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Abstract: The reactions of tungstic acid towards alkenes, alkynes, and nitriles were explored in
order to determine the scope of its reactions with unsaturated hydrocarbons. The chemistry was
found to be complex with small changes in substrates leading to significant changes in the products
produced. Most reactions, but not all, resulted from strong acid catalysis. Dehydrogenation,
dimerization, cyclotrimerization, oligomerization, and hydration reactions were observed. Single-
step reactions to produce useful triazenes or to convert light petroleum fractions to diesel fuel, the
Jacobsen rearrangement of alkyl benzenes, and the first non-enzymatic retro benzoin condensation
were discovered. The products have potential applications in organic synthesis, industry, and
medicine. The reduction of colloidal suspensions of vanadium bronze were found to produce
suspensions of vanadium bronze nanoparticles while reactions with bulk materials produced bulk
bronzes. Bimetallic oxides and oxyhydroxides of vanadium combined with aluminum, zirconium,
yttrium, and lanthanum were successfully obtained through reaction of the aqueous vanadyl oxalate
and the corresponding metal oxide or hydroxide. These materials have important applications in
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peroxide detection utilizing colloidal vanadium bronzes, vanadyl solutions, and thin film of
vanadium oxide materials were developed. Thin films of V10024-12H,O were made successfully
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CHAPTER I

INTRODUCTION

1. Dissertation Overview:

This current dissertation, entitled ‘The Synthesis and Applications of Tungsten and
Vanadium Oxides/Oxyhydroxides in both Bulk and Nanoparticulate Forms’, includes the main
body in addition to the introductory chapter. The introductory chapter (Chapter 1) presents an
overview of the purpose and scope of the research along with a brief background discussion of the
materials of interest, their structures, and their synthesis. The main body of the dissertation is
subdivided into four parts. The first part, Chapters II, discusses the catalytic activity of tungstic
acid and tungsten blue with selected alkenes, alkynes, and nitriles. The second part, consisting of
Chapters III, IV, V, and VI, describes the development of novel methods for the synthesis of mixed
valence vanadium oxides/oxyhydroxides and bimetallic vanadium oxides/oxyhydroxides and the
characterization of the novel materials. Chapter I1I is devoted to an investigation of the reaction of
sodium dithionite with bulk vanadium pentoxide in bulk powder form and as a colloidal suspension.
Chapter IV discusses the synthesis and characterization of vanadyl oxalate solution and the thermal
decomposition of vanadyl oxalate. In addition, this chapter also reports an investigation of the
reaction of aqueous vanadyl oxalate solutions with aluminum hydroxide and the formation of

mixed aluminum vanadium oxyhydroxides precursor material for aluminum orthovanadate and



alumina-supported yttrium orthovanadate. Chapter V reports the extension of the discovery of newly
discovered reactivity of vanadium oxalate towards aluminum hydroxide to three other materials:
zirconium hydroxide, yttrium oxide, and lanthanum oxide. Chapter VI explores the reaction of
vanadium pentoxide with pyruvic acid oxime via a method that is analogous to the preparation of
vanadyl oxalate. The dark blue VO(PAO); thus produced was investigated as a precursor for vanadium
pentoxide that would be useful for producing supported V,0Os catalysts. The possible conversion of
vanadyl pyruvic acid oxime to a single-source precursor was explored and is also reported in this
chapter. Finally, the reaction of the novel reagent with aluminum hydroxide will be discussed. The third
part of the main body of this dissertation (Chapter VII) reports the investigation of the peroxide-based

explosive sensing applications of several of the vanadium compounds developed in this research.

2. Background:

Layered transition metal oxides and oxyhydroxides of vanadium, molybdenum and tungsten
have rich physicochemical properties that to this day are not completely explored. Their ability to form
conducting bronzes through the reversible incorporation of hydrogen or alkali metals into their lattices
with partial reduction of the host metal ions is particularly interesting.[' Molybdenum, vanadium, and
tungsten layered oxides and oxyhydroxides play important roles in numerous applications in many
fields; such as including catalysis 1], sensing devices [!417], electrodes ['* '], lithium ion batteries 2%
27, and electrochromic or liquid crystal displays [ 2!- 2835 The physicochemical properties of these
materials depend strongly on the structures they adopt which are numerous and cover a broad range of
oxidation states.

This review of the literature will focus of the materials most pertinent to this investigation. In
the case of vanadium, Peter Y. Zavalij et al. (1999) provided a structural classification and notation
system for pure vanadium oxide open framework structures with vanadium in oxidation states greater

than 3+. Approximately 60 types of vanadium materials are divided into five classes according to the



type of coordination polyhedra present and into 14 subclasses according to the more complex structure
formed. (¢!

In the case of nanomaterials, Boris 1. Kharisov et al. (2010) offered a discussion of rare
nanostructures with animal-like shapes as well as a non-formal classification for nanostructures based
on rare nanostructures. *”) It has been stated that different nano-forms of inorganic compounds possess
different useful properties. The nano-form adopted by materials are strongly dependent on the templates
used, the packing mechanism, and the arrangement of surfactants between the metal layers. For
example, hierarchical WO3 nanoparticle that resemble sea urchins were produced by a hydrothermal
method using sodium tungstate, the ammonium salt of EDTA, and Na,SOs. In the absence of the EDTA
salt, the reaction produced WO; nanowire bundles instead. These two different morphologies of WO3
nanoparticles display different electrochemical responses and possess dissimilar luminescence
properties.

The morphologies of vanadium oxide particles were also observed to be strongly dependent on
the valency of the vanadium ion in addition to the dependence the organic surfactant template used, the
packing mechanism, and the arrangement of the surfactant between the vanadate layers. For example,
nanoparticles of VOx have morphologies that mimic sea urchins vanadium oxides (VOy) and are
composed of a central spherical particle from which project oriented arrays of vanadium oxide
nanotubes or nanorods. The variations in the projecting “needles” influence the electrocatalytic and
photocatalytic activities of the particles. 7

Jacques Livage et al. (2010) also reported how the molecular structure of precursors in the
solution are somewhat correlated to the nanostructure products phases produced via hydrothermal
methods. Numerous vanadium oxides with a variety of nanostructures have been hydrothermally
synthesized from an aqueous vanadium (V) solutions. Nanotubes are obtained via a self-rolling process
while nanospheres, nanoflowers and nano- sea urchins are formed via the self-assembling of

nanoparticles. 3%



Henri van Damme et al. (1990) reported the synthesis of pillared vanadium oxide. ! Pillaring
the layers of a vanadium pentoxide xerogel, which has acidic and weak mixed valence VV-VV
characteristics with Al;; Keggin ions, [Al;304(OH)2(OH2)12]”* was accomplished via a double ion
exchange method while pillaring with Mos and Nbs polynuclear cations was accomplished using a
single ion exchange method.

Yoshio Oka et al. (1990) prepared green fibrous vanadium oxyhydroxides H,V3Os

1) The structure of the produced was determined using

hydrothermally from VOSO4 aqueous solutions.
the XRD data and the Rietveld method. It has a layered structure composed of V3Os layers that are
comprised of two VOg octahedra and one VOs trigonal bipyramid that were assigned to V3 and V**
respectively. The arrangement of the vanadium oxide polyhedra are related to those of the vanadium
bronzes B-Nag33V20s.

Chi-Chang Hu et al. (2007) reported the formation of highly pure H,V3;Os single crystal
nanobelts through hydrothermal treatment of a precursor solution containing V°* and V** in fixed ratio
of two to one. *! Studying the growth mechanism of H,V3Os nanobelts during the hydrothermal
synthesis clarified that the hydrothermal route involved the formation of metastable, whisker-like
V10024'nH>O particles that react continuously with the dissolved V*#* ions to form H,V30s nanobelts.

Guyomard et al. (2002) reported a study of the lithium insertion/deinsertion properties of
H, V305 precursor and three oxidized derivatives MyH.yV30s (M = Li, Na, K; y = 0.6-0.9). 2>l The new
derivatives were formed through the oxidation of H>»V30s under mild conditions. The electrochemical
performance of these materials with respect to lithium insertion differed from that of the precursor
H,V30s5. Only NagoHo.1V30s showed remarkable electrochemical behavior and lithium insertion
properties that make it a promising candidate positive electrode material for rechargeable lithium
batteries.

Masaharu Nakayama et al. (2005) described the fabrication of molybdenum and vanadium

mixed oxyhydroxide films from Keggin-type V-substituted polymolybdophosphate precursors. #* The



fabrication of molybdenum and vanadium mixed oxyhydroxide films on gold electrodes was
accomplished by electrochemical reduction route. The modified electrodes showed stable redox
behavior in 0.5 M Na,SO; electrolyte at pH 3. Cyclic voltammetry of the resulting films showed a
response to nitrite in the form of a current enhancement. The deposited V ions were found to participate
in the electrocatalytic reduction of nitrite ion.

Mingdeng Wei et al. (2009) synthesized single crystal V307 H>O nanobelts and investigated
their electrochemical properties. [*?! The nanobelts were prepared using a hydrothermal method without
any of templates or catalysts. Electrochemical measurements showed that impregnation of these
nanoparticles into the working electrode of a lithium ion battery enhanced the performance due to the
intrinsic properties of the V307 H,O phase.

Yi Xie et al. (2009) synthesized a smart electrical switch material based on haggite V4Os(OH)4
nanobelts. **! This was produced through the controlled oxidation of V(OH),NH, in a formic acid
(HCOOH) buffer solution. The theoretical and experimental analysis demonstrated the uniformity of
the vanadium valence state of 4+, and thus the accurate formula of haggite is V4Os(OH)s. The haggite
phase showed semiconductor-insulator transitions and has potential for the construction of intelligent
switching devices.

Sun-I1 Mho et al. (2009) reported the synthesis of vanadium oxyhydroxides H>V30g nanobelts
and their application as electrode materials for lithium ion batteries. ** Vanadium oxyhydroxides
H,V303 and vanadium oxide V,0s were synthesized hydrothermally from a V,Os xerogel with and
without a multidentate polymer with many oxygen atoms, polyethylene oxide PEO or polyethylene
glycol PEG. PEO and PEG polymers were found to serve as surfactants as well as reducing agent during
the hydrothermal reaction to form the H>V3Os nanobelts. These H,V3Os and V205 nanobelts were
examined as cathode materials for lithium ion batteries using a multichannel galvanostat/potentiostat
system. Based on the specific discharge capacities, H,V30s showed better electrochemical performance

than V,0s nanobelts.



Flaviano Garcia-Alvarado et al. (2013) synthesized H,V3Os nanobelts through a fast and
environmental friendly microwave-hydrothermal method from only commercial V,Os powder, water,

31 The characterization of the resulting material’s morphology as well as their

and ethanol.
intercalation chemistry indicated the formation of H,V30sz nanobelts that were 100 nm wide and several
micrometers long.

Yi Xie et al. (2010) described the synthesis of montroseite VOOH hollow nano- sea urchins on
a large scale using a simple template free hydrothermal route. [*”! These were determined to be formed
through the hydrolysis-driven Kirkendall effect coupled with new phase of vanadium oxyhydroxide
V10014(OH); that served as a self-produced and self-sacrificed template. The resulting VOOH hollow
nanoparticles converted to paramontroseite VO, without any alteration of the size or original
appearance during the annealing process. In addition, both the montroseite as well as the
paramontroseite nanoparticles displayed relatively high discharge capacity and better cycle retention as
anode materials in aqueous lithium ion batteries.

J. Muller et al. (1974) reported the synthesis of vanadium oxyhydroxide V**OOH synthesis
from hydrolysis of NaVO; under reducing hydrothermal conditions. It had been revealed that the
structure of VOOH is isotypic with the A10OOH structure. Oxidation of VOOH gave a metastable phase
of vanadium dioxide VO,. Both VOOH and VO, phases showed semiconductor behavior. (44!

Markus Niederberger et al. (2008) presented the synthesis of a novel hollandite-type vanadium
oxyhydroxide VO, 5»(OH)o.77 nanorods using a nonaqueous liquid-phase method involving the reaction
of vanadium oxychloride (VOC]Is) with benzyl alcohol. 43 The physical and structural properties of the
resulting VO, .52(OH)o.77 phase were elucidated through the combination of experimental data and
theoretical modeling. Guicun Li et al. (2009) reported an approach to sea urchin-like VO,(B)
nanostructures composed of radially aligned nanobelts via homogeneous reduction reaction between
peroxovanadic acid and oxalic acid. ! These monoclinic V19024 12H>O nanostructures were observed

during the reduction-dehydration process as a phase transition to form the monoclinic VO2(B).Yan



Xing et al. (2011) synthesized 3D uniform flower like Cu3V.07(OH)..2H,O microstructures through a
simple hydrothermal route using cetyltrimethylammonium bromide (CTAB). 1“7

Kyoung-Shin Choi et al. (2012) reported the synthesis of amorphous bismuth vanadate
precursor thin films through an electrodeposition route. This amorphous bismuth vanadate precursor
was subsequently converted to crystalline n-type BiVO, electrode via a mild annealing step. The
resulting crystalline n-type BiVOselectrodes were tested in a photoelectrochemical water splitting cell.
The photo-oxidation data for water revealed a poor photoelectrochemical performance while that for
sulfite exhibited stable and significant photoelectrochemical performance. However, coating the BiVO4
surface with an FeOOH layer created a material with superior photoelectrochemical diode performance
compared to other oxide-based photoanode systems. [?!

Xiong Wen (David) Lou et al. (2013) reported preparation of uniform VO, hollow
microspheres with various interiors including yolk-shelled, multi-shelled, and single-shelled structures,
through a one-step template-free solvothermal method. Through an annealing process, VO, hollow
microspheres have been converted to V,0s microspheres with enhanced electrochemical performance
in lithium-ion batteries. 1?6

Xie et al. (2006) investigated the hydrothermal synthesis of uniform V,0s-0.9H,O nanobelts
and ultra-long V,05-0.6H>O nanorolls with novel scroll-like structures on a large scale using
NH4VOs/sulfuric or acetic acid mixtures.®® Calcination of V,0s-0.9H,0O nanobelts or V>0s:0.6H,0
nanorolls result in the formation of the corresponding anhydrous V,Os nanostructures with better
crystallinity. The morphologies and composition of the synthesized products were shown to have an
influence on the electrochemical intercalation properties with Li* and photocatalytic activities. [

Michael Pollet et al. (2013) proposed a rapid hydrothermal synthesis of VO, (B) with platelet
morphologies for aqueous lithium ion batteries using a novel combination of V,0Os and citric acid
precursors under low synthesis temperature and duration. VO, (M;) was also obtained through an

indirect way by annealing VO, (B) under vacuum for 1 h. Both VO, (B) and VO,(M) structures differ



from V,0s since these structures consist of two edge-sharing octahedral units while V,0s consists of
one edge-shared octahedron and one corner-shared octahedron. Moreover, the orientation of the 4-fold
axis of the oxygen octahedra is the only difference between VO» (B) and VO, (M,). That of VO, (M))

is aligned along two perpendicular directions as shown in Figure 1. 34

(a) (b)
Figure 1- 1. Crystal structures of (a) orthorhombic V,0s, (b) monoclinic VO, (B), and (¢) monoclinic
VO (M), adapted from Michael Pollet et al. (2013) 4

The multiple applications of vanadium and tungsten layered transition metal
oxides/oxyhydroxides, along with the versatility of their physicochemical properties make these
materials very interesting and extremely complex. The variation in the oxidation state and the
coordination numbers for tungsten and vanadium give these materials a very diverse chemistry and
allow them to form compounds with most inorganic and organic ligands with significant structural,

catalytic, magnetic, and electronic properties.

3. Tungstic Acid:

Tungstic acid, HyWO4 (WO3.H,0), is one of the transition metal oxides that have a unique
properties and several applications such as catalysis * % 31 electrochromic devices [+ 2% 31 48]

photochromic devices [?% 3% and gas sensing [!> 161 It is produced through the reaction of hot alkali



tungstate solution with hydrochloric acid.[*”! The crystal structure of WOs3.H,O is comprised of a four
equatorial oxygen corner-sharing layers of [WOs] octahedra in the ac plane, with the water molecules
in the axial positions. The water molecules form hydrogen bonds with the next layer. The layered
structure of tungstic acid results in much more open structure offering more opportunities to react with
other reactants as compared to the three-dimensional structure of m-WQOs 1% 31 (see Figure 2) or

tungsten hydrogen bronzes.

4. Vanadium Oxides Species: V20s, HsV1002s, and V10024-12H>0:

Vanadium oxides materials have wide usage as catalysts, smart materials, thermal detectors,
and metamaterials in industry, energy, environmental protection, and defense and security fields. 5%
Vanadium oxide species exist in a numerous geometry and crystallinity forms depending on the
vanadium oxidation state, which can vary from 3+ to 5+, and on the ambient acidity (pH) during their
formation (see Figure 3). %33 Vanadium is capable of existing in both single and mixed valence states
on forming oxides. The most common of the oxides with single valence state are vanadium (II) oxide
(VO), vanadium (III) oxide (V,03), vanadium (IV) oxide (VO), vanadium (V) oxide (V20s). The latter
is considered the most stable one. Others with a mixture of two valence state follow the categories of
the so-called Magnéli (V,O2n.1) and Wadsley (V2,0sn2) homologous series such as: V30s, V407, V6Oi3

etc.54 The possibility of very irregular structures raised since vanadium ions with +5 oxidation state



are considered to be relatively large for tetrahedral coordination to oxygen and relatively small for
octahedral coordination. Bulk vanadium pentoxide, V.Os, consists of either distorted tetragonal
pyramids or distorted octahedra with shared the edges forming zig-zag ribbons. These links to each
other by corner sharing to produce sheets. These are tacked one over the other so that the apices of the
pyramids of one sheet are placed over vanadium ions located in the centers of basal plane of the
pyramid of the adjacent sheet to complete the distorted octahedron and form a three dimensional
network (see Figure 4). ) In the vanadium pentoxide V,Os structure there are three structurally
inequivalent oxygen centers, terminal vanadyl oxygen, oxygen bridging two vanadium centers, and

bridging oxygens coordinated to three vanadium centers (see Figure 5). [3% 36

V19026(OH), ™ V10027(OH)?

log ¢ vav)

VO,(OH),"

\VO<OH)3 (aq)

0 2 4 6 8 10 12 14

Figure 1- 3. Aqueous phase equilibrium of vanadium oxide as a function of both the concentration of
vanadium and pH of the solution 3% 33
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Figure 1- 4. Idealized structure of V,Os. Small circles denote V atoms, large circles, O atoms. (a) (0 1
0) plane projection drawn as square pyramids; (b) (0 0 1) plane projection drawn as square
bipyramids; (c) (0 0 1) plane projection drawn as trigonal bipyramids **
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o) O[3 [001]

Figure 1- 5.The three structurally inequivalent ox-ygen centers of JV205, terminal vanadyl oxygen (1),
oxygen bridging two vanadium centers (2), and bridging oxygen coordinated to three vanadium
centers (3) [

As shown in Figure 5, 3% 331 orthovanadates (VO4*") contain V(+5), a highly charged cation
that is surrounded by four equivalent oxide atoms. Orthovanadates are formed in highly alkaline
aqueous solutions. Protonation occurs as the pH decreases, giving rise to hydrolyzed polymeric species;
for example, pyrovanadates (V20,*) obtained at intermediate alkalinity, and hydrated meta-vanadates
(VO3), containing infinite chains of VOs polyhedra that are formed at near neutral pH. Note that the
anhydrous metavanadates are made of VO tetrahedra. Vanadic acid (V1002s *) occurs between pH 1.3
and 6.5 and is made of ten VO, octahedron.*”! This vanadic acid can be prepared by careful acidification
of alkali vanadate by passing through an ion-exchange column or by dissolution of V,0Os in hydrogen

[57. 381 Polymerization by aging at room

peroxide and then decomposition of the peroxide formed.
temperature of vanadic acid solution gives a dark red gel.®® Some reduction occurs during the
polymerization process resulting in a greenish mixed-valence oxide.l*® %! The dark red gel of vanadic
acid forms ribbon-like films of vanadium pentoxide xerogel after slow evaporation of water. Thermal
treatment of the colloidal vanadic acid above 300 °C results on formation of the crystalline orthorhombic
V,0s suggesting the existence of some correlation between vanadium coordination in both species.!®”!

The negative charge of vanadium species (Figure 3) decreases with the pH down to the point of zero

charge for (V20sc)) at pH = 2. Below the cationic species of VO, is observed. 3% 31 Bariandite,
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V10024 12H,0 (V204:4V,0s5-12H,0), is one of the mixed valence vanadium oxides having layered
structure with dark green color and is found in mineralized sand stones of the uranium and vanadium
deposit at Mounana, Gabon, and Minasragra, Peru), associated with other vanadium species. It is
monoclinic, pseudo-orthorhombic, with space group: Cc or C2/C. [¢!-¢2 Mixed-valence vanadium oxide
V10024'nH,O nano-structure is synthesized by simple sol-gel routes through the reaction of V,0s
powder with peroxide.[®* ¢ Mixed-valence vanadium oxide V19O24-nH2O nano-structure is also
prepared through a hydrothermal method by adding a vanadium compound to the organic acidic
solution. ) The end-product of mixed-valence vanadium oxide V0O2-nH,O has a nano-porous

structure that makes it a promising candidate to be used as a cathode in lithium-based batteries.[%* 64!
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CHAPTER II

CATALYTIC REACTIONS OF TUNGSTIC ACID

1. Introduction:

The chemical transformation of alkenes, alkynes, and nitriles to other compound is one of
the more useful routes in organic chemistry. Hydration of alkenes, alkynes, and nitriles is of
particular interest because it provides easy access to carbonyl compounds for chemical
industries.[*! Bronsted and Lewis acids such as noble metals and mercury (II) salts combined with
sulfuric acid or boron trifluoride are active and selective catalysts for the hydration reactions, but
are still based on expensive late-transition metals and/or toxic salts.®”8! In efforts to explore
potential replacements for liquid acids and halide-containing solids, oxide-based strong acid
catalysts have emerged as the key to green chemistry due to the ability to alter their activity and
selectivity reaction sites structures.’*!%! Among these, tungsten oxide-based materials have
attracted significant attention due to their interesting and useful catalytic activities.!'"7"!'>) In 1945,
tungstic acid was first described as an effective catalyst for hydroxylation of olefins via the addition
of hydrogen peroxide to an ethylenic linkage to yield the corresponding glycol.l'”) Young et al.
proposed a mechanism involved an ionic 1, 2 trans-addition of an intermediate peroxy acid,

HOOWO:;H to the double bond. [ Saegebarth reported evidence for the ionic character of the
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tungstic acid catalyzed addition reaction and also determined the extent of oxygen transfer from
the oxidizing agent to the olefin.!*! Bilal et al. reported the synthesis of malonic acid ester through
the one-step ozonolysis of palm olein using tungsten oxide nanoparticles.!

Previously, tungsten blue, HW30y, was used in a variety of catalytic reactions including
the conversion of cyclopentene to decalin, hydrolysis of alkynes and nitriles, trans alkylation of
aromatics, and trimerization of alkynes.[!> 116 1171 Apblett et al. developed a simple one-pot
synthesis procedure for the synthesis of altretamine, a chemotherapeutic agent used to treat
advanced ovarian cancer, under mild reaction conditions. [3! The altretamine was synthesized via
cyclotrimerization reaction of dimethylcyanamide using tungsten or molybdenum hydrogen bronze
as catalyst. The chemistry of tungsten blue is unpredictable since it can act as a superacid, a
hydrogenating reagent, and a reducing agent. Herein in this chapter we explore the catalytic

reactions of tungstic acid with several alkenes, alkynes, and nitriles.

2. Experimental:
2.1.Materials

The reactions of alkenes, alkynes, and nitriles reagents were studied using tungstic acid as
a catalyst. Tungstic acid was purchased from Alfa Aesar. All organic reagents commercially
available were used without further purification. Figures 1-3 show the selected regents in this

chapter to investigate the catalytic activity for tungstic acid.

2-Hexene Cyclopentene Cyclohxene 1-Methylcyclohexene
GO Oh & O
Indene Styrene cis-Stilbene

Figure 2- 1. The selected alkenes used to investigate the catalytic activity for tungstic acid



1-Hexyne 3-Hexyne 4-Methyl-2-pentyne
-+ o 0=
3.3-Dimethylbutyne Ethnylbenzene Diphenylacetylene

Figure 2- 2. The selected alkynes used to investigate the catalytic activity for tungstic acid
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Acetonitrile Dichloroacetonitrile Trichloroacetonitrile Isobutyronitrile

\)\\\N /\/\\\ . \(\\\N /\\\

N

2-Methylbutyronitrile Valeronitrile Isovaleronitrile Acrylonitrile
Figure 2- 3. The selected nitriles used to investigate the catalytic activity for tungstic acid

2.2.Characterization techniques

Thermogravimetry (Mettler-Tiledo TGA Instrument) was performed to determine the
water content and dehydration temperature of tungstic acid. TGA experiments were run from
ambient temperature to 900 “C with ramp rate of 5 "C/min. Dehydration of bulk samples of tungstic
acid was performed in ambient air in a temperature programmable muffle furnace, Vulcan 3—130
NDI using a temperature ramp of 5 °C/min, and a hold time of 24 hours. The products were collected
after cooling the furnace to 50 °C, at a rate of 10 °C/min. The surface areas were determined via
nitrogen physisorption using the Brunauer, Emmett, and Teller (BET) technique. The products were
characterized by vibrational spectroscopy using Nicolet Is50 FT-IR spectrometer with recording

range from 4000-500 cm™' and Nicolet 9610 Raman Spectrometer in the range 4000 to 50 ¢cm!
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with 4 cm™! resolution. X-ray powder diffraction (XRD) patterns were recorded on a Bruker AXS
D-8 Advance X-ray powder diffractometer using copper Ka radiation.
2.3.Procedure or tungstic acid/organic substrate reaction

The various substrates and tungstic acid (H,WOs) were mixed in sealed culture tubes.
These were then placed into a heat block (either a HACH Cod reactor or J-KEM Scientific, Inc.
Lab reactor) at a variety of temperatures and residence times. The products were extracted with
diethyl ether (ACS reagent, anhydrous, >99.0%) after the tubes were cooled to room temperature.
The extracts were analyzed by gas chromatography-mass spectroscopy, Hewlett Packard HP-
G1800A detection. Compounds were identified by comparison of their mass spectra to the NIST
database.

3. Results and Discussion:

3.1.Characterization of tungstic acid

Thermal gravimetric analysis was performed in order to characterize the dehydration
behavior of the tungstic acid used in this investigation and to determine its water content. The TGA
results are plotted in Figure 4. The ceramic yield was 94.1 % by weight, corresponding to 0.79
molar equivalents of water, somewhat lower than the expected amount based on the formula
WOs-H;O. It can be seen that water loss occurs in two steps. 0.16 molar equivalents of water are
readily evolved in the temperature range from ambient to 180°C. The remaining water evolves
reasonably fast above 180 °C but water loss tails to high temperature (450 °C). The observed
dehydration behavior suggests that at first water is lost from non-adjacent positions in the tungstic
acid. There are two possibilities for how this occurs: water molecules could be lost evenly from
both surfaces of the interlayer region or one surface might be completely dehydrated while the one
facing it remains hydrated. The initial dehydration step is reversible indicating that the layered
structure has not collapsed as might be expected in the latter case. This conclusion is supported by

the slight change increase in the surface area (Table 1). Further dehydration does appear to be
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accompanied by the collapse of the layers that leads to trapping of water in the interior, some of
which requires exceptionally high temperature to be released. It has been reported that complete
dehydration of tungstic acid produces triclinic tungsten trioxide at 210 °C. '"¥! Dehydration of bulk
samples of tungstic acid was performed in an oven. The products analyzed by surface area
measurements, X-ray powder diffraction, and vibrational spectroscopy. The gravimetric results and
the surface areas are reported in Table 1. The bulk dehydration results echo those seen in the thermal
gravimetry results. The surface area does not undergo a statistically significant change as shown in

Figure 5.

Table 2- 1. The gravimetric results and the surface areas of tungstic acid

Initial mass | Final mass of Mass of Molar

Tem;zerature of tungsten | tungsten acid | water lost | equivalents of Surfaif
(©) acid (g) (2) (%) water lost area (m/g)
R.T. NA NA NA NA 209+1.3
100 1.005 1.000 99.5 0.07 21.9+0.7
120 1.454 1.444 99.3 0.09 199+ 1.7
150 1.300 1.283 98.7 0.17 19.8 £0.5
180 1.407 1.360 96.7 0.45 224+1.1
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Figure 2- 5. Surface area (m?/g) for undried and dried tungstic acid as a function of temperature
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The XRD pattern of the as-received tungstic acid (Figure 6) has an excellent match with
the ICDD database pattern for tungstic acid but there are extra peaks that do not match a known
tungsten-containing phase. Since, as discussed above, the tungstic acid is partially dehydrated, it is
possible that the unidentified peaks in the XRD is a crystalline partially dehydrated tungstic acid
phase. This hypothesis is confirmed by the growth of these X-ray reflections when the tungstic acid
is further dehydrated by heating to 180 “C (Figure 7) where it is converted to a material with the
formula WO3-0.67TH,0 [W309(OH,),]. Further dehydration upon heating to higher temperature

produces tungsten trioxide.
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Figure 2- 6. The XRD pattern of the as-received tungstic acid
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Figure 2- 7. XRD patterns of undried and dried tungstic acid

As expected, partial dehydration of tungstic acid causes the intensities of the peaks due to
the vibrational modes of water in the infrared and Raman spectra to diminish but not disappear
(Figure 8 and 9). At the same there are changes in the vibrational bands for tungsten-oxygen
stretching in the infrared spectrum. The original peak for the undried sample at 942 cm! splits into
two bands at 974 and 936 cm™. The higher frequency peak is indicative of the formation of W=0
[119. 1201 35 tungsten centers lose water. A new band appears at the band appearance at 1740 cm™ that
is likely due to a combination band of W-O stretching and OH; bending in the newly formed phase.

The ready partial dehydration of tungstic acid suggests that tungstic acid can act as a water
source and a catalyst in hydration reactions such as the formation of alcohols from alkenes, ketones
from acetylenes, and amides from nitriles. Furthermore, the formation of a phase that is resistant to

further hydrolysis and has open sites at tungsten centers opens up possibilities for other Bronsted

and Lewis acid-catalyzed reactions.
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Figure 2- 8. FTIR spectra for the undried tungstic acid and the dried one at different temperatures
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3.2.Chemical Transformation of Alkenes using Tungstic Acid
The reactions of various alkenes, includes linear alkenes, cycloalkenes, dienes, and
aromatic alkenes, with tungstic acid were explored at 150 °C in tubes with a ratio of reactants of
1.5 g HbWO4 to 0.15 g substrate and the results of experiments are shown in Table 2.

Table 2- 2. The selected alkenes and products obtained

Reaction
time .\ . .
Substrate (days) at Composition of reaction mixture
150 °'C
2-Hexene 1 high conversion with low selectivity
Cyclopentene 1 (19%) and (64%) undefined compounds
(52%)octahydrocyclopenta| 3,4]cyclobuta[1,2]cyclo
Cyclohxene ! pentene-1,4-dione, several undefined compounds
1-Methylcyclohexene 1 high conversion with low selectivity
Indene 14 high conversion with low selectivity
Stvrene | (44%) and (25%) for 1H-indene,2,3-dihydro-1-
Y methyl, several un-identified compounds
cis-Stilbene™ ) (27%) trans- stilbene, and (45%) dimerized
compounds

Most alkenes reacted with tungstic acid to produce a large number of products, most of
which could not be identified by search/match of the mass spectra versus the NIST database. In
some cases, there were only a few major products with many by-products while in others the
numerous products were produced in similar low yields. In the case of 2-hexene, over 31 peaks
were observed. The only matches were for a small peak identified as 6-dodecene However, by
examining the parent ions of the mass spectra, it was determined that seven of the compounds had
molecular masses twice that of the starting materials and thus can be identified as dimers, likely
various isomers of dodecene.

Heating cyclopentene to 150 °C with tungstic acid produced at least 15 products but there
were two major products (64.52% and 19.86% integrated peak areas) that appear to be isomers of
cyclopentenyl cyclopentane. Among the minor products identified was the oxidation product from

the latter compound, 2-cyclopentyl cyclopentanone. There was no decalin detected despite the fact
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that this was the major product from reaction of cyclopentene with tungsten hydrogen bronze.
Instead, tetrahydronaphthalene was produced suggesting that decalin or a decalin-like product (e.g.
octalin) was formed and then dehydrogenated to the aromatic system. Notably, the color change of
the tungstic acid to green is indicative of a redox reaction.

The highest yielding product from the reaction of cyclohexene with tungstic acid at 150 °C
was 1-cyclohexylcyclohexene produced by acid-catalyzed coupling of two cyclohexene molecules.
This only accounts for about 53 % of the integrated area as there were a large number (31) of small
peaks. Many of these were oligomer that occurred in bands of trimers, and tetramers. For example,
1,1°:4°,1”’tercyclohexane was identified in the products. Two isomers of bicyclohexyl benzene
were identified. These presumably arise from dehydrogenation of tricyclohexyl but, alternatively,
benzene could be produced by dehydrogenation of cyclohexene leading to the production of the
benzene derivatives by acid-catalyzed electrophilic aromatic substitution. The first pathway may
be more likely since there are traces of five more partially dehydrogenated cyclohexene trimmers
that are not aromatic systems. Presumably they are randomly dehydrogenated on different ring to
give two cyclohexene groups linked to one cyclohexyl group. It appears that once oligomerization
reaches the trimer stage, the low volatility of the compounds lead to residence times on the tungstic
acid surface for slower dehydrogenation reactions to take place. A possible tricyclohexylbenzene
derivative may have also been present based on examination of the mass spectrum with m/e = 324
amu (corresponding to 4 cyclohexenes minus 4 hydrogen atoms) and a benzyl radical in its
fragmentation pattern. Products from hydration of cyclohexene (cyclohexanol) and 1-
cyclohexylcyclohexene (1,1°-bicyclohexyl-2-ol) were also observed. The oxidation product, 1,1°-
bicyclohexyl-2-one was also detected.

Methylcyclohexene reacted similarly to cyclohexene in some respects but there were no
particularly dominant products. There were mainly two bands of products with retention times from

20 to 25 minutes and 38-40 minutes that can be broadly classified based on mass spectra as dimers
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and trimers, respectively. Again, dehydrogenation of the oligomers also occurred. There were 57
peaks total in the GC/MS trace with perhaps 10 being dominant in terms of integrated peak area.
Between the bands of trimers, there was a low intensity band of hydrated dimers with the
identification based on the parent ions in the mass spectra. There were 20 peaks with parent ions
that corresponded to quadruply dehydrogenated trimers and 13 that corresponded to quadruply
dehydrogenated dimers. There were also some simple products from hydration of
methycyclohexene including methycyclohexanol and its oxidation product methycyclohexanone.
In case of indene, over 18 peaks were observed and three of them with 23.36, 13.83, and
17.64 % integrated peak areas that were identified to be the unreacted starting material indicating
only 45.17 % of indene has reacted to produce over 15 observed products peaks. Three minor peaks
detected as indanone isomers, the oxidation products of hydrated indene. The major three peaks in
regards to their parent ions of the mass spectra had a molecular mass of twice of indene. Therefore
by comparing their mass spectra within literature identified as 1,1'-Bi-1H-indene isomers, the
dimers products of indene. The other several minor peaks were identified as di-, tetra-, Hexa-hydro

chrysene isomers (Scheme 1).
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Heating styrene to 150 °C with tungstic acid results in formation over of 40 products. The
mass spectrum along with several minor products mainly shows two peaks clusters. The first peaks

cluster was large in a sense of integrated peak areas and had molecular masses twice that of styrene
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large. For the first peaks cluster, several minor products of styrene isomers were detected as 1,3-
diphenyl-1-butene. The major two peaks with mass of 208 were identified to be 1-methyl-3-
phenylindane isomers. 1-methyl-3-phenylindane which is a dimer of styrene result from
protonation of styrene monomer by simply tungstic acid acts as a brensted acid thus by utilizing a
brensted acid a carbocation will be formed first and then it goes under electrophilic aromatic
substation with another styrene molecule producing the dimeric carbocation in which through either
intramolecular Friedel-Crafts reaction obtained the 1-methyl-3-phenylindane or proton elimination
produced the 1,3-diphenyl-1-butene (Scheme 2). 2] Several minor products of naphthalene were
also detected by search/match of the mass spectra versus the NIST database. The second peaks
cluster was small in respect of integrated areas to the first peaks cluster and had molecular masses
thrice that of the styrene found to be trimeric products isomers arranging from unsaturated terminals
to cyclic ones. These trimeric products may be produced by addition to dimer cation to styrene
forming a linear trimer cation that by proton elimination produce the unsaturated terminals dimers
and/or the cyclic ones (Scheme 2). The observation of aromatic oligomer and trimeric aromatic
product results from W(VI) centers dehydrogenated of initially formed hydrated dimeric and

trimeric intermediates. [''©

1 A minor peak with 222 molecular mass was observed and by examining
the part ion found to be 1,3-diphenyl-2-buten-1-one which is named also dypnone. Worth to
mentioned that acetophenone was additionally detected to be one of the minor products. Based on
literature dypnone can be obtained through self-condensation of acetophenone using acid catalysts.
[122] Therefore, acetophenone was heated to 150 “C with tungstic acid and the obtained results show
that dypnone was one of the detected products and more detail of this reaction will be described

latter within this chapter and the main point is tungstic acid partially hydrate styrene molecules and

the oxidized it to acetophenone and through a self-condensation formed dypnone (Scheme 3).

27



X
o N e
Qog(om / ©) O
OC
/\Q

POINS
o

trimer products
Scheme 2- 2. Styrene transgormation reactions using tungstic acid

Hydrati
Oil(izt:gz Self-Condensation ‘/”\)\‘
H2W04

Scheme 2- 3. Dypnone formation from styrene

In this work stilbene was further investigated to utilize the alkene transformation using
tungstic acid due to simplicity of following its transformation reactions using GC-Mass
spectroscopy. Apblett group previously investigated the transformation reaction of stilbene using
tungsten bronze. The reaction of stilbene with tungsten bronze after one day produced dimerized
alkene products. The 1,2,3,4-tetraphenylbutene was found to be the major product produced via the
reaction of the alkene molecules with the initial radicals that are formed from hydrogen transfer
and are stabilized by conjugation with a phenyl group. Scheme 4 shows the proposed mechanism
for production of the dimerized alkene.[''®! Herein, the reactions of stilbene (0.1 g) with tungstic

acid (1.0 g) were carried out for one day at different temperatures (R.T., 100, 120, and 150 °C), as
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shown in Figure 10, the color of tungstic acid changed with increasing reaction temperatures from
bright yellow (R.T.), pale yellow (100 °C), light greenish yellow (120 °C), to light green (150 °C).
Colorless needle-shaped crystals were formed at the top of the tubes after slow cooling of the
reactions prepared at 120 and 150 °C. It speculated that this solid colorless crystal could be the trans
isomer for stilbene. GC-MS analysis showed that cis stilbene was converted to the more stable trans
isomer as a dypnone the major product. Figure 11 shows that stilbene conversion was low at both
R.T and 100 °C but significantly higher at 120 and 150 ‘C. To understand the role of tungstic acid
in the transformation of stilbene isomers, stilbene was placed at same condition of temperature and
time without any tungstic acid amount and the observation was that trans stilbene exists along with
cis stilbene in almost same amount when the reaction held with tungstic acid for the R.T and the100
°C reactions. In addition, it appears that the amount of trans stilbene increased as the reaction
temperatures increased which may suggest whatever phase of tungsten oxide or oxyhydroxide
material formed helps the transformation of the isomers. Along with trans stilbene formation for
120 and 150 °C reaction temperatures four minor products were detected. One of the detected minor
products with short retention time matched the NIST standard for benzaldehyde. The other three
detected minor products with long retention time and mass of 360 amu could be identified from
their mass spectra (see Figure 12) as tetraphenylbutene isomers (see Figure 13).

Furthermore, the reactions of cis-stilbene with a varied amount of tungstic acid were also
performed at 150 °C for 24 hours to illustrate the role of mole percent of tungstic acid in the catalytic
reaction as shown in Figure 14. From the data, the conversion of cis stilbene increased gradually
as the mole percent’s of tungstic acid increased and it’s seemed that the lower loading percent of
tungstic acid might need more reaction time for the reaction to reach the completion. The 150 °C
reaction with 90.62 mole percent of tungstic acid for stilbene transformation was chosen to
demonstrate the reaction time effect. The calculated conversion and area % from GC-MS of the

extracts plotted as a function of time as shown in Figure 15. From the trend of the plotted data, the
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conversion of cis stilbene increased gradually as the time increased and more than 75% of cis
stilbene converted within 24 hours. The maximum conversion of cis stilbene is reached within 5
days (120 hours) producing trans stilbene as a major products with fair amount of benzaldehyde
along with other dimers. This result suggest that tungstic acid play a role as a novel and safe solid
acid catalyst in solvent-free chemical catalyst for stilbene isomerization reaction and the proposed
mechanism shown in Scheme 5. Whereas two mechanisms have been established for alkene
isomerization using a homogeneous catalysts, typically rhodium compound used as a catalyst,
through the addition of the alkene to a metal hydride forming a metal alkyl followed by hydrogen

123]

transfer and elimination, '] a carbonium ion mechanism using heterogeneous catalysts stated to

1241 Tungstic acid basically acts

be a better explanation for the olefins isomerization mechanisms.!
as a Bronsted acid releasing a proton H" and Lewis acid accepting an electron pair. The mechanism
for isomerization of cis stilbene using tungstic acid to obtain the more thermodynamically stable
trans stilbene could be proceed through formation of a carbonium ion intermediate (IV) that is
stable enough to formed trans stilbene (VI). This may be an indication that the rate-limiting transfer
of a H" from tungstic acid to the double bond is involved in accords to work done by Noyce, Hartter,
Miles investigatin acid-catalyzed isomerization of cis stilbene using sulfuric acid system. The
estimated value of the energy difference between the two conformers has been reported to be 4

kcal. '] The equilibrium with changing conformation between the cis (IV) and trans (V) of

carbonium ion intermediate given in Scheme 5.
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Figure 2- 10. Color change of tungstic acid reaction with stilbene for one day at different
temperatures; from the left to the right: bright yellow (R.T.), pale yellow (100 °C), light greenish
yellow (120 °C), and light green (150 °C)
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3.3.Chemical Transformation of Alkynes Using Tungstic Acid
The reactions of various alkynes with tungstic acid were carried out as described in the
experimental section and the results of experiments are shown in Table 3. It was found that small
changes in the particular substrates leads to major changes in the chemical reactions that take place
including hydrogenation, dimerization, cyclotrimerization, oligomerization, and hydration
reactions.

Table 2- 3. The selected alkynes and products obtained

Reaction
Substrate time Composition of reaction mixture
(days)
|-Hexvne 5 1,3,5-tributylbenzene, tetracosane®,
yn unidentified compounds
5 —
3-Hexyne 14 94% 1,3,5-triphenylbenzene,

undefined compounds

22% 1,2,4-trimethyl-5-(1-methylethyl)-benzene, 11%
4-Methyl-2-pentyne 1 Hexamethylbenzene,
undefined compounds

84% 1-(1,1-Dimethylethyl)-3,5-dimethylbenzene, 6%
3,3-Dimethylbutyne 5 hexamethylbenzene,
undefined compound

73% acetophenone,
Ethnylbenzene 1 21% 1,3-diphenyl-2-Buten-1-one,
undefined compounds

15% benzoic acid,

Diphenylacetylene 14 80% 1,2 Diphenylethanone

(1.5 g) of tungstic acid mixed with (0.15 g) of substrate and heated to 150 °C for all reaction
* Tetracosane observed when the reaction temperature was 100 °C

As shown in Table 3, the GC-MS chromatograms of the diethyl ether extracts of the
products from the reaction of terminal alkyne ,1-hexyne, with tungstic acid reactions demonstrate
high conversion with low to moderate selectivity. However, depending on the reaction temperature,
the resulting products vary. For example, tetracosane, 1,2,3-tributyl benzene, and unidentified
compounds, (see Equation 1), were detected in the reaction performed at 100 °C while tetracosane

was not detected for reactions performed at 150 “C. Additionally, the reaction time and tungstic
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acid amount were also observed to affect the selectivity of the reactions. When the reaction time at
100 °C was increased from 24 hours to 48 hours, the area percentage of tributyl benzene decreased.
When the amount of tungstic acid was increased from 3.00 g to 9.00 g, the reaction became more
selective toward tetracosane with the area percentage of tetracosane increasing from 18.21 to 30.73

%.

N +m

1-hexyne 1,3,5-tributylbenzene  tetracosane

Equation 1. Transformation of 1-hexyne using tungstic acid

The GC-MS chromatograms of the products for the reaction of internal alkyne, 3-hexyne,
with tungstic acid at 100 °C for 24 hours showed a major peak at low retention time (4.4 minutes)
with 86 area percentage with a parent ion of 114 as shown in Figure 16. This major peak did not
show a good quality match and it could be 2-hexenoic acid from elucidating the fragmentation of
the GC-MS spectra. Performing the reaction at 150 °C result in formation of 1, 3, 5-
triphenylbenzene with 49 area percentage, see Equation 2. When the reaction proceeds for 14 days
the area percentage increased up to 94 % and the GC-MS matched 1, 2, 3- triphenylbenzene as

shown in Figure 17.
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Tungstic acid is reactivity was also tested with branched alkynes as shown in Table 3. For
example, GC-MS analysis of the 4-methyl-2-pentyne reaction mixture displayed a high conversion
for the reaction performed at 150 ‘c for 24 hours producing 22% of 1, 2, 5-trimethyl-3-(1-
methylethyl)-benzene, 11% of hexamethylbenzene, and several undefined compounds with
molecular weight double and triple of the parent substrate as shown in Equation 3. Proposed
mechanism is presented in Scheme 6. There are two possible most likely products according to
proposed mechanism of this reaction (Figure 18), the 1, 2, 5-trimethyl-3-(1-methylethyl)- benzene
(D) and the 1, 3, 5-trimethyl-2-(1-methylethyl)- benzene (II) products. Product II is less sterically
likely, but electrocyclic reactions are driven more by electronic factors than steric one. In the
transformation reaction of 4-methyl-2-pentyne, tungstic acid undergoes a rearrangement to form
dienes that reacted with the another 4-methyl-2-pentyne in a cycloaddition reaction to form a cyclic
diene that dehydrogenates to form 1, 2, 5-trimethyl-3-(1-methylethyl)-benzene. These reactions can

undergo a Jacobsen rearrangement to produce hexamethylbenzene.

%<_.

4-methyl-2-pentyne 1, 2, 5-trimethyl-3-(1-methylethyl)- hexamethybenzene
benzene

Equation 3. Transformation of 4-methy-2-pentyne using tungstic acid at 150 °C
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The GC-MS chromatogram of the 3,3-dimethylbutyne reaction mixture extract showed a

high conversion when the reaction was performed at 150 °C for 5 days producing 84% of 4-(1,1-
dimethylethyl)-1,2-dimethyl- benzene, 6% of hexamethylbenzene, and several isomers have same
molecular weight of the major product with 10 % area percentage total as shown in Equation 4.

The proposed transformation mechanism (Scheme 7) is likely similar to for transformation of 4-
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methy-2-pentyne that involves rearrangement in the carbocation intermediate to form dienes

followed by cycloaddition with another 3,3-dimethylbutyne molecule to from the ending product.

% %

3,3-dimethylbutyne 4~(1,1-dimethylethyl)-1,2- hexamethybenzene
dimethyl- benzene,

Equation 4. Transformation of 3,3-dimethylbutyne using tungstic acid at 150 °C

Me

| |
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Me Me
H &>
|
w
Me, Me Me
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4-(1,1-dimethylethyl)-1,2-dimethyl- benzene,
Scheme 2- 7. Proposed mechanisim for transformation of 3,3-dimethylbutyne

The catalytic activity of tungstic acid towards aromatic alkynes were invistigated as shown
in Table 3. Phenylacetylene and diphenylacetylene do not react in the same way with tungstic acid

as other alkynes. Hydration of ethnylbenzene occurred following Markownikoff’s rule producing
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acetophenone as initial product. Diphenylacetylene reacted to eventually produce benzaldehyde via
several intermediates. The GC-MS of diethyl ether extracts form the reaction of phenyl acetylene
with tungstic acid reaction at 150 °C for 24 hours showed formation of 73% of acetophenone, 21%
of 1,3-diphenyl-2-Buten-1-one (Dypnone), 0.40 % 1,3,5-triphenyl-2,4-hexadien-1-one, 0.60% of
triphenylbenzene, and less than 5% of several unidentified compounds. Thus, the result of the
reaction of phenyl acetylene with tungstic gave acetophenone as a major product and dypnone, as
a minor product. Dypnone conversion and rearrangement to 1, 3, 5-triarylbenzenes was reported
previously using p-toluene sulfonic acid as a catalyst.['?> 12¢) Condensation of acetophenone
catalyzed by tungstic acid was found to produce dypnone and 1,3,5-triarylbenzenes. The results
suggest that phenyl acetylene was first hydrated by adding a water molecule to the triple bond to
give acetophenone. This subsequently self-condensed produce dypnone that then through aldol-
type self-condensation and rearrangement of gives triphenylbenzene. This reaction sequence is
shown in Scheme 8. Proposed mechanism for transformation of phenylbenzene to acetophenone is

shown in Scheme 9.
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The GC-MS of diethyl ether extract for the reaction of diphenylacetylene with tungstic acid
showed an unusual result via in which benzaldehyde was formed. To investigate this unexpected
result, several reactions of diphenylacetylene and tungstic acid were carried out and the results are
shown in Table 4. Tungstic acid reacted with diphenylacetylene under the experimental conditions
producing carbonyl compounds in fairly good yields. The major products were benzaldehyde,
benzoic acid, and benzyl phenyl ketone. As shown in Table 4, the reactions of diphenylacetylene
produced varying products depending on tungstic acid loading, and the reaction conditions. The
results of the reaction of diphenylacetylene with tungstic acid at for 48 hours as a function of
temperature are shown in Figure 19. Conversions were low at 80 ‘C and 100 'C ~ (<12 %) to
benzaldehyde and benzoic acid. Similar activities with better conversions and the products were
realized at 150 "C. Furthermore, the amount of diphenylacetylene reagent plays an important role

in the diphenylacetylene conversions. Reducing the amount of this reagent results in an increase of
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the conversion; for example, mixing 0.015 g of diphenylacetylene with 1.5 g of tungstic acid shows
higher conversion compared to 0.15 g of diphenylacetylene. The highest conversion (100%) of
diphenylacetylene was achieved when a mixture of 1.5 g of tungstic acid and 0.002 g of
diphenylacetylene was heated to temperature 150 °C for 1 day, producing a 86 % yield of benzoic
acid. In addition, the amount of tungstic acid also plays a role in this transformation as shown in
Figure 20 and Table 4, when a 3 or 6 g of tungstic acid were reacted with 0.15 g of
diphenylacetylene for 2 days at 150 °C, high conversions 97 % and 97 % respectively were
observed. A poor transformation of diphenylacetylene was observed when the tungstic acid amount
is increased higher to 9 g. Although the time of the transformations does not show clear effect on
the transformation behavior, it significantly impacts the final products. For example, instead of
obtaining a mixture of benzaldehyde and benzoic acid, a mixture of benzyl phenyl ketone (80 %
yield) and benzoic acid (15.2 % yield) is obtained from a transformation of 1.5 g of

diphenylacetylene (99.91% conversion) using 1.5 g of tungstic acid at 150 °C for 14 days.
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Table 2- 4. Diphenylacetylene and tungstic acid reactions

X ° 2
5 2 < 5 g
= - _ 2] = X .2 © v
3 2 > 5 2= > = Mo
> S 3 3 B SIRe 5 - = X
= .Q < - = 2= s = =
= < »n =
= z = o g, =5 | & 2 23
= 2 & £ g 5z |3 2 =
5 = = 2 = = 3 =
= S, &= & o g N S
a A 5 2 5
M M aal
1 1.5 0.15 4 100 22.3 1.2 2.3 0.00
2 1.5 0.015 1 150 95.9 33.5 55.2 0.00
3 1.5 0.015 2 150 97.4 38.3 54.3 0.00
4 1.5 0.15 1 150 42.9 17.2 1.1 0.00
5 1.5 0.15 2 150 61.3 30.1 7.5 0.00
6 1.5 0.15 3 150 44.9 18.4 1.7 0.00
7 1.5 0.15 4 150 77.7 8.0 39.7 0.00
8 1.5 0.002 1 150 100.0 11.5 85.8 0.00
9 1.5 0.15 14 150 99.9 0.0 15.2 80.00
10 3 0.015 1 150 96.9 20.7 67.3 0.00
11 3 0.15 1 150 75.4 48.8 7.9 0.00
12 3 0.15 2 150 96.5 36.2 33.9 2.78
13 3 0.15 4 150 53.8 8.1 17.0 0.00
14 6 0.015 1 150 61.1 9.1 27.5 0.00
15 6 0.15 1 150 86.6 44.8 29.7 0.00
16 6 0.15 2 150 97.4 394 41.5 0.00
17 9 0.15 4 150 61.3 4.3 27.4 0.00
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Kinetic experiments demonstrated complex catalytic activity of tungstic acid towards
diphenylacetylene (Figure 21). Initially, a diphenylacetylene conversion increases rapidly reaching
40% of total conversion within 48 hours. This was associated with a sharp increase in the
concentrations of benzoic acid and benzyl phenyl ketone. Beyond this point the diphenylacetylene
concentration followed an approximately linear slower decay. From 30 minutes to 24 hours the
concentration of benzaldehyde increases dramatically while that of benzoic acid and benzyl phenyl
ketone decreases. Beyond 2 days the benzaldehyde drops in concentration while benzoic acid
increases. This is likely caused in part by oxidation of benzaldehyde dioxygen. The results suggest
a possible mechanism shown in Scheme 10 where benzyl phenyl ketone and benzaldehyde are
intermediates and benzoic acid is the ultimate product. Benzoic acid is also a possible product from

benzyl phenyl ketone.

—ll- Diphenylacetylene

100 = 1 Benzaldehyde
Benzoic Acid

y —W Benzyl Phenyl Ketone
Benzil

Area % of Peaks

v I v I v I v I
0 1 2 3 4
Time (days)
Figure 2- 21.Products and diphenylacetylene conversion vesus time (1.5 g diphenylacetylene, 1.5
tungstic acid at 150 "C)
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O—=C0 ="

Scheme 2- 10. Possible conversion pathway for diphenylacetylene

A reaction of tungstic acid (1.5 g) and benzyl phenyl ketone (0.15 g) at 150 °C for 48 hours
gave <35% conversion of the starting material. The products formed were benzoic acid and
benzaldehyde as postulated in Equation 5. The tungstic acid changes color from yellow to green,
indicating some reduction to W(V). this is in keeping an oxidative cleavage of a carbon-carbon
bond in benzyl phenyl ketone. Figure 22 shows transformation of benzyl phenyl ketone as a
function of time appears that benzaldehyde is first formed and is then oxidized to benzoic acid. To
check if that is the case, benzyl 4- chlorophenyl ketone was reacted with tungstic acid under the
same condition. The observed products were benzaldehyde, benzoic acid, and chlorobenzoic acid
as Equation 6 illustrates. Therefore, benzoic acid is a result of the further oxidation of benzaldehyde
as shown in Equation 7. If the reaction were to produce one equivalent of benzoic acid and one
equivalent of benzaldehyde simultaneously, it would be expected that the aldehyde would be
formed from the less reduced or benzyl end of the benzyl phenyl ketone. Since benzaldehyde is
formed, this implies that both ends of the molecule are converted to aldehydes. The failure to

observe chlorobenzaldehyde can be attributed to its high susceptibility to oxidation.
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Equation 5. Reaction of benzyl phenyl ketone with tungstic acid at 150 °C

Transformation of Benzyl phenyl ketone vs Time
120

100

80

60

Area %

40

20

0 10 20 30 40 50
Time

—&— Benzaldehyde —®—Benzoic acid Un-reacted Benzylphenyl Ketone

Figure 2- 22. Transformation of benzyl phenyl ketone (0.15 g) using tungstic acid (1.5 g) at 150
°C for 48 hours

0 O Cl O O 0)
AR g
Cl

Equation 6. Reaction of benzyl 4- chlorophenyl ketone with tungstic acid at 150 °C

S PSS
O ©)J\ H [ox] ©)J\ OH

Equation 7. Results of transformation of benzyl phenyl ketone
The oxidation of benzyl phenyl ketone is likely to involve benzoin as an intermediate
Equation 8. 27 Therefore, benzoin was reacted with tungstic acid under the same conditions (see

Equation 9). The tungstic acid color changed from yellow to bluish-green and the benzoin with
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100% conversion gave benzoic acid, benzaldehyde, benzil, and benzyl phenyl ketone products as
shown in Equation 9. Both benzaldehyde and benzoic acid are results of oxidative cleavage of
benzoin by W(VI), while benzil results from oxidation of the carbon alpha to the carbonyl. Figure
21 demonstrates that benzaldehyde is oxidized further to benzoic acid by W(VI) or O,. When p-
chlorobenzoin (Equation 10) was reacted with tungstic acid, the chlorolable is found in both the
benzaldehyde and benzoic acid indicating that selective cleavage of the carbon-carbon bond to an
aldehyde and a carboxylic acid does not occur. Instead the reaction must produce both
chlorobenzaldehydes and these could subsequently oxidize to benzoic acid. Conversion of benzoin

to benzaldehyde is a retro benzoin condensation, observed previously using the enzyme benzoyl

r H2W04

HO; W2

formate decarboxylase Equation 11.

)

VA=

~ J
H,0 W(Iv) OH

Equation 8. Formation of benzoin intermediate through oxidation of benzyl phenyl ketone with
tungstic acid

(@) (@)
SOENsaNe
OH H

+ +

O 2
PRe®

Equation 9. Reaction of benzoin with tungstic acid at 150 °C
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Transformation of Benzoin vs Time
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100 ©

Area %
3

._
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—— Benzaldehyde —@— Benzoic acid Benzil

—®—benzyl phenyl ketone —@— Un-reacted Benzoin

Figure 2- 23. Transformation of benzoin (0.15 g) using tungstic acid (1.5 g) at 150 "C

0 O 0 0
TR OO
Cl OH
O O
Cl Cl

Cl
Equation 10. Reaction of p-chlorobenzoin with tungstic acid at 150 °C

O
1 O [ox] 0 ©)J\OH
T — 2
() T (Y
0 Retro benzoin Q Q
O condensation ) ©)L g [ox] 2©)J\ OH

OH

Equation 11. The suggested two pathways of benzoin transformation
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P- chlorobenzil arising from oxidation of the benzoin was also observed in the reaction
mixture. It is possible that this molecule is cleaved to the carboxylic acids. This possibility was
tested by reacting benzil with tungstic acid at 150 °C (Figure 24) this reaction produced only
benzoic acid (Equation 12). Thus, it can be concluded that benzoin reacts with tungstic acid by two
pathways-retro benzoin condensation to benzaldehyde and oxidation to benzoic acid via benzil as
shown in Equation 12. Benzil transformed selectively to benzoic acid with <94% conversion. The
tungstic acid became dark blue as Figure 25. Indicating the formation of tungsten bronze, H\WOs.
The same result is observed when the reaction is conducted under N», indicating that benzil was

cleaved oxidatively by tungstic acid to produce two equivalent of benzoic acid as shown in

Equation 13.

Equation 12. Reaction of benzil (0.15 g) using tungstic acid (1.5 g) at 150 °C

Transformation of Benzil vs Time

120

100 @
80

60 | &

Area %

40

20 °

0 10 20 30 40 50
Time (hours)

—®— Benzoic acid @®— Un-reacted Benzil

Figure 2- 24. Transformation of benzil (0.15 g) using tungstic acid (1.5 g) at 150 °C
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Figure 2- 25. Formation of tungsten bronze from benzil and tungstic acid reaction

H,WO0,

0
1
5 OH
(7
H,WO;

Equation 13. The suggested pathway of benzil transformation

Table 5 summarized the results of the reaction of 0.1 g of diphenyl acetylene and each of
the products identified in the reaction mixture with 1 g tungsten acid at 150 °C for 48 hours. The
reaction of diphenyl acetylene gave benzaldehyde, benzoic acid, and benzyl phenyl ketone. Thus,
diphenylacetylene hydration must occur to form benzyl phenol ketone intermediate (Scheme 11).
The enol form of benzyl phenyl ketone can then undergo this oxidation of the carbon next to the
carbonyl to produce benzoin. This compound is then converted to benzil or cleaved to
benzaldehyde. The hydration and oxidation reactions consume the water present in tungstic acid.
As a consequence, both the amount of water and the acidity diminish with time. Thus, the reactions
become slower and the pathways followed by reaction therefore the products produced vary with

reaction time and alteration of reactant ratios.

54



Table 2- 5. Comparison between the hydration reaction results of 0.15 g of diphenylacetylene
and 0.15 g each possible intermediate with 1.5 g tungstic acid at 150 °C for 48 hours

. ldehvd Benzoic
Reagent convgrswns Ben;a Cyee | acid yield | Yield of other compounds %
% yield % o,
Dlpheng;acetyle 38.29 21.81 14.25 2.23 of Benzyl phenyl ketone
Benzylphenyl -1 5 o5 2.48 32.37 i
ketone
10.20 of Benzyl phenyl
Benzoin 100 7.98 72.57 ketone
9.25 of Benzil
Benzil 93.12 0 93.12 -

H,WO, 0 0 0 O
Q = O @)LH + @AOH + O
Hydration
‘/k/‘ ox]HxWO;

H2W04 % HxW03
@)L H . ‘/H/‘

H2W04
Retro

H,WO,
benzoin
condensation HxWO;
0) 0]
: o o
o
[ox]

O
o

Scheme 2- 11. The proposed pathways of diphenylacetylene transformation using tungstic acid

[ox]
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3.4.Chemical Transformation of nitriles using Tungstic Acid
The reaction of several nitriles with tungstic were carried out at 150 °C for 8 hours. The
results are summarized in Table 6. The majority of the nitriles produced the corresponding amides
in excellent yield via an acid-catalyzed hydration reaction (Equation 14). However, some of the
selected nitriles produced a triazine compound in addition to the amide. For example, 2-
dichloroacetonitrile produced the 2-dichloroacetamide as a major product in 62 % yield and 2,4,6-
tris(dichloromethyl)-1,3,5-triazine in 35 % yield. In a similar manner to molybdenum and tungsten

hydrogen bronze systems,!!!®

the triazine compound is suggested to be the product of
cyclotrimerization of the parent nitrile molecules.

Previously, both molybdenum or tungsten hydrogen bronze were found to hydrate nitriles
was postulated the acidic hydroxyl groups present on the tungsten and molybdenum hydrogen
bronzes serve as the source of water. In the proposed mechanism one metal center is reduced and
an adjacent one is oxidized, so that the overall average oxidation state of the bronze catalysts do
not change. 1% Although hydration of nitriles using tungstic as a reagent gave similar results, the
mechanism of hydration likely involves the water molecules of tungstic acid that serves as a source

of water and acidity.

Table 2- 6. The selected nitriles and products obtained

Substrate Major product Other products
Acetonitrile Acetamide (100%) -

. . 2-Dichloroacetamide (62%), and 2,4,6- . ) 0
2-Dichloronitrile Tris(dichloromethyl)-1,3,5-triazine (35%) Unidentified (3%)
2-Trichloronitrile 2-Trichloroacetamide (100%) -

Isobutyronitrile Isobutyramide (100%) -
o 2-Methylbutyramide (S and R), 98% total of . . o
2-Methylbutyronitrile (52% and 46%) Unidentified (2%)
Isovaleronitrile Isovaleramide (94%) Unidentified (6%)
Valeronitrile Valeramide (90%) Unidentified (10%)
Acrylonitrile Acrylamide (100%) -
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o—— . y NH
Acetonitrile Acetamide '
H H NN
L g NH N e
Cl o) CICl H
2-Dichloronitrile 2-Dichloro-acetamide 2,4,6-Tris(dichloromethyl)-1,3,5-triazine
Cl, CL,
cl-T =N — Cl— T~ NH;
ci g\l()r
2-Trichloronitrile 2-Trichloro-acetamide
H H o
S . > /(
NH,
Isobutyronitrile Isobutyramide
H H o H 0O
D T~ G
S NH, <R NH,
2-Methylbutyronitrile 2-Methylbutyramide
H H
' . NH
7\—:N — 7\_<\ 2
@)
Isovaleronitrile Isovaleramide
\_\; NH
=N e \_\_§ 2
@)
Valeronitrile Valeramide
0]
=N —
/ 7,
Acrylonitrile Acrylamide

Equation 14. The major products of nitriles and tungstic acid reactions
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4. Conclusion:

In its reactions with alkynes, and nitriles, tungstic acid often behaves as a prototypical solid
acid catalyst and produces ketones and amides, respectively, via hydration reactions. The tungstic
acid acts both as the catalyst and the source of water so that solventless reactions are possible — a
major advantage in those reactions that cleanly produce hydrates. The ketones produced follow the
Markovnikov rule indicating the formation of a cationic protonated intermediate. In the case of
alkenes, hydration was only observed for cyclohexene and methyl-cyclohexene where the
corresponding cyclohexanols were formed in low yield. For alkenes, the dominant first step was
acid-catalyzed formation of dimers and is some cases higher oligomers. However, cyclopentenes
and indenes underwent an unusual where the cyclopentene rings opened up in a dimerization
reaction to form two edge-shared six-membered rings to give decalin-like molecules in the case of
cyclopentene and hydrogenated chrysene-like molecules in the case of indene. In both cases,
tungsten bronze dehydrogenated and aromatized the initial formed materials. For example,
hexahydronapthalene and tetrahydronapthalene were observed in the cyclopentene products while
chrysene was identified in the indene products. During the dehydrogenation reactions, tungstic acid
was converted to tungsten hydrogen bronze, Ho33WOs3. Notably, the dimerization of cyclopentenes
that are not very useful products from catalytic cracking reactions to decalin-like molecules that
can be used in diesel fuel may be attractive to the petrochemical industry. Several unusual reactions
were observed in the reactions of alkynes with tungstic acid. Phenylacetylene produces some
hydrated product (acetophenone) but also two products from the cleavage of the carbon-carbon
triple bond, benzaldehyde and benzoic acid. The acetophenone undergoes subsequent reaction
through a series of intermediates to form 1,3,5-triphenylbenzene — a process that is known to occur
with acidic catalysts. Through a series of reactions of intermediates and asymmetrically-labeled
intermediates with tungstic acid, it was concluded that cleavage of the triple bond to two benzoic

acid molecules occurs through benzil as an intermediate while the formation of two benzaldehyde
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molecules goes through benzoin as an intermediate. This is the first example of a non-enzymatic
retro-benzoin reaction. It was found that the reaction of tungstic acid with benzil is a highly-
efficient cost-effective way to prepare tungsten hydrogen bronze. It was also discovered that
hexyne isomers, in the presence of tungstic acid, can undergo a rearrangement to dienes that in turn
react with the parent alkyne in a cycloaddition reaction to form a diene that dehydrogenates to an
alkylated benzene. These reactions are complicated by the fact that the aromatic products undergo
a Jacobsen rearrangement to produce benzene and more highly-alkylated products such as
hexamethylbenzene. For example, t-butylbenzene can be converted to 1,3-di-t-butylbenzene, and
1,4 di-t-butylbenzene, and 1,3,5-tri-t-butylbenzene. The discovery that tungstic acid is an efficient
catalyst for the Jacobsen rearrangement can have important applications in organic and industrial
chemistry.Nitriles also undergo cyclotrimerization reactions catalyzed by tungstic acid to form
cyclotriazenes. The acetonitrile forms acetamide only, dichloroacetonitrile produced the
cyclotriazene product in 35 % yield, while trichloroacetonitrile produced the trichloro acetamide
almost quantitatively. Cyclotriazenes have numerous applications in industry, medicine, and as
herbicides and corrosion inhibitors. They are often produced using highly toxic phosgene making
the approach developed in this research highly attractive. Notably the chlorinated cyclotriazenes
could readily be converted to other derivatives. Notably they are used to synthesize a useful family
of reactive dyes for covalent attachment to cellulosic materials such as paper and cardboard. While
a lot of the reactions investigated in this work produced complex mixtures, it is likely that
performing reactions under less forcing conditions could increase selectivity. Furthermore, the
partially dehydrated phase derived from tungstic acid could be a more reactive catalyst due to Lewis
acidic sites opened up by loss of coordinated water from the tungsten ions. Also, this material may
better promote trimerization over hydration reactions. The discovery of the reactivity of ketones
towards tungstic acid and the Jacobsen rearrangement catalyzed by tungstic acid should be

investigated further since they may be quite useful.
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CHAPTER III

SYNTHESIS AND CHARACTERIZATION OF VANADIUM OXIDE BRONZE

1. Introduction:
Layered compounds of vanadium have a wide range of applications such as materials for
128] 129

[5, 6 [14]

intercalating organic molecules,!'® ion exchange !'*), photo-catalysts 1, gas sensors [,

s 32331 or electrochromic/electro-optic devices !

semiconductors and active materials for batterie
23,331 Bronzes produced from these layered materials, such as hydrogen and sodium vanadium
bronzes, are of interest due to the reversible intercalation of protons or alkali ions into the
compound producing electronically conducting materials useful for batteries or electrochromic
devices. 21 8] The coloration under ambient conditions associated with the insertion process are

21,32, 331 The structural features of the alkali metal layered

useful for electrochromic displays. |
compounds (i.e. the negatively charged layers and the exchangeable alkali ions between the layers)
make them efficient sorbents for the removal and safe disposal of radioactive cations. Nanofibers
of sodium vanadate for instance has been reported to be an efficient sorbent for removal of

1301 Previously, molybdenum and tungsten bronzes

radioactive *’Cs* and %3Sr?* cations from water. [
were reported to be efficient agents for U, Th, Nd, and Pb removal from water. [!31: 1321 Most

recently, in 2015, the capability for molybdenum hydrogen bronze, Ho 57 M0QOs to remove chromate

from aqueous solution via adsorption-reduction processes was reported. 33 Remarkably, utilizing
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molybdenum hydrogen bronze materials as colorimetric, reducing, neutralizing reagent for nitro-
and peroxo- groups of explosive materials was successfully accomplished by Apblett. et. al., (2006,
2009, 2011, and 2015). [13+137 Vanadium bronzes have been known to be more electrochemically-
stable analogues of the molybdenum bronzes. Nevertheless, to the extent of our knowledge, these
materials have not been utilized as colorimetric reducing reagents for peroxide based explosives
and this will be discussed in chapter 7.

Vanadium bronze materials can be synthesized using several established methods.
Hydrogen vanadium bronze, for example; the hydrogen can be inserted at ambient temperature into
vanadium pentoxide to form the corresponding hydrogen vanadium bronze through spillover
technique using reducing agents such Zn/HCl in solution or hydrogen gas in the presence of a noble
metal as a catalyst. 3% 131 Sodium vanadium bronzes are usually synthesized via two main
synthetic routes, the sol-gel and the hydrothermal synthesis methods. In the sol-gel route, sodium—
vanadium gels are obtained via hydrolysis and condensation of molecular precursors such as
vanadates or vanadium alkoxides and then thermal treatment for water removal.[?> 140-142] In the
hydrothermal synthesis route, layered sodium vanadium bronzes are produced by hydrothermal
treatment of aqueous solutions of vanadyl sulfate and alkali ions.?% 3% 431 Additionally, using
anionic carboxylates as single-source precursors to obtain metal molybdates and vanadates has
been demonstrated to be a successful method to produce nanometric materials. (1441471 Previously,
a nanoparticulate suspension of molybdenum hydrogen bronze was synthesized through reduction
and refluxing MoO; with butanol. %! As a starting point towards utilizing these vanadium bronze
materials for catalytic and sensing applications, the primary purpose of this chapter was to report
the preparation and the optimization of reaction conditions for proton- or sodium-vanadium bronzes

from redox reaction of vanadium pentoxide a variety of reducing agents.
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2. Experimental:
2.1.Material

Commercially available reagents of ACS grade or better were used without any further
purification. Vanadium (V) oxide, V205 (99.6 + %) and ammonium metavanadate, NH4VOs (99
%) were obtained from Aldrich Chemical Company, Inc., sodium dithionite, Na,S>04 (83 %) was
received from J.T. Baker. Hydrochloric acid, (HCI) was acquired from Phamaco-Aaper. Zinc metal
was obtained from Sigma-Aldrich. Sodium standard (1,000 ppm) was purchased from Solutions

Plus. Inc,.Water was purified using reverse osmosis and deionization to a resistance of 18MQ-cm.

2.2. Characterization techniques

Infrared spectra were recorded on a Nicolet Is50 FT-IR spectrometer from 4000-500 cm™'.
The X-ray powder diffraction (XRD) patterns were recorded on a Bruker AXS D-8 Advance X-ray
powder diffractometer using copper Ka radiation. Crystalline phases were identified using a
search/match program and the PDF-2 database of the International Center for Diffraction Data.
UV-VIS spectroscopy measurements were recorded using Cary 100-UV/Visible spectroscopy.
Sodium compositions were determined by microwave plasma - atomic emission spectrometry using
a Agilent 4200 MP-AES instrument. Particle size analysis using dynamic light scattering (DLS)
was performed on a Malvern HPPS instrument.
2.3.Synthetic Procedure for Hydrogen Vanadium Bronze via Reduction of Vanadium
Pentoxide with Zinc-Hydrochloric Acid
An attempt to synthesize hydrogen vanadium bronze was done by using Zn/HCl reduction

[148] Figure 1 shows the apparatus that

in accordance to the method of preparation MosOs(OH);o.
was used for the reduction of vanadium pentoxide using zinc-hydrochloric acid. A portion of 10.4
g of V,0s and 6 g of zinc granules were added to a 100 ml of distilled water and stirred in 3-neck

round bottom flask. Then 40 ml of concentrated HCI was added dropwise carefully. Hydrogen gas

bubbles were produced as byproducts. The Zn and HCl were in a ratio to ensure complete
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dissolution of Zn metal and formation of reduced vanadium bronze species. Initially the color was
blue then it slowly transformed to a green color and finally to a brown color. To ensure the reaction
completion, the reaction solution was kept overnight. The resulting brownish green solid was
collected and further washed three times with a 200 ml water each and then dried in vacuum. The

yield of the hydrogen vanadium bronze product was 9.34 g (89.81%).

@L
7 o)
T S P,
|1 . /'\\“ <
‘.!’ / W
i:’,/ & « H— Conc. HCI
(1
H, gas bubbler
77 VZOS
‘((‘|||L { Zn granules

)
‘ y water bath

magnetic stirrer

@—&J

Figure 3- 1.The applied apparatus used in the reduction of vanadium pentoxide using zinc-
hydrochloric acid
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2.4.Synthetic procedure of Sodium Vanadium Bronze via a Reduction of Vanadium
Pentoxide with Sodium Dithionite
Sodium vanadium bronze was synthesized by the reduction of vanadium pentoxide with
sodium dithionite. Sodium dithionite was assayed using ion chromatography and found to be 83 %
as described by Materer et.al, 2012. '*! Vanadium pentoxide was stirred in 125 ml of deionized
water and sodium dithionite was added to the vanadium suspension. The color of solution changed
immediately from yellow to green to dark blue depending on the amount of sodium dithionite used
(see Figure 2). To ensure completion, the reaction was stirred for three days. The precipitate was
subsequently centrifuged and the resulting solid was washed with water until the filtrate was clear.

The resulting products were then dried under vacuum overnight.

vanadium suspension

green dark blue

Figure 3- 2. Changing color of vanadium suspension by adding varying quantities of sodium
dithionite
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2.5.Synthetic procedure for Sodium Vanadium Bronze via a Reduction of a Colloidal
Suspension of Vanadium Pentoxide with Sodium Dithionite
The colloidal suspension of vanadium pentoxide nanoparticles was synthesized according

[150) Two grams of ammonium metavanadate

to method of Biltz with some modifications.
(NHsVOs) was grounds with some water to make a paste. Then 20 ml of 2N hydrochloric acid were
added while stirring with a pestle. Once a red precipitate had formed it was filtered and washed
with water. The precipitate was then transferred to an Erlenmeyer flask and the volume was
adjusted to 200 ml so that the precipitate dispersed to form a red colloidal suspension of vanadium
pentoxide nanoparticles. Colloidal solutions of sodium vanadium bronze were synthesized through
the reaction of this suspension with sodium dithionite at room temperature. A blue-green jelly piece
formed immediately upon adding the sodium dithionite but with continued stirring the gel

redispersed to give a stable dark green or blue suspension. The changes of color from red to a dark

green and dark blue depended on the amount of sodium dithionite reducing agent (see Figure 3).

colloidal susEension vanadium pentoxide

T

dark green dark blue
Figure 3- 3.Changing color of colloidal vanadium suspension by adding sodium dithionite
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2.6.Determination of Reducing Equivalents by lodometry

The determination of reducing equivalents of the solid bronze materials was performed
using iodometry. Approximately a 0.025 mg of the materials and 10 ml of a 0.01N iodine solution
were reacted in scintillation vials and agitated for 2 days in the dark. Triplicate reactions were made
for each bronze sample to determine the experimental error. The solutions were filtered through
0.45um PTFE syringe filter and the residual iodine was determined by UV-VIS absorbance
spectroscopy using a Cary 100 Bio UV-Visible spectrophotometer. The absorbance of the iodine
solutions was measured at 460 nm in a 1 cm path length cuvette. A calibration curve was made
using four different concentrations of iodine solution (Figure 4) The experimental data to determine

the reducing equivalents is summarized in Table 1.

3.0x10° - y=415.28x - 0.0822
2=0.9996
§6.0x10'3-
T
xR
=
34.0x10'3-
G
2.0x107 1
0.0 ———— N

0.0 0.5 1.0 L.5 2.0 2.5 3.0

Absorbance
Figure 3- 4. Calibration curve for [I,] obtained using UV-Visible spectroscopy
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Table 3- 1. Determination of reducing equivalents of bronze generated via reduction of iodine

(L] L . . Reducing

Molerao | B | soon | 81| i | g, | Reluig | cnialns
NaxS,04/V20s (mg) Volume (mM) | (mM) (mM) (mmol) of bronze

(ml)

(mmol/g)
0.17 25 10.69 10 4 6 12 480
0.17 25 10.10 10 3 7 14 560
0.17 25 10.11 10 3 7 14 560
0.25 25 10.06 10 5 5 10 400
0.25 26 10.53 10 5 5 10 385
0.25 26 10.07 10 4 6 12 462
0.50 27 10.06 10 6 4 8 296
0.50 25 10.00 10 7 3 6 240
0.50 27 10.02 10 5 5 10 370

2.7 Determination of Sodium Content
The sodium contents of the bronze materials were determined via microwave plasma-
atomic emission spectrometry using an Agilent 4200 MP-AES instrument. To calibrate the
instrument, four different concentrations were prepared using a 1000 ppm sodium standard
(Solutions Plus. Inc.). The calibration curve was reproduced from the MP-AES as shown in Figure
5. Samples were prepared by dissolving them into a 2% HCI solution. The resulting data are

presented in Table 2.
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Figure 3- 5. Calibration curve for [Na] reproduced from MP-AES

Table 3- 2. Determination the sodium content of bronze

Mole ratio Amount of Solution of [Na] ppm(mg/l) mol Na/ mol
Na,S,04/V>05s Bronze (mg) 2% HCI (g) V05
0.166 6.000 20.241 4.370 0.117
0.166 7.000 20.067 4.630 0.105
0.166 7.000 20.109 4.530 0.103
0.250 5.000 20.130 4.000 0.127
0.250 6.000 20.148 4.660 0.124
0.250 6.000 20.143 4.460 0.118
0.499 6.000 20.099 5.310 0.141
0.499 6.000 20.038 5.090 0.134
0.499 7.000 20.003 6.030 0.136

3. Results and discussion:

Hydrogen vanadium bronze was synthesized by using Zn/HCI reduction method and
characterized as discussed in experimental section. The hydrogen vanadium bronze product was

obtained in 89.81% in yield. The loss of hydrogen vanadium product could be as a result of the
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(1511 The reduction of vanadium

solubility of hydrogen bronzes in the hydrochloric acid solution.
pentoxide using zinc-hydrochloric acid are presented in Equation 1 and 2.
Inlsy + Hiaq) = Hatom) Equation 1
Hatomy + V205 = HyV,05 Equation 2
Hydrogen can be intercalated into vanadium pentoxide lattice either by bonding to
vanadium atom forming a hydride bond or by bonding to oxygen forming either —-OH or —OH;

[139, 152, 153] Figure 6

groups. Both possibilities can be distinguished by FTIR spectroscopy analysis.
shows a comparison between the FTIR spectra of vanadium pentoxide and the hydrogen vanadium
bronze. As observed, the characteristic bands of V=0 and V-O-V bonds have slightly shifted in
comparison to the starting material. Although there was no absorption for an O-H stretching
vibration mode at about 3400 cm™!, the absence of any bands between 1060 and 1200 cm™! and the
formation of a new band at 1625 cm™! were evidence for hydrogen bonding to oxygen and not to

(1391 The material was heated in a muffle furnace in air for

vanadium in agreement with reference
12 hours to determine the ceramic yield and it was found to be 99.3 %. The weight loss could be
result of both dehydration and dehydroxylation of the hydrogen vanadium bronze. The bronze was
analyzed by X-ray diffraction and the pattern is shown in Figure 7. It has been established that the
higher hydrogen contents lead to formation of amorphous bronzes and the lower hydrogen content
lead to a small change in lattice parameters of vanadium pentoxide.['*] The XRD pattern of the
obtained bronze matched mainly with crystalline orthorhombic vanadium pentoxide with a

(1531 Two small peaks were detected

negligible shifts which is expected for lower hydrogen content.
that may be due to formation of sodium vanadium bronze. This phase may form due to sodium
traces present in the system as a result of impurities in the original solution and the glassware.

Determination of the sodium content was performed using a Jenway PFP7 Flame Photometer and

was found to be 0.039 of Na per mole of V,0s.
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Figure 3- 6. FTIR spectra of vanadium pentoxide and the hydrogen vanadium bronze product
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Figure 3- 7. XRD pattern for the hydrogen vanadium bronze

An attempt to synthesize hydrogen bronze was also pursued via using sodium dithionite as
a highly soluble strong reducing agent. Varying stoichiometries of sodium dithionite were added
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to vanadium pentoxide suspensions. Table 3 summarized the data for pH, filtrate color, product
amount and yields for the reduction reaction performed at room temperature for 3 days. Notice that
the stoichiometric ratio is defined on the basis of reaction of Na,S,04/V,0s molar ratio (Scheme
1). The observed colors of the reduction reaction are visually different for each molar ratio. These
differences reflect the complexity of the reduction reaction associated with proton or sodium
insertions to form different vanadium oxide bronzes.['>*!

The colors of the resulting solid products are shown in Figure 8. The color variation can be
the result of many factors such as: the acid hydrolysis and disproportionation of dithionite, !5 the
pH dependence of various vanadium complex species, and the oxidation-reduction potential of

1561 The effect of the dithionite to vanadium stoichiometric ratio on

vanadium and dithionite ions. [
the pH and the resulting bronze yield were analyzed and are graphically represented in the 3D

surface plot shown in Figure 9.

Table 3- 3. Summary of reactions ratio, pH, filtrate solution color, amount of bronze, and yield
for vanadium pentoxide reduction with sodium dithionite at room temperature for 3 days

I\lﬁ ;)éj(gj‘;l\(l);())fs pH Filtrate Solution Color Amount(g)f Bronze Y]iaerl(zlng;)
0.000 5.50 Yellowish orange 0.000 0.0
0.166 5.32 Blue 1.718 94.0
0.250 4.27 Dark blue 1.699 92.9
0.499 3.90 Dark greenish blue 1.645 90.0
0.999 4.12 Dark greenish blue 1.418 77.6
1.999 4.56 Dark greenish blue 1.034 56.6
3.998 5.18 Dark green 0.590 32.3
5.998 5.02 Bright Yellow 0.200 10.9
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Reduction: V7Os5, +nH+(aq)+ 2¢ — H, V05

Oxidation: $,0,% 4+ 4H,0( = 2HSO, (5 +8H (5 + 6¢°

Overall Reaction: 3V,054q) * NayS;04(5g) + 4H,0) ——= 3H,V,0; (o7 2HSO, (o +(8'3n)H+(aq)
Scheme 3- 1. Summary of the reactions for synthesis of vanadium bronze was via reduction with
sodium dithionite in a non-buffered aqueous system
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Figure 3- 9. Surface Plot of mole ratio of Na>S>04/V20s vs pH vs. bronze product yield
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The change in pH as a function of mole ratio is shown in Figure 10, and the yield as a
function of the mole ratio is shown in Figure 11. The pH data and determined yield indicate that
the reaction proceeded through three different trends as the molar ratios changed. In the first trend,
pH and yields decreased as the ratio increased. During the second one, the pH increased and yields
decreased as the ratio increased while in the third one, little effect of ratio on the pH was observed
but the product amount significantly decreased. The chemistry of vanadium in aqueous media
known to be complicated since it is affected both by pH and concentration. ¢! The first observed
trend could be explained by the fact that the more dithionite amount is added to vanadium
suspension, the higher the extent of reduction of V(5+) to V(4+) in the solid phase and the higher
the release of protons into the liquid phase making the solution more acidic according to Scheme
1. Since vanadium bronze is soluble in acidic media, increasing the reaction mixture acidity result
in increasing the solubility of the product, thus reducing. The other observed trends tend to be more
complex due to several competitive reactions took place together. Although the reduction of V(5+)
is expected to be completed upon the addition of excess dithionite, it accelerates the catalytic
reactions of dithionite decomposition to produce thiosulfates, bisulfite, and sulfur. The formation

of sulfur was established by visual inspection of the milky appearance (Scheme 2). [!7]
2- 2- -
28204 (aq) + HzO(]) N 8203 (aq) + 2HSO3 (aq)
2- 2- + -
82047 (aq) + S2037 (ag) + 2Ha00) + H' (aq) =2 HaS(s) + 3HSO37g)

2H,Ss) + HSO5 4q) + HYag = 3S" +3H,0
Scheme 3- 2.Summarized the overall equations of acid hydrolysis and disproportionation of
dithionite competing reactions
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The resulting solid vanadium bronze product from using (1.00 V,0s5:0.166 Na,S,04) ratio
was characterized using FTIR spectroscopy, and the resulting spectrum is compared to the starting
materials as shown in Figure 12. The spectrum of the bronze product is similar to that of vanadium
pentoxide. The bands correspond to V=0 and V-O-V vibration were slightly shifted and become
stronger in the case of the bronze product. This could be the result of the V°* reduction and the

e.[153, 154, 1581 There were also

incorporation of either sodium or protons into the oxide bronze lattic
broad absorption bands at 3380 and 1625 cm™ attributed to O-H stretching and bending vibrations
confirming the presence of water or hydroxyl ions in the vanadium oxide lattice. The FTIR spectra
of the bronze solids synthesized with different ratios are presented in Figure 13. Most of the spectra
are similar to each other and as higher amounts of dithionite were used in the reduction reaction,
the more the intensity of the O-H bands were lowered due to sodium insertion instead of proton
insertion. Table 4 shows a comparison of the product yields, pH, reducing equivalents per gram of
bronze, and sodium content of the product obtained by reduction reaction of vanadium pentoxide
with different ratios of sodium dithionite. As shown, despite the remarkably high yield for the
different ratios, as the amount of dithionite increased the lower the yield suggesting loss of
vanadium as a vanadyl ion. However, the molar equivalents of sodium in the materials depended
on reducing agent amount and were determined. The results suggest the formation of a mixed
sodium and proton vanadium bronze since the reducing equivalents are significantly higher than
the amount of sodium present.

Further, the materials were characterized by XRD, and were found to match with the
pattern of standard crystalline vanadium pentoxide phase with orthorhombic structure (ICDD
database PDF No. 00-039-0634) as shown in Figure 14. It has been established that the lower
hydrogen content of the green phase of HV,Os is closely related structurally to V,0s and the higher

hydrogen contents lead to formation of amorphous products. [!>3 A closer look at the XRD patterns

of the green products, for example the 1.00 V,05:0.499 Na,S,0; ratio (Figure 15) shows that the
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diffraction pattern of the products have peaks that are close to those of vanadium pentoxide, and

there are also several peaks that could corresponds to sodium or hydrogen bronzes.

Table 3- 4. Comparison of the product yields, pH, reducing equivalents per gram of bronze,
and sodium content of product obtained by reduction reaction of vanadium pentoxide with
different ratio of sodium dithionite

Reducing
Mole ratio . o equivalents per mol Na/ mol
NazS:04/V,0s Yield (%) pH gram of bronze V205
(%)
0.166 94.0 5.32 0.822+0.045 0.108+0.007
0.250 92.9 4.27 0.636+0.053 0.12340.005
0.499 90.0 3.9 0.455+0.099 0.1374+0.003
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Figure 3- 12. FT-IR spectrum of the obtained MxV,Os solid using 1V,05:0.166 Na,S,04 ratio,
with comparison to spectra of V205 and Na»S;04
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Figure 3- 14. XRD patterns for McV,0s synthesized with different ratios of V205 and Na>S,04
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Figure 3- 15. XRD pattern for bronze product synthesized with ratio of 1V,0s: 0.499 Na,S>04

The reduction reactions of the colloidal suspensions were performed with same varying
ratios of sodium dithionite to V,0Os as was used for the bulk materials. The mole ratios used, pH,
and the solution mixture color are tabulated in Table 5. The color of the resulting colloidal bronze
suspensions varies with changing mole ratio as seen in Figure 16. The colloidal suspensions were
not stable for long and within two weeks the solids aggregated and precipitated.

Plotting the pH data as function of mole ratio (Figure 17) shows that the pH of the colloidal
suspensions increased as the sodium dithionite amount increased until a plateau above which little
change was observed indicating attainment of the maximum in reducing capacity. The UV-Visible
spectra of the suspensions are exhibited in Figure 18. The dark bluish-green colloidal bronze
prepared with a 1V»05:0.166 Na,S:0, ratio displayed characteristic bands for d' electron

configuration transitions from the T, ground state to E excited state of V4.l The UV-VIS
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spectra also show that the more dithionite used, the more [V#"] present up to the ratio of 1 V,0s to
0.993 Na,S,0s4. The absorbances of the UV-VIS bands for V** decreased as dithionite was added
beyond this point. This was accompanied by the formation of a milky phase believed to be due to
formation of sulfur as result of acid hydrolysis and disproportionation of the unreacted dithionite.
[155] Notably a new band at 440 nm corresponding to V3" was observed.['*16!] All of these bands
disappeared when the 1 V,0s to 5.991 Na,S,04 molar ratio was used.

Dynamic light scattering (DLS) analysis was used to measure the particle size distribution
for colloidal suspensions as shown in Figure 19. The particle size distribution of colloidal vanadium
pentoxide prior to reduction reaction was a single peak centered around 0.980 nm. Once dithionite
was added the particle size grew growth significantly with each increment in the amount of
dithionite added. Furthermore, the size distributions became wider and additional peaks at large
particle size appeared as aggregation took place. At the highest amounts of this reagent, the particle
size distributions were dominated by the high number of very large sulfur particles.

The colloidal bronze materials with reaction ratios less than 1 were dried at room
temperature to form very brittle films. The FTIR spectra of these films, shown in Figure 20, were
similar to those of the bronzes synthesized from reduction of bulk vanadium pentoxide with sodium
dithionite, i.e. the spectra displayed the slightly shifts of the characteristics bands of OH, V=0, and
V-0-V vibration in comparison to the original starting vanadium pentoxide material. The higher
the ratio, the stronger the bands of the V-O lattice vibrations.

The XRD patterns of the films were also recorded and are shown in Figure 21. The patterns
did not match well with any known phases and thus may be either the sodium or hydrogen
vanadium bronze, a mixture of the two, or more likely a mixed sodium/hydrogen bronze. Since
sodium bronze considered more soluble than hydrogen bronze, the colloidal suspensions were
filtered and washed with distilled water. XRD patterns of these purified materials match to mixtures

of vanadium pentoxide and hydrogen bronze material as exhibited in Figure 22.
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Table 3- 5. Summary of mole ratio, color, and the pH of the obtained solutions for the reduction
reactions of colloidal vanadium pentoxide with sodium dithionite at room temperature

Colloidal | Na»S>04 | Mole | Color once H Color for phase precipitate after Yield
V105 (g) (2) ratio mixing P two weeks (%)
20.000 0.000 | 0.000 Red* 3.40 Orange 99.4
20041 | 0.030 | 0.166 | Darkbluish |5 49 Dark green 97.4
green
20.027 | 0.045 |0.249 Da;kr:el;mh 4.70 Dark green 70.3
20.069 0.090 |0.498 | Darkblue | 5.10 Dark green 61.3
20142 0179 | 0.993 Dark bluish 590 Mixture of .dark color with light 490
green milky phases
20.159 0359 | 1.984 Blackish 580 Mixture pf 11ghter dark color with 335
green light milky phases
20044 | 0717 |3991| Black | 570 | Mixtureoflightblue colorwith ) )5
light milky phases
20028 | 1.076 |5991| Black | 570 | Mixtureoflightergreenand )
milky color phases

* The red color remains the same if suspension storage in closed Nalgene bottle for a year, but if
it exposed to air it turns to yellowish orange yellowish and precipitates within 2-3 weeks

Figure 3- 16. Color change of resulting colloidal bronze suspensions with changing
Na»S,04/V,05 mole ratio
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Figure 3- 20. FT-IR spectra of the dried brittle films of MxV,0s synthesized with different ratio of
colloidal V,0s and Na»S,04
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4. Conclusion:

Hydrogen vanadium bronze powder was synthesized by reducing vanadium pentoxide with
zinc hydrochloric acid. The insertions of hydrogen occurred topotactically in which the resulting
bronze retained the original vanadium oxide structure. The XRD pattern also showed the existence
of sodium vanadium bronze and the Na trace amount based on flame photometry analysis
determined to be 0.039. Reduction of vanadium pentoxide with sodium dithionite produced
hydrogen bronze in association with sodium bronze. The reducing capacity decreased with
increasing sodium dithionite amount even though the sodium content was raised due the competing
reactions. The reactions were pH dependent suggesting that the yields may be improved by
performing the reduction reaction in buffered media. Further experiments could be carried out to
find the optimum conditions to successfully synthesize sodium vanadium bronze in high yield
utilizing different buffer systems. Colloidal suspensions of sodium vanadium bronze were
successfully synthesized through reduction of colloidal vanadium pentoxide with sodium
dithionite. These colloidal bronzes weren’t stable over a long period of time, so further studies to
enhance their stabilities could be pursued through addition of stabilizing agents. Moreover, drying
of these colloidal materials result in the formation of brittle films that could be utilizing in sensing

applications.
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CHAPTER 1V

SYNTHESIS OF MIXED VALENCE VANADIUM OXYHYDROXIDE AND

ALUMINUM VANADIUM OXYHYDROXIDES

1. Introduction:

The intriguing properties of mixed valence vanadium oxyhydroxide and mixed metal
vanadium oxyhydroxides resulted in them being the subject of a wide variety chemical studies, > *
1 14,17,18, 21-27, 32:36, 3843, 4547, 52, 53, 36, 58-65, 128-130, 140, 142, 143, 162-167] a1 several of these reports have been
discussed briefly within the introductory chapter. There are a several synthetic routes for mixed
valence vanadium oxyhydroxides and mixed metal vanadium oxyhydroxides. Single-crystalline
Hollandite-type vanadium (III/IV) oxyhydroxide nanorods, an example of a mixed valance
vanadium oxyhydroxide that exhibits semiconducting properties has been synthesized through a
simple nonaqueous liquid-phase one-pot route involving the reaction of vanadium oxychloride with
benzyl alcohol. ! Aluminum-vanadium mixed hydroxides, an example of mixed metal vanadium
oxyhydroxide that is used as a catalyst for oxidative dehydrogenation of propane, in ammoxidation
reactions, and as a precursor for vanadium-aluminum oxynitrides has been prepared via a
precipitation method using ammonium metavanadate and aluminum nitrate nonahydrate. [168-170]
Even though there are numerous routes for their synthesis, aqueous reactions with minimal
byproducts are preferable. The aim of the research reported in this chapter to synthesize and

optimize reaction conditions for the synthesis of the mixed valence vanadium oxyhydroxide and
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mixed aluminum vanadium oxyhydroxides. Characterization of the precursor materials before and

after calcination was also investigated.

2. Experimental:
2.1.Material

Commercially available reagents of ACS grade or better were used without further
purification. Vanadium (V) oxide, V20s (99.6 + %) was obtained from Sigma-Aldrich, oxalic acid
was received from Fisher Scientific. Aluminum (III) hydroxide, AI(OH); from Sigma-Aldrich.
Water was purified by reverse osmosis and deionization to a resistance of 18 MQ.cm. Vanadium
standard (1,000 ppm) is obtained from Ultra Scientific. The aluminum ICP standard (1,000 ppm)
was purchased from the Ricca chemical company.

2.2.Analytical techniques

Thermogravimetry (TGA) analyses were performed on a Mettler TGA instrument.
Thermal decompositions of experiments were performed in an air atmosphere from ambient
temperature to 900 “C with a ramp rate at 5 °C/min using an alumina crucible. Infrared spectra were
recorded on a Nicolet Is50 FT-IR spectrometer from 4000-500 cm™!. The X-ray powder diffraction
(XRD) patterns were obtained on a Bruker AXS D-8 Advance X-ray powder diffractometer using
copper Ka radiation. Crystalline phases were identified using a search/match program and the PDF-
2 database of the International Center for Diffraction Data. Crystallite size of calcined products
were evaluated using the Scherrer equation. Scanning electron microscopy (SEM) on a FEI Quanta
600 field emission gun environmental scanning electron microscope was utilized to determine
particle sizes and morphologies of the products. Surface areas were determined via nitrogen
physisorption using the Brunauer, Emmett, and Teller (BET) method on a Quantacrome Nova
1200. The pH changes over time were measured using ISFET pH Meter, Model 1Q125 obtained
from mini Lab IQ Scientific, USA. UV-VIS spectroscopy measurements were recorded using Cary

100-UV/Visible spectroscopy. Metal concentrations were determined by microwave plasma -
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atomic emission spectrometry using an Agilent 4200 MP-AES. Particle size via using dynamic

light scattering (DLS) was performed on a Malvern HPPS instrument.
2.3.Synthetic procedure

2.3.1. Synthesis of Vanadyl Oxalate solution via a Reduction Reaction between Vanadium
Pentoxide and Oxalic acid
Vanadyl oxalate solution was prepared via reduction of vanadium pentoxide by oxalic acid

(171} An Erlenmeyer flask

in similar fashion to the method described by Jun Liu and his co-workers.
(1L) with stir bar inside are weighed and then 58.7 g (0.323 mole) of vanadium pentoxide and
approximately 300 ml of water were added. The mixture was heated to reflux while stirring. Once
the water started to condense at the flask neck, 122 g (0.968 mole) of oxalic acid was added
cautiously and gradually. After this addition was complete the mixture was heated for 10 additional
minutes. The solution was then stirred for at least 12 hours to allow the reaction to reach

completion. Water was then added to the solution so that the total mass of the solution was equal

to 1000 g. Finally, the solution was filtered and collected.

2.3.2. Synthesis of Mixed Valence Vanadium Oxyhydroxide

A solution of vanadyl oxalate was evaporated to dryness at room temperature to form a
glassy solid. The glassy product is then dried further in vacuum until it reached constant weight.
The resulting vanadyl oxalate precursor was then calcined at different temperatures of 200, 400,

and 600 °C 1n air for 12 h.

2.3.3. Synthesis of Mixed Valence Aluminum Vanadium Oxyhydroxide via a Reaction of
Vanadyl Oxalate Solution and Aluminum Hydroxide

Varying ratios of aluminum hydroxides were mixed with the vanadyl oxalate solution at
room temperature for varying periods of time. The mixtures are separated by centrifugation. The

powders were thoroughly washed with distilled water by repeated suspension and centrifugation
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and then dried under vacuum. The products were then calcined at 600 °C for 12 hours. The amounts
of the chemicals and yields of solids are listed in Table 1.

Table 4- 1. Different ratios of aluminum hydroxide were mixed with vanadyl oxalate solutions
at room temperature for three days

Starting materials (g) Riiiitsnt Reaction | Product Product Ceramic yield (%)
VOC:0s | AI(OH)s | .5y | condition | color Weight Oven at 600 °C
20 2.013 0.5:1.0 R.T. Pale 2.122 59.5
QGreen
20 1.006 | 1.0:1.0 | RT. Pale 1.12 61.7
QGreen
20 0.503 2.0:1.0 R.T. Green 0.478 68.7
20 0.253 4.0:1.0 R.T. Dark 0.397 78.7
QGreen

2.3.4. Synthesis of Mixed Valence Aluminum Vanadium Oxyhydroxide via a Reaction of
Vanadyl Oxalate Solution and Aluminum Hydroxide at Reflux Temperature

Aluminum hydroxide (2.013g, 0.026 mole) was added to 40 ml (0.026 mole) vanadyl
oxalate. The mixture was heated to reflux for 24 hours. A color change from blue to green was
observed. Upon cooling a dark gray solid was isolated by centrifuging, washed, dried to give a
yield of 2.781 g. IR(cm™):3425 (s, br), 1680 (vs, sh), 1420 (s), 1290 (s), 980 (s), 800 (m), 580 (m),

547 (s). The product was calcined at 600 °C for 12 hours, the ceramic yield was 62.3 %.

3. Results and Discussion:

3.1.Synthesis of Vanadium Oxalate Solution Via a Reduction Reaction between
Vanadium Pentoxide and Oxalic acid

A vanadyl oxalate solution was prepared by reaction of V,0s with aqueous oxalate at 100

°C. In this reaction, V' is reduced to V*' by oxidation of oxalate to produce carbon dioxide

(Equation 1).
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V205(S) +3 H2C204(aq) e 2 VO(C204)(aq) +3 Hzo(l) + 2C02(g)

The resulting vanadyl oxalate solution was characterized using UV-VIS spectroscopy.
Figure 1 shows UV-VIS spectra of Vanadyl oxalate solution with four dilution factors. Octahedral
vanadium (IV) ions, with d! electron configuration are theoretically expected to have a transition
from T, ground state to *E excited state. However, vanadyl ions [VO(OH,)s]** are not octahedral
but have C4V symmetry and more complex UV/VIS spectrum. The observed UV-VIS spectra with
0.8, 0.6, 0.4, and 0.2 dilution factors, DF = (V it/ V fina), show three bands at 777, 597, and 367
nm that can be attributed to dy,—>d./d,-, dw—> di*-)>, and dy—> d.*(see Figure 1 and Scheme 1),

respectively. ['72! These spectra used to construct a calibration curve for vanadyl oxalate according

to Beer’s law (Figure 2).

6
L ——0.516 M
5 2w ——0.387M
dxy—> d: ——0258M
T ——0.131 M
4 -
- ’hr—> e
2 34 dy—> dx/d)-

0

Wavelength (nm)

Figure 4- 1. UV/VIS spectra with 4 different concentrations of VOC,04 solution
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Figure 4- 2. Calibration curve of VOC,0O4 solution by UV-Visible

MP-AES was used to determine the concentration of vanadium ion in the vanadyl oxalate
solutions. Figure 3 exhibits the calibration curve that was generated over the range from 0 to 20
ppm. Typically, a mass of 0.021 g vanadyl oxalate solution was diluted with distilled water to
198.095 g. The vanadium concentration was found to be 0.641 M, close to the theoretical
concentration 0.645 M based on amount of vanadium pentoxide used to prepare the vanadyl oxalate

solution.
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Figure 4- 3. Calibration Curve for vanadium by MP-AES

3.2.Synthesis of Mixed Valence Vanadium Oxyhydroxide
Vanadyl oxalate was isolated by drying its aqueous solution and it was characterized using
FT-IR spectroscopy (Figure 4). The strong broad band at 3306 cm™ can be assigned to the stretching
mode of O-H in the water molecules. The sharp and strong peak at 1603 cm™ is due to asymmetric

1731 The medium vibrational frequency at

stretching vibration of the carbonyl groups of oxalate.!
1456 and 1305 cm™' can be ascribed to a combination C-O and O-C=0 modes. In accordance with
literature data 174 7] the sharp and strong band at 987 cm™ and the weak one at 916 cm™ are
characteristic for vanadyl (V=0) stretching vibration in mixed valence vanadium (IV,V)
compounds. The absorptions at 805, 621, and 562 cm™ can be attributed to the combination of

bending of O-C=0 and stretching of V-O modes, respectively. The XRD pattern of the dried sample

displayed no peaks attributable to an amorphous phase material.
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Figure 4- 4.FTIR spectrum for dried VOC,04 product

The thermal decomposition of the vanadyl oxalate was investigated by thermogravimetric
analysis (Figure 5). The decomposition occurs in one step with a weight loss of 47.4 %. The onset
was 200 °C and the decomposition was completed at 300 ‘C. This is accompanied by an exothermic
peak observed by DTA and can be attributed to dehydration and decomposition of oxalate. The
VO, furthers oxidized to V,0Os and that explain the slight increase of mass weight in the later stage
after 322 °C. " The formula was calculated from the TGA curve to be VOC,04-0.979H,0.
Calcination of the dried vanadyl oxalate using a Vulcan Multi-Stage Programmable Furnace, 3-
130, under air atmosphere with a rate 5 °C/min to 200, 400, and 600 °C for 12 hours result in
formation of solids with ceramic yields 61.2, 50.2, and 51.7 %, respectively. The final result gives
a calculated formula of VOC,04-1.161H,0, slightly. The FT-IR spectrum of the calcined products
of dried vanadyl oxalate (Figure 6) shows the characteristic vibrational frequencies of vanadium
pentoxide (1016 - 996), (775 - 784), (583 — 535) cm™! attributed to V=0 stretching of terminal

oxygen, V-O-V symmetric, and V-O-V asymmetric vibrations modes, respectively. [!7% 177 These
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bands become more intense as calcination temperature increased from 400 to 600 cm. The
formation of the new band at 975 cm™ is attributed to VO** vibration mode in a new phase that is
formed. ' Figure 7 shows the XRD patterns for the products calcined at 200, 400, and 600 °C.
The majority of the product phase is amorphous with minority of crystalline phase of vanadium
pentoxide for sample calcined at 200 °C. The products become more crystalline with increasing
calcination temperature as XRD patterns of products calcined at 400 and 600 °C illustrated. These
patterns matched the orthorhombic shcherbinaite, V,0Os phase (PDF-00-01-1426). The pattern for
the product obtained from 600 °C in Figure 8 shows that there are new reflections at 20 of 20.51
and 22.02 associated with a slight shift of the (001) and (101) reflections from 26: 20.26 to 20.07,
and 21.71 to 21.50, respectively. These results may be due to formation of oxide vacancies that is
known to occur when V,0Os is heated. If so, the new peak does not correspond to known VO phases.
Notably, there are no reports in the literature for heating vanadyl oxalate as high as 600 C. The
surface area for the resulting vanadium pentoxide was found to be 6.3 m*/g. The ceramic yields,

the surface area, the crystallites size, and the color of the products are summarized in Table 2.

Table 4- 2. Ceramic yields, the surface area, the crystallites size, and the color of the products
at different calcination temperatures for vanadyl oxalate

Temperatures | ceramic yeild Surface Area Crystallitte Size Color
Q) (%) (m/g) (nm)
25 NA 5.0 NA dark blue
200 62.50 94 NA dark greenish-
brown
400 44.80 17.8 49.18 + 1.08 yellowish.
rown
600 45.00 7.1 51,50+ 1.23 yellowish-
brown
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3.3.Synthesis of Mixed Aluminum Vanadium Oxyhydroxide via a Reaction of Vanadyl
Oxalate Solution and Aluminum Hydroxide

Aluminum hydroxide was reacted with aqueous vanadyl oxalate at room temperature and

under reflux as shown in the schematic representation of the reaction procedures (see Scheme 2).

Calcination

a VOG04 + b Al(OH); AlyVp(O)x(OH)y AIVO,
Scheme 4- 2. Representation of aluminum hydroxide and vanadyl oxalate reactions

Table 3 shows the result obtained when varying ratios of aluminum hydroxide were mixed
with vanadyl oxalate solutions at room temperature for three days. Also included is the reaction of
aluminum hydroxide reacted with vanadyl oxalate with (1.0V:1.0Al) ratio under reflux condition
for 24 hours. Table 3 also shows the ceramic yield from TGA thermograms and pyrolysis of

products using a Vulcan Multi-Stage Programmable Furnace, 3-130, under air atmosphere.

99



Table 4- 3. Different ratios of aluminum hydroxide were mixed with vanadyl oxalate solutions
at room temperature for three days

. . Ceramic yield
Starting materials (g) Rizgsnt Reaction | Product Product (%)
VOC.204 AI(OH); V-Al condition color Weight Oven at 600 °C
solution
20 2.013 0510 | RT. Pale 2.122 59.5
Green
20 1.006 1.0:1.0 R.T. Pale 1.12 61.7
QGreen
20 0.503 2.0:1.0 R.T. Green 0.478 68.7
20 0.253 4.0:1.0 R.T. Dark 0.397 78.7
QGreen
40 2.013 1.0:1.0 | Reflux Dark 2.781 62.3
Gray

The change in pH over time was recorded for each ratio and is plotted in Figure 9. The
initial pH was 1.8 and it increased as the reaction progressed up to the equilibrium at pH of 3.5.
The low initial pH of the solution is due to the acidic [VO(OH,)s]*" ions (pKa1 = 3.5) and the pH
raises as these ions are removed from solution. Since the pKa of [VO(OH»)s]*" is 3.5, the expected

H* concentration for a 0.645 M vanadyl solution is 1.41 x 10~ M and the corresponding pH is 1.85.

yy A
40 —~———y/ f—r—— 11—

3.0

pH
»on

2.5 | -
0.5V:1Al
B 1V:1Al
20 |- ® 2v:1Al -
8 A av:ial
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Figure 4- 9. The change of pH over time for alumnium hydroxide and vanadyl oxalate reactions
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The solutions with different ratio of vanadyl oxalate reacted with aluminum hydroxide
were analyzed via MP-AES to measure the total concentrations of vanadium and aluminum over
time (Figure 10 and Figure 11), respectively. The general trend is a rapid decrease in vanadium
and an increasing of aluminum concentrations over short period time followed by no or slow
decreasing of vanadium concentration that is a corresponded by an increase in aluminum
concentration over a short period of time. The concentration gradually changes longer period of
time until either equilibrium is reached or the reaction goes to completion. The reaction with a
2.0V:1.0Al ratio is complete after 7 days. The compositions change of vanadium and aluminum in
both solution and solid phases over time (calculated from MP-AES data) and provided in Table 4
and Table 5. The kinetics of the reactions were analyzed using zero-order, first-order, and second-

order models (Figures 12-14) and (Table 6-8).

0.7

B 4V:1Al
—_ .’.. ® 2V:Al
= 0.6 am A 1V:1Al
= 4 v [
2 v 0.5V:1Al
EO.S- }x ] [ ]
= ] °
S 0.4 A
= A O ®
=) 9 v ([ ] ()
o
50.3‘ ‘
= T A
2 0.2-
g v
> A
= 0.1 v
- A
0.0 - v
] v ] ] v ] v ] v ] v ] v ]
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Figure 4- 10. MP-AES analysis of vanadium concentration over time for aluminum hydroxide
and vanadyl oxalate reactions
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Figure 4- 11. MP-AES analysis of aluminum concentration over time for aluminum hydroxide
and vanadyl oxalate reactions

Table 4- 4. The compositions of vanadium and aluminum in solutions (mmole) based on MP-
AES analysis

Time 4V:1Al 2V:1Al 1V:1Al 0.5V:1Al
(Day) \Y4 Al Y, Al Y, Al Y, Al
0 12.44 1.22 12.44 1.22 12.44 1.22 12.44 1.22

12.07 1.94 12.58 1.60 11.96 1.94 11.37 2.05

11.82 1.92 10.28 2.37 9.53 3.10 10.52 3.24

11.55 2.00 8.62 2.96 7.43 3.54 6.89 4.12

1
2
3 11.49 2.07 10.35 2.22 8.12 2.28 10.82 3.48
5
7

11.05 1.97 7.48 341 6.02 4.36 5.76 5.93

14 9.92 1.97 7.25 4.01 4.74 7.30 3.52 7.23
21 10.00 2.00 6.99 3.97 249 7.59 1.98 8.41
35 12.44 1.22 6.90 4.03 1.11 8.23 0.31 8.62
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Table 4- 5. The compositions of vanadium and aluminum in solid products (mmole) based on

MP-AES analysis

Time 4V:1Al 2V:1Al 1V:1Al 0.5V:1Al
(Day) \Y% Al \Y% Al A Al A Al
0 0.00 10.79 0.00 10.79 0.00 10.79 0.00 10.79
1 0.37 11.60 0.24 11.21 0.85 10.87 1.45 10.77
2 0.75 10.88 2.54 10.45 3.28 9.72 2.29 9.57
3 1.00 10.90 3.15 10.74 4.69 10.53 2.67 9.56
5 1.32 10.75 420 9.85 5.39 9.27 5.92 8.70
7 1.27 10.81 5.33 9.40 6.80 8.46 7.05 6.89
14 1.77 10.85 5.56 8.81 8.07 5.51 9.29 5.59
21 2.89 10.84 5.83 8.85 10.33 5.22 10.84 4.40
35 2.81 10.82 5.91 8.79 11.70 4.58 12.51 4.20
B 4V:1Al
® 2Vl
A V1Al
v 0.5V:1Al
0.651 030 Y
0.60
0.551 0.25+
= 0.50] i 020,
50.45- =
= 0.40. Z0.15-
0.35+ 0.10-
0.30
0.25+— r . 0.05
0 1 3 4 5 6
t (days) t (days)
Figure 4- 12. Zero-Order Model
Table 4- 6. Kinetic Data from the Zero-Order Model
V/Al k [V] R? k [AL] R’
ratio M.hour’! M % M.hour'! M %
4 0.0092 0.6291 83.98 0.0025 0.0856 16.20
2 0.0393 0.6299 | 92.58 0.0116 0.0854 | 82.93
1 0.0485 0.6112 | 90.97 0.0168 0.0932 | 83.19
0.5 0.0513 0.6332 | 97.54 0.0272 0.0901 94.72
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Figure 4- 13. First-Order Model
Table 4- 7. Kinetic Data from the First-Order Model
V/Al k [Vo] R’ k [Al,] R?
ratio hour’! M % hour’! M %
4 0.0152 | 0.6291 84.62 0.0309 | 0.0835 15.84
2 0.0791 0.6372 95.65 0.0929 | 0.0882 77.73
1 0.1083 0.6225 95.22 0.1129 | 0.0978 80.37
0.5 0.1177 | 0.6569 97.19 0.1535 0.1009 94.02
W 4V:1Al
@ 2V:IAl
A V1Al
W 0.5V:1Al

t (days)
Figure 4- 14.Second-Order Model

t (days)
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Table 4- 8. Kinetic Data from the Second-Order Model

V/Al k [Vo] R? k [Al,] R2
ratio M hour! M % M hour! M %
4 0.0252 0.6292 85.23 0.3955 0.0812 15.50
2 0.1626 0.6497 97.56 0.7672 0.0897 70.32
1 0.2517 0.6466 97.43 0.7943 0.1001 46.60
0.5 0.2821 0.7069 95.50 0.9438 0.1049 87.76

The solutions were also analyzed by UV-Visible spectroscopy to determine the
concentration of vanadyl ion [V#"] as shown in Figure 15. As it shown with the same dilution of
the different ratio solutions, the absorptions of [V#"] are unpredictably increase with increasing
aluminum amount expect for 0.5V:1.0Al ratio, x=(Al/V)=2 showing lower absorption. Comparison
between MP-AES and UV-VIS data is represented in Figure 16. Plotting total vanadium
concentrations from MP-AES verses x; mole ratios, shows as long as the amount of aluminum
increased the total vanadium concentration in solutions is decreased due to the precipitation of A1V-
product except for 0.5V:1.0Al ratio, (x=2), which could be explained by that the formation of A1V-
oxyhydroxide layer on the surface of aluminum hydroxide may prevents the interaction between
vanadyl oxalate with aluminum hydroxide core. Comparison between MP-AES and UV-VIS data
shows a steady value of V¥ concentrations and the significant changes trend of total vanadium from
MP-AES is similar to trend of total V™" concentration based on UV-VIS as shown in Figure 17.
Total reduced vanadium concentration [V*'] determined by subtraction of total vanadyl
consternation from total vanadium concentration and thus based on these observations it seems the
aluminum not only acts as a reactant but also as a catalyst for the reduction of vanadyl ion by

oxalate as Equation 2 shows.
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Figure 4- 15. UV-VIS spectra for vanadyl oxalate/ aluminum hydroxide solutions
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Figure 4- 16. Comparison between MP-AES and UV-VIS data with different mole ratios
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Figure 4- 17. Representation of the data from MP-AES and UV-VIS data for the various molar
ratios of vanadium to aluminum

Dynamic light scattering (DLS) analysis was used to measure the particle size distribution
of the vanadyl oxalate/aluminum hydroxide reactions (Figure 18). Both the 4V:1Al and 2V:1Al
ratios gave a very narrow particle size distribution close to 1 nm in size (0.993 and 0.903,
respectively. The later reaction also had a small peak (only 0.1 % of the particle volume) at 6.8 nm.
There was a large increase in particle size when the amount of vanadium was decreased to 1 molar
equivalents per aluminum. A narrow peak in size distribution centered at 98 nm was observed with
no other peaks present. At the 0.5V and 1V to 1Al ratios, only large particles were observed in a

bimodal distribution. One peak was observed at 544 nm (56 % of particle volume) and a second
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one at 5220 nm that accounted for 44 % of the particle volume. These results indicate that the

reaction of vanadyl oxalate with aluminum hydroxide results in fragmentation of the AI(OH);3

particles. As the amount of vanadyl oxalate is increased, the Al(OH); particles are broken into

smaller particles until clusters around Inm are formed.
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Figure 4- 18.DLC analysis for AI(OH)3/VOC,04 solutions with varying V:Al ratios

The thermal gravimetric analysis of the solid products are shown from Figure 19 to Figure

23. The TGA curves are similar for all of the products except for the 4.0V:1.0Al ratio, which has a

lower final weight loss of 84.016% at 600 °C. The ceramic yields obtained based on pyrolysis and

thermogravimetric analysis are tabulated in Table 9. For example, the ceramic yield at 600 °C of

the 1V:1Al product synthesized at room temperature and under reflux are 65.220 and 64.994,

respectively. The 34.78 and 35.006 % total weight loss are attributed to two unresolved steps of

dehydration and dehydroxylation. Elemental analysis was performed on several samples to
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determine whether oxalate or carbonate might be present. Only traces of carbon found: 1.44 % for
2V:1Al product and 1.08 % for the 1V:1Al product produced at room temperature. The solid from
the refluxed mixture had a little higher carbon content, 2.93 %. Clearly the trace of carbon cannot
be the presence of stoichiometric amounts of oxalate or carbonate. Therefore, it may be attributed
to absorbed carbon species on the surface of the oxyhydroxide products. The XRD patterns of all
solids indicated that they were amorphous. Considering the TGA data for water and OH content
and the amounts of vanadium and aluminum present as determined by MP-AES, an approxiate
reaction and formula for the products can be calculated. This is represented in Equation 3. Note
that with sufficient excess of vanadium, the aluminum will completely dissolved and product will

be VO(OH).. The possible presence of V' is a complicating factor that was not considered.

2 3
x VO™ (3qy+ 2A1(OH) 3 Al (20067 (VO)(OH)g(s) + 0.67AI (5 Equation 3

-1t v r < r <t 1t 1T 6
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Figure 4- 19. Thermogravimetric curve of the 0.5V:1Al product
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Figure 4- 21. Thermogravimetric curve of the 2V:1Al product
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Figure 4- 22. Thermogravimetric curve of the 4V:1Al product
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Figure 4- 23. Thermogravimetric curve of 1V:1Al product prepared under reflux
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The FT-IR spectra of the products are shown in Figure 24 to Figure 28. The FT-IR spectra
display five main vibration bonds in the regions: 3417 - 3436, 1617 - 1420, 1025 - 880, 860 - 670,
and 590 - 525 cm’!. The broad band centered around 3425 c¢cm™! corresponds to O-H stretching
vibrations of water and hydroxyl ions. The second broad band with medium intensity close to 1620,
and 1500 cm™ is due to the symmetric and asymmetric H-O-H and O-H vibration bending modes,
respectively.l'”” The strong broad bands between 1025 - 880 cm™ are due to V-O and Al-O-V
stretching modes. !'®”) The absorptions bands in the 860 - 670 cm™' range can be attributed to the
bridge oxygen asymmetric modes. Peaks in the region below 590 cm! can be attributed to bridging
oxygen symmetric stretching modes.

The stacked plot representation of FT-IR spectra of the oxyhydroxide products is shown in
Figure 29. This stacking representation illustrates the effects of changing the V to Al ratios as well
as performing the reaction at room temperature or under reflux. The effect of changing V to Al
ratio could be followed through V=0 stretching of terminal oxygen, the V-O-V symmetric, and
TGA refluxed 1V:1Al sample he V-O-V asymmetric vibrational modes, increasing vanadium in
the samples causes the bands at 1016, 845, and 584 to shift to 1003, 745, 547 cm™! and become
more defined. For the same ratio of reactant, the vibration modes of reaction product under reflux
shift to shorter wavenumbers except for the vibration mode at 1620 cm™ which shifts to longer
wavenumber. The shift to shorter wave number could be an indication of less reduction of
vanadium oxidation state of the product under reflux.['®! 182 The shift of the vibration mode at 1620

cm’! to higher wavenumber may be attributed to more strongly bonded molecules.
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Figure 4- 24. FT-IR spectrum of the 0.5V:1Al oxyhydroxide product
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Figure 4- 25. FT-IR spectrum of the 1V:1Al oxyhydroxide product
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Figure 4- 26. FT-IR spectrum of the 2V:1Al oxyhydroxide product
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Figure 4- 27. FT-IR spectrum of the 4V:1Al oxyhydroxide product
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Figure 4- 28. FT-IR spectrum of the 1V:1Al oxyhydroxide refluxed product
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Figure 4- 29. Stack plot the FT-IR spectra of the products synthesized from different ratios
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Pyrolysis of the various product was performed using a Vulcan Multi-stage Programmable
Furnace, 3-130, under an air atmosphere with ramp of 5 “C/min to 600 ‘C and a hold for for a 12
hours. FT-IR spectra recorded for the calcined samples are shown in Figure 30 through Figure 34.
These show three main absorption bonds in the ranges within 1025 - 880, 860 - 670, 590 - 525 cm™
!, These are likely a mix of V-O, Al-O, and Al-O-V vibrational modes. The stack plot representation
of the calcined products (Figure 35) shows that the only significant effect of changing the ratio of
Al to V is a shifting of the absorption bands at 1015 cm™! to the higher wavenumber 1025 cm™! as
the aluminum amount increases. Additionally, the FT-IR of the calcined product from the 1V:1Al
reaction performed under reflux had more intense and sharper peaks than the corresponding product

from the ambient temperature reaction.
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Figure 4- 30. FT-IR spectrum of the calcined product from 0.5V:1Al ratio
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Figure 4- 31. FT-IR spectrum of the calcined product from 1V:1Al ratio
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Figure 4- 32. FT-IR spectrum of the calcined product from 2V:1Al ratio
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Figure 4- 33. FT-IR spectrum of the calcined product from 4V:1Al ratio
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Figure 4- 34. FT-IR spectrum of the calcined product from 1V:1Al ratio under reflux
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Figure 4- 35. Stack plot the FT-IR spectra of the calcined products synthesized from different

The X-ray powder diffraction patterns of the solid products show the presence of the
triclinic, phase of aluminum orthovanadate, AIVO, (ICDD #: 01-073-8265, as shown in Figure 36
to Figure 40. However, as shown from the pattern figures and the 3D representation shown in
Figure 41 the only phase pure aluminum orthovanadate was obtained by calcination of products
resulting from the reaction of aluminum hydroxide with 2 equivalents of vanadyl oxalate at ambient

temperature and 1:1 reaction performed under reflux. All other samples also contained aluminum

oxide.
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Figure 4- 36. XRD pattern of product formed by vanadyl oxalate (20 ml) and aluminum
hydroxide with 0.5V:1Al ratio
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Figure 4- 37. XRD pattern of product formed by vanadyl oxalate (20 ml) and aluminum
hydroxide with 1V:1Al ratio
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Figure 4- 38. XRD pattern of product formed by vanadyl oxalate (20 ml) and aluminum
hydroxide with 2V:1Al ratio
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Figure 4- 39.XRD pattern of product formed by vanadyl oxalate (20 ml) and aluminum hydroxide
with 4V:1Al ratio
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Figure 4- 40. XRD pattern of product formed by vanadyl oxalate (20 ml) and aluminum
hydroxide under reflux with 1V:1Al ratio
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Figure 4- 41. 3D representation of XRD patterns of calcined products resulting from using V:Al
different reaction ratios
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Figure 42 shows the SEM images for aluminum-vanadium oxyhydroxide precursors
synthesized at room temperature and under reflux, before and after calcination. The low
magnification images show that the 1V:1Al oxyhydroxide product at room temperature (Figure 42
a) and the 1V:1Al oxyhydroxide product under reflux (Figure 42 b) aggregated in spherical ball
shape. The ball shape of the large number of aggregate particles is reduced in size and became
fluffier in case of performing the reaction under reflux. This behaviors are shown clearly at higher
magnification SEM images of aluminum-vanadium oxyhydroxide precursors at room temperature
and under reflux (Figure 42 c¢ and d, respectively). SEM images of obtained aluminum
orthovanadtes through calcination of these precursors are shown in Figure 42 e and f. The SEM
images indicate that the effect of calcination process on the morphologies in which with increasing
temperatures the particles taking a proper shape and the boundaries of particles are well marked.
The mean size of those particles for calcined product resulting from precursor formed under reflux
is about (98.200 £ 6.279) nm. In addition, as shown in the SEM images for the precursor under
reflux with more high magnification (see Figure 43), some small particles tend to assemble into
bigger ones and the mean of these smaller size particles is about around 8§ nm. EDS spectra are also
taken as well as shown in Figure 44, and data tabulated in Table 9. EDS data clearly show that for
the room temperature AlV-precursor, the high value of Al account decreased for sample after
calcination which indicate that the aluminums on the surface upon pyrolysis of precursors are
diffused to form crystalline AIVO4 while for reflux precursor and its calcined products the counts

are close to each other and correspond to AIVOs.
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Figure 4- 42. SEM images 1V:1Al oxyhydroxide products synthesized at room temperature (a
and c), under reflux (b and d), calcined (R.T.) (e) and calcined (Reflux) (f)
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Figure 4- 44. EDS spectra for AlV-products
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Table 4- 9. EDS analysis for 1V:1Al products

Sample Elements WT% AT% Intensity P/bkg
1V:1Al product (R.T.) AlL 50.53 65.85 281.161 14.6
VK 49.47 34.15 156.87 19
AlL 2791 42.23 172.325 11.8
1V:1Al t (Refl
product (Reflux) VK 7209 | 57.77 301.447 36.3
Calcined 1V:1Al product AlL 73.36 83.87 532.982 15
R.T) VK 26.64 16.13 91.334 11.4
Calcined 1V:1Al product AlIL 27.93 42.26 179.883 12.5
(Reflux) VK 72.07 57.74 314.241 37.1

Surface area of aluminum vanadium oxyhydroxide products and the resulting aluminum
orthovanadate products from calcination process were measured using the Brunauer, Emmett, and
Teller (BET) method. The crystallite sizes of the materials were calculated using Scherrer equation
(see Table 11). The sample produced under reflux displayed a higher surface area and a
correspondingly smaller crystallites size after calcination. For both products, calcination markedly
lowered the surface area to similar values.

Table 4- 10. Show the surface area measurements of 1V:1Al ratio precursors at room
temperatures, under reflux, and the calcined products

Calcined 1V:1Al

1V:1Al under

Calcined 1V:1Al

Sample IVilAlatRT. at R.T. Reflux under Reflux
BET (m%/g) 41 12 73 16
Crystallite size
from XRD (nm) ) 40 ) 24
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4. Conclusion:

Mixed aluminum vanadium oxyhydroxides were successfully synthesized through reaction
of vanadyl oxalate solution with aluminum hydroxide. The effect of reaction conditions, changing
reactant ratios and time on the resulting materials have been investigated. Calcination of these
obtained mixed aluminum vanadium oxyhydroxide result in formation of aluminum orthovanadate
and phase pure of aluminum orthovanadate was only formed for the 2V:1 Al ratio. Aluminum plays

roles in both formation of the oxyhydroxide and a catalyst for reduction of vanadium by oxalate.
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CHAPTER V

SYNTHESIS OF BIMETALLIC VANADIUM OXIDES/OXYHYDROXIDES

1. Introduction:

183, 184

Metal salts of earth orthovanadate (MVQOs), are used in catalysis ! 1. gas sensors 1851,

187 [188 189]

optical polarizers %6, lithium intercalated electrodes '8}, solar cells '*), thin film phosphors!

unusual magnetic material [, and many other applications. There are several approaches to

[191, 192 193-195

synthesize nanostructured MVO4 materials but hydrothermal 1 and sol-gel | I methods,
are most commonly employed. A lot of the preparative methods have drawbacks such as slow
diffusion reaction rates and incorporation of impurities.['* In this regards, low temperature single-
source molecular precursor that incorporates the required elements with the correct ratios to
synthesis nanomaterials without impurities appears to be more favorable. Previously in Chapter 4,
aluminum orthovanadate was successfully prepared via pyrolysis of a mixed aluminum vanadium
oxyhydroxide that was synthesized via reaction of aqueous vanadyl oxalate with aluminum
hydroxide. Therefore, this chapter reports the synthesis of bimetallic vanadium oxide precursors
for MVO4, M= Zr, Y and La, using oxide precursors as that used for synthesis of AIVO4 described
in Chapter 4 in detail. Infrared spectroscopy, thermal gravimetric analysis, and X-ray powder

powder diffraction was employed to characterize the precursor compounds and the corresponding

metal orthovanadates. The influence of the reaction time, temperature and the precursor’s
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stoichiometry on the decomposition temperature, particle size, and surface area of resulting metal

orthovanadates was investigated.

2. Experimental:

2.1.Material Vanadyl oxalate solution was synthesized as described previously in Chapter 4.
Commercially available reagents of ACS grade purity or better were used without any
further purification. Zirconium (IV) hydroxide, Zr(OH)4 (97 %) was obtained from Aldrich
Chemical Company. Yttrium (III) oxide, Y203 (99.9%) was obtained from Johnson
Matthey Inc., Yttrium (III) oxide nanopowder, <50 nm particle size is purchased from
Aldrich. Lanthanum (III) oxide, La>O3; (99%) was purchased from Alfa Aesar. Water was
purified by reverse osmosis and deionization to a resistance of 18MQ.cm. Vanadium Ultra
Scientific. Yttrium, lanthanum, zirconium (1,000 ppm) standards were purchased from
Ricca chemical company.

2.2.Analysis techniques
This chapter utilizes the same analysis techniques described in pervious chapter 4.

2.3.Synthetic procedure
In a similar fashion to reaction of vanadyl oxalate with aluminum hydroxide, vanadyl

oxalate solution was mixed with metal hydroxide or oxide with varying molar ratios at room
temperature. Reaction with the ratio of 1V:1M were also performed under reflux. The mixtures
were separated by centrifugation and the powders washed thoroughly with distilled water and then
dried under vacuum. The resulting products are calcined at 650 °C for 12 hours with heating rate of
5°C/min.

3. Results and discussion:

3.1.Reaction of Vanadyl Oxalate Solution and Zirconium Hydroxide
Reaction of zirconium hydroxide with aqueous vanadyl oxalate solutions were performed

at room temperature for 7 days and under reflux for 24 hours for 1:1 molar ratio. The blue color of
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the vanadyl oxalate/zirconium hydroxide mixture solution slowly changed to green while mixing
at room temperature. Table 1 displays the amount of reactants used. Table 1 also shows the ceramic
yield from pyrolysis.

Table 5- 1. Different ratios of zirconium hydroxide were mixed with vanadyl oxalate solutions

Starting materials (g) Reacjcant Reaction Product Ceramic yield (%)
ratio . .

VOC,0,4 Zr(OH), V:7Zr condition | Weight (g) Oven at 650 °C
20.029 4.108 0.5:1.0 R.T 4.134 80.1
20.048 2.054 1.0:1.0 R.T 1.865 81.3
20.029 1.027 2.0:1.0 R.T 0.827 81.2
20.062 0.514 4.0:1.0 R.T 0.377 78.6
39915 4.108 1.0:1.0 Reflux 4.696 74.0

The changes in pH during the course of reactions are shown in Figure 1. The pH at the
beginning was 1.8 and it increased up to average range of pH 2.8 for both the V:Zr ratios of 2:1
and 1:1 reaction, pH 2.2 for the 1:2 reaction, and pH 2.1 for the 1:4 reaction. This increasing in pH
is likely due to removal of acid vanadyl complex from water. Figure 2 shows the UV-VIS spectra
for the separated solution from vanadyl oxalate/zirconium hydroxide reactions. These displayed
the characteristics bands for the vanadyl ion. This indicates the presence of unreacted vanadyl. The
absorbance of V** decreased with increasing amount of use zirconium and this can be seen clearly
by plotting the total vanadyl ion concentrations versus the mole ratio employed as shown in Figure
3. There is a linear decrease with increasing Zr(OH)4 reactant due to the formation of number of
moles of V4" based on UV-VIS spectra were close to those determined by MP-AES analysis (Table
2) suggesting that the remains unreacted vanadium exists only as V** ions. Note that the reactions
performed at room temperature reach a maximum solution concentrate of vanadium at the 1:1 molar
ratio. As the molar equivalents vanadyl oxalate are unreacted, the [V] remans around 0.25 M. Thus,

any additional vanadium beyond 1:1 must be incorporated into the solid product.
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Figure 5- 1. The change of pH over time for zirconium hydroxide/vanadyl oxalate reactions

3.0
—0.5V:1Zr
— 1V:1Zr
2.5 —2V:1Zr
—4V:1Zr

2.0

1.5

Abs

1.0 -

0.5 1

0.0 1 L LN L B BN A RN AN RN RN B
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5- 2. UV-VIS spectra for vanadyl oxalate/zirconium hydroxide solutions
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Table 5- 2. Analytical results to V4+ and total vanadium concentration

Reactant Moles M%T:i{tiliz)s Mole of V based on | Moles of V#' based on
v 7 7 MP-AES UV-VIS
0.0129 0.0258 0.50 0.0037 0.0034
0.0129 0.0129 1.00 0.0049 0.0045
0.0129 0.0064 2.00 0.0051 0.0047
0.0129 0.0032 3.99 0.0053 0.0049

XRD analysis showed that the products were amorphous (see Figure 4 as an example).
Figure 5 shows the FTIR spectra for Zr(OH)a, solid VOC,04, and the reaction products. All spectra
have the broad overlapping peaks for hydroxyl groups and water. These mostly occurred at same
position except for VOC,0; and the refluxed 1V:1Zr product. The peak at 1600 cm™ in VOC,04 is
due to C=0 stretching of oxalate is not present in the products indicating that they do not contain
oxalate. The peak at 1625 for cm™! due to water and/or Zr-OH bending vibrations is shifted to 1680

and 1690 cm! for the refluxed product. The peaks at 1545 and 1335 ¢cm ! correspond to vibration
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197-191 also disappear during the reaction. Absorption

of the bridging hydroxyl groups of Zr(OH),
bands at 1025 and 820 cm™ due to V=0 and —V-O-V- vibrations 2022 appeared in the refluxed
reaction product. Additionally, new bands were observed in this product at 2990, 1410, 1350, and

1972021 The carbon content

1310 cm! that can be assigned to bridging water and hydroxyl groups. [
in the 1V:1Zr refluxed product was 2.03 % indicating that only a small amount of oxalate was
present, most likely sorbe on the surface of the product. The thermal gravimetric curves of the
products are shown in Figure 6. These all are similar to each other and show two overlapping steps.
These are likely dehydration followed by dehydroxylation. For the ambient temperature product,
the ceramic yields decreased with increasing ratio of vanadyl oxalate to Zr(OH)4 indicating more
extensive formation of ZrV-oxyhydroxide product. The refluxed product has the lowest ceramic
yield and therefore the most complete reaction. The total average of the weight loss could be
attributed the dehydration and decomposition of oxyhydroxide group (two water molecules lost).

It is speculated that the experimental x value in V,ZrO,-xH,O are 1.45, 1.67, 1.70, 1.77, and 2.21

for 0.5, 1, 2, and 4 V:1Zr and refluxed 1:1 product, respectively.

133



—— Ambient temperature
800 1 - - - -Refluxed
—~ 600 -
=
g ]
£
7]
§ 400
=
~ -
200 4

20

Figure 5- 4. XRD pattern of precursors synthesized from 1:1 vanadyl oxalate and zirconium
hydroxide at ambient temperature and under reflux
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Figure 7. shows the FTIR spectra of the calcined ZrV-products. All spectra display bands
at 580, 980, and 1120 cm! that can be assigned to vibrational modes of V=0 and V-O-V of the
vanadium zirconia phase. These bands are more defined and intense and shifted in the calcined
product form the refluxed precursor. The bands at 1500, 1418, 1345, and 1025 cm™! could be
assigned to V-OH and the sharp band at 775 cm™ to the ZrOs octahedra stretching mode. 220202
Calcination of ZrV-oxyhydroxide products resulted in formation of crystalline materials as shown
in Figure 8. The diffractograms were similar for all products with different ratios at room
temperature and refluxing of 1:1 ratio reactions in which both tetragonal (Vo.1Zr¢90:) and
monoclinic (Vo.01Zr0990,) phases of vanadium zirconia were detected. These spectra are very

203, 204] Eggentially, there

similar to the vanadium doped zirconia prepared by the Pechini process.
are tetragonal and monoclinic doped ZrO, phases present. Calcination of the product from the
refluxedl:1 product had a larger amount of the tetragonal Vy1Zro9O, phase and possibly some
zirconium vanadate (ZrV,07). Refluxes lead to higher vanadium content and this contributes to the

2051 EDS analysis of the 1:1 precursors and their

formation of zirconium vanadate (Figure 9). [
calcined products are shown in Figure 10. Table 3 shows that the as-prepared and calcined product
from ambient temperature reaction and the product from refluxing all have approximately 10 mole
% of vanadium in keeping with the XRD results. The result for the uncalcined refluxed precursor

is high (ca.20%). This is indication of heterogeneity in the sample. Presumably the vanadium rich

phase contributes to formation of ZrV,0.
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Table 5- 3. EDS quantitative analysis for the 1:1 Zr:V

Sample Elements WT% AT% Intensity P/bkg
Procusor (RT) ZiL 94.42 90.43 294.907 9.6
e VK 5.58 9.57 27.858 32

Procursor (Reflux) ZiL 87.34 79.39 227519 26.6
ccursor (retil VK 12.66 20.61 53.614 53

. ZiL 93.47 88.89 207.773 23.6
Calcined (R.T) VK 6.53 1111 23.238 25

. ZiL 93.75 89.33 281.166 123
Calcined (Reflux) VK 6.25 10.67 30.016 2.9

Figure 11 shows the SEM images of the 1:1 precursors before and after calcination. The
room temperature produced a product that was co-posed of spherical aggregates of smaller particle
(Figure 11 a) and these mostly remained unchanged after calcination (Figure 11 c) although the
primary particles grew slightly larger and some smaller aggregates with random shapes formed. On
the other hand, the refluxed product was composed of aggregate thin sheets (Figure 11 b) to small
monodisperse spherical particles that are aggregated to each other (Figure 11 d). The aggregated
particles cumulative in large number of grape clusters shape as seen in Figure 12. Surface areas
were measured using the Brunauer, Emmett, and Teller (BET) method and crystallite sizes were
calculated using the Scherrer equation and the results are provided in Table 4. The product of the
1:1 reaction performs at R.T. had the highest surface area equal to 254 m?*g (large number of
spherical particles with average of size 43 £ 9 nm based on the SEM image). Surface area data
shows the effect of calcination process on the morphologies in which with increasing temperatures

resulting in decreasing the surface area.
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Figure 5- 11. SEM irnages for ZrV-oxyhydroxide recusor synthesized at room
temperature (a), precursor under reflux (c), calcined (R.T.) (b) and calcined (Reflux) (d)

Figure 5- 12. SEM image with low magnification for calcined ZrV-oxyhydroxide precursors
synthesized at room temperature
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Table 5- 4. Surface area measurements of 1V:1Zr ratio precursors at room temperatures, under
reflux, and the calcined products

BET Crystallite size Particle size Particle
Sample (m?/g) from XRD from SEM (nm) shape from
& (nm) SEM
. Spherical
1.0V:1.0Zr at R.T. 254 NA 43+ 9 .
particle
Calcined 1.0V:1.0ZratRT. | 16 160+ 1.1 60 + 14 Spherical
particle
1.0V:1.0Zr under Reflux 229 NA 310+ 19 Thin-sheets
Calcined 1.0V:1.0Zr under 16 140+ 13 50+5 Sphe'rlcal
Reflux particle
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3.2.Reaction of Vanadyl Oxalate Solution and Yttrium Oxide
Reactions of yttrium oxide with aqueous vanadyl oxalate were performed at room
temperature for 7 days. In the case of the equimolar reaction, an experiment was also performed at
reflux. Table 5 displays ratios of yttrium oxide to vanadyl oxalate that were utilized. Table 5 also
lists the ceramic yields from pyrolysis of the solid reaction products at 650 °C.

Table 5- 5. Reaction conditions, yields, and ceramic yields

Starting materials (g) . . Ceramic
Reactant ratio Reaction Product yield (%)
VOG04 Y,0; VY condition Weight (g) Ovena gt 650

20.006 2912 0.5:1.0 R.T 4.086 81.8
20.084 1.456 1.0:1.0 R.T 2.366 77.8
20.000 0.728 2.0:1.0 R.T 1.269 71.5
20.008 0.364 4.0:1.0 R.T 0.815 62.4
40.000 2.912 1.0:1.0 Reflux 8.096 61.8

The change in pH over time of the yttrium oxide and vanadyl oxalate reactions was
recorded and plotted as shown in Figure 13. The pH at the beginning with is 1.8 and it increased
up to average range of pH 3.3 for V:Y ratios of 4, 2 and 1, and pH 3.7 for V:Y of 0.5. The pH
increase occurs due to removal of acidic vanadyl ions from solution. Figure 14 shows the UV-VIS
spectra of the reaction mixtures after solid product removal. The absorptions of vanadyl are
decrease with increasing yttrium amount and new unresolved peaks grew in. Notably, isobestic
points were observed indicating a reaction where one vanadyl complex is converted to one new
vanadyl complex. The total vanadyl ion concentrations from UV-VIS versus the mole ratio of the
reaction (Figure 15) shows that as the amount of yttrium increased the total vanadium concentration
decreased non-linearly. Table 6 shows the number of moles of V and Y ions based on both UV-
VIS spectra at absorbance of Amax equals to 780 nm (for V#*) and MP-AES data using 438.472 and

371.029 nm wavelengths for V and Y, respectively. The number of moles of V4" based on UV-VIS
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spectra were close to those determined based on MP-AES analysis. Indicating that only V4" was

present in the solution. These solutions are unstable and precipitate after 1 month.
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Figure 5- 13. The change of pH over time for yttrium oxide and vanadyl oxalate reactions
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Figure 5- 14. UV-VIS spectra for vanadyl oxalate/ yttrium oxide solutions
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Table 5- 6. Comparison between MP-AES and UV-VIS data for the aqueous reaction product

Reactant
Reactant Moles Solution Mole Productl\lzg) i%];ased O V4 Moles Based on
Color Ratios j UV-VIS
A% Y VY A% Y

0.0129 | 0.0258 Colorless 0.50 0.0031 0.0010 0.0031

0.0129 | 0.0129 Colorless 1.00 0.0037 0.0012 0.0036
Dark

0.0129 | 0.0065 Greenish - 2.00 0.0042 0.0014 0.0040
Blue
Dark

0.0129 | 0.0032 Greenish- 4.00 0.0045 0.0016 0.0044
Blue

Figure 16 shows the FTIR spectra for solid VOC;04, Y203, and the reaction products.

Characteristic vibration bands for oxalate, Y-O, %2081 V=0 and —V-O-V- were observed. New

bands were observed for the yttrium oxide/vanadyl oxalate product obtained produced by refluxing

of the mixture. These were at 3598 (s,sh), 1639 (s), 958, 760, and 611 cm™'. The carbon content of

the 1:1 products were 4.58 for the room temperature reaction and 7.40 % for the refluxed reaction.

Based on these data, it could be that the products contain oxalate. The XRD patterns of the products
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(Figure 17) shows unreacted Y,Os of the ambient temperature products. However, another
crystalline phase was detected in the product produced with highest ratio of vanadium to yttrium
(4:1). The refluxed product had unidentified. Therefore, peaks did not match any patterns present
in the ICDD data base may be one or more new phases. addition to remaining yttrium oxide
matched with yttrium oxalate for sample with ration 4.0V:1.0Y. XRD pattern for sample obtained
under reflux did not match with any crystalline phase which may be form one or more new phases.
Thermal gravimetric analysis results for the solid products are shown in Figure 18. The TGA curves
are very similar to each other for the ambient temperature products but that of the refluxed product
follows a different decomposition pathway and has the lowest ceramic yield. The ceramic yields of
the room temperature products are strongly dependent on the ratio of V:Y. This is a reflection of

incorporation of oxalate in the solid products.
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Figure 5- 18. Thermogravimetric analysis curves of the YV products

Figure 19 shows the FTIR spectra of the calcined Y V-products. These all spectra display a
strong absorption band in the 781-775 cm™! range and a weak band in the 559-553 cm™! range that
attributable to V-O and Y-O stretching vibrations, respectively. The later band was observed for
samples prepared with 2:1 and 4:1 Y:V ratios at room temperature, and 1:1 ratio under reflux. XRD
patterns for the calcined products are shown in Figure 20. Mixtures of tetragonal yttrium
orthovanadate, cubic yttrium oxide, and traces of vanadium pentoxide were detected. The SEM
images and the EDS analysis for yttrium-vanadium precursors synthesized at room temperature
and under reflux, before and after calcination are shown in Figure 21 and Figure 23, respectively.
The EDS analysis data are tabulated in Table 7. The SEM image of 1V:1Y product at room
temperature (Figure 21 (a)) exhibits a rough bulk surface with sheet-like projections. Calcination
caused the particles to become smoother and agglomerate (Figure 21 (b)). The SEM image with

higher magnification shows that this smooth surface consists of a large number of aggregated
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spherical particles with average size of 40 = 8 nm that’s looks like polystyrene foam as shown in
Figure 22. EDS analysis shows that the surface consists mainly yttrium with less than 10%
vanadium which slightly increased upon calcination. The SEM image of the refluxed product
(Figure 21 (¢)) displays a mixture of well-defined particles with small circular thin sheets and large
plates. EDS analysis of the small particles show a high content of vanadium with less than 25%
yttrium while the large particles have equimolar amount of yttrium and vanadium indicates that
these are precursors for yttrium orthovanadate. Calcination of this material result in the production
of plateshaped particles of yttrium orthovanadate with well-defined edges. These have an average
size of 755 £ 121 nm. The surface areas and the crystallite sizes are summarized in Table 8.
Interestingly, the calcined refluxed 1:1 precursor had the highest surface area.

Since the reactions of bulk yttrium oxide with with vanadyl oxalates failed to produce pure
compounds, the use of nano yttrium oxide was explore with 1:1 ratio at room temperature and
reflux. It was postulated that the smaller size would lead to complete reaction since the vanadyl
ions would need to penetrate into the particles with a much smaller distance. The FTIR spectra for
the resulting compounds before and after calcination are shown in Figure 24. The refluxed product
exhibits similar trends as that prepared from the bulk yttria. Peaks were observed at 3602 (s, sh),
3260 (s, br), 1708 (m), 1611(s), 1353 (w), 1314(m), 944(w), 800,(vs, sh) and 601(s, br) cm™’. In
contrast, the room temperature product had stronger bands as can be seen for the peaks at 1608,
1361, and 1316 cm™. Also the bands at 3207 and 601 cm™ became broader. The calcined samples
show a sharp band around 770 cm™!. The XRD patterns for the as-prepared and calcined products
are presented in Figure 25 and Figure 26, respectively. The XRD patterns of uncalcined samples
did not match known patterns with exception of the product prepare at room temperature which
contained a small amount of Y,Os. The calcined products at room temperature was almost pure
tetragonal yttrium orthovanadate. However, yttrium oxide and vanadium oxide were detected in

addition to yttrium orthovanadate phase for the calcined refluxed product. The crystallite sizes of
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yttrium orthovanadate synthesized from mixing the reactants at room temperature and of refluxing

were determined to be 25.23 and 45.48 nm, respectively.
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Figure 5- 19. FTIR of calcined products of Y V-products
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Table 5- 7. EDS quantitative analysis for YV-products

Sample Elements WT% AT% Intensity P/bkg
YL 96.33 93.76 424118 17.9
Precursor RT) VK 3.67 6.24 24.678 22
Precursor (Reflux) YL 23.87 15.23 70.992 4.2
Small particles VK 76.13 84.77 423.35 40.6
Precursor (Reflux) YL 55.11 41.29 170.87 5.8
Large particles VK 44.89 58.71 237.95 21.7
. YL 90.32 84.25 239.356 15.1
Caleined (R-T) VK 9.66 15.75 39.783 54
. YL 54.21 40.42 173.129 8.2
Caleined (Reflux) VK 4579 | 59.58 250.57 211

Table 5- 8. Surface area measurements of 1V:1Y products at room temperatures, under reflux,

and their calcined products

Crystallite size | Particle size .
Sample BI;:T from XRD from SEM Particle shape from
(m?/g) SEM
(nm) (nm)
1.0V:1.0Y at R.T. 45 NA NA NA
Calcined 1.0V:1.0Y .
At RT. 11 3902+1.0 40+ 8 Spherical
1.OV:1.0Y under 8 NA 292 + 31 Circular plates
Reflux
Calcined 1.0V:1.0Y 7 46.6 + 1.9 755 4 121 Unsymmetrical
under Reflux plates
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3.3.Reaction of Vanadyl Oxalate Solution and Lanthanum Oxide
Likewise to the vanadyl oxalate with aluminum, zirconium, and yttrium oxide/hydroxides
reactions, lanthanum oxide reacted with vanadyl oxalate solutions at room temperature and under
reflux. Table 9 shows the ratios of lanthanum oxide and vanadyl oxalate used for reaction run at
room temperature for seven days. The data for the 1:1 reaction under reflux is also presented. The

table also includes the ceramic yields from pyrolysis of the materials at 650 "C.

Table 5- 9. Conditions used for the lanthanum oxide and vanadyl oxalate reactions and the final
ceramic yield

Starting materials (g) Rijgsnt Reaction Product Cerarg};:)yleld

VOC,04 La,0; Vila condition | Weight (¢) =502 27650 C
20.017 4.203 0.5:1.0 R.T 6.948 77.9
20.005 2.101 1.0:1.0 R.T 4.734 76.0
20.034 1.051 2.0:1.0 R.T 2.787 72.4
20.018 0.525 4.0:1.0 R.T 1.221 59.3
40.117 4.207 1.0:1.0 Reflux 10.034 62.5

The change in pH over time of the lanthanum oxide and vanadyl oxalate reactions is
presented Figure 27. The pH increased from 1.4 up to a plateau at 5.0, 4.4, 3.6, and 2.8 for xV/La
ratio of 0.5, 1, 2 and 4, respectively. Figure 28 shows the UV-VIS spectra for the vanadyl
oxalate/lanthanum oxide solutions after separation of the solid products. No bands were observed
for the 0.5V:1La and 1V:1La ratios. However, for the other two ratios, the characteristics bands of
vanadyl ion, (V*") were detected. The results suggest that with the 1V:1La and 0.5V:1La ratios all
of the vanadyl oxalate reacted away. The number of moles of the unreacted V** for the 2V:1La and
4V:1Laratios found to be 0.0035 (27.13%) and 0.0037 (28.68%) mole, respectively. Determination
of number of moles of V and La by MP-AES (see Table 10) were in agreement with the UV-VIS
in that vanadium was only detected in the 2:1 and 4:1 reaction mixtures. These were found to be

0.0038 (29.778%) and 0.0036 (27.95%) moles, respectively. The correspondence between the
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UV/Visible spectroscopic concentration for V#* and the total vanadium present (from MP-AES)
indicates that vanadyl was the only form of vanadium present. A small but almost constant amount
of lanthanum is released into solution. Considering the amounts of reagents used and the solution
concentrations of vanadium and lanthanum, the solid formed at higher V:La ratios have

approximately equimolar amounts of vanadium and lanthanum.
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Figure 5- 27. The change of pH over time for lanthinum oxide/vanadyl oxalate reactions
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Figure 5- 28. UV-VIS spectra for vanadyl oxalate/ lanthanum oxide solutions

Table 5- 10. Comparison between MP-AES and UV-VIS data with different mole ratios of
V:La

Reactant Moles Solution Reactaqt Product Moles Based V* Moles Based
Col Mole Ratios on MP-AES UV-VIS
% La olor V/La % La onLv-
0.0129 | 0.0258 | Colorless 0.50 0.0000 | 0.0001 0.0002
0.0129 | 0.0129 | Colorless 1.01 0.0002 | 0.0016 0.0003
0.0129 | 0.0065 Grgiﬂl:h' 2.02 0.0038 | 0.0013 0.0035
0.0129 | 0.0032 Gr%elﬁfh' 4.04 0.0036 | 0.0015 0.0037

Figure 29 shows the FTIR spectra for the starting materials and products. The La,O;
spectrum has a sharp strong peak at 3608 cm! is assigned to the O—H stretching vibration of the
adsorbed O—H group. , This is likely a result of La(OH); formation since lanthanum oxide known
to react quickly with water in the atmosphere to form a new hydroxyl phase. **! This band in all
reaction products disappears for refluxed sample where it is only reduced in intensity. The band at

3106 cm™! of VOC,04 due to the hydroxyl groups of molecular H>O has shifted to 3250 cm™! in all
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the product samples. The bending mode for O—H group of the of starting lanthanum oxide material
disappears. The characteristic bands for the oxalate ligand, La-O, V=0 and —V-O-V- were observed
with slight shifts due to complexation. The XRD patterns of the samples are presented in Figure
30. At low vanadium to lanthanum ratios, the solid products contain lanthanum hydroxide. This
disappears for the 4:1 vanadium product but some lanthanum oxalate is observed. The refluxed
sample also contains some La(OH)s. It would be appear that the best ratio of V:La might be 3:1.
This might reflect the trivalent nature of lanthanum. The thermal decompositions of the samples
are shown in Figure 31. The TGA curves are similar to each other but have longer mass losses in
each step as the molar ratio of vanadyl oxalate is increases. The thermal treatment corresponding
to dehydration and decomposition oxalate groups. The carbon content of the 1:1 product ratio found
to be: 4.36 % suggesting that the product contains oxalate ligand. Considering the initial amount of
lanthanum oxide and the amount that dissolved, it can be calculated that there are 0.75 molar

equivalents of lanthanum ion in the product.
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Figure 5- 29. FT-IR spectra of the LaV-products
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Figure 32. exhibits FTIR spectra of the calcined LaV-products prepared under various
conditions. The spectra mainly displayed four bands around 1461, 1361, 1086, and 763 c¢cm' for
samples of reaction ratios 0.5V, 1V, and 2V to 1La. Only three bands at 1027, 959, and 565 cm™!
were observed for the 4:1. The strong band observed at 763 cm™! is typical of V at the center of
distorted tetrahedron of oxygen atoms, tetragonal-LaVOQs. [2!%2!1] [n contrast, in the case of the
calcined reflux sample, the strong band at 763 cm™ belonging to VO is split into three bands 954,
914, and 855 cm™! typical of the monoclinic-LaVO4 phase. 2192121 XRD patterns of the calcined
products shown in Figure 33 showed that all samples contained monoclinic-LaVO4 (PDF 00-050-
0367). The orthorhombic phase of vanadium pentoxide (PDF 00-050-0367) was detected in
samples prepared with higher ratios of vanadium. In addition, higher crystallinity was observed
with higher vanadium amount. Figure 34 shows the SEM images of the 1:1 LaV-precursors
synthesized at room temperature and under reflux, and their calcined products. Figure 35 show the

EDS spectra for these samples and the data are presented in Table 11. Surface areas, particle and
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crystallite sizes are summarized in Table 12. SEM images of LaV-precursor prepared at room
temperature (Figure 34 (a)) and its calcined product (Figure 34 (b)) show particles with similar
textured surfaced. However, the EDS analysis showed major changes in the La:V ratio upon heating
to 650 "C. The surface areas determined to be 5 m?/g for both samples. The SEM image of the
refluxed LaV-precursor, shown in Figure 34 (c), displays a heterogeneous mixture of small and
large particles. The small particles have a high vanadium content that is almost equal to the amount
of lanthanum, while the large particles have low vanadium content. However, calcination of this
precursor resulted in production of a homogenous phase with defined boundaries of spherical

shaped particles with 117 £ 36 nm average sizes Figure 34 (d).
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Figure 5- 32. FTIR of calcined LaV products
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Table 5- 11. EDS quantitative analysis for LaV-products

Sample Elements WT% AT% Intensity P/bkg
Precursor (R.T.) LalL 69.09 45.05 91.885 8.8
o VK 30.91 54.95 114.227 10.9
Precursor (Reflux) LaL 42.85 21.57 73.2.03 5.7
Small particles VK 57.15 78.43 270.73 22.4
Precursor (Reflux) LaL 94.65 86.65 170.87 5.8
Large particles VK 5.35 13.35 220.278 11.9
. LalL 84.37 66.44 147.076 10.3
Calcined (R-T) VK 1563 | 33.56 75.801 55
. LalL 78.56 57.33 127.839 6.7
Calcined (Reflux) VK 2144 | 4267 97.014 47

Table 5- 12. Surface area measurements of 1.0V:1.0La ratio precursors at room temperatures,
under reflux, and the calcined products

BET Crystallite size Particle size from Particle
Sample (m¥g) from XRD SEM (nm) shape from
& (nm) SEM
1V:1LaatR.T. 5 NA NA NA
Calcined 1V:1La at R.T. 5 29.52 NA NA
1V:1La under Reflux 13 NA NA NA
Calcined 1V:1La under Reflux 10 49.91 117 +36 Spherical
particle
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4. Conclusion:

Aqueous vanadyl oxalate was found to react with zirconium hydroxide, yttrium oxide, and
lanthanum to produce solids that contain both vanadium and the corresponding metal. The reaction
appears not to release significant quantities of metals from the solid reactant so the reaction could
be regarded mainly as an acid/base reaction between acidic hydrated vanadyl ions and the oxide or
hydroxide groups of the solid reagent. Since the reaction is not surface-limited, the reaction
probably follows a dissolution, precipitation mechanism.

Oxalate likely plays a role in this by complexing the metal ion of the solid reactant and
pulling it into solution. Support for this hypothesis is provided by the identification of yttrium
oxalate and lanthanum oxalate in product mixtures prepared with high vanadyl oxalate (and
therefore high oxalate). These oxalate salts are fairly insoluble in water. The actual amount of
oxalate in the solids are highest for lanthanum and yttrium but are less than a stoichiometric amount.
The pH of the solutions rises during the course of the reaction to between 2.5 and 3.0, depending
on the solid reagent used. Under these conditions, hydrogen oxalate will be the dominant species
present in solution with some oxalic acid present as well and very little oxalate ion.

As might be expected, the size of the particles of the solid reagent play an important role
is the rate and extent of the reaction. Thus, nanometric ytrrium oxide reacted faster and more
completely than bulk yttrium oxide. Refluxing makes reactions got much faster but it also alters
the product composition and the morphology of the final product.

It is possible with judicious choice of reaction conditions to produce solid products that
when calcined form YVO4 and LaVO4, desirable compounds for several applications. In the case
of zirconium, incorporation of vanadium is only around 10%, but vanadium-doped zirconium oxide
is formed that is a valuable yellow pigment for ceramics. It all cases, it is likely possible to use a
small molar ratio of vanadyl oxalate to react with just the surface of the solid reagents so that

supported catalysts might be prepared.
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There is much future work to be done to determine the scope of the reaction of vanadyl
ions with metal oxides and hydroxides. Also, determination of the optimal reaction conditions such
as the concentration of vanadyl oxalate, reactant ratios, and temperature to produce the desired
materials. Also, it may be possible to employ different vanadyl salts that might avoid formation of

undesirable oxalates. Also, the use of different metal oxalates than vanadium might prove fruitful.
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CHAPTER VI

REDUCTION OF VANADIUM PENTOXIDE WITH PYURVIC ACID OXIME

1. Introduction:

Vanadium complexes with a variety oxidation states often have insulin mimetic properties
useful for treatment of diabetes but they also serve as models for the roles of vanadium compounds
in catalytic and biochemical systems, especially vanadium-containing enzymes.?"*! In particular,
o-oximinocarboxylates salts are of interest due to applications as low temperature precursors for
metal oxide ceramics and as efficient chelating agents for a variety of metal ions.?!*?'”] The metal
complexes of a-oximinocarboxylates crystallize in diverse arrangements including monomers,

(218. 219 The importance of oi-oximinocarboxylates results in part form the

dimers, and polymers.
two different functional groups, the carboxyl group (COOH) and the oxime (=NOH). Oximes are
structurally analogous to amino acids, (see Scheme 1), but have higher ability to coordinate with

metal ions due to Lewis acidity of the nitrogen atom and basicity of the oxygen atom in the oxime

group (=NOH).*?"
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OH  [H] OH  [H] OH

N [O] N [O] NH,

HO HO
Scheme 6- 1. Oximes structural analogous to amino acids

The salts of ai-oximinocarboxylates particularly pyruvic acid oxime (PAO) are useful low-
temperature precursors for metal oxide ceramics that can be used to produce high-surface area
catalysts, coat heat-sensitive substrates, and synthesize metastable phases with useful properties.
[221.222] 1t has been demonstrated that thermal decomposition of PAO produces acetonitrile, carbon
dioxide, and the corresponding metal hydroxides (see Scheme 2). Depending on the metal further

reactions may occur to produce oxides or carbonates.2!5216.221.222]

}\' — > RCN +CO, + L,MOH
O

Scheme 6- 2. Thermal decomposition of a-oximinocarboxylates salt

In this chapter, the synthesis and characterization of a vanadium complex of pyruvic acid
oxime will be discussed since HPAO is a reducing agent like oxalate, it was expected to reduce
V105 to the vanadyl complex, VO(PAO),. This could serve as a precursor to V,0s (or VO, in an
inert atmosphere), LiV,0s, and could also react with aluminum hydroxide in the same manner as
vanadyl oxalate. The characterization of the precursor and resulting vanadium oxide materials by

spectroscopic, thermal gravimetric, X-ray diffraction and electron microscopy will be discussed.
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2. Experimental:
2.1.Material

Commercially available reagents with ACS grade purity or better were used without any
further purification. Vanadium(V) oxide, V205 (99.6+ %) and hydroxylamine hydrochloride,
H>,NOH-HCI (99 %) were obtained from Aldrich Chemical Company, Inc, solution pyruvate
NaC3H303 (99.9 %) was purchased from Chem-Impex Int’]l Inc. Lithium hydroxide monohydrate,
LiOH-H>0 (98%) was purchased from Alfa Aesar, Water was purified by reverse osmosis and

deionization to a resistance of 18MQ.

2.2.Analysis techniques

Infrared spectra were recorded on a Nicolet Is50 FT-IR spectrometer from 4000-500 cm™'.
Solution NMR spectra were acquired using a fully automated Bruker AVANCE III HD 400 with
Sample Xpress sample changer. Solid state NMR spectra were obtained utilizing a
Varian/Chemagnetics CMX-II 300 MHz SSNMR spectrometer. Thermogravimetric (TGA)
analysis was performed on a Mettler TGA instrument. Experiment were performed in air or N
atmosphere from ambient temperature to 650 “C at a ramp rate of 5 °C/min. The X-ray powder
diffraction (XRD) patterns were recorded on a Bruker AXS D-8 Advance X-ray powder
diffractometer using copper Ka radiation. Crystalline phases were identified using a search/match
program and the PDF-2 database of the International Center for Diffraction Data. The crystallite
size of calcined products was evaluated using the Scherrer equation. Single crystal X-ray diffraction
was performed at the University of Oklahoma using a diffractometer with a Bruker-AXS APEX
CCD area detector and graphite-monochromated Mo Ko radiation (A = 0.71073 A). Scanning
electron microscopy (SEM) was used to determine particle sizes and morphologies of the materials
using a FEI Quanta 600 field emission gun environmental scanning electron microscope. Surface
areas were determined via nitrogen physisorption using the Brunauer, Emmett, and Teller (BET)

technique.
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2.3.Synthetic procedure

2.3.1.  Synthesis of Pyruvic Acid Oxime, CH3C(=NOH)COOH, (HPAO)

Pyruvic acid oxime CH3;C(=NOH)COOH (HPAO) was prepared according to the
procedure of Apblett et al. !> 21 Basically, two solutions were prepared separately; the first one;
an 11.004 g (100 mmol) of sodium pyruvate was dissolved in 30 ml of distilled water while the
second one consisted of 6.949 g (100 mmol) of hydroxylamine hydrochloride dissolved in 30 ml
of distilled water. The two solutions were immediately mixed together and then stirred for 3
minutes. This mixture was placed in refrigerator at 5 °C for 2 days. The precipitated HPAO product
was collected and then purified by extraction of the HPAO with warm (70 ‘C) absolute ethanol.
Evaporation of the solution yielded 9.973 g (96.83 %) of HPAO. Figure 1 showed the IR spectrum
of HPAO. IR(cm™): 3362 (s,br), 3227 (s), 3068 (s,br), 2977 (w), 2895 (st,br), 2696 (w), 2562 (m),
2463 (w), 1779 (w), 1687 (vs), 1651 (s), 1457 (m), 1414 (m), 1376 (w), 1362 (w), 1301 (s), 1174
(vs), 1035 (vs), 987 (m), 881 (s), 814 (s), 758 (m), 700 (vs), 586 (w), 578 (vw), 574 (vw), 563 (W),
549 (w), 543 (w), 529 (vw), 526 (s). *C NMR (DMSO-de): 8 (ppm) 165.9 (C=0), 148.7 (C=N),
10.8 (CH3). *C ssNMR: 8 (ppm) 168.2 (C=0), 151.6, 150.3, and 149.3 (C=N), 11.9 (CH3).

2.3.2. Synthesis of Vanadium salt of Pyruvic Acid Oxime, VO(PAO),.HPAO (3.000 g,
29 mmol) and V,0s (0.910 g, 5 mmol)) were combined in 125 ml of water. The solution started to
turn blue as the V,0s was reduced and VO(PAO), was formed. After stirring overnight, the V,0s
had completely dissolved, the solution was dark blue, and the pH was 0.9 + 0.1. Evaporation of the
solution produce a slightly hydroscopic dark blue powder. The yield was 3.399 g. IR(cm™): 3398
(s,br), 3192 (s), 3056 (s,br), 2859 (s,br), 1602 (vs), 1421 (s), 1382 (m), 1352 (vs), 1213 (vs), 1102
(vs), 961 (vs), 887 (m), 841 (m), 789 (s), 766 (m), 747 (m), 703 (w), 639 (vw), 599 (w), 555 (w).

BC ssNMR: & (ppm) 168.2 (C=0), 151.4 and 150.0 (C=N), 12.1 (CHx).
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3. Results and Discussion:

3.1.Synthesis of Pyruvic Acid Oxime, CH3C(=NOH)COOH, (HPAO)

Pyruvic Acid Oxime, HPAO, was synthesized by reaction of sodium pyruvate with
hydroxyl amine chloride (Equation 1). The HPAO was characterized by FTIR and NMR
spectroscopy. Figure 1 shows the characteristic FTIR bands of HPAO that are in agreement with
the literature. 125211 Table 1 presents the *C solution NMR and solid state NMR chemical shifts
in (ppm). The NMR signals of the HPAO are close to those reported in the literature. The solid

state 3*C NMR of HPAO however shows line broadening and spectral splitting of the *C-*N dipolar

(0]
(0]
H,0
+  H,NOH-HCl] ——— OH
ONa
N
o~

Equation 1. The synthesis of HPAO

interaction. 2232241

(¢}

Table 6- 1. 13C NMR and ssNMR chemical shift (ppm)

BC NMR —
(ssNMR) €00 N cHh
HPAO[,2 1rse]ported 166 148.9 10.7
HPAO, 148.7

165.9 (168.2) 10.8 (11.9)

synthesized (151.6, 150.3, and 149.3)

Figure 2 shows the thermal decomposition behavior of HPAO. The TG curve of HPAO
exhibits two weight loss steps, the first step is a rapid weight loss of 4.15 % in the temperature
range less than 70 C. The step is an endothermic and corresponds to the dehydration of HPAO.
The second step of weight loss of 94.10 % occurs at 167 °C and is exothermic are attributed to the
decomposition of PAO. No residue was left after 475 °C, indicates high phase purity of HPAO, i.e.
no residual sodium chloride was present.
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3.2.Synthesis of Vanadium salt of Pyruvic Acid Oxime, VO(PAO)>
The vanadium derivative of PAO was prepared by reduction of V,0s and acid/base reaction
with vanadium pentoxide as presented in Equation 2.

OH
N/

6 )|\ +V,05 —— 2 VO(O,CC(NOH)CHj3), + 2 CH3;CNO +2 CO, +3 H)0
H5C CO,H
Equation 2. The synthesis of VO(PAO)
Note that the product is isolated as a hydrate with the approximate formula of
VO(PAO),-2.5 H,0. The UV-VIS spectrum of the dark blue VO(PAO); solution is shown in Figure
3. Three bands were observed at 725, 550, and 400 nm that are attributed in order to dv,—d.-/d,-,

dy—> d’-7, and dy,—> d.’ of the vanadyl ion, (V*"), with d' electron configuration. ['>”]

’by—a;
51 dxy— d.?

Zb —> Ze
dxy‘> dxz/ dyz

Abs
w
1

1 S ——
400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 6- 3. UV-VIS spectrum of VO(PAO), solution

Slow evaporation of VO(PAO), solution at room temperature results in a formation of
hygroscopic dark blue powder of VO(PAO),-2.5 H,O. The FTIR spectra of this compound is

compared with that of HPAO in Figure 4. It has been reported that the vibrational frequencies of
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the asymmetric carboxylate stretch of the IR spectra of the PAO complexes are significantly
lowered by 77-95 cm™' compared to that of the parent acid. *'>2!%! The decrease of this frequency
for the vanadium salt of PAO (Figure 4) is within the reported range (85 cm™). The decrease may
be attributed to the deprotonation and delocalization of the negative charge in the carboxylate
ligand and to its coordination to the vanadyl ion. The vibrational frequencies of the oximido
moieties in the PAO complexes of the vanadium are not distinguishable since they are overlap with
carboxylate stretching frequencies. The vibrational frequencies attributable to the N-O stretch are
increased by 77 cm™! in VO(PAO), from that observed for the parent acid. This trend is typical for

transition metal derivatives of PAQ.[?13

I The new sharp strong band at 965 cm™! characteristic for
the vanadyl (V=0) stretching vibration.

The XRD pattern VO(PAO),-2.5 H,O, shown in Figure 5, indicates that the product is
amorphous. The solid state 3C NMR spectra of HPAO and VO(PAO), dried in vacuum at room
temperature and at 80 “C are shown in Figure 6. The *C SSNMR spectra demonstrate once again
the effect of nuclear quadrupole “N in the line broadening and spectral splitting of the '3C nuclear
magnetic resonance. No major shifts in the COO, C=N and CHj; signals of the PAO ligand from
those of HPAO occurs. This may be a result of the existence of free unreacted HPAO within the
product. No signals were detected in the sample of the vanadium complex heated to 80 °C. This
may be due to decomposition of free unreacted HPAO ligand.

The VO(PAO), was reacted with LiOH to prepare a complex where one of the oximes is
deprotonated. Such a complex would be a precursor for LiVOs;, a useful catalyst and battery
materials. is used with expectation that it is act as deprotonating agent. Adding 0.209g of
LiOH-H-O to a solution of VO(PAQO), caused the solution to slowly turn pale yellow over a period
of a day. The final pH was 6.7. After 1 month, reddish-orange block-shaped crystals started to form
after slow evaporation of the water at room temperature. After all the water had evaporated, a small

amount of black powder was formed in addition to the reddish-orange crystals.
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The FTIR spectrum of the crystals, shown in Figure 7, has the characteristic absorption
bands for decavanadate anions. The broad bands at 3563, 3489, 3359, and 3173 ¢cm™! regions, and
the bands at 1667, 1621, 1599, and 1398 cm! region can be assigned to asymmetric and symmetric
O-H stretching modes and bending modes of the coordination and free water molecules,
respectively. The strong bands at 981, 939, 926, 801, 726, and 553 ¢cm™ are due to the stretching
vibration of the V=0, (V-0), and (V-O-V) bonds in V1¢Ozs clusters. 222!

The crystallographic data and structure refinement are summarized in Table 2. Single
crystal X-ray structure determination indicated that the product was [Nax(H20)10]>(V10028)*
‘4H,0, a novel decavanadate salt. The salt (Figure 8) crystallizes in the triclinic space group P-1.
The source of sodium cannot be from impurities associated with HPAO since purity was
established. Thus, the sodium likely was extracted from the glass of the reaction vessel. The unit
cell is comprised of one hydrated dinuclear sodium cations cluster [Nax(H20)10]** one decavanadate
anion (H4V10025)*. The coordination environments of the dinuclear Na* ions consist of four
terminal water molecules and two bridging water molecules that form distorted octahedrons around
the Na' ions. This is a high unusual arrangement for sodium ions. The H4V1902s> clusters are
similar to other salts of this ion and consist of closed-packed structures of ten fused VOs octahedra.
The quadruply protonated decavanadates ion has not previously been reported although a

(227. 2281 Interestingly, the unusual hydrated

diprotonated cluster has been reported as the sodium salt.
sodium dimers are just the right size to slot a long side and counter the anionic oxygen on each side

of decavanadate. The formation of this compound was due to hydrolysis of PAO ligands and

oxidation of vanadium ( IV) to vanadium (V) by oxygen gas.
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Table 6- 2. Crystal data and structure refinement for the crystals of VO(PAO)2/LiOH reaction

Empirical formula

Formula weight
Crystal size
Crystal system
Space group

Unit cell dimensions

Volume
7,7
Density (calculated)
Wavelength
Temperature
F(000)
Absorption coefficient
Absorption correction
Max. and min. transmission
Theta range for data collection
Reflections collected
Independent reflections
Data / restraints / parameters
Final R indices [[>26(1)]
R(F obsd data)
Goodness-of-fit (GOF) on F?
Observed data [[>26(])]
Largest and mean shift / s.u.

Largest difference peak and hole (Apmax, min)

[Nax(H20)10]** [HaV1002s]*
Hz4 Naz Oss Vio
1187.56
0.34x 0.27 x 0.25 mm
triclinic
P-1
a=8.4482(6) A o= 68.8943(11)’
b =10.3425(8) A B=87.3870(11)
c=11.2967(8) A y=67.1294(10)
843.32(11) A3
1
2.472 Mg/m®
0.71073 A
1002) K
616
2.800 mm’!
semi-empirical from equivalents
0.541 and 0.449
1.944 to 27.492°
18845
3866 [R(int) = 0.0241]
3866 /29 /287
wR2 =0.0722
R1=0.0256
0.999
3523
0.001 and 0.000
0.911 and -0.742 e/A?

w R2 = {X [w (F.? - F2)? / Z[w(F2)?]} 2

Rl = Z||Fo| - |Fc|| / Z|Fo|
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Figure 9 shows thermal decomposition behavior of VO(PAO); in air and N,. The TGA
pattern in air has several overlapped decomposition steps. The first decomposition step bellow100)
°‘C and a weight loss of 10 % is attributed to dehydration and is endothermic. The second
decomposition step occurs in the range of 150 to 300 ‘C and is also exothermic. This likely due to
loss of the first PAO ligand. The third decomposition step from 300 to 520 °C is strongly exothermic
and due to combustion of the second PAO ligand to yield vanadium pentoxide. The TGA in N is

similar to that in air except the final combustion step does not occur so that the final weight loss

step tails out to 650 “C.

183



— TGA-air seeee DSC-air
—TGA-N2 coces DSC-N2

110
1 ° -12

100- i .

90 - i < 10
] S S
i\i 80-. P .". _,....'8 )
Z 70- R -
= ] PR -
< 60- ‘ - =
'S 1 -4 3

50 - )
= ] -~

40", L2

307 .."z“":':':'.-:-:-:'.':'-"-""". Lo

20

T v T T T T T Y T Y T
100 200 300 400 500 600
Temperature ("C)
Figure 6- 9. Thermal analysis of VO(PAO)

The calcination of VO(PAO), was conducted at three temperatures (200, 400, and 600 "C)
chosen from TGA analysis in ambient air in a temperature programmable muffle furnace, Vulcan
3-130 NDI using a temperature ramp of 5 “C/min, and a hold time of 12 hours. Calcination products
were collected after cooling the furnace to 50 ‘C, at a rate of 10 ‘C/min. Figure 10 shows the IR
spectra of the products produced at these temperatures, the intensity of the characteristic PAO
ligand bands decreases markedly upon heating to 200 and 400 ‘C. New bands are formed that
belong to orthorhombic V,0s in the samples heated to 400 and 600 °C. The bands around 814 and

1018 cm™ for calcined product at 400 °C, and 816 and 1026 cm™ for the product at 600 °C can be
assigned to the stretching vibration of V=0 and asymmetric stretching of the V-O-V bonds
respectively. 2?1 The bands below 600 cm™ correspond to the symmetric stretching vibration of

V-O-V bonds. [174 1752291 The difference in both spectra is in the sharpness and strength of the
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characteristic bands with slightly shifting of their positions upon increasing calcination temperature
and that would result from change in V-O bonding due to a change in the V oxidation state. XRD
of the products are shown in Figure 11. For the uncalcined product and the calcined materials at
200 °C, the XRD are amorphous. At higher temperatures, the XRD pattern match that of

orthorhombic phase of vanadium pentoxide, (PDF-00-041-1426) as shown in Figure 12.

100
—VO(PAO),
e Calcined at 200 °C
" e Calcined at 400 °C
e Calcined at 600 °C
)

',0

(%) Transmittance

40

20 — —
1800 1600 1400 1200 1000 800 600
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Figure 6- 10. FTIR for VO(PAO); and the calcined products at 200, 400, and 600 "C
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The surface area, crystallites size, and particles size measurements of the products are
presented in Table 3. Figure 13 exhibits the SEM images for the calcined products at 200, 400, and
600 °C. The surface area reaches a maximum at 400 °C (20.9 m?/g) after removal of the majority of
the ligands and before sintering of V,0Os occurs. The decomposition of the PAO ligands and
dehydration at 200 ‘C appears to create amorphous replicas of the original tubular particle of
VO(PAO),. However, at 400 °C crystallization of V,Os has progressed so the tubular particles are
covered with small V,Os nanocrystals. Upon heating to 600 °C, the V205 nanoparticles undergo

Ostwald ripening that limits itself to the original tabular particle so that the final calcined product

consists of smooth tubular particles.
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Table 6- 3. Show the ceramic yield, surface area, crystallite size, and particles size
measurements of calcined VO(PAO); products at 200, 400, and 600 C

Ceramic Surface area Crystallite
Temperature ( C) yield N size, XRD Particle size, SEM
% BET (m /g) (nm)
200 75.8 62%1.6 NA NA
Length: (135 £26) nm
) + +
400 48.6 209+1.3 55+ 14 Diameter: (59 + 13) nm
600 25.8 109+ 1.8 76 +11 Length: 2 £ 1) um

Diameter: (391 + 46) nm

—_— tym—— [—

Figure 6- 13. SEM images for the calcined products at 2, 400, and 00 ’C

Aqueous solution of vanadyl pyruvic acid oxime were reacted with aluminum hydroxide
in similar manner to the aluminum hydroxide/vanadyl oxalate reactions discuss in early. A
stoichiometric amount of solid aluminum hydroxide (0.780g, 0.01 mole of Al) was added to a
vanadyl pyruvic acid oxime solution (0.01 mole of V) and the resulting mixture was stirred at room
temperature for 3 day. During that time, the pH increased from 0.9 to 5.4. UV-VIS spectroscopy
showed no change in spectra between the starting material and the product (Figure 14), only a
decrease in intensity indication of removal of vanadyl ions from the solution. The solution was
filtered and the filtrate was dried to produce an off-white powder in a yield of 0.667g (85.51%
based on the starting used amount of AI(OH)3). Evaporation of the solution produce 2.316 g of a
dark green solid. The FTIR spectra of the products are shown in Figure 15. The spectrum of the
dried filtrate displayed the characteristics bands of aluminum hydroxide and adsorbed water.

Thermogravimetric analysis confirmed the FTIR result showing that the aluminum hydroxide, with
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Al(OH);-0.09 H,O empirical formula, is thermally decomposed to aluminum oxide with a ceramic
yield was 64.0% as shown in Figure 16. To confirm this result, pyrolysis of the sample was
performed at 650 °C for 12 hours to produce a light yellowish powder with 64.4% ceramic yield.
The FTIR spectrum after pyrolysis shows absorption bands corresponding to Al,O; as shown in
Figure 17. By subtracting the weight of unreacted aluminum hydroxide (0.668 g) from the weight
of aluminum hydroxide (0.780 g) it can be calculated that only 14.49 % of the AI(OH); reacted
with VO(PAO),. The change of pH could be result of formation of a condensed oxide or
oxide/ligand cluster that reduced the [VO(OH,)s]** ions. Alternatively, an acid/base reaction could
occur between the OH™ ions of aluminum and either vanadyl ions or PAO ligands to make the
dianionic PAO ligand. Notably, VO(PAO) is expected to undergo one deprotonation. This would
consume 5 mmoles hydroxide-close to the 4.4 mmoles released by Al(OH); dissolution. This
implies formation Al1V303(C3HsNOs)3(C3H3NO3)*3. The FTIR spectra of the VO(PAO); reactant
and the product shows changes in the positions and intensities of C=0 and C=N bonds consist with

2151 changes also occur in the vanadium-oxygen IR absorption

deprotonation of oxime oxygen. [
bands that indicative of a change in vanadium complexation. The XRD pattern of ALVPAO
residue, shown in Figure 18, shows that it’s mainly amorphous with several peaks that matched
AI(OH); (PDF card 00-012-0457). This product was calcined at 650 °C for 12 hours with a heating
rate of 5 °C/min. The ceramic yield of the resulting brown powder was 34.8%. The FTIR of this
material is shown in Figure 19. The characteristic stretching vibration of V=0 in pure V,0s around
~1020 and 814 cm™! has been split and shifted to lower wave number around 941 and 912 cm™ due

2292301 The bands below 600 cm™! correspond to the symmetric

to reduction of vanadium species.
stretching vibration of V-O-V bonds. [174175:221 The FTIR analysis of the pyrolysis products with

and without aluminum indicate that aluminum has inserted into the vanadium oxide layers and the

suggested product could be Alg.030V20:s.
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Figure 6- 14. UV-VIS spectra of VO(PAO); and Al(OH)3/VO(PAO); solutions

100

80 -

(0]
Q
=
=
£ 60
g
w2
=
E l
o 404 C=N
S ] /
| / d «0
20 Filtrate

140 . Dried aqueous solution
1700 1600 1500 VO(PAO)2

0 v T v T v T v T v T v T

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)
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4. Conclusion:

A drack blue solution of VO(PAO), was successfully synthesized through reduction of
vanadium pentoxide with pyruvic acid oxime. This solution as synthesized or deposited on a
substrate could be utilized for a variety of catalytic and sensing applications as described later in
the dissertation. Insertion of aluminum into layered vanadium pentoxide could be pursued by
dissolving aluminum hydroxide into a solution of VO(PAO), and calcining the product.
Investigations and optimizations of the aluminum hydroxide/VO(PAO); reaction conditions should
be further studied and expanded to other metal salts. VO(PAO), was used as a precursor to
nanocrystalline vanadium pentoxide which is useful for a wide variety of application. The
investigation of other derivatives of a-oximinocarboxylic acids would be use in the catalytic and

sensing applications worthwhile.
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CHAPTER VII

SENSING APPLICATIONS FOR VANADIUM OXIDES/OXYHYDROXIDES IN

BOTH BULK AND NANOPARTICULATE FORMS

1. Introduction:

Hydrogen peroxide, H,O,, is the simplest of organic peroxides considered as strong
oxidizing and powerful bleaching agents, used in food, medicinal, pharmaceutical, and industrial
fields. Peroxides are also useful initiators for some types of polymerization (e.g. epoxy resins used
in glass-reinforced plastics). 21231 The exposure limit of hydrogen peroxide according to
Occupational Safety and Health Administration (OSHA) is 1 ppm over an 8 hour a day. [**%
Hydrogen peroxides along with other chemicals in presence of acid catalysts known to produce a
highly explosives materials. The explosions of peroxides materials have massive negative impacts
on the economy and security of the world. 1235236 Because of the availability of these chemicals,
the easy access to their preparing instructions along with the safety challenges associated with their
storages, handling, and transportations, several investigations have been conducted for developing
new or enhancing the existing technologies. [1** 2372471 Amongst of these successful investigations,

the development of the blue nanometric inks that can detect and neutralize peroxide explosive based

on colorimetric analyses. ?**! These developed oxide bronze materials belong to well-defined, non-
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stoichiometric, insertion compounds with general formula AxM,0O,, where M is a transition metal,
A is H', alkali metal, alkaline earth metal, and lanthanide, or other metals. Insertion of M (e.g. Na,
Li, H) into the lattice Mo®"or W®" oxides and partial one-electron reduction of the host metals to
Mo*or W** forms colorful molybdenum bronzes (MxMoO3), and tungsten bronzes (MxWO3). 124
2321 These bronzes with their dramatic change in color when exposed to oxidants can be used to

242, 2531 Since vanadium oxides/oxyhydroxides are

detect nitro and peroxide-based explosives. [
among the more important catalyst and sensing materials used in industrial processes such as:
manufacturing of essential chemicals (e.g. sulfuric acid, phthalic anhydride), and in reducing of
environmental toxic gases (e.g. nitrogen oxides from flue gas of power plants) [ 2! 48 142.153] it §g
suspected that the vanadium bronze would have similar chemistry as molybdenum and tungsten
bronzes and would therefore be a good candidate for explosive sensing and catalytic applications.
This chapter will report the developments of sensors based on vanadium colorimetric reagent,

aluminum oxide TLC slide, thin film and investigate utilizing the colorful materials for sensing

hydrogen peroxide.

2. Experimental:

2.1.Preparation procedure of the sensors

2.1.1.  Sensors based colorimetric reagents
The synthesis of colorimetric regents of the colloidal V,0s/NaS;O4 suspension with
different ratios and the VOC,0s, and its mixed metal solutions were described in the previous
chapters. To check for response to hydrogen peroxide, these synthesized colorimetric regents were
used as a reagent solutions themselves as well as they have been submerged onto strip, and allowed

to air dry.
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2.1.2.  Sensors based aluminum slide
The colloidal V,0s5/NaS,04 suspension with different ratios, VOC,04 solution and its
mixed metal solutions, VOPAO solution were deposited onto aluminum oxide, TLC sheet perished
from Baker-flex, J.T. Baker. TLC sheet was placed into the evaporation dish containing the solution
and it was immersed until the solution evaporated. Once the resulting slide obtained its then washed

gently with distilled water and dried in air (Figure 1).

Figure 7- 1. precursor deposition process procedure

2.1.3. Sensors based thin film

Vanadium (IV) oxide nanoparticles were synthesized through a homogeneous reduction
reaction between peroxovanadic acid and oxalic acid using the method of Guicun Li et. al. [4
Vanadium (V) oxide (V20s) powder (0.036 g) was dissolved in 0.2 mL of a 30% H»O, solution,
and then 4 mL of distilled water was added while stirring. Once a reddish-orange solution had
formed, 4 mL of a 0.1M oxalic acid solution was then added. The resulting solution was then placed
into a stainless steel hydrothermal synthesis reactor. The reactor was maintained at 180 °C for 2
hours and then allow to cool to room temperature. The resulting greenish blue solution was
collected and centrifuged. This yielded a dark blueish-green gel that was then dried at room
temperature in vacuum to form a dark blue thin film (Figure 2). To check for response to hydrogen
peroxide, the synthesized vanadium (IV) oxide nanoparticles gel was deposited onto glass slide.

Basically, the gel was allowed to hydrolyze and dried resulting in coating of slide.
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Figure 7- 2. The process to obtain dark blue thin ﬁlﬁl through centrifuging Vanadium (IV) oxide
nanoparticles

2.2.Characterization techniques
The structure of the colloidal suspension and the corresponding thin film as described in
the previous chapters has been characterized by ultraviolet visible spectroscopy, dynamic light
scattering, infrared spectroscopy, X-ray powder diffraction, and thermogravimetric analysis. The
thickness of the obtained thin film was determined by Ektak XT™ stylus profiler. The conductivity
of the thin film was measured using impedance spectroscopy, and four-point probe Keithley
Instruments 2400 power/source meter.
2.3.Hydrogen peroxide sensing
Hydrogen peroxide solutions of various concentrations were made through dilution of a 35
% hydrogen peroxide stock solution. Then the nanoparticulates solution, their strips, and the
manufactured slides were checked for color change after hydrogen peroxide exposure. For the
vanadyl oxalate solution Carry 100 UV/VIS spectrometer was used to recorded the spectra after
the exposure.

3. Results and Discussion:

3.1.Sensors based colorimetric reagents

The synthesis and characterization of vanadium bronze suspensions with varying the ratios
of V»0s5/Na,S,04 were described in chapter 3. Based on the discussion of their structural

characteristics, only 0.166, 0.249, 0.498, and 0.993 ratios had V(4+) ions within the bronze
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nanometric matrixes. However, as mentioned earlier the particulates of theses suspension within
two weeks are precipitated therefore to test their ability to detect hydrogen peroxide the suspensions
were submerged onto test strips. The response toward direct 1% H»O, exposures (Figure 3) were
rapid within less than a second. The only difference was excluded to varying color shades along
with the different ratios. To enhanced the solutions stabilities and even more their response for
hydrogen peroxide detection, these solutions were deposited onto aluminum oxide TLC slides.
Direct exposure of slide made up by solution of 1V,05/0.993Na»S,04 ratio to 35% hydrogen
peroxide resulting in instant color change from blue to bright yellow (Figure 4). Upon exposure to
gaseous hydrogen peroxide, the aluminum oxide TLC slides of deposited suspensions with
molecular molar ratio of 1.0 V205 to 0.166, 0.249, and 0.498 Na,S,04 changed from green to yellow
in which the intensities are dependent on the deposited molecular mole ratio of each suspensions
along with the exposure time as shown in Figure 5 noting this image of hydrogen peroxide exposure
as function of time provided by Dr. Materer. In all cases, by utilizing TLC slides of nanoparticulate
vanadium oxide bronze the gaseous hydrogen peroxide were given noticeable rapid colorimetric
responses. Although the slides show high sensitivity towards detection of hydrogen peroxide,
theses slides are not selective since their color change with long exposure to atmospheric air and

that due to interference of oxygen from water and other trace gas species.

Figure 7- 3. Color change of the vanadyl solution synthesized with V,0s/NaS,04 ratio of 0.166
(a), 0.249 (b), 0.498 (c), and 0.993 (d) deposited test strips after the exposure of 1% hydrogen
peroxide
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Before After

Figure 7- 4. The color change of slide made up by solution of 1V,05/0.993Na»S,04 ratio after
direct exposure with 35% hydrogen peroxide

Time:0 min 125 min 250 min

Figure 7- 5. Changing color during sensing hydrogen peroxide vapor as a function of time using
aluminum oxide TLC slides of deposited suspensions with molecular molar ratio of 1.0 V,0s to
(a) 0.166, (b) 0.249, and (c) 0.498 Na>S,04

The solution of vanadyl oxalate was applied to paper and allow to dry. The paper was then
exposed to gaseous of 35 % hydrogen peroxide gaseous for a color change. Basically, the coated
paper placed top of bottle jar filled with 5 ml of hydrogen peroxide. The blue color change with
less than 10 minutes and turn to the yellow color (Figure 6). This yellow color remained unchanged

as long this paper exposed to hydrogen peroxide vapor and when removed it turned to its original
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blue color. The solution was also applied to test strip and exposed to 35 % hydrogen peroxide. The
color of manufactured strip changes from blue to red with less than 3 seconds and within 7 minutes
it became blue once again Figure 7. Moreover, the vanadyl oxalate solution used itself as a
colorimetric agent for detection hydrogen peroxide. Basically, a 20 ul of 35 % hydrogen peroxide
was added to a 20 ml of the blue agent and the red color appears after 3 seconds and it takes 40
minutes to return to its original blue as seen in Figure 8. The color regeneration was analyzed using
UV-VIS spectroscopy. A 4 ml of vanadyl solution was diluted with distilled water to 10 ml. The
two cuvettes were filled with 4 ml of the diluted solution; one was used as blank to subtract the
ordinal absorption bands and detected any new bands. Upon exposure of the solution to 20 pl of 1
% hydrogen peroxide, the solution turns reddish and a one band with A .« of 440 nm is observed

2341 as shown in Figure 9.

in the UV-VIS spectrum that attributed to the peroxovanadate complex [
Plotting the Abss4onm as function of time as seen in Figure 10, this band exponentially declines with
time after peroxide exposure regenerating the blue color. Kinetic analysis of the observed data
demonstrated that the regeneration of color follows first order kinetic with rate constant of 1.0 x
107 s'and the color regeneration was completed within 40 minutes (Figure 11). This experiment
demonstrated the potential for this colorimetric reagent to be used for the detection of hydrogen
peroxide vapors and solution phases. In order to further investigate this potential application of the
colorimetric reagent, sensing of a 35% H»O, solution was also performed using VOC,04 supported
on aluminum oxide TLC sheets. The color changes instantly from dark greenish blue to bright
orange within less than 3 seconds and then the orange color fades and returns to dark blue (Figure
12). The observations indicate that the aluminum mixed valence vanadium compounds regenerate
itself in similar manner to aqueous VOC,04 solutions and VOC,0O4—based test strips. Results
suggest that a red vanadium (V) peroxide complex forms immediately upon exposure to hydrogen

peroxide. This then slowly decomposes to form oxygen and vanadium (IV) oxide as presented in

Figure 13.
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Figure 7- 6. Paper with vanadyl oxalate solution: as manufactured (left); exposed to hydrogen
peroxide vapors (right)

] 7m;
- |
= 0;

Figure 7- 7. Strip with vanadyl oxalate solution: as manufactured (bottom); exposed to 20 pul of
1% hydrogen peroxide (middle); after the exposure (top)
s  10m 40m
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Figure 7- 8. Changing color during sensing of 35% H,O- solution as a function of time using the
blue reagent

201



Os

—30s
—150s

Abs

| — T T =
400 450 550 600 650
Wavelength (nm)

I
500

Figure 7- 9. UV-Visible subtracted spectrum of colorimetric reagent prior to exposure to
hydrogen peroxide (0s) and colorimetric reagent exposed to hydrogen peroxide as a function of
time
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202



1.0

R?=0.9649
|
0.8 -
0.6 -
2
=
g [
= 0.4
—
|
0.2
0.0 -
I v I v I v I v I v
0 200 400 600 800 1000
Time (s)

Figure 7- 11. The first-order behavior of the first 14 minutes of exposure

Figure 7- 12. Changing color during sensing of 35% H»O solution as a function of time using a
TLC aluminum oxide sheet deposited with VOC,04 solution
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Figure 7- 13. Proposed mechanism of color regeneration of the colorimetric regent

Mixed metal solution of aluminum-, yttrium-, and lanthanum-vanadium nanoparticulates
solutions were also tested for hydrogen peroxide detection. The strips with nanoparticulates
solutions change their original dark blue and green colors to orange reddish color after the hydrogen
peroxide (35 %) exposure as shown in Figure 14. The color changes were not able or hardly
detected in case of using lower concentration of hydrogen peroxide 1 % and 10 %, respectively. To
enhance their performance, the nanoparticulates of mixed metal were supported on aluminum oxide
thin layer sheet and exposed to different concentrations of hydrogen peroxide. In aluminum vanadyl
particulate solution supported on aluminum oxide TLC slide (Figure 15), the yellow color took 40
seconds to appears in case of 1 % hydrogen peroxide while it took 5 second in case of 35 %
hydrogen peroxide. In supported lanthanum vanadyl particulate (Figure 16), the color change was
not detectable for 1 %, and the yellow color start to appears after 8§ seconds and settle after 3
minutes, while with less than a second the orange color observed in case of 35 % hydrogen
peroxide. The exposure of hydrogen peroxide using the supported yttrium vanadyl particulates
synthesized from the bulk- and nano-yttrium oxide are shown in Figure 17 and Figure 18,

respectively. In case of bulk material within 6 seconds the orange color detected with exposure of
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35 %. Sensing hydrogen peroxide using this material also could be done with the 1 % concentration
as illustrated. In contrast, the nano materials could not be or more precisely hardly able to detect
either 1 % or 10 % hydrogen peroxide. In fact, fading color was detected after 15 minutes using 10
% hydrogen peroxide which the same in case of 35 % but within 10 seconds and by adding another
20 pl to the same slide the color turned to orange-reddish in 10 seconds and turn to green after 20

minutes. The sensing reaction was aggressive releasing gasses.

=]

o

Figure 7- 14. Strips with aluminum-(a), lanthanum (b), from using bulk yttrium oxide for the
yttrium- (c), and from using nano-yttrium oxide for the yttrium-(d) vanadyl nanoparticulates, for
each as manufactured (top); after the exposure to 20 ul of 35% hydrogen peroxide (bottom)
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Figure 7- 15.Changing color during sensing of 1 % and 35% H>O, solution as a function of time
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Figure 7- 16. Changing color during sensing of 1 %, 10 %, and 35% H»O solution as a function
of time using a TLC aluminum oxide sheet deposited with lanthanum vanadyl particulate solution
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Figure 7- 17. Changing color during sensing of 1 % and 35% H>0O, solution as a function of time
using a TLC aluminum oxide sheet deposited with yttrium vanadyl particulate solution
(synthesized from bulk-yttrium oxide)
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Figure 7- 18. Changing color during sensing 20 pl of 10 % and 35% H>O solution as a function
of time using a TLC aluminum oxide sheet deposited with yttrium vanadyl particulate solution
(synthesized from nano-yttrium oxide), * another 20 ul was added to the same slide
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Vanadyl pyruvate was also supported onto aluminum oxide TLC slide forming a dark
green- blush color and then tested for hydrogen peroxide detection. The color change with a second
after the exposure and the orange-reddish color intensity become more intense with time associated
with gaseous release (Figure 19). This suggest that the hydrogen peroxide oxidize and assist in

decomposition of vanadyl pyruvate as illustrated:

VO(pyuravte), + Hb O, —— V,05 + volatile small molecules

S ls 3s
10111 30m SN

Figure 7- 19. Changing color durlng sensing of 35% H,0» solutlon as a function of time using a
TLC aluminum oxide sheet deposited with vanadyl pyruvate solution

3.2.Sensors based thin film

UV/VIS spectrum for colloidal solution (Figure 20) shows three bands for vanadyl ion,
with d! electron configuration corresponding to transition from 2T, ground state to *E excited state.
Dynamic light scattering (DLS) analysis for the solutions of colloidal particles distributed around

220 nm as shown in Figure 21.
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Figure 7- 21. DLS analysis for nanoparticulate VO, solution

The FTIR spectrum for the resulting thin film (Figure 22) shows vibrational frequency
bands at the 978 sharp and strong and the 921 weak which are characteristic for vanadyl (V=0)
starching vibration in mixed valence vanadium (IV,V) compounds. ! The weak broad diffraction

peaks of the resulting products (Figure 23) can be indexed to monoclinic V10024- 12H,0. [46:2551 The
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water content results in the large doos spacing of 9.61 A and overall peaks broadened are due to
nanocrystallinity since the average crystallites size determined using Scherrer equation was 5.89 +
0.11. TGA analysis for the dried vanadyl thin film showed that the thermal decomposition of the
product occurred in two steps attributed to decomposition of water content (Figure 24). The slight
weight gain at higher temperature is due to oxidation of V4" to V>*. The conductivity measurements
through electrochemical impedance spectroscopy show that the obtained film is electrically
conductive through two mechanisms that represented as semi-circles as Nyquist plot represent
(Figure 25). These two semi-circles are not fully resolved as Figure 26 shows. The un resolved
process at higher frequency according to Bode plot (Figure 27) was attributed to electron
conduction with estimated resistance found to be 425 Q, while at lower frequency the conduction
related to ionic mobility with measured resistance of 10.7 kiloQ2. Similar to the higher resistance
process seen by Impedance spectroscopy the resistance of the film found to be 19 kiloQ based on
four point probe measurements. The film was tested for sensing hydrogen peroxide. Same
responses were observed at different concentrations of peroxide by a rapid change in colors. It was
hard to capture the color change by camera because the rapid self- color regeneration. Furthermore,
the used film change its texture after multiple exposures. Moreover, since long stability (one year)
of this film along to the color regeneration involve oxidation of V(4+) in the resting state to V(5+)
in the sensing state and vice versa, this film have the potential to be use in the development of

electronic device for monitoring and detection of hydrogen peroxide.
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Figure 7- 25. Nyquist plot for vanadium oxide film
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Figure 7- 26. Expanded Nyquist plot for vanadium oxide film
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Figure 7- 27. Bode plot for vanadium oxide film
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4. Conclusion:

Colorimetric reagents have been successfully developed and tested for sensing hydrogen
peroxide. The developed reagents showed the ability to response rabidly for hydrogen peroxide.
Their reposes were obviously observed through dramatic color change. Vanadium bronzes based
colorimetric reagent was first investigated, they were made through reduction of colloidal
vanadium pentoxide with different amount of sodium dithionite. The problem with them is the
lacking of stabilities where the nanometric particles precipitate with time. Therefore, the materials
were placed on to TLC aluminum oxide slides. The responses of the slides to hydrogen peroxide
was rapid and gave a distinct color change from green to yellow. Unfortunately, these slides were
sensitive to air as well.

The second reagent based colorimetric reagent was developed using a vanadyl oxalate
solution synthesis through reduction of vanadium pentoxide with oxalic acid. This solution was
used as-prepared and submerged onto strip and they responded rapidly to hydrogen peroxide
solution resulting in a distinct color change from blue to reddish orange. Through the investigation
it was notice that the blue color of vanadyl solution regenerate itself after the exposure. The color
regeneration during the exposure was kinetically measured with a UV-visible spectrometer.
Observation of this phenomena show potential sensing application through utilizing of the
developed materials in electrochromic devices for monitoring and detecting hydrogen peroxide,
several organic peroxides, and to oxidizers in general. TLC Aluminum oxide slides impregnated
with vanadyl solutions were made and found to be useful to detect hydrogen peroxide as well.
Supporting these reagents onto aluminum oxide surface significantly enhance the sensing
sensitivity toward the peroxide offering the ability to manufacture a system that has the ability to
display dramatic color changes when exposed to hydrogen peroxide vapors or other oxidizers.

Thin film of vanadyl oxide made successfully from colloidal suspension of vanadium

material through reduction of peroxovanadic acid by oxalic acid. The conductivity measurements
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show that this film is conductive and can be used as a peroxide sensor. The color of this films
regenerate rapidly which make it hard to photo capture its respond to hydrogen peroxide. In
addition, the film change texture after several exposures. This film was stable for long period
showing potential for use as electronic sensing devise demand further investigation to enhance it

durability and performance.
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