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ABSTRACT: Intensive mining activities generate toxic acid mine drainage (AMD) effluents containing a high concentration of
metals, including iron. The chemical synthesis of iron nanoparticles from this waste could lead to further environmental concerns.
Therefore, the green synthesis of nanoparticles using plants has gained significant interest because of several benefits, including being
eco-friendly. The current study reports a novel approach involving the synthesis of stabilized iron nanoparticles from AMD using
rooibos tea extract. An aqueous solution of rooibos tea was prepared and titrated with AMD to reduce Fe2+/Fe3+. The samples
synthesized under optimum conditions were characterized by TEM, XRD, FTIR, UV−Vis, and EDS. The results revealed that the
nanoparticles had an average particle size of 36 nm with a spherical shape. These particles showed promising application as a Fenton-
like catalyst for the degradation of textile dye (orange II sodium salt) with a removal efficiency of 94% within 30 min. Thus, the
stabilized iron nanoparticles synthesized here performed in higher ranges than the currently reported Fenton-like catalysts regarding
dye removal efficiency and reaction time.

1. INTRODUCTION
Mining industries are significant contributors to many
countries’ national gross domestic products.1,2 Consequently,
the huge amount of waste from mining activities adversely
affects ecosystems, including human health.3,4 Minerals are
extracted from both open-pit and underground mine
configurations across the life of the mine, inevitably leading
to the generation of acid mine drainage (AMD), a toxic waste
effluent. AMD is generated by the spontaneous oxidation of
FeS2 when exposed to air and water. On one hand, AMD can
cause deleterious effects on the environment when discharged
into water systems. Notably, AMD results in river pollution,
depletion of aquatic life, and contamination of the food chain
by toxic metals. The impacts of AMD, including the
contamination of surface water, its threat to the quality of
freshwater resources, and its impact upon the well-being of
humans and the environment at large, are well documented.5,6

Meanwhile, AMD has been chemically treated to precipitate
metals, including iron, using reducing reagents. AMD
remediation and prevention, treatment technique options,
and resource recovery have been reviewed.7,8 On the other

hand, the textile industry, which employs large amounts of
colorants including dyes and dye-protecting agents, generates a
huge amount of dye wastewater that is toxic to the
environment.9,10 This toxicity may range from soil contami-
nation to pollution of an entire river, potentially causing severe
harm to aquatic life. In many countries, the law recommends
treating dye wastewater before its discharge into the environ-
ment and emphasizing decoloration. Adsorption techniques for
purifying wastewater have become more prevalent in recent
years owing to their efficiency in removing pollutants that are
difficult to treat using biological methods. Adsorption can
produce high-quality water and is an economically feasible
process. Possible approaches to textile wastewater, including

Received: March 26, 2022
Accepted: April 29, 2022
Published: July 6, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

24423
https://doi.org/10.1021/acsomega.2c01846

ACS Omega 2022, 7, 24423−24431

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
T

H
E

 W
E

ST
E

R
N

 C
A

PE
 o

n 
A

ug
us

t 3
0,

 2
02

2 
at

 1
2:

14
:4

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elyse+Kimpiab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kashala+Fabrice+Kapiamba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leo+Folifac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oluwaseun+Oyekola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leslie+Petrik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c01846&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


advanced oxidative and biological processes, have been
critically reviewed.11−13 Meanwhile, most currently employed
approaches suffer from waste management and environmental
protection setbacks, considering the life cycle of chemicals
used, high cost, and technological immaturity for biological
processes. Nevertheless, in recent years, environmental
research has paid particular attention to zero-valent iron
(ZVI) owing to its inherent reactivity to textile effluents such
as dyes and site remediation applications.14,15 For instance,
orange II sodium salt is an azo dye produced by the azo
coupling of β-naphthol and the diazonium derivative of
sulfanilic acid. This dye is often used to dye wool in the
textile industry. Furthermore, orange II sodium salt in
wastewater is of specific environmental concern because it
generates an unpleasant color to the water in addition to the
hazards of dangerous by-products generated through oxidation,
hydrolysis, or other chemical reactions occurring in the waste
phase. Fenton-like reactions are responsible for the degrada-
tion of pollutants. Several studies have reported the
mechanisms underlying these reactions. However, the activity
of most heterogeneous catalysts decreases under macroneutral
conditions due to strong dependence on the pH of the
solution.16 However, Yan et al.17 recently provided a
cocatalytic heterogeneous Fenton (CoFe2O4/MoS2) system
independent of the surrounding pH, thus enhancing the
remediation of organic pollutants. Furthermore, Ji et al.18

developed self-producing reactive oxygen species systems
(made of a mixture of a cobalt-based catalyst Fe2+ species)
and maintained the continuous and effective degradation of
organic pollutants. Another type of catalyst that has shown
immense success for pollutant degradation in water is ZVI
nanoparticles (nZVI). These nanoparticles are predominantly
10−60 nm in size with exceptional characteristics and a
maximum wavelength of 400 nm.19−21 Shahwan et al.22

reported that the higher surface reactivity of nZVI is due to its
small size, large surface area, and oxidation state. The chemical
synthesis of nZVI has been successfullyachieved by several
groups; the synthesis methods, applications, and performance
assessment of these nanoparticles have been well docu-
mented.23−25 The major setback and the challenge in
producing high volumes of iron nanoparticles using chemical
methods relies on the need for NaBH4 as a reducing agent,
which is very expensive and has strict environmental restriction
policies. Hence, alternative “green” ways with the use of plant
extracts or cheaper reducing agents have gained popularity in
the past decade. Plant extracts have been proven to be
impeccable reducing agents, and iron nanoparticles, including
nZVI, were successfully synthesized.26,27 The latest studies
worth mentioning include the Ricinus communis aqueous seed
extract used to synthesize nZVI to treat methylene blue-
polluted water.27 The other plant extracts explored as
reductants comprise (list is nonexhaustive) onion peel extract,
pomegranate peel extract, and Cleistocalyx operculatus leaf
extract.28−30

The iron nanoparticles synthesis demonstrated in the
abovementioned publications required manufactured chem-
icals (iron salts) as the source of iron. However, green reducing
agents have been employed, thus only partially solving an
eventual environmental concern. Considering that AMD
contains a high concentration of iron which can be valorized,
investment in effective technologies to recycle/reuse iron in
AMD would promote sustainable economies. Thus, the
recovery of iron from AMD could promote a circular economy.

Because of the limitations of chemical precipitation methods as
well as potential environmental concerns, this research focused
on synthesizing iron nanoparticles from AMD using rooibos
tea extract (Aspalathus linearis or red tea) as a reducing
reagent. This study avoids the chemical removal of iron,
potentially resulting in secondary pollution. Here, an environ-
mentally friendly alternative was employed to synthesize
polyphenol-stabilized iron nanoparticles from AMD waste
effluent using rooibos tea extract (RBE), a readily available
resource. Furthermore, the effectiveness of the synthesized iron
nanoparticles as a Fenton catalyst to remove orange II sodium
salt from textile wastewater was assessed.

2. METHODOLOGY
2.1. Synthesis of Iron Nanoparticles. Fresh dry rooibos

tea leaves (200 g) were added to 200 mL of a 20% ethanol
solution (50% grade, Sigma-Aldrich) and then stirred for 1 h.
Next, the liquid was separated from the tea leaves using a sieve,
frozen, and dried for 72 h in a freeze dryer (−55 °C and 0.2
bar, FreeZone 2.5 L, Labconco). The dry powdered rooibos
tea extract (about 15 g) obtained by freezing was mixed with
100 mL of distilled water to prepare solutions with a water
concentration range of 5−20 g/L. The pH of the solution was
measured before titration and varied in the range of 4 to 7 by
adding drops of sodium hydroxide (NaOH) at room
temperature. Finally, the pH-adjusted aqueous tea solution
was poured into a burette for titration with 100 mL of AMD
(from a coal mine in Mpumalanga, South Africa) using a
magnetic stirring plate in the absence of oxygen (in a nitrogen-
filled glove box). The raw AMD used in this study contained
100.30 mg/L of dissolved iron; the concentrations of other
elements are presented in Figure 1.31

Reaction times of 0 to 24 h were evaluated to synthesize iron
nanoparticles using rooibos tea extract as a vital parameter for
optimization. The suspensions formed were centrifuged for 30
min to recover black pellets, which were washed with diluted
ethanol and centrifuged for an additional 30 min. Finally, the
washed black pellets were placed in a freeze-dryer for 72 h and
characterized thereafter. The samples at various parameters
were synthesized using a non-formal model as summarized in
Table 1.

Figure 1. Elemental composition of AMD.
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2.2. Ferric Reducing/Antioxidant Power Assay. Ferric
reducing/antioxidant power (FRAP) activity was measured
according to the method developed by Benzie and Strain32

with some modifications. Briefly, an acetate buffer (300 mM,
pH 3.6) was mixed with a solution of 10 Mm TPTZ (2,4,6-
tripyridyl-s-triazine) in 0.1 M HCl and FeCl3·6H2O (20 mM)
in a ratio of 10:1:1 to obtain the working FRAP reagent. Then,
2 mg/ L each of ascorbic acid (standard) and plant extract
were carefully prepared and subjected to agitation for 5 min
with a vortex mixer (Dragon LAB MX-S) followed by
centrifugation (Eppendorf centrifuge 5810R) at 1000 rpm
for another 5 min to allow the formation of clear solutions of
the test samples. Next, 100 mL of tea leaf extracts were mixed
separately with 300 mL of the prepared FRAP reagent. The
sample absorbance was measured at 593 nm with the
Multiskan spectrum (Thermo Electro Corporation, MA,
USA). Finally, methanol solutions of FeSO4·7H2O ranging
from 100 to 2000 μM were prepared and used for creating the
calibration curve of known Fe2+ concentration. The parameter
equivalent concentration is defined as the antioxidant
concentration having a Ferric-TPTZ reducing ability equiv-
alent to 1 Mm FeSO4·7H2O.

2.3. Characterization. The prepared iron nanoparticles
were characterized using a Hach Instruments DR6000 UV−Vis
spectrometer (Hach Lange GmbH, Düsseldorf, Germany) in
the wavelength range of 350−800 nm with a resolution of 1
nm. In addition, RBE and iron nanoparticles, prepared under
optimum conditions (RBE = 5 g/L synthesized at room
temperature, pH = 6, for 6 h of reaction time, sample EK35),
were further characterized by Fourier transform infrared
spectroscopy (FTIR, PerkinElmer PE1600). For FTIR analysis,
samples were prepared by mixing 1% EK35 specimen with 100
mg of KBr powder and then compressing the mixture into a
disc. A resolution of 2 cm−1 was employed, and an average of
32 scans were collected.
The morphology and dispersion of the prepared iron

nanoparticles were characterized using transmission electron
microscopy (TEM, Tecnai TF20 HRTEM). The images of the
samples were recorded in bright-field mode operating at 5 kV.
The size of the nanoparticles prepared at different pH values
was measured using ImageJ software (National Institutes of
Health, Bethesda, MD, USA) on TEM images. In addition, the
localized elemental composition of the iron nanoparticles was
determined in duplicate by electron dispersive spectroscopy

(EDS, Oxford Instruments Aztec Energy EDS Analysis
System) in conjunction with TEM.
X-ray diffraction (XRD) patterns of the iron nanoparticles

were obtained using a D8 Advance XRD instrument (Bruker
AXS, Germany) with a high-power Cu Kα radiation source (λ
= 0.154 nm) at a voltage and current of 40 kV and 40 mA,
respectively. All samples were scanned in steps from 10 to 80°
2θ at a scanning rate of 3° 2θ per minute.

2.4. Application of the Synthesized Iron Nano-
particles Using Orange II Sodium Salt. The synthesized
nanoparticles were applied as a Fenton-like catalyst to treat
simulated dye wastewater. Batches were prepared by adding 40
mL of 50 ppm orange II sodium salt (85% dye content, Sigma-
Aldrich) with 5 mL of hydrogen peroxide (50% solution,
Sigma-Aldrich). A series of dosages of iron nanoparticles was
added to the solution, and the mixtures were stirred for 30
min. The removal efficiency was measured using ultraviolet
and visible spectrophotometry (UV−Vis) and compared to the
removal efficiency of dye wastewater treated with hydrogen
peroxide alone, a run treated as the control parameter. These
experiments were performed in triplicate. The removal
efficiency was calculated using the following equation:

C C
C

removal efficiency 100o f

o
= ×

where Co and Cf are initial and final dye concentrations,
respectively.

3. RESULTS AND DISCUSSION
3.1. Antioxidant Activity of Some Selected Reduc-

tants. The FRAP values of plant extracts often used for iron
nanoparticles are shown in Table 2 on a dry weight basis of the
sample.

From Table 2, it could be noticed that the FRAP values of
the aqueous−ethanolic extracts of green tea, green rooibos tea,
rooibos tea, and sodium borohydride were 805, 888, 756, and
6014 μmol/g, respectively. The sodium borohydride FRAP
test value was compared with the tea extracts’ antioxidant
strength. Even though sodium borohydride had the highest
FRAP value, the antioxidant values of the tea reductants were
comparable. The aqueous−ethanolic polyphenolic tea extracts
did not show significant discrepancies in their FRAP values.
Therefore, all the tea extracts had a similar reducing capability
of iron. It was further noticed that green tea had the highest
FRAP value among the tea extract reductants. This was an
indication that green tea had a greater capacity to reduce iron
from a higher oxidation state to a lower oxidation state. The
FRAP test findings suggest that tea extracts contain high
amounts of polyphenolic compounds with the potential to act

Table 1. Summary of Prepared Samples

sample
code

concentration
of RBE (g/L)

time
(h) pH fixed parameters

EK 1 1 5 24 7 temperature (ambient),
time, pH2 10

3 15
4 20

EK 2 1 5 0 7 RBE concentration, pH,
temperature (ambient)2 6

3 12
4 24

EK 3 1 5 6 4 RBE concentration, time,
temperature (ambient)2 4.5

3 5
4 5.5
5 6
6 7

Table 2. FRAP Values of Common Plant Extracts Used for
the Synthesis of Iron Nanoparticles

plant and
chemical
reductants

FRAP per dry weight of the
sample (μmol FeII/g)

COV (%) for triplicate
measurement

green tea extract 888 1.89
green rooibos tea
extract

805 2.41

rooibos tea extract 756 2.39
sodium
borohydride

6014 2.72

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01846
ACS Omega 2022, 7, 24423−24431

24425

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


as a reducing agent. It was expected that compounds that
donate electrons to reduce Fe3+ to Fe2+ could also quench free
radicals. In this line of investigation, the radical scavenging
activity of the tea extracts was determined against the stable
free radical DPPH (2,2-diphenyl-1-picrylhydrazyl) antioxidant
activities.

3.2. Optimum Conditions for the Synthesis of Iron
Nanoparticles. In this study, by visual inspection, we
observed a change in the solution color from light (AMD)
to dark brown over time during treatment with rooibos tea
extract. After 6 h, the reaction mixture turned from dark brown
to black, and the nanoparticles appeared. The reaction was
allowed to continue for up to 24 h, but only imperceptible
color variation could be detected (see Figure 2). This

observation was similar to that reported by Kuang et al.33

who reported that 6 h is generally sufficient to reduce iron
from the AMD; thus, 6 h was deemed the optimum reaction
time for the synthesis of all samples.
Experimental results showed that the size of the iron

nanoparticles was significantly dependent on the pH at which
the synthesis was conducted. For example, Figure 3 shows that
iron nanoparticles synthesized in series EK3 were larger when
formed at a pH range of 4 to 5 and relatively smaller at pH 6
(the optimum condition). The particle size was measured
using ImageJ software on TEM images.

The lowest RBE concentration (5 g/L) corresponds to the
literature as the optimum dosage for generating spherical
particles.34

3.3. Characterization of Prepared Iron Nanoparticles.
The iron nanoparticles synthesized under optimum conditions
(pH = 6; dosage of Rooibos tea = 5 g/L; reaction time = 6 h)
were characterized by TEM, XRD, FTIR, UV−Vis, and EDS.
Nanoparticles prepared under the above conditions had
smaller average particle sizes (36.33 nm), providing a higher
surface area for reaction and required a lower RBE
concentration and minimum preparation time. UV−Vis spectra
(Figure 4) were used to ascertain the existence of iron

nanoparticles with an absorption peak maximum in the range
of 400−800 nm. Iron nanoparticles (Figure 4c) showed
absorption at higher wavelengths. AMD (Figure 4a) showed
no sharp absorption between 550 and 800 nm, while the
rooibos tea itself (Figure 4b) showed a peak at 500 nm.22 The
differences in spectra between raw materials (RBE and AMD)
and prepared nanoparticles illustrate the successful synthesis of
nanoiron. Further details on the structure and composition are
provided in the following characterizations.
The FTIR spectrum of rooibos tea (Figure 5a) displayed

stretching vibrations at 3360 cm−1 for O−H and 1610 cm−1 for
C�C. Absorption bands at 2900 and 1350 cm−1 for C−H and
C−N groups, respectively.
In comparison with RBE, the FTIR spectrum of iron

nanoparticles (Figure 4b) showed a stretch of the O−H group
at 3400 cm−1, C−H at 2900 cm−1, C�C at 1630 cm−1, and
respectively, C−O−C and C−N at 1020 and 1375 cm−1,
which fitted well to the spectrum of RBE, showing that RBE
stabilized the iron and suggesting that the surface of the
synthesized nanoiron is primarily iron at higher oxidation
states.35,36 The O−H band is ascribed to the formation of
lepidrocte (γ-FeOOH) on the surface of the presumed zero-
valent core as confirmed by XRD. The functional group bands
obtained in the FTIR spectrum of iron nanoparticles were
similar to those reported in the literature for nZVI. The
bonding of the oxidized polyphenols from RBE on the surface
of iron nanoparticles was thus confirmed, and the results were
in agreement with Hoag et al.,34 such that the polyphenols
present in rooibos tea, as in most plant extracts, could function
as a powerful stabilizing and reducing agent responsible for the
partial reduction of Fe2+/Fe3+ to Fe0. The morphology and size

Figure 2. Color variation during AMD titration with Rooibos tea
extract.

Figure 3. Effects of pH on particle size (prepared at room
temperature and 6 h reaction time; EK3 series).

Figure 4. UV spectra of AMD (a), RBE (b), and iron nanoparticles
(c); sample EK35.
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of the EK35 sample appeared to show the formation of
spherical particles enveloped in the polyphenol chain
structures and a greater degree of dispersion. A reduction in
the surface magnetism was observed when a magnet was used
to separate iron nanoparticles in the slurry; it was only
somewhat effective. Filtration was therefore used to assist
magnetic separation.
Figure 6 shows the TEM image and XRD pattern of the iron

nanoparticle sample prepared under optimum conditions
(sample EK35). Using ImageJ (from TEM images), the
average particle size was found to be 36 nm, and TEM revealed
the existence of polyphenols in tea, partially coating the surface
of the nanoiron. In terms of magnetism and dispersion, the
results differed from those of Kuang et al.,33 and the source of
iron might be the reason for the discrepancy; Kuang et al. used
iron salts’ FeCl3, while AMD was used as the source of iron in
the current study. The nature and structure of the dissolved
iron in AMD is worth further investigation. An inspection of
the XRD spectrum of sample NK35 reveals peaks at 43.1 and
58 °, likely indicating the presence of Feo in its crystalline
form.36,37 It also displayed a peak at approximately 17.6°,
identified as polyphenols found in the RBE. Similar
observations have been reported in studies on the synthesis
of iron nanoparticles using aqueous sorghum bran extracts and

three tea extracts (green tea, black tea, and oolong tea).33,38

The peak at approximately 24.5° was attributed to iron
hydroxides (FeOOH), whereas the maghemite (γ-Fe2O3) peak
was observed at approximately 35.5°.39,40 It is important to
note the higher peak intensities for iron oxides and from the
XRD patterns, which can be attributed to the fact that the iron
nanoparticles synthesized by RBE were not all fully reduced
metals as they existed as core/shell particles.
The elemental composition of sample EK35 displayed a

pattern in the form of peaks of C, S, and K in addition to Fe
and O. Carbon originated predominantly from the polyphenols
found in rooibos tea, whereas Fe and S originated from AMD.
Moreover, potassium (K) was attributed to Rooibos tea as it is
vital to plant growth and exists in every living plant cell. The
lower iron content observed may be due to the large mass
percent of carbon from the polyphenol coating from RBE as
was noticeable in the TEM images.41

Average atomic percentages obtained from EDS were 51.04
± 0.49% for C, 23.15 ± 0.27% for O, 17.33 ± 0.17% for Fe,
6.10 ± 0.04% for K, and 2.39 ± 0.14% for S (Table 3). The

iron content of sample EK35 synthesized using plant extract
was probably lower than expected from its AMD’s content
(Figure 1) and lower than that in iron nanoparticles
synthesized by a more conventional route owing to the slow
exchange of valence electrons between Fe and the polyphenolic
constituents of plants (rooibos tea extract in this study),
resulting in the formation of a stable iron complex.36

3.4. Application of Stabilized Iron Nanoparticles for
Decoloration of Orange II Sodium Salt. The effectiveness
of iron nanoparticles was evaluated as a Fenton catalyst for
decolorizing simulated wastewater containing orange II dye.
We varied three parameters in the quest to optimize the
decolorization reaction. Figure 7 shows the effects of H2O2
concentration (a), pH (b), and nanoiron dosage (c). The latter

Figure 5. FTIR spectra of RBE (a) and synthesized iron nanoparticles
(b), sample EK35.

Figure 6. TEM (a) and XRD patterns (b) of as-prepared EK35.

Table 3. EDS Elemental Composition of Nanoiron (Atomic
Percentages), Sample EK35

elements atomic %

C 51.04 ± 049
O 23.15 ± 0.27
Fe 17.33 ± 0.17
K 6.10 ± 0.04
S 2.39 ± 0.14

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01846
ACS Omega 2022, 7, 24423−24431

24427

https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01846?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was assessed at room temperature (25 ° C), with an initial dye
concentration of 50 mg/L, pH of 6, and an H2O2
concentration of 0.0894 mol/L. As depicted in Figure 7c, the
increase in nanoiron dosage from 0.0 to 0.6 g/L enhanced the
oxidative degradation of the dye, which was mainly due to the
increase in the number of active sites and improving H2O2
decomposition for increased generation of more hydroxyl
radicals. However, a further increase from 0.6 to 1.0 g/L did
not significantly affect the relative degradation. The reason
behind this slow increase at high concentrations may be due to
the aggregation of nanoiron particles and the scavenging of
hydroxyl radicals through an undesirable reaction. Thus, the
nanoiron dosage of 0.6 g/L was chosen as the optimum
condition and kept constant while varying H2O2 concen-
trations. Figure 7a reveals that when the concentration of H2O2
was set at 0.0135 mol/L, the dye removal efficiency was low
(65%) because there was insufficient •OH radicals in aqueous
solution. The dye degradation was enhanced to 80% when
H2O2 concentration further increased to 0.0447 mol/L, mainly
due to a higher concentration of •OH radicals. However, dye
removal efficiency declined to 60 and 62% at the H2O2
concentration of 0.0894 and 0.1354 mol/L, respectively. The
main reason behind the decline may be thought to be the
scavenging effect of hydroxyl radicals and the inhibition of iron
corrosion on the surface of nanoiron by hydrogen peroxide.
Hence, 0.0447 mol/ L was chosen as the optimal H2O2
concentration for effective oxidative dye degradation. Finally,
it has been reported that acidic conditions favor the Fenton-

like process with an optimum pH of 3.5 for the degradation of
methyl tertiary butyl ether42 or between 2 and 4 for the
degradation of orange II sodium salts.36 Therefore, it was not
unexpected to confirm those results in our experiments, as
depicted in Figure 6c, with an optimum pH of 3.
Employing all optimum parameters, we found that the

orange II sodium salt removal was very low and did not exceed
6% when H2O2 was used in the absence of nanoiron, as shown
in Figure 7d. On the other hand, when nanoiron was added to
the simulated dye wastewater solution, the dye removal
efficiency reached 95%, demonstrating the importance of the
stabilized iron nanoparticles in removing orange II sodium salt
regardless of the polyphenol coating and low iron content
(∼17%).
Furthermore, decoloration of the dye was achieved after 30

min. Few studies have reported such high-efficiency color
removal within this short time for unsupported greener
nanoparticles without integration with other techniques.43

This rapid performance may be mainly ascribed to the strong
oxidant •OH radicals generated from the oxidation reaction of
iron nanoparticle surfaces by transferring two electrons to
H2O2 (eq 1) to yield Fe2+, which then reacts with H2O2 in the
Fenton process (eq 2), which is capable of oxidizing organic
substrates.

Fe H O 2H Fe 2H O0
2 2

2
2+ + ++ + (1)

Fe H O Fe OH OH2
2 2

3+ + ++ + • (2)

Figure 7. Decoloration of orange II sodium salt dye with stabilized nanoiron. (a) Effect of nanoiron dosage. (b) Effect of H2O2 concentration. (c)
Effect of pH. (d) Decoloration at optimum conditions (0.0447 mol/L H2O2, pH = 3, and 0.6 g/L of EK35).
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It has been reported that iron nanoparticles synthesized
using plant extracts behave primarily as adsorbents rather than
reductants. However, the synthesized nanoparticles, which can
act as reductants, catalysts, and adsorbents, have been well
documented.44

The performance of our stabilized nanoiron catalysts was
higher than most nZVI reported in the literature for similar
tasks. For instance, Bhatti et al.45 chemically synthesized nZVI
using FeSO4·7H2O and NaBH4. These nanoparticles were then
used to treat textile water effluents, and a color removal
efficiency of 86−90% under optimum conditions (pH = 3,
nZVI = 0.2 g/L, H2O2 = 8 mM, and reaction time = 90 min at
40 °C) was achieved despite having a higher iron content of
80.50%.45 Sravanthi et al.46 employed a green approach to
synthesize nZVI from Calotropis gigantea flower extract (both
reducing and stabilizing agents) to treat contaminated water.
Meanwhile, their nanoparticles possessed average sizes (50−90
nm) that were slightly larger than those synthesized in the
current study. Furthermore, dye decoloration and aniline
removal hardly exceeded 85% despite the use of sorbent
materials in a batch reactor. Employing an alternative synthesis
route, Ravikumar et al.,47 in an attempt to remove methyl
orange from textile dye water, obtained Bio-nZVI granules by
anaerobic granular sludge under anaerobic conditions. Their
catalysts, under optimum conditions, showed removal of up to
99%; it is worth noting that the reaction time was 240 min, 8
times longer than the time required for our catalyst. Lastly, our
results are higher than the maximum 90% dye removal
reported by several other groups.41,48,49 The benefit of our
study is the short time required to achieve higher removal
efficiency and the green synthesis of our catalyst from the reuse
of iron in AMD, which is considered both a waste and an
environmental hazard.

4. CONCLUSIONS
Iron-rich AMD, a problematic waste effluent, was used as
feedstock to produce a value-added product, iron nano-
particles. Rooibos tea was used to reduce Fe2+/Fe3+ to Fe0

from acid mine drainage, replacing the alkaline reagents used in
the chemical synthesis methods. To the best of our knowledge,
no study has combined waste AMD as a source of iron and
rooibos tea extract as a reducing agent and stabilizer instead of
chemical synthesis techniques. Thus, as in this study,
employing greener methods is a remedial approach. The
optimum reaction conditions for synthesizing stabilized iron
nanoparticles from acid mine drainage using rooibos tea were
ambient temperature (∼ 25 °C), a pH of 6, and a dosage of 5
g/L of rooibos tea for 6 h of reaction time. The synthesized
iron nanoparticles were applied as a Fenton-like catalyst for the
decoloration of textile dye (orange II sodium salt) and showed
a removal efficiency of 94% within 30 min. Compared to nZVI
reported in the literature and synthesized by different
techniques, our Fenton-like catalyst was very effective with a
smaller size, higher removal efficiency, and faster reaction time.
Future investigations are necessary to validate the catalyst
performance observed in this study. More importantly, other
parameters that may further improve the catalyst activity, such
as the effects of the dosage of rooibos tea on both the size and
the shape of iron nanoparticles, may also be worth studying.
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