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Abstract: Water contamination is a pervasive global crisis, affecting over 2 billion people worldwide,
with pharmaceutical contaminants emerging as a significant concern due to their persistence and
mobility in aquatic ecosystems. This review explores the potential of activated hydrochars, sustain-
able materials produced through biomass pyrolysis, to revolutionize the removal of pharmaceutical
contaminants from water sources. These materials possess high surface area, porous structure, and
exceptional adsorption capabilities, making them a promising solution. The impact of pharmaceutical
contaminants on aquatic ecosystems and human health is far-reaching, affecting biodiversity, water
quality, and public health. To address this complex issue, a diverse range of techniques, including
adsorption, biodegradation, and advanced oxidation processes, are employed in the pharmaceutical
industry. Activated hydrochars offer substantial adsorption capacity, sustainable feedstock origins,
and a minimal carbon footprint. This review highlights their potential in pharmaceutical contaminant
removal and their broader applications in improving soil and air quality, resource recovery, and
sustainable waste management. Interdisciplinary collaboration and the development of intelligent
treatment systems are essential to fully unlock the potential of activated hydrochars. Regulatory
support and policy frameworks will facilitate their responsible and widespread application, promis-
ing a cleaner and more sustainable future. This paper aims to inform scientists, environmental
experts, policymakers, and industry stakeholders about the promising role of activated hydrochars in
addressing pharmaceutical contaminant challenges.

Keywords: activated hydrochars; pharmaceutical contaminant removal; water contamination; sustainable
remediation; environmental stewardship

1. Introduction

Water contamination is a global environmental crisis that affects over 2 billion people
worldwide [1]. This pervasive issue is primarily driven by pollutants stemming from
various sources, such as sewage and leachate laden with pathogens, giving rise to profound
concerns regarding public health and environmental well-being. Exposure to contaminants
in water sources poses a severe threat, leading to waterborne diseases and long-term health
issues [2]. Among the diverse array of water pollutants, pharmaceutical contaminants have
emerged as a major concern, encompassing prescription and over-the-counter medications,
personal care products, hormones, antibiotics, cytostatic drugs, antipyretics and analgesics,
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beta blockers, psychotropic medications, nonsteroidal anti-inflammatory drugs (NSAIDs),
X-ray contrast media, herbicides, pesticides, and veterinary medications [3–5]. These
pharmaceutical contaminants find their way into aquatic environments through various
pathways, including human and animal wastewater, agricultural runoff, and industrial
effluents [6].

What sets pharmaceutical contaminants apart is their exceptional persistence and
mobility in aquatic ecosystems. They traverse substantial distances, affecting surface
water, groundwater, and even potable water supplies, necessitating urgent measures to
control and mitigate their presence. Effective disposal, advanced wastewater treatment,
and rigorous monitoring are essential to tackle this multifaceted issue.

The escalated usage of pharmaceuticals, coupled with advances in detection methods
and increased awareness of the associated risks, underlines the gravity of pharmaceuti-
cal contaminants as a distinct challenge. These contaminants are introduced into water
bodies via numerous routes, leading to their prolonged presence and substantial threats
to both public health and the environment. As such, effective disposal measures, ad-
vanced wastewater treatment, and rigorous monitoring are indispensable in addressing
this complex problem.

The impact of pharmaceutical contaminants is far-reaching, affecting aquatic ecosys-
tems and human populations alike. They disrupt aquatic life, causing population declines
and accumulating in organisms, which can result in biomagnification and altered growth
and development [7–9]. Furthermore, the presence of antibiotic-resistant bacteria in aquatic
environments contributes to antibiotic resistance, while toxicological effects lead to in-
creased mortality rates and decreased biodiversity [10,11]. Algal blooms triggered by
pharmaceutical contaminants further disrupt aquatic ecosystems and produce harmful
toxins. For humans, the risks include drinking water contamination, chronic exposure,
direct health effects, and potential drug interactions [12,13]. The concept of “One Health”
acknowledges the interconnectedness of human, animal, and environmental health, under-
scoring the necessity of water treatment and monitoring to mitigate these risks [14].

Efforts to address this multifaceted issue are centered on improving wastewater treat-
ment, reducing pharmaceutical waste, and implementing regulatory measures. Pharma-
ceutical contaminant remediation plays a pivotal role in ensuring the safety and quality of
pharmaceutical products. A diverse range of techniques, such as filtration, chromatography,
distillation, crystallization, extraction, adsorption, membrane filtration, biodegradation,
advanced oxidation processes, chemical precipitation, enzyme-based remediation, com-
plexation, chelation, pH adjustment, advanced data analysis, and quality by design, are
employed [15,16]. Each technique serves a unique purpose, from eliminating particulate
pollutants through filtration to separating impurities by size using chromatography. The
removal of volatile impurities is achieved through distillation, while crystallization isolates
impurities from the target compound. Adsorption relies on specific adsorbents, whereas
membrane filtration utilizes characteristics such as size, charge, and molecular weight
to filter out impurities. Biodegradation addresses organic pollutants, while advanced
oxidation processes generate reactive radicals for degradation [17]. Chemical precipitation
leads to the formation of insoluble precipitates containing contaminants, while enzyme-
based remediation catalyzes breakdown or modification. Adjusting the pH can prevent
the precipitation of pollutants. Typically, a combination of these techniques is employed to
ensure effective contaminant remediation within the pharmaceutical industry.

In this context, hydrochar, a sustainable and carbon-rich material produced through
the pyrolysis of biomass, and its use emerges as a promising and environmentally friendly
approach to address the complex issue of pharmaceutical contaminant removal. Hy-
drochar’s unique properties, such as its high surface area, porous structure, and adsorp-
tion capabilities, make it a compelling candidate for the remediation of pharmaceutical-
contaminated water sources.
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The overarching objective of this review paper is to inform and educate the scientific
community, environmental experts, policymakers, and industry stakeholders about the
promising approach of using hydrochars to mitigate the challenges posed by pharma-
ceutical contaminants in water sources. As we conclude the introduction, it is crucial to
contextualize this review within the broader landscape of existing literature on pharmaceu-
tical contaminants in water. While numerous review papers have addressed the removal
of emerging contaminants, including pharmaceuticals, through adsorption methods, they
often provide a generalized overview without a specific focus on hydrochar [18–21]. It
is noteworthy that existing works typically discuss the broader category of adsorbents
rather than exclusively delving into the unique attributes of hydrochar for pharmaceutical
contaminant removal. In this vein, our review distinguishes itself by offering an exclusive
exploration of hydrochar as a specialized adsorbent for the removal of pharmaceutical
contaminants. By narrowing the focus to hydrochar, we aim to provide a comprehensive
and in-depth analysis of its distinct properties—such as high surface area and exceptional
adsorption capabilities—that render it a promising and environmentally friendly solution
for addressing the complex challenges posed by pharmaceutical contaminants in water
sources. This deliberate focus serves to contribute novel insights to the existing body
of literature and positions our review as a specialized and valuable resource for those
interested in the application of hydrochar in pharmaceutical contaminant remediation.

2. Methodology

The investigation was performed throughout the years by focusing on hydrochar
and pharmaceutical contaminants and involved a systematic search on Scopus databases
utilizing the combined keywords “hydrochar” and “pharmaceutical contaminants” on
a single day, specifically 2 December 2023, to minimize potential fluctuations. The ini-
tial search yielded a solitary paper associated with the specified keywords. Subsequent
modifications to the search, incorporating the keywords “biochar” and “pharmaceutical
contaminants”, revealed 12 relevant papers. Further exploration was conducted on the
ScienceDirect database using the combined keywords “hydrochar” and “pharmaceutical
contaminants”, yielding 571 results. Subsequently, a meticulous filtering process was
implemented, resulting in the exclusion of 123 articles deemed irrelevant or unrelated. This
left a total of 136 articles. Among these, 39 were initially categorized as review papers,
and their inclusion was subtracted, culminating in the identification of 84 research papers.
Throughout the manuscript preparation, the synthesis of information drew not only from
these 84 selected research papers but also from additional pertinent content obtained from
Google Scholar.

3. The Emergence of Hydrochar as a Sustainable Adsorbent

Hydrochar, a carbonaceous material, is derived through the process of hydrothermal
carbonization (HTC) applied to biomass feedstocks [22]. HTC is a thermochemical proce-
dure that converts biomass into a carbon-rich substance under conditions of 180–250 ◦C
and 2–20 MPa pressure in the presence of water [23]. Hydrochar possesses a suite of
attributes that render it a promising and sustainable adsorbent for the removal of various
water and wastewater pollutants. These attributes encompass a high surface area, a porous
structure, a diverse array of surface functional groups, hydrophobic characteristics, and
chemical and mechanical stability. Notably, hydrochar has demonstrated efficacy in the
removal of a wide array of pollutants from water and wastewater, including heavy metals,
organic contaminants, pharmaceutical residues, dyes, and nutrients [24,25].

Hydrochar generally exhibits non-toxicity and hydrophobicity. The characteristics of
hydrochar, including surface chemistry, porosity, particle size, and specific surface area,
are contingent upon the temperature and reaction duration applied during hydrothermal
carbonization (HTC). The hydrochar surface is typically endowed with numerous oxygen-
containing functional groups that manifest favorable adsorption affinities toward both
polar and non-polar functional groups, thereby resulting in elevated adsorption capac-
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ity. It is noteworthy, however, that such advantageous properties may be compromised
during gas-phase activation aimed at augmenting specific surface area. Consequently,
judicious selection of processing conditions is imperative to preserve the desired attributes
of hydrochar [26].

The hydrochar synthesis process occurs in an aqueous environment, typically em-
ploying a stainless steel autoclave loaded with biomass and a specified quantity of water
(typically within the range of 1:3 to 1:10 ratios of biomass to water). In comparison to
biochar, hydrochar exhibits a slightly acidic nature attributed to a higher presence of oxy-
genated functional groups. Pyrolysis-induced loss of carboxyl and hydroxyl groups renders
biochar alkaline, with alkalinity influenced by inorganic and metal compounds like Ca
and Mg. Hydrothermal carbonization (HTC) results in the removal of some inorganic
components in the aqueous medium, contributing to the acidic pH of hydrochar [27].

Due to the lower temperature of the HTC process, carbon conversion is reduced
compared to pyrolysis, yielding higher atomic ratios of H/C and O/C in hydrochar. Conse-
quently, hydrochar demonstrates elevated atomic ratios of hydrogen to carbon and oxygen
to carbon in contrast to biochar [23]. The increased hydrogen content in hydrochar, known
for its involvement in polar interactions, may enhance its adsorption capacity for pharma-
ceutical compounds exhibiting polar or hydrogen-bonding functionalities. Additionally,
the oxygen-containing functional groups in hydrochar can engage in various chemical
interactions, including hydrogen bonding and Lewis acid–base interactions, potentially
influencing the adsorption of pharmaceutical compounds with oxygen-binding sites or
those susceptible to such interactions.

Hydrochar’s selectivity for pharmaceutical compounds over other organics in waters
and wastewaters can be attributed to its porous structure, chemical functional groups,
surface chemistry, electrostatic interactions, aromaticity, and the potential for specific
affinity. The porous nature of hydrochar provides an effective medium for adsorption, while
its surface features and chemical composition may favor interactions with pharmaceutical
molecules. The presence of aromatic structures in hydrochar aligns with the aromatic rings
often found in pharmaceutical compounds. Additionally, tailored modifications to the
hydrochar surface can enhance its selectivity for pharmaceuticals. These combined factors
contribute to the effectiveness of hydrochar as a selective adsorbent for pharmaceutical
compounds in water treatment applications.

The sustainability of hydrochar as an adsorbent arises from its ability to be derived
from a variety of biomass feedstocks, such as agricultural residues, forestry byproducts, and
municipal solid waste [28,29]. Furthermore, the production of hydrochar can be integrated
into other bioenergy processes like anaerobic digestion and biodiesel production [30].
Importantly, hydrochar can be regenerated and reused multiple times, reducing the demand
for new adsorbent materials. The emergence of hydrochar as a sustainable adsorbent
represents a promising development in the realm of water and wastewater treatment and
stands as a cost-effective and environmentally friendly alternative to traditional adsorbent
materials, including activated carbon.

Noteworthy examples of hydrochar’s use as a sustainable adsorbent in water and
wastewater treatment include its effectiveness in arsenic removal from groundwater [31],
elimination of organic pollutants (e.g., pesticides and herbicides) from agricultural runoff,
the extraction of pharmaceutical contaminants from wastewater [26], removal of dyes from
industrial wastewater [32], and nutrient retention (e.g., phosphorus and nitrogen) from
wastewater.

Hydrochar, while still a relatively recent innovation, holds significant potential for
revolutionizing the sustainable treatment of water and wastewater. Its emergence as a
sustainable adsorbent represents a substantial advancement in the fields of environmental
science and water treatment [28]. Hydrochar, originating from the hydrothermal carboniza-
tion of organic feedstocks like agricultural residues, sewage sludge, and organic waste,
brings several salient advantages to the forefront: the inherently sustainable nature of
hydrochar production, wherein it employs organic waste materials that would otherwise be
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discarded or landfilled, consequently reducing waste while adding value to these materials;
the ability to derive hydrochar from a wide spectrum of renewable feedstocks, rendering it
versatile and adaptable to diverse regional contexts and less reliant on fossil-based adsor-
bents; and the carbon-sequestering attributes of the production process, contributing to
climate change mitigation by converting organic carbon into a stable, long-lasting form [33].
The tunable properties of hydrochar, such as surface area and functional groups, during its
production enable optimization for specific contaminant adsorption. Moreover, the envi-
ronmental impact of hydrochar production in terms of energy consumption and emissions
tends to be lower than some traditional adsorbents. The broad effectiveness of hydrochar
in adsorbing a wide variety of contaminants, including heavy metals, organic pollutants,
and pharmaceuticals, makes it suitable for diverse applications in water treatment, soil
remediation, and beyond. The regenerability and reusability of hydrochar further enhance
its economic and environmental efficiency. Ongoing research continues to refine synthesis
methods and enhance the adsorption properties of hydrochar, opening up new possibilities
for its application.

The rise of hydrochar as a sustainable adsorbent aligns with global objectives of
waste reduction, climate change mitigation, and ensuring access to clean water resources.
Its potential to contribute to environmental sustainability and remediation makes it a
promising material for addressing challenges related to water and soil contamination.

Hydrochars exhibit several unique properties that render them suitable for a mul-
titude of applications. These properties include a typical surface area ranging from 100
to 500 m2/g, which makes them effective adsorbents for a broad spectrum of pollutants.
Their porous structure allows for the adsorption of a wide range of contaminants, spanning
both organic and inorganic compounds. Hydrochars feature various surface functional
groups, such as hydroxyl, carboxyl, and carbonyl groups, which can be tailored to suit
specific applications. Their inherent hydrophobicity, repelling water, proves advantageous
in applications where water contact is undesirable, such as water filtration and soil im-
provement [34]. Furthermore, hydrochars demonstrate both chemical and mechanical
stability, rendering them durable and reusable materials [23].

The properties of hydrochars can be influenced by several factors, including the
type of biomass feedstock utilized in their production, with woody biomass yielding hy-
drochars with higher surface area and porosity compared to non-woody-biomass-derived
hydrochars [35]. Additionally, the HTC process parameters, such as temperature, pressure,
and reaction time, can impact the properties of hydrochars; for instance, higher temper-
atures during production tend to yield hydrochars with lower surface area and porosity
than those produced at lower temperatures [36].

In sum, hydrochars hold promise as materials with diverse potential applications
due to their unique attributes, encompassing high surface area, porous structure, diverse
surface functional groups, hydrophobicity, and chemical and mechanical stability. These
characteristics make them amenable to applications in water and wastewater treatment,
soil improvement, energy storage, and the development of value-added products. Figure 1
provides an illustration of the preparation of waste biomass hydrochar and its various
potential applications.

3.1. Production Methods for Hydrochars

Hydrochars are generated through the hydrothermal carbonization (HTC) process,
which entails subjecting organic feedstocks to controlled conditions involving elevated
temperature and pressure while in the presence of water [36,37]. The specific methodologies
employed in hydrochar production may vary contingent on the chosen feedstock and
the targeted properties of the resultant hydrochar. The primary steps encompassed in
hydrochar production are as follows:
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3.1.1. Feedstock Selection

The initial phase involves the selection of an appropriate feedstock. Organic materials
such as agricultural residues (e.g., crop residues, wood), sewage sludge, algae, or organic
waste are commonly employed. The selected feedstock is often subjected to pre-processing
measures to enhance uniformity and its suitability for hydrothermal carbonization. This
pre-processing can encompass actions such as shredding, drying, or size reduction to yield
a more homogenous material.

3.1.2. Hydrothermal Reactor Utilization

The prepared feedstock is loaded into a specialized hydrothermal reactor, designed to
endure elevated temperatures and pressures. The reactor is meticulously sealed to prevent
gas escape. Water is introduced into the reactor to create a saturated or supercritical water
environment. The temperature is then elevated, typically within the range of 180–250 ◦C,
with a simultaneous increase in pressure, often ranging from 10 to 50 bar. The feedstock
is subjected to hydrothermal treatment for a designated duration, usually spanning from
several hours to a day or more. This process involves the rupture of chemical bonds within
the organic materials, the polymerization of carbon compounds, and the eventual formation
of hydrochar.

3.1.3. Cooling and Depressurization

Subsequent to the hydrothermal treatment, the reactor is meticulously cooled and
depressurized, facilitating the safe removal of the formed hydrochar [37,38].

3.1.4. Collection and Post-Treatment

The resultant hydrochar, manifesting as a solid carbonaceous product, is gathered and
separated from the aqueous phase. It may subsequently undergo a washing process to
eliminate water-soluble impurities and is often subjected to drying to reduce moisture con-
tent. Depending on the aspired properties and the intended applications of the hydrochar,
post-treatment processes may be administered. These may encompass activation, physi-
cal or chemical modification, and further drying. The resultant hydrochar is frequently
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characterized to evaluate properties such as surface area, porosity, and functional group
composition, which serve to determine its suitability for specific applications.

3.1.5. Versatility and Tailoring

The production of hydrochars is highly versatile, and the operational conditions can
be customized to achieve desired properties and performance characteristics. As such,
the process parameters may fluctuate contingent on factors such as the type of feedstock,
temperature, pressure, and treatment duration. This adaptability makes hydrothermal
carbonization a valuable technology for the conversion of organic waste materials into a
diverse array of sustainable and valuable products [38].

3.2. Activation Techniques for Enhancing Adsorption Properties

Activation techniques play a pivotal role in augmenting the adsorption properties
of materials, including hydrochars, through the augmentation of their surface area, pore
volume, and reactivity. These techniques are employed to optimize the adsorption capac-
ity of hydrochars for particular contaminants. The following elucidates several common
activation methods: Physical activation entails subjecting hydrochars to elevated tem-
peratures in an oxygen-depleted environment, a process that expels volatile compounds
and augments porosity. This results in activated hydrochars endowed with enhanced
adsorption properties [25]. Chemical activation methods involve treating hydrochars with
potent acids (e.g., phosphoric acid) or bases (e.g., potassium hydroxide). This treatment
fosters the creation of pores and augments surface area, thus amplifying the hydrochars’
adsorption capacity. Subsequently, the activated hydrochars are meticulously washed to
eliminate residual chemicals [39]. Chemical modification encompasses the introduction of
functional groups (e.g., amino or thiol groups) through chemical processes, which enhances
the hydrochar’s affinity for specific contaminants and improves adsorption efficiency [40].
The application of microwave irradiation to hydrochars promotes the release of volatile
compounds, heightens porosity, and augments adsorption properties due to localized
and rapid heating effects [41]. Steam activation involves the introduction of steam to the
hydrochar under controlled conditions. This procedure engenders additional porosity
and ameliorates adsorption properties [42]. Electrochemical methods are utilized to cre-
ate activated hydrochars by applying an electric current or potential. This application
induces the formation of pores and surface functional groups, thereby enhancing adsorp-
tion capabilities [43]. In situ activation occurs within the hydrothermal carbonization
process through adjustments in reaction conditions, such as temperature, duration, and
pressure. These modifications are tailored to the properties of the resulting hydrochars,
aligning them with specific adsorption applications. Certain research endeavors employ
a combination of multiple activation techniques to maximize adsorption properties. For
instance, a hydrochar may undergo chemical activation followed by pyrolysis or steam ac-
tivation [42]. The integration of other materials, such as nanoparticles or metal oxides, into
hydrochars enhances their adsorption properties for specific contaminants. This process,
referred to as composite formation, may also involve doping with substances like nitrogen
or sulfur [44].

Activation techniques are instrumental in customizing hydrochars to meet the precise
requirements of adsorption applications, whether these pertain to the removal of heavy
metals, organic pollutants, or pharmaceuticals from water and wastewater. The selec-
tion of the most suitable activation method hinges on the target contaminants, feedstock
characteristics, and intended properties of the hydrochar. Table 1 provides a comparative
analysis of the physical properties of activated hydrochar in relation to other commonly
used adsorbents.
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Table 1. Physical properties of activated hydrochar with other common adsorbents.

Characteristic Activated Hydrochar Activated Carbon Clay Minerals References

Selectivity for
Pharmaceuticals

Customizable with
functionalization

Pharmaceutical
selectivity varies

Pharmaceutical selectivity
varies [23]

Sustainability Eco-friendly, often from
organic waste

Source-dependent,
non-renewables

Plentiful, naturally
sourced, eco-friendly [45,46]

Adsorption Capacity High adsorption Strong adsorption
capacity Very high [45]

Tunable Properties Adjustable via activation
methods

Limited tunability;
depends on source and

process

Limited tunability;
properties linked to clay

type
[45]

High Surface Area High surface area
typically observed High surface area

Less surface area than
hydrochar and activated

carbon
[23]

Porous Structure Porous structure for better
adsorption efficiency

Porous structure for
efficient adsorption

Porous structure, especially
in smectite-type clays [46,47]

Carbon Sequestration
Carbon sequestration via

hydrothermal
carbonization

Not applicable Not applicable [46]

Feedstock Diversity From diverse organic
waste

Coal, coconut, wood
feedstocks Various clay mineral types [47]

Proven Performance Efficient for targeted
adsorption

Versatile and extensively
applied

Removes specific heavy
metals [47]

Cost Economical from waste
materials Cost varies with source Cost-effective due to

abundance [45–47]

Regeneration Reusability is common Regenerable for reuse Frequently regenerable for
reuse [45–47]

Application Specificity Adaptable and targeted
adsorption

Highly versatile and
effective

Potent against heavy
metals [45–47]

Customizability Customizable with varied
activation

Customizability
limitations Customizability limitations [23,45–47]

Environmental Impact Environmentally friendly High energy usage High energy usage [45–47]

4. Sustainable Aspects of Hydrochar Production

Hydrochar production is distinguished by its notable sustainable attributes, rendering
it an environmentally conscientious and resource-efficient process. The following delineates
key sustainable facets of hydrochar production: Hydrochar production predominantly
relies on organic waste materials, including agricultural residues, sewage sludge, and or-
ganic waste, which are often considered waste or byproducts. This transformative process
converts these materials into valuable and reusable products, alleviating the burden of
waste disposal [48]. Hydrothermal carbonization effectively captures carbon from organic
feedstocks and converts it into a stable form integrated into the hydrochar. This carbon
sequestration serves to mitigate climate change by removing carbon from the atmosphere
and storing it in a more stable, long-lasting format. By diverting organic waste from
landfills and incineration, hydrochar production diminishes the emission of methane, a
potent greenhouse gas, from the decomposition of organic matter. It also mitigates emis-
sions stemming from waste transportation and incineration [49]. Hydrochar production
is characterized by resource efficiency, as it employs water as the reaction medium, often
recycled, thereby minimizing water consumption. Additionally, the energy required for
hydrothermal carbonization can be derived from renewable sources, further elevating its
sustainability. Hydrochars find application as soil conditioners or fertilizers, augmenting
soil fertility, water retention, and crop productivity. This advancement fosters sustain-
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able agricultural practices by reducing the reliance on synthetic fertilizers and enhancing
soil quality. When employed as adsorbents, hydrochars proffer a sustainable solution for
water and wastewater treatment. Their effectiveness in eliminating contaminants from
water reduces the dependence on energy-intensive treatment methods and diminishes the
environmental repercussions of water pollution. Hydrochars, when used as a fuel in com-
bustion, pyrolysis, or gasification processes, function as a renewable energy source. This
alternative to fossil fuels aids in curbing greenhouse gas emissions. Hydrochar production
aligns with the principles of a circular economy by repurposing organic waste materials
and reintegrating them into productive utilization. This approach counters the conven-
tional linear “take-make-dispose” model, thus fostering sustainability. Continual research
and development endeavors within the sphere of hydrochar production and application
methods strive to amplify its sustainability. Innovations, including the optimization of
process conditions, post-treatment techniques, and feedstock selection, continue to bolster
the environmental and economic efficiency of hydrochar production. The sustainable di-
mensions of hydrochar production render it an appealing and environmentally responsible
solution for converting organic waste into valuable materials that actively contribute to
waste reduction, climate change mitigation, and resource efficiency.

5. Characterization of Activated Hydrochars

Characterization of activated hydrochars plays a pivotal role in comprehending their
properties and evaluating their suitability for a myriad of adsorption applications. To this
end, it is imperative to consider key characterization methods and properties. These meth-
ods encompass the following: The Brunauer–Emmett–Teller (BET) analysis is employed to
quantify the specific surface area of activated hydrochars, thereby yielding valuable insights
into their adsorption capacity [50]. The Pore Size Distribution Analysis utilizes techniques
such as Barrett–Joyner–Halenda (BJH) or Horvath–Kawazoe (HK) methods to ascertain
the pore size distribution, encompassing micropores, mesopores, and macropores [51].
Scanning electron microscopy (SEM) provides visual data concerning surface morphology
and pore structure [52]. The elemental analysis (CHN) determines the carbon, hydrogen,
and nitrogen content, revealing alterations in composition resulting from activation [53].
Fourier transform infrared spectroscopy (FTIR) is utilized to identify functional groups
on the surface, offering insights into the chemical composition [54]. X-ray photoelectron
spectroscopy (XPS) plays a crucial role in analyzing the elemental composition and chemi-
cal states of elements on the surface of activated hydrochars [55]. The thermogravimetric
analysis (TGA) quantifies weight changes as the activated hydrochar is heated, thereby fur-
nishing information about its thermal stability and organic content [56]. Batch Adsorption
Studies evaluate the adsorption capacity of activated hydrochars for specific contaminants
by analyzing equilibrium and kinetic adsorption data [57]. Isotherm modelling involves
fitting adsorption data to isotherm models, such as Langmuir and Freundlich, to elucidate
adsorption behavior [58]. Kinetic studies are designed to assess the rate at which adsorption
occurs, facilitating an understanding of the adsorption mechanism [59]. X-ray diffraction
(XRD) is instrumental in determining the crystalline structure of activated hydrochars [60].
N2 Adsorption–Desorption Isotherms serve a dual purpose by aiding the BET analysis
and providing insights into surface area and pore size [61]. Solid-state nuclear magnetic
resonance (NMR) offers insights into the distribution of carbon species and functional
groups on the surface [62]. Transmission electron microscopy (TEM) provides detailed
imagery of the nanoscale structure and morphology of activated hydrochars [63]. Atomic
force microscopy (AFM) quantifies surface roughness and topography [64].

It is crucial to assess the stability of activated hydrochars under various conditions and
ascertain their potential for regeneration and reusability in adsorption applications. Char-
acterization of activated hydrochars stands as a cornerstone for researchers and engineers
in tailoring their properties to meet specific adsorption applications and gaining profound
insights into the underlying adsorption mechanisms. The selection of characterization
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techniques should be governed by the study’s objectives and the particular properties
of interest.

6. Adsorption Mechanisms of Hydrochars
6.1. Surface Chemistry and Functional Groups

The surface chemistry of hydrochar is subject to the influence of a diverse array of func-
tional groups, which fulfill a pivotal role in the process of adsorption and the consequent
removal of pharmaceutical contaminants from water [26]. In this context, an array of key
functional groups emerges as integral components of hydrochar surfaces, and their interac-
tions with pharmaceutical contaminants assume significance. The following provides a
delineation of such functional groups, along with examples of pharmaceutical contaminants
and their associated interactions: Hydroxyl groups, manifesting on hydrochar surfaces,
partake in interactions with polar pharmaceuticals such as antibiotics (e.g., tetracycline),
primarily via the formation of hydrogen bonds. This mechanism serves to facilitate the
adsorption of pharmaceutical contaminants [65]. Carboxyl groups actively engage in
ion-exchange interactions with basic pharmaceuticals, including amines or cationic drugs
(e.g., ciprofloxacin). In this context, the carboxyl groups found on hydrochar surfaces
are instrumental in attracting and binding with positively charged species [66]. Phenolic
groups on the surface of hydrochar intermingle with pharmaceutical contaminants char-
acterized by aromatic rings, typified by nonsteroidal anti-inflammatory drugs (NSAIDs)
like ibuprofen. The interactions predominantly transpire through π–π interactions and
hydrogen bonding [67].

While relatively less common, amine-functionalized hydrochars are capable of es-
tablishing interactions with acidic pharmaceutical contaminants (e.g., aspirin) through
acid–base interactions. In this scenario, the amine groups operate as proton donors [68].
Exemplar interaction is as follows: Oxygen-containing functional groups such as carbonyl
(C=O) and ether (C-O-C) can engage with a diverse array of pharmaceutical contami-
nants, encompassing organic acids, esters, and other polar compounds [69]. The π-electron
systems inherent in the aromatic structure of hydrochar can engage in interactions with
aromatic pharmaceuticals [70], including phenolic compounds and polycyclic aromatic
hydrocarbons (PAHs), primarily through π–π interactions. Further exemplar interaction is
as follows: Electron-donating and electron-withdrawing groups situated on hydrochar sur-
faces hold the potential to influence the adsorption of pharmaceuticals harboring specific
functional groups. In this context, electron-donating groups may engage with electron-
withdrawing functional groups present in pharmaceutical contaminants [71]. The surface
charge characterizing hydrochar, an attribute influenced by the presence of functional
groups, assumes a role in electrostatic interactions with ionic pharmaceutical contaminants.
Such interactions manifest in the attraction of anionic pharmaceuticals (e.g., sulfonamides)
to positively charged surfaces, and vice versa [72].

The acid–base properties inherent to hydrochar surfaces possess the capacity to influ-
ence the adsorption of pharmaceutical contaminants characterized by specific acid–base
characteristics. An illustrative example involves the acidic surface of hydrochar interacting
with basic pharmaceuticals [73]. Functional groups on hydrochar surfaces that exhibit
redox activity may partake in redox reactions, potentially leading to the transformation
or degradation of pharmaceutical contaminants that are susceptible to oxidation or reduc-
tion. This phenomenon may be particularly relevant to pharmaceuticals with chemically
sensitive structures [74].

It is essential to acknowledge that the presence and distribution of these functional
groups on hydrochar surfaces are subject to variation contingent on factors like the feedstock
used, the production process, and post-treatment methods. These diverse functional groups
collectively serve as the bedrock for the capacity of hydrochar to adsorb a wide spectrum
of pharmaceutical contaminants through a multifaceted array of mechanisms, rendering
it an effective and versatile adsorbent with pronounced relevance in the domain of water
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treatment applications. Figure 2 presents a comprehensive mechanism for the adsorption
of various contaminant types, encompassing pharmaceutical contaminants and others.
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6.2. Interaction between Pharmaceutical Contaminants and Hydrochars

The interaction between hydrochars and pharmaceutical contaminants constitutes a
multifaceted process characterized by several intricate mechanisms, including adsorption,
complexation, electrostatic interactions, and chemical reactions. These interactions hold
paramount importance in the context of pharmaceutical contaminant removal from water.
The following provides an in-depth overview of the intricacies inherent to these interactions:
Hydrochars exhibit a porous structure replete with a substantial surface area. Pharma-
ceutical contaminants become physically adsorbed onto the hydrochar surface, a process
mediated by van der Waals forces, hydrophobic interactions, and hydrogen bonding [75].
This mode of adsorption is typically reversible. Some pharmaceutical contaminants are
capable of engaging in chemical reactions with the functional groups residing on the surface
of hydrochars [76]. These interactions may culminate in covalent bonding, a feature that
renders the adsorption process more stable and less prone to reversibility.

Specific pharmaceutical contaminants, particularly metal ions often present in pharma-
ceutical formulations, have the propensity to form complexes with the functional groups
available on hydrochar surfaces. These complexation reactions can lead to the successful
removal of metal contaminants from water [77]. The surface charge carried by hydrochars,
influenced by their functional groups and the prevailing pH conditions, can be either posi-
tively or negatively charged. Pharmaceutical contaminants, bearing opposite charges, may
be drawn toward the charged surface of hydrochars. This phenomenon engenders electro-
static interactions, thereby facilitating adsorption [78]. Hydrogen bonding emerges as a
prevalent interaction mechanism between hydrochars and polar pharmaceutical contami-
nants. The hydroxyl (-OH) and carboxyl (-COOH) functional groups found on hydrochars
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are adept at forming hydrogen bonds with pharmaceutical compounds characterized by
oxygen and hydrogen atoms [70].

The π-electron systems intrinsic to the aromatic structure of hydrochars have the
capacity to engage in interactions with aromatic pharmaceutical contaminants, including
those featuring benzene rings. These π–π interactions contribute substantively to the
adsorption process [79]. The chemical architecture of pharmaceutical contaminants and
their potential interaction mechanisms with hydrochar are delineated in Table 2.

Table 2. Characteristics of BET surface area of hydrochar, and probable interaction with pharmaceuti-
cal contaminants.

Hydrochar BET Surface Area
Characteristics Pharmaceutical Contaminant

Probable Interaction between
Adsorbent and Pharmaceutical

Contaminant
References

Dried leaf
hydrochar

derived activated
carbon

BET surface area of
647.88 m2/g,

well-developed
pore, t-Plot

micropore volume
of 0.0676 cm3/g
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Table 2. Cont.

Hydrochar BET Surface Area
Characteristics Pharmaceutical Contaminant

Probable Interaction between
Adsorbent and Pharmaceutical

Contaminant
References

Polyethyleneimine
nitrogen-doped

hydrochars (PEI)

BET surface area of
0.45 to 0.02 m2/g
with a standard
deviation of 0.18,

exhibit no porosity
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Table 2. Cont.

Hydrochar BET Surface Area
Characteristics Pharmaceutical Contaminant

Probable Interaction between
Adsorbent and Pharmaceutical

Contaminant
References

Calcium algi-
nate/activated

hydrochar
(CAAH)

AL-AHC: BET
surface area of
533.42 m2/g,
average pore
diameter of

2.121 nm, a total
pore volume of

0.283 cm3/g,
micropore volume

of 0.196 cm3/g

 

3 

Calcium 
alginate/activ

ated 
hydrochar 
(CAAH) 

AL-AHC: BET 
surface area of 533.42 

m2/g, average pore 
diameter of 2.121 nm, 
a total pore volume 

of 0.283 cm3/g, 
micropore volume of 

0.196 cm3/g   

The expansion of the pore 
network facilitates 

acetaminophen adsorption 
through the pore-filling 
mechanism of CAAH. 

[84] 
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its diarylamine and carboxylic 

acid groups, and non-polar 
interactions through van der 
Waals bonding between non-
polar groups. Aromatic rings 
contribute to π–π interactions 

through aromatic stacking. The 
presence of phenolic groups in 
PKC enhances bonding with 

DCF, particularly through 
aromatic π–π stacking and 

hydrogen bonding between -
OH groups of phenol and 

carboxylic acid groups of DCF, 
likely accounting for effective 

removal at acidic pH. 

[26] 

Acid-
modified 

hydrochar 
---- 

 

Sulfachloropyridazine 

Hydrogen bonds (H-bonds) 
and π–π electron donor–

acceptor (EDA) interactions 
constitute the primary 

mechanisms of interaction 
between acid-modified 

hydrochar and 
sulfachlorpyridazine. 

[70] 

Hydrogen bonds (H-bonds) and
π–π electron donor–acceptor

(EDA) interactions constitute the
primary mechanisms of interaction
between acid-modified hydrochar

and sulfachlorpyridazine.

[70]

It is important to underscore that the specific mechanism and the extent of interaction
between pharmaceutical contaminants and hydrochars are contingent upon a plethora
of factors, including the chemical nature of the contaminants, the inherent properties of
the hydrochar, solution pH, and the duration of contact. These interactions collectively
render hydrochars efficacious adsorbents, well suited for the removal of a diverse spectrum
of pharmaceutical contaminants from water and wastewater. The selection of the appro-
priate hydrochar and the judicious optimization of adsorption conditions assume critical
significance in achieving efficacious removal outcomes. A depiction of the adsorption
mechanisms of pharmaceutical and other contaminants onto hydrochar can be observed
in Figure 3.
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6.3. Adsorption Modeling: Isotherms, Kinetics, and Thermodynamic Analysis

In the context of adsorption processes involving pharmaceutical contaminants on
activated hydrochars, various kinetic and equilibrium models have been applied to provide
a systematic understanding of the phenomena. These models serve as valuable tools for
characterizing and predicting the adsorption behavior of such contaminants.

6.3.1. Kinetics Models

A prime example is the utilization of the Pseudo-First-Order Kinetics model, as demon-
strated in a study focusing on the adsorption of antibiotics like ciprofloxacin onto activated
hydrochar. This model enables the determination of the rate constant and estimation of
the equilibrium adsorption capacity [85]. Similarly, the Pseudo-Second-Order Kinetics
model finds application in scenarios such as the adsorption of antidepressants like fluox-
etine onto activated hydrochar. It aids in assessing the rate constant and predicting the
equilibrium adsorption capacity [83]. In cases involving the adsorption of antipyretics,
like acetaminophen, the Intraparticle Diffusion Model is pertinent. This model offers in-
sights into the rate of intraparticle diffusion and considers the effect of the boundary layer,
represented by the constant [86].

6.3.2. Equilibrium Models

Equilibrium models play a pivotal role in understanding the final adsorption state of
pharmaceutical contaminants. The Langmuir Isotherm, for instance, is employed when
investigating the adsorption of nonsteroidal anti-inflammatory drugs (NSAIDs) such as
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ibuprofen on activated hydrochar. This model allows for the determination of the max-
imum monolayer adsorption capacity and the Langmuir adsorption constant [67]. The
Freundlich Isotherm model is useful in the adsorption of hormones like estradiol onto
activated hydrochar. It helps in assessing the Freundlich adsorption constant and the
Freundlich exponent, which characterizes the adsorption intensity [87]. For the adsorption
of compounds such as acetaminophen, the Sips Isotherm model can be applied. This model
assists in determining the Sips adsorption constant and the Sips Isotherm exponent (n),
which provides insights into surface heterogeneity and saturation [88].

6.3.3. Thermodynamic Analysis

In addition to kinetic and equilibrium models, a thermodynamic analysis is crucial
for understanding the energy changes associated with adsorption processes. Thermo-
dynamic parameters, such as Gibbs free energy (∆G), enthalpy (∆H), and entropy (∆S),
can shed light on the spontaneity and feasibility of adsorption. For instance, a negative
∆G indicates a thermodynamically favorable process, while ∆H and ∆S provide insights
into the nature of adsorption (endothermic or exothermic) and the degree of randomness
at the adsorbent–adsorbate interface, respectively. The combination of these parameters
offers a deeper understanding of the thermodynamics of pharmaceutical adsorption onto
activated hydrochar, aiding in the design and optimization of adsorption processes for
water treatment and environmental remediation.

In summary, the integration of kinetic, equilibrium, and thermodynamic models
enables a comprehensive analysis of the adsorption of pharmaceutical contaminants on
activated hydrochar surfaces. These models collectively provide a valuable framework
for optimizing adsorption processes in water treatment scenarios while considering the
associated energy changes and thermodynamic feasibility.

6.4. Applications of Activated Hydrochars in Pharmaceutical Contaminant Removal

Activated hydrochars serve as versatile and efficacious agents for the removal of
pharmaceutical contaminants from water and wastewater, underpinned by their robust
adsorption properties and environmentally sustainable attributes. Within this purview,
several key applications manifest, underscoring their utility: Activated hydrochars can
be seamlessly integrated into the operational processes of municipal and industrial water
treatment facilities. Their application contributes to the elimination of pharmaceutical
contaminants from both drinking water and wastewater, thereby upholding the water
quality standards requisite for public health [72].

Activated hydrochars find utility in household water filtration systems, wherein they
serve as stalwart sentinels against pharmaceutical contaminants. These systems ensure the
delivery of potable water at the point of consumption, essentially rendering it devoid of
these contaminants. In wastewater treatment installations, activated hydrochars emerge
as valuable assets for the abatement of pharmaceutical contaminants within domestic and
industrial effluents. By doing so, they aid in the fulfillment of regulatory requirements
concerning effluent quality standards. Agricultural runoff, often laden with pharmaceutical
contaminants, can be effectively treated through the deployment of activated hydrochars.
Their use thwarts the ingress of these contaminants into surface waters, thereby miti-
gating the attendant environmental and ecological repercussions. In instances wherein
groundwater stands tainted by pharmaceutical contaminants, activated hydrochars can be
incorporated into remediation systems. Their function is to treat and purify groundwater,
rendering it suitable for consumption.

Pharmaceutical manufacturing facilities benefit from the utilization of activated hy-
drochars for the treatment of effluents housing pharmaceutical contaminants. This not
only ensures compliance with environmental regulations but also curtails the discharge
of pollutants into aquatic ecosystems. Activated hydrochars can be seamlessly integrated
into urban stormwater management systems. Their role lies in capturing pharmaceuti-
cal contaminants from urban runoff before this runoff reaches natural water bodies [89].
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Within the ambit of aquaculture, activated hydrochars fulfill a pivotal role in sustaining
water quality. By expeditiously removing pharmaceutical contaminants, they bolster the
health of aquatic organisms and, concomitantly, the safety of seafood production [90]. In
environments perturbed by pharmaceutical contamination and its concomitant ecological
disruptions, activated hydrochars can be instrumental in restoring ecological equilibrium
through the removal of environmental contaminants from natural water bodies [24]. The
deployment of activated hydrochars is ubiquitously observed in research and pilot-scale
investigations. These endeavors are designed to gauge the efficacy of activated hydrochars
in the context of pharmaceutical contaminant removal. Such studies further aim to devise
treatment processes that are both cost-effective and sustainable.

In effect, the utilization of activated hydrochars in the realm of pharmaceutical con-
taminant removal resonates harmoniously with the tenets of the One Health concept, which
inherently acknowledges the interconnectedness of environmental, human, and animal
health. This holistic approach renders dual benefits, safeguarding ecosystems while con-
currently enhancing the well-being of human populations. The specific application of
activated hydrochars hinges on several determinants, including the nature and concen-
tration of pharmaceutical contaminants, the requisite water quality standards, and the
contextual intricacies of the environment. In sum, activated hydrochars underscore their
utility as a versatile, eco-friendly solution for the multifaceted challenge of pharmaceutical
contaminant removal, effectively contributing to the safeguarding of water resources and
public health. Table 3 provides a comprehensive overview of various hydrochar and biochar
types, their respective adsorbent properties, and the underlying adsorption mechanisms.

Table 3. Comprehensive Overview of Hydrochar and Biochar Types, Adsorbent Properties, and
Adsorption Mechanisms.

Hydrochar/Biochar
Types

Hydrochar
Preparation Process Mechanism

Sorption
Capacity
(mg/g)

Pharmaceutical
Compound
Removed

Kinetics Reference

Salix psammophila

The surface area of the
resulting hydrochars

exhibits a growth
pattern as the HTC

temperature escalates
up to 250 ◦C

Activated hydrochar
produced porous

carbon with
improved surface

area

27.00 Tetracycline – [91]

Palm oil kernel
shell waste

Hydrothermal
carbonization and

activation at 200–400 ◦C

Surface functional
groups played a
major role in the

adsorption

131.00 Diclofenac
sodium

Pseudo-
second-

order kinetic
[26]

Olive oil waste

Olive residue heated,
hydrothermal

carbonization, yields
hydrochar, a

sustainable, biochar-like
material. Requires

temperature range of
180 ◦C to 250 ◦C

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces.

Formation of
bidentate complexes

between iron
hydroxides and

arsenic anion

- Triclosan – [92]

Olive oil waste

Olive residue heated,
hydrothermal

carbonization, yields
hydrochar, a

sustainable, biochar-like
material. Requires

temperature range of
180 ◦C to 250 ◦C

Phenolic
compounds on the

surface of hydrochar
played important
role of sorption.

Higher surface area

- Ibuprofen – [92]
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Table 3. Cont.

Hydrochar/Biochar
Types

Hydrochar
Preparation Process Mechanism

Sorption
Capacity
(mg/g)

Pharmaceutical
Compound
Removed

Kinetics Reference

Olive oil waste

Olive residue heated,
hydrothermal

carbonization, yields
hydrochar, a

sustainable, biochar-like
material. Requires

temperature range of
180 ◦C to 250 ◦C

Hydrogen bonds,
multiple salt
linkages, and

phenolic
compounds

- Diclofenac – [92]

Cotton gin waste

Biochar pyrolysis
temperature from

350 ◦C to 700 ◦C led to
an increase in pH,

specific surface area,
and surface

hydrophobicity

Hydrophobic
partitioning,

hydrogen bonding,
and π–π electron
donor–acceptor

interactions

1.50
Sulfapyridine,
Docusate, and
Erythromycin

Pseudo-
second-

order kinetic
[93]

Banana
pseudostem
hydrochar

CoFe2O4 impregnation
at 350–650 ◦C for 2 h at

10 ◦C/min

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

99.76 Amoxicillin Pseudo
second order [94]

Oil palm fiber
ZnCl2 impregnation at

550 ◦C for 30 min at
5 ◦C/min

Formation of
bidentate complexes 7.30 Acetaminophen Pseudo

second order [95]

Wood chips Ball milling at 800 ◦C
for 7 h

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

196.00 Acetaminophen Pseudo
second order [96]

Pomelo peels 700 ◦C for 3 h Formation of
bidentate complexes 147.00 Acetaminophen Elovich

model [97]

Pure glucose
Pre-pyrolysis and

hydrothermal treatment
at 900 ◦C for 3 h

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

286.00 Acetaminophen Elovich
model [97]

Oil palm fiber
ZnCl2 impregnation at

550 ◦C for 30 min at
5 ◦C/min

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

7.90 Cephalexin Pseudo
second order [95]

Used tea leaves 450 ◦C at 30 min

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

238.10 Ciprofloxacin Pseudo
second order [98]

Corncobs 600 ◦C for 2 h

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

0.40 Ciprofloxacin Pseudo
second order [99]

Pine needle
hydrochar

Oxidized with boiling
nitric acid at 650 ◦C

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

6.54 Caffeine Pseudo
second order [100]
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Table 3. Cont.

Hydrochar/Biochar
Types

Hydrochar
Preparation Process Mechanism

Sorption
Capacity
(mg/g)

Pharmaceutical
Compound
Removed

Kinetics Reference

Bovine bone AlCl3 and MgCl2
loading at 650 ◦C

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

26.21 Caffeine Pseudo
second order [101]

Rice hull Torrefied at 350 ◦C for
1 h

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

3.3 Sodium
diclofenac

Pseudo
second order [102]

Moringa seed
powder

Chemical activation
with H3PO4 at 450 ◦C
for 2 h at 10 ◦C/min

Hydrogen bonds,
multiple salt

linkages
100.87 Sodium

diclofenac
Pseudo

second order [103]

Sludge of textile
effluent treatment
plant rich in iron

chloride

400 ◦C for 4 h at
10 ◦C/min

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

19.7 Ofloxacin

Intra-
particle

diffusion
model

[104]

Walnut shell
Microwave treatment of
walnut shell and FeCl3

at 600 ◦C for 2 h

Formation of
bidentate complexes 444 Ketoprofen Pseudo

second order [105]

Corn husks
Pyrolysis FeCl3

impregnation at 300 ◦C
for 1 h at 5 ◦C/min

Formation of
bidentate complexes 273.7 Levofloxacin

Intra-
particle

diffusion
model

[106]

Coconut shell
Chemical activation

with H3PO4 at 400 ◦C
for 1 h

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

12.16 Ibuprofen Pseudo first
order [107]

Date stone seeds
Chemical activation

with H3PO4 at 700 ◦C
for 1 h

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

12.16 Ibuprofen Pseudo
second order [108]

Wood apple fruit
shell

Steam activation at
650 ◦C for 1 h

Hydrogen bonds,
multiple salt

linkages
12.65 Ibuprofen Pseudo

second order [109]

Wood chips 800 ◦C for 7 h

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

132 Ibuprofen Pseudo
second order [96]

Mung bean husk Steam activation at
650 ◦C

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

59.76 Ibuprofen Pseudo
second order [110]

Walnut shell
Microwave treatment of
walnut shell and FeCl3

at 600 ◦C for 2 h

Hydrogen bonds,
multiple salt

linkages
533 Naproxen Pseudo

second order [105]

Rice straw
Chemical activation

with H3PO4 at 700 ◦C
for 2 h

van der Waals forces 552 Tetracycline Pseudo
second order [111]
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Table 3. Cont.

Hydrochar/Biochar
Types

Hydrochar
Preparation Process Mechanism

Sorption
Capacity
(mg/g)

Pharmaceutical
Compound
Removed

Kinetics Reference

Swine manure
Chemical activation

with H3PO4 at 700 ◦C
for 2 h

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

365.40 Tetracycline Pseudo
second order [111]

Food and garden
waste 300 ◦C for 12 h

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

9.45 Tetracycline Elovich
model [112]

Rice straw 700 ◦C for 2 h at
26 ◦C/min

Formation of
bidentate complexes 14.16 Tetracycline – [113]

Walnut shell
Microwave treatment of
walnut shell and FeCl3

at 600 ◦C for 2 h

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

683 Salicylic acid Pseudo
second order [105]

Eucalyptus
globulus wood

Chemical activation
with H3PO4 at 400 ◦C

for 2 h

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

28.29 Sulfamethoxazole – [114]

Raw bamboo Ball milling at 450 ◦C
for 2 h

Hydrogen bonding
and π–π electron
donor–acceptor

interactions

25.7 Sulfamethoxazole Elovich
model [115]

Tea waste Steam activation at
700 ◦C for 2 h van der Waals forces 33.81 Sulfamethazine – [116]

Eucalyptus
globulus wood

Chemical activation
with H3PO4 at 400 ◦C

for 2 h

Hydrogen bonds,
multiple salt

linkages, and van
der Waals forces

20.71 Sulfamethazine – [114]

Hickory chips 450 ◦C for 2 h Formation of
bidentate complexes 58.6 Sulfapyridine Elovich

model [115]

6.5. Removal Efficiency and Factors Influencing Adsorption

The effectiveness of pharmaceutical contaminant removal by activated hydrochars
is a nuanced interplay of various factors. A comprehensive understanding of these fac-
tors is pivotal for optimizing the adsorption process and achieving an efficient removal
strategy [117]. Here are the pivotal factors influencing the adsorption of pharmaceutical
contaminants by activated hydrochars: Activated hydrochars featuring a greater surface
area generally exhibit enhanced adsorption efficiency due to the availability of more adsorp-
tion sites [26]. The type and concentration of surface functional groups, such as hydroxyl
(-OH) and carboxyl (-COOH) groups, have a pronounced influence on adsorption capacity
and affinity for specific contaminants [118]. The distribution of pore sizes, including micro-
pores, mesopores, and macropores, is instrumental in shaping adsorption kinetics and the
removal of pharmaceutical compounds of varying sizes.

The chemical structure, charge, and presence of functional groups in pharmaceutical
contaminants dictate their affinity for specific functional groups on the hydrochar surface.
The size of pharmaceutical molecules significantly affects their ability to interact with
adsorption sites on the hydrochar surface, influencing adsorption efficiency [73]. The
solubility of pharmaceutical contaminants in water directly influences their availability for
adsorption, with less soluble compounds often demonstrating higher removal efficiency.
Solution pH plays a pivotal role by affecting the surface charge of both hydrochars and
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pharmaceutical contaminants, thereby modulating electrostatic interactions. The optimal
pH conditions for adsorption may vary among different contaminants [26,119]. The ionic
strength of the solution introduces a competitive dynamic in the adsorption process, as
ions can vie for adsorption sites with pharmaceutical contaminants. Elevated ionic strength
may curtail removal efficiency. Temperature exerts a significant influence on adsorption
kinetics. In many cases, higher temperatures expedite the adsorption process; however, it
is noteworthy that increased temperature does not invariably correlate with heightened
removal efficiency.

The quantity of activated hydrochars added to the solution plays a pivotal role in
the adsorption process. Determining an optimal dosage is essential to strike a balance
between removal efficiency and cost-effectiveness. The duration of interaction between
activated hydrochars and pharmaceutical contaminants is pivotal. Longer contact times
typically result in enhanced removal efficiency [120]. Longer contact times generally lead
to higher removal efficiency. The initial concentration of pharmaceutical contaminants
within the solution holds considerable significance. Elevated initial concentrations may
paradoxically lead to reduced removal efficiency, as adsorption sites may become saturated.
In scenarios where co-existing ions or solutes are present within the solution, they can
compete with pharmaceutical contaminants for adsorption sites, potentially diminishing
the removal efficiency [121]. Real water samples often contain complex matrices, such as
organic matter, which can interfere with the adsorption process. This interference must be
duly acknowledged and managed [122].

The ability to regenerate and reuse activated hydrochars represents a pivotal consid-
eration. Understanding the regeneration methods and ascertaining the number of cycles
before a decline in removal efficiency are crucial. The size and shape of activated hydrochar
particles have an impact on their settling characteristics and mixing within the solution,
which in turn influences adsorption efficiency [72]. The source material employed for
hydrochar production and the specific activation methods utilized can yield variations in
surface chemistry, pore structure, and adsorption properties [123]. Natural organic matter
inherent in water can also compete for adsorption sites with pharmaceutical contaminants,
thereby affecting the overall removal efficiency.

It is imperative to recognize that the influence of these factors can be compound-
specific, contingent on the nature of the pharmaceutical contaminants under consideration,
as well as the prevailing water quality conditions. Consequently, achieving an effective
pharmaceutical contaminant removal strategy using activated hydrochars necessitates a
tailored approach, inclusive of thorough experimentation and pilot studies to optimize
these parameters in pursuit of the desired removal efficiency.

6.6. Regulations and Guidelines for Pharmaceutical Contaminants

Regulations and guidelines for pharmaceutical contaminants in water vary signifi-
cantly across countries and regions. Noteworthy regulatory bodies include the United
States Environmental Protection Agency (EPA), which, under the Safe Drinking Water
Act, establishes maximum contaminant levels (MCLs) for substances, including pharma-
ceuticals [124]. The World Health Organization (WHO) provides international guidance
through its “Guidelines for Drinking-water Quality”, addressing the evaluation and control
of pharmaceutical contaminants [125]. The European Union (EU) outlines parameters in
the Drinking Water Directive, encompassing criteria for water quality, including pharma-
ceuticals [126]. Various countries, through their environmental agencies, set standards
and regulations, discernible in thresholds for pharmaceutical contaminants in surface wa-
ters [127]. Additionally, pharmaceutical industry regulations, such as those from the U.S.
Food and Drug Administration (FDA), indirectly impact contaminant prevalence by miti-
gating environmental impact [128]. Several international agreements and organizations are
dedicated to addressing concerns associated with pharmaceutical contaminants in water.
Among them, the United Nations Environment Programme (UNEP) and the Organization
for Economic Co-operation and Development (OECD) are notable participants [129].



C 2024, 10, 8 22 of 36

Alongside regulations and guidelines, research initiatives and monitoring programs
aim to identify and understand pharmaceutical contaminants in water, forming the founda-
tion for regulatory decisions. It is crucial to recognize substantial disparities in regulations
contingent on specific pharmaceutical contaminants, concentrations, contamination sources,
and intended water use. The field of pharmaceutical contaminant regulation is dynamic,
evolving with advancements in research and an enhanced understanding of associated
risks, leading to the emergence of new guidelines and standards. Local and regional
authorities play a vital role in enforcing these regulations, emphasizing the importance
of consulting relevant bodies for the latest information on pharmaceutical contaminant
regulations and guidelines.

7. Advantages and Limitations

Activated hydrochars proffer several distinctive advantages in the realm of pharma-
ceutical contaminant removal from aqueous systems: The impressive surface area and
rich assortment of functional groups within activated hydrochars equip them to effectively
adsorb a diverse spectrum of pharmaceutical contaminants. Often derived from renewable
sources like biomass and organic waste materials, hydrochars manifest as an eco-conscious
and sustainable adsorbent, ameliorating environmental impact. The abundant and rel-
atively inexpensive feedstock materials utilized in hydrochar production contribute to
economically viable treatment solutions. In select cases, activated hydrochars can un-
dergo regeneration, bolstering their operational longevity and economizing operational
expenses [130]. Hydrochars offer the possibility of precise modifications, empowering their
customization to target specific pharmaceutical contaminants, thereby amplifying their
versatility across varied treatment scenarios. By harnessing hydrochars for water treatment,
the release of pharmaceutical contaminants into natural water bodies is curtailed, effectively
mitigating environmental harm. The realm of activated hydrochars operates as a nexus
for cross-disciplinary collaboration, amalgamating insights from chemistry, environmental
science, and materials science to facilitate the exploration of innovative solutions.

However, the utilization of activated hydrochars for pharmaceutical contaminant
removal is not devoid of certain limitations: The efficiency of activated hydrochars in phar-
maceutical contaminant removal is subject to fluctuation contingent upon diverse factors
encompassing the type of contaminant, solution conditions, and specific characteristics of
the hydrochar employed. Co-existing ions and solutes in the water matrix may engage in
competition with pharmaceutical contaminants for adsorption sites, conceivably dimin-
ishing the removal efficiency. While some activated hydrochars can undergo regeneration,
restoration of their adsorption capacity may not be consistently achieved, and the process
may be energy-intensive.

Real-world water samples frequently harbor intricate matrices including natural or-
ganic matter, which can interfere with the adsorption process and consequently abate its
efficiency. Hydrochars may exhibit limited selectivity for distinct pharmaceutical contami-
nants, and certain compounds may prove resistant to effective removal. The endeavor to
scale up activated hydrochar production and application for large-scale water treatment
facilities may present engineering and logistical challenges. Achieving optimal removal
efficiency often necessitates the conduct of meticulous experimentation and the intricate
fine-tuning of operational parameters, which may not invariably be straightforward. The
production of hydrochars from specific feedstock materials may entail safety and envi-
ronmental considerations, and certain agricultural residues, for example, might yield
associated environmental impacts.

The domain of activated hydrochars confronts competition from an array of alternative
adsorbents and treatment technologies, necessitating comprehensive performance evalua-
tion relative to other options. In summation, activated hydrochars represent a promising
and ecologically responsible avenue for the elimination of pharmaceutical contaminants
from water systems. These advantages encompass high adsorption capacity, sustainability,
and cost-effectiveness. However, their performance is inherently nuanced, influenced by
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diverse factors, and may not uniformly address all pharmaceutical contaminants. Careful
consideration and meticulous optimization are imperative when integrating activated
hydrochars into water treatment processes.

8. Sustainability and Economic Viability
8.1. Environmental Benefits of Activated Hydrochar

The utilization of activated hydrochar extends a multitude of environmental benefits,
rendering it an environmentally sustainable and ecologically congenial solution across
diverse water and wastewater treatment applications. These advantages significantly
contribute to environmental safeguarding and the prudent utilization of resources. The
following enumerates the key environmental merits associated with the application of
activated hydrochar: Activated hydrochar is predominantly derived from organic waste
materials, including agricultural residues, food waste, and sewage sludge [25]. By meta-
morphosing these organic residues into a valuable end-product, hydrochar facilitates the
diversion of organic waste from landfills, thus substantially curtailing methane emissions
and abating landfill pollution [131]. The process of producing hydrochar via hydrothermal
carbonization (HTC) results in the sequestration of carbon from organic materials. This
sequestered carbon remains in a stable form within the hydrochar, thus yielding a notable
contribution to carbon storage while concurrently mitigating greenhouse gas emissions.

The production of hydrochar predominantly employs renewable feedstock sources,
such as biomass, which can be obtained from sustainable harvesting or the utilization of
agricultural and forestry residues. This serves to curtail the dependency on fossil-based
adsorbents and materials, thereby advancing environmental conservation [30,132]. The
deployment of hydrochar as a soil amendment offers the distinct advantage of improving
soil quality and structure [133]. This augmentation, in turn, abates soil erosion and sed-
iment runoff, culminating in an amelioration of aquatic ecosystem health. Hydrochar’s
introduction to soil bolsters nutrient retention and augments water-holding capacity. This,
in tandem, diminishes the necessity for chemical fertilizers, thereby fostering the principles
of sustainable agriculture.

Within the context of wastewater treatment, hydrochar can be harnessed to recover
the phosphorus-containing chemicals in sewage sludge [134]. This operationally minimizes
the release of excessive phosphorus into water bodies, thereby averting eutrophication and
preserving the health of aquatic ecosystems. The implementation of hydrochar in water
treatment procedures significantly curtails the dependence on chemical coagulants and
flocculants that are conventionally deployed. This, consequently, leads to a reduction in the
generation of chemical residuals and their correlated environmental repercussions. The
intervention of hydrochar in water treatment endeavors efficiently alleviates eutrophication,
a prevalent environmental quandary precipitated by the inordinate runoff of nutrients and
pollutants into aquatic environments.

Hydrothermal carbonization, as the process of hydrochar production, is inherently
energy-efficient and can be fueled by renewable energy sources. This, in turn, contributes
to the minimization of the carbon footprint associated with hydrochar production [135].
By extricating nutrients and pollutants from water bodies, hydrochar serves as a potent
mitigator for the adverse impacts of eutrophication and the discharge of pharmaceutical
contaminants. This, thereby, curtails the environmental repercussions and safeguards both
aquatic ecosystems and human health. The research and implementation of hydrochar
materials promote interdisciplinary research and cooperation, encompassing fields such as
chemistry, environmental science, materials science, and agriculture. This interdisciplinary
synergy culminates in the advancement of holistic environmental solutions. Moreover,
the very concept of transforming waste materials into valuable products like hydrochar
aligns seamlessly with the principles of a circular economy, whereby waste generation is
minimized and resource utilization is conducted with maximal efficiency [136].
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In summary, the environmentally congenial attributes and manifold applications of
activated hydrochar underscore its immense value as a versatile tool for addressing a
gamut of environmental challenges, all the while perpetuating sustainability and the astute
conservation of resources.

8.2. Cost-Effectiveness and Scalability

The cost-effectiveness and scalability of activated hydrochar production and its ap-
plications hinge upon an array of intricate factors, encompassing feedstock selection,
production methodologies, treatment objectives, and the specific operational conditions
in place [137]. This section provides an overview of the nuanced considerations relating
to cost-effectiveness and scalability for activated hydrochar: The cost-effectiveness of hy-
drochar production is intricately linked to the availability and cost of feedstock materials.
The utilization of abundant, economically viable organic waste materials, such as agricul-
tural residues or sewage sludge, can significantly amplify cost-effectiveness. The method
employed for hydrochar production, whether it is hydrothermal carbonization (HTC) or
pyrolysis, plays a pivotal role in shaping production costs. HTC, notable for its relatively
mild processing conditions, can present a more cost-effective alternative when contrasted
with high-temperature pyrolysis techniques.

The energy efficiency inherent to the hydrochar production process can exert a pro-
nounced impact on costs. The strategic deployment of renewable energy sources for the
production process, coupled with optimized energy utilization, can markedly bolster cost-
effectiveness. A meticulous calibration of operational parameters, encompassing variables
such as temperature, pressure, and residence time during hydrochar production, can induce
tangible reductions in energy and resource consumption. This, in turn, augments the over-
all cost-effectiveness of the process. The viability of regenerating and reusing hydrochars
for multiple cycles holds the potential to mitigate operational costs, hence rendering the
technology more cost-effective. However, the complexities of the regeneration process
should be scrutinized.

The labor and maintenance prerequisites associated with hydrochar production and
application ought to be integrated into the overarching cost-effectiveness analysis. These
operational outlays are integral to the comprehensive assessment [138]. The specific treat-
ment objectives, such as the elimination of pharmaceutical contaminants, nutrients, or
heavy metals, can wield a discernible influence on cost-effectiveness. Tailoring treatment
for specific contaminants may necessitate supplementary processing steps, thereby impact-
ing costs. The existence of a market for hydrochar products, such as soil amendments, can
bolster cost-effectiveness by generating revenue through the sale of hydrochar. An effective
market strategy is pivotal in this context.

8.3. Scalability

The attainment of scalability in the context of activated hydrochar hinges on several
imperatives. The following expounds on the foundational aspects of scalability: Ensuring
a dependable and uninterrupted supply of feedstock materials is an imperative founda-
tion for scalability. This necessitates the establishment of collaborations with feedstock
providers, coupled with the optimization of logistical operations. The scalability of hy-
drochar production is closely correlated with the capacity of production facilities [130].
Augmenting production capacity may entail investments in larger equipment and facil-
ities. Modular production systems provide an agile framework for scalability, allowing
for the expeditious expansion of operations by adding or duplicating modules as per
a requirement.

Compliance with prevailing environmental regulations and permits stands as a cardi-
nal precondition for the amplification of hydrochar production and application. A profound
understanding of, and strict adherence to, local and national regulations is foundational.
Scalability is intricately linked to the market demand for hydrochar products. The di-
versification of the product range and the exploration of new applications can open up
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novel markets and concomitantly foster scalability. Sustained research and development
endeavors geared toward enhancing hydrochar production processes and broadening the
scope of contaminants treated constitute a pivotal avenue for scalability.

Collaborative efforts encompassing researchers, engineers, and stakeholders from
diverse domains can serve to identify new opportunities for hydrochar applications and,
correspondingly, reinforce scalable solutions. The demonstration of the economic viabil-
ity of hydrochar production and its applications is a seminal prerequisite for securing
investments and underpinning scalability.

In synthesis, the achievement of scalability within the realm of activated hydrochar
necessitates assiduous planning, adapted production processes, meticulous adherence to
technical, logistical, and economic considerations, efficacious market engagement, and
unwavering compliance with regulatory mandates. The ability to furnish reliable and
consistent treatment outcomes as production scales is paramount for triumphant scalability.

8.4. Life Cycle Analysis

A life cycle analysis (LCA) of activated hydrochar necessitates the comprehensive
evaluation of the environmental repercussions entailed across its entire life cycle, spanning
from the initial stages of raw material extraction to production, utilization, and eventual
disposal [139]. Herein lies a general exposition of the primary stages and considerations that
underpin an LCA of activated hydrochar: The LCA initiates with the meticulous scrutiny
of the environmental impact inherent to the sourcing and extraction of feedstock materials
used for hydrochar production, which may encompass a spectrum of sources, such as
agricultural residues, organic waste, or sewage sludge. This phase necessitates an in-depth
exploration of factors including land use, water utilization, and energy consumption in the
collection of feedstock materials.

The environmental footprint of the hydrochar production process, which may encom-
pass methodologies such as hydrothermal carbonization (HTC) or pyrolysis, is subjected to
rigorous examination. This entails the dissection of energy consumption, emissions, and
resource utilization during the production process. The transport of feedstock materials to
the production site and the subsequent conveyance of hydrochar to end-users or treatment
facilities constitute vital junctures in the LCA [89]. Evaluate fuel consumption, emissions,
and energy usage in transportation. The analysis encompasses the assessment of fuel
consumption, emissions, and energy usage in transportation. An appraisal of the environ-
mental benefits and impacts arising from the use of activated hydrochar across diverse
applications, be it in the realm of water treatment, soil enhancement, or as an adsorbent
for pharmaceutical contaminants, constitutes a significant component. This involves an
evaluation of the efficiency and efficacy of hydrochar in realizing treatment objectives. If
pertinent, the environmental implications of regenerating and reusing hydrochar materials
for successive cycles within treatment processes warrant evaluation. Likewise, contempla-
tion extends to the potential avenues for disposal or recycling of hydrochar products at the
culmination of their utility [140].

Evaluate the environmental impact of waste management options, such as landfill-
ing, incineration, or composting. The LCA framework entails a comparative dimension,
wherein the environmental impacts of employing activated hydrochar are juxtaposed
against alternative treatment modalities or materials, ranging from chemical coagulants
to landfilling or traditional wastewater treatment. This contrast embraces a spectrum of
environmental impact categories, encompassing greenhouse gas emissions, energy usage,
water consumption, acidification, eutrophication, and ecotoxicity. The LCA hinges upon
the meticulous accumulation of data pertaining to energy consumption, emissions, and
resource utilization across each stage of the hydrochar life cycle [141]. The formulation of a
comprehensive inventory of environmental inputs and outputs is a pivotal undertaking.
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Specialized LCA software and methodologies are instrumental in deciphering the ram-
ifications of each facet of the hydrochar life cycle on diverse environmental indicators. This
entails an interdisciplinary and holistic approach to a data synthesis and analysis. The con-
clusions drawn from the LCA serve as the substrate for the interpretation of results and the
formulation of recommendations. These recommendations are geared toward the attenua-
tion of environmental impacts, process amelioration, and optimization of the sustainability
quotient intrinsic to both the production and application of activated hydrochar.

A sensitivity analysis is a salient component, serving to scrutinize the influence of
variable parameters and underlying assumptions on the LCA results. This aspect spans
the contemplation of diverse scenarios and the mitigation of uncertainties. In synthesis,
the outcomes arising from an LCA serve to demarcate hotspots within the hydrochar
life cycle, proffer insights into potential process enhancements, and underpin informed
decision making. The overarching objective revolves around the minimization of en-
vironmental impacts and the bolstering of sustainability [142]. It is imperative to con-
duct LCAs in consonance with established standards and guidelines, such as ISO 14040
and ISO 14044. This adherence ensures methodological rigor, precision, and congruity
in assessments [143].

9. Challenges and Future Directions
9.1. Challenges

The development and application of activated hydrochars for a multitude of environ-
mental and water treatment objectives are associated with several formidable challenges.
Confronting these challenges is of paramount importance in order to fully exploit the
potential of this sustainable adsorbent. The following highlights key challenges inherent to
activated hydrochars:

The choice of feedstock material for hydrochar production exerts significant influence
on the adsorbent’s properties and cost-effectiveness [144]. Identifying and sourcing appro-
priate feedstock materials, especially in substantial quantities, can prove to be a formidable
task. Feedstock materials frequently manifest variability in terms of composition, quality,
and characteristics, which can complicate the production of consistent and high-quality
hydrochars. The hydrochar production process, whether it be hydrothermal carbonization
(HTC) or pyrolysis, necessitates fine-tuning to cater to various feedstock materials and
diverse treatment objectives [145]. Achieving the desired properties in hydrochar can be
a complex undertaking. The regeneration of hydrochars for reuse can present technical
challenges, and the effectiveness of regeneration may exhibit variability contingent on the
types of contaminants and intended applications.

Hydrochars may exhibit limitations in terms of adsorption capacity and selectivity for
specific contaminants. Tailoring hydrochars to address a broad spectrum of pharmaceutical
contaminants can be a challenging endeavor. Efforts to scale up hydrochar production
and implement large-scale treatment processes may encounter engineering complexities,
particularly when transitioning from laboratory-scale to industrial applications.

Hydrochars face competition from other water treatment and adsorption technologies.
Demonstrating the advantages and cost-effectiveness of hydrochars in comparison to alter-
native methods can be a daunting task. Real water samples often contain complex matrices
replete with various ions, organic matter, and contaminants. Assessing the performance of
hydrochars in such intricate environments can pose challenges. Complying with regulatory
requirements and securing the necessary permits for hydrochar production and application
can entail significant time and cost investments.

The development of markets for hydrochar products, such as soil amendments or
water treatment adsorbents, may necessitate substantial marketing endeavors and the
cultivation of awareness among potential users. Gaining public acceptance and trust in the
safety and effectiveness of hydrochars in water treatment and environmental applications
can be a formidable endeavor, particularly when compared to conventional treatment
methods. Research and development within the realm of hydrochars may be constrained
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by limitations in funding and resources, potentially impeding progress and innovation.
The need to tailor hydrochars for specific pharmaceutical contaminants can engender
time-consuming and costly endeavors.

9.2. Future Directions

The future directions in the realm of activated hydrochars encompass endeavors to
address these challenges through concerted research, innovation, and collaborative efforts
among experts in various fields. These efforts will be indispensable in unlocking the full
potential of hydrochars as a sustainable and effective solution for water treatment and
environmental remediation.

Undertaking comprehensive life cycle assessments (LCAs) to gain an in-depth com-
prehension of the environmental ramifications of hydrochars can be a resource-intensive
endeavor. Mitigating the inherent challenges stemming from the interdisciplinary aspects
of hydrochar development and application represents a complex task, necessitating con-
certed cooperation among specialists across diverse domains, encompassing chemistry,
engineering, environmental science, and policy. Strategies aimed at surmounting these chal-
lenges encompass the continual pursuit of research initiatives, optimization of processes,
and facilitation of collaborative efforts among researchers, policymakers, and industry
stakeholders. These endeavors collectively seek to foster the evolution of effective and
sustainable applications for activated hydrochars in the domains of water treatment and
environmental remediation.

Advancements and innovations within the realm of activated hydrochars bear the
potential to engender more efficient and sustainable solutions for water treatment and en-
vironmental remediation. The following elucidates prospective domains for enhancement
and innovation:

• Diversified Feedstock Utilization: The exploration and incorporation of an expanded
spectrum of feedstock materials, including unconventional sources such as algae,
waste plastics, and byproducts originating from various industries, to enrich the
diversity and properties of hydrochars.

• Enhanced Pre-processing Techniques: The development of effective pre-processing
methodologies aimed at mitigating feedstock variability and enhancing the uniformity
of hydrochar properties.

• Advanced Production Methodologies: Research into advanced production techniques, en-
compassing approaches like microwave-assisted hydrothermal carbonization (MAHTC)
and continuous-flow systems, designed to bolster the efficiency and scalability of
hydrochar manufacturing.

• Tailored Hydrochars: Investigations into methods for customizing hydrochars to
target specific pharmaceutical contaminants or other pollutants, potentially involv-
ing surface functional group modifications or the introduction of nanoparticles to
enhance selectivity.

• Regeneration Technique Refinement: Improvement in regeneration techniques with
the goal of extending the operational lifespan of hydrochars, thereby reducing the
necessity for continuous production and diminishing waste generation.

• Scaling Challenges Addressed: Examination of engineering challenges related to the
upscaling of hydrochar production from laboratory to industrial scales, covering
aspects such as reactor design, energy efficiency, and cost-effectiveness.

• Integration with Conventional Treatment: Exploration of the integration of hydrochar-
based treatment systems with conventional water treatment processes to optimize
pharmaceutical contaminant removal.

• Real-time Monitoring and Control: Development of real-time monitoring and control
systems capable of adapting treatment processes based on contaminant concentrations
and feedstock properties to enhance operational efficiency.
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• Resource Recovery Opportunities: Investigation of prospects for resource recovery
from hydrochar production, such as the extraction of valuable compounds from
feedstock or hydrochar materials.

• Cost–Benefit Analyses: Conducting comprehensive cost–benefit analyses to ascertain
the economic feasibility of hydrochar-based treatment solutions compared to tradi-
tional methodologies, thereby substantiating the case for investment and adoption.

• Market Expansion: Expanding markets for hydrochar products, with a particular focus
on its utility as a soil amendment, by educating agricultural stakeholders about the
advantages of hydrochar in agriculture.

• Public Awareness and Acceptance: Elevating public awareness and acceptance through
outreach programs and the provision of information regarding the safety and efficacy
of hydrochar in water treatment and environmental applications.

• Interdisciplinary Collaboration: Fostering interdisciplinary collaboration among re-
searchers, engineers, policymakers, and industry stakeholders to address intricate
challenges and stimulate innovation.

• Comprehensive Environmental Impact Assessment: Continuation of comprehensive
life cycle assessments (LCAs) and environmental impact studies to discern the com-
plete environmental repercussions of hydrochar utilization.

• Pilot Studies and Demonstrations: Implementation of pilot studies and demonstration
projects to validate the efficacy of hydrochar-based treatment solutions under real-
world conditions.

• Waste Reduction Strategies: Exploration of methodologies to minimize waste genera-
tion during hydrochar production and consideration of waste utilization or valoriza-
tion strategies.

• Advocacy for Regulatory Support: Advocacy for regulatory support and the estab-
lishment of standards that endorse the responsible utilization of hydrochars and
acknowledge their potential benefits.

By channeling efforts into these domains for enhancement and innovation, researchers,
engineers, and industry professionals can actively contribute to the progression of activated
hydrochars as a sustainable and effective solution for water treatment and environmental
remediation.

9.3. Future Research Prospects

The research outlook for activated hydrochar in the context of pharmaceutical contam-
inant removal from water and wastewater demonstrates considerable promise and holds
the potential to make substantial contributions in addressing pressing environmental and
public health challenges. The following represents a delineation of prospective research
avenues and uncharted territories in this field:

• Exploration of Tailoring Techniques: Systematic investigations into methods for cus-
tomizing the physicochemical properties of hydrochar, encompassing surface func-
tional groups, porosity, and specific surface area, to augment its adsorption capacity
and specificity for pharmaceutical contaminants.

• Nanomaterial Integration: Delving into the integration of nanoparticles and nanoma-
terials into hydrochar matrices to engineer nanostructured hydrochars with enhanced
adsorption efficiency specifically tailored for targeted contaminants.

• Advanced Production Processes: Research into advanced hydrothermal and pyrolysis
procedures aimed at producing hydrochars with optimized properties, potentially
utilizing waste or biomass-derived feedstocks.

• Regeneration Techniques: Improvement and development of cost-effective hydrochar re-
generation methodologies to extend its operational lifespan and curtail waste generation.

• Scaling Up Challenges: Addressing engineering and logistical challenges associated
with upscaling hydrochar production for large-scale water treatment applications.

• Hybrid Treatment Systems: Exploration of the synergistic integration of hydrochar
with other treatment technologies, including membrane filtration, activated carbon,
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or biological treatment, to forge hybrid systems that harness the strengths of each
component for superior pharmaceutical contaminant removal.

• Adaptive Treatment Systems: Development of intelligent and adaptive treatment
systems capable of dynamically adjusting hydrochar utilization based on real-time
water quality monitoring and pharmaceutical contaminant concentrations.

• Contaminant Recovery Strategies: Investigation of techniques for desorbing and
recovering pharmaceutical contaminants from loaded hydrochar materials, enabling
their safe disposal or recycling.

• Environmental Fate and Impact Assessments: Conducting comprehensive environ-
mental fate and impact studies to gauge the long-term repercussions of hydrochar
application on soil, water, and ecosystems.

• Cost–Benefit Analyses: Undertaking cost–benefit analyses to discern the economic
viability of hydrochar deployment in comparison to alternative treatment methods.

• Knowledge Dissemination: Promotion of the adoption of hydrochar-based solutions
in water treatment, agriculture, and environmental remediation through concerted
awareness campaigns and dissemination of knowledge.

• Regulatory Frameworks: Advocating for the establishment of regulatory frameworks
and guidelines conducive to the responsible and widespread utilization of hydrochar
in water and environmental applications.

• Interdisciplinary Collaboration: Encouraging interdisciplinary research collaborations
involving experts in chemistry, engineering, environmental science, and public health
to address multifaceted challenges at the interface of water quality and public health.

• Resource Mobilization: Securing resources and funding for research endeavors in the
field and soliciting investment from both the public and private sectors to bolster the
development of hydrochar technology.

By embarking on these research trajectories, the field of activated hydrochar for
pharmaceutical contaminant removal can continue its evolution, furnishing sustainable,
efficient, and cost-effective solutions for water and wastewater treatment. Simultaneously,
it contributes to the safeguarding of the environment and the enhancement of public health.

10. Conclusions

In conclusion, this comprehensive review paper has cast light upon the substantial and
promising role of activated hydrochars in addressing the pressing issue of pharmaceutical
contaminant elimination from water sources. A thorough exploration of their attributes
and applications reveals that activated hydrochars stand on the cusp of revolutionizing
the field of water treatment. Their substantial adsorption capacity, stemming from sustain-
able feedstock origins and a minimal carbon footprint, underscores their pivotal role in
mitigating the threats posed to aquatic ecosystems and human health by pharmaceutical
contaminants. However, the potential utility of activated hydrochars extends well beyond
pharmaceutical contaminant removal. These materials present innovative solutions to a
diverse array of environmental challenges, encompassing enhancements in soil quality,
air quality, resource recovery, and sustainable waste management. As we navigate the
path forward in this domain, fostering interdisciplinary collaboration and the development
of adaptable, intelligent treatment systems assumes paramount importance. Regulatory
backing and policy frameworks will be instrumental in ensuring the responsible and
widespread application of hydrochars. In summary, activated hydrochars represent an
innovative and ecologically sustainable strategy that holds the potential to usher in a future
marked by heightened environmental stewardship. The interdisciplinary nature of this
field, amalgamating expertise in chemistry, engineering, environmental science, and public
health, emphasizes the necessity for collaborative endeavors to unlock the full potential
of hydrochars.
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The journey ahead is replete with opportunities for further innovation, optimization,
and upscaling, as well as the creation of intelligent, adaptive treatment systems. Regulatory
frameworks and policy support will play a pivotal role in facilitating the responsible
and widespread utilization of hydrochars. In summary, activated hydrochars proffer a
compelling solution to the multifaceted quandary of pharmaceutical contaminant removal
and have the potential to overhaul our approach to various environmental challenges. It
is through persistent research, collaboration, and unwavering commitment that we shall
fully harness the capabilities of activated hydrochars, contributing to a cleaner and more
sustainable future for our planet.
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