availability. The comparison between biologically treated DPW 

and chemically treated DPW showed that EBPR hydrochars possessed lower ash content 

compared to chemically treated sludge hydrochars, and the COD recovery in the EBPR sludge 

was lower than that of chemically treated sludge. Therefore, EBPR DPW-based hydrochars 

possess better fuel qualities and slow-release fertilizer potential than C-DPW hydrochars, 

whereas the latter offers more readily available P and better pollutant-capturing properties. 

Finally, a modelling and optimization attempt was developed around the experimental results. 

Kinetics of HTC were simulated through MATLAB using real-time measurements of P 

concentrations over the course of the HTC reaction. The results revealed a reaction order near 

1, with a reaction rate constant fluctuating between 0.001 and 0.019 for chemically and 

biologically treated DPW, respectively. The kinetics data were used as input for an industrial 

scale simulation of the HTC process with an annual input of 752 tonnes of treated DPW. The 

results of this simulation demonstrated a P-recovery rate of 95%, coupled with a hydrochar 

yield of 72%, and the annual amount of recovered P was 37 tonnes. The feasibility of the 
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simulation was enhanced by replacing the single reactor configuration with a 4-2500L reactors 

in parallel operating simultaneously to achieve the above targets.  

To sum up, the research outcomes demonstrated the possibility of P-recovery from HTC of 

DPW, yet the produced hydrochars require further treatment to achieve full compliance with 

EU fertilizer regulations. The research concludes with a set of advantages proposed by HTC, 

and they include: 

1- Achieving high P-recovery rates at relatively mild operating temperatures 

compared to other thermochemical treatment techniques. 

2- Inducing the formation of stable AP with less energy cost compared to 

pyrolysis and combustion. 

3- Producing potential slow-releasing P fertilizer, which could also be utilized 

for heavy metal removal from soil applications. 

4- Feasibility of scaling up with the capacity to maintain high P-recovery rates. 

5- Extending the dimension of waste management to intersect with resource 

recovery. 

Future research is essential to complement the scene regarding the feasibility of P-recovery 

from the HTC of DPW. For this reason, several knowledge gaps are recommended for tackling 

in the near future, some of which are listed below. 

• Integration of P-availability in the definition and calculations of P-recovery to ensure 

more accuracy in assessing the fertilizer quality of the recovered P. 

• In-depth investigation of HTC reactions beyond hydrolysis towards a full and detailed 

kinetics model representing HTC reaction. 

Economic evaluation of P-recovery from HTC of DPW at industrial scales, including real-life scenarios. 

 

 

 

 



165 

 
 

 

9. References 
 

Ahmad, T., Aadil, R. M., Ahmed, H., ur Rahman, U., Soares, B. C., Souza, S. L., . . . 

Esmerino, E. A. (2019). Treatment and utilization of dairy industrial waste: A review. 

Trends in Food Science & Technology, 88, 361-372.  

Al-Shemmeri, T., Yedla, R., & Wardle, D. (2015). Thermal characteristics of various 

biomass fuels in a small-scale biomass combustor. Applied thermal engineering, 85, 

243-251.  

Al Arni, S. (2018). Comparison of slow and fast pyrolysis for converting biomass into fuel. 

Renewable Energy, 124, 197-201.  

Al Ramahi, M., Keszthelyi-Szabó, G., & Beszédes, S. (2021). Coupling hydrothermal 

carbonization with anaerobic digestion: an evaluation based on energy recovery and 

hydrochar utilization. Biofuel Research Journal, 8(3), 1444-1453.  
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A. Appendix A-Measurements and Calculations  

a. Hydrochar Yield & P-recovery results 

Table A-1: Hydrochar Yield & P-recovery data collection 

Treatment Temperature pH 
 

HC Yield (%) P_recovery (%) 

C 180 8.32 
 

41.24% 25.84% 

C 200 8.32 
 

40.81% 26.10% 

C 220 8.32 
 

48.13% 30.14% 

C 240 8.32 
 

47.89% 28.95% 

C 180 4.6 
 

62.09% 26.24% 

C 200 4.6 
 

55.31% 30.61% 

C 220 4.6 
 

48.67% 32.15% 

C 240 4.6 
 

47.52% 34.15% 

C 180 2.25 
 

66.27% 26.79% 

C 200 2.25 
 

57.95% 22.71% 

C 220 2.25 
 

45.53% 29.24% 

C 240 2.25 
 

39.40% 23.95% 

C 180 8.32 
 

52.87% 32.46% 

C 200 8.32 
 

38.60% 25.40% 

C 220 8.32 
 

28.22% 18.66% 

C 240 8.32 
 

26.67% 20.69% 

C 180 4.6 
 

40.29% 26.45% 

C 200 4.6 
 

41.32% 31.54% 

C 220 4.6 
 

46.61% 29.48% 

C 240 4.6 
 

29.04% 24.61% 

C 180 2.25 
 

54.26% 28.46% 

C 200 2.25 
 

46.79% 23.26% 

C 220 2.25 
 

40.95% 37.05% 

C 240 2.25 
 

35.70% 28.02% 

C 180 8.32 
 

55.24% 62.20% 

C 200 8.32 
 

46.78% 60.00% 
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C 220 8.32 
 

53.03% 70.55% 

C 240 8.32 
 

45.54% 53.53% 

C 180 4.6 
 

52.33% 63.31% 

C 200 4.6 
 

55.91% 73.97% 

C 220 4.6 
 

49.07% 53.25% 

C 240 4.6 
 

46.15% 41.40% 

C 180 2.25 
 

49.01% 33.68% 

C 200 2.25 
 

55.90% 47.82% 

C 220 2.25 
 

35.80% 31.01% 

C 240 2.25 
 

49.81% 52.12% 

C 180 8.32 
 

35.29% 55.69% 

C 200 8.32 
 

18.85% 33.76% 

C 220 8.32 
 

29.96% 24.00% 

C 240 8.32 
 

28.64% 51.92% 

C 180 4.6 
 

44.16% 27.67% 

C 200 4.6 
 

42.87% 29.95% 

C 220 4.6 
 

26.38% 9.34% 

C 240 4.6 
 

40.12% 53.23% 

C 180 2.25 
 

49.01% 33.68% 

C 200 2.25 
 

55.90% 47.82% 

C 220 2.25 
 

35.80% 31.01% 

C 240 2.25 
 

49.81% 52.12% 

B 180 6.69 
 

37.24% 67.62% 

B 200 6.69 
 

32.74% 70.77% 

B 220 6.69 
 

31.71% 68.55% 

B 240 6.69 
 

27.81% 65.54% 

B 180 3.5 
 

39.59% 72.16% 

B 200 3.5 
 

33.92% 69.73% 

B 220 3.5 
 

29.88% 70.23% 

B 240 3.5 
 

25.34% 54.95% 

B 180 2 
 

47.54% 86.74% 
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B 200 2 
 

59.50% 106.62% 

B 220 2 
 

52.66% 102.93% 

B 240 2 
 

47.71% 101.83% 

B 180 6.69 
 

44.55% 89.40% 

B 200 6.69 
 

36.50% 76.16% 

B 220 6.69 
 

32.80% 73.10% 

B 240 6.69 
 

29.98% 67.80% 

B 180 3.5 
 

39.46% 72.42% 

B 200 3.5 
 

34.12% 69.33% 

B 220 3.5 
 

40.62% 79.96% 

B 240 3.5 
 

38.54% 84.01% 

B 180 2 
 

51.23% 78.59% 

B 200 2 
 

40.80% 79.86% 

B 220 2 
 

39.47% 80.42% 

B 240 2 
 

35.71% 76.71% 

 

b. Hydrochar Yield Calculations 

Table A-2: Hydrochar Yield Calculations 

Run 1 

Sample Initial 

pH 

m_initial 

(g) 

m_final 

(g) 

HC Yield 

(%) 

Final 

pH 

HC-180-

8.32 

8.32 6.31 2.59 41.24 5.5 

HC-200-

8.32 

8.32 6.62 2.71 40.81 6.32 

HC-220-

8.32 

8.32 6.63 3.19 48.12 6.7 

HC-180-4.6 4.6 6.17 3.83 62.08 5.45 

HC-200-4.6 4.6 6.23 3.45 55.30 7.35 

HC-220-4.6 4.6 6.54 3.18 48.66 7.69 
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HC-180-

2.25 

2.25 6.38 4.23 66.27 4.59 

HC-200-

2.25 

2.25 6.49 3.76 57.94 4.64 

HC-220-

2.25 

2.25 6.63 3.02 45.53 7.29 

Run 2 

Sample Initial 

pH 

m_initial 

(g) 

m_final 

(g) 

HC Yield 

(%) 

Final 

pH 

HC-180-

8.32 

8.32 6.55 3.46 52.87 5.94 

HC-200-

8.32 

8.32 7.24 2.79 38.59 6.64 

HC-220-

8.32 

8.32 6.91 1.95 28.22 7.54 

HC-180-4.6 4.6 5.54 2.23 40.28 8.57 

HC-200-4.6 4.6 6.91 2.85 41.31 8.41 

HC-220-4.6 4.6 6.46 3.013 46.62 7.64 

HC-180-

2.25 

2.25 6.61 3.59 54.26 6.18 

HC-200-

2.25 

2.25 6.57 3.07 46.79 7.62 

HC-220-

2.25 

2.25 7.08 2.89 40.94 6.13 

Average 

Sample Initial 

pH 

m_initial 

(g) 

m_final 

(g) 

HC Yield 

(%) 

Final 

pH 

HC-180-

8.32 

8.32 
  

47.05 5.72 

HC-200-

8.32 

8.32 
  

39.71 6.48 
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HC-220-

8.32 

8.32 
  

38.17 7.12 

HC-180-4.6 4.6 
  

51.18 7.01 

HC-200-4.6 4.6 
  

48.31 7.88 

HC-220-4.6 4.6 
  

47.63 7.665 

HC-180-

2.25 

2.25 
  

60.26 5.385 

HC-200-

2.25 

2.25 
  

52.37 6.13 

HC-220-

2.25 

2.25 
  

43.24 6.71 

 

c. P-recovery calculations 

Table A-3: P-recovery calculations 

Run 1 

Sample Dry 

Weight 

(g) 

P 

(mg/kg) 

P(g) HC 

Weight 

(g) 

P-HC 

(mg/kg) 

P-HC (g) P-Recovery (%) 

HC-

180-

8.32 

5.75 57177.06 0.32 3.02 77784.7 0.23 71.64 

HC-

200-

8.32 

5.78 57177.06 0.33 2.71 88610.1 0.24 72.66 

HC-

220-

8.32 

5.69 57177.06 0.32 2.49 91912 0.23 70.62 

HC-

180-4.6 

5.32 57177.06 0.31 2.56 81205.9 0.21 68.42 
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HC-

200-4.6 

5.35 57177.06 0.31 2.90 83551.7 0.24 79.41 

HC-

220-4.6 

5.22 57177.06 0.29 2.66 91379.8 0.24 81.45 

HC-

180-

2.25 

5.32 57177.06 0.30 2.15 74933.9 0.16 52.97 

HC-

200-

2.25 

5.36 57177.06 0.32 3.11 61983.3 0.19 62.87 

HC-

220-

2.25 

5.33 57177.06 0.304754 3.38752 67822.7 0.229 75.38 

Run 2 

Sample Dry 

Weight 

(g) 

P 

(mg/kg) 

P(g) HC 

Weight 

(g) 

P-HC 

(mg/kg) 

P-HC (g) P-Recovery (%) 

HC-

180-

8.32 

5.66 57177.06 0.32 3.09 77784.7 0.24 74.47 

HC-

200-

8.32 

5.72 57177.06 0.32 2.75 88610.1 0.24 74.72 

HC-

220-

8.32 

5.69 57177.06 0.32 2.51 91912 0.23 70.63 

HC-

180-4.6 

5.25 57177.06 0.31 2.58 81205.9 0.21 69.87 

HC-

200-4.6 

5.41 57177.06 0.31 2.91 83551.7 0.24 78.68 
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HC-

220-4.6 

5.31 57177.06 0.31 2.64 91379.8 0.24 79.55 

HC-

180-

2.25 

5.39 57177.06 0.31 2.16 74933.9 0.16 52.64 

HC-

200-

2.25 

5.34 57177.06 0.31 3.10 61983.3 0.19 63.11 

HC-

220-

2.25 

5.37 57177.06 0.31 3.41 67822.7 0.23 75.38 

Average 

Sample Dry 

Weight 

(g) 

P 

(mg/kg) 

P(g) HC 

Weight 

(g) 

P-HC 

(mg/kg) 

P-HC (g) P-Recovery (%) 

HC-

180-

8.32 

5.705 57177.06 0.326195 3.06352 77784.7 0.238294984 73.05289509 

HC-

200-

8.32 

5.75 57177.06 0.328768 2.73394 88610.1 0.242254697 73.68558582 

HC-

220-

8.32 

5.69 57177.06 0.325337 2.5 91912 0.22978 70.62820001 

HC-

180-4.6 

5.285 57177.06 0.302181 2.573 81205.9 0.208942781 69.14496451 

HC-

200-4.6 

5.38 57177.06 0.307613 2.91015 83551.7 0.24314798 79.04357408 

HC-

220-4.6 

5.265 57177.06 0.301037 2.6518 91379.8 0.242320954 80.49534636 
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HC-

180-

2.25 

5.355 57177.06 0.306183 2.1578 74933.9 0.161692369 52.80903475 

HC-

200-

2.25 

5.35 57177.06 0.305897 3.1086 61983.3 0.192681286 62.988887 

HC-

220-

2.25 

5.35 57177.06 0.305897 3.40021 67822.7 0.230611423 75.38851916 

 

d. Van Krevelen Plot Input 

Table A-4: CHN Data input for Van Krevelen Plot 
 

% 
   

Sample C H N S O Ash HHV 

(MJ/kg) 

O/C H/C 

Dairy 

Sludge 

26.64 4.2 6.02 0.72 17.09 45.33 10.69 0.6415

2 

0.1576

6 

HC-180-

8.32 

19.99 3.12 3.72 0.39 8.7 64.08 7.5 0.4352

2 

0.1560

8 

HC-200-

8.32 

19.03 2.96 3.04 0.36 7.21 67.4 7.01 0.3788

8 

0.1555

4 

HC-220-

8.32 

18.52 3.07 2.82 0.34 8.11 67.14 6.95 0.4379 0.1657

7 

HC-240-

8.32 

15.11 2.3 2.16 0.28 7.09 73.05 5.29 0.4692

3 

0.1522

2 

HC-180-

4.6 

18.42 2.99 3.51 7.13 8.84 59.11 7.12 0.4799

1 

0.1623

2 

HC-200-

4.6 

16.75 3.22 2.98 6.6 5.29 65.17 6.62 0.3158

2 

0.1922

4 
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HC-220-

4.6 

16.36 2.75 2.92 7.36 10.03 60.57 6.34 0.6130

8 

0.1680

9 

HC-240-

4.6 

15.59 2.38 2.34 6.36 5.07 68.27 5.63 0.3252

1 

0.1526

6 

HC-180-

2.25 

19.85 3.18 3.99 10.46 12.28 50.25 7.94 0.6186

4 

0.1602 

HC-200-

2.25 

18.38 3.07 3.47 9.62 5.95 59.51 7.15 0.3237

2 

0.1670

3 

HC-220-

2.25 

18.07 2.7 3.03 10.23 9.09 56.87 6.91 0.5030

4 

0.1494

2 

HC-240-

2.25 

14.46 2.46 2.82 9.79 3.52 66.95 5.41 0.2434

3 

0.1701

2 

 

e. LCK345 Phenol Measurements 

Table A-5: LCK 345 Phenol measurement calculations 

Sample m (g) m_H2O 

(g) 

DF Phenols 

(mg/L) 

Phenols_Actual 

(mg/L) 

L-EBPR-180-6.69 

(1) 

0.4008 39.5852 0.0101 6.61 659.44 

L-EBPR-200-6.69 

(1) 

0.3981 39.6209 0.0099 8.28 832.34 

L-EBPR-220-6.69 

(1) 

0.3966 39.528 0.0099 8.48 853.65 

L-EBPR-240-6.69 

(1) 

0.3925 39.4608 0.0098 6.08 617.34 

L-EBPR-180-3.5 

(1) 

0.4043 39.4986 0.0101 5.92 584.28 

L-EBPR-200-3.5 

(1) 

0.3933 39.5524 0.0098 7.09 720.09 
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L-EBPR-220-3.5 

(1) 

0.3919 39.5411 0.0098139

4 

7.64 778.48 

L-EBPR-240-3.5 

(1) 

0.3855 39.4969 0.0096659

2 

7.11 735.5742257 

L-EBPR-180-2 (1) 0.3816 39.5954 0.0095454

9 

6.66 697.7117925 

L-EBPR-200-2 (1) 0.4074 39.6609 0.0101676

4 

9.94 977.6114433 

L-EBPR-220-2 (1) 0.3988 39.5154 0.0099914

3 

10 1000.857573 

L-EBPR-240-2 (1) 0.3908 39.5441 0.0097859

3 

8.9 909.4693193 

L-EBPR-180-6.69 

(2) 

0.3949 39.4217 0.0099179

7 

7.26 732.0043454 

L-EBPR-200-6.69 

(2) 

0.3899 39.4705 0.0097816

4 

7.78 795.3678174 

L-EBPR-220-6.69 

(2) 

0.3977 39.4681 0.0099759

7 

7.17 718.7271461 

L-EBPR-240-6.69 

(2) 

0.3861 39.4094 0.0097021 6.51 670.9886169 

L-EBPR-180-3.5 

(2) 

0.4015 39.4379 0.0100779

6 

6.76 670.7704707 

L-EBPR-200-3.5 

(2) 

0.4001 39.4752 0.0100337

8 

6.8 677.7106723 

L-EBPR-220-3.5 

(2) 

0.4033 39.347 0.0101458

4 

7.79 767.8027201 

L-EBPR-240-3.5 

(2) 

0.3994 39.2819 0.0100651

9 

6.78 673.6084477 

L-EBPR-180-2 (2) 0.3701 39.4366 0.0092974

3 

5.78 621.6771845 
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L-EBPR-200-2 (2) 0.4012 39.4081 0.0100780

5 

7.92 785.8665404 

L-EBPR-220-2 (2) 0.3932 39.2994 0.0099061

3 

7.9 797.4861139 

L-EBPR-240-2 (2) 0.3926 39.449 0.0098540

2 

6.04 612.9476923 

 

f. LCK014 COD measurements 

 

Table A-6: LCK014 COD measurement calculations 

Sample DF1 COD (mg/L) COD_Actual (mg/L) 

DS 0.0384012 282 7343.520324 

HC-180-8.32 0.04222093 276 6537.042792 

HC-200-8.32 0.04583838 282 6152.050145 

HC-220-8.32 0.03829042 280 7312.533476 

HC-240-8.32 0.03723213 272 7305.518307 

HC-180-4.6 0.04422965 255 5765.362889 

HC-200-4.6 0.04288385 227 5293.368633 

HC-220-4.6 0.03948833 250 6330.985171 

HC-240-4.6 0.0380334 271 7125.316357 

HC-180-2.25 0.03847663 257 6679.37984 

HC-200-2.25 0.04045487 249 6155.007258 

HC-220-2.25 0.03935133 273 6937.50394 

HC-240-2.25 0.03949068 261 6609.155199 

DS 0.0384012 282 7343.520324 

HC-180-8.32 0.04222093 280 6631.782543 

HC-200-8.32 0.04583838 285 6217.497486 

HC-220-8.32 0.03829042 280 7312.533476 

HC-240-8.32 0.03723213 271 7278.659783 

HC-180-4.6 0.04422965 248 5607.098025 
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HC-200-4.6 0.04288385 245 5713.107115 

HC-220-4.6 0.03948833 266 6736.168222 

HC-240-4.6 0.0380334 275 7230.487078 

HC-180-2.25 0.03847663 273 7095.216717 

HC-200-2.25 0.04045487 264 6525.790828 

HC-220-2.25 0.03935133 279 7089.976555 

HC-240-2.25 0.03949068 267 6761.089802 
    

EBPR Sludge 0.10330492 1622 15701.09179 

HC-EBPR-180-6.69 0.10242948 1055 10299.76967 

HC-EBPR-200-6.69 0.10378597 1050 10116.97399 

HC-EBPR-220-6.69 0.10360965 1794 17314.98915 

HC-EBPR-240-6.69 0.09805199 891 9087.016165 

HC-EBPR-180-3.5  0.09952626 902 9062.934656 

HC-EBPR-200-3.5 0.10355377 1785 17237.42201 

HC-EBPR-220-3.5 0.09911987 1196 12066.19774 

HC-EBPR-240-3.5 0.10333795 793 7673.850923 

HC-EBPR-180-2  0.09172314 734 8002.342615 

HC-EBPR-200-2 0.10424877 948 9093.63221 

HC-EBPR-220-2 0.10344862 1083 10468.96477 

HC-EBPR-240-2 0.10177646 1182 11613.68772 

HC-EBPR-180-6.69 (2) 0.10276545 1063 10343.94382 

HC-EBPR-200-6.69 (2) 0.10166869 1025 10081.76667 

HC-EBPR-220-6.69 (2) 0.09515174 1762 18517.78986 

HC-EBPR-240-6.69 (2) 0.10326928 892 8637.612019 

HC-EBPR-180-3.5 (2) 0.09284871 918 9887.051956 

HC-EBPR-200-3.5 (2) 0.05415507 1764 32573.13051 

HC-EBPR-220-3.5 (2) 0.05437973 1224 22508.38561 

HC-EBPR-240-3.5 (2) 0.08988499 758 8432.998939 

HC-EBPR-180-2 (2) 0.08975732 735 8188.746986 

HC-EBPR-200-2 (2) 0.07683147 941 12247.58616 
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HC-EBPR-220-2 (2) 0.06686385 1090 16301.78364 

HC-EBPR-240-2 (2) 0.10230365 1184 11573.38927 

 

g. SMT Protocol Calculation Sheet 

Table A-7: P-mass balance calculations for SMT fractionation 

Sample m (g) TP 

(mg) 

OP 

(mg) 

OP 

(%) 

IP 

(mg) 

IP (%) AP 

(mg) 

AP 

(%) 

NAIP 

(mg) 

NAIP 

(%) 

EBPR-1 27.415

8 

1240.7 64.7340

7 

5.22% 1227.3

6 

98.92% 532.834 43.41

% 

521.88151 42.52% 

HC-1 10.210

2 

763.26

5 

9.57237

1 

1.25% 803.87 105.32

% 

314.507 39.12

% 

333.29781 41.46% 

EBPR-2 28.981

8 

1311.5

7 

68.4317

1 

5.22% 1297.4

6 

98.92% 563.27 43.41

% 

551.69156 42.52% 

HC-2 9.4877

4 

849.29

6 

19.6337

3 

2.31% 891.00

5 

104.91

% 

262.375 29.45

% 

358.44588 40.23% 

EBPR-3 27.837 1259.7

6 

65.7286

1 

5.22% 1246.2

1 

98.92% 541.02 43.41

% 

529.89939 42.52% 

HC-3 8.8263

7 

816.82

6 

23.8514

9 

2.92% 845.29

8 

103.49

% 

217.229 25.70

% 

353.38323 41.81% 

EBPR-4 27.887

4 

1262.0

4 

65.8476

1 

5.22% 1248.4

7 

98.92% 542 43.41

% 

530.85879 42.52% 

HC-4 7.7565

9 

774.77

6 

20.9606

2 

2.71% 793.52

1 

102.42

% 

240.442 30.30

% 

321.92049 40.57% 

EBPR-5 26.883 1216.5

9 

65.0943

1 

5.35% 1203.5 98.92% 522.479 43.41

% 

511.73924 42.52% 

HC-5 10.643

1 

595.64

4 

8.13370

9 

1.37% 589.47

4 

98.96% 239.939 40.70

% 

242.28642 41.10% 

EBPR-6 29.064

6 

1315.3

2 

68.6272

1 

5.22% 1301.1

7 

98.92% 564.879 43.41

% 

553.26773 42.52% 

HC-6 9.8577

3 

759.48 12.2982

9 

1.62% 789.01

7 

103.89

% 

260.371 33.00

% 

405.87218 51.44% 

EBPR-7 26.611

2 

1204.2

9 

62.8342

5 

5.22% 1191.3

4 

98.92% 517.197 43.41

% 

506.56531 42.52% 

HC-7 7.9502 733.53

9 

29.1023

4 

3.97% 666.18

9 

90.82% 208.158 31.25

% 

291.49767 43.76% 



200 

 
 

 

EBPR-8 27.754

2 

1256.0

2 

65.5331 5.22% 1242.5

1 

98.92% 539.411 43.41

% 

528.32322 42.52% 

HC-8 7.0338

6 

587.12

3 

13.6188

9 

2.32% 616.94 105.08

% 

107.916 17.49

% 

231.33413 37.50% 

EBPR-9 26.553

6 

1201.6

8 

62.6982

5 

5.22% 1188.7

6 

98.92% 516.077 43.41

% 

505.46885 42.52% 

HC-9 12.623

3 

828.53

2 

13.0233

6 

1.57% 871.58

8 

105.20

% 

372.303 42.72

% 

360.78419 41.39% 

EBPR-

10 

27.466

4 

1242.9

9 

64.8535

5 

5.22% 1229.6

2 

98.92% 533.818 43.41

% 

522.84472 42.52% 

HC-10 16.343

8 

1121.7

5 

17.4935

7 

1.56% 1133.1 101.01

% 

421.077 37.16

% 

556.55618 49.12% 

EBPR-

11 

26.582

4 

1202.9

9 

62.7662

5 

5.22% 1190.0

5 

98.92% 516.637 43.41

% 

506.01708 42.52% 

HC-11 13.999

3 

1066.9

6 

33.3802

6 

3.13% 1143.3

1 

107.16

% 

375.537 32.85

% 

540.85787 47.31% 

EBPR-

12 

27.277

2 

1234.4

3 

64.4068

1 

5.22% 1221.1

5 

98.92% 530.141 43.41

% 

519.24315 42.52% 

HC-12 13.014

7 

1032.8

3 

46.3977 4.49% 1039.7

9 

100.67

% 

346.33 33.31

% 

509.51392 49.00% 

 

h. P mass balance calculations 

Table A-8: P mass balance calculations for TP and H2O-P 

Run m_initi

al (g) 

P_initial 

(mg) 

m_HC 

(g) 

P_HC 

(mg) 

m_liq (g) P_liq 

(mg) 

TP-

Rec 

(%) 

H2O-P_i 

(mg) 

H2O-P 

(mg) 

H2O_

P (%) 

H2O_

P-rec 

(%) 

HC-DS-

180-8.32 

32.262

3 

2228.9564

75 

17.82188

8 

1386.2702

12 

101.47062

62 

0.0635123

16 

62

% 

275.28284

9 

94.485064

53 

7% 34% 

HC-DS-

200-8.32 

32.293

8 

2231.1327

66 

15.10647

6 

1338.5863

49 

110.98916

14 

0.0444712

78 

60

% 

275.55162

74 

42.327822

6 

3% 15% 

HC-DS-

220-8.32 

33.238

8 

2296.4214

73 

17.62668 1620.1034

12 

112.13987

57 

0.0335582

5 

71

% 

283.61497

97 

44.913863

64 

3% 16% 

HC-DS-

240-8.32 

33.098

1 

2286.7007

1 

15.07236 1223.9645

59 

102.22958 0.0307819

18 

54

% 

282.41443

61 

13.754004

01 

1% 5% 

HC-DS-

180-4.6 

31.735

2 

2192.5398

85 

16.60617 1387.4737

34 

115.73199

58 

0.5677211

15 

63

% 

270.78529

02 

683.26490

64 

49% 252% 

HC-DS-

200-4.6 

32.235 2227.0703

57 

18.02154

36 

1646.8050

5 

112.43380

73 

0.4794758

8 

74

% 

275.04990

77 

818.16224

61 

50% 297% 
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HC-DS-

220-4.6 

32.281

2 

2230.2622

5 

15.83980

8 

1186.9385

89 

112.19084

26 

0.7481911

8 

53

% 

275.44411

6 

1107.0021

77 

93% 402% 

HC-DS-

240-4.6 

32.310

6 

2232.2934

54 

14.91154

2 

924.26658

12 

119.20971

52 

0.0118373

22 

41

% 

275.69497

59 

340.70605

32 

37% 124% 

HC-DS-

180-2.25 

32.209

8 

2225.3293

25 

15.78654 748.38124

64 

122.93837

37 

1.1780210

18 

34

% 

274.83488

49 

1048.7928

01 

140% 382% 

HC-DS-

200-2.25 

31.949

4 

2207.3386

59 

17.85910

8 

846.63399

99 

117.53764

82 

1.2672559

74 

38

% 

272.61298

34 

651.30988 77% 239% 

HC-DS-

220-2.25 

31.947

3 

2207.1935

73 

11.43567 675.08871

79 

115.45653

18 

1.6983302

87 

31

% 

272.59506

48 

421.73056

39 

62% 155% 

HC-DS-

240-2.25 

32.306

4 

2232.0032

82 

16.09319

2 

960.83905

04 

112.95986

33 

1.3770684

95 

43

% 

275.65913

87 

321.95727

8 

33% 117% 

HC-DS-

180-8.32 

(2) 

31.460

1 

2173.5336

17 

11.10215

7 

1210.395 110.04300

32 

0.0688779

23 

56

% 

268.43795

87 

58.859533

88 

5% 22% 

HC-DS-

200-8.32 

(2) 

32.216

1 

2225.7645

83 

6.073334 751.40130

06 

133.12465

23 

0.0533405

54 

34

% 

274.88864

06 

17.017271

54 

2% 6% 

HC-DS-

220-8.32 

(2) 

33.778

5 

2333.7085

8 

10.12123

2 

560.15969

2 

129.28519

77 

0.0386890

48 

24

% 

288.22004

98 

25.789520

99 

5% 9% 

HC-DS-

240-8.32 

(2) 

36.059

1 

2491.2719

94 

10.32727

8 

1293.4282

4 

125.92642

56 

0.0379171

76 

52

% 

307.67960

68 

9.4239669

87 

1% 3% 

HC-DS-

180-4.6 

(2) 

32.764

2 

2263.6320

33 

14.46907 625.77799

59 

124.35932

16 

0.6100422

98 

28

% 

279.56538

5 

595.33340

68 

95% 213% 

HC-DS-

200-4.6 

(2) 

31.861

2 

2201.2450

46 

13.65774

9 

658.77009

92 

111.56659

7 

0.4757776

47 

30

% 

271.86040

39 

620.04980

52 

94% 228% 

HC-DS-

220-4.6 

(2) 

32.911

2 

2273.7880

55 

8.680568 211.48610

68 

122.54614

88 

0.8172498

36 

9% 280.81968

42 

606.66187

85 

286% 216% 

HC-DS-

240-4.6 

(2) 

35.07 2422.9364

8 

14.07133 1289.7153

98 

124.08207

42 

0.0123211

39 

53

% 

299.23996

47 

321.50848

7 

25% 107% 

HC-DS-

180-2.25 

(2) 

32.209

8 

2225.3293

25 

15.78654 748.38124

64 

122.93837

37 

1.1780210

18 

34

% 

274.83488

49 

1048.7928

01 

140% 382% 

HC-DS-

200-2.25 

(2) 

31.949

4 

2207.3386

59 

17.85910

8 

1054.2873

59 

117.53764

82 

1.2672559

74 

48

% 

272.61298

34 

651.30988 62% 239% 

HC-DS-

220-2.25 

(2) 

31.947

3 

2207.1935

73 

11.43567 682.76314

01 

115.45653

18 

1.6983302

87 

31

% 

272.59506

48 

421.73056

39 

62% 155% 
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HC-DS-

240-2.25 

(2) 

32.306

4 

2232.0032

82 

16.09319

2 

1161.9507

81 

112.95986

33 

1.3770684

95 

52

% 

275.65913

87 

321.95727

8 

28% 117% 

 

i. Real-time sample collection for kinetic model 

Table A-9: Real-time sample collection for P kinetic model 

Date Time 

(min) 

m_initial 

(g) 

m_sample 

(g) 

m_slurry 

(g) 

m_hydrochar 

(g) 

m_liquor 

(g) 

m_Total 

Samples 

(g) 

HC 

ratio in 

slurry 

(%) 

Liquor 

Ratio in 

slurry (%) 

30/03/2023 0 (a) 137.96 1.905 95.63 9.128128 80.397272 50.8728 9.55% 84.07% 
 

0 (b) 
 

0.5221 
      

 
10 (a) 

 
1.0255 

      

 10 (b) 
 

0.2773 
      

 20 (a) 
 

1.0281 
      

 
20 (b) 

 
0.6014 

      

 
30 (a) 

 
0.9488 

      

 
30 (b) 

 
0.4456 

      

 
40 (a) 

 
0.3546 

      

 
40 (b) 

 
0.5227 

      

 
50 (a) 

 
1.4718 

      

 
50 (b) 

 
0.6169 

      

 
60 (a) 

 
1.3619 

      

 
60 (b) 

 
0.7396 

      

 
70 (a) 

 
0.8718 

      

 
70 (b) 

 
0.6447 

      

 
80 (a) 

 
1.5725 

      

 
80 (b) 

 
0.9957 

      

 
90 (a) 

 
1.6113 

      

 
90 (b) 

 
0.875 

      

 
100 (a) 

 
1.3002 

      

 
100 (b) 

 
0.8163 

      

 
110 (a) 

 
1.901 

      

 
110 (b) 

 
0.3552 

      

 
120 (a) 

 
1.8807 

      

 
120 (b) 

 
0.7907 

      

   
25.4364 
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B. Appendix B-Images 

a. FTIR-ATR Instrument 

 

Figure B-1: FTIR-ATR Instrument 
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b. 3D surface plots 

 

Figure B-2: 3D plot of hydrochar yield vs temperature and initial pH (from Minitab) 
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Figure B-3: 3D plot of P-recovery vs temperature and initial pH 
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c. SEM-EDX Results 

 

Figure B-4: SEM-EDX result for DPW sample 

 

Project 1 
7/18/2023 9:19:52 PM 

Comment: 

Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
Number of iterations = 4 
 
Standard : 
C    CaCO3   1-Jun-1999 12:00 AM 
O    SiO2   1-Jun-1999 12:00 AM 
Mg    MgO   1-Jun-1999 12:00 AM 
Al    Al2O3   1-Jun-1999 12:00 AM 
P    GaP   1-Jun-1999 12:00 AM 
Ca    Wollastonite   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         
C K 61.34 71.90  
O K 26.08 22.94  
Mg K 0.35 0.20  
Al K 1.20 0.62  
P K 4.43 2.01  
Ca K 6.61 2.32  
    
Totals 100.00   
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Figure B-5: SEM-EDX result for hydrochar sample 

 

Project 1 
8/2/2023 8:02:20 PM 

Comment: 

Spectrum processing :  
No peaks omitted 
 
Processing option : All elements analyzed (Normalised) 
Number of iterations = 4 
 
Standard : 
O    SiO2   1-Jun-1999 12:00 AM 
P    GaP   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 
K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 
Ca    Wollastonite   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         
O K 29.95 49.79  
P K 4.76 4.09  
S K 27.13 22.50  
K K 1.27 0.86  
Ca K 27.70 18.38  
Fe K 9.19 4.37  
    
Totals 100.00   
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d. UV Spectrophotometry (DR3900) 

 

Figure B-6: UV Spectrophotometer DR3900 

 

e. Simulation Data 

i. Materials and Streams Report 

 

Figure B-7: Overall Process Data 

 

Figure B-8: Bulk materials stream 
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Figure B-9: Stream details for SPD simulation 

 

Figure B-10: Overall Component Balance 
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ii. Economic Evaluation 

 

Figure B-11: Executvie summary of economic evaluation 

 

Figure B-12: Equipment specification and cost 
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Figure B-13: Fixed capital estimate summary 

 

Figure B-14: Annual labor cost 
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Figure B-15: Annual operating cost of HTC simulation 

iii. MATLAB code 

 

%This code fits the experimental data for P in the liquid during HTC runs 
%lsqcurvefit is used to calculate the optimized reaction constant and 
%reaction degree, and these values are used to calculate model P values 
%that are compared to the experimental results 

  
%Scenario1 

  
%This section refers to P in HTC of chemically treated sludge at T=180C and 

pH=8.32 

  

  
x0_1=[0.0001,1]; %initial guess for rate constants 

  

  

  
xdata1 = [0, 1200, 2400, 3600, 4800, 6000, 7200]; %time in seconds 
ydata = 

[0.007285326,0.009009417,0.018343549,0.009775254,0.007731232,0.060962358,0.

107577047]; %Pconcentration in HC in mol/L 

  
f1=@(x1,xdata1)((ydata(1))^(x1(2)))*(1-(exp(-x1(1)*xdata1))); 

  
opt=optimoptions('lsqcurvefit'); 
opt.StepTolerance=1E-8; 
x1=lsqcurvefit(f1,x0_1,xdata1,ydata); 

  
for i=1:7 

     
     P_1(i)=((ydata(i))^x1(2))*(1-(exp(-x1(1)*xdata1(i)))); 
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end 

  
figure 
plot(xdata1,ydata,'ro') 
hold on 
plot (xdata1,P_1,"--") 
hold off 
legend('Experimental','Model') 
title('DS-180-8.32') 
axis([0 8500 0 0.11]); 

  

  

  
%This section refers to P in HTC of biologically treated sludge at T=180C 
%and pH=6.69 

  

  
x0_2=[0.00001,1]; %initial guess for rate constants 

  
xdata2 = [0, 1200, 2400, 3600, 4800, 6000, 7200]; %time in sec 
ydata2 = 

[0.001209832,0.000935178,0.008352396,0.002037429,0.003120756,0.00150442,0.0

32147025]; %Pconc in mol/L 

  
f2=@(x2,xdata2)((ydata2(1))^(x2(2)))*(1-(exp(-x2(1)*xdata2))); 

  
opt=optimoptions('lsqcurvefit'); 
opt.StepTolerance=1E-8; 
x2=lsqcurvefit(f2,x0_2,xdata2,ydata2); 

  
for i=1:7 
%     P_2(i)=sqrt((0.5)/((x2(1)*xdata2(i)+((0.5/(ydata(1)^2)))))); 
    P_2(i)=((ydata2(i))^x2(2))*(1-(exp(-x2(1)*xdata2(i)))); 

  
end 

  
figure 
plot(xdata2,ydata2,'ro') 
hold on 
plot (xdata2,P_2,"--") 
hold off 
legend('Experimental','Model') 
title('EBPR-180-6.69') 

  

  

  

  
%This section refers to P in HTC of chemically treated sludge at T=240C and 

pH=8.32 

  
%  
x0_3=[0.00001,1]; %initial guess for rate constants 

  
xdata3 = [0, 1200, 2400, 3600, 4800, 6000, 7200];%time in sec 
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ydata3 = 

[0.004463827,0.00370417,0.001865056,0.001879829,0.001760268,0.000671349,0.0

20754812]; %Pconc in mol/L 

  
f3=@(x3,xdata3)((ydata3(1))^(x3(2)))*(1-(exp(-x3(1)*xdata3))); 

  
opt=optimoptions('lsqcurvefit'); 
opt.StepTolerance=1E-8; 
x3=lsqcurvefit(f3,x0_3,xdata3,ydata3); 

  
for i=1:7 
    P_3(i)=((ydata3(i))^x3(2))*(1-(exp(-x3(1)*xdata3(i)))); 

  
end 

  
figure 
plot(xdata3,ydata3,'ro') 
hold on 
plot (xdata3,P_3,"--") 
hold off 
legend('Experimental','Model') 
title('DS-240-8.32') 

  

  

  
%This section refers to P in HTC of biologically treated sludge at T=240C 
%and pH=6.69 

  
%  

  
x0_4=[0.019,1]; %initial guess for rate constants 

  
xdata4 = [0, 1200, 2400, 3600, 4800, 6000, 7200]; %time in sec 
ydata4 = 

[0.003474946,0.00176564,0.002877265,0.002981837,0.003326748,0.004729808,0.0

26216774]; %Pconc in mol/L 

  
f4=@(x4,xdata4)((ydata4(1))^(x4(2)))*(1-(exp(-x4(1)*xdata4))); 

  
opt=optimoptions('lsqcurvefit'); 
opt.StepTolerance=1E-8; 
x4=lsqcurvefit(f4,x0_4,xdata4,ydata4); 

  
for i=1:7 
    P_4(i)=((ydata4(i))^x4(2))*(1-(exp(-x4(1)*xdata4(i)))); 

  
end 

  
figure 
plot(xdata4,ydata4,'ro') 
hold on 
plot (xdata4,P_4,"--") 
hold off 
legend('Experimental','Model') 
title('EBPR-240-6.69') 
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% Calculating Ea from correlation between k and T 
%For DS runs (T1=180C and T2=240) 
%Defining constants 

  
R=8.314; %universal constant mol/L.s 

  
T1=453.15; %K 
T2=513.15; %K 

  
k1=x1(1); 
k2=x2(1); 
k3=x3(1); 
k4=x4(1); 

  
%Equation for Ea 
Ea1=(R*log(k1/k3))/((1/T1)-(1/T2)); 
Ea2=(R*log(k4/k2))/((1/T1)-(1/T2)); 

 

 


