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nanoparticles†

Salma Shad,a Marie-France A. Belinga-Desaunay-Nault,b Sohail, c

Nadia Bashira and Iseult Lynch *b

Nanoscale zero valent iron nanoparticles (nZVI-NPs) have been used for the remediation of a wide variety

of environmental contaminants. Here, nZVI-NPs were synthesized using a green method involving leaf

extract of Mentha piperita as the reducing agent and microwave treatment in place of conventional

heating. The resulting NP composition, morphology, surface charge and size were studied using UV-visible

spectrophotometry (UV-vis), scanning electron microscopy coupled with energy dispersive X-ray

spectroscopy (SEM-EDX) and dynamic light scattering (DLS), respectively. The plasmon resonance

spectrum of the synthesized nZVI-NPs had a peak at 292 nm. The synthesized nZVI-NPs were spherical in

shape, with sizes between 5 and 10 nm, and negatively charged with zeta potential of −27.9 ± 2.19 mV.

The nZVI-NPs with a high reactive surface area were successfully utilized to remove phosphate, lead,

ammonia, nitrate and chloride from water samples taken from the Worcester and Birmingham canal at the

University of Birmingham, United Kingdom. A successful rapid removal of dissolved agricultural

contaminants (phosphate, ammonia, nitrate, lead and chloride) by 10 μg/100 mL nZVI-NPs was observed

during reaction times of 12–24 hours, confirming the use of the NPs as a viable remediation strategy. The

nZVI-NPs adsorbed 85.01% of phosphate, 99.51% of ammonia, 86.33% of nitrate, and 83.4% of chloride

present in the samples initially, as well as removing 79.33% of the lead present within 24 hours.

Introduction

Globally, 80% of municipal wastewater is discharged into the
environment untreated, while industry is responsible for
dumping millions of tons of heavy metals, toxic sludge and
other wastes into water bodies annually.1,2 The presence of
organic and inorganic pollutants in water and food is one of
the most serious environmental issues currently due to the
widespread utilization of pesticides and fertilizers in
agriculture.3 Around 115 million tons of mineral nitrogen

fertilizers are applied to croplands each year, of which 20%
accumulates in soils and biomass, while 35% enters
waterways. Water pollution remains a global challenge for
both developed and developing countries, threatening human
and environmental health, with serious efforts needed to
prevent further deterioration of water quality.4 While human
settlements, agriculture and industry are major sources of
water pollution, agriculture is considered to be the biggest
polluter.5 Treatment of effluents compromising heavy metals
has become an important topic due to the environmental and
sanitary problems arising, and increasingly restrictive
legislation. These heavy metals are not only carcinogenic and
teratogenic but also cause deleterious health effects in
humans and the environment throughout the food chain.6,7

Currently, more than 700 emerging pollutants, their
metabolites and transformation products, are listed as being
present in the European aquatic environment, with
potentially harmful effects on human health and ecosystems.8
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Water impact

This work demonstrates the use of low energy (microwave) synthesized zero valent iron nanoparticles, reduced and stabilised via a plant extract, for single-
step removal of a range of dissolved agricultural contaminants (phosphate, ammonia, nitrate, lead and chloride) from canal water. While lab solutions are
a long way from utilisation in the real world, the multi-pollutant remediation using cheap and sustainable materials is an important first step.
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The development of nanotechnology at the end of 20th
century has widened the variety of adsorbents available for
remediation of contaminated sites. The unique properties of
nanomaterials including high surface area, particle size,
reactivity, shape and size, as well as the range of
transformations they undergo in the environment, including
agglomeration and dissolution, enables a broad range of
possible applications in different fields.9,10 The distinct
physical and chemical properties of NPs, such as nano-size,
surface characteristics, reactivity, conductivity, and optical
properties, are often related with negative ecotoxicological
effects in the environment and unexpected health
hazards.11–13 NPs have been cited as one of the most
advanced processes for waste water treatment as nano-
adsorbents, nano-catalysts and nano-membranes for the
removal of pollutants.14–16 Over the last 20 years, nano-
catalysts like iron oxide have gained considerable attention
in the field of wastewater treatment, where they have been
used to degrade pollutants because of their unique catalytic
properties and outstanding stability.17

NPs' potential as adsorbents arises due to their small size
and large surface area, which enhances their chemical activity
and adsorption capacity.18,19 NPs used for heavy metal removal
must be non-toxic to avoid introduction of additional
contaminants into the environment, and must have high and
selective adsorption capacity and the ability to adsorb at low
concentrations (or particle and analyte), and allow easy removal
of the organic, inorganic or toxic pollutants from the
environment.20 Iron NPs (nZVI-NPs) undergo various reactions
including adsorption, reduction, precipitation, oxidation, co-
precipitation, etc. which makes them suitable for use in the
removal of metals, as shown schematically in Fig. 1.24 nZVI-
NPs can be directly used to remediate contaminated
environments with low chance of secondary contamination due
to their ecofriendly nature and adsorptive properties.21,22 Gupta
et al. 2015, reported the modification of iron nano-adsorbents
showing high removal affinity of different heavy metal

pollutants such as Cr3+, Co2+, Ni2+, Cu2+, Cd2+, Pb2+ and As3+

from wastewater.23

nZVI-NPs are inexpensive and their main applications
utilize their electron donating properties, which make nZVI-
NPs fairly reactive in water and enables them to serve as
excellent electron donors, thereby making them a versatile
remediation material.24,25

Fe0 → Fe2+ + 2e− E0 = −0.41 (1)

However, in aquatic environments, nZVI-NPs react with water
to form a layer of oxy-hydroxide, and thus many strategies for
surface modification and protection have been proposed in
the literature.26,27 Indeed, many of the ligands used to
modify the surface of metallic or nZVI-NPs (Fe0) are also
utilized as part of the reaction to form the particles, by acting
as reducing agents, which can react with dissolved oxygen
and to some extent with water. The classical electrochemical/
corrosion reactions take place by which iron is oxidized from
exposure to water and oxygen. There are several such
examples already in the literature, often utilizing plant
extracts as both stabilizing agents and reducing species,
wherein detailed analysis of these structures shows a
hydroxy-polyphenol layer surrounding the iron core, which
also enhances their anti-oxidant properties.28 Prasad et al.
(2014) found that functional groups such as –NH, –CO, –C
N and –CC, present in Mentha piperita extract, were
involved in the synthesis process of nZVI-NPs.29

Conventional methods of synthesis of NPs have several
limitations viz. high temperature and pressure and energy
requirements, relatively expensive processes and low
production rates, as well as having additional drawbacks
including contamination of precursor and release of harmful
by-products due to toxic solvents.30 Hence, the production of
NPs by green methods is advantageous due to the lower
energy requirements, decreased reaction times, their
ecofriendly nature arising from the use of less toxic synthesis
precursors and routes, leading to greater sustainability of the
resulting materials and their applications in environment
remediation.31 Biosynthesis of NPs, i.e. synthesis using
reducing agents extracted from plants or microbes, has been
acquiring attention due to the vast range of biomolecules
available, and the fact that several also have therapeutic or
antimicrobial functions, such that multi-functional NPs can
also be designed at low cost.32,33

Early research, assessing the application of NPs for
remediation and removal of environmental contaminants was
limited to remediation of one pollutant at a time, focusing on
either organic or inorganic pollutants.34,35 However, in recent
studies, NPs such as nZVI have emerged as a new option for the
treatment of contaminated soil and ground water targeting
multiple pollutants including chlorinated organic contaminants
(solvents, pesticides, chlorinated ethenes etc.)36,37 and for
reduction of inorganic anions such as nitrate to ammonia,37 or
perchlorate to chloride.38 The objective of the present work was
thus to evaluate the efficiency of biosynthesized nZVI-NPs in

Fig. 1 The structure of nZVI-NPs showing various mechanisms for
removal of metals and chlorinated compounds. Adapted from
O'Carroll et al. 2013.24
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removing different contaminants, arising from agricultural and
urban pollution such as nitrate, phosphate, ammonia lead and
chloride, from canal water. Leaf extract of Mentha piperita was
used as the reducing agent to synthesize nZVI-NPs via
microwave heating for just 3 minutes at 48 °C. Water samples
were collected from the canal that passes through the University
of Birmingham, United Kingdom. Initial concentrations of the
target pollutants were determined, and the final concentrations
following incubation for 12 or 24 hours with 1 mg L−1 Mentha
piperita stabilized nZVI-NPs were used to demonstrate the
effectiveness of the green-synthesized nZVI-NPs for multi-
contaminate freshwater remediation.

2. Materials and methods
2.1 Preparation of leaf extract

20 grams of fresh Mentha piperita leaves were collected from
the Hazara University, Mansehra, Pakistan and washed with
tap water to remove the sand and soil particles. Extract was
prepared using the procedure described by Wang et al.39

Briefly, leaves were washed with de-ionized water, cut into
small pieces and boiled at 20 g L−1 in deionized water at 48
°C (medium low setting) for 5 minutes in a conventional
microwave oven {INPUT: 230–240 V∼50 Hz 1200 W (MICRO),
OUTPUT: 700 W 2450 MHz (Boss international company)},
and filtered using Whatman filter paper (diameter: 12.5 cm).

To attain greater stability, maximum yield, maximum
production and controlled size of NPs, different parameters
including mixing ratio of precursor salt, temperature and
time of heating were optimized.

2.2 Phytochemical screening tests

Various active and bioactive compounds detection tests were
conducted to identify substances like phenols, alkaloids,
flavonoids, tannins, saponins, tannins, terpenoids, quinones,
etc. in the plant extract using the method described by
Ugochukwu, SC (2013).40 Summary details of the tests are
shown in Table S1,† providing insights into the functional
groups available for adsorption of pollutants.

2.3 Synthesis of the nZVI-NPs

nZVI-NPs were synthesized using a nontoxic and cost-
effective approach, under controlled conditions following
optimization of the synthesis parameters. The NPs were
prepared using 10 mL of 1 mM FeCl3 to 20 mL of L. Mentha
piperita extract at a volume ratio of 1 : 6 and heated in the
microwave for 3 minutes at 48 °C (medium low). The
reduction of Fe ions was observed by carefully monitoring
an aliquot (1 mL) at different time intervals (1 to 5 minutes)
by UV-visible spectrophotometer using a lambda 25 (Perkin
Elmer, Shelton, CT 06484, USA). A spectral scanning
analysis between 200–800 nm was performed, and the
absorption maximum for the as synthesized nZVI-NPs was
found to span the range 250–370 nm. The reaction equation
is shown below.

FeCl3·6H2O + Extract
→ nZVI-NPs + Byproducts (Salt) (Plant leaves).

The overall reduction of Fe2+ ions was confirmed by the
visible color change from greenish to blackish in the reaction
mixture, indicating the formation of nZVI-NPs (Table S2†).

After about 3 minutes of heating in the microwave oven at
48 °C (i.e. medium low setting) the reaction is complete.
About 0.144 g of dried nZVI-NPs were synthesized from a 1 : 6
mixture of the Mentha piperita leaf extract and the Fe
precursor mixture, as shown in Fig. S1.† The mechanism of
biosynthesis of the metallic nZVI-NPs is shown schematically
in Fig. S2 in the ESI,† where the secondary metabolites
(tannins, saponins, glycosides, terpenoids and flavonoids)
reduce the FeCl3·6H2O salt into nZVI-NPs. These metabolites
not only act as stabilizing agents but also help to prevent the
oxidation of the NPs.

2.4 Characterization of nZVI-NPs

In additional to UV-visible characterization, dynamic light
scattering (DLS) and scanning electron microscopy equipped
with an energy dispersive spectrophotometer (SEM-EDS) were
applied to determine the size, elemental composition and
morphology of the resulting NPs. For the DLS analysis, the
refractive index (RI) was 1.33 and the dispersant was DI water.
Malvern Zeta sizer Nano-ZS software was used for data
collection and analysis. To study the Zeta potential of the
FeNPs, 0.1 μg of particles were dispersed in 50 mL of deionized
water (media) and sonicated for 5 minutes to prevent
agglomeration of the particles before measuring at 25 °C.

2.5 Water sample collection

Water samples were collected from the Worcester and
Birmingham canal at the University of Birmingham, United
Kingdom. About 1 liter of the sample was taken from the
canals and kept in clean and dried bottles. The samples were
labelled and filtered using glass micro fibers (GFC) filters
(Whatmann, diameter 47 mm, CAT no 1822-047). Before
filtration, filter paper was weighed and kept in the oven for
30 minutes to dry the moisture content already present in it.
The filter paper was weighted again after drying and then
used for filtration. ESI† Fig. S2 shows the as-collected and
filtered waters, respectively.

2.6 Adsorption, optimization and determination of
contaminant concentrations

Filtrated water samples were analyzed for contaminants
which were identified using individual portable photometers
based on light emitting diodes (LED) of HANNIA Instruments
specific for each contaminant. The collected sample was
tested for the presence of each of the target pollutants
(nitrate, lead and chloride) individually. The HI96713
phosphate low range photometer was used to study the
phosphate in the water sample while the HI96753 Chloride
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photometer was used for chlorine detection and the same
specific photometers were used throughout the work.

Once the presence of the target pollutants was confirmed,
the adsorption optimization was done on the water samples
by adding 10 μg of nZVI-NPs to 100 mL canal water samples
and shaking for 10 minutes. All the samples were checked
after the time interval of 12 to 24 hours whereupon
quantification of pollutant adsorption was carried out.
Triplicate samples were prepared for each optimization.

3. Results and discussion
3.1 Phytochemical screening results on Mentha piperita leaf
extract

Tannins, phenols, terpenoids are present whereas saponins,
phlobatannins (phenolic substances) were absent as shown
in Table S3.† These phytochemical compounds have different
reducing properties which play a role in the synthesis of the
NPs by reducing the precursor.41–43 As measured, low to
moderate levels of phenolic with antioxidant activity were
already reported from Mentha piperita.39 The capping
biomolecules on the surface of plant extract stabilized nZVI-
NPs consist of negatively charged groups and are also
responsible for stability of the extract mediated ZVI-NPs.44

Bare metal NPs are highly chemically reactive and can be
easily oxidized in air resulting in a loss of magnetism and
dispersibility. Thus, from an application point of view, it is
essential to formulate protection strategies to stabilize the
naked NPs. Thus there is considerable interest in use of
natural and biodegradable polymers (polyphenols) to cap
these particles to prevent oxidation and agglomeration. As a
result, the selection of the plant extracts used for synthesis of
the NPs should be made carefully. For example, it was
observed that hydrolysable tannins (plant polyphenols) were
the major metabolites (79%) existing in leaf extract compared
with other phytochemicals. Hydrolyzable tannins can inhibit
hydroxyl radical formation from the Fenton reaction through
complexation of ferrous ions.45 As such, polyphenol anions
assisted the reduction of Fe3+ and Fe2+ ions to Fe0 (nZVI-
NPs). The hydroxyl and carboxylic groups of polyphenolic
compounds contained in the leaf extract are deprotonated
and are strong complexing and reducing agents for iron ions.
Thus, iron ions and hydroxyl groups are converted into
carbonyl groups during the reduction reaction as the iron
ions are concurrently reduced into the nZVI-NPs.

3.2 Characterization of nZVI-NPs using UV-visible
spectrophotometry

The biosynthesis of the nZVI-NPs was observed through UV-
visible double beam spectrophotometry, with a representative
spectrum shown in Fig. 2. The peak obtained for the
synthesized nZVI-NPs spans the range of 250–370 nm, which
is identical to the characteristic UV peak of metallic iron. The
absorption peak obtained is in a good agreement with
previous literature.46 The maximum wavelength (λ) of the
absorbance peak for the nZVI-NPs was found at 292 nm with

an absorbance (A) of 1.158, confirming the formation of
nZVI-NPs as this is a signature band. Indeed, the black
coloration of the solution confirmed the synthesis of nZVI-
NPs as a result of the oscillation of the conduction band
electrons, known as the surface plasmon resonance (SPR).
The reduction of Fe3+ ions to Fe0 NPs is indicated by the
change in color due to excitation of electrons, as shown in
ESI† Fig. S1 and Table S2.

3.2.1 SEM-EDX characterization of nZVI-NPs. A
representative SEM image and its corresponding EDX
spectrum are shown in Fig. 3. The SEM image confirms the
formation of nano-sized Fe particles in the range of 5–10
nm. Uniformly distributed, spherical shaped NPs are clearly
seen in the SEM image, with some agglomeration. EDX
spectroscopy was used for the elemental analysis. The
strong peaks at 6.5 and 7.2 KeV confirmed the presence of
Fe, and the atomic percentage of Fe was quantified as 100%
(Table 1). Thus, we can have confidence that the repeated
centrifugation steps following the synthesis leads to the
complete purification of the NPs, and that the Mentha
piperita leaf extract reducing and antioxidant agents such as
phenolic compounds, protect the nZVI-NPs from oxidation
prior to their application for remediation,47 as there is no
evidence of O present in the EDX spectra. It is worth noting
also that the nZVI-NPs remained in solution throughout the
synthesis and application steps, thus limiting their contact
with air.

3.2.2 Zeta potential analysis through dynamic light
scattering (DLS). DLS analyzes velocity distribution movement
of particles from dynamic fluctuations of light scattering
intensity which is due to the Brownian motion of particles.
The z-average particle size was determined to be 52.7 ± 61.1
nm and the polydispersity index (PDI) by zeta sizer software
was found to be 0.29 ± 0.040. The larger size of NPs indicated
agglomeration of the ZVI-NPs due to their magnetic property,
as the DLS measured the hydrodynamic size. The zeta
potential for NPs was found to be 27.9 ± 2.19 mV confirming
the electrostatic stability of nZVI-NPs.

3.3 Treatment of canal water

The detected contaminant levels in the filtered as-collected
canal water are shown in Table 2, which were compared with

Fig. 2 UV-visible spectrophotometric spectrum of Mentha piperita
leaf extract stabilized nZVI-NPs.
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the recommended levels for of the Organization for
Economic Co-operation and Development (OECD).48–52

3.3.1 Removal of phosphate. Phosphate is an important
element naturally present in fresh and drinking water and its
concentration ranges from 0.01 to 0.03 mg L−1. Excess
phosphate (>0.1 mg L−1) can speed up eutrophication which
is a reduction of dissolved oxygen in waterbodies due to
excessive algal growth.58 Extensive work has already been
done on phosphate removal, among which iron-based
materials were considered most effective.59 nZVI-NPs are
active in the removal of phosphate and other contaminants,
due to their extensive highly reactive surface area.60–62

The % adsorption is calculated using the following
equation:

% Adsorption ¼ Ci −C f

Ci
× 100 (2)

The % adsorption of phosphate in the first 12 hours of
incubation of 100 mL of the filtered canal water with 10 μg of
biosynthesized nZVI-NPs was 63%, whereas after 24 hours,
85% of the initial phosphate was removed, as shown in
Table 3. The results presented here confirm previous
findings, that NPs have good absorbing capability for
phosphorus, and that the Mentha piperita leaf extract
stabilized nZVI-NPs are highly effective.

Removal of phosphate is totally based on point of zero
charge (PZC), as when the solution pH is lower than the PZC
the surface of the NPs is positively charged, making the
surface suitable for absorption of anions such as PO4

3−,
enhancing the adsorption of phosphate. The initial pH of the
canal water was 4 and after incubating with the Mentha

piperita leaf extract stabilized nZVI-NPs for 24 hours, it was
found to be 6.1, such that the NPs would be positively
charged, which is why effective removal of phosphate was
achieved. The present study showed excellent removal of
phosphate by our biosynthesized nZVI-NPs as compared to
EL-FeNPs which removed 30.4% of total P (eucalyptus leaf
extract FeNPs).37

3.3.2 Ammonia/nitrate removal. Agricultural production as
well as industrial and domestic waste dumping into surface
water are the main sources of contamination of ammonia
and nitrate. The initial concentration of ammonia in the
canal water was found to be 76.7 mg L−1, while that of nitrate
was 55.6 mg L−1 initially. During the first 12 hours of
incubation of 100 mL of the canal water with 10 μg of
biosynthesized nZVI-NPs about 40.9% of the ammonia and
44.06% of the nitrate initially present was removed, whereas
99.51% of ammonia and 86.33% nitrate removal was
observed after 24 hours of incubation with the Mentha
piperita leaf extract stabilized nZVI-NPs.

Previous researchers have also demonstrated successful
removal of nitrate (NO3

−) utilizing nZVI-NPs. According to
these studies, the reduction efficiency was enhanced by
increasing the solid–liquid ratio or decreasing the pH. The
NO3

− received electrons directly from Fe0 by enhancing Fe2+

in the aqueous phase.63–65 In this study, the biosynthesized
nZVI showed excellent removal of ammonia after 12 to 24
hours, during which the pH of the water shifted from 4
towards 6.1 implying that less acidic conditions may
provide better efficiency of ammonia removal, due to lower
formation of the ammonium ion (NH4

+) at the closer to
neutral conditions, and thus the greater amount of the
ammonia being in the neutral form that can bind to the
slightly positively charged nZVI-NPs (note that the point of
zero charge of magnetite is pH 6.1). Reaction kinetics were
not measured in the present study, due to the
simultaneous removal of several pollutants. The results
shown in Table 3 indicate that nZVI-NPs are effective for
both ammonia and nitrate removal from canal water
samples.

Fig. 3 SEM image of biosynthesized nZVI-NPs and their corresponding EDX spectra.

Table 1 The atomic% of the microwave synthesized nZVI-NPs

Elements Weight% Atomic%

Fe 100.00 100.00
Total 100.00

Environmental Science: Water Research & Technology Paper
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3.3.3 Removal of lead (Pb). Lead, the 34th most common
element in the lithosphere, is toxic to humans and wildlife as
it affects the structure and functions of vertebrate's bone,
central nervous system, kidney and hematopoietic systems by
effecting reproductive, biochemical, histopathological, neuro-
physical systems, as well as being toxic to reproduction and
development.66 Lead leaches into groundwater through
smelting, mining, iron and steel foundries, combustion of
fossil fuels in automobiles, and cement industries.

The initial concentration of the Pb2+ in the canal water
was determined to be 46.6 mg L−1. High lead removal was
obtained due to the presence of large numbers of active sites
for adsorption process to occur in the presence of the nZVI-
NPs. The results indicate that Pb2+ removal followed a similar
trend as phosphate, ammonia and nitrate, with 41.4% of the
initial concentration of Pb removed by the Mentha piperita
leaf extract stabilized nZVI-NPs in the first 12 hours and
79.18% after 24 hours (Table 3).

3.3.4 Removal of chloride (Cl). Chlorine is the number 1
contaminant found in drinking water, especially since it is
added intentionally in order to purify water and kill
microorganisms and other pathogens. Research has shown
that people exposed to chlorinated water for long periods
have a greater risk of contracting bladder cancer, though
more research is needed.65 Carcinomas of the large intestines
are one of the most common across the globe. Around 1.4
million cases of carcinomas were diagnosed in 2012, while
the risk of colorectal cancer increases with age, affecting men
more than women.66,67

Excess chlorine (>80 μ L−1) reacts with water and minerals
to create trihalomethane (THMs), which causes asthma, heart
disease, eczema and cancer. Other by-products such as
aldehydes, haloacetic acids (HAAs), chloramines are also
formed due to the complex reaction between chlorine and
organic matter (humic acid, amino-acids and carbohydrates,
etc.).65 The EPA declared that chlorine is safe to drink in

water in smaller amounts but above the 0.080 mg L−1 average
level can cause a severe problem. The permissible level of Cl−

in drinking water is up to 4 mg L−1 by EPA and that of WHO
is 5 mg L−1.66,67 nZVI-NPs synthesized from the Mentha
piperita extract indicate strong antibacterial and antioxidant
activities.67 The interaction of Cl− ions with the Mentha
piperita leaf extract stabilized nZVI-NPs (10 μg of
biosynthesized nZVI-NPs incubated in 100 mL of canal water)
are shown in Table 3 and Fig. 4, indicating that these NPs
are very effective for removal of excess chlorine from water
after 24 hours, although some further optimization is needed
for the 12 hours timeframe.

Conclusion

nZVI-NPs have the unique characteristics of nZVI-NPs,
including high surface area and anti-oxidant properties,
make them effective for removing toxic metal ions, and
organic and inorganic solutes from surface water. Removal of
heavy metals from the Birmingham canal water using nZVI-
NPs as a nano-adsorbent has been described. The presence
of various phytochemicals in the Mentha piperita extract
facilitates the reduction process and made it an effective
capping agent on nZVI-NPs. The polyphenols and other

Table 2 Constituents present in canalwater initially (observed results) and comparison to the EPA recommendations andUKguidelines for drinkingwater

No Constituents EPA level in drinking water
UK drinking water
Quality regulation

Contaminant level found in
Birmingham Canal water

1. Phosphate 0.01–0.03 mg L−1 (ref. 32) 1 mg L−1 (ref. 53) 0.74 mg L−1

2. Ammonia 0.25–32.5 mg L−1 (ref. 33) 0.5 mg L−1 (ref. 54) 76.7 mg L−1

3. Lead 0.00 mg L−1 (ref. 34) 0.01 mg L−1 (ref. 55) 46.6 mg L−1

4. Nitrate 10 mg L−1 (ref. 35) 50 mg L−1 (ref. 56) 55.6 mg L−1

5. Chloride 1.0 mg L−1 (ref. 36) 5 mg L−1 (ref. 57) 46.6 mg L−1

Table 3 Removal efficiency of nZVI-NPs at different time periods (12–24 h)

Constituents
Concentration remaining
after 12 h incubation (mg L−1)

Concentration remaining after
24 h incubation (mg L−1)

% adsorption
(12 h)

% adsorption
(24 h)

Phosphate 0.27 0.11 63.01 85.01
Ammonia 45.3 0.37 40.9 99.51
Lead 27.3 9.7 41.4 79.18
Nitrate 31.1 7.6 44.06 86.33
Chloride 32.3 7.9 30.68 83.04

Fig. 4 The % adsorption of different constituents of Birmingham
Canal water by the nZVI-NPs.
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secondary metabolites have stabilizing and antioxidant effect
which makes Mentha piperita an ideal candidate for the
synthesis of nZVI-NPs. Experimental studies concluded the %
removal of phosphate, ammonia, nitrate, lead and chloride
to be 85.01%, 99.51%, 86.33%, 79.33% and 83.04% of the
initial constituents, respectively, within 24 h. The pH
during the studies ranged between 4 to 8 and no buffer or
other chemical was added. The synthesized nZVI-NPs are
favorable for the treatment of agriculturally contaminated
water and represent an environmentally friendly treatment
process for simultaneous removal of 5 typical agricultural
and urban pollutants. This laboratory demonstration
represents the first step towards developing this green,
rapid and low-energy consuming (microwave synthesis in
just 3 minutes) synthesis process for nZVI-NPs for use in
environmental remediation of agriculturally polluted
waterways.
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