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ABSTRACT

This report is an evaluation of the selenium removal from agricultural drainage water and
synthetic solutions contaminated with high amounts of selenium. Batch and kinetic studies were
conducted on the removal of selenium and the effectiveness of various remediation materials was
determined. The agricultural drainage water samples were obtained from San Joaquin Valley and
provided by Department of Water Resources, California.

Nanosized zerovalent NiFe and Fe particles rapidly reduced and immobilized selenate from
aqueous solutions. Nearly 100% selenate removal was obtained in five hours under most
conditions. The data show that, at identical solids loading, the use of NiFe particles as compared
to Fe and Ni particles accomplished greater than 42% and 56% removal, respectively. Reduction
of selenium using bimetallic nanosized NiFe particles resulted in nearly complete selenium
removal from agricultural drainage water samples. The presence of sulfates in the aqueous
solutions decreased the degree of removal. However, sufficient removal is possible using these
particles and can be used to achieve the 10 ppb USEPA mandated levels. Immobilization of
selenate with barium chloride also appears to be an effective method with the final cleanup of
selenium with NiFe bimetallic particles.

The adsorption studies on both selenite and selenate removal showed that the commercially
available sorbents such as y alumina, a alumina and activated carbon showed some promising
results for selenite removal. However, they were found to be completely ineffective for selenate
removal, which is one of the predominant selenium species in the agricultural drainage water.
The data also showed that y alumina provided higher selenite removal percentages (99%) as
compared to o alumina (94%), activated carbon (87%) and chitin (49%). The selenite removal
was found to decrease with increasing initial Se (IV) concentration in the solution. Adsorption
capacities of the adsorbents are reported in terms of their Langmuir adsorption isotherms. The
adsorption capacity (on unit mass basis) of the adsorbents for selenite is in the order: chitin <
activated carbon < o alumina < y alumina. Generally, low pH of the solution resulted in
favorable selenium removal.

Adsorption experiments at controlled pH conditions confirmed that surface charge density can
have significant influence in equilibrium uptakes of these oxyanions. Modification of the carbon
surface by copper cations significantly enhanced the equilibrium uptakes of both selenite and
selenate. The surface modification of activated carbon resulted in up to 68% and 217%
enhancement in uptakes from aqueous solutions containing 1 mg/L selenite and selenate,
respectively. Similarly, the increase in selenite and selenate uptakes with the use of modified
Southern Illinois University fly ash derived char carbon (SIUF_C) was evaluated to be 240 and
80%, respectively, while those employing modified Lake of Egypt fly ash derived char carbon
(LOEF _C) showed an increase of 155 and 128%, respectively, over the as-extracted carbons.
Sulfate and nitrate were observed to hinder the uptake selenite, while chloride did not affect
selenite uptake.

This report was submitted by the Southern Illinois University, Carbondale (SIU) in fulfillment of
Contract Agreement Number: 4600001985 under the sponsorship of the Department of Water
Resources, California (DWR). This report covers the experimental work done from July 2001
through June 2004.
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1 INTRODUCTION

The purpose of this study (Contract Agreement Number: 4600001985) was to evaluate several
remediation techniques for selenium removal including; 1) Adsorption using commercially
available adsorbents; 2) Reduction using metallic particles and 3) Immobilization via
precipitation of selenium from contaminated agricultural drainage water. The Department of
Water Resources (DWR), California has actively participated in sponsored investigations
involving agricultural drainage water since 1960. The significant attention on element selenium,
over the last decade, is attributed to its ambivalent character as a micronutrient and a carcinogen.
Selenium though essential at low amounts, is toxic at high concentrations, with a relatively small
difference between the two levels (USEPA, 1986). The United States Environmental Protection
Agency has determined 0.01 mg/L to be the maximum allowable contaminant level in drinking
water — surface and subsurface. The presence of selenium at concentrations as high as 1.3 mg/L
in the agricultural drainage water in the San Joaquin Valley has prompted this investigation.

In June 2001, Dr. Shashi Lalvani commenced a project with the cooperative effort of DWR and
Mechanical and Energy Processes Department, Southern Illinois University, Carbondale to
provide practical solutions for the removal of selenium from agricultural drainage waters to
acceptable levels before it could be discharged. The project began July 2001 and ended June
2004.

The primary objective of this investigation was to:

1. Evaluate effective remediation technologies for selenium removal from contaminated
synthetic solutions prepared in the laboratory;

2. Test the most effective adsorbents on selenium contaminated agricultural drainage water
from San Joaquin Valley provided by Department of Water Resources, California.

The investigation was conducted in three phases:

1. Phase I - Adsorption of selenium on commercially available adsorbents such as activated
alumina, activated carbon, chitin, fly ash products and modified carbons;

2. Phase II - Reduction of selenium using nanomaterials consisting of Ni-Fe;
3. Phase III - Immobilization of selenium via precipitation using barium chloride.

Batch laboratory experiments were performed in small reactors where a fixed volume of
selenium was contacted with the remediation materials. Data on selenium removal was obtained
and the materials were identified based on their removal efficiencies. Although, the ultimate
objective is to remove selenium from the agricultural drainage waters, it is necessary to conduct
fundamental investigations into the removal process such that the process can be designed for
maximum removal.

The first phase of the investigation involving adsorption of selenium started in June 2000 and
continued until June 2001. The second phase of the investigation involving the reduction of
selenium using bimetallic nanoparticles began in July 2001 and ended Feb 2003. The third phase
of the investigation involved immobilization of selenium via barium chloride precipitation. Batch
experiments were performed using barium chloride as a precipitation agent for the removal of
sulfate as barium sulfate. These studies started March 2003 to June 2003.



2 BACKGROUND

2.1 Selenium: A Brief Introduction

In natural waters, selenium exists in four different oxidation states (-II, 0, +IV, +VI). Among
these, Se (IV), selenite and Se (VI), selenates are the most common species in ground water and
surface water (Levander, 1985). Selenium can also exist as organic species in the form dimethyl
selenide (-1I), dimethyl diselenide (highly volatile), trimethylselenonium, and selenoamino acids.
Although thermodynamics may predict that a particular form of selenium should be present in
the environment, biological and reduction process may cause selenium to exist in various states.
Many of the transformations of selenium from different oxidation states and between inorganic
and organic forms are mediated by microbial processes. Wetland organisms can bioaccumulate
selenium to a very high degree and the incorporation of live and dead organisms (especially
plants and microbes) into wetland sediment forms a large reservoir of selenium in sediment
organic matter (Presser, 1994). In agricultural soils and wetland sediments, the inorganic forms
of selenite and selenate exist, primarily attached to clays and mineral oxides. Shallow
groundwater of agricultural areas in the San Joaquin Valley, CA, has been extensively studied.
Selenium, occurring naturally in alluvial soils of the arid western San Joaquin Valley, is leached
by irrigation water and concentrated, with other salts, in the topsoil by evaporation. Selenium is
mobilized when the soils are drained to remove all accumulated salts and is carried into the
reservoir. Under oxidative conditions, selenium generally exists as selenate (SeO47).

Thermodynamic calculations also indicate that selenite (SeO3?), elemental selenium (Se (0)) and
selenide (Se (-I)) could exist in reducing environments (Davis et al.., 1979).

The level of toxicity is dependent on the concentration of selenium in its sources, mainly fruits
and seafood. For example, irrigation in the western part of the California’s San Joaquin Valley
has produced high-salt drainage water containing selenium (Se) at levels that have ranged from
0.14 to 1.3 mg/L. Prolonged exposure to more moderate levels of selenium results in chronic
dermatitis, selenosis and fatigue, among humans (Letey et al.., 1986).

2.2  Pertinent Selenium Remediation Technologies

Considerable research on selenium remediation from ground and surface water has been reported
in the past. The most prominent of these technologies include adsorption on activated alumina
and iron hydroxides, precipitation and coagulation and reduction using iron corrosion products
(Kapoor et al.., 1995). The mobility and toxicity of selenium in drinking water is greatly
influenced by the interaction of the sorbents and reductant with the selenium anions and the
stability of the complexes formed. The following paragraphs briefly discuss the various
remediation techniques reported in literature.

Conventional water treatment technologies such as coagulation have been used unsuccessfully in
the past. Coagulation involves the agglomeration of colloidal particles to form large particles
which can be easily separated from solution by sedimentation or filtration. Conventional water
treatment using ferric sulfate and alum coagulation have been conducted on selenium containing
water in pilot scale studies. The conclusions of the study were: ferric sulfate and alum
coagulation (at 25 mg/L) can achieve EPA < 50 pg/L when the Se (IV) concentration is only
slightly above 50 ng/L and the pH of the water is 7 or less (Lykins et al.., 1994). The effluent



concentration from the pilot plant exceeded the EPA drinking water standards.

Ion exchange process involves the chemical reaction of ions in water and solid phase. The solid
phase is usually a kind of polymeric resin that has a certain electric charge. The charge
functional groups present in the resin attract that oppositely charged selenium compound present
in water and hold them by electrostatic forces. lon exchange is used widely for treating drinking
waters, dilute metal bearing solutions, wastewaters, and groundwaters. However, its application
for removing selenium has some successes and some failures. Ion exchange is not able to
routinely produce effluents with < 50 pg/L total selenium (WSPA, 1995).

There are several patents and studies in the literature that propose potential biological processes
for removing selenium. Bacterial reduction of selenium aqueous species to elemental selenium
has been shown to be a potential candidate for treating mine waters (Brown et al.., 1980). The
bacterium that appears to offer great promise is P. stutzeri which can reduce either Se (IV) or Se
(VD). Ergas et al.. (Ergas et al.., 1990) demonstrated on a laboratory scale the successful
utilization of anaerobic bacterial reactors for selenium removal from agricultural waters. The Se
(VI) was reduced to elemental selenium. The result showed that Se (VI) was reduced through a
two step sequence, i.e., Se (VI) was reduced to Se (IV) then to elemental selenium in the
anaerobic reactors.

As it is easy to remove the adsorbent from aqueous media after treatment, adsorption technique
is generally considered to be a promising method and has been studied for selenium removal as
well. So far, various adsorbents for selenium removal have been developed which include
activated alumina, activated carbon, chitin, and chitosan and iron oxyhydroxides. Among the
adsorbents used, mineral oxides such as alumina and iron oxyhydroxides have shown promising
results for selenium removal, however in the form of selenite. A summary of the various
adsorption techniques used is reported in Table 1.

Adsorption of selenite, Se (IV), by alumina has been reported to be effective, with near complete
removal (for concentrations up to 4 mg /L using 3.3 g/L Al,O3) at pH levels of 3-8. However,
selenate, Se (VI), adsorption by alumina is poor (Trussel, 1980). Se (VI) adsorption drops off
rapidly with increasing pH and is less than 50% at pH of 7. Trussel et al.. (1991) also observed
that sulfate and bicarbonate had no effect on Se (IV) adsorption but greatly affected that of Se
(VD). A number of studies concluded the following decreasing order of the preference to
adsorption on alumina: hydroxide >phosphate >fluoride > As (V) > Se (IV) >> sulfate > Se (VI)
> bicarbonate > chloride > nitrate > As (III).

Adsorption on novel polymeric materials with a high concentration of amine groups (chitin and
chitosan) has also been investigated for their ability to remove selenium and arsenic oxyanions
from aqueous solutions (Qian, 1999; Muzzarelli, 1977). However, it was efficient only in highly
acidic regions.

Because of their large surface area and their high degree of surface reactivity, activated carbons
are regarded as very good adsorbents for the removal of heavy metal ions from aqueous phases.
However, activated carbon adsorption of selenium, either Se(IV) or Se(VI), is completely
ineffective, e.g., Se(IV) or Se(VI) at concentrations from 30-100 pug/L showed < 4% removal
using dosages of activated carbon up to 100 mg/L (Jeffers et al.., 1991).



Table 1 Summary of Adsorbents for Selenium Removal

Technology Agent References

Adsorption Ferrihydrite Balistrieri and Chao, 1987, 1990
Benjamin and Bloom, 1981
Brown and Shrift, 1980
EPRI, 1980

Hayes et al., 1987
Hingston, 1981

Hingston et al., 1968
Howard, 1977

Manning and Burau, 1995
Merrill et al., 1986
Pengchu and Sparks, 1990
Stiksma et al., 1996

Western States Petroleum
Association, 1995

Sparkman, et al., 1990
Isaacson et al., 1994
Parida et al., 1997
Activated Alumina Trussel et al., 1980
Yuan et al., 1983

Hornung et al., 1983

Batista and Young, 1994, 1997
Jegadeesan et al., 2003
Activated Carbon Jegadeesan et al., 2003

Ferric oxyhydroxide Jeffers et al., 1991
Corwin et al., 1994

Lanthanum oxide Adutwum, 1995

As reported in Table 1, most of the previous investigations involved adsorption of selenium on
ferrihydrite surfaces. In fact, EPA selected the use of ferrihydrites as the Best Demonstrated
Available Technology (BDAT) for selenium removal (in the form of selenite). However, the
study concluded that insignificant selenate removal (<10%) is obtained when ferrihydrites are
used. Su and Suarez (Su et al.., 2000) investigated the sorption of selenite and selenate on



amorphous iron oxide and goethite (o — FeOOH). They reported that, as compared to goethite,
the amorphous iron oxide sorbed more selenite. The greatest sorption was found at a pH < 8.0
where Fe-OH, " predominates. The mechanisms of selenate and selenite surface complex
formation were also investigated. Balistrieri and Chao (Balistrieri et al., 1990) found
competitive adsorption on ferrihydrite surfaces due to the presence of other anions. They
concluded the following decreasing order of adsorption > silicate = As (V) > bicarbonate
/carbonate ~ Se (IV) > oxalate > fluoride = Se (VI) > sulfate. Hayes (Hayes et al.., 1987)
postulated that selenate adsorbs as an outer sphere hydrated complex and thus it can be easily
replaced by other solution anions such as sulfate. This was confirmed by other researchers.

Various reductants can be used to produce elemental selenium or metal selenides. Reductants
such as ferrous hydroxide, iron, zinc, aluminum have been proposed. Murphy (Murphy, 1988)
patented a process for the Bureau of Reclamation (BOR) for treating selenium bearing waters.
The process consisted of reducing selenium species to elemental selenium by using ferrous
hydroxide as the reducing agent. The reduction is accomplished at a pH of 8.8-9.2 under
reducing conditions. Magnetite and/or maghemetite formed causing loss of reductant and
disturbing metal-contaminant interaction. Interferences in the process are nitrate, dissolved
oxygen (DO), and bicarbonate. Also, large quantities of iron bearing sludge would have to be
handled and treated for disposal.

Zerovalent iron has been reported to degrade many chlorinated hydrocarbon solvents effectively
via reductive dehalogenation (Su et al., 2001; Johnson et al., 1996) and to immobilize redox
sensitive inorganic contaminants such as selenate (Roberson, 1999), arsenate and arsenite
(Roberts et al., 1996; Farrell et al., 2001), chromate (Powell et al., 1995; Pratt et al., 1997)
among others. The removal mechanism appears to be reductive precipitation followed by
sorption on the corroded iron surface. Zerovalent iron is an attractive alternative for removing
selenium from water via reduction of selenium oxyanions to elemental selenium (Se”). In an X-
ray absorption near-edge structure (XANES) study of the reaction of selenate with iron filings,
the product profile showed the following fate of selenium: 74% elemental, 17% Se (IV) and 9%
Se (VI). In the redox reaction selenate is the electron acceptor, while the Fe metal acts as an
electron donor. Equations 1 and 2 (Roberson, 1999) illustrate possible reactions for the reduction
and deposition of selenium on iron surfaces.

Fe’ + Se0,” + H,O — Fe*™ + Se05” + 20H -84.69 kJ/mol (1)
3Fe’ + SeO4” + 4H,0 — 3Fe” + Se’(s) + SOH -105.54 kJ/mol )

In order for these reactions to occur, selenate must first adsorb onto the surface and then be
reduced by electrons that have transported from Fe (0), which is located beneath the native oxide
overlayer, to the solid-liquid interface. Although the mechanism of the electron transport is
unknown, this movement of electrons should occur since thermal electrons, such as those
involved in chemical reactions, can travel much longer distances within a solid than
photoelectrons can. When electrons are released from Fe (0), Fe (II) is produced at the Fe oxide-
Fe metal interface. The Fe (II) produced in the absence of dissolved O, must ultimately go into
solution. When the Fe oxide layer becomes too thick, electron transport through the layer is
inhibited such that the reduction of selenate at the surface can no longer occur. Thus, fewer
adsorbates are deposited in the presence of atmospheric gases. For this reason, fine iron particles
with large surface area to volume ratios are preferable.



3 METHODS
3.1 Analysis

The concentration of selenium in the treated samples was analyzed by the standard method, EPA
200.8, using the ICP-MS available at the DWR Bryte Laboratory, California. The treated
selenium samples were adjusted to pH of less than 2 and stored, before analysis for total
selenium concentration. The detection limit of the apparatus was 0.001 mg/L (ppm).

In some studies, especially involving synthetic selenate-containing solutions with no sulfate
anion, analyses was performed using Dionex DX-500 Ion Chromatograph. Calibration curves
for selenium were prepared using four to six standards. Straight lines were fitted with
coefficients of determination (r ?) of no less than 0.99 for selenium. At least one blank is
analyzed for each calibration curve. The highest calibration standard shall not exceed the linear
range of the instrument. At least one non-blank calibration standard is used. Three analyses were
performed on most of the samples. Most samples were diluted using distilled water. A diluted
sample, a standard sample and a blank sample were analyzed with each set of selenium samples
to minimize errors. Our data have shown that analyses obtained from the ion chromatograph and
ICP-MS are in excellent agreement (r* = 0.97).

For the discussion of selenium in this report, the selenium concentration is the total concentration
of selenium in the treated samples. The concentration of selenite and selenate measured by the
ion chromatograph is the concentration of selenite and selenate in the treated sample.

3.2 Laboratory Scale Investigations
3.2.1 Preparation of Synthetic Selenium Solutions

Synthetic stock solutions of selenite and selenate, Se (VI/IV), were prepared by dissolving a
known quantity of sodium selenite and selenate salts in distilled water. Solutions of lower
concentrations were freshly prepared before each batch experiment by the serial dilution of the
stock solution. No anionic species were added unless otherwise noted. The concentration of the
synthetic selenium samples was determined using ICP-MS, as described earlier. No other anions
were added to the as-prepared synthetic solutions.

3.2.2 Agricultural Drainage Water

The agricultural drainage water used in the investigation was provided by the Department of
Water Resources, California from the San Joaquin Valley. The constituent concentration make
up of the drainage water is provided in Table 2.

Table 2 Speciation of the agricultural drainage water samples
Cation Boron | Calcium | Magnesium | Potassium | Sodium
Concentration (mg/L) 23 544 197 5.8 2570
Anion Chloride | Nitrate Sulfate Selenium
Concentration (mg/L) 2520 382 4170 0.92




3.2.3 Batch and Kinetic Experiments

All experiments were conducted under constant agitation using a magnetic stirrer and at
controlled temperature of 298 K. The treated solution was filtered using a 0.1 um Whatman filter
paper (Fisher Scientific, Chicago). The filtrate collected was mainly remaining selenium species
in the solution.

For the adsorption experiments, batch studies were performed by treating synthetic selenium
solutions with a known amount of adsorbent loading. In a typical experiment, 25 ml of solution
was treated with the selected adsorbents. The pH of the solution was noted before and after the
experiment. The adsorption characteristics of the various adsorbents used were evaluated in
terms of equilibrium concentrations, selenium uptake and the percent selenium removal from
experiments conducted under different initial concentrations of selenite or selenate. Equilibrium
condition was attained after 72 hours of operation.

For the reduction studies, batch and kinetic studies were performed by treating synthetic
selenium solutions with a known amount of the solids loading. The solution pH reported
corresponds to the pH before the addition of solids to the flasks (pH = 7.5 &+ 0.1). The residence
time of the experiments was three hours unless specified otherwise. 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.

To study the effect of pH, the pH of the solution was adjusted using 0.1 N HCI and 0.1 N NaOH.
The pH of the solution was noted at the start and the end of the experiment. The temperature
studies were performed under isothermal conditions at different temperatures.

In certain experiments, anionic species such as sulfate, chloride and nitrate were added to the
synthetic solution in order to recreate the solution speciation and concentration as that of the as-
received agricultural drainage water. The anions were dissolved in the synthetic solution and
allowed to rest for a period of 24 hours before treating them with the remediation materials. No
precipitation of selenium was observed.

3.3 Materials

v alumina and a alumina were obtained from Fisher Scientific (Chicago, USA). Activated
carbon (Darco S51) was provided by Norit Americas Inc (Atlanta, USA). The three commercial
fullerenes, as produced fullerenes (AsF), toluene extracted fullerenes (TEF), toluene extracted
heat treated fullerenes (HTTEF), were obtained from MER Corporation (Arizona, USA). Chitin
was obtained from Fischer Scientific (Chicago, USA).

3.3.1 Extraction of Fly Ash Char Carbon

The fly ash samples used in this investigation were obtained from two power plants, namely
from Southern Illinois University’s Fluidized Bed Combustor (SIUF) and Lake of Egypt
Pulverized Coal Combustor (LOEF). The power plant uses a fluidized bed combustor for coal
combustion. The resulting fly ash (SIUF/LOEF) contains 15-20% unburnt carbon (char), by
weight. Froth flotation technique in a Denver Cell was used to separate fly ash into its four



components and extract char. A schematic of this process is provided in Figure 1. The
hydrophobic char was extracted as the floated product at each stage of floatation and used as the
feed for the next stage. The floated product of the third and final stage is predominantly rich in
carbon and was termed as Final Concentrate (SIUF_C/LOEF C) in this study. The material
remaining in the cell at the end of each stage was collected individually and termed as Stage 1
tails (SIUF _T1/LOEF T1), Stage 2 Tails (SIUF T2/LOEF T2) and Stage 3 Tails
(SIUF_T3/LOEF _T3). The ash and the carbon composition of each products are shown in Table
3aandb.

Feed Final Concentrate
I - . o — '
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Figure 1 Schematic for extraction of fly ash components.
Table 3 a Results from froth flotation of SIUF

Ash Carbon Yield

% % %
Final concentrate (SIUF_C) 26.0 74.0 4.6
Stage 1 tail (SIUF_T1) 85.1 14.9 87.3
Stage 2 tail (SIUF_T2) 61.2 38.8 6.1
Stage 3 tail (SIUF_T3) 52.4 47.6 2.1
Feed (SIUF _F) 84.0 16.0 100

Table 3 b Results from froth flotation of LOEF.

Ash Carbon Yield

% %0 %0
Final concentrate (LOEF_C) 27.41 72.59 39.18
Stage 1 tail (LOEF_T1) 97.33 2.67 46.78
Stage 2 tail (LOEF_T2) 88.92 11.08 9.12
Stage 3 tail (LOEF_T3) 59.35 40.65 4.92
Feed (LOEF_F) 68.75 31.25 100




3.3.2 Chemical Modification of Carbon

The carbons, mainly commercial activated carbon and fly ash derived char carbon (SIUF and
LOEF), were stirred in 0.5 M copper chloride solutions for five hours. The solids were then
filtered and washed several times with distilled water. The resulting solids, namely copper
modified activated carbon (CMAC), copper modified SIUF (CMSIU) and copper modified
LOEF (CMLOE), were then vacuum-dried for 24 hours and stored in closed vials.

3.3.3 Preparation of Ferrihydrites

Ferrihydrite was prepared by the addition of sodium hydroxide to ferric nitrate a pH of 7.0. The
suspension was aged for three hours and dried. Two different samples of 6- FeOOH (Labeled A
and B) were prepared based on the pore size and crystallinity. Ferrous hydroxide was
precipitated in a near neutral medium by the addition of sodium hydroxide to ferrous sulfate. The
precipitate was treated with hydrogen peroxide solution (15%) and the oxidation product was
washed, dried over P,Os at room temperature (Parida et al., 1997).

3.3.4 Synthesis of Nanosized Metallic Particles

The metallic powders are formed by reaction with sodium borohydride according to the
following reaction.

2M* +2H,0+BH; - 2M°s +BO; +4H" +2H,

In the case of nickel, an additional hydride formation reaction takes place

4Ni+2H2 — 4Ni—-H

The precipitation of bimetallic powders occurs according to the following reaction which
involves simultaneous reduction of the metal ions in aqueous solution by sodium borohydride.

M12+(M22+)+2H O +BH

0 0 — +
5 4 —>M1 (5)(M2 (s))+802 +4H " +2H

2(9)

Transition metal powders were produced by reduction of 1 M salt solutions with sodium
borohydride. Transition metal bimetallic powders were produced via the same method using
solutions with metal ratios of 1:1. The precipitated solids were centrifuged to remove the water,
followed by drying at 85°C under nitrogen atmosphere for 24 hours. The solids were stored in
air tight vessels under nitrogen.

3.4 Material Characterization

The relative composition of each metal in the bimetallic particle was quantified by energy
dispersive x—ray spectroscopy. The nickel content in NiFe powder was 50 wt. %. The particle
size distribution was obtai