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ABSTRACT Bimetallic nanoparticles comprised of iron and nickel were synthesized, characterized, and
evaluated to optimize the ideal metal ratio for azo dye removal from water systems. Results show that
changing the molar ratio of nickel to iron caused different removal rates, as well as the extent of overall
elimination of azo dye from water. Lower molar ratios, from Ni1Fe10 to Ni2.5Fe10, exhibited a higher removal
efficiency of 80–99%. Higher concentrations of Ni in the catalyst, from Ni3Fe10 to Ni5Fe10, resulted in
70–90% removal. The lower molar ratios of Ni exhibited a consistent removal rate of 0.11 g/L/min, while the
higher molar ratios of Ni displayed varying removal rates of 0.1–0.05 g/L/min. A second order kinetic model
was fit to the first twenty minutes of the reaction for all nickel to iron compositions, where there is a decrease
in rate constant with an increase in molar ratio. During the last forty minutes of reaction, azo dye removal fit
a zero order kinetic model. All as-synthesized nanoparticle samples were found to be structurally disordered
based on the lack of distinct peaks in XRD spectra. Post-reaction samples were found to have Fe2O3 and
FeOOH cubic peaks.

INDEX TERMS Azo dye, nanoparticles, iron, nickel, Orange G.

I. INTRODUCTION
Dye contamination from industrial chemical waste is a major
contributor to wastewater contamination. The textile industry
alone produces roughly 10000 tons of synthetic dye, and of
that, 65% are characterized as azo dyes [1], [2]. Azo dyes
present an ecological and human health risk due to a cleav-
ing process of the N = N double bond, which occurs in
liver enzymes and intestinal microflora [3]. After the cleav-
ing process, the resulting aromatic amines such as benzidine,
4-aminobiphenyl, and 2-naphthylamine are highly toxic and
carcinogenic [4]. During the textile dyeing process, 10-25%
of textile dyes are lost and 2-20% are directly imparted into
the local environment as contaminated effluents [5].

Due to the recalcitrance of azo dyes, recent research has
explored reactive monometallic and bimetallic nanoparticle

treatment [6]–[8]. In general, the development of nanostruc-
tured, reactive materials for water treatment applications holds
great promise due to the reactive degradation and improved
removal processes that have been demonstrated [9]–[11]. In
particular, both laboratory-scale and pilot-scale research stud-
ies have demonstrated that iron-based nanostructured mate-
rials, such as iron nanoparticles, are able to remove a wide
variety of water contaminants, including dyes [12], [13], chlo-
rinated organics [14], [15], pharmaceutical compounds [16],
[17], and heavy metals [18], [19], through both oxidative and
reductive reaction mechanisms. The process for the decom-
position of the dyes by iron-based nanoparticles results from
electron transfer from the metallic nanoparticle to the dye,
which breaks the azo dye N = N double bond, creating a
solution composed of aromatic amines [8]. These aromatic
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amines are subsequently more biodegradable than the parent
azo dye molecule because the lone pair of electrons on the
nitrogen atom is conjugated into the benzene ring, thereby
losing the ability to engage in hydrogen bonding and making
the electrons less stable [20]. Despite the advantages of iron
nanoparticles as an inexpensive and highly reactive material,
monometallic iron nanoparticles are also limited by slower
dye removal rates, fast deactivation due to oxidation, and pH
dependence, as compared to bimetallic counterparts [21]. Iron
nanoparticle lifetime remains a critical challenge particularly
in oxidative environments, where the nanoparticles quickly
react with water and oxygen to form non-reactive iron ox-
ide compounds. Thus, there remains a need to investigate
approaches to extend the lifetime as well as to enhance the
performance of iron-based nanoparticles.

Bimetallic iron-based nanoparticles remain an important
approach to extending iron-based nanoparticle lifetime and re-
activity. Research has been conducted using precious metals,
such as palladium, platinum, silver, and gold, as the second
metal, but these choices are not economically feasible for
large scale treatment [22], [23]. An alternative approach is
to use another non-precious transition metal, such as nickel,
as the second metal in a bimetallic iron-based nanoparticle,
and research has shown that iron-nickel nanoparticles are a
viable catalyst to decolorize and degrade azo dyes [8], [24],
[25]. Not only are these NiFe bimetallic nanoparticles cost-
effective, but the nanoparticles also exhibit enhanced reac-
tivity compared to monometallic iron nanoparticles [8]. The
nanoparticle dosage, pH, and temperature are factors proven
in the literature to impact NiFe reactivity in the aqueous en-
vironment [7], [8], [26]–[28]. In previous work, we observed
the morphology (i.e., core shell vs. alloy) of the bimetallic
nanoparticles changes the kinetics of the reaction, indicating
different processes controlling the reaction rate [29]. ANiFe
nanoparticles promote different degradation pathways depen-
dent on surface characteristics. NiFe nanoparticles have been
found to degrade Orange G through hydrogen transfer, but
oxidized NiFe nanoparticles promote the generation of hy-
droxyl radicals leading to an oxidative pathway [8]. NiFe
alloy nanoparticles are commonly found to follow pseudo-
first-order reaction for azo dye removal, but our synthesized
alloy nanoparticles were found to follow pseudo-second-order
[7], [8], [27], [29], [30]. The kinetic discrepancies between
our work and literature lead to further investigation of surface
characteristics of the nanoparticles pre- and post- reaction to
explain kinetic trends.

In this study, the azo dye, Orange G, was used as a rep-
resentative dye contaminant in simulated, synthetic wastew-
ater solutions. Orange G is a common model contaminant
and has similar structural characteristics to other azo dyes
but is non-carcinogenic and non-mutagenic. Bimetallic NiFe
alloy oxide nanoparticles were synthesized via an aqueous
solution-based reduction reaction, and the molar ratio of the
two metals (nickel/iron) was evaluated. Nanoparticles with
molar ratios ranging from Ni1Fe10 to Ni5Fe10, were chosen
due to previous work conducted [29] and were tested in batch

FIGURE 1. Scanning electron microscopy images of: (a) Fe monometallic,
(b) Ni monometallic, (c) Ni1Fe10 composition, (d) Ni2Fe10 composition, (e)
Ni3Fe10 composition, (f) Ni4Fe10 composition, and (g) Ni5Fe10 composition
nanoparticles used in experiments for treatment of the Orange G dye.

reactors for the removal of Orange G over time. The nanopar-
ticle surface and bulk characteristics were investigated pre-
and post-reaction to understand how nanoparticle chemistry
changes and to explain differences in removal efficiency. The
performance efficiency of the nanoparticles was evaluated
quantitatively through concentration changes of Orange G in
synthetic water samples; the kinetics of Orange G dye re-
moval are discussed and presented as a function of nanoparti-
cle composition. The nanoparticles were characterized using
scanning electron microscopy (SEM), energy dispersive x-ray
spectroscopy (EDX), x-ray diffraction (XRD), and x-ray pho-
toelectron spectroscopy (XPS).

II. METHODS AND PROCEDURES
A. MATERIALS
The source of iron for synthesis was ferrous sulfate hep-
tahydrate (FeSO4•7H2O), while the nickel precursor was
nickel (II) chloride hexahydrate (NiCl2•6H2O). Both metal
salts were supplied by Alfa Aesar. The stabilizers used
for synthesis were amino tris (methylene phosphonic acid)
(ATMP), supplied from Dequest (Italmatch), and poly(N-
vinyl-2-pyrrolidone) (PVP) (MW = 40000 g/mol), supplied
from Tokyo Chemical Industries (TCI). The reducing agent
used was a fine granular sodium borohydride (NaBH4) from
EMD Millipore Corporation. All synthesis and synthetic
wastewater solutions were made with purified water (Milli-
pore Milli-Q Integral, 18 M�).

B. NANOPARTICLE SYNTHESIS
The synthesis method utilized in this experiment was an aque-
ous batch reduction method (Fig. 1) [31], [32]. The synthesis
was performed in 20 mL batches in 250 mL or 500 mL three-
neck borosilicate flasks. The first step in the synthesis required
dissolving the iron precursor in purified water at 10 g/L and
adding in stabilizer. The iron was stabilized with 0.5 mL of
214.5 g/L ATMP stock solution. After the iron precursor and
ATMP were added into the three-neck flask, the flask was
placed on an orbital shaker for fifteen minutes to mix the
solution. Argon was bubbled into the solution during mixing
to minimize unwanted oxidation of the iron. After the iron
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and ATMP were mixed for fifteen minutes, PVP-stabilized
nickel was added to the solution. The final molar ratio desired
determined the amount of nickel to be added, and this ratio
ranged from 0.1 mol nickel:mol iron to 0.5 mol nickel:mol
iron (Ni1Fe10 - Ni5Fe10). PVP was used for nickel stabiliza-
tion at a constant ratio of 0.005 mol PVP:mol Ni. The nickel
and PVP were added together and mixed into solution, added
to the three-neck flask with the stabilized iron, and then bub-
bled with argon for another fifteen minutes. After this second
fifteen-minute mixing period, the reducing agent was added.
Sodium borohydride was used to reduce the metal solution at
a ratio of 2.6 mol sodium borohydride to total moles of iron
and nickel in the solution. The sodium borohydride was added
dropwise to the flask at a rate of roughly 10 mL per minute,
and then the solution was placed under vacuum and mixed for
fifteen minutes. The addition of the sodium borohydride re-
duces the iron and nickel salts to form bimetallic nanoparticles
and a hydrogen gas product, as shown in the formal reaction
below.

Fe2+ (
Ni2+) + 6H2O + 2BH4

−

→ Fe0 (
Ni0

) + 2B(OH)3 + 7H2 (1)

Excess sodium borohydride was used in the synthesis pro-
cedure to account for the side reaction between borohydride
and water molecules. After the third and final mixing period,
the solution of nanoparticles was removed from the three-neck
flask, placed in a 50 mL centrifuge tube, and centrifuged at
7800 rpm at 23 oC for two minutes. This step separated the
nanoparticles from the solution allowing for easy disposal of
the supernatant. The supernatant was removed to discard ex-
cess salts and stabilizer. Nanoparticles were then resuspended
in methanol, sonicated for fifteen minutes, and bubbled with
argon in the centrifuge tube for fifteen minutes to minimize
oxidation.

C. ORANGE G TREATMENT
The nanoparticles and Orange G were added at equal volumes
of 1 g/L stock solution to a 20 mL total solution volume, and
a timer was started immediately after the addition of the two
solutions. Once the two solutions were added together, the
reactor was placed in a rotator mixer and continuously mixed.
This approach allowed the nanoparticles to remain dispersed
throughout the dye solution. Samples were then taken from
the sample at 2-minute intervals for the first 20 minutes,
5-minute intervals between 20 and 40 minutes, and 10-minute
intervals until 60 minutes was reached. Time intervals in-
creased throughout the experiment due to faster reaction rates
of the particles with Orange G within the first 20 minutes and
a change in rate after roughly 25 minutes. A small sample was
removed through a syringe at each time interval, centrifuged,
and tested in a UV-Vis spectrophotometer at a wavelength of
530 nm. A standard curve for Orange G was measured for
each experiment and used to quantify experimental sample
concentrations.

D. CHARACTERIZATION
Nanoparticle morphology was evaluated through scanning
electron microscopy (SEM) (FEI Nova 200 NanoLab dual
beam SEM microscope), and energy dispersive x-ray spec-
troscopy (EDX) was used during SEM imaging to determine
nanoparticle composition. To prepare samples for SEM imag-
ing, a 10 g/L solution of nanoparticles dispersed in purified
water was centrifuged. The supernatant was removed, and
methanol was added to the nanoparticles. After the particles
were immersed in methanol and resuspended, 150 μL were
drawn out, drop-casted onto a 6 mm diameter conductive car-
bon tab, and placed in a laboratory hood to dry. Images were
captured between 5 keV and 15 keV electron beam voltage
between 150,000x and 350,000x magnification.

X-ray photoelectron spectroscopy (XPS; PHI Versaprobe
5000 with PHI MultiPack data analysis software) was used to
analyze the surface chemical composition of the nanoparticles
before and after Orange G treatment. A monochromated Al
Kα source was used to perform the experiment. Full survey
scans (0 eV–1400 eV) along with detailed scans of iron (700
eV–740 eV), nickel (844 eV–894 eV), carbon (278 eV–298
eV), and oxygen (523 eV–543 eV) were conducted on the
nanoparticles.

High resolution x-ray diffraction (XRD, Philips X’Pert-
MRD diffractometer, Cu Kα radiation source) was used to
determine the crystalline structure of the nanoparticles. The
voltage of 45.0 kV and a current of 40.0 mA were applied
with the scanning speed of 1 min−1. XRD patterns were taken
within the region of 2θ from 25 to 65o. Each sample was
dispersed in methanol and then drop casted on a glass slide
drop by drop for about 30 minutes. The samples were kept in
a chemical hood for about 1 hour to dry.

III. RESULTS
A. AS-SYNTHESIZED NANOPARTICLE CHARACTERIZATION:
MORPHOLOGY AND COMPOSITION
SEM images of the nanoparticles used in Orange G experi-
ments are shown in Fig. 1. Generally, the nanoparticles are
roughly spherical in morphology and are visibly covered in
organic ligand stabilizer. ATMP is used for iron precursor
stabilization, while PVP is used for nickel precursor stabiliza-
tion. ATMP is a low molecular weight chelator, while PVP
is a polymer, and the difference in the size of the molecules is
evident in the physical thickness of the organic layer surround-
ing the nanoparticles in Fig. 1(a) and 1(b), for iron nanoparti-
cles and nickel nanoparticles, respectively. This organic layer
remains even if the nanoparticles are rinsed multiple times.
Iron-only and nickel-only nanoparticles appear to have a
more spherical morphology than the bimetallic nanoparticles,
which appear to have a rougher, inhomogeneous shape. The
nickel nanoparticles are visibly smaller than the iron nanopar-
ticles, and the bimetallic nanoparticles vary in size and size
dispersity. All of the nanoparticle samples appear to agglom-
erate together, which is likely due to the effect of the ATMP
and PVP stabilizers, as well as the effect of drying colloidal,
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TABLE 1. Energy Dispersive X-Ray Spectroscopy Data for Ratios of Nickel
to Iron

hydrophilic nanoparticles onto an SEM stub. In the bimetallic
samples, especially at higher nickel ratios, individual nanopar-
ticles are more difficult to distinguish, which suggests possible
particle aggregation, distorted spherical morphology, and the
impact of higher PVP content. Nanoparticle size was quanti-
fied from SEM images with ImageJ software. Particle diam-
eters with calculated standard deviation are shown in Fig. S1
of the Supplemental Information.

EDX measurements were obtained during SEM imaging to
quantify and verify the molar ratio of Ni to Fe in the nanopar-
ticles. EDX is a semi-quantitative measurement technique due
to the lack of standards used to directly compare with exper-
imental samples. EDX is typically expected to have an error
of up to 5–10% and is not an appropriate technique for anal-
ysis of low z elements such as oxygen and nitrogen. Results,
shown in Table 1, demonstrate that measured compositions for
Fe and Ni in the synthesized nanoparticles align well with the
theoretical ratios of Ni to Fe calculated for metal precursor
addition to the synthesis solutions. These EDX results thus
confirm that the as-synthesized nanoparticles used in Orange
G removal studies contained the target compositions.

B. CHARACTERIZATION OF NANOPARTICLES PRE- AND
POST-AQUEOUS ORANGE G REMOVAL
XPS and XRD data were obtained for as-synthesized nanopar-
ticles and nanoparticles post Orange G removal from aque-
ous batch solutions. We expected that our nanoparticles start
as-synthesized as a mix of metallic and oxide species, based
on prior work [33], [34]. For this study, we were partic-
ularly interested in understanding how the oxidation state,
bulk structure, and surface chemistry of the nanoparticles
changed as a function of azo dye removal from water and as
a function of as-synthesized properties. First, we focus on an
analysis of the bulk crystallinity of the nanoparticles. Apart
from the Ni5Fe10 as-synthesized nanoparticle sample, all as-
synthesized nanoparticles resulted in spectra with no visible
peaks; for the Ni5Fe10 as-synthesized nanoparticles, a small,
broad peak is visible at 44.2o (Fig. 2(h), black spectrum).
This result suggests that all of the as-synthesized nanopar-
ticles were comprised of a highly disordered bulk structure,
consistent with prior results based on the aqueous ATMP Fe
nanoparticle synthesis approach [35], [36]. The XRD spec-
tra of each nanoparticle sample post-reaction are shown in

FIGURE 2. XRD spectra of (a) Ni1Fe10, (b) Ni1.5Fe10, (c) Ni2Fe10, (d)
Ni2.5Fe10, (e) Ni3Fe10, (f) Ni3.5Fe10, (g) Ni4Fe10, and (h) Ni5Fe10

as-synthesized (black) and post-reaction (red) nanoparticles. Peaks for
Ni5Fe10 were identified as (i) for the as-synthesized sample and (ii) and
(iii) for the post-reaction sample. Peak (i) is found at 44.2o and is only seen
for Ni5Fe10. Peak (ii) and (iii) are found to correlate with Fe2O3 and FeOOH
crystalline peaks assumed to occur through oxidation during the reaction.

Fig. 2(a)–(g) in red, where spectra for as-synthesized nanopar-
ticles were excluded in Fig. 2a-(g) due to the lack of peaks.

The XRD spectra of Ni5Fe10 nanoparticle samples for
both as-synthesized and post-reaction conditions are shown
in Fig. 2(h) with each peak labeled as i, ii, or iii. Peaks ii and
iii are also labeled in Fig. 2(a)–(g). In Fig. 2(h), the broad
peak at 44.2o (peak i) is identified as the primary peak for
metallic Ni and Fe species in a NiFe (111) bulk alloy face
centered cubic (fcc) crystalline structure [37]–[40]. Due to
the high Fe content in the as-synthesized samples, we do not
see the two peaks that would typically be expected to appear
at 52o and 76.5o and which correlate to (200) fcc and (220)
fcc; these two additional peaks are often only seen in the
bulk diffraction lattice patterns for NiFe alloy materials with
high Ni content (i.e., Ni at. % ≥ 67%) [37]–[39]. NiFe alloy
nanoparticles for treating azo dye literature indicate that NiFe
alloy nanoparticle structure varies for studies due to differ-
ing synthesis procedures [7], [27], [41]. There is a lack of
post experimental XRD analysis to determine phase shifts in
the literature. The post-reaction Ni5Fe10 nanoparticle sample
shows the disappearance of peak (i) and the appearance of
two new peaks (ii and iii). The two new peaks are identified as
(ii) the Fe2O3 (104) rhombohedral crystalline facet and (iii)
the FeOOH (221) crystalline facet [42], [43]. FeOOH (221)
structure has not been seen in previous NiFe alloy nanoparti-
cle literature for treating an azo dye compound.

The remaining XRD results for the other tested nanoparticle
ratios post-reaction are shown in Fig. 2, indicating a similar,
general trend of the formation of the two oxide/hydroxide
(ii and iii) Fe2O3 and FeOOH crystalline peaks through ox-
idation occurring during the reaction. All the nanoparticle
ratios exhibit the two new peaks post-reaction except the
Ni1.5Fe10 and Ni2Fe10 compositions. Instead, Ni1.5Fe10 and
Ni2Fe10 only present a low intensity peak (ii). Generally, the
lack of well-defined diffraction peaks in post-reaction sam-
ples suggests that all of the as-synthesized and post-reaction
nanoparticle materials are disordered structurally. The Orange
G dye removal process thus results in slight structural changes
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FIGURE 3. Detailed Fe scans of (a) Ni1Fe10, (b) Ni1.5Fe10, (c) Ni2Fe10, (d)
Ni2.5Fe10, (e) Ni3Fe10, (f) Ni3.5Fe10, (g) Ni4Fe10, and (h) Ni5Fe10

as-synthesized (black) and post-reaction (red) nanoparticles. BE = binding
energy.

from highly disordered (lack of distinctive peaks) to a slightly
more crystalline oxide-hydroxide structures after bulk oxida-
tion as a result of the reaction; the chemical phase and oxida-
tion state changes are more significant than changes to bulk
crystallinity.

The XPS results for the as-synthesized and post-reaction
samples are shown in Fig. 3 for the Fe 2p binding energy
region. The Fe2p3/2 peak is observed in each of the as-
synthesized samples (black line) and occurs at the peak posi-
tion of 711.3 to 711.8 eV range. This peak position indicates
either an alpha or gamma hydroxide species [44]–[47]. The
Fe2p1/2 peak at 724 eV is present for Ni4Fe10 and Ni5Fe10

as-synthesized samples, indicating the presence of iron oxide
and iron hydroxide species [44], [48]. The Fe2p3/2 and Fe2p1/2

peaks are similar for NiFe alloy nanoparticles found in lit-
erature for the treatment of azo dyes [8], [41]. The Fe2p1/2

peaks are harder to identify from the background noise for the
Ni1Fe10-Ni3.5Fe10 molar ratios for the as-synthesized samples
which indicates that the samples had less Fe at the surface
of the particles. Fig. 3(g) and 3(h) show a small shoulder at
707 eV, which is indicative of Fe metal [44], [49]. As Ni
content decreases from Ni3.5 to Ni1, the Fe metal shoulder
is no longer present. This result indicates that as less Ni is
used in the synthesis of the nanoparticles, less Fe metal is
present on the surface of the nanoparticles. This conclusion
could be explained as the additional Ni content in Ni4Fe10

and Ni5Fe10 is thought to help to slow the oxidation of Fe in
the nanoparticles, allowing a greater amount of Fe0 and a Fe
metal shoulder to be present for the as-synthesized samples
[8].

Once the nanoparticles are used in the reaction to remove
azo dye, the Fe metal shoulder is no longer present in either
Fig. 3(g) and 3(h) post-reaction red spectra. Bokare et al.
observed a shift in Fe metal to a lower binding energy that in-
dicated the establishment of NiFe electrochemical cell to slow
oxidation in the post reaction nanoparticles [8]. Therefore, the
disappearance of the peak for the post reaction in this study

FIGURE 4. Detailed Ni scans of (a) Ni1Fe10, (b) Ni1.5Fe10, (c) Ni2Fe10, (d)
Ni2.5Fe10, (e) Ni3Fe10, (f) Ni3.5Fe10, (g) Ni4Fe10, and (h) Ni5Fe10

as-synthesized (black) and post-reaction (red) nanoparticles.

indicates a lack of electrochemical cell establishment, which
led to faster oxidation. In addition, the Fe2p3/2 peak shifts
slightly to higher binding energy (eV) in the post-reaction
sample for all ratios, as compared to the as-synthesized sam-
ple, indicating a subtle shift in the chemistry from hydroxide
to oxide species. The Fe2p peaks increase in peak intensity
from the as-synthesized sample to the post-reaction sample,
which indicates a relative increase in the amount of Fe found
at the nanoparticle surface. This result is supported by the
diffusive oxidation process of Fe, where Fe0 species will
migrate outward and oxidize at the particle surface [50]. The
peak positions for the iron spectra for all eight as-synthesized
samples are the same, which suggests that regardless of as-
synthesized composition, all of the samples contain similar
initial iron surface chemistry, with iron species largely in the
Fe3+ oxidation state. Once the reaction with Orange G occurs,
the peaks increase in intensity from the background noise
and peak locations shift to higher BE for all eight samples.
Again, these results indicate that despite changes in iron-
nickel atomic composition in the bimetallic nanoparticles, the
surface chemistry changes that occur to iron as a result of
reaction with Orange G are similar.

Fig. 4 shows detailed scans of the Ni 2p binding energy
region of each of the ratios before and after reaction with
Orange G. Each ratio has four distinct peaks at 855.4 eV,
861.3 eV, 873.1 eV, and 879.6 eV for the as-synthesized
samples. The Ni2p3/2 peak at 855.4 eV indicates the pres-
ence of nickel hydroxide, and the Ni2p1/2 peak at 873.1 eV
indicates the presence of nickel oxide [44], [51]. The Ni2p3/2

and Ni2p1/2 peaks are similar for NiFe alloy nanoparticles
found in literature for the treatment of azo dyes [8]. The
peaks at 861.3 eV and 879.6 eV are satellite peaks which
indicate an electron correlation in the system [8], [52]. The
larger concentrations of Ni starting at Ni2.5Fe10 ratio show an
additional peak at 852.2 eV, which indicates the presence of
Ni metal in the nanoparticles [53]. Ni metal was present for
NiFe alloy nanoparticles in the literature for the treatment of
azo dyes [8], [41]. Similar to the Fe metal peaks, the Ni metal
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FIGURE 5. Detailed oxygen scans of (a) Ni1Fe10, (b) Ni1.5Fe10, (c) Ni2Fe10,
(d) Ni2.5Fe10, (e) Ni3Fe10, (f) Ni3.5Fe10, (g) Ni4Fe10, and (h) Ni5Fe10

as-synthesized (black) and post-reaction (red) nanoparticles.

peak disappears in the post-reaction spectra, indicating that
the Ni metal oxidizes during the reaction. The peak positions
for nickel spectra for all eight as-synthesized samples are
the same, which suggests that, regardless of composition, the
samples are all in the Ni2+ oxidation state [53]. Once the
reaction occurs, the peaks increase in intensity, indicating an
increase in Ni atoms in the Ni2+ oxidation state on the surface,
likely due to oxidation [54].

Detailed scans of the oxygen 2p binding energy region
(Fig. 5) show a broad peak for all the as-synthesized and
post-reaction nanoparticles, which indicates metal oxides and
metal hydroxides [51], [55]–[58]. The broad peak can be
attributed to both Fe and Ni atoms since oxide and hydrox-
ide peaks were present for both Fe and Ni detailed XPS
scans. From as-synthesized to post-reaction nanoparticles, the
peak intensity increases, indicating an increase of oxygen
on the nanoparticle surfaces post-reaction. For all the ratios
except Ni3Fe10 and Ni3.5Fe10, the oxygen peak sharpens post-
reaction which could be attributed to an increase in metal
hydroxides and decrease of metal oxides.

C. ORANGE G REMOVAL FROM SYNTHETIC WATER
Orange G removal from synthetic water was first tested for the
monometallic nanoparticles, which serve as control materials
for the experimental bimetallic nanoparticle sample set. Re-
sults, shown in Fig. S2, demonstrate that nickel nanoparticles
alone have no removal efficiency for Orange G. In general, in
this study, we measured the loss of Orange G via UV-visible
spectrophotometry, and this measurement can reflect both ad-
sorptive removal of Orange G and destructive degradation of
Orange G by the nanoparticles. Spectrophotometric measure-
ments do not distinguish between adsorption and degradation,
and thus both mechanisms of Orange G removal may oc-
cur [8]. However, with the nickel-only nanoparticles, neither
mechanism occurs, and no removal of Orange G is observed.
In comparison, the iron-only nanoparticles result in removal
of Orange G from solution. The iron nanoparticles cause a
fast decrease in Orange G concentration within 2 min, from

FIGURE 6. The decolorization of Orange G over time with nickel
nanoparticles, iron nanoparticles, and bimetallic nanoparticles at specific
molar ratios of nickel to iron (Ni1Fe10, Ni2Fe10, Ni3Fe10, Ni4Fe10, and
Ni5Fe10), compared to an Orange G control.

1 g/L to 0.6 g/L. Following this fast removal, the nanoparticles
then cause a slow removal of Orange G over the rest of the
tested time period up to 60 min. Overall, the iron nanoparticles
show a decolorization removal of about 70-80% with a fairly
linear decrease in Orange G concentration versus time after
2 min. The control experiment with Orange G tested in solu-
tion and no nanoparticles demonstrates that the iron nanopar-
ticles are directly responsible for the removal of Orange G
from aqueous solution, and there is no evidence of other re-
moval mechanisms, such as adsorption to the container walls.
Although an Orange G treatment efficiency of 70–80% by
the iron nanoparticles is substantial, a material with increased
removal kinetics, increased lifetime, and increased removal of
the dye is desired.

The impact of adding nickel to the iron nanoparticles is
demonstrated in the results of Fig. 6, where even the lowest
amount of nickel, in the Ni1Fe10 composition, results in a sig-
nificant increase in the removal rate of Orange G, as well as in
the total amount of Orange G removed from the solution. All
results shown in the following figures are representative data
sets from experiments that were repeated five times. Addi-
tional graphs with error bars are reported in the Supplemental
Information file. While the error of some of the experiments
is significant, suggesting experimental variability, we note that
each data set as a function of nickel to iron ratio resulted in the
same overall trend. As a result, a single data set is reported
in our figures to illustrate the trends and not necessarily to
report exact or average data points. Experimental variability
is thought to result from the speed of sampling required,
particularly during the first 20 min of each experiment, as
well as individual human error and variability. Sampling every
2 min was desirable to capture the fast decline in Orange G
concentration but resulted in an increase in standard deviation
from the overall average.
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An increase in the Ni content from Ni1Fe10 to Ni5Fe10

causes a decrease in the removal rate of Orange G, while
the overall amount of Orange G removed from solution over
60 min is essentially the same for all Ni to Fe ratios tested.
Within the range of Ni to Fe ratios, the removal of Orange G in
the first 10 min decreases as the ratio increases from Ni1Fe10

to Ni3Fe10. At higher ratios, the Ni4Fe10 composition per-
forms better than Ni3Fe10, and Orange G removal decreases
as the ratio increases from Ni4Fe10 to Ni5Fe10. While the
trend in Orange G removal is clearly a function of nanoparticle
composition, the variability in nanoparticle size (Fig. S1) may
also be influencing the trend in Orange G removal. In partic-
ular, when both possible mechanisms of Orange G removal
are considered, the available surface area of the nanoparticles
would play an important role in both adsorptive removal of
Orange G onto the surface of the nanoparticles and the reac-
tive removal of Orange G through reactions with the metals in
the nanoparticles [8]. The smaller observed nanoparticle size
of the Ni3Fe10 and Ni4Fe10 compositions likely contributes to
the increased Orange G removal, as compared to the higher
ratio and the larger nanoparticles of the Ni5Fe10 composition.
The Ni4Fe10 composition results in a similar Orange G re-
moval rate as the Ni2Fe10 composition, which may also reflect
the impact of the smaller measured nanoparticle diameter,
even though the ratio of Ni to Fe in the nanoparticles is higher.

To investigate the role of the ratio of Ni to Fe in more
detail, additional ratios were tested within the initial range
of Ni to Fe. Results, shown in Fig. 7, show a detailed com-
parison of ratios from Ni1Fe10 to Ni2.5Fe10 and Ni3Fe10 to
Ni5Fe10. Within the lower molar ratio range, Orange G re-
moval efficiencies range between 80–99% after 50 minutes of
treatment, and within the higher molar ratio range, Orange G
removal efficiencies range between 70–90% after 50 minutes
of treatment. Nanoparticles with lower amounts of nickel ex-
hibited more consistent trends in treatment of the Orange G,
as compared to nanoparticles with higher amounts of nickel.
Fig. 7 includes representative data sets of each of the catalysts
and their results over a 50 minute treatment period. Further,
the larger ratio range resulted in a more variable calculated
slope of decline in the initial decrease in Orange G removal.
The initial rate of removal over the first 6 min was about
0.11 g/L/min for the lower ratio range (Ni1Fe10 to Ni2.5Fe10)
versus the higher ratio range (Ni3Fe10 to Ni5Fe10), which
varied from 0.1 g/L/min to 0.05 g/L/min. The differences in
treatment performance with the varying molar ratios can be
due to a number of reasons, depending on how the dye is being
decolorized. In a bimetallic composition, Fe and Ni interact
and react through a series of complex electron transfer redox
reactions, where both the Fe and the Ni contribute to dye
removal. The details of these reactions have been previously
reported [8] and are not discussed in detail here.

In the results reported herein, all nanoparticle samples were
synthesized on a basis of 1 g/L Fe, where the nickel precursor
concentration was changed to obtain the desired Ni to Fe ratio.
Thus, our results demonstrate the impact of increasing nickel
mass content on an equivalent Fe mass basis. We can draw

FIGURE 7. Decolorization of Orange G versus time for (a) lower ratios
(Ni1Fe10 - Ni2.5Fe10) and (b) higher ratios (Ni3Fe10 - Ni5Fe10) of Ni to Fe.

conclusions about how the increasing nickel mass added to
the nanoparticles affects the overall reactivity of the bimetallic
nanoparticle. First, the addition of any amount of Ni to a
Fe nanoparticle effectively enhances the reactivity of the Fe
redox system by adding in additional reactants to the reaction
system. This effect of Ni on Fe is observed in all of our
experimental results. Electron donation between Fe and Ni is
also known to extend the lifetime of the reactivity [8], as can
be observed in comparing the iron-only nanoparticles and any
bimetallic composition in our data. If we first assume reactive
decomposition of the dye is a removal mechanism of the Fe-Ni
reaction system, the lower molar ratios can both extend effec-
tive Fe nanoparticle lifetime and enhance reactivity, while not
blocking the electron transfer sites or adsorption sites at the
nanoparticle surface. However, as the nickel content increases,
we would expect that there is more nickel at the surface of
the nanoparticles, and the adsorption and reaction sites of the
surface are no longer optimal for Orange G removal. It is
possible that the addition of nickel above a certain amount
decreases the availability of electrons available through Fe-Ni
redox reactions due to the changing molar ratio of the two
metals. Thus, the lower molar ratios, while being more stable
than the iron only nanoparticles but perhaps less stable than
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the higher molar ratios, are also more efficient at removing
Orange G than the higher molar ratios.

Assuming adsorption onto the surface of the nanoparticles
is also an important removal mechanism for Orange G, the
higher amounts of nickel can simply be blocking or chang-
ing optimal adsorption sites for Orange G, resulting in less
efficient removal of Orange G from the aqueous solution.
Both reactive degradation and adsorption are expected to oc-
cur during Orange G removal and are likely interconnected
in terms of the overall removal mechanism (i.e., Orange G
degradation largely occurs at the surface of the nanoparticles
during or after Orange G adsorption). Additional factors that
could contribute to variation in Orange G removal efficiency
include differences in nanoparticle size [59] and the impact
of the stabilizer ligands [60], which are parameters that were
not specifically studied in this work. While these parameters
may also impact Orange G removal, it is clear that the molar
ratio of Ni to Fe in the nanoparticles is an important param-
eter to control and understand when evaluating the removal
efficiency of a target contaminant such as Orange G.

D. KINETIC ANALYSIS
A kinetic rate model analysis of Orange G removal data was
performed, and the kinetic rate constants are reported as a
function of Ni to Fe molar ratio in Fig. 8. The data were
analyzed with zeroth, first, and second order reaction rate
equations (outlined in Table S1 the SI) to find the best linear
fit.The data did not fit well to a single rate equation for the en-
tire 60 min experiment, suggesting that there are two regions
of Orange G decolorization and removal for all nanoparticle
samples tested. The data was split into two regions: the first
twenty minutes and the last forty minutes. The two regions
were investigated separately to determine the accurate reac-
tion rate law. All of the data showed an initial Orange G
removal rate with second order rate constants over the first
20 min. of the data showed an initial Orange G removal rate
with second order rate constants over the first 20 min. All of
the nanoparticles, excluding Ni2.5Fe10, Ni4Fe10, and Ni5Fe10,
shift to a zeroth order reaction rate order from 20 min to
60 min. The last forty minutes for Ni2.5Fe10, Ni4Fe10, and
Ni5Fe10 data were unable to adequately fit to a zero, first or
second order reaction rate due to variability in points. Second
order rate constants are shown in Fig. 8(a) and span the first
twenty minutes of the treatment process. An assumption of
pseudo-first order is not a valid assumption in our experiments
as both reactants, Orange G dye and iron/nickel concentration,
decline over time as the dye is removed and the metal con-
stituents are oxidized. Generally, although there is variability
in the rate constants, the second order rate constant decreases
as the molar ratio of Ni to Fe increases. This result is con-
sistent with the visual observations taken from Figs. 6 and 7,
where the lower molar ratios cause a faster decrease in Orange
G concentration over the first 20 min of the experiment. How-
ever, after 20 min, the reaction rate constant increases with
increasing molar ratio of Ni to Fe, as shown in Fig. 8(b). This
result is difficult to visually observe in the graphs above but

FIGURE 8. a) Second-order kinetic rate constants versus Ni to Fe molar
ratios for 20 minutes and b) zero-order kinetic rate constants versus Ni to
Fe molar ratios 20 min to 60 min.

suggests that the nanoparticles have an increased lifetime of
reactivity over time as the molar ratio of Ni to Fe increases.
This result is consistent with the expectation that the addition
of Ni to an Fe nanoparticle increases the overall stability of
the nanoparticle and thus increases the nanoparticle lifetime
in a reactive aqueous system [9]. The shift to a zeroth order
reaction rate suggests that after 20 min, the Orange G and
metal reactant concentrations no longer influence the removal
of Orange G. This shift in reaction rate dependence may signal
a shift in overall removal mechanism, where the additional
removal of Orange G after 20 min occurs as adsorption sites
become available, as adsorbed Orange G is degraded into
by-products, and/or as Orange G molecules are adsorbed onto
newly-formed oxide/hydroxide surfaces.

The detailed Fe scans (Fig. 3) show that the highest Ni
to Fe molar ratios (Ni4, Ni5) have Fe and Ni metal present,
which indicates that the Ni incorporation helps to preserve
the reactive Fe longer than subsequent smaller molar ratios.
While the metal reactant concentration no longer controls the
reaction rate after 20 min, the greater starting Fe and Ni metal
content could possibly influence the increase in reaction rate
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constant after 20 minutes through more available Fe later
in the testing time. Further, the increased Ni content likely
causes the slower reaction kinetics between 0 and 20 min,
where the Ni metal at the surface slows Fe oxidation. The
trade-off of the increased stability later in the reaction is the
decrease in initial reactivity, resulting in a lower initial decline
in Orange G concentration. Overall, a greater concentration of
Orange G is removed for the nanoparticles with lower molar
ratios of Ni to Fe, and the faster removal rate of the lower
molar ratios at short timeframes appears to be more significant
in the overall removal efficiency of the treatment process,
rather than the higher removal rate of the higher molar ratios
of Ni to Fe at later timeframes. The trade-off between lifetime
and reactivity, as well as overall removal efficiency, must be
considered when optimizing a reactive Fe-based material for
water treatment applications.

IV. CONCLUSION
Bimetallic alloy nanoparticles were synthesized via an
aqueous-phase solution chemical reduction and precipitation
method. Specific stabilizers are used to control nanoparticle
formation during synthesis, and the ratio of iron and nickel
precursors was varied by varying the nickel precursor con-
centration for a constant iron concentration. The composition
of the NiFe bimetallic nanoparticles was confirmed through
EDX characterization, and nanoparticle morphology and size
were evaluated by SEM. As-synthesized nanoparticles are
structurally disordered, but after treatment of Orange G have
Fe2O3 and FeOOH cubic peaks in the XRD spectra. Zero
valent metallic contributions to the as-synthesized nanopar-
ticles are seen for higher NiFe molar ratios but are not present
post-reaction, which indicates oxidation occurred. The as-
synthesized and post-reaction samples consist of Fe3+ and
Ni2+ in hydroxide and oxide form. For all molar ratios, post-
reaction samples resulted in sharper, more intense peaks for
both Fe and Ni spectra, which suggests an increase of Fe and
Ni on the surface of the nanoparticles. Fe and Ni atoms are
known to diffuse to the surface of a structure, not into the bulk,
and provides a possible mechanism to explain the surface
changes. Overall, the chemical surface changes are similar for
all of the nanoparticles despite different molar ratios. Batch
reactor studies with the azo dye Orange G demonstrated that
the removal of Orange G, as measured by UV-visible spec-
trophotometry, is directly dependent on the composition of
the bimetallic nanoparticles. Second order kinetic rate con-
stants for the first 20 min of Orange G removal decrease with
increasing Ni to Fe molar ratio, suggesting optimal removal
efficiency is achieved at lower Ni:Fe ratios. After the first
20 min of dye removal, the reaction shifts to a zeroth order rate
equation, and the rate constant increases with increasing Ni to
Fe molar ratio, suggesting that higher nickel content enables
longer reactive lifetime. The results of this study demonstrate
the need to understand how the composition of NiFe bimetal-
lic nanoparticles impacts contaminant removal kinetics and
illustrate an important trade-off between initial reactivity and
reactive lifetime.
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