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OVERVIEW OF THE DOCTORAL THESIS

State of the art and novelty

The interest of nanosized tungstate particles dmal fyers of ZnO-W® and BpOs-WO3
systems for use in photocatalysis, environmentemetgetic problems, as well as the luminescent
materials and development of detectors have beseinest for the last decades.

Zinc tungstate mostly is used for UV light regioat ihe forbidden energy gap of bismuth
tungstate allows using it at visible light<400 nm), which makes an economically justified and
advantageous group of photocatalysts. Both zingsiate and bismuth tungstate are intensively
studied also as the semiconductors and ion condyathich extends their usage.

However, the catalytic and luminescent properties affected by degree of crystallization,
structural defects, crystallite size, chemical githse composition, modificators and synthesis
method. For the tungstate synthesis the mostly osstiods are solid-state synthesis and different
liquid phase reactions (sol-gel, hydrothermal, migve, precipitation from salt solutions). The
known methods are with low outcome and the resafts controversial. The increase of the
photocatalytic activity by developing optimal syesis method and determining the phase content
and chemical composition of the product, as weltrgstallite size and role of modificators, is an
actual task.

The aim of the Doctoral Thesis: to develop the synthesis methods of active phtdbess in
oxide systems of ZnO-Wf Oand BpOs-WOs and to give recommendations about optimal
composition, synthesis method and usage.

Taskstorealizethe aim of the Doctoral Thesis:

1. The synthesis of ZnW{un BbWOe with different morphology
1.1.Sol-gel combustion synthesis using different orgafuels, starting materials,
thermal treatment;
1.2.Microwave and hydrothermal synthesis;
1.3. Synthesis in molten salts.
2. The photocatalytic activity of ZnWQun BLWOs depending on obtaining method, specific
surface area, crystallite size, morphology, pH;
3. ZnWOs and BpWOs modification metals, rare earth metals, oxides aheir
photocatalytic activity;
4. The optimization of suitable synthesis technique.

Practical significance of the Doctoral Thesis

New information about the factors that determine activity of tungstate photocatalysts has
been obtained. As a result, the new synthesis tdoby with high outcome has been developed.
Tungstate products have been obtained and detailednation of the photocatalysts for organic
compound degradation has been studied. The studhp@rtant in design of materials in the field of
environment protection.

Novelty of the Doctoral Thesis

For the first time a single photocatalyst analgsmethod has been used in determination of
various synthesis process, particle morphology matars and the role of the development of
effective photocatalystsAcquired new knowledge about the formation of thegstate in molten
salts.

Approbation of the Doctoral Thesis

The scientific achievements and main results efdtientific research of this Thesis have been
presented in 18 international conferences, summdiiz 9 full text scientific manuscripts.



REVIEW OF THE LITERATURE

The rapid development of the technologies and huetamomical expansion is associated with
alternative sources of energy as well as developwigechnologies with decrease of pollution. The
use of the Sun energy and its transformation toenedfective form has been known for years. The
Sun collectors and Sun accumulators are one ofitsieenergy transformation systems in20
century and its development is still in progredse Tole of the photocatalysts in degradation of the
organic pollution has been studied more intensively

The European Commission and European Union havéheetustainable environment and the
decrease of the pollution as one of the prioritg&esveral programmes (SETIS, FW 7, COST Action
540) and guidelines that prescribe the directioarafironment protection have been developed. The
development of environmental technologies are dnéhe tasks which includes also studies of
photocatalysis and adjusting for wastewater andoaiification, as well as developing hydrogen
energy. Several fields and strategies are higtdjifidr photocatalyst usage:

New material development for photochemistry andiptetalysis,
Development and formation of general principleshef photocatalysis,
Development of visible-light-driven photocatalysts,
The purification of water, air and soil, icludinglar technologies,
Self-cleaning surfaces,
Photo sensible antimicrobial materials,
The development of catalytic red-ox technologies,
Green synthesis using solar technologies,
The charge transfer dynamics and reaction mechanism

10 The commercial usage of photocatalysts.

Photocatalysis is one of the scientific directiomfjich has been already implemented in
energetics, electronics, environmental engineesimg) chemical synthesis. During theé"2gentury
the main principles of the photocatalysis have efmed by which in the presence of the light, the
photocatalyst can split water molecule. Titania s first described photocatlyst, which shows
dual usage — water splitting by which can be oletinydrogen and oxygen in gas form. Firstly this
conceptually resolves one of the basic energetiblpms not using the fossil energy sources. The
second — Titania reduces organic and bacterialacoination by degradating pollution to g@nd
H-O and improving the water quality and preservirggghstainable environment.

Potentially higher photocatalytic characteristios for semiconductor oxide systems and most of
the oxide systems have ability to respond to theawblet and visible light irradiation. It is
necessary to develop such oxide systems which phe$ponse potential can be effectively
exploited. Titania is active only in UV irradiationvhich reduces its effectiveness. Since solar
irradiation covers Earth with visible and infrargthdiation approximately 90% and with 10% of
UV at upper atmospheric part, the important rolenaterial sciences is the development of the
material and synthesis technology, which could maXy use the solar energy. Several tungstates
show photocatalytic ability in range of visiblelitg The photocatalysts in the oxide systems ZnO-
WOs and BpOs-WOs3 are with potentially higher activity at UV ranges well as in visible light.
Zinc and bismuth oxide systems and their hetertesys have been studied as photocatalysts and
together in other compounds that expand their usage

Concluding the review of the literature it is urgteod that the usage of the oxide systems ZnO-
WOs and BpO3-WOs are growing. The most active development and studf tungstate are in two
directions — firstly from the synthesis technologgint of view and secondly by improving the
photocatalytic performance.

CoNoohrRwWNE



The synthesis technologies described in literaticvs obtaining pure tungstate. However, the
relations to the photocatalytic performance ardromersial. From the synthesis technology point of
view tungstate are obtained mostly by hydrotheraradl sol-gel combustion synthesis. Sol-gel
combustion synthesis is popular method but is shalatively high agglomeration with several
phase composition. In case of tungstate it is pts$d reduce other phases by thermal calcination a
temperature up to 980, which estimates the method as relatively ingiffec

Synthesis in molten salts is mostly described forlar compounds (i.e. CaWQONiIWO,) and
not covering the formation of tungstate in systeohsZnO-WQ; and BpOz-WOs. Microwave
synthesis allows obtaining high crystalline produeind with relatively homogenous particle
distribution, as well as small particle sizes.

The improvements of the photocatalytic abilitiege alevoted for doping zinc and bismuth
tungstate with different elements (i.e. Eu, Cu, &gl, Fe, Pt) as well with conjugating with other
systems (i.e. AgBr, A®, CdS, PtGl)). Usually the dopants are introduced in range.d%0 - 5%.
The connections with dopants and modificators ofgstate band gap have been determined in
several studies by reducing the band gap for usesible light range.

The most used method for determination of the pladtdytic abilities are degradation of
methylene blue that is admitted as effective method included also as ISO standard method for
photocatalytic characterization.

There is poor information about photocatalytic \atigs in relation to the particle morphology.
The morphology analysis allows determining thetr@tabetween photocatalysts effectiveness and
synthesis technology.

The photocatalytic process is influenced also by ahtl the behaviour of the tungstate
photocatalysts in different pH are poorly described

As a result of the literature review, it has beenatuded that tungstates are perspective group of
photocatalysts and it is necessary to improve thdies in direction of synthesis technologies, as
well as improving the photocatalytic abilities. Bese of that the actual task is further development
and optimization of the perspective synthesis teghes, including modification and improvement
of photocatalytic performance.



EXPERIMENTAL METHODS
Based on the review of the literature, four synthesethods of tungstate are selected — molten
salt synthesis, sol-gel combustion synthesis, miax@ synthesis and hydrothermal synthesis. The
experimental path is shown in Figure 1.

Molten salt cosm(;)I;JE’s?ilon Hydrothermal Microwave
synthesis synthesis synthesis synthesis
> Synthesis

Phase analysis

(XRD). Single No N
phase product?

Thermal
calcination /
Selection of
pure samples
Yes Samples are not used
for further investigation
Phase analysis
Yes: (XRD). Singla No
phase product?
Product characterization / o
Evaluation of Product
Moroholo Specific Crystallite photocatalytic characterization
gEM 9. surface area, size, Scherrer activity,
BET method photocatalysis
experiments
=7

Fig.1. The experimental pathway

Since four different synthesis methods are seledtedtungstate synthesis, for the better
overviewing, the product batches are marked asviatlg — batch A is obtained from molten salt
synthesis, batch B are synthesized with sol-gelbzmtion method, batch C with hydrothermal
synthesis, batch D is obtained with microwave sgsith The systematic analysis are performed
with different analysis methods and using sampl&iation or by changing the synthesis
parameters, new sample numbers applies.

Different synthesis methods give wider view of themgstate synthesis and allow choosing
optimal synthesis method for obtaining pure andaive products with controlled particle size. For
synthesis environments the water and molten sedtsised. By changing the synthesis environment
and technique (Fig. 2), it is possible to influetive parameters of the photocatalysts.



Fig. 2. The comparison of
different synthesis techniques
depending on synthesis
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= = °Molten salt synthesis
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Samples are analysed by using different methodsrayXdiffractometry (for determination of
crystallite size and phase content), specific serfarea using BET method, scanning electron
microscopy (SEM) and transmission electron micrpgc@ EM) for particle morphology analysis,
differential thermal analysis for characterizatminsynthesis process, photocatalytic degradation of
methylene blue dye and chromatographic methoddegradation product analysis.

Deter mination of photocatalytic activity

The photocatalytic activity of samples was assebyediegradation of methylene blue dye in the
water with concentration of 0.0225 mmol/L. For tgdianalysis, the 0.2 g of photocatalyst is used.
Quartz beaker with sample put under irradiation. e first hour every 10 minutes ~3 mL of
sample are taken and suspension is centrifugedecahted. Absorption of solution is detected UV-
VIS spectrophotometer at wavelength 664 nm cormedipg to methylene blue spectra maxima. For
the second hour samples are taken every 20 minutes.

Light sources:

= Mercury-quartz UV lamp FEK-56-PM, radiation ranggbt 365 nm, 120 W.

» Luminescence lamp Philips Tornado, 23 W (with saanaxima of 435 nm and 548
nm), 1570 Im.

» Filter FC-1, 330 — 460 nm (with spectral maxima00 nm).

The degradation degree of methylene blue has balkewlated using measured absorption at
different time steps with following equations (1da2):

1) ¢, = AtCo C: — concentration of methylene blue, mmol/L, afterett, min;
t A Co —initial concentration of methylene blue, mmol/L;
c S% - degree of the degradation of the methylene tye, %;
2 $S% = C—; -100% A:— sample absorption, Abs at different time stepsir;

Ao— initial absorption, Abs, t=0, min.
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Synthesis methods

Milling of Zn, Bi and W
Addition of containing salts in molar Milling of molten salts (chlorides,
Bi(NO3)3 or ratio of Zn:W=1:1, nitrates, nitrites, sulphates)
Zn(NO3), Bi:w=2:1
Preparation of solution [ ]
tungstic acid
W + H,0,
Milling of salt mixture in
the corund pestle
Addition of
HNO3;
Addition of Calcination in selected

temperature in the corund

organic fuel —L. crucible, 2 h

Cooling of the melt

Evaporation of mixture l
at80°C,~2h
Product washing with distilled
water (3x)
Formation of Bi-W-O or L
Filtering

Zn-W-O xerogel

I !

Drying in air at 70°C, 3-8 h

Combustion process
(500°C) i

Rapid release Bi,WOg or ZnWO, powder
——
of NO,

Bi,WOg or ZnWO,4 powder

Fig.3. Synthesis scheme of tungstate Fig.4. Synthesis scheme of tungstate using
using sol-gel combustion method molten salt technique
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Preparation of Preparation of

Bi(NOgz)s or Na,WO4
Zn(NO3). solution
solution

Mixing of both pH 1-12
solutions, preparation of adjustion with
the reaction suspension NH4OH

|
! |

Hydothermal treatment of the Microwave treatment of the
suspension at pressure of 5 - suspension at pressure 5-13
15 bar, 180 - 240°C bar, 120 - 180 °C temperature,
temperature, 120 - 240 min 10 - 40 min

I )
:

Cooling of the reaction
mixture

!

Filtering and washing with
distilled water (3x)

!

Drying in air at 70°C, 3-8 h

!

Bi,WOg or ZnWO, powder

Fig. 5. Synthesis scheme of tungstate using micveltgdrothermal method

The selected synthesis methods of theABds and ZnWQ nanoparticles in comparison with
such parameters as obtained product phase congppsspecific surface area and crystallite size
allows to conclude that optimal process paramgiesgides qualitative nanoparticles with similar
parameters.
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DISCUSSION OF EXPERIMENTS

1. Molten salt method

The result of molten salt synthesis depends on sa#td, which however is influenced by the
temperature of the melt. The synthesis temperatvae between 200 — 8%D. The product
properties depending on molten salt synthesis reginave been shown in Table 1.

Table 1
The phase content and properties of the produara#pg on molten environment and temperature
Oxide s | Molten salt Synthesis Ifja/‘uo | Sfpecmc Crystallite Ph i,
system ample environment temp.5C prod./molt. sur age area, size, nm ase composition
salts m4/g
ZnO-WGs A-1 LiINO3 268 1:1 - - ZnW@ LioWOy,
LieWzOg, Zn0O
A2 1:2 - - ZnWQ, Li;WOQOsq,
LieWzOg, Zn0O
A-3 1:4 - - LizWO4, LieWzOg
A-4 NaNG; 350 1:1 28.5 28 ZnWOy
A-5 1:2 28.0 25
A-6 1:4 26.9 27
KNO; 350 1:1 - - ZnO,WGs, W1g049
A-7 .
A-8 1:2 - - ZnO
N 1:4 - - ZnO
A-10 NaClI-KClI 680 1:1 11.9 97 ZnWQOqy
A-11 1.2 11.5 80
A-12 1:4 13.2 78
A-13 KCI 780 1:1 12.1 86 ZnWOQs, Zn0O (2)
A-14 1:2 11.6 83
A-15 1:4 10.9 82
A-16 K2SQOs - NSOy 850 1:1 9.5 74 ZNWO,
A-17 1:2 10.9 100
A-18 1:4 8.7 110
Bi>O3-WO3 A-19 | LINO3 - NaNGs 200 1:1 - - WO;
A-20 1:2 - -
A-21 1:4 - -
A-21 NaCl — NaNQ@ 310 1:1 - - BiOCl, WGO;
A-22 1:2 - -
A-23 1:4 - -
KNO; 350 1:1 28.1 35 Bi,WOsg,
1:2 26.0 42 Bi 14W2027(Z)
A-24 1:4 31.5 21
1:8 34.8 21
A-25 NaCOs; — NaSQO, 500 1:3 14.2 73 BWOs, Bi1aW207,
Bi1aWO24, WO
A-26 KCI 500 1:1 16.2 57 BWOg, Bi1aW.027
A-27 KCIl — K:SOy 640 1:1 - - Bi14W2027, Bi2WOg,
A-28 1:2 - - K2CGOs
A-29 1:4 - -
A-30 KCI — K,COs 640 1:1 - - BisW 20,7
A-31 1:2 - - Bi14W2027; BizOg
A-32 1:4 - - BiOs3; BiO2
A-33 BaCh — KCI 670 1:1 - - BiOCI
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Oxide Molten salt Synthesis Ratio Specific Crystallite .
Sample . o prod./molt. surface area, . Phase composition
system environment temp.2C 2 size, nm
salts m4/g

A-34 | K:COs3— NaNQ 710 1:1 - Bi20s

A-35 1:2

A-36 14 - -

A-37 NaCl — KCl 750 1:1 14.8 79 BVOs

A-38 KCI 800 11 12.2 33 BWOs

A-39 K2aSQ — NaSO 831 1:1 13.9 87 BWOs

The product composition obtained from molten sadts, well as specific surface area and
crystallite size depends on the temperature, maladtmature and their concentration. The influence
of synthesis parameters of the ZnW& BiWOs obtaining is different.

Pure ZnWQ nanoparticles has been obtained using NgN@CI-KCI| or KkSQ-NaSQy as
molten salt environment at temperatures®85B80C or 850C, respectively. The specific surface
area and crystallite size for zinc tungstate depamdthe used synthesis temperature regime and less
depending from the ratio between product and mo#alts. The higher melting temperature
promotes crystallite growing during synthesis anghér amounts of molten salt environment
restrict the crystallite growing. The LiINCGand KNQ salts are not suitable for the synthesis of
ZnWOQ;, because their low melting temperature is not ednfibr obtaining the desirable product.
Pure ZnWQ with low amounts of ZnO as impurity can be obtdiire KCI melt at 780C, but higher
temperature promotes crystallite growing and ineesahe cost of the process. The data in Table 1
shows that useful ZnW/ynthesis has been procured in NaN@vironment at 35T temperature.

The evaluation of the molten salt synthesis for Bi@muth tungstate obtaining shows that
increase of the synthesis temperature promotedespigise product. However, the nature of the
molten salts also can influence the formation dffedent phase composition. For example,
practically pure bismuth tungstate (sample A-24)hwsmall amounts of BIW-O.7; as impurity
(<1%) can be obtained in potassium nitrite at°85®ut there are no tungstate identified below the
310°C of synthesis temperature (samples A-19 — A-28rahbse during the synthesis reaction,
soluble compounds are formed which during filtenimgcess has been washed away.

Pure bismuth tungstate (sample A-38) has been ¢edvin the KCI melt; however, the primary
evaluation was difficult because of crystal ori¢iot@a and anisotropy. It can bee seen that (hkl)
reflexes 131, 151, 171, 191 shows decrease ofdititesand increase of intensity of 002 reflex (the
position of 2° is not changed). The specific crystal lattice ofnmith tungstate, which is
orthorhombic, and with elongated ¢ parameter capla@gx this. This tends to form plate type
particles and causes the crystal orientations.

Bismuth tungstate is already formed during the ding process, because of specific melting
environment - potassium nitrite. The intensive tieacin the melting temperature (3% of
potassium nitrite as oxidative reagent providee ®ixWOe (sample-A-24). Pure BiVOes has been
obtained using NaCI-KCI at 780 or KCI and KSQO+-NaSQ: molten salts at 80C and 831C
temperatures, respectively. However, the speciiidase area of the tungstate is not high and
crystallite sizes are large.

It is predicted that phase composition, specififasae area and crystallite sizes are also changing
by changing the ratio of the molten salt environtreamd product. The experimental results show
slight dependence of the specific surface areahayiter dependence of crystallite sizes by changing
the ratio of product/ molten salts. This ratio Btlg affects the phase composition, however, itds
relevant, because it is influenced only in multghasamples, i.e., molten salt environments
(samples A-1-A-3, A-7-A-9, A19-A-23, A-27-A-36) thare not effective for obtaining bismuth

14



and zinc tungstates. It is suggested to use NaQ]{H&NQO;, KoSQu-NaxSOQw and NaCl-KCl or KCl,
KNO2 molten salts for obtaining single phase Zny#0d BpWOs, respectively.

2. Sol-gel combustion synthesis
During sol-gel combustion synthesis experiments,ditganic reagents and their ratio with nitrate
ions (org/NQ@) are changed, because of their role and impatt@mpurities, specific surface area
and crystallite sizes (Table 2).
Table 2
The characteristics of the samples obtained bgebtombustion synthesis

Synthesis parameters Specific surface | Crystallite size
Oxide system Sample | Organic fuel Ratio P ystafine size, Phase composition
. area, g nm
org/NGs
B | 203‘WO3 B | 2W06
B-1 0.67 19.8 46 Bi1AW20s7,
L . Bi>WOs, Bi1sW20.7,
B-2 Citric acid 0.50 17.8 58 BirWOss (2)
BioWOs, Bi1aW2027,
B-3 0.33 12.5 64 Bi WO
B-4 0.67 25.1 19 Biz2WOs, Biz W20z,
BI14W024 (Z)
B-5 Eﬂlwle?e 0.50 21.9 24 Bi2WOs, Biz W20z,
- glyco . . BiL WO,
B-6 0.33 19.1 27 BWOs
B-7 0.67 23.6 27 BWOsg
Bi,WOs
B-8 Glycine 0.50 15.1 31 BiLaW20,7
Bi,WOs
B-9 0.33 17.6 40 BiLW20,7
B-10 0.67 24.8 28 BWOsg
B-11 Glycerine 0.50 20.4 42 BWOg
B-12 0.33 19.6 32 BWOs
ZnO-WGs B-13 0.67 20.8 35 ZnWo
B-14 Citric acid 0.50 15.4 45 ZnWD
B-15 0.33 14.0 57 ZnWD
B-16 Ethylene 0.67 18.2 40 ZnWo
B-17 glycol 0.50 17.1 42 ZnWD
B-18 0.33 14.1 51 ZnWD
B-19 0.67 24.2 51 ZnWo
B-20 Glycine 0.50 21.4 57 ZnWO
B-21 0.33 17.4 55 ZnWD
B-22 0.67 23.4 38 ZnWo
B-23 Ethanol 0.50 23.9 36 ZnWO
B-24 0.33 21.9 52 ZnWO

The combustion synthesis using ethylene glycaglcige or glycerine as organic fuels with ratio
org/NOs=0.67 provides BWOs with minimal crystallite size (19 — 28 nm) and Inigpecific
surface area (23.6 — 25.%/g). While minimal crystallite sizes (35 — 40 nnmdamaximum specific
surface area (18.2 — 23.4%g) for the ZnWQ are obtained using citric acid, ethanol or ethglen
glycol as organic fuels at ratio org/N€0.67. Lower ratio of the org/NOindependently form used
organic fuels increases the crystallite sizes awlahse specific surface area.

There are contradictory data in the literature udbthhe impact of the organic fuels on the
synthesis process. One of theories is based oriattetemperature change at ignition moment.
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Higher amount of organic fuel tends fast tempemtimcrease, which leads to faster synthesis
process and ensures formation of the small crytell The release of higher amounts of the
combustion by-products can limit the growing of trgstallites. There are lack of researches in
case of tungstate synthesis, which support thexrpneétation, however the impact on the tungstate
product composition using different organic fueds libeen observed. It is determined that glycerine
and glycine as organic fuels should be used fazinlotg a single-phase bismuth tungstate in sol-gel
combustion synthesis. In ZnO-W@ystem pure zinc tungstate has been obtainediby o$ any
studied organic fuels (samples B-16, B-13, B-19 &@2). It should be noted that phase
composition of the product depends not only on wigéuels but also on ratio org/NQwhich is
responsible also for synthesis temperature. Thiuatran of the ratio org/N&® change shows that
increase to 0.67 increases also the specific ®urdmea and it is concluded that higher ratio of
org/NGs” should be used in combustion synthesis.

The results show, that the sol-gel combustion l®gis method ensures formation of pure
tungstate. The thermal treatment of products irhérigemperatures decreases the amount of by-
product impurities in samples, which can be exgdiby phase transition from non-stoichiometric
tungstate to stoichiometric compounds. The harm#s formation during the synthesis process can
be noted as deficiency, however the advantagenfemiethod is relatively low energy consumption
and possibility to carry out synthesis in large amts, which is relevant parameter on method’s
effectiveness.

3. Hydrothermal and microwave synthesis

The advantages of the hydrothermal and microwavg&hsgis are relatively low process
temperature and increase of the pressure durinthessis. The x-ray analysis showed that both
methods provide crystallise ZnW@nd BpWOs nanopowder formation. All difractogramms shows
widening of the diffraction reflexes, which confisnthe small crystallite sizes. The characterigifcs
the products depending on hydrothermal and micrevegnthesis parameters are shown on Table 3.

Table 3
The synthesis parameters of tungstate in hydrothlesnd microwave synthesis
Specific
Oxide system Sample TC Solution pH Synthegis p, bar surface | Crystallite size, Phas.e.
time, min area, nm composition
m?/g

ZnO-WGs c-1 240 7 240 15 31,3 28 ZnWO
C-2 180 7 240 5 42,8 19 ZnWO
D-1 180 7 10 12 - - ZnO
D-2 180 1 20 13 46,4 17 ZnWO
D-3 180 7 20 13 36,7 25 ZnWO
D-4 180 8 20 13 32,0 30 ZnWO
D-5 180 12 20 13 18,4 41 ZnWO
D-14 180 7 40 10 46,9 17 ZnWO
D-15 160 7 20 10 - - ZnO
D-16 120 7 20 10 - - ZnoO

Bi,03-WOs c-3 240 7 120 8 26,6 28 BVOs
c-4 180 7 240 8 22,6 35 BVOs
D-6 180 7 10 13 23,0 28 BV Os, WO;
D-7 180 1 20 13 29,8 17 BVOs
D-8 180 7 20 13 28,1 23 BVOs
D-9 180 8 20 13 26,5 32 BVOs
D-10 180 12 20 13 24,6 37 BVOs
D-11 180 7 40 10 24,0 35 BVOs

16




Specific
Oxide system Sample C Solution pH S_ynthe:_;is b, bar surface | Crystallite size, Phas_e_
time, min area, nm composition
m?/g
D-12 160 7 20 13 - - BWOs, WOs
D-13 120 7 20 13 - - BOs

Both synthesis methods provide Zn\Wahd ByWOe at 180C and higher temperatures, however
the synthesis time is different. The necessaryhggis time for hydrothermal synthesis is 120
minutes but for microwave synthesis 20 minutes. foeease of crystallite size and decrease of
specific surface area occurs in both synthesis odsthby increasing duration and temperature
during synthesis process. The parameters of thgstate products are depending on pH and
pressure during synthesis. The specific surfaca afeZnWO4 increases from 36.7%/gn to 46.9
m?/g by changing pressure from 13 bar to 10 bar iorowave synthesis at 18D temperature.
Similar effect occurs by decreasing pressure frénbdr to 5 bar in hydrothermal synthesis and by
changing the temperature from 2€0to 180C. This results in the higher specific surface aka
ZnWO; from 31.3 mi/g to 42.8 g and lowers crystallite sizes from 28 nm to 19 fiime relevant
impact by changing synthesis pressure of bismutgdiate product parameters is not observed.

Comparing the sample parameters, which are olgtainethe hydrothermal and microwave
synthesis at 24C and 186C temperatures (samples C-1, D-3), respectiveldifgrent synthesis
times (240 and 20 minutes), it should be noted #mWOs with respective specific surface area
31.3 nf/g and 36.1 g, have close crystallite sizes 28 and 25 nm,ees®ly. The BiWOs
samples with highest specific surface area (2%/@)nand smallest crystallite size (17 nm) has been
obtained using microwave synthesis.

It is concluded that both synthesis methods peswipure tungstate formation at notably shorter
time and more beneficial is microwave synthesisiffsgsis time is shorten down to 20 min). The
advantage for microwave synthesis is also the teaty® regime, which does not exceed °C30
The pH of environment is practically not relevamtproduct phase composition but influences the
specific surface area and crystallite size. Théndngspecific surface area of product is obtained in
acidic or neutral pH synthesis environment.

4. Theinfluence of synthesis parameterson the crystallite sizes and specific

surfacearea

It is determined that synthesis parameters of tabgs(temperature, synthesis time, pH,
concentration ratio, organic fuel and nature oftjniafluences not only phase composition but also
crystallite sizes, particle morphology and spedificface area.

The crystallite sizes depending on synthesis methathown in Figures 6 and 7. It can be seen
that crystallite sizes for samples of batch A arereasing. Such tendency is because of synthesis
temperature, which depends on used molten saltsegoiently. It can be concluded that lower
crystallite sizes can be obtained at lower tempeegatfor example 21 nm for bismuth tungstate
sample A-24 and 28 nm for zinc tungstate sample A-4
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The highest crystallite sizes of 58 nm from backamples is obtained bismuth tungstate sample
B-2. This sample has been synthesized using eitiit as organic fuel and the large crystallite size
among the batch B can be explained with relativeigble metal complex formation during
combustion synthesis, which is more difficult tondmust and potentially has higher ignition
temperature. It should be noted that x-ray analsis@eved presence of impurity phasesBi>O27 in
the sample B-2, which confirms that use citric asidot effective for obtaining bismuth tungstate.

The sol-gel combustion synthesis (B samples) pes/lismuth tungstate samples with crystallite
sizes in range 19-58 nm (Fig. 6) but crystalliteesifor zinc tungstate samples are in range 0f135-5
nm (batch B in Fig. 7). The sizes of crystallitesidg combustion synthesis are changing depending
on composition of synthesis mixture — organic faiedl ratio with nitrate ions. It has been observed
that crystallite sizes are decrease by the incredgbe amount of organic fuels. For example,
crystallite sizes are 27 nm for sample B-6 using/0z" ratio 0.33 but increasing this ratio up to
0.50 and 0.67, crystallites are tended to decrepde 24 nm (sample B-5) and 19 nm (sample B-4).
The explanation for such tendency is change of &atpre during synthesis, because higher
amount of organic fuels tends higher synthesis &atpre and spontaneous small crystallite
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formation following by that. Such observations ¢enseen on all B tungstate samples and can be
concluded that for smaller crystallite sizes it gegfed to use organic fuel ratio org/iN©lose to
0.67. It can be seen that samples obtained witylezth glycol contains also by-products that can
influence the growing of the crystallites.

The crystallite sizes of BiVOs samples are slightly larger than ZnW®&amples which are
hydrothermally synthesized. Microwave synthesisl&8PC temperature provides BVOs and
ZnWO;4 with similar crystallite sizes of 17 nm, respeetix The process time of hydrothermal and
microwave synthesis tends to small crystallite fation of tungstate comparing to molten salt and
sol-gel combustion process.

The crystallite sizes correlates with specific anef area of samples obtained from combustion
synthesis. As previously stated, the specific s@farea has a tendency to decrease if the
temperature is increasing. The reason for suchetenydis because thermal treatment promotes
recrystallization process and particle growing.ureg 8 and 9 shows the relation between different
synthesis methods and change of specific surfaasar
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Fig. 8. Specific surface area of zinc tungstateedeprg on synthesis method

Figure 8 shows that zinc tungstate samples thablataned at lower temperatures C (Z4)) D
(18C°C) and A (sample A-4, 38Q), has specific surface area above 28%grand reaches 46.4
m?/g. It can be concluded that change of synthesithmdezinc tungstate can be obtained with
desired specific surface area up to 464gmThe most effective method in this case is mieee
synthesis.

The bismuth tungstate samples have been obtaineddms range of specific surface area from
12.2 nt/g (sample A-38) up to 34.8%gy (sample A-24). Samples with higher specific acef area
provides microwave synthesis (24.6 — 29.8gnC samples), hydrothermal synthesis (22.6 — 26.8
m?/g, D samples), sol-gel combustion synthesis (17.35.1 nf/g, B samples) and synthesis in
molten KNG (sample A-24, 34.8 fip).
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The pH of synthesis environment influences the ifipesurface area and crystallite sizes of the
samples. During microwave synthesis (D samplesyidweease of specific surface area is observed
if pH increases (Fig. 10 and 11). At the same tithe,pH does not affect the phase composition of
the samples and in all cases pure tungstate hashib@@ed, but the maximum specific surface area
is provided in acidic (pH 1 — 4) environment.
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Fig. 10. The influence of pH on ZnWOFig. 11. The influence of pH on BVOe
crystallite sizes and specific surface area dnystallite sizes and specific surface area in
microwave synthesis microwave synthesis

It is concluded that optimal synthesis method fac Zzungstate and bismuth tungstate with high
specific surface area and small crystallite sizesmicrowave synthesis in acidic or neutral
environment.

5. The effect of sample thermal treatment on phase composition, specific

surface area and crystallite sizes
The thermal treatment was provided for all sol-gahbusted samples (Table 4) independently
from initial phase composition. The thermal treatingromotes the increase of sample crystallinity.
It has been seen that reaction during thermal nresatt continuous and pure bismuth tungstate
BioWOe forming from nonstoichiometric by-product phasesW®h0.7 and BisaWO.4. There are no
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other phases observed during zinc tungstate systleexept on those cases when starting materials
continuous reaction for complete ZnW@4mation.

Table 4
The phase composition, crystallite sizes and sigesufifface area depending on thermal treatment
Specific Crystallite
Oxide system Sample Organic fuel T, °C| surface Y Phase composition
size, nm
area, g
Bi2Os-WO3 BioWOQg, Bi1aW-027,
500 17.8 58 Bi1AWOus (2)
Bi2WQs, Bi1aW2057,
B-2 citric acid 600 13.8 81 | BiLwWOu(2)
700 9.8 147 BWOs, Bi1aW207 (2)
800 6.9 115 BWOs
Bi2WOe, Bi1aW2027,
500 25.1 19 BiWOns (2)
B-4 Ethylene 600 16.7 73 BWOs, Bi1aW2027
glycol 700 12.9 116 BWOs, Bi1dW20,7 (2)
800 6.1 89 BIWOs
500 23.6 27 BWOs
) 600 18.6 40 BWOs
B-7 Glycine
700 115 89 BWOs
800 5.8 95 BIWOs
500 24.8 28 BWOs
i 600 20.4 44 BWOs
B-10 Glycerine
700 13.3 76 BWOs
800 6.1 89 BIWOs
ZnO-WG; 500 20.8 35 ZnWo
o 600 15.8 47 ZnWo
B-13 Citric acid
700 10.5 69 ZnWo
800 7.6 95 ZnWQ
500 32.0 40 ZnWo
600 27.0 42 ZnWo
B-16 Ethylene
glycol 700 25.0 57 Znwe
800 22.0 68 ZnWo
500 14.2 51 ZnWo
) 600 6.2 116 ZnWo
B-19 Glycine
700 5.9 122 ZnWo
800 5.3 136 ZnWo
500 29.0 38 ZnWo
B-22 Ethanol
600 25.8 54 ZnWo
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Specific Crystallite
Oxide system Sample Organic fuel T, °C| surface Y Phase composition
size, nm
area, g
700 15.2 78 ZnWo
800 12.5 94 ZnWo

Z — signs, below quantifying limit

Taking into account that one of relevant paramedérghotocatalysts are specific surface area
and crystallite sizes, it is important to analysese parameters, because of their important role in
the formation of active sites onto the photocatatysface. Crystallite size increases at the higher
temperatures, which is explained by the recrygtatilon process, when smaller crystallites fuse
together. This effect can be seen in Figures 1218nd

Bi,WO, ZnWo,
180 #B-2 160 =B.13
160 7 B-4 140
140 ki 120

#B.10

120
100
80
60
40
20

60

Crystallite size , nm
Crystallite size,nm

m‘ i 600 700 800

600 700 800 Temperature , °C

Temperature , °C

Fig. 12. Specific surface area and crystallitessafebismuth and zinc tungstate depending on

temperature
Bi,WO, ZnWO,
30 ERB-2 40
=B-13
2095 "B-4 = 33
a s ng-7 B ©B-16
£ =30
520 #B-10 © ¥B-19
5 = 25 "
5 © #B-22
21s g 20
E €
& 10 4 15
b= b=
3 g 10
a5 &
< s
0 0
600 700 600 700 800
Temperature, °C Temperature , °C

Fig. 13. Specific surface area and specific surbaea of bismuth and zinc tungstate depending on
temperature

In some cases there are observed tendency thaaltitgs are decreasing after increase during
thermal calcination process (samples B-2, B-4, B-TA8is effect is not widely studied. However, it
can be assumed that firstly the recrystallizatioouos and secondly there are several polymorphs of
Bi2WOs at higher temperatures, which can lead to lattf@nges and from this point of view it can
result in such effect. Also there is possibilityashorphous phase formation during recrystallization
process that can lead to the decrease of avergsfaliite sizes.
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6. Theanalysisof particle morphology

In order to evaluate the effect of synthesis methad temperature the analysis of particle
morphology has been made. It is predicted thathayging the tungstate synthesis method also the
particle morphology changes. The overview of thgl@merated particles depending from synthesis
obstacles and temperature has been describedherfynictures.

Molten salt synthesis in 680 — 8&Dtemperatures provides agglomerated ZnVg@mples (A-
10, A-13 un A-16) with tamped and Iayered strucSL(iég 14)

| Flg 14, Morphology of the Iayered structres of\ZD, samples A-10, A-13 and A-16

It is difficult to determine independent particlzes and forms in these structures. It can be
assumed that higher temperature promotes fusectgteuformation. There are irregular or needle
shape particles obtained lower temperature @pth NaNQ as molten salt. This shows that lower
synthesis temperature limit the formation of thgragates. BWOs samples that are obtained in
molten salts have elongated plate like structusbsgch are formed from orthorhombic crystals with
one elongated plane (Fig. 15). The effect of amgyt was supported also by x-ray
diffractogrammes.

Fig.15. Morphology of the BWOs samples A-24 and A-38 obtained from molten salts

Sol- gel combustion synthesis providesVBOs samples with porous, sponge type agglomerates
without restricted particle boundaries. The form agfgregates is slightly depending from used
organic fuel, while further thermal treatment atO®D enlarges the size of aggregates and
independent particles have been observed. The Zn¥d@ples which are obtained with sol-gel
combustion method, shows rounded and rod type cpesti which are combined in porous
agglomerates (Fig. 16).
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Fig. 16. Morphology of ZnW®@sample B-16 at different magnifications

The hydrothermal synthesis at 280temperature provides relatively large partic®® ¢ 2um)
with flowerlike or flake like structure. Furtherlcaation up to 808C gradually enlarges particle or
their aggregate size and changes the morphology(fi).

Fig. 17. Morphology of BMWOes sample C-3 that is obtained in hydrothermal sysithand further
calcination

The lower temperature of microwave synthesis araftsh synthesis time promotes spherical
ZnWO4 nanoparticle formation (<30-40 nm) with uniformripele distribution, unlike, the ZnW©O
rod type particles (length up to 150 nm, diametes-3@ nm) that are obtained with hydrothermal
synthesis method (Fig. 19). BVOs aggregates consist of small flake like and neggie particles
(Fig. 18).
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Fig. 18. Morphology of ZnW@sample D-2 and BiVOs samples D-7 and D-9 patrticle
agglomerates, which are obtained in microwave ®gi$h
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Fig. 19. ZnWQ nanoparticles, which are obtained in hydrotherfAgland microwave synthesis (B)

The studies with scanning electron microscopy shtved all tungstate nanoparticles has a
tendency to agglomerate and form aggregates. Byoatmeation of agglomerates it is difficult to
determine real particle sizes. However, the appararticle size of tungstate noticeably exceeds the
crystallite sizes, because particles can consiseéweéral crystallites.

7. Thesummary of the synthesis methods

The recommended synthesis parameters for obtagstate in molten salts.

1. The synthesis of BWOs nanoparticles with specific surface area of 31.34-8 nt/g and
crystallite size about 21 nm should be providednioiten KNG at 350C, at the ratio of
product/melt from 1:4 to 1:8.

2. The synthesis of ZnW{nanoparticles with specific surface area of 28%frand crystallite
size 25 — 28 nm should be provided in molten NadO350C, at the ratio of product/melt
from 1:2 — 1:4.

The recommended synthesis parameters for obtagstate in sol-gel combustion synthesis.

1. The synthesis of BWOs nanoparticles with specific surface area of 2354-8 nt/g and
crystallite size 27 — 28 nm should be provided gigiiycine or glycerine as organic fuel,
with ratio org/NQ" of 0,67.

2. The synthesis of ZnWDnanoparticles with specific surface area of 20.83:9 n?/g and
crystallite size 34 — 38 nm should be provided ggiitric acid or ethanol as organic fuel,
with ratio org/NQ" of 0,67.

The recommended synthesis parameters for obtagstate using hydrothermal technique.
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1. The synthesis of BWOs nanoparticles with specific surface area of 262gyrand crystallite
size 27 nm should be provided at 180 —°Z4® bar pressure, pH 7, in 240 min.

2. The synthesis of ZnWQwith specific surface area of 42.&/mand crystallite size 20 nm
should be provided at 180, 5 bar pressure, pH 7, in 240 min.

The recommended synthesis parameters for obtagstate using microwave synthesis.

1. The synthesis of BWOs with specific surface area of 29.8/mand crystallite size 17 nm
should be provided at 180, 13 bar pressure, pH 1-7, in 40 min.

2. The synthesis of ZnWQwith specific surface area of 46.%/mand crystallite size 17 nm
should be provided at 180, 10 bar pressure, pH 7, in 40 min.

Although all the used synthesis methods providesaining tungstate nanoparticles, the
hydrothermal and microwave synthesis gives sigaificsavings of working time and electricity,
because of single step process, lower temperatamesshorter synthesis time. However, the
dependence of particle morphology and possiblectiefa crystal structure using different synthesis
techniques can tend the tungstate photocatalyticitgc Therefore the optimal synthesis technique
can be provided after photocatalysis assessment.

8. Evaluation of the photocataltic activity of tungstates

Usually the adsorption onto the catalysts surfagerehses the methylene blue concentration
approximately for 20% and the precondition befouethfer analysis should be accomplished.
Experimentally it is determined that samples shduddprocessed and dispersed in the dark for
approximately 30 minutes before absorption measenésnbecause the adsorption of methylene
blue on the catalysts surface is one of the fitgps and the equilibrium concentration should be
reached in the solution. The samples and theirachanistics for photocatalytic experiments are
listed in Table 5.

Table 5
The used samples in photocatalytic experiments
Oxide system Sample Specific surface are@rystallite size, Particle description
m?/g nm
Bi>2O3-WOs A-24 (1:2) 26.0 42 Layered agglomerates
B-6 19.1 40 Porous agglomerates
B-7 23.6 27 Porous agglomerates
without strict grain
boundaries
B-10 (500C) 24.8 28 Porous agglomerates
without strict grain
boundaries
B-11 (500C) 20.4 40 Agglomerates
B-10 (700C) 13.3 74 Agglomerates
B-10 (800C) 6.1 89 Agglomerates
C-3 26.6 28 Flake/flower like particles
D-9 26.5 32 Needle like particles
ZnO-WGs A-4 28.5 28 Needle like particles
B-13 (500C) 20.8 35 Spherical agglomerates
B-13 (600C) 15.8 47 Spherical agglomerates
B-13 (700C) 10.5 69 Spherical agglomerates
B-13 (800C) 7.6 95 Spherical agglomerates
B-16 25.0 39 Spherical agglomerates
B-25 27.4 24 Agglomerates
C-1 31.3 28 Spherical particles
D-2 46.4 17 Fine spherical particles
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9. The impact of particle morphology on the degradation of methylene blue

There are significant changes for sample photogatalactivities depending on particle
morphology but with relatively similar specific $ace area (for bismuth tungstate in SSA range of
24.8 — 26.6 rfig, for zinc tungstate 27.4 — 46.£/mrespectively). From the literature review it has
been studied that activity of catalysts can becééi by the distribution and binding of the oxygen
atom on the surface of the catalyst, which meaatsiwrface topology can substantially change also
photocatalytic activity, which is shown in Figure 6
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Fig. 20. The photo degradation curves of methyldne dye using various BNOes samples with

different morphology

The sample (D-9) that has been obtained in micrevamnthesis has flake-like structure, which
consists of smaller layered structures. Such saraptavs for about 20% lower photocatalytic
degradation efficiency comparing to the sample Bample B-7 degrades approximately 90% of
methylene blue after 100 minutes. It can be coreduthat microwave synthesis produces high
purity tungstate in a short time, however from gaeticle morphology view such type catalysts
shows reduced photocatalytic activity. Samples &d@ C-3 are obtained at higher temperature and
reaches 90% and 85% degradation of methylene Htee H00 minutes respectively. Samples,
which are thermally treated, have shown higher gdagtlytic activity, and the reason for that is the
increase of the sample crystallinity.

In case of zinc tungstate, the impact of the plartimorphology on the methylene blue
degradation is more expressed (Figure 21). Pastickhich are obtained at higher pressure in
microwave and hydrothermal conditions, are smadied aggregated but with a higher specific
surface area comparing to samples obtained frorgedatombustion synthesis (sample B-25) and
molten salt synthesis (sample A-4). The degradatimves show that photocatalytic activity of
ZnWO4 changes depending of particle morphology.

27



Degradation efficiency of MB, %

—8 ~ B-25
‘-—ﬁ-_e 8—g P A— _— e
‘ 0 20 40 60 80 100 120 140 160
Time, min
Fig. 21. The photo degradation curves of methyldne dye using various ZnW@amples with
different morphology

The different synthesis techniques and paramesgerdd structures with variable photocatalytic
activity, which is confirmed by degradation curveismethylene blue. It can be concluded that
degradation process of methylene blue is signifigaaffected by the morphollogy of the
photocatalysts. By linking this to the synthesishtgques, it has been confirmed that bismuth
tungstate with layered/elongated crystals showsetophotocatalytic activity than agglomerated
structures obtained at 50 temperature. While zinc tungstate obtained wigldrbtermal an

microvawe synthesis are more effiecient for 20-2%¥mparing to the obtained product from sol-gel
or molten salt synthesis.

10. Theinfluence of the specific surface area and crystallite size on the
degradation of methylene blue

It can be concluded that degradation rate consgmending on the specific surface area for pure
zinc and bismuth tungstate are affected (Figure B2y higher specific surface area the rate of
methylene blue degradation are more efficient wheclkonfirmed by increase of the degradation
rate constant. For BIVOe photocatalysts it can be seen that photocatakjégradation rate
increases at specific surface area of 17-£8nSimilarly, for the ZnW@ photocatalytic activity
shows at specific surface area higher than 2§.riThis means that for effective photocatalysis it
recommended to use BYOs nanoparticles with specific surface area higheedrivalent with 18
m?/g, but ZnWQ nanoparticles with specific surface area highexquivalent with 28 #ig.
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Fig. 22. The influence of the specific surface amedhe degradation of methylene blue with
different photocatalysts

There are significant differences between bothsygfephotocatalysts. It can be seen that bismuth
tungstate behaves more active than zinc tungsaieh disparity is explained by the differences of

the band gaps.

11. Theinfluence of the pH on the degradation of MB

The results show that bismuth tungstate has the efficient MB degradation at pH 7 (Fig. 23),
which is around to its zero point of charge (pH }6The influence of the pH on photocatalytic
processes is explained with strong impact 6faHd OH groups. Experiments showed that bismuth
tungstate at pH<7 can disproportionate. While pHifféct the MB adsorption on the catalyst
surface, which decreases the photocatalytic effagieSimilar processes and results are obtained for

zinc tungstate.
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Fig. 23.The degradation curves of MB at differentFig. 24. The degradation curves of MB at diffeneHt
pH using B#WOs as photocatalyst (sample B-10 using ZnWQ as photocatalyst (sample B-13 with SSA
with SSA 23.4 rig) 19.1 nt/g)

The change of pH affects also MB degradation seaaf ZnWQ photocatalyst (Fig. 24). It has
been shown that more efficient MB degradation ocg@irneutral pH by degrading of 75% of MB
during 2 h of photocatalyis experiment (sample B-$5A=19.1 r/g). The basic and acidic
environment decreases the degradation efficienbighwis affected by Hand OH ions.

Experiments show that using the luminescent daykgurce, relatively high photo induced MB
degradation occurs. The photocatalytic procestoises than using UV irradiation but this can be
explained because of the lower photon energy. Tiferehce is approximately 25% between UV
irradiated and,daylight source, after 2 h photdgataprocessing time (Figure 25).
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Fig. 25. Degradation curves of photocatalytic MBj@delation using BWOs as photocatalyst
(sample B-10, SSA=23.4%g) and different light sources

12. Photocatalysis of reprocessed and regenerated samples

The optimal frequency of reprocessed photocatalists been studied. By intervals of 130
minutes the repeatedly used catalyst ensures upO% of MB degradation also after four
photocatalysis experiments. However, longer expamimtime is necessary to reach higher
efficiency (Fig. 26). For example, bismuth tungstaith specific surface area 23.4/gm(sample B-
10) at 70-minute time point of the®3cycle shows degradation of MB up to 50%, while the
efficiency of the same time point at' tycle is almost two times higher and reaches 90Bis
means that effective usage of photocatalysts arE'iand 29 cycle but in the '8 and 4" cycles
reduces for approximately 20%. The decrease ofigcts explained by the MB adsorption on the
catalyst surface.
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13. Evaluation of the MB degradation products

During photocatalysis the decolouration of the MBuson can be observed which is improved
by UV-VIS spectra and the intensity of MB spectiaés 664 nm and 292 nm decreases. For MB
degradation product analysis the chromatographalyars was performed before and after 90-
minutes photocatalysis. Chromatograms analysis stidve intensive signal at retention time 6.7
min corresponding to the methylene blue, which Is aconfirmed by the UV-VIS spectra of
methylene blue. While peak with retention time R is leucomethylene blue (the reduced form of
MB).

After 90-minutes photcatalysis, new signals in amatograms are detected with various retention
times (2.2 min, 3.4 min, 5,2 min, 5,9 min, 6,3 nGri/ min and 9,0 min, Fig. 27) and the intensity of
the methylene blue peak has decreased while MRBisplis decolorized.
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Fig. 27. MB sample chromatograms depending on mladédysis time (wavelength 400-700 nm)

High performance liquid chromatography has provkdt tduring MB photocatalysis new
molecules are detected. Due to the complicated lgasgtution matrix the chromatograms are with
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high background noise. Sample solution consists compounds and ions with different
characteristics and amounts creating interactibas ¢ause undesirable conditions and side effects
during HPLC analysis. Also the inorganic anionsigigantly interfere and cause the baseline shift
of the chromatogram. The HPLC analysis gives supatfinformation about MB photocatalysis
process. However, using carbon fibre micro extosctogether with gas chromatography and mass
selective (GC/MS) detector the MB degradation potsluvas successfully analysed. Several
intermediates of MB degradation were identifiechgsgC/MS method.

GC/MS method is suitable for partial identificatiof the photocatalytic intermediates and the
guantitative analysis is more complicated due ®dbmplex matrix of the sample solution, which
also contains inorganic anions. Based on the titezadata, potential final degradation products are
SO, NHs*, NOg ions, CQ and water, which amount increase in the final stefophotocatalysis
and is the main reason for complicated chromatdyramalysis (identification and quantification).
Despite of that, it is demonstrated that photogatslfinalizes by creating the 38 CO:%, NOs
ions using qualitative ion reactions (Table 6).

Table 6
The qualitative inorganic ion determination afteB Mhotocatalytic degradation
Nr. lon Omin| 90 min Possible origin
1 COs* - + | From CQ which dissolved in water
2. From sulphur in MB molecule in the
2 SOy - + .
presence of photocatalysis
: From nitrogen in MB molecule in the
3 NOs - + -
presence of photocatalysis
4 NH* i i From nitrogen in MB molecule in the

presence of photocatalysis

It is concluded that used tungstate photocatabystgades organic compounds in the presence of
photo irradiation, which is confirmed by the an@dysf the degradation products. Huge role is for
selected photocatalyst and initiated energy, ad a&lirradiation time for the successful and
complete photodegradation of organic compounds.
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CONCLUSIONS

The NaCl-KCI, NaN@, K>SQO+-NaSQs and NaCl-KCl, KCI, KNQ molten salts with lower
melting temperature should be used for the effecthingle phase ZnWOand BpWOs
compounds and providing smaller crystallite sizespectively. The lowest pure bismuth
tungstate synthesis temperature is°850sing potassium nitrite, but the lowest tempeeafar
obtaining pure zinc tungstate in molten salts @@5using sodium nitrate.

For obtaining single-phase bismuth tungstate, tileegne and glycine, as organic fuel should
be used, but for obtaining zinc tungstate all ddirganic fuels (glycine, ethylene glycol, citric
acid, ethanol) can be used. For obtaining smatlgstallites and higher specific surface area it
is suggested to use the ratio orgA\N@ear to 0,67.

Microwave and hydrothermal synthesis provide olaanof the pure tungstate at P80
temperature, 5-10 bar pressure, in 20-240 minutes.

The optimal method for obtaining ZnW@nd BpWOe with high specific surface area (for
ZnWO4 up to 46,4 g, for BpbWOs up to 29,8 rfig) and smaller crystallite size is in acidic or
neutral synthesis environment using microwave sgithat 18%C temperature.

The different synthesis techniques and paramesastb structures with variable photocatalytic
activity; the degradation process of methylene Idusignificantly affected by the morphollogy
of the photocatalysts. The plate-like/elongatedtatis shows lower photocatalytic activity than
agglomerated structures for bismuth tungstate.

The photocatalytic activity and degradation of MBpdnds on specific surface area of the
powders and BWOs nanoparticles with specific surface ar¢a8 nt/g, but ZnwQ
nanoparticles with specific surface ab@8 nt/g should be used for effective photocatalysis.
The most effective degradation of MB is in neugmalironment at pH 7 but optimum frequency
of using the same photocatalyst can be reacheti-+2 cycle.

From used dopants, the most effective degradatidviBis for photocatalysts that are doped
with silver oxide, molybdenum and yttrium up to v

The obtained tungstate photocatalysts in the poesehlight degrades organic compounds and
potential degradation products of MB ares3(NH4*, NOs ions, CQ and water.

THESISFOR DEFENDING

. The crystalline zinc and bismuth tungstate nanaglest with specific surface area of 46.4/gn
and 29.8 flg, respectively and crystallite sizes of 17 nng ha obtained from salt solutions by
microwave synthesis at 180 temperature, with pressure 13 bar in 20 minutes.

. The effective zinc tungstate nanoparticle photdgstavith specific surface area of higher than
28 nt/g and uniform particle distribution has been aidi using developed microwave and
hydrothermal synthesis.

. The effective bismuth tungstate nanoparticle phatdgst with specific surface area of higher
than 18 Mg and with flowerlike particle morphology has beehtained using developed
microwave and hydrothermal synthesis.

33



10.

LIST OF PUBLICATIONS

Kodols M., Didrihsone S., Grabis J.,2BiOs Nanoparticles Prepared by Combustion Synthesis
with Different Fuels and their Photocatalytic Adtyy Key Engineering MateriaJ]2014, Vol. 604,
93-101, (SCOPUS)

Kodols M., Didrihsone S., Grabis J., The Influenédifferent Molten Salt Systems on Zinc and
Bismuth Tungstate Formatiodey Engineering Material2014, Vol. 604, 142-145, (SCOPUS)
Grabis J., Jankovica D., Kodols M., RaSmane D. t&dabalytic activity of ZnW@ nanoparticles
prepared by combustion synthesispf Latvian Chemistry2012, Vol. 51 (1-2), 93-98

Kodols M., Didrihsone S., Grabis J., ComparisorNahosized BMWOs Photocatalysts Prepared
By Different MethodsProceedings of scientific Conference of Young $isisron Energy Issues
Kaunas, Lithuania, May 29-31, 2013, 1-9

T. Salkus, L. Satas, A. KeZionis, M. Kodols, J. i@sa V. Vikhrenko, V. Gunes, M. Barre,
Preparation and investigation of2B/0s, Bi2M0Os and ZnWQ ceramics, Solid State lonics, 2015,
Vol. 271, 73-74 (SCOPUS)

Serga V., Kulikova L., Cvetkov A., Chikvaidze G.p#ols M., Extractive-Pyrolytic Method for
Au/MeOx Nanocomposites Productioikey Engineering Materials2014, Vol. 604, 118-121,
(SCOPUS)

Dubnika A., Loca D., Reinis A., Kodols M., Berzi@amdina L., Impact of sintering temperature
on the phase composition and antibacterial prageeil silver-doped hydroxyapatitBure and
Applied Chemistry2013 Vol. 85 (2), 453-462, (SCOPUS)

Serga V., Kulikova L., Cvetkov A., Krumina A., KoldoM., Chornaja S., Dubencovs K., Sproge
E., Production of mono- and bimetallic nanopartictd noble metals by pyrolysis of organic
extracts on silicon dioxidéOQP Conference Series: Materials Science and Ermging, 2013, Vol.
49 (1), art. No. 012015, (SCOPUS)

Kronkalns G., Kodols M., Maiorov M. M., Structurepmposition and magnetic properties of
ferrofluid nanoparticles after separatiduatvian Journal of Physics and Technical Scien2€4.3,
Vol. 50 (4), 56-61 (SCOPUS)

Zalite |., Heidemane G., Kodols M., Grabis J., Maio M., The synthesis, characterization and
sintering of nickel and cobalt ferrite nanopowdekdedziagotyra, 2012, Vol. 18 (1), 3-7,
(SCOPUS)

LIST OF SCIENTIFIC CONFERENCES
Kodols M., Didrihsone S., Grabis J., RozenbergaThe Influence of Different Molten Salt
Systems on Zinc and Bismuth Tungstate Format#1? International Baltic Conference of
Engineering Materials and Tribologyiga, Latvia, November 14-15, 2013, 4
Didrihsone S., Kodols M., Grabis J., The influenoé temperature and pH of BVOe
photocatalyst nanopowder formation, of abstract8@83fScientific Conference of Institute of Solid
State PhysigdUniversity of Latvia, February 8 — 10, 2012, Rigatvia
Grabis J., Jankova D., Kodols M., RaSmane D., Photocatalytic Acyivaf ZnWO4 Nanopatrticles
Prepared by Combustion Synthesidjstract book of XIX-th International Baltic Condece,
Materials Engeneering & Balttrib 201028-29 October, 2010, Riga, Latvia, 14
Kodols M., Didrihsone S., Grabis J., Synthesis @WBDs Photocatalyst Nanopowders with
Modified Sol-Gel Method,Abstract book ofTraining School Synthesis of Hybrid Organic-
Inorganic Nanoparticles for Innovative NanostruedrCompositedNaples, Italy, 28 February - 2
March 2011
Kodols M., Didrihsone S., Grabis J., 2BIOs Photocatalyst Nanopowder Synthesis and
Photodegradation of MB, Abstract bodkonference for Young Scientists "The Ninth Stlent

34



10.

11.

12.

13.

14.

15.

16.

Meeting, SM-2011" and "The Second ESR Workshop,TQ@X904",November 16-18, 2011,
Novi Sad, Serbia, 49

Kodols M., Didrihsone S., Grabis J., Synthesis oMBOs Photocatalyst Nanopowders with Wet
Chemical Methods20" International Baltic Conference "Materials Engimiegy 2011": Book of
Abstracts October 27-28, Kaunas, Lietuva, 2011, 46

Kodols M., Didrihsone S., Grabis J., Synthesis oMBDs Photocatalyst Nanopowders with Wet
Chemical Methods,International Conference "Functional Materials andanotechnologies”
(FM&NT-2011): Book of Abstracts, April 5-8, 2011jda, Latvia, 229

Serga V., Kulikova L., Cvetkov A., Kimina A., Kodols M.,Cornaja S., Dubencovs K., Sg®E.,
Production of Mono- and Bimetallic Nanoparticles Mbble Metals by Pyrolysis of Organic
Extracts on Silicon Dioxide. International Conferen "Functional Materials and
Nanotechnologies" (FM&NT-2013): Book of Abstracdtiiversity of Tartu, Estonia, April 21-24,
2013, 110

Serga V., Kulikova L., Cvetkov A., Chikvaidze G.p#ols M., Extractive-Pyrolytic Method for
Au/MeOx Nanocomposites Productio2" International Baltic Conference of Engineering
Materials and TribologyNovember 14-15, 2013, Riga, Latvia, 15

Merijs Meri R., Zicans J., Bitenieks J., Zalite Heidemane G., Kodols M., Knite M., On the
structure and relaxation properties of polycarbeff@trite nanocomposites - Book of Abstracts,
32. International conference ,Composite materiats industry (SLAVPOLIKOM) and seminar
.Pipelines from polymer composite materials: maratfaing, design, installation and
exploitation” June 6-11, 2012, Jalta, Ukraina, 412

Merijs Meri R., Zicans J., Bitenieks J., Zalite Heidemane G., Kodols M., M. Knite. On the
structure and relaxation properties of polycarbefi@trite nanocomposites32. Int. Conf.
~,composite materials in industry (SLAVPOLIKOM) arsminar ,Pipelines from polymer
composite materials: manufacturing, design, instadin and exploitation”June 6-11, Yalta,
Ukraine, 2012, 1

Merijs Meri R., Zicans J., Bitenieks J., Zalite Heidemane G., Kodols M., Knite M.. Structure
and properties of chemically synthesized ferrited magnetic composites based on polycarbonate.
XI International Conference of Nanostructured Makr (NANO 2012), August 26-30, Rodos,
Greece, 2012

Kronkals G., Kodols M., Maiorov M. M., Change of gg® composition of magnetic fluid
nanoparticles after HGM®roceedings of 8th PAMIR International ConferenoeFundamental
and Applied MHD September 5 - 9, 2011, Borgo, France 955 — 959

Maiorov M., Kronkalns G., Kodols M., Lubane M., Bhs E., Fractionation and size determination
of ferrite nanoparticles, International Confereri€®inctional Materials and Nanotechnologies"
(FM&NT-2011) Book of Abstracts, April 5-8, 2011, Riga, Latvie84

Zalite I., Kodols M., Heidemane G., Grabis J., Aad., Merijs-Meri R., Maiorov M.M., Bledzki
A.K., The nickel and cobalt ferrite nanopowders aibsl composites with polycarbonate,
Multiphase Polymers and Polymer composites: Fromdsaale to macro Composifeline 7 - 10

, 2011, Paris, France

Kodols M., Zalite I, Heidemane G., Grabis J., Maio M., Zicans J., Merijs-Meri R., The
Synthesis and Characterization of Nickel and Coteatite Nanopowders and it composites with
polycarbonates Abstract book of COST Action MP0701 Workshop, Nartmtes Surface
(Modified/lUnmodified) as a base for the interactisith polymer matrix September 23 — 24,
2010, Novi Sad, Serbija

35



17. Kodols M., Zlite I., Heidemane G., Grabis J., Maiorov M., Thetlgnais and characterization of
nickel and cobalt ferrite nanopowdesd)stract book of 1 International Conference on Ceramic
Processing SciencAugust 129-September 1, 201urich, Switzerland

18. Zalite I., Grabis J., Kodols M., Zias J., Merijs-Meri R., Polycarbonate composytesWickel
and Cobalt ferrite Nanopowder&bstract book of XIX-th International Baltic Cordace,
Materials Engeneering & Balttrib 20200ctober 28.-29, 2010, Riga, Latvia, 51

Patents:

19. Zalite 1., Grabis J., P&tvskisE., Kodols M., Zi@ns J., Merijs-Meri R., Bitenieks J., Bavs I,
Pajeémiens fettu nanodénu ieguvei polindru nanokompoitu izgatavoSanai, LV patents Nr. LV
14264, Int. CI B82Y30/00

36



