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Abstract

Novel i ron molybdate catalysts were fvoramed f
supercritical antisolvent (SAS) precipitatio
for the selective oxidative dehydrogenati on

selective oxidative dehydrogenation of propa

I ni ti al devel opment of novel iron mol ybdat

cosolvent for SAS precipitation to have a si

of the catalyst, forming carbonates. A defir
uncerv the influence of four parameters (wat e
concentration, pressure and solution flow
bet ween the parameters, with the mapping of
bi nary xmedteal proecur sor s. Of particul ar I nter
cosol vent , which has been | argely unexplore
screening design also made it possible to

parameters compaoethet oomnepecific catal yst
measuviadr ange of characterisad RonSEM¢chAiGAuebl

AES anpdhyNsi sorpti on.

Varying four parameters for SAS precipitati

properties and therefore, a range of i ron
physi ochemical properties after calcimation.
physi sor»ltPiRobn, XRD, SEM, TEM, and XPS wer e
physi ochemical properties were related to t

selective oxidative dehydrogenation of metha
found to be sel a@cta vhi gahnedr epxrhoidbuicttei vi ty t ha

l' iteratur e for similar Fe: Mo rati os. | soco



productivity depended on t he me an uncal cin

precipitates and the mass | oss measured duri
The s ame -ptopettuye relationships wer e f ou
dehydrogenation of propane to propene. Thi s
specific oxygen activity, which was found to
overoxidatwvieon. iHowas found that propexne pro
activity, with the propene productivity sho
studi es. This suggested the bulk properties

perf or mancedaftdarvet dee hoyxdir ogenati on of propane

f or med.
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Abbreviation|Definition
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F1 D FI ame ionisation detec
FTI R Fourier transform infr
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mp c Met al precursor concen
ODHP Oxidative dehydrogenat.i
pr e Pressure
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SEM Scanning electron micr
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XPS Xray photoelectron spe
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ll ntroducti on

1.QAQat alysi s

1.1.1 What is catalysis?

Catalysis is an important ohoempiomeelnt amd bmanl
processes. Enzymes, for example, speed up th
our body to function. Brewing uses yeast t o
industrial l evel, catalysts ate used fo flar
From pharmaceuticals to environment al consi
from catalytic converters in vehicles to pe

formati on -swelhs asc ®t @l ysi s undertpimstthlee ma¢ ©

of peoplesd daily 1|lives. lt i's estimated tt
domestic product (GDP) is associated with <ca
al l manufactured products at somee pfoarnmed,nv
showing the relevance alnd i mportance of <cat a
Catalysis was a concept developed by EIli zab:¢

by J. J. Berzelius, with the roukamafant meg wo.l

down laynediermani ng | oosen. Ber zefiltihues pdreofpi enretdy tohfe
on other bodies an action which i1s very difi
this action, they produce decomposition in b

composition of whi c.hExéampl eko orfotc ad mtl g/rsd s
definition, wi th V. Cordus using sulfuric act

ether and A. ACllgeaise i meranghdMvi g t hat pot ato

sweet when dissolved in water and fer ment
postul ate that catalysis is the acceleratioc
proceeds sl owly, by tbabypt@&Bheiesc ei soft hae fboarseii:

1



| UPAC definition today,fawidat atlhyestdeafsi na t s otk

increases the rate of reaction without mo d i

change i

n the reaction; the process is calle

and product o¥Thtimke tthheaetfioomd means that a c:

reaction

categor.

without being consumed or showing s

sed into three main brackets: h omo g e

Homogeneous catal ystes pdirasse i msthenhe samact an

heterogenous catalysts are of a different |

sur face

der Wa a |

i nteractions between the reactants ¢

S interactions or polarity attractio

1. 1He2t er ogenous catalysis

To accel
activat.i
mechani s
t hrough
together
surface
usually

in Figur

erate reactions, catalysts must sup
© miaretneerrgeyd i at es . When referencing he
ms ar e typi cal | y-Hipnrsohpeol sweodo.d Tnheec h b an
reactants stabilised on the surfac
, whi IRsitd evailt hmnetntheaem Bk ey eact ant i's st
and then reacts with the gas phase r
achiewed pdaeenhobi al lenergy of the ads

e 1.1, the activation barrier from

coordinate is higher for unckEatcamyas®ré@d)coOoompar

However,

changed.

what is shown is that tdqip dRarasngqeti
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Reaction coordinate ——=

Fi gdrl: Reaction coordinate diagram for a iiesadthieomcdfi vRtt ®
energy for the dfiosr wahred arcetaicvtaitoinon Eenerqghlyi 6ot hehent bakpygeof
reactddsads, tBe activation seinertglye odc taidsatripdn oemnerkgy sof the s
the activation emergyredcdasorpAtacdsnor Bhesd soprohecs uPf adsor &
the surface. Reprinted from Ebbegesier boodaménebdakesogerdeapspl

Ross, pp, @€@@pyright (2012), wfth permission from

JustqgHas unchanged by a catgdysts, acsang®e®nism se
reaction with the samhm€arehygstbatsahdl prodacgs
energy due to change in intermediates, not t
the kinetics of the reaction. I f a reaction

a catalyst can i mprowve hyheofkfiaritng saofouteacao

enerkEy. (

The activation energy is calculated through

Q 0Q

Whetkes the kinet Acsr-@axgpomremititRalst ftahcet ogra,s ¢ on
andis the temper i gsreesedypiac lelry t haky,, Bas t z ma

experimental data typically deals with mol es



1.3 Met al oxi de catalysts

en advancing to more complex scenarios, !
del s can be used. Th-Hsns$hel wdReidd etallle eolra nMjant
n Krevelen meddmnKsmvelMam smechani sm i s co¢

scribe reaicstm omf melcehasel ecti ve oxidation o

il des, the focus of this work.

e Maans Krevelen mechanism is typically bas
the metal oxide to pr ovivVdaen tKhree vcea teanl ynteicch e
volves the redox properties (ability to r
ruurcet) of the catalyst. The met al oxi de wuse
actant, and the catalyst i s pedruecoexdi.d iAs esse
rface through dissociative adsorpti®bn, cCor

e ma@¥ptee o(RePa( i n whiischt Pe partial pwbhesutbkeof

action i s:

<0 aoo O a0
a -

general, reoxidati onoxisdamuickbnkao,t ebAurt@ ptihd st
pendent on substrate stability, reaction t
i dant being used. The properties of the ¢
cilitate redox cycles (typiacal lkyeyhitgh ioxird

action rates.

ThexXOMatal ysts have two active sites in this

itially abstracting whipgrotroendufcreeam tthlee tmraa

4



cation. The second active site is for oxygen
is an oxygen vacancy formed by*atnhe nnualoem ptht

catalyst td the reactant.

Met al oxide catalysis is an important branc
acibase, selective and total oxidation <cat al
but is not | imitead uuds) nsaid(lidyas ,( S2e0x) i tzisr,c o it &
ZnoO, porous and mesoporous materials such
pol yoxometal ates, phosphates, multicomponent
moré&ey applications of infeatballe olx.ildes are shov
Tabl eSome industrial catalysts prepared by precipitation/co
Catalyst | mportant applications
Si A 103 Aci d catal yserd urieda cctaitoanl y& figc. c r ¢
i somerisation
F eOs Fi scThreapsch synthesidehydtrbgkenhe
styrene
Ti.0 GeO Maj or componmtt adfy st esNO
Zr £5 Q% Strong acid reactions
CuZnOA | Met hanol synthesis from CO + H
(VePOr Selective oxidation of butane t
CuCr oxidegHydrogenations, combustion reac
SnSh oxideSelective,eaxp.rdoapemenst o acrol ein
Bi mol ybd{Propene selective oxidation to
V-.Mo oxi degSelective oxidation of acrolein
MoVTeNb o0)Selective direct oxidation of p
Met al oxOy)deasr e Mermi nated?ani ame, swhifateahg

| arger thhcaant itohnes Mr esent (anions have a decr ¢
|l eading to the expansion of the athosnpecileswer
at the surface when compared to the bul k s
coordination at theatsalrysate, hanaeaydiMf f erent ¢
sites (anion andi ccoamtmoonnl yv adceannoctieeds as (1), K

terraces) that deter mi ne t Og!%chae adiyftfiecr eetr fsol



structures | edentso t isuea uptetuf®r mance when ap

reactltons.

Met al oxide catalysts can operate in two Ww;
reactions. The first is the activation of
eqguivalents between hydrocarbon and surface
previousl|l yMaesatni oknreedv el en mechani s m, whi ch o
theHCbond with the transition met al ions th

amount of substance needed to britmlygata camrmnlye

the gain or | oss ohe o#dkre ptrypionda l example ir
reactions is the | oss of an electron from th
met al centre, accompanied by a proton abstra

The catalytic p@ rcfad rathayrsdes evfan M Ke e Walresn pr o
therefore depends on the catalystoés ability
oxidation depends on redoxiIM®upl eehefethe m

oxidation stateigf theedcdaficomenaedi n oxidati c

cycl e, t he st410e rmbgotnhd sofantdhe h® ani onic/ catio
vacancies or excesses. As wel | as structure
oxygen i hyshecaataffect the reoxidation of t

Van Krevel en mechani sm i(mertt i xluwayd yt Her c s

suppoéfamns) is therefore a key descriptaody in th

catalysts typically contain a transition me
pol ar’iToi ogperate effectively in a redox mecha
also have multiple, stable oxidation states,
over the cycle. This includes Ti, V, Cr, Mo ,
menhi oned influence the activity of the catal

6



t he

i n t

of t

cons
(rr e)d
mo n i

occu

reaction (low oxygen ?mmhbiolnist y narbd es tt roo rbg
he redox mechanism), or the defects may
h*es i Me , and therefore must be <character
Il derations al so FHonrf |leuxeanntpel et,h et hsee Ireecltaitviivte
compared to t hrgjorfatteh eofc adxail d¢yassegd srutr alcee ¢
toteey wise overoxidation of reactant or

r.

As well as considerations of high conversion

proc
(typ
gree

t he

esses aim to increase the sel egrnadudtys a
i cxdall yo@®ring waste and having a higher
n principles, even at !Thhee esxwrefnascee osft rcuac
catalyst is closely related xQysetthet sedle
iltivity was reported by Volta fors prope
tals with s pMhiefni cusad mige ntthaet i 0h®&0) sur f a
erted to al most exc llus,i vel¥1)acamd e( 10w

ucgd sG@Owing the i mportance of structure.

structur al i mportance originates from hc
erties and the presence of active sites
erticeast awlfy stthecan be summarised succinct|

| oped bBYVYh&rgeerétal principles are as fol

attice oxygen: |l attice oxygen i s a ver sz
gent for hydrocarbons for Useuglallyatt é ad e c

xygen is | ess reactive than mol ecul ar ox



2)M-O bonds-:O thlmedd mustebeamedf a(treotsttrem gdthr on
too weak relating to the&® mequi rned troma oveiayv
the oxygen wil/|l be too reactive, causing
wi || |l ead to inactivity as the |l attice o0X

3)Host structure: accommod@tkendodthr ¢ ihgt mec
as being able to accommodate anion vacanc
mai ntaining the structuaested, poygdnngac
O*di ffusion.

4)Redox: the ability to allow removal of |
whil st being able to intetroacrte cextifdeicste veeflfy

S5)Mul ti functOyonbahi ygts Mt hat are active and
multimetallic (bimetallic or morelH and n
abstraction/ B wepbséraso0).

6)Site isolation: the | attice oxygen at oms
di stributed on the surface of the catalys
of active oxygen species is |imited in an

7)Phase cooperation: if a single phase cann

t wo or more phases can be made to complem

when intimately mixed at the nanoscale | e
The seven principles (Grasel li |l abell ed as
necessary c¢chemical properties of the phases
noting structur al considerations, such as a

per frog y@cat al ysts. The principle-V¥anal Knpecébse
mechani sm, and therefore deviations away frc

di fferent physiochemical properties to be tu



1.1.4 Catalyst design

So how do we tune properties of catalysts? 1

parameters when forming mixed met al oxi des.
di fferent properties, such as acidity, oXYy
crystyal |l Thet conversion of a reactant I S (
electrophilicity, reactivity and stability .
need to be tailored to suit the reactant, co

in Fi@gurea Yariety of parameters can affect
properties for the same target catalyst, m
formati on of catal yst precursors i s key t

functional ut §l apdopérurces.



Solution

affecting

feature

speci fic

t o c

fferent

has &
e 1.2
satzke
to a ¢

temperat u

pH .
composition
Phase;
purity;
Phase precipitate aging
T composition /
Precipitating
aqgent Purity,
g Morphology; crystallinity;
textural textural
properties propetties
. Catalyst .
Anion —  Phase; y Te"t”ﬂ'f"' additives
homogeneity precursor properties
Particle size; Phase;
precipitation textural
rate properties
Super- .~ N Temperature
saturation Textural Precipitate
properties; composition;
crystallinity homogeneity
Mixin
solvent g
sequence
Figur2e Graphical representation of parameters
ther mochemical preRapaiino@ldbfiromMOdCygE€ak \Nenproirtreance,
uses of met al oxide catal y4d621763n6 Gep erGdgdetnwiptuls Egart @il ysii an
El seVier.
All steps can be controlled to give
a multitude of conditions for each step
woul d be extensive and form many di
composition in the synthesis procedure
precipitate structure, as shown in Tabl
purity or crystallinity, centrifugeng
particle, shaping processes will |l ead
cal cination can have a different
environment, static or fl owing
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phase and geometric structure. Therefore, p

most suitable catalyst with the necessary pr

Tabl2e Typical met al oxide preparation methods with the adv

Met hod Process Advantages and
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bior modttal | ic catalyst being formed, or surf

size variation.

1.12r on based catalysts

Met al oxides based on iron are key industri.
based catalysts are used f5r owadat cgandt e hiSK
H2S Q, whil st also being applied to reaction:
supported. However, many phases of iron exi s
i's needed. l ron oxide can be i BOsgmanma dlog mist, e
(0-Fe03) , haehmeOs)t eanfslt wtieO)(.Fel ron and oxygen ar
most abehedwmemts in the Earthdés crust and the
catalysts should be wutilised i f possible as

scarcity of resources, unli ke many metals us

Looking closely at the |l attice structure, ir
t he*ahi on | attice, with the gOpattect Frees)athe
octahedrally or tetragona?llayt tciocoer,diansatsehdo vibre t
1.3. Phases of iron formed can be varied dep
oxidisingUfe®idstfiommed, which crystallises i
Fé*in octahedral sites. Und®r ilso w oonmeglegianctan
structure, and c a4 b a@rack®Onevaesritlieyd, taos Ftehi s onl

change of cations in théataceedsntrueducebic

12



Wiistite (Fe, ,0) Magnetite (Fe;0,) Hematite (a-Fe,0;)

fcc oxygen lattice hcp oxygen lattice

FiguBe QAl.ose packed i ron%aonxiiodne sl anhtitgihclei g(hrtddh)g v t h met al c a
octahedral and tetrahedral coordinated interstitial sites,
with Fe vacancies on .tFhcec odcetnaohteedsr afl a cseu bd eartttriecde cubi c str uc
hexagonal <c¢cl osestRepadling®us frw@EZdG.e R&.p.Palrrkoinnsooxni d27-28ur faces
36,5 Copy2rOidgehtwi(th permi ssion from EIlsevier

The strucstuweanesFeOsafre similar, in that they

spinel structure, butfinheefFferakadi @ln widtrh e5 0 ;

and3®FersO&ecompared3*tat oohFseOzF® A mi xture of

can be formed, influencing catalytic propert
It is |l ogical that a change in phase changes
charge (2+ or 3+) wil/l result I n aO dbhagnfder en
strength will c¢change, | eading to oxyrgem mobi
Fé*to ®Fethe ionic radius becomes smaller, h
therefor-® bbediFreg i s str ofOgebrondA | £tarden gteor al
reduci bilit%iyon whedomihmg Ol ess reactive, and t

avahbillai #yoof o®i dat i onsOpwhoecne scscensp a2 d-et o Fe

However, this is not the only consideration
i8i ton 20x(1111) fil ms were found to correl
ethyl benzen®anoi mpyrtearet industrial reaction
vacanci es, adatoms or isolated surfamdieonat om
wi t h a higher basicity, whi ch are therefor
deprotonaleon hehe et hyl groufs( iblethyl menha
greater number of defectsOfiltld9g Wwhémsconmparthe

13



activitQaffbmsFen!°Thedssodphp. the styrene, an
transferred from the reactisonei nsvhalmddi at ee a
why 3@aé i |l ms did not f36irsm isn ya eln®ewerasr &tei o wh

F eOs. The study regarding ethyl benzene deprot

surface structure influencing the performanc
on oxidation state of the metal cation may n
washe inverse of cwhat iifs tthee bseolex deocus was |

13Mol ybdate catalysts

Mol ybdate catal ¥ansg aomrt ding MMJRO fMolny bMl at es ¢
key catalysts for selective olefin oxidatioc
typically showixygenddalhndmasttalengt h. I n gener
catalysts have synergistic properotpieeds i e@as oo

each metal centre), enhancing the catalytic

Mol ybdate catalysts typically exhibit high o
metals can influence the oxygen mo®Oi bonhg, by
The high modnilony fofom a combination of met a
processes to occur wit3iolue oxygernt umeb idleif toy noaf
was highlighted by silica supp’dAmned mpi eswmead h
catalytic performance for the selective oxi

bi smuth molybdate was formed 2dmebitloi ttyhewhier

comparthi n ol ayer f il msal sToh ea gtghrieng a taeyde ra sf itl hnes
not abiloxitdo see during propene oxidation. Thi
conditions, as aggregation di'A siomi b@amcutrr eamd
Si d obpNe dMe Dound t hat oxygen mobility was hi

showing that bulk oxygen moB3ility is high in

14



The synergistic effect between metals was sh
i n Bic¥dOal yst s, in which reduced Bi was not

the addition ob VYendboy Ol enwmi ¢Bi coi ncided wit

having the highest oxygen mobility. The redu
Mo23Seemingly, the addition of Mo facilitates
the surface, all owing for better catalytic
bet ween oxygen mobility and stabil-MaeQ® of C

catal ysttaaitnot he Bi 3*n the active state.

1.14r on mol ybdate catalysts, physi ochemica
met hanol oxidati on

1. 4Melt hanol oxidation and its i mportance

The partial oxidation of methanol to formald
use of formaldehyde i#daaxdhraesiave p,r ogleadsteisc swhi
i n aut o, buil ding services, aviation and t
formal dehyde are formed a year, with 60 Mt €
202006s, with a growth® of around 6% per year.

Three key processes for conversion of methan
Two processes,the silver gauze and BASF pro
forsOd The BASF process oper at2eds A&t -8 &orhp 9r7a |
conversion and no MeOH r e80vVvE8 Wy WHteh teahiyidel
process is the For mox pr occaetsasl,y smd @ hatt h2ey quis @ a |
achieving a yield between 82Swnh @02 dlorc an Ve
|l eads to | ess processing downstream in reg

selectivity and yield in the Formox process,

15



Formox process as the price ub25mMeodohaeol nhaar
200203B®&/ t onne in October 2017, with the Forr
two thirds of the?Wdrelrkedorfeor mdalveed oypdne.nt of
catalysts for methanol oxi dative dehydrogen

processes.

1. 4M@chanism and Kkinetics for the pasxtial

catal ysts

The partial oxidation of methanol using air
in 1931, in which t helyovw hsoeMeedc thii wgiht ya cdafi viirtoyn
high selectivity but l ow activity for mo | vy

mol ybdenum catalysts were shown to have bot

| i ttl e d%Hocwe wert,i ocnhar acterisation of the ca

The use otafFaMpOts to formviax mdaddiethyder atclve
dehydrogenation (which is seen with Ag cat al

is as foll ows:

6 "Qb "0 %‘5 °© 08 6 00

WitlgkHatl59 k3 nichle direct dehydrogenation i s

need for high temperatures, as more energy
shifted to?%meeprcedscios. air is used in the i
avoid the explosive |imits of methanol. The
to ensure high selectivity, whilst maintain

used in intyshayet ap-12 d&tedntmes of 6

16



Despite much of the focus on f af mrmgtifonmat.
reaction pathways are often not completely e

hypothesised to form at acid?%htkestafuthbesu]

also formed DMM at | ower tempe3Mdtulryels famrdmastl
( MF) (S l' i kely to form at |l ow temperatur es
intermedi ates is | ower; at high conversions

surface cannot undertake consecutive oxidat
suraces, dehydrogenation occur s, forming for
can then undergo oxidative dehyMdetolgelnat o oma t
was f oirtmegdher quantities at high conversion
and f or nealadte htyldé®wshiurl fsacea,t | ow conversion, t

further react t o DMM. The selectivity pat't

concentration, which is dependent on tempera
catal yst, and t he adsor bkealpesgenit e sonc onacrewnd
residence time and temperature. Figure 1.4

pat hways at redox or acid sites.

17



redox site catalysed

+ 0.
methanol OHS(CJJZ formaldehyde _ o . Formic acid +|_f%2
-2 . 2 “112
2 4 A A
£ .
© + ' \ ! + '
[&] "0 + N + N e + 0O
¢l zx :|:::E ] | g T I |EE
*f 0o |]loQ o] lot o] § ReXe
S T o:l: og 08 T T
2
\4 \4 \4

CH,OCH, (CH,0),CH, HCOOCH,

dimethyl ether dimethoxymethane methyl formate
Fi gu#de Met hanol oxXxi Repiromt paph wa@dst{K-A. BThavornprasert, M. (
Jal owDel & n®.1| Gar dialeln,t e-&uxMamede, G. Fang, J. HayebubN.i sT,oua
J-L Dub-bi sCodturier andghRl yDpmedgoitl ye iron molybdate mixe
catalytic properties-dfionetdioxegame menmeinde BSn @dp yRrlidgdh t wi(t h
permi ssion Rf¥om EIl sevier
Redox sites typically wundertake oxidative

adsorb dissoci atZicvael yr,e owh idli ste ttthee Qur f ace a
adsorbed species using surface O after desol
i nsefratndOusually i ncosrwprofraactee sapneoctiheesr, Cwhet her
containing or not. Therefore, the selectivit

of the catalysts.

When <considering adsorbed surface species,
undergoes di ssoci ati ve adsorption, forming
catal yst s, assweMelt hoxyomgrMda@Ps can desorb as
al so undergoing further reacti ownOs afsorpwad\ei
decomposition wasc onobuunsdt sasmeReéh>2hioér @ fooreQ t |
presencebsaf lke surface of the catalyst i S
perf or mance. Ot hier ssinfurda reesd u(sleR) spectrosco
met hoxy species wesaendfz(den)@ owhdrl sMo@dsor bed

species were f20acmd adriy shhwsl.k Fe
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1. 4EFE8Mx0©at al yst spestfrourcrtaunnrcee r el ati onships fo
oxidati on

Bowker suggested rules for selective met hanc

ast

1)Surface | attice oxygen is the actiwve spec
Van Krevelen (MvK) mechanism and the dis
Oa2.

2)Bul k oxygen mobility is high enou’yh at
vacancies when formed during oxidation.
due to théiMfttadtl ieornvo, and t her%damebenuch
removed from the bulk. Therefore, oxygen
surface reduction as well as havierm@ an
conditions.

3)The selectivity is due to the surface sec

4)The highest ox?)aitd otnhes tradst (Mol ecti ve.

Keeping control of these properties in the f
is therefore key xt@atal yslt e c Woertk hdblg.MBO vk eed t

i mportank%sebéctMiovity, bsywi ¢ b Moo g mMdo @ act i

due to the | arger specific surface area, but
CO being for med, and overall, gives a | ower
Mo @ due to the | ower Mobeoixnigdamo roen rsetaacttei voef .

remev mor e hydr ogen at oms from t haedsmetbhonxygy

formal dehyde, | eading to CO for md&tcioonp.arTlehde i
t o “Mos al so seen in anaerobiscannmdi trikeoxs ,di sl
gaseogysl®ading to |l ower s®lectivity to for me
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Mo is the active species, forming methoxy sp
bet weeffanwlo “Mo wi th a supmpdegded toxyrmgemnxi di se
Therefore, oxygen mobility is2iMgPRomrt4et i n

supplying oxygen to the surface.

Performance is dependent on both morphology
Fe: Mo ratio is particularly of interest in r
f romOsFeMo @dst o MoREMmPcat al yst compositions, w
due to the change in oxygen mobility. I nt e
segregation of Mo to the surface i s observec
An amorphous Mo rich swataRfesaitts,ufionod)t o0adimad

on 207

The catalysts have been shown to ha®e38s3r f a
The use of SEM and TBMosegdestjsustthato Moe®Il er
concentration by migration to tsheisagrfheeact
phase. Wh e n3s/ B@MouPMo@ st al |l ographic data 1 s

F el Moso the <crystalline bul k 383sdtirsuacgtrueree nd o ens
previous studies suggesting that defective

excess Mo i s pertebaglanéd Sbareenclusions on the
XRD and Mossbauer spectroscopiys matggfesn maed

using a Fe: Mo ratio of®*Lln3thbut ntesseaded ocr

structure, wWithoUtHeowdwsei t ut hewn oOs:0defFetcd itoma't
l'imits are 7% in XRD, whilst also not commen
MoQ@ which many of the earlier studies negl e

20



The worhk gdildght that the surfagé&EPR,cididynot
change for catalysts formed with a Fe: Mo rat
the surface structure being similar across
change in ratio. Mo surface enhancemean ocC

increase in calcination temperature?ld eading

| f Mo the selective phagaeMos@@whBitr stshagdheda@ |

very |l ow specific glurfivhcehameanef| etv. 6omvers
catalyst. SHMoPhalsy grEat bul k oxygen mobil it
supplied t hexssuerlfeacctei wiei tMio @ xygen to undert ake

Mv K mechani sm. The oxygen mo#s* i HeModee !l | ows
Mo® which is the same d¢%rhree loaxtyigoem arso bridd u oyi
influenced performance regarding turnover fr
consideration regaridsimmpo rotxayngte nwhneonbitlhe& yr ed o

surface is considered, as shown in Figure 1.

The Mxi dation state is required for activit.y
to the heterolytic natur Tt mbéehameohadobksad
requirdasaeccdtal ysis at the acidic proton of
conver sibtno 8MooMd or mme thiro Mp compl ex and a hyd
t he s ulrhfeacdeehydrogenation of the al koxi de ( me

is then required to form the add8orbed al dehy
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H,O I 6+

+Q -0-Mo-O- CH,OH
/ \
O O
HO . HO OCH,
\ . \ /,
-0O-Mo-OH -0-Mo-O-
/\ / \
O O O O
. HO ocH, | |
\ /.
-O-Mo-OH
/\
H,C O O
I
Fi gube Tlhhe reported redox cycle for methanol oxidation to

formation of f o:OMRelpde Myt E@pdnm @aitMak e Bowkehe eSeladcti ve Oxi da
of Methanol on | r onl5Mo6l5y ICd®y2e0i0gsht ai(tyls t e rSmird snigeen*3fNracmr e .

When considering the MvK mechanism, the phas

The formation of formaldehyde and th% influe
00 0QLEUV ©0™M WL cOQL e VLED

With the reduction of if%pop?Caffhossadbsouif oir mg
which caaedbeéeo replenish the Mo rich, selecti
species with metha@olTlhe dM@ oltesnd iiad layl Ho why
use an Fe: Mo ratio above 2f M@Rsft ol chi D medas il
rich sur face i s the seiebticme aphase, it me M

Fe( Mos® s ref oxbnftéd with O
COQD & G0 £ O gcj ° 000 £

Whereas catalysconwenh fFowmMo®on rich phases

e . w O,
000 ¢ 0 EU 0 "0Q0 £ 0 oQ)
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This I s eventually detriment al to performanc
C Q. Therefore, careful contr ol of synthesi s
selective phases. The phase changes wunder r
using XRD and time onlinelMot@i i FsbadD@mdwisn ¢
with a Fe: Mo ratio of 1:2 was clhhesMm®as rapid

cl e2é&ars, shown in Figure 1.6. The loss of Mo th

and is the main deactivation pathway found.

Intensity (a.u)

LI L L L L L L L L L L L L L L O ) L IO L LY
12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

20(°)

Fi gu6:e Plhase changes highlighting the change in catalyst ¢

conditions for MeOH x@xitddtyisdars.u Liomgli Fé Mm®@: 375AC, 25 mg o

157.5 mL Inl neah @ B vol % MeRHpr BdtcaNd3 baei ft.h per mi ssion from
Royal Society®of Chemistry

However, Setdealijuelemt he gilaimeedhad tMoOstop th
of iron rich phases in the reoxidatisandstep.
Fe( M@t o0 be in close proximity but not with i

studies showingsctriystladtss ief sMg@i ficantly f a:
Fe( Moo suggested that the oxidation step wa
phas®é@Bhis is only focussed on crystallograp

contributiOeaand r MaoO Fheo t mentioned.
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De

ro
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Fe:

Th

t h

Bo

ro

uee eaxlp.l ored the effects of surface reduct
ttice oxygen mobility. A catalyst with an
met hanol in the absence of oxygen, which
r maled eshiytdh oxygen present in the gas feed,
not used in the réBefiown260v ACmeplkamit $m).
d anaerobic conditions, the conversion of
ttice oxygen mobility operates to stil!l mé
om the catalyst structsurfe MooGvwesh dn e phase
ich have different selectivity patterns,

rther reddust ifom meBe highlighted Dlhetéoeudy
early shows the i mportance dfi vidyeowas oveyd
talysts oxygen mobility properties.

spite most of the focus in |iterature bein
l e of phases, different preparation techni
uet taelssted | ow temperature hydrother mal Sy
Mo rati o of 2. The key di fference for

precipitation w@aislo® e xwagso nfaolr nod®Mo &t %h-er t ha
@was transfUMop@edritrog the reaction, but t h
i tiMalewgr & stable for Wot@ m&bhel shgbilt hagnwa
rgMdao®chr ystals, with a | ower specific surfac
e catalysts were also shown to reactivate
gregation to the surface. Typ2 cpédrys, | amd
er efxareemmding | ifetime by up to fourfold may
w keetr haalv.e extensively pioneered Mo supporte

|l e of different phases. This was developed
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monol ayers «®f Md ovasFdound that the Mo stay:
change in species at the surface depending o
an amor phpasr dbksO t he surface f or -6t0e0mpleQ aft aur
calcifh@hieonesults highlightedambephopsrtaneete
t he surface as t he catal ysts perfor med s
|l nterestingly, the selectivity was 92% to FA
calcined at 500 AC (similar to tbiudikt ycaumd ers
same conditions for catalysts calcined at 30
Fel Mos@a't the i nter fo@scaen db edtavle etnh eFehi gher t emp
during calmniaxdae os8fi oMdn® d , suggesting that th
plays an i mportant role in the mechani sm. Fu

500AC, haematite w@aMoj)aonndv etrhtaetd tthoe Fseel ect i ve

would form onOswawheonalkhrtlEed. A Mo overl ayer
when |l oading Mo through203 naispiweintthowedt nfewslsl
maxi mum FA yields were ~50%, wher4as bul k ca

Deactivation sipedifos mamacephadati onships have

the | iterature. However, iron mod Mouphaaes ar e
a |low specific surfabhavangaa waer wel bwas p &o Of
Therefore, activity can be | ow per mass of ¢
have been attempted, but withwsesoker $i develdor

an mrodnybdenum oxal ate preatcsoaed, whiochmedwber
catalnostt sseen in coprecipitated catalysts.

surface area, particularly for an Fe: Mo rat.i
ratio and surface area was unexpected due t

inver sle tOxeth ate precursor catalysts and copr
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Fe: Mo ratio of 2.2, had similar surface are
2.6% |l ess maximum yield, and operated at a h
yield. This may be explained by the oxal ate
fomed by the encapsul atisznwbfichroayokxal aeeéey
surface area. The increase in iron rich are
performance due to the higher oxygen mobil]
hindere@gr momwgth iiron rich areas dx0@l otwo t he
selectivity which wil!/ i ncrease in concentr
through volatile intermediates for med.

This correlated with other mechanochemistry
found t hat an isiInfke@E@MoaF ratiim M@ t o | ower S
formal dehyde,sbhdesapgi sel laOi ve iHhTmangebebeivi
trend was | ogical, as the sexgtrtegmai ioon,of wlMioc
|l ess selective. The study also highlighted t
on resulting catalyst. The chatgeai di bhét esa
crystallographic structures and morphol ogy.
increased selectivity, wi t h spherical stru
compared to | amell ar crystals, 2o MssP@wWhiel sstphei
| amell ar crystals were MoO

To concl ude, Il ron molybdate phase perfor manc
oxidation of met hanol t o formal dehyde. De a
devel oped, and the | oss of Mo through vol a
However ,i xwedl Icamal ysts with high surface ar e:
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.Bropane dehydrogenati on

. 5T.hle need for propane dehydrogenati on

opane dehydrogenation is a key industrial
oduct. Propene has a wide range of wuses, W
nufacture of polypropene (PP), a thermopla
polyethene in terms of pol ymer product.i
nufacturing, and construction, whil st al s
opene, oaxdrdyel ic acid and acrylonitrile (al
nnage of propene produwelwiitchn awa se xIp3elc t Mtd ii m
mand to 191 Mt by 2030. The gap between st
bel |l edpraos gtalped afs current technol-pgi pesear e
chnol ogy (not dependant on other coproduc
oduction of propene), therefore productior
oducts formed in tdre purogeses, dihregcetf odehy

opane to propene may be a viable option to

the mar ket .

.5.2 The current means of production and th

rrent technologies to produce propene are
talytic cracking (FCC), which are not pur
l ely, and propene production in these proc
rmediypically ethene is targeted dependin
oduction, leading to a drop in profene pro
based on heating fossil fuels without oxy
5 AC, which are very high temperatures whe

ocesses (the absence’®kesantexiS€Cahavingtheh
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efficiency, forani ndhel ihtt tglhe tteampeo aCOr es requ
energy, which typically producdbeaehargy amg
combined with2ptrhoedussmaloln CO the process eqgque
annually, whilst well established nd@8ptha ha SC
produces |light al kenes at a | ower operating
compared to SC, by incorporating -mr chuatlyy.stA
wider rapgedattby including CO and reduced
atom emynwhen targeting propene, whil st al s
processia®C caorsd SFCC are the main routes to i
accounting for 81% of the todaspptedaklt i ome wi
i mpacts on t h°@Otehnevri rionndmernetc.t routes, such as
using shale gas or <coal are gaining interest
(another unsustainabl e process-) enebwabl teh easned

i mpacts on the ercwiarlorn me mtnyo fc aypsaicri §2y i s wel |

1.5.3 Propane dehydrogenation to propene

So, another means of production is required
proc®bsgiously, catalysis provides a gr-een ro
purpose technol ogy o fdaehrydramgdeutradt iigaeo gcFeCiCe  wh i
catalytic but for ms ,a dne pdeen dreamncgee oonf optrhoedru cctosi

prodget bene pwioduchnowonhi nder supply. Propane

a higher gl obal war ming potential when anal.)
compared to naphtha, but the atom economy i s
reactants, and otheenéwadbeocks are non

The dehydrogenation of propaneitilor e ogiemnfee rc
processes. Direct dehydrogenation ( DDH) i's
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oxidant , whil st oxidati2¢©DEphydmnd@OE) i on U

al so have been investigated. DDH is endother
hi gher parti al pressures of propane and | ow
are also |limited due to coke format%®on at th

Undert akiOngl I0DHi at es both these issues, as t

the feed means the reaction is exothermic, t
addition, coke formation does not occur but,
CQsometi mes being the major product s. Cat al
alkenes is |l ess common than in DDH but can b

in Figure 1.7, 2carehelfeedtcah loif20miOthvevwer mni

mus remain below 100% to be op&rating in an
propene  * 0.3 0, acrolein
-H, R
C,H, » C,H,0
) o
cracking products A propane 3 % 8
—— Y
CH, + C;H, C3Hg & o S
by
3CO, C,H,0,
carbon dioxide and acrylic acid

carbon monoxide

Figuv:e Clommon reacti on-OpaathavMaytsi d opr dODeHs ses wi t h Mo ¢
overoxidation, combustion and cracking a

ODHCQi s si mi l-@xi nt a h@QDRH0 t a d-poygmasu cH but the

-

more endot her mi c-CQOQhgdfro f DO 4('@D@hmat ed gHo DDH
124 k3J). mon this basi s, the reaction would se
of hydvioglkeen reverse water gas shi ft react.
equil i brium in favour of higher propene yi el

during the reactign foamimgadtO wdiuteh t@O t he r ¢
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reaction, which can be a factor a%The mpessat u
of prwidahcet si de reactions mentioned is a dif

as coke formation (and therefore reverse Bol

at | ower temperatures, whilst dry reforming
to | osepehepselectivity &% either end of the
As shown in Table 1. 3, each re#¢cits onhdasenlay
reaction which 1is not thermodynamically |1
temperature to the other processes, whilst o

processes have to be cy€Readst@a rneomweve ad @mkne ,e
than DDH. Themawpwrkee &®DWIi abl e option for pro

the | imited coking, if the overoxidation can

Tabl3® ®A. summary of each propane dehydrogenation process.

Proce|Yqg¥k OperatiBenefits Loss of
(kJ ol temper g performanc
(AC)
DDH 124 55-850 Val uabl e s/Coking, cr
product x |
formati on
operation.
ODHO2 |-117 40600 No coke foOveroxidat
no cycling
ODH 164 45600 CQutilisat{Dry reform
cQ cycling propane, r
Boudouard

1.5.4 CatalystsOxor propane ODH

To activate-Hyorboopnadnehbasa t@ be broken when <c¢cr a

(i n wii dlbon@ activation is of I mportance). A
dehydrogenate propane, i ncluding nonreduci bl
Prompe i s easier to activate in comparison to

strengtHh imf t@e met hyl ene group predemdandn p
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strength of met hyl groups prese-Allt bondset han
met hane), whilst | onger chain saturated hydr

through asorption.

When considering the interaction between pr
necessary to have the cédlrrbeoontd shiutte ntoa & oot icvo
propene for med, or have active sit-Blsbdbod di
ener goyr oopfane i s gr edait érontdh &m ealglyy Ipirces@nt i n
to alkene combustion at temper @%awr evelrle i rte
C=C bond in alkenes |l eading to stronger bir
increased electron densit-€ bomndds heEdriny Ik iom:
mechani stic staddedMs@pportveDd catalysts high
apparent activation energy for propene deh)
combusti on, suggesting higher temperatures
met al oxide <cataH yad¢tsi veaxtpiloonr eidfH @Ercap avraed i and
propene d¢dbeursaate active site, and so the d
sequenti al dehydrogenation <can occur i's ke
di fference Iin enthalpies for associative ads
cat alggidatds)( i s therefore a key determinant f
activity and ogltdpxcdatbeni Theukeasedpbygpehei

of a c&talyst.

When consi dbearsiengpraocpiedrti es of a catalyst, t h
met al cation | sdatedremiamdad bwhitcthe iesl ectronega
wel | as the? rowhereadiiis(qghargealamal. rA ilsi gh

el ectronegativity represents a s#trmomngdruele vBi
both <crilteewiisa,acihde Stompgt & tafnodVMws | ower . A
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mentioned pr e?vanoiuosnisy ,artenet hCe active moiety i
and their basicity is influenced by the met
t he met al cation decreacgesni omlse ocomjemgate il

Therefari,omds associmdiedat ivest harveO morxeanldasi c

WO.°8% Qhas a weaker interaction with propene f
"-bond in propene wil/l be r ep?anlieodn . moTrhee wi etahl
interactionabetweepeiWN® is |l ogical as $Hrmreater
wi || |l ead tOo bangtrarmgerdMfore #he teweti viOver
intermedi ate reducibility, weak Lewis acid c
for an effective metal oxide catalyst.

l1.5Vanadix¢ pE¥®ed catalysts

Vanadia based catalysts are |l ess I|ikely to f
Mo@and xYWOdue to metal oxide properties previ
Vanadi a based catalysts wer e first shown
dehydrogenation of propanéO O/ ODHEHsC eavn Cdr § iecn i
of 6.9% sdesdel @ c€i vity of 53.5% at 550 AcC. T
terminal bonds, unli ke 2ANOeand INOs) Thas &/ss Ot e s |
bonds were shown to be necessary f®%ntdigh p

Bl asco and Sliomp eszubNsieeqwent revi ews.

Early work al sodifopxarsssieadn omhe&/O t esting suppor
VG*pairsOsiwear¥® found to be the activeO¥)te bu
were found to be a source of overoxidation.

acidic supports reduced dispersion die to tl}
and acidi é’fosumpogt sa, | arg@&rspaemoest whi &h i n
activity, compared t o) .i soHeart efdor\Ve ,s pveacriyeisn g( \
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support to increase dispersion whilst mainta
l ead to |l ess active phase present) has been
|l oading of the active phase on the support
| dla ng mechanism. The dependence of | oading o

by Z2Hhat r eaSiiz@gpports to diff éTehret hheeadat ttrreeaatr

affected t he silanol concentration at t he
decreasing silanol concentration. The silan
VOGl] which was grafted onto the surface. The
for a | ower silanol conuesbl atiednsibets, diwd ey
silanol concentrations prodiwucé&depobhyamkbysts st
hi ghest abundance of i solated monomerCs had

exceeding other catalysts tested.

Grapt tadstedsuSpports with wvanadi a, whi ch wa
di spersi on, with monol ayer?foov ér. 2g evt &c H ioeavdd
wt % o'fwaNa doped ont o txhef ¢umfNsEgaenSihfor$in@ sit e
the surface, rather than the typical silanol
vanadia species, which in turn increased the
change the reaction*wasenossuigmgechtved itmeadN@ai
an increaseWHdweyper sidopi ng must be carefull
K‘usi ngé Kslulpports for vanadia supported catal:’
vanadate, which®>vhe seagetgatiuve. of the pot as
caused by the strongxainndt,ekrha ogthil a g hbte tnwe eérh aM O ¢
design must be considered when attempting tc
design is obviously compl ex, with dopants e

oxygen mobility. Despi tmee dt,h ec ounnvseerl seicotni vvea sp h4
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selectivity was 64. 5%, a comparable selecti
2014, and nacrmumcshd conversion when compared
which may be due to the | ow WHSV. Testing o
3\WALI0s%fand /8001090 d propane conversions of
respectively, and selectivityds to propene
appraise the dat a, productivity-KWwdshadl tbhkat
greatest productivityy-Aldhand c/Bpared tbe 3¥Vil
support treated at 1000 AC), -Kh€dt malye bienduea s

the increased reaction temperature (500 AC t

Acidic supports are favoured for activatin
Support influence, however, can be detri ment
such -ASMHwas wunsuccessful due to pPpdoapene® se
the support activating propane and propene,
by the beneficial use of acidic supports to
i sol ated Vawsmpietcs )eswdnWVe® more reduci bl eOst han p
I i ke) 20amnrdy st @Thet dependence of catalyst perf

was covered in a revateSfwlhincl OHidglblyi CCatwe d rtoh a

units are equally active. Local geometry and
and therefore t he perfor mance. One par amet
formati on, was a <cl ear scaling parameter t !
poteonfi ahe site. The scaling parameter highl
potenti al met al oxide catalysts for ODHP, a !

the formation of oxygen defects (the wuse o

mechaniklkimdh iwn turn must be r e?vaxgiadinsed to fo
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To counteract the acidic suppoxAlOswatu i Mg Oo v ¢
(a basic oxide) was tested. Higher MgO |l oadi
with the understanding that fewef’Hawedec, si |
the Mg doping al®obiomdl séenmneaeadthhei icreasing

increasing Mg content. The increase in bond

the O to perform oxidative dehydro®d€aati on
compare with wundoped suppowRAzudiomgi agdi3p pnit
met hod @EA#dticnga sol uvMQaonmnd oofx aViIH ¢ aci d) was fo
a conversion of 12.5% %&wmhdi csheliescthivd h gr otf h arrb

selectivitybacsfedotclaegral WGt s .

Research coll ated here clearly showsta&sndeod

a high selectivity.-ONudothadst,heraebeeancevidfh W

A particularly successful met hpadt t ®y fi%nhce seiass
Supported catalysts have typically been | oad
in varying |l evels of dispersion, whilst supp

may hinder dispersion or the activessmag per
bl ocked dependfi®hlye ochi 4 weardsingn is influenced
the density and strength of anchoring sites.
surface properties of the support, as Il oadin
instead, theiapersedsittheoughdthe support. T

el ectros@uiii WMre catalystsZr{Pdl sofjp@eodr bedyr et b

di spersion and, when compared to incipient w
absenc®Osorfy vt al | iatmes Vatl ‘dlaldéd nggne pot synt hesi
i mproved the performance of the catalysts, b
performance shown in Figure 1.8 for fibrous
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papers (reference numbers in Figure 1.8 are
nor mali sed for mass was presented by the au
propene producti-wnotmaktliseadl gatascaonnbe misl e
(convmercdam be boosted by | ow WHSV)
1,8 ( )
1.5
._:A W/IF=0.1 g'S'mL'1c3H8
8 o F-PZr-V6.4
o172
o -o-F-PZr-v5.0
(]
- o F-PZr-V3.7
229 | «F-Pzrv2s5
£ -F-PZr-V1.3 / 0
306 )
o Ref [241]
S
o o
03 o Ref [262] Ref [212]
o zzR;]flzziseflzs’%fRef[zzop
0 Ref [232] .Ref [200,201,219]
250 300 350 400 450
Temperature (°C)
Fi gu8esfdproduct r-Zwdtfyi mfe Vcat al ysts prepared via a one pot s
[ 20D] : Courcot, A. Ponchel, B. Grzybowska, Y. Bar bgux, M. R
1993310218; ReR. [@GOdBHowski, B. Grzybowska, K. Samson, J. St
Catal .15, 1124994 Ref L[ 2Y¥Y2Rn, S. Bhatt, G. Beaucage, V.V. Guli
J. PhysB,CRkRAa®5,232%D5 4 ; Ref [219]: P. Viparelli, P. Ci ambel
JC. Volta, MpAlABucamdnl .; RB8f ghRabdtigetu, W. Li, H.2X@&®4, R. K
9412-%29; ReB. [2B&adrigetu, W. Li, R. Kief,2@9252H:-38Xuy, RrRdact .
[22A8]R. J. M. Mattos, R. A. da S3.l vBEeonSanl .GjM6,0PM,&2.2-9\8.17 ;R oRecfo , J .
[ 22W] : Dani el |, A. Ponchel , S. Kubagr yv,., Hndkmdzi,nge 0 2WeT oam.a n(
2 06 57 4 Ref P[ 28B82] zMonraiucleta u , A. Pennequi n, B. Grzybowska, Y. B
24%5%7; Refy.[2M1]:¥Y. He, T. Chen, W. ,We03555 P250Ma6n;, RAepfp I[.2 553u]r
B. Y. Jib+Ziahyr a®.iM. AAIE. Abasaeed, ,ROQABZTINE4S4;, RKaM.al.2 6BEdornsmaunn,.
F.C. Thyrion,2008158%27Regpgaynted fromm26ad al.-HTe@dhegmg-J. Torre
Li 18n, M. O.-P®Fueezr,rJe.r cRoda s gluge®. Cordero, El ectrospun vanadi
di ameter fiBartchtaPyeparation proceduild-41a80dCopp@mwdgdet ODH a
with permissidh from Elsevier
Further wor k undeHitdaak éggnha bgyh | Tiegrhnteerdo t he- i mpr o
ZfO catalysts with the doping of Me,0% a&wirng
t he same c’éWivtehr sMoo nwt % of 4.3 and V wt % of 0
V is actually the dopant, but both metal <cat
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as conver sdamlny ffoirbrMos was | ow, even at 480 A

when working synergisstepal|l Byntwhe®i sv. aglrehien ofn

mi xed catalyst, without the need for i mpregn
weg e avoided. It I's chemically 1|1 ogical t hat
established that the Mbarmiadno,n tfloemsf drees so\bea

l i mited. The bas%anitoyns nivro lrveelda twii anv é@s iVors.t i |

As wel | , there may be some electronic effec
acidity and therefore influencing redox cyc
bet ween Mo and V thatallow an increasyed rea
basi?an®ons. Other studies have found a ratic
on 28lachieved a 10% yield, with propene oxi d:

oxidation when comparédd/QicatMd yshlsy coamak ggn
Mo were found to Hawenan nign emeasged Which | im
The presence of Mo also increased t%haendconce!

Vicati’édns.

To conclude, vanadia based catalysts initial

strength of the cation and the oxygen basic

sites is key to selectivity, but t huipspoirst sdi f
which are acidic and i mprove propane convers
but negatively influence conversion. Many di

have been attempted but are seemingliygueismite
are | imited, but i mprovements have been sho

syntheses as well as the use of other dopant
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1. 5Mo6 based catalysts for ODHP

Mol ybdenum based catalysts, daspohe maet il om
previously, have been extpltaommepd!| edr aODHPer @&\
on M#éd@sed catalysts, which hi gdblaisghlt edttah gts

are superidt for ODHP.

Early wor k shomwad atcleatc oM@®0Q & per namdc iZp Oent wet n
i mpregnat i odi mewassi otnvad pol ymolybdate struct.
doped MchZaOysts were compared, which showeo
more productive catalysts, because even a s
Cs) inhibited thg mwéduwdhi bisl iHteygad fr eda ®on. CTh .
doping did inhibit complete combusti ot due t

sites, mphren ngo t he rel ati ve r adHec oonfv eorvseiroonx.i d «

Mo suppopbp-A®dwiotnh varying Mo | oadings was te:
l oadi ng i ncreasing conversion, as ex'fected
Catal ysts wer e tested at di fferent t emper a
temperature increased conver si2ochonvheavwda \welr ,w a:
100% (linear relationshi pHelaetdwieeint ht2/das @ on v e |
conversion ratio of ~3), suggesting that the
environment, with the end of the catal-yst be
CQdue to the producnttieonesofi n€Ogot seigonitfivca
i mprovedDDH otrhC@EH vi ronment sHe)Yiienlcdr e(a% ed@ f or

|l oading and temper at mrod, aass I ndll arctnicweidt yoywats

convetianicoerased. The same selectivitytpattern
same active site (octahemddal | Mdepencecéasnt wafs
performance being independent of |l oading con
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strength i s influe'dwbdl shty tMoe |coocandpilnegt,e cor
hypothesised to be undertaken by the bridgirt
( MO-M) . Ot her research on Mecil yystda Inlgi tfeosu nfdo r
|l oadings above 42 5 aBo watbmsasnmn abundance
regions. Crystallite regions reduced the 1 nf
selectivit@s,/>Thel i-keepeVidence of axcgtivu ¢tyuracen
suggest edvaMo@® el ati vely insensitive to disp

comparedcavbalNPst s.

Research shown on supported catalysts highld@
i ncreasing surface area and having chemice
conversion, typically i2nteomglti avattihnd hteherop
speciation and negatively influencing the
mol ybdates -Mo @prn «dlodeywh®r e M i s another tran
Mo ) have al so been explored. Using mol ybde

beneficial, due to high oxygen mobility and

A study ebty’&®Yloowmed trends with different moly
depended strongly on thexhmebtiatledc atthieo nhi gCoeM
productivityshwlwieldst hdi M0oQhest activity. The

met al oxides -bhat phowesbieds ( Mg®@ejs; CaRD, Sr O

and ZnO) all showed high selectivitw bluhte poo
activity and selectivity trends are | ikely d
cati on having a nwewikteh prmdepermet itd at i ncr e

I nterestingly, redox aavxsDv;e w01y b d aMoegOs2 s uc h
were well known components for propene oxi da
of propanceooxwiedveetri,ont;hi s may be due to | ow s
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to other tested mol ybdates. Further reportir

have shown certain trends, with quantified d

Ki netic stQodinmosl yobondaNies were conducted to fu
the kinetics of ODHP d9Y%®oampmaliynhd amoed ed st afl oyr:
adsorption mechanisms highlighted that both

same sipeopewnthadsorbing much madroe tshter oancgildyi
surface. Model ling the Kkinetics highlight ec
domi nant but did highlight a slight deviatio
t wo oxygen atoms may be involved i n ttmeentr eoX

for the oxygen interaction.

Ni MelfDas been shown to be activeMgfMosO ODHNBL.O Wh e
has a | ower i onicity (the é&xt dntwea datnadlcy gty
suggest the bond i s weaker), which may prov
catalytic behavi outUNi Mec@as@ ar Ms oins thypitdhal |
octahedral coor di nG thioonnd,, b-iNn hMaliGsats | @ ntge tMoa h e d r
coordi%@dar emfrautlal yti ¢ design must be undert ake
A simple method of forming each phase was by
i n which NiweraemdgrMoWOnd together or in sequen
toget her UNif doa@d-NigMeOespecji-NviBlo&Hchi eved a hig

yield when EMMped edenowi th a | ower surface a

ratio at the surface. The r@shonaséd ismggeest st
all ows for a bkettey omggeasmopiactivity for
devoid of wet chemical solvents and waste, |
typical coprecaagtidgdlajystonwads Mo®Os t e d, which is

the unselective Ni O phaselUphasewaangrkedoman
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yi el db-NihMenO However, the gri bBNi MglDakta oldi dloen
yield and area specific rate compared to cofy

Ni O.

Catalysts formed with a Mo/ Ni ratio of 0.4
suggested to bebNduwa/®BNDModaet iha ,ghf or mi ng the ¢
abiiWiyhUNhMae®hase mor e RNitMaMRe,i nagndnor e sel ec
a synergistic combination at hi gher Mo/ Ni r
formed were supported nickelviaol ybnpategnatt

technique onto an Ni O support and therefore

the results, due to increased diffusion of r
i mproved coke resistance. The woo&i hyghhcgaa
yield whent @¢domplak edat al ysts too, I n part due

but may al so expose different facets of the
ar e di fficult t o prepar e and form a sel ec
contaminationpofef 8r®&nt walilkhw overoxidises pr
preparation techniques have been found to i

need for careful control around phase compos

1. 5Rurt her oxidation of propene to oxygenat e:
A wel l under stood | oss o f selectivity is t
combustion product s2. s Ufoder mat iCoOn aonidh a@S® baenedn CC

shown to be the route to overoxidatiéh for

however, oxidation of propene can also form
which can then be converted to acrylic acid
oxygenates can be formed from the partial ox

by Breagta 2aHi ghl i ghted the thermodynamic co
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competing routes, including th2oloxghyldrapawr

ol, allylic oxidation of propene and oxidat,|
competing reaction pathways, kinetics plays
is achieved, whilst metal oxi de catalyst pr¢

selectivity.

CH,CH,CH,
+0-5 02 'H20 +0-5 02 +0.5 02
A 4 v _H 0 A 4
CH,CH,CH,OH CH,=CH-CH, <«—>—— CH,CH(OH)CH,
+0.5 0,
'Hzo +0_5 02 CH2=CH'CH20H 'H20 + 0.5 02
-H,0 | +0.50,
v +0.50, M v
CH,CH,CHO ——— CH,=CH-CHO CH,COCH,
LY
-H,0
+0.5 0, +0.5 0, -c%z +20,
v +0.50, v v
CH,CH,COOH ——— CH,=CHCOOH CH,COOH
-2

Figu®:eThle main oxygenate products of theApdapfiealppdxi dati on
Cat ,14,34. M. Bettahar, G. CostentOinnthe pavaiwlJoRi daavalnl @y
propylene on mixed ,h metagle so Niod & 9 Cétpaylr i thope( mi s$3 on from E

The review highlighted tMo®t cabbhygsss, dpanoi
activate propaneprapdndotoefot mwvathol ein at
The propene conversion t o acrol ein I S expe

( O=Mo

0) sites at the surface, with consecu
|l eading to for#wtitbnMofFOabebhgi hhe active si

Mo=0O may be active for propene oxidation onc
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FeMo catalysts for propene conver sieotn, atlo. ac
showing FeMo catalysts were active for prop
presence of Bi . FeMo catalysts (ferric mol
showed a 34% conversion witR‘Thel@®tabklyhetsi Vv
study exhibited the same amorphous overl ayer
with propene to produce oxygenates, increasi

iron molybdate catalysts for ODHP.

1. 5B08r on based catalysts for ODHP

A novel <catalyst was reported in 2016, based
using hexagonal-BM), owhinc i-B N lWteovg hawwe si mil ar
V-Si20 but Dboron nitride nanotubes exhibited
t han Mda&StiaBYntter esbiasgldy caBal ysts are- not a
oxidati vedbcwqgla gtiiomg t hat t he sutrof afcoer nmussutr fia

groups that are the active moieties.

Subsequentl vy, the Hermans group contifqued t
based <catal yssd€s I nBllwediemg aB B, and WB and
selectivity was the same at i soconversion f
necessarily involved i n -BN eanrde abcotrioonn nmetcrhiadnei
( BNNTYhe activity correlated with the conce

for medunBd®r reaction conditions, the active |

The |l oss i n skdseaed icvattayl wittsh vBas due to the f
thany, Cohich is -addefercheaml oal . A change in
therefore be occurring. The neetch8lni svini whs t &x

use of synchrotron radiation vacuum ultravi
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( SVWPV MS) detected met hyl radicals wunder the
reactions may di ctiatna:pChoed uf cotrsmawh eomn loifn kCed t
Venegdasla.l so highlighted tphe siemp cardtiacrad es onmfh equa
based cé&% al wasssuggested than propyl radical
as this would | ead to similar selectivity g
However, tPHeMSSYWVINd no propydharsaed,i cdad sspiitne tl
able to dé@hecmet hgem.r adi eC Ibso nfdo rcrheeda-bfargaend oGr e r
catalysts are hypothesi sed2proo douwec tr esseploencstiibvie

met hyl radical coupling.

Bbased catalysts are now the most producti ve

good performance when compared to met al 0 X i
productivities found compared to metal oxide
undershgndre still developing and is very di
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Tabl4& ICompari-somMorfdhbB8sved catalysts for the oxidative dehy
rel evant metrics, including WESEWr@weioghtT Hdempepaceaeregl ocio
ofsHg , S (selzldtamdt produCt i vity.

Cataly|] WHSV |CsHs: @) Tem|con| S productre
gcsH@catht (1:x AC % % 4B | mmockngtht
V-Z¥O f i b 70. 8 0.5 400 4. (064. 38 [
va S O 4 .7 1 500 30 60 18 63
V/ S O
(organot 118 0.5 525 5 6 6 8 2 90
grafti
M@V / 4 15. 6 5 500 34 29 33 7’2
Mo /2843l 3.9 5 500 32 29 8 7’2
Mesopor
2. 4 2 50011.|60. 3.5 91
Ni Ma O
Ni Ma(OMo :
2. 4 1 600 32.| 48 7.7 81
rati o o
B 152 . 2 490 9.9 83 280 86
Macropo
93.9 1.5 535 20.|78. 320 92
BP®

1. Supercritical antisolvent (SAS) precipi

It has been shown in Sections 1.4 and 1.5 t
structure of the precipitates, and the resul
i mportance for both met hanol oxidation t o
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dehydrogenation of propane to propene. Wh e 1
synthesis techniques can not only i mprove ca
properties which increase the catalyst perfo
bu t may uncover -pnewersttyrucebati onshriopse.rt yhe
relationships can be uncovered by new synt he
precursors and provi de significantly di ffe

compared toyprleesiosstechni ques.

One method of synthesis is supercritical an
met al oxi de catal yst precursors through the
solution when the solution i S mi xed with g

supartdrcailn CtOhe precipitation mechanism and :

mechanism for metal oxiidae epdescocuseedf bumatbie
1. 6.

1.6.1 What are supercritical fluids?
Supercritical fluids (SCFs) ar e of broad C
properties. A supercritical fluid exists in
and gas does not exist. Supercritical fluids

above their critical p®intandBelrowi ctTaeé dgasmpiec

and | iquid can coexi st in their respective
defined as the boiling curve. On an increas
become | ess dense due to ther mal expansi on
dexnity of the | iquid and gas become identical

gas becomaxs snemt and the formation of a homc
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Subcritical] Supercritical

Pressure (bar)
g

o
—

Subcritical

-

-78.5 -56.4 311
Temperature (°C)

Figuite Tempepragsusrwer e di algirggh ifgpht iClDg the dFf ferentephadasefd
under Open Accesms 1GQC .BIYs. LMolLab®wireur, M Ol | er3ad38d4nd D. To
20 1°8 .

1.6.2 Supercritical fluid properties

Supercritical fluids are of interest due to
gases. They typically exhibit intermedi at e
|l iquids and gases of the same compound, as s

Tabl% Tharacteristic magnitudes of thermophy®%'ical properti

Dens Vi sco Di ff uscs

(kg® (cP) [ (cis?

Gas 1 1 10

SCF 30-0 0.3 11¢

800
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The viscosity of a SCF i svissicnoisliary ,t owhtiHhestg a s

closer to the Iliquid phase. The SCF propert.
such as increased contact bet ween phases th
bet ween the supercritical dbahdasndr gamiec P
when <compared to typical organic solvents.
properties of l i-qukeds di bubtsihawveprgaperti es,

applications in extractions, odatnaltyetriicalrse a csti
catalyst precur sor s. Anot her I mportant pr o
compressibility. SCFs are highly compressibl
controlled depending on pressure aansdi kemper a
I i qluii kde . This is wuseful i n separation proces
and that the solute solubility correlates |
tuneabl e dissolving power), and tghdrmef croe veC
processes, separati®®ns and precipitations.

With the properties of SCFs being tuneabl e,

materials research-anglamtainoyHaflie | fesse mi cB8CGFs

catalyst preparation can | ead to inaccessibl
precursor s, with | arger surface areas than
sol vot her mal me t h o-dasn dd wnea nto@ atr h & c imd cl f @arsmatthieo
formation of an aerogel. The accessibility
structure is particularly wuseful for catalys
size can be achieved, whilst mamprghodoussochuti
pr ecurTshoerrse.f or e, it i's necessary to explore

i mproved catalysts.
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The i mportant understanding of the perfor man
from phase behaviour, diffusion rates and el
been mapped for many!%idlt he ctoampWwietxh red @d®i ons
the SCFs and organic solvents, typically in
introduced to one another varies depending o
required cannot just rbcki tdiegpresrdfecrt ol SLCrFts e
binary mixture between solvent and supercri-t
or extraction. The phase behaviour becomes
cosolvents is used to en(hemtcreaithmer sod bdad d d lt we

becoming a ternary mi3»stol i voeonstid| saimpter cTh e i miad t |

poi nt ( MCP) then becomes relevant . The MCP
supercritical phase exists, at a conskistent
conmpsi tion plane. The conditions in which t he
beyond the <critical poi nt may i nfluence t he
influence extraction of a solid from a solut

1.6.3 Supesg(csrcidp@ c al CcO

One key supercritical fluid for extraction
formati p(hsdfpO CIOn extracti cacpoocesskesr 98 %Oo
the process. Superarwidealt alc®Pe of applicatio
for both food and*pbmr matewstyintd dleses, pol yme

precipitation.ch&spemportanal pCOpepltogisvaeucho

t oxi cf,l snmoma bl e, environmentally unreactive,
desirnradgreeeing with major themes in green cl
deemed wunsuitable for safe | aboratory wuse ¢
propane), hisghorcopoo( CBBI vadi nglhgr ogppheyrstiioecsh e
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properticzasndofot@@r supercritical fluids are
shown;hasD a critical point that 1 s easily ac
and 73.7 bar) , maki ng It a viable option

precipitation, asbwehb atkbysavnendef aCDon.

Tablée Tritical temperature a8 pressure of common SCFs.
SCF Tc( AC) Pc(bar)

CQ 31 73. 7

H20 374 221

C2Hs 32 48. 7

C2Ha 9 50. 4

CsHs 97 42 .5

N R 132 114

N20 37 72.5

CHEF 26 48. 4

1. 6. 42s¢kCtOhesi s technol ogi es

SCFs can be used for the formation of precip
saturation. Super saturation is when a sol
concentration | imit, f or mi ngoias stem ae iatt ree rs t @it
the solute and thewmiracalpangexplhasdemsi by use
to supersaturate an organic solvent by | ower
sol vent (supercritical antisolvent), causin
sol vent, causing ppetiapivpatirems.ul Tee fpoeci a
typlilcyaae from | iquid to solid, without t he ne
precipitate. The control in varying the supe
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in nucleation and particle size when changi

access to phases that may not be able to be

techniques, such as coprecipitation of hydro
nuedtion rate and smaller particleshaifThareor
typically not accessible through solvother ma

under the conditions to accompany th&®physic

ToQaXaTHOACGRIT IO+ Ge Ut RYUKOY NntIOt 2 GUJI Al RaqRHc OOt Y

RESS is a process where the solute is dissc
expands across a nozzle or capillary at a hi
rapid expansion |l eads to a drastic dreop in d
a high solute supersaturation, caust®hg small
The RESS process is |imited by | ow solubil it
the process is scaled for | arge plants, noz

formation and the rapid expansion across a

rajpiener g9 |1 oss.

ToQaXaVYOE2e GUI Al RqRHcCGIOC UqRt Y2 UQqOé E ERIOGI UF

As mentionedn 8ac€COas an antisolvent. Firstl
considering the formation of metal oxide pre
Typically, these are alcohols (methanol, et
depending ool obbt hi tyhweofs the solute in the o

solvents misciblihiggsiantsicC®dl vent ( GAS) pr e
expanded z2isrevec@O times to precipitate the
comprsed antisébvenn (REAcontext of this wor

solution is sprayed i+4xoah weszs3skE Iitechadoiungge Cté
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precipitation on theandtomadrei eni xo0lInyge tf sclCO
expanded sol vent mi xture has a much | ower s

|l eading to rapid preci-piicrmacnion!@dr miclresni c a

GAS and SAS both operate on thez2isammi paiinlce ¢

the organic solvent, |l eading to supersaturat
stesdywte aodntsiemuous; GAS precipitation 1is
steady state, due to the conti nu®@®solewxemtn s i

mi xtur e.

At omi svaitai opaxi al n paznzdl es o(ltuhtei oOhNO ar e fed into
the same nozzle with two different |ines) | e
the organic solution is expandedl fapmdhyg a
consistent particle size. Wi th the SAS techn
t o influence the particle mor phol ogy. Spec
pressure, temperaturefl ewluaienahdowozalke, gé

coneiadtions with the solvent chemistry such
met al salt concentration al | need t o be C

precuvsAS precipitation.

Anot her benefit of SAS precipitation is the
contains the metal salts desired, washing th
compared to other metal oxide formation proc
may emove impurities involved in the synthesi
basic impurities. Impurities in the metal sa

mechani sm does not require ad-dbt waenntails ocl hveenmit

mi xtur e, therefore | imiting contamination b
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physical transformati on. The physical trans
chemical transformation bet ween t he three

coprecipitation techniques, a base, such as

the solidpn WwWbadhto contamination, but this

supercritical fluid materi al synt hesi s. Many
as precursors, which evol ve gTleméafoarse, gtalse s
of nitrateet gt ypdectaylllaycart onates or met al ace
processes) iI's a step towards a more sustai
precursors used i n SAS precipitaatencomayail
chemical s, and a full busedciym!| 8A&npt gsi pi 0

need to be considered.

As the solvent is expanded and therefore flo
not necessary. However, depending on conditi
Supercritical drying is a process thvatt hf orm
controlled shrinkage as the solvent is extr:
xerogel (uncontrolled shrinkage and morphol o
which is due to the wiimhdpawdWeobhgelhs tsppive
mai ntain the porous structure of the wet gel
xerogels as well as |l arger specific surface

applying supercritical drying naot e3SARK I gr eainp
for med, which can have enhanced properties

formation of metal oxide precursors.

53



16. Metaxi de catalyst predwer SAS snenthlobasi s usir

1.6.5.1 Precipitation mechani sms.

First considerations for SAS precipitation i

scCGO As 2csC@ohar, pol ar solvents haveThleow n
ot her consideration is the surface tension o
tension on the precipitation mechani sm. Tw
formation of particl es: j et break up and ge
i njedctsol vent is fullay @®GdscmibXieng ni & heu csh CtOh
formed, tlhea static equilibrium surface tensi

scCOs Z2%¥red. burpeaiks the atomisation of the |
surface area and i mprove mass &r a@musf @rheb etuwed
tension bet ween organiic goleacrt améadnseE@Oo,
mul tiphase system is present. The 41 qluhied dr

aut hors highlighted thapthatslkee crowmldtiitp lbhaase wemr ¢

dependant on pressure, but on the viscosity
Operating conditions can also infl uemcend he
gas mi xing. Varying the pressure and temper

operating point when -binnareyl amii xotnu rteo crhiet ipcsalu
pamit at which the system aofe tbhoet hs ostuvpetnetc rand
pseubdionary MCP is dedcniabgtheasnupseeudocan cha

on the conditions, whil st t he-l iogrenatlii bbog i p m

di agram wi || not change. This is shown in Fi
fmothe MCP | eads to different particle size
tension, and then a change in nucleation and
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The relationship between phase behaviour <co

can be understood in thrtree well defined cond
1.Subcritical conditions: when the owperatin
is observed, l iquid droplets are for med,
specifically in the case of both acetone
surface tendieamg alawawse zer o, and - a hom
antisolvent supercritical mi xture i s not

high solubttiln ttyhefprsecesC-Quri sed organic sol
transfer of the sodovcecnurdseiunn besé@decobndikt iCc
surface tension is sufficient to all ow
mor phol ogy, even when precipitate is for
occurs at the dropl et oshuarsf ssaued fawea retnud lyl yr
di ssolving power of the solvent, |l eading
at the same diameter as the expanded part
2.Near above the MG$ol vaesntt hseol sidli wepent er ¢
(multiphase) | eads to atomisation. The st
zero when entering through the nozzl e. Hc
the MCP, the gurafdaad |tyerdsaildrs to zero. Th
l iquid droplet precipitates butfohmi hgqgan
phase, | eaving spherical, nonholl ow part
atomi sation upon entermiecg pihat egssaek, sapé
smooth, suggesting that one particle is f
(effected by solute concentration) al so

viscous |iquid forms a | arge particle.
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3.Far above MCP: gas mixing (single phase)
observed (for acetone and DMSO in the st
reaches zero beepg,orkegceittnoghrpeearkigacsl e nucl ee
growth mechani sem utcleaedr eggafotwearh. oR cur s as ma

bul k to gas phase to the surface of the g

insoluble in the fluid phase.
14+ MCPr_sp-c
12} MCPI_4b~h_\ «Q
S 10 \
= N[
73] L
W f 1
L '
A :
4 0
2 |
,’
%. 0.8 1.0
Figul #8Psle.vlionar y -Iviegpaaguwri | i bri um di agirnam hoef pDrMSsOe/nCcCe of Yt tri

MCR=4AC andi=ME&E are the mixture critical points. Q is opel
journal article, whichamdes ©@a98i eQ osti mtt i@Osbmercritical

critical r eyiepn este NI A Q. 8T lwdir ipthrisesmerl, e 9Té mtus da -rsiucbhc rpihtaiscea, | Lg a
represents overal/l composititoepfebeerg &wlkihg tpihdass esy atnelm,L w
representinhg @0Oase. Reprint éd wRietvle rpcéhromi, s Gi. o iCafpruam and | .
Chem Res422®@Ma 4 Copyright (2003) Amkefican Chemical

The two mechani sms compete, and form differe

taken f or pdeptr bgraesa kit @ i ag'é ¢r

T whetli<Gd:j et 4dmpeadkomi nates gas mixing, drop
sphemiacaloparticles are produced, typical
from atomisation.

f whed>bgas mixing prevails, droplets are n

and -g@article nucleation occurs, forming
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The domercaamtni sm of precipitation can be infl
from operatiPagn®ormrmdi twiedns a(s sol vent consider

the MCP as well as the reaction space.

ToQaWaVYIOE+¢ G GOt OYNIOE EWOGI WDHARGRqc¢ qlJT KOG 1Jaq ¢ O HOY
To explore the effects of temperature, press
was formed using an li'Aanisaolteaseni nnsbMB8OIi or
correl ated wit h20amaritnicalee sseidz @, ,n Wiet h nucl eat.
mechanism for | ower concentrations, whi |l st
concent¥'®Prieesssire increase from 80 to 120 bar
particle size, but from 120 to 150 bar, mini
increase ilredphbitebsurdensities of antisolvent,
mass transfer. Howeverjnawbomhbet hegdméc¢hanwvs

decreases at hogbterr pdadisnug eso both mechani s

each other, |l eading to an equal particle si:
hi gher pressures, particle size may even bec
to an increase in pyaprtihelse seidze, 0 wWwie odsuiet \@ oh
decrease for a set pressure. A | ower degree

as the density bsolrwebialtietdy t ot rt eareg tCHO.

SAS precipitatzand a smest aslcCOalt solution wher
mi scibil ity Wiith tStkeCOuse of water as cosol ve
of the MCP, but also the mWatadr sadnmn sc cdrytdrriold vy

f ormation of carbonic aci d, which can di ssoc

00 00z 060zc¢cO 060

57



Carbonate formation could also occur with th
ROCOOH on the r apiTthheeafppansj omhe formati on
possible with the presence of water, as wel

acetylacetonates or metal acetates as an exa
6 @®OU 0VHzo6BOLOULO

Hydr oxyl formation was fsowvundh whewyi hgr miangr C
cosol vent . :OWIEtttOHL 5% IWent solution, the surf a
mgtafter calcination, a | ar'gd&8hencaéasaednsol
area showed the inverse trend to SAS precip
|l owest water content had higher surface ar ea
sampl es, due to the2apd®OHumideci kihlei tsya mef sQ@
conditions. The | ower water content sampl es
instability, and therefore a | arge specific
exothermic decomposition of uubedpcefhbteda Btr ¢
water content |l ed to increased carbonate <co

mai ntaining structure effectively.

SAS precipitatiomi xad & ob & toatmegt swewilt h car ef ul

water cosolvent content . When the water con
formaeduficrystallites.fOorom,l1@veEnnm@dtlroveal ci
7 vol % water content, otfheCuc oampd eNieO da¢ rsys otl allt
observed,xCay®dsal Nd solution was formed. Afte
bi met aljCluiparNiicles were formed, absent of se.
Both control of particle size and mixing wa

performing catalysts.
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Zincian georgeite was formed as a highly sta

catalymshe .stability was attributed to the in
and zinc i n t he structur e. Ot her catal yst ¢
acetate/zincian georgeite precursors, of whi

can be sygniafiednthly smaldOcomdreqdes iThet Her F:
zincian georgeite is a great example of acce
which would otherwise not be formed through
greater cat anlcyet.i cCopperrefcoirpmat ati on of zincian
further after the SAS preparation, and were
temperature water gas shift reaction, hypoth

for copreci pintdatneodr es ddhifpsl oersd ear .

Screening nanocrystalline catalysts for pro
SAS precipitation. As a model test for short
was shown to be highestOswlhven campaOgds Cadl ke e
and NiA®@.ain, an increase in carbonate struct

water cosol vent content .

To concl ude, research wusing SAS precipitati
catalysis applications can be closely tailor
mor phol ogy, which | eads to different cataly
conol of particle size through parameters he
precipitate structure has been examined, Wi
influence -dmoltvhenstol aatemi stry and t2aendi nttheer ac

sol ution.
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1.Jdonclusions and the i mportance of devel

As shown, i ron molybdate catalysts are i mpo

forming roughly two thirds of the worl doés

preparation techniqgues have | argely stayed t
mechanwsmbBin the research, potentially due t
the catalysts. However, the | ack of novel m ¢
regard to both performance and insight for

amorphowus apyee and hi g MR r eTdyupciichd lel yEe i r on

catalysts have textur al properties, such as
Il imits catalytic performance, despite havi ng
ability, high oxygen mobitthd yc mewdi chhalghprsapdra

mi xed phase would suggest that these catalys

partial oxidation reactions, such as propane
One such method which may i mprove the text
supercritical antisolvent (SAS) precipitatic
provide higher surface areas, porosity and w

cal di,nemay prove to enhance the performance,
propane ODH. Being a highly controllable tec
a definitive screening design, to link preci
contenthe feed solution, met al precursor <cor

solution flow rate.

The thesis herein explores the use of SAS pr

catalysts. SAS precipitation is a controll e
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i mprove the homogeneity dfad hwelbli nag yi mer ave
area. The homogeneity and surface are two |
mol ybdate catalysts for met3Hahé¢ oaveltsypmtth
met hod i s hypothesised to alleviate the curr
and open up further -prxodeorrtayt i roenl aotfi osntsrhuicptsu rck
of the precipitation mechanalsmoXiedeai mrgo g er tci

the objective to furphepeunyovekrathenshrpstu

phasesyanMoPwos)d for the selective methanol 0
My thesis wildl al so exploral ystes user of ha r o
dehydrogenation of propane to propene. |l ron

to be acidic at the suri a@ttddoanidmpaorret ame d ocxa
properties for the oxidative dehydrogenatio
overoxidation is hypothesised to be an i mpol
| ead tpor o0GAWtss ng the knpwnfsestmactctereel ations
mol ybdate catalysts for the oxidation of met
di scover f urptrtoegrersttyr weetluartda onshi ps of the cat

bot h f or nmaandd ephryodpeene producti vity.
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2. Experi ment al
This chapter details the experimental met ho
chemicals and their suppliers, the preparat:.
catalysts, as well as characterisation techn
they operate as well as catalyst testing and
2.1i st of chemicals
Tablle 2jist of chemicals used, with supplier and purity for
Mat eri al supplietPurity
Ammoni um hept-amol yhbMer ck >99%
( N&tM orO2 & H20
Il ron nARd((rX® &0 Mer c k >99. 95% tr 4
basi s
70% NitfHN® aci d Fi sher Laboratory
Scientifgrade
Bi s(acetyl acetonat dMer ck 2638. 2%
( VIMo@ Ac Ac) gravimetric
Mo with | ead
Tris(acetyl acetonat Merck >99. 9% trac
Fe(AgAc) basi s
Il ron (1 FHhe (ADOkd)]at e Mer c k >99. 99% tr 4
basi s
Met haha€IOH Sigma AIHPLC grade
Wat eH0 Sigma AIHPLC grade
carbon dCpxide BOC CP grade
Pr op aCslds BOC 99.92%
Oxy g-€n BOC 99.5
20% Propane -20/ BDt rBOC N>=1 %
CsHe/ N
Compressed air BOC 21. 5900 5 %,
bal amce N
Ni tr eNpen BOC 99.999%
2.Q2atapysparati on
Two met hods for forming ironumeidybdbt e saud
Coprecipitated sampl es, a solvother mal me t h

l' iteratur e,

and

therefore
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cat al ydtosr.maltheon of novel iron molybdate catse
3used supercritical ant,wholchemwter @SAS) cpmedi |
met al oxide catalyst. Al catalysts had a t
stoichiometria Mos® attilve odctheve Ahlhseatalrget &d
calcined at 500 AC for 2 hdurs, with a ramp
2. 2Colprecipitated iron molybdate catalysts (
Many factors can affect the physiochemical p
catal ystsnfITlhence of parameters on fvinal ca
copreciips twelilonmapped in |Iiterature and det a
of parameters i n ea .tdtlowewe rb,y tStbearespr eci pi t a
téh wor k of wtehbessseadcemsrni st he coprecipitedt?iadn s a
which was also used as a standard catalyst t
mechanochdmmaenirym heptamol ybdatuaMo®dd4HOghy dr at
was dissolved in deionised water, forming a
nitrate nonahhy@Et)t ewa(sFediNOsol ved in deioni s:¢
transparent or aMgsolswtliuan omas Téhei di fiFed t 0o a
soluadded dropwise to the Mo solution whil st
aged a&AMC r 3 hours whilst stirring, formi
precipitate was filtered, washed withorot an
16 hatr 420

2. 2SS prepared iron molybdate catalysts
Supercritical antisolvent (SAS) precipitatioc
the introduction (Section 1.6). To undertak
was assembl-Medd bwi tShciparts manufactured by W
consi $tadH®LC pump to deliver the met al prec
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via coaxi al nozzle to the precipitation ves:

i nn

(4.

The
was
aft
pas
pr e

cyc

a)

CO, cylinder

Fi

er tube (1 mm diameter), delivering the m
95 mm di amet gr )t odelniswearei nqnt@G®ate md Xi ng C
precipitation vessel was heated by a hea
set by the back pressure regulator (BPR)
er the particulatednjilterefpore thametiene
sed through the stainles@n)staeelt hfer ibtasep «
cipitation vessel did not damage the BPR.
|l onic separator, which recovered effluent
HPLC pumpr\ b) P
Escape valve
X Metal Heat exchanger X
:;Ie:tl:;i::r heated Back pressure :;:T:fi'c
pressure
indicator
] E scCO, scCO,
Particulate filter Recovered effluent = =1

chiller Metal salt solution

gutl:e a2). Sc henMetd cc uosfit oSSt iapparatus for supercritical ant

indicati o(ngr eeor) ,CCcool ant (blue), metal precursor solutior

n

The

1

ozzI|le design, highlaingghtmena@l|tipe ec@edoof sGOution into th

general method for operation is as follo
.Di ssolve required metal salts in methanol
Met hanol IS mi sgi bwhki | witt hwas®CO has a I

Mo @ Ac Axnd Few@ae®e) used for Mo ,ramdgdp &t ipwelcy
as they dissolve in the solvent suf fici

undertaken overnight (16 hodurcsomp.loeteenlsyur e
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.Set the supercritical vessel so that al |
ensure the vessel Lcgoi gvea&@Ohf Ipavwed uate.t he
rate ugspummp CONnd chd.l1le&Ctseont ool system.

.Théack pressure rnweagulsdtbée s(iBrPeR)) pressur e
simultabnhéaest yngwgsactkeettdesi red temperatur
waset i ncrementally to ensure pressure ri
.When pressure awdrsd eamper atch evears matnioa n o le

system using HPLC pumpe aus a@ exsfi rcelde drl ome tr hae
salt swasuad ieomsure steady state in the rea
and 2CO

After 10 miodthes meftladwisomdg ut was s tussotnggde s
the HPLC pump.

.Pump métea l siontua i tome i tahees sP L C plithmap sol ut i
enteatrhe vesaetoaxi ghl howizhg for i nti mat e
solutiont@ananliC®Once precipitation.

.When the metal solution has been sprayed,
met hanol, to ensure al/|l l ines have been ¢
and run for a further 10 minutes or unti.l
.St ppumpvmntghe HPL Gnpumphewae slkeaplter supercr i

conditions for a sufficient time to dry t

Supercritical drying forms an aerogel, ut
drying using heat, as the solvent ties dr a
physical structure.

.Once drying has been wasnptepedslsavhieg evideos s

ensure that the precipitate is not drawn
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of the vessel occurs. At the same time, t
temperature.

10Qnce ambient pressuwag aadhedempendourtde v
coll ect twhei cshansphloeul d be coll ected in the
thatas i nserted before the preparation.
precipitate can also be outside of the pr
be sitting on twopaitthe dt nteheneliade fofi tt he

and all ow® P@a€® but not the precipitate.

Il n this study, a variety of different par ame
each parcamet be physi ochemical properties o f
precur sor,s widrhmeidni ti al testing varying Fe
content, whilst the definitiveébsekco@apsniusgdde s
to measure the influence of pressure, water
met al precur soHecoeinecenthatsampl es | abell ed L

formed for the definitive screening design,

design is dicddwans&d 2i.8.Se
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Tabl 2 2.perating parameters for supercritical antisolvent precipitation to form novel

Samprndaemg Mo prec|{Fe prec|{CQfl ow Fe: Mo r{Temperalpressur(PrecursqWater c{(Solutio
concent rate
mol min|1: x AC bar g L % mL i n
SAS 0% Mo @ AcAclFe( AgAc|0. 77 1.5 40 120 5 0 6.5
SAS 1% Mo @ AcAclFe( AgAc|0. 77 1.5 40 120 5 1 6.5
SAS 5% |[Mo@ AcAc/Fe(AgAc|0. 77 1.5 40 120 5 5 6.5
DSD1 Mo @& AcAc/Fe( OAc) [1.0 1.5 40 140 10 20 7.5
DSD2 Mo @ AcAc/Fe( OAc) |1.0 1.5 40 80 5 1 7.5
DSD3 Mo @& AcAc/Fe( OAc) [1.0 1.5 40 110 10 1 10
DSD4 Mo @& AcAc/Fe( OAc) 1.0 1.5 40 110 5 20 5
DSD5 Mo @ AcAc/Fe( OAc) |1.0 1.5 40 140 10 10.5 5
DSD6 Mo @ AcAcfFe( OAc) |1.0 1.5 40 80 5 10. 5 10
DSD7 Mo @ AcAcfFe( OAc) |1.0 1.5 40 80 7.5 20 5
DSD8 Mo @ AcAc/Fe( OAc) 1.0 1.5 40 140 7.5 1 10
DSD9 Mo @ AcAcfFe( OAc) |1.0 1.5 40 140 5 1 5
DSD1O Mo @ Ac AcfFe( OAc) |1.0 1.5 40 80 10 20 10
DSD11 Mo @ AcAc/Fe( OAc) |1.0 1.5 40 80 10 1 5
DSD12 Mo @ AcAclFe( OAc) |1.0 1.5 40 140 5 20 10
DSD13 Mo @ AcAclFe( OAc) |1.0 1.5 40 110 7.5 10. 5 7.5
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2.

To

S

c

2St3ati stical anal yvia ddf iSAISt ipwae asnent eersi ng
efficiently undertake parameter mapping

reening design was devel opeRlamwidalh Gtreulilna u

anBrKkamil a Kazmiercz,akBellTpiRath&hienigi egel sscr eer

d

Th

N a

a

t

a

\'

e

h

S

a

a

statistical anal ysis met h,odatthiatm iuvsaerdi an wel
alysi s, to determine theon ntfHaaenaoec omhe tdh
peri ment (in thei tchhasephhyYsiowrhemt ady pr ope
eci pi tianeemwmgdnngffects and second order ef
l asing between main or d&é¢i asmchgsecsomndtheonoder
rms, making the dependence of the physioc

fficult to accurately detect the correct r

e tlheveeel definitivd DSa8waese np map odsesdi glmy Jon
cht sShei el p researchers measure the curvalt
vol cahowhplcot ,t y-pbevcal stwwati sti cal ana&l yses
r-leeev e | definitivemesanreetnhiantg ad edsdtgan r ange f
Ssi ghetdbo lrepresent the maxi mum and mini mun
ried in the study, respectivel y. The dat a

ch parameter but centred around the middle

as .Pogr exaeppeesshre range was set to 80 to

asl and 140 bar represented as 1, and 110 be
anal ysis, helnecveelt hsec rteherneieng -Hetso gh.f dhet lmes es ¢
design for otppliec ataingnes i s to remove the d
statistically analysing the resulting dat a;
solution flow rate hayea tamgestafti Stmcamide
ranges to aomalyseatll asneg.-1Usonly faor amlge otfat |
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all ows a different range for each parameter
effecting the outcome of the statistical ar
requ@iamd+ 1) runs (whereiim itsimnsh abBsre uwnfd fwvaecrt e
used in this study, t ot esram ifsafcyt otrhse inmma itnh ea ncda
equati on:

wheRies the SAS precipitate property which is
is always quantified dat a, such as particl
properties for charactembisatihen eaxpefABeptati
of each parameter found t hxiosugthhea hgarsa metiesrt
measured, with the subscript denoting which
For exampl e, pressur evamaeyr bceo saosl sviegnnte,dc drutte nt
the ondeonf the parameters dodes imaoctl udaetdt ero. nT

the data through zero.

Despite only 10 factors needing to be satisf
are a minimum for whenhotmishi mgse tplae amet eelb
pairs of factor effects, to effectively esti
no aliasing occurred betweehMamani ne fafnedc t sr oasrs
influence of each parameter individually (pr
flow rate and met al precursor concentration)
two of the factors together ,6atsaic hc@asolt\whentr ed

and pressure influencinBgadiep pmnmmamecysetitealt & wp rca
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at the centre point of itd tande¢e, (whlue ofhel
precipitation was edsdad(itecomgnaxume mentD of t he
strength of the statistical abhbhkygiua,l i wyt lof
estimati on dFfo fh;ewehfefnacniderneepsr esent the p,ar amet
whil st the second precipitaneonffohetipar ame

inverse of the first experiment for bthdr f a

byl). For example, DSD7 preculr(gempresreand mttri ate
in the statistical analysis) and the experim
ofl in the statistical anal ysis), but DSDS8
(representative of 1 i n t hceursstoart icsan cceant raantail

g lagain, representative oTheO maxi®mideéi i @mnicyt
of the model i®ilt%dh Whichns s below bhetbeper
measur ement s for eachiripm@pehtey model can b ¢
predi cTthiecenDsf.i ci ency relates to the orthogona

for the measuring of coefficients -aifsfeidcii emn d

would represent a fully mappédcreacyi wouspdac
oveetli tdtata due to the error in the statist
experimental error of measurement of the pre

2. Batalyst characterisation

To sufficiently wunderstand the catal yst and
characterisation techniques were usedto meas

catalyst and resulting properties.
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2. 3Xrlay powder PdARDYraction (

ERRIJUqR3IAIGI RURRGE I3t

Xrays are used to determine crystaxltagsraceur
in the angswhriocnhatedreegd 0 penetr attlee rseafscerfes | and
when determining sduactar ddhei nWWegan aitt ti yoont al s
exposedayxg,ay photons bayr et hsec aetlteecrterdkons pr esen:
which when medspaeidng howhardicdtechrts@ween | aryyest
pl anes). The scattered photons either cause
The ooamncstti ve i nterference gives a sharp peak
peaks are characteristic of a sfgdeisdaci plgase

can be determined simply using Braggs | aw:
€ _ Qi Q¢ —

Whemes the order of roeefsl & dtei ova v{eaarngasngdiitree gpd r )x,
the incident angle (the angle between the
Therefdepacing can be deset miofed aftdcircyestgallya n e
phaspresent i n t he material. The di ffracto
Il nternational Centre of Diffraction data (I

confirmed experimentally, even i f many phase

Among qualitati ve taon ad eytseicst osfp esca nipidbosdgelras e s
ray di fRPXrRaDc)t icoann (al so be used to determine

Crystallite size can be determined by the Sc
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Wh
be

be

An
st
Sp
fu
ma
pe
t h
co
st
Ov
p a
E #
X-r
pr
Cu
p a
p h
st
t h

me

erUes crystanHist ecrsyiszteal | i t eAsp etahke berroyasdteanli|ni
comes | arger, the peak broadening of the ¢

come narrower due to the | arge number of p

other reason for peak broadening could be
ructure). MicrostrepaciMagsestaesgsardi afi ae
aciimg a funcdwbnl otf geak broadening due t c
ncti onm Mafc rlo/sttlrgelsks stresses on the crystal

chining or thermnmalest aeathmdnt in ehamhadterin

aks simple to understand, as if a force wa
an | ofalrl pksapmpdieng woul d be smaller for ea
mpressi ve. Stress can be mdasewrsedl bhat e o ng

andard phases to quandtsitfryestshe aulsaeng®s tthlee c
er ®XRD can give a detailed insight i nto
ramatedras ing to crystd&llite structure and s
Gl RGWUq¢ 0

ay powder pditfsferfmct i omi ti al novel catal ys
ecipitation precursors were recorded using
UKr ay source (wayelewdgthnge 2430540 Mnal ysi s
tterns were unRerrtt aMiegh3csomeg KXl us softwar
ases with |1 CODys fTaeldjpuam tussfigreg t he Scherrer
andard was used to measure the peak broade

e pealnibmrgpadaused by crystallite si ze C

asurement errors.
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l ron mol ybdat e wid#AaSl ypsrtesc ifpartmead on with vary
cosol vent content, met al precursor concentr
definitive scrDeSEMliIndgi fdesaicgn on patterns we
Sout hampton University, wiith thenksetofDan. BA
D2 phaser Ui ay®w €aukKce, with ja. wlho ed resngrten doiff f
patterns coll ected were concurrent with prev
so tdreanye wWBDAL0A sl imm,siszepofsi®@e2of 0.0126

step of O0.A lsseBkcamdard was used to calcul ate
2. 3N2@hysi sampt Bomnnauer Emmett Teller (BET)
EARDUqR3HIOGI RURRGO 131

Physisorption t eachrrcitqg wees plthsyes i rcarl adsorption

probe the surface of the materi al and deter:
area. Physisorption does not alter the el ect
bondi ng at oms, unl i ke chemisorption, and re

mol ecul e and surface thr'ough Van Der Waal s f

BET theory builds on thigseadsovpetigasetsed onieg
surface area and pore volume of powder sampl
into the bulb (vessel to hold the sample in

toval ume of probe ¢g)asaB6f oAC e(xwainmiphl eegheN Aset bé

| ow t empeavaitiur egdsNorb on the surface, whi ch
unbound gas. The physisorption of the probe
equibki um pR)estsourtehe( sat ubPopt i bragregstuoe a( ch:
i sotherm formed when plotting speftfidauevdloun

the relationship shown by the BET equation b
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Wh

0 p 6 p o
0L 0 w6 w U
ePes equil i brPoiuan patessrsaitra s @mrdesog bred, gas v

Vmi' s monol ayerCivwoltuhnee BaEnfd const ant .

Th
me
co

t o

Th

pr
ad

Ty

i s

e BET equation is only applicabPR fDo t he
asure reliability of €hecadnatlmeg ushedC BETY pcic
nstant close to 100 relates to a more reli

the magnitude of the adsorbent and adsorhb

e isotherms formed highlight the change i
essur e, whi ch can hi ghlight the specific
sorption isotherms are classified into si X

. 2 (Elaefht t.ywpe represents a different adsorp!

nolayer only formation, typical of mi cr op

rface area. Type |1 i sotherms are typical

ith uneesmoinodlatyielrayer adsoBptsi odne,f i aed @Gi

ginning of t he al most l i near B/Boc t iwdim c b f

dicates monoTwperl|l Yormathenms show a hyste

many mesoporous materials, with similar &
nol-emyketil ayer adsorption is shown. The hy
pillary condensasionhypa Vhei snesloproms i ndi c
Il til ayer adsnornppteiroonu so nmautneirfioarl s, wi th each
ch adsorfbed | ayer.

pe |11 Il sot herms are not typically seen, |

otherm and undefined point B. Type V isoth
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the point B is indistinct, | eadi-ads orob att lee

interaction is weak, but can & ccur with spec

I o

o
\

T 1
: 3
3 5
g 8 £
£ .
g [
Elx w g

Relative pressure —»
Relative pressure —»

FigukAd8orption isotherm and hRositretr eB iiss |doeofpi ncead eagso rtihsea tsit

section of adsorption, whi8st H represents hys/
Hysteresis | oops of physisorption can al so
adsorption and desorption of probe gases, as

to specific pore structure and narrow distr.i

poer opening with wider internal di ameter, H3
al so suggests is the pore structure, but W |
similarity with®the type 1 isotherm.

E+GUI RaGWUqc i

BET analysis was undertaken using a Quantac!t
adsorbate wh%$6 uA@d Bégassing under vacuum fo
undertaken at 150 AC for 3 hours, whilst unc
for 4 hour s, to preserve the structure of 1

catalrexcturpor specific surfvaBET arleaomwwsudien g
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point measur ement wR/Roh irreltah e vreamge sasfurC.,05
por osi tpyo,i hda 20ds@@opinitomesd® pti on i sotherm wa

relative pressure range of 0.05 to 0.98.

2. 3HBemperature progrHamAme)d reduction (
EARIVUqR3IHIOGI RUHRGH 134

Hot emperature progr ammmiR)d iredacdhamadtHeri sati o
guantify the reducibility of a materi al

, wt

heterogeneous catalysts.

I n standar d-TtPeRst ithg fcant aHlyst :gass explhiseld it®
over the catalyst whilst the temperature 1is
a ther mal conductiitvhiet yf udnectteicamorof( TCDTCD i s e
2.4 of this chapter), whicomcmadasantednt s @&h e
temper dt-URR . al | ows i nformati on regarding re
catalysdconMNoumpdt i on with a dependence on temp
be deniemed. Differences in the trace detecte
catalyst redox properties or highlighRPRRdiffe
has previously been used to define phase <ch

i ncl uci MgRF e
E+GUI RGWUqc i

H>-TPR was undertaken with the use of a Quant e

mg of each catalyst was |l oaded into the tube
sample on one side of the bend, and the ther
tip ohetrmecouple is | evel to the sample but

the tube) between two pieces of quartz wool
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by attaching to the flow and | owering into t
catalyst at 120 AC for 1 hour for pretreat me
10 %2/HAr probe gas. The temperature was rampe

mi

2. 3Xrday photoelectron spectroscopy (XPS)
EARARIJUqR3IHIOGI RUHRGH It

Xray photoemission spectroscopy (XPS) i's a
which the materiraly si unaxposad utuan and an el ec

corleev.el Bhe penetrative dept hpoaf AHioskdmaés ( u:

comparedatnhad XRERB i nf odmaitsi ogni vdeenp tahs :(
Q o_i Q¢ —

whepies wavel eamgt thinsdfi xci dent angle between t
pl anepemberdatpitdin can therefore be tuned to be

the very top |l ayer of the material s.

The kinethBc efneeaagcyh (emitted el ectron i s meas.t
anal yser . The Hg)i nodfi ntgh ee npehrogtyo el ectron i s chal

and can calculated by:

O ¢ O %o
Il n whsicht he energy-rafy dGimnegl t neiwemhk f~Xunction
Hydr ogent he ontlthyatednreatenite i dentified but sen:

to be considered for varying el ements. Once

intensities can be rel®ted to atomic composi
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XPS can be a powerful tool when comparing salil

dat a. Binding energy shifts are wuswually s ma
changes in environment of the atom and there
gumt i fliseideex peri ments involving XPS can al so
relative intensities of the binding energies

structures and oxidation stat® changes for p

Photoel ectron peaks give intense, narrow pe
exampl e. C 1s is used for binding eBsaarsgy r ef
28 .68V as |l ong as the c¢ar bhoyndriosg ebro aocdrieloyn t bo c a d
to oxygen or halogens wi | J.%hoaweev ear ,s hAufgte ri ne |b
emi ssions also occur. Auger electrons are el

during relaxation:
1The original photoel ectragw,i seknagkadholteo

2. An el ectron in a higher energy state fall:
emitting the ¥heegphaeahamgemi tted is transfer
thancreases the subsequent energy of t his e

emi tted.

The auger emission spectra give valuable det
as Li, whaey eyaiselxds dominate i'd | arger el emen
E+GUI RaNUqe¢ i

XPS spectra were collected using a Kratos AXx

AlKaX-ray source was used, operating at 120 W

40 eV was wused for high resolution scans wi
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Data was analysed using CasaXPsS.
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for electron scattering and modi fi
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The O 1s binding energy was used

oxygen at the surface of the ~ca
environment at the surface. The O 1s bindir
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concentrat
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refome mowdsau ratios
mi ¢ emission
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radiati on. The radi ati on wi | | have a speci
wavelengt h, due to the quantised nature of
wavel ength will be specific to an el ement an

and r ed attheed qquantity of theé3 specific el ement

Mi crowave plasma is used as the source of e
via nebuliser. The emission of the excited
monochr omator, |l eading to the detector. Mi cr
sustaining plasma, formed from a constant

sensitmanyyef ément s.

E+GUI RGWUqec i
MP-AES was wundertaken using an -AHS | semec tTreccrhento
to measure the bulk Fe and Mo contents. Fe ¢

with Mo ppm rllhgendedOvepepim, whil st Fe standar

5 and 20 2@0pmmg of precipitates and <catalysH

volumetric fl asks, in the minimal amount of
concentration, such that the concentration o
the rahged@médndt sol utions. An aerosol of the
nebuliser, which is fed into the plasma for
generator. The Il iquid samples were filtered
t he nebul i zge,r Ildeaddinmogg tcd opoor precision or f

2. 3T.héer mogr avi metric analysis (TGA)
EARIVUqR3HIOGI RUHRGG 134
Thermogravimetric (TGA) analysis is a char a

mass of the sample when under temperatur e
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sensitive change in mass under different en
and can simulate the calcination conditions

in defining when decomposition occurs and ¢t}
t eprer ature range. Data was shown as a functi
functi onwhoifc ht iinse clonverted to temperature wh
rate I)s w®edeasure when decomposition occurs
to measunél ubmace of water cosolvent content

for SAS preci-pimatedt zlopptes, to elucidate t

preci pPtates.

E+GUI RaGWUqc i

TGA was undertaken using a small amount of p
in the sample holder, and carefully placed
control the environment in the furnaaedsuffi

the temperature was ramped to 800 AcC at a te

2. 3FRourfransform infraredRsypectroscopy (FT

EARUDUqR3HIOGI RURRGO 131

|l nfrared spectroscopy i s a characterisation
of a chemical sample. Vibrational energy | e\
rotational energy |l evels, but |l ess than el ec
cause Vvibrational energy | evel transitions
infrared range. The discrete energy | evels
mode to be Ainfrared actived, a chahge in el
Varying the wavelength means a range of i nfr
absorption peaks. The wvariation in wavel eng
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Mi chel son i ifAe rMiecrhoenhestoenr .i nt erf er omet er cons

perpendicular to a stationary mirror. The pa
of the infrared passing into the sample, whi
Attenuated tot al reflectance (ATR) was util
utilises the phenomenon in which a materi al
spectrometer) wil/ all ow a smal/l amounnt of

close contact at the surface (in this case,
angle of i ncidence, mo s t of the radiation
However, an evanescent wave enters the samp

infdarwhi ch'®Tihse ATbRs.or bance of the sample is

spectra through a Fourier transfor m. A Four
function, which can convert one domain to ar
be utilised forpynftaremdaspeetfoegaency by

domain spectrum.

E+GUI RGWUqe i

FFA R data was col |l ecltRdspasctingome BeukdwWiO®A a r

cmto map key structur al properties of the p
was | oaded onto the machine above the crysta
spectra were collected.

2. 3EI8ctron microscopy
EARIVUqR3HIOGI RUHRGG 134
Electron microscopy is a tool to I mage the 1

magni ficati on. The high resolution is due t

achieved by varying the electron acceleratioc
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ti

wi | | |l ead to dif-demmelndg inmmtgenr d&dtciadn ow

eficial to use electrons as the nega
ms, through elastic interactiebrstbe®tn
esent in a sample with the electron

el ectron mi croscopy techniques are
mi croscopy (SEM) detects secondary
electrons from the beam scatter of f
e$SBVet lepends on two main sample f
s depend on the topology of t he sa
I ng t he escape of secondawoyl ueneect
lon:voThee sumtesacmportant as secon
abundant and generated throughout t
sample surface from a depth of wup
he energy | ossesandrtolugghneendkeltaccthave
han the material work function (the
of a material). Back scattered el ec
as back scatteringrsofdutehet oprtihmearel ee
il on between electrons and positive

onal to the nuclei charge; therefore

of back scattered el aeactdreanesr,mi whingh dad

al

r,

co

compositiohs in different regions.
the resolution of SEM is I imited w
py (TEM) , whi ch can obtain atomic

erated at higher3d0WolktVdgdedw hhetewaemr&@t

to pass

héhr sampl d. The higher voltage i s a
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condenser | enses and a condenser aperture, Vv
sample from the electron source. | maging mod
used by detecting electrons that have passe
scatgeonfnthel®Ireatsr oonfs.di fferent thickness,
boundaries and dislocations wil/ i nfl uence
then be 1 maged. Scattered electrons <can be
unscattered el ecmagnsgfoi ndavhk chi elother ent |l vy

can show the crystal structure of the sampl e

E+GII RGWUq¢

SEM i maging was undertaken using a Tescan M
el ectron micS&EMode tt EEBEG Wi th an OXenoerdgyl nst
di sper-sayed&tector (EDX) .-s cSeetctoenrdead ye laencdt rboanc
were used to acquire the images of the sampl
di scs on aluminium stubs, which were pgyl aced
were collected by 2H&dOuxaitn@O0d XXWOL TEBMIiI mages

by Dani el Hewes.

2. @atalytic testing

Il n this study, catalytic testing was gas pha
was undertaken using a Gas Chromatograph (GC
packed or <capillary col umns, which are a va
phase) t hat can effectively separate the di
column with a carrier gas (mobile phase). TF
the catalyst bed. The different gases in th

dfiif erent times depending on the gas and whic
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time for one test, peak separation and peak

gases are then sent to the detector.

Typically, two types of detectors are wused,
t hermal conductivity detector (TCD). FI Ds o
a hydrogen f 1l ame, causing a change in elect
cahode and anode above the f1l| ame, due to th

i mportant for high sensitivity measurements

per manent® gases.

TCDs detect per manent gases, whi ch S pat
dehydrogenation pr oxedsLLesgpndt ashQdeh etthe OFI D
effectively measure. However, TCDs are | ess
be calibrated to a high standard. A TCD is a
of an analyte when compar ed st csta dnee fwiliise nHc e
the reactant or product gases pass through
t hermal condgad iwadadgyi md ttthhrrough, as typicall"
thermal condp’dfthe idiyf ftenrasmndde i n conducti vity

of a Wheatstone bridge.

2. 4Melt hanol oxidation

Catalytic performance tests for methanol 0 X i
in a fixed bed reactor wusing iron molybdate
occurred at 225 AC, whilst isoconverseinon st u
was fl owed at set rate, controlled by an MF
gas flow through a bubbl er, which was chill

met hanol content iof |tohwd nga s hfrloauwg hwitdwe snet h a
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introduced into the flow throughant i salpapre¢es

of 10%. Thee NrMetOHa Owas 5: 10:85 for all testin
catalyst was wused, diluted with 900 mg of S
pieces of quartz wool, with Faort oitsaolc ofnlvoew sriaot

the flow rate was “Yaenddu cceadt atloy s3t0 mmaLs smiwias var
conversion of ~12%. This was achieved by val

(WHSV), which is detailed in Chapter 3.

The gas chromatogram consisted of a Porapak

for med, contained i nside an oven for t empe
met hani ser was used to convert al |l car bon
standar di sresd,hemageaersipmg cal i brati ontso weawe oa |

response factor for one eguz prad emdt sofareart
equi valspnbdpuycCs are three equivalents), whi
(mul tiplying the orwesnmpaonnys ec afrabcotnosr pbrye shrent i n
GC did not contain a TCD, only an FI D, me a n
measumHedvever, the methaniser all owed for al

met hane to be detrecwhidc { swalhl casndtO be detect

2.4Si2ngl e bed reactor for propane oxidative
For catalyst testing for the oxidative dehy

required, siso @mats@plar@zioenlyy wWwWas fl owed over

bed, which has been | oaded with the mass of
pieces of guartz wool . The <catalyst bed te
temper at woel wi tth oMi ng over the catalyst, ani

AcC. Once the catalyst bed reached the set t
bypass,, a@ddsNWwer e set to the correct flow ra
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recorded to measure exact gas fl ows, then t

bed and testing started.

The analyte was flowed through the GC (Agil
columns. The Hayesep T column was utilised t

O2, 28dnd CO in this testing, but Hayesep T col

t 02.OH and.. CDherefore, the valve timings were
were trapped on the column initially before
the other two columns. The Hayesep Q:2d0l umn

andH&C as wezlwhialsstCQ he PoraPl ot Q col umn was

as sHeandsHCcan be baseline separated, whi |l st
measupOe a6 quantifiable peak. After the anal
again changed position, so the permaméenat gas

exposur@ anmndkfH® t he Hayesep T column and wer

the end of the test.

Cal i bration for di fferent product s was und
met hani sed, | ike in methanol oxidation, ther

potenti al anal yte. The 2f4 DHewaHBa nudslddd As® mMmeas.

TCD is concentratikon|l semtsi gasewaJhasdd as a
commonly wused for reference for TCDs, but th
Oo2.

A test was run on a similar GC in which the
the Hayesep T was | imiting for detection of

GC contained a Porapak Q col umn, which coul
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and 280t could operate at a temperature in wh

column effectively.

2. 4Hi3gh throughput reactor for propane oxi da:
The high throughput reactor (HTR) <consisted
into four blocks. Twooset gl lodd thwo ddil fofckrse mtr
each set would be able to test catalysts at
was consistent across all Dblocks. A Vici sam
beds would be samplead G@GQ.d Thg ecdmrfdi g nrt at itohn

shown in Figure 2. 3.

Gas feed

Sample

—
[ e

MEC fo.r gas
mixing

Capillaries

ﬂ Thermocouple

Reactor heating
block

— l
- ﬂ

T

3 Thermocouple

T - 1 PurgeN,

FiguBe HRi.gh throughput reactor set up, showing one heatin
positi-oth.s ABur heating blocks are within the ma

The columns wused in the GC for the HTR wer
separate the carbon compboewds 5AwlvialsstusadCRPR
per manent gases. Al Il <car bon2weornep oduent desc teexdc eupsti

FI D, whi |l st a TCD wae pddned. Qo detect CoO, coO
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2.5 Calculation of conversion, selectivit
Calcul ation %%t odnearcsi omaCtant (either meth

was as foll ows:

® b —— pTT

wheneéf s the initial mdl aorf ftlhoew diressatdtehannmed | anri n

of t he r eatotfanme aastu rteimmeent .

Sel ec$tiovipgryiavdasctas f ol |l ows:
. o £
Y b — - - pTT
0 £ £
wheN£C's the number of carbons in the react a

propane agnlidathenpmol ar flow rate of prioduct
mi®HandNli s the number ofi(cearghonls fignr 2C@aaucm@®@ h
formate or 3 for dd nedlheoxtyimeitthyalneed!|.c oTlthae i eat

based on mol ar carbon conversion rather t han

Carbon balance was calcul ated as foll ows:

OMOl EEIODPOQ Y

The product carbon balance was found to be
bal ance (inclusion of unreacted carbon from

for |l ow conversion reactions.

Conversion was standardised by cal cswleatiifng t

activity. Mass normalised activity was calcu
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€ € pPTTT

WO QBaAEd "Q "Q ;
a QT

whemegiks the mass of catalyst used during the
Specadticvity was calcul ated as foll ows:

€ € PTTIT P
a QT "YO

YR QoOENQERE G a  Q

wheBAats the specific surface area of the cat

Mass normalised productivity and specific pr
the yield. Mass normalised productivity was

€ pUTT

01 € Q0 GOAKE M ;
a QT

Speci fic productivity was calculated as foll

€ PTTT P

01 € Q06 @ oa@KE @O ¢ o=
@1 YO

Speci fic productivity was used to show the p
closely lIlinked to productivity in this study
an improved analysis of i ntrinsic cartiadsyst

across catalysts.
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37T The characteri sati on of Il T on

precursors,vi gsopmedr i tical anti s
precipitation, coupled with stat:.
mappiipgessur e, water cosolvent c

concentration and solution fl ow r

3.1 Introduction
l ron molybdate catalysts are an industrial/

oxidation to formal dehyde, keh Mav@i sasprtehee rFtori

high performing catalysts, and it is now wel
oxides, an amsuphacs MavVedufsorimsal catalysts
high Mo contents, with an Mo/ Fe ratio above

the catalyst during the oxidation of methano
|l ess sel ecisiucedh msadFedhktEe However, the excess
in the fagrms fhyMoo hesi sed t o «kcewdrelnayeir tthher &
mi gration of MbMo®BwWas had Isawfmaxzes nor malised a
oxidation, |ikely to be due t?gl,thhed ow d<pheaie
unl i kely to be contributingcatoaltylsed Hieghpipe

presfent .

The bul k of the research for i ron mol ybdat e
devel oped the wunderstanding of deactivation
perfor mance, typically 90% conversion and
copreci pmplhteaer ysaf ew advances i n catal yst |

undertaken because of t he f ocus on t he deac
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under reaction conditions. Coprecipitated s
|l eading to decr eas®pd epseernftosr nma n coewe(rMaa@ t i vi ty
andXzpresents a Mow wsheilcehcthiavsi tpyr evi ously bee

pH is not controll’ed during precipitation.

Recent attempts to form a varivitayl tef natione
preparation mechanisms to coprecipitation ha
devel oped a mechanochemistry preparation, W |
being ground with oxalic acid, which formed

i mproving surface area but decreasing homoge

porf%®s.
Pudge and coworkers recently published the
catalysts wusing oxalic or mal oni c aci d. Ca:

i mproved formal dehyde yield when compared t
due to awhed impmogeneity of the iron and mol

di screte ions in the iron and molybdenum mal

Ot her attemppertor maptt@®lviehidt y, s wcMo@amsn | oadi
Mo®t o ensure a | arge Mo resetft%oi il otadiomngp Me ©i
hydroxyapatite with strong''hianédi bgeaf aMoemp
Loadi p(gModeo nt o sMl@@or ods exhibited i mproved c
by formingziMo®l at eddBe with intimate contact
i slands, wintahn otrhboed sMoesuring no iron rich ph
Mo ® o n hydroxyapatite i mprolvealdesdt adbontl ot a W
hydroxyapatite | osing 72% activity over 100

compared to the industrial catalyst which |
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condi Stams | it S

y i

precipitation of

in the thesis pre

and Fe distributi

Forming homogenou

mol ybdate catalys

met hod t o potent

anbilsent (SAS) opr

(solute to precip

to form a precipi

variation of pH i

all ow for t he

typically be i mpr

precipitation, wh

structures. Al ong

supercritical

Supercritical dry

by replacing the

| vent but does

-

ecipitation can

ntr ol is due to

mperature in th

an change the

pr

this chapter,

0 i nfluence t he

S

organisation

drying,

out of the scope for the

I rwirkABo lpyledatpe t @t e owmr hr@arss b e

sent ed, with the focus on

F

on in the bulk) with increa

s | di stributed catalysts ¢

y

t s, but | ow surface area | i

ially i mprove homogeneity

ecipitation. SAS precipitat

itate) rather than a change

tate). Homogeneity of the

needed, whil st rapid di ss

o¥Suatfmamse iante@a «

oved by SAS precipitation

i ch, in general, have | ar ge

side amorphous stmedtdurisnd

preserving thé3 porou

draws the solvent out 0

i ng

l T qui d pwveémeati wg t Wwhiac hg arse |

not typically preserve the

be achieved by the many peé

t he hizghdegpemrdhdesrnae ven demes

é*pwhda dispi ttahtei o m cv eusssieoln, o f

ecipitate stru®tare and the

the mamispahatndonsof vempewas

precipitation mechani sm,

105



properties of the iron molybdate precursors

properties. Il ni ti al influence of the water ¢
clear difference in physical properties of

mapping was required to understand the infl
statistical analysis of the parameter mappir
key parameters of SAS precipitation (press

precurmoaegntcroati on and solution flow rate), w

Cr oss

3.

2

t er ms bet ween parameters.

l ni ti al characterisation of SAS pr

precur sor s

I ni ti al devel opment of methods viismupé&ocmi higc a
antisolvent ( SAS) precipitati onsawast hwendierrdre
precur sor ,2o( Awidahd MA@ mol ybdenum precursor. i
selected as they dissolve in methanol, with

to the high miscibility efso@@®hanol with sup
Previous work highlighted that using water

structure,hydrooaxny magr bonat esspr ecitphietratt hgn t he
precursors fr owhitahey psioclault i @fn preci pi £tations
Therefore, the effect on iron molybdate prec
0, 1 and 5% water cosolvent content in the n
mi scibility owdushi nsgcCOurface tension between

does not exist after a short22tThree Ifoow nmisscciibb
of wat er 2alnedadsc GO a subcritical or near S

( KD/ MeOH/ 3 cC8Bowever, the 20niissciibmplriotvye do fwhtehne c

t

0]

a

bi nar yO/ssycs@@en tod tHhe entrainer effect,
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HO and 29sCQ mproved due to the presence of

Me OH, which has a hi gR#Zf%iheciuksiel iotfy waittehr sccal

the structure of the precipitate formed, as
Firstly, sol vati AnAahidni Fesg Aoeafdc ModO be determ
Fe(AgAa) a solubility I%ifrdrt oob MEQOH aamnd 190 %

H.O/ MeOH solutions, r epedhtddvea ys,olwhbiillsitt yMmol Q
8 g'flbbr fO%MéOH andO/INOH sol uti ons, respect i\
a solution safnd FaoA Aw)) t h an Mo/ Fe mol ar r
(stoichiometric ratio for t he active phase

formal dedf M), Fehi eubdl atgol i mitl ofedpPe @atnidv e

An upper |limit for the mixedwanetapplpired u(rtshoe
concentration of both metals in the solutio
content), a metal pr ectwassors ecloenccteendt raast itohne osfc

be of moderate concentration and prevented

exposed to the supercritical conditions in t

FFIT R was used to determine the structure of
was due to | imited methods in which the prec
SAS precipitates were foundatyodbhde faman,plomnug F
agreeing with pTeei puecsputtihees were amor phoe
di ssolution time of the precipitates, and t

regular crystalline structure.
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Uncalcined SAS precipitate

10 20 30 40 50 60 70 80
Angle (2d)

Figul.e 3RD di ffractogram of SAS precipitated iron n
The -IFRT speptreaifport ates (Figure 3.2) clearly ¢
compared to the metal salts used. A very bro

~60000 cmcentred was~a56i gme@ bondhien Ma tetr :

environmehtsTo®Mo-®Mobond in a tetrahedral envi
detected for calcined iron moz Mbidathoswedweer ,t ¢
t he MAOAxrnecursor has a strained chiral oct a
centre, whi ch therefore suggested t he Mo

precipitation process and the precursor sal-t
the peak 'awtasb@ksdimgned to the octahedral Mo e
The octahedral Mo envir oncmepnitt awaess ftoouon d Tfrhoer |
t he peak altcobé6d emt her me an segregation 0
environments, or that the structure for med

the-lRTdata is not coupled with other charact
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1424 1282 960
1 Sﬁq 528 1346 1282 880 750 561
| | |
| | |
| | |
| | |
| |
|

Reflectance

—— Fe(AcAc),
MoO,(AcAc),

2000 1500 1000 500

Wavenumber (cm™)

Fi guke i BR spectra of SAS precipitated iron molybdate cur s
compared t oarnrdke (M@ Ar)

Peaks at 1282, 1346, 1d4bidgnlékR8sahy wiH6GH ©ime
for acetylacetonate precursors. The peaks m
undergone complete |igand exchange during t
position of the peaks may beanduéd et.o Tihret eerhaamt
Mo environment (as hypothesised by) twoeul lr oa
suggest a significant change in structure ha
precipitateecBosbdr thedpnew structure may be
but the significant changé@30a0'@malkd liemad hteo
conclusion that the met al precursors have ¢
Analysis of effluent from each SAS precipita
further information on the c¢oncnentthraantoilo na nodf

water which iIis remaining. | f acetyl acetone i
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that | igand exchange has occurred, and a | o

t hat t he water hasa2reacted with the scCO

When undertaking SAS precipitation, the prec
solvent/ cosolvent ratio, as well as other S#
3.3.1.2). Previous work 'ByYhdét csthiowgs tdrad ¢ dw
wat er as a cosol vent can influence t he
hydroxycarbonates. The formation of carbonat
formation and subsequent decomposition of

bet wee2man@df@Hunder the supercritical conditior
OO 60°9060°9c¢O0 060

Whi | st the hydroxyl f or matvii @pe-h yi dr oH ywpsd tsh eisn

presence of water and met hanol in solution,
O WIUOOVOBOOVLOOBU®OO® ULVO

l ron mol ybdenum hyddaxP@Okhmanattde MMdet gen
structure) have not previously been reporte
Previous hydroxycaer@8Abapeecif pirmatdi on for bi
precursors had Rdipsetaiknsc tatvewarvle nu mb e risf oo f 15
carbonate ?8Tthheucpaaks.noted for previous bi me
(CuzZn) are of |l imited use in this-16$6t00dy mdue
and the broad peak swamping the | ower waven

mi nerals were explored.

Chukanovite, also known as green rust, I s a
of 2(F@EDQ. The main peaks for chuklanevaseighed

teanti symmegstiret@®®dwegv.er, SAS precipitates s
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present five significant peaks. When compare

the FeMo materials in this study have simil e

of mi ner al(s@ ((QHY, FRmgasite hd R 9giemiklsart oF TFe

preci

ment i

pitates at Y38mhiamd chha88ecmesol ved to

oned (1388 asdwk488acsml¥2wiamdalsSmmal ¢ myg

131813 EXcl uding!, 1%vh8cbmwas not assliRgnpeeadaksor

were assigmedtisy mnhg&tsrtiretC®@i ng mode, with t°
carbonate environments in the structure. For
study, 1528 laved el 288igmed one carbonate envi
1346*'tchme second carbonate environment. The 't
l ogi cal due to the two different met al cat
environments may suggest inhomogeneity in th
Fe and Mo neanyt bdeu eprteos t heals ha'ul @iIBDcbmhas prev
been assi gn-©dot b ket Fer work using Raman sp
vali date assil ®Rnnsepnetctaofa, FTIwhi |l st further c hai
|l ocalised environments of Fe and Mo woul d
precipitates.

l nterestic@gtgsolOwemt content was found to ha
precipitate. Carbonate content in theO preci
has previously been found to be necessary t
some studies have suggested that even in th,
al kyl carbonic ac33dbsuti nt heex pvaantdeerd pCro mot ed t
carbonic acid duriehg $ASS sp r® ccepsi(dl &t eHotn .cont e
met al precursors used were not precipi-tated
| R spectroscopy showed a clear changsanaf str

111



Mo@ AcAc)despite previous studies highlightin

salts used wh®nassang?@o®l ¥ent .

An i mportant control measure of the precipit

Fe: Mo r at {Ak Swi(tals MR scri bed in Section 2.3.5)

be highly influenti al on the performance of
f oMe OH o x i%dTahteiroenf.or e, <careful <control of the
The systematic variation of met al cation rat
necessary consideration for control of SAS p

rati o wadsb5sewhioh is the s Mam®hitohnee tarcitci vrea tpi

for met hanol oxidation.

With all water cosolvent contents (0, 1 and
usi ngABMP when compared to the tanr@edosaltvieonto
content precipitates have a Mo/ Fe ratio of 1
Mo/ Fe ratio than the target rati o suggests

proportion to molybdenum. The | aoruggehr nMool/tFiep Ir

reasonings. Firstl w,Ad#Arcgso |l wesrst stod rubd ,e MmO me
compad to ke (amcdAct)herefore may readily crash
expansion of the solvent . Jdihse wusaepd da se xgma nasn to

| owers the solvationt’hiremgwas odl ntnédady oll vweea
precursor . Anot her key consideratizonl iisthéae

precipitate i2 $bkeubbemabhi®aanCOf the precipit

Mo/ Fe ratio potentially means that theThier on
change in structure ionfclturseeGmir @duhH osy ®he mhme
warrant consideration for the solubility of

scCGO Further studies measuring the Fe: Mo r ¢
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precipitation, collected in the cyclone, ma

not been explored.

3.3 Properties of SAS precipitated iron
With initial studies suggesting that even

cosol vent content) for the SAS precipitatioc

di fferent precipitate structures, a statist
devel oipted ™t al Energies. An initial definit.i
measure the influence of four SAS operating
experiments. The four parameters selected we

1. Water cosol vwapgct asntsédmtwn( in section 3.2,
precipitate structur e, forming carbonat e
increase of water content, the system wol
l ow mi scic®iadndyC®f H

2. Met al precursompxancéanpgeeiimontentration
solution relative t o t he solubility [ ir

precipitation as the mechanism moves <cl o

[ i mit of the solution. As SAS precipitat
solution (discussed in Section 1.6.4), i
closer to the solubility leipmietc,i psumdri oat,

occur more rapidly.

3. Solution o)l rowcegtateemicentrati on of met han
centres intoetbdenscsgsteati dh ofwiwdt eneanmnmd a
vary the relative position of 20/hsec2CtOer t i a

when compared to the mixture critical poi
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MCP is the main influence of aprdeciispirteataitc
to the molar «ontéehete wkssbée.CO

4 Presspufe & change in pressure correlates
scGO changing the anti sol veryt disncpreapda rntgi
decreasing the detxi tiyncafe atsree innc@@nsity |

di ssolution of precipitate as the vol ume

A definitive screening design was selected
mapped, whil st undertaking the minimum numb
effects and either cross ter ms, or quadrati

mai n aadgveasnto f using a definitive screening

ter ms, and t he mdaswragmeenftf eacft sn o Crr folswe ntceer ms
one term o(ni naneortdheepre mdiempeas daebad an infl uen
i nteracti omni fdiotrattihoen Tphneec hamai 9gbasi sbhcal app

here would need to run each parameter with
being needed. Cross terms are not explored ¢

tifm®nsuming process needeod temacbholcloandti nak i o

paramé&ober example, to measure the four par ame
concentration, water cosolvent content and
space, mul ti pl e e xep eeraicnie npgtasr atnoe t eera sautr t he ug
| ower value combined with the upper, middl e,

woul d be Wietqguia edefi nitive smtH#leeax mgr idmen tgs ,
needed, mwiksertehe numb,erwlhoifc hf aics oa smuc h |l ower

when compared to mapping the entire reaction

To ensur e statistical di fferences wer e me a
guanti fication of physi ochemical properties
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par ameters), the minimum and maxi mum of eac

l'imits of the precipitation vessel and super
the maxi mum value of a property, such as par
or xmamum of a parameter. This must be consi

desiagmh ows -Ifionreanrointy by having preparations o
of O in the reaction splacand atshda hma xmi mu nmu ant
examplhlre,pmweadsure having a range of 80 to 14

statistical valwue of 0 i sl 1aln0d blar ,r eusigptehcs & Ov eal

of normali sed values iIs iIimportant as the ab
pressure, water cosolvent content, met al pr
rate all wvary, and in the stati st itcearls adnoaelsy s
not i nfluence the resulting relationships f
properties. The use of O allows for the sta
points over th&heeatoliiemeapiatcye.i nuwdéThes can
table for the parameters for each sample in

i fabl e 2. 2.

3.3.1 Precipitate properties

OaPaTaTOACI qRAGIIIOL RAIJIOE UT 1Ol Rt gl RA2 qRYU

SEM i maging was used to measure particle si.
was undertaken for 13 samples f orateat ifsotri cRA
analysis. As shown in slipeplacesmpangi ¢l iensozmat
di fficult due to the precipitates forming ac
can be determined by measuring the nodal p
aggl omer agelser iNoal , irregul abSDa®mpdteisorl ,i &4,d
7 andavhl @éf carrmed with highsasmpwaesed,cdnt @nasd
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20% water cosol v8amplceo nG emas Mh.id9% twaatnedr c 0 S ¢

al ow pressure of 80 bar. |l rregul ar particle
Ssubcritical conditions, which would be more
whenn the Sampkeob, conditions are closer to

bel ow the conditions at which the MCB is f
conditions being wd lsl dhuesl otwo tthlee M@®e lewusi on
concentrahiobsa,owhy partilgy Imeacimdg et avi lt ihmistc €d
across the plhaedevereaaumedamyanolSphedi x@aCOparticl

is formed from jet break up, WICPPandccam sbé n

detected in all samples alongside irregular
spherical particle formation exhibited in th
water in all solvent mixtures, ®heitc hb rweoaukl du p
produces spherical particles, typically the

pl umes and operating through gas mixing for
mi sci bi2Diaryd e€@a@®@®i ng surface N efrbseifoorr et op anrotti

growth occur s.

Crystalline nanor ofasmpwerse 1f oarnnded5.i nThe me t
concentration!fwas blod hg of the samples, whi
mol ybdenum precursor may have precipitated
being closer toFuhehseolaobaftatyetismation usin
ray (EDX) anal ysi sHowmoeewled ,b & obre meofsitc isalmp | e s,
aggl omerates were for med, which are from SA
(which occurs Bbomengher ME®YUI ar particles, [

aggl omerates are formed from being subcriti.
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Gas mixing previously formed irregular shap:

aggl omerates in this’”study are much | arger.

|l nter eSammigd y2 has a bi modal particle size,

but al so expabBdpanopead ttpyplite¢szll leys occur when t
produceslrmip¢reeds and the conditionsziqndto alhleow
dropl et , but the surfachKh e ndsuieo ns whaeEnr h 6 i C &
conditions ofontbeetmextswurdace tenJhen soéadh
precipitates near the surface of the dropl ¢
contiinhnmeseasing the volume of the droelet, v
formation of t heocecxurasn deetd pragsswrilee bel ow t he
CQ mol ar f ¥8a chtei otnrsend can be seen qualitatdi

i nf or milt,i drutSlal $ori paticle size distributioc

particles for med. HSewempbke, 2inthbei nasepoifat
amount of wtceasollwent content) may cause | o
high water content regions and met hanol re(

tension tN Tmeaomach td® nNodtharteaaclhl 0Odue t o t he me

di f ferTehnicseswoul d t hrereifforer eantl oWAS oprecipitat

operat e, wi tdind ogxhpamdegamt i cles to form. A
operating at a | owehepnmdaetistsiuo res odar nedl 0l edosesf ohraer s
the system may be below the supercrstheal p
clear | ocalised precipitation mechanisms whe

macroscopic conditions being:2aumpessrthecalha
boundary is changedi byt tae ¢leoactail o ni ncfr ewasteer |,

i ncrease the time to reach zero surface ten
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mi

de

Ca

S i

or

P a

ASs

sci bid0i tayndods thBO t i me reach zewoubkdr hédscse b

pendent on conditions, such aSe@pt3ecds.ure, W
ref ul contr ol of particle size can be achi
ze distributions, shownl2,n tshuep pslteamediatradr yd ei
S@MD)t he paasi claé¢ ceil aeed from t hetidan a set
rticle size is determined by the standard
shoRmvmuirre 3. 3, omhesivaer was extremely affecHi
i gh pressures | eaadiimgn par i slmal $i1 vea,r i whi |
hi bited @ibdbmrmgar tviaclie@a si ze. At | ower press
rface tensdwer timctrleeasleower Tdeasetgref sCiCO
the precipitation mechani s mzdisfdahsaas owat e
e surfapbaspr ayswem due to the | ow miscibi
d increase 9Pmaltviaetiesd fg rtolmet hp aartt ihalgeh esri zper es s
ggested that at presssmegeafsetid@uilbartr o dihfe
nsity 2ofadsic€C@ases the i nfnhiusecnicbei Qi ftwytthbef pH
GO Particle disdgfrobutnonea®edepsessur e, a
came harsher and the irfwlatemceosci!| vtelnkr cpa

ecursor concentrati whiahda$bdb6kaoti dihnsEbbwtri e

ss influenti al

118



0.20 12
a) o2 b)
0.18 - *10 1.0 F
E o7
=5
2 016 | o4 08k
N o2 c
] b
BO14L o o= o7
£ E 06+
s 7
£ 0121 *10
S L el
8 '? 041 o
o1 o713 ) 1,8
0.10 |- 3813 $12
12| . ,| 975
0.08 L . L - 1 + L - L - 1 . L I 1 1 ] ! 1 1
80 20 100 110 120 130 140 80 90 100 110 120 130 140
Pressure (bar) Pressure (bar)

FiguB®e@Bdendence on pressure of a) mean particle size a

Pressure as a paramet ewi pharst iac | ceb &A rzHo waenvde I a t
due to t hehsataattuirset iocfal design, the relations|
each paramei ed (pressur e, water cosol vent
concentration and, salkuteiaoccnh fplaovameatee) wi | |
magni tude of i nfluence on the precipitate p
strong relationships for thearlé cshnariplhemg ifnogr
mappi ng eomlay aoamet er. The influence of direct,

are detailed in section 3.6 for selected qua

® g @ g Tf sAiee] URD i KOE RE HOGI WHRGRa ¢ q 1t

FFI R spé&icqurae (3. 4) were collected for all sar
the bonds present in the almMdrpheoautsr prelcowi d ¢
in precipitate structure depending on water

(red) Il abell ed.

The carbonat ei Ir6e0g0i‘pcnnn 6§ 2580weaker absorbance
to the broad peak? cevintircehd i st t h&0 Mocmn.a tetr

1 %wac hewicar bonat e content for aw a ¢ hsoawepdl e s ,

119



carbonate content for,anwo 2v@f® htolwee dt I rheee adbasmmic
carbonate cont Sampl aea(pfa@rt mefdrAGm preci pi tati on
pressure of 140 bar, a metal wmae¢eursosotoerne
of 20% and soluti on?).f |Towe rcaagreb corfa tled grlLr und tnu r e
to form from a rearcdOlumn dbdernt weleen LWOpervarai t i ca

a carbonic aci3d intermediate.

—5
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b) — 13
3
c 3
s c
3] s
2 o
e (]
2 5
(14
1% wac 10.5% wac
3000 2500 2000 1500 1000 500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)
CO,>
c)
e ——— R B
o
o
=
© E
- o~
5 — ®
QL
—
[
(14
20% wac
3000 2500 2000 1500 1000 500
Wavenumber (cm™')
Figuhe BR spectra for SAS prepared iron molybdate precurso
cosolvent content, b) 10. 5% water cosol vent content and c)
boxes represent the samphienfodeshgndefheidetvai s of the pre
2. 2. Refl ectance has been shifted to display data clearly.

Hi glwampreci pigares 3(4.c) do not show any di s
structure, exceptehbretdhaméemrtdiaadc e akr evi ous |

increase in intensity fok pemkalcene micide cht ats ¢
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typicadliyn Mon octahedr al coor diOavaot i boonn dwh enu tc

interestingly, t he i ncrlecacsrer eilmtele wpe &k aatd
carbonate Téoer uomntcuree.s e i n water OO0 mtceretas e s
segregation of Mo in the precipitates, wh i

precipitation mechani sm and the relative d

precursor®/ MeBOHhesoHuti on. BFheattatba ahsoeabe

octahedral enviswintmenéa ceduetmabdber in the hyp
region, thus offering further jJjustifiycati on
decomposed in the process, as both the octa

(overl appingé6dDal)chmeoull2dsbe present i f the met

decomposed, further confirming the formation

Hi glagampl es do not exhibit car bromadswglgse stuct u
t he formati on of amor phous met al oxi de proe
characteristic carbonatR. oOnhgadroxyat peaksctH
these materials show a veryl3smdaolwemaess Imass,
does still occur, and even pPOr% smarscse | dbwses tca ntnt
mol ar mas s compared t o t he mol ar mas s of

di stingui sohri ntgh ep eparkess efnce of hydroxyl s were

The absence of the carbonate structure is al
water content , as carbonate formati on i s r e
clearly the increased water content rebBubit e

can be due to competing rational es:
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1)The high water content mdawhescht hteh eMQ@PRa rtboo nai
formati on, aiss tlhiemi s st em becomes i ncreasi
formation of carbonic acid Iikely relied

2)The +Jfwiagler content Fhnycdrreoa syesd st hoef saecleft yl ac

solution, which formed hydroxyl s.
To conclude, the amorphous structure of the
whil st precipitates formed using high water

peaks whenl Bpiemg rbSFEopyher elucidation of st
spectroscopy, cloRipbpdctwia hc Rlalyecpreavihder ef ur
understawmeli hpe different selection rules of

detection of di fferent environments in the s

OndaTa®dO~-Y @[ DO ¢ qRY

As shoTamblien 3. 1, a variety of methods were u
On calcination, Mo enrichment at the assurf ace
can be seen by the | arger Mo/ Fe rati-MESneasur
measurement ¥ysi{wluk faeehni que) . A target bul k
appliinehd s study, which was achihowedecl osel nni

can be seen between 1.38 and 1.860.
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Tabl lkBu3l.k
rat(iXesnpd

phase

Mo/ Fe

rati o

for

Mo O

preci MAESHHescampdarciasecn nwidt s ampt £
p vgruiatnyt ibtya tsievneil yc one a(eXR.Di)n g

Samp|Bul k Bul k |[Sur f §Mo® Specific s u
Mo/ Fe |Mo/ Fe§Mo/ F¢cont en|( rg?)
ratio|ratidqrati (
Met hf MPAES |[MPPAESXPS XRD BET BET
uncal gcal ci (Se mi (uncal)/(cal c)
guant i
1 1.67 1.581]2.58]8 11. 2 7.1
2 1.64 1.521]2.08]9 9. 3 9. 2
3 1.54 1.581|1. 76 |5 16. 7 13.0
4 1. 38 1.371]2.31]|0 15. 1 9.9
5 1.80 1.66 |2.60|7 13.5 7.9
6 1.67 1.43]|2.68/|13 11.6 11. 4
7 1.52 1.551]2.34]9 5. 6 9. 3
8 1. 77 1.63|2.68|6 13.0 9. 8
9 1.50 1.52(2.39 |5 27.0 13. 6
10 1.65 1.581(2.07 |7 7.7 6.5
11 1.78 1.61]2.62|14 15.0 9.9
12 1.57 1.501(2.40|5 14.9 10. 4
13 1.67 1.60(3.49 |7 20. 5 11. 2
|t I's i nteresguagtithati v é&emes assiorne neenntt sf roofm NKc
di ffractograms do not <correlate with the Mo/
di fference i n homogeneity across sampl es. | f
the dMooOnt ent would correlate with Mo/ Fe rat.i
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the Mo/ Fe ratio of 1.5. Therefor e, homogenei
t he SAS parametersquaHoweéaei ve s eimit a col |l ec
di ffractograms for iron molybdates may be

overl ap betfwerehMa@akds BoCs shown in figure

as wel | bgeuanngt i6taantiievsee i mati on of the concentr
reference intensity ratio which iIis normalise
val ues for eaedenpghanee meagrei ngmor phous a
nanocrystalline phases present in the cataly

16
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Mo/Fe ratio

Figure 3.5: De pgeuwalnetnicteasmidv éseMti O( measured using XRD) on Mo
O T XION]

Thermogravimetric analysis under flowing air
decomposition of SAS precipitates and mi mic
shownl3.n For all sampl es, an i niAd,all inkaeslsy Itoc
t he removal t lodte mail veecdht adsorbed to the samg
crystall iACi twasats hoOMh when undertaki#sgaTEM i
technique for differ enfi gtuernephedr. aftsuer eosf, saes escht ce

el ectirfofnr adct i srho w@iants etthse) preci pitatesACwer e
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(di ffuse rings), whi | sAC s(holwd anrg thirreyegdtrtae |sdepratti &

the crystal reflections).

300 °C 350 °C

Figu6€h &8nge of cryspraddiimiittyt ed iSAGn mol ybdat ACpraemduBsS®dr or

AcC, u s i-sntga rstt ofJpEM measur ement s. Data provided by Dani el
Il nterestingly, an increase in mass w4aB80measu
AC, suggesting the oxidation oef ionncer ecars eb oitsh r
is likely to beée*(tphreecaxisdhat ioxn ddftoixded agdti atne )st
of Fez(Ms@F.e Mo is in oxidation state +6 in b
met al oxide, so is wunlikelny ftuo uaxei dmMosrek , u nXdPeSr
utilised to measure the oxidation wdtauree 0.f t

A further mass |l oss was meadsCur emhifcdr ial Iprsa
be the decomposition of t he amortharuts BEMuU
i magiFinggur(e 3.6), with a change of cryeetallin
mass | oss ias exPéctAheCd t o be the decompositiol
to the met al oxi de. The relative mass drop
removal of adsorbed solvent) varied dependi

content aofpl ebevaried, -laR sheoding arysa nRBT 4. Fur
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di scussion in relation to mass | 0sSe catnidonc ar

3.4.1.

op e MAPYW R YI GgqRYU

Theidot herms (figure 3.7) highlight |l ow or n
mol ybdates showing a modest hy sdeefrienselds sl toeopp:
which would suggest either nonporosity or ma
type hdr m,soitn which the knee at | ow relative
p/po o f 1 seemingly appearing witheuti sbt met mg
showing no | imit iorfdivcodtuerse tahdasto rrbcerdo!|l ayer f o
t he suevieancewhen i ncreasing relative pressur

monol ayer coverages andanmwinti lnayear ad d shoirgphteit

pressures, with the thickness of the monol ay
2 a) 201 b) —

18 | 18 | :?0

2ol ol =

St Saal ——13

§12- §12P

S 40l S ol

-":10 %10

o 8T 28-

56- 56-

g .l S Ll

2+ 2L

° (JIO 0?5 1I0 0 O_Io 0!5 1I0

Relative pressure (P/P) Relative pressure (P/P,)

Figu7e)Ndphysisorption hysteresis |l oops for iron molrybdate
sampl-@sf dr the definiitnveompaecepmeanighottaetd g biNcphy smosgbdat en
hysteresis | oops for iron molybdat é oc atalrip3 efso ri7 otr me dd & fr iomi

screening design.

Porosity measurement sphesiesdr pntiitemnd, udue gt dN t
the materials having a | ow pore volume per
pore afal metbod devel oped by Barrett, Joyner
Si ze)lThphWsi sor pt ishny salesroe ssilis® thgogoepsst poor mono
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formati on, whi ch woul d l ead to di fficulty
porosimetry testing may be more effective

catabPysts.

3.3.2 Metal oxide properties

O Pa¥aTION ROl ¢cHqRYUIKGE qaldl Ut

After calcination und8ectXdofay i @dinfsf rdactciro b ep
can be plotted to show phase purity (figur.
cal ci nat ioMos@al-Mo Graen tHF e0s. K MosPwi t h the amorph
Mo@overl ayer has been determinedfas tnkee haaotoll
oxidation toUMo®t mal sehgdei VEeqpassan aaudi ve
unselect itTdhhepredwa.e, phase purity is a key cc
mol ybdates, avoi dURg :theardoryaitcanl wfform af
catalytic use due vicaol me i t e moIPE & rMofRvidast € S .
detected wi2dpedRBndwasboci ated crystall ograp
at 13.86A (83038A (2)0p0.48A5@13F3BA (212), 2:
23.03A) (423 :-283 A 2(42208A (400), 28B) 992A6 .(&4R040
27.55A (2223), 2728 BYP,A40383®. 2A (204), 20.,98A (
34.15A (511) and 37.76A (016), assigwasd from
also detedpeakswat hi12. 86A (200), 23.83A (101
and 33.85A (110lm ,| CaSsDsiogmlelde cftri opOs wouled 154 75
detected withdpdakacaer24t16A2(012), 33.14A

assigned from I CSD collection code 15840.

SAS precipitation is understood to form well

rapid dissolution of precipitates from sol ut
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to form well mixed metal oxiFdesrafl.e8, cmd cd m)
FeOsi s shownrom moéllybdate catalysts formed f
design.ThDeSDdbsenOG:peafdees not confirmOshe abs
as the phase is suspected '6fs hwaevliiln ga sa nhaingohc rdy
or amor pfOepet g&retially .belsmc®ubpddoded sftmor med f o
samples below the st2MamuBi oarsetirriocn rraitd ho pohfa skFee
for these sampl es. I't can af®o mekd seemlt hat
whiicé to be expected of sampl es #AMosiwe Alhle st
samples form @r yasd awdlilneadMoa@®On amor phous Mo r
by XPS ande TfEdM. malthi on Mof®i sr ylsitkaelllyi nteo be a
cal cinati on tchoendfiotrinoantsi oans wfi scrcystsalsitieme Mo @
catalyst preparations, and the migration ani
found to be dependent on calcination ti me, v

to be depeadennabhnon*®temperature.

128



Intensity

Intensity
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FiguBe XBRD diffraction
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Uni vebsfftyactograms hayv
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wer e

Angle (26)

patterns for DSD sampl es
previously. Cal cination conditions

e been shifted vertically t
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Whi |l st calcination conditions wer e const a
endothermic/exothermic nature of decomposit
phase segregation or strargsta&lutbbradimpl e ®.
mol ybdates formed for the adef icnointsiivsetremitm g e
Fe( Mu@and BMoOQWc®nt ent can varrgtemapiehodviat b@
values of 12.78A(tB&.2Aeandf 38bWwhwiApre akise foo
compl etely over | abpe iMogp). wiOtt Ih ep e o le sokfseorfl carp Mo Q |
F el Mo The relative strength of these peaks
compar ed( MooRpFea,ivshi cd a key factor to consi de¢

catalytic performance for each phase.

3.4 Relationships between characterisatic

3.4.1 Mass | oss relationship to carbonate <co
When analysing data showpéotrr masiee Yyoessqgnanmd
| oss can be correl ated etococarhanatoel Rben twe
spectroscopy was @amalisevVedsby measuring the a
FFIR spectra betweern, 1#2$ 0a amear cleértlagan of t ot a
1600%LcnwWhil st this is a crude measurement, a

carbonate content cafi per é o3.nY,balsowhown in
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carbonate content (%)
N w =y (4] [+2] ~
T T T T T T

s
T
[ ]

Mass loss (%)

Figud:®el3ati onship between mass | oss on calcin&aRi epeahdacar |
The mas s | oss increased for an i ncrease i n
expected”iass rCOnoved wahsi IGQ samples | acking c

any distinctive std Rcthanval cpeoasles tfor Ofw Ha s s
suggest t hat hydroxides were formed for proe

cosolvent content (the tlostshe foxOHd artaiyo nb eo fl oty

as well as | ow relative mass of OH compared
unchangemal I r e ivimov ad n deefr oxidative conditi o
measur ement of mass | oss can be used to accu
of precipitates. The | ow mass | oss for | ow

formation of amor phouwsplneedt ani tohx indoe sc aw hbeonn act oe

spectra and no clear distinguishing peaks.

34. Rel ationship between mass |l oss and crystal
I nterestingly, a correlation between mass |
SAS precipitatkEsgureaes 3shdOwn Ai small er mass | o
crystallite s(ipzrees swirteh oOSDI1130 bar , sof,uti on
met al precursor corfraeadt watieoncoksolFvBnag tont
clear anomal yThientrkeeddatdati ng | arger cryst
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mas s lcasns be rel ated again t o exother mic/
decomposiwiitoon t he di fference i n carbonate co
di fferent amounts of heat to decompdseaeatshd ik
that a more endothermic decompositians whbal d
endothermic process does not |l ead to | ocal o

strucdtAgrme n, this can be relSetcd@.ofholrarwhbhnahe

be controlled by SAS parameters. Crystallite
productivity in selectiveSmetdh.aho4. oxidation
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Figul eDe.endence of crystallite size on mass | oss durin

34. Rel ationship beupeakhespadi UhcaHcined preci
As shownguirne 3. 11, 2tcltemssmeti Dbnc cBHrrel ated w
precipitate particle size. Whilst thetakeal c
i n-THPR anaH:ypi ake wa sf ome acsaurceednedspahei mmee as
oxides (formed after calcination) are the ca
i's important to measure the oxidation prop:¢
precursors), whilst the mean paesti cléthaesieset

particle size of the catalysts.
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Therefore, particle size does influence the
| arger particles hauphgka. pdhigervepeact f elca tHi
paicle sizeHapt aswupegsdiditdtc | arger particles ar

therefore may perform oxidative catalysis at

To con&datdieami Bhl i ghted the control of chemic

of c hanngaet eirm al phopeghi eshe variati on o f P
specifically mass |l oss differences due to th
dependent on water content, influencing crys
reduci bility on winze.l c Ape Geh@tethdi ni qpleer f or man c «

indicators of the catalysts are difficuldt
physi occahlengroperties, but e addp g@rhdyisn g adn ptrioe

par amearetthser ef or e ¢ omattreorli aol v eparnotpheer taicehsi ev e d.

3.5 Design of experiment: mapping four pe
To map four parameters in the most ef ficie
met hod%wagy devel oped with theFeheaglep amfd Xamii
Kazmierczak from Total Energi es. The potent.i
parameter mapping using a definitive screeni
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onThe four pfaorra mMmeA S rsrweecriepi waattaronc oswad)w,ent C
presspurree golutisehrflaow maetteal ( precmp)sWarc c 0on cC ¢

was previ ouisn ySeschtoiwvonn i 8f Ruence the SAS prec

structure, whilst also being shown by!'the H
The wvariation in water adotsoolav ecnitancgoentiemtc rtyyst
due to the change in structure and the resu

decomposition4bn calcination.

Pressure has been shownf tiooheatufreeci caheppbseit
whil st water cosolvent content was expected

wat er amnd Isecaldd nghae®e as3¥’svbe m.

The solution flow rate was expected to infl

re®of sodn€@bhow wowl GV aow rate remained con

testing. The change in flow rate ratios woul
to the change in contact area 2petwiweoeunt dt he s
l ead to a change i n supersaturation rate an
tension. The increaseafif eich® |l axiitonvdl owmitryatfer
and therefore the Reynolds number, i h¥ |l uenci
Met al precursor concentration would be expec

properties of the precipitate as the mass of
the dissolution time staying consist)entA (i f
change i n metal precursor concentration wil/
change in relative position to solubility I
Ssuper s atTuhrea tdieossn.g n oaf p perxopaectdhmme& n mu m d attiaone xt r .

from the mini mum number of experiments. I n t
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the aim to fill the definitive screening des
parameters) and cross term effects (the infl
catalyst by two par amet €elr3s siangplingesnali Inyg Datei |
equati on:

17 samples would have been the idea(neanmnmber
l' inearity and strong depehdehbenobeaepal ameét
cross terms f;dowd\vhegruadmat icea nt ebremsdeitrer imh @ e d
absence of bereosadlde eerxrperi ments that were un
greater than the number of direct and quadr
removiad ee approaches to analyse the correl a

and character iweati comnfseateurds

1.Direct terms only.
2.Direct and cross ter ms.

3.Direct and quadratic ter ms.

The queaebchyapnadlysis method could be deter mir

into account overfaltsdo nghe t pvhivse ban ened aastu roen o f

probability of the parameter having an effec
bet ween 0 and 1, with O indicating that the
data 1is unl i kely taondbseugdeeghao thendependen

characterisation data on synthesis parameter

mor khance. Wi th these considerations i n mi
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precipitated i ron mol ybdat e catal yst precu

analysis of SAS precipitates would therefore

influence, but also cross terms, which has n
As sholvarblien 3.2, the four parameters were Vva
the | argest achievable range, considering |
practicality of the superceitacgésprachpevahb

for t he piagametemsure that the e9reoipitantel
di fferent ansd attihsetried @olrlefyor meé Ingv amd a.n Thneg f u |

parameters vary ,frwhnscehanbt Bamphdvantage of s
it wasl @gotssiwary four parameters comparative
catal ysts. | f al | variants of saomps iecderied

individually, 33 saampnsisdevioasd.d have to be
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Tabl2Pa¥.amet ers

for

t het diteatt | wdiASa paamaley eich eafi cprhy proper ti

of the prebéepinatiese screening deBémgneprdotidleBnbdygiDasn, eBe ICg
Run Solutio|Pressur |Water Met al
rate (s concent|precurs
(wac) concent
(mpc)
1 7.5 140 20 10
2 7.5 80 1 5
3 10 110 1 10
4 5 110 20 5
5 5 140 10. 5 10
6 10 80 10. 5 5
7 5 80 20 7.5
8 10 140 1 7.5
9 5 140 1 5
10 10 80 20 10
11 5 80 1 10
12 10 140 20 5
13 7.5 110 10. 5 7.5
3.5.1 Uncalcined Mo/ Fe ratio
With a target Mo/ Fe ratio of 1.5, SAS preci
then diluted solutions W&Se @Baopacarerad .sx.d5.u:
dilution ofaltlhtewes orhauad s brnesment of Mo ppm and
be convear treadtniddo*fogbr each met al The mol ar M@
sampl e arefTabhewBB. iln
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Thequatoithbonw $hWet hesi s pafbwmetMod $ehe ati o i s
bel ow:
O TRYT TP cieQl T oo O TEICPOOTEIp X A 6 O
MBI TE OWA N ©

Wit hR%ml ue of 0.89 and p value of 0.0032, t
bet ween parameters and pTlenpetatept ctwvasantod
t hr ouyghh@acsh i mpboerctaatnkte s may suggest that one
more readily than the other. I n general, it

preci pwasatdemwhetned arying water cosolvent cor

(as sh®ewnt iionn n3 a®y eembprpt negtahi ve value of t he

The intercept is by far the | argest value fo
that Mo more readily precipitates than the F
stoichiometric ratio, an eTxhcee sisn toefr creep t wawltd

through O highlighted that the stoichiometr
provide a stoichiometric Mo/ Fe ratio precipi
when forming binaTlg mecmaé¢éasatBbldyptsci pitatioc
preci pwaatirani onalised thrwhghehesolmaolbiylbidtewyuH
precur sor had a | ower solubility in the sol
di scusSeecdt iion 1.6, SAS precipitation occurs

of the solvent by rapid expansion of the so

supersaturation and therefore, precipitation
not [tohwvee rs ol ubi I,i twhilcihmihtes witoggl @ was not 100
diféeces in solubility of the met al precur so
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The two most influential stfamdns.c a&fsirecr edsged ni

th®o/ Fe rati o, with Mo prelianmesitnfalldencpesect |

Reynolds number, a measurement of the inerti
which can i nfl uanlan gseddra b raelasko uipnf |l uence t he
of 20t herefore chaofgyhegopbeapbsgtponnt in r
when considering a constant pressupPld/But 1inc

in the system, chiaggi ddg®?qhiel viapioa r

Tk infl sdmacye md due to the increased vol ume
the system, |l eading to a shift in the posit]i
sfirncreases, the percentage of methanol and v
remaining the same, chang) ngnd htehenwod faocr  rraem
Me OH as©d mdy not occur. As Mo has a | ower sol

precipitate under conditions which are not a

The i nfImpemane bef rationalised in a similar wa
in solution wil/ be <closer to the theoreti
solvent/ cosgwhwemta m xltwtrieon i s c¢cl oser to sat
di ssolute the precipitate. I n this case, aga
wi || more readily dissolute when compared tc

concentr &atigoher the rati o ofT hMo ctean chheur il lalt edi
the principle of supersaturation. SAS preci
solvation strentyarhd oudnltehses saolhviegdh ,degree of
under tea.kggn] (metals are completely removed fr
in solubility Iimits of the precursors will

operating conditions in our study were bel ow
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The 1 nf lwaesnacse ionft eremm hnicngasasddbado epseci pitat

rel at i

struct

ve to Fe.w@&ao ittheh asn cliFfeegansres hodfwé) (t hat ¢

ures initially form, whilst another un

contdmtosl.ubi |l ity testing, the Mo precursor di

of wat
[ i mits
ratie
found,

conten

To i mp
to or
di ssol
har she
change
precip
anHbi gh
a stoi
al most
[ i mits
to con
t he me
the so
Second
Mo may

Howeve

er , whil st Fe increased. Therefor e, w h

of the metal precursor s,ease itnlca eMcs/eF

.hyfjmot hesi sed trend relating WwWas sobubil

and therefore the change in precipit

t must influence the solubility of Mo

rove the control regarding the binary
above the MCP. The harsher condition
ution, with both Mo and Fe bei,ggt hcd ose
r  conditions decrease the apparent dif
i n precipitate structure seems t o r
itation. Therefore, hi gh pressumtes, | ©
er met al precursor concentration wil/
chiomet cooclratdep. the uncalcined Mo/ Fe
solely by how the s2lInveretl aitntoenr & ot @ ch ¢
of the precurwaac Hoiwe vseol,u tfiuan ,h eerx cse putd
firm this rationhRbectFanabgFpgsag Sedi,
t al tphreeeawer sdarsssol ved are poteeangamtl [iyn n
l uti on when undertaking SAS precipitat
l'y, the solubility 206 bOhei métaknpeecul
be more 20l abtdengnt swc piOofefce pen @ae.s on of

r{ poessmdtt uehoeé Fe , r avthmaosyh suggest that
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scCGProperties were not influential,, as the ¢
strengthbgf ceb@a@@i ng t haf Heppasrtatnpelt efrhse i n t he
analysis can be related to solubiliztyrdtimern s

than the rate of di ssol uti on.

3.5.2 Mean particle size (uncalcined)

SEM i maging, kls, swaoswnusiend S o measbheespher drca
coal esgdrmtgi cl es. The me an particl e si ze h
litefatur@msd “parstiizel ecan be carefully <contr
conditions for supercritical antisolvent pr
break up and gas miSechgonad.é&described in

The average particle diameter, shown in SI :

both proportiiomadi gmatdf eaentss tHemahhgest o
average di ameteommpdr 8d with the | argem) aver
as wel |l as being sufficiently different i n s
The absolute diameter size may be skewed (
measur ement by a specific size), but each s

sameoerdudet ase of the same microscope and n

The statistical analysis provided the equat.i

Si ze:
W TP WETSI T TR T Qrdt 7T 7T COPSpDd & 1 &

Pl ease note that the coefficients in the &eq
reduced coefficients (they are not represert

parameters) but provide the equation to fori
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For example, tBheOOOZ8d4fici emmttoplied by the v

71240 bar).

T prBParticle sias ¢peesscas edeicnacurseeatsccedd gr o wt
occuwrns higher pressures due to theciaasiem

mass trandfher particles are swhiewlb «clad an

suggest that jet break up is stildl occur i
whereas gas mixing typically forms irreg
bel ow 5Duemto the water content in the st

a ternary supercri tH22-@QQ csesmpt iematodd MehCeH |
position of the MCP, which would be susp
Me O € Qbinary mixture MCP due20t antdhg<ICOv mi
f (Walkmp)ce The incorPomsé&atiiienMEP #Ho higher tet
and pressures due twhitehbeulldow hmirdiolyiel icthye
rel ative posi t(itohne ocfo ntdhiet isoynsst enmat har BICB g i
witd Edxpected to shift the MCPwhe shamwmgsher
statistiaal hydfoeotd influence of particle
waclmps detected ae influemtcédmpdn The

explained by the i2@0tendmé¢th®ln bentween Met |

|l ess pol2@rduttham HWHhe -pel aQ ibZoendy whoenn ¢ omp a

t o-OHbond®,i mnd therefore an i nOraaseddcol
the metal centr est®aiss ploilkaeliyt yt adi éd €@ure,nces
(specifically the increased electronegat
charged met al centres wi | | |l ead t o pref
environment. 20sambaot met &ale PpHrecur sor concert
the |l ocalised g0 mademnutnrdatmedamlofcebhtres i nci
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t

he -momogeneity of the solvation | eads to

met al centres i n rel ati on t o t he MCP, |

conditions, increasing time to dissolutio

shown meanse tdiez @ airn fvacd yJnpdc f or
Il nterestfiiogs y nhot featsueés 8 atoitshte ¢c AT | eaanrall yy,s i
pressure and solution composition were mor €
parameters in this case, the conditions W €
mechani sm, rather than | et break up mechani
CQdiffusion across ,trlred hphagedraboudrddiardy dy nam
particle size). Due 2Q oandchedd®@i s aichielaistty i of
content was I|likely to | eadi hbol olwerdmaphbket ¢
increased pa&Pticle growt h.
Particle size can be decreased by reducing
supercritical system is required and can be
solution flow rate and | ower water content.
3.5.3 Uncalcined specific surface area
The use of BET analysis on wuncalcined sampl
used to determined spglifiSamplbefdB8e wasea (cn
(potentially due to difficulty in dryi,ng for
and with sample 13 removed from theR2afal ysi
0.75 tand .pdlhel ue decreased frHoOwOvY&d®R32 emov@alC(
of sammlean#th3e statistical analysis would not
terthe model cannot be used as a quantitati\
gualitatively; that i s, it would be possi bl e
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area wil/| be | arger or smaller for comparat
bet ween uncalcined specific surface area and
O o8P TR YR UBHT P QUAAND MMoPp OOERN @
Mg QOO mMicd Qi Q
As et equation for the influence of cmar eomdtyer
be used qualaibtsatl iut el wiaeueeptdf i s nAnegdti mpor
value may suggest that 4%giohackstheepanamabew

certai,n whibawmhkogi cal as to undergo particle d

above the critizcadangopmessdr ¢ hwa Ot he most i

the statistical analysis for uncalcined surf
The statistical fitting of data for uncal ci ne
the fitting fortmeampreasurel ensimence i s pc
specific surface area, whilst the pressure i

As mean particle size decreased-twiotlhunee prraesisc
increases, |l eagiecgfiac aulrdmger area. The s ame

(waclyipnc t he particle size aaldéesprdi fic surfa

The cross terms that do not feature in the p
specific surface area (hseréeheremensiireentedpe
area depends on both thiewmsiuah aice t el astod du meeo
particlieandi 2zéhe density .ofeél htchheangreciinmpsd an ®i)
hypothesised to be dueasoam icham@a&séd ni Mop OFr
influence density ofHowehWe@rachaogesi hocameldonse
woul d héfdehsitty toonffreantuereesti nn@lly, cross t e

direct factor. This can be broken down as:
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f (Sfri)watthe solution flow rate is a control
the precipitation vessel. Wi th the cross
rate and water content would i ncrease th
relation to both thmolmert hasmfwtoeuratd d(i s c C&a s
mol ar content 040 wmempameldEawmd sdiC@acase i
would increase th® momparedntenmebhahol b
An increase in waterticvoentpafdh elietd®R ot hd e
systteom be increased to hiingghene proe ds srsed ut
the phase bounaandbevoW®en bl present for
ti me compared t o2 M&choee fafnidcsi $ecnQt@afso rpo(si t i ve

which showed a dec¢r ehsepr pel idpencsriaetagsse i n  d e

of the prmagyi piet adtuees t o the Iintopeasedrppt &
under supercritical conditions when the w
mi s ciobfiOH aryc. C®article growth is control |l

surface tension reaches O when operating
(the Ilikely mechanism), despite mass treaeé
boundé8irfy .t he time taken to reach 0 surfac
for I ncwagcasitrheen the particle wildl gr ow,
precipitate in the droplet being phesente
(sfrlwacawasoral so the closest term to mea:
fractian of CO

 (fr 1 npneo-hi niemar ease in metal concentration
the cross tefmatseathwmwas her e. Agai n, t he

suggesting a deacfr etalse pme Teipst @y sbe rel a
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understanding of water prefereftSieatltl pnsu
3.5.2)9nd therefore(sthdejapbai hedathbs bérm
T (sfr)prieater(@fst)ipnpéreygtalse density of the pre
must be an influence on precipitation mec
concentration of water and neetianf Ipuenccue s
(sfr) proe t he preci pictaant i ba emephanned by
considethei mabar fzraancdt itohne ofnfdQience of | e
changing due to the increasedi ekl temeéoan
precipitatioanmbehaeakypyb@o meidderi ng the cha
system of solventstfonmh &tfiltskh ei nnccrreeaasseedo,o nt h e
of:OHand MeOH in thethestedmriencraedsier mol
CQexi.stéshl ower mol €Qwfouad dt istehn faf further f
|l eadi mgntoease in density, due to the et
t he i ncrease o0nO MenOHt haen ds yHs t e m. However
rel at iwanss hfiopund t o ,bei nofwhiincfhl udeenncseihitisc hi ncr
|l i kely to be the influence of pressure, i
and density would therefore increase due

forming in a Bhmalilrefrlswfeardjapngsh1 i ght ed t he di

in io€&l wédn par ametpernga,s ian swhiomlger i nfl ue
change in termarstrongttem. nThiuenkekeaeolfy ptre
specific to the conditions used here. Di f
hi gbeér

't i s al sa fwoougidc afle atthuarte i n t he cross ter ms

when related to particle properties (justifi

' i mbesaubefirs he contr ol parameter for concen
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water and met hanol into the system. As t he ¢
spray caused by the nozzl e, and with the no
number of droplets would occur, rath€@hethan

reswdubeadecr eassuer ftasc®l ume r atemdi Bhds isattmwwo f C

al |l S,0lwheiachh be described as the reduaesd vol
has been shown to previdtsly influence parti
It was also interesting tosffirnwditche ide mertdean

supercritieali ndrd yseforg.e p ®hiho gihtly ght ed t he i nfl
precipitation mechanism on the pore formatio
form the pores, but preserved the structur

materials with vetyi s owfodidn edt g shtedtrnah fclond m wd

density, rather than dryi.ng, when the aeroge
Uncalcined specific surface area can be 1inc
(similar to decreasing particle size). Howeyv
having a | ess supercritical system, liitkel y t
the same Mo and Fe content per particle. The
size and porosity is required to improve un
measure the influence of |l ess supercritica
pressure, high solution flow rate) on porosi

3.5.4 Calcined specific surface area

|l nterestingly, calcined specifictbaeahabe ar
used as a predictive tool when using RRirect
value of @PvalQuenadf a0. 0309. the prediction ex

® PO T YR QM8 AR O oS T T CAPI PQ
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Before the explanani emmeoffgeatihtohiagasbbiwest ne
explain that the calcined specific surface
precipitation of particl dhedwrailcg ntelle spARSi p

area dependent on the origofnattheacdli acilreedipre

(or to be more specific, the number and si zc¢
|l evel of air exposure during calcinatfi eame an
decomposition. Mo migrates to th%@anduifaksotva
to have a | ow specific sswirtfha cae sapreecai f(isci nsiulraf
m’gY) , which therefore affects the surface ar

parametersigiTati on of Mo and tmayl ewpspeai fti
data showing the |l arge influence of pressur e
as well the | arge factor in relation to pre:
the phase for me(dt hha phhaes es uatf atchee escuarufsaec et hies
N2, used as the probe molecule for BET anal y:
ot her factors such as porosity and particle
surfacei daleammpaBAShparameters wil/l need to be
because of the migration of Mo to the surfac
of the material but 1is not i nf.l ufesncsehdo vbry bhtehle

t he depeonfdecnacleci ned s peocn fprce sssuusfteer wesgawesmayd t

predictive model suggested that i f wused with
an increase in surface area, prieis|l naglait mivte, o
surface area cannot reach an infinite value)
relevant, it may not be a true predictive to

calcination.
The relationships can stil/l be used to defin
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T pre This is again related to the particle

previously Sexpiansee8.bn3 and 3.5. 4.

-mp:c rel ated to the density npfc ntchhee apreac it fhi
density on Theal adinfdtuieemmc.e of mpc omamal cin
be explained in regard to overall part.i
precipitave AS oprrnmeecdi pi tation will be sphe

dropl et formed ,frwhhdedhteosnii meet ipam ti cl e S i

uncal cined particles. However, the mass ¢
met al precur sgfheomaeaftc@emé¢ r aampaam nlclr eianscer eians e
amount of met al per particle. The densit

structure and porosity when precipitating
study. However, in the metal oxide for m,

cetre concentration, and when ther mal d e
amount of melteali nefelriuepradensci t vy, rather tha
of the particle during SAS precipitation.
-wa:c water content has been shown to infl
therefore ma s s | oss and exothermic/endo
decomposi twiaaganl,s obuitnf |l uenced the precipit
particle size (as shown by as icwr 0S$ec tfiaocnt
3. 5.2 I8 pectrodsactoapycl early showed a decr e
cont ént i ncwaeasamadg thereformriegumass3.l90s sal

exothermic/ endot her mi ce dexompersmitec oemndot

di ffeiaeandesompofsli adtemmemec hange in specific
calcination. An increase in water ,conten
whick the inverse of the particle growt|
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i ncrease i n water content i kely infl ui

decomposition, | eading to a significant <c

The difference between parameter i nfluences

surface areas can be explained by the direct

mechani safirwi umcal ci ned material s, whil st ca
dependent on the chemical composition.
Calcined particle size is increased by a mor
is necessary and is of a | arge influence. Th
as a | ower water cosolvent content.

3.5.5 Mass | oss

Mass | oss, as previously discussed, was an
carbonate content i e mhes wasesumidt att @ s i nfTlhu

catyali cperformance for met ha,nods oxICluaaptti @om 4.0
Therefore, i1t is important to deter miVinteh how
am?value ofpwVwal9bhe amd 0. 0CG02art hesasmodwel used a
a segmiantitative prediction tool. The equatic
O o@o o8td QTR Pl QBT QAVOD ™I¢d QAR Q
Mol QW O
Whil st each individual parameter can be anal
to the relative position of the MCP in regar
solvents and anti sXchbivends Spbhdagensvesseldi(agr
(Figur.eThle. 1lilmfl uence of oper at ismg ggaahtaat meotnel rys
under certain condi tionfhe waohtysialy dte hentve e f
supercritical conditions form more carbonat
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ncreasi ngwimalksst | asdéese @ase@a ilmarger phase cor
0 i ncrease carbonat e content . These ar e b «

upercritical

nterestingly, an incresave i mfigdamicreec ot Bnt
pposite signs precediangntieberi sHorps, e twehremms

ompared to the resipect neevwadssoeue cdh sthe rfms .t he
way from the MCP and to increasingly subcri
f s2@a@@0Hs wel | as the harsh ®©O9naintdi drherrede
he carbonate formation woul dTmetproestahrec @ no ft
reost dsrfnr ) wsaucg gsetshte r el ati ve mol ar content o f

elative to botzh Wa®»Habhsd etCOnfl uence. Thi ¢

|l R spectra in which increasing water content
data present esd hhadr es ugpemnfcirimi cal or c¢cl ose to
needed to form carbonate. Previous wor k h i
conditions are neede?d #hoi cfho rdme ccoam pboosnei sc taoc icda, 1
the analysi sthatetbentionohi tions contr ol t he
inclusion of water, which is shown to have a
when in higher quantities, as the system mov

The stati sthiasan c raenaasleydsitshe underasd agqualnigt atfi

assessmentR odfatRAT woul d h awaewaass & thme dc otntato!l | i r
The infl uesrdar mds s aleodbe interpreted in two
mass | oss is A1 RcdatawaftowdeF®R very influenti
underlying i nfl uencie aonndw atelsast bess svlewn t o |
performance but was |l ess influential overall
the second i ns$ &romrtatodtsi otnheasphase icromltweditng n
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water coahdnt hea edonter wlason the water content

formation mechanism occurred, as welbk as a c
To form materials high in carbonate content
conditions are required. A Iow solution f1l o\
(al though water is needed to form carbonate

with a high carbonate content.

3.6 Limitations of wusing a design of expe
Whi |l st It has been shown that statistical

properties of the catalyst precursor s, att e
unsucciehsds fussleTPR dHata to measure the specific
as reduction peak tempediadeusiridestc sproew i deduabi o
properties rely on a multitude of physical [
size and phRBacthi cpl hey ssiiczael property masy schoumt er
bel o gur e SBe ci2f i ¢ hydrogen uptake can be inf
and mas,r elspexctivel y. As the SAS precipitat
preci pphpsiesal propertieanolietmapmpeccn @liitahle
par ameters, but t he di foffertihneg pcrheecmipciatlatprso p

catalaytan indirect change to the SAS par ame
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Figut2inf8lL.uence of SAS precipitates physical properties on f
particle size, b) mass | oss on calcination.

SAS statisticalohiagll yghts thoel 8AS parameters
for molar yield,ohitbeothi Mol yantdo Flee due t o e
relying on careful measurement of me;t hle prec
complete extraction of afthesaclovércti bnowodh at
from t hmnwWedseln reliabl e measut¥rAeEnse ntwsh i accfh popar
be influenced by weighing of <catalyst durin
measurements and accUARS.ec &hadlsiudrtatiinom dfarMRer

t heol  ection of precipithitlkelayheol B&Gepteerp

the precipitation mechanism can | ead to prec
vessel, with precipitate | eft bel ow.Rihree fi |t
pari cuclaant eallsoostbea hrough the filter and into t
before reaching a finer filter.
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Fi gbr3 diagram of base ofz2fdroenvsi gihtreotuigcdhn tvhees sali.t GQO@wnstr ec
coll ected above the frit in basket. However, precipitation
materi al between the ifsndcaadsithlee vessiehg mwhi mal oper

3.7 Conclusions and future work

To conclude, i nitial formati on ovi &ASon mo
precipitation was wundertaken. A variation i
influence the structure of the catalysts as
Fe. I n the early characterisation ofatcatal:
mapping i mportant SASemgarsasrat tykafsi wiotuil \de becr e«

was therefore developed with Total Energi es,

parametéehse physiochemical properties of t he
mol ybdate catalysts formed after ther mal dec
The definitive screening design all owed for

characterisation data to uncover main and cr
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mechanism is compl ex, relying on a balance |

and mass transfer. The precipitation mechan
inclusion of water, which severely <changes
preci pitatniiosnm. meHohwever, al |l four par ameter
screening design were influenti al i n partic
surface area and Mo/ Fe ratio, with concl usi

The definitdeei grrwasni m@lriealbaltei vdeu ed itfof etrheen c e ¢
properties of the preoiadiateaRt e al assawe IlWel ds a

agreement across considerations for particle

Summari sed below are the parameters which
Cl eaprrleyn @ faarehe parameters with the greatest
properties on the SAS precipitates and cal ci
due to the cha(poeni hupgmneissgrehe strength of
sfcrontrols the molar percentage of each sol ve

parameter for SAS precipitation in relation
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Tabl3® 3Bummary of key parameters influencing physical prope

Property |Most I nfl u29mositnf | u 3 mositnf | u
parameter|parameter|parameter

Uncal cine|sfr mp c wa c

rati o

Uncalcinelpre (awtmplk

particle

Uncalcinelpre ( simp (awtmpl

surface a

Calcined pr e mp c wa c

surface a

Mass | oss|sfr pr e (sfwal

Howe vweart,er cos ol wa)wa acl osnot felnue n(t i al , as 5 of t

par ameters

concentmpdlih@maic s

of
supercriti

can be

testinghapaba®dweaad he

change.

s2caCrod 20H

shownwadbdotviee

c al envi

i nfwad heva dnalyy be

fairly
t herefore

ronment .

unexpl
har sher
Ho

furth
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4 . St rpurcotpuerret y r el at ixcrad hail pyyss t fso ra pl
to the selective oxidation of met

4.1 I ntroduction
The preparation and devel opmendt aolfy s3AS hparse cl
shown in Chapter 3, devel oping novel cataly

precipitation mechani sm with dependence on

cosol vent content, met al precursor @€ohltentr.
flexibility and control of the precipitation
were formed. The preparation was successful
structurejzpartsipelkefisc surface area, cCryst

concentrati eoatod!| yFsetM0.O The resultant proper
dependent on the properties of the precipiteze

SAS preparation parameters.

The preparation of catalysts in the case st
SAS precipitation mechani sm, and the depend
par ameters. The wide range of catal yst pr orf

propertiyomshiaps when the catalysts were usE¢

industrially relevant reaction that is wel/

Much of the literature reviews t HhHéwidtelact h e at
main | oss of selectiwitahye d voer ntaa itohraed flo swsoyl caft |
intermedi ates, |l eading to Fe rich catélysts
 The deactivation of the cat adeypsetnsd ef nete dsse lienctt
that is4“Baoammeery rarely are the physical prc

eval uat ed, which is the main aim of this stu
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4.2 I nitial tiecsotmpnagr ionfg cSaASa laynsdt sSCP s ampl e
conditions

I ni ti al testing of catalysts was wundertaken
catalysts with the common coprecipitation (
relates to the devel opment of a reliable te
deveeldopwi th the wuse of I nitial samples (CP,
conditions for the formation 20f andepsampidesd
devel opment of the definitive screening des
formed fomitheedsestreening design (DSD) for
formal dehyde is from Section 4.3 to Section
formed with varying water content occurred &
SiC to therbadevolume, 60 mL totalz fWwiewhwNth
as the diluent. The GC run time was 5 minut e:
( CO, formal:@@6hyddi melt(MDYME) e tamedr met hanolt i & Me

comparisons weeeen dGRa,wnt hbeetmost explored cat a

Me OH oxi‘d%®iaomd, novel SAS pr excicpittadtyesd s . F
Characterisation of i1iron molybdatevic®ASal yst s
precipitation has been shown in Chapter 3, w

materials and supports devel opment of the te

formal dehyde.

As shown in figure 4.1, CP had the | owest <co
a higher conversion, as w0d.l iansi tai ali grheesru Isted
i mproved performance of il ron molybdates for.
compared to the standard in |Iiterature. Al th

ratio of 1.5 are not expldrfedr exteanss vdd yi, n (
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catal yst s, Soares and coworkers tested copr e
1.5 between 275 8AGCthAnd 3VHS WAt BE.5 T e

coprecipitated sampl e had aCOQCc osnevleercstiiovni toyf o~f
Samples with excess Mo (Mo/Fe of 3) had a m
similar conversion, which was similar in pei
the same study. The focus of owor o$tuddy was f
understand the reldgtMou®@asdi phheetawmoaphhbiac &MoO
|l ayer, without t he I nfl uence ntof Bergfiho f mama

comparisons of coprecipitated samples to |it

The product distribution (Figure 4.1.a, 4.1.

selectivity, sugogrersepargedt haat atlhyest SASver e we

ncreased sgl0dqgtiasi iyotmnorHch phpsedid®A®. sel e
1% has a ssei éatri IOty compared to CP, whi | s
selectivid tyTheo kiG@H e€Oi vity of SAS 10% was

selectivitxkasofovEebMaODdati on is wunlikely to o

—+

esting indicated that SAS catalysts had i mp

selectivity, but further investigation was r
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Figutéenitti al testing of novel SAS catalysts formed with d

coprecipitated iron molybdates fComdt h262dsCs|: eNHSIW epefor x0i. d7a8t igo n

gcath®, 2/OMe OH = 2. AQf cmetvRamsolon b) selectivity to fapormal dehy
and d) selectivity to di methyl et her .

Limitations of initial testing were noted: f

catalysts formed from SAS precipitates with

content, pressure of 120 bar, temperamnure of
land met al precursorl)comcemtdr antuictdhn mofr e5 t dplan
for each 5 minute measurement. Conversion ca
over -mi huve GC run, which |l ed to a somwstiny

in conversion hypothesised to be due to var)
the reactor feed |lines. This is potentially
the bed tightly or a blockage downstiremmof ei
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paraformal dehyde at temperatures below 85 AC

compl etely and could clog the exit Ilines to
Paraformal dehyde, a cloudy waxy substance,
teting, which potentially caused changes in

was not measured at early stages of testing.

To consider the selectivity accurately, the
The total carbon balance is Il ess significan
MeOH (or in more gener al ter ms, whichever C

t hereefcoarn make the carbon balance appear to

| arge proportion of carbon is unaccounted fo
was used in this work from herein (Figure 4
draw i miptairalsoas) . The calculation for produ

Section 2.5.

Il n Figure 4. 2, the carbon balance is | ower

with SAS samples having -&09%,ardwaqgebsalianngc et hoe
pol ymerisation of the formaldehyde occurred
spots in bhhectungsocamore products were mis

product distribution.
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Figure 4.2: Product carbon balance for initial testing of
and coprecipitated iron molybdate catalysts

Referring to ' f3%dviisocwss sivonlk. 4 nd2i)med thioxrly met har

( DMM) can be for med. This was due to the |
activation i n t he catalYlkéadiantg Itcoweacitde mp
dehydrogenation reactions occurring, whil st

hi gher residence ‘4siom&r sp& otdhuec tssu rcfaanc ef,or m by 1

sur face intermedi at es . Soar es and cowor ker s
reactions are i mportant at | ow reaction temp
t hat met hanol reactions camrbesdi wixdaelddtiimtno

and dehydrogen&henopernationgsconditions here
(226 Avhere DMMf mametiav&@his was not detected

|l iterature neglects thisXx@i Soumatoonwhencbdnod

are usually at 'Wiegl heevratceodn vteernspieornast ur e s .
The GC run was extended and DMM was <calibra
(MF) and formic acid (FA), as both MF and F

oxidation of methanol to ¥°otMumdtdewordke iim Ipirte

neglects the contributions of DMM, MF and F,
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and FA may be due to different operating con
all products in this <case, as a difference
mol ybdate <cateldisftfserfeonrtmemglr eparati on met hod:

di fferent catAmswgstcaproeperfiresm. SAS 5% under t

across a range of40aC mp@r aFiugerse (2.049) , DMM i ¢
temperatures, but not above 300AC. Therefor
operated wmdercodidfifférons, at higher'®?asver si
the main focus of much of the research in 1|

such as the Fbrmox process.

Figure 4.2 shows that the carbon bal ance was
to SAS precipitated8@e®wtabygygsesthwiengueehatv 0ODMM
formed in higher yields compared to SAS mat
be dueatra eday of reasons. Cheng showed that ¢
conversion because the production of water
overoxi dactQ,on hoefreH ore becoming more selecti)\
over oxi datproond utcot sCCh e c alfteo wenviElCWDe rsteil &lct i vity
al so depend on structure of the <catalyst,
requiring a redox dehydrogenati on site, w |

dehydrogenation sité®and a Lewis acid site.

Figure 4.3 shows the activity, productivity,
Acti vi tvyowgéamm) | i s the absolute value of conve
new data when compared to conversion in thi
(0.1g of catalyst was wused for testing). Pr c
the overall Compasr iasso ni tofc ocnabtianleys conversi or
when varying the mass of the cathatgsthrl St and
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all ows comparison with other research, as V
conditions would be hel pful across all rese
applicable to all catalysts as catalysts ma

Specattcvity and specific productivit-y are

property relationships, I n which normalisingd
bet ween differences i n catalytic performanc
foundghhrcohar acteri sati on, rat her than the a
sites availabl e. Il niti al testing shown was

surface area, |l eading to a difference in nu

activdenssity was consistent across <catalyst
analysis to calculate the surface area, but
samples formed with DSD samples, as well th

statistimtal(iynrte¢érema of % difference).

Figure 4.3 shows that all samples except SAS
| eading to the understanding that all the sa
wi t h t he Mo=0O <coverage at t he surface bei
pr odwicttyi f or SAS prepared iron molybdates s
pattern, wi(tFhghreh4CO. c) , may be due to an |
preparation of the catalyst be*dhi ShCacankhay

combustion catalysts for this reaction.
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Figure 4.3: Normalised conversion and selectivity for sele
a) Conversion normalised for mass of catalyst, b) yield no
for surfacenareal i dpdyferdsurface area.

Figure 4.4 shows the conversion and selectiyv
5% (a novel catalyst which was not formed u
cosolvent content) . At | ower temperatures,
selecti®&%tyt oZ25AC. The selectivity to DMM d
that DMM was a product at 225AC in initial 1
on temperature, with DMM being formed at 20
MF , FA ande ®dMéMd i tnte product carbon bal ance t
reliable data and a complete understanding o
AC is also of more interest as oxygen mobil i

temper 8t ur es.
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To conclude initial testing, the careful con

set up was found to be key, as shown by the
4. 1. a) .However, despite the differwatcieviimny p
hi ghlighted the same selective site density
DMM must also be accounted for, and from he
cali brated for, with DMM as the secondary pr

firgau 4. 4.

80 /'740\ 80

::: —s—CO, 0 £
® e Hco| £
2 —a— DME g
4 40 =
é —v— DMM K]
’ ./20
| l<
o\ A 0
200 250 300 350
Temperature (°C)
Figure 4.4: Conversion and selectivi-ByAdependreracel onr ¢ e mpe|
formed via SAS precipitation using 5% water cosolvent cont
(lefwhilst all ot bher,gbdvwi)tah iesacshkelprcadwdtt yin the key
4.3 isoconversion studies for-pmeaetfloamaln cex

rel ationships

Analysing materials under the same condition

However, conversions were different for each
l' i kely due to different surface areas, as |\
compare the structures accurately, i1isoconver
To ensure a reliable comparison at isoconver

250 AC, as weMelOHa g atthe® Of 2. To ensure that

transfer l i mi ted, conversion would be betwee
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not a |l imiting factor in performance ( maxi mi
not ' i miting accuracy (below 10% conversion
closely relate to the selectivity to oxygena
wasequired. At very | ow conversions, the <car
the absolute error with testing the catalys’

average conversion was 13.6% with a standar

each ctatsahown i n Table 4. 1). Thecl ose contro
studies was deemed both reliable and valid.
the error has been shown in Figure 4.5 as er

Table 4.1 highlights the WHSV for each cat al
range of WHSV was necessary to achieve the

exampl e, DSD9 needed a WHSV double that of
conver eomonVersion did not strongly correl

(hper test), suggesting that the catalysts h
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Tabl® 4onversion for each catalyst in isoconversion studi:
Catalyst preparation conditions are shown in Table 2.
Catal yst WH SV conversionSurface
catal yst
reactor
OMe OHJc ath # % m?2
CP 6.0 13.3 0.13
DSD1 7. 4 14. 8 0.11
DSD2 9. 8 13.0 0.11
DSD3 11. 8 12.5 0.13
DSD4 10. 7 15. 8 0.11
DSD5 7.9 17.0 0.12
DSDG6 11. 2 10. 7 0.12
DSD7 8. 4 14.0 0.12
DSDS8 9. 8 10. 0 0.12
DSD9 13.1 12.7 0.12
DSD10 11. 8 12. 4 0.10
DSD11 6.7 15. 4 0.17
DSD12 9. 8 13.9 0.13
DSD13 9. 4 15. 7 0. 14
Figure 4.5 shows the selectivity trends and
studi es. The product carbon balance was <cl c
averaging 13. 64%. Il n most cases, the produc
selecthiHOt ywhioch is |ikely to be due to poly
' i nes, which i s assumed to be the main | oss
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unl i kely dduMde @ rtatei 0O of 2, resg,uldamgi denr ianng

required stoichiometric rati o of 0.5 for

formal dehyde; thereforwpultther ¢émoge anxyesoke
Unf ortumatoenlvye,r sODon was not measur ed, as t he
install ed. Errors in peak area from GC meas.!
| ower conversions due to the smal/l peak ar e:

error when hewacenwusesi o

100 | Jcox
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Figure 4.5: | soconversion testing of DSD samples with an i
mol ybdate catalysts formed by SAS piteée®w pasashown ConVabbke
Conditionssd MEBDB AG| a®O ratio = 2.

Across t he20ampa@ds ,DNHM al |l vary in selxectivi

for exampl e, DSD5 xdalse at ivweirtyy | ofw 1C.O07 4%, whi |
selectivity of 8. 34 %, hi ghl i gphrtoipnegr t aedepén

perf or mance. The wuse of consistent Si C was
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i mpurities, as impurities in SiC can | ead to

t o xCO

To compare the catalysts performance, it W C
selectivity patterns, due to the wvariation |
productivity, speci fic activity, and specif

res ts are standardised with respect to mass

are shown in Figure 4. 6. The activity and p
expected with an isoconversion study, as c
cat asl,yswhi |l st selectivity does not vary ext

focussed on the moles/ mass converted has bee

Normali sing across surface area highlights
slight difference in conversion (DSD5 having
with 10%) was negated by normalising across

t heoreef t he performance can be compared base:

across the catalysts formed.
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Figure 4.6: Normalised yield and conmCer wiaagrny ifngr WHSY d asthalw
Table A MeYOHa®@2Conversion normalised for mass of catalyst,
conversion normalised for surface area, d) yield n

The use of specific productivity does not n
mass. We can see that this was over doubl e
i mproved mass normalised productivity i's a
catiatytprocesses. When <compared to different
publ i cat?fschmoswed catalysts formed in this stu
(Table 4. 2). Further work at higher conver si
catalysts operate at 90% conversion or above
for oxithathanolbfto faomrdnad alechgtdievi ty patterns

than data shown in Figure 4.5,
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Table 4.2: Comparative performance of iron molybdate cat arlaytsutrse sf oarnnde dwibtyh dsiifnfiielraern tF ep:rM

Catalyst Fe: Mo | Temper ag WHSV Conver g§gSelectfActivity Producti viRef er g
(1: x)
AC OMe oc ath # | % % mmowvk ogec ath # | mmonjcogec ath #

CP 1.63 250 6. 04 13.3 72. 4 25.0 18.1 This
DSD4 1.37 250 10. 71 15. 8 80. 5 52. 8 42.5 This
DSDS8 1.62 250 9.82 10.0 76. 1 30. 8 23. 4 This
DSD12 1.50 250 9.82 13.9 78.0 42 .7 33.3 This
FeMg©Oatalysts f¢l1.5 260 0.785 100 76. 8 24. 2 18. 6 22

met al oxal ate pil

Fe( Mos@ Mz®anorod|1. 6 260 0.785 60 85 14.5 12.8 26
FeMg©®atalysts f¢l.5 260 0.785 27 97 6. 54 6. 35 27

met al mal onat e |

CoFe MaPCo: Mo = 02.6 285 0.785 96. 5 98 23. 4 22.9 28

5 wt %s:GlaBAMo @ 250 23.56 3.1 81. 8 22.5 18. 4 29
supported on Ca

hydroxyapatite

10 wt %-CMioHAIAM O @ 250 23.56 4. 8 74.5 34.9 26.0 29
supported on Ca

hydroxyapatite
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The standardi sed data can be compared to o
cowor ker s undertook I soconversion swHivai es
coprecidfaintdatciaoincul at ed Osomle?sh) f if ® ra at irvaintgye (o f
wit FeaMo range of 1:1.5 stamdb@2. As 8s8asewel h &
4.3, testing was undertaken at 230 and 300 A

The O/ MeOH rati o was 2. 16, similar to condi

temperature of 250 AC is between twer keosten
The CP in our study presented had a specific
Fe: Mo of 1:1.5, which is expected due to ope
when c¢compReorugd atyo and coworkers. However, the
ratio of 1: 1.63, suggesting the coprecipit

activity than reapdrtedobikeRouMo agf 3PThe 7 at

catalysts for med by Routray had a | onger ca
houirs our study for CP, as well as using ci
nitric, which may have influenced crystalli:
However, Mo surface segregation should be s

previously shown to be dependent on calcinat

Routray and workerspregdgocted whathnme&@s t ha

acidic sites at the sxprbdoaetsThesabpbasenceubtr

case M Pwehich is known to overoxidise MeOH
combust s fifeTthhea naobl s.e n ¢per oodfu cG Q3 combined wit
H2C O, DME and DMM totalling 100% (observed p

data presented by Routray and coworkers may
range and differences in product carbon bal

paper or suyp pmament al do not provide infor.
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activity, making it difficult to verify the

observed products, specific activity is wunaf
as specific activity i s dependent on conyv
benchmarking of our catalysts, it can be see
similar performance to Routray and cowor ker ¢
as reliable data.
Table 4. 3: s&£lCe ctDME tgndt oDMM f or met hanol oxidation Uusi ng
coprecipitation. Reproduced frPrédm work by Routray and cowor |
Sample |T (AC) Selectivity (%)|Speci fi
H2C O DME DMM activit
( mm@e bm2
h #)
F eOs 230 0 70 30 2.52
300 48 51 1 20. 6
Mo ® 230 - - - -
300 65 20 15 15. 8
Fe: Mo =[230 73 15 12 2.88
300 75 22 3 22. 7
Fe: Mo =[230 80 8 12 11. 5
300 87 10 3 85. 7
Fe: Mo =[230 81 8 11 9. 36
300 88 9 3 58. 7
2.3 % 230 80 20 0 3.24
Mo@ R@G: [300 95 5 0 33.5

With the casaluyygt $ ormi agr an Fe: Mo ratio bet
specific activityi7afagesmomédhween SA$S3prepar

FeMxO which was reasonabl eashwhemgcampamicnd i tco

5. nimovkom2h®, as well @om2hi8ad n®0If or Fe: Mo of
i habl3abéwes, an increase in temperature woul d
Catalysts wunder similar conditions can be c
dat a. Mass normalised data is particularly
surface area wmeBBEUuremahysis vary between in
di fferent equi pment . I n table 4.2, resul ts
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preparation techni qued elnav @ hlee &A Ss tpa vermp.a riletd i

have an increaseeOprfodumattiiwintty for H

The enhanced performance may be for many rea
that the i mproved formaldehyde yield in thei
when using malonic acid in sol gel synthesis
chameanl onic acid resulted in more isolated ir
homogeda@hey SAS precipitates produced in thi:

two distinct c ar b(oFniagtuéy ee nBvoiweggnamnetnitcsl e si ze a

|l oss also vary too, which are discussed furt
I n takhl eSpH.eci pi tated i ron mol ybdat eCOcataly
productivity of all catalysts i2€0Ocompduics oni
o42. 5 womiih?, outperforming all comp&mB&ti ve
AC for varying preparation techniques. Our
precipitated catalyst, and stild!l perfor med

shown. However, our |IDISDdi fdfi er ehmacvee ian sHrea: Mo r
the stoichiomewirth the ratio of 1:1.66 7rathe
an Fe: Mo ratio of 1:1.5 and stildl out perfor
that the SAS precipitation method was benef

when nor malkiasned per g

To conclude, data analysis on initial testir
di fferent performances depending on struct.
conditions), and a more expansive analysis
struqpopeety relationships. A successful i ncr

the detection of DMM, MF and FA achieved re
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di stribution. To expand the analysi s, our C
i soconversion studies to analyse the 1 mpact
catalysts have been well mapped. | soconvers
comparel ycsatt properties as different sel ect i\
change in conversion. Tiheoplotyg, reflfaecoinsdi §
due to the method of study but also the wvari

pr eictigpt es exhi bited.

SAS precipitated i ron mol ybdat e precur sor s
performance at 250 AC when compared to cat al
maxi mi se productivity would be beneficial to

for metdhiisn study.

4. 4 Stpuoperey relationships

4. 4.1 Effect of Mo difference to stoichiomet
One consideration across the DSD samples was
Figure 4.7 is the specific productivity witt
by MES of calcined sampl es. I't was i mportar
di fiittrphases-dedveedeplerf ormance relationship
acidPsiFes adsorb methanol as a formate spe
catalysts,yx f aowhmiszagh dBi@®osPc at al ysts di ssoci ati
met hanfodr momet hoxy species at2COhtorsma’tidédm. |
CQandXB, DMM, DME, formic acid and met hyl fc
viemci d catalysed reactions or by redox react

and surface concehAXPations of species.
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The specific productivity dependance on Fe:

correlation can be seen with sampl es. Ther e
when decreasing Fe: Mo ratio in general, witht
Fe: Moo rbaetliow the stoichiometric ratio. This |
l eading to a 20ncontcernetasiend tFhee cat al ysts, whi

mobid°Buty. DSD9 (SAS prepared iron molybdate f
bar, water cosolvent content of 1% anadnet alh s
Fe: Mo below 1:1.5 and having a specific prod
and therefore an extensive Fe: Mo difference

the catalysts for selective MeOH oxidation.
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Figure 4.7: specific productivity of catalysts formed for
measured Fe: Mo-AE&Er roorf rimanr MPf or performance relate to err

Despite no correlation found, the data is sk
catalysts operating through MvK mechanism, a
ratio influences performance, thoughhi ¢ i s

study.
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4. 4.2 Effect of precursor particle size forn
The performance relative to mean particle
measurement of the agglomerates formed in SA
is difficult to measure after calcination a
shape and becomes more irregul ar. =The rel a
consi stendaladrnoastsBlomut( Sdi fF er ent precur sor

magni tude of change in surface area from un:

suggestrendgiesfen structural stability under ¢

Figure 4.8 clearly shows a positive correl a

increasing specific productivity. The resul
vol ume o dMfo:@per sampl e. As a consiovyeeht@yamoi |
formed (of ~3nm), a | arger plalk@Moed(e.,dh.atshea s
overlayer is a constant thickness, but the d
increased particle size). The amorphous cont
at the surface of the catalyst, as previous

Mo (amorphdwyeMdgOwas dependent onR*whaldi nat i

this study was consistent.

Therefore, 2vMuPpmesenteper particle, a | arge
is readily available at 250 AC, <cl atmbd to b
influence of parti cleMos@pzleayhsi gahl k g)ht soltdrat n
oxygen to t hexowvelrd ap(idoe@WdsO previ ously shown
the surface with a | arge oxygen supply by t
showing that 20 monol ayers of oxygen were ¢
when measuring p et Ma)® mawmltiec hofhiFehl i ght s t he
mi gration t% the surface.

183



il
o

IS IS o ]
=) o o o
T T T T
I —]
I —
——

[ 3%} w w
[4)] o o
T T T
——
—a—
——
——

g
o
T

Specific productivity (mmol,, ¢, m? hr)

0.05 0.10 0.15 0.20 0.25
Mean particle size (um)

Figure 4. 8: Speci fic productivity of formal dehyde for met
dependence on uncaEcroedbpastiforepserter mance relate to err

Under the testing conditions in our study,
the | attice oxkMWMauPns fumim laeélly Feo be needed ( cc
of surface with gaseous oxygen). |Instead, th

phase and the core is highlighted, with the

bet ween the two phases would increase the o
di ffusion of oxygen to the surface. The <con
stru@ptroperty relationship determined i n ou

Fe( Ms@supplying the oxygen!| wed%Tthreea esor faced nh
idealised spherical system withoutampodrhbwsl ky,
Fe( Mu@woul d be | arger for | argéany@rarthcké&nae
contri buti on Twhaes ccaolncsuilsatteinotn. f or the differer

the phases for different average particle si

range of this study, with a consistent 3 nm
4. 4.
Ma s s nor mali sed productivity wapernfootr maseéd

relationships as the focus of the work was

184



catalysts. The wuse of mass normalised produc
the catalyst perfor mance, with the influenc
increase in specific surface area | eads to a
The relationship between specific surface al
our stwudy is to be expected, as more surfac
therefore more active sites are avail able. T

intrinsic properties of the catalysts by re

catalyst surface area that was present in th
Table 4.4: Proof of concept for the influence xafndparticl
F e( Mos.
Overall particle size surtf
Di amet&0 mm Di amet®6 0 mm
SA '=x?d 2.0nnmMx10 SA '=x ?d 8. 0#4nm 1(

Normalis®e(lpexnhtomt o consider different

specific productivity.

No. of parti®acme pe{No. of partiechhe pel

163 163

Removal of amorphous thickness on d

amor phous contribution) as a me

Core SA =4MM72 Core SA =4nm45

Tot al core SA for number 2?®GfA mamtirdlb

4.97'% 107%2 B16GY¥E 1.241% T104% 01Q@6E’

n M n M

PP g(x8. 27% |laargee SA for 160

compared to 80nm)
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However, Table 4.4 is a highly idealised ca
precipitation and particle diameter could or
particles. The particle diameter was measure
particles is difficuldt to meaampke,andniwar d
affecting t he cont ackt amd ear yettavleleinn eModo r e .

neglection of aggl omeration and porosity ef
macroscopic influence of the ce(nModaatn dartehae b e

amorphouscMoouter | ayer is noted.

With a | arger supplxyvefrl ayyegen tthe trreed oMo @y cl
by reoxidation processes at the surface and
dehydrogenati on rapidly, as thé*toatMmlsyst s

previously shown t38T hbee uksegyT RilRo tHo a anteiawsiutry. o X i
abilities highlights a correlation between

uptake (counts ?formalhiesesdd ngerofmcatal yst | oa
the correlation expected for higher product.i
an increase in specific hydrogen uptake (Fig

a valuabl e mxagwrmne aowfaitldaeoid ity per m

Kong and coworkerscaraeppses &GHeMo@® mechanoch:

met al precursors3®ibepgfbahtd mhhti harwiea par

short balll milling times f or meQO csaetlae éytsitvsi tt
However, their result was | i kely to be due t
crystallinity with shorter ball milliag ti me
form, which was not se&eBAS opr emait pirti atliso nf.o rTm
for meidAAS precipitation in our study gener a

composition and a spheartiicoanl. structure on pre
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Figure 4.9: Correlation between mean partppCPR. si ze spec

The dependencper oducstpiewiitfyy cof for mal dehyde on
was analogous to the wuse of sacpaptoarltyesdt sa n dw hu
supported catalysts were |l ess active than 1

oxygen reser¥vVaupp nreteaddaddNti Moys tosveoe 8Bio® abl e

perform redox cycles, which | ed to deactivat
Ni Me.(However, it was wunlikely that, at the ¢
in theModpe s required. The bul k oxygen, i n th
particles, is very wunlikely to be migrating
and even more so in the case of | arger par

replenishieg Thet&aéobaygen capacity of the c
to be affecting performance in our study, bt
confirm the <conclusion, anaerobic catal yst
determine the influeycoefoft hex ShASnpcagapitat
in our study. The bul k oxygen deep within th
to the short operation time and high oxygen

oxygen ¢loayMorO was i ncrelheseedonsiesttent amor ph
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which is |ikely to be inftlwhnchdabg cahstant

study. There were considerations, such as v
and porosity, which cause variatiownandn th
Fe( Mo but i-acal d argend, a clear pattern is
further research i nto xtama 2Aeom@r gays bteltevee on th
bet ween the two phases and increased phase
enhanced performance. |t IS I mportant t o h
produyctanwiparticle size is not ¢ awucshaetmivceal bt

properties that vary within the catalysts fo
as mass | oss, t hat is discussed in Section
t hedrn cal 8% increase i n contact ar ea, but

productivity.

The trend suggested td MosPWas ki oxglgeeaed fromt ke
due to the above reasons,x aanmwd phboas Dagprt d
necessary for selectivity, speci f dMosgr oduct
This was previously confir megds ubpyp otrhtee@® oowk eF e
It was shown that the catalysts beca®hfé? more
which coincided withz(Mupl apemabiedweseaihdahe FM¥
FeOs. Wi etOza&ethe core having a similar perfor

oxygen dif fxusi mrectessMa@ for high performing

of 2(FMos@seemi ngly increased performance.
Typically, SAS materials form porous struct
an aerogel i s formed. The aerogel preserves

relationship between particle size and pore
we arkegative correlation can be seen, wher e ¢
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vol ume per gram of <catalyst. The result sugc
mi ght negatively affected performance, as | a

perf or mance.
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Figure 4. 10: Dependence of pore volume on uncalcin

The pore volume was measured using the BJH m

and volume from isotherms), which was | imite
3Yas in this case, as shown by Figure 4.10)
20% bel ow’Nonhmcal density functional theor)

previously highlighted that the BJH model S |
size when?*fuhseisneg Mat erials exhibited micropor

related to the pore volume is significant.

Wo r k on t he relationshinp bet ween porosity

undertaken previously wusing Mos HAFPpPorctadda |l o/rs

with industrially sized pellets having vary
pell et. An increase in porosity, speci fical
di ffusion of met hanol and a gceaemat edi foemahd

porosity is esMHAPRI tped | feds Md@n compared to

the scale 0$ mechegreater than the catalyst
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studi es, as webkbphwysi ¢ direp tuiscen oifn Nour study, C

Hgpor osi metr y*Wint H idlelr atthug ei.nf or mati on provic

this study are concluded to be Iimited iIin va
Mean particle size Iin measurements shown hei
do not have a direct influence on the cataly
particle size is a predeterminant for cataly
information SI S5, the change in particle si:
on preparation, but the catalysts have reta
gener al . Coal escing occur s bet ween S 0ome ag
appariemtDSD3 and DSD13, whil st no sampl es

Catalysts exhibit similar particles sizes,

calcination, particul arisy oiDSDi4o mewhiicch Fhea sMo
Fel Mo . I nterestingly, DSD2 exhibits | arge
particles, but the metal oxide does not exhi
formed from the | arger particles, with circ

DSD6, 7DSIDSD10 &ahtalyxsi it open pores, whi c

during calcination, which helped i mprove the

To concl ude, the specific prva&ASt pvepwared i |

mol ybdate was increased by a |l arger partic
hypot hesised to be due to the increase iIin o
phase to the amarphoes NMaoa® to the increased
t he phases. Porosity may have S 0me i nfl ue
formal dehyde, but cannot be determined due t
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4. 4.3 Bul k or surface influence?

To confirm that the surface of tihse sciamiallayrs,t

sampl es wer e anal ysed using XPS. XPS is S
measur ement of approximately 5 nm. The O 1s
lability of the oxygen at the surfaceg with

in higher oxidation rates of the reactant,
(such as defect s) -awnhde no ecsoaripyatrii on gr gpacet i on s a mj
no corretweéemnObls binding energy and speci fi
found. s The absence of a trend between O 1s
does not <conclude that the surface O enviro
binding epoergygobsesd predictor ofyctahal ysitfsor m

ot her properties (mean particle diameter anc

l1s binding energy 1is typically important, b
the infl ldendda nadfi n@Q energy is stildl to be el
binding energy may not be | arge enough to sh

O 1s binding energy and specific productivit
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Figure 4. 11: Rel altdbiomdihng bodre wgen( ®V) for novel DSD sampl e
productivity of formal dehyde. Error bars for performanc
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To measure if there were differences in surf
calcul ated for reaction on CP and DSD5 (the

study) wusing the Arrhenius equation:

Q 0Q

wherke s the rat@ Aciosnst meextppolnee nt i al) Eafiasc ttolre (s
activation énerRyi s(Jthmolgas cnool)st alils (t8h 8 1 4

temperatttire (K).

Each reaction wused 15 mg of catal ys'tt oand a
standardise conditions. Temperature was r amp
bet ween 0 and 20 %, measuring in the kinetic

Il i mitations.

As shown in Figure 4.12, the activation ene
error . The result suggests that the surface
site was stil!l the M=O terminating bond. T

comdi ons change the surface segregation of

general; the influence of <calcination condi't
whil st the influence of calcination conditio
i hiterature. The same activation energy for

the formation of the same active site.

The -@exgonenti al factor (A) was | arger for DS
roughly with psokidd=a cle 3BrgesdMmAreri= 1.22). The r

suggests that DSD5 has a slightly | arger der
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in ratios. Further studies would need to be

are for the fitting and do not account for

DSD5
Ea=74.3 kJ mol” +-0.73
R*= 0.9996

A=7.17x10°% 5" +/- 0.84x10°

-_
ETOr = CP
= DSD5|
S cP
Ea =74.4 kJ mol™" +/- 0.47
-8.0 R?=0.9998 .
A=5.21x10°s" +/- 0.53x10°
_‘5 1 1 1
0.0018 0.0019 0.0020 0.0021 0.0022
1T
Figure 4.12: Comparison of activation energy, <calcul ated
mol ybdate formed by supercritical antisolvent precipit

With the XPS data highlighting no clear trer
binding energy, and the activation energy

significant difference in productivity, the
i nfnlcee The bul k properties were therefore o
compared to the work by Bowker asnudp pcoorwoerdk eor ns

FeOsshowed comparabl e p/er@E@MosRuan ad ytsa sMal@e t o

mobility of oXYgen in the core.

4. 4.4 Mass | oss on calcination

Mass | oss on calcination is related to the p
mass | osasr lmmmdat e cont elnR qrmpe etaowm oimn FsSTect i on
a higher carbonate content |l ed to a higher
following structure:

D€ 00 00 TAL © O EU w60 TOOOWi tehat he Mo/ Fe
ratio for SAS cptbei Mot Beesatiaadfor the met al
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after calcinati on. The Mo content after cal

due to the I oss of molybdenum during the cal
DSD samples have a | ow mass |l oss on calcina:
are present in the precipitate structure (@
compared to the metal centres) and removed
met al oxide precursors have been formed (due

| oss) . The broad peakr eseennttrse ddiaftf i~c8wWI0t ycm n d

structure, as has been previously explained

Figure 4.13 shows a strong correlation bet we

| ower mass | oss results i n 1t héhrhdaisghletre| tah e ds
carbonat eFigantee .s9)t he i ncreased mass | o0oss o
with carbonate content. Carbonate content i s
the crystallite size, shown in Figure 4.14.

55 F

i
N ﬁﬂ ix

Specific productivity (mmoly, co m? hr)

Mass loss (%)

FigureCo4d.red:ati on between mass | oss on calcination and spec
due to potential tceoxnttiamgd.naD$SDON0 daug icowgt !l i er i n red. Error b
in repeat testing for DSD1l2.

I n this study, 1% water content formed carhb
contents of 20% di d not show carbonat e con

spectroscopy (Section 3. 3:flo.r2re.d Mrreewii pu st astteuw
194



a decrease in crystallite size when the wate
t o 19%; 1% formed hydroxycarbonates, similar

content precipitated ambdpboasebatéaperepuesad

exothermic decomposition on calcination, | ea
perfor mance. Marin and coworkers also show
water content, i n which ocyetal hpt waserzecdan
result is |Iikely to be due to the change in
which can relate to both the mass |l oss and

precufisor s.

Similar trends were observed in our wor k, i n
|l ower water content, l ed to an increase in
influenced the crystallite size (Figure 4.1
bentedihere to measure the exact | evel of the

SAS precipitates in this study; without thi:
t hat crystallite size influences performanc

correl ates with carbonate content.

Figure 4.14 surprisingly shows there is no
and spe€COfpcoductivity, despite mass | oss s
crystallite size (without the outilpiogrenafi abDSDy
due to difficulty in drying effecting struct

| acfk coorrel ati on between ©CQ@spgraddudtei wiitzye ma)
to DSD10 being an outlier for tosmpdainfiinatproand u
sampl es. Further characterisation for t he
understand the specific productivity further
or a different property of the catmelnytgton evdhi
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previously, the calculation of the crystall
assumption based on peak broadening, which ¢
the sample, whilst the ¢=a3rOg ed 8Aencerree nscles cpeepatki

strain effects tdh=anR2®AR!] |l er values (2

65
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845— " an_ { %
- Q.
SRR
L ] [*]
aor - 2 20
1 1 1 w 1 L 1
0 5 10 15 40 50 60
Mass loss (%) Crystallite size (nm)
Figure Relladt:i oan)shi p between crystallit®ebatzieomasldi mabet Wes:t
crystallite size and specific productivity. Error bars fol
Errors in measurements of crystallite size n
equation can identify both the crystallite s
accurate crystallite size can be skeawedrhyers,

peaks at a measurdeameentnoofmasi mayl luesred2 t o negat
as measur emendasr etmdraa gaefrf €ct e ddi sT hdei fufsiec uolft
these materials as there ar esamaniyfo@ e Mlhappi n
peaks 2oMos@bect wee2n0 AlLOare isolated (namely [202
could be used for measurement, depending on
in the regasnusédBas the standard, i n whi c
measure@®@8#%tTha8oreferencehpda& FWHMLaB 0. 0576.
peak foMosegFies within this regionspwiatkhs, ananahb

therefore the [420] peak was used to measur e
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broadeni ng wihteh tlsaeBhyaee @f the [420] peak may
effects influencing crystallite size measur

correlation.

The | ow correlation betGM® esnpeccriyfsitcalpriddeu cstiizve
be due to influence of particle size. Even
4. 6, it is difficelrtopteag tdetrer mitn e nsthi pst warse

sampl es.

Two separate correlations allows us to corr e

increased specific producti vydat. alBPrsevsi oluasv es

explored the influence of <crystallite size.
size with increased productivity can be just
oxygen mobility through theocphotuadhk IMofOac e or ¢
with O. The | arger crystallites are hypoth
crystellnterfaces (that are also called grai
similar to a surface energy??Thedef?aenci,dns t he
moving through the crystalline phase, wi ||

being higher, caused by the change in orient
materials for | ar d®rndc rtyhsetraelfloirteg s t(hger aeixnpse)c t
| arger crystallite size relating to increas
oxygen mobility, I's shown.

4.5 Selectivity trends: bulk or surface i

To measure selectivity txpernoddsu cad ovu rt g€ &uMays, ussj
condensvataiodrymeri sati oa«€COm@py odukuewi Hity when f

selectivity trends. DSD10 has been excluded
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CQproductivity (Figure 4.15), which was | i ke

either by SiC or use of the press to ?pell et
as well as pelleting using shared equi pment
uses
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Figur eTh4e. T®:!1 ati ons:B60pspetwkbiea presdpedi vic ypraomdu cCtOi vi ty a)
DSD10 and b) withobltr ®SDH&r s afmpl eger f or mance relate to err

Figure 4.15 highlights that DSD10 in an outl
showing the rel aifCiOomasnhis CObetf weeprblductivity.
trend is tX®t spelcowerc Hroducti vityspeciuflites i

productivity, with the main | oss of selectiyv

Pl ottingspehcei fGQ& productivity in relation to
(Figure 4.16) showeffOnprodwurcel atitgn.i sAdelden
size. the result in Figure 4.16 is the firsi

on particle size.
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Figure 4. 16xprSopdeuccitfiiveci tG/O dependence on bul knplrk ofpe€EiHRkes whi c
productivityxpragd BSpteicviftiycx dceOpendance on m@amdparttiiviltg si z
dependence ofErmass blaocss for performance relate to error

Figure 4. 16shows t he bul k measurements
productivity/activityprdidd ctioti tiynf | Tlerearcef oC@
properties and t hespreel dtiicompghmidpuctto ve©Oy shou
amorphous nature of the surface meant <cryst
analysi s, as amorphous <contribution woul d

However, XPS can be useditasetheshnbsgaesur f a

As shown in figure 4.17, O 1s binding energ

speci kprcodOctivity. The correlation can be e
energy suggests a more | abile oxygen, whi ch
overoxidation (Section 1.4.2). The trend i s

energy beadhngdpeciClOic productivity.
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Figure 4.17: a) Relationship betweenrprOodtsc thiiwidtiyn.g E)h eRaglyat
bet ween O/ Mo surfacexpratdiucEamnwdrtylparcs fiaer COer formance rel at
testing for DSD12.

4. 6 Comparison to @Qeoeanwvitgtreéasionshups
4. 6.1 Initial statisticalianahgsabsenceaohl!l y
Statistical desi gn-aamtaisv ittoy nrael asttirouncsthuirpes wa ¢
statistical design was a-pt epetrot yd erceolnavtoil aunt sel

guantitati-aet isvtirtuctuelkati onships (QSAR) use

reladtal yst descriptors with performance. A
sample pool (13) was small . A multilinear r ¢
mul tiple independent values (structural prop
reepse (specific productivity) on the i1indepe
split into a training set (10 samples), to f
a validation set (3 samples) to assess the p
I n the first model , mass | oss was not i ncl t
mo d el required |l ess structural properties (i
results entries in the model (8). Therefore,
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other structural properties with the statist

the inclusion of mass |l o0oss is included in Se
To check the reliabilityR?¢toehéistantsbicdlet
Ta measure of how wel | the dependabl e varia

variabl es) RPwWasuskidgh , Thwith a value of 0.989
measured specific productivity and predicted
4.18. A R/lma¢iumg odl ose to 1 suggested that t he
whil st also showing that the data is reliab
mass |l oss is included bel ow.

0.14 e

0.13

0.12

0.11

0.1

0.09

Actual productivity (gu,co m? hr)

0.08

008 009 01 011 012 013 014

Predicted productivity (gy,co m? hr)
RMSE=0.0031, R2=0.98896, p value =<.0001

Figure 4.18: Pro€@iprtedustpiecifycim rel at®ommsod wc tméamsdiy e dwistph
p value statistical measurements provided.

The data shows that uncal cined mean particl
surface area, and uncalcined specific surfac
specific productivity. The relationships sh

st rucgamrfeor mance rel a%éeomniddh@mpdé. 4. hstvwhe iand diht i o

of of Fe: Mo rati o, which has been explained
was i nteresting, as we do not see a domrrel at
Fe: Mo ratio, but it can be seen during stat:i
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due to the multilinear regression model reco

HCO productivity, but indgtraphSaeatlknadarsg e4.smen

theuenté of mean particle size and mass | oss
The impact of calcined and uncalcined specif
interesting when the performance is nor mal.i
calcined specific surface area, the is corr
4. 19 bel ow. Uncalcined surface area also cor
not going to influence the performance of 1
catalysts were not used in testing.
S[a) S b,
':§'13~ a B3t =
§12- §12~
L] L w
S} " . 31k . -
o ]
‘t r u b -
310»— -~ ™ 310— - ]
(%] r [&]
£ gl - E gl =
1] o
2 | . a -
38~ L] w 8 L]
L T
g 7t " e 7} o
s | = S =
S st S ef
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14k
'U’4,c) [
‘:§13— .
= |
£12-
g1t - .
t r ]
a10F -
Eg: L
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a [ L ]
w B [
T L
s | .
S st
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Uncalcined specific surface area (m? g*)
Figure 4.19: Mean particle size relationship to a) calcine
aliasing between characterisati onRetlataonskidp floet vadearnt i sheca

calcined specific surface area
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Figure 4.19: Mean particle size relationshipyg

surface area, demonstrating aliasing between
analysis. C) relationship between uncalcined
However, the statistical analysis suggests

affected the surface structure. An increase

the specific productivity, which suggests t
with increasing surface area, which |l ed to :
the inverse of t hes peciiftiiooep rpad udtcil wi tsyi zree |
positive. Conclusions are difficulrttitcol edrsaiwz
and performance, as well at the relationship
si ze

4. 6.2 Initial statisticaliiamcdluyssion off mmatsas! )
factor

As shown in Section 4.4.4, mass |l oss influen
to both crystallite size and precipitate st
Therefore, mass | oss was included heré in t|
properties influence on performance and i nf

changed. The correl atviadnu ec hoafn gde. d 9f rtoom O0a nd 1R  \

changed from <0.001 to O0.00183, meaning the
decredaséelowever, as the qualitative analysis
|l oss is i mportant to performance, and the s
physi ochemical properties were Fe: Mo ratio,
sizee rddult is more | ogical than without ma
surface area should not influence specific
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per f
prop

The

ormance relationships are predicted, Wi

erty, to a reasonable degree of accuracy

reduced correlative and predictive stren

he relationship between specific surfac
icle size relates to wuncalcined and ca
ei®eret datistical strength of t he model n
i stical strength was apparent due t o
i ochemical properties, i mplying i nfl uer
uctivity bailngedur fSogce tmm@er mnt er pretatio
oved with mass | oss included.
.3 Accuracy of statistical anal ysis
ite the statistical model including mass
or mance, t he model using mass | oss <cann
ace normalised productivity was wused be
tairvgeelry when compared to the model wit hou
predictive tool, but was notpearcfcourrmaatnec ew
tionships). This is due to the mean ab:c
uding mamogdellod!l, shown in Table 4.5) 1in
| without the inclusion of mass | oss ( Mo
age variance between the dat,gstehe amaan |
l ute error betM©Oepraducal vspgciahi©OpHedi c
uctivity). The MAE value relates to the
errors in the model i n comparison to ex
ur ement O sppewecc fiici tHy are required to
es found for each model . With errors su
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rates, weighing of the catalyst, conversion
was calcul at e, domfPlot,bevhd.l2 gvhen normalising
absolute error wascodcorunMs t ohdwn Oi. 1 5Tagbl e 4.5
close to experimental error for model I anc
physi ochemical property), whilst the inclusi

to roughly double the errn’ht(.0. 0448 compared

Tabl eS#4atsiistical fitting parameters for validation of each
not including mass loss as a physiochemical property, whil.:

Mo d el Product(igyvdqPr oduct(igst

m2ht) (1) m2ht) (1 1)

R? 0.98896 0.91

RMSE 0. 00&domgh? 0. 00 DLSGmght

p-val ue <0.0001 0.0013

MA E 0. 018dom@h? [0. 04 4dBomgh?
The result wa s di fficult t o rationali se. (

relationship between mean particle size anc

accuracy of the model . The specific surface
and both structural properties are in the eq
anlaysi s increases. As specific surface area
may i ncrease dtceoalt @esctilneg nfoanct or being i nc
productivity is also |ikely to have a | arger

the oufseBET measurements to calcul ate specific
under esti ma%géd/0ath?gl0 pmrti cul arcphpscaaspt i b

highlighted a | ow monol ayer formation.
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The

mo d e

mo d e

outoc

(abs

per f
sur f
me an
stat
ot he
sur f

prov

i ncreased erC@rprfoducstpievciitfyi cwakk parti cul

' 1'ing t-per fsotrrmuiacntcuer er el ati onship when u
uctivity. As shown in Table 4.6, the MAE
I . The mass nor maliifded ept-pebitfrouicm aur gee |
ome compared to specific productivity, w
, uncal cined specific surface area and ¢
ence wds massspHysi ochemical property) al |
I [ included mass | oss as a factor, but
As mean particle size was stild/l preseil
not dbeiecg & actor on catal yst product
ormance relationship may suggest that a

ace area was influential. The wuncalcine
particlheerseifoe eandhet uncalcined speci fi
i stically important because mean particl
r factors such as density (a change 1in
ace area,urnnidernt hemadf @cteerfi sati on of por

i de i nsight into thegO mfrlodaurcdaae vaft yt.the po

Tabl eStdat@:stical fitting parameters meass vrad ripdeadtd wetdiovfi teya c hwi

mo d e |

| not including mass loss as a physiochemical proper:
Mo d e | Product(i(wgiol]Pr oduct(igpead
gthd) (1) gth?d) (11)
R? 0.087 0.98356
RMSE 0. 03%doglth? |[0. 03 ddogih?
pval ue |0. 0002 0.0001
MAE 0. 1 4Bogght 0. 1 Z%ogghl
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The inclusion of mass | oss in forming the n
Combining the understanding of MAE for model
specific productivity, suggests that model I
fiotr ft he experi mental data, whilst specific

regard to specific surface area weakening t|l

potentially overfitted due to the coalescing
To summari se the QSAR, mo d e | I did not inclt
due to the statistical l'imitations in initd.i
strength (p value) compared to model I' I, whi
prpoerty. However, the p value of model | was
mean particle size, uncalcined and cal cined

the stpectormance relationsbOQ® pfrooudnudct i @i t |

relmmghiop between the factors therefore | ead:
marginally improved from model | to s0Odel 11
productivity. The di fference i n MAECOf or m

productivity is hypothesised to be due to th

the speCO fpircodHicti vity is dependent on, bei ng

4. 7 Conclusions and future work

Il ni ti al testing of <catalysts was | imited re
therefore selectivity trends were not suffic
product detection to include al/|l products w
23 AC, aproduct carbon balance >90% was achi
>90%(or total carbon balance of >95% in this
for methanol oxi da'ttiddnd tios fnoortnaabl|dee hgyidvee,n t he
pol ymeri s2@0i oacofr Hng due to cold spots. The
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increased activity of novel SAS prepared iro

the conventional <coprecipitated iron mol ybda

Using the definitive screening design approa
ratio, morphology, precipitate structure, an
studies to measure performanc-288%Awamahthtcene
with -nmarsmal i sed amd malurdeadc e productivity vV a
catalysts. Many of the mcwaela!l FASspweciepianati e
on the standaTlheCPesthtpéysorming SA&tarest pi

DSD4, i mpasosvemdor mal iyved34a4%tivity b

Linking guanti fied characterisation dat a t
influenpbysfcbheproperties of the catalyst.
correlated strongly to the specific product:i
to an increase in specific productivity. The
surface af Maupfodr Flear ger particle sizes, sup
oxygen diffusion to thessrefiacei vayamor whoblus:
capacity (increased size of oxygen reservoir
as emtioned in BowkFeurrétshefri vteesrtiulngs .at hi gher
duration would confirm the relevance of t he
However, the insight shown here concludes th

througMod@eorrel ated with AOcpeasdedtspeciyfic

The other significant trend was the strong

calcination and specific productivity, wi t h
specific productivity. The result is hypothe
sizehef catalysts, which is dependent on the
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na

ma

of

Ov

be

ture of the calcination for di fferent SAS

ss |l oss is hypothesised to have a | ess exo
rbonate content, which | eads to thehéor mat
nal catalytic perfor mance. Further wor k

ecipitates would also be undertakRmMl,R with

ectroscopy, as well as TGA being coupl ed \

(@)
—

heeawompasi ti on of SAS precipitates.

ssible further work would include the ope

% which would beot ékretvaamdvdmece a wittalh emany

ield being tested at these conditions due |

dustrial “apphykiacdlolnys,, a hi ghx cmaé¢ afl grsmi nfgo

|l ecti ve met hanol oxidation we@d datacBDOeoe
nversion. The novel SAS catalysts do show
ture and increased productivity at | ower ¢

rther optimisation o f catal ysts coul d al
reening design (Sections 3.5 -cahnadr a4c.t6e)r.i sTahte
|l ati onships t-p e rcfhoarrmaacntceer i s@alt abinonshi ps C (

cr eadcglectpirvoi ty of the catalyst by changing

atistical design. The optimisation proces:s
ith al|l four parameters optimised,; however,
a wigee ofacatalyst properties, whi ch <can

FesMaOal yst s.

erall, a strong insight i20Me@R@darme Modhasof

en shown dthrough the range of catal ysts

209



10

particle si ze and mas s | oss on calcination
productivitynorwiaillistedmagses f or mance showed a

compared to the standard CP catalyst.
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5.hd oxidative dehydrogenation of
i ron molybdate catalyst s.

5.1lntroducti on

Propene is a chemical used for a variety of
as the mopomgpr 6pyl ene (PP), but it is also
propene oxi de, acrylic acid and acrylonitril
steam cracking (SC) or flwuid catalytic craclk

tail oredhto peconmturca! dti stri bution to fTohen et he

variation in product distribution can | ead t
than demand requires. Steam cracking and f
high temper at8u7r5eAsC, ofr e@&Dr i ng a |l aPden ener
compari son, on pur pose technol ogi es gene .
temper daThheresf ore, to ensure a reliable suppl
consumption, on purpose technologies should

The gap between supply and demand has appear
mostly controlled by the#*Qornitcreoldfe dg absyo Itihnee de
ot her products formed during FCC, the suppl
t herefmurepomsne technol ogies are required to e
not growOhmunphese technologies such as dehyc
exist, with multiple processes in industry ¢
STAR process, CRArTlAplaNt a i dPiko ttheec lKnol ogy, t he
used are either Pt or Cr, which both offer

Therefore, It is I mportant to explore new ca
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Selective dehydrogenation of propene has t}

oxidative and nonoxidative. Nonoxidative deh
for I ndustri al technol ogies due to the I mp
dehydraagem ( ODH) . However, oxidative dehydr
it thermodynamically favourable, with?3®the pc
The usxd oof OODH enabl es | ower reaction tempera
operation and there is no need to regenerat
di ssoca aHew®ver, due ¢t oz2itnhd hav dieleadhi laintdy tdfe
surface, overoxidake¢am @édcuractants to CO

l ron molybdates are highly reducible and he
catalysts for the oxidative dehydrogenati on
has shown Mo catalysts to be important for
theref oQQe afkaMysts with an amorphous Mo over|l
consider t-peopéerugtuvekati onships for the red

surface for the oxidative dehydrogenation of

5.12ni ti al met hod de@el opment for ODHP

I nitial testing of catalysts was wundertaken
a single bed reactor, di fferent conditions
mol ybdate (CP) as a test <catalyst. Pl ease n

Seotii 5.2 was developed before the use of th

precipitated iron molybdate catalysts, whi c |
initial testing aimed to understand the reac
havi @gcoanver si on | ower than 100%, to ensure t

under oxidative dehydrogenation conditions.
shows that the catalysts would change phase
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|l attice oxygen to undertake thie siseanvéeonsi ah
above 5% was targeted for reliability i n meeé

l i mited over pxrioddaudtosn waos COnot her target

I ni ti al testing was wundert akiesnd,0 aAC.a Dteesmpp e re:
CsHs: &r ati o being 2:1 (the stoichiometric rat:.i
is much higher than of propane, as shown in
i ncreasedacoamnsyedisd o@. Thecmaolvar srahni osplimp aODed

conversion was mustlsh @hoghenrsi ovmtthati € bet ween

respectively. The resul tmovaasr i anprov drasnitqgn awo al
overdasdti on,; the availability of O at the sur
CsHsand other intermediate®x@scongetbeomnenat.i
shown in figure 5.1.b.

100

90 [ CsHs a) 66 . b)

—.—02
80
:-.64-
—_ TO0F 2 ]
< s
EGD- §52_
B 50 | °
B ]
g:&c- B0t
=] i
© 3} 8
58

20 -

I '/// ®r )

0 450 500 550 BfIJO 2.2 24 2.6 28

Temperature (°C) O, conversion/C;Hg conversion (mmolg,/mmolc,y,)

Figurle &hsa@daoc@nversion as a functi osHso@motl eamp eroatvierre i fomr r@
influengeelomctCiOvi ty. Condictrgoahtst, WESYILo ft ¢ £l 8 fagtd vo, oG
2:1:17.

| sotopic tracer studies have previously conf
appliesxdaotralMosOt s for ODHP, with | attice oxy
groups formed duThenghydreoxyelacgrioowmps:2Or ewiotmibi n

the predicted méchanism as such:
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1 .No#wi ssoci ative adsorpti onianofepaopiaoer wnt bk
|l attice oxygen (O*):
60 0z 6 00°
2.Hydrogen abstraction from propane using |
adsorption site:
6 00" 0°° 600" 0O

3.b-hydride elimination, | eading to propene
600060 0O

4 Hydr oxyl recombination to form water and
00 00z 00 O

5.Mo r edoxii@edtiisssmoci ati on at the surface (*)

0 z z0 (" O

Wher e 3HdO& C€epresents adsorbed propoxide spec
hydr oxyl speci es, and * represe*ndr atnwdo xMa en
The adsorgdéheoxn omdenC hypot hesi sed to occur on
Mo=0O terminating bond, -HibBeconds atasgthbleceerda
bond has a smaller bond 4ndogyswheantbemmarn éd
of sHEC' At t hi ssHsitdaegael,| yC desorbs by the selectiyv
group bound t FA tsflse OrMot icatdfon2: 1 | i kely | eads
however, Figure &.sl.cbonsvheawsedt hant much higher
hypothesized to conti ni@* tihet enimeghitd toep (03 ntc

occurring until different intermediates are

Studi eAi0psnupported Mo also consumed higher |
Mo containing catalysts (the highest l evel
t heoretical monol:@¥yecoosveragqa@8oBB WALerted 127
C3Hswhen using a 1:1 ratio in thgyyggab?tSf eed,
Sel ectiaHéusyi ntgo:0dmshaAll ysts d@aspBL2edwhe Ol ower
ratio in our study presented, l eading to th
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Fe( Ms@i n our study, was involved in the reac:H
overoxidati on, as showHstbbyng hkeoweld ewhewmi tym
Mo /283f or med by Abell o and cowor ker s. The | ow
the catalyst properties were the source of

O2was used in our study..

When comparxcattad y¥Os, Mo containing cataly
productaHebee ctaou s of the stronger binding of |
caused by the higher electron deficiency of
oxyg&®nh)e. stronger bindi hasefd pgradmdrystwi ttthheMae
greater overoqgprdducboea; tbow®ver, V @ortoaviemi ng
apparent activation energy for propane due
ent hal py of formation for &Thhee ta papnasrietnito na cstti
energy was given by the sum of the ert hal py
bond activation energy,; the apparent activat
dehydrogdhat hogh Lewis acidity of the surfact
may also | ower the activity and selectivity

supported by EPR measwapde cdDt AbystMgMdOr me

mechanical® mowi nugethat the catal y°$adentceonntt a i
exhibidt increased conWMdresairdny asrhdo wselienctFivd u
overoxi datxipoamduegcet LCQcwinthi €O®ting to the maj
products. The result was more apparent as se
product s, but for carbon selectivity.x To me
selectivity, WHSV was varied o&gdagcathfhe Asange

shown in Figusel éct2iovamglyCCsdepends on WHSV, |

WHSV | eading to | ess overoxidation. The res

219



contact time of propane with the catalyst at

5.2.b, WHSV also influenced product carbon b

a | ower carbon balance. I 't i s |likely that
rather than a | ow carbon balance due to react
80 90
a) b)

-~
o
T
w @ ~ fs+]
o =1 [=] o
T T T T

CO, selectivity (%)

Carbon balance (%)
P

L8]
(=]
T
W
o
T

10 L . L - 1 1 1 1
1 2 3 1 2 3

WHSV (gc i, 9eb 1) WHSV (gc g 92at hr)

v
o

Figure &) DependeakcecobifviCOy on WHSV and b) dependence of
WHSV. Conditi agHgs® NS5&®Dt0i ACogf C2:1:17, 0.1g of CP cata

FeMa©atalysts have previously been shown as
acrolein, with a 34% conversion of propene |
450 AC, with al:GHBNerodf o2%6, xht AealFyevtoD may f
acrolein here, a product not detected under
in reaction conditions when comp@dimiaryg hawre st
l ed to the differences i nTlpe oldusg dfi sprra peurnt @

in the oxidative reaction space was due to

patterns, as the prowpiediies endayt ob eo xfyugretnhaetres o
product s. Clearly, oxygenates were being for
bal ance is | ow.

The selectivity trends highl iagatteaeldy sat &k eiyn itsts

produce a | ow carbon bal aOveed sWOehe cbowacad
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bal ance was not due t o t20:a nrdesddo rgrseatt eup ,c aa
bal ances than CP, as shown in Figure 5.3 (s:
result suggests that CP forms other products
whemcOnversion was at 100 %, coking could ha:
bal ance. However, when operating in the oxi
beyond current detection was possible, with
Acrytid @an also dimerise and condense in t

heated to 140AC to alleviate condensation.
occur , the product distribution which could
not i ncylluidce aaccird due to the I imitations of t

100 + /.\. —n n ] = =

A ‘___AL_‘__‘/ \AiAR‘,A-__‘A

80—.

—u—Fe,0,
60 —a—VO,

Carbon balance (%)
5
1

204

T T T T T
40 60 80 100 120 140 160 180

Time online (mins)

Figure 5. 3: Car®andmkidandda5iGdCssHs@® Nr ati o of 2:1:17, WHSV

gcgHg Oc ath T

Thdetection of the full product range was d
gas chromatograph (GC) was Il imited in detect
(all potent®waénpwhemcas)extended GC met hod a

temperatur e

was

whi ch was used

temperatur e

wa s

tested. The

to separ ate

GC temperature w

ft hreo dpuecrtnsa,neamn d ¢

not high enough to effective
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from the Porapak Q column. Visually, small d

be seen, suggewptiofg ptripedulcui.l d

To confirm the missing products as speci eswt
Porapl ot Q col umn, was used for CP. The qu
HayeSep T and Q col umns, r esprl ddwc tisn bnuot saelpl
hi gher temperatures to detect the oxygenat
detected the formation of acrolein, as shown
The initial conditiompagatbfamad WdSVemperatlér @

were usehde, fwiovw rtate halved aftestHswabs nd enaurt e s

for a | ower WHSV, correlating with Gsswer ac
selectivity for a | ower WHSYV agreed with p
increase in WHSV | ed to a decreased carbon

oxygenates was posxcabbkeysssng FeMoO

100 Half WHSV
| o [ | [ |
/
804 " —— !
EE——
1
< I
< 604 |
z ! G
= | —eo— Acrolein
8 40 ! A CaH,
$ 1 —v—CH,
I
I
20 1
o o\
A A A ! ° °
o=
0 30 60 20 120 150
Time online (mins)
Figure 5. 4: Product selectivity for acrolein, methane ar

presence of acrolein. ConddmjdedhBfors5 005 AGi, n WHeSsY arfd 2t. Heén ga ¢
gcgHgJcath ®, H&: © Nrati o of 2:1:17

As i ntietsitailng hi ghlights t hat t he catalysts

undetectable with the current GC cogbiagur at.
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1'ht was sel ected t o maxi mi s e car bon bal anc

overoxidati onsHs: ®patai anodfar 4 C1 wa s selected i

overoxidation. A temperature of 50n0%A68 was
precipitation precursors typically had a gr
would be wunlikely to be | ower than i n 1nit

mol ybdate catalyst at temperatures of 500A
measad, a higher UMHESAd dvweal | tdo bteHse ©d ompw eorvseido nC
ratio, | imitingy, obetoxndabhieopropo€6d testing

product carbon can be detected.

To conclude initial teprntodwgct sovendbxundet eat ¢
wer e t he mai n i mitations, t hat oxygenat es
exploration of t he catal yst pr opperrotpieerst y t o

relationships was wundertaken. Feud tthherrougehsthin

throughput reactor testing (HTR) to screen c

5.Bi me online studies for ODHP wusing iron
Time online studies were made possible using
reactor set wup iIs such that 16 catalyst bed

| arge range of diama (84)dtheeborea.ctt@®st consi st s
per thermal block, with four blocks all owing
bl ock being used as a blank to ensure each

configuration is shown in Figure 2. 3.

5.3.nli ti al reaction space devel opment
To expand on previous reaction space devel org

testing of iron molybdates formed from SAS
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further expl ored. CP, DSD3 and DSD10 were
selected due t o t he di fference I n sur face
benchmarking against the coprecipitated samp

g or 0.2 g WHISadifn@ . tO@g@ath?d . CEspectivel y.

Figure 5.5 highlights the catalytic perfor me
on WHSV. Al 't hough the <conditions were si mi/
conditions for iron molybdates with differert
ensureom®version was below 100%. Asoshewsi on
was initially 100% for alcdg geaah tal yTshtes roepseurl at
roughly consistent with CP operaguiggith®*n t he
due toham@gesHsi ® aCt i o from 2:1 to 4:1, going f
100%, whiclasgtai%f0o6l I[gowed a si mi baonveesnidohowkeé
comparing to Figure 5.1.a, goi tHg ermdomo2d% o

to 4:1, respectively.

The difference in consHeresnonof expletelangeb
data in Figure 5.1. a) may be due to the s
di ameters of the reactor tubes for the singl

which changes the temperatuienprdfithe zat ad y§

wel | as a change in GHSV as the same tot al r
a narrower tube in the high throughput react
tchet fl ow of the bed may also have influencec
the high throughput reactor had a | arger i sc

reactor .
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Figure 5. 5: Initial testing of CP, DSD3 and DSD
throughput react or .3HsgC®rnadtiitoi oonfs :4 :510,0 1A0GHmLC4t. Bt%a7® .f2 % wd, i |1uwe¥n tC
gas.
The i1 nitial reaction space testing shows
going to be difficult to achieve. The
sources, such as uwenden,etchtiesd cpasoed,u catcsr ol ei n,
aci d) or coking. Coking can be significantl
100 %, as the oxygen convezt LOt ha(dCEKOwet e
products that were detectabl e, and
assigned t mr ondiuscstisng However, t o ensuepe
conversion would have an upper | imit
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However 2coheerOsi on was much higdheonver soiuorn ,v

shown in Figure 52d&arcveirllheéd2mmmés of ailOger t hai

CsHe. Therefore, a | ower oxygen contenta2was r €
conversion, but butthe WHSV must remain | ow
Therefore, the temperature was droppeidnby 50

the feed tH: dmodda@arar@ti o of 9:1 (calcul ated
the gas feed prior and aHstaindp)tOy Adilfdvwearenarey
content | eads to decreased molecul ar interac

propene to desorb before overoxida@@i antbeul d

feedt,emtoi ally | owering overoxidati on, i's ca
CsHsandsH& xi dati on. WHSV was r eghgogcaehdt ftroonl . 6 6
2. 06 andgglhcaOh3ttg@ i ncrease the relative mass
propane, and therefore to increase the conve
oxygen activity and | ower temperature of 450
As shown in Figoaoervérs$ibn wae Otil | at 100%

testing with aWHSWadf th.e83 ogwprepauteal t @er e

operating in nonoxidative conditions outsi de
under cliggbshhtmal so st i | | exchoinbvietresd oan ,hiwghhi cCh c o
a similar ceslawrederi on oiff fCer ent WHSV; however

CsHsconversion was the samecgfgdthb otahs 0s. h8o3w na nic

Figure 5.6. a, unli ke the dependence for <con
these have the typical response in which do

conversion.
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Th

e sel ecsHdhviigthyl itghtG i nteresting trends, s h

DSD10, with a WHgSNMh®f ex.hG@igs superior selec

de

no

at

mo

0 X

in

0 X

W i

spite havioagnviedrOswh o®d . The result was I i Kk
noxi dative environments, Viiemdiedgced:2iumi @e
ncentration. However, t he operation of [
nditions has been shown to reduce the stru
r theéioeidehydrogenation of me t havio @l to f
@and 2BEwi t hOsk@own to combustppodpaine. t Dh e

ases can regenerate tdHMu@ctbwte mi key pPphasl

nt act with one samee¢dhed I(avéidlhl yNgQ iog her wi

pothesised to oxidis&ThesEephadebMomaychoph
the surface initially, but the segregatio
l ybdenum rich zones on the | oss of Mo, whi

i daA™andnsupported Mo cat al y&thserfedrormgr, o papreea
oxidative conditions to preserve the ca
i dative ehael ecoinsgi,t }C was modercatneley sdempe

th DSDXimkvwv@og\er si egHes alnactC vity despite t

WHS V. The selectivity may depend on the ca

st

dr

ru@pttudfe®r mance relationships explored in S

awn due wHzahtxx®@novverGi on of P EhHb (b W66 (g

CsHssel ectivity under.Howedativencaecoaditriaesms to

S e

co

l ectivity trend for DSD10, CP has a |l ow c

mpari son to other catalysts in the test.
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Using the testing conditions considered for
settings to set al |l SAS pr-2dpr éor i OODKHP motlk ¢
conditions were s®#d Ot at 4600RAC4witand Che | ow
OcgHgOcath®. The settings sHhoohdemaixo mi whilCst er
conversion was not above 95 %, SO t he cat e
dehydrogenati on. The previ ous2wtaes tmuncgh cnoonrdei

reactive with tHheh® ahtiaglbyns@te rtshhaom G nd th'e pred

species at the surface of the catalysts in t
thahnt'¥%¥ypically found in literature as?®the b
l eads to | ower dselssonr pioi crmtrad tyess saf TGhe resul t

the FecMotCal ysts, and the selectiviHgwéweoyur

key reaction descriptors can be determined g
of 2FMos@as a reducible support. Therefore, a l
catalysts were tested under a set -pfopendyiyti

relationships.

Figure 5.7.a shows conversion of propane wa:
catalysts under the test conditions. All <cat
the testing of sHsEBnhheusbson dbai Rcomwvreelsatoad
I n regard to the redox <cycl e pdattahley sMvsK enaes:
acti voatoe fO | | the surface vacancies, sHmor e r ¢

which | eads to overoxidation.

Sel ect isMeieti ¥y hteo Gt ayed fairly consistent or i

However, overabHswael keowj viwit yht a2 Candep dred ivre @
on which sample tested, wkt H hteh e vrmea jooxri dparto doun
despite previous work to | opwaerrt ioavle rporxeisdsautrieo nt
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stoichiometric ratio for sel eHed fisi€ ©o xainddata v e
|l ower temperature of 450 AC. In general, ir
favoured the overoxidati on splestend ,ecdesvpittye .e fTfh
is likely to occur due to 26 M@&@ hiagHh oowmihgge nf omc
to be reoxf'dapiedll y o M® well as tohbdfohtirgdindlewi ¢
interacting wibtohn dedrefc Qi onm t i ingh d egeotr pptrd bodhu tf .
Kinetic studi es have previously showina that
prop*®nénd therefore the strong interaction w:

this pathway.

Overall, after analysing the kinetics and m
structure of iron molybdate <catalysts, wi t h
consisting ®f arasltdgoudo swppMa@ ed on a high
suppor(tMos@gFe i t can be eHaactudadizsideciies @d pCi on
were | imited. The highly ré¢deadbl eosappery 1k
yield and trsappatye tof t@e surface was much

desorptiohysTheropeaties | eads to high | evel

It i s Iimportant to consider the results of &
Despite |l ow conversion and selectivity over a
catalysts can be seen, sHsahdea® nEDS8& ihoanv,i rbguta
CsHe sel ecti vity, l eadi ng to the under standin

productivity.
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5. 3Re2producibility across different HTR test:
To test consistency across mul tiwpl edi HTRrteemgt
of the high throughput reactor. St agath®rdi sed

were used for direct compari sonsp ebreftoneneann cleS

relationships. Dat a stheoswni nfgo r( SreecasihoonemS . &3 alo
no-standardi sed dat a, as conversion needs to
operated in oxidative conditions. Error in r
having conversion about 5%, whilst m®maxi misin
Within the operating conditions, the | imitat
oxygen flow through the mass flow controll er
CsHsconversion, buHs: exlaga oa ilsi gpolee@ded t o | i mit
thus a very |lawasfIrewuriateed @aft @he | ower | i mit
for the HTR2fIThwvwe 1l @otwe O caused a | arger rel
(particularly for test 1 shown in Figure 5.8
of 2fOl ow through the blank bed. The resul't

measurement is as | arge asflldw 6i% I|baurtgd hev e/ra
of 22 hours. Tié owanmiaati omwointr@sted with t hi

devi atizbhofvoof O22f1%.w Tleea eOover time for the
in figurPSB13B.(tTdhhet 1) fl ow does vary signif
unt i | 7. 6 hsblaucrosn, v ewhsiilosnt (i gure 5.7.a) for

consistent drop from 0.4 hours until 13.2 ho

was not due to thleowlmuateati on of (@]
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Figure 5. 8:
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54 Performance of i1 ron molybdate catalyst s

5. 4Calt al yst activity:zarceliatiitoon samidp chagtaweyen cO
l ron molybdate catalysts consumed much mor e
stoichiometric ratio forsHopxwhdbe@eddebygdr mge
reacwi twvle the catal gt Bhe fmaeeultthains Ci mport ar
oxygen consumption correlated with specific
result was | ikely to occur from filling of o
for the oxidative dekeydcogehadi wntaftheopren
imegard to a | arge supply of oxygen reactin
desor bedcgHsafillea@Q i vi ty are related to the cor
di fferent stages of ts3Hsea sr aldsxs ocy alte,d iarn whie
which is further dehydrogenated using |l attic
is filteidsshoyci@ti on. Only one oxygemnHsvacanc
mol ecul e cosmlyebuedtthe SGubsequent reactions t
formemxaytges | ndfeacdonsfumé surface oxygen, cr

vacancies and tdessbdboratmoneoOcur s.
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Figure 5. 10: a)

T relationship beHsweenvispegcif 6i6cCBYgge nD S
The relationship b

0

t

e
t ween specsisfaicd i ox ¥ g4 8 oa COIBDIi7Tt yHe,as d 4 p &oc
25 & Pdat hM 5O0MUAECj pDe8Poignts per catalys
me on stream.

C3Hs: © Nrati o of 1:
measurements for
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Ox

bo

Ho

of

me

ca

om the samples tested in the same stTR r un
tivity was influenced by the specific 0XYVYy(
the metal cations at the surface i s deeme
Il dation state of MHis. nleteded wel lacéestkabki £h
tal ysteiam pMarast evan Kreveéd eanwmeéchamnihem]| at ti
actssHwfidadrh &xi dative dehydrogenation, whil s

e oxygen at the surface, *meoxivei sing.t Adec

ygen activity is not di recHsl ybutel ampdr ttan
forming the original catalytic structure.
an conditions would highlight the MvK mech
. 4Ar2e t he productivity trends only dependan:

ygen availability at the surface | eads to

nd bet we eatsasnudr §hbocvei tCh oxygen di f f2(uMda@n fr ol

ntributing as well as rapid r epdliesnsiosch naetnito n
wever, the varying properties of catalysts
SAS precipitates) have been shown to be
t hatnom!| f or mal dehydle 20 &8¢ d4i omrsd 4tihercedwlrdke be

pected that the differences 1 n catalyst p

actions such as ODHP.

analyse the effects of oxygen consumption

talyst was pl ot dHepdr oadguaci tnisvti tsyp e(cHifgiucr eC 5. 11

surface normalised measurements being mol
oconversion studies, as the surface areas
talyst was consthe essitudwyn. this area of
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As Figure 5.11 shows there 1is no correl ati

specisfspco@uctivity. The results suggeiss that
not a determining factor in oxidative dehydr
bul k catalyst properties are I|likely to be ir
for selective methanol oxi dation, tchaantt sur

influence for the catalysts fsblsrt osHEe atxilded g tv
imhe range of current catalysts. This was |
the range of catalysts formed in thsHs stud
productivity on bulk properties can be meast
reaction, which is wel/l mapped to show iron

performance relationships can be expected fc

furtdeemai |l on t-peséostmaoceurel ationships.
Figure 5. 1lsHepa)odlpeadiviiitey C el aacdonshtp f orbs g£Ebc)h hsdpex@Ol ¢ C
productivity rel aticdn «h itly3 . tDEInpdeicti sHy, csBORLMroatG o of 1: 0. 25: 4
450 AC,cfls4BBE g

When thenadmeis was underpalkeamcftdrvispe diFfiiga

strong | inear r el ajtpiroondsuhcitpi veixtiys thsi.g hTlhieg hG G d
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