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Abstract 

Chromium is a very versatile metal that is used for many applications in the world.  Two 

of the most common ions of chromium that occur naturally are Cr(III) and Cr(VI). These two 

oxidation states have very different heath effects in living organisms. Cr(III) is relatively non-

toxic to living organisms; however, Cr(VI) is very toxic to most living organisms  This study 

was conducted to find a simple and cost effective method to sequester these two common ionic 

species of chromium from sources of water that are adjacent to or that are affected by other water 

sources contaminated by these two ions.  In this study an investigation was conducted to observe 

the binding between three different engineered nanomaterials (Magnetite, Hausmannite and 

Jacobsite) to both hexavalent and trivalent chromium.  A traditional synthesis was used to make 

these nanomaterials, which consisted of a titration of iron(II) chloride for the Magnetite, 

manganese sulfate for the Hausmannite, and a combination of the two previous salts in a 2:1 

ratio for the Jacobsite.  Magnetite (Fe3O4) and Hausmannite (Mn3O4) were synthesized using two 

different aging processes and Jacobsite (MnFe2O4) was synthesized using only one process. The 

first aging process involves a traditional heating source in an open vessel at 90ºC for 60 minutes.  

The second ageing technique used was a microwave assisted hydrothermal synthesis method 

using a closed vessel at 90ºC for 30 minutes.  The Jacobsite was aged using only the microwave 

technique. 

The batch studies showed that the binding to the three different materials were pH 

dependent.  The studies showed that Cr(III) and Cr(VI) bind to the nanomaterials differently at 

different pHs. In addition, the binding of the Cr(III) to the nano-Magnetite showed identical 

behavior binding to both the open vessel and the hydrothermally synthesized nanoparticles with 

pH.  But the Cr(VI) showed differences in the binding to the open vessel and the closed vessel 

nano-Magnetite, with higher binding at lower pHs observed with the open vessel nanomaterials 
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compared to the closed vessel nanomaterials.  The Hausmannite micro-waved aged material had 

a better affinity for the hexavalent chromium then the open aged system.  The studies with 

Cr(III) showed that the ion had greater affinity with the Hausmannite material than with Cr(VI).  

The Jacobsite showed favorable binding to Cr(VI) then it did to Cr(III) at higher pHs.  The 

studies showed that all the materials exhibited the majority of their binding to chromium at 

around pH 4.  Further data was obtained from batch studies included time dependency, isotherm 

capacities and interference studies.  Overall the nanomaterials adsorbed both chromium species, 

and two of them (Magnetite and Hausmannite) reduced the hazardous Cr(VI) to Cr(III) 

determined by X-ray absorption spectroscopy.  The materials were effective at removing both 

chromium ions from solution ns containing competing anions.
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1. Introduction 

 

1.1 Chromium 

 
Chromium is a naturally occurring metal that is found in ore. It is also a necessary trace 

element for mammals [1].  Chromium has a large array of ions that can be formed when it is 

utilized in different applications.  However, only two of these ions are stable and can be found in 

large amounts.  Hexavalent chromium (Cr(VI)) is a carcinogenic ion that is produced directly 

from anthropogenic sources.  Anthropogenic sources of hexavalent chromium originated from 

the electroplating industry, paint pigments, and leather tanning [2,3]. Hexavalent chromium 

occurs in nature as an oxoanion CrO4 
2- , and does not occur as a typical cation [3].  Chromium is 

often utilized as a coating on more reactive metals in order to prevent oxidation reaction from 

occurring, thus making metal more durable.  In terms of pigments, chromite ore is mined then 

processed, yielding vibrant colored salts used for both the pigments and chrome plating [2,3].  

Inhalation of hexavalent chromium leads to the development of lung cancer, which is a 

substantial problem for metal workers in the chrome plating industry [1].  Skin absorption is 

another form of chromium poisoning; at low levels it can leave ulcerations [3]. 

The other stable chromium ion is the trivalent cation, which contrary to the hexavalent variant 

is found in nature.  Trivalent chromium is an essential nutrient that is necessary for different 

biological function such as receptor binding in insulin, glucose, lipid and protein metabolism 

[1,4].  In the leather tanning industry, trivalent salts such as Cr(III) sulfate are used to stabilize 

the cross linkage between the collagen fibers found inside the pelts, which creates leather [4].   



2 

There are several ways that Cr(VI) can enter the environment; Cr(VI) can be found in the 

atmosphere, water sources and soil [5].  One way is through airborne introduction, which is 

observed in electroplating and the paint pigment industries.  Another possible way of introducing 

chromium is through runoff from rain that comes into contact with contaminated soil that is 

found at chromite processing or leather tannery sites [5].  In terms of which industry releases 

these ions; electroplating tends to release trivalent chromium, while paint industry and the leather 

tanning industry release the hexavalent ion [6].  The United States is not one of the leading 

producers of chromite ore, but it is one of the leading manufacturers of chromium products 

needed for tanning, pigments, and electroplating etc [7]. 

 

1.2 Chromium poisoning 

Chromium poisoning is an extremely serious issue.  Currently, the EPA has established 

regulations on how much chromium can be introduced into the environment [8].  The current 

allowed concentration for hexavalent chromium is 0.100 ppm [8].  Trivalent chromium causes 

mutation to DNA, since its affinity to bind to DNA is higher than other species of chromium [1].  

Ironically, the trivalent species cannot pass through the cell membrane, thus making any contact 

with trivalent chromium relatively harmless.  Cr(III) is harmless due to the fact that it is 

incompatible with the sulfate transport mechanism, which is the system that introduces the 

chromium to the inner compartments of the cell [1].  On the other hand the chromate ion is 

compatible with the sulfate transport system [9].  Upon entering the cell, the chromate ion can 

undergo different reduction pathways.   Once the Cr(VI) enters the cellular membrane it 

undergoes a reduction reaction to a Cr(V) species for a short time.  Then the Cr(V) is further 

reduced to form Cr(IV) species and finally the chromium is reduced to Cr(III) species.  The 
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reduction process can be initiated by the introduction of a reducing agent such as ascorbic acid or 

low molecular weight thoils (e.g. reduced glutathione or cystein and in some cases peroxides).  

The reducing agent determines the number of steps required for the reduction process [1,10].  

When either peroxides or ascorbic acid are used in the reduction process hydroxyl species are 

generated.  These damage DNA strands and can result in apoptosis of some cells [10].  As 

mentioned earlier ingestion of chromium is a common means of exposure to chromium ions and 

particularly through drinking water. 

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].  Workers 

numbering in the hundreds of thousands in the chrome plating, paint pigment, wood 

preservation, and leather tanning industries are exposed to large amounts of hexavalent 

compounds; furthermore, many of these exposed workers develop lung cancer due to inhalation 

of the hexavalent compounds [1]. 

1.3 Oxide materials as a method of removal 

Iron oxide materials, such as Magnetite (Fe3O4) and similar oxide materials, have been 

known to sequester Cr(VI) [11-12]. One study utilized Magnetite with coatings of biogenetic 

amorphous silica known as diatomite [11].  The diatomite study mentioned binding capacities of 

69.2 and 21.7 mg/g for the coated and non-coated material, respectively. Yuan et al. stated that 

the diatomite supported material was better dispersed and was able to have a larger surface area 

compared to the none-supported materials, thus allowing more binding sites for the two 

chromium ions [11]. Additionally, Yuan et al.  [11] reported that one of their discoveries and 

possibly the most important one of all was the ability of the Magnetite material to reduce the 

hazardous Cr(VI) to the much safer Cr(III).  Another study introduced a similar nanomaterial 
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known as Jacobsite (MnFe2O4).  The authors reported that at pH 2 the capacity of the Jacobsite 

was 31.55 mg/g, they proposed that at lower  pH levels, the excess hydrogen ions bind to the 

surface of the Jacobsite, thus making the surface cationic which the oxoanion (chromate) can 

easily bind to [12].  The same can be said about the Magnetite at the low pH levels that were 

used in the experiments.  To our knowledge there are no articles concerning the sequestering of 

chromium by Hausmannite (Mn3O4) from water.  

1.4 Reduction mechanism between oxide materials and chromium 

Magnetite (Fe3O4) essentially has a chemical makeup of two octahedral oriented Fe(III) 

atoms bound to oxygen species, and a tetrahedral-oriented Fe(II) atom. Researchers that have 

studied Magnetite have reported that upon contact with the Magnetite, Cr(VI) is reduced to 

Cr(III) [13].  The researchers also reported that upon the binding of the Cr(VI) oxoanion to the 

Magnetite, one of the iron atoms caused the reduction concluding that the Fe(II) in the center of 

the Magnetite transferred electrons to the Cr(VI) and effectively reducing it to Cr(III) [13].   

Some studies have shown that upon transferring electrons to the Cr(VI), the Magnetite 

transforms into maghemite (γ-Fe2O3) [11]. Other studies have shown that the chromate and the 

Magnetite form a compound that is similar to the structure found in the chromite ore [14].   

Jacobsite (MnFe2O4), which has the same crystal structure as Magnetite has also been tested for 

sequestering Cr(VI).  This material contains two Fe(III) atoms that have an octahedral orientation  

and at the center is a Mn(II) atom with a tetrahedral orientation that should behave like the Fe(II) 

found at the center of the Magnetite nanomaterial.  The authors reported that the Jacobsite, like 

Magnetite, showed an affinity for Cr(VI) but it did not reduce the toxic Cr(VI) to the harmless 

Cr(III).  Hu et al. [12] suggested that the bonding between the oxoanionic chromate and the 

nano-Jacobsite is relatively weak when compared to the bonding between the chromate and 
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nano-Magnetite.  Hausmannite contains a Mn(II) site, which like Magnetite, is located in the 

center of the material, which suggests that if Cr(VI) were to bind to the Hausmannite material, it 

to would reduce the Cr(VI) to Cr(III) in the same fashion as the Magnetite.  

1.5 Similar studies 

Currently there are several methods in chromium remediation (most at low pH levels); 

including adsorption to ion exchange; but the most widely used technique for chromium removal 

is adsorption using natural minerals to fully synthetic organic compounds [11,15].  Some 

examples of these materials are MCM-41 and MCM-48, which are synthetic mesoporous 

materials, which displayed a binding (adsorption) to chromium, of 128.2 and 153.8 mg/g, 

respectively [15]. Anbia et al. [15] reported that at a pH level between 2 and 3 the entire surface 

of the mesopourous material becomes cationic in nature. This cationic nature is a result of excess 

protons due to a low pH.  The excess of hydrogen ions protonate the negatively charged sites in 

the material thus providing several binding sites for the negatively charged chromate anion [15].  

Other studies on sequestering chromium utilize mineral oxides such as aluminum oxyhdroxide 

materials since these materials have an affinity for heavy metal binding [16].  Some oxide 

materials such as alumina materials have shown a Cr binding capacity of 2.158 mg/g.  Ajouyeda 

et al. [16] reported that upon contact with the chromium ions the alumina underwent an ion 

exchange reaction between the hydroxide functional groups found on the surface of the alumina 

material and the chromate contaminant.  Some of the current methods utilized by the EPA are 

ion exchange, reverse osmosis, lime softening, and coagulation/filtration [17].  These methods, 

while somewhat affective, prove to be costly, non-renewable or produce large amounts of waste. 
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1.6 Objectives 

The general objective of this study was to determine the binding capacity of Magnetite, 

Jacobsite and Hausmannite nanomaterials to Cr(III) and Cr(VI) synthesized using two different 

techniques.  One of the techniques was the “closed” micro-waved synthesis and the other was the 

“open” (heating mantle) synthesis materials.  The specific objectives were: 1) do determine at 

what pH the two chromium ions bind to the different materials, 2) to determine the amount of 

time necessary for significant amounts of the chromium to bind to the materials, 3) to determine 

the chromium binding capacities of the nanomaterials, and 4) to determine the binding of the two 

chromium ions in solutions that contain various amounts of competing anions (e.g. Cl-, NO3
-, 

SO4
2- and PO4

3-). 

1.7 Hypotheses 

This investigation was performed under the working hypotheses that 1) the two chromium 

would bind to the “closed”/”open” nano Magnetite and Hausmannite and the “closed” Jacobsite, 

2) The Cr(VI) ion will reduce to Cr(III) upon binding to the different nanomaterials, 3) The 

nanomaterials would be able to sequester the majority of the chromium from the interference 

experiment regardless of the concentration of competing anions. 
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2. Sorption of Cr(III) and Cr(VI) to High and Low Pressure Synthetic Nano-Magnetite 

(Fe3O4)Particles  

Abstract 

Chromium exists in the environment in two common oxidation states (other than Cr(0)), which 

are Cr(III) and Cr(VI). These two oxidation states have very different health effects in living 

organisms. Cr(III) is relatively non-toxic to living organisms; however, Cr(VI) is very toxic to 

most living organisms.  In this study we have investigated the binding of Cr(III) and Cr(VI) to an 

engineered nanomaterial, Magnetite, synthesized using two different synthesis techniques.  The 

synthesis were performed using a traditional synthesis technique which involved the titration of 

iron(II) chloride with sodium hydroxide at a molar ratio of 3 (OH) to 1 Fe(II) ion.  Subsequent to 

the titration the samples were aged using different techniques. The first ageing technique used 

was a traditional heating source in an open vessel at 90ºC for 60 min.  The second ageing 

technique was a microwave assisted hydrothermal synthesis using a closed vessel at 90ºC for 30 

min.  The batch binding studies showed that Cr(III) and Cr(VI) bind to the nanomaterials 

differently at different pHs. In addition, Cr(III) bound to both the open vessel and the 

hydrothermally synthesized nanoparticles showed similar binding at all pH levels.  But the 

Cr(VI) showed differences in the binding to the open vessel and the closed vessel nano-

Magnetite, with higher binding at lower pHs observed with the open vessel compared to the 

closed vessel nanomaterials.  Further data obtained from the batch studies included time 

dependency, isotherm capacities and interference studies. 
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2.1. Introduction 

Chromium, an omnipresent element, can be found in soils, rocks and living organisms 

[1].  It is utilized mainly in industry for its anti-corrosive properties. For example, metals that are 

prone to corrosion are usually coated with chromium to prevent the oxidation process [2].  Other 

applications include the pigment and paint industry, and leather tanning [3]. However, 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].  Workers 

numbering in the hundreds of thousands in the chrome plating industry are exposed to large 

amounts of hexavalent compounds.  Furthermore, many of these exposed workers develop lung 

cancer due to inhalation of the hexavalent chromium compounds [1]. Other known routes of 

exposure to chromium include ingestion and skin absorption [4].   Even at low concentrations, 

skin absorption of hexavalent chromium result in ulcerations on the skin [4].   

In contrast to the toxicity of Cr(VI), Cr(III) is a micro nutrient necessary in the biological 

activity of different enzymes and hormones such as insulin [1]. However, Cr(III) species at high 

concentrations inside of the cell can damage DNA.  For that reason, biological mechanisms 

prevent large concentrations of trivalent chromium from entering the cells. One example of this 

is the incompatibility of Cr(III) with the sulfate transport mechanism [4].  However, hexavalent 

chromium is toxic and carcinogenic due to the mechanism involved in its reduction to the 

trivalent state [4].  Once the Cr(VI) enters a cellular membrane by way of the sulfate transport 

mechanism, it undergoes a reduction reaction to a Cr(V). then to Cr(IV) and finally to Cr(III) [1].  

The reduction process can be initiated by the introduction of a reducing agent such as ascorbic 

acid and low molecular weight thiols (reduced glutathione or cystein and in some cases 

peroxides); the reducing agent determines the number of steps required for the reduction process 
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[1].  When either peroxides or ascorbic acid is used in the reduction process, hydroxyl species 

are generated, which damage DNA strands and can result in the apoptosis of particular cells [5].  

As mentioned earlier, ingestion of chromium is a common means of exposure to chromium ions, 

particularly through drinking water.  Currently, the EPA has limited the amount of total 

chromium in drinking water to 0.100 ppm [6].   

A possible method to remove Cr(VI) from the aqueous environment may be through the 

use of natural and synthetic materials, such iron oxide 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 reduce Cr(VI) to Cr(III) ions by transferring electrons 

from the Fe(II) to the Cr(VI) [8].  Alternatively, co-precipitation of chromium with iron has also 

been investigated.  For example, the sorption of Cr(VI) from solution has been studied using 

diatomite-supported and unsupported Magnetite particles at the micro and nano sizes.  A high 

efficiency of removal and good capacities has been observed at pH of 11.4 and 10.6 for the 

supported and unsupported nano-Magnetite particles [8]. At the nanoscale the capacities were 

observed to increase to 69.2 and 21.7 mg/g for the supported and unsupported nano-magneite 

particles, respectively [8]. Similarly, montmorolinite-supported iron oxide nanoparticles have 

also shown excellent removal of Cr(VI) from aqueous solutions [9].  There are other examples in 

the literature that show a high affinity of Cr(III) to iron oxide materials.  One advantage of using 

the iron oxide materials is, if the materials dissolve, it only releases iron into solution, which is 

an essential nutrient. Another advantage of using iron nanomaterial systems is that they show 

little to no interference in the binding of the chromium ions to the material, even in the presence 

of a high concentration of competing ions [10].   
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In the current study the binding of Cr(III) and Cr(VI) to nano-magentite was investigated.  

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 reaction of the 

nanophases and chromium solutions were carried out not only to observe the binding of the 

chromium from pH 2 through pH 6 but to investigate the time dependency of the binding as well.  

Further studies were performed using isotherms to determine the binding capacity of the 

materials.  In addition, studies were performed to determine the effects of different anions 

including chloride, nitrate, sulfate, and phosphate.  

 

2.2. Methodology 

2.2.1. Synthesis of iron oxide nanoparticles 

The procedure for the synthesis of the particles was similar to that reported by Parsons et 

al. [11].  A 30 mM solution of iron(II) chloride was prepared from iron(II) chloride tetrahydrate 

and deionized (DI) water.  The amount of salt used was 5.96g and it was dissolved in 1.0L of DI 

water.  The solution was then titrated with a 1M solution of sodium hydroxide.  The hydroxide 

was added to the iron(II) solution through a slow titration at an approximate rate of 0.1mL/min 

using a burette.  The solution was kept under constant stirring to obtain a homogenous mixture.  

The rate of titration was kept at a constant to help control the size of the particle.  The resulting 

material was iron hydroxide in the form of Fe(OH)2, which was then converted to Magnetite 

(Fe3O4) using heat. 
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2.2.2 Ageing of the nano-magnetite 

  The Fe(OH)2 was then placed in a Teflon vessel and put into a Perkin Elmer Multiwave 

2000 system.  The particles were heated at a constant temperature of 90 ºC for 30 min and 

subsequently cooled to room temperature.  The cooled samples were then centrifuged at 3000 

rpm for approximately ten min and the supernatant was discarded. The particles were then dried 

in an oven at 100°C until completely dry.  The open vessel ageing process followed the same 

procedure as the microwave-aged particles, but instead of microwaving the particles, they were 

placed on a heating mantle and heated to 90°C for 1h. 

 

2.2.3. pH study 

For the pH profile studies, two sets of 100 ppb chromium solutions were prepared, one 

set for the Cr(III) and one set for the Cr(VI).  Cr(III) and Cr(VI) solutions were prepared from 

chromium nitrate and potassium dichromate salts, respectively.  Solutions of both ions (100 ppb) 

were then pH-adjusted to 2, 3, 4, 5, and 6; this was performed by addition of small amounts of 

either HCl or NaOH at 0.001M level with the solutions under constant stirring [29].      

Once the pH-adjusted solutions were prepared, with either the Cr(III) or Cr(VI) ions,  10 

mg of the synthesized iron oxide nanoparticle were weighed and placed into a 5 mL plastic test 

tube in triplicate.  After weighing, four milliliters of the pH-adjusted chromium solution were 

added to the test tubes. The test tubes were then capped and placed on a speci-mix rocker to 

equilibrate for 1h.  In addition, controls for the reactions consisted of the chromium ions without 

the iron nanoparticles, in triplicate for statistical purposes.  Subsequent to the reaction, the 

samples were centrifuged at 3000 rpm for 5min and the supernatant was collected and saved for 

further analysis. The control samples were treated in the same way as the reaction samples. 
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2.2.4. Time dependency study 

 The chromium solutions, either Cr(III) or Cr(VI) were pH-adjusted to the optimum pH 

level using either dilute hydrochloric acid or dilute sodium hydroxide. Again, 10 mg of the nano-

Magnetite were weighed out and placed in to a 5 mL plastic test tube and 4 mL of the pH-

adjusted Cr(III) or Cr(VI) ions were added to the test tube.  Subsequent to the addition of the 

chromium ion solution, the samples were capped and placed on a rocker to equilibrate for times 

of 5, 10, 15, 20, 30, and 60 min. Again, controls for the reactions consisted of the chromium 

solution without the nano-Magnetite.  These reactions were performed in triplicate.  Subsequent 

to the reaction, the samples were centrifuged at 3000 rpm for 5 min and the supernatant was 

collected and saved for further analysis.  The control samples were treated in the same way as the 

reaction samples.  

2.2.5. Adsorption isotherm 

 This study was performed under a similar procedure as the pH study, but at a fixed 

reaction time of 1.0 h.  The solution concentrations for each of the chromium species used in this 

study were 10, 5, 1, 0.5, and 0.25 ppm.  A 10 mg sample of the nano-Magnetite was weighed out 

and placed into a 5.0 mL plastic test tube. This was performed in triplicate. A 4.0 mL aliquot of 

one of the pH-adjusted chromium solutions was added to the nano-Magnetite sample, in the test 

tube.  The sample and the chromium solution were then capped and placed on a rocker to 

equilibrate for 1 h.  Again, controls for the reactions consisted of the chromium solution without 

the nano-Magnetite.  These 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. 
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2.2.6. Interference study 

This study was performed in a similar manner as the isotherm studies with the exception 

that interfering ions were added to the reaction solutions.  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 as previously 

mentioned.  A 10 mg sample of the nano-Magnetite was weighed out and placed in a 5 mL test 

tube. Then 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, while in the test tube.  The sample and the 

chromium solution was then capped and placed on a rocker to equilibrate for 1 h.  Controls for 

the reactions consisted of the chromium solution without the nano-Magnetite.  These reactions 

were performed in triplicate. Subsequent to the reaction, the samples were centrifuged at 3000 

rpm for 5 min and the supernatant was collected and saved for further analysis.  The procedure 

was repeated for each of the chromium ions that were mixed with each of the interfering ions.  

 

2.2.7. 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 using a chromium standard purchased from PlasmaCAL®. Concentrations of 10, 50, 

and 100 ppb were made from serial dilutions of a 1000 ppm stock solution.  A matrix modifier 

consisting of .015 mg of Mg(NO3)2 was used for the analysis.  The lamp current for the Cr lamp 

was 25 mA, with a wavelength of 350 nm and the slit size being 0.7 mm. These conditions were 
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used for all analysis.  In addition, all calibration curves obtained had a R2 value of at least 0.99 or 

better. 

2.2.9 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. Any reference to a 

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

2.2.8 X-ray diffraction analysis   

The characterization of the synthesized Fe3O4 nanomaterial was performed via powder X-ray 

diffraction using a Bruker AXS GmbH (Germany).  The samples were first homogenized with a 

mortar and pestle and placed on to a platinum sample holder.  The samples were diffracted from 

20-60° in 2θ using an 8s counting time and a stepping rate of 0.007°/min at room temperature.  

Using crystallographic data from the literature, as well as nj[j], fittings were conducted. A Le 

Bail fitting was performed in FullProf to determine the phase of the material.  In addition, the 

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

data was used as well, with an average of three different diffraction peaks in the sample.  

 

2.3 Results and Discussion 

2.3.1 XRD characterization results 

Figure 2.1 shows the diffraction pattern of the synthesized nanomaterials under the open 

vessel conditions and the microwave-assisted synthesized nanomaterial.  As can be seen in 

Figure 1, the nanomaterials had the 220, 311, 400, 422, and 333 planes in the material, showing 
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that the materials both have the structure of Magnetite [30]. Also it should be noted that the 

sample’s holder was platinum and the 111 and the 220 diffraction peaks are clearly visible in the 

diffraction pattern as displayed in Figure 1. In addition, using the Scherrer’s equation, the 

average size of the nanomaterials was found to be 27 nm for the open vessel synthesis.  The size 

of the microwave-assisted Fe3O4 nanomaterials was 25 nm. As mentioned in the experimental 

section, the size was determined based on three different diffraction peaks.   These particles were 

then used in the various different studies in this investigation. 

 

Figure 2.1 Diffraction pattern for Magnetite 

 

2.3.2 pH dependency 

Figure 2.2 and 2.3 show the adsorption of Cr(VI) and Cr(III) to the synthesized nano-

Magnetite using an open vessel synthesis and the microwave-assisted synthesis.  As can be seen 

in Figure 2, Cr(VI) was pH dependent  in its binding to both the Fe3O4 nanomaterials , at lower 

levels there was some statistical difference between pH 2 and 3 but showed low binding.  In 

addition, the binding for the Cr(VI) becomes maximized around pH 4 and remained relatively 
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constant thereafter with the microwave-assisted, synthesized Fe3O4 with no statistical difference 

at pH 5 and 6.   However, the binding of the Cr(VI) anions to the open vessel Fe3O4 nanomaterial 

maximizes at pH 4 and then decreased at pH 5 and pH 6 were the binding showed a significant 

difference from the other pH levels. Cr(III) binding did not occur at pH 2, and very minimal 

binding was observed at pH 3 which. However, the binding increases to approximately 95-100% 

at pH 4 for both Fe3O4 nanomaterials.  Once the binding of the nanomaterials maximized at pH 

4, it remained relatively constant thereafter.  Statistically different only a pH levels below 4 for 

both materials. These types of binding trends have been observed for the binding of Cr(III) and 

Cr(VI) to iron nanomaterials [12,13].  For example, the percentage removal of Cr(VI) using 

supported/unsupported diatomite showed approximately 100% of the Cr(VI)  [8], whereas micro-

sized Magnetite particles bond approximately 50% of the chromium from solution.  The binding 

of the Cr(VI) was stable at a low pH 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 decreased binding above pH 3. In the current 

study the results of the Magnetite that was synthesized using the open vessel technique followed 

a similar trend.  However, the nano-Magnetite that was synthesized using the microwave-assisted 

synthesis did not show the decrease in the binding even at pH 6. This difference in the binding of 

the Cr(VI) to the open vessel and the closed vessel may be due to the ageing process.  The 

microwave-assisted synthesized Fe3O4, 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 lead to the formation of a layer of Fe3+ which would enhance the binding of Cr(VI) to these 

materials.   
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Figure 2.2 Sorption of Cr(VI) to open and closed system synthesized nano-Magnetite 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. 

 

Figure 2.3 Sorption of Cr(III) to open and closed system synthesized nano-Magnetite 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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  The sorption of chromate to Fe2O3H2O has also been shown to be pH dependent with 

approximately 100% binding of a 5.0 x10-6 M solution of CrO4
2- or approximately 0.0005 ppm 

of chromium.The binding was found to reduce above pH 6 and reach a binding of 0% between 

pH 8 and pH 10 under different reaction conditions [14].  This deviation in the binding at pH 5 

and pH 6 of the microwave-assisted, synthesized nanoparticles may be due to the formation of a 

surface layer of FeOOH, which is supported in the results and the literature.  

 

2.3.2 Time dependency studies 

Figure 2.4 and 2.5 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 the microwave-assisted, synthesized nano-Magnetite, which occurred within the first 5 

min and remained constant after 1 h of time. 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 %.  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 kinetics occurring in the reaction [15] 
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.   

Figure 2.4 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. 

 

 

Figure 2.5 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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The binding in the two different studies showed no difference statistically from the 5-30 

min range.  The 1 h mark is the only area that should a statistical difference throughout the 

different treatments. 

2.3.3 Adsorption isotherms 

  In this study adsorption isotherms were used to determine the capacities of the 

microwave-synthesized and the open vessel-synthesized nano-Magnetite.  The isotherms were 

fitted using the Langmuir isotherm equation as shown below in the linearized format:   
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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 2.1.  

 

Table 2.1 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) MV 1208 43.9 

Fe3O4 Cr(VI) Op 1705 14.5 

Fe3O4 Cr(III) MV 555 10.5 

Fe3O4 Cr(III) Op 555 2.2 
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  This current study showed binding capacities of 555 ± 2.2 mg/kg and 1705 ± 14.5 

mg/kg (or 0.5 mg/g and 1.705 mg/g) to Cr(III) and Cr(VI) for the open vessel synthesized Fe3O4 

nanomaterial.  Similar values of 555 ± 10.5 and 1208 ± 43.9 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 [16] also noted that there was some co-precipitation 

occurring in the reactions through the dissolution of Fe(II) and the formation of Cr(III)- iron 

complex.  The high capacity of the iron(III) oxyhydroxide materials is not only through the 

sorption of the chromium but also a co-precipitation.  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, another iron 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 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 
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higher binding capacity than the Fe3O4 materials, as does FeOOH, another iron(III) compound. 

The preparation of nanomaterials 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 [29], the adsorption of As(III) and As(V) was 

studied using different nanomaterials including Fe3O4. 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 the solution 

and the amount of dissolved iron in the solution.   

2.3.4 Interference studies 

Figures 2.6-2.9 show the effects that common anions (Cl-, NO3
-, SO4

2-, and PO4
3- ) have 

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 were in the 

concentration range from 0.1 ppm to 100 ppm.  As can be seen in Figures 2.6 A and B the 

interference studies with Cl- anions initially showed 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 seen. 

The microwaved Magnetite showed an initial decrease at the lower concentrations of Cl- and the 

binding remains relatively constant thereafter with statistical differences found at 1 and 100 ppm 

of chloride ion.   
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Fig 2.6. 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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with a decrease in the binding at low concentrations of SO4
2- and PO4

3-as seen in Figures 2.8 and 

2.9.  Statistical differences for 0.1 and 1 ppm sulfate solutions were seen for both the open and 

the microwaved synthesized Magnetite.  The same statistical difference was seen for the 

microwaved synthesized Magnetite and the phosphate spiked Cr(VI) solution. 

 

    

Fig 2.7. 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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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 both SO4
2- and PO4

3- have been shown to reduce the binding [20].  

However, in the study of iron-coated materials for the sorption of Cr(III) and Cr(VI) a decrease 

in the sorption was observed in the pH range of 3-4 [24].   Additionally, the binding does not 

decrease below 50% which indicates that there is some preferential binding of the chromium to 

the nanomaterials compared to the interfering anions.  Preferential binding is observed 

considering that a mass ratio of chromium to the anions was1:1000.  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, which may oxidize the surface of the sorbents. 

 

 

Fig 2.8. 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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Fig 2.9. 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. 

 

2.4. Conclusion  

 The overall results are promising for the removal of low concentrations of both the 

harmful hexavalent chromium and the relatively harmless trivalent chromium from surface 

water.  The relatively inexpensive synthesis stands out more than the microwaved system in 

terms of sequestering both species of chromium.  The phenomenon that truly stands out is the 

fact that the inexpensive mineral transforms the chromium from a very harmful oxidation state to 

a more harmless state.     

 The particles showed promising results when reacted with the competing anions, the 

smaller charged anions showed no interference while the larger anions proved to be a bit more 

challenging for the particles.  The anions used in this study are just a preliminary study on how 

the particles react to real world conditions. These anions are commonly found in surface waters 
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thanks to fertilizers used for soil near surface waters.  Currently the only explanation as to why 

the bigger anions proved to be a tougher competitor could be that the ions are causing surface 

modification on the material.  Overall the materials superseded our expectations in terms of 

sequestering hexavalent chromium.  Further studies need to be conducted for more realistic 

large-scale scenarios in order to fully understand the phenomenon. 
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3. Sorption of Cr(III) and Cr(VI) to nano-Jacobsite (MnFe2O4) 

 

Abstract 

Hexavalent chromium has been generally known as very toxic to most living organisms, while 

trivalent chromium is known as a nutrient necessary for many biological functions.  In this study 

we have investigated the binding of Cr(III) and Cr(VI) to an engineered nanomaterial, Jacobsite.  

Jacobsite is a naturally occurring mineral that has a composition of MnFe2O4. The synthesis was 

performed using a traditional synthesis technique involving the titration of Iron(II) chloride and 

manganese(II) sulfate with sodium hydroxide to obtain a 1:3 ratio of M+:OH−.  Batch binding 

studies showed that at different pHs different amounts of the two chromium species bind to 

Jacobsite.  The binding of both chromium species was found to be at pH 4.  At this pH Jacobsite 

removed 70% of Cr(VI) from solution while only removing 40% of Cr(III).  The necessary time 

required for Jacobsite to effectively bind to both species of chromium was 1h.  Jacobsite showed 

binding capacities of 1250 (mg/kg) for Cr(VI) and 370.3 (mg/kg) for Cr(III).  Additionally an 

interference study was performed to see how the binding trend differed by subjecting the 

Jacobsite to chromium solutions that contained competing anions such as Cl-, NO3
-, SO4

2-, PO4
3-. 
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3.1. Introduction 

Different studies show that iron nanomaterials have an affinity for sequestering 

hexavalent chromium [1-5].  Recently there have been studies on sequestering hexavalent 

chromium using Jacobsite, an iron oxide material that replaces an iron for manganese.  These 

studies have been conducted using different parameters such as pH and different time 

dependencies.  For example, one study was conducted using Jacobsite particles sized at 10 nm 

and the maximum amount of hexavalent chromium they sequestered was 31.55 mg/g at pH 3 [6].  

There are other materials in use to sequester chromium, such as MCM-41 and MCM-48 which 

are synthetic mesoporous materials that showed a binding trend of 128.2 and 153.8 mg/g, 

respectively [7].  Iron-manganese materials have been well-known sequestering materials for 

other carcinogenic anions such as arsenic [8].   Perhaps the largest advantage of using the iron-

manganese oxide materials is that when dissolved iron and manganese are released into solution 

in miniscule amounts.  One additional advantage of using the Jacobsite nanomaterial is that they 

show limited or no interference in the binding of the chromium ions to the material, even in the 

presence of high concentration of competing ions [9]. 

The current study will show the adsorption trends of both species of chromium with 

Jacobsite nanoparticles.  The reaction of the nanophases and chromium solutions were performed 

from pH 2 through pH 6; to investigate the time necessary for the chromium to bind to the 

nanomaterial.  Further studies were performed using isotherms to determine the binding capacity 

of the materials.  Another set of tests were performed that involved spiking the chromium 

solutions with chloride, nitrate, sulfate, and phosphate will be performed, and this will help 

illustrate the competition between both species of chromium and the anions in order to give a 

real world scenario. A graphite furnace atomic adsorption spectrometer was used to determine 
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how much chromium was removed and an X-ray diffractometer was used to determine the size 

of the materials. 

 

3.2. Methodology 

3.2.1. Synthesis of manganese-iron oxide nanoparticles 

 The synthesis of the Jacobsite nanoparticles was described in the previous chapter.  A 30 

mM solution of iron(II) chloride and manganese sulfate was prepared from iron(II) chloride 

tetrahydrate and manganese sulfate dionized water, at 20 mM and 10 mM concentrations, 

respectively. The solution was then titrated with a 1M solution of sodium hydroxide.  Unlike in 

the previous chapter, the particles were micro-waved aged using the same technique as the one 

used in chapter 2. 

 The same batch studies (pH, time dependency, capacity and interference studies) were 

performed as mentioned in the previous chapter in order to determine the sequestering properties 

of the Jacobsite in the same conditions mentioned in the previous chapter.  Characterization 

studies were also performed on the newly synthesized materials in order to determine the crystal 

structure and other characterization properties. 

 

3.3 Results and Discussion 

3.3.1 XRD characterization results 

 The XRD spectra for the Jacobsite nanomaterial is shown in Figure 3.1.  The figure 

displays peaks at 111, 220, 311, 400,422, 333, and 440, which are characteristic peaks of 

Jacobsite [11].  In addition, using the Scherrer’s equation, the average size of the nanomaterial 
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was 27 nm.  As mentioned in the experimental section, the size was determined based on three 

different diffraction peaks. 

 

 

 

 

 

 

 

 

 

Fig 3.1 Diffraction pattern of nano-Jacobsite from 20° to 60°. 

 

3.3.2 pH dependency 

The first set of results comes from the pH profile of the experiment.  Figure 3.2 illustrates 

the interaction of the Jacobsite nanomaterial with both of the chromium species. The binding of 

both chromium species to the Jacobsite nanophase was pH-dependent.   Chromium binding at pH 

2 was at 0% due to the fact that at more acidic conditions the particles tend to dissolve [10].  

Though it would appear that the optimum pH for chromium to bind to Jacobsite seems to be 

around pH 6, but when comparing both ionic tests, pH 4 was the optimum pH for the Cr(VI). 

The statistical differences were found to be at pH level 2-3 for Cr(VI)  At pH 4, the binding 

between Cr(VI) and Jacobsite was 70%.  Cr(III) displayed the same binding trend that was seen 

in the Cr(VI) pH profile. 
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Fig.3 2. Sorption of Cr(VI) and Cr(III) under different pH conditions from pH 2-6. Error bars 

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

within the Cr(VI) study and a separate one within the Cr(III) study. 

 

 The binding between Cr(III) and Jacobsite at pH 4 to approximately 40%.  A reduction in 

binding was observed when the pH of the solution was increased.  Statistically for Cr(III) the 

difference in binding occurred significantly at pH 4 and pH 6.  For purposes of uniformity, the 

hexavalent chromium solutions were left at pH 4. Upon looking at Figure 3.2 the % removal at 

pH 6 was only slightly higher than the % removal at pH 4, but there was no binding for Cr(III). 

Similar experiments showed that the majority of the binding occurred at pH 2, such was the case 

in Hu et al [6].  In the experiment, the increase in pH showed a decrease in adsorption of 

hexavalent chromium.  In a previous study concerning the binding between iron nanomaterials 

and Cr(VI), the binding trend between the nanomaterial and the chromium reduced above pH 6 

and reach a binding of 0% between pH 8 and pH 10 under different reaction conditions [11]. 
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This study was a deviation from that trend showing that the majority of binding occurred above 

pH 3. 

3.3.3 Time dependency studies 

 The time necessary for the sequestering of both chromium species are illustrated in Fig. 

3.3.  For the Jacobsite nanophase that was exposed to the hexavalent chromium, it was shown 

that the binding at 5 min was relatively low, approximately 10%, and there was a steady increase 

as time increased.  However, as the 1 h mark was achieved the binding jumped from 20% to 

70%.  Trivalent chromium showed a similar trend. Initially miniscule binding was observed in 

the first 5 min, remaining constant until the 15 min mark, when the binding was just above the 

zero mark.  From there, the binding increased at 20 min to 14% but it decreased yet again to 8% 

after 30 min of exposure.  When the nanophase and the chromium solution were exposed to each 

other for 60 min, the binding jumped to approximately 40%, a similar trend that occurred in the 

hexavalent time profile.  Typically Cr(VI) generally requires more time to bind than Cr(III) due 

to different redox reactions and chemical kinetics occurring in the reaction [12].  The binding at 

the different ranges remained constant from the 5 min-30 min mark and then changed 

significantly at the 60 min mark for both Cr species. 
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Fig 3.3 Time dependence of Cr(VI) and Cr(III) adsorption at a concentration of 100ppb and pH 4 

to Jacobsite. Error bars represent ± standard error. * indicates statistical differences (p<0.05). 

Comparisons were made within the Cr(VI) study and a separate one within the Cr(III) study. 

 

3.3.4 Adsorption isotherms 

  This study as explained in the previous chapter was to determine the amount of Cr(VI) 

and Cr(III) that could be adsorbed on to the nanomaterial.  The isotherms were fitted using the 

Langmuir isotherm equation, as shown below in the linearized format:   
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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 3.1.   
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Table 3.1. Cr(VI) and Cr(III) binding capacities to the Jacobsite nanophase based on different 

solution concentrations.  

 

 

 

 

 

The capacities for this experiment were 1250 mg/kg for hexavalent chromium and 370.3 mg/kg 

for trivalent chromium (1.25 mg/g and 0.37 mg/g, respectively).  Hu et al. [6] reported that the 

capacity from their Jacobsite experiments was 31.55 mg of Cr(VI)/g of sorbent.  Other materials, 

mainly synthetic, have also been experimented for sequestering chromium.  In the study by 

Anabia et al. [7] they reported 128.2 mg/g, 153 mg/g for MCM-41, and MCM-48, respectively, 

at a pH range of 1-3.  Another study showed an iron nanowire material that displayed a 

maximum capacity of 7.78 mg/g [14].  A similar material, γ-Fe2O3 in the nanophase, has been 

studied for the removal of Cr(VI) from aqueous solution at pH 2.5 [15].  The observed capacity 

of γ-Fe2O3 nanoparticles was 15.6 mg/g.  On anatase, another oxide material, the capacity has 

been observed to be 14.56 mg/g [15].  The lower capacities in the current studies may be due to 

the pH of the solution and the amount of dissolved iron in the solution. 

 

3.3.5 Interference studies 

The interaction between the Jacobsite particles and the spiked chromium solutions are 

illustrated in Figures 3.4-3.7.  The concentration ranges for the Cl-, NO3
-, SO4

2-, and PO4
3- range 

from 0.1 ppm to 100 ppm.  As illustrated in Figures 3.4 and 3.5 for chlorine and nitrate 

respectively, the binding for Cl- was approximately 100% at all the concentrations, with only a 

Sample Capacity 
(mg/kg) 

SE 
(+/- mg/kg) 

MnFe2O4 Cr(VI) 1250 12.9 
MnFe2O4 Cr(III) 370.3 23.7 
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small decrease of approximately 2% for the hexavalent chromium.  The same was observed for 

the trivalent chromium, with the exception of the 2% decrease. Only a 1% decrease was 

observed at the 10 ppm and as the concentration of Cl increased the binding stayed constant.  In 

terms of the nitrate anion, the binding showed a similar trend as it remained constant at 99% for 

the 0.1 and 10 ppm range. But then a small decrease occurred at the higher concentration of 

nitrate which resulted in a 95% removal of Cr(VI). The trivalent solution displayed constant 

binding in the presence of the nitrate anion solution.  In terms of the sulfate anion and Cr(VI), the 

lower concentration of 0.1 showed only 90% binding. Subsequently, an increase in binding was 

observed when the concentration of interfering anions was increased.  The remaining 

concentration range (1 ppm-100 ppm) showed a constant binding, which was 100%.  A constant 

change in binding was observed between the different concentrations of the interfering anion and 

the trivalent chromium solution, starting at 100% then jumping down to 97%, back up to 100% 

and then to 97% for 0.1 ppm, 1 ppm, 10 ppm, and 100 ppm, respectively.     

 

Fig 3.4. Sorption of Cr(VI) and Cr(III) at 100 ppb to the Jacobsite nanophase at different 

concentrations of chloride anion. Error bars represent ± standard error. Comparisons were made 

within the Cr(VI) study and a separate one within the Cr(III) study. 

0

20

40

60

80

100

control 0.1 1 10 100

%
 R

e
m

o
v

a
l 

(m
e

a
n

 ±
S

E
)

Concentration (ppm)

Cr(VI) Cl Cr(III) Cl



37 

 

 

Fig 3.5. Sorption of Cr(VI) and Cr(III) at 100ppb to the Jacobsite nanophase at different 

concentrations of nitrate anion. Error bars represent ± standard error. Comparisons were made 

within the Cr(VI) study and a separate one within the Cr(III) study. 

 

 

Fig 3.6. Sorption of Cr(VI) and Cr(III) at 100ppb to the Jacobsite nanophase at different 

concentrations of sulfate anion. Error bars represent ± standard error. Comparisons were made 

within the Cr(VI) study and a separate one within the Cr(III) study. 
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Fig 3.7. Sorption of Cr(VI) and Cr(III) at 100ppb to the Jacobsite nanophase at different 

concentrations of phosphate anion. * indicates statistical differences (p<0.05). Comparisons were 

made within the Cr(VI) study and a separate one within the Cr(III) study. 

    

The phosphate showed interesting results in that both the trivalent and hexavalent 

solutions showed constant binding (100%) for the lower concentrations of interfering anion 

which could be due to a negative surface modification on the surface of the Jacobsite. When the 

concentration of interfering anion increased the binding decreased which could be due to 

complexing between the Cr(III) and the phosphate anions at the 10 ppm concentration, the 

binding was observed to be at 73% and 78% for Cr(VI) and Cr(III), respectively.  Then at the 

100 ppm concentration the binding stayed constant for the trivalent chromium (78%). However, 

for the hexavalent chromium, the concentration decreased significantly to 11% could possibly 

due to a negative surface forming on the surface of the Jacobsite, which is repelling the Cr(VI).  

The binding of both chromium species to Jacobsite was constant for all the different common 

anions, with the exception of phosphate which showed a significant difference at the 10 and 100 
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ppm concentration ranges for both Cr ions.  As stated in the previous chapter chloride and 

fluoride anions do not inhibit the binding of Cr in different metal oxides which could be to the 

structure in solution or their low charge density.  Sulfate and phosphate anions in Cr solutions 

have been known to reduce the binding of Cr(VI) between different oxide materials and Cr(VI) 

[15-16].   With the exception of the 100 ppm phosphate-hexavalent chromium experiment, the 

Jacobsite shows preferential binding to both chromium species in the presence of different 

competing anions. 

 

3.4. Conclusion  

 Jacobsite proved to be an acceptable agent for the sequestering of Cr(VI) and (III).   

Different tests were performed in order to determine that the material was indeed Jacobsite and 

the size of the material was 12 nm. The data obtained from the interference studies showed that 

in the presence of competing ions the material displayed 100% binding for Cl-, NO3
- and  SO4

2-.  

In the presence of high concentrations of PO4
3- the binding reduced to possible complexing 

between the Cr(III) and the phosphate anion.  In the case of Cr(VI) the Jacobsite could be 

forming a negative layer from the precipitation of the phosphate onto the surface of the material 

resulting a repulsion between the charge of the phosphate anion and the negatively charged 

surface of the Jacobsite.   
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4. Sorption of Cr(III) and Cr(VI) to High and Low Pressure Synthetic Nano-Hausmannite 

(Mn3O4)Particles 

 

Abstract 

Hexavalent and trivalent chromium are the two most stable ions that result from the use of 

Chromium.  Cr(III) is an essential trace element for mammals.  Cr(VI) on the other hand is 

extremely carcinogenic to most organisms.  In this study an investigation was conducted on the 

binding of Cr(III) and Cr(VI) to an engineered nanomaterial, Hausmannite, which we have 

synthesized using two different synthesis techniques.  One of the techniques utilized a simple 

titration/precipitation synthesis involving the titration of manganese(II) sulfate with sodium 

hydroxide at a molar ratio of 3 (OH): 1 Mn ion.  The samples were aged using different 

techniques. The open vessel ageing technique used was a heating mantle and the nanomaterial 

was heated 90ºC for 60 minutes.  The microwaved ageing technique was performed using closed 

vessels containing the materials which were heated to 90ºC for 30 minutes.  The batch studies 

showed the micro-waved material had a binding of 85% and 87% for Cr(VI) and Cr(III) at pH 4 

and the open system Hausmannite showed a 75% and 77% removal for Cr(VI) and Cr(III) 

respectively.  The optimum time for both Hausmannite materials to effectively bind to Cr(VI) 

and Cr(III) was 1h.  The closed system and open system Hausmannite showed binding capacities 

(mg/kg) of 400 and 500 for Cr(VI) and 2857.1 and 4761.9 for Cr(III), respectively.  Finally data 

was obtained from the interaction of the Hausmannite and chromium when competing anions 

were introduced. 
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4.1. Introduction 

 Many methods exist to remove the two chromium species, some are natural and synthetic 

iron oxide nanomaterials, other methods are synthetic organic compounds [1-5].  One possible 

method for sequestering hexavalent chromium could be manganese oxide nanophases in the form 

of Mn3O4. Currently one method using mesoporous materials showed effective binding capacity 

of 128.2 and 153.8 mg/g respectively [6]. Another method of removing Cr(VI),was the use of a 

manganese nodule leached residue obtained from NH3–SO2 leaching showed a binding capacity 

of 22.47 mmol/g [7].  Perhaps the largest advantage of using the manganese oxide materials is 

that the possible dissolution would release manganese into solution, which is an essential 

nutrient.  It has been known that iron based materials tend to reduce hexavalent chromium to 

trivalent oxidation state [8-9].   

The current study showed the binding trends of the Hausmannite nanomaterials and the 

chromium solutions at pH values ranging from 2-6.  The next step in the study was to determine 

the amount of time required for the chromium to bind to the Hausmannite under the optimum pH 

conditions. Furthermore the binding capacity of the nano-Hausmannite was determined using the 

Langmuir isotherm model.  The nanomaterials were then tested using chloride, nitrate, sulfate, 

and phosphate anion spiked chromium solutions to test the materials effectiveness in the 

presence of competing ions , then all the supernatants were analyzed using a graphite furnace to 

identify how much of the chromium ions remained in solution. 
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4.2. Methodology 

4.2.1. Synthesis of manganese oxide nanoparticles 

 The synthesis of this material was achieved using the same method as described in 

chapter 2, with the only exception being the salts used for the making the nano-Hausmannite.  

The amount of salt used was 5.07 g of manganese sulfate monohydrate and it was dissolved in 

1.0 L of DI water.  The solution was then titrated with a 1M solution of sodium hydroxide.  The 

aging technique used for the formation of the nano-Hausmannite was the exact method described 

in chapter two for the aging of the nano-Magnetite.   

 The batch studies (pH, time dependency, binding capacity and interference studies) 

performed on the nanomaterials were described in previous chapters.  The same characterization 

studies were also performed on the Hausmannite material in order to determine the crystal 

structure and other characterization properties. 

4.3 Results and Discussion 

4.3.1. XRD data 

 The manganese oxide particles underwent XRD studies and the results from this study 

determined that the particles were indeed Hausmannite (Mn4O3) and after utilizing Scherrer’s 

equation, the average particle size of the nano-Hausmannite was approximately 34 nm for the 

micro waved closed vessel particles and 25 nm for the open vessel synthesized particles which 

were on par with Parsons et al. [12].   
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Fig 4.1. Diffraction pattern of nano-Hausmannite from 20° to 60°. 

 

4.3.2. pH study 

 The pH profiles are illustrated in figures 4.2 and 4.3; they display both sets of particles 

with the two different chromium ions.  For the microwave material, the removal of hexavalent 

chromium was 85% at pH 3 and remained relatively constant at pH 4 and 6, with a minimal 

decrease at pH 5.  Similarly, the micro-waved aged material displayed an 87% removal of the 

trivalent chromium from solution at pH 3 and remained constant their after.  On the other hand, 

the open vessel material exhibited a binding of 75% with the Cr(VI) at lower pH and remained 

constant at higher pH levels, but at pH 5 and 6, the binding decreased to about 65%.  The binding 

for Cr(III) at lower pH levels was about 78% binding and remained constant until higher pH 

levels displayed a decrease in binding.  Other studies have also reported similar trends in the 

binding of Cr(VI) to other oxide materials [13]. 

 

 



44 

 

 

 

 

 

 

 

 

 

Figure 4.2 Sorption of Cr(VI) to open and closed system Hausmannite at pH 2-6.  Error bars 

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

within the microwave material (MV) and open (non-microwave) material. 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Sorption of Cr(III) to open and closed system Hausmannite at pH 2-6. 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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4.3.3. Time dependency study 

 Figure 4.4 and 4.5 shows the time dependency of the binding of both chromium ions to 

the open vessel and microwave assisted synthesized Mn3O4 nanomaterials.  The Cr(VI) bound 

rapidly to the microwave assisted synthesized Mn3O4, (within the first 5 min) and remained 

constant for up 1 h after contact.  The interaction between the microwave aged nanoparticles and 

Cr(VI) exhibited a stable binding at the first 5 min, but the binding was relatively low 24%, then 

as time increases the binding begins to decrease to approximately 19%.  When the reaction time 

increased further, the binding increases to 33% and remains constant till the 1 h mark.  At 1 h 

binding increases dramatically to 85%.   

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Time dependence of Cr(VI) adsorption at a concentration of 100ppb and pH 4 to 

open and closed system Hausmannite. * indicates statistical differences (p<0.05). Comparisons 

were made within the microwave material (MV) and open (non-microwave) material. 
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Figure 4.5 Time dependence of Cr(III) adsorption at a concentration of 100ppb and pH 4 to open 

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

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

(non-microwave) material. 

 

The binding for the open vessel material peaked at 1h and the binding that resulted from the 

reaction was approximately at 75%, which deviates from the trend that was shown for the 

microwave material at the 1 h mark possibly could be due to different redox reactions occurring 

between the material and the metal ion, thus in order to overcome this, equilibrium needs to be 

established between the material and the ion.  For the Cr(III) experiments, the binding trends that 

were observed for the microwave nanomaterial were of an alternating nature.  At the first five 

minutes the binding displayed approximately 48% removal and then at the ten minute mark the 

binding decreased to 31% then this alternating trend was constant afterwards until the one hour 

mark.  For the open vessel material the binding trend displayed 50% binding in the first five 

minutes, then it constantly increased as the time increased. The binding peaked at 78% and 

remained constant after 1h.  However, Cr(VI) generally requires more time to bind than Cr(III) 
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due to different redox reactions involving the manganese and the oxygen found on the surface of 

the material [14]. 

4.3.4. Adsorption isotherm 

As described in the previous chapter the isotherms were fitted using the Langmuir 

isotherm equation as shown below in the linearized format:   
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Where Ce is the equilibrium concentration of the Cr(VI/III) in solution, b is a constant that is 

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

capacities determined using the Langmuir equation are shown in Table 4.1.   

 

Table 4.1. Cr(VI) and Cr(III) binding capacities based on different solution concentrations to 

both open and closed system Hausmannite 

 

 

 

 

The capacities for the microwave nanomaterial were 0.400 mg/g and 2.857 mg/g for Cr(VI) and 

Cr(III) respectively.  The capacities for the open vessel material were 0.500 mg/g and 4.761 

Sample 
Capacity 
(mg/kg) 

SE 
(+/- mg/kg) 

Mn3O4 Cr(VI) MV 400 72.5 

Mn3O4 Cr(VI) Op 500 5.9 

Mn3O4 Cr(III) MV 2857.1 55.1 

Mn3O4 Cr(III) Op 4761.9 152.9 
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mg/g for Cr(VI) and Cr(III) respectively, the low capacity of Cr(VI) suggests that Hausmannite 

may have possibly undergone reductive and oxidative dissolution of the mineral phases thus 

resulting in low capacity [11].  Komosinska reported that alder peat and brown coal displayed 

binding of 20.200 mg/g and 39.370 mg/g respectively [15].  Correra reported that the binding of 

boehmite and hexavalent chromium was to at 0.001598 mg/g [16].  Anabia et al. reported 128.2 

mg/g and 153 mg/g for MCM-41 and MCM-48 respectively at a pH range of 1-3 [6].  In some 

similar iron nanomaterials the capacities exhibited were 15.6 mg/g for γ-Fe2O3 and on anatase 

another iron based material the capacity has been observed to be 14.56 mg/g [17].   

4.3.5. Interference study 

 Figures 4.6-4.9 show the effects of (Cl-, NO3
-, SO4

2- and PO4
3-) competing ions have on 

the binding of Cr(VI) and Cr(III) to the open and closed system Hausmannite at pH 4.  The 

concentrations of the common ions in the solutions were on the range of 0.1 ppm to 100 ppm.  

The first set of interactions was that of the chlorine spiked hexavalent solutions with the 

microwave aged nanomaterials which displayed a constant binding trend at around 67% with 

respect to the increasing concentration of the interfering anion.  In the case of the open vessel 

material the binding was lower than the binding observed for the microwave aged materials. The 

binding peaked at 40% for Cr(VI) at low concentrations of chlorine anion as seen in Figure 4.6 

A.  The trends observed in the experiments between the micro-waved synthesized nanomaterials 

and the chlorine spiked trivalent solutions showed low binding for all concentrations of 

interfering anion which could be caused by complex formation between the Cr(III) and the 

saturation of chlorine ions on the surface of the nano-Hausmannite therefore inhibiting the 

binding to Cr(III). The interaction between the open particles and the spiked solutions showed 

100% binding at all concentrations of the competing anions as seen in Figure 4.6 B.  The next 
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interfering anion to be tested was the nitrate anion which has the same charge as chlorine but is 

larger in size. 

 

Fig 4.6. Sorption of (A.) Cr(VI) and (B.) Cr(III) at 100 ppb to the Hausmannite nanomaterial at 

different concentrations of chloride 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. 

 

For the nitrate study, both sets of particles interacted with the nitrate spiked Cr(VI) solutions 

showed a constant binding of approximately 70% and 35% for the micro-waved hausmannite 

and the open vessel hausmannite respectively as seen in Figure 4.7 A.  Both sets of materials 

showed a small decrease in binding as the concentrations of anion increased, but ultimately the 

binding began to increase as the concentration increased to higher levels of anion. The 

hexavalent chromium displayed an affinity to bind to the micro-waved material of the open 

vessel material which could be a result of the aging method forming an acidic layer on the 

surface of the material.   
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Fig 4.7. Sorption of (A.) Cr(VI) and (B.) Cr(III) at 100ppb to the Hausmannite 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. 

 

The nitrate spiked Cr(III) solutions showed a similar trend to the hexavalent studies, but the 

trivalent chromium preferred to the open vessel materials over the micro-waved materials as seen 

in Figure 4.7 B.  For the micro-waved particles, as the concentration of interfering anion 

increased the binding would increase and decrease by 10%.  The open vessel particles showed a 

constant binding trend above 80%, but at high levels of competing anion, it decreased to 40%, 

this binding trend suggests that nitrate in large concentrations overpower the Cr(III) due to 

nitrates structure, thus making the search for chromium difficult for the nanomaterial. 

 The next anion was sulfate, which like nitrate is a polyatomic anion, but it has a -2 

charge.  Both sets of particles showed a decreasing binding trend as the anion concentration 

increased.  Cr(VI) showed a preference (similar to the nitrate experiment) to the micro-waved 
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system then the open vessel system as seen in Figure 4.8 A.  The trivalent chromium solution 

showed a similar trend as seen in the Cr(VI) study, but the binding was constant for the majority 

of the different concentrations.  Both sets of particles showed a decrease in binding at the 100 

ppm level of competing anion.  The only difference was that the open particle binding was 10% 

lower than the micro-wave results. The next competing anion was phosphate, which has a more 

negative charge then the chromate anion and even more negative then the chromium 3+ species 

in the trivalent solution. The polyatomic anion also possess a tetrahedral shape, but to further 

exacerbate the trend the phosphate anion promote a -3 charge which further decreases binding. 

Overall for both sets of tests, as can be seen in Figures 4.9 A and B the overall trend for binding 

was a decreasing one, as the interfering anion increased in concentration the bind decreased 

significantly. The highest % of binding occurred at the lower concentrations of competing anion, 

for both Cr(VI) and Cr(III).  For Cr(VI), the micro-waved particles demonstrated more binding 

to the chromium possibly due to as the nature of the nano-Hausmannite surface explained in the 

chloride experiment.  At higher levels of concentrations the phosphate could have precipated 

onto the surface of the material and repel the anionic chromate. There have been studies that 

show that fluorine and chlorine show little to no interference when it interacts with both species 

of chromium and iron oxide materials [18].  The sulfate and phosphate anions have both been 

determined to hinder the binding between oxide materials and chromium ions.  This could be due 

to the robust structure and larger anionic charge of the anion.  Another factor could be the 

possibility of surface modification on the material [18-19]. 

4.0 Conclusion 

 The micro-waved Hausmannite seemed to bind better to the Cr(III), than the Cr(VI) as 

seen in the binding capacity data. The nano-Hausmannite showed a capacity of 2857.1 mg of 
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Cr(III)/kg of material and 4761.9 mg of Cr(III)/kg of material compared to 500 and 400 mg of 

Cr(VI)/kg of material.  Thus Hausmannite could be a possible sequestering agent for the 

filtration of trivalent chromium.  On the other hand, the open vessel particle showed slightly less 

binding possibly due to the nature of its surface.  Overall the Hausmannite mineral showed that it 

indeed have an affinity to the chromium. The materials themselves are relatively inexpensive.  

The material showed its ability to maneuver through some of the competing anions, but as the 

concentration of anion increased the binding decreased.  This could be due to synergistic effects 

or the larger charges that are found in some of the competing anions.  At different concentrations 

of interfering anion the nano-Hausmannite displayed more that 50% binding. 

 

 

Fig 4.8. Sorption of: A. Cr(VI) and B. Cr(III) at 100ppb to the Hausmannite 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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Fig 4.9 Sorption of (A.) Cr(VI) and (B.) Cr(III) at 100ppb to the Hausmannite 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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5.   X-ray Absorption Spectroscopy Studies of the Adsorption of Iron and Manganese 

Oxide Nanomaterials to Cr(VI) and Cr(III) 

 
Abstract 
Chromium has two abundant oxidation states that are found in the environment: Cr(VI) and 

Cr(III).  Cr(VI) is very carcinogenic to mammals while Cr(III) is an essential trace element for 

sugar and lipid metabolism.  In order to fully understand how both chromium ions would be 

affected by coming in contact with iron and manganese oxide nanomaterials, the binding 

mechanism must be studied.  An effective method for studying the adsorption mechanism is the 

X-ray absorption near-edge structure (XANES) spectroscopy.  XANES spectra were obtained 

from non microwave-assisted and microwave-assisted, synthetic Fe3O4, Mn3O4, and MnFe2O4 

nanomaterials that were reacted with solutions of both chromium ions.  The chromium solutions 

were pH-adjusted to 2, 4, and 6.  It was determined that the Cr(VI) solutions that came into 

contact with the Fe3O4 and Mn3O4 reduced to Cr(III); however, the Cr(VI) solutions that reacted 

with MnFe2O4 remained as Cr(VI).  The Cr(III) remained as Cr(III). 
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5.1 Introduction 

 
 Some XAS studies have been conducted on this material and several of its engineered 

variants, all of which concluded that upon contact with Magnetite, Cr(VI) reduces to Cr(III) 

through the exchange of electrons from the Fe(II) found in the crystal structure of the Magnetite 

[1-2].  Another possible candidate material for the sequestering of both chromium species is 

Jacobsite (MnFe2O4), which currently has a limited number of publications.  Hu et al. reported 

that while Jacobsite was a good material for sequestering Cr(VI), it did not reduce the Cr(VI) to 

Cr(III) [3].  The authors theorize that the bond between the oxygen from the chromate and the 

Fe/Mn layer was relatively weak in comparison to the bond found between the oxygen in the 

chromate and the Fe(II) found in Magnetite.  Currently, there are no publications of any kind on 

the subject of the interaction between both chromium species and the nanomaterial Hausmannite.   

In the present study Cr(VI) and Cr(III) adsorption to non microwave-aged and 

microwave-aged Fe3O4 and Mn3O4, and microwave-aged synthetic MnFe2O4 nanomaterials was 

investigated using synchrotron-based XAS.  The oxidation state of the chromium ions adsorbed 

to the surface of the oxide nanomaterials was determined by XANES spectroscopy after the two 

chromium species reacted with the different materials at a set pH range (e.g. 2, 4, and 6). 

 

5.2 Methodology 

 

5.2.1. Sample preparation 

 In this study 100 ppb solutions of both Cr(VI) and Cr(III) were made using reagent grade 

potassium dichromate (K2Cr2O7) and chromium nitrate (Cr(NO3)3), respectively.  These 
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solutions were then pH-adjusted to 2, 4, and 6 using dilute sodium hydroxide and hydrochloric 

acid.  The synthesis of the non microwave-aged and microwave-aged Fe3O4 and Mn3O4, and 

microwave-aged synthetic MnFe2O4 nanomaterials were prepared using the same method as 

described in chapters 2-4.  10 mg of either Fe3O4, Mn3O4, or MnFe2O4 were weighed and put 

into 5mL polyethylene test tubes. Then they were introduced to 4mL of either chromium solution 

at pH 2. The same was done for the other pH-adjusted solutions.  The samples were rocked 

(Specimix, Thermo Scientific) for 1h and centrifuged for 10 min at 3000 rpm.  Once centrifuged, 

the supernatants were discarded and the solids were oven dried for analysis. This analysis was 

conducted at Stanford Synchrotron Radiation Lightsource (SSRL, Palo Alto, CA). 

5.2.2. XANES study 

The XANES studies to investigate the oxidation state of chromium adsorbed at the 

nanomaterials surface and possible bonding mechanisms 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 29-element array germanium 

detector and Si(220) φ 90 monochromator were used to obtain the fluorescence spectra for the 

Cr-K edge spectra.  The model compounds used for comparison of the spectra were potassium 

dichromate and chromium nitrate.  A chromium foil [Cr(0)] was used as a calibration standard to 

determine the correct edge energy of samples.  Spectra of oxide material samples and chromium 

model compounds were collected using the Cr-Kα 5989eV. 

5.3. Results and Discussion 
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5.3.1 Results of XANES studies 

Figures 5.1-5.3 show the XANES spectra for the different materials that were reacted 

with both chromium species.  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 (requiring a large amount 

of energy).  In Figure 5.1A and C displays the oxidation state of the Cr that was reacted with 

both the micro-waved and open synthesis Magnetite nanomaterial the pre edge of all the spectra 

did not show the characteristic Cr(VI) pre edge that is prevalent in the Cr(VI) XANES spectra.  

The spectra displayed a very small peak at the chromium 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 like the 

experiment performed by White and Peterson, the Magnetite, both microwave-aged and non 

microwave-aged, reduced the Cr(VI) to Cr(III) [1-2].  In both of the Cr(III) reactions, the pH 2 

solutions were too dilute and could not be analyzed in the synchrotron. 

Figure 5.2 displays the XANES spectra for the microwaved and the non microwaved 

Hausmannite nanomaterial.  Like the Magnetite nanomaterial, the peak found at 5989eV for all 

four spectra displayed characteristics of Cr(III) and not Cr(VI).  Therefore, the Hausmannite 

behaves like the Magnetite.  The logical explanation for reduction could have to do with the 

Mn(II) found in the Hausmannite crystal, which is undergoing a redox reaction and transferring 

electrons from the Mn(II) to the Cr(VI), thus behaving like the  Fe(II) found in the Magnetite [1-

2]. 



 
Figure 5.1XANES spectra of Cr(VI) and Cr(III) to microwave

Fe3O4. A) Cr(VI) with MW Magnetite

Magnetite, D) Cr(III) with NMW 
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Figure 5.1XANES spectra of Cr(VI) and Cr(III) to microwave-aged and non microwave

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

, D) Cr(III) with NMW Magnetite. 

 

 

aged and non microwave-aged 

, C) Cr(VI) with NMW 
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Figure 5.2. XANES spectra of Cr(VI) and Cr(III) to microwave-aged and non microwave-aged 

Mn3O4. A) Cr(VI) with MW Hausmannite, B) Cr(III) with MW Hausmannite, C) Cr(VI) with 

NMW Hausmannite, D) Cr(III) with NMW Hausmannite. 

 

 Figure 5.3 showed the XANES spectra for nano-Jacobsite.  The spectra showed an 

interesting phenomenon that deviated from the other two experiments.  The Cr(VI) reacted with 

the nano-Jacobsite remained as Cr(VI); there was no reduction present such as seen in the pre 

edge of the spectra.  This result coincides with the study that was conducted by Hu et al.  The 

authors explained that the reason for no reduction could be a result of the relatively weak bond 



between the chromate and the surface of the mate

electrons from the Fe/Mn surface to the chromate [3

remained as Cr(III). 

 

 
Figure 5.3 XANES spectra of (A.) 

 

5.4 Conclusion  

The purpose of using XAS is to determine what type of binding is occurring within the 

samples upon contact time.  The purpose of the XANES e

state after the sample is reacted.  

the Cr(VI) to Cr(III) in aqueous solutions.  This phenomenon shows that using oxide 

Magnetite and nano-Hausmannite

The nano-Jacobsite did not show any sort of reduction of Cr(VI) to Cr(III). This could be due to 

the type of bond exhibited by the chromate on the surface of the material.  

a very good material to use for the sequestering chromium

 

  

A 
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between the chromate and the surface of the material [3].  The weak bond cannot transfer the 

e/Mn surface to the chromate [3].  The Cr(III) found on the Jacobsite

(A.) Cr(VI) and (B.) Cr(III) bound to microwave-aged MnFe

The purpose of using XAS is to determine what type of binding is occurring within the 

samples upon contact time.  The purpose of the XANES experiment is to determine the oxidation 

state after the sample is reacted.  It was determined that two of the materials effectively reduced 

the Cr(VI) to Cr(III) in aqueous solutions.  This phenomenon shows that using oxide 

ite can be an effective method for remediation of Cr(VI) in water.

did not show any sort of reduction of Cr(VI) to Cr(III). This could be due to 

the type of bond exhibited by the chromate on the surface of the material.  Nano-

a very good material to use for the sequestering chromium from aqueous solutions

B 

].  The weak bond cannot transfer the 

Jacobsite 

aged MnFe2O4. 

The purpose of using XAS is to determine what type of binding is occurring within the 

xperiment is to determine the oxidation 

It was determined that two of the materials effectively reduced 

the Cr(VI) to Cr(III) in aqueous solutions.  This phenomenon shows that using oxide nano-

can be an effective method for remediation of Cr(VI) in water.  

did not show any sort of reduction of Cr(VI) to Cr(III). This could be due to 

-Jacobsite is still 

from aqueous solutions. 
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6. Conclusions  

Micro-wave and non micro-waved nanomaterials were tested for their capacity to remove 

Cr(III) and Cr(VI) from aqueous solutions .  The XRD data showed that the overall crystal 

structures for all three different nanomaterials were in fact identical structures of Magnetite, 

Jacobsite and Hausmannite.  The XRD also determined that the overall crystalline size of the 

three micro-waved aged materials and the two traditionally aged (open) materials were as 

follows: 25 nm for MW Magnetite, 34 for MW Hausmannite, 28 nm for open Magnetite, 25 nm 

for open Hausmannite, and finally 18 nm for the Jacobsite.   

The data obtained from the XAS studies showed that Magnetite and Hausmannite both 

reduced the hexavalent chromium species into the trivalent species.  The studies showed that the 

reduction process is a direct result of the binding of the Fe(II) species found within the Magnetite 

material and the Mn(II) species found within the Hausmannite nanomaterial.  The XAS data 

showed that the Jacobsite nanomaterial, which has characteristics of both the Magnetite and the 

Hausmannite, showed no reduction of the hexavalent chromium to trivalent chromium.   

At pH levels below 4 materials such as Magnetite and Jacobsite would dissolve as a result of 

high acidity.  At higher pH levels it was determined that the materials exhibit an overall negative 

surface charge.  This surface charge repels the negatively charged oxoanion, at lower pH levels 

that nanomaterials exhibit a neutral charged surface due to the abundance of hydrogen ions.  This 

surface thus becomes littered with possible binding sites.  It was determined that all three 

materials (Magnetite, Jacobsite, Hausmannite) successfully sequestered both chromium ions at a 

pH of 4.  The overall contact time necessary for binding of the two chromium ions to the 

different nanomaterials was determined to be 1h and the overall capacities of the three three 

micro-waved aged materials and the two traditionally aged materials were as follows:  
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The non micro-waved (open) aged Magnetite showed preferential binding to both the Cr(VI) 

and Cr(III) solutions compared to the micro-waved aged Magnetite which could be a result form 

the formation of an Fe(III) layer at the surface of the material during the aging process.   In the 

interference study the competing ions displayed minimal effectiveness to the open vessel 

Magnetite in the Cr(VI) portion of the study, the particles showed 100% removal even in the 

presence of high concentrations of sulfate ion.  The Cr(III) portion of the interference studies 

showed the Magnetite had no interference from the chlorine and high concentrations of sulfate 

ion thus resulting in high removal percentage possible through the formation of a charged surface 

from the excess of anions.   

Jacobsite in the interference study showed that the competing ions showed no interference in 

the sequestering of both chromium ions except for high concentrations of phosphate anion.  The 

micro-waved Hausmannite showed a preference to Cr(III) and Cr(VI) over the open synthesized 

Hausmannite.  In all cases the reaction of the nano-Hausmannite with Cr(VI) in the presence of 

interference ions the data showed a binding trend which consisted of moderate binding (≥ 60%)  

of Cr(VI) at low levels of competing ions with a decline when the concentration of competing 

ion increased.  The Hausmannite showed preferential binding to the Cr(III) ion in the presence of 

Sample Capacity (mg/kg) SE (+/- mg/kg) 
Fe3O4 Cr(VI) MV 1208 43.9 
Fe3O4 Cr(VI) Op 1705 14.5 
Fe3O4 Cr(III) MV 555 10.5 
Fe3O4 Cr(III) Op 555 2.2 
MnFe2O4 Cr(VI) 1250 12.9 
MnFe2O4 Cr(III) 370.3 23.7 
Mn3O4 Cr(VI) MV 400 72.5 
Mn3O4 Cr(VI) Op 500 5.9 
Mn3O4 Cr(III) MV 2857.1 55.1 
Mn3O4 Cr(III) Op 4761.9 152.9 
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competing ions with only a slight decrease in binding as the concentration of competing ions 

increased. 

This research has demonstrated that the three different nanoparticles can sequester both   

Cr(VI) and Cr(III) in aqueous solutions, and that the synthesis are very cost effective.  The 

materials affinity and cost make them a strong candidate for sequestering both chromium species 

should it become a strong concern. 
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