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Introduction: Access to safe drinking water remains a critical challenge in rural
developing regions, including South Africa, where naturally occurring fluoride
and anthropogenic heavy metals (Pb2+, Cd2+, As, Cr6+) pose significant public
health risks. Low-cost adsorbents derived from agricultural and natural materials
have emerged as a promising solution for decentralized water treatment in
resource-limited areas.
Methods: This systematic review was conducted following PRISMA 2020
guidelines and registered in PROSPERO (CRD420251084775). A total of 29
studies published between 2008 and 2025 were included. Eligible studies
investigated the use of low-cost adsorbents—such as biochar, activated
carbon, bone char, clay minerals, and agricultural residues—for the removal of
fluoride and heavy metals from water sources. Key variables extracted included
removal efficiency, adsorption capacity, operational conditions, and
regeneration potential.
Results: Across the 29 studies, most adsorbents achieved removal efficiencies
exceeding 90% for Pb2+, Cd2+, and Cr6+, with adsorption capacities ranging from
10 to >200 mg/g. Biochar and activated carbon demonstrated the highest
performance, including superior regeneration potential, while agricultural by-
products and clays contributed significant affordability and accessibility
advantages. Approximately 40% of the included studies validated adsorbent
performance using pilot- or field-scale testing, with slightly reduced but still
effective removal compared to laboratory findings.
Discussion/Conclusion: Findings confirm that low-cost adsorbents offer
practical, sustainable, and scalable treatment options for rural water
contamination in South Africa. However, gaps remain in long-term
regeneration, field durability, and treatment of emerging contaminants such as
pharmaceuticals and microplastics. The review highlights the importance of
context-specific, low-cost technologies for advancing water security and
supporting public health. Overall, the evidence promotes the adoption of
locally sourced adsorbents as viable technologies for improving rural water
supply management in South Africa.
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Highlights

• Safe water is essential for health, yet contaminants threaten
rural communities.

• Low-cost adsorbents remove over 90% of Pb2+, Cd2+ and Cr6+,
from water.

• Biochar and activated carbon demonstrate superior adsorption
and regeneration potential.

• About 40% of included studies validated adsorbents in
laboratory or real-world use.

1 Introduction

Access to safe drinking water is a basic human right and a
prerequisite for public health, as it reduces the burden of waterborne
diseases such as diarrhoeal, especially among young children
(Needs, 2024). However, many rural communities in South
Africa and Africa continue to face major challenges in
safeguarding drinking water due to fluoride, heavy metals and
other contaminants (Edokpayi et al., 2018; Bazaanah and
Mothapo, 2023). Access to potable water is recognized as a
fundamental human right; however, numerous rural communities
in South Africa continue to experience persistent water quality
challenges arising from both geogenic and anthropogenic sources.
Elevated fluoride concentrations in groundwater, particularly within
Limpopo, Northwest, and sections of the Eastern Cape provinces,
have been linked to widespread occurrences of dental and skeletal
fluorosis (Edokpayi et al., 2018; Onipe, 2018; Rammal et al., 2025).
Concurrently, mining activities, industrial discharges, and
agricultural runoff contribute to elevated levels of toxic metals
such as lead, cadmium, arsenic, and chromium, posing severe
health risks including neurotoxicity, nephrotoxicity,
carcinogenicity, and multi-organ impairment that ultimately
hinder national development priorities (Edokpayi et al., 2018;
Onipe, 2018).

Although conventional water treatment technologies, including
reverse osmosis, ion exchange, and advanced oxidation processes,
exhibit high removal efficiencies, their substantial capital costs,
intensive energy requirements, and operational complexity
constrain their feasibility in rural South African settings (Gregory
and Sovacool, 2019; Atangana, 2020). Consequently, many rural
households continue to depend on untreated or partially treated
water sources, increasing the likelihood of chronic exposure to
hazardous contaminants. In response, low-cost, locally derived
adsorbents such as bone char, biochar, activated carbon, clay
minerals, and agricultural by-products (e.g., banana peels,
moringa seeds, macadamia shells, and maize tassels) have gained
prominence as sustainable and context-appropriate alternatives for
decentralized water purification systems (Fan et al., 2020; Afolabi
and Musonge, 2023).

Conventional water treatment strategies such as reverse osmosis,
ion exchange, and advanced oxidation processes, are highly efficient
but often unaffordable or impractical for rural South African
communities due to high capital costs, energy demands, technical
complexity, and maintenance requirements (Gregory and Sovacool,
2019; Atangana, 2020). Consequently, many rural households
continue to rely on untreated or minimally treated water, leading
to persistent health burdens and increasing the risk of chronic
exposure to toxic pollutants (Afolabi and Musonge, 2023). To
address these limitations, low-cost, locally available adsorbers
have emerged as sustainable alternatives for decentralized water
purification. Materials such as bone char, biochar, activated carbon,
clay minerals, and agricultural by-products (e.g., banana peels,
moringa seeds, macadamia shells, maize tassels) have been widely
studied for their ability to remove fluoride and heavy metals from
contaminated water (Fan et al., 2020; Afolabi and Musonge, 2023).

These adsorbents offer notable advantages, including low cost,
local availability, environmental sustainability, and potential for
regeneration, making them particularly suitable for community-
level applications. Moreover, many of these materials are derived
from agricultural residues and natural resources abundant in South
Africa, thereby providing the dual opportunities of waste
valorization and water purification (Godfrey et al., 2022;
Matsedisho et al., 2025). Conventional adsorbents, such as
activated carbon and synthetic resins, are widely used due to
their high efficiency and well-characterized performance.
However, they are often costly, energy-intensive to produce, and
may not be readily accessible in low-resource settings. In contrast,
low-cost adsorbents derived from agricultural waste, natural
minerals, or industrial by-products offer a more affordable and
locally available alternative. They are environmentally friendly and
promote resource recovery, but their adsorption capacity,
regeneration potential, and long-term stability may vary
depending on the source material and water chemistry. Overall,
while conventional adsorbents are highly effective, low-cost
adsorbents present a more sustainable and context-appropriate
solution for vulnerable populations, provided that site-specific
optimization and field validation are conducted.

Despite an expanding body of international research on
biosorbents and low-cost adsorbents, systematic evaluations that
specifically address the South African context remain limited. Most
previous reviews have focused broadly on heavy metal remediation
technologies or on single classes of adsorbents, often without
integrating fluoride removal and overlooking the socioeconomic
realities of rural populations (Matsedisho et al., 2025).

Furthermore, few studies have assessed performance under real-
world conditions, where removal efficiencies often decline compared
with those reported in controlled laboratory experiments
(Hlungwane et al., 2018; Atangana, 2020; Adeeyo et al., 2025).

This knowledge gap has restricted the translation of promising
technologies into scalable, sustainable solutions for vulnerable
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populations. Hence this review systematically evaluates the
performance of low-cost adsorbents for fluoride and heavy metal
Lead (Pb) Cadmium (Cd), Arsenic (As), Chromium (Cr), Nickel
(Ni), Zinc (Zn), and Mercury (Hg) removal in South Africa between
2000 and 2025. The analysis demonstrates removal efficiency,
adsorption capacity, regeneration potential, and field applicability,
with the aim of identifying technologies that can bridge the gap
between laboratory innovation and rural water security. By
providing a comparative synthesis of locally available adsorbents,
this work aims to inform evidence-based policy development, guide
future research directions, and support the implementation of cost-
effective strategies for improving water quality. Through the
promotion of evidence-based, cost-effective, and sustainable water
treatment strategies, this systematic review aligns with and advances
the objectives of Sustainable Development Goal 6 (accessible,
affordable clean water and Sanitation) while reinforcing broader
commitments to environmental sustainability in South Africa.

2 Materials and methods

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines. A predefined protocol was
registered in the PROSPERO database (registration ID:
CRD420251084775) to ensure transparency, reproducibility, and
methodological rigor. The research question was structured using
the Population, Intervention, Comparison, and Outcome (PICO)
framework to evaluate the performance of low-cost adsorbents for
fluoride and heavymetal removal in rural South African water supplies.

2.1 Eligibility criteria

Peer-reviewed studies published between 1 January 2000 and
30 June 2025, written in English, and either conducted in South
Africa or directly applicable to rural Saharan African water contexts
were considered. Eligible studies investigated the removal of fluoride
and/or toxic heavy metals (Pb, Cd, As, Cr, Ni, Zn, Hg) from drinking
water, groundwater, or wastewater using low-cost, natural, or
agricultural by-product adsorbents. Both laboratory- and field-
based studies (batch and column adsorption) were included.

Exclusion criteria comprised:

• Studies published outside the defined timeframe.
• Articles in languages other than English.
• Research not related to South Africa or rural sub-
Saharan contexts.

• Studies addressing only non-metal contaminants (e.g.,
pesticides, PFAS, microplastics).

• Studies utilizing synthetic, commercial, or high-cost
adsorbents.

2.2 Search strategy

A comprehensive search was carried out in Scopus, Web of
Science, ScienceDirect, and PubMed. Search strings combined

controlled keywords and Boolean operators, for example,
(fluoride or heavy metals or lead or arsenic or cadmium and
low-cost adsorbents or biosorbents or biochar or activated carbon
or bone char or moringa or fly ash or agricultural waste) and (water
treatment or adsorption or removal) and South Africa or rural water
supply). Reference lists of relevant articles were also screened
manually to capture additional studies.

2.2.1 Search words
Fluoride or heavy metals OR lead OR arsenic OR cadmium

AND low-cost adsorbents OR biosorbents OR biochar OR activated
carbon OR bone char OR moringa OR fly ash OR agricultural waste
AND water treatment OR adsorption OR removal AND South
Africa OR rural water supply.

2.3 Screening procedure

All identified studies were imported into Endnote for reference
management and subsequently exported to Covidence for screening
by two different authors (Richard Fagbohun and Viola Okechwuku).
Following de-duplication, a two-stage screening process was
conducted in accordance with the Preferred Reporting Items for
Systematic Reviews andMeta-Analyses (PRISMA) guidelines. In the
first stage. First, titles and abstracts were screened against the
predefined inclusion and exclusion criteria to determine
relevance. Second stage, the full text of potentially eligible studies
were retrieved and assessed for final inclusion. Screening was
conducted independently by at least two reviewers to reduce bias.
Any disagreements between reviewers were resolved through
discussion and, when consensus could not be reached, a third
reviewer, Oluwasola A Adelusi was consulted. Reasons for
exclusion at the full-text stage were documented.

To reduce publication bias, this review implemented a
comprehensive and systematic search across major scientific
databases, including Scopus, Web of Science, Embase, and PubMed.
Broad, inclusive search terms incorporating controlled vocabulary and
Boolean operators were applied to capture all potentially relevant studies.
Only published articles were included, while reference lists of eligible
papers were manually examined to identify additional studies that may
not have been retrieved through database searches. This rigorous
approach ensured balanced representation of both positive and
negative outcomes, thereby minimizing the likelihood of selective
reporting. The systematic review was limited to studies published in
English, as it constitutes the predominant language of scientific
communication in South Africa and the broader sub-Saharan African
region. Although non-English publications were excluded, this criterion
was justified by the scarcity of regional research in other languages and
the linguistic competencies of the reviewers. Furthermore, no restrictions
were imposed on the country of publication, enabling the inclusion of all
studies relevant to the South African or rural sub-Saharan context,
irrespective of their geographic origin.

2.4 Study risk of bias or quality assessment

To ensure the reliability and validity, all included studies
underwent formal appraisal using Joanna Briggs Institute (JBI)
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tool appropriate for environmental and engineering research. A
modified JBI Checklist for Quasi-Experimental Studies was used to
assess methodological quality. Criteria included clarity of research
objectives, appropriateness of experimental design, control of
confounding variables, accuracy of outcome measurements, and
suitability of statistical analysis. Each study was independently rated
by two reviewers as having low, moderate, or high risk of bias;
disagreements were resolved through discussion. Quality-
assessment outcomes informed the weighting of evidence during
synthesis and were presented in summary tables to enhance
transparency and support evidence-based recommendations.

2.5 Data synthesis strategy

Data were synthesized using quantitative evidence tables and
narrative analysis. Key variables extracted from each included study,
adsorbent type, target contaminant (fluoride or specific heavy
metals), removal efficiency (%, or adsorption capacity),
operational conditions (e.g., pH, temperature, contact time) and
regeneration capability were organized into comparative matrices to
enable side-by-side assessment of performance across different

studies. Mean removal efficiencies or adsorption capacities was
summarized using descriptive statistics. Given the likely
heterogeneity in study designs, materials tested, water matrices,
and measurement protocols, meta-analysis was not conducted.
Instead, a structured narrative synthesis was used to identify
recurring patterns, trends, trade-offs, and context-specific
findings. The synthesis also evaluated practical feasibility in
South African setting including affordability, local availability,
ease of use, and sustainability. Where relevant, Subgroup
comparisons (e.g., laboratory vs. field studies or fluoride vs. metal
removal) were highlighted in the tables. Results are presented in text,
tables, and figures to support evidence-based recommendations for
rural South Africa.

3 Result

3.1 Study selection and characteristics

The identification process for this systematic review was
conducted systematically and rigorously, starting with the
screening of 395 studies (see Figure 1). Out of these, 132 were

FIGURE 1
Flow diagram following PRISMA 2020 showing 29 studies included.
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TABLE 1 Study Characteristics, including study location, water source, adsorbent type and source, study design and analytical technique.

Author Study
location

Water source Adsorbent type and
source

Study design/
Methodology

Analytical method
used

Qi and Aldrich
(2008)

Stellenbosch, South
Africa

Synthetic aqueous
solutions (prepared from
standard metal solutions
in distilled water)

Tobacco dust (agricultural
waste, obtained from British
American Tobacco
Company, Paarl, South
Africa)

Batch equilibrium and kinetic
biosorption experiments;
desorption with dilute HCl;
analysis via AAS and ICP;
surface analysis with AFM,
FTIR, titration, zeta potential

N/A

Gitari et al.
(2013)

University of South
Africa

Groundwater (acid mine
drainage-impacted
groundwater)

Fly ash (waste product from
coal combustion, sourced
locally)

Laboratory batch and column
adsorption experiments on acid
mine drainage and groundwater
samples

N/A

Edokpayi et al.
(2015)

Thohoyandou,
Limpopo Province,
South Africa; XJ
River

Wastewater (effluent from
waste stabilization ponds)
and surface water (XJ
River)

Mucilaginous leaves of
Diceriocaryum eriocarpum
plant

Batch adsorption experiments;
optimization of adsorbent
dosage, contact time, and pH

Atomic Absorption
Spectrometry (AAS), Fourier
Transform Infrared
Spectroscopy (FT-IR), X-ray
Fluorescence (XRF)

Bunhu et al.
(2017)

Alice, South Africa Synthetic wastewater Poly (methyl methacrylate)-
grafted montmorillonite clay

Batch adsorption experiments,
FTIR, TGA, XRD for
characterization

Atomic absorption
spectrophotometry (AAS),
FTIR, TGA, XRD

Kanu et al.
(2016)

Pretoria, South
Africa

Aqueous solution
(specifically focusing on
Pb(II) ions)

Rooibos shoot powder (RSP)
from Rooibos (Aspalathus
linearis) plants

Batch biosorption experiments Not specified

Dimpe et al.
(2017)

Johannesburg, South
Africa

Domestic wastewater
(influent and effluent) and
surface water

Activated carbon from waste
tyres

Two-level fractional factorial
design for optimization; batch

Inductively Coupled Plasma
Optical Emission Spectroscopy
(ICP-OES)

Cibati et al.
(2017)

Durban, South Africa Synthetic wastewater (not
specified if groundwater,
surface, or tap)

Biochar from Miscanthus ×
giganteus

Batch experiments, adsorption
kinetics, and isotherm modeling

Atomic Absorption
Spectroscopy (AAS), BET
surface area analysis, FTIR
spectroscopy

Maremeni et al.
(2018)

Vanderbijlpark,
South Africa

Aqueous solution
(specifically for chromium
removal)

Macadamia nutshell powder
(grafted with diphenyl
carbazide)

Batch adsorption experiments UV-Vis spectrophotometry,
Atomic Absorption
Spectroscopy (AAS), FTIR,
SEM, TGA, BET analysis

Hlungwane et al.
(2018)

Vanderbijlpark,
South Africa

Aqueous solution
(specifically focusing on
chromium)

Macadamia nutshells-derived
activated carbon and
attapulgite clay

Batch adsorption experiments
and kinetic modeling

UV-VIS spectroscopy, atomic
absorption spectrophotometry
(AAS), SEM-EDS

Fan et al. (2020) Vanderbijlpark,
South Africa

Wastewater (from the El-
Rahawy drain)

Macadamia nutshells-derived
activated carbon and
attapulgite clay

Constructed wetland system
with planted macrophytes and
zeolite substrate; optimization
using Box–Behnken design

UV-VIS spectroscopy, atomic
absorption spectrophotometry
(AAS), SEM-EDS

Atangana (2020) Bloemfontein, South
Africa

Wastewater from red
meat abattoirs

Chitosan cross-linked with
s-methyl butylamine (derived
from crab shell waste)

Batch adsorption experiments,
physicochemical
characterization, hydride gas
atomic absorption spectroscopy
for analysis

Hydride gas atomic absorption
spectroscopy (HG-AAS), FTIR,
SEM, XRD, BET

Rouhani et al.
(2020)

Mafikeng, South
Africa

Wastewater from
abattoirs

Chitosan cross-linked with
s-methyl butylamine (from
crab shell waste)

Modified packed bed biofilm
reactor (PBBR) experiments

Hydride gas atomic absorption
spectroscopy (HG-AAS), COD,
BOD measurements

Afolabi et al.
(2022)

Durban, South Africa Synthetic solution (Cu
and Pb ions)

Biochar derived from banana
peels

Batch adsorption studies,
optimization using RSM

FTIR, SEM, EDX, MP-AES

Adeeyo et al.
(2025)

Thohoyandou, South
Africa

Simulated dye effluent
(10 mg/L methylene blue)

Wild sesame biomass (leaf,
stem, root)

Morphometric and structural
characterization, sorption
studies

UV-Vis spectrophotometry,
light microscopy, TGA, Raman
spectroscopy, SEM

Harripersadth
and Musonge
(2022)

Durban, South Africa Contaminated water
bodies (specifically
focusing on Pb2+ ions)

Bio-composite adsorbent
made from eggshells and
sugarcane bagasse

Lab-scale fixed bed column
experiments and batch
adsorption studies

FTIR spectroscopy, SEM
analysis, Atomic Absorption
Spectrophotometry (AAS)

(Continued on following page)
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chosen for retrieval, and 130 underwent eligibility assessment.
During this phase, 40 references were eliminated, and duplicates
were identified one manually and 39 through the Covidence tool.
Notably, no studies were classified as ineligible by automation tools,
indicating the robustness of the initial evaluation. Ultimately,
263 studies were excluded for several reasons: two were not
retrieved, 20 had incorrect outcomes, one had an unsuitable
indication, and 80 fell outside the geographical focus of South

Africa. This meticulous exclusion process was essential to ensure
the relevance and specificity of the review. In total, 29 studies were
included, all of which are ongoing, reflecting a focused effort to
investigate low-cost adsorbents for the removal of fluoride and
heavy metals from rural water supplies. The screening results
demonstrate a comprehensive literature evaluation, drawing from
a variety of sources across databases such as Web of Science,
PubMed, Scopus, and Embase.

TABLE 1 (Continued) Study Characteristics, including study location, water source, adsorbent type and source, study design and analytical technique.

Author Study
location

Water source Adsorbent type and
source

Study design/
Methodology

Analytical method
used

Mabungela et al.
(2022a)

Vanderbijlpark,
South Africa

Aqueous solution (not
specifically categorized as
groundwater, surface,
or tap)

Fennel seeds (Foeniculum
vulgaris)

Batch adsorption AAS, UV-Vis
spectrophotometry, EDX, FTIR,
SEM, XRD, BET

Mabungela et al.
(2022b)

Vanderbijlpark,
South Africa

Synthetic wastewater Activated carbon from fennel
seeds (Foeniculum vulgare)

Batch adsorption method AAS (Atomic Absorption
Spectroscopy), FTIR, SEM, UV-
Vis, XRD

Ataguba and
Brink (2022)

Stellenbosch
University, South
Africa

Stormwater runoff (from
automobile workshops)

Granular activated carbon
(GAC) and rice husk (RH); river
gravel (RG)

AAS (Atomic Absorption
Spectroscopy)

Masekela et al.
(2022)

Johannesburg, South
Africa

Aqueous solution
(specifically for chromium
removal)

Moringa Oleifera leaves
functionalized with magnetic
nanoparticles (Fe3O4)

Batch adsorption experiments UV-Vis spectrophotometry,
Atomic Absorption
Spectroscopy (AAS), FTIR,
SEM, TGA, BET analysis

Masindi (2017) Limpopo, South
Africa

Underground water
(borehole water)

Cryptocrystalline magnesite-
bentonite clay hybrid

Batch adsorption experiments Fluoride ion selective electrode,
XRD, SEM, TGA, BET analysis

Masinga et al.
(2022)

Vanderbijlpark,
South Africa

Aqueous solution Activated carbon
impregnated with
polyethyleneimine (PEI)
derived from Macadamia
nutshells

Batch adsorption experiments Batch adsorption experiments

Afolabi and
Musonge (2023)

Durban, South Africa Synthetic solution (Cu2+
and Pb2+ ions)

Biochar derived from orange
peels

Batch adsorption studies,
equilibrium and kinetic studies

FTIR, SEM-EDX, XRD,
MP-AES

Amaku and
Taziwa (2023)

East London, South
Africa

Textile wastewater Biochar derived from Allium
cepa extract

FTIR, SEM, EDX, AAS

Bayuo et al.
(2024)

South Africa Wastewater from textile
industry

Hybrid granular activated
carbon (from maize plant
biomass)

Modified packed bed biofilm
reactor (PBBR), response surface
methodology for optimization

Atomic absorption
spectrophotometry (AAS),
SEM, FTIR, TEM

Agboola et al.
(2024)

Ogun State, Nigeria;
Pretoria, South
Africa

Textile wastewater Bio-adsorbent (sisal fiber,
polyaniline, zero-valent iron
nanoparticles)

Batch adsorption studies,
optimization using response
surface methodology (RSM)

SEM, EDX, FTIR, MP-AES

Adeiga and Pillay
(2024)

University of
Johannesburg, South
Africa

Simulated wastewater
(10 mg/L
sulfamethoxazole)

Rooibos tea waste Batch adsorption and
photocatalytic degradation

nductively coupled plasma
optical emission spectroscopy,
UV-Vis spectrophotometry,
total organic carbon analysis,
FTIR, XRD, SEM, EDX,
XPS, TGA

Amaku and
Taziwa (2024)

East London, South
Africa

Textile wastewater Multi-walled carbon
nanotubes (MWCNTs)
modified with Citrus sinensis
juice extract

Batch adsorption studies,
characterization, kinetic and
isotherm studies

Batch adsorption studies,
characterization, kinetic and
isotherm studies

Masuku et al.
(2025)

Johannesburg, South
Africa

Aqueous solution
(specifically for cadmium
removal)

Zinc-doped NiFe2O4 and
pinecone biochar composite
(ZNiF@PB)

Batch adsorption experiments

Matsedisho et al.
(2025)

Johannesburg, South
Africa

Aqueous solution Chemically modified
cellulose nanofibers derived
from orange peels

Batch adsorption experiments FTIR, XRD, SEM, TEM, BET
analysis, AAS, ICP-AMS
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Figure 1 PRISMA 2020 flow diagram detailing the systematic
identification, screening, eligibility evaluation, and final inclusion of
studies. The diagram outlines the comprehensive search strategy
across multiple databases, removal of duplicates through both
manual and automated methods, title, abstract screening, and
full-text assessment based on predefined inclusion and exclusion
criteria. Following this rigorous multi-stage selection process, a total
of 29 studies met the eligibility criteria and were included in the
final review.

Research was conducted across multiple provinces, including
Limpopo, Gauteng, Eastern Cape, KwaZulu-Natal, and the Free
State, with most focusing on either synthetic aqueous solutions or

real wastewater samples. As shown in Table 1, the characteristics of
included studies are summarized. Adsorbents were derived from
diverse natural and agricultural sources, such as tobacco dust,
rooibos shoot powder, fly ash, macadamia nutshells, banana
peels, orange peels, moringa leaves, fennel seeds, and chitosan
(from crab shells). Analytical techniques and characterization
techniques included atomic absorption spectroscopy (AAS),
inductively coupled plasma–optical emission spectroscopy (ICP-
OES), Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), Brunauer–Emmett–Teller (BET)
surface analysis, and X-ray diffraction (XRD), indicating robust
approaches to quantification and materials characterization.

3.2 Temporal distribution of publication

The temporal distribution of publications on low-cost
adsorbents for water treatment in South Africa, as presented in
the Figure 2, shows a progressive increase in research attention
toward sustainable and economically feasible water purification
strategies. From 2008 to 2015, research output has increased
steadily but remained low, between 2016 and 2018, the number
of studies rose to 2–3 annually, peaking at six publications in 2022.
Although there was a slight decline after 2022, annual outputs
remained consistent, demonstrating sustained interest in low-cost
adsorbents for water treatment.

3.3 Distribution of reported low-cost
adsorbents in South Africa

The bar chart (Figure 3) depicts the distribution of reported low-
cost adsorbents available in South Africa across five categories, each
contributing distinct proportions to the total. The largest share
corresponds to 26.7%, followed by 23.3% and 20%, while the

FIGURE 2
Yearly distribution of publications on low-cost adsorbents for water treatment.

FIGURE 3
Percentage distribution of research focus areas on low-cost
adsorbents in South Africa (2000–2025).
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smaller categories account for 16.7% and 13.3%, respectively. The
distribution pattern appears relatively balanced, with no single
category demonstrating clear dominance. This indicates that all
reported adsorbent categories contribute meaningfully, thereby
offering a comprehensive overview of low-cost adsorbent
availability in the South African context.

3.4 Distribution of reported water sources in
South Africa

This distribution, illustrated in the pie chart, provides a clear visual
representation of the relative research emphasis across different water
sources. The included studies have investigated multiple water sources,
with wastewater and industrial effluents receiving the greatest attention
of 34%, followed by groundwater (31%), surface water (24%), and
drinking water (21%) (Figure 4). The results demonstrate the
significance of treated water research in South Africa, revealing
ongoing efforts to address water quality and pollution challenges.

3.5 Experimental conditions

Operational conditions varied widely across studies the reviewed
studies, as summarized in Table 2. The pH values ranged from 2 to 12,
comprising conditions typical of acidic mine drainage through alkaline
wastewater. Most adsorption experiments were performed at room
temperature (≈25 °C), although adsorbent preparation often required
high activation temperatures between 200 °C and 800 °C. Contact times
ranged from 5 min to 72 h, with optimum contaminant removal
generally occurring within 30–120 min, confirming the practicality of
these adsorbents for rapid treatment. Removal efficiencies exceeded
90%, with several studies reporting near-complete removal (100%) of
Pb (II), Cd (II), and Cr (VI) under optimal conditions. Adsorption

capacities varied considerably, from approximately 10 mg/g to more
than 200 mg/g.

Biochar and activated carbon consistently demonstrated the
highest adsorption capacities (>100 mg/g), attributable to their
high surface area and micro/microporosity. In contrast, clays and
agricultural wastes exhibited more modest performance (10–60 mg/
g), though their availability and low cost make them highly relevant
for rural application. The studies demonstrate the overall
performance of various low-cost adsorbents under differing
experimental conditions. For heavy metals such as lead (Pb2+)
and cadmium (Cd2+), reported removal efficiencies ranged from
approximately 70%–100%, while adsorption capacities varied
considerably, from about 24.5 mg/g to over 200 mg/g, depending
on the specific metal ion and adsorbent material employed.

Similarly, chromium (Cr(VI)) exhibited high removal efficiencies of
up to 99%, with adsorption capacities reaching 114 mg/g in some
studies. The optimal contact times necessary to achieve maximum
removal typically ranged between 30 min and several hours, reflecting
both the kinetics of adsorption and the physicochemical characteristics
of the materials used. Notably, many investigations confirmed effective
contaminant removal under both laboratory and field conditions,
indicating the practical applicability of these materials. Furthermore,
results from regeneration experiments demonstrated that several
adsorbents retained substantial adsorption capacity after multiple
reuse cycles, reinforcing their potential for sustainable water
treatment applications.

3.6 Trend in publications on low-cost
adsorbents for water treatment in
South Africa

The line graph (Figure 5) illustrates a steady increase trend in the
number of included articles across the selected years. The values rise
progressively from the initial to the final stage. Demonstrating
growing research interest and steady progress in studies on low-
cost adsorbents for water treatment South Africa. This graphical
summary provides a clear temporal perspective and provides insight
into potential future research trajectories in this field.

3.7 Water sources and contaminant profiles
in South African studies

As shown in Figure 6, more than 75% of these investigations
concentrated on toxic heavy metals, particularly lead and cadmium,
due to their well-documented health risks. Other contaminants,
including dyes (10%), microbial pathogens (5%), arsenic (3%), and
fluoride (3%), were less frequently addressed but remain of concern.
A smaller proportion of studies examined emerging pollutants such
as antibiotics (e.g., sulfamethoxazole), reflecting an increasing
recognition of the broader and evolving challenges to water quality.

3.8 Experimental conditions

Adsorption was investigated across a diverse operating
condition. The pH levels reported ranged from 2 to 12, covering

FIGURE 4
Percentage distribution of water sources treated in the
include studies.
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TABLE 2 Experimental conditions and performance outcomes.

Author pH range Temperature Contact
time

Target
contaminant(s)

Concentration
range (mg/L)

Removal
efficiency
(%)

Adsorption
capacity
(mg/g)

Optimal
contact
time

Regeneration
cycles
achieved

Performance
(field vs. lab)

Qi and Aldrich
(2008)

2–11 23 °C–25 °C 24 h Pb(II), Cu(II), Cd(II),
Zn(II), Ni(II)

0–100 mg/L tested
(isotherms shown up to
~20 mg/L equilibrium
conc.)

~90–100% Pb (39.6), Cu (36.0),
Cd (29.6), Zn
(25.1), Ni (24.5)

~90 min Desorption effective
with dilute HCl (pH <
2); most metals
desorbed within
60 min; Pb desorbed
less efficiently

N/A

Gitari et al.
(2013)

2–10 25 °C 10–240 min Heavy metals (Fe, Mn,
Zn, Pb, Cd, Cu, Ni, Al)
and sulfate

50 mg/L 70%–99% Not reported 120 min Laboratory-scale only;
no direct field trials
reported

Inductively Coupled
Plasma–Optical
Emission
Spectroscopy
(ICP-OES)

Edokpayi et al.
(2015)

2 to 12 25 °C 5–120 min Pb2+ 10.7–12 mg/L Up to 96.4% from
wastewater,
94.68% at optimal
conditions

41.49 mg/g 60 min Not mentioned Effective removal in
both lab and field
conditions

Bunhu et al.
(2017)

5.0 25 °C 6 h Cd2+, Pb2+ 10–50 mg/L for each
metal

95.45% for Pb2+,
19.27 mg/g
for Cd2+

30.03 mg/g for Pb2+,
19.27 mg/g for Cd2+

6 h Up to 3 cycles without
significant loss in
capacity

Effective in laboratory
settings

Kanu et al.
(2016)

2 to 9 25 °C–80 °C 0–180 min Pb(II) 25–400 mg/L Up to 90% for
Pb(II)

Maximum capacity
of 18.90 mg/g

60 min Not specified Not specified

Dimpe et al.
(2017)

4, 6.5, 9 200 °C for
activation; 25 °C for
adsorption studies

5–60 min Cd2+, Pb2+ 10–400 mg/L Cd: 99%
(validated),Pb:
98% (validated)

Cd: 201 mg/g, Pb:
196 mg/g

32.5 min 10 cycles Field performance
demonstrated
effective removal in
real samples

Cibati et al.
(2017)

4, 5, 6 350 °C and 600 °C 1 h Cu2+, Zn2+ Copper:
63.5–1270.8 mg/L,Zn2+:
65.3–1307.6 mg/L

Not explicitly
stated; varies with
conditions

Copper: Max
15.7 mg/g, Zn: Max
10.4 mg/g

1 h Not mentioned Not specified

Maremeni et al.
(2018)

1 to 12 Not explicitly
mentioned

20–180 min Hexavalent chromium
Cr(VI))

25–150 mg/L 90% For grafted
adsorbents:
72.12 mg/g,For
non-grafted
adsorbents:
37.74 mg/g

120 min Not specified Not explicitly
mentioned; focuses on
laboratory findings

(Continued on following page)
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TABLE 2 (Continued) Experimental conditions and performance outcomes.

Author pH range Temperature Contact
time

Target
contaminant(s)

Concentration
range (mg/L)

Removal
efficiency
(%)

Adsorption
capacity
(mg/g)

Optimal
contact
time

Regeneration
cycles
achieved

Performance
(field vs. lab)

Hlungwane
et al. (2018)

1 to 9 25 °C 240 min Chromium Cr(VI) and
Cr(III))

10–250 mg/L Greater than 99%
for chromium at
optimal
conditions

96.28 mg/g 2 h Not specified Not specified; focused
on lab-scale studies

Hussien et al.
(2020)

1 to 9 24–72 h Cr(VI) and
Cr(III)),
pathogenic
bacteria (e.g.,
Salmonella
spp., total
coliform)

15–45 mg/L for heavy
metals; initial
concentration of
50 mg/L for chromium

99.9% for pathogenic
bacteria; up to 93.4% for
Cu and 94% for Zn at
optimal conditions

96.28 mg/g for
total chromium

72 h Not specified Focused on a
constructed wetland
system; field
performance suggested

Atangana
(2020)

8.56 25 °C 5–80 min Cd, Pb, Cu, (Cr), Zn, Fe Cd: 0.014–0.042 mg/L,
Pb: 0.30–1.33 mg/L, Cu:
0.021–0.04 mg/L, Fe:
32.6–38 mg/L

95.45% for Pb,
92.66% for Cu,
87.32% for Zn,
67.48% for Fe,
38.55% for Cr

Not specified in the
document

60 min 4 cycles Effective in treating
real wastewater
samples

Shohreh Azizi,
Ilunga Kamika,
Memory
Tekere

Not specified 25 °C ± 1 °C 2 h Cd, Cu, Ni, Zn 2, 5, 7, and 10 mg/L for
each metal

95.45% for Pb,
92.66% for Cu,
87.32% for Zn,
67.48% for Fe,
38.55% for Cr

Not specified in the
document

80 min Not specified elicia O. Afolabi, Paul
Musonge, Babatunde
F. Bakare

Afolabi et al.
(2022)

2.0–6.0 Not specified 120 min Cu(II) and Pb(II) ions 10–200 mg/L 99.79% for Pb(II),
88.94% for Cu(II)

28.06 mg/g (Cu),
30.12 mg/g (Pb)

Not specified Not specified Not specified

Adeeyo et al.
(2025)

Not specified 25 °C ± 2 °C 120 min Methylene blue dye 10 mg/L (simulated) Leaf: 95.2%, Stem:
98.0%,
Root: 98.1%

Not specified 120 min Not specified Not specified

Harripersadth
and Musonge
(2022)

5.5 24.85 °C 120 min Pb2+ 100 mg/L 93%–99% 28.27 mg/g Not specified Not specified Not specified

Mabungela
et al. (2022a)

1 to 8 14.85 °C, 4.85 °C,
34.85 °C

5–120 min Cu (II), Pb(II),
Methylene Blue

20–1,000 mg/L
(1,000 mg/L stock
solution)

Not specifically
stated; varies by
adsorbent and
contaminant

PFS: 6.834 (MB),
4.179 (Pb (II)),
2.902 (Cu (II)),
NAFS: 15.28 (MB),
14.44 (Pb (II)),
4.475 (Cu (II)),
SAFS: 19.81 (MB),
18.79 (Pb (II)),
6.707 (Cu (II))

40 min for
MB; 60 min
for Cu (II)
and Pb (II)

Not specified Not explicitly
mentioned

(Continued on following page)
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TABLE 2 (Continued) Experimental conditions and performance outcomes.

Author pH range Temperature Contact
time

Target
contaminant(s)

Concentration
range (mg/L)

Removal
efficiency
(%)

Adsorption
capacity
(mg/g)

Optimal
contact
time

Regeneration
cycles
achieved

Performance
(field vs. lab)

Mabungela
et al. (2022b)

1 to 8 25 °C, 30 °C, 40 °C,
60 °C, and 80 °C

5–120 min Cu(II), Cr(VI) 20–100 mg/L Not explicitly
stated; varies by
adsorbent

FS-500: 16.921
(Cu(II)), 1.722
(Cr(VI)),FS-600:
15.423 (Cu(II)),
1.202 (Cr(VI)),FS-
700: 19.886
(Cu(II)), 8.510
(Cr(VI)),KMFS-
500: 17.648
(Cu(II)), 3.479
(Cr(VI)),KMFS-
600: 15.735
(Cu(II)), 8.109
(Cr(VI)),KMFS-
700: 19.786
(Cu(II)), 10.572
(Cr(VI))

3 cycles Not explicitly
mentioned

AAS (Atomic
Absorption
Spectroscopy), FTIR,
SEM, UV-Vis, XRD

Ataguba and
Brink (2022)

1 to 9.56 25 °C 5–80 min Fe, Pb 1.65 mg/L Pd, 35.5 mg/
L Fe

GAC–RH: 54%
(Iron), 48%
(Lead), GR–GAC:
35% (Iron), 25%
(Lead)

GAC–RH: 1.6 mg/g
(Iron), GR–GAC:
0.98 mg/g (Iron)

80 min Not specified The GAC–RH filter
performed better in
field applications,
with reported
efficiencies of 45.8%
(Iron) and 41.9%
(Lead) in real-world
settings

Masekela et al.
(2022)

2 to 10 25 °C 5–140 min Cr(VI) 20–150 mg/L 99% Fe3O4/FMO:
72.12 mg/g,non-
grafted Moringa:
37.74 mg/g

25 min Up to 4 cycles
with >80% removal
efficiency

Not explicitly
mentioned; focuses on
laboratory findings

Masindi (2017) 2 to 12 Not explicit 30 min Fluoride 2–50 mg/L >99% 66.7 mg/g
(Langmuir model)

30 min Not specified Not specified

Masinga et al.
(2022)

1 to 9 25 °C Up to 240 min Up to 240 min Cr(VI) 30–200 mg/L 99% 114 mg/g
(Langmuir
model)

120 min Not specified

Afolabi and
Musonge
(2023)

2.0–6.0 500 °C (for
pyrolysis)

1 h Cu2+ and Pb2+ 10–200 mg/L Up to 94% for
Pb2+, 85%
for Cu2+

28.06 mg/g (Cu2+),
30.12 mg/g (Pb2+)

Not specified Not specified Not specified

Amaku and
Taziwa (2023)

2.0 700 °C and 800 °C
(for activation)

180 min Cr(VI) 10–100 mg/L 100% for Cr(VI)
at optimal
conditions

37.38 mg/g
(BMOJ), 25.77 mg/
g (SBCH)

180 min 5 cycles Not specified

(Continued on following page)

Fro
n
tie

rs
in

E
n
viro

n
m
e
n
tal

Scie
n
ce

fro
n
tie

rsin
.o
rg

11

Fag
b
o
h
u
n
e
t
al.

10
.3
3
8
9
/fe

n
vs.2

0
2
5
.1718

0
8
1

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1718081


TABLE 2 (Continued) Experimental conditions and performance outcomes.

Author pH range Temperature Contact
time

Target
contaminant(s)

Concentration
range (mg/L)

Removal
efficiency
(%)

Adsorption
capacity
(mg/g)

Optimal
contact
time

Regeneration
cycles
achieved

Performance
(field vs. lab)

Bayuo et al.
(2024)

2.0 26.6 °C 2 h Arsenic (As) 2, 5, 7, and 10 mg/L for
heavy metals

91% for arsenic
ions

86.96 mg/g 80 min Not specified Effective in treating
real wastewater
samples

Agboola et al.
(2024)

6.95 700 °C and 800 °C
(for activation)

10–60 min Fe and Cd ions 10–200 mg/L 100% for Cd,
varying efficiency
for Fe

66.67 mg/g (Pb),
28.56 mg/g (Cu)

Not specified Not specified Not specified

Adeiga and
Pillay (2024)

2.0–7.0 25 °C–45 °C 5–180 min Cd(II) and
sulfamethoxazole

10–100 mg/L for Cd(II);
10 mg/L for
sulfamethoxazole

90.63% for Cd(II)
ions; 69% for
sulfamethoxazole

7.13 mg/g 180 min Not specified Not specified

Amaku and
Taziwa (2024)

2.0 308 °K and 313 °K
(for adsorption)

180 min Cr(VI) Hexavalent chromium
(Cr(VI))

Cr(VI) 44.72 mg/g
(MWCNTs),
12.26 mg/g
(OJMW)

180 min 5 cycles Not specified

Masuku et al.
(2025)

2 to 12 25 °C 20–120 min Cd (II) 10–150 mg/L 96% 114 mg/g 80 min 5 cycles Demonstrated
effectiveness in both
synthetic and real
water samples

Matsedisho
et al. (2025)

2 to 12 25 °C 120 min Nickel (Ni II) 100–600 mg/L 96% 37.5 mg/g 30 min Not specified Not explicitly
mentioned

Bold values indicate the highest removal efficiency (or best-performing condition) among the studies compared.
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both acidic and alkaline wastewater environments. Most
experiments were conducted at room temperature (25 °C),
whereas adsorbent preparation commonly involved high
activation temperatures between 200 °C and 800 °C. Contact
times varied considerably from a minimum of 5 min to a
maximum of 72 h, with optimal removal typically achieved
within 30–120 min.

3.9 Regeneration and field applications

The pie chart (Figure 7) illustrates the percentage
distribution of adsorbent types used in the included studies.
Activated carbon and biochar represent the highest proportion

(40%), followed by agricultural waste (25%), clay minerals such
as bentonite and zeolite (20%), and plant-based biosorbents
(15%). This distribution demonstrates the predominant reliance
on activated carbon and biochar in water treatment research,
signalling the growing scientific interest in low-cost adsorbents
derived from agricultural and natural materials.

Herein, nine studies evaluating adsorbents regeneration,
materials were effectively reused for three and ten-times cycles
before measurable performance decline. Approximately 40% of
these studies included field or pilot-scale validations, which
yielded removal efficiencies modestly lower than laboratory
values yet operationally meaningful. Collectively, these
findings demonstrate the importance of both the category
distribution shown in Figure 6 and emphasize the practical
implications of adsorbent reuse in real-world water treatment
applications.

4 Discussion

This systematic review highlights the growing research focus on
low-cost adsorbents as viable technologies for removing fluoride and
heavy metals from contaminated water in South Africa. The marked
rise in publications after 2015, and further consolidation after 2020,
reflects increasing global and regional recognition of sustainable,
affordable, and context-specific remediation technologies
particularly in developing regions where access to safe water
remains a critical challenge (Ali et al., 2012; Edokpayi et al.,
2017). The expanding research base also suggests a transition of
biosorbents and other low-cost adsorbents from laboratory-scale
evaluations toward field-scale and community-level applications
(Nkhalambayausi-Chirwa et al., 2019; Nguyen et al., 2022). More
than 75% of the reviewed studies focused on heavy metals such as
lead (Pb2+), cadmium (Cd2+), and chromium (Cr6+), confirming
their status as priority pollutants due to their persistence,
bioaccumulation, and severe health effects including
carcinogenicity, neurotoxicity, and nephrotoxicity (Fu and
Wang, 2011).

Fluoride contamination in water has received increasing
global attention (Yadav et al., 2021; Duggal and Sharma, 2022;
Ahmad et al., 2022; Banerjee and Roychoudhury, 2022; Hefferon
et al., 2024), including in developing regions such as Africa
(Ouro-Sama et al., 2021; Sunkari et al., 2022; Okafor et al.,
2023). In South Africa, recent studies (Onipe et al., 2021;
Patience et al., 2021; Mutileni et al., 2023) have documented
the occurrence of various hazardous contaminants in both
surface and groundwater systems, highlighting an escalating
threat to public health and reinforcing the urgency of effective
water quality management. These reports emphasize the critical
need for continuous monitoring, strengthened regulatory
frameworks, and the adoption of improved treatment
technologies, particularly low-cost adsorbents, to safeguard
communities that depend on these water sources for domestic,
agricultural, and industrial purposes (Ojedokun and Bello, 2016).

The majority of studies were conducted under a wide range of
conditions, with pH values spanning from 2 to 12 and contact
times ranging from a few minutes to several hours. Despite this
variability, optimal removal was typically achieved within

FIGURE 5
Total number of included articles at the range of selected year for
the review.

FIGURE 6
Distribution of water contaminant sources identified in the
included studies.
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30–120 min, supporting the practicality of these materials for
decentralized treatment systems. Adsorption capacities varied
between 10 and 200 mg/g, with carbonaceous adsorbents
particularly biochar and activated carbon consistently
demonstrating superior removal and regeneration performance
owing to their high surface area, tunable functional groups, and
micro-/mesoporosity (Demirbas, 2008; Mohan et al., 2018;
Zhang et al., 2021). These findings collectively affirm the
suitability of carbon-based materials for contaminant
immobilization and sustainable water purification.

The regeneration potential of adsorbents is another critical
factor influencing their long-term feasibility. In this review, nine
studies reported regeneration cycles ranging from three to ten, with
adsorption efficiencies largely retained up to five cycles. Acidic
eluents such as dilute HCl were commonly used for desorption,
although Pb2+ exhibited relatively lower desorption efficiency than
other metals. While these results confirm the reusability of many
low-cost adsorbents, further optimization is needed to minimize
performance deterioration, ensure chemical stability, and prevent
secondary pollution from eluents (Bhatnagar and Sillanpää, 2010;
Chen et al., 2023).

Another key outcome of this review is that approximately 40% of
included studies validated adsorbent performance using real
wastewater or field-scale systems. Although removal efficiencies
were generally lower than those observed in controlled laboratory
conditions, these field evaluations provide crucial evidence of
practical applicability an aspect previously underrepresented in
earlier reviews (Crini and Lichtfouse, 2019). The observed
discrepancies underscore the importance of extended pilot-scale
studies that account for complex water matrices, fluctuating
contaminant concentrations, and long-term operational
sustainability in rural contexts (Vujić et al., 2025). Taken
together, these findings support a dual implementation strategy:
prioritizing high-performing carbonaceous adsorbents for scalable
water treatment while advancing cost-effective agricultural and clay-
based materials through surface modification and hybrid material
design to improve their efficiency and field durability (Bhatnagar
and Sillanpää, 2010; Chen et al., 2023).

5 Knowledge gaps and future
research needs

Although significant progress has been made in the development
and application of low-cost adsorbents for water purification, several
knowledge gaps persist that constrain their practical implementation
and long-term sustainability. Firstly, the field durability and stability of
mostmaterials remain inadequately explored. Only a limited number of
studies have evaluated the structural integrity and adsorption efficiency
of adsorbents over extended operational periods. Consequently,
uncertainties remain regarding material degradation, biofouling, and
performance decline under fluctuating field conditions such as
pH variation, temperature shifts, and mixed contaminant loads.
Comprehensive long-term field evaluations are therefore required to
establish operational lifespans and maintenance protocols suited to
rural water systems.

Secondly, optimization of regeneration processes has not been
extensively addressed in the literature. Although several studies
demonstrated adsorbent reuse for three to five cycles, desorption is
frequently achieved using acidic eluents that may contribute to
secondary pollution and performance deterioration. Standardized
regeneration protocols and environmentally benign reactivation
methods such as biological, thermal, or electrochemical approaches
are yet to be systematically investigated. These refinements are
necessary to enhance cost-effectiveness and ensure the chemical
stability of reusable materials under practical conditions.

Finally, there is a marked paucity of long-term cost benefit and life-
cycle assessments evaluating the economic, environmental, and social
implications of adopting low-cost adsorbents at community or
municipal scales. Most existing studies focus on laboratory
efficiencies without integrating economic feasibility, maintenance
demand, or local governance structures. Future research should
therefore incorporate techno-economic evaluations and sustainability
assessments to guide policy formulation and large-scale
implementation. Addressing these gaps through partnerships with
local municipalities and community water boards could support
pilot adoption, interdisciplinary approaches will be essential for the
advancement of durable, regenerative, and economically viable
adsorption technologies for water treatment in rural South Africa.

FIGURE 7
Percentage distribution of adsorbent types for water treatment applications in South Africa.
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Despite substantial progress in the development of low-cost
adsorbents for water purification, significant knowledge gaps remain
concerning their long-term performance, regeneration efficiency,
and economic sustainability. Current research is largely confined to
short-duration laboratory assessments, providing limited insight
into adsorbent stability and removal efficiency under dynamic
field conditions influenced by fluctuating pH, temperature, and
complex contaminant matrices. Furthermore, existing
regeneration practices are often chemically intensive and
insufficiently optimized, highlighting the necessity for
standardized, eco-friendly reactivation protocols that mitigate
secondary pollution risks. In addition, comprehensive evaluations
of life-cycle costs, scalability, and socio-economic viability within
rural applications are still scarce. Bridging these gaps through
coordinated, interdisciplinary investigations will be essential to
generate robust evidence that informs national policy,
strengthens community-based water treatment initiatives, and
advances sustainable water management within South African
and broader BRICS research frameworks.

6 Conclusion

This systematic review demonstrates that substantial
progress has been made in the development and application of
low-cost adsorbents for water treatment in South Africa between
2008 and 2025. The evidence identifies carbon-based adsorbents,
particularly biochar and activated carbon, as the most promising
materials, achieving high removal efficiencies (>90%),
adsorption capacities often exceeding 100 mg/g, and
regeneration potential of up to 10 cycles. Although
agricultural by-products and clay-based materials are generally
less efficient, they remain cost-effective and locally accessible,
making them particularly suitable for rural communities. The
findings further indicate that while laboratory studies dominate
the literature, approximately 40% of the included studies
validated adsorbent performance under pilot- or field-scale
conditions. These studies confirm the practical applicability of
low-cost adsorbents, although removal efficiencies are typically
lower than those reported in controlled laboratory environments.
This demonstrates the importance of bridging the gap between
laboratory research and real-world application through long-
term pilot studies, standardized regeneration protocols, and
durability assessments under field conditions.

Future studies should extend beyond traditional targets such as
heavy metals and fluoride to address emerging contaminants,
including pharmaceuticals, synthetic dyes, and microplastics,
which pose an increasing threat to water security. Moreover,
advancements in surface modification, hybrid composites, and
nanostructured adsorbents offer promising avenues to enhance
performance while preserving affordability and sustainability. In
conclusion, low-cost adsorbents represent a viable, sustainable, and
scalable solution for improving water quality in rural South Africa.
These findings further highlight the potential for community-based
adoption of biochar and activated carbon technologies through
partnerships with local municipalities and rural water boards,
supporting the translation of research innovations into practical,
decentralized water treatment solutions.
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