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Abstract

The binding of Cr(III) and Cr(VI) to synthetic nano-magnetie particles synthesized under open

vessel conditions and a microwave assisted hydrothermal synthesis techniques was investigated.

Batch studies showed that the binding of both the Cr(III) and Cr(VI) bound to the nano-materials

in a pH dependent manner. The Cr(III) maximized at binding at pH 4 and 100% binding.

Similarly, the Cr(VI) ions showed a maximum binding of 100% at pH 4. The data from the time

dependency studies showed for the most part the majority of the binding occurred within the first

5 minutes of contact with the nanomaterial and remained constant thereafter. In addition, the

effects of the possible interferences were investigated which showed some effects on the binding

of both Cr(III) and Cr(VI). However, the interferences never completely eliminated the chromium

binding. Isotherm studies conducted at room temperature showed the microwave synthesized

nanomaterials had a binding capacity of 1208 ± 43.9 mg/g and 555 ± 10.5 mg/g for Cr(VI) and

Cr(III), respectively. However, the microwave assisted synthesized nanomaterials had capacities

of 1705 ± 14.5 and 555± 10.5 mg/g for Cr(VI) and Cr(III), respectively. XANES studies showed

the Cr(VI) was reduced to Cr(III), and the Cr(III) remained as Cr(III). In addition, the XANES

studies indicated that the chromium remained coordinated in an octahedral arrangement of oxygen

atoms.
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Introduction

Chromium, a ubiquitous element, is found in soils, rocks and living organisms [1]. It has

been used mainly in industry for its anti-corrosive properties. The plating of metals that are

prone to corrosion with chromium to prevents the oxidation process [2]. Other major

industrial applications include pigments, paints, and leather tanning [3]. Exposure to the

chromium can cause environmental and human health problems. The different processes that

are involved in making these products expose many workers to the dangerously high

amounts of chromium which could lead to chromium poisoning [1]. The waste from the

processes can lead to environmental pollution. The known routes of exposure to chromium

include ingestion and skin absorption and inhalation [4]. Currently, the EPA has limited the

amount of total chromium in drinking water to 0.100 ppm [6].

Many different methods exist to remediate heavy metals from the aqueous environment such

as ion-exchange, adsorption, precipitation, co-precipitation, coagulation, and complexation.

Adsorption as a method to remove Cr(VI) from the aqueous environment can be achieved

through the use of iron and iron oxide based materials [7-28]. Iron oxide materials have been

shown to adsorb both Cr(III) and Cr(VI) in aqueous solutions [7]. Furthermore, many iron

oxide materials containing Fe2+ ions have been shown to be able to reduce Cr(VI) to Cr(III)

ions by transferring electrons from the Fe(II) to the Cr(VI) [8]. The sorption of Cr(VI) from

solution has been studied using diatomite-supported and unsupported Magnetite particles at

the micro and nanoscale. A high efficiency removal and good capacities has been observed

at pHs of 11.4 and 10.6 for the supported and unsupported nano-Magnetite particles [8]. At

the nanoscale the capacities were observed to be 69.2 and 21.7 mg/g for the supported and

unsupported nanomagnetite particles, respectively [8]. In a similarly study montmorolinite-

supported iron oxide nanoparticles showed excellent removal of Cr(VI) from aqueous

solutions with a capacity of 15.5 mg/g for the supported and 10.6 mg/g for the unsupported

magnetite particles [9]. Iron oxyhydroxides have been studied and have shown much

promise as adsorbents, however the phases of the material has shown to have a large effect

on adsorption. The synthesis conditions of many different materials has tremendous effects

on the behavior of a material such as: catalytic activity, binding, as well as the surface

properties, magnetic properties .

In the present study, the binding of Cr(III) and Cr(VI) to nano-magnetite was investigated to

determine if the ageing process has effects on the binding properties of the nanomaterials.

The nano-magentite investigated was aged under two different conditions: a traditional

heating with an open vessel and a microwave-assisted heating in a closed vessel. The

nanomaterials were characterized using powder X-ray diffraction analysis. The effects of

pH, time, interferences, and the binding capacity of the two materials were investigated. The

interferences studied were Cl−, NO3
−, SO4

2−, and PO4
3− anions, which are common anions

found in both surface and ground water. In addition, XANES studies were performed on the

chromium bound to the nano-magnetite materials to determine the oxidation state and the

coordination environment of the chromium after binding.
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Methodology

Synthesis of iron oxide nanoparticles

The synthesis of the magnetite nanoparticles particles was performed using a method similar

to that reported by Parsons et al. [11]. In brief 1.0 L of a 30 mM solution of iron(II) chloride

was prepared from iron(II) chloride tetrahydrate and deionized (DI) water. The solution was

then titrated with 90mL a 1.0 M solution of sodium hydroxide at a rate of approximately

0.1mL/min. The solution was maintained under constant stirring conditions to obtain a

homogenous mixture. The Fe(OH)x was then placed in a Teflon vessel and heated in a

Perkin Elmer Multiwave 2000 system. The particles were heated to constant temperature of

90 °C for 30 min and subsequently cooled to room temperature. The cooled samples were

then centrifuged at 3000 rpm for approximately ten min and the supernatants were

discarded. The particles were then dried in an oven at 100°C. The open vessel ageing

process followed a similar procedure as the microwave-aged particles by heating to 90°C for

1h.

pH study

Solution consisting of 100 ppb of either Cr(III) and Cr(VI) solutions were prepared from

either chromium(III) nitrate or potassium dichromate salts, respectively. The Cr(III) and

Cr(VI) solutions were pH-adjusted to 2, 3, 4, 5, and 6. The pH adjustment was performed by

addition of small amounts of either HCl or NaOH under constant stirring. A mass of 10 mg

of the nanomaterial were placed into 5 mL polyethylene tubes and 4.0 mL of the pH-

adjusted chromium solution were added to the test tubes and equilibrated for 1hr on a

rocker. Control samples were prepared for the reactions, which consisted of the chromium

ions without the iron nanoparticles, in triplicate for statistical purposes. Subsequent to

equilibration, the samples and controls were centrifuged at 3000 rpm for 5min and the

supernatants were collected and saved for further analysis.

Time dependency Study

10 mg samples of the nano-Magnetite particles were weighed out and placed in to a 5 mL

test tube and 4 mL of the pH-adjusted (pH 4.0) Cr(III) or Cr(VI) ions were added to the test

tube. The Cr(III) and Cr(VI) solution were pH adjusted to 4.0, which was determined to be

the optimum binding pH. The pH adjusted samples were again equilibrated on a rocker at

time intervals of 5, 10, 15, 20, 30, and 60 min. Control samples for the reactions consisted of

the pH adjusted chromium solutions without the nano-Magnetite All sample and control

were prepared in triplicate for statistical purposes. Subsequent to equilibration, the samples

and control samples were centrifuged at 3000 rpm for 5 min and the supernatants were

collected and saved for further analysis.

Adsorption isotherm

The adsorption isotherm study was performed under a similar procedure as the pH study.

The equilibration time was fixed to 1.0 h at the optimum binding pH 4 at room temperature

21°C. The Cr(III) and Cr(VI) solution concentrations used for the were 0.25, 0.50, 1.0, 5.0,

and 10.0 ppm. A 10 mg sample of the nano-Magnetite was weighed out and placed into a
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5.0 mL test tube and 4.0 mL aliquot of either the Cr(III) or Cr(VI) pH-adjusted solution was

added. The sample was then equilibrated on a rocker to equilibrate for 1 h. Control samples

consisting of the chromium solution without the nano-Magnetite. The reaction sample and

control samples were prepared in triplicate for statistical purposes. Subsequent to

equilibration, both the samples and controls were centrifuged at 3000 rpm for 5 min and the

supernatants were collected and saved for further analysis.

Interference study

The interfering anions used for this study were phosphate, sulfate, chloride, and nitrate,

which were obtained from their sodium salts. Solutions contacting 100 ppb of either Cr(III)

or Cr(VI) were prepared containing 0.1, 1.0, 10, 100 ppm of the anions. The solutions were

subsequently pH-adjusted to pH 4, the optimum binding pH as previously mentioned. A 10

mg sample of the nano-Magnetite was weighed out and placed in a 5 mL test tube and a 4.0

mL aliquot of one of the pH-adjusted chromium solutions contacting one of the anions was

added to the nano-Magnetite sample. The sample was then capped and placed on a rocker to

equilibrate for 1 h. Controls for the reactions consisted of the chromium and anion solution

without the nano-Magnetite. All reactions were performed in triplicate for statistical

purposes. Subsequent to the reaction, the samples were centrifuged at 3000 rpm for 5 min

and the supernatant was collected and saved for further analysis.

GFAAS

A Perkin Elmer® Zeeman graphite furnace atomic absorption spectrometer model 5100ZL

(Perkin Elmer-Shelton, CT) was used to determine the chromium concentration in solution.

The calibration of the instrument was performed using a set of chromium standards prepared

by serial dilution of a 1000 ppm chromium standard purchased from PlasmaCAL®. For the

analysis the current for the Cr lamp was 25 mA, with a wavelength of 350 nm and a slit size

of 0.7 mm. These conditions were used for all analysis. In addition, all calibration curves

obtained had a R2 value of at least 0.99 or better.

Statistical analysis

The triplicate data of the chromium solutions were analyzed with one-way analysis of

variance using SPSS software, version 17.0 (SPSS Inc., Chicago, IL). Significant differences

were detected using the Tukey-HSD (honestly significant difference) test. A significant

difference between data points is based on a probability of p <0.05, unless otherwise stated.

X-ray diffraction analysis

The synthesized Fe3O4 nanomaterials was performed using a Bruker D5000 powder X-ray

diffraction. The samples were first homogenized with a mortar and pestle and placed on a

platinum sample holder. The samples were diffracted from 20-60° in 2θ using a 8s counting

time and a step of 0.007° at room temperature. A Le Bail fitting of the diffraction data was

performed in the FullProf software to determine the phase of the material. In addition, the

crystallite size of the nanoparticles was determined using Scherrer’s equation and a

Gaussian fitting of the diffraction data was used as well. The average grain sized was

determined as an average of three independent diffraction peaks in the sample.
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XAS Sample preparation

100 ppm solutions of Cr(VI) and Cr(III) were made using reagent grade potassium

dichromate (K2Cr2O7) and chromium nitrate (Cr(NO3)3), respectively. These solutions were

then pH-adjusted to 2, 4, and 6 using dilute sodium hydroxide and hydrochloric acid. 10 mg

of either Fe3O4 open vessel synthesized or microwave synthesized nanomaterials were

weighed and put into 5mL polyethylene test tubes. Then 4mL of either of the pH adjusted

Cr(III) or Cr(VI) solutions were added to the sample and equilibrated for one hour.

Subsequent to equilibration the samples were centrifuged for 10 min at 3000 rpm and the

solids samples were collected for analysis. This analysis was performed at Stanford

Synchrotron Radiation Lightsource (SSRL, Palo Alto, CA).

XANES study

The XANES studies were performed at SSRL on Beam Line 7-3 using a liquid helium

cryostat (4-200 K). The operating conditions of the beam line were 3 GeV energy with a

beam current of 50-100 mA. A Canberra 30-element array germanium detector and Si(220)

φ 90 monochromator were used to obtain the Cr-K edge fluorescence spectra (Cr-Kα

5989eV). The model compounds used for comparison of the spectra were potassium

dichromate and chromium (III) nitrate. A chromium foil [Cr(0)] was used as an internal

calibration standard to determine the correct edge energy of each sample.

Results and Discussion

XRD characterization results

Figures 1 A and B show the diffraction pattern of the synthesized nanomaterials under the

open vessel conditions and the microwave-assisted synthesis, respectively. As can be seen in

Figures 1 A and B, the synthesized nanomaterials have the 220, 311, 222, 400, 331,422, and

511 planes observed in Magnetite [30]. The aforementioned diffraction planes correspond to

the diffraction peaks located at 30.11, 35.44, 37.11, 43.11, 47.11, 53.44, and 57.00 in 2θ,

respectively. It should be noted that there are two anomalous diffraction peaks, which

correspond to the platinum 111 and the 220 diffraction peaks are which are present from the

sample holder. The platinum diffraction peaks corresponds to the diffraction peaks observed

at 39.44 and 45.88 in 2θ, which are indicated by the lower set of Bragg peaks in the fitting.

In addition, using the Scherrer’s equation, the average grain size of the nanomaterial was

determined to be approximately 27 nm for the open vessel synthesis. Whereas, the average

grain size of the microwave-assisted Fe3O4 nanomaterials was approximately 25 nm. The

small difference in the average grain size indicates that the ageing conditions have little to

no effect on the average size of the nano-magnetite materials synthesized in this study.

pH dependency

Figures 2 A and B show the adsorption of Cr(VI) and Cr(III) to the synthesized

nanomagnetite using an open vessel synthesis and the microwave-assisted synthesis with

varying pH. As can be seen in Figure 2, the binding of Cr(VI) was found to be pH dependent

to both Fe3O4 nanomaterials. At lower pH levels there were some statistical differences

between pH 2 and 3; however, very little binding was shown at these low pH’s. The binding
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of the Cr(VI) to the microwave synthesized nano-magnetite maximized around pH 4 and

remained relatively constant thereafter with no observable statistical difference at pH 5 and

6. Similarly, the binding of the Cr(VI) anions to the open vessel Fe3O4 nanomaterial

maximized at pH 4. However, a slight decrease in the binding of the Cr(VI) to the open

vessel was observed at pH 5 and pH 6. However, the Cr(III) did not bind at low pH 2.0 very

minimal binding was observed at pH 3. However, the binding increases to approximately

95-100% at pH 4 for both Fe3O4 nanomaterials and remained relatively constant thereafter.

Statistically differences in the binding for both nanomaterials were only observed at pH

levels below 4.0. These types of trends in binding have been observed for the binding of

Cr(III) and Cr(VI) to different iron nanomaterials [12,13]. For example, the percentage

removal of Cr(VI) using supported/unsupported diatomite showed approximately 100% of

the Cr(VI) bound [8], whereas micro-sized Magnetite particles were found to bind

approximately 50% of the chromium from solution. However, the binding of the Cr(VI) was

found to be stable at a low pH’s from 1-3 and decreased with increasing pH up to pH 8 [8].

In a similar study using Montmorillonite-supported Magnetite nanoparticles, the authors

observed high binding of Cr(VI) at a low pH and then decreased binding above pH 3. In the

present study, the nano-magnetite synthesized using either the open vessel or microwave

assisted technique, had similar binding trend as observed in the literature. However, slight

difference s in the observed binding occurred: for example the maximum binding in the

literature is observed to occur at pH 3 whereas in the present study this maximum binding

was observed at pH 4. In addition, the observed decrease in the binding of the Cr(VI) in

occurred at slightly higher pH values of approximately 6. The overall binding trend

observed for the Cr(VI) binding to the nano-magnetite had the same trends the open vessel

materials had higher binding at lower pHs. The microwave-assisted synthesized Fe3 O4,

aged in a closed vessel, was limited in the amount of oxygen and could provide more Fe2+

or some un-reacted OH− groups on the surface; whereas the ageing of the nanomaterials in

the open vessel were exposed to an excess of oxygen which may have led to the formation

of a layer of Fe3+, which may enhance the binding of Cr(VI) to these materials.

Time dependency studies

Figures 3 A and B show the time dependency of the binding of both Cr(III) and Cr(VI) to

the open vessel and microwave-assisted, synthesized Fe3O4 nanomaterials. The Cr(VI)

bound rapidly to bot the open vessel and microwave-assisted synthesized nano-Magnetite,

within the first five minutes of contact with the nanomaterial and remained constant

thereafter. The Cr(III) reacted with the microwave-assisted synthesized Fe3O4 showed a

slight increase in binding as contact time increased, after 15 min the binding remained

constant. The Cr(VI) binding occurred at approximately 70% and remained constant for the

first 30 min and then increased up to 95 to 100 % at the one hour of contact time. Whereas

the binding of the Cr(III) to the open vessel nanoparticles showed very low binding in the

time ranging from 5 min to 30 min, the binding, by the 1h mark, maximized to above 90%.

The binding of the Cr(VI) to the open vessel synthesized Fe3O4 showed a relatively constant

binding up to 30 min with a slight increase in the binding from 70% to approximately 90%

between 30 and 60 min of contact time. Similarly in the literature, the time dependency of

chromium binding to nanomaterials has been shown [15]. However, Cr(VI) generally

requires more time to bind than Cr(III) due to different redox reactions and chemical
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kinetics occurring in the reaction [15]. There are a number of examples in the literature

where times of 2 and up to 24 hours are observed for maximum binding to occur. More than

likely the shorter time required for binding to occur in the present study is an effect of the

Cr(III) and Cr(VI) concentrations of 100ppb used in the studies. Where as in the literature

concentrations of 50 to 100 ppm have been used for binding studies [8, 9, 16, 17]. The

binding times observed in the present study actually represent the binding of Cr(VI) and

Cr(III) to iron oxide based nanomaterials nicely. In general, the binding of Cr(VI) to iron

oxide based materials shows the majority of the binding occurs within the 20-30 minutes of

contact. After the first 30 minutes of contact the binding slightly increases by approximately

10-15 percent beyond what is observed in the first 30 minutes of contact [8, 9, 16, 17]

Adsorption isotherms

Adsorption isotherms were used to determine the binding capacities for Cr(III) and Cr(VI) to

the microwave and open vessel-synthesized nano-Magnetite. The isotherm data was found

to fit to the Langmuir isotherm (R2=0.995) equation as shown below in the linearized

format:

Where Ce is the equilibrium concentration of the Cr(VI) in solution, b is a constant that is

related to the ionic strength and the pH of the solution. Qm is the capacity of the material.

The capacities determined using the Langmuir equation are shown in Table 1.

This current study showed binding capacities of 0.555 mg/g and 1.705 mg/g to Cr(III) and

Cr(VI) for the open vessel synthesized Fe3O4 nanomaterial. Similar values of 0.555 ± 0.011

and 1.208 ± 0.044 mg/g were obtained in the reaction of Cr(III) and Cr(VI) to the

microwave synthesized Fe3O4 nanomaterial, respectively. Smith and Ghiassi found a

capacity of 9.5 +/− 0.3 mg/g for the binding of chromate to iron(III) oxyhydroxide [16].

Smith and Ghiassi also noted that there was some co-precipitation of the chromium with the

iron occurring in the reactions. The co-precipitation of the chromium was occurring through

the dissolution of Fe(II) and the formation of a Cr(III)- iron complex. Yun Peng et al. [8]

have investigated the removal of Cr(VI) from aqueous solutions by diatomite-supported and

-unsupported magnetic nanoparticles. The researchers found that the diatomite-supported

nanoparticles showed higher capacities than the unsupported nanoparticles. The observed

capacities of the supported and unsupported microscale particles for the Cr(VI) were 11.4

mg/g and 10.6 mg/g, respectively. However, the nanoscale Magnetite capacities of 69.2 and

21.7 mg/g were observed for the supported and unsupported nanoparticles. The increase in

the capacities of the nanomaterials, when supported, indicates that the diatomite has a high

capacity for binding Cr(VI) from aqueous solution possibly due to the surface modification

by the diatomite clay, which has been shown to be 11.55 mg/g [8]. A similar material, γ-

Fe2O3 in the nanophase, has been studied for the removal of Cr(VI) from aqueous solutions

at pH 2.5 [17]. The observed capacity of the γ-Fe2O3 nanoparticles was 15.6 mg/g. For

Anatase, a titanium based material, the capacity for Cr(VI) has been observed to be 14.56

mg/g [20]. Other systems have been investigated for the removal of Cr(VI) from aqueous
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solutions, such as aluminum/magnesium-mixed hydroxides which have shown capacities in

the range of 105.3 to112.0 mg/g [18]. The literature shows that Fe2O3 has a higher binding

capacity than the Fe3O4 materials, as does FeOOH, another iron(III) compound. The

preparation of nanomaterial controls their reactivity and the functionality [19]. In addition,

some of the studies that show long equilibrium time and low pH’s result in high chromium

binding [8,9,12,13,]. In a study by Parsons et al, the adsorption of As(III) and As(V) was

studied using different nanomaterials including Fe3O4 [29]. This study showed that at low

pH the iron-based nanomaterials released large amounts of iron which decreased only by

increasing the pH up to pH 6 [29]. The data indicates that the high capacity observed for the

binding of iron oxide nanomaterials could potentially be a co-precipitation reaction as

mentioned by Smith and Ghiassi [16]. The lower capacities in the current studies may be

due to the pH of reaction used in the study. The optimum binding was observed for both

Cr(III) and Cr(VI) to occur at pH 4.0, whereas many of the studies performed in the

literature used pH’s well above this in the range of to 8, or well below pH 4.0. At pH below

4.0 iron oxides become less stable and dissolve into the solution and cause co-precipitation.

Whereas at higher pH’s precipitation of chromium from solution has been observed. At

either pH range high binding capacities would be observed without true binding to the

nanomaterial occurring.

Interference studies

Figures 4-7 show the effects of anions that are commonly found in surface and ground water

(Cl−, NO3
−, SO4

2−, and PO4
3−) on the binding of Cr(VI) and Cr(III) to the open vessel and

microwave-assisted synthesized nanomaterials at pH 4. The concentrations of interfering

anions investigated ranged from 0.1 ppm to 100 ppm. Figures 4 A and B show the results of

the interference studies with Cl− anions. The presence of the Cl− initially shows a small

decrease in binding (approximately 10%) for the reaction between the Cr(VI) and the open

vessel synthesized Magnetite. A 30% decrease in the binding of the Cr(VI) to the

microwave-synthesized Magnetite was also observed. The microwave assisted synthesized

Magnetite showed an initial decrease at the lower concentrations of Cl− however the binding

remains relatively constant thereafter.

Similar to the Cl− study, the NO3
− anion showed an initial decrease in the binding of

approximately 10% and 20% for Cr(VI) binding to both the open and microwave-

synthesized Fe3O4 nanoparticles (Figures 5 A and B). The binding of Cr(VI) to the

microwave-synthesized Magnetite remained constant at around 70 % with no statistical

differences except the control. The open vessel magnetite showed binding around 90% with

statistical differences at 0.1 and 100 ppm aside from the control. Similar results were

observed for the Cr(III) and nitrate experiments as were observed in the Cr(VI) experiments.

However, the Cr(III) experiments with statistical differences in the binding were observed at

nitrate concentrations at 100 ppm for the microwave material . Decreased binding was

observed for both the Cr(VI) and Cr(III) to the nano-Magnetite in the presence of either

phosphate and sulfate anions, at low concentrations, which can be seen in Figures 6 and 7.

However, at concentrations of 10 to 100 ppm of the interfering ions, interference in the

binding was not observed. Also in the presence of the SO4
2− and PO4

3− a u-shaped curve

was observed with a decrease in the binding at low concentrations of SO4
2− and PO4

3− as
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seen in Figures 6 and 7. Statistical differences for 0.1 and 1 ppm sulfate solutions were seen

for both the open and the microwave synthesized Magnetite. The same statistical difference

was seen for the microwave synthesized Magnetite and the phosphate spiked Cr(VI)

solution.

The Cr(III) experiment showed the same trend as the Cr(VI) experiment but at much lower

binding with an increase of binding seen at higher concentrations of interference anion. A

statistical difference in the Cr(III) experiment with the sulfate ion was seen at 0.1 and 1 ppm

concentrations for both the microwave and open synthesis Magnetite. Similar results are

shown in the literature: anions such as chloride and fluoride have little to no effect on the

binding of chromate to different ion oxides [19]. The adsorption of Cr(VI) in the presence of

either SO4
2− or PO4

3− has been shown to have reduce the binding [20]. The binding in the

present study does not decrease below 50%, which indicates that there is preferential

binding of the chromium to the nanomaterials compared to the interfering anions.

Preferential binding is observed when one considers the mole ratios of the chromium to the

anions was at the highest concentrations was as follows: Cr:Cl− 1:1466 , Cr:No3
− 1:838;

Cr:So4
2− 1:541 and Cr:PO4

3− 1:619 . The u-shaped curves in the presence of SO4
2− and

PO4
3− may be due to the potential modification of the surface by these anions, alternatively,

the SO42- and PO43- may develop very weak buffers in solution which may affect the pH

of the solution.

XANES Study

Figure 8 A through D show the XANES spectra for the different Fe3O4 materials, the open

vessel and the hydrothermally synthesized materials after reaction with the Cr(III) and

Cr(VI) ions. The prevalent characteristic in a Cr(VI) XANES spectra is the sharp peak that

is located at 5989eV, known as the pre edge, due to the forbidden electron transition that

occurs when the X-ray photon excites a k-shell electron which is shown in Figure 8 E for the

potassium dichromate model compound. Figure A and C it can be observed that the

oxidation state of the Cr that was reacted with both the micro-waved and open synthesis

Magnetite nanomaterials did not remain as all Cr (VI). This change in the oxidation sate can

be noted by the pre edge feature in all the spectra is not characteristic of the pre edge for

Cr(VI) XANES spectra, as shown in Figure 8 E for the Cr(III) nitrate model compound. The

samples show that the Cr(VI) was present as a mixture of both Cr(VI) and Cr(III) bound to

the nanomaterials. The spectra displayed a very small peak at the Cr(III) pre edge, which is

characteristic of the Cr(III) ion. The peak did on the other hand display a sharp characteristic

much like the Cr(VI) which could mean there is a relatively small amount of un-reacted

Cr(VI). Much these results are similar to those obtained by White and Peterson where

magnetite was observed to reduce the Cr(VI) to Cr(III) [31, 32]. In both of the Cr(III)

reactions, the sample obtained from the pH 2 reaction solutions were too dilute and could

not be analyzed using XANES. However, the Cr(III) bound to the magnetite nanomaterials,

showed that the Cr(III) remained as Cr(III) after reaction. In addition, the data also indicates

that the Cr(III) is present in an octahedral complex of oxygen atoms. The suggestion of the

octahedral complex for chromium binding to the nanomaterials is from the presence of the

Cr(III) pre-edge feature which has only been observed for Cr(III) bound to 6 oxygen atoms.

The Cr(III) pre-edge feature shows up at approximately 5992eV(33). The Cr(III) pre-edge
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feature is an allowed electronic transition of 1s electron into the 3d electron shell, and is

only observed in Cr(III) that has octahedral binding to oxygen atoms.

Conclusions

The nanomaterials bound the Cr(III) and Cr(VI) very similarly whether the nanomagnetite

was synthesized and aged though microwave assisted or open vessel techniques. The pH

showed similar trends in the binding of both ions to both nano-magnetite materials. The

largest difference in the binding was observed in the capacity studies, the open vessel

nanomaterials showed 1.705 ±0.01, and 0.555 ±2.2 mg/g for Cr(VI) and Cr(III),

respectively. The binding of the Cr(III) was found to be 0.555±10.5 mg/g to the microwave

assisted synthesized nanomaterials. However, the Cr(VI) bonding to the microwave

synthesized nanomagnetite was 1.20 ±0.04 mg/g which was a 0.5 mg/g decrease in the

binding capacity compared to the open vessel synthesized nano-magnetite. Common anions,

Cl−, NO3
−, SO4

2− and PO4
3− had varying effects on the binding of both Cr(III) and Cr(VI)

to the nanomaterials. However, the binding trends for the open vessel and the microwave

assisted synthesized nanomaterial show similar trends and very similar percentage binding.

The XANES studies showed that the Cr(VI) was reduced to Cr(III) when bound to either the

open vessel and the microwaves synthesized nano-magnetite. The reduction of the Cr(VI) to

the Cr(III) occurs through the donation of electrons from the Fe2+ present in the Fe3O4

materials to the chromium. In addition, it was also found that the oxidation state of the

Cr(III) did not change after binding to the materials. The only observable difference in the

binding between the open vessel nano-magnetite and the microwave assisted synthesized

nanomaterial was the capacity for the Cr(VI).
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Highlights

Fe3O4 was synthesized using two methods a microwave assisted and an open vessel.

The Fe3O4 were in the nanometer range for both synthesis techniques

The synthesized Fe3O4 was used for the removal of Cr ions from aqueous solution

Binding differences were observed for the materials synthesized using both

techniques

Binding parameters of pH, capacity, and ionic interferences were studied.
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Figure 1.
Diffraction pattern for Magnetite synthesized using open vessel synthesis protocol (A) and

Magnetite synthesized using microwave synthesis protocol (B). Note Lower Bragg Peaks

are from the Platinum Sample Holder.
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Figure 2.
A. Sorption of Cr(VI) to open and closed system synthesized nano-magentite at pH 2-6. The

error bars represent ± standard error. * indicate statistical differences (p<0.05). Comparisons

were made within the microwave material (MV) and open (non-microwave) material. B.
Sorption of Cr(III) to open and closed system synthesized nano-magentite at pH 2-6. The

error bars represent ± standard error. * indicate statistical differences (p<0.05). Comparisons

were made within the microwave material (MV) and open (non-microwave) material.
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Figure 3.
A. Time dependence of Cr(VI) adsorption at a concentration of 100ppb and pH 4 to open

and closed system Magnetite. Error bars represent ± standard error. * indicates statistical

differences (p<0.05). Comparisons were made within the microwave material (MV) and

open (non-microwave) material. B. Time dependence of Cr(III) adsorption at a

concentration of 100ppb and pH 4 to open and closed system Magnetite. Error bars represent

± standard error. * indicates statistical differences (p<0.05). Comparisons were made within

the microwave material (MV) and open (non-microwave) material.
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Figure 4.
Sorption of: (A) Cr(VI) and (B) Cr(III) at 100 ppb to the Magnetite nanophase at different

concentrations of chlorine anion. Error bars represent ± standard error. * indicates statistical

differences (p<0.05). Comparisons were made within the microwave material (MV) and

open (non-microwave) material.
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Figure 5.
Sorption of: (A) Cr(VI) and (B) Cr(III) at 100 ppb to the Magnetite nanophase at different

concentrations of nitrate anion. Error bars represent ± standard error. * indicates statistical

differences (p<0.05). Comparisons were made within the microwave material (MV) and

open (non-microwave) material.
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Figure 6.
A. Sorption of: (A) Cr(VI) and (B) Cr(III) at 100ppb to the Magnetite nanophase at different

concentrations of sulfate anion. Error bars represent ± standard error. * indicates statistical

differences (p<0.05). Comparisons were made within the microwave material (MV) and

open (non-microwave) material.
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Figure 7.
Sorption of (A) Cr(VI) and (B) Cr(III) at 100ppb to the Magnetite nanophase at different

concentrations of phosphate anion. Error bars represent ± standard error. * indicates

statistical differences (p<0.05). Comparisons were made within the microwave material

(MV) and open (non-microwave) material
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Figure 8.
XANES spectra of Cr(VI) and Cr(III) to microwave-aged and non microwave-aged Fe3O4.

A) Cr(VI) with MW Magnetite, B) Cr(III) with MW Magnetite, C) Cr(VI) with NMW

Magnetite, D) Cr(III) with NMW Magnetite. E) Chromium(III) Nitrate and Potassium

Dichromate XANES spectra.
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Table 1

Cr(VI) and Cr(III) binding capacities based on different solution concentrations to both open and closed

system nanophases

Sample Capacity (mg/kg) SE (+/− mg/kg)

Fe3O4 Cr(VI) Microwave Synthesis 1208 43.9

Fe3O4 Cr(VI) Open Vessel Synthesis 1705 14.5

Fe3O4 Cr(III) Microwave Synthesis 555 10.5

Fe3O4 Cr(III) Open Vessel Synthesis 555 2.2
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