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Abstract 

 

Selenium, a naturally occurring element in the environment, is an essential nutrient for 

humans and animals.  However, there is a narrow range between selenium deficiency and 

toxicity.  Selenium in natural waters generally has a concentration of < 10 ppb (parts per billion); 

however, in the San Joaquin Valley of California concentrations of selenium ranging from 140 to 

1400 ppb have been observed.  Anthropogenic practices such as agricultural irrigation drainage, 

coal burning power plants, combustion of fossil fuels, and mining operations are increasing 

selenium concentrations in aqueous environments.  Once in aqueous environments, selenium 

exists primarily as the two inorganic oxoanions selenite (SeO3
2-

) and selenate (SeO4
2-

).  Both of 

these selenium oxoanions are known to bioaccumulate and can cause embryotoxic and 

teratogenic effects to waterfowl.  There has been a variety of treatment technologies developed 

for remediation of both selenium oxoanions in water including bacterial reduction, membrane 

filtration, chemical reduction, reverse osmosis, and solar ponds.  However, these treatment 

technologies are not cost efficient.  In this study an alternative treatment technique known as 

adsorption was used with three synthetic nanomaterials consisting of an iron oxide, manganese 

oxide, and an iron/manganese oxide.  The pH profiles, time dependencies, competitive anion 

effects, and adsorption isotherms were performed with each of the nanomaterials for both 

selenite and selenate.  In addition, X-ray absorption spectroscopy (XAS) studies were performed 

to determine both the oxidation state and binding coordination of the selenium oxoanion binding 

to the nanomaterials.   

The investigation revealed the non microwave-assisted and microwave-assisted synthetic 

Fe3O4 and Mn3O4 nanomaterials, as well as the non microwave-assisted synthetic MnFe2O4 

nanomaterial had the phases of magnetite, hausmannite, and Jacobsite, while the grain sizes were 
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27, 25, 25, 34, and 27 nm, respectively.  The optimal binding of selenium oxoanions for all 

nanomaterials examined was reached at pH 4.  Both non microwave-assisted and microwave-

assisted Fe3O4 and non-microwave-assisted MnFe2O4 had binding times of 5 min while non 

microwave-assisted and microwave-assisted Mn3O4 nanomaterials had a binding time of 10 min.  

The presence of Cl
-
 ions only significantly decreased selenate binding to Mn3O4 nanomaterials 

while the NO3
-
 ion significantly decreased selenate binding to microwave-assisted Fe3O4 and 

Mn3O4 nanomaterials.  The inclusion of the SO4
2-

 ion deceased selenite binding to only Mn3O4 

nanomaterials and decreased selenate binding to all nanomaterials.  Both selenite and selenate 

binding to all nanomaterials tested was significantly decreased by the addition of the PO4
3-

 ion.  

Non microwave-assisted and microwave-assisted Fe3O4, non microwave-assisted and 

microwave-assisted Mn3O4, and non microwave-assisted MnFe2O4 displayed binding capacities 

of 1893, 2380, 507, 1000, and 6573.76 mg selenite/kg nanomaterial and 1428, 2369, 800, 934.5, 

and 769.23 mg selenate/kg nanomaterial, respectively.  X-ray Absorption Near Edge Structure 

(XANES) studies revealed all nanomaterials tested do not change the oxidation state of selenite 

and selenate once binding has occurred.  The results of Extended X-ray Absorption Fine 

Structure (EXAFS) displayed the possible binding modes of selenium oxoanions to all materials 

tested is, binuclear bidentate.  
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1. Introduction 

1.1 Selenium 

Selenium (Se) is a naturally occurring trace element with semi-metallic characteristics 

that is introduced into the environment by the dissolution and weathering of selenium bearing 

minerals and marine sediments such as Cretaceous marine shale rock [1].  Due to its 

characteristics, Se has been used in a variety of applications such as photocells, rectifiers, 

xerography equipment, glass pigment, laser technology, infrared photography, drugs, rubber, 

lubricating oils, manufacture of dandruff shampoo, and for coating of stainless steel and copper 

[2,3].  Consequently, many of these industrial practices generate effluents that can contain 

considerable amounts of soluble selenium which could increase environmental Se to dangerous 

levels [4].  Also, many agricultural activities such as the irrigation of seleniferous soils for crop 

production are a major source of selenium introduction into the environment [1].  Selenium can 

exist as elemental selenium (Se
0
), selenite (SeO3

2-
), selenide (Se

2-
), and selenate (SeO4

2-
) [5].  In 

aqueous environments, selenium exists predominantly as the oxoanions selenite and selenate [5].    

Selenium is an essential element for both human and animal health [6].  Selenocysteine is 

functionally one of the most used selenium species in biochemical processes because it is a 

component of glutathione peroxidase, an enzyme that catalyzes the removal of toxic peroxides 

that are commonly formed during aerobic metabolic processes [1,7].  Interest in the 

determination of selenium in the environment, especially aqueous selenium, has been growing 

due to the extremely narrow range between selenium deficiency and toxicity [6].  It has been 

reported that selenium deficiency in humans occurs when daily consumption of selenium is less 

than 0.1 mg/kg of body weight while consumption of levels above 1 mg/kg of body weight are 

considered toxic [1].  According to the Material Safety Data Sheets, the acute oral toxicity 
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(LD50) for sodium selenite and sodium selenate in rats is 7.0 and 1.6 mg/kg, respectively.  The 

United States Environmental Protection Agency has set the Maximum Contamination Level 

(MCL) of selenium in drinking water to be 0.05 mg/L due to this narrow range [8].  Typically, 

natural waters generally have Se concentrations < 10 μg/L [9].  However, there have been 

elevated levels of selenium reported in the San Joaquin Valley of California which have reported 

selenium concentrations in the range of 140-1400 μg/L as well as in the Salton Sea region with 

concentrations of Se in the range of 3-300 μg/L [10].  Adverse effects on humans due to excess 

selenium have included hair or fingernail loss, numbness in fingers or toes, circulation problems, 

and liver damage [11,12].   

In aquatic systems, selenium has been known to bioaccumulate [9].  Bioaccumulation of 

selenium occurs when plankton, plants, algae, and benthic invertebrates accumulate selenium, 

which are than eaten by fish and other wildlife [1].  It has also been stated that the 

biomagnifications of selenium, which is the accumulation of progressively greater concentrations 

by successive trophic levels of the food chain, can result in the range of 2-6 times between the 

primary producer (plants, algae, etc.) and the lower consumer (invertebrates and fish) [1].  As a 

result, concentrations of selenium in fish that eat the contaminated plankton could contain 500 

times the selenium concentration of their surrounding water environment [1].  This 

bioaccumulation of selenium causes serious hazards to wildlife living in regions with high levels 

of selenium.  It has been reported that high levels of selenium in wildlife can result in 

reproductive failure, deformities, tissue damages, and the extirpation of fish populations [1,13].  

In waterfowl, high concentrations of selenium can be both embryotoxic and teratogenic [14].  

Due to the harmful effects of excess selenium concentrations in aqueous environments as 

described above, a removal technique for both selenite and selenate is needed. 
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1.2 Previous Selenium Removal Techniques 

There have been a variety of treatment technologies that have been developed in the 

attempts to remove aqueous selenium.  These technologies focus primarily on the removal of the 

two predominant selenium species in aqueous environments, selenite and selenate.  These 

include coagulation, lime precipitation, sand filtration, ion exchange, nanofiltration, reverse 

osmosis, solar ponds, bioremediation, and phytoremediation [1,15,16,17].  The high cost and 

complexity of regeneration of ion exchange resins makes ion exchange treatment methods 

unsuitable for large treatments of water despite its elevated efficiency for removal of selenium 

oxoanions [18].  The use of a bioremediation system using the bacterial species Thauera 

selenatis was able to reduce selenate and selenite in agricultural drainage water by 98% [19].  

However, it has been shown this treatment technique was not cost efficient for full-scale 

operation [10].  Coagulation and lime softening were reported to be ineffective for the removal 

of selenium from wastewater [18].  Therefore, an effective and simple technique for selenium 

oxoanion removal is needed. 

1.3 Adsorption 

 “Sorption” describes the loss of a chemical species from aqueous phase to a contiguous 

solid phase by three separate mechanisms known as adsorption, precipitation, and absorption 

[20].  There has been an increase in selenium sorption studies because sorption plays a 

significant factor in the mobility, transport, transformation, and the ultimate fate of selenium in 

both soil and aquatic systems [21].  A promising, cost efficient treatment process for the removal 

of selenium oxoanions is adsorption.  An assortment of adsorbents have been investigated for the 

treatment of aqueous solutions with excess selenium which include sulphuric acid-treated peanut 

shell, hydrocalumite, ettringite, AlPO4, biopolymeric materials, aluminum-based water treatment 
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residuals, hardened cement paste, cement minerals, aluminum oxides, iron oxyhydroxides, iron 

coated sand, zero-valent iron, montnorillonite, and manganese nodule leached residues 

[4,5,6,10,13,22-27].  However, not all the aforementioned adsorbents investigated the removal of 

both selenium oxoanions [4,5,10,22,27].  Also, not all previous materials investigated have high 

capacities for both selenite and selenate or have fast equilibrium times for adsorption.  

Additionally, naturally occurring anions in the environment such as Cl
-
, NO3

-
, SO4

2-
, or PO4

3-
 

were not tested which could act as possible competitive anions for the active sites on the 

adsorbent surface for selenium oxoanion binding. 

1.4 Nanomaterials for use as enhanced adsorbents 

The use of synthetic nanomaterials could increase the rate of adsorption and capacity of 

metal oxides for selenium oxoanion removal which may not naturally occur at the nanoscale.  

For example, a study by Martinez et al. [28] has shown the naturally occurring and magnetic 

metal oxide magnetite (Fe3O4) with a particle size <5 μm is capable of binding selenite and 

selenate at acidic pH.  Mayo et al. [29] demonstrated an increase of adsorption capacities up to 

200 times of both As(III) and As(V) when the particle size of magnetite was decreased from 300 

to 12 nm.  Decreasing the size of magnetite for selenium oxoanion adsorption could also have a 

significant increase in adsorption capacities.   

Another synthetic nanomateial that has shown to be a good adsorbent is the magnetic, 

substituted metal oxide Jacobsite (MnFe2O4).  Hu et al. [30] reported 10 nm surface-modified 

Jacobsite removed Cr(VI) at high capacities within only 5 min.  Parsons et al. [31] synthesized a 

12 nm Jacobsite which had binding capacities for As(III) and As(V) of 718 and 2125 µg As/g 

MnFe2O4, respectively within 5 min.  However, the use of Jacobsite has not been investigated as 

an adsorbent for selenium oxoanions.  Jacobsite’s ability to remove other anions with high 
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capacities could make it a potential adsorbent for selenium with high capacities and equilibrium 

time.  

Synthetic manganese oxides have shown to have the capability of adsorbing selenite in a 

previous study [32].  The manganese oxide hausmannite (Mn3O4) has not been studied for its 

ability to remove selenite and selenate from aqueous solutions.  The synthesis of nanonsize 

Mn3O4 has been gaining attention due to its wide range of applications, one of which is 

molecular adsorption [33].  The application of a synthetic nanosized hausmannite which would 

have an increased surface area may display a high performance for selenium oxoanion removal. 

1.5 Objectives  

 The general objective of this research was to study the selenite and selenate binding 

capability of the nanomaterials Fe3O4, Mn3O4, and MnFe2O4.  A series of batch experiments 

were performed to determine the effects of pH, time, and the presence of various anions (Cl
-
, 

NO3
-
, SO4

2-
, PO4

3-
) on the binding capabilities of the aforementioned nanomaterials.  In addition, 

the adsorption data was fitted using the Langmuir isotherm equation to determine the adsorption 

capacities of the aforementioned nanomaterials.  Finally, the oxidation state and coordination of 

the selenium oxoanions following binding to the nanomaterials were tested using X-ray 

Absorption Near Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine Structure 

(EXAFS).   

1.6 Hypotheses 

 This research was conducted under the hypothesis that at least one of the nanomaterials, 

Fe3O4, Mn3O4, or MnFe2O4, will adsorb both selenium oxoanions in acidic pH ranges, with 

equilibrium times of less than one hour, and in the presence of various anions.  Also, at least one 
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of the aforementioned nanomaterials will display increased adsorption capacities for both 

selenite and selenate.  Finally, the oxidation state for both selenium oxoanions will remain the 

same after binding to the nanomaterials has occurred.   
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2. Removal of selenite and selenate from aqueous solutions using nano-magnetite   

Abstract 

The sorption of selenite (SeO3
2-

) and selenate (SeO4
2-

) onto Fe3O4 nanomaterials 

produced by non microwave-assisted or microwave-assisted synthetic techniques was 

investigated through use of the batch technique.  The crystal structures of both synthetic 

nanomaterials were determined to be magnetite by X-ray Diffraction.  The average size of non 

microwave-assisted and microwave-assisted synthetic Fe3O4 were determined to be 27 and 25 

nm, respectively through use of the Scherrer’s equation.  Sorption of selenite was pH 

independent in the pH range of 2-6, while sorption of selenate decreased at pH 5 and 6.  The 

addition of Cl
-
 had no significant effect on selenite or selenate binding, while the addition of 

NO3
-
 only affected selenate binding to the microwave assisted Fe3O4.  A decrease of selenate 

binding to both synthetic particles was observed after the addition of SO4
2-

 while selenite binding 

was not affected.  The addition of PO4
3-

 had the most prominent effect on the binding of both 

selenite and selenate beginning at concentrations of 0.1 ppm added.  The capacities of binding 

were found to be 1923 and 1428 mg Se /kg of non microwave-assisted Fe3O4 and 2380 and 2369 

mg Se/ kg of microwave-assisted Fe3O4 for selenite and selenate, respectively through use of 

Langmuir isotherms. 

2.1 Introduction 

 The narrow range between selenium deficiency and toxicity in humans is of concern 

today.  Selenium deficiency in humans occurs when there is less than 0.1 mg Se/kg of body 

weight while selenium consumption of levels above 1 mg Se/kg of body weight are considered 

toxic [1].  The United States Environmental Protection Agency has set the maximum 
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contamination level (MCL) of selenium in drinking water to be 0.05 mg/L, as drinking water is a 

primary source in which selenium can enter the human body [2-3].  Animals are also at risk 

when high concentrations of selenium are present in water systems.  It has been reported in 

waterfowl, high levels of selenium are embryotoxic and teratogenic [4].  In water, selenium 

exists predominately as the inorganic forms: selenite (SeO3
2-

, where the Se is present as the Se
4+

 

ion) and selenate (SeO4
2-

, where the Se is present as the Se
6+

 ion) [5].    

 There has been a variety of treatment technologies developed for remediation of both 

selenium oxoanions in water by many researchers including bacterial reduction, membrane 

filtration, chemical reduction, reverse osmosis, and solar ponds [6-8].  However, these treatment 

technologies are not cost effective.  An alternative treatment technique that has been gaining 

increasing attention in study over the past decade is adsorption.  A variety of adsorbents for the 

removal of selenium have been tested, which include sulphuric acid-treated peanut shell, 

hydrocalumite, ettringite, AlPO4, biopolymeric materials, aluminum-based water treatment 

residuals, hardened cement paste, cement minerals, aluminum oxides, iron oxyhydroxides, iron 

coated sand, and zero valent iron [8-17].  The use of magnetic materials as adsorbents may 

emerge as an even more efficient form of treatment technology.  Magnetic materials are 

promising materials for adsorption because they can easily be removed from aqueous effluents 

by a simple process known as magnetic separation [18].  These materials are also useful because 

they produce no further contaminants such as flocculants and are capable of treating large 

amount of wastewater within a short amount of time [19].   

The iron oxide magnetite (Fe3O4) is an adsorbent with magnetic properties.  A study by 

Martinez et al. [20] has shown naturally occurring magnetite with a particle size <5 μm has been 

capable of binding selenite and selenate at acidic pH.  Lopez de Arroyabe Loyo et al. [21] 
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reported rapid selenite binding to ultra small Fe3O4 and Fe/Fe3C particles, but did not test the 

capacity of the material nor its ability for selenate adsorption.  These studies indicate magnetite 

may be a promising adsorbent for selenium removal.  However, many previous studies for 

selenium oxoanion removal do not investigate the ability of the adsorbent to remove both 

selenite and selenate.  Also, the effects of naturally occurring potential competitive anions Cl
-
, 

NO3
-
, SO4

2-
, or PO4

3-
 on selenium oxoanion removal have not been thoroughly investigated. 

In this study, we have synthesized the magnetic iron oxide Fe3O4 by both non 

microwave-assisted and microwave-assisted synthetic techniques.  The nanomaterials produced 

by both of these techniques were determined to have the crystal structure of magnetite.  The 

Fe3O4 nanomaterials’ adsorption capacities for selenite and selenate were tested in the pH range 

of 2 through 6 and as a function of time.  The effects of the addition of individual competitive 

anions Cl
-
, NO3

-
, SO4

2-
, or PO4

3-
 added to solution in a range of 0.1 to 100 ppm were also 

investigated.  Finally, the capacities of both synthetic nanomaterials for selenite or selenate 

binding were studied using selenium concentrations of 0.25 through 10 ppm and fitted with 

Langmuir isotherms. 

2.2 Methodology 

2.2.1 Solution preparation 

Reagent grade Na2SeO3 (Aldrich), Na2SeO4 (Alfa Aesar), NaCl (Aldrich), 

Mg(NO3)2∙6H2O (Mallinckrodt), K2SO4 (J.T. Backer), and Na3PO4∙12H2O (EM Science) 

chemicals were dissolved in Millipore (18 mΩ) water to obtain stock solutions of selenite, 

selenate, chloride, nitrate, sulfate and phosphate, respectively.  The prepared stock solutions 

were diluted to proper concentrations for the following research experiments. 
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2.2.2 Synthesis of the iron oxide nanomaterial 

 The iron oxide nanomaterials were prepared from two separate 1.0 L solutions of 30 mM 

Fe(II) (from FeCl2, EM Science).  Both solutions were slowly titrated separately for 1 h with 90 

mL of 1.0 M NaOH solution (from NaOH, VWR International) to obtain a ratio of 1:3 ratio of 

Metal
+
:OH

-
.  The slow rate of titration was to prevent the precipitation of Fe(OH)3 from 

occurring.  After completion of the titration, one of the titrated solutions was heated to 90° C for 

1 h on a heating plate and resulted in the non microwave-assisted nanomaterial.  The other 

solution was transferred into sealed vessels and placed in a Perkin Elmer Mulitwave 2000 system 

(Shelton CT, USA).  The sealed vessels were heated to a temperature of 90° C and held constant 

for 25 min at a pressure of 75 bars and resulted in the microwave-assisted nanomaterial. The 

nanomaterials were cooled to room temperature and centrifuged at 3000 rpm (Fisher Scientific 

8K, Houston, TX) for 5 min after both techniques were completed.  The samples were then 

washed twice with deionized water (DI) to remove any byproducts that may have been produced 

during the synthesis.  The samples were than dried in a VWR 1305U oven (VWR International, 

West Chester, PA) at 100° C for 24 h.  Lastly, the samples were homogenized into a powder 

using a mortar and pestle for experimental use. 

2.2.3 XRD characterization 

 Both synthetic nanomaterials were characterized by powder X-ray diffraction (XRD) and 

fitted using FullProf Suite programs.  A Siemens D5000 X-ray diffractometer (Bruker AXS 

GmbH, Germany) was used to acquire XRD patterns of both synthetic nanomaterials.  The 

samples were placed on a platinum sample holder and diffracted from 25-60° in 2θ using 8 s 

counting time and a stepping rate of 0.007°/min at room temperature.  A Le Bail fitting of both 

patterns was performed using FullProf Suite programs and crystallographic data from the 
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literature [22].  A Gaussian fitting to three diffraction peaks on both patterns applied to the 

Scherer’s equation was performed to obtain the average particle size of each nanomaterial. 

2.2.4 Binding pH profile  

 In these studies, the binding of either selenite or selenate to both synthetic nanomaterials 

were determined over a pH range of 2 to 6.  The pH of the 100 ppb selenite or selenate solutions 

were adjusted to pH 2, 3, 4, 5, or 6 using dilute hydrochloric acid or sodium hydroxide prior to 

reactions.  The reactions were then carried out in 5 mL polyethylene reaction tubes containing 10 

mg of either nanomaterial with a 4 mL aliquot of 100 ppb of selenite or selenate.  The reaction 

tubes were than rocked (Specimix, Thermo Scientific) and allowed to equilibrate for 60 min at 

room temperature.  The samples were than centrifuged at 3000 rpm for 7 min and the resulting 

supernatants were collected for analysis using the inductively-coupled plasma-mass spectrometer 

(ICP-MS) ELAN DRCII (Perkin Elmer, Shelton, CT) to determine the amount of selenium 

oxoanion removed.    In addition, control samples containing only selenite or selenate oxoanions 

were treated the same as the samples to determine the effects of the methodology and 

polyethylene reaction tubes had on the selenium oxoanion binding.  All experiments in this study 

and subsequent experiments were conducted in triplicate for statistical purposes. 

2.2.5 Time dependency studies 

 The time required for either selenite or selenate to equilibrate was determined using 100 

ppb of selenite or selenate adjusted to pH 4 reacted with 10 mg of each nanomaterial separately 

at different time intervals.  The pH of 4 was chosen for these experiments because the 

nanomaterials are both stable at this pH and there was no significant change in binding above 

this pH level found in the previous study.  The pH adjustment was carried out as described in the 
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pH binding study.  A 4 mL aliquot of either 100 ppb selenite or selenate solution was added to 10 

mg of either non microwave-assisted nanomaterial or microwave-assisted nanomaterial and was 

allowed to equilibrate for 5, 10, 15, 20, or 30 min.  The samples were centrifuged and the 

supernatant collected for analysis using DR-ICP-MS.   

2.2.6 Competitive anion studies 

 The possible competition for active adsorption sites on both synthetic nanomaterials 

between selenite and selenate in the presence of varying concentrations of Cl
-
, NO3

-
, SO4

2-
, or 

PO4
2-

 added to 100 ppb selenium oxoanion solutions were investigated and adjusted to pH 4.  A 

4 mL aliquot solution containing 100 ppb of selenite or selenate solution and either 0.1, 1, 10, or 

100 ppm of the possible interfering ion of Cl
-
, NO3

-
, SO4

2
, or PO4

3-
 was reacted with either 

synthetic nanomaterial and allowed to equilibrate for 1 h.  After reaction time was completed, the 

samples were centrifuged and the supernatant was collected for ICP-MS analysis.   

2.2.7 Adsorption Isotherms 

 The capacities of both non microwave-assisted and microwave-assisted synthesized 

nanomaterial for selenium oxoanions was investigated using varying concentrations of either 

selenite and selenate in the range of 0.25 to 10 ppm.  For these reactions a 4 mL aliquot of either 

selenite or selenate at concentrations of 0.25, 0.5, 1, 5, or 10 ppm adjusted to pH 4 were reacted 

on a rocker with 10 mg of either synthetic nanomaterial for a period of 15 min. The reaction was 

performed in triplicate with control samples as mentioned previously. The samples were 

centrifuged after the reaction time was completed and the supernatant was collected for analysis 

by ICP-MS.  The obtained data was then fitted to the Langmuir isotherm equation shown below, 
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where Ce is equilibrium concentration of Se(IV/VI), Qe is the amount of Se(IV/VI) adsorbed to 

the nanomaterial at equilibrium, and Qm and b are constants based on ionic strength and pH. 

 

2.2.8 DRC-ICP-MS Analysis 

 A Perkin Elmer Elan DRC II ICP-MS with ELAN software was used for selenium 

quantification of the supernatants obtained from the experiments described above.  The 

operational parameters of the DRC-ICP-MS for selenium analysis are described in Table 2.1.  To 

reduce interferences on the selenium ions the samples were ran in dynamic reaction cell (DRC) 

mode using oxygen gas.  The Se-O m/z 96 was the chosen ion used for analysis as Se-O 

production is favored under these conditions.  All concentrations of selenium were obtained 

based on calibration curves with a correlation coefficient (r
2
) of 0.99 or better. 

 

Table 2.1. ICP-MS settings used for the determination of Se concentration in collected 

supernatants upon reaction with either non microwave-assisted or microwave-assisted 

synthesized nanomaterial. 

Parameter Setting 

RF Power 1200W 

Nebulizer Meinhard Type A 

Quartz 

Nebulizer flow 0.95 L/min 

Spray chamber Glass cyclonic 

Injector Quartz 

Plasma flow 

(Ar) 

15 L/min 

CeO/Ce <5% 

Ba
+
/Ba

++
 <5% 

O2 0.85 mL/min 
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2.2.9 Statistical Analysis 

The binding percentages of the selenium oxoanions to both sets of synthetic Fe3O4 were 

analyzed with one-way analysis of variance (ANOVA) using SPSS software, version 12.0 

(SPSS, Chicago, IL).  The Tukey-HSD (honestly significant difference) test was used to 

determine significant differences between treatments.  References to significant differences 

between treatment means were based on a probability of p <0.05, unless otherwise stated.  

2.3 Results and Discussion 

2.3.1 X-ray diffraction characterization of nanomaterial  

Characterization of both the non microwave-assisted and microwave-assisted materials 

by powder X-ray diffraction determined both sets of nanomaterial had the chemical structure of 

magnetite Fe3O4 and diffraction patterns can be seen in Figure 2.1.  Both patterns displayed the 

diffraction peaks of 220, 311, 400, 422, and 511 and correspond to the phase of magnetite 

(Fe3O4) as reported in the literature [22].  The other observed diffraction peaks of 111 and 200 

correspond to the platinum sample holder used for pattern collection.  The average grain sizes of 

each of the synthesized nanomaterials was determined from the full width half maximum 

(FWHM) of the diffraction peaks collected through use of the Scherer’s equation.  It was 

determined the non microwave-assisted and microwave-assisted synthetic nanomaterials had the 

average grain sizes of 27 and 25 nm, respectively.  Both of the two synthetic techniques of Fe3O4 

in this study did not result in oxidation of Fe3O4 to γ-Fe2O3 though it has been reported this 

oxidation may possibly occur [23].  The size difference in Fe3O4 between the two synthetic 

techniques could be attributed to the pressure of the microwave.  Both synthetic techniques are 

advantageous due to their simplicity and cost effectiveness compared to other previously 
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reported preparation techniques of magnetic materials which involve many steps, special 

chemicals, and procedures [18]. 
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Figure 2.1. X-ray diffraction pattern of Fe3O4 from titration of iron(II) chloride with sodium 

hydroxide.  (A) non microwave-assisted synthesis.  (B) microwave-assisted synthesis.  
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2.3.2 pH binding studies 

 The sorption of selenite and selenate to both sets of synthetic nanomaterials can be seen 

in Figure 2.2.  The binding of selenite to both synthetic Fe3O4 nanomaterials was practically pH 

independent as shown in Figure 2.2.  The sorption of selenate had the highest binding at pH 2 to 

4 for both synthetic types of Fe3O4.  A decrease in selenate binding occurred at pH 5 for both 

particles and a more significant decrease was seen at pH 6.  The decrease in binding could be due 

to the change in surface charge at higher pH values.  It has been reported magnetites have a zero-

point charge which mostly occurs in the pH range from 5-7 [24].  When the pH increases the 

surface of the particle will become less positively charged resulting in a lower binding affinity 

for anion binding.  It has been shown selenate has a lower binding affinity to iron oxide surfaces 

than selenite [25].  The lower binding affinity of selenate in addition to the change of surface 

charge at increasing pH values, could explain the decrease in binding at pH 5 and 6.  The 

remaining experiments were conducted at a pH of 4 for maximum binding of selenate to the 

nano-magnetite materials.  The nano-magnetite has also been shown to be more stable at pH of 4 

as opposed at pH 2 to 3 where dissolution of the particle occurs to a greater extent [26]. 
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Figure 2.2. Percentage bound of selenite and selenate at a concentration of 100 ppb to the 

nanomaterial under varying pH conditions ranging from pH 2 to 6.  (A) non microwave-assisted 

Fe3O4.  (B) microwave-assisted Fe3O4.  Error bars represent Standard Error of three replicate.  * 

represents statistical differences at p ≤ 0.05. 

2.3.3 Time dependency studies 

The binding of selenium oxoanions to non microwave-assisted and microwave-assisted 

synthetic Fe3O4 nanomaterials as a function of time is shown in Figure 2.3.  Statistical analysis 

with one-way ANOVA determined that there was no significant difference in the binding of 

selenite or selenate to either non-microwave-assisted or microwave-assisted synthetic Fe3O4 in a 

time range of 5 to 60 min.  Su and Suarez [27] have shown selenite and selenate binding 

equilibrates within 25 min of contact time to iron oxides and goethitite.  It is interesting to note 

the rapid binding of selenite to synthetic Fe3O4 with average particle size of 4 nm within 10 min 

of contact time has been shown by Lopez de Arroyabe Loyo et al. [28]. Martinez et al. [20] have 

shown both selenite and selenate binding to a natural magnetite with a particle size <5 μm took 

over 24 h to reach binding capacity.  This observation suggests that even though the synthetically 

B 

* 

** 



 18 

produced nanomaterials used in this study are almost 7 times larger than those produced and 

used by Lopez de Arroyabe Loyo et al. [28], the fact these particles are at nanoscale produces 

faster binding times than micrometer sized particles.  The Fe3O4 nanomaterial is non-porous so 

the smaller the particle, the larger surface area with more available binding sites for selenium 

oxoanion binding to occur.  This suggests the binding is occurring on the surface without the 

occurrence of a redox reaction.  This would indicate the oxidation states of both selenite and 

selenate will remain the same.  This is further proved by Extended X-ray Absorption Fine 

Structure (EXAFS) produced by Lopez de Arroyabe Loyo et al. [28] where no shift of 

backscattering contribution was observed of the coordination shell of Se and Fe between 2.3 to 

2.6 Ǻ.   
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Figure 2.3. Time dependence of percentage bound of selenite and selenate to the nanomaterial at 

a pH of 4.  (A) non microwave-assisted Fe3O4.  (B) microwave-assisted Fe3O4.  Error bars 

represent Standard Error of three replicate.  

2.3.4 Competitive anion studies 

 The results of the competition study on selenite and selenate to both non microwave-

assisted and microwave-assisted synthesized nanomaterials in the presence of varying 

concentrations of Cl
-
, NO3

-
, SO4

2-
, or PO4

3-
 added can be seen in Figures 2.4-2.7.  As shown in 

Figure 2.4A-B, the addition of Cl
-
 in concentration from 0.1 to 100 ppm had no significant effect 

on the percentage of both selenite and selenate binding to either Fe3O4 nanomaterial.  This 

indicates the Cl
-
 ion has a low binding affinity for Fe3O4.  A similar observation of Cl

-
 not acting 

as a competitive anion for the iron oxide surface was reported by Jeong et al. [29]. These 

similarities in results indicate that chloride has a low binding affinity for iron oxide surface and 

complexes formed between chloride and iron oxide surface are weaker than those between iron 

oxide and selenium. 
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Figure 2.4. The effects of the Cl
-
 ion ranging in concentration from 0.1-100 ppm on the sorption 

of selenite and selenate to non microwave-assisted and microwave-assisted Fe3O4.  (A) Selenate.  

(B) Selenite.  Error bars represent Standard Error of three replicate..  
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The inclusion of NO3
-
 also did not affect the binding of selenite to either of the two 

synthetically different Fe3O4 as can be seen in Figure 2.5B.  This non-competitive effect of the 

nitrite anion could be behaving the same as the chloride anion.  While the addition of NO3
-
 did 

not have an effect on selenate binding to the non microwave-assisted synthetic Fe3O4, the anion 

did lower selenate binding by 30% on the microwave-assisted synthetic Fe3O4 material.  One 

possible explanation for the decrease in selenate binding to only the microwave-assisted 

synthetic Fe3O4 material is the size of the material.  Dhillon and Dhillon [30] have stated that 

competitive effect of sorbed anions could occur either by physical competition for reactive sites 

or through electrostatic competition results from a change in electrostatic potential.  As explained 

in the X-ray diffraction analysis of the two different synthetically produced nanomaterials, the 

microwave-assisted synthetic technique resulted in a smaller average particle size of Fe3O4 than 

that of the non microwave-assisted synthetic technique.  A smaller particle size would result in 

larger surface area and a higher number of reactive sites.  This greater number of binding sites 

along with selenate having a lower binding affinity than observed for selenite could allow the 

NO3
-
 to compete to a higher extent with the selenate oxoanion present in solution. 
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Figure 2.5. The effects of the NO3
-
 ion ranging in concentration from 0.1-100 ppm on the 

sorption of selenite and selenate to non microwave-assisted and microwave-assisted Fe3O4.  (A) 

Selenate.  (B) Selenite.  Error bars represent Standard Error of three replicate.  * represents 

statistical differences at p ≤ 0.05. 

 

The effects of the addition of SO4
2-

 on selenite or selenate binding to the two synthetic 

nanomaterials can be seen in Figure 2.6.  Selenite did not experience a significant decrease in 

binding in the presence of SO4
2- 

in a range of 0.1-100 ppm which is shown in Figure 2.6B.  Goh 

and Lim [31] and Zhang et al. [32] have shown similar results with selenite binding being hardly 

affected by addition of SO4
2-

oxoanion to iron oxide containing tropical sand and iron-coated 

granular activated carbons (GAC), respectively.  There was a decrease of selenate binding to 

both microwave-assisted and non microwave-assisted synthesized nanomaterials beginning at 1 

and 10 ppm, respectively.  In the presence of 1 ppm sulfate, the molar ratio of selenate to sulfate 

is 1 SeO4
2-

 : 14.9 SO4
2-

.  The non microwave-assisted material still has around 100 % binding 

while the microwave assisted material has 60% binding.  This indicates the Fe3O4 materials have 

a high affinity for selenate despite the differences in surface area.  At 10 ppm of sulfate present, 

B 
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the molar ratio of selenate to sulfate is 1 SeO4
2-

 : 149 SO4
2-

.   Again, at these ratios selenate 

binding decreased for both Fe3O4 particles to 15 and 80% binding for non microwave-assisted 

and microwave-assisted synthetic Fe3O4, respectively.  When in the presence of 100 ppm sulfate 

the molar ratio of selenate to sulfate is SeO4
2-

 : 1488 SO4
2-

.  Even though the binding percentages 

are 6% and 20% for non microwave-assisted and microwave-assisted nanomaterials, 

respectively, binding occurring at this molar ratio is still indicative of the high affinity for 

selenate to Fe3O4 materials.  It is known the chemistry of selenate and sulfate is quite similar.  

This similarity in chemistry could be the explanation of the decreased sorption of selenate in the 

presence of sulfate.  Zhang et al. [32] described this effect by explaining both anions tend to 

form weak bonds with surface sites which could be more easily released.  The smaller particle 

size of the microwave-assisted synthesized Fe3O4, as described above, could explain why 

binding started to decrease at a lower concentration of SO4
2- 

(1 ppm) as opposed to the non 

microwave-assisted synthetic Fe3O4 binding (10 ppm). 
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Figure 2.6. The effects of the SO4
2- 

ion ranging in concentration from 0.1-100 ppm on the 

sorption of selenite and selenate to non microwave-assisted and microwave-assisted Fe3O4.  (A) 

Selenate.  (B) Selenite.  Error bars represent Standard Error of three replicate.  * represents 

statistical differences at p ≤ 0.05.  

 

The competitive effect of the addition of PO4
3-

 anion on selenite and selenate binding to 

both synthetic Fe3O4 nanomaterials can be seen in Figure 2.7.  The addition of PO4
3-

 had a 

greater affect on the binding of selenate to the synthetic Fe3O4 nanomaterials than any other 

anion investigated in this study.  A decrease in selenite binding to microwave-assisted and non 

microwave-assisted synthetic Fe3O4 nanomaterials was observed to begin at the introduction of 

10 and 100 ppm of PO4
3-

, respectively.  In the presence of 100 ppm PO4
3- 

, the molar ratio of 

selenite to phosphate is 1 SeO3
2- 

: 1000 PO4
3-

.  Even at this large molar ratio of sulfate to selenite 

ions present, there is still selenite binding occurring to the non microwave-assisted synthetic 

material.  This indicates a high affinity for selenite is shown at this molar ratio.  A decrease in 

binding of selenate to microwave-assisted synthetic Fe3O4 was observed to occur not only with a 
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lower concentration of PO4
3- 

introduced, but at a greater extent than that of the non microwave-

assisted synthetic Fe3O4 nanomaterial.  These trends have been observed by Goh and Lim [31] 

and Zhang et al. [32-33] in tropical sand containing iron oxides and iron-coated GAC, 

respectively.  As explained previously, the differences in the selenium binding percentages 

between the non microwave-assisted and microwave-assisted nanomaterials could be a result of 

the smaller particle size of the microwave-assisted synthetic Fe3O4 nanomaterial.  A significant 

decrease of less than 1% and 0% selenate binding to non microwave-assisted synthetic and 

microwave-assisted synthetic Fe3O4, respectively was observed to occur at the addition of 100 

ppm of PO4
3-

.  The inclusion of 100 ppm PO4
3-

 in solution results in a molar ratio of 1 SeO4
2- 

: 

1505 PO4
3-

.  There had to be 1505 times the concentration of phosphate present to for selenate 

binding to decrease to almost 0%.  It has been described in the literature that the PO4
3- 

oxoanion 

is very adsorptive to the surfaces of iron oxides in low concentration range [29].  
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Figure 2.7. The effects of the PO4
3-

 ion ranging in concentration from 0.1-100 ppm on the 

sorption of selenite and selenate to non microwave-assisted and microwave-assisted Fe3O4.  (A) 

Selenate.  (B) Selenite.  Error bars represent Standard Error of three replicate.  * represents 

statistical differences at p ≤ 0.05. 

2.3.5 Adsorption isotherms 

 The binding capacities of both the non microwave-assisted and microwave-assisted 

synthesized Fe3O4 nanomaterials were based on the fitting of selenite and selenate sorption 

studies to Langmuir isotherms equation.  The results can be seen in Table 2.2.  The non 

microwave-assisted synthesized Fe3O4 nanomaterial had a capacity of 1923 and 1428 mg Se/kg 

of Fe3O4 for selenite and selenate, respectively.  The microwave-assisted synthetic nanomaterial 

was determined to have a higher capacity for both selenite and selenate of 2380 and 2369 mg 

Se/kg of Fe3O4, respectively than that of the non-microwave assisted nanomaterial.  The higher 

capacity of the microwave-assisted material could be the result of its smaller size than that of the 

non microwave-assisted synthetic material.  As explained earlier, the smaller particle would 

result in a greater number of surface sites for selenium oxoanion binding to occur.  This increase 
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would allow for a higher capacity of the nanomaterial.  Goh and Lim [31] reported 145 mg Se/ 

kg of tropical soil for selenite removal which is a much lower adsorption value for selenite than 

the synthetic magnetite produced in this study.  Naturally occurring magnetite was also observed 

to have lower capacities for both selenite and selenate of 352.95 and 484.63 mg Se/ kg of 

magnetite [20].  This observation in the differences in capacities of naturally occurring and the 

synthetic magnetite prepared for these studies could be explained by the size differences of the 

magnetite as stated previously.  The reported capacities of selenite and selenate to iron-coated 

GAC adsorbents at room temperature were 637 and 220 mg Se/ g of Fe-GAC, respectively were 

also lower than the capacities reported in this study [32-33].   

 

Table 2.2. Capacities based on Langmuir isotherm experiments for both selenite and selenate 

binding to non microwave-assisted and microwave-assisted Fe3O4 nanomaterials. 

 

Nanomaterial Adsorbate Qe (mg Se/kg of Fe3O4) R
2
 

Non microwave-

assisted Fe3O4 

SeO3
2-

 1923±119.877 1.0 

SeO4
2-

 1428±71.4 0.997 

Microwave-

assisted 

Fe3O4 

SeO3
2-

 2380±7.14 1.0 

SeO4
2
 2369±16.58 0.990 

2.4 Conclusions 

The results of this work show that both non-microwave assisted and microwave-assisted 

synthesized Fe3O4 are capable of binding both selenite and selenate oxoanions.  The binding of 

both oxoanions to the nanomaterial had an optimum pH of 4 and reached equilibrium within 5 

min of contact time.  These results are consistent with the anion binding to materials with similar 

surface properties.  The anions SO4
2-

 and PO4
3-

 affected the binding of both oxoanions to the 

greatest extent.  The non microwave-assisted synthesized Fe3O4 nanomaterial had a capacity of 

1923 and 1428 mg Se/kg of Fe3O4 for selenite and selenate, respectively.  The microwave-
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assisted synthetic material was determined to have a higher capacity for both selenite and 

selenate of 2380 and 2369 mg/kg of Fe3O4, respectively than that of the non microwave-assisted 

material.   
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3. Adsorption of selenite and selenate by a high and low pressure aged manganese oxide 

nanomaterial 

Abstract 

Elevated concentrations of selenium oxoanions in aquatic systems can lead to bioaccumulation 

of excess selenium and improper biological functions in animals.  This study investigated the 

effects of pH, reaction time, competitive anions, and adsorption capacity through the use of 

Langmuir isotherms of selenite and selenate to engineered Mn3O4 nanomaterials aged using two 

different techniques.  The synthesis were performed using a traditional synthesis technique from 

the titration of Mn(II) ions with sodium hydroxide.  The first aging technique used a traditional 

heating source in an open vessel at 90ºC for 60 min, while the second technique used a 

microwave oven with a closed vessel at 90ºC for 30 min.  The phases and average grain sizes of 

the materials were determined through X-ray diffraction and Scherrer’s equation. The optimal 

binding occurred at pH 4 within 10 min of contact time for both materials.  The addition of Cl
-
, 

NO3
-
, SO4

2-
, and PO4

3-
 all decreased selenate binding while only SO4

2-
 and PO4

3-
 decreased 

selenite binding.  The binding capacities were found to be 507 and 800 mg Se/kg of non 

microwave-assisted Mn3O4, for selenite and selenate, respectively. The microwave-assisted 

Mn3O4 displayed binding capacities of 1000 and 934.5 mg Se/kg of nanomaterial for selenite and 

selenate, respectively. 
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3.1 Introduction 

Selenium is known to be an essential micronutrient for both animal and human health.  It 

has been reported that selenium deficiency in humans occurs when daily consumption of 

selenium is less than 0.1 mg/kg of body weight, while consumption of levels above 1 mg/kg of 

body weight are considered toxic [1].  The Environmental Protection Agency has set the 

maximum contamination level (MCL) in drinking water at 50.0 ppb because of this narrow range 

between essential and toxic amounts of selenium described above [2].  Ground and surface water 

can be exposed to high concentrations of selenium from the leaching of mineral rocks, soils, and 

sediments [3].  There are also a variety of ways selenium can occur in the environment through 

anthropogenic causes, such as thermal power stations, oil refineries, smelting plants, glass 

production, and solar batteries [4].  The most frequently found selenium species in natural waters 

and sediments are the inorganic oxoanions selenite (SeO3
2-

, Se
4+

, Se(IV)) and selenate (SeO4
2-

, 

Se
6+

, Se(VI)) [5].  Both of these selenium oxoanions are known to bioaccumulate and can cause 

embryotoxic and teratogenic effects to waterfowl [6-7].   

 Treatment technologies for the removal of selenium from aqueous solutions that have 

been tested include chemical precipitation, catalytic reduction, anion-exchange, bacterial 

reduction, membrane filtration, solar ponds, and phytoremediation [8-11].  Most of these 

techniques, however, have not proven to be cost efficient.  Recently, there have been many 

studies for the use of sorbents as an alternative technique to remove selenium from aqueous 

solutions.  These sorbents include modified rice husk, hardened cement paste, cement paste 

minerals, aluminum-based water treatment residuals, and biopolymeric materials [5, 12-14].  In 

addition, many mineral surfaces such as aluminum oxides, montmorillonite, iron oxyhydroxides, 

and hematite are being tested for their selenium sorption abilities since the adsorption of 
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contaminants and trace element ions often control the cycling of these elements in the 

environment [6,15-18].  However, many of the aforementioned studies have not investigated the 

ability of these types of materials for the sorption of both selenium oxoanions [16-18].  In 

addition, many previously studied materials have had the disadvantage of small adsorption 

capacities or slow adsorption rates [19].   

One way to overcome the small capacity problems and possibly slow adsorption rates is 

through the use of nanoparticles, which have been shown to have high adsorption capacities [4].  

Zhang et al. [4] reported that nano-TiO2 has a capacity for selenite binding of 2.6 mg Se(IV)/g 

TiO2, reaching equilibrium within 5 min.  One material that has not been investigated for its 

ability to remove selenium oxoanions from solution effluents is Mn3O4.  If synthesized at the 

nanometer scale, the Mn3O4 material would have a remarkable increase in surface area which 

could lead to a large adsorption capacity and faster adsorption times than previously studied 

materials [20]. 

In this investigation, nanosynthesized manganese oxide (Mn3O4), by both non 

microwave- and microwave-assisted aging techniques, was examined for its ability to remove the 

selenium oxoanions, selenite and selenate, from aqueous solutions.  The crystal structures of both 

synthetic manganese oxide nanomaterials were determined to be hausmannite, independent of 

the aging technique used.  The potential of both nanomaterials to adsorb the selenium oxoanions 

was investigated in the pH range of 2 to 6, as was the time dependency for adsorption to occur. 

Furthermore, the capacities of the nanomaterials to bind selenite or selenate were also tested 

using Se solutions in the range of 0.25-10.00 ppm.  Finally, the addition of the anions Cl
-
, NO3

-
, 

SO4
2-

, and PO4
3-

 were tested as potential interferences on the selenium oxoanion binding to the 
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nanomaterials. Analytical techniques such as X-ray diffraction and the use of Inductively 

Coupled Plasma-Mass Spectrometry were used to characterize and determine the Se removal. 

3.2 Methodology 

3.2.1 Synthesis and characterization of the manganese oxide nanomaterial 

 The manganese oxide nanomaterials were synthesized from two separate 1.0 L solutions 

of 30 mM of Mn(II) (from MnSO4, EM Science) following the same conditions as described in 

Chapter 2.  The resulting Mn3O4 nanomaterials from each synthetic aging technique were 

characterized using powder X-ray diffraction (XRD) under the same operating conditions 

previously described in Chapter 2.  The resulting patterns were then fitted using crystallographic 

data from the literature and the FullProf Suit program to perform a Le Bail fitting to determine 

the phase of the two synthetic nanomaterials [21].  The average grain size of each material was 

also determined by performing a Guassian fitting to three different diffraction peaks on both 

patterns, and then applying the full width half maxima (FWHM), obtained from the Scherrer’s 

equation. 

3.2.2 Sorption studies and analysis 

 The pH profiles, time dependencies, competitive anion effects, and adsorption isotherms 

were performed with each of the synthetic Mn3O4 nanomaterials for both selenite and selenate 

using the same experimental conditions as in Chapter 2.  The supernatants collected from all 

sample studies were analyzed using the Perkin Elmer Elan DRC II ICP-MS with ELAN software 

under the operating conditions described in Chapter 2, Table 2.1.  Statistical analysis of the 

collected data of binding percentages of the selenium oxoanions to both sets of synthetic Mn3O4 
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were analyzed with one-way analysis of variance (ANOVA) using SPSS software, version 12.0 

(SPSS, Chicago, IL) as described in Chapter 2. 

3.3 Results and Discussion 

3.3.1 X-ray diffraction characterization of nanomaterial  

 Both the non microwave-assisted and microwave-assisted synthetic nanomaterials were 

characterized by powder X-ray diffraction and are concurrent with the 112, 200, 013, 211, 004, 

220, 204, 015, 312, 303, and 321 reported diffraction peaks of the phase of hausmannite 

(Mn3O4), as can be seen in Figure 3.1 [21].  The additionally observed 111 and 200 peaks present 

in both patterns correspond to the platinum sample holder used for pattern collection.  The 

average grain sizes of the non microwave-assisted and microwave-assisted synthetic materials 

were determined to be 25 and 34 nm, respectively.  These average grain sizes of both 

nanomaterials were determined by first taking the average of three different, full width half 

maximums (FWHM) from each diffraction pattern.  These averages where then inputted into the 

Scherrer’s equation, providing the average grain size of the nanomaterials.  The differences seen 

in the calculated grain sizes show that the difference between both the relative intensities and 

widths, as seen in Figure 3.1, are due to the difference in the average grain sizes of the two 

Mn3O4 nanomaterials.  Both of the synthetic aging techniques described are advantageous 

because previously reported hydrothermal techniques have required 48-72 hours to produce 

similar materials [22].  
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Figure 3.1. X-ray diffraction pattern of Mn3O4 from titration of manganese sulfate (MnSO4) 

with sodium hydroxide.  (A) non microwave-assisted synthesis.  (B) microwave-assisted  

synthesis.  
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3.3.2 pH binding studies 

 The pH dependence results of selenite and selenate to both synthetic nanomaterials are 

shown in Figure 3.2.  Selenite binding to both nanomaterials was highest in the pH range of 2 to 

3.  However, it has been previously shown that the Mn3O4 nanomaterial is not stable at such a 

low pH range due to dissolution of the nanomaterial [23]. The non microwave-assisted synthetic 

nanomaterial had a higher binding percentage of selenite than that of the microwave-assisted 

nanomaterial.  The difference in binding percentages could be attributed to the size difference of 

the nanomaterials. The smaller surface area could create a higher number of active sites on the 

nanomaterial surface which would allow for more selenium oxoanion binding to occur.  As 

described earlier, the non microwave-assisted synthetic Mn3O4 had a smaller radius and thus a 

smaller surface area than that of the microwave-assisted synthetic Mn3O4 nanomaterial. The 

binding percentage of selenite to both nanomaterials was greater than that of selenate. This 

difference in binding percentages has been seen in previous studies, indicating that selenite has a 

higher and stronger binding affinity to manganese materials than selenate [24].  Both synthetic 

materials had the highest binding percentage of selenate at pH 3; however, as described above, 

this is not a desirable pH.  Therefore, the highest percentage of binding at a stable pH for both 

nanomaterials occurred at pH 4.  The increased binding of selenium at a lower pH range may 

indicate that the adsorption was dependent on the variable charge developed on the surface of the 

Mn3O4 materials, as has been previously suggested for other synthetic manganese oxides, 

including birnessite and cryptomelane [25].  However, there was a significant difference in the 

binding of selenate to the non microwave-assisted synthetic nanomaterial than to that of the 

microwave-assisted synthetic nanomaterial at pH 4.  As shown in Figure 3.2, the non 

microwave-assisted synthetic material had a selenate binding percentage of 35% while the 
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microwave-assisted synthetic material bound 75% of selenate present at pH 4.  Again the 

difference in binding percentages between the two nanomaterials could be due to the difference 

in average grain size. 
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Figure 3.2. Percentage bound of selenite and selenate at a concentration of 100 ppb to the 

nanomaterial under varying pH conditions ranging from pH 2 to 6.  (A) non microwave-assisted 

Mn3O4.  (B) microwave-assisted Mn3O4.  Error bars represent Standard Error of three replicate.  
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3.3.3 Time dependency studies 

 The amount of selenite and selenate bound to both synthetic Mn3O4 nanomaterials as a 

function of time can be seen in Figure 3.3.  It was observed that the maximum binding occurred 

within 10 min of contact time for both selenium oxoanions to the Mn3O4 nanomaterials.  A fast 

binding equilibrium, as observed in this study, suggests that the sorption of the selenium 

oxoanions occurs on the surface of the hausmannite nanomaterial without the occurrence of a 

redox reaction [23].  These results further support the assertion that the difference in binding 

percentages of the selenate to the different synthetic nanomaterials is occurring due to the 

differences in the average particle size between the two nanomaterials.  The equilibrium time for 

the selenium oxoanion binding to Mn3O4 in this present study is faster than previously reported 

materials for selenium removal.  Liu et al. [26] reported that selenite adsorption to a thermally 

activated, layered double hydroxide material took 30 min to reach equilibrium.  Dash and Parida 

[15] showed manganese nodule-leached residues took 3 hr to reach equilibrium for selenite 

removal.     
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Figure 3.3. Time dependence of percentage bound of selenite and selenate to the nanomaterial at 

a pH of 4.  (A) non microwave-assisted Mn3O4.  (B) microwave-assisted Mn3O4.  Error bars 

represent Standard Error of three replicate. 

3.3.4 Competitive anion studies 

The results of the addition of possible competitive anions (Cl
-
, NO3

-
, SO4

2-
, PO4

3-
) on selenium 

oxoanion, binding to both non microwave-assisted and microwave-assisted synthesized Mn3O4 

nanomaterials, are shown in Figures 3.4-3.7.  The addition of the Cl
-
 ion in the range of 0.1 to 

100 ppm had no significant effect on the binding of selenite to either synthetic nanomaterial.  

This observation indicates the selenite oxoanion has a stronger affinity towards the manganese 

oxides than the Cl
-
 ion.  However, the addition of Cl

-
 did have a significant effect on the binding 

of selenate, beginning at a concentration of 0.1 ppm Cl
-
 added for both Mn3O4 synthetic 

nanomaterials, as seen in Figure 3.4A.  Less than 10% of selenate binding occurred in the 

presence of Cl
-
 in the range of 0.1- 100 ppm.  The occurrence of such a lower binding percentage 

could be explained by selenate having a lower binding affinity to the surface of the manganese 

B 
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nanomaterial.  Maliyekkal et al. [27] have previously shown that the fluoride ion binds to a 

manganese-oxide-coated alumina sorbent and is not affected by the addition of a larger anion of 

SO4
2-

 (~200 ppm).  This would indicate small halogen anions such as Cl
-
 are capable of having a 

higher binding preference to manganese oxides than oxoanions with similar chemistry to 

selenate. 
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Figure 3.4. The effects of the Cl
-
 ion ranging in concentration from 0.1-100 ppm on the sorption 

of selenite and selenate to non microwave-assisted and microwave-assisted synthetic Mn3O4.  

(A) Selenate.  (B) Selenite.  Error bars represent Standard Error of three replicate. 
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The addition of NO3
-
, as can be seen in Figure 3.5B, had no significant effect on the 

binding of selenite to the non microwave-assisted synthetic Mn3O4 nanomaterial, and only a 

slight decrease on the microwave-assisted synthetic Mn3O4 nanomaterial.  This observed slight 

decrease of selenite binding in the presence of NO3
- 
has been previously shown to occur by Dash 

and Parida [15].  The decrease in selenate binding in the presence of NO3
-
 was significant, as can 

be seen in Figue 3.5A, and was more evident in the non microwave-assisted nanomaterial.  The 

binding was reduced to less than 10% bound for both nanomaterials in the presence of 0.1-100 

ppm NO3
-
.  This indicates that the NO3

-
 is competing with selenate for the active surface sites on 

both of the synthetic nanomaterials.  This does not correspond with previous studies showing 

that the addition of NO3
- 
has not had such a significant effect on the binding of other anions to 

aluminum and iron oxides, as shown by Jeong et al [28].  However, it has been stated that 

selenate adsorbs relatively weakly to metal oxide surfaces [29].  This would indicate that the 

selenate binding complexes formed to the manganese oxides in this study are so weak they are 

easily displaced by the addition of another anion, such as the presence NO3
- 
. 
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Figure 3.5. The effects of the NO3
-
 ion ranging in concentration from 0.1-100 ppm on the 

sorption of selenite and selenate to non microwave-assisted and microwave-assisted synthetic 

Mn3O4.  (A) Selenate.  (B) Selenite.  Error bars represent Standard Error of three replicate. 

 

As shown in Figure 3.6B, there was no significant effect on selenite binding to either 

synthetic nanomaterial in the presence of SO4
2-

 in the range of 0.1-10 ppm.  However, binding 

decreased to around 70% selenite bound for both nanomaterials in the presence of 100 ppm SO4
2
.  

The addition of SO4
2- 

has been shown to bind and compete with arsenite binding to a manganese 

oxide-coated alumina, but only when SO4
2-

 is present at higher concentrations, such as in this 

study [30].  There was, however, a significant decrease in the binding of selenate in the presence 

of SO4
2-

 at concentrations between 0.1-100 ppm, as can be seen in Figure 3.6A, for both 

synthetic nanomaterials.  Despite the major reduction of binding, it is interesting to note binding 

is still occurring even at the high ratio of sulfate to selenate present.  For example, at 100 ppm 

SO4
2-

 present in solution, the molar ratio of selenate to sulfate is 1 SeO4
2-

 : 1488 SO4
2-

.  The 

observation of selenate binding still occurring at this large molar ratio of SO4
2-

 to SeO4
2-
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indicates the high affinity of Mn3O4 nanomaterial to bind selenate.  This decrease in binding 

could be attributed to the similar chemistry between selenate and sulfate anions, possibly 

resulting in similar binding affinities for both anions to the Mn3O4 nanomaterial [31].  Also, it 

has been shown that sulfate and selenate have similar sorption characteristics to soil minerals, as 

well as chemical properties [32].  These similarities in sorption could also explain the high 

decrease in binding due to direct competition for binding sites on the surface of the nanomaterial.  
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Figure 3.6. The effects of the SO4
2- 

ion ranging in concentration from 0.1-100 ppm on the 

sorption of selenite and selenate to non microwave-assisted and microwave-assisted synthetic 

Mn3O4.  (A) Selenate.  (B) Selenite.  Error bars represent Standard Error of three replicate.   

 

The addition of the PO4
3-

 anion had a significant effect on the binding of selenite to both 

nanomaterials at concentrations of 1-100 ppm as shown in Figure 3.7B.  At 1 ppm PO4
3-

 present, 

selenite binding decreased by 30% and 10% for non microwave-assisted and microwave-assisted 

Mn3O4, respectively.  This difference in the percentage decrease of selenite binding between the 

two synthetic nanomaterials could be due to the size difference in the particles.  The non 

microwave-assisted synthetic nanomaterial with the smaller grain size would have more 

available active sites for sorption to occur, therefore increasing the chances of selenite binding to 

occur, as opposed to that of the microwave-assisted nanomaterial.  When in the presence of 10 

ppm PO4
3-

, the binding of selenite decreased to 25% and 30% of selenite bound to non 

microwave-assisted and microwave-assisted Mn3O4, respectively.  The difference between the 

B 
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binding percentages of the two synthetic nanomaterials was only 5%.  There was no observed 

binding of selenite to either nanomaterial with the addition of 100 ppm PO4
3-

 to the solution.  

The molar ratio between selenite and phosphate in the presence of 100 ppm PO4
3-

 was 1 SeO3
2- 

: 

1000 PO4
3-

.  Even though the non microwave-assisted nanomaterial’s larger surface area resulted 

in higher binding percentages of selenite bound at a concentration of 0.1 ppm PO4
3-

 this was not 

the case once 100 ppm PO4
3-

 was added to solution.  This decrease in binding of selenite in the 

presence of the PO4
3-

 ion could be occurring due to the analogous behavior of sorption of selenite 

and phosphate, which has been previously observed [32].  Dash and Parida [15] have also shown 

the ability of PO4
3- 

to bind and cause direct competition with selenite at equimolar 

concentrations.  The decrease of selenate binding was more pronounced in the presence of 0.1 

ppm PO4
3-

 than that of selenite at the same concentration.  Selenate binding decreased to less 

than 40% for both synthetic Mn3O4 nanomaterials.  There was no observed selenate binding to 

the microwave-assisted nanomaterial in the range of 1-100 ppm of PO4
3-

 present in solution.  

However, selenate binding was observed for the non microwave-assisted nanomaterial in this 

range.  The observed binding to only the non microwave-assisted nanomaterial at this 

concentration of PO4
3- 

could be explained by the size difference between the particles, as 

mentioned earlier.  At a molar ratio of 1 SeO4
2-

 : 1505 PO4
3-

 , there was very slight binding still 

occurring for the non microwave-assisted synthetic Mn3O4.  Again, the observed selenate 

binding to the Mn3O4 nanomaterial at such a large molar ratio of phosphate to selenate indicates 

a high affinity for selenate to the Mn3O4 nanomaterial.  It has been shown by Mustafa et al. [33] 

that PO4
3- 

does have the ability to bind to a β-MnO2 material.  The ability of phosphate to bind to 

manganese oxides, combined with the observed weak selenate binding, could be the reason for 

the low binding of selenate in the presence of the PO4
3-

 observed in the current study.  The PO4
3- 
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is displacing the weak binding complexes formed between the selenate and synthetic 

hausmannite nanomaterials.   
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Figure 3.7. The effects of the PO4
3-

 ion ranging in concentration from 0.1-100 ppm on the 

sorption of selenite and selenate to non microwave-assisted and microwave-assisted synthetic 

Mn3O4.  (A) Selenate.  (B) Selenite.  Error bars represent Standard Error of three replicate.   

A 

B 
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3.3.5 Adsorption isotherms 

 The binding capacities of both synthetic nanomaterials for both selenium oxoanions taken 

from the Langmuir isotherm equation are shown in Table 3.1.  The non microwave-assisted 

synthesized Mn3O4 nanomaterial had a capacity of 507 and 800 mg/kg for selenite and selenate, 

respectively.  The microwave-assisted synthetic material was determined to have a higher 

capacity for both selenite and selenate of 1000 and 934.5 mg/kg, respectively, than that of the 

non microwave-assisted material.  The capacity for selenite of the microwave-assisted synthetic 

Mn3O4 and the capacity for selenate of both synthetically-prepared Mn3O4 reported in this study 

were higher than that of an iron coated granular activated carbon (Fe-GAC), which has been 

shown in the literature to have capacities for selenite and selenate of 637 and 221 mg Se/kg Fe-

GAC, respectively [34,35].  The higher capacities observed for the Mn3O4 materials could be 

attributed to the blockage of active pore sites on the Fe-GAC material once it has been coated 

with iron. 

Table 3.1. Capacities based on Langmuir isotherm experiments for both selenite and selenate 

binding to non microwave-assisted and microwave-assisted Mn3O4 nanomaterials. 

 

Nanomaterial Adsorbate Qe (mg Se/kg of Mn3O4) R
2
 

Non-microwave-

assisted Mn3O4 

SeO3
2-

 507±44.6 0.994 

SeO4
2-

 800±40.0 1.0 

Microwave-

assisted Mn3O4 

SeO3
2-

 1000±8.0 0.995 

SeO4
2-

 934.5±39.1 0.998 

3.4 Conclusions 

 

 This research has shown the capability of a synthetic nano-hausmannite phase material 

prepared from two separate synthetic techniques to remove both selenium oxoanions, selenite 

and selenate, from aqueous solutions under an optimum pH of 4, within 10 min of contact time 

with the nanomaterials. While the introduction of Cl
- 
and NO3

- 
anions had no significant effect on 
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selenite binding, selenate binding was decreased to less than 15% beginning at 0.1 ppm of either 

additional anion present. The addition of SO4
2-

 and PO4
3- 

, however, decreased selenite sorption 

beginning at concentrations of 100 ppm and 1 ppm added, respectively.  Selenate binding 

decreased to less than 40% and 15% after the inclusion of 0.1 ppm PO4
3-

 or SO4
2-

, respectively.  

The results of these studies indicate nano-hausmannite is more promising as a sorbent for 

selenite rather than selenate, in the presence of other anions. 
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4. Removal of selenite and selenate from aqueous solutions using a magnetic iron/ 

manganese oxide nanomaterial  

Abstract 

Selenium (Se) is naturally occurring in the environment and is an essential nutrient in mammals. 

However, environmental Se can be increased to toxic levels through different industrial 

practices.  The potential adsorption of the Se oxoanions, selenite and selenate, from aqueous 

solutions onto nanosynthesized MnFe2O4 was investigated using batch techniques and DRC-ICP-

MS spectrscopy. The nanomaterial (NM) was laboratory synthesized through slow titration of a 

mixture of Fe
2+

 and Mn
2+

 ions.  X-ray diffraction and Scherrer’s equation were used to determine 

the phase of the material and crystallite size, respectively.  The effects of pH, reaction time, 

competitive anions, and the adsorption capacity of the synthesized NM to bind selenite and 

selenate were investigated.  The Langmuir isotherm was used to determine the binding capacity 

of the NM. Results showed that the phase of the nanomaterial was similar to Jacobsite with a size 

of 27.5 nm. Results also showed that the sorption of either 100 ppb of selenite or selenate was 

pH independent in the pH range 2 to 6 and occurred within 5 min of contact time.  The 

introduction of Cl
-
 and NO3

- 
anions individually added to solution had no significant effect on the 

sorption of either selenite or selenate. However, it was found that the addition of SO4
2-

 had a 

competitive effect only on the sorption of selenate, first seen at 10 ppm and more pronounced at 

100 ppm of SO4
2-

.   In the presence of 100 ppm of PO4
3-

 the adsorption of selenate decreased to 

87% while selenite sorption decreased to 20%.  From the Langmuir isotherm equation it was 

determined that the nano-Jacobsite had a selenite and selenate binding capacity of 6573.76 and 

769.23 mg Se/kg of NM, respectively. 
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4.1 Introduction 

 

 Selenium is a necessary element for mammals and is naturally occurring in the 

environment.  Selenium in natural waters generally has a concentration of < 10 ppb (parts per 

billion); however, in San Joaquin Valley, California, concentrations of Se ranging from 140 to 

1400 ppb have been observed [1].  Such Se concentrations are considered to be toxic in aquatic 

ecosystems where the range between Se deficiency and toxicity is extremely narrow [2].  

Selenium concentrations in aqueous environments are increasing not only because of natural 

sources, but also by anthropogenic practices such as agricultural irrigation drainage, coal burning 

power plants, combustion of fossil fuels, and mining operations [3-5].  Aqueous Se exists 

predominantly as two oxoanionic species: selenite (SeO3
2-

, Se 
4+

, Se(IV)) and selenate (SeO4
2-

, 

Se 
6+

, Se(VI)).  Both Se oxoanions have shown to be toxic and are known to bioaccumulate [1].  

Selenium bioaccumulation can lead to serious health conditions in waterfowl, fish, birds, and 

mammals, including humans [6]. The toxic effects of high levels of Se in wildlife have been 

reported to include tissue damage, reproductive failure, teratogenic effects, and even elimination 

of fish communities [3].     

 There have been several treatment technologies for the removal of Se from aqueous 

environments including anion-exchange, reverse osmosis, micro-algal-bacterial treatment, and 

phytoremediation [7-8].  These forms of treatment can be more costly than they are effective.  

Several adsorbents, many containing naturally occurring minerals and metal oxides, have been 

tested for their ability to remove these Se oxoanions from aqueous solutions [2,4,7,9-15].  These 

sorbents include iron-coated granular activated carbons, pure and coated montmorillonite, 

aluminum oxides, aluminum-based water treatment residuals, iron-coated sand, zerovalent iron, 

various forms of iron oxyhydroxides (α-,β-,γ-, and δ-FeOOH), ferrihydrite, hardened cement 
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paste, cement minerals, magnetite, and hematite [2,4,7,9-15].  However, many of these studies 

only focus on the sorption behavior of one Se oxoanion [4,7,11-12,14-15].  Also, the effects of 

competitive anions such as Cl
-
, NO3

-
, SO4

2-
, or PO4

3-
 have not been thoroughly investigated for 

many of these adsorption treatment techniques.  The aforementioned anions occur naturally in 

aqueous environments and could potentially compete with selenite and selenate for sorption sites 

on adsorption materials [11].   

Nanomaterials provide a unique opportunity for the removal of hazardous materials from 

the aqueous environments.  Iron based materials and NM are efficient at the removal of arsenic, 

Se and other oxoanions from solutions.  For example,  iron coated sand has shown to be able to 

remove between 1.10 and 1.34 mg Se(IV) /g Fe-sand (or 1100-1300 ug/g)  and between 1.026 

and 1.10 mg Se(VI)/g Fe-sand (or 1026 and 1100 ug/g) [10]. Parida et al. [12] showed that the 

adsorption capacity of iron oxyhydroxide/ferrihydrites for selenite have the order β-FeOOH < α-

FeOOH < γ-FeOOH < δ-FeOOH < amorphous ferrihydrite. In another study by Jordan et al. [14] 

the ability of Se(IV) to bind onto magnetite was studied in the presence of silicic acid, which 

showed a high binding at low pH and decreasing binding with increasing pH up to pH 10, where 

the binding was almost completely eliminated.  Although the sorptive properties of iron oxide 

and hydroxide materials for oxoanions have been studied, the sorption properties of substituted 

NM have not been studied to any great extent. One of these types of materials that has not been 

studied for the adsorption of Se oxoanions is Jacobsite.  This is a Fe3O4 material with the formula 

MnFe2O4 which, like magnetite, is a magnetic metal oxide mineral.  Magnetic materials are 

advantageous for adsorption because they can be removed from aqueous effluents after sorption 

through magnetic separation [16, 17].  Jacobsite nanoparticles could be a possible solution for 

overcoming the small surface area or small adsorption capacities that limit the application of 
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previously used magnetic materials for the removal of contaminants from aqueous effluents [16].  

Previous studies using surface-modified and non-modified Jacobsite nanoparticles have been 

proven to be effective sorbents for As(III) and (V) and Cr(VI) which showed to have binding 

capacities of 718 μg/g, 2125 μg/g, and 31.1 mg/g, respectively [18-19].  

In this study, we have synthesized a MnFe2O4 NM and investigated its ability to remove 

selenite and selenate from aqueous solutions.  The synthesized NM was determined to have the 

crystal structure of Jacobsite at the nanoscale.  The capability of the nanomaterial to adsorb 

selenite and selenate was determined in the pH range from 2 to 6.  Additionally, the binding time 

and isotherm studies were performed using concentrations of selenite and selenate from 0.25-10 

ppm.  The effects of interfering anions Cl
-
, NO3

-
, SO4

2-
, or PO4

3-
 from 0.1-100 ppm on the 

binding of Se onto Jacobsite were studied.  

4.2 Methodology 

4.2.1 Synthesis and characterization of the manganese oxide nanomaterial 

 The synthesis of the Jacobsite (MnFe2O4) NM was carried out using 1.0 L containing 

20.0 mM of Fe(II) (from FeCl2, EM Science) and 10 mM of Mn(II) (from MnSO4, EM Science) 

and titrated slowly with a 1.0 M NaOH solution.  The titration was performed for 1 h by adding 

90 mL of NaOH drop by drop to the metal solution to obtain a 1:3 ratio of M
+
:OH

-
.  Upon 

completion of the titration the solution was heated to 90° C for 1 h on a heating plate.  The 

solution was allowed to cool to room temperature and centrifuged at 3000 rpm (Fisher Scientific 

8K, Houston, TX) for 5 min and then washed twice with deionized water (DI) to remove any 

byproducts that resulted from the reaction.  After washing, the nanomaterial was dried at 100° C 

in a VWR 1305U oven (VWR, West Chester, PA) until completely dried.  Characterization of 

the NM was completed using powder X-ray diffraction (XRD) under the same operating 
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conditions described in Chapter 2.  The resulting pattern was then fitted using crystallographic 

data from the literature and the FullProf Suit program to perform a Le Bail fitting to determine 

the phase of the NM [20].  The average grain size of each material was also determined as 

described in Chapter 2.   

4.2.2 Sorption studies and analysis 

 All sorption studies consisting of pH profiles, time dependencies, competitive anion 

effects, and adsorption isotherms were performed with the synthetic MnFe2O4 nanomaterials for 

both selenite and selenate using the same experimental conditions as in Chapter 2.  The 

supernatants collected from all sample studies were analyzed using the Perkin Elmer Elan DRC 

II ICP-MS with ELAN software under the operating conditions described in Chapter 2, Table 

2.1.  Statistical analysis of the collected data of binding percentages of the selenium oxoanions to 

both sets of synthetic MnFe2O4 were analyzed with one-way analysis of variance (ANOVA) 

using SPSS software, version 12.0 (SPSS, Chicago, IL) also as described in Chapter 2. 

4.3 Results and Discussion 

4.3.1 Characterization of the synthesized nanomaterial  

 As shown in Figure 4.1, the X-ray diffraction pattern of the synthesized nanomaterial are 

in agreement with the 220, 311, 222, 400, 511, and the 333 diffraction peaks of Jacobsite 

(MnFe2O4) [20]. The 111 and 200 diffraction peaks correspond to the platinum sample holder.  

Through the determination of the full width at half maximum (FWHM) of the diffraction peaks 

applied to the Scherrer’s equation, the average grain size of the material was determined to be 27 

nm.  This number is based on the calculation average of three different diffraction peaks.  The 

synthesis technique described in the methodology overcomes some of the cumbersome steps 
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shown in previous magnetic material preparation, special chemicals and procedures [16].   In 

addition, the simplicity of the protocol makes it a cost effective synthesis technique. 
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Figure 4.1. X-ray diffraction pattern of MnFe2O4 from titration of manganese(II) sulfate and 

iron(II) chloride. 

4.3.2 pH binding studies 

 The binding of selenite and selenate to the nanomaterial over the pH range of 2 through 6 

is shown in Figure 4.2.  The pH profile study indicated that the binding to the nano-Jacobsite is 

pH independent in the range of 2 through 6 for both selenite and selenate at 100 ppb 

concentration.  The study also showed that nearly 100% of both Se oxoanions was bound to the 

MnFe2O4 material in this pH range at room temperature.  The pH independent binding behavior 

in acidic environments appears to be a characteristic of anionic binding as has been observed 

with other materials, such as aluminum oxide hydroxide and montmorillonite clays [21-22].  

Previous pH dependency studies have also shown that selenium binds greater to iron oxides in 

acidic environments [23-25].  Rovira et al. [24] suggested that sorption of both Se oxoanions 
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increased at acidic pH because the surface charge on the iron oxides hematite and goethite is 

positive.  The only difference between the MnFe2O4 nanomaterial and a Fe3O4 is that one of the 

Fe
2+

 in the crystal structure has been substituted with a Mn
2+

 ion and thus one would expect 

similar behavior between the two types of materials.  In addition, under acidic conditions there 

would be more H
+
 present on the surface of the material creating a higher positive charge surface 

on the MnFe2O4 or on a Fe3O4 nanomaterial. This could enhance the attraction of the selenium 

anions to the surface of the material which could increase the adsorption of the Se oxoanions.   
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Figure 4.2.  Percentage bound of selenite and selenate at a concentration of 100ppb to the 

nanomaterial under varying pH conditions ranging from pH 2 through pH 6.  Error bars represent 

Standard Error of three replicate.   

4.3.3 Time dependency studies 

 The effect of contact time as a function of the percentage of binding of the Se oxoanions 

to the nanomaterial can be seen in Figure 4.3.  As shown in this figure, the binding maximizes to 

96% and 98% of the selenite and selenate in solution, respectively within the first 5 minutes of 

contact time.  Increments beyond that time up to 60 minutes were no significant.  This type of 

fast equilibrium has also been reported for both selenite and selenate binding to iron oxides [25-

26].  Additionally, it has been shown that nano-Jacobsite is a rapid sorbent for As(III), As(IV), 
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and Cr(VI) in acidic conditions [18-19].  In this study, such rapid binding of selenium oxoanions 

to nano-Jacobsite could be occurring because the active sites are located on the surface of the 

material as the nano-Jacobsite is nonporous.  If the active binding sites are indeed on the surface 

of the nanomaterial, then the oxoanions will have easy access to these sites, which would result 

in fast sorption.  It has also been suggested by Parsons et al. [19] that rapid binding is indicative 

of adsorption/ion-exhange binding without the occurrence of any redox mechanism.   
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Figure 4.3. Time dependence of percentage bound of selenite and selenate at concentration of 

100ppb to the nanomaterial at a pH of 4.  Error bars represent Standard Error of three replicate.   

4.3.4 Interference studies  

 The effect of adding potential interfering anions (Cl
-
, NO3

-
, SO4

2-
, PO4

3-
) on the binding 

of selenite and selenate to the nano-Jacobsite can be seen in Figures 4.4-4.7.  As shown in Figure 

4.4, the Cl
-
 ion present in a range from 0.1 to 100 ppm had no significant effect on the percentage 

of both selenite and selenate binding to the nano-Jacobsite. It can also be seen in Figure 4.4, that 

binding remained constant for both the selenite and selenate even in the presence of 1000 times 

the concentration of Cl
-
. There was also no significant observable effect of the binding of either 
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Se oxoanions to the nanomaterial in the presence of NO3
-
 in the range from 0.1 to 100 ppm as 

shown in Figure 4.5.  The low binding affinities of both Cl
-
 and NO3

-
 to iron oxides have been 

observed before [27-28].  This could be occurring because the possible complexes formed 

between the nano-Jacobsite and Cl
-
 and NO3

- 
are much weaker than those formed between the Se 

oxoanions even when present at much higher concentrations than selenite or selenate.  
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Figure 4.4. Effect of Cl
-
 ion ranging from 0.1-100ppm on sorption of selenite and selenate to 

nanomaterial.  Error bars represent Standard Error of three replicate. 
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Figuer 4.5. Effect of NO3
-
 ion ranging from 0.1-100ppm on sorption if selenite and selenate to 

nanomaterial.  Error bars represent Standard Error of three replicate. 
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As shown in Figure 4.6, the sorption of selenite was not affected by the introduction of 

SO4
2-

 to solution in the range between 0.1 and 10 ppm.  However, there was a slight observable 

decrease in selenium binding at 100 ppm of SO4
2-

.  Goh and Lim [29] reported a minor reduction 

of selenite binding when SO4
2-

 increased in an iron containing soils.  In the current study, the 

addition of SO4
2-

 at 10 ppm reduced the selenate binding to 90% which is a mole ratio of 1 

SeO4
2-

 to 149 SO4
2-

.  Even at this large molar ratio of SO4
2-

 to SeO4
2-

, the observed binding is 

still 90%, which is very impressive and indicate a high affinity of the nanomaterial to SeO4
2-

.  In 

the presence of 100 ppm SO4
2-

 only 35% of selenate was observed to bind to the nanomaterial as 

shown in Figure 4.6.  Again, observing the molar ratio between the SeO4
2-

 and the SO4
2-

 , which 

in this case works out to be 1 SeO4
2-

 : 1487 SO4
2-

, still indicates a high affinity of the 

nanomaterial to bind the SeO4
2-

 over the SO4
2-

.  The observed reduction in selenate binding to 

the nanomaterial in presence of SO4
2-

 may be the result of the similar chemistry between selenate 

and sulfate anions. However, the material does show preferential binding of the SeO4
2- 

over the 

SO4
2-

. Wijnja and Schulthess [30] have shown using Raman and attenuated total reflection-

Fourier transform infrared (ATR-FTIR) spectroscopy that selenate and sulfate adsorption have 

similar binding behavior on metal (hydr)oxide surfaces.  The similar mechanism of binding to 

adsorbent surfaces suggests that higher concentrations of SO4
2-

 present in solution could be 

competing for active binding sites on the nano-Jacobsite.  

 As shown in Figure 4.7, the binding of either selenium oxoanions to the nanomaterial 

with concentrations of 0.1-10 ppm of PO4
3-

 present was not significantly affected.  However, at a 

concentration of 100 ppm PO4
3-

 (1.0529 M) in solution, the binding was shown to decrease to 

81% for selenite with a more dramatic decrease to only 13% binding for selenate to the nano-

Jacobsite.  However, when the molar concentration ratios of SeO4
2-

 and PO4
3-

 are compared, the 
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ratio is 1 mole SeO4
2-

: to 1337 mole PO4
3-

 .  This illustrates the preferential binding of the SeO4
2-

 

to the nanomaterial, as seen in Figure 4.7.  There is more than 1000 times the concentration of 

PO4
3-

 yet 13% of the SeO4
2-

 is still binding to the nanomaterial.  Similarly, the molar 

concentration of SeO3
2-

 and PO4
3-

 was determined to be 1 SeO3
2-

 to 1350 PO4
3-

 and only a 15-

20% decrease in the binding of the SeO3
2-

 was observed.  Such a high molar ratio shows the 

selectivity of the nano-Jacobsite towards SeO3
2-

.  Goh and Lim [27] using iron containing soils 

found that PO4
3-

 had a lower influence on selenite sorption than that of selenate sorption on soil 

surfaces.  This would suggest the selenite oxoanion had stronger adsorption ability to the nano-

Jacobsite than selenate.  It has been suggested by Smith et al. [31] that by increasing PO4
3- 

concentration in solution could result in an effect of the mass action of the system.  Goh and Lim 

[29] go further to explain this result as the PO4
3- 

oxoanion may be accumulating or precipitating 

on the surface of the iron oxides causing a change in the surface potential.  The change in the 

surface potential to a negative charge would then repel the selenium oxoanions and prevent 

binding of the selenium oxoanions on the surface of the nano-Jacobsite.   
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Figure 4.6. Effect of SO4
2-

 ion ranging from 0.1-100ppm on sorption of selenite and selenate to 

nanomaterial.  Error bars represent Standard Error of three replicate.   
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Figure 4.7. Effect of PO4
3-

 ion ranging from 0.1-100ppm on sorption of selenite and selenate to 

nanomaterial.  Error bars represent Standard Error of three replicate.   

4.3.5 Adsorption isotherms 

 The capacities of the nano-Jacobsite extracted from the Langmuir isotherm are shown in 

Table 4.1.  From the linear fit of both the selenite and selenate it can be seen that the capacity of 

the NM increased as the concentration of either oxoanions increased.  The capacity was found to 

be of 6573.76 and 769.23 mg Se/kg of nano-Jacobsite for selenite and selenate, respectively, as 

shown in Table 2.  The difference in binding capacities of iron oxides for selenite and selenate 

has also been shown by Rovira et al. [24] and Goh and Lim [29].  Martinez et al. [23] reported 

that the capacity values for natural magnetite were, respectively 352.95 and 484.63 mg Se/kg 

magnetite for selenite and selenate, after 25-30 h to reach equilibrium. This demonstrates that 

capacity values for nano-Jacobsite are greater than that of natural magnetite.  Kuan et al. [32] 

reported that the capacity of aluminum-oxide-coated sand (AOCS) for selenite and selenate was 

1080 and 920 mg Se/kg AOCS, respectively.  The capacity of nano-Jacobsite for selenite is 

higher than that of AOCS but lower for selenate.  However, the equilibrium time for AOCS to 
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reach capacity is 60 min making the nano-Jacobsite a more desirable material to use with an 

equilibrium time of 15 min.   

Table 4.1. Capacity based on Langmuir isotherm experiments for both selenite and selenate 

binding to MnFe2O4 nanomaterial. 

 

Adsorbate Qe (mg Se/kg of MnFe2O4) R
2
 

SeO3
2-

 6573.78±121.52 0.999074 

SeO4
2-

 769.23±43.41 0.99769 

 

4.4 Conclusions 

This research has shown the ability of a synthetic nano-Jacobsite phase material with an 

average grain size of 27 nm to remove both selenite and selenate from aqueous solutions 

independently of pH in the range of 2 to 6. Optimum binding of both selenite and selenate 

occurred within 5 min of contact time with the nano-Jacobsite at pH 4.  The introduction of Cl
-
 

and NO3
-
 anions had no significant effect on the ability of the material to remove both selenium 

oxoanions from solution.  However, the additions of either SO4
2-

 or PO4
3-

 at concentrations of 10 

ppm and 100 ppm, respectively were shown to decrease Se adsorption.  This work has also 

shown that nano-Jacobsite has a higher capacity for Se oxoanions removal than naturally 

occurring magnetite material. 

The material of this chapter is in press as: 

C.M. Gonzalez, J. Hernandez, J.G. Parsons, J.L. Gardea-Torresdey, Removal of selenite and 

selenate from aqueous solutions using a magnetic iron/manganese oxide nanomaterial, 

Microchemical Journal (2010) In Press. 
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5. X-ray absorption spectroscopy studies for the determination of adsorption binding 

modes of selenium oxoanions onto iron and manganese based nanomaterials 

Abstract 

Increasing concentrations of selenium oxoanions in the environment are placing many animals at 

risks for reproduction failure and deformities.  The understanding of binding mechanisms of 

selenium oxoanions to iron and manganese based oxide minerals could lead to enhanced 

understanding of selenium mobility in the environment.  In this study, the binding mechanisms 

of selenium oxoanions, selenite and selenate, to non microwave-assisted and microwave-assisted 

synthetic Fe3O4, Mn3O4, and MnFe2O4 nanomaterials were investigated through the use of X-ray 

absorption spectroscopy.  The X-ray absorption near-edge structure (XANES) spectroscopy 

studies revealed the oxidation state of selenite and selenate remains the same after binding occurs 

to all nanomaterials in pH 2, 4, or 6 environments.  The binding modes of selenite and selenate 

were determined to be bidentate binuclear and were independent of nanomaterials, synthetic 

technique, and pH. 

5.1. Introduction 

 Selenium contamination in the environment has become of concern today due to its toxic 

effects on human and animal health.  The increasing concentrations of selenium in the Western 

United States, such as Wyoming and South Dakota, are raising concern for the possible effects 

on wildlife in those regions [1].  It has been reported the risks for animals in regions with high 

concentrations of selenium include bioaccumulation, reproduction failure, deformities, and die-

off of migratory waterfowl, fish, insects, and plants [2].  The high mobility of the selenium 

oxoanions in water systems is proving to be a challenging factor in water treatment [3].  
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In the environment, the transport and cycling of contaminants and trace element ions are 

often controlled by adsorption processes onto mineral surfaces [4].  The adsorption of aqueous 

selenium onto mineral surfaces is an important factor in mobility and bioavailability of selenium 

in the environment [5].  The most common geosorbent for selenium oxoanions are iron oxide 

minerals with their structures strongly affecting their reactivity with oxoanions [4].  Manganese 

oxides have also been shown to be adsorbents for selenium oxoanions, but have been studied to a 

lesser extent [6].  An understanding of the binding mechanisms for which selenium oxoanions 

binds to iron and manganese oxide minerals could result in a better understanding of selenium 

mobility in the environment and lead to enhanced forms of adsorption water treatment 

techniques. 

 Hayes et al. [7] have demonstrated the bonding mechanisms of selenite and selenate with 

the iron oxide goethite form bidentate binuclear binding complexes through use of Extended X-

ray Absorption Fine Structure (EXAFS) spectroscopy.  The use of ultra small Fe3O4 particles 

were shown to not reduce selenite after binding through the use of X-ray absorption near-edge 

structure (XANES); however the XANES of selenate binding to the particles were not 

investigated [3].  Foster et al. [6] studied the sorption of only selenite onto manganese oxide 

using X-ray absorption fine structure (XAFS) spectroscopy and determined selenite forms both 

bidentate mononuclear and monodentate surface complexes.  The binding mechanism of the 

manganese oxide hausmannite Mn3O4 for selenium oxoanions have yet to be determined.  

Gonzalez et al. [8] have shown the iron/manganese oxide nanomaterial Jacobsite (MnFe2O4) is 

capable of adsorbing both selenite and selenate; however, the binding mechanisms for this 

nanomaterial have yet to be reported. 
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In this study, selenium oxoanion binding to non microwave-assisted and microwave-

assisted Fe3O4 and Mn3O4 as well as non-microwave assisted synthetic MnFe2O4 nanomaterials 

was investigated using synchrotron-based XAS.  The oxidation state of selenium oxoanions after 

binding to the aforementioned synthetic nanomaterials at pH 2, 4, or 6 was determined by 

XANES spectroscopy.  EXAFS spectroscopy was employed to determine the coordination 

environment as well as the interatomic distances of selenium oxoanions to the nanomaterials.  

The combination of both XANES and EXAFS data was used to determine possible types of 

binding modes for the selenium oxoanion binding to the nanomaterials and if synthetic technique 

affected these binding modes. 

5.2. Experimental 

5.2.1 Solution and sample preparation 

 100 ppm solutions of selenite and selenate were prepared by dissolving reagent grade 

Na2SeO3 (Aldrich) and Na2SeO4 (Alfa Aesar), respectively, in Millipore (18 mΩ) water.  

Synthetic Fe3O4, Mn3O4, and MnFe2O4, were prepared as previously described in chapters 2-4.  

The pH of the 100 ppm selenite or selenate solutions were adjusted to pH 2, 4, or 6 using dilute 

hydrochloric acid or sodium hydroxide prior to reactions.  In 5 mL polyethylene reaction tubes 

containing 10 mg of either non-microwave assisted synthetic or microwave assisted synthetic 

Fe3O4 or Mn3O4 or non-microwave assisted synthetic MnFe2O4, a 4 mL aliquot of 100 ppm 

selenite or selenate was added and then rocked (Specimix, Thermo Scientific) for 60 min at room 

temperature.  Once the reaction time was completed, all sample tubes were centrifuged at 3000 

rpm for 7 min.  The resulting supernatants were discarded and solids were oven dried for X-ray 

analyses at Stanford Synchrotron Radiation Laboratory (SSRL, Palo Alto, CA). 
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5.2.2 XANES and EXAFS 

 The XAS studies to investigate the oxidation state of selenium adsorbed at the surface of 

the nanomaterials and possible bonding mechanisms were performed at SSRL on Beam Line 7-3 

using a liquid helium cryostat (4-200 K).  A Canberra 29-element array germanium detector and 

Si(220)φ 90 monochromator were used to obtain the Fluorescence spectra for the Se-K edge 

spectra.  The operating conditions of the beam line were beam energy of 3 GeV with a beam 

current of 50-100 mA.  The sample spectra for all Fe3O4, Mn3O4, and MnFe2O4 nanomaterials as 

well as the model compounds sodium selenite (Na2SeO3) and selenate (Na2SeO4) were collected 

at room temperature and were calibrated using selenium foil.   

 The sample XAS data collected was then analyzed using WinXAS software [9].  The 

edge position of an internal selenium foil (12658 eV) was used to calibrate the edge energy.  The 

first and second degree derivatives of the inflection point of the selenium foil was used for the 

calibration of the sample spectrum.  A polynomial fitting subtraction was implemented to 

remove the background of the spectrum, while a first degree polynomial was used on the pre-

edge region, and a third degree polynomial was used on the post-edge region of the spectrum.  

Based on the energy of the photoelectrons ejected from the samples, the conversion into k space 

was achieved.  A Fourier transformation into interatomic distance space was accomplished by 

resulting scattering curves from k space weighted to 3.  The coordination numbers as well as the 

Debye-Waller factors were obtained by the least squares fit of EXAFS data.  The Se-Fe3O4, Se-

Mn3O4, and Se-MnFe2O4 were than fitted to the XANES and EXAFS spectra of the model 

compounds.      
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5.3. Results and Discussion 

5.3.1 Results of XANES studies 

 The XANES of the interaction of selenite and selenate reacted with the MnFe2O4, Fe3O4, 

and Mn3O4 microwave-assisted and non-microwave assisted synthetic nanomaterials at pH 2, 4, 

and 6 are shown in Figures 5.1-5.4.  As can be seen in each of the individual figures, the 

oxidation state of the selenium after being reacted with the nanomaterial remains the same.  The 

oxidation state of the selenium was determined through looking at the white line position.  The 

white line is a sharp feature which is the highest absorption peak in the XAS spectrum due to 

electronic transitions [10].  As shown in Figure 5.5, the white line for selenite and selenate 

appear at different energy positions separated by approximately 2.9 eV.  The separation between 

the selenite (Se(IV)) and selenate (Se(VI)) white line features is further apart than the energy 

resolution of the beamline, which is between 1 and 2 eV.   It is because of this separation 

between the selenate and the selenite white line that allows for the determination of the oxidation 

state.  Based on this information, it can be seen the oxidation state of selenite or selenate after 

each of the reactions with all the nanomaterials remains unchanged.  The presence of selenite and 

selenate in the samples would show a shoulder feature in the absorption edge, which is not 

observed in any of the samples.  However, there was a change in the local coordination geometry 

between the model compounds and the selenium coordinated to the nanomaterials.  The selenite 

samples show an increase in the white line feature at 12.662 keV, and a damping of the 

absorption feature at approximately 12.471 keV.  These small changes indicate a change in the 

local geometry around the Se(IV) ion.  Similarly, the selenate bound to the nanomaterials also 

demonstrated a change in the atomic geometry showing a small increase in the white line feature 

at 12.665 keV.  Additionally, there was an observed disappearance of the XANES features at 
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approximately 12.673 and 12.681 keV which strongly indicates a change in the local 

coordination geometry as well.  These XANES features observed in the model compounds are 

due to the coordination geometry of the crystalline samples.  The observed increase in the white 

line features has been associated with the hydration or the breaking apart of the crystals to form 

ions [11].  This result indicates that the selenium present in the samples after reaction with the 

nanomaterials is present in the ionic and amorphous form.  

 

 

 

Figure 5.1. XANES spectra of sodium selenite model compound and of selenite (SeO3
2-

) binding 

to the non microwave-assisted synthetic MnFe2O4 nanomaterial at pH 2, 4, and 6. 
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Figure 5.2. XANES spectra of sodium selenite model compound and of selenite (SeO3
2-

) binding 

to (A) microwave-assisted synthetic nanomaterials of Mn3O4 at pH 2, 4, and 6, (B) non 

microwave- assisted synthetic nanomaterials of Mn3O4 at pH 2, 4, and 6, (C) microwave-assisted 

synthetic nanomaterials of Fe3O4 at pH 2, 4, and 6, (D) non microwave-assisted synthetic 

nanomaterials of Fe3O4 at pH 2, 4, and 6. 
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Figure 5.3. XANES spectra of sodium selenate model compound and of selenate (SeO4
2-

) 

binding to non microwave-assisted synthetic MnFe2O4 nanomaterial at pH 2, 4, and 6. 
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Figure 5.4. XANES spectra of sodium selenate model compound and of selenate (SeO4
2-

) 

binding to (A) microwave-assisted synthetic nanomaterial of Mn3O4 at pH 2, 4, and 6, (B) non 

microwave-assisted synthetic nanomaterial of Mn3O4 at pH 2, 4, and 6, (C) microwave-assisted 

synthetic nanomaterial of Fe3O4 at pH 2, 4, and 6, (D) non microwave-assisted synthetic 

nanomaterial of Fe3O4 at pH 2, 4, and 6. 
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Figure 5.5. XANES spectra of sodium selenite and sodium selenate model compounds taken 

from 12.603 to 12.809 keV.      
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5.3.2 Results from the EXAFS studies  

A representative Fourier transformed EXAFS spectra for the reaction of selenite and 

selenate with the MnFe2O4, Fe3O4, and Mn3O4 microwave-assisted and non-microwave assisted 

synthesized nanomaterials at pH 2, 4 and 6 are shown in Figures 5.6-5.9.  The Fourier 

transformed EXAFS are presented as the dotted line and the Fourier transformed fitting of the 

back transformed EXAFS spectra are shown as solid lines.  The actual fitting results are 

presented in Table 5.1-5.3.  The model compound spectra for selenite and selenate are shown in 

Figure 5.10.  As can be seen in Figure 5.10, the position of the main oscillation for both the 

selenite and the selenate samples are located at approximately the interatomic distance of 1.67 

and 1.65 Å, for selenite and selenate, respectively.  However, the coordination number does vary 

from 4 neighboring atoms for selenate and 3 neighboring atoms for selenite.   

As can be seen in the representative spectra in Figures 5.6 and 5.7A-B, there are at least 

two interactions occurring for selenite binding to the MnFe2O4 and Fe3O4 nanomaterials.  These 

interactions are located at 1.71 Å and around 3.30-3.40 Å in the EXAFS data and are shown in 

Tables 5.1-5.2.  The shorter of the two interactions represents the possibility of three Se-O 

interactions of the selenite with the microwave-assisted and non microwave-assisted synthetic 

Fe3O4 and non microwave-assisted MnFe2O4 nanomaterials.  The determined Se-O interatomic 

distance falls within the literature determined range for this type of binding which is 1.68–1.72 Å 

[7].  The other longer observed interaction represents a Se-Metal interaction, which in these 

nanomaterials appears to be the metal iron or manganese ions present in the nanomaterials.  The 

presence of the two iron atoms on the surface of the nanomaterial structures in the fitting of the 

spectra gives a strong indication of the type of binding occurring in the samples.  There are three 

possible types of binding modes for the selenium oxoanion binding to the nanomaterials.  The 
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first possible binding mode is a mononuclear monodentate, the second possible binding mode is 

the binuclear bidentate, and third possible binding mode is mononuclear bidentate as shown in 

Figure 5.11A, B, and C, respectively.  The data obtained from the EXAFS fitting for the selenite 

binding to the microwave-assisted and non microwave-assisted synthetic Fe3O4 and the non 

microwave-assisted MnFe2O4, indicates the presence of two heavier atoms in the EXAFS.  This 

observation is indicative that the binding mode of selenium oxoanions to the nanomaterials is 

binuclear bidentate and has been previously reported in the literature for similar materials [7].  

The binding of the selenite to the microwave-assisted and non microwave-assisted Mn3O4 

nanomaterials was low, and only the first shell EXAFS could be extracted and fitted with any 

certainty and can be seen in Figure 5.7C-D and Table 5.3.  However, the first shell EXAFS of the 

Mn3O4 nanomaterials showed similar data as those of the first shell EXAFS of the microwave-

assisted and non microwave-assisted synthetic Fe3O4 and the non microwave-assisted MnFe2O4 

nanomaterials.  The reported XANES data of the Mn3O4 nanomaterials showed similar data as 

previously discussed to the MnFe2O4 and Fe3O4 nanomaterials, indicating that the binding mode 

of selenium oxoanions to the Mn3O4 nanomaterials may also be binuclear bidentate.  

Furthermore, it is interesting to note the binding mode is independent of the nanomaterial as well 

as the synthetic technique of the nanomaterial at pH of 2, 4, and 6.   

The selenate binding to the synthetic nanomaterials showed similar data to that of 

selenite.  As can be seen in Figures 5.8-5.9A-B and Tables 5.1-5.2, the binding of selenate to the 

microwave-assisted and non microwave-assisted synthetic Fe3O4 and non microwave-assisted 

MnFe2O4 nanomaterials showed a first shell coordination environment consisting of four oxygen 

atoms with an interatomic distance of 1.65 Å.  Similar to the selenite binding, a second 

coordination sphere was observed for the selenate binding to the nanomaterials at approximately 
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3.3-3.40 Å and indicates the presence of two heavier atoms.  The presence of the two atoms in 

the second coordination sphere indicates that the binding of the selenate to the MnFe2O4 and 

Fe3O4 nanomaterials is binuclear bidentate, as was observed with the selenite samples, as shown 

in Figure 5.11B.   

Selenate binding to the microwave-assisted synthetic Mn3O4 nanomaterial was low, as 

was observed with the selenite samples, and therefore only the first shell EXAFS could be 

extracted as can be seen in Figure 5.9C and Table 5.3.  This data showed the presence of 4 

oxygen atoms at an interatomic distance of approximately 1.64 Å.  However, the XANES data 

from the selenate samples reacted with the Mn3O4 nanomaterials data as previously discussed 

showed similar data to that of the selenate data obtained from the MnFe2O4 and Fe3O4 

nanomaterials indicating similar binding behavior which would be binuclear bidentate.  Again, as 

with the selenite data, the selenate binding mode appears to be independent of the binding 

nanomaterial and of the synthesis technique of the nanomaterial.  The non microwave-assisted 

Mn3O4 samples reacted with selenate were too dilute to give the EXAFS oscillations for fitting 

purposes. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Fourier transformed EXAFS of selenite (SeO3
2-

) binding to MnFe2O4. 
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Figure 5.7. Fourier transformed EXAFS of selenite (SeO3
2-

) binding to (A) microwave-assisted 

synthetic Fe3O4 nanomaterial, (B) non microwave-assisted synthetic Fe3O4 nanomaterial, (C) non 

microwave-assisted synthetic Mn3O4 nanomaterial, (D) non microwave-assisted synthetic Mn3O4 

nanomaterial. 
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Figure 5.8. Fourier transformed EXAFS of selenate (SeO4
2-

) binding to MnFe2O4.  
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Figure 5.9. Fourier transformed EXAFS of selenate binding to (A) microwave-assisted synthetic 

Fe3O4 nanomaterial, (B) Fourier Transformed EXAFS of selenate binding to non microwave-

assisted synthetic Fe3O4 nanomaterial, (C) Fourier Transformed EXAFS of selenate binding to 

microwave-assisted synthetic Mn3O4 nanomaterial.  
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Figure 5.10. Fourier transformed EXAFS of (A) sodium selenite and (B) sodium selenite. 
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Figure 5.11. Possible binding modes of selenium oxoanions to either microwave-assisted 

synthesized or non microwave-assisted synthesized Fe3O4, MnFe2O4, and Mn3O4 nanomaterials. 

(A) Monodenate mononuclear.  (B) Binuclear bidentate.  (C) Mononuclear bidentate. 

A B C 

M 

Se 

M 
M 

Se 
Se 

M 

M=Fe or Mn 



 79 

Table 5.1. Fitting of the back transformed EXAFS of the reactions of selenite and selenate with 

microwave-assisted and non microwave-assisted synthetic Fe3O4 nanomaterials. 

Sample  Bond CN
a
 R(Å)

b
 σ

2c
 

Microwave-assisted 

Fe3O4 selenite  pH 2 

Se-O 3.0 1.70(0) 0.0017 

Se-Fe 1.4 3.32(9) 0.0048 

Microwave-assisted 

Fe3O4 selenite  pH 4 

Se-O 3.0 1.71(4) 0.0025 

Se-Fe 2.0 3.41(1) 0.0065 

Microwave-assisted 

Fe3O4 selenite  pH 6 

Se-O 3.0 1.70(6) 0.0032 

Se-Fe 1.0 3.25(8) 0.0065 

Non microwave-

assisted Fe3O4 

selenite pH 2 

Se-O 3.0 1.69(7) 0.0017 

Se-Fe 1.0 3.33(3) 0.0072 

Non microwave-

assisted Fe3O4 

selenite pH 4 

Se-O 3.0 1.71(4) 0.0021 

Se-Fe 1.0 3.38(3) 0.0072 

Non microwave-

assisted Fe3O4 

selenite  pH 6 

Se-O 3.0 1.71(2) 0.0034 

Se-Fe 1.0 3.38(7) 0.0062 

Microwave-assisted 

Fe3O4 selenate pH 2 

Se-O 4.0 1.65(0) 0.0013 

Se-Fe 2.0 3.34(7) 0.0089 

Microwave-assisted 

Fe3O4 selenate pH 4 

Se-O 4.0 1.65(3) 0.0025 

Se-Fe 2.0 3.31(2) 0.0073 

Microwave-assisted 

Fe3O4 selenate pH 6 

Se-O 4.0 1.64(4) 0.0031 

Se-Fe 1.0 3.32(2) 0.0090 

Non microwave-

assisted Fe3O4  

selenate pH 2 

Se-O 4.0 1.65(3) 0.0020 

Se-Fe 2.0 3.40(1) 0.0047 

Non microwave-

assisted Fe3O4 

selenate pH 4 

Se-O 4.0 1.63(9) 0.0011 

Se-Fe 2.0 3.34(5) 0.0083 

Non microwave-

assisted Fe3O4 

selenate pH 6 

Se-O 4.4 1.63(5) 0.0048 

Se-Fe N/A N/A N/A 

Sodium Selenite Se-O 3.0 1.67(1) 0.0024 

Sodium Selenate Se-O 4.0 1.64(1) 0.0019 

a
 Coordination number , 

b
 Interatomic distance, 

c
 Debe-Waller Factor, N/A=Not Available 
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Table 5.2. Fitting of the back transformed EXAFS of the reactions of selenite and selenate with 

non microwave-assisted synthetic MnFe2O4 nanomaterial. 

 

Sample  Bond CN
a
 R(Å)

b
 σ

2c
 

Non microwave-assisted 

MnFe2O4 selenite pH 2 

Se-O 3.0 1.70(7) 0.0025 

Se-Fe/Mn 2.0 3.37(0) 0.0072 

Non microwave-assisted 

MnFe2O4 selenite pH 4 

Se-O 3.0 1.71(6) 0.0021 

Se-Fe/Mn 2.0 3.37(3) 0.0083 

Non microwave-assisted 

MnFe2O4 selenite pH 6 

Se-O 3.0 1.69(1) 0.0022 

Se-Fe/Mn 2.0 3.33(6) 0.0093 

Non microwave-assisted 

MnFe2O4 selenate pH 2 

Se-O 4.0 1.64(1) 0.0019 

Se-Fe/Mn 2.0 3.32(1) 0.0089 

Non microwave-assisted 

MnFe2O4 selenate pH 4  

Se-O 4.0 1.65(7) 0.0028 

Se-Fe/Mn 2.0 3.33(1) 0.0071 

Non microwave-assisted 

MnFe2O4 selenate pH 6 

Se-O 4.0 1.64(5) 0.0018 

Se-Fe/Mn 2.0 3.34(2) 0.0083 
a
 Coordination number , 

b
 Interatomic distance,  

c
 Debe-Waller Factor 

 

Table 5.3. Fitting of the back transformed EXAFS of the reactions of selenite and selenate with 

microwave-assisted and non microwave-assisted synthetic Mn3O4 nanomaterials. 

Sample  Bond CN
a
 R(Å)

b
 σ

2c
 

Microwave-assisted  

Mn3O4 selenite pH 2 

Se-O 3.0 1.71(3) 0.0016 

Microwave-assisted 

Mn3O4 selenite pH 4 

Se-O 3.0 1.70(8) 0.0022 

Microwave-assisted 

Mn3O4 selenite pH 6 

Se-O 2.8 1.69(7) 0.0019 

Non microwave-assisted 

Mn3O4 selenite pH 2 

Se-O 3.0 1.71(3) 0.0016 

Non microwave-assisted 

Mn3O4 selenite pH 4 

Se-O 3.0 1.69(6) 0.00055 

Non microwave-assisted 

Mn3O4 selenite pH 6 

Se-O 3.0 1.70(5) 0.0020 

Microwave-assisted  

Mn3O4 selenate pH 2 

Se-O 4.2 1.64(7) 0.0011 

Microwave-assisted  

Mn3O4 selenate pH 4 

Se-O 4.0 1.63(7) 0.00024 

Microwave-assisted  

Mn3O4 selenate pH 6 

Se-O 4.0 1.64(3) 0.0010 

a
 Coordination number, 

b
 Interatomic distance, 

c
 Debe-Waller Factor 
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5.4 Conclusions 

 

 This research has displayed all the nanomaterials bind selenite and selenate without the 

occurrence of any oxidation state changes at pH of 2, 4, or 6.  Also, the binding mode of both 

selenium oxoanions to all nanaomaterials investigated appears to be binuclear bindentate.  

Finally, the binding mode is independent of the synthetic technique for all nanomaterials studied. 
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6. Conclusions 

The final conclusions derived from this work can be summarized as follows: 

 The results from XRD show that both non microwave-assisted and microwave-assisted Fe3O4 

and Mn3O4, and the non microwave-assisted MnFe2O4 nanomaterials had the phases of 

magnetite, hausmannite, and Jacobsite, respectively.  

 Application of the Scherrer’s equation revealed the average grain sizes of the nanomaterials 

were 27 and 25 nm for non microwave-assisted and microwave-assisted synthetic Fe3O4 

nanomaterials, respectively, 25 and 34 nm for non microwave-assisted and microwave-

assisted synthetic Mn3O4 nanomaterials, respectively, and 27 nm for non microwave-assisted 

synthetic MnFe2O4 nanomaterial. 

 The optimal binding pH for all nanomaterials was pH 4.  This was based on the stability of 

the materials at the tested pH range of 2-6, as well as the percentage of selenium bound. 

 The binding times for selenium oxoanions were observed to be 5 min for MnFe2O4 and both 

the synthetic Fe3O4 nanomaterials; for both synthetic Mn3O4 nanomaterials, binding time was 

10 min. 

 The addition of the Cl
-
 ion significantly decreased selenate binding to both synthetic Mn3O4 

nanomaterials only.  

 Selenate binding to both synthetic Mn3O4 nanomaterials and microwave-assisted synthetic 

Fe3O4 nanomaterial were significantly decreased in the presence of the NO3
-
.   

 The SO4
2-

 anion significantly decreased the sorption of selenate to all nanomaterials tested, 

additionally decreasing the binding of selenite to both Mn3O4 nanomaterials.  The decrease in 

selenate binding could be due to the similar chemistry and binding behavior to metal oxides 

between selenate and sulfate. 
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  The decrease in selenite binding for the Mn3O4 nanomaterials in the presence of sulfate 

could be explained by a weaker affinity of selenite to the Mn3O4 nanomaterial than other 

materials, as well as due to a higher molar ratio of sulfate to selenite. 

 The addition of the PO4
3-

 ion significantly affected the binding of both selenite and selenate 

to all nanomaterials tested.  When at a much higher molar ratio, selenite could be 

outcompeted for binding sites by the phosphate ion.  The selenate complexes formed between 

all nanomaterials tested could be much weaker than those formed by the phosphate ion.   

 The capacities for the Fe3O4 nanomaterials based on Langmuir isotherms were found to be 

1923 and 1428 mg Se /kg of non microwave-assisted Fe3O4 and 2380 and 2369 mg Se/ kg of 

microwave-assisted Fe3O4 for selenite and selenate, respectively.  The differences in 

capacities between the two Fe3O4 nanomaterials could be attributed to the variation of the 

nanomaterial’s size.  The smaller sized nanomaterial would have a larger surface area 

resulting in a higher number of active binding sites.   

 The capacities based on the Langmuir isotherm adsorption experiments show that the non 

microwave-assisted synthetic Mn3O4 nanomaterial had a capacity of 507 and 800 mg Se/kg 

of nanomaterial for selenite and selenate, respectively.  The microwave-assisted synthetic 

Mn3O4 nanomaterial was determined to have a higher capacity for both selenite and selenate, 

1000 and 934.5 mg Se/kg of nanomaterial, respectively, than that of the non microwave-

assisted Mn3O4 nanomaterial. 

 The Langmuir isotherm equation determined that the nano-Jacobsite had a selenite and 

selenate binding capacity of 6573.76 and 769.23 mg Se/kg of MnFe2O4, respectively. 

 In all cases tested, except for microwave-assisted synthetic Mn3O4, selenite sorption capacity 

of the nanomaterials was greater than selenate sorption capacity.  This trend has been 
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observed with most metal oxides that have been tested for their adsorption capacities for both 

selenium oxoanions.   

 The XANES studies revealed the oxidation state of both selenite and selenate does not 

change after binding to Fe3O4, Mn3O4, or MnFe2O4 nanomaterials has occurred. 

 The EXAFS results displayed that all nanomaterials bind both selenite and selenate in a 

binuclear bidentate fashion. 

 While all materials were found to bind both selenium oxoanions regardless of synthetic 

technique, the addition of competitive anions does not make Mn3O4 a promising sorbent for 

selenium oxoanion removal. 

 Fe3O4 and MnFe2O4 nanomaterials had the highest observed binding capacities and were the 

least affected by the addition of competitive anions; they also continued to display a high 

affinity for both selenite and selenate binding.  These materials are the most promising 

adsorbents tested for selenium oxoanion removal in this work. 
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