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Abstract: The research reported in this dissertation explored the application of the reactions
between metal oxides and metal carboxylates for the synthesis of useful ternary metal
oxides containing either molybdenum or tungsten, a green extraction process for iron ores,
and the production of single-source precursors for ferrites. The reaction of lanthanum
acetate with molybdenum trioxide and tungstic acid and tungsten trioxide (i.e. the
MOy/acetate process) was found to produce lanthanum acetate molybdate
Ln(O2CCH3)(M004)+1.05H>0 lanthanum acetate tungstate Ln(O2CCH3)(W04)*0.95H>0,
respectively. These compounds served as single-source precursors for f-LnaMo020y and o
LnoW>09 at relatively low temperatures. Notably, it was possible to isolate the ionic-
conductor, B-Ln2Mo20y, as a metastable phase at room temperature. Reaction of WO3 with
aqueous lanthanum acetate was incomplete and produced a green solid due to reduction of
W(VI) indicating that the MOx/acetate process works best for layered compounds where
intercalation of the reactants is possible. Thus, by the use of layered tungstic acid, Ho WO,
the MOy/acetate process was expanded to the preparation metal tungstates, a broad class of
useful materials. One limitation of the MOy/acetate process has been the hydrolytic
instability of several metal acetates such as aluminum and ferric acetates. Therefore, the
reaction of iron(III) nitrate with MoOs in acetate buffer was explored that unexpectedly led
to the first isolation of a trimetallic oxide via the MOx/acetate process. The reaction of iron
nitrate with two molar equivalents of molybdenum trioxide produced a crystalline
compound with the formula NaFe>(MoQO4)2¢2H>0 that converted into the NaFe:Mo02Og (a
promising battery anode material) upon dehydration at 670°C. Changing the ratio of iron
nitrate to molybdenum trioxide led to isolation of amorphous solids possibly related to
ferrimolybdite and ferrihydrite that upon calcining produced Fex(MoOa4)3/Fe O3
composites that are useful partial oxidation catalysts. Lastly, a green process of extraction
of iron from both pure iron oxide (Fe;Os) and iron ore were investigated using
ethylenediaminetetraacetic acid (H4EDTA). Unlike other extraction processes for iron, the
acid can readily be recovered and reused leading to marked reduction in waste. Besides
silica dross, the by-product of the process is potassium sulfate that can be used in fertilizer
manufacture. Recovery of ethylenediaminetetraacetic acid was 94% while iron was
isolated as pure iron oxide with greater than 98% efficiency. The extraction reaction
produces Fe(HEDTA) that catalyzes the extraction of iron due to its high acidity.
Furthermore, neutralization of Fe(HEDTA) can be used to produced chelated iron that is
used in fertilizers to make lawns greener and to prevent chlorosis in plants. Also, two
equivalents of Fe(HEDTA react with nickel(Il) hydroxide to produce a stoichiometric
precursor for nickel ferrite, NiFe>O4. This opens the path to the synthesis of a large range
of commercially-important ferrites.
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CHAPTER 1

INTRODUCTION

Introduction

The research presented in this dissertation explored the application of the reactions between metal
oxides and metal carboxylates to the synthesis of useful ternary metal oxides containing either
molybdenum or tungsten and for the extraction of iron from ores. The work included an
investigation of the reaction of lanthanum acetate with tungstic acid and tungsten trioxide (the
acetate method), the development of a method for preparing iron molybdate via the acetate method
despite iron acetate being hydrolytically unstable, the self-catalytic extraction of iron from ore
using ethylenediaminetetraacetic acid, and the use of the resulting iron chelate for synthesis of
nickel ferrite with precisely-controlled stoichiometry. This introduction to the research will
provide background concerning the tungsten and molybdenum-containing starting materials and
the early discoveries of the Apblett research group that formed the basis of the research reported
herein.Molybdenum belongs to Periodic Group VI and is found in the 4d-block between Nb and
Tc. It is a very refractory metal having a melting point of 2610 [1. As a result, molybdenum can
be employed in high-temperature applications as a high-strength material. Molybdenum is
electrically conductive; therefore, it can be employed in a variety of applications. At 350°C,
molybdenum oxidizes slowly in air, but at 650°C and higher, it oxidizes quickly. Molybdenum

compounds are used in such technological areas as catalysis, lubrications, refractories, paints, and



allied industries. For instance, liquid and MoS> can be utilized to prepare lubricants in both forms'®.
Over the past decade, molybdenum has expanded into other markets that employ the extraordinary
characterizations of this many-faceted element'®?’. The oxides of molybdenum and tungsten have
useful chemical and physical properties that remain a treasure trove for developing new materials

for meeting the demands of our society. They are used in a numerous applications, including

28-36 59-80

catalysis, sensing devices, electrodes,’’->® lithium ion batteries, and electrochromic or

liquid crystal displays.®!-38

Molybdenum trioxide plays an important role as a reagent in the research reported herein.
MoO:s is produced industrially by roasting its main ore, molybdenum disulfide, in air atmosphere
within a multiple-hearth furnace at temperatures between 600 and 700 °C. Low temperatures must
be utilized because molybdenum trioxide has an unusually low melting point of 802°C. This
produces technical purity MoOs3 that is mainly used as an additive in steel and corrosion-resistant
alloys. On the other hand, molybdenum trioxide purified by sublimation is used to manufacture
molybdenum metal. When absolutely pure and stochiometric MoQOs3 is white but is usually has
variable color due to slight reduction or hydration leading to powder or granules that are slightly
yellow to slightly bluish, respectively. A combination of small amounts of reduction and hydration
lead to a pale green hue. MoOs is very useful for the synthesis of important binary and ternary
metal oxides.®* In most materials, molybdenum oxide has either tetrahedral or octahedral
coordination. However, in the structure of a-MoOs3 (Figure 1.1), the MoOs octahedron is highly
distorted. As a result, the molybdenum environment can be described as a square pyramid within
the layer of the structure (Mo-O bond lengths of 1.67, 1.73,2*1.95, and 2.25 A®) with a sixth long

bond (2.33A°) from a corner-shared equatorial oxygen between two MoOg octahedra either above

or below the vertex (Figure 1.2).!



Figure 1-1 The structures of molybdenum trioxide (MoO3). Drawn with data from

Reference.!

Figure 1-2 Ball and stick model of molybdenum trioxide (M0oO3) showing the bond
variation around the molybdenum centers. Drawn with data from Reference !.
Tungsten trioxide, another starting material in this investigation, has a completely different
structure than that of MoO:s. Its structure is temperature dependent: it is tetragonal at temperatures

3



above 740 °C, orthorhombic between 330 and 740 °C, monoclinic between 17 and 330 °C, triclinic
from -50 to 17 °C, and becomes monoclinic again at temperatures below -50 °C.”* These structures
are related to each other through distortion and tilting of their WOg octahedral building blocks. The
room temperature structure of WO3, monoclinic with space group P21/n, is shown in Figure 1-3.
The structure is related to the cubic ReOs structure in which WOg octahedra share all six corners
with six adjacent WOg octahedra to build a three-dimensional array. However, the symmetry of
the room-temperature from is lowered from the ideal cubic ReO3 structure by tilting of the WOs
octahedra and displacement of the tungsten ion from the center of the octahedra. The latter
distortion of the octahedron leads to six quite different tungsten-oxygen bond lengths (1.825,
1.843. 1.899. 1.1919. 1.957 and 2.013 A) as shown in Figure 1-4. The equatorial bond angles in
this depiction of the WOg octahedra also vary widely: 81.6. 82.9. 97.2, and 97.7°. The angle
between the axial oxygen atoms is compressed from the ideal 180° to 163.5°. There are strong
ionic and covalent interactions in the structure leading to a wide band gap that makes WOs3 an
electrical insulator’'"!'>, Tungsten trioxide is insoluble in water and acids (with the exception of
hydrofluoric acid), but readily dissolves in aqueous alkali hydroxide solutions or melts of alkali
hydroxides or carbonates to create metal tungstates. It is the most significant, extremely pure
feedstock for the manufacture of numerous tungsten compounds and tungsten metal powders. WO3
is produced as an intermediate in the recovery of tungsten from its minerals when tungsten ores
are treated with alkalis to produce aqueous tungstate solutions from WOs; is isolated by
precipitation with acid and heating. Reaction of the WOs3 thus produced with carbon or hydrogen

gas reduces tungsten trioxide to the pure metal.



Figure 1-3 The structure of tungsten trioxide (WO3). Drawn with data from Reference 2.

Figure 1-4 The distorted octahedron of tungsten trioxide (WO3). Drawn with data from

Reference 2.



Tungsten(VI) oxide does not exist as a mineral but occurs naturally in the form of hydrates
such as meymacite WO3+2H>O and tungstite WO3-2H>0. The tungstic acid, HyWOQ4, used in this
investigation is related to tungstite. It is a layered compound that is easily prepared by acidification
of a solution of an alkali metal tungstate (MoWOQOs4, M= Li", Na*, K*, Rb", Cs") with hydrochloric
acid. This produces a yellow solid that is actually a hydrate of tungsten trioxide (WO3<H>O). The
crystal structure consists of layers built up from WOg octahedra that share four equatorial oxygens
in the ac plane (Figure 1-5).> The water molecules occupy one of axial positions of the WOs
octahedra so that each tungsten center has one water attached to it. The water molecules are
attached so that they form rows down the c-axis with each row alternating up and down with
respect to the plane in the a-axis direction. This arrangement and the offset of each layer with
respect to each other allows hydrogen bonds to form between each axial oxygen ion with two water
molecules attached to the WOs octahedra directly above or below it. In comparison to the three-
dimensional structures of WO;3 (Figure 1-4) and the tungsten hydrogen bronzes, the layered
structure of tungstic acid results in a significantly more open structure with more opportunity for
reactions to take place'!®!!7 1t is this property that is taken advantage of in this investigation as
the layered structure allows the intercalation of acetate and metal ions to allow formation of metal
acetate tungstate compounds tungstic acid despite being a hydrate and not a true “H2WO4” acid
like H>SOs, gets its name because it is fairly acidic with a pKa of 3.5. HyWOj4 contains W®" d® ions
and would be expected to be colorless like WOs. Its unexpected yellow color is due to a ligand to
metal charge transfer from the water oxygen to the W®" ion that occurs at 470 nm."'*'!? The color
is very convenient for monitoring reactions since most W(VI) compounds are white solids or

colorless in solution.
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Figure 1-5 The structure of tungstic acid HyWOQ4, Drawn with data from Reference °.

During an assessment of the utility of molybdenum trioxide for the removal of metal ions
from simulated radioactive waste, the Apblett group identified an alternative for the production of
lanthanum molybdenum oxide phases in aqueous media. Based on the layered structure of MoOs3,
the Apblett research group chose to investigate if intercalation of metals between the sheets,
followed by a reaction to generate molybdate phases, would be a useful technique for
immobilization of radonuclides from nuclear waste. 12-!23 In that invetigation they used a variety
of lanthanide salts, uranium compounds, and thorium salts as surrogates for highly radioactive
actinides such as plutonium and neptunium. The investigation eventually led to reactions of MoO3

with metal acetates that forms the basis of this investigation.



Overall Dissertation and Scope

This dissertation is titled as “development of metal oxide/metal carboxylate chemistry for
the synthesis of metal tungstates, molybdates, and ferrites and extraction of iron from ores”. The
first chapter (Chapter I) provides a broad outline of the dissertation and provides an overview of
the research's objective and scope. Additionally, it provides a brief review of the materials of
interest, their structures, and their synthesis. The main body of the dissertation is subdivided into
three sections. The first section, Chapter II, discusses the synthesis of lanthanide molybdates and
lanthanide tungstates via what the Apblett group now calls the MOx Acetate process. The target of
the research in the second chapter was to investigate the possibility of producing ternary oxide
materials at low temperature using reaction of lanthanide acetates with molybdenum trioxide,
tungstic acid, or tungsten trioxide. The precursors produced can be converted to bimetallic oxides
(LnoM209, M= Mo, W) at temperatures much lower than is typically required for these compounds.
Chapter III reports a successful approach to apply the MOx Acetate process to metals, such as Fe*”,
that do not form hydrolytically stable acetates. Chapter IV reports a novel extraction process for
iron ore that uses ethylenediaminetetraacetic acid (EDTA) as a reactant. This is a self-catalytic
process as the ferric EDTA complexes formed catalyze the reaction with iron oxide. The kinetics
of this process are reported along with the determination of the effect of the particle size on the
extraction process. Further, the synthesis of nickel ferrite, NiFe;O4, was realized using the iron
EDTA complex formed in the iron extraction Finally, Chapter V, provides a conclusion of the

outcomes of the research as well as suggestions for future work.



CHAPTER 11

SYNTHESIS OF LANTHANUM MOLYBDATE AND LANTHANUM TUNGSTATE VIA
REACTIONS OF MOLYBDENUM(VI) OXIDE OR TUNGSTIC ACID WITH

AQUEOUS ACETATE SALTS

Introduction

The discovery of the MOx/Acetate process occurred when Chehbouni and Apblett performed a
reaction of molybdenum trioxide with an aqueous solution of uranyl acetate.!”” They had
previously performed a reaction with uranyl nitrate (Equation 2-1) and discovered that the
reaction only proceeded to a small degree due to a rapid drop in pH to a very low value that
prevented further reaction. The researchers switched to acetate salts, reasoning that a buffer

would form as acetate neutralizes the protons produced in the reaction (Equations 2.2 and 2.3).

UO2(NO3)2(aq) + M0Os(s) + H2O1) — UO2M0O4s) + 2 H (aq) + 2 NO3'(aq) (Eq2.1)
UO2(02CH3)2(aq) + M0O3(s) + H20g) — UO2M00O4s) + CH3CO2Hag) (Eq2.2)
CH3CO2Hg) = CH3CO2 " (ag)+ H (ag) (Eq2.3)

A reaction was performed with an excess of uranyl aceate (MoOj3 to UO2?" molar ratio = 1:1.43)
with the objective of having excess acetate in solution to prevent a large drop in pH. Over a period
of one week, the MoOj absorbed 165% by weight of uranium pruducing a solid with a 1:1 ratio of

molybdenum to uranium. The product had the characteristic yellow color of hexavalent uranium



and its infrared spectrum was consistant with the formation of a hydrated compound containing
uranyl ions and molybdenum oxide octahedra. This was confirmed by X-ray powder diffraction
that identified the product as the mineral umohoite, (UO2)Mo00O4(H20).. Heating of this product to
600°C produced phase-pure UMoOgs.

The reaction of metal acetates with molybdenum trioxide to form hydrated bimetallic
molybdenum oxide phases was extended to a wide range of divalent transition and lanthanide
metals and it was found that this is a quite general reaction.'”! Relevant to the investigation
reported herein is the reaction of aqueous gadolinium acetate with molybdenum trioxide.!?° This
reaction was performed with a 2:3 Gd:Mo molar ratio at reflux for seven days using 0.10 M
gadolinium acetate. At the end of the reaction all of the gadolinium had been absorbed from
solution to yield a white solid. The formula of this product was determined to be
Gd2(M004)3-2.2H>0 (Equation 2.4). XRD analysis showed that the product was a crystalline phase
but no match to known gadolinium or molybdenum phases could be found. Upon heating to 600°C
the solid was converted to Gd2M0309. When the reaction was performed with a molar ratio of 1:1
Gd:Mo, a different compound was formed with the formula GdMoO4(OH)*1.5H>O (Equation 2.5).
The product can be described as gadolinium molybdate hydroxide, but the infrared spectrum
indicates that it is not a true molybdate but contains molybdenum with a higher coordination
number. A novel Gd:Mo20O9 phase was produced upon heating to 550°C. Notably, when,
lanthanum acetate was reacted with MoO3 under similar conditions, a lanthanum molybdate
acetate, La(M00O4)(02CCH3)*H>0 (Equation 2.6) was produced that served as a precursor for the
oxide ion conductor, La2M0209, upon heating to 550°C.

2 Gd(O2CCH3)3 + 3 MoO3 + 5.2H20 — Gd2(M00s4)3+2.2H,0 + 6 CH3CO2H (Eq. 2.4)

Gd(02CCHj3)s + MoOs + 3.5 H O — GdMoO4(OH)-1.5H>0 + 3 CH3CO:H (Eq. 2.5)
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La(O.CCHj3)3 + MoOs + 3 H2O — La(M004)(02CCH3)-H,O + 2 CH3COH (Eq. 2.6)
Alrashidi and Apblett performed an investigation to determine what factors controlled the
formation of a lanthanide molybdate hydroxide versus a lanthanide molybdate acetate.!** It was

found that formation of the acetate product only occurred in a narrow range of 1.01 A to 1.03 A

(Figure 2-1).

39 Yellow: hydroxide product
Y Green: acetate product
0.90

S 58 59 60
La | Ce  Pr | Nd
1.03 1.01 0.99 0.72

Radius of 3+ lons

Figure 2-1. Dependence of product formed in MoOs/lanthanide acetate reactions on the radius of
the lanthanide.

This investigation reported in this chapter targeted the synthesis of an important tungstate material,
LaxW209 by extending the MOx/Acetate process to tungsten-containing materials. Reactions of
lanthanum acetate with WOz and HyWO4 were both explored. The preparation of the molybdenum
analog, La;Mo0209, via the MOy/Acetate process is also discussed. In this case, MoOs3 served as
the source for the reactant for lanthanum acetate.

La;Mo0,09 has two polymorphs, a low temperature form, o-LaxMo,Oy that transitions to [3-
LaxMo0209 above 580°C. o-LaxMo020y is particularly interesting because of its unusual structure
which has an enormous unit cell that has a volume of 8796 A* and contains 48 LaxM0209

formula units!* Figure 2-2 shows ball and stick and polyhedral models of the unit cell of o

LaxMo0,0s.
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Figure 2-2 Ball and stick model (top) and polyhedral model (bottom) of the unit cell of -
La;Mo0,09. Drawn with data from Reference *.
The Mo atoms in a-LaxMo02Qg are present in three different basic coordination types: there are

fifteen distorted MoOjs tetrahedra, fifteen distorted MoOs trigonal bipyramids, and eighteen
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distorted MoOs octahedra. These are shown in Figure 2-3 and their distribution in the unit cell is

shown in Figure 2-4.

e

MoQO. MoOs MoQOs

Figure 2-3. Molybdenum coordination modes in a-La2M0209. Drawn with data from Reference

4

Figure 2-4. Distribution of molybdenum coordination modes in a-LazMo0209. Drawn with data
from Reference *.

B-La;Mo,0y9 has significant technical value because it is a fast oxide ion conductor
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that exhibits an ion conductivity as high as 6x102 S/cm at 800°C. It normally transitions to the
alpha phase upon cooling below 580 °C but it can be stabilized to room temperature by
substitution of some of the lanthanum ions with Sr, Ba, K, or Bi, (Laz-xAx)M0,0,, or by
substituting some of the molybdenum ions with Re, S, W, Cr or V, La,(M02xBx)O,.'?* The
crystal structure f-La;Mo20y is cubic and much simpler than the alpha-phase. The structure is
strongly related to that of B-SnWO4 shown in Figure 2-5.° The latter is built from isolated WO4
tetrahedra that coordinate to tin(II) octahedra by corner-sharing. The SnOg is very distorted

because the tin lone pair occupies one face.

Figure 2-5 Crystal structure of B-SnWO, drawn using data from Reference °.
In B-La;Mo0,0o, the lone pair of tin is replaced by an oxygen ion to produce a LaO7 moiety.® As,
shown in Figure 2-6, the solved X-ray crystal and neutron crystal structure shows a 15-

coordinated lanthanum center. The lanthanum ion appears to have this highly unusual high
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coordination number because the oxygens are disordered such that the O2 and O3 sites are only
partially occupied. Such disorder is not uncommon in oxide conductors. The O2 site is 2/3
occupied while the O3 site is 1/3 occupied. The Ol sites are not disordered. Once the disordered
oxygens are accounted for, the lanthanum ions are really, on average, have a more normal,
expected nine-coordination (6 O2+ 6 O3 + 3 O1 =2/3x6 + 1/3x6 + 3 =9). Similarly, the
molybdenum centers appear to be hepta-coordinate but once the occupation of the oxygen sites is
taken into account, the overall valency of the molybdenum ion corresponds, on average, to

MoOs* (302+303+01=2/3x3+1/3x3+1=4).

Figure 2-6 Coordination of lanthanum and molybdenum in 3-La;Mo0209. O2 positions are 2/3
occupied and the O3 positions are 1/3 occupied. Drawn with data from Reference .
The overall structure of B-LaxMo0209 is shown in Figure 2-7. Notably, the formation of a new

class of fast oxide conductors (termed LAMOX) based on a related tin (II) structure spurred the
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search for other oxide ion conductors based on replacing tin and its lone pair with another ion

and an accompanying oxygen ion.

Figure 2-7 Crystal structure of B-La;M0209. Drawn with data from Reference .

There are a few other applications of LaxM0209 beyond fast ionic conductors. For example,
replacement of some La** ions with Nd** ions produces a novel monoclinic phase that is
promising for applications of ultra-short pulse lasers. On the other hand, doping with Eu**
produces red phosphors.” Further, it was found that LaxMo020y displays giant electrostriction
effects and surface phases that are manifestly polar that make it a promising electromechanical
material system.!26

In this investigation, the target tungsten-containing ternary metal oxide was LaxW>09, a material
that finds application as red-emitting phosphors when doped with Eu**.!27-12° Notably, the

tungstate group can compensate for the low absorption coefficient of most trivalent rare earth
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activators through the process of host sensitization that takes advantage of tungstate’s unique
capability for self-activation followed by efficient energy transfer to the activator.**-13* Eu'-
doped Lax W20y red phosphors were used to fabricate white hybrid LEDs by combining them
with a yellow organic dye and near-UV LEDs.!** The white hybrid LED showed an excellent
color rendering index (83%), with CIE color coordinates (0.313, 0.365) and a correlated color
temperature of 6280 K LaxW0o doped with Fe*, a highly near-infrared reflective pigment with
a reflectance of 89.25% between 700 and 2500 nm.'*¢ The absorption of light in the visible range
by Fe** leads to a peach color (CIELAB profile: L = 74.20, a = 22.69, and ¢ = 22.42 , Figure 2-
8). It was estimated that a homeowner could save $7.32 per month in air-conditioning costs by

coating the walls and roofs of the building with an energy-saving paint containing

La,WisFep2009.5.

Figure 2-8. Color of Fe-doped LaxW0o.
The triclinic structure of a-LaxW209 is complicated and unusual in the fact that it contains isolated
[W401s5]'>" rings that are built of alternating WOs octahedra and WOs trigonal bipyramids
connected to each other by corner-sharing (Figure 2-9 left).!*” The rings are arranged with their

centers at the corners of the ab planes of the unit cells, forming stacks down the c-axis (Figure 2-

9 right).
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Figure 2-9. [W4015]'? rings in a-LaW2Q0o. Drawn with data from Reference.’

There are two types of lanthanum present in the structure, one (La2) that is coordinated by 12
oxygen ions and one that is coordinated by 10 oxygen ions (Lal) as shown in Figure 2-6 The latter
polyhedra are tricapped trigonal prisms, whereas the former look like distorted cubes with two
capped adjacent faces. These polyhedra are connected one to each other by edges and corners to

build up a three-dimensional network (Figure 2-11).

Figure 2-10. Lanthanum polyhedra in a-La;W20y. Drawn with data from Reference ’
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Figure 2-11. Two views of the network of lanthanum polyhedra in a-LaxW>09. Drawn with
data from Reference ’.

A comparison of the cell parameters of a-La;W209 (a=7.2489 A, b=7.2878 A, and ¢=7.0435 A,
0=96.367°, B=94.715°, and y=70.286°) with those of B-LaxMo020y (a=7.2014 A, a=p=y=90")
shows the two structures are related. The a, b, o, and 3 parameters are quite close between the two
structures and only the c axis is significantly different. The average of the cell lengths on o-
La;W209 is 7.1934. This is only 0.1% different from the lattice constant of B-LaxMo0209. The
smaller ¢ axis length is compensated by a decrease of the y angle. In both structures, a cubic
arrangement for the cations in the unit cell is observed for the two structures. This is shown for o-
La;W20g9 in Figure 2-12. Combining all of the elements of the structure discussed so for gives the

overall structure shown in Figure 2-13 for a-La; W2Og.
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Figure 2-12 Cubic arrangement for the cations in the unit cell of a-LaxW>09. Drawn with data

from Reference 7.

Figure 2-13 Crystal structure of o-La;W>09. Drawn with data from Reference ’.
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Triclinic a-La;W209 undergoes a phase transition at 1070°C to form a cubic phase analogous to
[-LaxMo0209 that could potentially also be an oxide ion conducting phase. Unfortunately, it has
been difficult to stabilize the cubic phase at lower temperature. Ions such as Sr**, Ba?*, K*, Nb>*
and V°*, have been introduced into the a-La; W20y structure but only high levels of Ba*" and V°>*
substitutions retained the cubic form at room temperature after firing above 1100 °C and
quenching rapidly.'*® Unfortunately, these phases are metastable and irreversibly transform into
the triclinic a-phase above 700 °C, making it impossible to take advantage of fast ionic
conduction that requires higher temperature.

Hybrid LaxW»09¢/ La2M209 materials were prepared by both the ceramic method and
microwave synthesis.® It was found that for LaxW2xMoxOo, when x= 0.3 to 0.7, the f-phase can
be isolated at room temperature by quenching rapidly. Interestingly, if these materials are slowly
cooled, mixtures of o and P phases are obtained in which the B phase is enriched in molybdenum
while the a-phase is correspondingly deficient in that element. When x is 0.1 or 0.2, only mixed
o and P phases are produced by quenching the 3 phase rapidly. The room temperature stability
of B-LaxW1.7Mo00309 made it possible to determine its structure (Figure 2-14) via the Rietveld
method analysis of its X-ray powder diffraction pattern.® The structure of this compound and,

presumably, B-La;W20g is isostructural with 3-LazMo2Oo.

Overall, LayW209 and LaxM020O9 materials have interesting structural chemistry and
compelling applications that make them excellent targets for preparation via the MOy/Acetate
process. The results of an investigation of the reaction of aqueous lanthanum acetate and MoOj3,

WOs3, and HoWOy4 is presented herein.
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Figure 2-14 Crystal structure of a-LaW2Qo. Drawn with data from Reference ®.

Experimental

Materials and Methods

Commercially available reagents of ACS grade purity or better were used without further
purification. Water was purified by reverse osmosis followed by deionization. Metal
concentrations were determined by microwave plasma—atomic emission spectrometry using an
Agilent 4200 microwave plasma atomic emission spectrometry (MP-AES) instrument and NIST-
traceable standards. Thermogravimetric analysis (TGA) was performed using a Mettler TGA
instrument. Thermal decomposition experiments were performed in an alumina crucible under an
air atmosphere with a ramp rate of 5 °C min~!. Infrared spectra were recorded on a Nicolet iS50
FT-IR spectrometer in the range of 4000-500 cm~! and Raman spectra were recorded on a

Nicolet 9610 Raman Spectrometer in the range of from 50010 cm™' with 4 cm™! resolution. X-
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ray powder diffraction (XRD) patterns were obtained using a Bruker AXS D-8 Advance X-ray
powder diffractometer with Cu Ko radiation. Crystalline phases were identified using a
search/match program and the PDF-2 database of the International Center for Diffraction Data.
The crystallite size of calcined products was evaluated using the Scherrer equation. Scanning
electron microscopy (SEM), performed with a FEI Quanta 600 field emission gun environmental
scanning electron microscope, was used to determine the particle sizes and morphologies of
products. Surface areas were determined by nitrogen physisorption using the Brunauer—Emmett—
Teller (BET) method on a Quanta Chrome Nova 1200 instrument. The pH changes over time

were measured using an ISFET pH meter (model 1Q125) obtained from IQ Scientific, USA.

Reaction of molybdenum trioxide (Mo0O3) with lanthanum acetate
La(CH3CO2)3¢1.5 H20O (7.138 g, 20 mmol) was dissolved in 100 ml of distilled water in a round
bottom flask. Next, molybdenum trioxide (MoQO3) (1.446 g, 10 mmol) was added to the solution
of lanthanum acetate. The pH was determined to be 7 at the beginning of the reaction. The mixture
was heated to reflux for nine days. After that, the reaction mixture was cooled to room temperature
and the solid product was isolated by filtration, washed extensively with water, and dried in
vacuum at room temperature for two days. This produced La(O>CCH3)(Mo004)+1.05H>0 as a white
solid in a yield of 3.757 g (99.94 %). The pH of the filtrate was determined to be 4.3.
Reaction of tungstic acid (H2WQ4) with lanthanum acetate

La(CH3CO2)3¢1.5 H2O (6.840 g, 20 mmol) was dissolved in 100 ml of distilled water in a
round bottom flask. Next, tungstic acid (H2WO4) (1.446 g, 10 mmol) was added to the solution of
lanthanum acetate and the mixture was heated to reflux for four days. During that time, the pH
changed from 6.3 to 4.4 and the yellow color of the tungstic acid solid faded to white. The solid

product was isolated by filtration, washed extensively with water, and dried in vacuum at room
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temperature for two days. The white solid, later identified as La(O2CCH3)(W0O4)+0.95H>0O, was
isolated in a yield of 4.80 g.
Reaction of tungsten trioxide (WQ3) with lanthanum acetate

La(CH3COO)3-1.5 H20 (6.828 g, 20 mmol) was dissolved in 100 ml of distilled water in a
round flask. Tungsten trioxide (WO3) was subsequently added to the result solution. The mixture
was then heated to reflux for two days. The pH at the beginning of the reaction was found to be
6.8 while at the end it was 5.53. The green product was isolated by filtration, washed with water,
and then dried in a vacuum for 48 hours. The yield of the green solid was 3.193 g.
Results and Discussion

The reactions of aqueous lanthanum acetate with both molybdenum trioxide and tungstic
acid produced white solids whose yields were close to what was expected for formation of
La(O2CCH3)(MOs) where M=Mo or W. The pH of the reaction mixtures fell from near neutral to
4.3 and 4.4, respectively. In these reactions, lanthanum acetate was used in a 2-fold excess so that
sufficient acetate would be present to buffer the reaction mixture. When 20 mmol of La(O2CCHj3)3
reacts with 10 mmol of tungstic acid or MoO3, 20 mmol of protons are produced that react with
acetate to form 20 mmol of acetic acid. 10 mmol of the original 40 mmol of acetate remain in the
La(O2CCH3)(MOs) products, leaving 40-20-10=10 mmol of acetate in solution. Therefore, at the
end of the reaction in 100 ml of water, the solution should contain 0.1 M acetate and 0.2 M acetic
acid. The later has a pKa of 4.75, so the final pH should be 4.4 which is what is observed. In the
case of WOs the final pH was high (5.53) and the yield of solid was low indicating an incomplete
reaction. Furthermore, the solid was green in color suggesting that reduction of W(VI) had taken

place. These results certainly suggest that the use of layered compounds such as molybdenum
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trioxide and tungstic acid certainly facilitates the reaction with lanthanum acetate possibly by
allowing the ions to intercalate between the layers leading to complete reactions.

Infrared spectroscopy is an ideal method to identify the presence of acetate in a solid since
acetate has two distinctive strong infrared absorptions that correspond to the symmetric and
asymmetric stretching vibration of the carboxylate C-O bonds. The infrared spectra of the reaction
products and the La(CH3COO)3+1.5 H2O starting material are shown in Figures 2.15 to 2.18. All
of the products have peaks in the range of 1600 to 1350 cm™ indicating that they do contain

acetate.
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Figure 2-15. Infrared Spectrum of La(O2CCHj3)3+1.5H20
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Figure 2-16. Infrared spectrum for the product from reaction of lanthanum acetate with MoOs.
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Figure 2-17. Infrared spectrum for the product from reaction of lanthanum acetate with HyWOs.
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Figure 2-18. Infrared spectrum for the product from reaction of lanthanum acetate with WOs.
The mode of binding of acetate can often be determined from the separation (A) between
the symmetric (vs) and asymmetric (Vas) COO stretches.'*” The four possible coordination
modes, monodentate (I), chelating (II), bridging (III) and polymeric (IV) are shown in Figure 2-
19. Monodentate acetates (Type I) typically have a large A greater than 200 cm™ while chelating

acetate groups (Type II) tend to have A below 105 cm™. The bridging and polymeric modes

typically have A between these two extremes.
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Figure 2-19. Coordination modes for acetate

Since the positions and spacings between the carboxylate modes are somewhat dependent on the
metal, infrared spectra of acetate-containing lanthanum complexes were accessed in the literature
where both the crystal structure and the peak positions for the carboxylates were reported.
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Unfortunately, a suitable report for a unidentate complex was not found but this was not
necessary for determining the likely arrangement of the compounds produced in this study. The
reference compounds indicated that chelating acetates would have A less than or equal to 92 cm’!
while bridging or polymeric acetates would have A above 110 cm™!. The product from reaction
of lanthanum acetate with molybdenum trioxide has three peaks in the infrared spectrum that are
due to two acetate groups with overlapping symmetric stretches. The presence of two different
acetate environments was confirmed by solid-state carbon-13 NMR spectroscopy where two sets
of acetate peaks were observed (Figure 2-20). These peaks had A of 58 cm™! and 95 cm’!, clearly
indicating that the acetates were chelating. On the other hand, the product from the reaction of
lanthanum acetate with tungstic acid had A= 124 cm™! suggesting the presence of bridging acetate
groups. Thus, it may be concluded both the products from molybdenum trioxide and tungstic
acid contain acetate groups but the acetate coordination modes, and therefore the structure of the
compounds are different from each other. The green product from the reaction of tungsten
trioxide with lanthanum acetate did have infrared peaks due to acetate but these were weak in
comparison to the product from the reaction of tungstic acid. Notably, the peak positions were
the same for the two compounds. This, and the fact that the tungsten trioxide product also a
broad peak at 695 cm™! attributable to unreacted tungsten trioxide, suggests that this reaction
failed to go to completion. The end result was likely a core of tungsten trioxide (or WO3x giving
rise to the green color) surrounded by an outer shell of insoluble lanthanum acetate tungstate
product. It is possible that use of nanoparticulate tungsten trioxide can allow complete reaction
with lanthanum acetate to occur, but it is much more convenient to use tungstic acid as its

layered structure facilitates complete reaction.
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Table 2-1. Carboxylate stretching vibration positions for lanthanum acetate complexes.

Compound Arrlzlclz[ear‘i::en ¢ | Vs (ecm™) | vs(em) | A(cm?!) | Reference
EuL'Ac;e5H,0%* Chelating 1437 1355 82 140
LaAcs*1.5H,0 Polymeric 1560 1420 149 141
LaAc;*H,0 Polymeric 1590 1425 165 142
LaAcs3*H,O Bridging 1560 1450 110 142
LaAcL2(NCS)y** Chelating 1520 1428 92 143
LaAcMo0O4+1.05H20 Unknown 1498 1403 95 This work
LaAcMo0O4+1.05H20 Unknown 1461 1403 58 This work
LaAcWO4+1.05H0 Unknown 1544 1420 124 This work

* L= 2,9-diformylphenanthrolinebis(benzoyl)hydrazone
** L=CasH2sNg Schiff base from 1,2-diaminobenzene and 2,6-pyridinecarboxaldehyde

N2 I
i T QC
HN NH N N
o o o
holl
L! L2

The infrared spectra also provide information on the molybdenum or tungstate species
present in the products. The product from reaction of lanthanum acetate with MoOs has strong
peaks at 884, 835, and 805 cm! that can be attributed to the asymetric Mo-O stretching mode of
molybdate (MoO4%) anions. For comparison, the corresponding vibrations are at 880 and 839
cm’! in Lax(MoO4)s and 813 cm™! in CaMoO4.!*1%5 The tungstic acid/lanthanum acetate product
has infrared absorptions attributable to W-O stretching modes of tungstate (WO4%") anions at 974,
870, 745, and 660 cm™'. The corresponding peaks are found at 938, 836, 735, and 681 cm™ in

Lay(WO4)3.146
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Figure 2-20. Carbon-13 Solid state NMR spectrum of product from reaction of lanthanum acetate
with MoQOs.

Having established that the materials produced from the reaction of lanthanum acetate with
molybdenum trioxide contains acetate and molybdate groups and that from the reaction of
lanthanum acetate with tungstic acid contains acetate and tungstate groups it remained to determine
the ratio of the anions and the water content. Thermal gravimetric analysis was used to gather this
data and to identify the temperature required for conversion of the compounds to ceramic

materials. The thermal gravimetric traces for the products are provided in Figures 2-21 to 2-23.
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Figure 2-21 Thermal gravimetric analysis of the product from the reaction of lanthanum acetate

with MoQOs.
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Figure 2-22 Thermal gravimetric analysis of the product from the reaction of lanthanum acetate

with HoWOa.
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Figure 2-23 Thermal gravimetric analysis of the product from the reaction of lanthanum acetate

with WO:s.

The ceramic yield of the product from the reaction of lanthanum acetate with MoOs was
80.64% (Figure 2-21). Assuming the formation of La;Mo020y, this corresponds to a formula
weight for the reaction product per lanthanum of 380.5 g/mol. Two weight loss steps were
observed in the TGA trace. The first step was a loss of 4.87% that occurred over the temperature
range of 15707 to 246[ can be attributed to the loss of 1.05 equivalents of water. The second
weight loss of 13.83 %, occurred over the range of 3241 to 564 corresponded to the
conversion of one equivalent of acetate to a half equivalent of oxide. A strong exotherm
indicated that this step involved combustion of the organic residues. This caused a temporary
temperature rise that caused the squiggle in the TGA trace at 484°C. Therefore, the thermal
gravimetric analysis led to a formula La(O2CCH3)(Mo00O4)-1.05H>0. The formula was confirmed
by carbon analysis by combustion. The calculated percent carbon for this formula is 6.39 %

while the analytical result was 6.43 %.
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The product from the reaction of lanthanum acetate with tungstic acid had four weight steps
leading to a ceramic yield of 86.65 (Figure 2-22). A formula weight of 461.2 g/mol can be
calculated per lanthanum assuming the ceramic product is La;W>09. The weight loss steps, the
reactions involved, and the intermediate and final products formed are listed in Table 2-2. There
are two initial weight loss steps that correspond to the evolution of 0.95 molar equivalents of water.
There is a high temperature step in the range of 639 to 723°C that is attributed to decomposition
of one-sixth of an equivalent of carbonate to oxide and carbon dioxide as this is similar to the
decomposition temperature of La,O,COs3 derived from pyrolysis of lanthanum acetate (613 to
771°C).'"*" The formation of carbonate strongly suggests that the acetate group is associated with
lanthanum and not tungsten as the latter is too highly charged to form a stable carbonate. Since a
carbonate is formed, the third weight loss step must involve decomposition of acetate ions to both
oxide and carbonate. The TGA data imply a formula of La(O2CCH3)(W04):0.95H,0 was also
confirmed by carbon analysis by combustion as the calculated percent carbon for this formula is
5.19 % while the analytical result was 5.64 %. The slightly high value may be due to some
adhering acetic acid. Notably, the slightly high yield of product of 104% supports this hypothesis.

Table 2-2 Thermal analysis results for La(O2CCH3)(W04)+0.95H>0O

Temp. | Mass

Step | Range | Loss Reaction C;?rlr)r? ;I;d
O | 0
1 36-91 1.91 - 0.50 H2O La(O2CCH3)(WO4)(H20)o0.45
2 | 106-159 | 1.77 - 0.45 H.0 La(O2CCH3)(WOyq)

CH;CO;! —=C0% + 202
+ volatiles

2 | 353-485| 9.16 LaW04.17(C0O3)0.33

4 |639-723 | 1.92 =C0%” —=0% +=C0, LaWOu s (LaaW20o)
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The thermal analysis of the product from reaction of lanthanum acetate with tungsten trioxide
superficially appears to similar to that produced tungstic acid except that only one water loss step
was observed, and weight losses were significantly smaller. Nevertheless, acetate is certainly
present. The ceramic yield at 712°C was 95.00 %. From this, the total mass of metal oxides in the
product can be calculated to be 95% of the reaction yield or 3.033 g. Assuming that none of the
2.318 g of WOs3 was lost, this means the product contains 0.715 g of “LaO; 5> which translates as
0.439 molar equivalents of lanthanum per tungsten. So, the reaction appears to be only about
44% complete.

The X-ray powder diffraction patterns of the as-isolated reaction products
La(O2CCH3)(Mo004)-1.05H20 and La(O2CCH3)(W04)-0.95H20 (Figures 2-24 and 2-25,
respectively) show that the products are crystalline and that they were not contaminated with
starting material. There were no matches to these patterns in the ICDD database indicating that
these materials are novel and there are no other compounds with similar structures. The pattern
for La(O2CCH3)(W04)-0.95H,0 has a strong peak at low angle (20 = 5.4463°) and much weaker
peaks through the rest of the pattern. This indicates that the structure is most likely a layered
structure. If so, assigning the first X-ray peak to hkl=001, indicates a d-spacing of 14.83 A. By
comparison, the distance between the tungsten centers in adjacent layers in tungstic acid is
5.4463 A3 Thus, if this is a layered compound, a significant separation between the layers must
exist. In order for this to be the case, the acetate groups must extend into the inter layer space. An
example of a structure with acetates intercalated between metal oxide or hydroxide layers is
provided by copper hydroxy acetate, Cux(OH)3;(CH3COO)*H»0O, (Figure 2-26) where the spacing

between layers is 9.464 A.°
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Figure 2-24. XRD pattern of La(O.CCH3)(Mo00O4)-1.05H>0O
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Figure 2-25. XRD pattern of La(O2CCH3)(W04)+0.95H,O
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Figure 2-26. Crystal structure of Cux(OH)3(CH3COO)*H,0. Drawn with data from Reference °.
The analysis so far has provided information concerning the building blocks of the
structures of La(O2CCH3)(Mo004)-1.05H>0 and La(O2CCH3)(W0O4)+0.95H20, the actual
structures remain uncertain for now. The literature does provide two structures that might be
indicative of the appearance of La(O,CCH3)(Mo004)-1.05H>0 and La(O2CCH3)(W0O4)+-0.95H>0.
The first of these is [Ce(H20)(MoOu)]2[fumarate].!° Essentially, the formula of this compound is
related to the compounds in this investigation by replacement of two acetates by a dicarboxylic
acid (and molybdenum by tungsten in one case). The structure of the compound consists of slabs
of cerium and molybdenum polyhedral that are bridged by fumarate groups. Each carboxylate
of the fumarate bridges two cerium atoms, a motif that was determined to exist in
La(O2CCH3)(W04)-0.95H:0. In this material, there are two crystallographically independent Ce
ions, one of which is eight-coordinated by five different unidentate molybdate
anions, two carboxylates, and one terminal water molecule. The second one is nine-coordinate

due to one of the molybdate anions being bidentate. A close up of the coordination around
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lanthanum is shown in Figure 2-28. Note that half of the molybdate ions share a corner with two
cerium centers creating edge-shared cerium polyhedra. There is a significant possibility that the
structure of La(O2CCH3)(W04)-0.95H,0 has a layered structure that is related to that of
[Ce(H20)(M0Os)]2[fumarate]. The infrared peaks for the bridging carboxylates in this
compound occur at Vas = 1521 cm™ and vs = 1406 cm™ and A of 115 cm™.!° The A value is quite
close to that of La(O2CCH3)(W04)+0.95H,0 which has vas = 1544 cm™ and vs = 1420 cm™ and A
of 124 cm™. La(02CCH3)(MoO4)+1.05H>0 might also have a structure that contains a similar

arrangement of the metal oxide blocks but it does not appear to be layered and has two

independent chelating acetates instead of bridging ones.

Figure 2-27. Two views of the crystal structure of [Ce(H20)(Mo0Os)]2[fumarate]. Drawn with data

from Reference '°.
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Figure 2-28. View of the coordination around lanthanum in [Ce(H20)(Mo00Q4)][fumarate]. Drawn
with data from Reference °.

The second example of a structure that may be similar to that of the products from the
reaction of lanthanum with MoO3; and HoWO4 (especially the latter) is [La(H2O)WO4]2[1,5-NDS]
where 1,5-NDS is 1,5-naphthalenedisulfonate (Figure 2-29).!° This is a pillared layered structure
that is similar to the fumarate structure described above. The inorganic sheets contain trilayers of
lanthanum and tungstate polyhedra with the latter sandwiched between the former. The lanthanum
ions that are eight-coordinate and are ligated by one water molecule, two 2,5-NDS anions, and five
tungstate anions (Figure 2-30). Note that the tungstate ions share corners with two lanthanum ions
so that adjacent lanthanum ions are also linked by shared corners. The sulfonate groups of the 1,5-
naphthalenedisulfonate bridge two adjacent lanthanum atoms in the mixed-metal oxide sheet and
also pillar the layers by connecting to two lanthanum ions in one layer with one of the sulfonate

groups and to two lanthanum ions in the adjacent layer with the other sulfonate group.
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Figure 2-29. Crystal structure of [La(H20)WOa]2[1,5-NDS]. Drawn with data from Reference '
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Figure 2-30. Arrangement of ligands around [La(H20)WO4]2[1,5-NDS]. Note that the NDS
ligands are truncated. Drawn with data from Reference '°.

La(O2CCH3)(M004)-1.05H20 and La(O2CCH3)(W04)-0.95H:0 crystalize with the correct
stoichiometry to produce La;Mo,09 and LayW20o, respectively, when calcined. X-ray powder
diffraction (Figures 2-31 and 2-32) confirmed that these phases are indeed formed when the
precursor compounds are heated to the temperatures required for complete removal of acetate and
water groups. This was 650°C for lanthanum acetate molybdate and 750°C for lanthanum acetate
tungstate. Interestingly, the high-temperature cubic form of LaxM0209 was obtained (f-LaxMo020o,
ICDD# 00-23-1145). It is not obvious why the cubic structure was stabilized so that a phase change
to the alpha form does not occur. This might be due to the tightly-controlled stoichiometry of
lanthanum to molybdenum or some impurity incorporated into the ceramic product. In the case of
La;W»>0o, the low temperature triclinic phase was produced (a-LaaW209, ICDD # 01-75-7873).

However, the sample was heated well below the temperature at which transition to 3-La; W209

occurs (1070°C).
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Figure 2.31. The XRD pattern and match with ICDD# 00-23-1145 (B-LaxMo020v) for the ceramic

produced by calcining La(O2CCH3)(MoQO4)*1.05H>0 at 650 [
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Figure 2.32. The XRD pattern and match with ICDD# 00-23-1145 (a-LaxW20Oo)for the ceramic

produced by calcining La(O2CCH3)(W0O4)+0.95H,0 at 7501
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The infrared spectra of the ceramic products (Figures 2-33 and 2-34) demonstrated the
disappearance of the acetate groups and displayed significant changes in the molybdenum oxygen
vibrations and tungsten oxygen vibrations as the molybdate and tungstate ions were converted
into polymeric metal oxides with coordination numbers greater than four. The narrow vibrations
of La(O2CCH3)(Mo00O4)*1.05H20 were replaced with a very broad unresolved peak that extended
over the range from the 535 to 940 cm™ upon firing at 650°C. On the other hand, the tungsten
oxygen vibrations remain sharp peaks. Peaks are observed at 903, 737, 672, and 572 cm! that are

likely due to La-O stretches, and W-O stretches in WOs and WOs polyhedra.
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Figure 2-33. Infrared spectrum of B-La;Mo020y produced from the 650°C calcination of

La(02CCH3)(M0O4)*1.05H,0

42



110

SN
100

90

80

70

Transmittance (%)

60

50

40 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm1)

Figure 2-34. Infrared spectrum of o-LaxW20O9 produced from La(O,CCH3)(W04)+0.95H,0

CONCLUSIONS

The reaction of lanthanum acetate with molybdenum trioxide and tungstic acid produce
compounds that contain acetate and MO42 (M=Mo or W) anions and approximately one water
molecule per lanthanum ion. Despite the similarities in composition, the products are structurally
very distinct from each other. The molybdenum product, La(O2CCH3)(M00O4)+1.05H>O, contains
two distinct acetate groups that are chelating while La(O.CCH3)(W0O4)*0.95H>,O contains
bridging acetate groups. Further, the latter compound has an XRD pattern indicative of a layered
structure. It would be useful to be able to perform single crystal X-ray structure determination, but
the materials were only obtained as powders. It is possible that hydrothermal reactions might

produce suitable crystals, so such reactions are worth pursuing.
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Notably La(O2CCH3)(Mo00O4)*1.05H20 and La(O2CCH3)(W0O4)+0.95H>0 have the ideal
stoichiometry of the metals for the preparation of LaxMo0209 and La;W>0Oo. Crystallographic
determination of stoichiometry provides much better control of composition than that achievable
by weighing of reagents. These compounds can be converted to 3-LaxM0209 and a-LaxW20y at
temperatures (650 to 750°C) much lower than 1100°C that is required for their synthesis via the
ceramic method. The direct synthesis of the oxide conductor, 3-LazMo0,0Oo, that is stable at room
temperature may result from its precise stoichiometry. This could revolutionize the preparation
and use of this material in solid oxide fuel cells and sensors.

The process developed in this investigation could be applied to the synthesis of a myriad
of other desired multi-metallic molybdenum oxide and tungsten oxide materials. Further, the
reaction could also be performed with a mixture of metal acetates to produce doped materials for
phosphors and lasers or novel phases that combine several metals. The development of the
application of the Acetate/MOx process to the preparation of tungsten oxide containing compound
is particularly meritorious since it opens the avenue to the preparation of a large suite of

industrially-important materials.
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CHAPTER IITI

IRON MOLYBDATES VIA REACTIONS OF MOLYBDENUM(VI) OXIDE IN

ACETATE BUFFER

Introduction

As discussed in the previous chapter, reaction of MoOs; or HyWO4 with metal acetates (the
MOy/Acetate process) provides a convenient route for preparation of bimetallic oxides containing
either molybdenum or tungsten. Unfortunately, the universal application of this process is
hampered in several cases where water stable metal acetates are not water-stable. This is the case
for iron since iron acetate, Fe(O2CCH3)3, decomposes to [Fe3O(O2.CCH3)s(H20)3](02CCH3). This
basic iron acetate contains a trinuclear iron cation with three equivalent Fe** octahedral centers
and a central triply bridging oxide at the center of the equilateral triangle (Figure 3-1).!! Each pair

of iron centers around the triangle are connected by two bridging carboxylates.

Figure 3-1. Structure of the [Fe3O(0.CCH3)6(H20)3]" cation. Drawn with data from Reference
11
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In the investigation reported herein, the possibility of preparing iron molybdenum oxides using
an acetate buffer and a soluble monomeric iron salt such as nitrate was investigated. The iron-
molybdenum-oxygen phase diagram (Figure 3-2) only shows one stable iron(III) molybdenum
oxide, namely the ortho molybdate, Fe;(M0Oa4); or FeaMo3012.'2 The other oxides contain
iron(1I) i.e. Fe',Mo'V30s, Fe'™o0VY'04, and Fe'xMo'VOa. In the investigation reported herein,
only reactions in an air atmosphere were pursued so the compounds containing air-sensitive

ferrous ions were not targeted. Therefore, the main target was Fex(MoOa)s.

1. Fe2Mo3Os o)
2. Fe2Mo3012
3. FeMoOg4
4. Fe2MoOg4

Fe20s3
FesOs

Fe FesMo2 Mo

Figure 3-2. Phase diagram for the iron-molybdenum-oxygen system. Adapted from Reference .
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Ferric molybdate finds considerable application as a catalyst for numerous organic
transformations primarily as a selective oxidation catalyst but also as a photocatalyst for
degradation of organic molecules, and as an esterification catalyst. Its catalytic applications
include conversion of methanol to formaldehyde, oxidation of propylene to propylene oxide,
oxidative dehydrogenation of ethane, esterification of oleic acid to form biodiesel, degradation of
pesticides, photocatalytic degradation of 4-chlorophenol, photodegradation of dyes with visible
light, propylene ammoxidation, oxidation of methane to methanol, oxidation of toluene to

148-159 In

tolualdehyde, and other similar oxidations of aromatic methyl groups to aldehydes.
industry, the production of formaldehyde from methanol and propylene oxide from propylene are
the most significant catalytic applications.

Two views (down the b-axis and down the c-axis) of the monoclinic crystal structure of
Fe2(MoO4)3 at room temperature are shown in Figure 3-3.13 It contains eight crystallographically-
unique iron atoms that are coordinated by six oxygens from six-different corner-sharing MoOj4
tetrahedra (Figure 3-4). The Fe-O bond distances vary widely from 1.911A to 2.087A to with an
average distance of 1.992 A. The MoOs tetrahedra of the twelve molybdenum atoms are in rather
distorted oxygen tetrahedra with an overall average Mo-O distance of 1.756 A. The Mo-O bond
distances vary from 1.660 A to 1.779 A. When viewed down the c-axis it can be seen that
molybdate layers are sandwiched between layers composed of FeOg octahedra. Notably, the MoO4
tetrahedra have no contact with each other and the same is true for the FeOs octahedra. As a result,
the structure is very open and contains channels over 5 A in diameter down the b and a axes. This

may have some influence on its small-molecule catalytic reactions. The windows down the c-axis

are somewhat diamond shaped with a length of approximately 5.5 A and a width of 5.5 A
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Figure 3-3 Two views of the crystal structure of a-Fex(MoQO4)3. Drawn with data from Reference

13

Figure 3-4 The coordination environment of iron and molybdenum in Fex(MoQO4)3. Drawn with
data from Reference '°.

At 507°C the monoclinic structure transforms to an orthorhombic phase, B-Fe2(Mo0QOs4)s,
that exhibits low or even negative thermal expansion properties. The phase transition is

accompanied by an expansion in volume per Fe2(MoOs); unit and results in a material that is
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isostructural to Sca(WO4)3.!* It is a three-dimensional framework built from MoOs tetrahedra that
are corner-linked to FeOg octahedra (Figure 3.5). With the increased symmetry, the number of
unique iron ions is reduced to one and the number of unique molybdenum ions has dropped to two
The arrangement of molybdate ions around the iron ion is changed from that of as the molybdate
tetrahedra have twisted and tilted into new orientations (Figure 3-5). The a-b plane changes
significantly as the molybdate layers have opened up along the b-axis into two interdigitated
molybdate layers that extend down the c plane. The ac plane now has separated alternating
corrugated layers of FeOg octahedra and MoOQs tetrahedra. There is still no Fe-O-Fe or Mo-O-Mo
bonding in the high temperature structure.

The iron ions occupy slightly distorted octahedra, with average Fe-0=1.984+0.013 A and
Fe-O distances ranging from 1.974 to 2.005 A. Two crystallographically independent Mo ions
are surrounded by somewhat distorted tetrahedra: the Mo—O distances vary from 1.734 to 1.748

A with the average being 1.740+0.010 A.

Figure 3-5 Two views of the crystal structure of B-Fe2(MoQO4)3. Drawn with data from Reference

14
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Figure 3-6 The coordination environment of iron and molybdenum in B-Fe2(M0QOs)3. Drawn with
data from Reference '*.

The high temperature form of Fex(MoQs4); is sometimes described as being paraelastic
while the low temperature form is ferroelastic.'*!> These terms refer to the change from the
“normal” expansion of a material with increasing temperature (ferroelastic) to one where the
expansion is close to zero (paraelastic). This is shown for Fex(MoOa); in Figure 3.7"°. X-ray
thermal expansion measurements showed that as temperature increases the b-axis and c-axis
lattice constants of B-Fe2(M00Qs); while the a-axis constant decreases such that a constant value
of the molecular volume is observed over a large temperature range. Note that, as shown in Figure
3.5, the a-axis has large empty window that likely accommodates the metal ions as that axis
constricts. There is considerable interest in materials such as B-Fe2(Mo0Qa4)s that have near zero or
negative coefficients of expansion for structural application where thermal expansion/contraction
interferes with mechanical tolerances or causes fatigue and cracking. Unfortunately, the high

transition temperature of 507°C from monoclinic B-Fe2(M00Oa4)3 to orthorhombic P-Fex(MoO4)3
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restricts the application of this material. However, Song and co-workers were able to monoclinic-
to-orthorhombic phase transition temperature to -170°C by co-substitution of Zr** and Mg?*
(average 3+ charge) for Fe’" in Fex(MoOa); to form Fer x(ZrMg)osx(MoO4); (x=0-1.8). For
example, Feo4(ZrMg)os(MoO4); maintains the orthorhombic structure as low as -170°C.
Furthermore, the coefficient of thermal expansion could be tailored so that near-zero values were
obtained around the composition of (Feo3(ZrMg)o.ss(MoOs4)s. These results definitely show
promise for the development of low-cost near-zero thermal expansion materials that can be used

over wide temperature ranges.
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Figure 3-7 Molecular volume of Fex(Mo0QOs)3 as a function of temperature. Figure adapted from
Reference '°.
While the number of known phases containing ferric ions, molybdenum(VI) ions, and
oxide ions is extremely limited, Fe2(MoQs)3 is an extremely important target due to it extremely
wide applications as a catalyst and potential applications as near zero or negative coefficient of

expansion materials. Furthermore, a means of low-temperature synthesis could result in the
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isolation of metastable phases with useful properties. Therefore, an investigation of the reaction
between ferric nitrate and molybdenum trioxide in acetate buffer was performed and the

experiment and results are described below.

Experimental

Materials and Methods

Commercially available reagents of ACS grade purity or better were used without further
purification. Water was purified by reverse osmosis followed by deionization. Metal
concentrations were determined by microwave plasma—atomic emission spectrometry using an
Agilent 4200 microwave plasma atomic emission spectrometry (MP-AES) instrument and NIST-
traceable standards. Thermogravimetric analysis (TGA) was performed using a Mettler TGA
instrument. Thermal decomposition experiments were performed in an alumina crucible under an
air atmosphere with a ramp rate of 5 °C min~!. Infrared spectra were recorded on a Nicolet iS50
FT-IR spectrometer in the range of 4000-500 cm™! with 4 cm™ resolution. X-ray powder
diffraction (XRD) patterns were obtained using a Bruker AXS D-8 Advance X-ray powder
diffractometer with Cu Ko radiation. Crystalline phases were identified using a search/match
program and the PDF-2 database of the International Center for Diffraction Data. Surface areas
were determined by nitrogen physisorption using the Brunauer—Emmett-Teller (BET) method on
a Quanta Chrome Nova 1200 instrument. An ISFET pH meter (model 1Q125) obtained from 1Q
Scientific, USA was used to measure pH. An acetate buffer solution was prepared by dissolving
sufficient glacial acetic and sodium acetate in water to produce a solution that was 0.1 M in each

reagent.
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Reaction of iron nitrate with molybdenum trioxide in acetate buffer

The required amount of Fe(NO3)3°9H>0 was dissolved in 100 ml of sodium acetate buffer
and then either 10 mmol or 20 mmol of molybdenum trioxide was added to the solution. The
mixture was stirred magnetically and heated at reflux for 4 days. After cooling the solid products
were isolated by filtration using a fine sintered glass filter, washed copiously with water, and dried
in a vacuum oven at room temperature. A sample of the solid was calcined at 670°C to determine
the ceramic yield after removal of water and/or hydroxide groups. The pH of the reddish orange
filtrate solution was measured. The experimental details for the four different ratios of iron to

molybdenum are provided in Table 3.1

Table 3-1. Experimental details for reactions of ferric nitrate with molybdenum trioxide in acetate

buffer.
Mass mmol Mass | mmol | Actual Ceramic
Fﬁ;:i/loo NIirt(r):te Iron | MoO3 | MoOs3 | Fe/Mo Y(le)ld Color Yield fI'IIIt{r ;ti
(@) Nitrate (2) Ratio & (%)
1:2* 2.033 5.032 1.440 10.00 | 0.5032 | 1.549 Red 91.40 4.20
11| 4037 | 9992 | 1439 | 9997 | 1.001 | 2.017 | Reddish | g4 s5r | 420
Brown
2:1 8.072 19.98 1.447 10.05 1.988 3.564 Red 92.35 3.51
3:1 12.116 | 29.99 1.435 9.969 3.008 4.233 Brown 85.53 2.92
1:2 4.066 10.06 2.879 20.00 1.987 3.097 Red 91.40 4.20

* This reaction was run with 20 mmol of MoQOj3 instead of 10 mol like the rest of the reactions.

Therefore, the amounts of reagents and yields are halved for comparative purposes. The actual

values are provided in the last column.
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Results and Discussion

The reactions of ferric nitrate with molybdenum trioxide in acetate buffer with varying
ratios of iron to molybdenum produce solids with differing colors indicating that more than one
product is forming. The filtrate from the reaction is colored reddish orange indicating that some
iron remains in solution and it is likely that molybdenum is also present in solution. The yields
increase almost linearly with a slope close to 1 with the increase in Fe:Mo ratio with a slight
anomaly at the 2:1 reaction (Figure 3-8). On the other hand, the pH is identical at the end of the
reactions for the 1:2 and 1:1 Fe-Mo reactions (4.20) but then drop by 0.69 and 0.59 for each
increase in iron equivalents per MoOs. The pH results suggest a change in reaction chemistry
above the 1:1 ratio. Elemental analysis for carbon indicated that there was no significant
incorporation of acetate into the solids. For the Fe:Mo ratios 1:2, 1:1, and 2:1 the percent carbon
was 0.09 %, 0.26 %, 1.09 %, respectively. Considering that none of the other samples contained
acetate and the yield was high for the 2Fe:1Mo product, it may be conjectured that the latter

sample was contaminated with buffer and required further washing.
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Figure 3-8. Yield as a function of the Fe:Mo ratio.
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X-ray powder diffraction (XRD) analysis showed that all products were amorphous
except for the 1:2 Fe:Mo reaction which showed a definite XRD pattern that did not match a
known phase (Figure 3-9). The X-ray reflections were strong indicating that this material was

reasonably crystalline.
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Figure 3-9 XRD pattern of the solid product from 1:2 Fe:Mo reaction in acetate buffer.

The thermal gravimetric analysis trace for this material (Figure 3-10) showed three
unresolved weight loss steps: 1.00 weight% from room temperature to 110°C, 4.40 % from 110
to 315°C, and 1.93 % from 315 to 479°C. These weight losses may be due to loss of lattice water
at lower temperatures and metal bound water at higher temperatures. For example, TGA curves
for the amorphous hydrated ferric sulfate samples show a gradual weight loss to approximately

150°C followed by a steeper loss to approximately 200°C. The slope of the TGA curves becomes
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gradual again by 250°C and there is a small slow sustained loss out to 450°C thereafter.!® On
the other hand Fe(OH)SO: does not dehydroxylate until 536°C.'®! Thus, if the hydrated ferric
molybdenum oxide product behaves similarly to the ferric sulfate systems, than the presence of
hydroxide groups is unnecessary to explain the higher temperature losses in its TGA curve. The
infrared spectrum of the product (Figure 3-11) has peaks that support the presence of water
including a broad peak at 3417 cm™! due to O-H stretching in hydrogen-bonded water molecules,
a peak at 1618 cm™ due to H-O-H bending, and an absorption at 1394 cm™! attributable to HOH
rocking. There are also strong peaks at 930, 787, and 568 cm™! that indicate the compound
contains molybdenum-oxygen groups. The lack of absorption bands at 963 and 998 cm’!

indicate that Fex(MoO4)3 and MoQOs are not present in the product.
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Figure 3-10 TGA trace of the solid product from 2:1 Fe:Mo reaction in acetate buffer.
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Figure 3-11. Infrared spectrum of the solid product from 1:2 Fe:Mo reaction in acetate buffer.
The XRD pattern of the 1:2 Fe:Mo reaction product calcined at 670°C (Figure 3-12) gave

the surprising result that the ceramic material was NaFe(MoQOs4)>. This is an excellent and

surprising result since NaFe(Mo0OQ4): is a promising anode material for rechargeable lithium and

sodium ion batteries. '
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Figure 3-12. The XRD of the solid product from 1:2 Fe:Mo reaction in acetate buffer. The red

lines are the pattern for NaFe(Mo0Os), (ICDD ID: 01-078-4819).
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There are some small peaks present that are not due to NaFe(Mo0Oa4).. It has been reported that
the solid-state synthesis is accompanied by formation of 3% by weight of 0-NaFe>(MoO4)3.'¢
The majority of small peaks match the calculated peaks for this impurity phase. A view of the

crystal structure of NaFe(MoOs),, provided in Figure 3-13, shows the channels that allow the

6

intercalation/deintercalation of sodium ions.'

Figure 3-13. Crystal structure of NaFe(MoO4),. Drawn with data from Reference '°.
Assuming pure NaFe(MoOa)>, the number of waters can be calculated to be 2 from the
ceramic yield of 91.40%. NaFe(Mo00Q4)22H>0 is not a known phase but, since NaFe(MoO4)2
and the mineral yavapaiite, KFe(SOa)s, are isostructural'é, hydrates of KFe(SO4)2 could be
related to the product isolated from the 1Fe:2Mo reaction. The known hydrates are the
monohydrate, KFe(SO4)2°H>0O that occurs as the mineral krausite, and the tetrahydrate,

KFe(SO4)2¢4H,0, found in nature as the mineral goldichite.!® In the structure of goldichite,
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Figure 3-14) two of the water molecules are coordinated solely to the potassium ion and two lie
on one axis of the FeOg octahedra but also bridge to potassium (Figure 3-15).!7 Therefore, loss of
the more easily removed water molecules, the two attached solely to potassium, (or sodium in
the hypothetical analog NaFe(Mo00Os)2*4H>0) would produce a material with formula
KFe(S04)222H>0. It is therefore possible that the structure NaFe(MoQO4)22H>0 may be related
to a dehydrated goldichite structure. This is supported by a resemblance of the powder pattern of

goldichite to that of NaFe(M004)2°2H:0.

Figure 3-14. Crystal structure of goldichite, KFe(SO4)>2H>0. Drawn using data from Reference

17
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Figure 3-15. Ball and stick model of a portion of the crystal structure of Goldichite,
KFe(SO4)222H,0. Drawn using data from Reference !7.

The reaction of equimolar amounts of ferric nitrate and molybdenum trioxide in acetate buffer
produced a poorly crystalline product (Figure 3-16). The X-ray powder pattern contains a weak,
broad reflection around 12.8° 2-theta. This corresponds to a d-spacing of 6.91 A and occurs at a
different position than the lowest angle peak observed for NaFe(MoO4)2¢2H>O. Another weak
broad reflection is barely resolved around 3 surface precipitation of ferric molybdate on
ferrihydrite. The infrared spectrum of this product (Figure 3-17 also differs from that of
NaFe(Mo004)222H20. The broad peak for hydrogen-bonded O-H stretching occurs at higher energy

(3441 vs 3417 cm™) and is accompanied by a sharp peak at 3597 cm™ due to O-H non-hydrogen
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bonded water that is not present in NaFe(MoO4),°2H>0. The peak at 1619 cm™ due to H-O-H
bending occurs in the same position in both products but the absorption due to HOH rocking is
shifted 38 cm™ to lower energy (1356 cm™") There are numerous peaks for Mo-O stretching modes
at 957, 930, 901, 853, 764 and 729 cm™ indicating that several different coordination modes for
molybdenum may be present. With the exception of the peak at 930 cm™, NaFe(MoQ4),22H,0 has
completely different Mo-O absorption bands. Again, the lack of absorption bands at 963 and 998
cm! indicate that Fex(MoOa4)s; and MoO3 are not present in the product. It can be concluded from
the infrared spectrum that the product contains water and molybdenum oxide species in two or

more environments.
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Figure 3-16. The X-ray powder diffraction pattern of the solid product from reaction of
iron nitrate with MoOs with a 1:1 ratio in acetate buffer. The pattern was smoothed to

reduce noise.
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Figure 3-17. Infrared spectrum of the solid product from reaction of iron nitrate with MoO3 with a
1:1 ratio in acetate buffer.

The thermal gravimetric analysis trace of the product (Figure 3-18) shows that water was
evolved in two steps. The first from room temperature to 130°C was 6.08 mass percent while the
second step from 130°C to 372°C was 7.13 %. In keeping with the calcining of the other precursors,
a sample of the product was heated to 670°C and its XRD pattern is shown in Figure 3-20. It was
found that the samples were primarily monoclinic a-Fe2(Mo0Os)3 but there was also a considerable
amount of NaFe(MoQ4), present. Using peak intensities from the sample and the calculated XRD
patterns, it was calculated that the sample was approximately 8% NaFe(MoOa)2. Thus, it can be
concluded that even at a ratio of 1:1 Fe(NO3)3 to MoOs there is still insufficient iron available to
completely form Fex(MoOs4); because iron is tied up in some unknown compound in solution.
Fex(MoOa)3 requires 0.67 molar equivalents of iron per molybdenum. The solution color is orange,
so it definitely contains iron. Unfortunately, the nature of the species in solution was not
investigated but this will be remedied in future work. One speculation is that the solution contains
a Keggin ion such as [FeO4sFe12(OH)24(H20)12]"" or [MoO4Fei2(OH)24(H20)12]'** (Figure 3-19).
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This ion composed of one central MoOy tetrahedron that is caged by 12 MOs octahedra linked to
one another by bridging hydroxide groups. Notably a compound containing a trichloroacetate-
complexed iron Keggin ion with the composition of [FeO4Fe12012(OH)12(02CCCl3)12]'7-.1 The
ingredients for formation of a similar species are definitely present in the reaction mixture of iron
nitrate/molybdenum trioxide/sodium acetate/acetic acid mixtures.
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Figure 3-18. Thermal gravimetric trace of the solid product from reaction of iron nitrate with MoO3

with a 1:1 ratio in acetate buffer.

Figure 3-19. The Keggin structure with one octahedron removed to make the internal tetrahedron

visible.
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— X-ray pattern
—— Fe2(Mo04)3 ICDD # 00-031-0642
—— NaFe(Mo04)2 ICDD# 01—078-4819
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Figure 3-20. XRD pattern from reaction of iron nitrate with MoO3 with a 1:1 ratio in acetate buffer.
The number of water molecules per formula unit in the isolated product was calculated to
be 6.35. Allocating 0.725 water molecules to the 8% NaFe(Mo0Os); present, leaves 5.62 molar
equivalents of water per Fe2(MoQ4)3 unit, i.e. the product was Fea(M0Oa4)3(OH2)s.62. There is a
known hydrate of Fe2(Mo0Q4)s called ferrimolybdite. Ferrimolybdite, Feo(MoOa4)3°nH>0, is a
relatively abundant mineral occurring as an oxidation product of molybdenum-bearing sulfide
ores.!%* Typically the number of waters are between seven and eight. However, some of the
water molecules are weakly held so dehydration at relatively mild conditions (78°C) leads to

Fe2(MoQ4)34H20.'%° Therefore drying in vacuum can definitely form the hydrate obtained in
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this investigation. Unfortunately, the crystal structure of ferrimolybdite remains unsolved. A
recent report of surface precipitation of ferric molybdate on ferrihydrite by Zhang and co-
workers provides information that helps confirm the presence of ferrimolybdite in the isolated
product from the 1:1 Fe:Mo reaction. A broad peak was observed in the XRD pattern 2-theta =
34° was attributed to ferrimolybdite and the same peak was observed in this investigation.'®®
Also, a peak the peak in the isolated compound at 12.8° 2-theta, corresponds to one reported for
ferrimolybdite [Fe2(Mo0O4)3¢6.8H,0] in the literature at 12.9°.16

Increasing the ratio of iron to molybdenum can be expected to prevent formation of
NaFe(Mo00Os); and produce pure Fea(MoQ4)s. Therefore, the amount of iron was doubled to
achieve a 2:1 Fe:Mo ratio. The infrared spectrum of this material (Figure 3-21) changed
dramatically from that of the 1:1 product (Figure 3-17). There were two overlapping peaks
attributable to O-H stretching at 3418 and 3194 cm™’. The latter peak suggests the formation of a
hydrate not encountered so far in this investigation. Two peaks for H-O-H rocking at 1394 and
1336 cm! also support this hypothesis. There is a single peak for the H-O-H bend at 1621 cm’'.
The infrared region in which Mo-O vibrations is much simpler in the 2:1 Fe:Mo reaction product
than it is for the 1:1 product indicating that a single molybdenum-containing phase had formed.
Peaks were observed at 934, 810, 776 and 564 cm™!. The peak at 810°C is particularly strong and
corresponds to the strongest Mo-O peak in partially dehydrated ferrimolybdite (approximately
Fex(Mo00a4)3+4H,0), that also has a peak at 810 cm™.!¢’

The thermal gravimetric analysis trace for this material showed four unresolved weight
loss steps: 3.07 weight% from room temperature to 146°C, 2.38 % from 146 to 273°C, 0.61%

from 273 to 387°C and 0.08 % from 441 to 491°C (Figure 3-22).
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Figure 3-21. Infrared spectrum of the solid product from 2:1 Fe:Mo reaction in acetate buffer.
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Figure 3-22 TGA trace of the solid product from 2:1 Fe:Mo reaction in acetate buffer.
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The XRD pattern of the isolated product is shown in Figure 3-23. It appears that the
material is mainly amorphous but there is a single sharp peak at 23.1° 2-Theta. It is uncertain what
this is due to as no match was found in the ICDD database for it.
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Figure 3-23. The X-ray powder diffraction pattern of the solid product from reaction of iron nitrate
with MoO3 with a 2:1 ratio in acetate buffer.

As shown in Figure 3-24 when the product was calcined at 670°C two phases were obtained: o-
Fex(Mo0Os4); and hematite (Fe2O3). Clearly, the 2:1 ferric nitrate to MoOs3 ratio exceeded that
required for formation of pure a-Fe2(MoO4)3 and it remains to test ratios between 1:1 and 2:1 to
accomplish this. It can be surmised that the product isolated was a mixture of ferrihydrite and
ferrimolybdite. Ferrihydrite is widely used in hydrometallurgical processes to remove Mo(VI)
from waste acid and effluents via coprecipitation and/or adsorption.!®® The incorporation of
molybdate into ferrihydrite produces ferrimolybdite when sufficient molybdate has been adsorbed.
Thus, it is quite likely that the product isolated in this investigation is ferrihydrite containing non-

stoichiometric amounts of molybdate. Therefore, when heated, phase separation occurs to produce
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a-Fea(MoOQ4); and hematite (Fe2O3). The FeoO3 content was estimated to be 39% by weight using
peak intensities.
— X-ray diffraction pattern

—— Fe2(Mo04)3 ICDD# 00-031-0642
—— Fe203 ICDD# 00-024-0072
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Figure 3-24. XRD pattern from reaction of iron nitrate with MoOs with a 2:1 ratio in acetate buffer.

The product produced using three molar equivalents of iron nitrate per molybdenum trioxide did

not form a new phase. Instead, the reaction proceeded similar to the 2:1 reaction producing an

amorphous molybdate-containing ferrite that when calcined at 670°C produced a mixture of

68



hematite and a-Feo(MoOs)3. The XRD pattern of the calcined product (Figure 3-25) had much
more prominent peaks for Fe,O3 than the 2:1 product. The Fe,O3; content was estimated to be 55

% by weight using peak intensities.
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Figure 3-25. XRD pattern from reaction of iron nitrate with MoO3 with a 3:1 ratio in acetate buffer.
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Conclusions

The use of a sodium acetate/acetic acid buffer as the means to circumvent the unavailability
of monomeric iron(Ill) acetate for the MOx/Acetate process is effective in producing iron
molybdenum oxides but the results are different from the conventional process. At the outset, it
was thought that the reaction of iron nitrate with molybdenum trioxide in acetic acid buffer would
behave similar to the reaction of the smaller radius lanthanide acetates with MoOs. For example,
this reaction using gadolinium acetate produced hydrated Gd(MoO4)OH that converted to
Gd2Mo0,09 upon heating.'® The corresponding iron compound, FexM020s, is unknown but it may
be possible to produce it as a metastable phase at low temperature. However, rather than forming
molybdate/hydroxide phases, the reaction in buffer produced a variety of iron molybdate hydrate
products that strongly depended on the reaction stoichiometry.

In a very surprising and extremely useful result, the reaction of iron nitrate with two molar
equivalents of molybdenum trioxide produced a crystalline compound with the formula
NaFe>(Mo0O4)222H20 that dehydrated to the battery anode material, NaFe>Mo,09. Thus, a
procedure was developed for the facile, easily scaled synthesis of this useful material for
fabrication of rechargeable lithium and sodium ion batteries. In the future, it would be interesting
to produce the lithium analog by use of a lithium acetate/acetic acid buffer. Further, the iron to
molybdenum ratio could be varied to produce other potential battery materials such as
NazFe(MoOs4)s.

Unfortunately, when higher ratios of iron nitrate to molybdenum trioxide are reacted,
amorphous or poorly crystalline materials are produced. This makes the product obtained

extremely dependent on the Fe:Mo ratio so that isolation of a particular phase, e.g.
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Fe2(MoO4)3*nH20 becomes a matter of trial and error. Finding the correct stoichiometry is further
complicated by the fact that the supernatant solution contains some of the iron and perhaps some
molybdenum. It was established that the ratio to produce Fe2(MoQO4)3nH>O lies between one and
two molar equivalents of iron nitrate per molybdenum trioxide but the critical experiments to
narrow this down to the correct ratio have not been performed. This will be addressed in future
research. The 1:1 ratio reaction produced a mixture of NaFe:Mo02Og and Fex(MoQs); after
calcination while the 2:1 and 3:1 reactions produced Fex(MoOs); and Fe>Os. Notably, the
uncalcined product from the 1:1 reaction appears to contain amorphous ferrimolybdite,
Fe2(Mo004)3(OHz)s.6, in addition to NaFea(MoO4)222H>0.

The isolated uncalcined products from the reaction of molybdenum trioxide with two molar
equivalents of iron nitrate in acetate buffer possess features that suggest they are ferrihydrite with
incorporated molybdate groups. The iron to molybdenum ratio is above that required for
Fex(Mo0s)3. Thus, when they are calcined at 670°C, they produce a mixture of Fex(MoOs4)3 and
hematite (Fe2O3) in keeping with the fact that Fex(MoQOa)s is the only stable phase iron(IIl) iron
molybdenum oxide. The amount of hematite can be increased by increasing the ratio of iron to
molybdenum. It is expected that the products of these reactions could be promising catalysts since
Fea(MoOs4); supported on hematite is an excellent catalyst for oxidizing methanol to
formaldehyde.!”

The nature of the materials present in the supernatant solution of the reactions remains to
be determined. These may include iron Keggin ions with FeO4 or MoOs tetrahedral cores. Future
research could characterize what is present in solution and attempt to isolate crystalline compounds
using large no-coordinating organic cations or anions if necessary. Also, hydrothermal reactions

could be used to possibly produce crystals of the reaction products suitable for crystallography.
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While the formation of NaFe2(Mo0O4)222H20 was a serendipitous discovery, the results
suggests that the MOx/acetate process might benefit from a different buffer cation. Thus, sodium
acetate could be replaced by ammonium acetate, tetramethylammonium acetate,
tetrabutylammonium acetate, or triethylammonium acetate (among others). Further, variation of

initial pH may influence the pathway of the reactions and the products produced.
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CHAPTER 1V

NOVEL EXTRACTION PROCESS FOR IRON ORE AND SYNTHESIS OF IRON

NICKEL OXIDE

Introduction

According to the United States Geological Survey, the world's iron ore reserves are
estimated to be at 170 billion tons, or 83 billion tons of metallic iron that may be extracted. The
majority of this iron ore is split between Australia (29.4%), Russia (14.7%), Brazil (13.5%), and
China (13.5%). (12.4 % )'7!. It was revealed that chemical agents frequently employed to create
chelated iron for agricultural application can effectively extract iron from ores. Iron can be chelated
with ligands such as ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid
(DTPA), and ethylenediaminediaminedi-o-hydroxyphenylacetic acid (EDDHA), and ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) which is also known as egtazic
acid!”?, and notably iron-chelated can be usually used for fertilizer.!”> The chelating agents' job is
to keep the iron soluble in water and so available to plants. Although both EDTA and DTPA were
successful in extracting iron ore, EDTA's unique features make it the more practical extraction
agent. Iron ore is beneficiated all over the world to suit the iron and steel industries' raw material
needs. Because iron ore has its own unique mineralogical features, adjusting the metallurgical

treatment and specific beneficiation method used at any given location is required for optimal

73



product extraction. The type of beneficiation technology to use is determined by the gangue's
nature and its relationship to the ore structure!’.

In this chapter, the Great Western Iron Ore or so-called GWIO will be studied. Firstly, iron
extraction will be extracted from pure iron oxide (Fe2Os) by Ethylenediaminetetraacetic acid
(H4EDTA) and then with extraction iron from Great Western Iron Ore. Ethylenediaminetetraacetic
acid (Figure 3.1) is world-wide used and it is a tetravalent molecule that is capable of forming a
stable complex with divalent ions, trivalent ions , and so forth. It has a low solubility in water
(0.50g/100 ml) and that makes its recovery from extraction processes easy. Finally, This will
cover kinetics of the reaction from extracting iron from iron oxide and GWIO. Also, determination
of the effect of the particle size on extraction process from ore will be studied as well as the acidity
effect during the reaction of iron ore with Ethylenediaminetetraacetic acid (EDTA). At the end,

synthesis of iron nickel oxide NiFe,O4 will also investigated.

Experimental
Reaction of iron oxide Fe203 with ethylenediaminetetraacetic acid (H1EDTA)

The reaction was firstly performed with pure iron oxide (Fe2Os3) with
ethylenediaminetetraacetic acid (H4EDTA). For further investigation, the reaction were studied to
determine the suitable molar ratio for extracting iron from Great Western Ore. Iron oxide (Fe;03)
was purchased from Alfa Aesar. All organic and inorganic reagents commercially available were
used without further purification. Note, four hydrogens are deliberately written before the acronym
of ethylenediaminetetraacetic acid (H4EDTA) to describe where the active functional groups

dissociate in the chelating agent during the reaction (Figure 3-1).
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Figure 4-1. The chemical structure of ethylenediaminetetraacetic acid (H4EDTA)

Fe203 (1.594 g, 0.01 mmol) was reacted with ethylenediaminetetraacetic acid ( 5.853 g,
0.02 mmol) in 100 ml of distilled water. Reaction was performed in refluxing water. In the
meanwhile, samples were collected with time for hours . After that, samples were diluted and

analyzed for iron by Microwave plasma atomic emission spectroscopy MP-AES (Figure 4-1).

Figure 4-2 Instrument Of Microwave Plasma Atomic Emission Spectroscopy MP-AES
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Result and discussion
Reaction of iron oxide Fe:03 with ethylenediaminetetraacetic acid (H1EDTA)

Reaction was performed in refluxing water and samples were collected with time and
analyzed for iron contents by microwave plasma atomic emission spectroscopy MP-AES (Table
4-1). Consequently, microwave plasma-atomic emission spectroscopy (MP-AES) was used in
order to follow the change of the concentration of Iron as oxide (Fe;Os3) and reacted with
ethylenediaminetetraacetic acid (H4EDTA). As described above, reaction of Fe>O3 (1.594 g, 0.01
mmol) was not dissolved in 100 ml of distilled water because it is insoluble in water but it then
dissolved well after adding a chelating agent of ethylenediaminetetraacetic acid (H4EDTA) ( 5.853
g, 0.02 mmol) under reflux. After that, strongly dark brown reddish color was observed and took
place after one hour of the reaction. Next, clear red solution was taken place after four hours.
Seemingly, the reaction approach to the completion as iron complex with (H-EDTA-Fe) formed
at certain time; three protons was possibly deprotonated in order to coordinate with iron Fe** with
one proton left (scheme 1).!7°17® According to the microwave plasma-atomic emission
spectroscopy (MP-AES), iron complex started extracting shortly when 7892 ppm of extracted iron
was observed while at zero time, no concentration of iron was recorded (Table 4-1). Moreover,
since an excess of iron was extracted, the reaction ended when the concentration of iron had almost

remained the same after three hours (Figure 4-3).
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Table 4-1. Concentration of Iron (ppm) Versus Time for a 4-hour reaction

Time (hours) | [Fe](ppm)
0.0 0.000
1.0 7892
1.5 8634
2.0 8791
3.0 9319
4.0 9145
10000
9000 s o °
8000 °
7000
E 6000
§ 5000
E 4000
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Figure 4-3. Concentration of Iron (ppm) Versus Time for a 4-hour reaction
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Fe;03 aq) +2 H4EDTA) — 2 Fe(HEDTA)aq) + 3H20()

Scheme 1. Aqueous iron complex reaction of iron oxide Fe>O3 with ethylenediaminetetraacetic

acid (H4EDTA)

Experimental
Reaction of extracting iron from coarse ore by ethylenediaminetetraacetic acid (HiEDTA)
at three different periods

Reaction of coarse ore with H4EDTA ( 11.783 g, 0.04 mmol) was taken place in refluxing
water for 48 hours . The extracting process of the reaction was run approximately with 2 molar
equivalents of H4EDTA per mole of Fe203 (3.1913 g, 0.02 mmol, 200 ml). The stoichiometry of
the reaction was based on the previous reaction of the pure iron oxide (Fe;Os) with
ethylenediaminetetraacetic acid (H4EDTA). Similarly, reaction of 2 molar equivalents of HyEDTA
(11.764 g, 0.04 mmol) with coarse ore ( 3.086 g, 0.02 mmol) (approximately 2 molar equivalents

of Fe Figure 4-4) in refluxing water for 24 hours as well as another reaction was performed likely
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2 molar equivalents of H4EDTA ( 11.726 g, 0.04 mmol) with coarse ore ( 3.182 g, 0.02 mmol)

with longer time to investigate and assure the completion of the reaction for 96 hours.

Figure 4-4. Coarse Sample From A Great Western Ore

Result and discussion
Reaction of extracting iron from coarse ore by ethylenediaminetetraacetic acid (H1EDTA)
at three different periods

While collecting samples with every 12 hours during running reaction, no color change of
the samples were observed. Therefore, the concentration of iron was zero concentration at
beginning of reaction. Later, the reaction dramatically changed with yellow color after 37 hours
recording high concentration of extracted iron at 6267 ppm (Figure 4-6). The concentration of the

iron was finally measured to be 6847 ppm of iron extraction after 48 hours (table 4-2).
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Figure 4-5 collected samples from reaction of extracting iron from coarse ore by
ethylenediaminetetraacetic acid (H4EDTA) for a 48-hour reaction

Interestingly, this could be an indicator that the reaction is behaving as a self-catalysed
reaction. Notably, the graph of concentration of iron against its extraction process showed an

induction period which could be another indicator of being a self- catalysed reaction.
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Table 4-2. Concentration of extracted Iron (ppm) from coarse ore Versus Time for

a 48-hour reaction

Time (hours) [Fe]l(ppm)
0.0 0.000
0.5 1.020
13 5.490
24 401.7
37 6267
48 6847
-

Time (Hours)

Figure 4-6 Concentration of Iron Versus Time During the Time of Extraction process of

48-hour reaction
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Moreover, the reaction was performed similarly but with longer time for 96 hours in order
to know the equilibrium plateau. Therefore, microwave plasma-atomic emission spectroscopy
(MP-AES) was also used to follow the change of the concentration of iron as Fe;Os reacted and
chelated by ethylenediaminetetraacetic acid (H4EDTA). This gave the data tabulated in (Table 4-
3) and shown graphically in (Figure 4-7). Interestingly, the reaction reached completion in the
first day of the reaction. Since a one-fold excess of iron oxide was chelated, the reaction ended
when the concentration of iron had increased 80 %. This approaches to have occurred at some
point in the first 30 hours. Experimentally, the reaction had reached its completion at certain point
in the first 24 hours and 6803 ppm of iron concentration after 24.5 hours; this data was quite similar
to those long-period reactions. Furthermore, the color was interestingly changing with every time
collecting samples from clear and pale yellow color to dark yellow along with time Figure 4-9,
this proves the reaction to be ended with short-run of time (Figure 4-8).

Table 4-3 Concentration of extracted Iron (ppm) from coarse ore Versus Time for a 96-

hour reaction

Time (hours) [Fe](ppm)
0.0 3.740

23 5309

48 6822

72 6584

96 7222

82



8000

7000 ®

6000

5000

4000

[Fe](ppm)

3000

2000

1000

0 20 40 60 80 100 120
Time (Hours)

Figure 4-7 Concentration of Iron Versus Time During the Time of Extraction process of

96-hour reaction

Table 4-4 Concentration of extracted Iron (ppm) from coarse ore Versus Time for

a 24-hour reaction

Time (hours) | [Fe](ppm)
0.00 0.000
1.00 158.0
1.50 369.0
4.50 2883

5.90 4791

8.30 5599

18.3 6715

24.5 6803
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Figure 4-8 Concentration of Iron Versus Time During the Time of Extraction process of

24-hour reaction

Figure 4-9 collected samples from reaction of extracting iron from coarse ore by

ethylenediaminetetraacetic acid (H4EDTA) for a 24.5-hour reaction
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Experiment of iron precipitation reaction from ore

When a mixture of EDTA (11.705 g) and great Western Iron ore (3.178 g) was heated to
reflux in 200 ml of water a slow reaction took place over 12 hours with a small amount of iron
dissolving. After a sufficient amount of iron dissolved a rapid reaction occurred causing the dark
reddish color of the ore to completely disappear to yield an pale reddish solution and a pinkish
solid. After that, the reaction mixture was cooled at room temperature and then filtered to remove
the extraction residue. Next, The reddish orangish filtrate was treated with a solution of potassium
hydroxide (9.771 g) in 42 ml of distilled water. This reaction caused the iron to precipitate slowly
as iron hydroxide Figure 4-10. The precipitation reaction was allowed to continue for 22 hours.
The precipitate was separated by centrifugation, washed with distilled water several times, and
dried in a vacuum drier for 48 hours. This produced dark brownish black pellets of iron hydroxide

that break upon calcination to 800 °C as iron oxide Figure 4-11.

Figure 4-10 product of precipitation reaction as iron hydroxide
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Figure 4-11 Ceramic product from iron precipitation reaction as iron oxide at 800 °C

The amount of iron hydroxide precipitated was 1.807 g and it was reduced and evolved to
Hematite (Fe>O3) upon elevated calcination at 800 [] to be 0.473 g. This was confirmed by the
XRD technique and showed almost identical large peaks of a hematite (Fe,O3) Figure 4-15.
Notably, color of iron hydroxide occurred when calcinated from dark brownish black to red.
Analytically, the infrared spectroscopy was run to analyze the O-H of H-bonded and Fe-O
stretching modes before and after firing the precursor of precipitated iron hydroxide as well as the
thermal gravimetric analysis (TGA) was also used to calculate the number of equivalent of
hydroxide group Figure 4-14. The IR technique obviously show the hydroxide group vibration
mood over the range from 3010 to 3663 cm™ and iron oxide at the fingerprint region; the strong
and intense band at 584 cm™' is due to the stretching vibration of the Fe—O bond in iron oxide!”’.
Moreover, there is a disappearance of O-H stretching group upon elevated temperature and that
confirmed that the iron hydroxide was converted to a ceramic compound of iron oxide (Fe;03)

Figure 4-13. The weight loss of the dehydroxylation was 8.51 %. The equivalence of the hydroxide

group was calculated based on the thermal gravimetric analysis (TGA) to be 8.96 Figure 4-14.
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Figure 4-12 IR spectrum of precipitation reaction as iron hydroxide
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Figure 4-13 IR spectrum of iron oxide after calcinated iron hydroxide
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Figure 4-14 Thermal gravimetric analysis (TGA) of precipitation reaction as iron hydroxide
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Figure 4-15 The XRD of the hematite from calcinating the iron hydroxide product.
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Proof of Self-Catalysed Reaction
Experiment of Reaction of extracting iron from coarse ore by ethylenediaminetetraacetic
acid (H4EDTA) with Catalysis of Fe-EDTA-H

Reaction of coarse ore with H4EDTA (11.726 g, 0.04 mmol) was performed in refluxing
water. The extracting process of the reaction was run approximately with 2 molar equivalents of
H4EDTA per mole of Fe2O3 (3.182 g, 0.02 mmol, 200 ml). The stoichiometry of the reaction was
running same as a regular reaction of iron extracting process for 118 hours. In order to test the
hypothesis of self- catalysis claim, the pale red filtrate of Fe-EDTA-H complex was separated and
contained in a bottle with 199 ml for further reaction after filtering off the extraction residue. Next,
10 %, 30 %, and 40 % of the filtrate (Fe-EDTA-H) were added to three different reactions and
complete the volume of distilled water 180 ml, 140 ml, 120 ml respectively with same condition
to be performed as a catalysis by accelerating the reaction. After that, samples were collected with
every 24 hours. Finally, sample were diluted and measured by microwave plasma atomic emission
spectroscopy MP-AES. Finally, all the data of three sets of the iron concentrations were plotted

versus its certain time in order to be analyzed and interpreted.

Result and Discussion of Self-Catalysis Reaction
Experiment of Reaction of extracting iron from coarse ore by ethylenediaminetetraacetic
acid (H4EDTA) with Catalysis of Fe-EDTA-H

Microwave plasma-atomic emission spectroscopy (MP-AES) was analytically and
quantitatively used to follow the change of the concentration of iron as iron oxide reacted with

EDTA in presence of iron complex. So, addition of 10 %, 30%, and 40% (Fe-EDTA-H) by volume
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of a solution from a previous extraction solution were added to a new starting mixture. After that,
all samples were diluted by 20 ml of distilled water in order to calculate concentrations of iron.
The experiments were reported over an 118-hour period with sampling every 24 hours. These gave
the data tabulated in (Table 4-5), (Table 4-6), and (Table 4-7) and shown graphically in (Figure 4-
16), (Figure 4-17), and (Figure 4-18) respectively. Interestingly, induction period for reaction was
eliminated and the reaction reached completion in the first 24 hours of the reaction in presence of
the catalysis added of iron complex while the reaction took a little bit longer without adding the
catalysis. However, the tabulated data at zero time clearly show that the more addition of iron
complex from the previous reaction to the new mixture, the faster reaction and higher

concentration of iron can be.

Table 4-5 Concentration of extracted Iron (ppm) from coarse ore Versus Time for

a 118-hour reaction with 10 % addition of iron complex for long-run

Time (hours) [Fel(ppm)
0.00 482.0
24.0 6918
48.0 7000

72.0 7469

92.0 7360

118 7225
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Figure 4-16 Concentration of extracted Iron (ppm) from coarse ore Versus Time for a 118-hour
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reaction with 10 % addition of iron complex

Table 4-6 Concentration of extracted Iron (ppm) from coarse ore Versus Time for

120

140

a 118-hour reaction with 30 % addition of iron complex for long-run

Time (hours) | [Fe](ppm)
0.000 1855
24.00 7938
52.00 7942
71.20 7804
95.20 8598
119.2 8732
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Figure 4-17 Concentration of extracted Iron (ppm) from coarse ore Versus Time for a 118-hour

reaction with 30 % addition of iron complex

Table 4-7 Concentration of extracted Iron (ppm) from coarse ore Versus Time for

a 118-hour reaction with 40 % addition of iron complex for long-run

Time (hours) | [Fe]l(ppm)
0.000 2883

24.00 8329
52.00 9146
71.20 8943
95.20 9022
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Figure 4-18 Concentration of extracted Iron (ppm) from coarse ore Versus Time for a 118-hour

reaction with 40 % addition of iron complex

Furthermore, all reactions were repeated under same conditions but with short-period for
four hours in order to calculate and show equation of rate reaction. While reacting, small amounts
of samples were collected with every half an hour. Next, samples were then diluted with distilled
water to be finally determined of iron contents by MP-AES. lastly, the results are tabulated in
(Table 4-8), (Table 4-9), and (Table 4-10). According to data, the concentration of iron was
doubled as the 30 % addition of iron complex were added, so it clearly show that the Initial rates
increase as the initial concentration of Fe(HEDTA). From given data, order of reaction can be

calculated to be first order reaction as followed equation:

Rate = k[Fe-EDTA-H]

93



Table 4-8 Concentration of extracted Iron (ppm) from coarse ore Versus Time with

10 % addition of iron complex for short-run

Time (hours) [Fe](ppm)
0.0 5.100
0.5 7.190
1.0 10.99
1.5 14.60
2.0 18.27
2.5 22.90
3.0 27.33
3.5 35.33
0 . 10%
__30
£ o
Q ]
= 20 o
& o
— 10 °
o
0
0 1 2 3 4

Time (Hours)

Figure 4-19 Concentration of extracted Iron (ppm) from coarse ore Versus Time for a 4-hour

reaction with 10 % addition of iron complex
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Table 4-9 Concentration of extracted Iron (ppm) from coarse ore Versus Time with

30 % addition of iron complex for short-run

Time (hours) [Fe]l(ppm)
0.0 14.99
0.5 15.44
1.0 19.00
1.5 24.14
2.0 29.99
2.5 38.61
3.0 47.16
3.5 56.08
60 (] 0
5 L 30%
— 40 )
2 30 o
o °
=20 o
@ °
10
0
0 1 2 3 4
Time (Hours)

Figure 4-20 Concentration of extracted Iron (ppm) from coarse ore Versus Time for a 4-hour

reaction with 30 % addition of iron complex
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Table 4-10 Concentration of extracted Iron (ppm) from coarse ore Versus Time

with 40 % addition of iron complex for short-run

Time (hours) [Fe](ppm)
0.0 22.60
0.5 25.84
1.0 32.69
1.5 46.02
2.0 55.92
2.5 63.84
3.0 70.78
3.5 89.39
. o 40%
80
~ o
E 60 s °
T 40 .
= o
20 9 -
0
0 1 2 3 4
Time (Hours)

Figure 4-21 Concentration of extracted Iron (ppm) from coarse ore Versus Time for a 4-hour
reaction with 40 % addition of iron complex
Also, the acidity of the reaction was studied to investigate changes in acidity as the reaction

progresses. Thus, samples were collected while reacting 2 molar equivalents of HYEDTA with one
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molar equivalent of Fe;O3 of coarse ore in refluxing water at 6 hours. According to data in (Figure
4-22) and (Table 4-11), reaction was fairly acidic at the very beginning of the performance with
2.85 based on pH meter at zero time. Also, there was a gradual decrease in acidity for the first two
hours which may explain the presence of the induction period for reaction and elimination and
therefore confirm the hypothesis of self-catalysis reaction. Acidity of the reaction vary over the
range from 2.85 to 1.6 and that is due to the formation of iron complex and increasing (Fe-EDTA-
H) in concentration by deprotonating and coordinating ethylenediaminetetraacetic acid to iron
trivalent cation and coordinate through lone pair of electrons from nitrogen and ionic bonds from
acetate. Possible Mechanism with FEHEDTA as an acidic catalyst is below:

6 Fe(HEDTA)(aq + Fe203 — 2 Fe*" + 6 [Fe(EDTA)] " aq) + 3H200)

6 [Fe(EDTA)] " (aq) + 2 HEEDTA() — 6 Fe(HEDTA)aq)+ 2[HEDTAT* (aq)

2 Fe** + 2[HEDTA]* — 2 Fe(HEDTA )@

Scheme 2. Possible Mechanism with FeHEDTA as an Acidic Catalyst:

Table 4-11 Changes in Acidity of extracting iron from coarse ore by ethylenediaminetetraacetic

acid (H4EDTA)
Time (Hours) [pH
0 2.85
0.5 2.77
1 2.76
1.5 2.63
2 2.46
3 2.13
4 1.87
5 1.74
6 1.64
6.5 1.6
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Figure 4-22 Changes in Acidity of extracting iron from coarse ore by

ethylenediaminetetraacetic acid (HsEDTA)

The particle size of the extremely fine ore (Figure 4-23) was studied to determine its effect
on the reaction. So, the reaction of extracted iron from fine ore was performed by
ethylenediaminetetraacetic acid (H4EDTA) at similar conditions described earlier in this chapter.
Samples were collected during the rection for six hours. Next, samples were diluted with distilled
water to be quantitatively analyzed MP-AES. Remarkably, the color of the samples rapidly change
with time and get more condense yellow due to the iron-chelated complex as shown below. The
reaction is faster compared to coarse and give a linear plot as shown in Figure 4-24. In conclusion,

the concentration of the iron extraction from different particle sizes is effective .
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Figure 4-23 Fine sample of a great western ore (left) and collected samples (right)

Table 4-12 Concentration of extracted Iron (ppm) from fine ore Versus Time for a 6-

hour reaction
Time (hours) [Fe](ppm)
0.0 0.000
0.5 240.0
2.0 1763
4.0 3827
6.0 5217
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Figure 4-24 A linear plot of concentration of extracted Iron (ppm) from fine ore versus time for a

6-hour reaction

Experimental ( Fe-Ni-EDTA)
Reaction of iron oxide Fe:03 with ethylenediaminetetraacetic acid (H4EDTA) and nickel
hydroxide Ni(OH):

First of all, reaction of Fe;Os (3.164 g, 0.02 mmol) was allowed to react with
ethylenediaminetetraacetic acid ( 11.627 g, 0.04 mmol) in 200 ml of distilled water. Reaction was
performed under refluxing. The pH was determined to be 2.98 immediately after the mixture. The
reaction of the mixture became a red clear solution after fifteen hours. After that, the acidity of the
reaction was measured before adding the next reagent to be 2.30. Next, nickel hydroxide (1.821 g,
0.02 mmol) was added to the reaction of iron oxide (Fe>O3) with ethylenediaminetetraacetic acid
(-H4EDTA), the pH was increased slightly to be 3.25 immediately after adding the reagent of the
nickel hydroxide and a dark green color of the mixture was recorded. Afterward, the reaction was

allowed to run for two more 48 hours. Finally, The mixture of the complex was transferred in a
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beaker to be evaporated at room temperature for two months. A dark green moisture was formed
after evaporation. Later, the product was placed in a furnace at 90 [] overnight to dry off water.

Dark grey blackish solid was collected with 8.654 g.

Result and Discussion
Reaction of iron oxide Fe:03 with ethylenediaminetetraacetic acid (HiEDTA) and nickel
hydroxide Ni(OH)2

A mixture of a stoichiometric amount of iron oxide and ethylenediaminetetraacetic acid
(H4EDTA) in 200 ml of water was heated at reflux for 48 hours. During that time, iron was
absorbed from the solution to produce clear dark red. The composition of the reaction was iron
complex of H-Fe-EDTA. Next, nickel hydroxide (1.821 g, 0.02 mmol) was in order to form iron
nickel complex. Finally, a ternary compound of NiFe>O4 with a cubic phase was formed upon
calcination and this was confirmed by XRD Figure 4-27. After evaporation, and drying the solid,
the thermogravimetric analysis was used to get to know the complex compound. The TGA trace,
shown in (Figure 4-26), had two weight loss steps with 69.55 % of total loss. The step occurred
over the temperature range of 76 [ to 245.35 [] can be attributed to loss of water with 28.54
equivalents. The second step was a decomposition at the temperature 367 [] to 803 [J which can
be attributed to ethylenediaminetetraacetic acid (-H4sEDTA) with half of the total loss of the
precursor with 142.88 equivalents. This was confirmed by FTIR spectroscopy as discussed below.
There was also a gradual loss over the range from 641 [] to 803 [ due the conversion of Ni(Fe-
EDTA), to bimetallic oxide of NiFe2O4. According to (Figure 4-25), spectrum show band
attributable to acetate groups at 1567 cm™ that are due to the symmetric stretching vibrations of

the CO2 group of ethylenediaminetetraacetate confirming the presence of EDTA in the product
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from the reaction with Fe>Os. It also has strong bands at 659 and 910 cm’!, these are stretching
vibration of a metal oxide of Fe-O. There is also a broad peak over the range from 3630 cm™! to
3063 cm™! that can be attributed to the stretching vibration of a H-O-H molecule attached to a

metal ion.
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Figure 4-25 Infrared spectroscopy of Reaction of iron oxide Fe;O3 with ethylenediaminetetraacetic

acid (H4EDTA) and nickel hydroxide Ni(OH)»
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Figure 4-26 Thermal Gravimetric Analysis of Reaction of iron oxide FexO; with

ethylenediaminetetraacetic acid (H4EDTA) and nickel hydroxide Ni(OH)»

1000 H~
900 -
800
700
600
500
400
300
200
100

PDF ID: 00-054-0964
Cubic, NiFe,0O,

Counts

15 25 35 45 55 65
2 Theta

Figure 4-27 XRD of calcined product from Reaction of iron oxide Fe;O; with
ethylenediaminetetraacetic acid (H4EDTA) and nickel hydroxide Ni(OH)»
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CHAPTER V

CONCLUSIONS AND FUTURE WORK

Introduction

During an assessment of the utility of molybdenum trioxide and tungsten trioxide for the
removal of metal ions from simulated radioactive waste, the Apblett group identified an alternative
for the production of lanthanum molybdenum oxide phases in aqueous media'’®. The research
suggests that insoluble molybdenum trioxide, tungsten trioxide, and tungstic acid have a strong
ability to remove uranium, lead, cadmium, and other heavy metals from aqueous solutions using a
chemical reaction with molybdenum trioxide and tungsten trioxide/tungstic acid to yield tungstate
or molybdate. This capability can be applied to the refining of metal-bearing ores, the remediation
of contaminated water, and even the extraction of metals from natural waterways, such as the seas.
These reactions, on the other hand, give a green path to metal tungstate or metal molybdate, which
have a wide range of applications!”!8!,

In comparison to lanthanide molybdate acetates and lanthanide tungstate acetates, the
purpose of this study was to see what factors influence the formation of lanthanide molybdate
hydroxides. It was hypothesized that the ionic radii of lanthanide(IIl) ions influenced the

molybdenum trioxide or tungsten trioxide reactions with lanthanide acetates. As a result, varied

ionic radii of yttrium, lanthanum, cerium, and praseodymium were used in reactions. The purpose
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of this study was to make new lanthanide phases with the formula Ln:Mo20y that could be
employed as catalysts or oxide conductors. The lanthanide ions have no effect on the molybdate
ion's vibrational activity. Finally, knowledge obtained from the synthesis of lanthanide molybdate
acetates and lanthanide tungstate acetates was used to synthesize phosphors based on

praseodymium-doped La2Mo0209. 24

Moreover, LayW>09 and other lanthanide tungsten oxide
may be applied for better efficiency due to its dependency of metal radius of tungsten used instead
of molybdenum. In conclusion, there is a similar approach for producing MoW>0Oy as a bimetallic
oxide where M can be either transition or lanthanide metals. Reaction of tungstic acid, HoWOs,
with aqueous solutions of lanthanum acetates produces lanthanum tungstate acetate,
Ln(O2CCH3)(WOQs4). Moreover, reacting iron(III) nitrate with molybdenum(VI) oxide (MoQO3) in
acetate buffer solution produce different colored solids that result from reactions, suggesting that
more than one product is being formed. With excess stoichiometry of Fe:Mo, reactions produced
2 phases of hematite and Fe2(MoOs) at elevated temperatures. As a result, that the reaction of iron
nitrate to molybdenum trioxide is very dependent, so a suitable ratio of iron(IIl) nitrate with
molybdenum(V1I) for producing one phase of Fex(MoQOs) is possible which will remain as a future
work.

In the last project, a process of extraction of iron from both pure iron oxide (Fe203) and
Great Western Iron ore were investigated using ethylenediaminetetraacetic acid (H4EDTA) This
produces Fe(HEDTA), a chelated iron that is used in fertilizers as well as a conversion to red iron
oxide or a possible ferrite oxide. Notably, two equivalents of Fe(HEDTA react with nickel(II)
hydroxide to produce a stoichiometric precursor for nickel ferrite, NiFe>O. Iron is readily extracted
from even small chunks of ore by reaction of hematite with ethylenediaminetetraacetic acid

(H4EDTA). This can produce FeoO3 upon high temperatures. The novel extraction discussed earlier
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in this thesis may be very useful for other different ores that contain different vital metals such as
gold, silver. Moreover, the process produces the useful compound Fe(HEDTA) that can be used
again for further iron extraction processes due to its catalytic advantage that can catalyze the
dissolution of iron so the reaction is so-called self-catalytic. Fe(HEDTA) may be used to produce
a stoichiometric single source precursor for nickel ferrite (NiFe2O4) or copper ferrite (CuFe;04)

for a future research.
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