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ABSTRACT

Engineered nanomaterials have moved from laboratory curiosities to some of the most actively studied tools
in water treatment, offering surface areas, reactivities, and size-dependent properties that conventional
treatment media cannot match. This review synthesizes findings across four nanomaterial classes used in
water purification — metal oxide nanopatrticles (TiOz, Zn0), noble-metal nanoparticles (silver), carbon-based
nanomaterials (graphene oxide, carbon nanotubes), and hybrid nanocomposites — and organizes their
reported applications into three functional categories: photocatalytic degradation of organic pollutants,
antimicrobial disinfection, and adsorptive or membrane-based contaminant removal. The review also
considers the practical constraints, such as nanoparticle recovery, aggregation, and ecological risk, that
currently limit translation from bench-scale studies to full-scale water treatment infrastructure.

1. Introduction

Population growth, industrial expansion, and climate-driven water stress have combined to place
unprecedented pressure on the availability of clean water, driving sustained demand for treatment methods
that are more efficient than conventional coagulation, sedimentation, and chlorination. Nanotechnology has
been proposed as one route to closing that gap: nanoscale metal oxides, noble metals, and carbon-based
materials exhibit a surface-area-to-volume ratio, and in several cases a light-activated reactivity, that is not
available in their bulk equivalents.

This review summarizes the current literature on nanoparticle-based water treatment, organized by material
class and then by function, and closes with a discussion of the barriers — recovery, cost, and environmental
release — that separate laboratory-scale results from field deployment.

2. Nanomaterial Classes in Water Treatment

2.1 Metal oxide nanoparticles (TiOZ, Zn0O)

Titanium dioxide and zinc oxide nanoparticles are the most widely reported photocatalysts in the
water-treatment literature. Their appeal lies in a combination of chemical stability, low toxicity relative to



other candidate materials, and a well-characterized photocatalytic mechanism in which light absorption
generates electron-hole pairs capable of breaking down organic pollutants. A review of TiO2 and ZnO
nanoparticles immobilized on clay supports for wastewater treatment reported that anchoring the
nanoparticles onto a supporting matrix improved their reactivity and recyclability while reducing the risk of
nanoparticle release into treated water, and noted that degradation of dyes such as methylene blue by
TiOZIZnO—cIay composites followed Langmuir—-Hinshelwood adsorption-reaction kinetics (Yahya et al.,
2020).

2.2 Silver nanoparticles

Silver nanoparticles are valued primarily for antimicrobial rather than photocatalytic performance, and are
frequently paired with a photocatalytic support material to combine disinfection with pollutant degradation in
a single composite. Silver-doped titanium dioxide composite nanotubes produced by electrospinning
showed improved photocatalytic decomposition of the dye rhodamine B relative to unmodified titanium
dioxide, an effect attributed to the additional active sites the fibrous nanotube structure exposes to the
surrounding solution (Wang et al., as reviewed in Bethi et al., 2016).

2.3 Carbon-based nanomaterials (graphene oxide, carbon nanotubes)

Graphene oxide is increasingly used less as a standalone treatment agent and more as a structural platform
for other nanomaterials, owing to its large sheet-like surface area and its ability to promote electron transfer.
Graphene oxide—titanium dioxide composite films assembled from stacked graphene oxide—TiO2 sheets
were shown to function as filtration membranes capable of removing dye molecules such as methyl orange
and rhodamine B from water, combining physical adsorption with the photocatalytic activity contributed by
the embedded TiO2 (Han et al., 2013). Separately, graphene sheets embedded with titanium dioxide and
calcium oxide nanoparticles were evaluated for antimicrobial performance in dairy wastewater, with the
graphene-based composite recording lower minimum inhibitory concentrations against E. coli and S. aureus
than either nanoparticle type used alone, indicating a synergistic rather than purely additive antimicrobial
effect (Naz et al., 2024).

2.4 Hybrid nanocomposites

The clearest trend across the last decade of literature is a shift away from single-material nanoparticles
toward multi-component nanocomposites that combine a photocatalyst, an antimicrobial agent, and a
structural or adsorptive support in one system. A graphene oxide—TiOz—siIver nanocomposite developed for
solar-driven water disinfection and decontamination achieved complete removal of the model dye acid
orange 7 within 80 minutes under solar irradiation at an optimized silver loading, alongside measurable
antibacterial activity against E. coli, which the authors attributed to the combined effect of TiO2 nanorods
and silver nanoparticles anchored on the graphene oxide sheet (Ahmad et al., 2020). A related core/shell
design using graphene-encapsulated, self-doped TiO2 nanoparticles extended light absorption further into
the visible and near-infrared range, improving photocatalytic degradation of organic pollutants under visible
light rather than the ultraviolet range that unmodified TiO2 typically requires (Liu et al., 2024).



3. Functional Applications

3.1 Photocatalytic degradation of organic pollutants

Photocatalytic degradation remains the most extensively documented application across the reviewed
literature, largely because dye degradation offers a convenient, visually trackable proxy for photocatalytic
activity. Reported degradation efficiencies for TiOZ—based nanocomposites frequently exceed 99% under
laboratory conditions, though efficiency depends heavily on nanoparticle loading, light source, and pollutant
concentration, which complicates direct comparison across studies (Ahmad et al., 2020; Liu et al., 2024).

3.2 Antimicrobial disinfection

Antimicrobial performance is most commonly reported for silver nanoparticles and graphene-based
composites, evaluated against indicator organisms such as Escherichia coli and Staphylococcus aureus.
Minimum inhibitory concentration has emerged as the standard metric for comparing antimicrobial
nanomaterials, though reported values vary considerably depending on the target organism, nanoparticle
concentration, and exposure time used in each study (Naz et al., 2024).

3.3 Adsorption and membrane-based removal

Beyond reactive degradation, nanomaterials are used for passive contaminant removal through adsorption
and membrane filtration. Nanosized metal oxides, graphene, carbon nanotubes, and nanofibers have been
reported to outperform conventional adsorbents due to their higher surface-area-to-volume ratio, though this
same property increases the practical importance of anchoring nanoparticles to a supporting matrix to
prevent their loss into treated effluent (Yahya et al., 2020). Graphene oxide—TiO2 composite membranes
illustrate this approach directly, functioning simultaneously as a physical filtration barrier and a photocatalytic
surface (Han et al., 2013).

4. Limitations and Open Challenges

Three challenges recur across the reviewed literature and currently limit the transition of nanoparticle-based
treatment from bench-scale demonstration to field deployment.

&buRecovery and reuse. Free nanoparticles are difficult and costly to separate from treated water at scale,
which is why the literature has moved toward immobilizing nanoparticles on clay, membranes, or
graphene sheets rather than dispersing them freely (Yahya et al., 2020).

&buomparability across studies. Degradation efficiency and inhibition concentration figures are reported
under widely varying light sources, pollutant loads, and exposure times, which makes direct cross-study
comparison, and therefore confident scale-up projections, difficult.

&buEnvironmental release. The same reactivity and small size that make nanoparticles effective treatment
agents raise open questions about their fate and toxicity if released into treated water or discharged
sludge, an issue several reviewed studies flag but do not fully resolve (Yahya et al., 2020).



5. Conclusion

Across the reviewed studies, nanomaterial-based water treatment has matured from single-material
photocatalysts toward engineered hybrid composites that combine degradation, disinfection, and physical
filtration in one system. Metal oxide, silver, and carbon-based nanomaterials each contribute a distinct
function, and the strongest reported results consistently come from composites that pair a photocatalyst with
a supporting or antimicrobial component rather than from any single nanomaterial used alone. The central
open problem is no longer proof of activity at the laboratory scale, but recovery, cost, and environmental
safety at a scale relevant to real water treatment infrastructure.
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