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Abstract: An efficient method for efficiently cleaning pharmaceutical wastewater and eliminating
micro-contaminants is the production of hydrochar from coal waste and sewage sludge using
hydrothermal carbonization (HTC) techniques. This procedure produces high-quality hydrochar, a
potential adsorbent material for pharmaceutical wastewater treatment, by carefully converting coal
waste and sewage sludge in proportions. This novel approach dramatically lowers the dangers to
environmental health posed by excessive pharmaceutical pollutants. Essential elements include
reaction temperature, reaction duration, feedstock qualities, pressure, total solids, solvents, catalyst
composition, and a host of other biochemical and physicochemical parameters that all affect the
quality of the hydrochar generated during HTC. To effectively remove pharmaceutical wastewater
pollutants and lessen environmental concerns, this paper carefully reviews the use of hydrochar, an
adsorbent made from particular ratios of sewage sludge (SS) and coal waste (CW).
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1. Introduction

The alarming increase in pharmaceutical wastewater entering waterways globally, particularly
from the South African pharmaceutical industry, necessitates immediate and decisive action
(Madikizela et al., 2020; Gwenzi et al., 2018; Archer, 2017). Pharmaceutical waste disposal creates
severe environmental, economic, and public health repercussions (Karungamye et al., 2022; Noqwala
et al., 2020). This waste leads to environmental and ecological damage with significant waterway
pollution. It is imperative to focus on extensive research addressing the risks linked to pharmaceutical
wastewater (Karungamye et al., 2022; Madikizela et al., 2022). The use of biochar as an adsorbent for
treating pharmaceutical wastewater not only demonstrates substantial promise but also promotes
sustainability, affordability, and accessibility, owing to its carbon-rich biomass and cutting-edge
thermochemical technology (Kacprzak & Kupich, 2021; Bentsen & Felby, 2010).

Pharmaceutical industry effluents are rife with non-biodegradable pollutants threatening
aquatic and human life (Patel et al., 2020; Heberer et al., 2002). Pharmaceutical manufacturers are
crucial in supplying generic drugs to the global market, valued at billions of dollars (Silva et al., 2019;
Focazio et al., 2008; Larsson et al., 2007). However, the urgent need for stricter regulations concerning
pharmaceutical waste disposal is evident; inadvertent releases of pharmaceutical products
significantly threaten human health and aquatic ecosystems (Nordea, 2016; Sanchez et al., 2011; Kim
et al., 2009; Focazio et al., 2008; Larsson et al., 2007).

The impact on the operating conditions, such as the catalyst, reaction temperature, mass ratio
for sewage sludge and coal waste, and the composition and properties of hydrochar, were examined
(Bardestani et al., 2019; Wang et al., 2018). Therefore, the area adsorption capacity, gas composition
and yield, adsorption efficiency, energy density, and retention time of the hydrochar were all taken

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202503.1119.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

into consideration while evaluating the hydrochar’s adsorption capacity (Kahilu et al., 2022;
Bardestani et al., 2019; Wang et al., 2018; Breulmann et al., 2018). Since little research has been done
so far on the removal of micropollutants from pharmaceutical wastewater discharges to water
streams, particularly pharmaceutical micropollutants, the effect of hydrothermal treatment on the
composite, catalyst, and heating value was therefore taken into consideration (Kahilu et al., 2023;
Kabhilu et al., 2022a). The development of a low-cost hydrochar adsorbent made from coal waste and
sewage sludge for the removal of pharmaceutical micropollutants from pharmaceutical wastewater
is another reason for conducting this research (Kahilu et al., 2023; Hoekman et al., 2011; Tasca et al.,
2019).

Furthermore, conventional wastewater treatments often fail to remove pharmaceutical drugs
from their discharges effectively. The presence of resistant pollutants, active chemicals, and
antibiotics in medical wastewater creates substantial challenges for effective treatment (Patel et al.,
2020; Yuan, 2011; Madureira et al., 2010). Environmental contaminants from these effluents
encompass a wide variety of harmful chemicals, including synthetic ionic and non-ionic dyes known
as disperse dyes (Patel et al., 2020; Kyzas & Kotsoglou, 2014; Yuan, 2011; Madureira et al., 2010).

This study asserts its principal objective:

e  To thoroughly review the effectiveness of hydrochar derived from the combined use of sewage
sludge and coal waste in removing pharmaceutical contaminants from wastewater.

o [Itidentifies critical factors affecting operational conditions, including reaction temperature,
catalyst selection, and coal waste and sewage sludge mass ratios while examining hydrochar
composition and characteristics.

The adsorption capacity of hydrochar is rigorously evaluated in terms of specific surface area,
gas composition and yield, adsorption efficiency, energy density, and retention time. This research
also focuses on the impact of hydrothermal treatment on composite material, catalyst properties, and
overall heating value, filling a significant research gap concerning the removal of micro-pollutants
from pharmaceutical wastewater (Kahilu, 2023). This gap underscores the imperative for developing
a low-cost hydrochar adsorbent derived from sewage sludge and coal waste for the efficient removal
of pharmaceutical micropollutants from wastewater (Kahilu, 2023; Hoekman et al., 2011; Tasca et al.,
2011; Akbari et al., 2019).

2. Main Text

2.1. Coal Waste and Sewage Sludge Treatment

2.1.1. Coal as an Adsorbent Material

South Africa (SA) is a leading global coal producer that relies on coal as its primary energy
source, generating approximately 65 million tonnes of coal waste CW annually (Abdulsalam et al.,
2019; Bohlmann et al., 2018). This abundance of coal waste presents a valuable opportunity to harness
its potential as an effective adsorbent material. The disposal of Coal Waste (CW) has an
environmental impact due to the standard packing of tailings dumps and sludge dams (Van de
Venter et al., 2021). This disposal method poses a significant environmental threat due to the potential
dissolution of harmful pollutants such as Sulphur, mercury, and phosphorus, as well as the risk of
spontaneous combustion dams (Van de Venter et al.,, 2021; Borowski et al., 2021; Cui et al., 2020;
Bardestani et al., 2019; Mills, 2018; Taha et al., 2018; Chen et al., 2014). As a result, CW disposal poses
serious challenges to the environment and the national waste management system (Keefer et al., 2020;
Mills, 2018; Taha et al., 2018;).

Coal is a vital natural resource that contains various minerals and plays a role in environmental
protection (Kahilu et al., 2022; Abdulsalam et al., 2022). Coal material is primarily composed of a high
percentage of carbon as well as various elements, including hydrogen, oxygen, Sulphur, and nitrogen
(Kahilu et al., 2022; Barghi et al., 2022; Hlangwani et al., 2021; Afolabi et al., 2020). As an organic
matter, coal typically consists of 85-95% (wt/wt) dry biomass due to its complex sedimentary rock


https://doi.org/10.20944/preprints202503.1119.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

structure, mainly composed of plant remains and their derivatives (Kahilu et al., 2022). Furthermore,
coal has attractive properties, making it an effective adsorbent for removing various organic
pollutants and potentially toxic substances (Kahilu et al., 2022; Barghi et al., 2022).

2.2. Sewage Sludge Treatment

The treatment of sewage sludge (SS) has undergone various processes over the decades,
including stabilisation, solidification, dewatering, and drying (Kahilu et al., 2023). SS enrichment
methods involve sedimentation, floating, and immersion while dewatering is through centrifugation
and filtration (Aragon-Briceno et al., 2021; Russell, 2019; Tasca et al., 2018). These processes aim to
reduce water content to a solid-liquid ratio of 15-25% (wt/wt) (Tasca et al., 2019). Sewage sludge
solidification is carried out through either aerobic or anaerobic digestion., which improves its
breakdown, reduces its volume, and minimises pathogens and odours to prevent or delay decay
(Kahilu et al., 2023; Picone et al., 2021; Li et al., 2015; Danso-Boateng et al., 2013; Hoekman et al., 2013).
Additionally, hydrothermal carbonisation (HTC) of sewage sludge from wastewater treatment can
reduce waste volume and transform the sludge into a valuable product (Kahilu, 2023).

Over the past few decades, South Africa’s population has surged to more than 57.7 million, with
over half of the population residing in urban metropolitan areas (Asvat et al.,, 2018). This rapid
population growth and urbanisation have placed increased pressure on existing wastewater
treatment plant (WWTP) infrastructure (Figure 1), resulting in a rise in sewage sludge generation
(Khanam et al., 2022). SS contains numerous organic and inorganic pollutants that have an impact on
health issues, such as asthma and pneumonia, for individuals living near sewage treatment facilities
(Kahilu et al., 2022a; Grobelak et al., 2019; Aliakbari et al., 2018; dos Reis et al., 2016). Several studies
indicate that current methods of SS deposition are not viable for effective management (Meisel et al.,
2019). Present SS management practices, including on-site disposal and treatment, are regarded as
unsustainable (Shaddel et al., 2019; Breulmann et al., 2018; Chen et al., 2014; Azadi et al., 2013).
Despite the risk of soil and subsurface water contamination, over 80% of wastewater treatment plants
experience sewage sludge leakage problems through the walls and fittings, which often enters water
streams (Kacprzak et al., 2021; Kacprzak et al., 2017).
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Figure 1. Sewage sludge treatment (Raheem et al., 2018).
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2.2.1. Hydrothermal Modification of Sewage Sludge

According to Panel et al. (2019), sewage sludge (SS) derived from wastewater treatment can be
either converted into biomass or hydrocarbons through hydrothermal carbonisation (HTC). This
conversion occurs at varying temperatures (10 - 320 °C) and for different durations (0.5 — 6 hours).
Sewage sludge contains organic matter and nutrients, making it a potential alternative energy source
and adsorbent material (Borowski et al., 2021; Kim et al., 2015). Various methods, including chemical,
mechanical, biological, and thermal processes, treat sewage sludge to produce Bioenergy and
biomass (Panel et al., 2019; Yin et al., 2018; Wang et al., 2016). Multiple techniques, including HTC,
facilitate the degradation of water in suitable sludge, transforming SS into hydrochar (Panel et al.,
2019; Yin et al., 2018; Wang et al., 2016; Jain et al., 2016).

Additionally, HTC reduces the volume of waste and offers several advantages over dry thermal
pre-treatment (Gao et al., 2020; Grobelak et al., 2019; Tasca et al., 2019; Danso-Boateng et al., 2013).
Notably, HTC does not require pre-drying while still producing high-quality hydrochar, which can
promote energy production, storage, wastewater treatment, and land preparation (Tasca et al., 2019).
Managing sludge from wastewater treatment plants remains a significant challenge in South Africa
(SA) due to the heterogeneous solid-liquid suspension, typically containing 1- 4% (wt/wt) solids (Cui
et al., 2010; Grobelak et al., 2019; Tasca et al., 2019; Reza et al., 2016). This mixture usually includes a
non-toxic organic fraction (microorganisms, organic debris), essential nutrients (phosphorus,
potassium, nitrogen), and harmful substances such as pathogenic microorganisms, persistent
impurities, and heavy metals (Tasca et al., 2019; Lindholm-Lehto et al., 2017).

HTC is gaining increasing attention as a sustainable thermochemical process for converting wet
biomass into a dry solid product known as hydrochar (HC) (Jarnerud et al., 2021; Tasca et al., 2019;
Goyal et al.,, 2008). A variety of biological and thermochemical technologies, such as torrefaction,
pyrolysis, gasification, anaerobic digestion, and fermentation, are available to enhance the
combustion properties of biomass (Li et al., 2020; Silva et al., 2019; Reza et al., 2013), mainly through
its conversion into an adsorbent material (Goyal et al., 2008). When processing adsorbent materials,
thermochemical treatments often take the spotlight. These methods are favoured for their rapid
reaction times and conversion rates, making them popular over traditional biological processes. It is
all about efficiency and effectiveness. (Jarnerud et al., 2021; Tasca et al., 2019; Li et al., 2015; Reza et
al.,, 2013; Goyal et al., 2008).

2.2.2. Biomass Transformation to Hydrochar via HTC

Hydrochar can also be obtained through the thermochemical transformation of biomass in a
limited oxygen environment, utilising the process of pyrolysis (Tasca et al., 2019; Savage et al., 2010;
Mani et al., 2006). HTC operates at temperatures between 180 and 280 °C with controlled pressure
(up to 2 MPa), generating hydrochar along with an organic-soluble fraction and primarily gaseous
carbon dioxide (CO2) (Li et al., 2020). The cellulose content in primary sludge derived from
wastewater treatment is approximately 20%, based on suspended solids (Picone et al., 2021; Keefer,
2020; Russell, 2019; Wang et al., 2018; Honda et al., 2002).

Despite the increase in research activities at the laboratory level, only a few industrial
applications of these processes have been developed (Tasca et al., 2019; Kumar et al., 2018; Hitzl et
al., 2015; Kambo & Dutta, 2015; Pavlovic et al., 2013; Libra et al., 2011; Funke & Ziegler, 2010; Pavlovic
et al., 2005). Biochar production from sewage sludge has been extensively investigated (Paz-Ferreiro
et al., 2018; Kambo & Dutta, 2015). Biochar production from sewage sludge has garnered significant
attention and research in recent years, as highlighted in studies by Paz-Ferreiro et al. (2018) and
Kambo and Dutta (2015). Alongside traditional methods, hydrothermal carbonisation (HTC) has
emerged as a promising technique for treating wastewater. Despite its increasing prominence, there
remains a notable gap in the available literature regarding crucial aspects such as char yields, the
physicochemical properties of the resultant materials, and the specific process parameters involved
in HTC (Tasca et al., 2019; Paz-Ferreiro et al., 2018).
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Existing studies have begun to unravel the complexities of this method, exploring the intricate
dynamics of metal complexes and pharmaceuticals during processing, as well as examining the
potential benefits and challenges associated with utilising hydrochar in managing wastewater (Tasca
et al.,, 2019; Paz-Ferreiro et al., 2018; Kambo & Dutta, 2015). Recent comprehensive reviews have
delved deeply into the various aspects of the HTC process, providing insights from authors such as
Kumar et al. (2018), Kambo and Dutta (2015), Pavlovic et al. (2013), Libra et al. (2011), and Funke and
Ziegler (2010). One of the significant advantages of HTC is its ability to generate materials with a high
heating value (HHV) while facilitating more excellent water removal from the biomass feedstock
(Stemann & Ziegler, 2011).

The HTC process is multifaceted, involving key transformations such as the hydrolysis and
decomposition of complex organic materials like cellulose, hemicellulose, and lignin (Stemann &
Ziegler, 2015). These biopolymers break down into simpler sugars, including monosaccharides and
disaccharides, which are then further processed through hydrolysis and decarboxylation, resulting
in the formation of intermediate particles (Fakkaew et al., 2018; Wu et al., 2018; Reza et al., 2016; Tekin
et al., 2014). As this process advances, condensation reactions lead to the creation of hydrochar. This
carbon-rich material holds promise for various applications, including energy storage, material
fabrication (such as activated carbon, electrodes, or composite materials), and agricultural uses
(Fakkaew et al., 2018; Wu et al., 2018; Tekin et al., 2014).

2.2.3. Treatment of Sewage Sludge, Operating Conditions, and Benefits

Sewage sludge presents abundant and renewable economic potential (Kahilu et al., 2023;
Kacprzak et al., 2021). This complex bio-solid contains a diverse array of organic and inorganic
components, with its high carbon content positioning it as an excellent precursor for producing
carbonaceous materials (Aliakbari et al., 2018). Over the past two decades, carbon technology has
made remarkable strides, introducing innovative production methods such as pyrolysis, high-
voltage arc discharge, chemical vapour deposition, hydrothermal carbonisation, and laser ablation
for the creation of both amorphous and crystalline nanostructured materials (Picone et al., 2021; Li et
al., 2020; Racek et al., 2020; Li et al., 2020 and Kim et al., 2015). Given the different sizes, shapes, and
chemical compositions of various carbon materials, there is a growing demand for sustainable,
carbon-free alternative technology due to increasing environmental alarm concerns (Bi et al., 2019).
Within this context, hydrochar derived from sewage offers a valuable solution thanks to its high
availability and renewability (Makhhuzu et al., 2019).

In recent years, hydrothermal carbonisation (HTC) has established itself as a particularly
effective method among emerging techniques for producing carbon structures optimised for diverse
applications (Hu et al., 2010). The HTC process operates under specific conditions where adequate
pressure is uncontrollable, arising spontaneously from the water vapour pressure at a designated
temperature. In typical experimental setups, raw sewage sludge is introduced into the reactor while
maintaining a constant liquid-to-solid ratio. These operational parameters are crucial in determining
the characteristics of the resulting hydrochar (Tasca et al., 2019). It is important to note that the
physicochemical properties of hydrochar can vary widely, as can the concentration of toxic
compounds, depending on the production methods employed and the nature of the parent materials
used (Libra et al., 2011). As such, thorough investigations into the behaviour of heavy metals within
the solid matrix and the efficacy of removing organic pollutants from sewage sludge are important
to ensure safe and effective outcomes (Tasca et al., 2019; Fakkaew et al., 2018; Danso-Boateng et al.,
2015).

Hydrothermal carbonisation (HTC) of sewage sludge is an exciting process that helps recover
Energy and creates valuable products while reducing waste. By improving HTC's efficiency, we can
achieve higher solid yields and better recycling outcomes (Stemann & Ziegler, 2011). One effective
way to enhance the process is by recycling process water, which allows degraded biomass polymers
to dissolve more effectively in the hydrochar pores, ultimately increasing the char yield (Weiner et
al., 2014). The HTC system operates at moderate pressure and temperature, transforming sewage
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sludge into hydrochar while dewatering organic matter and boosting the carbon content up to 60
wt.% (Keefer, 2020; Wang et al,, 2018; Reza et al., 2016). This method is a fantastic solution for
valorising bio-waste streams, as it produces a carbon-rich hydrochar that can be used for various
applications (Ciceri et al., 2021). The characteristics and yield of hydrochar depend on several factors,
including the type of feedstock, the reaction medium, and the chosen catalysts and process conditions
(Heilmann et al., 2011; Hoekman et al., 2011).

In this process, water serves as the reaction medium. The temperature reaches between 180 to
300 °C, with an unregulated pressure of 2-10 MPa due to the autogenic nature of the process, relying
on the saturation vapour pressure of water (Jain et al., 2016; Mumme et al., 2011). A significant
advantage of hydrothermal processing is its ability to handle wastewater and slurries directly, which
saves Energy compared to conventional thermal treatments (Munir et al., 2018). While hydrothermal
processing is a promising method for managing biomass waste, there are still some gaps in
understanding mass transport during the process in both theoretical models and practical
applications (Heidari et al., 2018). Combining HTC with coal waste and sewage sludge offers exciting
possibilities for creating improved carbon materials cost-effectively and environmentally friendly
(Krylova et al., 2018; Munir et al., 2018; Heidari et al., 2018). However, a key challenge is the lack of
detailed kinetics and heat transfer data for the reactions involved in this process (Krylova et al., 2018).
Although there have been advances in laboratory settings, additional research is necessary to develop
comprehensive kinetics and thermal reaction models to commercialise HTC (Wilk et al., 2019).

This study highlights that hydrochar can be an excellent technology for treating pharmaceutical
waste, helping to prevent these substances from entering our environment and minimising their
impact on water quality and the health of humans and animals. Numerous studies have shown that
adsorption effectively removes pharmaceutical pollutants from water (Sousa et al., 2022; Silva et al.,
2018). Unlike traditional adsorbents such as clays and metal oxides, carbon-based materials have a
high adsorption capacity (Xiang et al., 2019; Krylova et al., 2018). Because coal and sewage sludge are
high-quality, low-cost materials with suitable characteristics for carbonisation, they serve as excellent
starting materials for producing carbon-based media like hydrochar (Kahilu et al., 2022; Maghuzu et
al., 2019; Wilk et al.,, 2019; Amed et al., 2019; Bardestani et al.,, 2019; Breulmann et al.,, 2018;
Ahmadpour & Do. 1996).

2.2.4. Hydrothermal Processing of Coal Waste

Hydrothermal processing offers a fascinating thermochemical approach to converting biomass
into valuable liquid organic compounds (like furfural and phenol), solid hydrochar products, and
small amounts of gas. Further heat treatment (chemical, physical, or combined activation) can convert
hydrochar into high-value materials such as activated carbon (AC) (Wiist et al., 2019). This
environmentally friendly method reduces energy needs for dehydration compared to traditional
thermal processes (Munir et al., 2018). HTC employs hot water as both a reactant and catalyst to
enhance the physicochemical properties of various raw materials (Kahilu et al., 2022; Tasca et al.,
2019; Zhang et al., 2019 and Hoekman et al., 2011). Research shows that HTC can effectively improve
hydrocarbon properties at low carbon yields, with temperatures ranging from 150°C to 270°C
(Saveyn et al., 2009; Hoekman et al., 2011; Tasca et al., 2019; Zhang et al., 2019; al., 2022).

Historically, HTC process models assumed that temperature and residence time remained
constant, which limited our ability to assess energy balance and overall efficiency within the system
(Heidari et al., 2018). To gain a better insight into the kinetics and thermodynamics of HTC in
industrial applications, we can benefit from mass balance equations and a thorough description of
the stoichiometric transformations involved (Petlovanyi et al., 2018). While physicochemical methods
and renewable techniques have evolved, they often lack efficiency and can be expensive and
environmentally damaging (Petlovanyi et al., 2018). By improving our understanding and methods,
we aim to address waste more effectively and sustainably (Petlovanyi et al., 2018; Wang et al., 2018;
Li et al., 2015). Technologies such as physicochemical and renewable methods have improved over
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time; however, they are often categorised as inefficient, environmentally unfriendly, challenging to
implement, and costly (Petlovanyi et al., 2018).

Consequently, the amount of waste generated yearly continues to increase, contributing to
existing stockpiles and exacerbating environmental risks (Stolboushkin et al., 2016). In South Africa,
wastewater treatment plants are significant sources of solid sewage (SS) wastewater (Grobelak et al.,
2019). Research by Akbari et al. (2019) indicated that subcritical water’s high reactivity and nonpolar
solvent behaviour could effectively reduce undesirable impurities such as total ash, oxygen, and
Sulphur fractions while increasing carbon content. Their findings also revealed that the carbonisation
and mass efficiency of Co-HTC treatment of various coal and biomass blends exceed those of HTC
treatment applied separately to coal or biomass (Akbari et al., 2019). The compatibility of hydrochar
(HC) as an alternative adsorbent for the removal of contaminants from wastewater (Ikram et al., 2022)
and its potential applications in the production of activated carbon (AC) for electrochemical uses and
hydrogen storage has also been explored (Kahilu, 2023; Hoekman et al., 2011; Tasca et al., 2019).

2.3. HTC Treatment of Sewage Sludge Mixed with Coal Waste

Regarding the HTC treatment of sewage sludge mixed with coal waste, current research lacks
sufficient identification and measurement of product structures necessary for understanding process
sustainability and the recycling efficiency of sewage sludge (Wang et al., 2020). This project aims to
clarify the HTC process of SS in conjunction with coal waste and further characterise the hydrochar
products generated. Several studies on HTC have demonstrated that the intermediate process,
particularly water, significantly influences mechanism and chemical reaction chains. Key processes
such as hydrolysis, decarboxylation, polymerisation, and synthesis operate under particular
conditions of severity (Heidari et al., 2018).

Hydrothermal carbonisation (HTC) of sewage sludge (SS) is an exothermic chemical process that
transforms organic material into carbon-rich products. During this process, the sewage sludge is in
contact with high pressures that develop naturally from the moisture content of the feedstock, along
with elevated temperatures ranging from 180 to 250 °C (Luciano et al., 2018). This environment
facilitates the breakdown of complex organic compounds, producing hydrochar, biogas, and
nutrient-rich liquid by-products. The HTC process reduces the volume of waste and enables the
recovery of valuable materials, contributing to more sustainable waste management practices. This
treatment transforms the sewage sludge into a carbon-rich product while generating by-products in
both liquid and gas phases (Luciano et al., 2018).

Critical studies specifically focused on HTC of SS remain limited. Only a handful of published
research has concentrated on the general aspects, such as evaluating process parameters, exploring
reaction mechanisms, and analysing the chemical characteristics of the produced products by
assessing economic advantages (Wang et al., 2019). Furthermore, recent studies have also examined
the production of hydrochar products by considering not just waste management but also financial
benefits and the potential to capture greenhouse gases as solutions to environmental issues (Kumar
et al., 2017; Dube et al., 2001).

Nevertheless, it highlighted the necessity for more research to model the global kinetics related
to process parameters, the structure of sewage sludge, life cycle assessment, and the economic
feasibility of the technology involved. In HTC of SS, heavy metals and phosphorus are locked in solid
form within the hydrochar (HC) product formed from the condensation, polymerisation, and
oxidation of furan compounds that result from the dehydration of monosaccharides and nitrogen-
containing rings from the Maillard reaction (Wang et al., 2019). However, the mechanisms of the
responses remain poorly understood, even with a systematic analysis of the reduced forms of the
process products (Tasca et al., 2019). Given previous research on HTC of SS and carbonised waste
(CW), it is worth noting that the focus has often been more on managing the processing response.
Reliable effects of parameters on yield, product composition, and characteristics were observed
across various temperatures and environments (Tasca et al., 2019).
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The understood mechanism of the HTC reaction initiates with the direct dissolution of SS,
followed by the disintegration of particles from high molecular weight degradation, culminating in
the formation of liquid and gas phases (Tasca et al., 2019; Imbierowicz & Chacuk, 2012). As per
studies on these precursors, the latest research has outlined a simplified system detailing the chemical
makeup of SS HTC, which has two main steps: the dissolution of SS into macromolecular products,
particularly polysaccharides and proteins, and the hydrolysis and oxidation conversion of soluble
organic products in the liquid phase that leads to end products including acetic acid, ammonia, water,
CO?, and more (Yin et al., 2015).

To date, there is insufficient experimental evidence surrounding the HTC of SS; this might stem
from a scarcity of data on the technologies that have been developed so far (Imbierowicz & Chacuk,
2012). More recent investigations into the HTC of SS have aimed to determine the kinetics of
wastewater transformation based on the previously described reaction mechanism, with the
Arrhenius method initially employed to create a kinetic model of the HTC while correlating
experimental data to explain the first-class reaction mechanism. According to Yin (2015), proteins
and saccharides, as macromolecular products, act as the primary mediators in the early stages of HTC
of SS, exhibiting an activation energy of 51 k].mol-1 at temperatures spanning from 108°C to 300°C.
The production and carbonisation of the resultant solids yield hydrochar through intermolecular
dehydration intertwined with devolatilization, condensation, and decarboxylation processes (Kruse
et al., 2015).

The reaction’s intensity can enrich Hydrochar produced by condensation polymerisation (Kruse
et al., 2015). During this process, the HTC process involves hydrolysis followed by dehydration and
decarboxylation of the products. Phenolic substances from lignin hydrolysis and reactive compounds
like alcohols, aldehydes, and organic acids further transform complex materials (Kahilu et al., 2022;
Cui et al., 2020; Reza et al., 2014).

2.3.1. HTC Parameters

According to Dube et al. (2001), the amount of volatile fatty acids produced during hydrothermal
carbonisation (HTC) depends on the reaction temperature and how saturated the fatty acid chains
are (Wang et al., 2019). These factors primarily stem from the complex decomposition reactions of
lipids found in the feedstock, such as sewage sludge (SS) (Wang et al., 2019). Research shows that
volatile fatty acids mainly come from breaking down lipids when hydrothermal carbonisation (HTC)
occurs at temperatures below 220°C (Hovland et al., 2018; Kahilu et al., 2022). Also, when microbes
break down organic matter, they create humic substances. These substances are essential to the final
products after HTC (Kahilu, 2023). They consist of a mix of aromatic, radical, and carboxyl groups
and can be grouped into three main types: humic acid, fulvic acid, and humins (Baig et al., 2020).

The HTC technique is well-documented for improving the physical properties of various raw
materials. For example, Liao (2016) showed that HTC of low-carbon coal at temperatures between
150°C and 270°C improved the fuel properties of the resulting hydrochar (HC). Additional studies
by Zhang (2015), Liao (2016), and ongoing research by Saba (2019) and Kahilu (2023) found that
groundwater’s high reactivity and nonpolar solvent behaviour can lower unwanted impurity levels,
such as ash, oxygen, and Sulphur content while also increasing the carbon concentration in the treated
materials. Notably, there remains a gap in experimental evidence specifically focused on the HTC of
sewage sludge, as acknowledged by Wang et al. (2019) and Kahilu (2023).

Studies by Mumme (2015) and Saba (2017) demonstrate that co-hydrothermal carbonisation (Co-
HTC) of mixed coal waste and biomass has significant advantages over HTC treatments in terms of
carbon reduction and yields excellent outcomes. This approach, particularly with coal and sewage
sludge, significantly boosts carbon-rich content compared to individual treatments. This study aims
to address gaps in research by providing experimental insights into the HTC method relevant to
managing coal waste and sewage sludge in pharmaceutical wastewater treatment (Kahilu et al.,
2023).
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2.4. Advantages of Hydrothermal Carbonization

HTC presents multiple advantages compared to traditional dry heat pre-treatment methods
(Kahilu et al., 2023; Kahilu et al., 2022). This process has a significant benefit, such as the absence of
any pre-drying requirement, which makes the process more efficient. Moreover, the hydrochar
produced via HTC technics is of high quality, enhancing its potential for subsequent utilisation in
various applications such as adsorption (Kahilu et al., 2023; Kahilu et al., 2022; Heidari et al., 2018).
Several carbonisation techniques exist, including pyrolysis, incineration, gasification, and HTC, all
aiming to augment the carbon content of diverse carbon material precursors. Among these
techniques, HTC stands out as offering the most significant potential to deliver a process that is
energy-efficient, environmentally safe, and sustainable (Kahilu et al., 2023; Kahilu et al., 2022).

However, the HTC process necessitates additional research as there remains a considerable lack
of data in the existing literature regarding several key aspects, including the ideal duration of the
reaction time process, comprehensive kinetic models correlating to process parameters, and the
compositional variabilities of the raw materials used in the process (Heidari et al., 2018). Addressing
these gaps requires optimising HTC applications and advancing understanding of the promising
carbonisation method.

2.5. Pyrolysis and Hydrothermal Carbonization in Waste Treatment

Pyrolysis is a well-established carbonisation method where carbon-rich raw materials undergo
thermal treatment at temperatures ranging from 400 to 800 °C in ambient atmospheric conditions (Li
et al., 2020). This process separates the feedstock into char, bitumen, and gas (Li et al., 2020). Various
factors such as temperature, heating rate, nitrogen flow rate, and residence time can significantly
influence the process outcome. Generally, as the process temperature increases, the yield of
hydrochar tends to decrease while the yield of bitumen and gas increases (Sulaiman et al., 2018).

In hydrothermal carbonisation, the feedstock’s carbon content rises while oxygen and hydrogen
levels decline. This process requires water and has produced activated carbons (ACs) with surface
areas comparable to those derived from pyrolyzed materials (Bedin et al., 2018). HTC presents a
beneficial alternative for producing hydrochar, particularly regarding carbon emission efficiency, as
it generates significantly less gas than pyrolysis. Most products formed during HTC remain in the
aqueous phase (Bedin et al., 2018). Previous research shows that using different biomass feedstocks,
HTC can produce 50% to 58% solid hydrochar with a carbon percentage content between 58% to 83%.
The process improves the carbon quality of hydrochar from coal waste (CW) and sewage sludge (SS)
mixture (Lu et al., 2012; Kahilu, 2023).

2.5. Theory and Discussion

The pharmaceutical industry faces significant challenges in treating and disposing of highly
polluted wastewater contaminants. When pharmaceutical wastewater effluent is discharged
improperly into the environment, these pollutants can compromise groundwater quality, leading to
serious health issues and complications, including cancer, skin disorders, reproductive problems, and
more. Moreover, there have been verified incidences of fatalities among freshwater fish and increased
human antibiotic resistance due to these contaminants (Klavarioti et al., 2009; Hernando et al., 2006;
Bertanza et al., 2001).

The conversion of coal waste and sewage sludge into hydrochar through hydrothermal
transformation is critical for elucidating hydrochar properties and understanding how these
materials interact during the adsorption process in treating pharmaceutical wastewater (Kahilu et al.,
2022; Saba et al., 2017). More investigation into the structural and physicochemical properties of
hydrochar is needed to establish the relationship between these properties and the conditions of the
hydrothermal process, which includes factors such as temperature, particle size, pH, concentration,
and catalyst presence. These elements are vital for enhancing the efficacy of hydrochar in adsorption
applications (Kahilu et al., 2022; Saba et al., 2017; Wang et al., 2019; Zhang et al., 2015).
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Research on utilising hydrothermal carbonisation (HTC) for producing hydrochar from coal
waste and sewage sludge remains limited (Munir et al., 2018; Wilk et al., 2019), and the underlying
chemical mechanisms at play during the HTC process are not yet fully comprehended (Heidari et al.,
2018). This study aims to develop hydrochar from coal waste and sewage sludge to remove
pharmaceutical contaminants from its wastewater effectively. Previous investigations have
demonstrated that adsorption onto porous carbonaceous materials (CM) provides an efficient,
versatile, and cost-effective means of eliminating dissolved pharmaceutical products without
generating harmful by-products in the treated wastewater (Sekulic et al., 2019).

Recent research has focused on producing hydrochar that can effectively treat pharmaceutical
wastewater, addressing concerns about the environmental impact of contaminants. The
hydrothermal carbonisation (HTC) method transforms coal waste and sewage sludge into high-
carbon hydrochar materials, offering unique opportunities for low-cost and environmentally friendly
pharmaceutical wastewater treatment. However, a significant drawback of the HTC process is the
lack of kinetic and heat transfer data for most reactions involving some of the raw materials evaluated
(Krylova et al., 2018). The design of the HTC process assumes that temperature and residence time
remain constant throughout the operation (Heidari et al., 2018).

This assumption limits the ability to accurately assess the Energy involved in the process and
the overall energy balance while still adhering to the mass balance equation. A thorough description
of the stoichiometric changes of the raw materials used in the HTC process can enhance our
understanding of its kinetics and thermodynamic modelling, focusing on industrial applications.
Consequently, this study emphasises the potential of developing a sustainable adsorbent hydrochar
to be an effective treatment method for removing impurities from pharmaceutical wastewater,
preventing these contaminants from entering the environment, and reducing their impact on water
quality and human/mouse health. Several studies have demonstrated the effectiveness of adsorption
in removing pollutants from water (Silva et al., 2018; Sousa et al., 2022).

Due to their high availability, low cost, suitability for carbonisation, and large surface area, coal
waste (CW) and sewage sludge (SS) are promising precursors for producing carbon-based adsorbents
such as hydrocarbons (HC) (Maghuzu et al., 2020; Xiang et al., 2019). Although previous methods
and technologies, such as physico-chemical processes and regeneration, have improved, they are
often considered inefficient, environmentally unfriendly, complex, and expensive (Petlovanyi et al.,
2018; Maghuzu et al.,, 2020). As a result, significant amounts of waste continue to be generated each
year, which adds to existing reserves and leads to further environmental risks (Stolboushkin et al.,
2016). In South Africa, sewage treatment plants also produce large quantities of waste from sewage
and industrial waste treatment (Grobelak et al., 2019). This study focuses on the HTC formulation of
hydrochar (HC) from CW and SS to remove pollutant contaminants from pharmaceutical
wastewater. Previous studies have shown that incorporating porous carbonaceous materials (CM) is
an efficient, versatile, and cost-effective method for removing dissolved pharmaceutical products
without leaving residues in treated water (Sekulic et al., 2019).

The potential of hydrochar (HC) as an alternative to traditional adsorbents for removing
pollutants from pharmaceutical wastewater has been more attention. This research also delves into
the production of activated carbon (AC) to improve the performance of Hydrochar in electrochemical
applications (Diantoro et al., 2022). While AC has a well-established role in treating drinking water,
its application in tackling environmental pollution within wastewater treatment plants (WWTPs)
remains relatively new. There is a significant gap in research on micropollutant removal from
pharmaceutical wastewater, which motivates this study to create low-cost hydrochar from sewage
sludge and coal waste. Hydrothermal carbonisation (HTC) enhances the physical characteristics of
these materials, producing hydrochar (HC) through a thermochemical process that generates liquid,
gas, and solid products.

3. Conclusions
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The handling and disposal of coal waste pose significant challenges to strategies for managing
environmental waste impact. A primary concern is putting harmful toxic substances from coal waste
materials, threatening soil and water quality. Moreover, the risk of spontaneous combustion of coal
waste further worsens the environmental hazards linked to its disposal. At the same time, wastewater
treatment facilities generate large amounts of sewage sludge (SS), a by-product that contains a
complicated mix of organic and inorganic pollutants. Contaminants from waste disposal sites can
cause health issues, especially respiratory problems like asthma and pneumonia. There is an urgent
need for innovative approaches to manage coal waste and sewage sludge to reduce these
environmental and health risks.

This study focuses on a ground-breaking pharmaceutical wastewater treatment management
approach by successfully developing a hydrochar adsorbent derived from coal waste and sewage
sludge. The initial phase of the research concentrated on producing hydrochar (HC) through the
incorporation of varying ratios of coal waste (CW) and sewage sludge (SS). Subsequent evaluations
assessed the effectiveness of this hydrochar as an adsorbing material in removing pharmaceutical
wastewater contaminants.

The findings have significant implications, suggesting reduced waste storage costs, improved
energy efficiency in processing, and advancements in wastewater treatment. This innovation could
enhance pharmaceutical wastewater treatment, leading to cleaner water sources. Additionally, HC-
effective adsorbent products can benefit the pharmaceutical sector while addressing waste disposal
challenges and supporting public health and environmental sustainability.
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