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Abstract: The escalating global demand for clean water has propelled research into sustainable and
cost-effective purification methods. Activated carbon (AC) derived from biowaste materials
presents an environmentally friendly and economically viable solution for water treatment. This
review article provides an extensive overview of the synthesis techniques, characterization
methods, and applications of biowaste activated carbon (BAC) for water purification. It discusses
the diverse sources of biowaste, such as agricultural residues, food waste, and biomass, and explores
various activation methods including physical, chemical, and biological processes. Furthermore, the
article examines the adsorption mechanisms, performance factors, regeneration strategies, and
emerging trends in BAC synthesis and application. Insights from this review can guide future
research endeavors and facilitate the development of sustainable water purification technologies.
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1. Introduction

Water is an indispensable resource for all living organisms, essential for various biological,
industrial, and domestic activities [1]. However, rapid urbanization, industrialization, and
agricultural practices have led to the contamination of water bodies with pollutants, posing serious
threats to human health and ecosystem integrity [2]. The World Health Organization (WHO)
estimates that around 2.2 billion people worldwide lack access to safely managed drinking water
services, highlighting the urgent need for effective water purification technologies.

Activated carbon (AC) has emerged as one of the most versatile and widely used materials for
water treatment due to its exceptional adsorption capacity and versatility [3]. Traditional sources of
activated carbon include coal, wood, and coconut shells [4]. However, the increasing focus on
sustainability and environmental stewardship has spurred interest in utilizing biowaste materials as
alternative sources for AC production [5].

Biowaste, comprising agricultural residues, food waste, and biomass, represents a vast and
underutilized resource that can be converted into value-added products such as activated carbon.
The conversion of biowaste into activated carbon not only addresses the challenges of waste
management and environmental pollution but also offers economic benefits and promotes circular
economy principles.

This review article aims to provide a comprehensive overview of the synthesis of biowaste
activated carbon (BAC) for water purification. It will delve into the various sources of biowaste,
synthesis methods, characterization techniques, adsorption mechanisms, performance factors,
applications, regeneration strategies [6], and environmental and economic considerations associated
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with BAC. Furthermore, it will highlight emerging trends and future directions in BAC research, with
the goal of fostering innovation and sustainability in the field of water treatment.

By exploring the synthesis of BAC from biowaste materials, this review seeks to contribute to
the development of environmentally friendly, cost-effective, and sustainable solutions for water
purification, thereby addressing the global challenges of water scarcity and pollution [7].
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Figure 1. graphical abstract.

1.1. Water Pollution and the Need for Purification

Water pollution is a pressing global environmental issue driven by various anthropogenic
activities, including industrial discharge, agricultural runoff, improper waste disposal, and
urbanization [8]. Contaminants such as heavy metals, organic pollutants, pathogens, and emerging
contaminants pose significant threats to human health, aquatic ecosystems, and biodiversity [9].

Industrial activities release a wide range of pollutants into water bodies, including heavy metals
such as lead, mercury, cadmium, and chromium [10], as well as organic compounds like pesticides,
solvents, and industrial chemicals. These pollutants can persist in the environment for long periods,
accumulating in sediments and aquatic organisms, and entering the food chain, thereby posing risks
to human health and ecosystem integrity [2,11].


https://doi.org/10.20944/preprints202405.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 d0i:10.20944/preprints202405.0981.v1

Agricultural runoff, containing fertilizers, pesticides, and animal waste, contributes to nutrient
enrichment and eutrophication of water bodies, leading to algal blooms, oxygen depletion, and
disruptions in aquatic ecosystems [12]. Excessive nutrient levels can also result in the formation of
harmful algal toxins, which pose risks to human and animal health.

Improper waste disposal, including the discharge of untreated sewage and solid waste,
contaminates surface water and groundwater with pathogens, nutrients, and organic matter, leading
to the spread of waterborne diseases and degradation of water quality. Inadequate sanitation
infrastructure and poor waste management practices exacerbate the problem, particularly in
developing countries [13].

Urbanization and land development alter natural landscapes, increasing surface runoff and
erosion, which transport pollutants from urban areas into water bodies. Stormwater runoff can carry
pollutants such as heavy metals, hydrocarbons, and sediment, contributing to the degradation of
water quality and habitat loss in receiving waters.

The cumulative impact of these pollution sources has led to the deterioration of water quality
worldwide, threatening the availability of safe and clean drinking water for human consumption and
jeopardizing aquatic ecosystems and biodiversity [14]. In response to these challenges, there is an
urgent need for effective water purification technologies capable of removing a wide range of
contaminants and ensuring the provision of safe and sustainable water supplies.

Activated carbon has emerged as a versatile and effective material for water purification, owing
to its high surface area, porous structure, and adsorption capacity for a diverse range of pollutants
[15]. Traditional sources of activated carbon include coal, wood, and coconut shells. However, the
utilization of biowaste materials for activated carbon production offers a sustainable and
environmentally friendly alternative, addressing both the challenges of waste management and the
need for clean water.

1.2. Role of Activated Carbon in Water Treatment

Activated carbon (AC) is a highly versatile and widely used adsorbent in water treatment due
to its exceptional adsorption properties, large surface area, and pore structure. It is capable of
removing a wide range of contaminants from water, including organic compounds, inorganic
pollutants, and emerging contaminants, making it an essential component of many water purification
processes.

1. Adsorption Mechanism

The adsorption process involves the physical or chemical attraction of contaminants to the
surface of activated carbon [16]. AC possesses a large surface area per unit mass, typically ranging
from 500 to 1500 m?/g, providing ample active sites for adsorption [17]. The porous structure of AC,
comprising micropores, mesopores, and macropores, enhances the accessibility of contaminants to
the active sites, facilitating efficient adsorption.

2. Removal of Organic Contaminants

AC is highly effective in removing organic pollutants from water, including volatile organic
compounds (VOCs), disinfection by-products (DBPs), pharmaceuticals, pesticides, and industrial
chemicals. The non-polar nature of organic compounds enables them to be adsorbed onto the
hydrophobic surface of activated carbon through van der Waals forces, m-m interactions, and
hydrogen bonding [18].

3.  Removal of Inorganic Contaminants

In addition to organic pollutants, AC can adsorb various inorganic contaminants, such as heavy
metals, fluoride, arsenic, and nitrates, through ion exchange, complexation, and surface precipitation
mechanisms [19]. The presence of functional groups on the surface of activated carbon, such as
carboxyl, hydroxyl, and amine groups, facilitates the adsorption of metal ions and other inorganic
species [20].
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4.  Removal of Emerging Contaminants

AC has demonstrated efficacy in removing emerging contaminants from water, including
pharmaceuticals, personal care products, endocrine-disrupting compounds, and microplastics [21].
These contaminants pose challenges due to their low concentrations, diverse chemical structures, and
potential health risks. AC's broad adsorption capacity and versatility make it suitable for mitigating
the impact of emerging contaminants on water quality and public health [22].
5. Regeneration and Reuse

One of the key advantages of activated carbon is its ability to be regenerated and reused multiple
times, thereby reducing operational costs and environmental impact [23]. Regeneration involves
desorbing adsorbed contaminants from the surface of activated carbon using heat, steam, or chemical
agents, restoring its adsorption capacity for subsequent use. Proper regeneration and recycling
strategies are essential for maximizing the lifecycle of activated carbon and minimizing waste
generation [23].
6. Synergistic Effects

Activated carbon can be used alone or in combination with other water treatment technologies,
such as filtration, coagulation, and membrane processes, to enhance treatment efficiency and address
specific water quality challenges [24]. Integrated treatment systems combining AC with
complementary technologies can synergistically remove multiple contaminants and improve overall
water quality.

1.3. Emergence of Biowaste Activated Carbon (BAC)

In recent years, there has been growing interest in utilizing biowaste materials as alternative
sources for the production of activated carbon (AC) for water treatment applications. Biowaste,
derived from agricultural residues, food waste, forestry residues, and other biomass sources,
represents a vast and renewable resource that can be converted into value-added products, including
activated carbon. The emergence of biowaste activated carbon (BAC) reflects the increasing
recognition of the environmental, economic, and social benefits associated with sustainable waste
management and resource recovery [25].

1. Environmental Sustainability The utilization of biowaste for activated carbon production offers
several environmental benefits compared to traditional sources such as coal and wood. Biowaste
materials are renewable and abundant, reducing the reliance on finite fossil resources and
mitigating the environmental impact associated with their extraction and processing [26].
Moreover, converting biowaste into activated carbon can help mitigate greenhouse gas
emissions by diverting organic waste from landfills and reducing methane emissions from
anaerobic decomposition [27].

2. Waste Valorization Biowaste activated carbon represents a form of waste valorization,
transforming underutilized biomass residues into high-value products with potential
applications in water treatment, air purification, soil remediation, and renewable energy
production. By converting biowaste into activated carbon, waste streams that would otherwise
be discarded or incinerated can be repurposed into valuable resources, contributing to a circular
economy and reducing the environmental burden of waste disposal [28].

3. Cost-effectiveness Biowaste materials are often available at low or even negative cost, as they
are generated as byproducts of agricultural, forestry, and food processing industries. The
utilization of biowaste for activated carbon production can therefore offer cost advantages
compared to conventional precursor materials, such as coconut shells or coal, which may incur
higher procurement and processing costs [29]. Additionally, the localized availability of
biowaste sources can reduce transportation costs and logistical challenges associated with
sourcing raw materials.

4. Social Impact The production of biowaste activated carbon has the potential to generate socio-
economic benefits by creating employment opportunities, particularly in rural and agricultural
communities where biowaste materials are abundant. Furthermore, the adoption of sustainable
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waste management practices, such as biowaste valorization, can contribute to improved public
health outcomes by reducing pollution, mitigating environmental contamination, and
promoting community resilience [30].

5. Technological Innovation The development of innovative processes for the synthesis of biowaste
activated carbon has spurred technological advancements in the field of waste-to-resource
conversion and sustainable materials engineering [31]. Researchers are exploring novel activation
methods, such as pyrolysis, carbonization, and chemical activation, to optimize the production
efficiency, adsorption performance, and environmental sustainability of BAC. Additionally,
advancements in characterization techniques, such as surface analysis, pore structure
characterization, and adsorption kinetics studies, are enhancing our understanding of the
physicochemical properties and performance of biowaste-derived activated carbon materials [32].
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Figure 2. Water Pollution and the Need for Purification.

1. Sources of Biowaste for AC Synthesis

Biowaste materials, derived from various agricultural, industrial, and municipal sources, serve
as abundant and renewable precursors for the synthesis of activated carbon (AC) [32]. The utilization
of biowaste for AC production not only addresses the challenges of waste management and
environmental pollution but also offers economic benefits and promotes sustainable resource
utilization. Below are some common sources of biowaste utilized for AC synthesis.

1.  Agricultural Residues
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Crop Residues Agricultural residues such as rice husks, wheat straw, corn cobs, and sugarcane
bagasse are abundant byproducts of crop cultivation and processing. These lignocellulosic materials
contain high concentrations of cellulose, hemicellulose, and lignin, which can be converted into
activated carbon through pyrolysis and activation processes [33].

Fruit and Vegetable Waste Residual biomass from fruit and vegetable processing industries,
including peels, pomace, and seeds, can serve as feedstocks for AC production. These waste materials
are rich in organic matter and can be valorized through thermochemical conversion techniques to
produce activated carbon with tailored properties for water purification [34].

2. Food Waste

Organic Waste: Food waste generated from households, restaurants, supermarkets, and food
processing facilities represents a significant source of biowaste suitable for AC synthesis. Organic
residues such as fruit and vegetable scraps, coffee grounds, and food leftovers can be pyrolyzed or
carbonized to produce activated carbon with high surface area and adsorption capacity [35].

Brewery and Distillery Waste Byproducts of brewing and distilling processes, including spent
grains, yeast slurry, and distillation residues, contain fermentable sugars, proteins, and organic
compounds that can be converted into activated carbon through carbonization and activation
processes [36].

Forestry Residues

Wood Waste: Forestry residues such as sawdust, wood chips, bark, and wood shavings are
abundant byproducts of timber harvesting and wood processing industries. These lignocellulosic
materials can be pyrolyzed or carbonized to produce activated carbon with well-defined pore
structures and adsorption properties suitable for water treatment applications [37].

Forest Biomass: Biomass residues from forest management activities, including logging
residues, branches, and foliage, can be utilized as feedstocks for AC synthesis. These materials may
undergo pretreatment processes such as torrefaction or hydrothermal carbonization to enhance their
suitability for activated carbon production [38].

4. Municipal Solid Waste (MSW)

Green Waste

Organic fraction of municipal solid waste, including yard trimmings, leaves, and grass clippings,
can be converted into activated carbon through composting, pyrolysis, or gasification processes.
Green waste-derived activated carbon offers a sustainable solution for municipal waste management
and environmental remediation [39].

Sewage Sludge

Organic-rich sludge generated from wastewater treatment plants contains valuable organic
matter that can be pyrolyzed or carbonized to produce activated carbon. Sewage sludge-derived
activated carbon exhibits promising adsorption properties for the removal of organic and inorganic
contaminants from water and wastewater streams [40].

5. Other Biomass Sources

Algal Biomass

Algal biomass derived from wastewater treatment systems, algae cultivation facilities, or natural
water bodies can serve as a renewable feedstock for AC synthesis. Algal biomass contains
carbohydrates, proteins, and lipids that can be converted into activated carbon with tailored
properties for water purification applications [41].

Animal Waste

Organic residues from livestock farming operations, such as manure, poultry litter, and animal
bedding, can be processed into activated carbon through pyrolysis or gasification processes. Animal
waste-derived activated carbon offers a sustainable solution for nutrient recovery and odor control
in agricultural and livestock production systems [42].
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Figure 3. Sources of Biowaste for AC Synthesis.

3. Synthesis Methods of BAC
3.1. Physical Activation

Physical activation is a widely employed method for the production of activated carbon (AC)
from biowaste materials. It involves the activation of carbonaceous precursors through the physical
process of heat treatment in the absence of oxygen [43], followed by the removal of impurities and
the development of a porous structure. Physical activation relies on the controlled decomposition of
organic matter and the creation of pore networks within the carbon matrix, resulting in activated
carbon with high surface area and adsorption capacity. The key steps involved in the physical
activation process include precursor preparation, carbonization, and activation [44].

1. Precursor Preparation

Biowaste materials such as agricultural residues, food waste, forestry residues, and municipal
solid waste are selected as precursors for activated carbon production. The choice of precursor
depends on factors such as availability, composition, and desired properties of the final product [45].

The biowaste precursor is typically dried and ground to a uniform particle size to facilitate
carbonization and activation processes. Pretreatment methods such as washing, grinding, and
sieving may be employed to remove impurities and enhance the quality of the precursor material
[46].

2. Carbonization
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Carbonization is the thermal decomposition of the biowaste precursor in an inert atmosphere,
such as nitrogen or argon, at elevated temperatures (typically 500-900°C). During carbonization,
organic compounds in the precursor material undergo pyrolysis, leading to the formation of a carbon-
rich residue known as char [47].

The carbonization process is carried out in a controlled manner to ensure the removal of volatile
components, such as moisture, volatile organic compounds, and tar, while preserving the
carbonaceous structure of the precursor material. Slow heating rates and prolonged residence times
may be employed to minimize thermal degradation and maximize carbon yield [48].

3. Activation

The activated carbonization is the process of developing the porous structure and enhancing the
adsorption properties of the carbonized material through the introduction of activating agents or
physical activation methods [44].

Physical activation involves the exposure of the carbonized precursor to activating agents such
as steam, carbon dioxide, or a mixture of gases at high temperatures (typically 800-1000°C). The
activating agent reacts with the carbonized material, leading to the removal of carbon atoms and the
formation of pores within the carbon matrix [48].

Steam activation is one of the most commonly used methods for physical activation of activated
carbon. In this process, carbonized precursor is exposed to steam at high temperatures, causing the
carbon to undergo gasification and pore formation [48]. The presence of steam promotes the
oxidation of carbon atoms and the release of volatile gases, resulting in the formation of micropores,
mesopores, and macropores within the activated carbon structure [49].

The activation process is carefully controlled to optimize the development of pore structure and
surface area, as well as to ensure uniform distribution of pores throughout the activated carbon
matrix. Parameters such as temperature, residence time, steam flow rate, and activation atmosphere
are adjusted to achieve the desired pore size distribution and adsorption properties [49].

4. Washing and Drying

After activation, the activated carbon is washed with water or acid to remove ash, residual
impurities, and activating agents from the surface of the carbon particles. Washing helps to improve
the purity and stability of the activated carbon product [50].

The washed activated carbon is then dried to remove moisture and excess water, resulting in a
final product with the desired moisture content and physical properties. Drying may be carried out
using conventional methods such as air drying or vacuum drying, depending on the specific
requirements of the application [51].


https://doi.org/10.20944/preprints202405.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 d0i:10.20944/preprints202405.0981.v1

Prepateracation )=  Biigowatte. ) — Pbysicarecaston -  Prehedvealon —_ —  Acfivation —

Carrpocnfon Sttem activcations

aroymtreecation

| stetupuresfios.
oonmonndm
germere — )
getse ervepe

@ © \PSRVFFARR? )

Paaticaiag)
nnutiectoom | 3
nyasitorve

ilovo
1) 7
WuNg il | gearonsstniden
il doroieebten”

sousleirure atckig
| =

i

Activuted darohns:

Aaarvertoriccion poesan
ow Inoitivievd avmigtauehe Washing denieofiat proasmoen eanoviots _Bﬁshing Drying

Figure 4. Physical Activation.

3.2. Chemical Activation

Chemical activation is another widely used method for the production of activated carbon (AC)
from biowaste materials [51]. Unlike physical activation, which relies on the physical process of heat
treatment, chemical activation involves the use of chemical agents to enhance the development of
porosity and adsorption properties in the carbonized precursor [51]. Chemical activation offers
several advantages, including shorter activation times, higher activation yields, and the ability to
produce activated carbon with tailored pore structures and surface chemistries [52]. The key steps
involved in the chemical activation process include precursor preparation, carbonization,
impregnation, and activation.

1. Precursor Preparation

Biowaste materials such as agricultural residues, food waste, forestry residues, and municipal
solid waste are selected as precursors for activated carbon production. The choice of precursor
depends on factors such as availability, composition, and desired properties of the final product [53].

The biowaste precursor is typically dried and ground to a uniform particle size to facilitate
carbonization and activation processes. Pretreatment methods such as washing, grinding, and
sieving may be employed to remove impurities and enhance the quality of the precursor material
[53].

2. Carbonization
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Carbonization is the thermal decomposition of the biowaste precursor in an inert atmosphere,
such as nitrogen or argon, at elevated temperatures (typically 500-900°C). During carbonization,
organic compounds in the precursor material undergo pyrolysis, leading to the formation of a carbon-
rich residue known as char [54].

The carbonization process is carried out in a controlled manner to ensure the removal of volatile
components, such as moisture, volatile organic compounds, and tar, while preserving the
carbonaceous structure of the precursor material. Slow heating rates and prolonged residence times
may be employed to minimize thermal degradation and maximize carbon yield [54].

3. Impregnation

After carbonization, the carbonized precursor is impregnated with a chemical activating agent,
typically a strong acid or alkali solution, to enhance the development of porosity and adsorption
properties in the activated carbon [55].

The impregnation process involves the immersion or spraying of the carbonized precursor with
the activating agent, followed by drying to allow the agent to penetrate into the carbon matrix.
Common activating agents include phosphoric acid (H3PO4), potassium hydroxide (KOH), sodium
hydroxide (NaOH), and zinc chloride (ZnCl2) [55].

4. Activation

The impregnated carbonized precursor is then subjected to high temperatures (typically 500-
900°C) in an inert atmosphere to activate the carbon and develop its porous structure [56]. During
activation, the activating agent reacts with the carbonized material, leading to the removal of carbon
atoms and the formation of pores within the carbon matrix [52].

The activation process is carefully controlled to optimize the development of pore structure and
surface area, as well as to ensure uniform distribution of pores throughout the activated carbon
matrix [57]. Parameters such as temperature, residence time, heating rate, and activation atmosphere
are adjusted to achieve the desired pore size distribution and adsorption properties [58].

5. Washing and Drying

After activation, the activated carbon is washed with water or acid to remove residual
impurities, activating agents, and soluble salts from the surface of the carbon particles [44]. Washing
helps to improve the purity and stability of the activated carbon product.

The washed activated carbon is then dried to remove moisture and excess water, resulting in a
final product with the desired moisture content and physical properties [44]. Drying may be carried
out using conventional methods such as air drying or vacuum drying, depending on the specific
requirements of the application.
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Figure 5. Chemical Activation.
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3.3. Biological Activation

Biological activation, also known as microbial activation or biological carbonization, is an
innovative approach for the production of activated carbon (AC) from biowaste materials [59]. Unlike
traditional physical and chemical activation methods, biological activation harnesses the metabolic
activities of microorganisms to decompose organic matter and enhance the development of porosity
and adsorption properties in the carbonized precursor [60]. Biological activation offers several
advantages, including environmental sustainability, energy efficiency, and the potential for value-
added product generation [61]. The key steps involved in the biological activation process include
precursor preparation, bioconversion, carbonization, and activation [59].

1. Precursor Preparation

Biowaste materials such as agricultural residues, food waste, forestry residues, and municipal
solid waste are selected as precursors for activated carbon production [62]. The choice of precursor
depends on factors such as availability, composition, and desired properties of the final product [45].

The biowaste precursor is typically dried and ground to a uniform particle size to facilitate
subsequent processing steps [43]. Pretreatment methods such as washing, grinding, and sieving may
be employed to remove impurities and enhance the quality of the precursor material.

2. Bioconversion

Bioconversion involves the inoculation of the biowaste precursor with microbial cultures
capable of metabolizing organic matter and promoting the decomposition of complex carbonaceous
compounds [63]. Microorganisms such as bacteria, fungi, and actinomycetes are commonly used for
biological activation due to their ability to produce enzymes that catalyze the breakdown of organic
substrates [64].

During bioconversion, microorganisms degrade the organic constituents of the precursor
material through enzymatic hydrolysis, fermentation, and respiration processes, leading to the
production of carbon-rich residues known as biochar or biocarbon [44].

3. Carbonization

Carbonization is the thermal treatment of the bioconverted precursor in an inert atmosphere,
such as nitrogen or argon, at elevated temperatures (typically 400-800°C) [48]. During carbonization,
organic compounds in the precursor material undergo pyrolysis, leading to the formation of a
carbonaceous residue with enhanced stability and porosity.

The carbonization process is carried out in a controlled manner to ensure the removal of volatile
components, such as moisture, volatile organic compounds, and tar, while preserving the
carbonaceous structure of the precursor material [33].

4. Activation

The carbonized biowaste precursor is then subjected to an activation step to enhance the
development of porosity and adsorption properties in the activated carbon [43]. Activation may be
achieved through physical or chemical methods, such as steam activation or chemical impregnation,
depending on the desired characteristics of the final product [44].

Alternatively, biological activation may continue during the carbonization process, as microbial
activity within the carbonaceous matrix can contribute to the generation of porosity and surface area
in the activated carbon.

5. Washing and Drying

After activation, the activated carbon is washed with water or acid to remove residual
impurities, microbial biomass, and soluble salts from the surface of the carbon particles. Washing
helps to improve the purity and stability of the activated carbon product [65].

The washed activated carbon is then dried to remove moisture and excess water, resulting in a
final product with the desired moisture content and physical properties [65]. Drying may be carried
out using conventional methods such as air drying or vacuum drying, depending on the specific
requirements of the application.
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Figure 6. Biological Activation.

4. Characterization Techniques for BAC
4.1. Surface Area and Pore Structure Analysis

Surface area and pore structure analysis are essential techniques for characterizing the physical
properties of activated carbon (AC), including its adsorption capacity, pore size distribution, and
surface chemistry [66]. These parameters play a crucial role in determining the performance and
effectiveness of activated carbon in various applications, such as water purification, air filtration, and
gas adsorption [15]. Several analytical methods are commonly used to assess surface area and pore
structure characteristics of activated carbon, including;:

1. Brunauer-Emmett-Teller (BET) Surface Area Analysis

BET analysis is a widely used method for determining the specific surface area of activated
carbon. It is based on the adsorption of a gas molecule, typically nitrogen (N2), onto the surface of
the activated carbon at various relative pressures [67].

The BET equation is applied to the adsorption isotherm data to calculate the specific surface area
of the activated carbon, expressed in square meters per gram (m?/g) [68]. The surface area provides
information about the available surface area for adsorption and correlates with the adsorption
capacity of the activated carbon.

2. Pore Size Distribution Analysis

Pore size distribution analysis provides information about the distribution of pore sizes within
the activated carbon, including micropores (<2 nm), mesopores (2-50 nm), and macropores (>50 nm)
[69]. Pore size distribution affects the accessibility of adsorption sites and influences the adsorption
kinetics and capacity of the activated carbon [70].

Several techniques can be used to analyze pore size distribution, including nitrogen adsorption-
desorption isotherms, mercury porosimetry, and gas adsorption methods such as Dubinin-
Radushkevich (DR) and Horvath-Kawazoe (HK) models [71].

3. Nitrogen Adsorption-Desorption Isotherms

Nitrogen adsorption-desorption isotherms are commonly used to characterize the pore structure
of activated carbon [72]. The isotherms provide information about the adsorption and desorption
behavior of nitrogen gas on the surface of the activated carbon at different relative pressures [73].

Based on the shape of the isotherm and the slope of the adsorption branch, various types of pore
structures can be identified, including Type I (microporous), Type II (mesoporous), and Type IV
(mesoporous with micropores) isotherms [74].
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4. Micropore Volume and Total Pore Volume

Micropore volume and total pore volume are important parameters for assessing the adsorption
capacity of activated carbon [75]. Micropore volume represents the volume of pores with diameters
less than 2 nm, while total pore volume includes all pores within the activated carbon structure [76].

Micropore volume can be determined using techniques such as t-plot method, Dubinin-
Radushkevich (DR) equation, or Horvath-Kawazoe (HK) method, while total pore volume is
calculated from the amount of gas adsorbed at high relative pressures in the nitrogen adsorption-
desorption isotherm [77].

5. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)

SEM and TEM techniques are used to visualize the morphology and microstructure of activated
carbon at the nanoscale level [78]. These imaging techniques provide information about the surface
morphology, particle size, and pore structure of the activated carbon, complementing the data
obtained from surface area and pore size distribution analysis [79].

Toa padpofivutn Dersteropine

Nuteger deleistion dackroediont amokyities

&
i
z
Toe
Desorepcsion LAV

wmelnc

Foon sarogoer ds*encloe tobous. Sat- Smam 113 Plodn

Fosifere Pouve Sande / Acesobatian mm; .
enerk

Rerdgon
Adrodion [ o

FGoilz

Benaps

Pore esodaryttion

revehente
Pvteoatte olmelor '

Tentarsnoser

Deenttut

/T Bainepoh — i
ratte stton @

~MeFodmike

88¥5 677 067 01
Trunessision alacron miorocum

Mctapodreon Kiingearucien
actibocspocstemt
ut

0
2 2400
- [
] A
. . an, +

Morysrgfit autoseree Srarivorote Aercue Area tire:- ayatetr Notrgotev dosb g Por nore vrguim

Figure 7. Surface Area and Pore Structure Analysis.

4.2. Surface Chemistry and Functional Groups

Surface chemistry and functional groups play a crucial role in determining the adsorption
capacity, selectivity, and reactivity of activated carbon (AC) materials [80]. The presence of specific
functional groups on the surface of activated carbon influences its interactions with adsorbates, such
as water contaminants, gases, and organic molecules [66]. Surface chemistry analysis provides
insights into the nature and distribution of functional groups on the activated carbon surface,
enabling researchers to tailor material properties for enhanced adsorption performance and
selectivity [81]. Several techniques are commonly used to characterize surface chemistry and
functional groups of activated carbon, including;:

1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is a powerful analytical technique used to identify functional groups and
chemical bonds present on the surface of activated carbon [82]. It measures the absorption of infrared
radiation by functional groups, providing information about the chemical composition and structure
of the activated carbon material [83].

FTIR spectra of activated carbon typically show characteristic peaks corresponding to functional
groups such as hydroxyl (-OH), carboxyl (-COOH), carbonyl (C=0), ether (C-O-C), and aromatic
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(C=C) groups [84]. The intensity and position of these peaks can vary depending on the activation
method, precursor material, and surface treatment.
2. Boehm Titration

Boehm titration is a wet chemical method used to quantify the concentration of acidic and basic
functional groups on the surface of activated carbon [84]. It involves the titration of activated carbon
with a series of acid and base solutions to determine the amount of acidic and basic sites present [85].

Acidic functional groups, such as carboxyl (-COOH), lactone (-C=0), and phenolic (-OH), react
with a strong base (e.g., sodium hydroxide) to form salts, while basic functional groups, such as
amine (-NH2) and pyridine (-C5H5N), react with a strong acid (e.g., hydrochloric acid) to form salts
[86]. The amount of acid or base consumed in the titration corresponds to the concentration of
functional groups present.

3. X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive technique used to analyze the elemental composition and chemical
state of elements on the surface of activated carbon [87]. It provides information about the oxidation
state, bonding environment, and presence of functional groups on the activated carbon surface [88].

XPS spectra of activated carbon typically show peaks corresponding to carbon (Cls), oxygen
(O1s), and other elements present in trace amounts [89]. By deconvoluting the Cls peak, different
carbon species and functional groups can be identified, such as graphitic carbon, oxygen-containing
groups, and surface contaminants [90].

4. Temperature Programmed Desorption (TPD)

TPD is a technique used to study the desorption behavior of gases from the surface of activated
carbon as a function of temperature [91]. It provides information about the strength and distribution
of surface functional groups and their interactions with adsorbates [92].

TPD experiments involve heating the activated carbon sample in a controlled atmosphere (e.g.,
nitrogen or helium) while monitoring the desorption of gases using mass spectrometry or thermal
conductivity detection [93]. By analyzing the desorption peaks and kinetics, information about the
types and abundance of surface functional groups can be obtained [94].

5. Elemental Analysis

Elemental analysis techniques, such as elemental combustion analysis or CHN analysis, provide
quantitative information about the elemental composition of activated carbon, including carbon,
hydrogen, nitrogen, and oxygen content [95]. By comparing the elemental composition with known
functional groups, the presence of specific functional groups can be inferred.

Surface chemistry and functional group analysis are essential for understanding the chemical
properties and reactivity of activated carbon materials [96]. By characterizing the types and
distribution of functional groups on the activated carbon surface, researchers can optimize material
synthesis, tailor surface chemistry, and design activated carbon-based adsorbents with enhanced
performance for various applications, including water treatment, air purification, and environmental
remediation [59].


https://doi.org/10.20944/preprints202405.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 d0i:10.20944/preprints202405.0981.v1

o <wf
- e
sa ki 23]
) )
- )
0| ol
2| ol
2 ol

ate
*,
0
»
an
2 oul
g ool
)
u
“

)
w

Figure 8. Surface Chemistry and Functional Groups.

4.3. Morphological Properties

Morphological properties of activated carbon (AC) refer to its physical structure, surface
morphology, particle size distribution, and pore structure, which play crucial roles in determining
[97], its adsorption capacity, mechanical strength, and overall performance in various applications.
Understanding these morphological properties is essential for optimizing AC synthesis methods,
tailoring material properties, and designing effective adsorbents for specific applications [98]. Several
techniques are commonly used to characterize the morphological properties of activated carbon,
including
1.  Scanning Electron Microscopy (SEM)

SEM is a powerful imaging technique used to visualize the surface morphology, particle size,
and microstructure of activated carbon at high magnifications and resolutions [99]. SEM images
provide detailed information about the shape, texture, and porosity of activated carbon particles, as
well as the distribution of pores and structural defects.

SEM analysis enables researchers to assess the physical integrity, surface roughness, and
homogeneity of activated carbon materials [100], which influence their adsorption performance,
mechanical stability, and processability.

2. Transmission Electron Microscopy (TEM)

TEM is an advanced microscopy technique used to examine the internal structure and nanoscale
features of activated carbon particles. TEM provides high-resolution images of individual carbon
particles, allowing for the visualization of pore structure, crystallinity, and surface defects at the
atomic level [101].

TEM analysis provides insights into the formation mechanisms, growth kinetics, and structural
properties of activated carbon materials, which are essential for understanding their adsorption
behavior, catalytic activity, and electrochemical performance.

3. Particle Size Analysis

Particle size analysis techniques, such as laser diffraction, sedimentation, and dynamic light
scattering, are used to determine the particle size distribution of activated carbon samples. Particle
size distribution affects the packing density, flowability, and filtration properties of activated carbon
materials.
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By measuring the particle size distribution, researchers can optimize synthesis conditions,
control material morphology, and tailor particle size for specific applications, such as fluidized bed
reactors, packed columns, and filtration media [102].

4. Mercury Intrusion Porosimetry (MIP)

MIP is a technique used to analyze the pore structure and porosity of activated carbon materials
by measuring the intrusion of mercury into the pore network at different pressures. MIP provides
information about the distribution of pore sizes, pore volume, and specific surface area of activated
carbon.

By analyzing the MIP data, researchers can characterize the mesoporous, microporous, and
macroporous structure of activated carbon, which influences its adsorption capacity, diffusion
kinetics, and accessibility to adsorbates [103].

5. Gas Adsorption Techniques

Gas adsorption techniques, such as nitrogen adsorption-desorption isotherms, are used to
analyze the surface area, pore volume, and pore size distribution of activated carbon materials. Gas
adsorption measurements provide quantitative information about the specific surface area, pore
structure, and surface chemistry of activated carbon.

By analyzing the gas adsorption data, researchers can calculate parameters such as BET surface
area, total pore volume, and pore size distribution, which are essential for understanding the
adsorption behavior, pore accessibility, and textural properties of activated carbon.

Characterizing the morphological properties of activated carbon is essential for optimizing
material synthesis, tailoring material properties, and designing adsorbents with enhanced
performance for various applications [104], including water treatment, air purification, energy
storage, and catalysis. By employing a combination of imaging, particle size analysis, porosity
measurements, and gas adsorption techniques, researchers can gain comprehensive insights into the
structure-function relationships of activated carbon materials and develop tailored solutions to
address specific environmental and industrial challenges.
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Figure 9. Morphological Properties.

5. Adsorption Mechanisms and Performance Factors
5.1. Mechanisms of Adsorption on BAC

The mechanisms of adsorption on biowaste activated carbon (BAC) involve complex
interactions between adsorbate molecules and the porous structure, surface chemistry, and functional
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groups present on the BAC surface [59]. BAC materials possess a high surface area and a diverse
range of pore sizes, which provide numerous adsorption sites for contaminants in water. The
mechanisms of adsorption on BAC can be broadly categorized into physical adsorption
(physisorption) and chemical adsorption (chemisorption), each of which involves different modes of
interaction between adsorbate molecules and the BAC surface.

1. Physical Adsorption (Physisorption)

Physical adsorption on BAC is primarily governed by van der Waals forces and involves the
accumulation of adsorbate molecules on the surface and within the pores of the BAC material.

Van der Waals forces are weak, non-specific interactions between molecules that arise from
induced dipole moments and lead to the formation of a monolayer of adsorbate molecules on the
BAC surface [105].

Physical adsorption is reversible and depends on factors such as the surface area, pore size
distribution, temperature, and pressure. It is particularly effective for the removal of non-polar or
weakly polar contaminants from water, such as organic pollutants, volatile organic compounds
(VOCs), and some gases [106].

2. Chemical Adsorption (Chemisorption)

Chemical adsorption on BAC involves the formation of chemical bonds between adsorbate
molecules and functional groups present on the BAC surface, leading to the irreversible removal of
contaminants from water.

Functional groups such as hydroxyl (-OH), carboxyl (-COOH), and amine (-NH2) groups on the
BAC surface can participate in chemical reactions with adsorbate molecules, forming covalent or
ionic bonds.

Chemical adsorption is highly specific and selective, depending on the nature of the functional
groups and the chemical properties of the adsorbate molecules [20]. It is particularly effective for the
removal of polar or ionic contaminants from water, such as heavy metals, metal ions, and polar
organic compounds.

3. Pore-Filling Mechanism

In addition to surface adsorption, adsorbate molecules may penetrate into the pores of BAC
through a pore-filling mechanism, where they are physically entrapped or immobilized within the
pore structure of the BAC material.

The pore-filling mechanism is prevalent in mesoporous and macroporous BAC materials, where
the pore sizes are large enough to accommodate the size and shape of the adsorbate molecules [107].

The pore-filling mechanism enhances the adsorption capacity and efficiency of BAC materials,
particularly for adsorbate molecules with larger molecular sizes or higher molecular weights.

4.  Electrostatic Interactions

Electrostatic interactions between charged functional groups on the BAC surface and charged
species in water can also contribute to adsorption processes.

BAC materials with surface functional groups such as carboxyl (-COOH) and amine (-NH2)
groups can interact with charged species in water through electrostatic attraction or repulsion,
leading to the removal of ions and charged molecules from solution.

The mechanisms of adsorption on BAC are influenced by various factors, including the
properties of the adsorbate molecules, the surface chemistry of the BAC material, the pore structure,
temperature, pH, and ionic strength of the solution. Understanding these mechanisms is essential for
optimizing BAC-based adsorbents and designing efficient water treatment systems for the removal
of contaminants from water sources.
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Figure 10. Mechanisms of Adsorption on BAC.

5.2. Influence of Surface Chemistry and Pore Structure

The surface chemistry and pore structure of biowaste activated carbon (BAC) significantly
influence its adsorption performance and selectivity for different contaminants in water [59]. The
interplay between surface chemistry and pore structure determines the types of adsorbate molecules
that can be effectively removed, as well as the adsorption kinetics and capacity of the BAC material.
Below are the key influences of surface chemistry and pore structure on the adsorption properties of
BAC:

1. Surface Chemistry

Functional Groups: The presence of surface functional groups, such as hydroxyl (-OH), carboxyl
(-COOH), and amine (-NH2) groups, provides specific sites for adsorption through chemical
interactions. Functional groups can participate in hydrogen bonding, ion exchange, and
complexation reactions, enhancing the adsorption of polar and ionic contaminants, such as heavy
metals, metal ions, and organic pollutants [20].

Surface Charge

The surface charge of BAC, determined by the ionization of functional groups, influences
electrostatic interactions with charged species in water. BAC materials with positively charged
functional groups (e.g., amine groups) exhibit higher affinity for negatively charged ions, while BAC
materials with negatively charged functional groups (e.g., carboxyl groups) preferentially adsorb
positively charged ions [108].

Surface Heterogeneity

Variations in surface chemistry and distribution of functional groups contribute to surface
heterogeneity, affecting the accessibility of adsorption sites and the adsorption affinity for different
contaminants [20]. Heterogeneous surfaces provide a range of adsorption energies and binding sites,
enhancing the adsorption capacity and selectivity of BAC for complex mixtures of contaminants.

2. Pore Structure

Pore Size Distribution

The distribution of pore sizes, including micropores (<2 nm), mesopores (2-50 nm), and
macropores (>50 nm), influences the accessibility of adsorbate molecules to the internal surface area
of BAC [109]. Micropores provide high surface area and are effective for adsorbing small molecules
and gases, while mesopores and macropores facilitate rapid mass transfer and adsorption of larger
molecules.
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Pore Volume

The total pore volume of BAC determines the amount of adsorbate that can be accommodated
within the pore structure. BAC materials with higher pore volumes have greater adsorption
capacities and can remove larger quantities of contaminants from water [110].

Pore Connectivity

The connectivity of pores within the BAC structure affects the diffusion of adsorbate molecules
through the material. Well-connected pore networks facilitate efficient transport of contaminants to
active adsorption sites, enhancing the adsorption kinetics and overall performance of BAC materials
[111].

3. Synergistic Effects

Synergistic interactions between surface chemistry and pore structure amplify the adsorption
performance of BAC materials. Functional groups on the BAC surface enhance the adsorption affinity
for specific contaminants, while the porous structure provides a high surface area and facilitates mass
transfer and diffusion of adsorbate molecules.

Optimal combinations of surface chemistry and pore structure can be tailored to target specific
contaminants and optimize the adsorption capacity, selectivity, and efficiency of BAC-based
adsorbents for various water treatment applications [112].
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Figure 11. Influence of Surface Chemistry and Pore Structure.

5.3. Factors Affecting Adsorption Performance

The adsorption performance of biowaste activated carbon (BAC) is influenced by various factors
that affect the adsorption capacity, kinetics, and efficiency of the material. Understanding these
factors is essential for optimizing BAC-based adsorbents and designing effective water treatment
systems. Some of the key factors affecting the adsorption performance of BAC include [113].

1. Surface Area and Pore Structure

The surface area and pore structure of BAC significantly influence its adsorption capacity and
efficiency [114]. Higher surface area and pore volume provide more active sites for adsorption and
increase the accessibility of adsorbate molecules to the internal surface of BAC. Micropores,
mesopores, and macropores contribute differently to adsorption kinetics and capacity [115], with
micropores providing high surface area and preferential adsorption for small molecules, while
mesopores and macropores facilitate rapid mass transfer and adsorption of larger molecules.

2. Surface Chemistry and Functional Groups


https://doi.org/10.20944/preprints202405.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 d0i:10.20944/preprints202405.0981.v1

20

The presence of surface functional groups, such as hydroxyl (-OH), carboxyl (-COOH), and
amine (-NH2) groups, enhances the adsorption affinity and selectivity of BAC for specific
contaminants [116]. Functional groups participate in chemical interactions, including hydrogen
bonding, ion exchange, and complexation reactions, leading to enhanced adsorption of polar and
ionic contaminants. Surface charge and heterogeneity also influence electrostatic interactions and
adsorption behavior on BAC [117].

3. Adsorbate Characteristics

The physical and chemical properties of the adsorbate molecules, including molecular size,
polarity, solubility, and ionic charge, affect their adsorption behavior on BAC. Small, non-polar
molecules are typically adsorbed through physical interactions, while larger, polar, or ionic molecules
may undergo chemical interactions with surface functional groups. The concentration and
composition of adsorbate mixtures also impact competitive adsorption and the overall adsorption
performance of BAC [118].

4.  Solution Conditions

Solution pH, temperature, ionic strength, and composition influence adsorption performance by
altering the surface charge, solubility, and speciation of adsorbate molecules and the properties of
BAC materials. pH-dependent surface charge affects electrostatic interactions and ion exchange
processes, while changes in temperature affect adsorption kinetics and thermodynamics [119]. Ionic
strength and composition can compete for adsorption sites and affect the distribution of contaminants
between solution and adsorbent phases [120].

5. Contact Time and Agitation

The contact time between BAC and the adsorbate solution, as well as the degree of agitation or
mixing, affect adsorption kinetics and equilibrium. Longer contact times and higher agitation speeds
promote mass transfer and increase adsorption efficiency by maximizing the interaction between
adsorbate molecules and BAC. Kinetic studies are often conducted to determine the optimum contact
time required to achieve equilibrium adsorption [120].

6. Adsorbent Dosage and Particle Size

The dosage and particle size of BAC influence adsorption capacity, kinetics, and process
economics. Increasing the BAC dosage increases the number of adsorption sites and enhances
adsorption capacity up to a certain point, beyond which no further improvement is observed. Particle
size distribution affects mass transfer and diffusion rates, with smaller particles providing higher
surface area and faster adsorption kinetics.

7.  Pre-treatment and Regeneration

Pre-treatment methods, such as activation, surface modification, and impregnation, can enhance
the surface chemistry and pore structure of BAC, leading to improved adsorption performance [121].
Regeneration techniques, such as thermal desorption, chemical regeneration, and solvent extraction,
are used to recover adsorbed contaminants and restore the adsorption capacity of spent BAC
materials, extending their service life and reducing operational costs.

By considering these factors and optimizing BAC synthesis, activation, and operation
parameters, researchers and engineers can develop tailored BAC-based adsorbents with enhanced
adsorption performance for various water treatment applications, including the removal of organic
pollutants, heavy metals, disinfection by-products, and emerging contaminants from water sources
[122].
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Figure 12. Factors Affecting Adsorption Performance.

6. Applications of BAC in Water Purification
6.1. Removal of Organic Contaminants

The removal of organic contaminants from water using biowaste activated carbon (BAC) is a
widely studied and effective method due to BAC's high surface area, porous structure, and diverse
surface chemistry [23]. BAC materials have demonstrated excellent adsorption capabilities for a
broad range of organic contaminants, including volatile organic compounds (VOCs),
pharmaceuticals, pesticides, industrial chemicals, and emerging pollutants. Several mechanisms
contribute to the removal of organic contaminants by BAC, including physical adsorption, chemical
adsorption, and pore-filling mechanisms [123]. Here are some key points regarding the removal of
organic contaminants using BAC:

1. Physical Adsorption

Physical adsorption involves the accumulation of organic contaminants on the surface and
within the pores of BAC through weak van der Waals forces [124]. The high surface area and
microporous structure of BAC provide numerous adsorption sites for organic molecules, leading to
the formation of a monolayer or multilayer adsorption.

The adsorption of organic contaminants by BAC is influenced by factors such as the molecular
size, polarity, solubility, and concentration of the contaminants, as well as the surface area, pore
structure, and surface chemistry of the BAC material. Non-polar organic compounds, such as
benzene, toluene, and chlorinated solvents, are typically adsorbed more readily than polar or ionic
compounds [125].

2. Chemical Adsorption

Chemical adsorption involves the formation of chemical bonds between organic contaminants
and surface functional groups present on BAC, such as hydroxyl (-OH), carboxyl (-COOH), and
amine (-NH2) groups. Chemical adsorption reactions include hydrogen bonding, m-m interactions,
acid-base interactions, and complexation reactions [126].

Surface functional groups on BAC can undergo reversible or irreversible reactions with organic
contaminants, leading to the formation of covalent or ionic bonds. Chemical adsorption is
particularly effective for polar, acidic, or basic organic compounds, as well as compounds containing
functional groups that can interact with specific surface sites on BAC.

3.  Pore-Filling Mechanism
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In addition to surface adsorption, organic contaminants may penetrate into the pores of BAC
through a pore-filling mechanism, where they are physically trapped or immobilized within the pore
structure of the material [127]. Pore-filling enhances the adsorption capacity and efficiency of BAC
for organic contaminants with larger molecular sizes or higher molecular weights.

The pore structure and size distribution of BAC play a crucial role in determining the extent of
pore-filling adsorption and the accessibility of organic contaminants to the internal surface area of
the material. Microporous BAC materials with high surface area and narrow pore size distribution
are particularly effective for adsorbing small organic molecules, while mesoporous and macroporous
BAC materials facilitate the adsorption of larger molecules.

4. Influence of Solution Conditions

Solution pH, temperature, ionic strength, and composition can affect the adsorption of organic
contaminants by BAC through changes in the surface charge, solubility, and speciation of
contaminants, as well as the properties of BAC materials [123]. pH-dependent surface charge
influences electrostatic interactions and ion exchange processes, while changes in temperature affect
adsorption kinetics and thermodynamics [119].

Competitive adsorption between organic contaminants and other solutes in water, such as
inorganic ions, natural organic matter (NOM), and co-existing pollutants, can influence the overall
adsorption performance of BAC and the selectivity for specific contaminants [128].

5. Regeneration and Reuse

Spent BAC materials can be regenerated and reused through thermal desorption, chemical
regeneration, solvent extraction, or biological treatment methods. Regeneration techniques remove
adsorbed contaminants from BAC and restore its adsorption capacity, extending its service life and
reducing operational costs.

Regeneration efficiency depends on factors such as the nature of the contaminants, the
adsorption strength, and the stability of surface functional groups on BAC [129]. Optimizing
regeneration conditions and treatment methods is essential for maintaining the adsorption
performance and sustainability of BAC-based adsorbents.
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Figure 11. Removal of Organic Contaminants.
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6.2. Removal of Inorganic Contaminants

The removal of inorganic contaminants from water using biowaste activated carbon (BAC)
involves various mechanisms, including physical adsorption, chemical adsorption, ion exchange, and
surface complexation [130]. BAC materials have demonstrated effectiveness in removing a wide
range of inorganic contaminants, including heavy metals, metalloids, ions, and radioactive elements.
Here are some key points regarding the removal of inorganic contaminants using BAC:

1. Physical Adsorption

Physical adsorption involves the accumulation of inorganic contaminants on the surface and
within the pores of BAC through weak van der Waals forces [124]. The high surface area and porous
structure of BAC provide numerous adsorption sites for inorganic ions and molecules, leading to the
formation of a monolayer or multilayer adsorption.

Physical adsorption is particularly effective for removing inorganic contaminants with low
solubility and high affinity for solid surfaces, such as heavy metals and metalloids [131]. The
adsorption capacity of BAC for inorganic contaminants depends on factors such as the surface area,
pore structure, and surface chemistry of the material, as well as the properties of the contaminants,
including their concentration, speciation, and ionic strength.

2. Chemical Adsorption and Surface Complexation

Chemical adsorption involves the formation of chemical bonds between inorganic contaminants
and surface functional groups present on BAC, such as hydroxyl (-OH), carboxyl (-COOH), and
amine (-NH2) groups. Chemical adsorption reactions include ion exchange, precipitation,
coordination, and surface complexation [126].

Surface functional groups on BAC can undergo reversible or irreversible reactions with
inorganic contaminants, leading to the formation of covalent or ionic bonds. Chemical adsorption is
particularly effective for removing metal ions, oxyanions, and other inorganic species through
complexation and surface coordination reactions [132].

3. Ion Exchange

Ion exchange involves the exchange of ions between BAC and the surrounding solution, leading
to the removal of undesirable ions from water. BAC materials with ion exchange properties can
selectively adsorb cations or anions, depending on the surface charge and functional groups present
on the material [133].

Ion exchange mechanisms on BAC are influenced by factors such as the pH, ionic strength, and
composition of the solution, as well as the nature and concentration of the ions present. Competitive
exchange between different ions can affect the selectivity and efficiency of ion exchange processes
[134].

4.  Influence of Solution Conditions

Solution pH, temperature, ionic strength, and composition can influence the adsorption of
inorganic contaminants by BAC through changes in the surface charge, solubility, and speciation of
contaminants, as well as the properties of BAC materials. pH-dependent surface charge influences
electrostatic interactions and ion exchange processes, while changes in temperature affect adsorption
kinetics and thermodynamics [135].

Competitive adsorption between inorganic contaminants and other solutes in water, such as
organic matter, co-existing ions, and competing ligands, can influence the overall adsorption
performance of BAC and the selectivity for specific contaminants.

5. Regeneration and Reuse

Spent BAC materials can be regenerated and reused through various techniques, including
thermal desorption, chemical regeneration, solvent extraction, and biological treatment methods.
Regeneration removes adsorbed contaminants from BAC and restores its adsorption capacity,
extending its service life and reducing operational costs.

Regeneration efficiency depends on factors such as the nature of the contaminants, the
adsorption strength, and the stability of surface functional groups on BAC [129]. Optimizing
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regeneration conditions and treatment methods is essential for maintaining the adsorption
performance and sustainability of BAC-based adsorbents.

Physical adrretton Chenical comninntion
surface compatton sufaoce ompleation
G

A Surfice reartion
chonicals anopuce: di. somestdle conitlion
Incorsare the timcion onf

o= Dontionepotarttoratial
costurartton

deatior ampena offacle
surffare

dumyaties conmanta
condons
Conuraticidon
sunrerpstadoatattontiian of
clenwalie andkont
ofoonehallets.

Conulruconertuctin

Amime

Shiiyecasdamditinal
deemiandarsur.conpavtios

comormall adaratton

Regonerattier cmbratiors
vscespetaties

Chemical focmnitori
comtimemtent conapting
neclotihemencio

Cisface conlattion
loettant commation

Surfafffacion conttion

compelations Cesoeins and Luse

Innare scircufal ehoncl Segunist escuttocomttions

Thsicsal atersatio-
and

andcomorvalt's comtlatus: Intleeceiscamauue conihes

lin condiions.
russe

Figure 12. Removal of Inorganic Contaminants.

6.3. Removal of Emerging Pollutants

The removal of emerging pollutants from water using biowaste activated carbon (BAC) is an
increasingly important application due to the growing concern over the presence of novel
contaminants in water sources [136]. Emerging pollutants encompass a diverse range of chemicals,
including pharmaceuticals, personal care products, endocrine-disrupting compounds, pesticides,
and microplastics, which may pose risks to human health and the environment even at low
concentrations. BAC has shown promising potential for the removal of emerging pollutants through
various adsorption mechanisms. Here are some key points regarding the removal of emerging
pollutants using BAC:

1. Adsorption Mechanisms

BAC removes emerging pollutants from water primarily through physical adsorption and
chemical adsorption mechanisms [137]. Physical adsorption involves the accumulation of pollutants
on the surface and within the pores of BAC through weak van der Waals forces, while chemical
adsorption involves the formation of chemical bonds or interactions between pollutants and surface
functional groups on BAC.

The adsorption mechanisms depend on the properties of the emerging pollutants, including
their molecular size, polarity, solubility, and functional groups, as well as the surface area, pore
structure, and surface chemistry of the BAC material [135]. Adsorption selectivity and efficiency can
be enhanced by optimizing BAC synthesis, activation, and operation parameters.

2. Removal of Pharmaceuticals and Personal Care Products (PPCPs)

BAC has demonstrated effective adsorption capabilities for removing pharmaceuticals and
personal care products (PPCPs) from water sources [138]. PPCPs are commonly detected in
wastewater effluents and surface waters due to their widespread use and incomplete removal by
conventional treatment processes.

BAC materials with high surface area and tailored surface chemistry can adsorb a variety of
PPCPs, including antibiotics, analgesics, hormones, and personal care product ingredients [139]. The
adsorption efficiency depends on factors such as the molecular structure, hydrophobicity, and charge
of the PPCPs, as well as the solution conditions and BAC properties.
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3. Removal of Endocrine-Disrupting Compounds (EDCs)

BAC can effectively adsorb endocrine-disrupting compounds (EDCs), which interfere with
hormonal systems and may have adverse effects on human health and wildlife. EDCs include
synthetic chemicals such as bisphenol A (BPA), phthalates, and alkylphenols, as well as natural
hormones and steroid compounds [140].

The adsorption of EDCs by BAC is influenced by factors such as the hydrophobicity, size, and
chemical structure of the compounds, as well as the presence of competing solutes and interactions
with surface functional groups on BAC [141]. Tailoring BAC properties and optimizing treatment
conditions can enhance the removal efficiency of EDCs from water.

4. Removal of Pesticides and Agrochemicals

BAC is effective in removing pesticides and agrochemicals from water sources, including
herbicides, insecticides, fungicides, and their metabolites. Pesticides are frequently detected in
agricultural runoff, surface waters, and groundwater, posing risks to aquatic ecosystems and human
health.

The adsorption of pesticides by BAC depends on factors such as the chemical structure, polarity,
and solubility of the compounds, as well as the surface area, pore size distribution, and surface
chemistry of the BAC material [142]. Optimizing BAC properties and treatment conditions can
enhance the adsorption capacity and selectivity for specific pesticides.

5. Removal of Microplastics

BAC has shown potential for removing microplastics from water sources through physical
adsorption mechanisms. Microplastics are small plastic particles (<5 mm) that are widely distributed
in aquatic environments and pose risks to marine life and human health [143].

BAC materials with microporous and mesoporous structures can adsorb microplastics through
mechanical entrapment and surface interactions. The adsorption efficiency depends on factors such
as the size, shape, surface charge, and hydrophobicity of the microplastics, as well as the pore size
distribution and surface chemistry of the BAC material [144].

6. Influence of Solution Conditions

Solution pH, temperature, ionic strength, and composition can influence the adsorption of
emerging pollutants by BAC through changes in the surface charge, solubility, and speciation of
pollutants, as well as the properties of BAC materials [135]. pH-dependent surface charge influences
electrostatic interactions and ion exchange processes, while changes in temperature affect adsorption
kinetics and thermodynamics.

Competitive adsorption between emerging pollutants and other solutes in water, such as natural
organic matter (NOM), co-existing pollutants, and inorganic ions, can influence the overall
adsorption performance of BAC and the selectivity for specific pollutants [145].

7. Regeneration and Reuse

Spent BAC materials can be regenerated and reused through various techniques, including
thermal desorption, chemical regeneration, solvent extraction, and biological treatment methods.
Regeneration removes adsorbed pollutants from BAC and restores its adsorption capacity, extending
its service life and reducing operational costs.

Regeneration efficiency depends on factors such as the nature of the pollutants, the adsorption
strength, and the stability of surface functional groups on BAC [129]. Optimizing regeneration
conditions and treatment methods is essential for maintaining the adsorption performance and
sustainability of BAC-based adsorbents.
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Figure 13. Removal of Emerging Pollutants.

6.4. BAC in Combination with Other Treatment Methods

Biowaste activated carbon (BAC) can be effectively integrated with other treatment methods to
enhance the overall efficiency and performance of water treatment systems. Combining BAC with
complementary treatment technologies allows for synergistic effects, improved removal efficiencies,
and broader contaminant coverage. Several combinations of BAC with other treatment methods have
been explored for various water treatment applications. Here are some common combinations:

1. BAC with Coagulation/Flocculation:

Coagulation and flocculation processes are commonly used to remove suspended particles,
colloids, and organic matter from water by destabilizing and agglomerating contaminants into larger
flocs that can be easily removed by sedimentation or filtration [146].

Combining BAC with coagulation/flocculation processes enhances the removal of organic and
inorganic contaminants by adsorbing dissolved substances, capturing fine particulates, and
providing additional surface area for floc formation.

The pre-treatment of water with coagulants (e.g., aluminum sulfate, ferric chloride) or
flocculants (e.g., polymers) helps to reduce the load on BAC and improve the overall efficiency of the
treatment system [147].

2. BAC with Filtration

Filtration processes, such as rapid sand filtration, granular media filtration, and membrane
filtration, are used to remove suspended solids, particulate matter, microorganisms, and some
dissolved contaminants from water by physical straining, adsorption, and size exclusion.

Integrating BAC into filtration systems as a granular media or adsorptive layer enhances the
removal of dissolved organic compounds, disinfection by-products, and trace contaminants that are
not effectively removed by conventional filtration media [124].

BAC acts as a secondary barrier, providing additional adsorption capacity and improving the
overall treatment efficiency by capturing residual contaminants and reducing breakthrough.

3. BAC with Oxidation Processes

Oxidation processes, such as ozonation, UV/H202, and advanced oxidation processes (AOPs),
are used to degrade organic pollutants, disinfect water, and remove recalcitrant compounds by
generating reactive oxygen species (ROS) and oxidative radicals.

Combining BAC with oxidation processes enhances the removal of organic contaminants by
adsorbing intermediate oxidation by-products, reducing the formation of disinfection by-products
(DBPs), and providing quenching sites for ROS [148].
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BAC can be used as a polishing step after oxidation processes to remove residual organics and
improve water quality before distribution or discharge.
4. BAC with Biological Treatment

Biological treatment processes, such as activated sludge, biofiltration, and constructed wetlands,
utilize microorganisms to degrade organic pollutants, metabolize nutrients, and remove
contaminants through biological transformations.

Integrating BAC into biological treatment systems as a biofilm carrier or fixed-bed media
enhances the removal of refractory organics, trace contaminants, and micropollutants by providing
additional surface area for microbial attachment and adsorption [149].

BAC acts as a biofilm support, promoting microbial growth and activity, while also adsorbing
biodegradation intermediates and reducing the release of soluble organics into the effluent.

5. BAC with Ion Exchange

Ion exchange processes utilize ion exchange resins or media to remove dissolved ions, heavy
metals, and trace contaminants from water by exchanging ions between the solid phase and the
solution phase.

Combining BAC with ion exchange processes enhances the removal of specific inorganic
contaminants, such as heavy metals, metalloids, and radionuclides, by providing additional
adsorption sites and complementary mechanisms of removal [150].

BAC can be used as a pre-treatment or post-treatment step in ion exchange systems to remove
organic matter, reduce fouling, and extend the service life of ion exchange resins.

6. BAC with Membrane Processes

Membrane processes, such as reverse osmosis (RO), nanofiltration (NF), and ultrafiltration (UF),
are used to remove dissolved ions, particles, microorganisms, and contaminants from water by
physical separation based on size, charge, and molecular weight [151].

Integrating BAC with membrane processes as a pre-treatment or post-treatment step enhances
the removal of organic foulants, disinfection by-products, and trace contaminants by adsorbing
soluble organics, reducing membrane fouling, and improving water quality.

BAC acts as a protective barrier for membranes, reducing fouling and extending membrane
lifespan, while also providing additional adsorption capacity for removing contaminants that may
pass through the membrane.

7.  BAC with Advanced Treatment Technologies

Advanced treatment technologies, such as electrocoagulation, electrochemical oxidation, and
hybrid systems, combine multiple physicochemical and biological processes to achieve superior
contaminant removal and water quality improvement [152].

Combining BAC with advanced treatment technologies enables the synergistic effects of
adsorption, oxidation, coagulation, and biological degradation, leading to enhanced treatment
performance, reduced energy consumption, and improved sustainability.

BAC acts as a versatile adsorbent and catalyst support, facilitating the integration of diverse
treatment mechanisms and enhancing the overall efficiency and reliability of advanced treatment
systems [153].
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Figure 14. BAC in Combination with Other Treatment Methods.

7. Regeneration and Reuse of BAC
7.1. Regeneration Techniques

Regeneration of spent biowaste activated carbon (BAC) is essential for extending its service life,
reducing operational costs, and maintaining adsorption performance. Regeneration techniques aim
to remove adsorbed contaminants from BAC and restore its adsorption capacity and efficiency [154].
Several regeneration methods have been developed, each with its advantages, limitations, and
applicability to different types of contaminants and BAC materials. Here are some common
regeneration techniques for biowaste activated carbon:

1.  Thermal Desorption:

Thermal desorption involves heating the spent BAC to high temperatures (>500°C) under
controlled conditions to volatilize and desorb adsorbed contaminants from the carbon matrix [155].

During thermal desorption, organic contaminants are thermally decomposed or vaporized,
while inorganic contaminants may undergo desorption or chemical transformations.

Thermal desorption is effective for removing volatile organic compounds (VOCs), semi-volatile
organic compounds (SVOCs), and certain inorganic contaminants, such as mercury and arsenic.

Advantages of thermal desorption include high efficiency, complete regeneration, and minimal
generation of secondary waste. However, it requires significant energy input and may lead to the
release of harmful emissions if not properly controlled.

2. Chemical Regeneration

Chemical regeneration involves treating the spent BAC with chemical agents or solutions to
desorb or chemically react with adsorbed contaminants and restore the adsorption capacity of the
carbon material [156].

Common chemical regeneration agents include acids, bases, oxidizing agents, reducing agents,
and complexing agents, depending on the nature of the contaminants and surface chemistry of BAC.

Chemical regeneration can be performed in situ or ex situ, using batch or continuous processes,
and may involve multiple regeneration cycles to achieve complete desorption [23].

Chemical regeneration is effective for removing inorganic contaminants, such as heavy metals,
metalloids, and ions, as well as certain organic contaminants that can be chemically desorbed or
degraded.

Advantages of chemical regeneration include versatility, selectivity, and the ability to tailor
regeneration conditions to specific contaminants. However, it may require handling hazardous
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chemicals, generating secondary waste, and may be less effective for highly stable or refractory
contaminants.
3. Solvent Extraction

Solvent extraction involves washing the spent BAC with organic solvents or aqueous solutions
to extract adsorbed contaminants from the carbon pores and surfaces.

Organic solvents, such as alcohols, ketones, and chlorinated hydrocarbons, are commonly used
for solvent extraction due to their ability to dissolve organic compounds and facilitate desorption
[157].

Aqueous solutions, such as surfactants, chelating agents, or complexing agents, may be used for
extracting inorganic contaminants by forming soluble complexes or precipitates.

Solvent extraction is particularly effective for removing non-polar organic compounds,
hydrophobic contaminants, and certain polar or ionic contaminants that are soluble in organic
solvents or aqueous solutions [158].

Advantages of solvent extraction include mild operating conditions, minimal energy input, and
the ability to recover and recycle the extracted contaminants. However, it may require large volumes
of solvent, long extraction times, and may be less effective for strongly bound or hydrophilic
contaminants.

4. Biological Treatment

Biological treatment involves using microorganisms to biodegrade adsorbed contaminants or
metabolize organic matter on the surface of spent BAC.

Biological regeneration processes may occur naturally in biological filters, biofilm reactors, or
constructed wetlands, where microbial activity contributes to the degradation and removal of organic
pollutants [159].

Alternatively, ex situ biological treatments may involve inoculating spent BAC with specific
microbial cultures or enzymes to enhance biodegradation and accelerate the regeneration process.

Biological treatment is effective for removing biodegradable organic compounds, such as
pharmaceuticals, pesticides, and organic acids, as well as reducing the biofouling potential of BAC
[124].

Advantages of biological treatment include sustainability, environmental friendliness, and the
potential for complete mineralization of organic contaminants. However, it may require longer
treatment times, nutrient supplementation, and may be less effective for recalcitrant or toxic
contaminants.

5. Electrochemical Regeneration

Electrochemical regeneration involves applying an electric current or potential to the spent BAC
in an electrolytic cell to induce desorption, oxidation, or reduction of adsorbed contaminants.

Electrochemical processes, such as electrooxidation, electrocoagulation, and electro-Fenton
oxidation, generate reactive oxygen species (ROS) and electrochemically active species that facilitate
contaminant removal [160].

Electrochemical regeneration can be performed in situ or ex situ, using various electrode
materials, electrolytes, and operating conditions to optimize desorption and degradation.

Electrochemical regeneration is effective for removing both organic and inorganic contaminants,
including persistent pollutants, emerging contaminants, and disinfection by-products [161].

Advantages of electrochemical regeneration include rapid kinetics, selective degradation, and
the potential for on-demand treatment. However, it may require specialized equipment, control
systems, and monitoring to ensure efficient operation and minimize energy consumption.

6. Combined Regeneration Techniques

Combined regeneration techniques involve integrating multiple regeneration methods, such as
thermal desorption with chemical washing, solvent extraction with biological treatment, or
electrochemical oxidation with physical desorption, to enhance the overall regeneration efficiency
and address specific challenges.
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Combined regeneration approaches leverage the synergistic effects of different treatment
mechanisms to optimize contaminant removal, minimize energy consumption, and improve process
economics [162].

Advantages of combined regeneration techniques include flexibility, adaptability, and the
ability to tailor treatment strategies to the unique characteristics of the spent BAC and the target
contaminants. However, it may require complex process design, optimization, and integration of
multiple unit operations.

7.2. Challenges and Considerations

While biowaste activated carbon (BAC) holds promise for water purification, several challenges
and considerations must be addressed to maximize its effectiveness and applicability in water
treatment processes:

1. Contaminant Specificity: BAC may exhibit variations in adsorption efficiency and selectivity
depending on the type and characteristics of the contaminants present in water [163]. Tailoring
BAC properties to specific contaminants and understanding their adsorption mechanisms are
crucial for achieving optimal removal efficiency.

2. Regeneration Efficiency: The regeneration of spent BAC can be energy-intensive, costly, and
may not always fully restore its adsorption capacity. Developing efficient and sustainable
regeneration techniques while minimizing environmental impacts and operational costs is
essential for the long-term viability of BAC-based water treatment systems [112].

3. Water Matrix Interference: The presence of co-existing ions, natural organic matter (NOM), and
other dissolved substances in water may compete with target contaminants for adsorption sites
on BAC, leading to reduced removal efficiency and breakthrough [164]. Understanding the
interactions between BAC and the water matrix is essential for optimizing treatment
performance under real-world conditions.

4. Long-Term Performance: Assessing the long-term stability and performance of BAC materials
under continuous operation is critical for ensuring reliable and sustainable water treatment.
Factors such as fouling, aging, pore blockage, and microbial growth on BAC surfaces may affect
its adsorption capacity and require periodic monitoring and maintenance [165].

5. Scale-Up and Implementation: Scaling up BAC-based water treatment systems from laboratory-
scale studies to full-scale applications presents engineering and logistical challenges, including
reactor design, flow dynamics, media regeneration, and operational management. Developing
scalable and cost-effective treatment solutions that meet regulatory requirements and address
site-specific needs is essential for successful implementation [166].

6. Environmental Impact: The production, use, and disposal of BAC materials may have
environmental implications, including energy consumption, carbon emissions, waste
generation, and potential leaching of contaminants. Considering the life cycle impacts of BAC-
based water treatment systems and adopting sustainable practices, such as using renewable
feedstocks, minimizing waste generation, and promoting recycling and reuse, can mitigate
environmental concerns.

7. Emerging Contaminants: BAC's effectiveness in removing emerging contaminants, such as
pharmaceuticals, personal care products, microplastics, and nanomaterials, requires further
investigation due to their complex physicochemical properties and potential health risks.
Monitoring and addressing emerging contaminants in water sources necessitate ongoing
research, regulatory updates, and technological advancements to ensure public health and
environmental protection [167].

8.  Technological Advancements: Continual research and development efforts are needed to
advance BAC synthesis, activation, modification, and regeneration techniques, as well as to
explore novel applications, such as hybrid treatment systems, smart materials, and advanced
characterization methods. Leveraging emerging technologies, such as nanotechnology, artificial
intelligence, and biotechnology, can enhance the performance, efficiency, and sustainability of
BAC-based water treatment solutions.
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Figure 15. Regeneration and Reuse of BAC.

8. Environmental and Economic Considerations
8.1. Sustainability of BAC Production

The sustainability of biowaste activated carbon (BAC) production is a critical consideration for
ensuring the environmental and social responsibility of water treatment processes. Several factors
contribute to the sustainability of BAC production:

1. Feedstock Selection: Utilizing biowaste materials, such as agricultural residues, food waste,
forestry by-products, and wastewater sludge, as feedstock for BAC production reduces reliance
on virgin resources, minimizes waste generation, and promotes circular economy principles.
Selecting locally sourced, abundant, and renewable feedstocks that have low environmental
impact and are readily available can enhance the sustainability of BAC production.

2. Production Processes: Implementing environmentally friendly and energy-efficient production
processes for BAC synthesis, activation, and modification reduces greenhouse gas emissions,
energy consumption, and resource depletion [168]. Adopting sustainable manufacturing
practices, such as biomass pyrolysis, carbonization, and activation using renewable energy
sources, bio-based catalysts, and green solvents, minimizes environmental footprint and
enhances process sustainability.

3. Waste Management: Proper management of by-products, residues, and emissions generated
during BAC production is essential for minimizing environmental pollution and resource
depletion [169]. Implementing waste reduction, reuse, recycling, and treatment measures, such
as capturing and recycling process gases, recovering valuable by-products, and treating
wastewater and solid residues, ensures responsible waste management and reduces
environmental impact.

4. Life Cycle Assessment (LCA): Conducting life cycle assessments to evaluate the environmental,
economic, and social impacts of BAC production from cradle to grave provides insights into its
sustainability performance and identifies opportunities for improvement [170]. Considering

factors such as raw material sourcing, manufacturing processes, transportation, use phase, and
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end-of-life disposal enables informed decision-making and promotes sustainable practices
throughout the product life cycle.

5. Environmental Regulations and Standards: Complying with environmental regulations,
standards, and certifications, such as ISO 14001, EMAS, and eco-labeling schemes, ensures
regulatory compliance, stakeholder confidence, and market competitiveness [171]. Adhering to
environmental best practices, pollution prevention measures, and sustainable development
goals fosters accountability, transparency, and continuous improvement in BAC production.

6.  Social Responsibility: Promoting social responsibility and ethical practices in BAC production
involves safeguarding human health, worker safety, and community well-being, as well as
respecting indigenous rights, cultural heritage, and local livelihoods [172]. Engaging with
stakeholders, fostering partnerships, and investing in social initiatives, such as education,
training, and capacity building, fosters inclusive and sustainable development that benefits
society as a whole.

7. Economic Viability: Ensuring the economic viability and competitiveness of BAC production
involves optimizing resource utilization, minimizing production costs, and maximizing value
creation. Investing in research and innovation, process optimization, and market diversification
enhances product performance, efficiency, and marketability, driving economic growth and

long-term sustainability.

8.2. Cost-Effectiveness and Scalability

Ensuring the cost-effectiveness and scalability of biowaste activated carbon (BAC) production is
crucial for widespread adoption and implementation in water treatment applications. Several
strategies can be employed to enhance cost-effectiveness and scalability:

1. Feedstock Optimization: Selecting low-cost and abundant biowaste feedstocks, such as

agricultural residues, forestry by-products, and food processing waste, can reduce raw material
expenses and minimize production costs [173]. Identifying locally available feedstock sources
and establishing strategic partnerships with suppliers enable reliable and cost-efficient feedstock
procurement.

2. Process Efficiency: Optimizing production processes, including carbonization, activation,
impregnation, and post-treatment, improves energy efficiency, resource utilization, and product
yield. Implementing process optimization techniques, such as process intensification, heat
integration, and automation, reduces production time, energy consumption, and labor costs,
enhancing overall process efficiency and cost-effectiveness.

3. Scale-Up Strategies: Developing scalable production technologies and manufacturing processes
enables efficient production scale-up from laboratory-scale to pilot-scale and commercial-scale
operations. Investing in equipment upgrades, production facilities, and infrastructure
development facilitates economies of scale, reduces unit costs, and improves production
efficiency, making BAC production more cost-effective and scalable [174].

4. By-Product Valorization: Exploring opportunities for valorizing by-products, residues, and
waste streams generated during BAC production, such as biochar, syngas, bio-oil, and bio-based
chemicals, creates additional revenue streams and enhances overall process economics [175].
Implementing by-product recovery, recycling, and utilization strategies maximizes resource
efficiency, minimizes waste generation, and improves the sustainability and cost-effectiveness

of BAC production.


https://doi.org/10.20944/preprints202405.0981.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 d0i:10.20944/preprints202405.0981.v1

33

5. Technological Innovation: Investing in research and development (R&D) initiatives to advance
BAC synthesis, activation, modification, and regeneration technologies drives technological
innovation and process optimization. Leveraging emerging technologies, such as microwave
pyrolysis, hydrothermal carbonization, and 3D printing, enhances production efficiency,
product quality, and cost competitiveness, positioning BAC as a cost-effective and scalable
solution for water treatment [176].

6. Market Diversification: Expanding market opportunities and diversifying product applications
beyond water treatment, such as air purification, soil remediation, energy storage, and advanced
materials, increases demand and revenue potential for BAC products. Identifying niche markets,
addressing unmet needs, and developing tailored solutions for specific industries and
applications enhance market competitiveness and scalability of BAC production.

7. Cost-Benefit Analysis: Conducting comprehensive cost-benefit analyses to evaluate the
economic viability and financial feasibility of BAC production projects provides insights into
investment returns, payback periods, and profitability metrics [177]. Considering factors such as

capital investment, operating costs, revenue generation, and market risks enables informed

decision-making and strategic planning for cost-effective and scalable BAC production.
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Figure 16. Environmental and Economic Considerations.

9. Future Directions and Emerging Trends
9.1. Advances in BAC Synthesis Techniques

Advances in biowaste activated carbon (BAC) synthesis techniques have led to the development
of innovative methods for producing high-quality BAC with tailored properties and enhanced
performance for water treatment applications [177]. These advancements have focused on improving
production efficiency, product quality, and sustainability while addressing challenges related to
feedstock availability, process scalability, and environmental impact. Here are some notable
advances in BAC synthesis techniques:

1. Hydrothermal Carbonization (HTC): Hydrothermal carbonization is a promising technique for

converting biowaste feedstocks, such as agricultural residues, food waste, and wastewater
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sludge, into biochar precursor materials through controlled heating in an aqueous environment
under elevated temperature and pressure conditions. HTC offers several advantages, including
high carbon yield, rapid reaction kinetics, and low energy consumption, making it an efficient
and sustainable method for BAC synthesis.

2. Microwave Pyrolysis: Microwave pyrolysis is an emerging technique for producing BAC from
biowaste feedstocks using microwave irradiation to heat and decompose organic materials into
biochar in the absence of oxygen. Microwave heating enables rapid and uniform heating of
feedstock particles, leading to shorter processing times, higher carbonization efficiency, and
improved product quality compared to conventional pyrolysis methods. Microwave pyrolysis
also offers greater control over process parameters, such as temperature, heating rate, and
residence time, allowing for the production of BAC with tailored properties and enhanced
adsorption performance.

3. Solvent-Free Activation: Solvent-free activation methods, such as steam activation and carbon
dioxide activation, have gained attention as environmentally friendly alternatives to
conventional chemical activation processes for producing BAC. Steam activation involves
treating biochar precursor materials with steam at high temperatures to create a highly porous
structure with a large surface area, while carbon dioxide activation utilizes carbon dioxide gas
as an activating agent to enhance micropore development and surface reactivity. Solvent-free
activation methods offer several advantages, including reduced environmental impact,
simplified process operation, and improved adsorption properties of BAC products.

4. Biomass Blending and Co-Pyrolysis: Biomass blending and co-pyrolysis involve combining
multiple biowaste feedstocks with complementary properties to optimize BAC synthesis and
product performance. By blending different types of biomass materials, such as agricultural
residues, woody biomass, and organic waste, researchers can tailor the chemical composition,
pore structure, and surface chemistry of BAC to enhance its adsorption capacity, selectivity, and
regeneration efficiency. Co-pyrolysis of biomass blends allows for synergistic interactions
between feedstock components, leading to the formation of BAC with unique properties and
improved performance for water treatment applications.

5. Activation with Sustainable Catalysts: Activation with sustainable catalysts, such as alkali metal
salts, phosphoric acid, and bio-derived catalysts, offers an environmentally friendly approach to
enhancing the adsorption properties of BAC while minimizing the use of hazardous chemicals.
Sustainable catalysts promote the activation of biochar precursor materials by facilitating pore
formation, surface functionalization, and chemical activation reactions, resulting in BAC
products with enhanced surface area, pore volume, and adsorption capacity. Activation with
sustainable catalysts also reduces the environmental footprint of BAC production and
contributes to the development of greener and more sustainable water treatment technologies.

6. Integration of Additive Manufacturing Technologies: The integration of additive manufacturing
technologies, such as 3D printing and extrusion, with BAC synthesis processes enables the
precise control of material structure, morphology, and porosity, leading to the production of
BAC with custom-designed architectures and optimized performance characteristics. Additive
manufacturing allows for the fabrication of complex BAC structures, including hierarchical pore
networks, interconnected channels, and functionalized surfaces, which enhance mass transfer,

adsorption kinetics, and regeneration efficiency. By leveraging additive manufacturing
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techniques, researchers can overcome limitations associated with traditional BAC synthesis
methods and develop innovative materials with tailored properties for specific water treatment

applications.

9.2. Integration of BAC with Novel Purification Technologies

The integration of biowaste activated carbon (BAC) with novel purification technologies offers
synergistic benefits and enhanced performance for water treatment applications. By combining BAC
with innovative purification techniques, researchers and engineers can overcome limitations
associated with traditional treatment methods and address emerging challenges related to water
quality, contaminant removal, and resource sustainability. Here are several examples of how BAC
can be integrated with novel purification technologies:

1. Membrane-BAC Hybrid Systems

Membrane-BAC hybrid systems combine membrane filtration technologies, such as reverse
osmosis (RO), nanofiltration (NF), or ultrafiltration (UF), with BAC adsorption for comprehensive
water purification.

BAC is integrated as a pre-treatment or post-treatment step in membrane systems to remove
organic contaminants, disinfection by-products (DBPs), and trace pollutants that may pass through
the membrane.

The combination of membrane filtration and BAC adsorption improves overall treatment
efficiency, reduces membrane fouling, extends membrane lifespan, and enhances water quality by
removing a wide range of contaminants.

2. Advanced Oxidation-BAC Hybrid Systems

Advanced oxidation processes (AOPs), such as ozonation, UV/H202, and photocatalysis,
generate highly reactive radicals and oxidants to degrade organic pollutants in water.

BAC is integrated with AOPs as a polishing step to remove intermediate oxidation products,
residual organics, and recalcitrant compounds that may resist oxidation.

The synergy between advanced oxidation and BAC adsorption enhances contaminant removal
efficiency, reduces the formation of harmful by-products, and improves overall water quality for safe
and reliable drinking water supply.

3.  Electrochemical-BAC Hybrid Systems

Electrochemical technologies, such as electrocoagulation, electrooxidation, and capacitive
deionization, utilize electric current or potential to remove contaminants through electrochemical
reactions and adsorption.

BAC is incorporated into electrochemical systems as an adsorbent or electrode material to
enhance contaminant adsorption, ion exchange, and catalytic degradation.

The combination of electrochemical processes and BAC adsorption provides synergistic effects,
such as increased contaminant removal capacity, improved energy efficiency, and reduced operating
costs for sustainable water treatment.

4. Biochar-BAC Composite Materials

Biochar-BAC composite materials combine biochar derived from pyrolysis of biowaste with
activated carbon for enhanced adsorption performance and environmental sustainability.

Biochar provides a sustainable and renewable source of carbon, while BAC offers high surface
area, porosity, and adsorption capacity for contaminant removal.

The synergistic combination of biochar and BAC in composite materials improves contaminant
removal efficiency, promotes carbon sequestration, and reduces greenhouse gas emissions,
contributing to environmental protection and resource conservation.

5. Hybrid Adsorbent-BAC Systems

Hybrid adsorbents, such as metal-organic frameworks (MOFs), graphene-based materials, and
functionalized nanoparticles, can be integrated with BAC to enhance adsorption capacity, selectivity,
and regeneration properties.
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BAC serves as a support material for immobilizing or incorporating hybrid adsorbents,
providing structural stability, mechanical strength, and compatibility with water treatment
processes.

The integration of hybrid adsorbents with BAC offers synergistic advantages, such as enhanced
adsorption kinetics, improved contaminant uptake, and tunable properties for specific water
treatment applications.

6. Smart Materials-BAC Systems

Smart materials, including responsive polymers, molecularly imprinted polymers (MIPs), and
stimuli-responsive nanomaterials, can be combined with BAC to create adaptive and self-regulating
water treatment systems.

BAC serves as a platform for immobilizing or incorporating smart materials, enabling real-time
monitoring, controlled release, and selective adsorption of target contaminants.

The integration of smart materials with BAC provides advanced functionalities, such as selective
adsorption under variable conditions, adaptive contaminant removal, and dynamic response to
changing water quality parameters.

7.  Hierarchical Structured-BAC Materials

Hierarchical structured materials, such as mesoporous carbons, activated carbon fibers, and
carbon nanotube forests, can be synthesized with BAC to enhance mass transfer, diffusion kinetics,
and adsorption performance.

BAC serves as a template or precursor for fabricating hierarchical structured materials with
tailored pore size distribution, surface chemistry, and morphology.

The integration of hierarchical structured materials with BAC offers advantages, such as
improved accessibility of active sites, enhanced adsorption capacity, and reduced diffusion
limitations for efficient contaminant removal.

9.3. Application in Wastewater Treatment and Resource Recovery

Biowaste activated carbon (BAC) holds significant potential for application in wastewater
treatment and resource recovery processes, offering efficient removal of contaminants and the
opportunity for reclaiming valuable resources. Here's how BAC can be utilized in wastewater
treatment and resource recovery:

1. Removal of Organic Contaminants

BAC can effectively adsorb a wide range of organic contaminants present in wastewater,
including pharmaceuticals, pesticides, industrial chemicals, and organic dyes [178].

By integrating BAC into wastewater treatment systems, such as activated sludge processes,
membrane bioreactors, or constructed wetlands, organic pollutants can be efficiently removed,
improving effluent quality and meeting regulatory standards for discharge.

2. Reduction of Nutrient Pollution

BAC can adsorb nutrients, such as nitrogen and phosphorus compounds, which contribute to
eutrophication and water quality degradation in aquatic ecosystems.

Incorporating BAC into nutrient removal processes, such as biological nutrient removal (BNR)
or tertiary treatment, enhances nutrient removal efficiency, reduces pollutant loading, and mitigates
environmental impacts on receiving water bodies.

3. Recovery of Metals and Nutrients

BAC has the ability to selectively adsorb metals, metalloids, and ions from wastewater streams,
offering opportunities for resource recovery and recycling.

After adsorption, metals and nutrients can be desorbed from BAC using appropriate
regeneration techniques, such as acid leaching, electrochemical desorption, or phytoremediation,
enabling their recovery for reuse or valorization.

4. Treatment of Industrial Wastewaters

BAC can be employed for treating various types of industrial wastewaters, including those

generated from pharmaceutical manufacturing, textile dyeing, electroplating, and food processing.
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By tailoring BAC properties and surface chemistry to specific contaminants present in industrial
effluents, customized treatment solutions can be developed to meet industry-specific requirements
and regulatory standards.

5. Microbial Contaminant Removal

BAC exhibits antimicrobial properties and can effectively remove pathogens, bacteria, viruses,
and protozoa from wastewater through adsorption and inactivation mechanisms [179].

Integrating BAC into disinfection processes, such as UV disinfection, ozonation, or chlorination,
enhances microbial removal efficiency, reduces disinfection by-products, and ensures the safety of
treated effluent for reuse or discharge.

6. Odor and Taste Removal

BAC can adsorb volatile organic compounds (VOCs), odor-causing compounds, and taste-
related substances present in wastewater, improving water aesthetics and sensory characteristics.

Incorporating BAC into water treatment systems, such as granular activated carbon (GAC)
filters or packed bed reactors, effectively removes odorous and taste-impairing compounds,
enhancing water quality and consumer satisfaction.

7.  Generation of Value-Added Products

BAC-derived biochar and spent carbon can be valorized for various applications, such as soil
amendment, carbon sequestration, renewable energy production, and wastewater treatment media.

By converting BAC residues into value-added products, such as biochar pellets, activated carbon
composites, or bio-based adsorbents, additional revenue streams can be generated, promoting
circular economy principles and resource sustainability.
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Figure 17. Future Directions and Emerging Trends.

10. Conclusion

In conclusion, biowaste activated carbon (BAC) holds tremendous promise as a versatile and
sustainable solution for water purification, wastewater treatment, and resource recovery
applications. Through advancements in synthesis techniques, integration with novel purification
technologies, and innovative approaches to regeneration and valorization, BAC offers efficient
removal of contaminants, reduction of nutrient pollution, treatment of industrial wastewaters, and
recovery of valuable resources from wastewater streams.

The emergence of BAC from renewable biowaste feedstocks, such as agricultural residues, food
waste, and forestry by-products, not only reduces reliance on virgin resources but also promotes
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circular economy principles by converting waste into a valuable resource. By optimizing production
processes, enhancing adsorption performance, and minimizing environmental impact, BAC
production can be made cost-effective, scalable, and environmentally sustainable, ensuring
widespread adoption and implementation in water treatment systems.

Furthermore, the integration of BAC with novel purification technologies, such as membrane
filtration, advanced oxidation, electrochemical treatment, and smart materials, offers synergistic
benefits and enhanced treatment efficiency for addressing complex water quality challenges. By
leveraging the strengths of BAC and complementary purification methods, researchers and engineers
can develop tailored solutions for specific water treatment needs, whether it be removing organic
contaminants, reducing nutrient pollution, treating industrial effluents, or disinfecting microbial
pathogens.

Moreover, the valorization of BAC-derived products, such as biochar, activated carbon
composites, and value-added materials, presents opportunities for resource recovery, circular
economy practices, and sustainable development. By repurposing spent BAC residues into valuable
products for soil amendment, carbon sequestration, renewable energy production, and wastewater
treatment media, additional economic value can be generated while minimizing waste generation
and promoting environmental stewardship.

In essence, biowaste activated carbon represents a paradigm shift in water treatment and
resource management, offering a holistic approach to addressing the interconnected challenges of
water scarcity, pollution, and resource depletion. By embracing the potential of BAC-based
technologies, stakeholders can contribute to achieving global sustainability goals, safeguarding
public health, and preserving water resources for future generations. Through collaboration,
innovation, and commitment to sustainability, we can harness the power of biowaste activated
carbon to create a cleaner, healthier, and more resilient world.
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