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a b s t r a c t
The use of bimetallic nanoparticles (BNPs) for contaminant reduction has gained prominence in 
recent years. In this work, the effect of initial selenium concentration, BNP loading, dissolved oxygen 
and pH on selenium reduction using Ni–Fe BNPs was investigated in batch kinetic and equilibrium 
studies. Equilibrium studies revealed that maximum selenium uptake was obtained at near neutral 
pH. Reaction kinetics of Se(VI) and Se(IV) reduction on Ni–Fe BNPs was best described Langmuir–
Hinshelwood kinetics, with first order at low Se concentrations and zero order at high Se concentra-
tions. For both selenium species, complete removal was obtained within 1 h of contact time. Reaction 
rates for Se(VI) were higher than that of Se(IV), indicating a two-step reduction process. With increase 
in Ni–Fe loading (i.e., increase in number of active surface sites), reaction rates also increased linearly, 
suggestive of an adsorption-controlled rate-limiting step. Deviation from linearity was observed due 
to the deactivation of the Ni–Fe catalysts. The presence of dissolved oxygen did not significantly affect 
Se reduction rates. Reduction of selenate, Se(VI), and selenite, Se(IV), on Ni–Fe BNPs occurred primar-
ily due to: (1) adsorption of Se species on the active surface sites; (2) chemical reduction reactions on 
the surface and (3) sorption of the reduced Se species. 
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1. Introduction

The use of bimetallic nanoparticles (BNPs) for the treat-
ment of groundwater and surface water contaminants has 
increased significantly in recent years [1–3]. In most BNPs, 
zerovalent iron (Fe0) is the base metal, and the second tran-
sition metals (e.g., Ni, Cu, Co, Pd) or alkaline earth metal 
(e.g., Mg) is galvanically coupled with the base metal [4–15]. 
In comparison with Fe0 nanoparticles (NPs) alone, BNPs 
have shown significant improvement in the treatment and 
remediation of several chlorinated hydrocarbons [5–9], poly-
chlorinated biphenyls [10,11], and redox sensitive toxins 
like arsenic, selenium and chromium [4,5,12–15]. The rate 

of contaminant removal (either via reduction or adsorption) 
using BNPs was found to be at least twofold higher com-
pared with Fe0 [4,5,9–15]. 

The increased efficiency with the use of BNPs is largely 
due to: (1) their high reactivity attributable to high surface 
areas and (2) the catalytic activity of the second metal when 
coupled with the base metal (i.e., Fe0) [4,5,9–15]. First, the 
high specific surface areas of NPs, e.g., Fe0 (33.5 m2 g–1), com-
pared with that of conventional microscale iron (typically of 
size <1 m2 g–1) lead to higher rates of surface reactions [16]. 
With particle dimensions approaching nanometer sizes 
(5–10 nm), quantum effects begin to influence the physical 
and chemical properties [16]. These quantum effects cause 
changes in the Fermi level and band gap, which can lead 
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to increases in reactivity with decreasing particle size [16]. 
Second, when a second metal is galvanically coupled with 
base metal, the more noble metal participates in the reaction, 
while other metal corrodes to galvanically protect the noble 
metal. This galvanic coupling of two metals: (1) increases 
the catalytic activity of the BNPs; (2) retards the formation 
of the oxide film on the surface of base metal via an in situ 
regeneration process; and (3) induces the less nobler metal 
to release electrons at a faster rate thereby enhancing the 
rate of contaminant removal [4,5,9–15]. Finally, the ability 
of the metal oxides formed after oxidation of the bimetals 
to adsorb the contaminant and any intermediates (formed 
during reduction reactions) augments contaminant removal 
[4,5,9–15]. 

In our previous work [4], we reported the use of Ni–Fe 
BNPs for the reduction of selenate, Se(VI), from aqueous solu-
tions. The rate of selenate reduction on Ni–Fe BNPs was 3–4 
times higher when compared with Fe0. The standard reduc-
tion potentials (E0) for Fe and Ni are –0.44 V and –0.28 V, 
respectively, suggesting that the spontaneous oxidation of 
the metals is thermodynamically favored. The mechanism 
proposed for Se(VI) reduction was as follows: (1) reduction of 
Se(VI) on the Ni0 surface, resulting in the oxidation of Ni0 to 
Ni2+ (reaction (1a) or (1b)); (2) oxidation of galvanically cou-
pled Fe0, thereby releasing its electrons for the regeneration 
of Ni (reactions (2) and (3)); and (3) formation of metal oxides 
that would subsequently adsorb/complex reduced Se species 
(i.e., Se(IV) or Se0) (reaction (4)). 

Ni + SeO + H O Ni + SeO + 2OH0
4
2

2
2+

3
2− − −→  (1a)

3Ni + SeO + 4H O 3Ni + Se (s) + 8OH0
4
2

2
2+ 0− −→  (1b)

Fe Fe + 2e0 2+→ −  (2)

Ni + 2e Ni2+ 0
(s)

− →  (3)

Fe + 2OH Fe(OH) or FeOOH2+
2

− →  (4)

Reduction of Se(VI) or Se(IV), either via a mechanism 
of stepwise reduction to Se(IV) and then finally to Se0 or 
Se(–II) or via a direct reduction to Se0, depends on the 
formal cell potential of the metallic powder. X-ray photo-
electron spectroscopy and scanning transmission electron 
microscopy (STEM) based X-ray energy-dispersive spec-
troscopy (XEDS) analysis of Se(VI) and Se(IV) reduction 
on Fe0 NPs strongly indicated that the final reduced forms 
of Se were selenide (Se(–II) and elemental selenium (Se0) 
[13,14]. Stepwise reduction of Se(VI) was suggested, and 
the presence of Fe2+ oxides coat over the Fe0 shell encap-
sulated the reduced selenium forms [13,14]. Rates of 
BNP catalytic reactions depend on several factors such as 
structural properties of BNPs; contaminant concentration; 
reaction conditions such as pH, presence or absence of 
dissolved oxygen; and impurities on the catalytic surface. 
Certain reaction conditions such as contaminant concen-
tration and temperature will increase reaction rates, while 

absence of oxygen may reduce rates [4,12–17]. As noted 
in the mechanism above, spontaneous oxidation of the 
metals, while inducing reduction reactions, also results in 
the formation of an oxide film on the surface of NPs. The 
presence of the oxide layer can deactivate the BNP sur-
face, since the zerovalent metal on the surface is no longer 
available for reaction (corrosion, reduction or adsorption). 
BNPs undergo rapid deactivation due to the formation 
of iron oxide, which engulfs the matrix within 24 h [2–4]. 
Greenlee et al. [17] noted that presence of oxygenated con-
ditions enhanced oxidation rates of Fe0 NPs, resulting in 
the formation of metal oxides on the NP core. However, 
Schrick et al. [8] noted in their study that Ni–Fe BNPs 
retained their activity for longer durations. 

A crucial understanding of the various factors 
influencing selenium reduction is warranted for assessing 
feasibility in field applications. In this present work, we 
report the effect of reaction conditions, i.e., pH, initial Se 
concentration, BNP loading, and dissolved oxygen on the 
selenium reduction rates. The effect of pH was determined 
in equilibrium studies. Kinetic data was collected to deter-
mine the effect of select parameters on reaction rates. In 
addition, the loss of catalytic activity of the Ni–Fe BNPs 
upon use was also determined. 

2. Materials and methods

2.1. Materials

Sodium selenite (Na2SeO3), sodium selenate (Na2SeO4), 
hydrochloric acid (HCl), sodium hydroxide (NaOH), ferric 
chloride (FeCl2.7H2O), nickel chloride, anhydrous (NiCl2) and 
sodium borohydride (NaBH4) were obtained from Fischer 
Scientific (Chicago, USA) and used as received. 

2.2. Synthesis of bimetallic Ni–Fe nanoparticles

Synthesis of Ni–Fe BNPs involves the simultaneous 
reduction of the metal ions in aqueous solution by NaBH4 
[4]. Equimolar metal salt solutions of (0.5 M) nickel and iron 
was treated with excess borohydride solution (0.8 M) and 
ultrasonically agitated for 30 min. Ultrasonic agitation of the 
mixture ensures small particle size of the Ni–Fe BNPs. The 
precipitated solids, i.e., Ni–Fe, were recovered via centrifuga-
tion, followed by drying at 85°C in nitrogen-rich atmosphere 
for 24 h, to prevent oxidation of iron or nickel. 

2.3. Batch experiments on selenium reduction

Stock solutions (1,000 mg L–1) of Se(IV) (7.87 mM) 
and Se(VI) (7 mM) were prepared in deionized water and 
maintained at near neutral pH (~7.0). Table 1 presents the 
summary of parameters investigated and the range of 
those parameters. Among the various parameters, pH has 
a strong influence on the rate of the reaction, since sorption 
of the contaminant on the surface determines surface reac-
tion rates. Therefore, we initially performed equilibrium 
pH studies to determine the pH at which maximum sorp-
tion occurred. Equilibrium studies using different Se(VI) 
and Se(IV) concentrations at five different pH conditions 
were conducted. The solution pH was varied using 0.1 N 
HCl or 0.1 N NaOH. As detailed below, maximum Se(VI) 
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uptakes were observed at pH of 7.1. Therefore, subsequent 
experiments were performed at that pH value. 

Se concentrations in groundwater and surface water 
range from 0.01 µg L–1 to 1.8 mg L–1 [18]. However, Se(IV) 
and Se(VI) reduction kinetics at such low concentration 
was observed to be very fast to collect usable kinetic 
data. Therefore, higher Se concentrations were used to 
determine the effect of reaction parameters on rates. 
The kinetics of most heterogeneous catalytic reactions 
depend on the concentration of the reactant and the cat-
alyst loading. In this study, the initial selenium concen-
tration was varied from 10 to 100 mg L–1 in the study on 
the impact of initial Se concentration. Ni–Fe BNPs load-
ing was varied from 0.25 to 5 mg L–1. Since the reduction 
of Se using Ni–Fe BNPs is dependent on the oxidation of 
the metals, effect of dissolved oxygen on reaction rates 
was also investigated. The selenate solution was purged 
with N2 gas to create anaerobic condition, and air to create 
aerobic conditions. The residence time for the reduction 
studies was about 3 h unless otherwise noted. The solution 
pH in all experiments except those in which the pH was 
controlled corresponds to the pH before the addition of 
solids to the flasks (pH = 7.0 ± 0.1). A small volume of the 
solution (less than 1 mL) was collected at desired intervals 
in Whatman Autovial syringeless filters (Fisher Scientific, 
Chicago) and then analyzed. For the kinetic studies, sam-
ples were collected at desired intervals and filtered for 
analysis. 

2.4. Characterization and analysis

Total selenium was measured using an inductively coupled 
plasma–mass spectrometer (DWR Bryte Laboratory, California) 
using EPA Method 200.8. The detection limit was 10 µg L–1. 
Selenium speciation analysis was performed using an ion chro-
matograph (DX-500, Dionex, California). The particle size dis-
tribution was obtained using a Laser Microtrac Particle Size 
Analyzer. Energy-dispersive X-ray (EDX) spectroscopy was uti-
lized to quantify the relative content of each metal in the bime-
tallic particles. Quantachrome Nova 2000 BET analyzer was 
used to estimate the surface areas of the powders. The NP size 
and structure were analyzed using a Hitachi scanning electron 
microscope (SEM) and transmission electron microscope (TEM). 

3. Results and discussion

3.1. Bimetallic nanoparticle characterization

Fig. 1 presents the representative SEM and TEM images of 
the Ni–Fe BNPs. Relative composition of the Ni–Fe BNPs as 
seen in the EDX analysis was 1:1 nickel:iron. Residual chloride 
was present in the Ni–Fe BNPs, an artifact of using nickel and 
ferric chloride for synthesis. SEM and TEM images showed 
that the most of the particles were submicron in size, and the 
average particle size obtained from the TEM was approxi-
mately 50 nm. The mean size of the BNPs ranged from 0.2 to 1 
µm, due to agglomeration. The Brunauer–Emmett–Teller sur-
face area was 45.1 m2 g–1. 

Table 1
Experimental conditions

Range of parameter Parameter investigated

Initial Se(VI) 
concentration

Initial Se(IV) 
concentration

Ni–Fe loading pH Dissolved oxygen

Initial Se(VI) conc. (mg L–1) 10–100 – 1 10, 25, 50 50
Initial Se(IV) conc. (mg L–1) – 10–100 1 10, 25, 50 50

Ni–Fe loading (g L–1) 5 5 0.5–5 5 5

pH 7.0 ± 0.1 7.0 ± 0.1 7.0 ± 0.1 2.9–10.5 7.0 ± 0.1

Temperature (°C) 25 25 25 25 25

 

C B A 

Fig. 1. SEM (A), TEM (B) and EDX (C) analysis of the Ni-Fe BNPs.
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3.2. Effect of pH

For catalytic reactions to occur, the reactant must attach 
itself to the surface of the catalyst either via adsorption or 
via complexation processes. Solution pH is one of the key 
parameters in Se(VI) removal, as it affects Se(VI) and Se(IV) 
adsorption capacities. Therefore, equilibrium–pH stud-
ies were performed to identify pH conditions that would 
ensure maximum Se(VI) reduction. Fig. 2 shows Se sorption 
vs. solution pH. The equilibration time was 72 h, at a BNP 
loading of 5 g L–1. Selenium removal via sorption/reduction is 
maximum in neutral pH range and decreased beyond neutral 
pH. Percentage removals for Se(IV) were higher than Se(VI), 
expectedly. Studies have shown that Se(VI) forms weak out-
er-sphere complexes, while Se(IV) forms strong inner-sphere 
complexes with metal/metal oxides [19–22]. Su and Suarez 
[20] and Yoon et al. [22] observed maximum Se removal 
(via sorption) on Fe oxides and Fe0 in the pH range of 4–7. 
Beyond pH of 8.0, Se sorption tends to decrease. Decrease in 
Se(VI) removal in highly acidic or basic conditions is largely 
due to: (1) competition for surface sites for Se(VI) reduction 
and hydrogen evolution at low pH (where H+ concentration 

are high) and (2) formation of metal oxides/oxyhydroxide 
precipitates at high pH, which act as a physical barrier to 
selenium reduction on the BNP surface. 

Based upon the pH-sorption curves, an additional 
equilibrium study was performed to determine the 
adsorption constants. Sorption experiments at pH 3.6 and 7 
were performed using Se concentration of 100 and 250 mg L–1, 
respectively. Fig. 3 shows the Se(IV) and Se(VI) surface cover-
age vs. equilibrium Se concentration for the two pH conditions. 
The data was modeled using Langmuir isotherm equation 
(Table 2), assuming monolayer sorption and the maximum 
capacity of the Ni–Fe BNPs for Se sorption were determined. 
The plot of 1/q vs. 1/Ce was a straight line (R2 > 0.9), and the 
maximum capacity was determined using the slope and inter-
cepts. As seen in Table 2, the maximum capacity for Se(IV) and 
Se(VI) was 12–16 mg g–1, consistent with Se sorption capacities 
reported elsewhere [4,19–22]. The sorption capacity of Se on 
Ni–Fe were similar, except for Se(VI) at neutral pH, which was 
almost twice the other capacities. Deviation from Langmuir 
isotherm model was noted at high equilibrium concentra-
tions (corresponding to high initial Se concentration of 100 
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Fig. 2. Effect of pH on selenium removal at different Se(IV) (A) and Se(VI) (B) concentrations.

0.0

10.0

20.0

30.0

40.0

0.0 20.0 40.0 60.0 80.0 100.0

Up
ta

ke
 (

m
g/

g)

Eq. Conc. (mg/L)

Selenate Se (VI) Isotherm

pH = 3.6

pH = 7.0

0.0

10.0

20.0

30.0

40.0

50.0

0.0 20.0 40.0 60.0 80.0

Up
ta

ke
 (

m
g/

g)

Eq. Conc. (mg/L)

Selenite Se (IV) Isotherm

pH = 3.6

pH = 7.0

(A) (B)

Fig. 3. Adsorption isotherms for Se(IV) (A)and Se(VI) (B) at two different pH conditions. Dashed lines show the modeled Langmuir 
isotherm. 



G.B. Jegadeesan, S.B. Lalvani / Desalination and Water Treatment 67 (2017) 292–299296

and 250 mg L–1). Langmuir isotherm model, which assumes 
monolayer and an intact surface, may not be the best descrip-
tor of Se(VI) sorption on Ni–Fe, due to the series of redox reac-
tion occurring on the Ni–Fe BNP surface. However, they have 
been used frequently to determine sorption capacities. At very 
high Se(VI) concentration, surface coverage are dependent on 
the number of active (reactive) sites available for sorption. 
The observed surface coverage was found to be significantly 
higher than the modeled data. This indicated that the more 
number of reactive sites (in addition to those present on the 
BNP surface) participated in the sorption process. XEDS–
STEM studies on Se(IV) reduction on Fe0 suggested that Fe0 
induced reduction process and the solid phase diffusion of 
Se(IV) and its reduced species into the inner core of Fe0 were 
the predominant mechanisms [14]. The observed data here 
appeared to be in concurrence with mechanisms reported 
elsewhere [14]. Higher sorption uptakes (surface coverage) at 
pH of 7 is beneficial since natural pH of contaminated surface 
and groundwaters ranges between 6.5 and 8.5. 

3.3. Effect of selenium concentration of rate kinetics

Fig. 4(A) presents the kinetic data for Se(IV) reduction 
on Ni–Fe BNPs, expressed as the ratio of concentration to 

initial concentration (C/C0). In general, Se(IV) concentration 
decreased exponentially with time. Near complete removal 
(non-detect concentration) was observed within 10 min of 
reaction, when 5 mg L–1 was treated with 5 g L–1 of Ni–Fe 
BNPs. As initial concentration increased from 10 to 50 mg L–1, 
time required to achieve complete removal also increases, 
suggestive of decrease in reaction rates. It was observed that 
almost 98% of Se(IV) removal was obtained for initial Se(IV) 
concentrations of 10–50 mg L–1. Fig. 4(B) presents the kinetic 
data for Se(VI) reduction on Ni–Fe BNPs, expressed as the 
ratio of concentration to initial concentration (C/C0). As the 
initial concentration increased tenfold, the removal percent-
age decreased from 100% to almost 80% within 10 min of 
reaction time (final Se(VI) concentration = 9.4 mg L–1). A com-
parison of Se(IV) and Se(VI) concentration-time plots clearly 
indicates that Se(IV) removal was faster when compared 
with Se(VI) removal. 

Reduction of contaminants on heterogeneous catalytic 
surfaces is often expressed by Langmuir–Hinshelwood kinet-
ics, shown in Eq. (A) [4,23,24]:

− =
+

dC
dt

k K C
K C

A s eq A

eq A1
 (A)

In the above equation, CA is the contaminant (Se) con-
centration; ks is the surface reaction rate constant and Keq is 
the equilibrium constant. At very low reactant concentration 
(CA << 1), the rate of reaction assumes first-order kinetics, 
and at high reactant concentrations, reaction follows zero-or-
der kinetics. Studies on BNP-assisted dechlorination and 
other reduction reactions have indicated that the reaction 
of the adsorbed molecules on the catalyst surface is the 
rate-determining step, with all the other steps (adsorption and 
desorption) assumed to be in equilibrium [4,23,24]. Fitting 
the experimental data to the mathematical expressions from 
Langmuir–Hinshelwood kinetics has often shown significant 
deviations due to the following reasons: (1) adsorption of 
reactant on the catalyst is a function of the available active 
surface sites; therefore, pseudo-steady-state conditions may 
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Fig. 4. Kinetics of Se(IV) (A) and Se(VI) (B) reduction on Ni–Fe BNPs. Se concentration normalized to initial Se concentration, C/C0.

Table 2 
Sorption capacity (mg g–1) and sorption potential (L g–1) obtained 
using Langmuir isothermsa

Langmuir isotherm modela

Se(IV) Se(VI)
pH Maximum 

capacity 
(mg g–1)

Potential pH Maximum 
capacity 
(mg g–1)

Potential

3.6 12.2 0.9 3.6 13.2 19.02
7 14.4 0.32 7 25.8 3.15

aLangmuir equation: q
aq C
aC

e

e

=
+
max

1 , where q = surface coverage; 
qmax = maximum coverage (capacity); Ce = equilibrium solute 
concentration and a = adsorption potential.
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not accurately represent the reaction kinetics, and (2) cata-
lyst surface comprises both active and non-reactive sites, not 
accounted for in the models. 

Kinetic studies revealed that both Se(IV) and Se(VI) fol-
lowed Langmuir–Hinshelwood kinetics. The inverse of the 
reaction rate, ( −

dt
dCA ) increased linearly with 1/CA. The linear 

expression was fitted to the data, and the goodness of fit was 
0.92–0.97. Table 3 shows the various rate constants (ks and 
Keq). A common method used to distinguish whether a cer-
tain heterogeneous catalytic reaction is adsorption or surface 
reaction limited involves the measurement of the initial rate 
as a function of reactant concentration [21]. If the initial rate 
linearly increases with reactant concentration, it is adsorp-
tion controlled. If the increase is asymptotic, then it is surface 
reaction or desorption controlled. As can be seen in Table 3, 
the initial rate increased linearly with Se concentration for 
both Se(IV) and Se(VI). This suggested that both Se(IV) and 
Se(VI) reduction on Ni–Fe BNPs was adsorption controlled. 
The ratio of the ks to Keq was observed to be high, clearly indi-
cating an adsorption-controlled process. The ratio was less 
pronounced for Se(IV), suggesting both adsorption and sur-
face reaction mechanisms may control the reaction rate. The 
rate of Se(VI) reduction by Ni–Fe BNPs was higher than that 
for Se(IV), probably due to a two-electron requirement to 
reduce from Se(VI) to Se(IV) (less energy) as opposed to a 
four-electron reduction (Se(IV) to Se0, higher energy). At the 
start of the reaction, the number of reactive sites on the BNP 

surface is higher, resulting in higher rates of surface catalyzed 
reaction. As reaction progress, the reduction of Se(IV) to its 
elemental state on the catalyst surface renders the sites inac-
tive and lowers initial rates. Catalytic activity of the zerova-
lent metals decreases due to: (1) formation of metal oxides 
on the catalytic surface and (2) decreased porosity [13,14,25]. 

3.4. Effect of dissolved oxygen and catalyst loading

The chemical stability and longevity of Ni–Fe BNPs 
depends on rate of oxidation of the zerovalent metals in aque-
ous solutions. In the subsurface, anoxic conditions at high pH 
values (7.5–8.5) are often observed [14,17,25,26]. The pres-
ence or absence of dissolved oxygen in aquatic streams can 
affect Se removal on Ni–Fe BNPs in multiple ways. Higher 
levels of O2 will increase metal oxidation rates, increasing the 
initial rates of reactions, at the expense of chemical stability 
or longevity of the BNPs. Conversely, negligible or lower 
levels of O2 will impede the reaction rates, but the longev-
ity of the BNPs will increase [25,26]. The dissolved oxygen 
concentration was measured to be <0.5 mg L–1 for anoxic sys-
tems. When gases were not purged (i.e., natural systems), 
dissolved oxygen was measured to be 5 mg L–1.

Fig. 5 shows the comparison of the kinetic data under 
aerobic and anaerobic conditions. It was observed that 
under oxygenated conditions, the black Ni–Fe BNPs turned 
brown faster, possibly suggesting a faster rate of oxide film 

Table 3
Kinetic rate constant for Se(IV) and Se(VI)

Concentration 
(mg L–1)

Se(IV) Se(VI)

ks (mg L–1 min–1) Keq (L mg–1) Initial rate ks (mg L–1 min–1) Keq (L mg–1) Initial rate

10 5.291 0.133 52.91 61.3 0.1 613.5
25 2.564 0.118 64.10 41.7 1.0 1,041.7

50 1.67 0.09 83.33 32.3 0.4 1,612.9
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Fig. 5. Reaction kinetics of Se(IV) (A) and Se(VI) (B) reduction under aerobic and anaerobic conditions. 
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generation, when compared with the Ni–Fe BNPs in deox-
ygenated conditions. However, the kinetic data in Fig. 5 
shows no significant difference in the Se removal under the 
different conditions. The surface reaction rate constant (ks) 
obtained from the kinetic data (using Eq. (A)) ranged from 
10.3 to 12.7 mg L–1 min–1, suggesting that the surface reaction 
rate did not significantly change. It was observed that the rate 
of Se(VI) reduction was higher than rate of Se(IV) reduction 
in both conditions. Interestingly, the equilibrium constant 
(Keq) was significantly low for Se(IV) (ranged from 3.4 to 4.4), 
when compared with Se(VI) (13.4–14.4), suggesting higher 
Se(VI) reduction and subsequent adsorption. 

Increasing the catalyst loading (i.e., the number of active 
sites on the catalyst surface) is expected to increase reaction 
rate. The effect of Ni–Fe BNP loading on Se reduction kinetics 
is shown in Fig. 6. Since the activity of Ni–Fe BNPs reduced 
as time progressed, the duration of the kinetic experiments 
was limited to 10–30 min. Langmuir–Hinshelwood rate 

expression was used to determine equilibrium and rate con-
stants. The goodness of fit was 0.91–0.98, and the variation in 
rate constants with loading is presented in Fig. 7. The surface 
reaction rate decreased (ks) with increasing loading, and the 
decrease for more pronounced for Se (VI), compared with 
Se(IV). However, the equilibrium constant increased, clearly 
suggesting that adsorption was the rate controlling step. With 
increase in the active site density, more Se was being adsorbed, 
and therefore, the equilibrium constant was higher. 

4. Conclusions

To understand the effect of reaction parameters on 
Se(VI) reduction on Ni–Fe BNPs, batch kinetic and equi-
librium experiments were performed. The effect of initial 
Se concentration, BNP loading, pH and dissolved oxygen 
was investigated. Selenium reduction was maximum at 
near neutral pH range (pH = 7.1), with decreased surface 
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coverage at either ends of the pH spectrum. Competition 
for active sites by protons or deactivation of surface sites 
due to formation of iron oxyhydroxides may be reasons for 
low coverage at low and high pH, respectively. Deviation 
from assumed monolayer adsorption was observed. Se(IV) 
was more rapidly removed and had higher removal effi-
ciency, when compared with Se(VI) removal. Initial reac-
tion rates increased with Se concentration, indicating 
adsorption controlled rate-limiting step. Overall, the rate 
of reaction followed Langmuir–Hinshelwood kinetics, with 
first order at low Se concentration, shifting to zero order at 
high concentration. The amount of Ni–Fe BNPs used sig-
nificantly affected rates of reduction, with greater depen-
dence on number of active surface sites at high Se concen-
tration. Rate constants increased linearly with the number 
of active sites, with deviation observed at very high load-
ings. It was observed that the presence or absence of oxy-
gen did not significantly impact Se removal. Decrease in 
reaction rate with increasing time was attributed to loss of 
catalytic activity of the Ni–Fe catalyst. The study concludes 
that Ni–Fe BNPs are efficient catalysts for the reduction of 
oxyanionic trace metals such as selenium, both in surface 
and groundwater. 
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