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CHAPTER |

INTRODUCTION

AIM OF THIS STUDY

The ultimate purpose of this study was to develop novel applications for
molybdenum oxides, molybdenum oxide bronzes, and related compounds in
environmental and wastewater applications, sustainable or “green‘triatipsocesses,
and homeland security and transportation related explosive detectibnolagies.

Specifically the topics to be discussed include the following.

Preparation, synthesis and characterization of both the proton- and sodinsn-df

molybdenum oxide bronzes:

For the sake of this study, alternative, room temperature, solitiase syntheses were
developed for the hydrogen and sodium molybdenum bronzes. These symibeses
explored in detail and an attempt was made to optimize thed@nsain terms of yield

and reducing capacity of the products obtained.



Examination of the efficacy of the molybdenum oxide bronzes for ldwrechemical

reduction and/or removal of toxic metal cations from agueous systems:

Due to the electrochemically reducing nature of these molybderaterials, as
well as their ability to undergo ion exchange reaction anerdatation of cationic
species, they lend themselves well to the application of metamnceemoval from
wastewater and groundwater streams. This study examinass¢hef hydrogen and
sodium molybdenum bronzes as a reducing agent for the purpose ofahereiucing
hexavalent chromium in groundwater and wastewater streams asiblgosethod for

treatment and environmental remediation.

Development of a catalyst for disproportionation of aqueous sulfitddetnental sulfate

and sulfur:

Many industrial processes produce sulfur dioxide or aqueous stiétTs as a
by-product which must be removed as an additional cost of the igperatn this
investigation a method was developed in which an aqueous sulfite stiesten can be
catalytically treated in order to produce commodities - sulfud aulfate ultimately
turning a liability waste product into an asset. This treatmentld also work for

remediation of sulfur dioxide after its capture using aqueousirakablutions or amine

trapping.



Development of a green molybdate process for processing coppertiooait the need

for an ore roasting process thus eliminating the need to produce sulfur dioxide:

Smelting of metal ore is one of the more notorious producers of slitivide
gas, a known contributor to acid rain. The sulfur dioxide is produced noadlséng step
for sulfide ores. This study proposes and develops an alternativesprtare the
processing of metals, which was applied to copper, but could be rapgilgd to a wide
variety of metal ores. This process utilizes a metal-motgbiddéermediate which allows
the sulfur containing components to be removed in the solution phaseataitp\vthe
need for roasting. The process results in no production of sulfur diaridielecreases
the heat requirement of the process. Furthermore, the molybdatesproontains a

second facet of sustainability as the molybdate species is eagitiedkc

Development of a set of sensors for the detection of improvised derard chlorate

explosives and their synthetic precursors:

This study examines a set of sensors for the detection of imedogigplosives
and their precursors, as well as other harmful oxidizers. Tdhcireg nature of the
bronzes as well as their reactive colorimetric response iprésence of certain oxidizers
give them potential for uses in chemical sensing technologyudied in this section is
the development of a dipstick type test strip which is welieduior the transportation

safety industry as well as other homeland security applications.



INTRODUCTION

Structure and Properties of Molybdenum Bronzes

Oxide bronzes are partially reduced non-stoichiometric transitietalnoxide
insertion compounds. The term bronze comes from the metallic pespeftithese
materials, which include: electrical conductivity, metallicster, and bright color.
Typically, ternary, or three component transition metal oxide bsomewe the form
AM,O,. Where M is the transition metal; A is typically,Ha group | (alkali metal)
cation, group Il (alkaline earth) cation, ammonium ion, lanthanides (rare eatitn)s [1,
2], or other metals, including barium, lead, copper, and silvermdlty;, the oxidation
state of the transition metal is usually non-integer, hence‘“rtba-stoichiometric”

designation.

The history of these non-stoichiometric bronzes is interestingsiown right.
The first oxide bronze was discovered by Wohler in 1823 [3]. Thespaiamds were in
conflict with Berzelius’ Law of Definite Proportions [4]. Abat time they were
presumed to be mixtures of stoichiometric compounds. This mixtuoenpisn held
favor until around 1935 when Hagg proved the existence of a series oistgigsten
bronzes, NaVO;3, with a continuous sodium composition over the range 0.32 < x < 1.0,
using the then new X-ray diffraction methods [5]. The oxide bronzpsgrofry interest

in this study include the hydrogen bronzes and the alkali metal bronzes.



A complete understanding of the structure, properties, and chemiigtre oxide
bronzes is not possible without a similar understanding of the molybderigi®s that
make up an integral part of the oxide bronze structure. Molybdemums ftwo
stoichiometric oxides: molybdenum(VI) oxide, MgOand molybdenum(lV) oxide,
MoO,. Additionally, there are several intermediate oxides of molybdeinuwhich the
molybdenum center has a formal oxidation state with an intermegihte between +4

and +6. These intermediate oxides includey®g MogOs3, M05014, M017047, M04O11.

Molybdenum trioxide is both the typical starting material fegse bronzes and is
also their structural basis. Alpha-molybdenum trioxide has augated layered
structure. It is built up from chains of corner-shared distdvte@; octahedra with Mo-
O distances of 1.94 A, 1.95 A, 1.73 A, 1.67 A, 2.25 A, and 2.33 A. These chains are
joined together by edge sharing to generate layers [6-1I0f individual layers are
connected to each other via van der Waals interactions with emaydr distance of
6.929 A[10]. It is precisely these gaps that are so instrumentakiformation of the
molybdenum bronze materials. The intercalated species {i.&d etc) in the bronze
reside in the gaps between the layers. The overall lamifidoOs; structure is
orthorhombic with unit cell parameters of a = 3.963 A, b = 13.855 A3686 A [11].
Figure 1-1 illustrates the local coordination of the molybdenum atothe distorted
octahedra. Figure 1-2 illustrates the structure of the chaiMo@k octahedra and the

layered structure that they form.



Figure 1-1: “Crystal Structure of Molybdenum Trioxide” (Adapted from Ref. [11])
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Figure 1-2: “Layered Structure (Left Side) Comprised of MpOhains (Right Side)”
(Adapted from Ref. [12])



Beta-molybdenum trioxide is a meta-stable monoclinic form ithatoduced by
heating a spray-dried solution of molybdic acid. The unit cell patens are as follows:
a=7122 A b =5.374 A ¢ = 5565 A [13]. Althoughmolybdenum trioxide is
commercially available, thg-molybdenum trioxide phase must be synthesized by
passing a sodium molybdate solution through a cation exchange colurdnnfille the
hydrogen form of a cation exchange resin to obtain a solution of molgottl. The
molybdic acid solution is then spray-dried using an inlet temperafut80 °C and an
outlet temperature of 80 °C. The resulting powder is dried at 3@0°Ch in oxygen to

obtain the-molybdenum trioxide product.

Hydrogen molybdenum bronzes are a special subset of the ternbydenum
bronzes in which the A position is occupied by hydrogen. Typically éiheyepresented
as HMoOs, with x variable over the range 0 <<x2.0. In actuality, the hydrogen is
attached to an oxygen thus forming an acidic OH resulting in a roomnectly
represented form: MofQ(OH),. Hydrogen molybdenum bronzes were first reported by
Oskar Glemser and coworkers in the 1940's and 1950’s [14-19]. Furtdiesst
determined the existence of four distinct phases of hydrogen maiytrdbronzes that
differed in hydrogen content, color, and crystal structure aloa@ < x< 2.0 range[20].

The compositions and colors of these phases are described as follows.



Type | Hydrogen Molybdenum Bronze

The Type | hydrogen molybdenum bronzes are blue in color and have an orthiarhom
crystal structure. The composition of the Type | bronzes are homogerover the

continuous range of 0.23 <x < 0.4.

Type |l Hydrogen Molybdenum Bronze

The Type Il hydrogen bronze is also blue in color with a moniackrystal structure.

The Type Il bronze hydrogen composition is continuous over the range of 0.85 < x <1.04.

Type |l Hydrogen Molybdenum Bronze

The Type Il hydrogen bronze is red in color and is also monocingtructure. The

hydrogen composition is continuous over the range 1.55 < x < 1.72.

Type IV Hydrogen Molybdenum Bronze

The Type IV hydrogen bronze is green in color and monoclinic uttstre. Unlike the
other three phases, the Type IV bronze has a hydrogen compositton 8f0. This

composition is constant.



Elastic and inelastic neutron diffraction studies suggestthigatocation of the
proton in the molybdenum trioxide matrix varies with the type of br@xamined. In
the case of the orthorhombic (Type I) hydrogen bronze, the prstattached to the
bridging oxygen atoms, while in the monoclinic hydrogen bronzes (Tiypidls and 1V)
the protons are attached to the terminal oxygen atoms [21]. Themeéliffraction data

is consistent with NMR comparison of orthorhombic and monoclinic bronzes [22].

Figure 1-3: “Proton Sites in (a) Orthorhombic and (b) Monoclinic Hydrogen
Molybdenum Bronzes” (Adapted from Ref. [23])

Alkali metal molybdenum bronze structures are somewhat sitoiltrat of the
hydrogen bronzes except that the alkali metal bronzes typisallg monoclinic unit
cells. Also, the molybdenum trioxide matrix layers are negigt charged with the

alkali metals serving as the counterions in the interlayelomedThere are a few



exceptions observed for the lithium molybdenum bronzes). Figure liistrates the

structure of a prototypical alkali metal molybdenum bronze.

(b}

Figure 1-4: “Bonding Sites for Cations in Alkali Metal Bronzes” (Adaptedm Ref.
[24])

Like the hydrogen bronzes, the alkali metal bronzes are fabalsbly their color,
structure, and the alkali metal to molybdenum ratio. Exampleslkaili anetal
molybdenum bronze series include: “blue bronzesp k8005 A = K, Rb and

C5.1dM003), “red bronzes” (A3dMoOs; A = Li, K, Rb, Cs), and “purple bronzes”
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(Ap.oM06O;17; A = Li, Na, K). Of less importance in this study but for teke of
completeness there also exists some three dimensional bronzésamhitsostructural
with the tungsten bronze series (Resructure) [24]; some rare earth two dimensional
bronzes of the form fdVo0O; with A = La, Ce, Eu, Gd, Lu [25, 26]; and thallium

versions of the previously mentioned alkali metal bronzes [27].

One method of determining the type of alkali metal bronze préesémtexamine
the basal spacings between the Md@yers as X-ray powder diffraction. The basal
spacing for the orthorhombic blue hydrogen form of the bronze is 6.929ahle T-1
summarizes the basal spacings for the hydrogen form of theehribrezhydrated alkali
metal forms as well as other bronzes forms of interest. dEt@ was obtained from

bronzes derived from hydrated sodium bronze via ion exchange.

Table 1-1: Basal Spacings for Hydrated Alkali Metal Hydrogen Bronzes of Various
Cation-Types” [28]

Intercalated Cation Basal Spacing, d (A)
H* 6.929
Li* 11.48
Na' 11.41
K* 10.72
Rb" 9.51
Cs 9.83

NH," 9.51
Mg®"* 13.80
ca’ 14.16
Sr? 14.18
Ba™ 13.17
Ni“* 16.68
co 16.76

11



Chemically, hydrogen molybdenum bronzes are reducing agents. Tidarsta
electrode potential for the formation of the Type I, blue orthorhoimainze from Mo@

under standard conditions (Equation 1-1) is 0.47V.

H* + € + (1/X)MoG; = (1/xX) HMoO3 E°=+0.47V[29] (Equation 1-1)

Assuming the average of the range:

H" + € + 3M0oQ; = HM030q E°=+0.47V[29] (Equation 1-2)

This implies that the Type | hydrogen bronze is thermodynalyicapable of
reducing any species which has a standard reduction potenti@rdhea + 0.47 V. The
reducing capacity of the hydrogen molybdenum bronze corresponds &mthent of
hydrogen in the bronze in a one to one relationship [30] such that tieehannbic blue
hydrogen molybdenum bronze,o#M0oO; has a reducing power of 0.28 +/- 0.01

reducing equivalents per molybdenum.

Galvanostatic reduction of a pressed powder MewOrking electrode carried out

in a 0.1 M solution of EBO, with a cathodic current of 200A showed a series of

potential steps at for various hydrogen loadings (Figure 1-5) [28].

12
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Figure 1-5: “Galvanostatic Trace of Cathodic Reduction of Pressed Powders MoO
Working Electrode in a 0.1 N 430O: Solution vs. SCE. Cathodic Current 208.”
(Adapted From Ref. [28])

These potential steps were observed /Maratios of ~0.35, ~0.50, and ~1.75.
These steps do not correspond exactly to the phase transitions inotize Iseries,
however the previously mentioned series were not synthesized tao@arsi conditions.

It is important to note that thé'llo ratio is the same as the H/Mo ratio, or x value for the
hydrogen molybdenum bronze. The determination of #hoe(H/Mo) was carried out
using X-ray powder diffraction by examination of the basal spadiegween the Mo

layers.

Hydrogen molybdenum bronzes patrticipate in a wide variety of reskoctions.
Since the lowest standard electrode potential for the hydrogeizds is +0.47 V they
are thermodynamically capable of reducing any species mitfe positive reduction
potentials. The bronzes can reduce many metal cations to adaidation state or to

the zero valent metal. For example hydrogen bronze is exptxtbd capable of

13



reducing Ag to Ag metal (E° = 0.799) or €0,* to CP* under acidic conditions (E° =
+1.33 V). This property makes hydrogen molybdenum bronzes attractive for appsica

such as the removal of heavy metal cation from groundwater and wastewater.

Molybdenum bronzes are also thermodynamically capable of reduonagy
non-metallic and organic oxidizers such as hydrogen peroxide, organaxides,
chlorates, and nitrate anions, that are used in conventional and imprexjdedives.
Use of alkali metal bronzes for detection and neutralization skthyes of materials

will be discussed in detail in Chapter Ill.

Hydrogen bronzes are strong Bronsted acids with pKa’'s in theasugherrange.
They can undergo acid/base reactions with metal hydroxidesdage metal-substituted

bronzes (e.g. Equation 1-3)

HMo0,0s + NaOH + 2 HO - NaMo,Og-2H,0O (Equation 1-3)
The hydrogen molybdenum bronzes also react with Bronsted basesduEl arganic
amines, heterocyclic bases, and pyridine to form intercalation compaonindkse
protonated bases [28, 31] as shown in Equation 1-4. One example of this is

intercalation product with pyridine, §8sNH)o.3Ho 2M0O:s.

nL + HyMoO3 2 (LH),Hx.n,M0O3 (Equation 1-4)

14



Alkali metal bronzes are also reducing agents that can undergarsistox
chemistry as the hydrogen bronzes. The fundamental differenbe nedox chemistry
of the two sets of bronzes is that the hydrogen form is asidile the alkali metal forms
are not. Accordingly, the alkali metal forms are bettereduib redox chemistry in
neutral and basic media. Galvanostatic data obtained for cathodatioedof pressed

MoO; electrodes to form the sodium, potassium, and cesium forms ofktde raetal

bronzes is presented in Figures 1-6 to 1-8.
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Figure 1-6: “Galvanostatic Trace of Cathodic Reduction of Pressed Powders MoO

Working Electrode in a 0.1 M N&0O, Solution vs. SCE. Cathodic Current 268."
(Adapted from Ref. [28])
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Figure 1-7: “Galvanostatic Trace of Cathodic Reduction of Pressed Powders MoO
Working Electrode in a 0.1 M KRIME Solution vs. SCE. Cathodic Current 208.”
(Adapted fron Ref. [28])
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Figure 1-8: “Galvanostatic Trace of Cathodic Reduction of Pressed Powders MoO
Working Electrode in a 0.1 N €30, Solution vs. SCE. Cathodic Current 508.”
(Adapted from Ref. [28])

All of the molybdenum bronzes also undergo ion exchange, hydration,

dehydration, acid-base, and redox reactions. The scheme showigure A-9

summarizes these reactions.
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A [Mo0,] A (H,0),[Mo0, )" A, Hy[MoO,)

g*
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= z 3.
Figure 1-9: “Common Reactions of Molybdenum Oxide Bronzes” (Adapted from Ref.
[28])

There has been some controversy in the literature regardiragting nature of
sodium molybdenum bronze. One research group [28] obtained a sodium bronzé produc
that was thought to be [Na{B),]\[MoO3] (x = 0.45-0.50) by reduction of MaQwith a
concentrated (1 M) solution of sodium dithionite. They attributed thatian over the
range from 0.45 to 0.50 to be due to “protolysis of the alkali phasé&igdwashing with
water in which the sodium was replaced with protons to give a prod{isia(H.O),]o 5-
nH[M0O3], where n = 0.00-0.05. Another group [32] obtained bronzes with a sodium to
molybdenum ratio over the range of 0.10 to 0.25. They suggestethe¢harmula was
NaHo 5-M003, based on the assumption that the molybdenum must be reduced a formal
oxidation state of 5.5, corresponding to thgsMoOs; member of the hydrogen
molybdenum bronze series. However the argument has been made [33] that tino® asser
might be invalid, since others have [30] claimed that the hydrbgerze actually had a

hydrogen to molybdenum ratio in the range of 0.23 to 0.40.
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One group in particular [33] prepared a sodium molybdenum bronze product

using an extremely inefficient process of using 60 g of soanotybdate dihydrate as a
buffer for the aqueous dithionite reduction of 2 g of molybdenum trioxidey €laimed

that their product had a sodium to molybdenum ratio of 0.25 to 1 based abtiateed

from inductively coupled plasma spectroscopy analysis and clainadthitd product
contained no protons. Their evidence for this assertion was thabrémeze was
synthesized in a pH neutral buffer and upon comparing the thermogravimetric wegyht |
between their dried product and a sample of their product thaptbeynated by soaking

it in hydrochloric acid for 1.5 hours.

Electronic Band Structure of the Molybdenum Bronzes:

The electronic band structure of the molybdenum bronzes can be outiined a
follows. Assuming that the bonding pattern in the bronzes is detetrbyehe local
octahedral geometry of the molybdenum trioxide matrix, the baodtste is made up
from the overlap of the molybdenum 4d, 5s, and 5p orbitals with the splloybrtals of
the six oxygen atoms to yield six bonding and six antibondimgolecular orbitals per
formula unit. Furthermore, the threg orbitals on the molybdenum can overlap with
three of the remaining six p-orbitals on the oxygens to form thisending and three
antibonding orbitals. The remaining three oxygen p-orbitals do not haveeguisite
symmetry to overlap with any of the metal orbitals and tbeeefemain as three non-

bonding p-type orbitals. Since the molybdenum trioxide matrix caengéally be

18



considered an infinite lattice the molecular orbitals broaden intdseesulting in the

band structure illustrated in Figure 1-10. [34]

Considering that Mo@contains 24N electrons per mole (N being defined here as
Avogadro’s number) these 24N electrons can be allocated to tlheb®Nding, the 3N
n-bonding, and 3N non-bonding bands. This leavestthend ¢* bands empty. The
resulting band gap is ~ 3.00 eV for Mg@nd is slightly lower in the case of oxygen
deficient MoQ. Since the HOMO band is the completely filled non bonding paisbit
on the oxygen, reduction of the Me@equires that the additional electrons be placed in

then*-band (MoG LUMO band) producing a metallic conductor.
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Figure 1-10: “Electronic Band Structure of Molybdenum Oxide Bronzes” (Adapted
from Ref. [34])
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Synthesis of Hydrogen Molybdenum Bronzes:

Reduction of Mo@ by Hydrogen Spillover:

Hydrogen spillover synthesis of hydrogen bronzes is typicélgci@d either by
reduction of hydrogen (or deuterium) gas over a platinum surfaeg73%Alternatively,
in the solution phase the reaction of hydrochloric acid with zinclnatabe used to
reduce an aqueous slurry of molybdenum trioxide. In either casedbetively active
hydrogen is first disassociatively chemisorbed on the surfacémeofmetal prior to

reacting with the molybdenum trioxide.

Platinum Spillover

The platinum method involves platinization of the molybdenum trioxide by
combining hexachloroplatinic acid with molybdenum trioxide and then reglutia
hexachloroplatinic acith situto platinum metal in a hydrogen gas stream (Equation 1-5).
After reduction of the platinum the hydrogen adsorbs on the surfatiee gblatinum
(Equation 1-6) and the resulting active atomic hydrogen is usededuce the
molybdenum trioxide to the bronze (Equation 1-7). This reduction caly bastarried

out under mild conditions and under low hydrogen pressure.

H.PtCk(g) + 2 H(g) > PP(s) + 6 HCI(g)  (Equation 1-5)
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Ha(g) + P(s) > 2 H*(surface) (Equation 1-6)

MoOs(s) + x H*(surface)> HMoOs(s) (Equation 1-7)

The ultimate hydrogen molybdenum bronze product obtained by the platinum

catalyzed reaction contains some solid platinum impurities in the product.

Dissolving Metal Reduction [17-19, 30, 38]

The dissolving metal reduction, also known as the zinc/hydrochlorid aci

reduction method, is much simpler and cheaper than the platinum methtakas place

in an agueous phase slurry. In this process a slurry of molybdgimxide and zinc
granules are placed in a reaction vessel with a small amowsatef. Hydrochloric acid

is then slowly dropped into the slurry where it reacts withntieg¢al to provide surface
atomic hydrogen on the zinc. This surface hydrogen undergoagaetions: some of it
serves to reduce the molybdenum trioxide to the hydrogen bronze,oars of it
combines with other atomic hydrogen atoms to forngéks that bubbles out of the slurry.
It is important to note that it is the surface atomic hydragean provides the reduction
and not the dihydrogen by-product. The overall reaction for tmeatoon of the bronze

is given in Equation 1-8.

X HCI + x/2 Zn + MoQ 2> HMo0Os + x/2 ZnC},  (Equation 1-8)
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Provided that sufficient hydrochloric acid is added to dissolve all of the zted m
present the ultimate products of the reaction are the hydraggtbdenum bronze, and a
solution of hydrochloric acid and ZnCfrom which the desired bronze product is easily
removed and purified via filtration and washing. This method can dx tossynthesize
any of the four types of bronzes. The higher hydrogen content bronzegn#resized
by adding more zinc metal and hydrochloric acid to the reactssel or performing

multiple reductions [30, 38].

Chemical Reduction of Mo

Hydrogen molybdenum bronzes (and other transition metal bronzespecan
synthesized by chemical reduction in an acidic media. Any nuofbeducing agents
may be used and include sodium dithionite [39, 40], alcohols, and glycols [41lt42]
suggested that any reducing agent with E° < 0.34 V should beieniffim reduce

molybdenum trioxide for synthesis of the bronze.

MoOs; + X H' + x € & HyMo0O3 (Equation 1-9)

The electrochemical reduction method is extremely dependent onnpH a

concentration of cations, such as*NK", etc., in the system. By varying these, it is

possible to synthesize the hydrogen form of the bronze, the alkall foeh or a mixed

alkali metal/proton bronze.
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Hydrothermal Comproportionation: [43]

Hydrogen molybdenum bronzes can also be produced hydrothermally by
comproportionation. Comproportionation is a redox reaction in which twdardgac
containing the same atom in differing oxidation states reaédrin a product with an
intermediate oxidation state. In this reaction molybdenum metal reacts alithdanum

trioxide in the presence of water to form the hydrogen bronze (Equation 1-10).

x/(6-x) Mo® + MoO; + (3x)/(6-x) HO = 6/(6-x) HMoO; (Equation 1-10)

lon-Exchange [28, 44, 45]:

Hydrogen bronzes can be produced by ion exchange of hydrated alkali me

bronzes with protons from an acidic solution(Equation 1-11).

Ay (H20),[MoOz}* + x H" > HM00; (Equation 1-11)

In many cases, the resulting hydrogen bronze retainsi@wse very similar to the alkali

metal bronze from which it was derived.
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Other Methods:

Hydrogen molybdenum bronzes have been produced by cathodic reduction of
MoO; electrodes in acidic solution [28, 46]. In this process, a cathoenmed from
pressed Mo@ powder. The resulting electrode is placed into an acidic soland
current is passed through the solution, resulting in the formatfothe hydrogen

molybdenum bronze at the cathode.

Synthesis of Alkali Metal Bronzes:

Hydrothermal Synthesis:

Blue (Ko30M003) and red (K33VioOsz) potassium molybdenum bronzes have

been produced by multiple hydrothermal methods. One of these mettaot$s with

single phase hydrogen molybdenum bronzes of H/Mo values of 0.25, 0.28, and 0.31[47].
In a typical synthesis, 0.009 moles of hydrogen bronze was placadb0 ml Teflon
coated autoclave reactor with 30 ml of 0.9 M KCI and stirred magtigtio suspend the
bronze. The reactor was then placed in a forced air convection bv&3ha K for 30
hours. The resulting powder was filtered, dried, ground with a man@rpestle, and
washed multiple times with distilled water and centrifuged. Esealting products were
examined by X-ray diffraction. They were found to depend on the HA#o of the
hydrogen bronze starting material. H/Mo values of 0.25 and 0.28 resultéak i

formation of blue potassium bronze phase while the product formed frohydnegen
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bronze with a H/Mo value of 0.31 resulted in formation of a red potasBronze phase
as determined by X-ray diffraction (Figure 1-11) [47]. A cutdfMo value of ~0.30
was found to exist above which the red bronze is produced and below whiblu¢he
bronze is produced [48]. It is important to note that the productsebtan this reaction
contained a large amount of molybdenum trioxide, which was found to be foluneetd
oxidation of the material by air in the autoclave, since products reaction vessels

prepared under nitrogen did not contain molybdenum trioxide.

: ;wmbgﬂm (a) /Mo = 0.31

é blue bronze ikiHMo =10.28
g N MUQ

!
a _____,.llhl 'F \ j‘uljl M ww

blue bronze (c)H/Mo =0.25
7 Moy
10 20

30 40 50 60

Two Theta / Degrees

Figure 1-11: “X-Ray Diffraction Patterns of Potassium Bronze Products i@édiafrom
Hydrogen Bronze Starting Materials with H/Mo Values of @a31, (b) 0.28, and (c)
0.25.” (Adapted from Ref. [47])

The blue bronze is thought to be formed by an initial topotactiatioseof
hydrated potassium cations into the hydrogen molybdenum bronze to foyarated

mixed potassium/hydrogen bronze. The hydrated mixed bronze idietmehen
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undergoes a structural rearrangement resulting in the formatiamnoh-hydrated blue
bronze k.gMo00Os. This seems to be supported by X-ray diffraction data obtained at

various points along the reaction coordinate [47] as well as solution caloruhaddrj49].

The X-ray diffraction data shows the formation of an unknown intermediate phase
that has a peak similar to the (020) reflection peak of hydlf@déassium bronze, and is
present at 18 hours into the reaction but is not detectable afteou86. Figure 1-12
illustrates the presence and disappearance of this intermedia¢eflowchart in Figure
1-13 graphically illustrated the proposed scheme as well asatbeneetric heat flows

associated with the reaction.
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Figure 1-12: “X-Ray Diffraction Patterns of the Reaction Product at Masi Points
Along the Reaction Coordinate” (a) 30 hours, (b) 27 hours, (c) 24 hoursdpi@ (
hours. The black triangle denotes the unknown intermediate, the white d@notes the
starting hydrogen bronze material, the black circle denote$ltiee potassium bronze

product.” (Adapted from Ref. [47])

27



AH=+33klmol!
Energy is needed

for insertion of
o hvdrated K ions AN
D R G o o
: , @ | YN
N - ® X
NZNE L
2] ( b )hydrated Mo-bronze

b AH = -41kJmol!
() H. ..MoO Energy released
a ) Hp,gVIoU,

for structure
rearrangement

-0~ available proton site
O © alkali metal ion
€ water molecule

( ¢ )blue K ,,MoO,
Figure 1-13: “A Proposed Reaction Scheme, Structural Rearrangement andrleieat
Associated with the Formation of the Blue Potassium BrongedMo0Os.” (Adapted
from Ref. [49])

The following SEM micrographs in Figure 1-14 shows the startirgenal
Ho2dVI0O3 at t = 0, the intermediate hydrated compound at t = 18 hours and 24 hours, and

the blue potassium bronze product at t = 30 hours, respectively.
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Figure 1-14: “SEM micrographs (a) &bgV0oO; starting material, (b) product at t = 18
hours, (c) hydrated bronze intermediate, (d) product at t = 24,h@)rd .gMoO; end
product.” (Adapted from Ref. [47])
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Based on the foregoing data it is suggested that the ainyorethermal reaction
of the H2dVI0O3; bronze with aqueous KCI results in a net one to one replacemttret of
hydrogen with potassium to form the anhydrous blue potassium bronzejendhere is
a poorly defined hydrated, intermediate bronze containing both hydroggotssium,

suggesting a reaction mechanism of the form summarized in Equation 1-12.

Ho2gM00; + 0.28 K = hydrated intermediat® Kq2gVioOs + 0.28 H (Equation 1-12)

The hydrothermal formation of the single phase red bronzeM¢©O; was carried out
by heating of H3dVIoOs; under similar conditions as that for the synthesis of the blue
bronze. The identity of the product was determined by comparison &fténe pattern

of the product with that of a pattern calculated from literature (Figds’s)1-

(b)

XRD Intensity

-

10 20 30 40 50 60

two theta / degrees
Figure 1-15: “Comparison of the X-Ray Diffraction Pattern of the Red Potassi
Bronze Product (a) with a Pattern Calculated from Literatuat fb).” (Adapted from
Ref. [48])
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The proposed mechanism of the formation of the red potassium bronze is different
than that of the blue potassium bronze. It is suggested by treduree [48] that the
hydrogen bronze initially forms a hydrated mixed potassium hydrbgerze, similar to
that in the case of the blue bronze. However it is suggested that this phase desdampos
a mixture of molybdenum trioxide and molybdenum dioxide from whichupmebly the
red bronze eventually forms, by some type of molybdenum compropoidiomaaction
in which the Mo(VI) and Mo(lV) react to form centers with amermediate oxidation
state of 5.67. There is some rather weak evidence supporting isaw diffraction
data obtained along various points along the reaction coordinate shownetgthe
literature suggested was the formation and disappearance of molgbdeoxide and
molybdenum dioxide, see Figure 1-16. Additionally, the literature stepekat the
larger crystallite dimensions of theokMoOs; product compared to the sfM0O3
starting material, see Figure 1-17, was attributable to the pgrapowing out of the
hydrothermal solution from the molybdenum trioxide/dioxide mixture By
dissolution/deposition process. It is much more likely that the lmdelyum trioxide
disproportionates into a water soluble compound which goes on to reafranthe

product.
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XRD Intensity

10 20 30 40
two theta / degrees

Figure 1-16: “X-Ray Diffraction Pattern as a Function of Reaction Coordifiatehe
Hydrothermal Synthesis of the Red Potassium BronzgMoOs.” (a) 0 hours, (b) 5
hours, (c) 13 hours, (d) 15 hours, (e) 15.5 hours, (f) 16 hours, (g) 17 hours, (h) 18 hours
The white square denotes the hydrogen bronze starting matbeablack triangle
denotes the hydrated intermediate, the white triangle denotes malybdeoxide, the

cross denotes molybdenum dioxide, the white circle denotes a blussipotabronze
species, and the black circle denotes the red potassium bronzesspggiVioOs.”

(Adapted from Ref. [48])
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Figure 1-17: “SEM Mlcrograph of (a) the dj‘bd\/l003 Starting Material and (b) the
Ko.33VI0O3 Red Potassium Bronze Product.” (Adapted from Ref. [48])

Electrolytic Reduction of Molybdate-Molybdenum Trioxide Melts

Single crystals of the sodium and potassium forms of the molybdéenomzes
have been produced by electrolytic reduction of molten mixturesbfbdenum trioxide
and the molybdate salt of the desired alkali metal bronze. Xaonmge Wold et al [50],
produced single crystals of sodium and potassium molybdenum bronzesn&tisnof
sodium molybdate-molybdenum trioxide and potassium molybdate-molybdenum
trioxide, respectively, at a temperature of around 550 °C. Sims#a&tions carried out at
675°C yielded molybdenum dioxide, M@O The reaction was carried out using the

apparatus in Figure 1-18.
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Figure 1-18: “Apparatus for Synthesis of Alkali M-étal Bronzes via Elelgttic
Reduction of Molten Molybdate/Molybdenum Trioxide” (Adapted from Ref. [50])

Other investigators have used similar methods to produce alkali bretaes
[51-58]. For example, Bouchart al [51] preferentially synthesized crystals of either
the red potassium bronze or the blue potassium bronze by electalgsimelt of 3.15
MoOs:1 Ko;MoO,. The product obtained depended on the temperature of the melt. Blue
crystals were obtained at T = 550 °C, and red crystals werenebitat T = 570 °C.
Mumme and Watts [52], used a similar method to synthesigg/@sO; from a melt of

CsMoG; and MoQ at 530 °C.
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Temperature Gradient Flux Technique:

The temperature gradient flux method [57-61] involves chargingss gube with
a pelletized mixture consisting of the molybdate of the deslkadi aetal, molybdenum
trioxide, and molybdenum dioxide. The mixture ratios are definedhdgtbichiometry

shown in Equation 1-13.

n AoMoQOy + (1-2n) MoQ + n MoQ, =2 2 A,MoO3 (Equation 1-13)

The sealed reaction tube is then placed in a two zone furnace in thiki¢cold
zone” is approximately 50 °C colder than the “hot zone”, thus settirg tempperature
gradient in the furnace. The reaction tube is placed alongrddgegt, with the charged
end in the hot zone and the other end in the cold zone. The respective terapénahe
oven are adjusted such that the reagents melt in the charged sigke c8/stal bronzes
grow in the melt while other bronze products grow along the gradidnte that this

method may also be used to grow large single crystals o, MDOMQO; ;.

Chemical Reduction

Synthesis of the alkali metal bronzes may be carried outdugirey a suspension
of molybdenum trioxide in a neutral pH agueous solution of the desired alkédl
cation. Typically sodium dithionite, N&0,, is used as the reducing agent when the

sodium form of the bronze is desired, thus providing both the reducing powethe
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source of Naion. This generates a hydrated bronze product according tedhetion

half reaction in Equation 1-14.

X A"+ x € + y HO + MoG; > A"(H,0),[MoO3]* (Equation 1-14)

In the case of the sodium bronze the analytical value for the Na/Mo ratio was ~ 0.45 —

0.50.

Cathodic Reduction of MogfElectrode in Alkali Metal Cation Solution [28]

Production of the alkali metal bronzes by cathodic reduction issherilar to the
synthesis of the hydrogen bronzes by the same method, however as¢hef ¢he alkali
metal bronzes, an alkali metal cation solution is used in lieu chdlte Typically the
sulfate salt is used. One important consideration is the pH gbthgon since if it is too

low formation of a mixed alkali metal/hydrogen bronze is likely.

High Temperature-High Pressure Synthesis

Two phases of sodium molybdenum bronze were produced under high
temperature and high pressure conditions [59]. Sodium molybdate dihydaste
annealed in a diamond anvil cell at a pressure of 5.7 to 6 MPa tangharature of 1100
to 1273 K for 45-55 s. The resulting annealed product was dissolekioinzed water,

heated to near boiling, filtered and recrystalized. The solidgtata was then heated in
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a muffle furnace at 600 K for 24 hours and dried in a vacuum detssicCEhe resulting
product contained two phases of the sodium bronzgyidlas. The first phase was a
brown-red cubic phase with 0.33 < x < 0.92 and a micron scale dtgssatke (Figure 1-
19). The second phase was a fluffy gray nanocrystaline phaséWgh< x < 0.08

(Figure 1-20). The following micrographs illustrate each of the products.

& 57 mkm

Figure 1-19: “SEM Micrograph of NagdVloO3; Micron Scale Crystals” (Adapted from
Ref. [59])
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Figure 1-20: “TEM Micrograph of Na o3.00M003; Nanoparticles” (Adapted from Ref.
[59])

Applications of the Molybdenum Bronzes

Reduction and Removal of Heavy Metal Cations from Groundwater

The hydrogen molybdenum bronzes have been shown to efficiently resomee
heavy metals, including radioactive elements, by reduction, frorcagusystems [42].
For example, bronze materials have been shown to be effectivenavirgy uranyl ion,

UO,**, thorium(1V), lead(ll), and neodymium(lll). The uptake capacities these
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cations are summarized in Table 1-2. It was found that the peoduete metal

molybdate salts and, presumably, redox processes do not play a part in thesesreacti

Table 1-2: “Hydrogen Molybdenum Bronze Uptake Capacities for Various Metal
Cations from Aqueous Solutions”

Metal Absorbed Uptake capacity (mol metal/mol bronze)
Uranium(Il) ~1.5
Thorium(1V) 1.1
Lead(ll) 1.5
Neodymium(Il) 1.24

It is suggested that hydrogen molybdenum bronze materials couldakin
permeable reactive barriers for the purpose of removing heavy catans from
groundwater. Permeable reactive barriers can be thought ah asmderground wall
consisting of a material which is both permeable to groundwater dloavchemically
reactive with the target contaminant. In operation the bagiptaces in the path of an
underground contaminant plume. The plume then flows through the barriehand t

contaminant is reacted away.

Colorimetric Reagents

It is evident from the fact that the molybdenum bronze matesi@sintensely
colored in the reduced state and yellow in the oxidized statehtes materials could be
used as a colorimetric reagent for the detection of various spiecweater such as free
chlorine, free bromine, iodine, and oxyanions of halogens such as hypoclluotége,

chlorate, and perchlorate.
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Electrochromic Devices

The yellow to blue color change associated with the reductiveafmmmof the
molybdenum bronze species from the molybdenum trioxide and the reverse col
response upon oxidization of the bronze to the oxide, lends itselftovéiie use in
electrochromic devices such as displays and “smart windows’ctréttromic devices
are optical materials which change their light transmaga(or absorbance) properties in
response to an electrical stimulus. One application of electnmebhirdevices is “smart
windows” which are windows which change from transparent to translwdeen a

voltage is applied. Additionally, similar technology is used to create@héctisplays.

The choice of transition metal oxides, such as molybdenum triaxideungsten
trioxide, and their bronzes for these devices is a good one for a nomteaisons [60].
First, since they are large-band-gap semiconductors, their itms &re essentially
transparent. Secondly, their non-stoichiometric bronzes are intesdehgd. Thirdly,
the transitions between the oxide and bronze phases are redorn®dbat can be
initiated in either direction by a voltage bias. Fourthly, gasy to form thin-films of the
oxides using a number of deposition methods including evaporative me@@ydsafgio-
frequency (RF) sputtering, chemical vapor deposition (CVD), asxtredeposition [61].
Finally, the readily-formed hydrates of these oxide films strong proton conductors

allowing electron and proton injection resulting in a strong visibleratisn band. For
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these reasons, several groups have been specifically interestesihg molybdenum

bronzes for these types of applications [61, 62].

Co-Catalytic Hydrogen Molybdenum Bronze-Platinum Oxidation of Organics

Hydrogen bronzes have been shown to improve the catalytic oxiddtiemall
organic molecules by platinum metal [66-68]. For example, in @igpMm-polyaniline-
hydrogen molybdenum bronze catalytic system [63] the presenhe bfdnze increases
the oxidation rate of formaldehyde, methanol, and formic acidighca@,SO,) solution.
The proposed mechanism for the action of the bronze is thatekeaates the oxidation
and subsequent removal of the adsorbed intermediates on the stitfaeglatinum by
taking up hydrogen upon reduction of the adsorbed intermediate and sulblseque
releasing the excess electrons and protons upon re-dissolution aidilsesalution in the

form of the polymolybdate [64], as shown in the following scheme.

WPt-[HMO0O3]ags > WPt-[HM0Os]ags + W(X-Y) € + W(X-y) H'
Scheme 1-1: “Role of hydrogen bronze as promoter in platinum catalyzed oardafi

polyaniline”

Other Applications:

Numerous other applications include the use of molybdenum bronze containing

materials in the detection and chemical neutralization of expksineluding nitro
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aromatics; improvised explosives, such as triacetone triperoxice; improvised
explosive precursors, such as hydrogen and organic peroxides and pesshlorat
Additionally, the hydrogen form of the bronze is a two dimensior@bprconductor and

lends itself well to fuel cell and battery applications.

CONCLUSION

The structure and properties of the molybdenum oxide bronzes, varidusdsiet
for their synthesis, and their numerous possible applications haveliseassed in detail
in this chapter in order to acquaint the reader with the thaseriads. These bronzes are
partially reduced non-stoichiometric transition metal oxidertiese compounds have a
rich chemistry and a myriad of applications made possible lydbal nature as a wide
band gap semiconductor in their oxidized state and as a metatiguctor in their
reduced state, with such starkly different properties such as$riedd conductivity,

metallic luster, and bright color which lend them well to applications as sensors

Their layered structure and their ability to both reduce oxidantsrdextalate

cations lend them very well to applications as a both a reducimg age an absorbent.

Furthermore, their cyclic redox nature lends them well to catalyticcapiphs.
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CHAPTER II

SYNTHESIS AND CHARACTERIZATION OF MOLYBDENUM OXIDE

BRONZES

INTRODUCTION

Molybdenum oxide bronzes can be synthesized by a wide variety bbdseas
discussed in the previous chapter. Of particular interest are tewgerature aqueous

phase synthetic methods for obtaining the alkali metal bronzes, such as sodium bronze.

The objective of this study was to examine and develop low-temperatlution
phase chemistry to enable high yield synthesis of the hydrogkesaium forms of the
bronzes. This study examined the synthesis and characterizatidmydobgen
molybdenum bronzes via the zinc-hydrochloric acid method as angtabint, to
determine its formula and reducing properties, as well as to ageeelreproducible
synthetic method for a hydrogen bronze with known properties. Thisesecially
important considering the many phases of hydrogen bronzes ibatasxdescribed in

Chapter |I.
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Synthesis of hydrogen and sodium bronzes by dithionite reduction wagmegam
and the effects of pH, dithionite ratio, and buffer ratio on yield amdposition of the
product was examined systematically. Ultimately resultmghe development of an
ethanolic process that consistently produced the sodium form of theetmban 80+%
yield. The formula and reducing characteristics of this bramag then determined.
Also characterization methodologies were developed for the purposteomehing the

number of reducing equivalents in the products obtained.

EXPERIMENTAL

All reagents were commercial products, ACS Grade or beti@érwere used without

further purification.

Synthesis of Proton Bronze by Dissolving Metal Reduction

The proton bronze was synthesizedimitu reduction of MoQ with nascent hydrogen
produced by the reaction of zinc metal and hydrochloric acid asluksden Equations 2-

1 and 2-2. It is important to note that while dhs is produced in this reaction, it is not
the active reducing agent, but an unreacted byproduct of the reatheneducing agent

was atomic hydrogen.

H" @y + Zts) > Hatomic) (Equation 2-1)
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XHatomic)+ M0O; 2 HM0Os (Equation 2-2)

As previously mentioned, there are several different phases bfdhee possible
depending upon the extent of the reduction. For this reason it is passgyethesize
the lower air-stable bronzes as well as the higher bronzes.etdowhe higher bronzes
will immediately oxidize in the presence of oxygen to form thatable bronzes. In this
study the zinc and hydrochloric acid were added in sufficientsexgeantities to ensure,
first, that the reducing equivalents were sufficient to redheeMoQ into the highest
air-stable form. (this was done by deliberately reactingMio®; to a higher, more
reduced, form and allowing it to oxidize “down” to the highest #able form) and
secondly that the zinc metal was completely dissolved by thesach that no zinc metal

remained at the end of the reaction.

Initially 30.0 g (0.208 moles) of molybdenum trioxide were placed in a 250 m
three-neck flask containing 56.80 g of zinc metal and a magnebarst A sufficient
amount of water (5-10 ml) was added to form a slurry and allownatigstirring. The
flask was then placed in a room temperature water bath todpravheat sink for the
exothermic reaction of the hydrochloric acid with the zinc. rép@ing funnel containing
200 ml of concentrated hydrochloric acid was fitted into theecerdck; one of the other
necks was plugged with a glass stopper and a bleed-off valve esenpin the third

neck leading to a paraffin bubbler.
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The hydrochloric acid was added to the reaction via the droppinglfahaeaate
of approximately one drop per second. Evidence of the reaction wasliatenwith the
yellow MoG; slurry turning purple in color and hydrogen gas being evolved and removed
through the bubbler. It was important to add the acid slowly asdhidion is both

exothermic and evolves hydrogen gas, which is explosive.

The reaction mixture was allowed to react overnight in order torert®mplete
reaction of the zinc metal in the system. The initially fafrpeoduct was greenish-gold
in color but it slowly transformed to a red violet color and finatlya dark blue color. It
was found that attempts to filter the more reduced bronzes useditg klogging of the
sintered glass frit, so the reaction mixture was allowed tdizexifor at least 12 hours in
water by exposure to air after the initial removal of thieafie. Once the blue color was
obtained, the solid was further washed with water (3 times 300nehljvas then dried in
vacuo. The vyield of the hydrogen bronze product was 28.77 g (95.58%). Thenrees
loss of product due to the slight solubility of the bronze in thedgydoric acid solution.
There may also have been some loss of nanoparticulate prodwatieésced by a blue

coloration in the wash water.

Synthesis of Proton Bronze by Reduction of Molybdenum Trioxidewith Sodium

Dithionite

The hydrogen molybdenum bronze was synthesized by the reductiosodium

dithionite in a non-buffered aqueous system. The reaction is sunechariEquations 2-
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3 through 2-5.

Reduction: 2 Mo@+ H" + 2 € > 2 HysM00Os (Equation 2-3)
Oxidation: SO, +4HO0 > 2SQ* +8H +6¢ (Equation 2-4)

6 MoO; + S04 + 4 O > 2 HysMoOs + 2 SQ* + 5 H' (Equation 2-5)

Ten grams (0.0695 moles) of molybdenum trioxide were suspended in 125 ml of
deionized water and continuously stirred to form a slurry. Aragpaodium dithionite
solution was prepared by dissolving 0.278 moles ofSp, in 125 ml of deionized
water. The dithionite solution was added to the MelDrry to initiate the reaction. The
reaction was evidenced by a change in color of the reactioy &lom yellow to purple.

The reaction was allowed to proceed for three days to ensure cemgaetion. The as-
prepared product was subsequently vacuum filtered through a findrgléiter, washed
with water until the filtrate ran clear and vacuum dried. Theopkhe filtrate was 2.5.

The overall mass of the recovered product was 8.84 g.

Synthesis of the Sodium Molybdenum Bronze via Dithionite 8duction in Aqueous

Media

In general, the bronze products were prepared by reactiotos of sodium
dithionite and sodium bicarbonate with a slurry of molybdenum trioxidpended in an
agueous solution of sodium bicarbonate. Initially, the solution of sodiumbbitate

was prepared and split into two equal volumes. In the first solutmiybdenum
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trioxide was suspended by magnetic stirring in a round bottom fl&skium dithionite
was dissolved into the second volume of sodium bicarbonate solution. Tlenitathi
containing solution was then placed into a dropping funnel and added tolytenum
trioxide slurry at a rate of 1 to 2 drops per second. Upon addificgheodithionite
solution the reaction immediately took place as evidenced by aa@age from yellow
to dark blue-black. However the reaction was allowed to proceedighieto ensure
that the reaction had reached completion. The solid reaction prodadhen removed
from the reaction mixture by vacuum filtration and rinsed 5 timigls 200 ml of water.

The resulting product was vacuum dried and collected.

For each of these reactions, there were three factors thatwasged at three
different levels. These factors were: the total volume ofstileent, the dithionite to
molybdenum trioxide ratio, and the sodium bicarbonate to dithionite ratie Iévels
examined for the volume were 150, 300, and 450 ml. The sodium dithionite to
molybdenum trioxide ratio levels were 0.107 to 1, 0.214 to 1, and 0.320 to 1. The
sodium bicarbonate to sodium dithionite ratios examined were 0 to 1, 4.@nd 9,4 to

1.

For each of these experiments the mass of the solid producinah@H of the
reaction filtrate, and the percent sodium composition of the productexamined as a

function of these factors.
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Synthesis of the Sodium Molybdenum Bronze via Dithionite Riuction in Ethanolic

Media

Two ethanolic solutions were examined initially: 35%0-65% ethanol, and
50% HO-50% ethanol. Both solutions were successful for carrying hmutréaction
between sodium dithionite and molybdenum trioxide. @ However slightlyerbet

dissolution of the dithionite was possible with the 35%/65% mixture.

The sodium bronze was prepared by dissolving 1.779 g of the 85.4% purity
dithionite in 2000 ml of the pD:ethanol with magnetic stirring. When the dithionite was
dissolved, 10.007g of MofOwas added to the stirred solution via a wide spout funnel.
Upon addition of the Mo®the slurry slowly turned from yellow to purple over several
hours. The reaction was allowed to proceed for two days in order woeertmmplete
reaction. The resulting product was then vacuum filtered and wastiedrwethanolic
solution of identical composition as the reaction media and vacuum driegbm
temperature. The mass of the product was 8.64 g for the 35:65 solvéatemix he

mass of product recovered for the 50:50 solvent mixture was 8.54 g.

Assay of the Purity of the Sodium Dithionite via lodometric Titration

For these experiments the sodium dithionite used was technical §fado. As

the dithionite purity tends to decrease over time due to decompdsitsmaium sulfate it

was necessary to assay the dithionite prior to use. The assthpd chosen was an
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iodometric method and is described in detail. In the overall proceassple of sodium
dithionite, NaS,0,, was fixed with excess formaldehyde to form the stable sodium

formaldehyde sulfoxylate as shown in Equation 2-6.

NaS,04 + 2CHO + H,O 2 NaHSQ-CH,O + NaHSQ-CH,O (Equation 2-6)

The sodium formaldehyde sulfoxylate compound was then oxidized by

“solublized b” (triiodide, I3) to form sodium bisulfate, NaHS@nd hydrogen iodide, Hl,

as shown in Equation 2-7.

NaHSQ:-CH,O + 2 b + 2 HO - NaHSQ + CHO + 4HI (Equation 2-7)

Once the amount of triiodide required to titrate the solution wasndigied, the amount

of dithionite present was calculated.

Three solutions were prepared for this method, including a standamtk iodi

solution, a formaldehyde fixing solution and an acetic acid solution.

Preparation of the Standard lodine Solution:

The standard iodine solution was prepared on a 2000 ml scale by disSfivimg
40 g of potassium iodide, Kl, in 600 ml of deionized water. Then 25.6 tg &b

elemental iodine,;] was ground with a mortar and pestle and dissolved in the potassium
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iodide solution. Upon dissolution of the iodine, the entire solution wasefiltdarough a
glass funnel plugged with glass wool in order to remove any insahoderial from the
solution. The glass funnel and glass wool was then rinsed with delom&er into the
filtered solution until all of the red solution was removed. Fin#lly volume of the

filtered solution was brought up to 2000 ml total volume with deionized water.

The prepared iodine solution was then standardized with sodium thiosidiate
the following procedure. First, 50 ml of 0.1013 N sodium thiosulfate sterstdution
was pipetted into a 125 ml Erlenmeyer flask, placed on the ste-pfaa Schott Digital
Buret and magnetically stirred. The thiosulfate was thenddraith the iodine solution
to a point near the expected endpoint. Then 1-2 ml of 1% starch imdscdution was
added to the titrated solution and the solution was titrated to the endp@wutdenced by

the starch indicator.

Preparation of the Formaldehyde Solution:

The formaldehyde fixing solution was prepared by dissolving 350 ml ofv@7.0
% formaldehyde in 500 ml of water resulting in 850 ml of fixingusoh. The pH of the
formaldehyde solution was adjusted within the range of 8 to 9 byi@udif sodium

carbonate. Eighty five milliliters of this solution will fix up to 8 g of dithienit

The adjustment of the pH is extremely important to the suedemsicome of this

measurement, because if the pH is too high the triiodide witk ngsth oxygen in the
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solution as well as the dithionite resulting in a large overesiom of the dithionite
content. It is important to note that the literature suggestedf 3gdium carbonate per
850 ml volume of formaldehyde solution, however this resulted in a pH of didla
greatly erroneous measure of the dithionite content in excess of 110%s determined
that 0.335 g of sodium carbonate results in a pH of 8.1 to 8.3 for an 850 ml \aftimee

fixing solution.

Preparation of the Acetic Acid Solution:

A 20 wt % acetic acid solution was prepared by diluting glassatic acid with

water in a 1:4 glacial acetic acid:water w/w ratio.

Fixation of Dithionite:

The dithionite was fixed by the following procedure. First, 7b ah the
formaldehyde solution was transferred to a 500 ml volumetric flagkg a long-stem
funnel in order to avoid splashing of the solution onto the neck of the flask. A second dry
long-stem funnel was used to transfer up to 8 g of sodium dithionite¢hiatflask. Then
10 ml of the formaldehyde solution poured through the second funnel in ordeseo
any remaining dithionite into the volumetric flask. Both funnelsew@nsed into the
volumetric flask with deionized water, and then the volume of the solutsnadjusted

to 500 ml.
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Titration of the Dithionite Solution:

The titration of the dithionite solution was carried out by firgiegting 10 ml of
the fixed dithionite solution into a 250 ml beaker and then adding 90 mliafized
water and 5 ml of 20% acetic acid solution. The beaker was meahestirred on the
stir-plate of the digital buret and titrated to near the endpothttwe standardized iodine
solution. Once the endpoint was approached, 1-2 ml of 1% starch andiceg added to

the beaker and the solution was titrated to the endpoint.

Determination of the Molar Reducing Equivalents of the Bronze Products

Determination of the number of reducing equivalents was carriedyouivo
independent methods: The reduction of chromate to chromium(lll) aneédbetion of

iodine solution (triiodide).

Determination of the reducing equivalents via chromate reductiortavaed out
by reacting a known amount of the bronze products with an excess afipota
dichromate solution. The initial and final concentrations were mated by UV-Visible
absorption using a Cary 50 UV-visible spectrophotometer. A known soloti®r970
mM concentration in chromium(VI) ion was initially prepareddigsolving 0.2939 g of
potassium dichromate in 200.140 g of water. The absorbance of thi®salats then
determined at 440 nm in a 1 cm path length cuvette. The resulisaybance was

determined to be 2.2773. By application of Beer's Law, the extinctiofficteet was
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determined to be 228.4 ¢l ™ at 440 nm. Known amounts of the bronzes were placed
into scintillating vials and reacted with ~20 g of the dichromatetieon for ~29 h. The

solutions were then filtered using a 0.45 micron polypropylene syringe filter.

The reaction of the bronze with the chromium(VI) of the dichromaltgien is a
three-electron process. That is, for every mole of chromium@{éguced to
chromium(lll), three molar reducing equivalents were required.reftie, by knowing
the initial and final concentrations of the chromium(V1) in the sotuand assuming that
all of the reducing equivalents come from the bronze, and thatahedowas completely
oxidized, it was possible to determine the number of molar redecjoiyalents in the

bronze.

Triplicate reactions were run for both the hydrogen molybdenum bronzthend

sodium molybdenum bronzes in order to determine the error in the experiride

experiments are summarized in Table 2-1.
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Table 2-1: “Data from Determination of Bronze Molar Reducing Equivalents by
Reduction of Dichromate”

Type of mg of | g of Dichromate Initial [Cr®"] | Final [C*] | Reducing
Bronze Bronze solution Equivalents
per mole
Bronze
Hydrogen 447 20.0319 9.970 mM 7.461 mM 0.487
Hydrogen 45.7 20.0020 9.970 mM 7.789 mM 0.414
Hydrogen 41.2 20.0006 9.970 mM 7.753 mM 0.466
Sodium 76.3 20.0138 9.970 mM 8.186 mi 0.226§
Sodium 75.3 20.0010 9.970 mM 8.224 mM 0.224
Sodium 71.6 20.0184 9.970 mM 8.189 mi 0.239
Control 0 20.0037 9.970 mM 9.924 mM --

The reducing capacity of the hydrogen bronze was determined to be 0.456 +
0.038 equivalents per mole. Likewise, the reducing equivalents foothens bronze

was determined to be 0.230 = 0.008 equivalents per mole.

Reducing equivalent determination via triiodide reduction was caougdn a
similar way as in the chromate method. Scintillation viasexcharged with ~100 mg of
hydrogen molybdenum bronze or ~200 mg of sodium molybdenum bronze. Then 20.00
g of iodine solution (H] = 0.05000 £ 0.00025 M) was added to each vial and agitated for
48 h. The contents were then filtered through 0.45 micron PTFE syiitege using a

10 ml syringe.

An extinction coefficient was determined for the iodine solution t8@%46 crit
M™ at 490.0 nm by measuring the absorbance of the 0.05000 M standard iodiiwa sol
in a 0.1 cm path length quartz cuvette. As an alternate methodbeaibah curve of

concentration vs. absorbance was created using iodine concentrations of 0.01249,
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0.02499, 0.03753, and 0.05000 M resulting in the following relationship in Equation 2-8

and Figure 2-1. Inherent in the calibration curve was the 0.1 tttepgth and 490 nm

wavelength.
Absorbance vs Concentration for lodine Solution
@ 490 nm, 0.1 cm Path Length
0.06

= 0.05 - y = 2.67E-02x + 1.52E-03

N’ 2 — -

= 0.04 | R* = 9.99E-01

€ 0.03 -

[y

S 0.02 -

[y

()

O 0.01 -

O T T T T T T T
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
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Figure 2-1: “Calibration Curve of Concentration vs. Absorbance for lodine Solution”
Conc. (M) = 0.0267(Absorbance) + 0.00152 M;=R0.9985 (Equation 2-8)
Triplicate reactions were run for both the hydrogen molybdenum bronzthend
sodium molybdenum bronzes in order to determine the error in the erpérinihe

concentrations were calculated using the calibration curve and adjostthe control

concentration. The experiments are summarized in Table 2-2.
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Table 2-2: "Data from Determination of Bronze Molar Reducing Equivalents by
Reduction of lodine”

Type of | Amount of Amount of Initial [12], | Final [l], Reducing
Bronze Bronze | lodine Solution (M) (M) Equivalents per
(mg) (9) mole Bronze
(Control
Adjusted)
Hydrogen 101.3 20.0182 0.05000 0.03916 0.582
(Zn/HCI)
Hydrogen 101.7 20.0052 0.05000 0.03945 0.562
(Zn/HCI)
Hydrogen 101.3 20.0114 0.05000 0.03884 0.599
(Zn/HCI)
Sodium 198.9 20.0250 0.05000 0.04231
(Ethanaolic) 0.228
Sodium 201.4 20.0012 0.05000 0.04182 0.241
(Ethanolic)
Sodium 203.8 20.0209 0.05000 0.04124 0.256
(Ethanaolic)
Control 0 20.0104 0.05000 0.04934 --

The resulting data suggested average values for the molamgdquivalents of
0.581 = 0.019 Eq for the hydrogen molybdenum bronze product, and 0.242 + 0.014 Eq

for the sodium bronze.

Other methods were examined for this purpose including reduction of
permanganate in basic media, and reduction of silver nitrate. e Tinethods were
unsuccessful for this purpose. The permanganate underestimateartber of reducing
equivalents significantly. This difficulty was likely due tormation of a mixture of
manganese species. The silver nitrate method overestimateulirtiteer of reducing
equivalents significantly, however this was because the silvemcegacted with the

molybdenum bronze to form a silver molybdate species.
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Determination of the Sodium Content of the Bronze Products

The sodium content of the bronzes were determined by inductively coupled
plasma spectroscopy (ICP). The samples were prepared be digsthem in a
hydrogen peroxide/ammonium hydroxide solution. The sodium concentration of the
resulting solution was determined via ICP and corrected fordke df sodium that was
present in the solvent mixture. Sources of sodium in the controlexperted to come
from the glass vial, and from impurities in the ammonium hydroxidestandard of

known sodium concentration was also included.

RESULTS AND DISCUSSION

Hydrogen Molybdenum Bronze Products:

The yield and number of molar reducing equivalents were determineddbrof
the hydrogen molybdenum bronze products synthesized (Table 2-1)osbBhaf product
associated with the zinc/hydrochloric method results from thetliat hydrogen bronze
product is somewhat soluble in hydrochloric acid. This was evidencadlask color in
the filtrate that, when exposed to air changed color from a brownishtg a reddish
purple to an ultimately blue color, much like the solid bronze. Thelymt loss
associated with the dithionite reduction method resulted from the cbirgetaction of

the reduced molybdenum centers with sodium cations present in therstdutorm the
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sodium molybdenum bronze product. This sodium bronze product had a solubility of

approximately 50 millimoles per liter (Refer to Chapter Ill) in wateared days.

Table 2-3 “Comparison of the Product Yields for the Two Synthetic Methods for the
Hydrogen Molybdenum Bronzes”

Synthetic Method Yield
Zinc/Hydrochloric Acid 95.6%
Dithionite Reduction (washed 75.0%

The XRD pattern of the hydrogen molybdenum bronze from the dissotwetgl
reduction in Figure 2-2 did not exactly match the literatuleesmin the XRD library.
However this was to be expected as the hydrogen to molybdenum ratio was detesmined t
be 0.58 to 1. However, in order to ensure that the XRD spectra didigioate from a
something besides a hydrogen bronze, the product was heateduffieafamnace in air
for several hours in order to completely oxidize the product. The Xp&xtrum in
Figure 2-3 of the pyrolyzed product corresponded to molybdenum trioxidenw other

peaks present. This suggested that the product was a hydrogen molybdenum bronze.
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Figure 2-2: “XRD Spectrum of Hydrogen Molybdenum Bronze Synthesized by
Zinc/Hydrochloric Acid Method”
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Figure 2-3: “XRD Spectrum of Pyrolysis at 500 °C Product of Hydrogen adénum
Bronze Synthesized by Zinc/Hydrochloric Acid Method”
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One interesting outcome of this experiment was the value obtainédef molar
reducing equivalents of 0.58. The phases of hydrogen bronzes observeshiseEl5,
18, 19] and revised by Bertill [30] were found to have the approxitmgdeogen to

molybdenum ranges as described in Table 2-4.

Table 2-4: “H/Mo Ranges for the Various Phases of Hydrogen Molybdenum Bronzes”

Phase Description Range
I Blue, Orthorhombic 0.23-0.40
Il Blue, Monoclinic 0.85-1.04
[l Bordeaux Red, Monoclinig 1.55-1.72
v Green Monoclinic 2.0
Ref. [65] Blue Monoclinic 0.25-0.60

The product obtained in this experiment lay outside the rangehef eif these
phases. It is likely that the product was a member of a nesatyvkred fifth phase of

hydrogen bronze with a hydrogen to molybdenum ratio varying from 0.25 to 0.60 [65].

Synthesis of Proton Bronze by Reduction of Molybdenum Trioxidevith Sodium

Dithionite

Although the stoichiometry of the reaction would suggest a 1:0.167;1840>
ratio, trial and error experimentation determined that a 1:0.25 Mg ratio was
required to ensure that no molybdenum trioxide was present in thecpesddetermined

by powder X-ray diffraction. The XRD spectrum in Figure 24ds obtained for the
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1:0.167 MoQ:S,04” ratio product which contains some molybdenum trioxide. Figure 2-

5 illustrates the XRD spectrum for the 1:0.25 M0, ratio product.
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Figure 2-4: “XRD Spectrum for the 6:1 Mo£65,04> Product”
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The XRD analysis of the as prepared product suggested thenpesof sodium
bronze in the product. The sole source of the sodium in the systerthevasdium
dithionite. Suggesting that there is an exact optimum value frdtthionite to
molybdenum trioxide ratio however it was more practical fromrah®fic point of view
to slightly exceed this maximum and err on the side of productioodairs bronze since
the sodium bronze was found to be much more soluble in water comparetheavith
hydrogen bronze, and thus, it was possible to remove the sodium bramzéé& sample
by stirring the product with water for several days. Howewelybdenum trioxide is
nearly insoluble and not easily removed from a mixture of hydrofgronze and
molybdenum trioxide. Powder X-ray diffraction analysis of the washed product edlicat
that only the proton form of the bronze was remaining. Approxim&®l2% of the
mass of the mixed bronze product was recovered which suggested that af.58eg
product from the reaction was the hydrogen bronze. This corresptimde actual yield

of around 78%.

Aqueous Sodium Molybdenum Bronze Products:

For the aqueous synthesis of the molybdenum bronze products the reaction

volume had little or no effect upon the average composition of the salaligir as

illustrated in Figures 2-6 to 2-8. The effects of the dithiotatenolybdenum trioxide

ratio, and the sodium bicarbonate to sodium dithionite ratio were unimfuanction of
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volume. For this reason the foregoing data was explained in térthe 300 ml set of

experiments.

Average pH vs Volume

5 T T T T T T T
100 150 200 250 300 350 400 450 500
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Figure 2-6: “Average Final pH of Filtrate vs. Reaction Volume”
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Figure 2-7: “Average Solid Product Yield vs. Reaction Volume”
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Average % Na Composition vs Volume
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Figure 2-8: “Average Percent Sodium Composition in the Solid Product vs. Reaction
Volume”
The data for the 300 ml set of experiments are presented in Z-&blas well in
the form of surface plots in Figures 2-9 through 2-11.
Table 2-5: “Effects of Dithionite:Molybdenum Trioxide Ratio and Sodium

Bicarbonate:Dithionite Ratios on pH, Solid Product Mass, and Sodium Composition of
Sodium Molybdenum Bronze Product, 300 ml Set”

NaS;04:M00;3; | NaHCG;:N&S,04 pH After m prod %Na by Mass
0.11 0 2.6 9.24 0.13
0.11 4.65 4.8 2.53 2.88
0.11 9.37 5.9 2.94 3.59
0.21 0 3 8.28 0.20
0.21 4.68 5.9 3.56 3.68
0.21 9.37 8.3 4.23 3.75
0.32 0 2.9 9.48 0.56
0.32 4.687 7.8 6.26 3.79
0.32 9.37 8.6 3.92 3.51

The effects of the sodium dithionite to molybdenum trioxide ratio hagodium

bicarbonate to sodium dithionite ratios on final pH of the reactiotun@xthe mass of
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recovered solid product, and the percent sodium composition of the solid pavduct

graphically illustrated in the three-dimensional surface plots in Figudeto 2-11.

pH vs NaHCO;:Na,S,0,4 vs Na,S,0,:M003, v = 300 ml

Na,S,0,:M00,

4.7

9.4
NaHCO;:Na,S,0,

Figure 2-9: “Surface Plot of Final pH vs. Sodium Dithionite:Molybdenum Trioxide
Sodium Bicarbonate:Sodium Dithionite”

69



Mass of Product vs NaHCO;:Na,S,04 vs Na,S,0,4:M00,, v = 300 ml

Mass Product (g) 6

Na,S,0,:M00,

4.7
NaHCO4:Na,S,0,

9.4

Figure 2-10: “Surface Plot of Recovered Solid Product Mass vs

. Sodium
Dithionite:Molybdenum Trioxide vs. Sodium Bicarbonate:Sodium Dithionite”

%Na vs NaHCO3;:Na,S,0, vs Na,S,0,:M00;, v = 300 ml
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Na,S,0,:M00,
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NaHCO;:Na,S,0, 94

Figure 2-11: “Surface Plot of Percent Sodium Composition of the Solid Product vs.
Sodium Dithionite:Molybdenum Trioxide vs. Sodium Bicarbonate:Sodium Dithionite”
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As the bicarbonate:dithionite ratio was increased relative to the
dithionite:molybdenum trioxide ratio (and relative to the absolute anafutithionite in
the system as the molybdenum trioxide loading was held constant) the final pkéat;re
see Figure 2-9. This was intuitive, as the purpose of the sodiumbdmede in the
system was to remove excess protons and provide a source of sodans. clitwas also
observed that the pH increased when the dithionite:molybdenum trioxioen@eased

relative to the bicarbonate:dithionite ratio.

The mass of the recovered solid product tended to decrease withsingre
bicarbonate:dithionite ratio, see Figure 2-10. The effect of tteodite:molybdenum
trioxide was not as clear, though it appeared to increase the ne@svery at higher

values of bicarbonate:dithionite.

The effect of increasing the bicarbonate:dithionite ratio tendetamply increase
the sodium composition of the solid, as shown in Figure 2-11, for a acdnst
dithionite:molybdenum trioxide ratio. Likewise, increasing the dithe:molybdenum
trioxide ratio increased the sodium composition of the solid as kuellthe effect was

smaller in magnitude than that caused by an increase in bicarbonate.

When no bicarbonate was used, there was a small amount of sodium present

the form of sodium bronze, and the major product was the hydrogerofdaha bronze.

For the bicarbonate-free reactions the amount of sodium bronze obs#oradti{e
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sodium content of the product) increased from 0.133 wt% to 0.559 wt % when the

dithionite to molybdenum ratio was increased three-fold.

When taken as a whole this data suggested that increasing the sadium t
molybdenum trioxide ratio tended to increase the sodium composition girdkdect.
Furthermore, the effect of the sodium addition toward this end neasased when the
sodium was added in the form of the bicarbonate buffer. Thiskeédy Ito be a
consequence of the removal of protons from the system, as evidendeel ingreased

pH, resulting in a higher sodium to proton ratio in the reaction mixture and in the product.

Another important observation was the fact that the mass of saaVvee=d
decreased as the percent sodium composition increased as ikLstriaigure 2-12. This
suggested that the sodium bronze product, which was the desired prodtigs i
synthesis, was too soluble in the reaction mixture to obtain a godduyider the best of
conditions for its formation. It is important to note that the prodoald not be easily
recovered from the filtrate because the other by products of dbeare, such as sulfate

and bicarbonate, were also soluble in the water.
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Mass of Recovered Product vs. % Na Composition

Mass Soild Product Recovered
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Figure 2-12: “Mass of Solid Product Recovered vs. Percent Sodium Composition”

In order to obtain the sodium molybdenum product in a better yield, st wa
necessary to examine other solvent systems in which the reacidd take place but
the sodium product would be sufficiently insoluble to improve the yidéidvas to this

end that the ethanolic dithionite reduction synthesis was developed.

Ethanolic Sodium Molybdenum Bronze Products

In order to determine the actual yield and chemical formulaeosodium bronze
produced it was necessary to determine the amount of sodium preskeatbronze as
well as the degree of hydration. The former was deterntigd@P. The latter had to be
calculated by using the sodium composition data and the cerantaygi@ in Table 2-6.
The molar reducing equivalents for the sodium bronzes were desgerrioy oxidization

with chromate and iodometry and are summarized in Table 2-7.
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Table 2-6: Percent Sodium and Ceramic Yield Data for the Ethanolic Sodium Bronze
Product

Percent Sodium by Mass: 3.72 %

Ceramic Yield (500 °C): 94.35 %

Table 2-7 “Comparison of the Product yields, Sodium Content, and Molar Reducing
Equivalents of Product Obtained by Ethanolic Synthesis of the Sodium Molybdenum

Bronze”
Yield Na/Mo Ratio Molar Reducing Molar Reducing
(ICP) Equivalents Equivalents
Dichromate Oxidation lodometry
81.31 % 0.26 0.230 + 0.008 0.242 + 0.014

The XRD spectrum of the ethanolic sodium bronze is illustratddgare 2-13,

and corresponded to library data for sodium agua molybdenum oxide.

It was initially assumed that the product had the general formuj&/)dGy-yH,O.
The ceramic yield calculation assumes that the products ofytléygis of the bronze

consisted of sodium oxide, molybdenum trioxide and water as illustrated in Equation 2-9.

NaMoOs3-yH,O 2 (x/2) NgO + MoG; + y HbLO  (Equation 2-9)

Thus from the data, sodium oxide and molybdenum trioxide accounted for 94c8htpe

of the original mass of the bronze. Furthermore from the ICB/sgat is determined

that 3.72 percent of the total mass of the bronze is sodium. Takiagis of 100 grams

of sodium bronze it was possible to determine the relative amountsodifim,
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Figure 2-13: “XRD Spectra of Sodium Molybdenum Bronze Prepared by Ethanolic

Method”

75



molybdenum and water, and thus determine the empirical formula:

Nay 2dM003-0.62H0, which suggested a formula weight of 161.08 g/mole (per
molybdenum basis). However, it was expected that the degteglaition would be
two molecules of water per sodium ion, as suggested by the literature. iAgshis, the
formula can be rewritten as [Na-ZPlo 2dM003:0.10HO. The extra water is most likely
present as hydroxyl groups attached to the molybdenum ions. Tleis tlaésquestion of
whether it is the hydrogen ions or the sodium ions that are assevith Mo(V) ions.
Notably the reaction of iodine with the bronze produced hydrogen iodide stingginat

the former is the case. Thus the product can be described asogenydironze that
contains sodium molybdenum(VI) oxide centers, i.e.

[Na-2H0-M0""0.2dM003]0sdMo " (OH)O,]0.24
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Figure 2-14:“Diagram of Sodium Hydrogen Bronze Structure”

CONCLUSIONS

The zinc hydrochloric acid synthesis of the hydrogen produced astadile
bronze with a formula k5003, as determined by iodometry. The powder X-ray
spectrum for this bronze was determined and did not match any ofpéaéras for

hydrogen bronzes in the ICDD library of X-ray diffraction datéowever it was
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suggested by the literature that this hydrogen bronze was ikelst & member of a

newer phase as suggested by Eda.

The dithionite reduction synthesis of the hydrogen bronze stillaced the
molybdenum trioxide starting material when ran at the presutoah®metric ratio of 6
to 1 molybdenum trioxide to dithionite, however when the dithionite wagased such
that the molybdenum trioxide to dithionite ratio was 4 to 1, the raguftroduct was a
mixture of hydrogen bronze and sodium bronze. The sodium bronze can be washe
to leave a pure hydrogen bronze phase, which according to the XRDasped
HosM0Os. Additionally, this suggested that the sodium and hydrogen bronzesnijpres
were a discrete mixture of the two bronzes instead of a homagemaoduct with
mutually intercalated hydrogen and sodium atoms. However, synthets ebdium
bronze by dithionite reduction, resulted in very low yields due to tlaivwely high

aqueous solubility of the sodium bronze.

The ethanolic synthesis of the sodium bronze resulted in a much kigleof
the sodium bronze and resulted in a hydrated sodium bronze product wittpaitad
formula around [Na-2§D]o2dM003-0.10HO.  Additionally the molar reducing
equivalent value of ~0.24 suggested that the protonic sites are igditem (as was the
case with the hydrogen bronzes) and likewise the sodium sées mot reductive in
nature. Due to the closeness of our reducing equivalent value, withistanegard

deviation 6 = 0.0140), to 0.25 suggested that an actual formula of
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[Na-2H0-M0""g.2dM0 ' O3]0 sdMoY(OH)Os]024 Was reasonable, thus settling the

controversy regarding the formula of the sodium molybdenum bronze.
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CHAPTER IlI

NANOPARTICULATE PHASE CHARACTERISTICS, COLORIMETRY, AND
EXPLOSIVE SENSING APPLICATIONS OF SODIUM MOLYBDENUM

BRONZE

INTRODUCTION

In addition to the solid bulk phases of the sodium molybdenum bronzes ¥keat ha
been addressed thus far, it is also possible to prepare nanop@stspensions of these
materials. The first objective of this study was to deterrthieecharacteristics of these
sodium molybdenum nanoparticles materials including their sodium andodeolym
composition, particle size, and molar reducing equivalents, siic@fien the case with

nano-phase materials have chemical properties that differ from the bulkamater

The second objective of this study was to examine the efficatlgeosodium bronze
solution as a colorimetric reagent for the analysis of oxidigp&ries aqueous solution.
Determination of the chlorine concentration was chosen as an exbeuglese there are

a number of inexpensive testing methods available to test thetsreasgainst.
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The U.S. Environmental Protection Agency sets a concentrationdfditppm
for chlorine and chloroamine in drinking water [66]. Currently chlorioecentrations
are determined using colorimetric test kits such as swagnrpool test kits employing
othotolidine [67] which turns yellow in the presence of chlorine dé agecolor wheel
test kits and digital colorimeters such as are available H&@H Company [68] which

utilize N,N-diethyl-p-phenylene which turns pink in the presence of chlorine.

The third objective of this study was to examine the effeatiserof sodium
molybdenum bronze as a detection reagent for improvised peroxide e&plasid their
precursors. A peroxide explosive contains one or more R-O-O-R gndwese R is
typically an organic group, these peroxides are often cyclic. Exampl these
compounds include triacetone triperoxide (TATP), hexamethylenerdxigediamine
(HMTD), diacetone diperoxide (DADP), and tetramethylene dipdemarbamide
(TMDD) [69]. These compounds are easily prepared using common coialiyer

available chemicals and easily obtained instructions from the internet.

These organic peroxide compounds can be detected and neutralizeddyehyd

bronze reagents. For instance TATP reacts with hydrogen molybdammmze to form

acetone and molybdenum trioxide as described by Equation 3-1.

6 M0,0O5(0OH) + (MeCOOg —» 12 MoG; + 3 HO + MeC=0 (Equation 3-1)
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In the process of this reaction the blue hydrogen molybdenum broonzelized to the
yellow molybdenum trioxide. The color change associated with thit@aacan be used
to indicate the presence of the explosive in a suspect sameaariadicator that more
reagent is needed in the case that the bronze is beingousedttalize the compound. It
is suspected that the sodium form of the bronze would have similarstheand would

therefore be a good candidate for explosive sensing applications.

EXPERIMENTAL

The sodium bronze solution was prepared from the sodium bronze product
synthesized by the ethanolic process. The iodine solution had a catioaraf 0.1000
+/- 0.0005 N per I, (0.05000 M ag land was purchased from Fisher. The trichloro-s-
triazinetrizone was used in the form of a swimming pool tabletistomg of 93.5 wt %
trichloro-s-triazinetrizone, 1.5 wt % copper sulfate pentahydrateé, 580 wt % inert
ingredients, sold under the trade name of “Hftdual action chlorinating tablets” sold
by Arch Chemicals Inc. P.O. Box 723547 Atlanta, Ga. The concentw@ticmorine in

the solution was estimated using “HTH6-way test strips” also from Arch Chemicals.

Preparation of Sodium Bronze Solution

A sodium bronze solution was prepared by placing 1.020 g of the ethanolic

product in 50.05 g water and agitating the mixture for 5 days. r@$dting dark blue

solution was centrifuged and filtered through a polypropylene 0.45 micron s¥ittege
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Determination of the Concentration of the Sodium Bronze Solution

The concentration of the bronze solutions was determined by two independent
methods. The molybdenum concentration was initially determined46.66 mM using
X-ray fluorescence spectroscopy. A calibration curve was corstirny analyzing four
molybdenum standards (Table 3-1) and determining the area undeurtleefor the
molybdenum peak in the range from 17.16 — 17.72 keV, using a live time of @d@Isec
The data yielded the calibration curve shown in Figure 3-1. Liregression was
performed and the relationship between the concentration and the tedegm@ak

intensity in the region of interest were related by Equation 3-1.

ppm Molybdenum = 0.001143(Peak Intensity) — 415°% R.9985 (Equation 3-1)

The concentration of the bronze solution was adjusted to fall within the
calibration range by diluting 3.0134 g of the original solution to a 8oaltion mass of
30.0251g. The diluted solution was analyzed on the X-ray fluorometer amue#hke
intensity was determined to be 781299 counts corresponding to a concemtird{fginl6
ppm in molybdenum. Taking into account the dilution the initial molybdenum

concentration was calculated to be 4754.4 ppm or 49.56 mM.
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Table 3-1: “X-Ray Fluorescence Calibration Data for Molybdenum”

Mo Concentration (ppm) Integrated Intensity (counts)
1000 1232974
799.1 1065874
598.8 899134
401.6 707291
Mo Calibration Curve
1200
1000 - y = 1.143E-03x - 4.159E+02
_ R? = 9.985E-01
£ 800 |
g
= 600 -
[&]
§ 400 1
200 -
0 T T T T T
700000 800000 900000 1000000 1100000 1200000
ROI Counts

Figure 3-1: “Calibration Curve for Mo Concentration vs. Integration Count”

The second method employed inductively coupled plasma spectroscopy which
was used to determine both the molybdenum concentration and the sodium ctaoentra
The resulting concentration for molybdenum was 51.59 mM and the sodium
concentration was determined to be 19.97 mM. The value obtained via thgvielgluc

coupled plasma data for molybdenum was 4.10% higher than that for -thg X

fluorescence data.

These concentrations were further examined based upon the cerauohioyyfirst
evaporating 19.3414 g of the sodium bronze solution (density was assumetl ggcbg

in an oven at 80 °C to dryness in a pre-weighed beaker. Theéngsualid was heated to
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500 °C for at least three hours to obtain a ceramic residue of 0.1568ey.0xygen

content in the residue was calculated.

Determination of Reducing Capacity of Solutions

Determination of the reducing capacity of the solution was determined liyngeac
the bronze solution with an excess of iodine solution. The residual icolimeentration
was determined by UV-Visible absorbance spectroscopy ustayas0 Bio UV-visible
spectrophotometer, and the number of reducing equivalents per mole airspldse

molybdenum was determined from the difference in the iodine.

In the case of the sodium molybdenum bronze solution, approximatelgf5 g
sodium bronze was placed in a 20 ml scintillating vial with approein® g of 0.05000
M iodine standard solution. The reaction vessels were theneagitat ~24 h, filtered
through a 0.45 micron PTFE syringe filter using a 10 ml syrindee filtered solutions
were then measured using UV-visible absorbance spectroscopy atichahédine
concentrations determined from calibration calibration curve showrngurd=-3-2. The
dilution of the iodine solution by the sodium bronze solution was accounitead the
calculation of the amount of the iodine consumed. The experiment wasnpst in
triplicate in order to determine an average value and standardiclevier the molar
reducing equivalents per liter for the solution phase bronzes. dakee for this

experiment is summarized in Table 3-2.
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Absorbance vs Concentration for lodine Solution
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Figure 3-2: “Calibration Curve, Absorbance vs. Concentration at 490 nm, 0.1 cm

Pathlength.”

Table 3-2: “Data for Determination of Molar Reducing Equivalents in Sodium Bronze
Suspension”

g Sodium | g lodine | mMoles | mMoles | mMoles | mEg/mole | mEqg/L
Bronze Solution | lodine lodine Sodium Sodium Solution
Suspension Initial Final Bronze Bronze

5.0605 5.0333 0.02517 0.02291 0.2759 0.09958 5.137
4.9976 4.9998 0.02500 0.02297 0.2725 0.08379 4.323
5.0491 5.0251 0.02513 0.02311 0.2753 0.08215% 4.238

The average value for the number of mEq per mole of bronze was determined to

be 0.08851 + 0.00962 Eg/mol sodium bronze. The average value for the number of mEq

per liter of solution was 4.6 + 0.5 mEq/L.

Particle Size

Analysis

Particle size analysis was performed on a Malvern HPP Swdgright scattering

particle size analyzer.

The average hydrodynamic dianwtethe solution was
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determined to be 0.572 nm as illustrated by the particle sizébdisin shown in Figure

3-3.
Size Distribution by Volume
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Figure 3-3: “Particle Size Distribution of Sodium Molybdenum Bronze Suspension”

Reaction of the Sodium Bronze Solution with the Chlorine (Trichlores-

triazinetrizone) Solution

The HTH™ dual action chlorinating tablet was pulverized into a powder and used
to prepare a solution with chlorine concentration of approximately 4 ppas wérified
by the HTH™ 6-way test strips. A control solution was then prepared byigddl.0002
g of water to a 20 ml scintillation vial. An experimental soltwas prepared by adding
10.0028 g of the 4 ppm chlorine solution to an identical vial. Then 0.5107 g and 0.5109 g
of the sodium bronze solution was added to the control sample and themexpair
sample respectively. Both solutions were allowed to reactrfdnoar and were then

analyzed using UV-visible absorbance spectroscopy.
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Reaction of Sodium Bronze Test Strips with Hydrogen Peroxide

Test strips were prepared by concentrating a sodium bronzeschnd applying
it to a blank test strip using a pipette. The test stripailagved to air dry for ~ 6 hours
and was immersed into a 1 wt% hydrogen peroxide solution for 20esin@onsecutive
digital photographs were taken of the test strip every minute tinetireaction of the
sodium bronze test strip with the hydrogen peroxide reached comnpdet evidenced in

the color of the test strip changing from blue to colorless.

Reaction of Sodium Bronze Solution with Sodium Chlorate

Approximately 5 ml of sodium bronze solution was treated with one drop of
Triton-X 100 surfactant (as a wetting agent), and dropped onto a gieatf sodium

chlorate and observed in contact with the chlorate for 20 minutes.

Electronic Detection of Peroxide Vapor Using Sodium Bronze-Vycar Mateal

A sodium molybdenum bronze paste was prepared by mixing 1.60 g of Vyagueous
binding agent with 3.26 g on bulk sodium bronze. The paste was then patked
glass slide between two immobilized gold-coated electrodes pedhasm Radio
Shack. The separation between the two electrodes was approxirBatefy. The

apparatus is illustrated in Figure 3-4.
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Figure 3-4: “Electronic Sodium Bronze Peroxide Vapor Detector”

The apparatus was then hooked up to a voltmeter and placed into aegas str
containing ~ 35 ppm hydrogen peroxide at a flow rate of ~ 20 standamloaubimeters

per minute and the resistance across the electrodes were measured.

RESULTS AND DISCUSSION

The average value for the reducing equivalents for the sodium bronzersolut

was determined to be 0.0885 Eqg/mol of molybdenum in solution, compared to 0.242
Eg/mol of molybdenum for the bulk product. Additionally, the sodium to molybdenum
ratio for the solution was found to be 0.3872 Na/Mo, while that of the bulgrimlawas
determined to be 0.26 Na/Mo. From this data it was deduced thatiabéized form of

the bronze is a different species than that of the bulk mateiial an approximate
molybdenum normalized empirical formula of dNaHo0dV0Os. Thus,
disproportionation of the original sodium hydrogen bronze occurred to praducire

soluble sodium rich bronze less reduced bronze.
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Based on the sodium and the reducing equivalent data it was possible
determine the percent molar composition of the solubilized specisanamarized in

Table 3-3.

Table 3-3: “Mole Percent Composition of the Solubilized Species and Bulk Sodium
Hydrogen Bronze”

Element | Solubilized Composition Bulk Composition,
(mole percent) Anhydrous Basis
(mole percent)
Mo 22.32 22.22
Na 8.71 5.77
H 2.01 5.33
@) 66.96 66.67

The compositional differences between the solubilized matedaint together
with the small particle size imply two important things. fies the composition of the
solubilized material is not the same as the bulk material aneassume that these
structures are not merely very small particles of the bullemaht or their composition
would be similar. Secondly, if these structures are not nanopsytibkn they must be
relatively large molecules with a hydrodynamic diameterhenarder of 0.572 nm. This
seems to imply that this solubilized material is a polyoxoaniomalfybdenum of the

general form: [M@O,H,]" [Na(H,O),]"".

The reducing nature of this solution is consistent with a poly-oxoeliadke anion
containing at least one acidic hydroxide group, which would require dppatety ten
molybdenum centers as a minimum based on the hydrogen to molybdeimuof ra®.1.

Due to some inherent uncertainty in the measurements a better omllee not be
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determined. One proposed formula that is consistent with the d#tia the limits of

uncertainty is [M@Q2o(OH)]* + 4 [Na(H0),]".

Determination of Chlorine Concentration

Comparison of the UV-visible spectrum of the experimental solutiih the
control solution in Figure 3-5 indicated that the absorbance intensibgiaged with the
solution containing the chlorine was approximately half of that otémrol suggesting
that the sodium bronze was oxidized by the chlorine in the solution. The concentration of
the sodium bronze solution in the control solution and the experimentalosoiuéis
determined by Beer’'s Law to be 2.181 mM and 1.052 mM respectively on a molybdenum
basis, corresponding to a difference between the control concemtratid the

experimental concentration of 1.129 mM.

Using this change, the concentration of the chlorine in the agueous s@ason
determined to be 0.09993 mEg/L. This result is in agreement witkath@ntration
determined using the test strips (0.08 to 0.14 mEg/L). Thereforepdnars hydrogen
bronze solution functions as an excellent colorimetric reagenthirdetection of

chlorine concentrations. It could also be utilized to prepare test strips for ghaseur
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Figure 3-5: “Comparison of the UV-Visible Spectra of the Sodium Bronze - Chlorine
Control and Experimental Solution”

Detection of Peroxide Using Sodium Bronze Test Strip

When a sodium bronze impregnated test strip was immersed intbydfagen
peroxide solution a color change from blue to white occurred indgcétiat the bronze
was being oxidized by the hydrogen peroxide. Figure 3-6 #iestra set of time elapsed
photographs of the test strip reacting in the hydrogen perogldgasn at reaction times
of 0, 2, 4, 6, 8, 10, 15, and 20 minutes. After two minutes the strip changed col
sufficiently to unequivocally indicate the presence of the hydrogeroxide.
Considering that at least 10 wt % hydrogen peroxide is requirethé preparation of
peroxide explosives, the sodium bronze reagent is an excellenhtréagéhe detection

of hydrogen peroxide as an explosive precursor.
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Figure 3-6: “Time Elapsed Photographs of Sodium Bronze Test Strip in Hydrogen
Peroxide Solution”
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Detection of Chlorates Using Sodium Bronze Solution

The sodium bronze solution was not reactive with the solid chlorates i
likely because both the chlorate and the sodium bronze are anionithenmbssible
requirement for protonation of chlorate to accelerate the redatiaea However, the
sodium bronze solution could be used with a hydrogen bronze based detdctmimia
test to differentiate a chlorate compound from a solid peroxide compoedl®th the
sodium bronze based ink will react with a peroxide but only the ggdrbronze ink will

react with a chlorate compound.

Electronic Detection of Peroxide Vapor Using Sodium Bronze-Vycar Mateal

Within the first five minutes of exposure to the peroxide vapeast the detector
resistance changed linearly with respect to time. Thisctbeteesistance response is
plotted in Figure 3-7. Over the five minute range the resstahanged from 44 kohms
to 56 kohms, which is a large enough change to be easily read bica. d€he change
in resistance of the detector is a consequence of the oxidationadfritiective bronze to

its non-conductive oxidation product.
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Resistance vs. Peroxide Exposure Time

2]
o

y = 2.22E+00x + 4.47E+01
R? = 9.93E-01

[¢)]
o1

Resistance (kohms)
A
(¢31 o

N
o

Peroxide Exposure Time (min)

Figure 3-7: “Plot of Resistance Response of Sodium Bronze Based Peroxide Detector
vs. Peroxide Exposure Time”

CONCLUSION

It was determined that disproportionation of the sodium hydrogen bronze
synthesized in aqueous ethanol occurred when it was contacted with Wata result,
the sodium bronze solution had a different composition than that of the btékiahand
was richer in sodium and poorer in hydrogen. Whereas the bulk ah&izdi a sodium to
molybdenum ratio of 0.26 the solution phase material had a sodium to ntalybdatio
~0.39, similarly the bulk phase material had a hydrogen to molybdestionof ~0.24
while the solution phase material had a hydrogen to molybdenum~@®. As a
consequence of the lower hydrogen composition the molar reducing eqisvalere

also lower in comparison to the bulk material.

The sodium bronze solution was an excellent quantitative colorinmne&gent for

the detection of chlorine and would be expected to work for other oxidspiegies as
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well. As a result of the solution being brightly colored in trooed state and colorless
in the oxidized state, it can also be used in qualitative applsain the form of test
strips or in a solution form which could be added to a sample contdir@rgpecies to be

tested for.

The sodium bronze test strips are very responsive to hydrogen peemdde
would be successful in the detection of peroxide based explosives andytitbetic
precursors and could find applications in transportation safety andetdovcement
industries. Also, the fact that the sodium bronze reacts with idesokut not chlorates
makes it a good test reagent to determine if an unknown explosavehtorate or a
peroxide, such that if the unknown reacts with both the hydrogen bbasee detection
ink and the sodium bronze solution it is likely that the unknown explosiagoeroxide,
however if it reacts with the hydrogen bronze ink but not the sodromze solution it is
likely to be a chlorate. The resistance response of the bulk sdulame-Vycar paste
was linear and of sufficient magnitude that it could be used ap@ phase peroxide
detector that could be used in shipping containers and cargo holds amesrpd detect

the vapors associated with any improvised peroxide explosive device.
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CHAPTER IV

REMOVAL OF HEAVY METAL CATIONS FROM WATER USING

MOLYBDENUM OXIDE BRONZES

INTRODUCTION

The problem of chromate pollution is fairly common since widespread
contamination of surface and ground waters with chromium has redutted its
industrial use in corrosion inhibition, leather tanning, electroplatirmpdwpreserving,
and metallurgy [70]. Chromium (V1) pollution is of particular concern tuehromate’s
carcinogenicity in humans [71, 72]. Technologies that have been developéhe for
removal and recovery of hexavalent chromium from wastewatdigdlg@adsorption[73,
74], ion exchange technology [75, 76], and membrane processes, [77] including
microfiltration [78], ultrafiltration, [79], and nanofiltration; [80hd solvent extraction
processes, such as emulsion liquid membranes [81], supported liquid mesn@2ine
nondispersive solvent extraction [83], and emulsion pertraction [84]). thkactve
alternative to such methods involves reduction of chromium (VI) to darar{lll) since
the latter ion is significantly less toxic and much less solablé mobile in natural

waters. For this reason, on-site chromium remediation procedurefy madgton the

96



reduction of Cr(VI) via either natural processes[85] or additioredficing agents.[86-
88]. Many inorganic and organic constituents are capable of regd@ziVl). Examples
include zerovalent iron ([87], hydrogen (using a bioreactor), [89], fenans [81, 90-
93], hydrogen sulfide [94, 95], Fe(ll)/Fe(lll) carbonate green rust [96,88 ascorbic

acid[98].

Nanotechnology has also been employed for the removal or reduction of
chromium(VI1) from contaminated waters, For example magnetteoparticles and
surface-modified jacobsite (Mn§@;) nanoparticles were found to swiftly adsorb
chromate [99, 100]. Nanoscale zero valent iron particles have been touadidly

reduce and immobilize hexavalent chromium on the nanoparticle surface [106-109].

In this investigation we explored the efficacy of hydrogenytmdénum bronze
for reduction of chromate and the possible immobilization of the dhro(il) product.
This reagent is a dark blue metallic oxide prepared by reductiamiyfodenum oxide
with nascent hydrogen generated by the reaction of zinc rmetahydrochloric acid.
The potential for reduction of molybdenum trioxide to the hydrogen brangedv V
[101], suggesting that the bronze is thermodynamically capableredficing
chromium(V1) to chromium(lll) under standard conditions as shown in kequtl.
One noteworthy difference between the molybdenum hydrogen bronzen@stdother
solid reducing agents employed in reducing chromate is the peesépcotons that are
released in the redox process that can prevent the precipitatiohrahiam(lll)

hydroxide on the surface. Fouling of reagent surfaces with thepeolyets occurs
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readily under neutral and basic pH conditions and can seriously hactpervement of
stoichiometric reduction reactions. Finally, both the molybdenum bronze and
molybdenum trioxide are known to react with polyvalent metal oatito generate
insoluble molybdate salts, so it is possible that the chromiynpfitiduced by the redox

reaction could subsequently be immobilized by such reactions.

EXPERIMENTAL

Materials

Potassium chromate (Mallinckrodt), potassium dichromate (Mallinckrodt)
hydrochloric acid (Pharmco), potassium permanganate (Aldrichy, @ldrich) and
molybdenum trioxide (Alfa-Aesar) were obtained commercially aret uss received
without further purification. Nanometric iron was purchased from iglhdrWater was
purified by reverse osmosis and then deionized using a Barnstede Ed@onization

unit.

Analyses

Water quality measurements were performed on the ground watplesausing a

variety of techniques. Determination of pH was performed usingQa@d0 meter

equipped with a stainless steel ISFET probe using a three-pboratan (pH= 4.0. 7.0,

and 10.0) and automatic temperature correction. Oxidation researchtigloigas
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measured using a Milwaukee SM 500 ORP meter calibrated wifirian 967901 ORP
standard solution (+ 420 mV). Conductivity was measured using a WkkeaSM 301
EC meter calibrated with a Fisher brand 1000 uS NIST-traceablguctivity standard.
Alkalinity and hardness were assessed with Hach Aquacheckripst & Hach DR/890
colorimeter was used to determine hexavalent chromium concensratvia a

colorimetric method that relies on the formation of a purple chrofMim
diphenylcarbohydrazide complex (complexing agent is 1,5-diphenylcattaatige).

The detection limit of the colorimeter is 10 ppb. If necessampes were diluted prior

to analysis.

Synthesis of Bulk Molybdenum Hydrogen Bronze

MoOs3 (30.00 g, 208.4 mmol) and zinc metal (56.8 g, 868.8 mmol) were placed in

a round bottom flask with 2 ground glass fittings and one stopcock valvemaghetic

stir rod and 5 to 10 ml of deionized water were then added to theoreaessel. A
dropping funnel containing 200 ml concentrated hydrochloric acid (~2478 )nwasl
installed in the center neck while the other ground glass fittegysealed with a stopper.
The stopcock valve neck was opened and vented to a paraffin bubbler. Ti@nreac
vessel was then placed in a room temperature water bath and icelynstirred to form

a slurry. (It was occasionally necessary to start the spirfitige stir bar along with a
glass stir rod due to the initially high solid loading). The vaf¢he dropping funnel
was then opened to allow introduction of the hydrochloric acid to the reaction vesmsel a

approximate rate of 1 to 2 drops per second. The reaction took place almost ielgnediat
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to give a dark blue solid but was allowed to proceed overnight in oréastoe that all
of the zinc metal had completely dissolved. After the reaqteriod, the product was
isolated by filtration through a medium porosity sintered-glaissfilter funnel. The
product was initially greenish-gold metallic solid indicatingwias one of the more
highly-reduced hydrogen bronzes. It quickly changed to reddish-pamdlemore slowly,
to blue upon reaction with air. It was found that it was bestidwadhese reactions to go
to completion before washing the solid to prevent clogging of the §lias Therefore,
approximately 12 hours were allowed to pass between the initia@tion and the
successive washing with 3 times 350 ml of water. The washed pndadhen vacuum

dried to yield 28.77 g (95.59%)of dark blue solid.

Determination of Reaction Kinetics

Chromate reduction kinetics were determined using a sufficiecgse of the
hydrogen bronze so that the reaction followed kinetics that weredeplgndent on the
chromium concentration. In a typical reaction with bulk hydrogen baggum bronze,
400 ml of a potassium dichromate solution with a chromium concentratidr6®fppm
was reacted with 29.0 mg of the reducing agent in a magnetstallgd sealed flask.
Aliquots of the reaction mixture were removed periodically (5-10 raB)utfiltered
through a 0.45 pm PTFE syringe filter and analyzed for chromatereBagions were
found to follow pseudo first order kinetics with respect to chromidin(vth an
observed rate constant ook k[Hydrogen Bronze] The observed rate constant was

calculated by plotting the natural logarithm of thé*'@oncentration vs. time. A linear
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fit of the data returned thed as the negative slope of the data. The kinetic experiment
was repeated with higher loadings of the hydrogen molybdenum b(88z& mg and
39.2 mg). A true rate constant was then determined from the slapénaar fit of the

Kops VS. hydrogen molybdenum bronze loading.

RESULTS AND DISCUSSION

Chromate Reduction in Water Samples

Well water was obtained from a monitoring well in Oklahoma wilaeptume of
chromate was spreading from a landfill. Analysis of the mygtdded the water quality
parameters shown in Table 4-1. Most values fall within nornmgjes for groundwater
with the exception of pH. It is exceptionally high and outsiddithigs of natural water
and too high to be accounted for by dissolved calcium carbonate sincesh calcium
carbonate has a pH of 8.3. The high pH makes the chromate ionsdessg@mnatural
attenuation by reaction with reducing agents such as humic acids or sufideground
water. This is a result of the fact that the potential éduction of Cr(VI) to Cr(lll) is
reduced to 0.83 mV from 1.38 mV under the conditions found in the ground wdter. T
redox potentials of the well waters were positive and felheartormal range for well-
oxygenated water. The water does possess considerable alkaitibyardness that along

with the high pH can be expected to make the water harder to treat.
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Table 4-1 “Water Quality Measurements for Chromate Contaminated Groundwater”
6+ .. . .
oH ORP (mV) [Cr"]  Conductivity Alkalinity Hardness

(ppm) uS/cm (ppm) (ppm)
8.8 240 9.3 750 800 800

The hydrogen molybdenum bronze used in this investigation was ptepgre
deliberately producing a highly-reduced bronze via the dissolving megtaction using
zinc and hydrochloric acid and then allowing it to oxidize in aiyield an air-stable
bronze with the maximum hydrogen loading, as described in Chaptéhd number of
reducing equivalents per gram of the bronze was determined usinghdependent
methods, oxidation with dichromate and iodometry. These gave 3.157 mEgig0aad
mEq of reducing equivalents respectively for the bronze leadirngsfective theoretical

capacities of 54.7 mg/g and 69.7 mg/g for reduction of chromium(V1).

Before using the molybdenum hydrogen bronze to treat the cordtedi
groundwater, experiments were first performed with aqueousadinaie. Two different
experiments were performed at each of three different pH polntene experiment an
excess of reducing agent was used in order to confirm that chreraateeduced below
the detection limit of 10 ppb. In the second, an excess of chromateassd so that the
reduction capacity of the reagent could be calculated. For exatmpleeatment of 20
milliliters of a 11.1 ppm (as € solution of dichromate at near-neutral pH conditions
with 9.9 milligrams of hydrogen molybdenum bronze reduced tf{é @mncentration
below the 10 ppb detection limit of the calorimeter. In a second ieng&r, using 2.3
mg of the bronze, the final concentration of th& @ras 2.2 ppm. This indicated that the

bronze had a reduction capacity of 77 mg of @Gt near neutral pH conditions (pH of
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7.1). Similar experiments at other pH conditions gave the reqwisnsin Table 4-2.

The pH dependence of the reduction capacity is illustrated in Figure 4-1.
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Table 4-2: “Hexavalent Chromium Reduction Data”

Mass Initial Mass of Initial Cr®* Final CF* Reduction
Of pH chromate | concentration| concentration| capacity
Bronze (mg) sample (g) (PPM) (ppm) (mg/g)

10.6 2.0 19.999 10.21 BDL -

21 2.0 20.001 10.21 1.698 79.99
10.2 5.2 20.009 10.90 BDL -

2.3 5.2 20.011 10.90 1.853 79.85
9.9 7.0 20.007 10.30 BDL -

24 7.0 20.005 10.30 2.052 67.21
10 7.25 20.012 10.56 BDL -

21 7.25 20.011 10.56 2.951 70.58
10.2 8.68 20.026 9.814 BDL -

2.2 8.68 20.024 9.814 2.160 72.02
10.1 9.72 20.008 9.397 BDL -
21 9.72 20.007 9.397 1.950 71.79

BDL: Below detection limit of 10 ppb
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Figure 4-1: “Plot of Reduction Capacity (in Units of mg%g Bronze) vs. pH.” Error
bars represent one standard deviation from the mean.
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The hydrogen molybdenum bronze was next used to treat the groundwater fr

the chromate-contaminated plume. Similar experiments were aldorrped with

nanometric zero-valent iron to compare the efficacy of the eagents. The results are

provided in Table 4-3. The performance of nanometric iron was eaffyatisappointing

but not surprising considering the high pH of the water that l@adspid fouling of the

iron surface with chromium hydroxide. Notably, the hydrogen molybdebuonze

performed very well, but its reduction capacity was somewhatrltvea that found for

pure aqueous chromate solutions. Whether this change is due to othelingxidiz

substances present in the groundwater or the influence of otloerscabd anions cannot

be ascertained at this time.

Table 4-3: “Hexavalent Chromium Reduction Data for Chromate-Contaminated

Groundwater”
Reagent Mass of Mass of Initial Cr®* Final CF* | Reduction
Reagent chromate | concentration| concentration| capacity
(mg) | sample (g) (ppm) (ppm) (mg/g)
Nano-Iron 10.2 20.0 9.3 9.1 0.39
Bulk
HM0,0 10.2 20.0 9.0 BDL -
Bulk
HM0,0 2.3 20.0 9.0 2.13 60

BDL: Below detection limit of 10 ppb

In order to address whether the chromium was immobilized duringethection

process, the total chromium content of treated solutions was measumedxperiment

was performed using an 103 performed with sufficient hydrogenbdehum bronze to

reduce all chromium(VI) to chromium(lll). After the reduction wesmpleted, the

solution was filtered through a 0.45 um PTFE syringe filter amalyaed by XRF
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spectroscopy. It was found that the chromium concentration had lkeredebelow the
detection limit of 0.64 ppm. Thus, the treatment did result in theolipation of

chromium.

Kinetic Measurements

Figures 4-2 llustrates a typical result the reduction of chroifVvI) to
chromium(ll) with molybdenum hydrogen bronze. The natural log &f @ncentration
vs. time data is plotted for each loading reflecting the psatsteofder kinetics of the
experiments. The data shows that there is a large initialagecie the Cf concentration
in the first 5 minutes followed by decay in concentration thddvid first order kinetics.

It was hypothesized that this behavior was due to a rapid adsoopttbnomate onto the
surface followed by a slower reaction as shown in Scheme &sumding that the
adsorption equilibrium is established within the first 5 minutes, the nominal conmentrat
of the chromate after the adsorption takes place can be estimatbe linear fit of the
data with the zero time point removed. This data is presenteduneR2 for each of the
three hydrogen molybdenum bronze loadings. The amount of adsorloatathiican be
estimated by extrapolating these linear plots back to theddtéine reaction. Using the
29.0 mg hydrogen molybdenum bronze data as an example, the calculatgohs
concentration of hexavalent chromium att = 0 is 0.31 ppm indicatin@.B&ppm (over
half) of the original dichromate ions was adsorbed onto the hydtogeze. This leads
to approximately 4.4 mg of €radsorbed per gram of molybdenum hydrogen bronze. In

order to test the hypothesis of molybdate adsorption by chromateactone was
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performed with 27.5 mg of molybdenum trioxide and 400 ml of 0.62 R &nlution.
The molybdenum trioxide was used as an analogue of the bronzeéotsanot reduce
chromate. The final chromate concentration was found to be 0.52 ppm imglieat
uptake of 1.5 mg/g of €F. Since the surface area of the molybdenum trioxide (0.71
m?/g) is approximately half that of the hydrogen molybdenum bronzenil/d), the
uptake on a surface-area corrected basis would be 3.0 mg/g, Thasisthetion of
chromate by the hydrogen molybdenum bronze extrapolated from the& kia&t is not

unreasonable.

Keq
CrO42' (aq) = CrO42' (ads)

Kops | HMO0206

Cr3*

Scheme 1:Reaction scheme for Chromate Reduction by Hydrogen Molybdenum Bronze
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Figure 4-2: Plot of In[Cf*] vs. Time for 29.0 mg Hydrogen Molybdenum Bronze
Loading
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y = -3.16E-02x - 1.16E+00
1 R? = 9.86E-01

In [Cr6+]
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Figure 4-3: “Plot of In[C*"] vs. Time for 29.0 mg Molybdenum Bronze Loading with
the Zero Point Removed”

y = -4.99E-02x - 1.32E+00
R?=9.78E-01

In [Cr6+]
N
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Figure 4-4: “Plot of In[C?"] vs. Time for 33.7 mg Molybdenum Bronze Loading with
the Zero Point Removed”
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Figure 4-5: “Plot of In[C?"] vs. Time for 39.2 mg Molybdenum Bronze Loading with
the Zero Point Removed”

Eliminating the zero time point gave data that gave a linedoffifirst order
kinetics for the disappearance of Cr. The calculated obsertedcomstants, are
summarized in Table 3. Figure 3 represents a linear plotyRfvk. Hydrogen
Molybdenum Bronze loading, which was used to determine the value ofutheate

constant. The value of k was determined to be 1.40nin".

Table 4-4: “Observed Rate Constant at Various Hydrogen Molybdenum Bronze

Loadings”
Hydrogen Molybdenum Bronze | Observed Rate Constant, R for Linear Fit
Concentration (g/L) Kobe (Min™)
0.0725 0.0316 0.9864
0.0843 0.0499 0.9782
0.0980 0.0676 0.9824
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Figure 4-6: “Plot of k.psVvs. Hydrogen Molybdenum Bronze Loading”

Adsorption of Chromium(lll)

Adsorption of chromium(lll) was examined for both hydrogen molybdenum
bronze and molybdenum trioxide. The adsorption of chromium(lIl) was determined to be
around 1.1 mg CGi/g of molybdenum trioxide after a reaction time of 24 hours and
remained stable with time. Chromium(lll) adsorption on hydragetybdenum bronze
was determined to be 6.7 mg*@g hydrogen bronze after 24 hours and was observed to
increase to 7.7 mg &¥g of bronze after 72 hours. This suggests that the hydrogen
molybdenum bronze product does chemically adsorb the chromium(lll) spantkdoes

S0 to a significantly greater extent than does molybdenum trioxide.
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CONCLUSIONS

Hydrogen molybdenum bronze has been shown to reduce aqueous hexavalent
chromium to trivalent chromium over a wide range of conditions in therdéory and
groundwater samples. Furthermore it has been shown to outperfzerno a&alent iron
reagent especially under conditions of higher pH the iron surtads Wwith chromium
hydroxide. This does not happen with the hydrogen molybdenum bronze b#wause
acidic bronze is resistant to hydroxide fouling. The data alscatedi that the bronze

immobilized the chromium(lll) product form the chromium(1V) reduction reaction.

The hydrogen bronze reagent can be used for a wide varietyhiromitim
treatment applications including use in treatment of wastewviraier chromium plating
baths and corrosion inhibition industries. In the event that the hexawierhium
contaminant is already in the groundwater, this reagent may Mk taseeduce the
hexavalent chromium using pump-and-treat methodologies situ using permeable

reactive barriers, of similar technology.
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CHAPTER V

MOLYBDATE PROCESS FOR COPPER ORE PROCESSING

INTRODUCTION

The direct conversion of metal sulfides to metals via carbo#@ereduction or
other processes is problematic. Therefore, conventional pyromeidluagproaches to
refining of sulfide ores usually include a roasting step to conkrem to oxides that are
more readily reduced [102]. Unfortunately, roasting produces sdifxide as a by-
product and thus contributes to acid rain, see Equation 5-1. While modeltersme
capture this gas and turn it into sulfuric acid (at an additiar&t) that can be used in the
extraction process, there is a significant interest in aligengreener processes that have

lower energy needs and reduced environmental impact [103].

2MS +3Q> 2MO +2SQ (Equation 5-1)

The focus of this investigation is copper ore refining but the presease

applicable to other transition metal sulfide ores. The most common rcappe

accounting for 50% of copper production, is chalcopyrite, CuF€&Bere are also a

number of other sulfide ores (such as covellite, CuS, and chalcGcii8) as well as
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some oxide ores such as malachite;(C@;)(OH), and cuprite, GO [104]. The oxide
ores are the most economic to refine since they are readibhéd by sulfuric acid,
usually using a heap or dump leach process with subsequenbisaéttopper by the
SX-EW process, a combination of solvent extraction and electrowiib@%j. Notably,

the process described below could be used to isolate copper hydroxmdthe initially

formed sulfuric acid leachate. In the case of sulfide ores, hydatiorgical processes
have also been developed as alternatives to pyrometallurgy [10@)xc®Hent example
is using a bacterial oxidation process to oxidize the sulfidssilfaric acid, which also
leads to simultaneous leaching with sulfuric acid [107]. As Wwighdxide ores, the SX-
EW process can be used to recover the copper from the pregnansddatobn. The

same result can be realized abiotically using sulfuric acicbrapanied by aerial

oxidation.

This study examines the development of a “green” method of cpppesssing.
The starting copper material for this process is copper(lixteul Copper(ll) sulfate can
be easily produced from copper(ll) sulfide, or other copper ores,naynber of methods
including leaching in sulfuric acid, oxidation with trivalent iron, biotad) oxidation, et

cetera.

The first step of this process is to use an alkali metal mdalg to precipitate
copper from a copper(ll) sulfate stream as an insoluble copper-datdrhydroxide

species.
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CuSQag)+ X AoM0O3ag) =2 Cu(MoQy)x(OH)ys) + A2SOu(ag) (Equation 5-2)

The choice of the alkali metal should not impact the chemistrgeotystem, however,
using potassium molybdate results in the formation of a potassidaessiblution as the
byproduct which can be used as a component in fertilizer, thusimgsuit a the
production saleable commodity stream from the process. Sepadititthe copper-
containing solid and recovery of the sulfate salt byproduct should be riatyst

straightforward for a system with the properly adjusted stoichiomatrasr

This product is then reacted with the alkali metal hydroxiderdier to form the

copper(Il) hydroxide product and the alkali metal molybdate.

Cu(MoQy)x(OH)ys) + AOH(ag) 2 Cu(OH)s) + AsM0O4(ag) (Equation 5-3)

At this stage the alkali metal molybdate solution can baraggd from the copper

hydroxide and processed for reuse. The copper(ll) hydroxide can thoahjarated in

air to form copper(ll) oxide if desired or left in the hydroxide form.

Cu(OH), + Heat> CuO + HO (Equation 5-4)

The copper(ll) oxide or copper(ll) hydroxide can then be easily eslltw the metal

using standard industrial copper smelting methods.
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The fundamental advantages of this proposed process is threafidlth. the
elimination of the roasting step, the need to producgdd® as a byproduct is alleviated
thus saving the costs associated with scrubbing and processing @dteestveam. The
sulfur is retained as sodium (or potassium) sulfate, which can 8easa commaodity,
potassium sulfate being a component of fertilizer. The heat eneggyrement for the
roasting of the sulfide ore is also eliminated resulting innggvin fuel expense and a
decrease in associated carbon emissions. Finally, since the ntelfdoda the process is
recoverable it can be recycled, and can ultimately be considered-tame capital cost

instead of a recurring supply cost.

This study examined the reaction between copper(ll) sulfide aaliLirns
molybdate in detail. The composition of the copper-molybdate-hydrgxmiduct was
determined to be somewhat similar to lindgrenite with some imputodiéferences. A

hydrothermal synthesis of lindgrenite was also attempted.

EXPERIMENTAL

Chemicals and Characterization Methods

All reagents were commercial products (ACS Reagent gratiggloer) and were
used without further purification. Sodium molybdate dihydrateté®,e2H,0;; CAS
# 10102-40-6; ACS Grade +99.5%) was purchased from Alfa Aesar. Coppeifgife

pentahydrate (CuS@bH,0; CAS # 7758-99-8) was purchased from EM Science. The
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0.1 N HCI was purchased from Fisher Scientific. The 0.997 M NaO#$i puechased
from Sigma Aldrich. Water was purified by reverse osmasliswed by deionization.
Bulk pyrolyses at various temperatures were performed in amaiemt a digitally-

controlled muffle furnace using approximately 1 g samplesmg raf 10 °C/min and a

hold time of 4 hr, unless otherwise noted. X-ray powder diffractid®Xpatterns were

recorded on a Bruker AXS D-8 Advance X-ray powder diffractomeserg copper K

radiation §.=1.5418 A). Crystalline phases were identified using a seartttirpeogram
and the PDF-2 database of the International Centre for Diffradbata’. X-ray
fluorescence spectroscopy (XRF) was performed on a ThernobrdfieQuanX XRF
spectrometer. Thermogravimetric analysis was performed usingeiko SlI

Thermogravimetric Analyzer.

Reaction of Sodium Molybdate with Copper Sulfate

Copper sulfate and sodium molybdate were reacted in the followspmective
molar ratios: 1:5, 1:4, 1:3, 1:2, 1:1, 1:0.67, and 0:0.5. The 1:0.67 ratio was chalsen as
corresponds stoichiometrically to the Cu:Mo ratio present in theratilvedgrenite. The
1:5 Cu:Mo ratio reaction will be described as an example of howethetions were

performed.

Two solutions were prepared; the first comprising 25 mmoles of ¢diS8blved
in 50 ml water. The second solution contained 125 mmeViN@, dissolved in 50 ml

water. These two solutions were poured together into the reactissl;v@snagnetically
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stirred 250 ml media bottle. Care was taken to first pour th®d@, solution into the
reaction vessel followed by the CuSsylution in the event that the order of addition was
significant. The beakers initially containing the two solutions wesed with water into
the reaction vessel. The total volume of rinse water was ana@at at 44 ml, such that
the total volume of the reaction vessels were maintained at L4Zme reactions were
allowed to proceed for 48 hours in order to ensure that the remdtiath reached
equilibrium and then removed and vacuum filtered using a 350 ml mediunglpesefrit
filter. The initial filtrate was saved and the filter cakesed with 1000 ml water. The

remaining solid product was dried at’@0to constant mass (1 to 2 days).

Hydrothermal Reaction of Copper Sulfate and Sodium Molybdate

A Teflon-lined hydrothermal bomb reactor was charged 5 l@&M copper(ll)
sulfate solution and 0.4 M sodium molybdate solution. A green preeipitais
immediately formed. The bomb was sealed and heated to 160 9@tatad 10 °C/min.
The temperature was held at 160 °C for 8 hours and slowly cooled dadorh
temperature at a rate of 0.5 °C/min. After cooling, the readsralfowed to sit another
24 hours, undisturbed. The bomb reactor was then opened and the producshesd wa

with water by decanting. The product was a green crystalline solid.

Copper Assay of Products as CuO

Assay of the copper product was carried out by reacting it avitlexcess of

sodium hydroxide resulting in the formation of copper(ll) hydroxideincé the
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copper(ll) hydroxide is unstable toward dehydration it was negedsamheat the
hydroxide to 480 °C to produce an air stable oxide, CuO, that could be arsed f
gravimetric assay of copper. The proper dehydration temperatas determined by
synthesizing a sample of copper hydroxide and performing thermogravimetyisigioa

it to determine the optimal temperature. The copper hydroxide pradsciprepared

according to the reaction:

[Cu(NH3)g]SO4 + 2 NaOH> Cu(OH) + NaSQ, + 6 NH; (Equation 5-5)

A solution of copper sulfate was prepared by dissolving 4.999 g £550
(~20 mmol) in 100.42 g 0. The copper sulfate solution was then treated ammonium
hydroxide sufficient to form a dark blue solution of hexamine coppes(lfate. This
was then reacted with 40.06 g of 0.997 N sodium hydroxide to precifhtamopper(ll)
hydroxide product. The product was then separated using vacuutofiltead vacuum
dried to a constant weight of 1.95 g. The copper hydroxide produchemasmnalyzed by
TGA and formula weight was determined to be 97.867 g/mol, correspaiad@igOH).
The minimum temperature for pyrolysis of the copper hydroxide determined from
the TGA to be around 380C. The pyrolysis was performed at 480 °C to ensure

completion.

119



Q'00F

00gge

26T I8
O¥FI8E

0'00c

Q05

-y durs T
0 00T

0051

000l

Tall €8
D2TerL

YalB 8O
P 0EL

o0°'Zs

100°+8

00’98

Q088

10006

100°C6

1006

10096

10086

00001

%2 DL

Figure 5-1: “TGA Trace of Copper Hydroxide”
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Copper assay of the copper molybdate products as CuO was carriad36uinl
glass centrifuge tubes that could be heated to the requirétC48@e rationale being that
product would remain in the centrifuge tubes for the duration ofrihlysis in order to
avoid loss of product during transfer from one vessel to the n&gproximately one
gram of the product was placed in a preweighed 30 ml glassifeget tube.
Approximately 5 g of 0.997 M NaOH was added to the tube. The tubéhemasapped
and manually shaken vigorously for ten minutes. The reaction of thdugrwas
immediate and was evidenced by a color change from the initi#l green to the
turquoise blue of copper hydroxide. The tube was then centrifuged unsiblidewas
stable at the bottom (typically 20 minutes @ 3000 rpm was suifjciand the
supernatant was poured off. The reaction with the 0.997 M NaOH wastaep®vo
more times in order to ensure that all of the copper molybdate praghated with the
NaOH. The additional reactions did in some cases result in iheatdtformation of a
black product. This black product is copper oxide and resulted frometingdration of
the quite unstable copper hydroxide that is catalyzed by ex@sss The resulting
copper hydroxide product was washed three times with 15 ml wktareach wash 15
ml water was added to the centrifuge tube which was capped nstigieously for 10

minutes and centrifuged. This product was then dried €@ &) remove any remaining

water and heated in a muffle furnace at 48®mvernight.
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Determination of Copper by UV-Visible Spectroscopy

A solution of copper (Il) chloride of known concentration (0.1583 M) was used t
determine an extinction coefficient (10.03'tn™ at 725 nm). The copper samples were
dissolved in 0.1 N hydrochloric acid with a target copper concemtratear that of the
copper chloride solution. The absorption was determined for each sampl25

nanometers and their concentrations determined by Beer’'s Law.

RESULTS AND DISCUSSION

It was determined that the product yield increased with increaspger to
molybdate ratio and this was accompanied by a concomitant indreétse pH of the
filtrate. The yield and pH data obtained at various copper to mehm starting
material ratios are summarized in Table 5-1. The mass ofett@vered product
increased as the copper to molybdenum ratio decreased as showreib-Tadohd Figure
5-2. It was also observed that the lower yield filtrates becah@rker blue suggesting
that unreacted copper remained in the solution phase. In the lavee(lrd, 1:0.67,
1:0.5) reactions a small amount of product was formed after theiéitt at the 48 hour
limit, however the filtrate was still very dark blue. Thes@servations suggest two
things, first since the higher copper to molybdenum sample dédtrabntained more
unreacted copper as evidenced by the blue remaining in the solui®mnplied that
increasing the molybdenum concentration in the starting matecaases the yield of

the reaction. Secondly, considering that a small amount of amouptodtict was
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formed in the filtrate after the 48 hour reaction time, an ingrgasoncentration of

molybdenum in the system also increases the reaction rate.

Table 5-1: “Mass Recovery and pH Data for Products Obtained from Reactions of
Various Copper to Molybdenum Ratios”

Cu:Mo Molar Ratio Product Yield (g) pH of Filtrate
(Starting Materials)
1:5 4.56 6.7
1:4 4.55 6.6
1:3 4.54 6.5
1:2 451 6.0
1:1 3.82 4.0
1:0.67 2.60 3.6
1:0.5 1.92 3.2
S 4.5 * * * )
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Figure 5-2: “Mass of Solid Product Recovered vs. Molybdenum to Copper Ratio”

The yield of product at the 1:0.67 Cu:Mo ratio was quite low . Notahky
solution pH was fairly low as well indicating that the root caatehe low yield is
solubilization of the copper molybdate product that has been demedsteabccur at

low pH. As more molybdate is used in the reaction, the molybdaseserve as bases to
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neutralize the acidity of the hexaaqua copper(ll) ions and resuhliigher yields.
Notably, the copper:molybdenum ratios are strongly correlatecctoather as shown in

Figures 5-3 and 5-4.

O T T T T T
0 1 2 3 4 5 6

Molybdenum to Copper Ratio

Figure 5-3: “Filtrate pH vs. Molybdenum to Copper Ratio”
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Figure 5-4. “Mass of Recovered Product vs. pH”
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A qualitative X-ray fluorescence analysis of an as preparetbtypical solid
product sample, shown in Figure 5-5, indicated that the only metals present iodhet pr

was copper and molybdenum.
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Figure 5-5: “Plot of Relative Peak Intensities of Copper and Sulfur from Gaiale
Assay Using X-Ray Fluorescence”
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Powder X-ray diffraction analysis of the copper(ll)-molybdenum product sigygest
a moderately amorphous product with definite lindgrenite(\MoO4)(OH),, peaks. The
lindgrenite peaks were present in all of the samples regaafléss molybdate to copper
ratio. Powder X-ray diffraction analysis determined that thelgsis product of the
copper-molybdenum product was essentially pure copper molybdate. Asdmmons
containing phases were present in the pyrolysis product it viasmdeed that there was

no sodium present in the initial product.

More quantitative methods were used to determine the amount of copper
molybdenum and water in the product. Copper was determined using flexerdi
methods the first method was by a gravimetric method in whicltedphper molybdate
species was reacted to copper(ll) oxide. The second method empldreibible
spectroscopy. Molybdenum was calculated using the determined cappent and the
ceramic yield after complete conversion to oxides. Water comtaatdetermined by

thermogravimetric analysis.

The yield of the copper(ll) oxide was determined gravimetsicatid from this
data the percent copper content of the product was determined and isrgaednn
Table 5-2. Additionally, it was possible by this method to deateenthe overall
conversion of copper in the starting materials to copper oxide, wh&hmeasure of the
overall efficiency of the molybdate process for the conversion of capifate to copper

oxide, as shown in Table 5-2.
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Table 5-2: “Determination of the Copper Composition of the Product by Gravimetric
Determination of Copper Oxide”

Copper to Molybdenum % CuO (by mass) % Cu (by Mass)
Ratio (Starting Materials)

15 42.52 33.97

1:2 42.41 33.88

1:1 42.05 33.59

3:2 42.34 33.81

Table 5-3: “Percent Copper Recovery from the Starting Solution”

Copper to Molybdenum Ratip % Cu Recovery from
(Starting Materials) Starting Materials
1.5 97.42
1:2 96.01
1:1 80.78
3:2 53.74

The UV-visible spectroscopic analysis examined a largegerasf copper to
molybdenum ratios than did the gravimetric method. The results of/¥h¥isible

analysis are summarized in Table 5-4.

Table 5-4: “Percent Copper by Mass, UV-Visible Data”

Copper to Molybdenum% Cu (by Mass)
Ratio (Product)

1to5 33.73

lto4 33.90

1to3 33.53

1to?2 34.27

l1tol 33.41

1 to 0.667 33.41

1t00.5 33.25
Hydrothermal 34.08

The UV-visible data is likely more accurate than the gratrimdata, because the

gravimetric procedure involved multiple washing and decanting stepkigh some of
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the product may have been lost which would underestimate the amount of icofipe
sample. Additionally, if the sodium molybdate was not completelshe@ out prior to
pyrolysis of the hydroxide to the oxide, there would be some sodixite and
molybdenum trioxide impurities which would overestimate the amount of cqppesent.

These difficulties are not present in the UV-visible analysis.

Samples of the products were examined by thermogravimetrigsaad order to
determine the water content of the products by examining the wegghof the product
as the temperature increased. Figures 5-6 through 5-8 ilust@ weight loss of the

sample with respect to time.
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Figure 5-6: “Thermogravimetric Trace of Product from Reaction with 1d&pger to
Molybdenum Starting Material Ratio”
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Figure 5-7: “Thermogravimetric Trace of Product from Reaction with 1dpger to
Molybdenum Starting Material Ratio”
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Figure 5-12: “Thermogravimetric Trace of Product from Reaction with 1:0.5 Copper
Molybdenum Starting Material Ratio”
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The dehydration of the product occurs slowly at room temperature up to
approximately 300 °C where it accelerated significantly. Allampattern is observed
for pure Cu(OH). The shape of the TGA curve likely reflects the pairwmalmnation
of the adjacent hydroxides in the low temperature range followeddid dehydration at
higher temperature that allows migration of the hydroxyl groups.alligtthere is an
inverse correlation between the size of the initial dehydrattep and the copper to
molybdenum ratio used in the synthesis. The hydrothermal product thatciossy
approaches the lindgrenite has no initial dehydration step. d&$dts suggest the
presence of additional hydroxyl groups and/or waters of hydratiorhen copper
molybdate products as compared to lindgrenite. The mass lossodatach of the

product samples examined are summarized in Table 5-5.

Table 5-5: “Thermogravimetric Weight Loss Data”

Copper:Molybdenun 1* Mass Loss 2" Mass Loss Total Mass Loss
(Starting Materials) (weight %) (weight %) (weight %)
1:5 0.83 3.03 3.93
1:4 0.81 3.12 3.93
1:3 0.78 2.98 3.76
1:2 1.19 2.87 4.06
11 1.46 2.78 4.24
3:2 1.58 2.75 4.33
2:1 1.30 2.82 412
Hydrothermal 0 3.23 3.23

Lindgrenite would decompose to copper molybdate and water by daebydagt shown

in Equation 5-8.

Cw(M00Oy)2(OH), + heat> CusM0,0g + H,O (Equation 5-8)
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If the lindgrenite was anhydrous, the percentage of mass yodétoydration of
the hydroxides would be 3.31 %. Thermogravimetric data from a synthetgrenite
synthesized from a hydrothermal method [108] also appeared to be #ewmistal to

that found in this study, and is presented in the Figure 5-13.

10004
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Figure 5-13: “Thermogravimetric Trace for Synthetic Lindgrenite” (4ded from Ref.
[108])

Isothermal TGA analysis of the product was performed abwariemperatures in
order to determine the fraction of the water that was dugdcaton. The 1:2 Cu:Mo
sample was examined at a temperature of 1Z%.8r a duration of 1199 minutes. The

sample experienced a weight loss of 0.441%.
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The differential scanning calorimetry data from the repredize 2:1 Mo:Cu
solid product indicates two endothermic reactions illustrated bywbevalleys in the
DSC spectrum. The first valley begins at 273.29 C, is centdré?9369 C, and
corresponds to a heat flow of 1.813 J/g. The second valley begins at 325146 C

centered at 339.93 C, and corresponds to a heat flow of 112.2 J/g. The watmnd

appears to correspond to the sharper weight loss, ca. 3%.
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The molybdenum content was determined by subtracting the percent copper
content as copper oxide from the products ceramic yield. The derlyn was assumed
to be present as molybdenum trioxide in the final product. Givenahasit was possible
to determine the ratio of copper, molybdenum and hydroxide ions in eaddcp
Notably, it was found that the copper deficiency of the productscampensated by the
protonation of the oxo groups to produce additional hydroxyl groups with tespec

lindgrenite, Cy.20g-2(OH)2+2x 0r Cip.8gdM0207,64 OH)2 32 for the 1:5 Cu:Mo product.

Some of the products isolated at lower pH had additional protonatioieltb y
coordinated water molecules. The hydrothermal product was also asdpeent but in
this case the charge was balanced by the presence of fewanaps go that the product

was also slightly water deficient.

Table 5-6: “Calculated Copper to Molybdenum Product Ratios*

Cu:Mo Starting Materials Cu:Mo

1to5 1.419

lto4 1.432

1to3 1.399

l1to?2 1.464

ltol 1.403

3t02 1.406

2101 1.388
Hydrothermal 1.426

Theoretical Lindgrenite

(anhyd.) 1.500
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Table 5-7: “Calculated Formulas for the Various Products®

Copper to Molybdenum (Starting Material) Formula
5to1 Cl;_l,gzMOzO7_eg(OH)2_3z'0.07 HO
4t01 CQ.86M0207.7;(OH)2_25'0.07 HO
2tol CQ.82M0207.64(OH)2_3E'0.07 HO
1to1l Cu.8:M0207 62(OH),.3::0.02 HO
3to2 CQ.83M0207.6;(OH)2_35'0.07 HO
2to 1 Cuy.7eM0207 5¢(OH)2.4.-0.10 HO
Hydrothermal Cplg:M0,05 1(OH), ¢-:0.07 HO
Theoretical Lindgrenite Glc(OH)2.0((M00O3 o¢)2

CONCLUSIONS

A green process was developed for the processing of copper sulfide or
ultimately to the oxide. The purpose was to obtain an alternativegzdc the sulfide
roasting presently employed which results in the formation ofisdibxide gas as a by-
product. Application of this process requires an initial conversion of the copper suilfide
copper sulfate by a number of possible methods. The resulting copipée solution is
next reacted with an alkali metal molybdate to precipitate a copper maybuisatment
of the latter with an alkali metal hydroxide allows the isolaof solid copper hydroxide
and regenerates the alkali metal molybdate. The hydroxideqircan be reduced in the
hydroxide form or dehydrated to the oxide form and subsequently rethycexisting
processes. The advantages of this process over the exisimgasting operation are
manifold. There is not sulfur dioxide produced in this process makinguéh more
environmentally friendly. Additionally, cost saving benefits of ghiecess include the
recyclability of the molybdate reagent, and as this procesariged out in the aqueous

phase at a temperature of around 100 °C, decreased energy requirement and dapital cos
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This study examined the nature of the copper molybdate interaedrad
determined that it was a copper molybdate hydroxide matenmllas to the mineral
lindgrenite, however the material was copper deficient and nmchhydroxide.
Additionally, the yield of the copper molybdate intermediate waen@ant upon the pH
of the system, such that the yield, and thus the copper recovergsiedreith increasing
pH. Additionally it was determined that the molybdate in theistarhaterials served to
increase the pH by acting as a buffer, and in the processdsed to a water soluble
polymolybdate species which is not usefully recyclable. Sincentiigbdate is the most
expensive reagent in the process, it will be necessary to pefdicure work to adjust the
pH using an alkali metal hydroxide base, likely in the same plioperas present in the
lindgrenite mineral. The successful negotiation of this challetgeld make the

molybdate process a viable industrial process for copper ore pragessi
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CHAPTER VI

CATALYTIC DISPROPORTIONATION OF AQUEOUS SULFITE

INTRODUCTION

Sulfur dioxide gas is a by-product in a large number of induspriatesses
including coal-fired power production, ore refining, petroleum refining, eBulfur
dioxide when released into the atmosphere is converted into s@bididy a number of
mechanisms ultimately returning to earth as “acid-rain” twhig responsible for a
number of problems such as acid erosion of infrastructure and damagaents and

wildlife.

Sulfur dioxide is produced in the ore refining industry during the roasting of metal
sulfide ores such as nickel or copper sulfides. A generalizetiaeaof this type is
illustrated in Equation 6-1, in which a metal(ll) sulfide, denoted&, is roasted with

excess oxygen to produce the metal oxide and sulfur dioxide.

2 MSg) + 3 Oyq) 2 2 MO + 2 SQ (Equation 6-1)
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Sulfur dioxide is produced in petrochemical and coal-fired power ptiodutrom the

oxidation of organosulfur compounds as illustrated generally in Equation 6-2.

CHyS; + excess @2 X COyg) + 0.5y HO(g) + Z SQyy) (Equation 6-2)

In the environment, sulfur dioxide reacts by either a gas phasgare to sulfuric
acid, or by an aqueous phase reaction to sulfurous acid. In the gasrghetion, sulfur
dioxide reacts with hydroxyl radical, HO-, already presenhénatmosphere to form an
intermediate HS® radical, see Equation 6-3, which subsequently reacts with marecul
oxygen to form sulfur trioxide and the peroxy radical, HOO-, speation 6-4. The
sulfur trioxide reacts with water to form gaseous hydrogen suliat the hydration
product, as shown in Equation 6-5. Ultimately the gas phase hydsatjate aggregates
with water molecules to form an aerosol of sulfuric acid dropkte Equation 6-6,

which, when they grow sufficiently large, fall to earth as acid rain[109].

SO, + HO-> HSGs: (Equation 6-3)
HSGs: + O, > SG; + HOO- (Equation 6-4)
SGO; + H,O > HaSOyg) (Equation 6-5)
HoSOyg) + N O 2 HaSOxaq) (Equation 6-6)

A second reaction for the environmental production of sulfuric acidredn the
aqueous phase when sulfur dioxide gas is dissolved in water dropldtsaswutouds,

mist, etc. The dissolved sulfur dioxide then reacts with watdorim sulfurous acid,
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H>SOsaqp  The sulfurous acid is then oxidized by environmental ozone or dsro

peroxide to produce aqueous sulfuric acid [109].

SOyg) 2 SOaq) (Equation 6-7)
SOyag)+ H20g) 2 H2SOsaq) (Equation 6-8)
H2SOsag) + O3(aq) 2 H2SOuag) + Ozaq) (Equation 6-9)

H2SOsag) + HoO2(ag) 2 H2SOuag) + H20() (Equation 6-10)

In order to avoid the release of sulfur dioxide gas the indusiaies implemented

several methods to remove it from the stack. The processes uaedotaplish this

include:

1) Reacting the sulfur dioxide with hydrogen sulfide gas to felemental sulfur and

sulfuric acid, in a reaction known as the Claus Process.

H,S+SQ—>3S+2H0O (Equation 6-11)

2) Reacting the sulfur dioxide with calcium carbonate to itytidrm calcium sulfite.

The calcium sulfite is then oxidized with oxygen (or air) to form calciumtgylvehich is

a synthetic form of the mineral gypsum.

SOyg) 2 HoSOsq)  (Equation 6-12)

HoSOsaq)+ CaCQ > CaSQs) + HOg + COy  (Equation 6-13)
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2 CaSQ) + Oy 2 CaSQy (Equation 6-14)

3) Reacting the sulfur dioxide with aqueous hydroxide to form an agsetiiis salt, see
Equations 6-15 and 6-16. A slight variation on this reaction usesea/Ngaid amine

mixture to generate alkylammonium sulfites.

SOz(g) > stQa,(aq) (Equation 6-15)

HZSQB(aq)+ 2 KOH(aq) > KzSOg,(aq)'*' 2 KOy, (Equation 6-16)

A catalytic reaction that can easily be used for the conveddiansulfite stream
to elemental sulfur and sulfate was discovered serendipitonstiie course of this
research while attempting to synthesize potassium molybdenum brgneduztion of
MoO;3 with potassium metabisulfite. Upon observing the presence afeasblution as
well as a brownish solid containing what appeared to be yellifwr rystals, a crude

extraction was performed that resulted in the isolation of sulfur.
Metabisulfite ion, 8057, is the anhydride of bisulfite, HSO For this reason,
when the metabisulfite is dissolved in an aqueous solution it pargatys with water to

form bisulfite ion. The bisulfite ion is, in turn, in equilibrium with sulfite.

S,05° + HO > 2 HSQ (Equation 6-17)

HSOy — SO + H' (Equation 6-18)
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The purpose of this study was to examine the catalytic reaction of sulfitert@fdiur

and sulfate.

EXPERIMENTAL

The hydrogen molybdenum bronze used in these experiments was pradinge
the zinc/hydrochloric acid method previously discussed. The souroen@il) used in
these experiments came from a ferric sulfate reagent @lliypniinknown hydration. The
percent iron by mass was determined from the ceramic yietdeofeagent to contain
20.67 wt% Iron. All other reagents were used as received withobefuypurification

unless otherwise specified.

Determination of the Iron Content of the Ferrous Sulfate Reagent

A preweighed crucible was charged with 2.0090 g of the ferriatsuleagent and
placed in a muffle furnace in which it was heated to a final temperature of 70@ ?&tat
of 1 °C/min. After cooling the mass of the product, which was asstonee FgO3, was
determined to by 0.5937 g by subtraction, which corresponds to 0.0037179 moles of
Fe03, or 0.0074358 moles (0.41525 g) of iron. Comparison of the mass of iron present
with the mass of the initial reagent before heating gaveoalilll) composition of 20.67

wit%.
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Preparation of the Iron Molybdate Catalyst

The iron molybdate catalyst was prepared by reacting wi@olof potassium
molybdate with a solution of ferric sulfate. The potassium molgbdatution was
prepared by dissolving 6.780 g (0.12 moles) of potassium hydroxide in 2&Owater.
After the potassium hydroxide solution, 8.635 g (0.06 moles) of molybdenoxdé
was slowly added to the solution while stirring, resulting in a swlubf potassium
molybdate with no solid remaining. The ferric sulfate solution \wespared by
dissolving 10.85 g (0.04016 moles) of ferric sulfate in 100 ml of wateisamdd until
all of the reagent dissolved. The two solutions were poured togetherediately
producing a yellow precipitate. The product was stirred for 48 howlr$ilgered through

a glass frit funnel and dried at 80 °C to constant mass.

Reaction of MoG; with Potassium Metabisulfite

A hybridization tube was charged with 2.020 g (14.03 mmoles) of molybdenum

trioxide, 22.236 g (100 mmoles) potassium metabisulfite, and 100 g of. wdiee
reaction mixture was allowed to react in a hybridization overiL4&r hours at 100 °C.
The reaction product was then removed and vacuum filtered to recovsolithe The
solid was dried at 80 °C to constant mass and extracted with tolneaeSoxhlet
extractor to recover the sulfur. There was 0.91 g (28.4 mmoles)ifaf secovered,
corresponding to a yield of 42.6 % (based on the disproportionation abiswdfite to

sulfur and sulfate).
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Reaction of Hydrogen Molybdenum Bronze with Potassium Metabisulfite

A hybridization tube was charged with 2.022 g (14.00 mmoles) of hydrogen
molybdenum bronze, 22.233 g (100 mmoles) potassium metabisulfite, and 100 g of
water. The reaction mixture was allowed to react in a hyatdin oven for 145 hours at
100 °C. The reaction product was then removed and vacuum filteredawer the solid.

The solid was dried at 80 °C to constant mass and extractedoligme in a Soxhlet
extractor to recover the sulfur. There was 0.99 g (30.9 mmoles)ifaf secovered,
corresponding to a yield of 46.3 % (based on the disproportionation abiswdfite to

sulfur and sulfate).

Reaction of Potassium Metabisulfite with Hydrogen Molybdenum Bronze ashIron-

Promoted Hydrogen Molybdenum Bronze Catalyst

Reaction mixtures were prepared by charging hybridization twtiesL00 mmol
of potassium metabisulfite, 100 g of water, and varying amountsdobgen bronze and
ferrous sulfate. These mixtures were then placed in adigétion oven at 100 °C for 72
hours. Each resulting product mixture was filtered through a giadgster. The solid
portion was dried under vacuum and subsequently extracted with eollien Soxhlet
extractor for ~ 8 hours. The resulting toluene phase, which wglst lyellow when it
contained significant amounts of sulfur, was placed in a preweiglaaiband allowed

to evaporate. The mass of sulfur obtained was determined by subtraction.
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Kinetic Analysis of Iron-Promoted Hydrogen Molybdenum Bronze Catalytic

Reaction

Reaction mixtures were prepared containing 25 mmoles of hyditogeae, 4.8
mmoles of iron(lll) as F&SOy)3, 100 moles of KS,05 and 100 mmoles of water in a
hybridization tubes and placed in a hybridization oven at 100 °C foethgred reaction
time. The reaction times examined were 2, 4, 6, 8, and 53 hours. Andhef the
reaction time the reaction products were vacuum filtered thraugfass frit filter. The
solid material was dried without washing at 80 °C to a constassmUpon completion
of the drying step, any sulfur present was extracted fromadlieeia a Soxhlet extractor

with toluene.

Examination of the Cation Effect on the Iron-Promoted Hydrogen Molybdenum

Bronze Catalytic Reaction

Three separate reactions were performed using 25 mmoles ofybgdboonze,
4.8 moles of iron (1ll) (as RESOy)3), and 100 mmoles of sodium metabisulfite. To each
of the reactions was added 200 mmoles of a different alkali s@talsodium chloride,
potassium chloride, and cesium chloride. Each reaction was ran atCl@0 a
hybridization oven for 24 hours. These products were then vacuum filtered to réeover t
solids. The solids were then dried to constant mass and extmaittedoluene in a

Soxhlet extractor to recover the sulfur.
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Reaction of the Iron Molybdate Catalyst with Potassium Metabisulfite

Two grams of the iron molybdate catalyst was reacted at 100°C for 24 hours with
100, 150, and 200 mmoles of potassium metabisulfite in 100,61 KAfter the reaction
was stopped, the solid was removed by vacuum filtration, dried at 80 °C to constant mass

and extracted with toluene to recover the sulfur.

Kinetic Analysis of Iron Molybdate Reaction

A series of experiments were prepared using hybridization tcie@ged with
2.00 g of the iron molybdate catalyst, 200 mmoles of potassiunbisigifeée, and 100 g
of water. The reactions were carried out at 100°C for 6, 12,ntB24. The products

were worked up as in similar experiments and the sulfur extracted.

RESULTS AND DISCUSSION

The reaction of 25 mmoles of hydrogen bronze with 100 mmoles ofspotas
metabisulfite resulted in the formation of 0.59 g (35.57 mmoles) &irsu 72 hours.
This suggests that the reaction of the sulfite to sulfur canndtadeo direct reduction of
the S(IV) to S(0) by the hydrogen molybdenum bronze because tlergBenough
reducing equivalents present. Based on this, it was deterrtiia¢dhis must be a

catalytic reaction. However, the spent catalyst was an ofanoge: solid and did not
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resemble the blue hydrogen molybdenum bronze, which was suggddtimecformation

of a catalytic material that is different from the hydrogen bronze material

Based on the knowledge that sulfur does undergo disproportionation reantions a
the fact that both elemental sulfur and sulfate was obsetrveasihypothesized that the

reaction might take place as shown in Equation 6-19.

38Y,05° + HLO > 4 5"0,% + 2 S + 2 H (Equation 6-19)

A disproportionation reaction is one in which a compound with an element one
oxidation state reacts to produce a product in which the elemenaikigher oxidation
state and a second product where it is in a lower oxidation dtathis case, four of the
six S(IV) atoms from the three metabisulfite ions are oxidtpe8(VI) (forming sulfate)

and two of the same are reduced to S(0) forming elemental sulfur.

Iron(lll) has been used as a catalytic promoter in masulfigization reactions
such as the previously mentioned Claus process. Therefore the effedcabfes on the
catalytic disproportionation reaction was investigated. When 4.8 mioies(l11) was
added to the reaction mixture in the form of ferric sulfate, iregmeriment run under
otherwise identical conditions as the one described above, the sutiuemgincreased
to 1.10 g (57.55 moles). This suggested that the iron(lll) did play thefoa catalytic

promoter for this reaction.
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In order to determine the effect of the catalyst and pronhmdeing on the sulfur
yield, a series of experiments were performed under the samwitions but with
decreasing hydrogen molybdenum bronze and iron(lll) promoter loadirtgs results of
this series as well as those of the hydrogen molybdenum brongexypériments are

summarized in Table 6-1 and presented graphically in Figure 6-1.

Table 6-1: “Effects of Hydrogen Molybdenum Bronze and Iron(lll) Promoter on Yield
of Sulfur”

mmoles mmoles mmoles mmoles % Yield Sulfur
Potassium Hydrogen Iron(111) Sulfur based on proposed
Metabisulfite Bronze Promoter mechanism
100 25 0 19.70 29.54
100 25 4.8 34.57 51.84
100 5 1.0 57.55 86.31
100 1 0.20 61.14 91.70
100
90 -
80 -
5 701
.g 60
2 50 1
S 40 |
& 30
20
10 |
0
20 mol% No Iron 20 mol% (Fe 5 mol% (Fe 1 mol% (Fe
promoted) promoted) promoted)
Catalyst

Figure 6-1: “Bar Graph lllustrating the Effects of Decreasing the Hydrogen Branz
Iron(Il) Loading”
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It was observed from the data that as the amount of catalygramdter in the
system was increased the yield of sulfur product decreadsel most likely explanation
for this is that the initial catalyst material becomedidedl. In this case, if more of
catalyst is present, less sulfur product is produced. The questses asihether

sulfidation produces a more active catalyst or acts as a catalyst poison.

In order to determine whether or not the catalyst was poisonactivated by the
uptake of sulfur, kinetic studies were performed for the iron-prom@action. In this
study, 25 mmoles of hydrogen bronze, 4.8 mmoles of iron(lll), and 100 mmables
potassium metabisulfite were reacted in 100 g of water at 100r°2, #, 6, 8, and 53
hours. Table 6-2 summarizes the resulting kinetic data and Figresd 6-3 illustrate
respectively the mmoles of sulfur produced as a function of reaatienaind the pH of

the reaction mixture as a function of reaction time.

Table 6-2: “Kinetic Data for Iron(lll)-Promoted Hydrogen Bronze Catalyzed
Disproportionation of Potassium Metabisulfite”

Reaction Time | Mass of Sulfur | mmoles of Sulfur| % Yield of Sulfur
(hours) Product (g)
0 0.0000 0.0000 0.0000
2 0.0000 0.0000 0.0000
4 0.0024 0.0755 0.1132
6 0.0038 0.1209 0.1815
8 1.01 32.80 49.19
53 1.10 34.57 51.85
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Figure 6-2: “Plot of Sulfur Yield vs. reaction time, Iron(lll)-Promoted Reaction”
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Figure 6-3: “Plot of pH of the Reaction Mixture as a Function of Reaction Time”

From the kinetic data it was observed that there is an inductionrtimieich very
little product is produced followed by very fast reaction ratetgrethan 16 mmol/hr.
That is, the catalyst is initially producing very little fsm{O) product. After a time, the

catalyst becomes active and the reaction very quickly proceeds to completion.
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This suggests that in the initial stages of the reaction, meahigfmistry takes
place producing intermediate species and protons, but no sulfur. As the pH detr@ase
threshold value around pH = 1, these reactive species react o tfe sulfur.
Thiosulfate is known to disproportionate under acidic conditions [110, 111] angecan
produced from metabisulfite by first reducing the metabisailfatdithionite [112] and
then reducing the dithionite to thiosulfate. Thiosulfate is an especially Iikelrmediate
because in addition to disproportionation to sulfur it can sulfide thebaehum(1V)

centers by oxidation.

X-ray photoelectron spectroscopy analysis shown in Figure 6-4 clutfiece of
the spent catalyst indicated the presence of sulfur on its susduch suggests the
likelihood of sulfided active sites on the catalyst. Interestingbyiron was observed on
the surface of the catalyst. Considering that both molybdenumdei@ad hydrogen
bronze were catalytic for this reaction without the iron, but mimhes, it suggests that
the iron plays a role in the increasing the rate of sulfidatiothefcatalyst, which is
ultimately the rate limiting step in the process, rather thdhe disproportionation of the

sulfite.
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Figure 6-4: “X-ray Photoelectron Spectrum of Spent Catalyst Surface”

Other experiments were carried out in which 100 mmoles of sodiuabiseifite
was reacted with 25 mmoles of hydrogen bronze and 4.8 mmoles of iram{hich the
resulting sulfur yield of 15.4 % (0.33 g) was much lower than thathi@rpotassium
metabisulfite. This suggested the possibility of a cationceffe which the potassium
cation promoted the reaction kinetics to a greater degree thaodhen cation. Such
effects are common in heterogeneous catalysis, such as tbépsassium to promote

iron oxide catalysts for ammonia synthesis.

159



In order to determine this effect an experiment was perfnmavhich excess
sodium, potassium, and cesium cations were added to the iron (lIDggydibronze
catalyzed reaction with sodium metabisulfate. These cations added to produce
solutions with identical ionic strengths. Additionally, one expenimgas performed
with iron (Ill)-hydrogen bronze and sodium metabisulfite with no ad@é#drs order to
determine the effect of increasing the ionic strength. Tédeand Figure 6-5 and 6-6

summarize the experiments and their results.

Table 6-3: “Cation Effect on Kinetic Yield of Sulfur in the Iron(lll)-Promoted Hydrage
Bronze Catalyzed Reaction.”

Bronze | Fe(lll) | N&S0s | NaCl KCI CsCl | Sulfur %
(mmol) | (mmol) | (mmol) | (mmol) | (mmol) | (mmol) (9) Sulfur
Yield

25 4.8 100 200 0 0 0.84 39.3
25 4.8 100 0 200 0 0.91 42.6
25 4.8 100 0 0 200 1.49 71.1
25 4.8 100 0 0 0 0.72 33.7
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Figure 6-5: “Graph of Cation Effect on the Percent Kinetic Yield of the Iron Promoted
Hydrogen Bronze Catalyzed Reaction, Reaction Time = 24 hours”
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Figure 6-6: “Effect of lonic Strength on Percent Sulfur Yield”

From these experiments, it is clear that the yield of sulicreased as the
molecular weight of the alkali metal cation increased. Thiggsests that the large
polarizable cesium cation likely serves to stabilize some of réactive sulfur
intermediates. Additionally, comparison of the reaction containing@®0les of added
sodium chloride (net ionic strength of 5M) with the reaction containmgdditional salt
(net ionic strength of 3 M) further suggested that there is vgasa#l but significant yield
increase observed with increasing ionic strength. Based onisvikabwn about the
layered structure of the hydrogen bronze, it is possible thagasing the ionic strength
of cations in the reaction mixture serves to delaminate the ¢gdrdronze layers

resulting in increased surface area.

In an attempt to create a single component catalyst contaimngolybdenum

catalyst and iron promoter an iron molybdate catalyst was q@@pas previously
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described. Two gram portions of the iron molybdate catalyst veaad with varying
amounts of potassium metabisulfite in 100 ml of water at 100 °C fho@¢ (the results
are summarized in Table 6-4). The reaction containing the 100 eanfdl M) of
metabisulfite did not react within the time allotted. The higtwrcentration reactions
did produce sulfur in the time allotted. At first, it was thought tha inactivity of the
catalyst might be due to the sulfidization reaction requiredtHer activation of the
catalyst. However if this was true, then the recovered sutiar the 150 mmol (1.5 M)
reaction, would have produced no more than ~ 33 mmoles (1.06g) of shufamount
corresponding to the 0.50 M difference between the 1.00 M reactiothantl50 M
reaction. However the 1.50 M concentration produced 2.64 g of sulfusgonging to
a yield of 82.3%. This implied that it was not an issue of gatgréhe catalyst prior to
activation. However the pH of 2.8 for the unreactive sample, asopstyisuggested,

implied that the pH is too high for production of sulfur.

Table 6-4:"Percent Yield and Final pH Data for the Reaction of the Iron Molybdate
Catalyst with Increasing Concentrations of Potassium Metabisulfite”

Catalyst () KS,05 (M) Sulfur Obtained (g) Percent Yield Final pH
2.00 1.00 0.00 0.00 2.8
2.00 1.50 2.64 82.3 0.5
2.00 2.00 3.43 80.2 0.6

A kinetic analysis was performed for the iron molybdate catalysvhich 2.00 g
of the catalyst was allowed to react with 100 ml of 2 M patassnetabisulfite. The
reaction times examined were 6, 12, 18, and 24 hours. The percehbfyisulfur

obtained for each reaction time is summarized in Table 6-5.
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Table 6-5: “Kinetic Data for Iron Molybdate-Catalyzed Disproportionation of Potassium
Metabisulfite”

Reaction Time | Mass of Sulfur | % Yield of Sulfur pH
(hours) Product (g)
6 0.00 0.00 3.6
12 0.00 0.00 3.0
18 3.42 80.0 0.9
24 3.39 79.3 1.0

There was an induction time observed for the iron molybdateysttd well as
decrease in the pH similar to that observed for the iron promotdbden bronze
catalyzed reaction, suggesting that the two reactions arrsinDne very interesting
observation from the 6 hour and 12 hour reactions is that there wasitttergdlid
obtained after the reaction previous to extraction.

In fact tteveeed solids decrease

from 6 hours to 12 hours and then increase from 12 hours to 18 hours and then levels off.

Table 6-6: “Total Solid Recovery as a Function of Reaction Time, Iron Molybdate
Catalyst”

Reaction Time Total Solids Recovered Solids Adjusted for Sulfur
(hours) after Reaction (Q) Removal (g)
6 1.159 1.159
12 0.191 0.191
18 4,792 1.37
24 4.807 1.42

The molecular weight of the spent catalyst per molybdenum wstanated by
determining the weight of the recovered solids and making the assartigt all of the
recovered solid was the spent catalyst and sulfur. Then the ohdke sulfur was
subtracted out and the mass of the spent catalyst per unit molelydfJdenum starting

material was determined. These estimates were deedfor the molybdenum trioxide
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after 6 days, hydrogen bronze only after 6 days, iron(lll)-promoyddogen bronze after

72 hours, and iron molybdate catalyst after 24 hours, and are summarized in Table 6-7.

Table 6-7: “Estimated Molecular Weights (per Molybdenum Basis) for the Various
Spent Catalysts”

Catalyst Estimated molecular weight of the spent
catalyst per molybdenum (g/mol per Mo)
molybdenum trioxide 178
hydrogen bronze 169
iron(lll)-promoted hydrogen bronze 202
iron molybdate 163

A possible mechanism for the disproportionation reaction is givengurd-i6-7.
The first proposed step is oxo transfer to sulfite to produce & dmter and sulfate.
This reaction has a precedent in the sulfite oxidase enzymepdfmrms the same
transformation using a MafS, catalytic center. The next steps involve sequential
reduction of metabisulfite to dithionite and thiosulfate by’Mzenters. These are known
products from the reaction of sulfites with mild reducing agentls asdormates. Under
acidic conditions, the thiosulfate undergoes rapid disproportionation to sumidl sulfite
(or other oxidized species — the reaction is complex and producegety wrproducts
under varying conditions). Part of the thiosulfate is also likebponsible for sulfiding
the molybdenum oxide catalyst. We have shown that this reactionsowdwen
thiosulfate solutions are contacted with molybdenum trioxide at 100 NGtably, a
partially sulfided catalyst would mimic the active site bé tsulfite oxidase catalyst,
which has a molybdenum active site with a coordination of threeirsuénd three

oxygens [113].
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Figure 6-7: “Proposed Mechanism for the Catalytic Disproportionation of Sulfite”

CONCLUSION

A new catalytic method was developed for the disproportionation of aqueous
sulfite to elemental sulfur and hydrogen sulfate ion using Secatalysts based on
molybdenum oxides. These reactions were conclusively determiriezl datalytic and
were found to be promoted by the presence of iron(lll) and/or ceisiuime solution.
Furthermore, the surface of the catalyst was determined tartially sulfided giving the
molybdenum center similar coordination to the active molybdenum cehtbe sulfite

oxidase enzyme used by humans, which is coordinated by three sulfurs and two oxygens.
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This process has potential to be of great industrial importaneei®emany large
industrial processes produce large quantities of sulfur dioxidéwggeduct which must
be “scrubbed” using liquid-gas extraction methods resulting iguaaus sulfite stream
which must be further processed and disposed of. Utilization gbribeess would allow
that sulfite stream to be used not as a waste but as aofdettst the production of sulfur
and sulfuric acid, both of which are valuable commodities. The omlyjasiindustrial
process to this method is the Claus Process, a high temperattesspnahich is energy
intensive and requires a hydrogen sulfide feedstock, while this praagsses only the
sulfite feedstock, from the sulfur dioxide waste stream, and lsleviat much lower

temperatures in the neighborhood of 100 °C.
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CHAPTER VII

CONCLUSION

This study has examined the applications of molybdenum oxides anieiyvof
environmentally green applications as well as detection of explosindsoxidants.
Additionally it has served to develop some soft synthetic methods for thes@aated,
ultimately, to elucidate some previously misunderstood aspects o$ttheture and
chemistry of the sodium molybdenum bronzes, or more correcttiuraohydrogen

molybdenum bronzes.

Specifically, numerous low-temperature synthetic methods werelagpmd for
the hydrogen and sodium hydrogen bronzes. The hydrogen bronzegymibesiged by
low-pH aqueous dithionite reduction and dissolving metal reduction utilizimg and
hydrochloric acid. The low-pH dithionite method resulted in a méxtfrhydrogen and
sodium hydrogen bronzes which were separable by washing out thesohdrke sodium
hydrogen bronze. The dissolving metal synthesis resulted in pdregen bronze at a
yield of (95.6%) in its most reduced air-stable form, with a foamol H sgM0oOs.
Sodium hydrogen bronze was synthesized by a high-pH dithionite redowtitvod that
resulted in a low yield of the product (56.5%). However, by chantjia solvent from

pure water to a 35:65 viv water.ethanol mixture the vyield increage@78.0%).
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The formula of the sodium hydrogen bronze was determined to be
(Na-H0)o.2dH0.2dM003. Furthermore, it was determined that the protons were assbciate
with a Mo’ center and thus chemically reducing, while the sodium cations wer
associated with a Mb center that was not reducing in nature. This suggests &us&ruc
made up of sodium molybdenum oxide, hydrogen molybdenum bronze, and molybdenum

trioxide building blocks in roughly a 0.25:0.25:0.50 ratio.

The sodium hydrogen bronze bulk material was found to disproportionate to a
soluble species in aqueous media. This observed species was mkdemi be
approximately NgosdHoodM0Os3. A possible reason for this enhanced solubility upon
disproportionation of the bulk material is the increase in the i@mds oxygen bonds
formed at the expense of the acidic hydroxide groups. Additionléyformation of the
sodium molybdenum oxide centers require the molybdenum-oxygen bonds to be broken,

serving to decrease the particle size by both delamination and padsiener

A number of very successful applications were developed for the sodium
hydrogen molybdenum bronze material including an aqueous colorimedgentefor
chlorine, and, likely, many other aqueous oxidants. A test strip wasoged with this
material which successfully detected peroxide solutions. The sddidnegen bronze
was found to be unreactive with chlorates, unlike the hydrogen bronzeg amalkes it a
good co-reagent for the discrimination of peroxide explosives ftiorate explosives,

especially as a field test as both reagents are solutiongmraycolor change and require
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no bulky equipment. Lastly, a sodium hydrogen bronze based electronicplhesar
peroxide detector device was developed and successfully tesiithgeim an immediate

linear decrease in conductivity while in contact with the vapor.

One of many environmental applications for the hydrogen molybdenum bronze
product was as a reducing agent for hexavalent chromium in groumdaate
wastewater. When tested in a high pH groundwater sample aganoshetaic iron (a
reagent touted for this purpose) the hydrogen bronze greatly outperformad thetn@nom
iron with a reducing capacity of 60 mg hexavalent chromium/g caedptr 0.39 mg
hexavalent chromium/g observed for the nanometric iron. This is leettaisurface of
the nanometric iron reagent fouls with chromium hydroxide at high phe hydrogen
bronze reagent is immune to this fouling problem because the sigfacielic. In other
studies the hydrogen bronze removed chromium consistently over a amige of pH
values with a very slight enhancement at lower pH values. Addiiptiae hydrogen
bronze was shown to remove much of the trivalent chromium product &sbyvel

absorption.

A second environmental application of the molybdenum oxide based rsateria
that was developed is an environmentally friendly,-8@e copper processing technique
by which copper can be processed from copper sulfide ore, or morgamthoa mix of
copper and iron sulfides, without the need for the a roasting step nomeaitled to
convert the sulfide to the oxide. This is especially importathesoasting step not only

requires a large heat expenditure, but that it also produces digiiude gas which a
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major contributor to acid rain. This method employed copper(ll) teulia a starting
material, easily obtained from copper sulfide by a number of methdthe copper
sulfate is then reacted with alkali metal molybdate to farcopper molybdate hydroxide
material which is similar to the mineral lindgrenite but defi¢ in copper and rich in
hydroxide. This copper species is then reacted with an alle#dil imydroxide solution to
recover the molybdate and convert the copper to copper hydroxide vghiehsily

dehydrated to the oxide by heating under air. The remaaappger oxide, or the copper
hydroxide for that matter, can then be reduced to copper metekibing industrial

methods.

The last application discussed in this study was a catatyéithod for the
disproportionation of sulfite to elemental sulfur and hydrogen suifete The sulfite
starting material can be obtained from industrial sulfur dioxolérces by presently
existing and commonly used scrubbing methods. The sulfur dioxidepisally
extracted from the gas phase waste stream by vapor-ligtraceean with a solution of
alkali of alkaline earth metal hydroxides, or by basic amirfége resulting solution can
by reacted with the catalyst developed in this study in a kglidl heterogeneous
system. Several catalysts were developed including molybdenaridéj hydrogen
molybdenum bronze, iron(lll)-promoted hydrogen bronze and an iron molybdatestataly
all of which proved to be successful to varying degrees. The achtadyst was
determined to be in the form of a molybdenum oxide sulfide speciesa egmonable

mechanism was proposed. Furthermore this catalyst may be ceds@esynthetic
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analog to the sulfite oxygenase enzyme which contains a molybdemter coordinated

by three sulfur and two oxygen species.
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