‘WO 03/040270 PCT/ GB02/ 05013 CERI UM OXI DE NANOPARTI CLES 5 Thi s invention

relates to cerium oxi de nanoparticles which are useful as catalysts.
Ceri um oxMRR0¥YY0%¥0del y used as a catalyst in three way coRFIYEREINGr the
el imnation of toxic exhaust em ssion gases in autonobiles. The ceria

‘contained within the catalyst can act as a chenmically active conponent,

wor ki ng as an oxygen 10 store by rel ease of oxygen in the presence of
reductive gases, and renoval of oxygen by interaction with oxidising
speci es. Cerium oxide may store and rel ease oxygen by the follow ng
processes: - 2CeO2 -Ce203 + 1/202 15 The key to the use of ceria for

catal ytic purposes is theCERWMNOXKDEDNANORARTIED®EN the Ce3+ and Ce4+
ions (1.7V) that allows the above reaction to easily occur in exhaust
gases. Cerium oxi de may provide oxygen for the oxidation of COor C'H or

reversi By 20 pabindeenioh i BlssBlubrdturena Bt MiRh e e B e ¢ ne
oxygen st ogaglgsgapacity (OSC) of ceria. The above catalytic activity may

occur when ceriumoxide is added as an additive to fuel, for exanple
di esel or pet roCeripmmideris widehouspdras hoetalyst in thfeeavty copvasters fosdieul t he

cerium oxi must be. . of a.particle size.snall ou to.remai.n kn a stable
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nanocr yst alsithftthe RafalisCoantal as@RERIRITY helvediRideRewbgess mrbx%gaﬂ cron in
size, and preferentially 1- 300nmin Size. In-addition, as catalytic

ef f ect d0ar stosubryf rebaasepicaxydepartbepreserse of raduptivergases, aiderenioyal afengiges t he
nanocrystalmlfir}e materigl mre eff.ective as a catalyst. It has now been
found, " acc Hi?f&"*_ﬂ%l?’ﬁ ?’[Slgggl(gﬁf’e?l?ﬁention, that the catalytic 30
efficiency of cCekfithidxidedRaycAtkchad ?&Eﬁ@%ﬁ?géﬂ%y&ﬁ@f&llo%%’ﬁmﬁ%éé?ﬂ _
conponents in the material. In particular it has been found that cerium
oxi de may be doped with

2Ce0, »Ce,0, + 1120,
15

The key to the use of ceria for catalytic purposes is the low redox potential
between the Ce* and Ce™ ions (1.7V) that allows the above reaction to easily occur .
in exhaust gases. Cerium oxide may provide oxygen for the oxidation of CO or C.H,
or may absorb oxygen for the reduction of NO,. The amounts of oxygen reversibly

20 provided in and removed from the gas phase are called the oxygen storage capacity
(OSC) of ceria. | -

The above catalytic activity may occur when cerium oxide is added as an
additive to fuel, for example diesel or petrol. However, in order for this effect to be
useful the cerium oxide must be of a particle size small enough to remain in a stable

25  dispersion in the fuel. The cerium oxide particles must be of a nanocrystalline
nature, for example they should be less than 1 micron in size, and preferentially 1-
300nm in size. In-addition, as catalytic effects are surface area dependant the small
particle size renders the nanocrystalline material more effective as a catalyst.

It has now been found, according to the present invention, that the catalytic

30 efficiency of cerium oxide can be enhanced by addition of further components in the

material. In particular it has been found that cerium oxide may be doped with



-2 conponents that result in additional oxygen vacancies being formed. Thus
doping wll generally be substitution doping as opposed to interstitial
doping. This will <clearly enhance the OSC of the material, and hence its
catal ytic properties. Such dopant ions, nmust be di- or tri-valent in order
to provide oxygen vacancies. They nust“also be of a size that allows

I ncor porat] i within the surface regjaqn of the cerium oxide
nanoparti cl P’%@%OB%%% @faé fén?sg L %EMPQQ\,&W%%W}C&%}ES%Q}% gorf%ﬁﬁ"r Jhusdepivg not be
used. For v@Kamakely baREbItt@ol BIFhS ad F OW:0f
transition irarggtﬁal s?are eneral | yﬁ%ﬁef ﬁogﬁi%v%?ﬁttﬁ%ge&ﬁﬁg)ggﬁ?n he third.
The ceri a“ketlyenbanes tht©SCopfithe maserial veatlihencesitdcataigtiapawertadi Sagluri ng a
redox reagtion. WwWever., ..becaus ceriga and the like are ceranic naterial s,
t hey have%%%}é?‘gs‘gplrm()tﬁﬁeéhb%rnt&ﬁ‘@ﬁ?@ii? 9“%5&’ PIOYIRC QXY B VIPaBEiES-akBeXsi t es for
the cheni snisphlsobe of akhe thaatbvi Sn@RSithifsh ofthe s 4 tpggﬁﬁéceﬁggohi#es are
I on,

particularly useful to inprove this situation. In addi trval ent
- dopant s wihd cegiEnoRgG BanpRaRticesy tAesordifely tmeshls twith a lapgaionid railius kisbuldved t hat

dopi [ ' han he .zet a tential 'and th i nproves the
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or trivalent netal or netalloid which is arare earth netal, ansition
netal , i neFESRAGTERLesINE cxehatige madivm dating aoédo@ reagtidnl Alowdter FhecMBe or VI B

of the Per]qd g I e. In a secqnd aspect, there is provided_a fuel
additive %ég%p%?&%gi‘%%lﬁ‘ﬁeﬁﬂé‘% I%ﬁ(‘%e%aé?’itﬁ?ﬁc%?'ﬁg‘éw& CHQP{)W&CI%W@ WAd a pol ar
or non- pdoaractiaitganifacesiiey Ehttthe bRexfisbipkibd of ot ,-Dg | s ided the use
of particles of ceriumoxide as -defsil_[%gd gbgi&grﬁgs %@#aﬁ%ﬁgﬁbg In a
fourth adpeeladdiivgsars pagticularlyagef! tositpoovedthis sitwptiavi hgaddiorgonbusti on of a
fuel whi %‘1’% gl | r tin er. ei articles as defined above.
Typical |l y (e}m(%(dl %@?DV{S\AW Eﬁ%@%?f@%%?’ﬁ“@@f%”ﬂ%mher e Mis a said

metal or et allké sblieved at Stk &1 thiwafthanfls Ffbierftiat: e, Fe, G,
My, M, .Cr, Be, B, Co, V an%u%a as weﬁhas P?@%g%%ﬁ%%gwg has a val ue
up to O.EQPIQWMWIQQIM or 0.1 to 0.2, or of the fornula [(CeQ2) 11, (REO

j t-kMk where M is a .
In a first aspect, there is provided a fuel additive which comprises a particle of

cerium oxide which has been doped with a divalent or trivalent metal or metalloid which
is a rare earth metal, a transition metal, including a noble metal, or a metal of Group 1A,
HIB, VB, or VIB of the Periodic Table. In a second aspect, there is provided a fuel
additive comprising particles of cerium oxide as defined above and a polar or non-polar
organic solvent. In a third aspect, there is provided the use of particles of cerium oxide as
defined above as a fuel additive. In a fourth aspect, there is provided a method of

improving the combustion of a fuel which comprises incorporating therein particles as

defined above.

Typically the oxides will have the formaula Ce, M, 0, where M is a
~said metal or metalloid, in particular Rb, Cu, Ag, Au, Pd, P, Sb, Se, Fe, Ga, Mg, Ma,
Cr, Be, B, Co, V and Ca as well as Pr, Sm and Gd and ¥ has a value up to 0.3,
typically 0.01 or 0.1 to 0.2, or of the formula [(Ce0,), ,(REO)),I, M, where M’ is a
said mmetal or metalloid other than a rare earth, RE is a rare earth yis1or1.5and
each of i and k, which may be the same or different, has a value up to 0.5, preferably
up to 0.3, typically 0.01 or 0.1 to 0.2. Copper is pafticularly preferred. If too much
dopant is used, there will be an increasing tendency for it to form: an c;xyatﬁon thus .
negating the benefits of introducing it. ' |
In general the particles will have a size not exceeding 1 micron and especially



said netal or netalloid other than a rare earth, REis a rare earth y is
or- 1.5 and each of n and K, which may be the sane or different, has a
value up to 0.5, preferably wup to 0.3, typically 0.01 or 0.1 to 0. 2.
Copper is particularly preferred. If too nuch dopant is used, there wll
be an increasing tendency for it to forman oxyanion thus . negating the
benefits of introducing it. In general the particles will have a size not
exceeding | mcron and especially -3- not exceeding 300 nm for exanple 1
to 300 urn, such as between 5 and 150 ngm in particular 10 to 50 nm
especially 10 to 20 um Dopants may be incorporated into the cerium oxide

nanopar | ¢ hosextetding 000 ki, OSERAPIC 10 50 ) il Berwbch s ASHGAYA N 1 Che
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particle during formation, e.g. Dy co-precipitation. sofr on of
dopant i on&2BHr # &0 §0 i especiallydRsd 28wnti ri ng of the dopant ion into the

mat erial. Note 1 cl Lze of. the cerium oxi de does not, .increase
during firing. (i %‘?8% @o%bﬁ}g?%ﬁ%'ﬂ{%ggf’@% SHQPATHEles BARRIPABA can be
achi eved byy ohé ofthedBlorsinigan process whereby a m xture of salts of cerium
and the dopant netal is  heated together with, for exanple, glycine or

ot her cénbustible solReping withisfthe partiple duxing doentaiivnge.gi bco-precipitationl | phat i ¢
al cohol s, for exanpl -. C .alcohols, in  particular isopropyl. alcohol,
inaflame to cg_ ver?fblgf’l_’qugntoﬁ O%t&Pé’;‘iO(lﬁ,ﬁleméhgwethg gofihscess

Lypi cal | y dopegt ionigotht bidérial GRORI Bt partick? s148 bPthebehBi oxfid dociih 3s 1 hat

descri bed jn W99/ 59754 which involves subjecting a cerrum oxi de precursor
and a dopa‘ﬁf’mﬂ"ff‘e@ﬂﬂﬁfcﬁnﬂ& a non-reactive diluent to nechanical mlling,

neat (et 9 i ! RUARIRLAIRL W SRENCLly KoL obE SO
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removed wilishtegideggther with, for eontile sistonpathaicombpstide selvattepefirablyor
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- particular isopropyl alcohol, in a flame to convert it to the oxide.
(iv) A mechano-chemical process typically involving milling, generally
15 using a ball mill such as that described jn W099/59754 which involves subjecting a
cerivm oxide precursor and a dopant precursor in a non-reactive diluent to
mechanical milling, heat treating the resulting material to convert it into th;a oxide
and removing the diluent. The precursors are typically hydroxides, carbonates,
sulphates or oxychlorides, especially cerium hydroxide and cerium carbonate. A |
20  typical diluent is sodium chlotide which can readily be removed with water.
(v) A double decomposition process whereby, for example a salt of
" ceriurn and of the dopant, such as nitrate or chloride is reacted with a soluble oxide or
hydroxide, for example of magnesium or calcium and the resulting oxide or
hydroxide is recovered and the water soluble removed, typically by washing. In the
25 .case of the hydroxide, this is fired to convert it to the desired doped oxide.
Although it is clear that techniques other than (ji) will result in a dopant
distribution that is even within the particle and the second may resultin a |
predominately surface doping this is of little importance since the reaction involves.
surface based catalysis. The relative concentrations of dopant for optimum
30 performance will vary bowever.



hydr oxi de, for exanple of magnesiumor calciumand the resulting oxide or
hydr oxi de i s recovered and the water sol uble renoved, typically by washing.
I n the 25 case of the hydroxide, this. is fired to convert it to the
desired doped oxide. Although it is clear that techniques other than (ii)
wWill result in a dopant distribution that is even within the particle and
the second nay result in a predomnately surface doping this is of little
i nportance since the reaction involves - surface based catalysis. The

rel ative concentrations of dopant for optimum 30 performance will vary
however. -a- O particular inportance is the doping of copper into the

cerium oxi de namigRHidldrespothiReisge ﬁ%gﬁr LES. = Cerium
system have been, 'recogni Sg(oj as etlj_ei n)ébgy eré’i‘jgﬁé?&vfnﬁ{lﬁe@%g&?gﬁbi nation
bei ng nor enfaepartiojes: dhggedpx priopertiehef the coppeadinngyiteddpeadent conpounds. 5

Dopi ng durj : £ on lcally.invol ves, m. xihg, in an aqueous sol ution,
a water- s%ﬁetgi%l%gédg%rlfeg% %}égfgl%ﬁd%éth&}é? ‘é‘?m@ﬁf‘w g morgreadiferegypecht  and
rai sing t hthapkhedorrdspendind Hidepohdb@ oifRanghe desired doped cerium oxide to

precipitate. Suitable salts include nitrat es and carbonates. The pH can be
rai sed By the Repingdmingfformationitmpitallytinkokves arixing; innmhyonsisoletiof, £ i nal  pH
exceedi ng | i Ly tQ 10, is ner.al eeded. As .indicated, the
dopant can‘§aa sg()lgggicngéﬁ%gaﬂgafw rﬁsﬁl‘g’?‘ﬁ f ctopash 2pdyrusdeg thedbebor at ed

i nto the Hasbolutibh ke Bk tHeATcsH¢R Qoped ReRNmbaad : i que typically at
from 600C to 1000C. For this pur%ge gerl um OX|ogge&aﬁ§?§ salt of the netal
dopant can be FHijable saifsinclede nitvates infd chebonages, ThetpFhamrbeaatsed by @ie say, 10

Sever al hadoliBudithn el shoh X EprRutin BramgRide. v Gnelibixcrbbiee Bal 11 will be
appr ecl@t agpitdlbt 8 & 10.qy@éncifAleiRA&E | s made to doping with a specific
metal or netalloid, the netal or netalloid can be introduced as an oxide
tor, initially\s Edicgted, (ieidopaiteac also detestried by faimgo The dopatitiingcddibe
ggggﬁf S c a%&qg@ol}gglg l_int%ltﬁé) hc?s? Izﬁggercﬁc Jex%%gldo:}iggﬁff ] ib];ldgg %écrhgiccilhc %Ealltyha%n one
from 600°C to 1000°C. For this purpose cerjum oxide and a salt of the metal dopant
can be mixed in water and, if desired, ultrasonicated for, say, 10 minutes and boiled
15 dry. The material is then fired, typically for several hours, for example 3 hours, to
give the doped material.
- It will be appreciated that although reference is made to doping with a
specific metal or metalloid, the metal or metalloid can be introduced as an oxide or,
initiall;v,.a salt which is converted into an oxide during the process.
20 It will also be appreciated that, if desired, more than one dopant can be used.
Likewise the cerium oxide can be in the form of a mixed oxide i.e. another
tetravalent metal can be incorporated such as zirconium (or doped with both a rare
earth and another metal or metalloid M").
The amount of dopant incorporated can, of course, be adjusted by controlling
25  the amount of doping salt emploved, as one skilled in the art will appreciate.
It is preferred that the particleé are cogted to prevent agglomeration. For this
purpose the particles can be comminuted in ap organic solvent in the presence of a
'coating agent which is an organic acid, anhydride or ester or a L;awis base. It has
been found that, in this way which involves coating in sity, it is possible to

30 significantly improve the coating of the oxide. Further, the resulting product can, in



Lr kewi se the ceriumoxide can be in the formof a m xed oxide i.e. another
tetraval ent netal can be incorporated such as zirconium (or doped with both
a rare earth and another nmetal or netalloid M). The anmount of dopant

i ncorporated can, of course, be adjusted by controlling 25 the anount of
doping salt enployed, as one skilled in the art will appreciate. It is
preferred that the particles are coated to prevent aggloneration. For this
purpose the particles can be conm nuted in an organic solvent in the
presence of a coating agent which is & organic acid, ‘anhydride or ester
or a Lewis base- It has been found that, in this way which invol ves

coat i ng i nmaiy instahbes, e RABSIRkAY WanS0: SydRickhedBlesiepl RELQYE e coating of
the oxide. Further, the_ resulting product can, In g many | nstances, be
used di r ectoRlingpraceditresiiys hevesserset diy shestoafed phticles tefirerdspetsiag iteg

procedur es, it S to dry the coated particles before dispersing
them in §Hﬁ§3?§§hr %ﬁ%gg %ent. Thus the cerium oxi de can be di spersible or

soluble in the musqmdamﬁmkid%m&aﬁﬁé@me&}ys%im@{g}gjgg%ué@t@gf? ol vent

conpatiple with the fuel. The particles which are e process
shoul d -havBothsT hygdrgearon ex etheicaslvand eompatibbs withltkee fuell preferably the

particles have Lk a,.. befor ating, of | east 10 nR/g and
preferably a Su’%ﬁi@%i&%\gﬁ%ﬁ%s %_ée g’% tggﬁ%i”fo‘?%sﬁ_g‘?'ﬂgi’ﬁﬁaﬂé%! e 80- 150
ne/ g, or IFa@0fuRigpostBlicia piél@}dbﬂ},gth_%i_ A feldsha9t hisalthob A8, Befoi C acid,

anhydride or ester or a Lew s base. coating agent 1s preferably an
organi ¢ c&PHEE P at lgest d0 or/mandaprafemtilyl e surfacepircedf af lawmes(pastesdignfprat | east

8 carbon C 0,25 carbon atoms, especially 12 to 18
Sl S0°Lso RN by

carbon at &t will be appreciated that the carbon

naat Urat ed 15 a5 1h o o o aor o e Gl ek Ay e b LWt a1 des
whi ch cangﬁfé- e goating pgest @_rnr@faiaébhgmongaeiciogrb@mgdeg oren Mhydmidbyd¥i de.
or ocess. opPeLT RS bos UL BT 8 AR TRt RolGasit s rafomAossnor i o
aci d and espepialipil2 ta.¢8 darbbh atoRss SUCH adbRaiiy RiE At Wil Yol dpPRiciafed that the
catbon chain can be saturated or unsaturated, for example ethylenically unsaturated
) 15 asinoleic acid. Similar comments apply to the anhydrides which can be used, A
preferred anhydride is dodecylsuccinic anhydride. Other organic acids, anhydrides
and esters which can be used in the process of the present invention include those
derived from phosphoric acid and sulphonic acid. The esters are typically aliphatic
‘esters, for example alkyl esters where both the acid and ester parts have 4 to 18
20 carbon atoms.
Other coating or capping agents which can be used include Lewis bases
which possess an aliphatic chain of at least § carbon atoms including mercapto
compounds, phosphines, phosphine oxides and amines as well as long chain, ethers,
diols, esters and aldehydes. Polymeric materiz'lls including dendrimers can also be
25  used provided that they possess a hydrophobic chain of at least 8-carbon atoms and
one or more Lewis base groups, as well as mixtures of two or more such acids and/or
Lewis bases.
Typical polar Lewis bases include trialkylphosphine oxides P(R%),0,
especially trioctylphosphine oxide (T OPO), trialkylphosphines, P(R?),, amines
30 N(R’),, thioccompounds S(R?), and carboxylic acids or esters R*COOR* and mixtizes



esters, for exanple al kyl esters where both the acid and ester parts have 4
to 18 20 carbon atons. OQther coating or capping agents which can be used

i nclude Lewi s bases which possess an aliphatic chain of at |east 8 carbon
atons including nmercapto conpounds, phosphines, phosphi ne oxi des and

am nes as well as long chain ethers, diols, esters and al dehydes-
Polymeric materials including dendriners can al so be 25 used provi ded that
t hey possess a hydrophobic chain of at |east 8 carbon atons and” ene or
more Lewi s base groups,, as well as nmi+ftures of two or nore such acids

and/ or Lew s bases. Typlcal pol ar Lewi s bases include trial kyl phosphi ne

oxi des P( R@y@@f wb@mém R winq:lbmay be idsatital oedifferets, s EeeR@) from C, 4,
trial kyl nes..30 N t hi oc 2 and
car boxgl Pc rb'a@aﬁ)&c @% ﬁanﬁ’ﬁﬁ “)P)f af fam %ﬁéﬁiyﬁ Zei n each
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al kenyl groups, aré groups and heterocycl | c groups ar€ déscribed bel ow.
It is alsde W0 use as the polar Lewis base a polyrrer i ncl udi ng

dendri ners, | roup such. as a. r containi ng
one or 10 rmrg{igtﬂmt ﬁ%sﬁﬂleet q‘ééa%?ﬁ?f%ﬁl'gm’%% mpg{dg‘ﬁz or R3COCR4
wher ei N R¥endriiné, containisg dafeldtadn 2B \bfou %c]@aﬂisé r%nthﬁﬁﬁgg RARes such as
a mxture of two or nore of the co ounds or ymers nentioned above. As

used Hér empre gt the moigtico, R (RILOuBER™Y,, Bk, EﬁR’)mmRﬁﬁQ@RﬂahemaﬁR%mxd\Ié‘ whi ch
b opyt , e ka8 BPLn ARl v dacp T SR 25 G PERRR of - 24
al kenyl ge@upnipRuadd srRAYmers Rémiwbegbakekenyl group
As used berein, a C,.4 alkyl group is an alkyl group as defined above which
contains from 1 to 4 carbon atoms. C,, alkyl groups include mc*;hyl, ethyl, i-propyl,
15 n-propyl, n-butyl and tert-butyl.

. As used berein, a C, ,, alkenyl group is a linear or branched alkenyl group
‘which may be unsubstituted or substituted at any position and which may contain
heteroatoms selected from P, N, O and S. Typically, it is unsubstituted or carries one
~ or two substituents. Sujtable substituents include halogen, hydroxyl, cyano, -NR,,

20  nitro, oxo, ~CO,R, -SOR and -SO,R wherein each R may be identical or different and
is selected from hydrogen or C, , alkyl.

' " Asused herein, a C,.. alkenyl group is an alkeny! group as defined above
which contains from 2 to 4 carbon atoms. C,,alkenyl groups include ethenyl,
propenyl and buteny). '

25 As used herein, an aryl group is typically a C,;, aryl group such as phenyl or
naphthyl, preferably phenyl. An aryl group may be unsubstituted or substituted at
any position, with one or more substituent. Typically, it is unsubstituted or cam'eé
one or two substituent. Suitable suﬁsﬁment include C,4 alkyl, C,, alkenyl, each of -
which may be substituted by one or more halogens, halogen, hydroxyl, cyano, -NR,,

30  nitro, oxo, -CO,R, -SOR and -8O,R wherein each R may be identical or different and



whi ch may be unsubstituted or substituted at any position and which may
contain heteroatons selected fromP, N, O and S. Typically, it is
unsubstituted or carries one or two substituents. Suitable substituents
i ncl ude hal ogen, hydroxyl, cyano, -NR2, 20 nitro, oxo, -CO2R -SOR and

- SO2R wherein each R may be identical or different and is selected from
hydr ogen or Cl4 al kyl. As used herein, a C2.4 al kenyl group is an al kenyl
group as defined above which contains from2 to 4 carbon atons. C2-4

al kenyl groups include ethenyl, properfl and butenyl. 25 As used herein,
an aryl group is typically a C6-10 aryl group such as phenyl or naphthyl,
pr ef er abl yissRleppil ffopm bydrpgenypushiS, rpllylbe unsubstituted or substituted at

iti , ' tit t [ | | ' ' bstituted
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hal ogens, hal ogen, hydroxyl, cyano, ni'tro, oxo, - - SOR and

- S02R wherBfEHlyb Ryraam diapdrpyridaringl, futahylethisuyl, qrydazolidinyd pyeolydt ed from
hyd -4 al ky| d ' t i ' 5- to |
07 rener o i G2 ¥ins, oS BRI Gol iy BF b of wibbiledaf o ane
S. Typi Ca'an?@ﬁmhﬁﬁwith@nwé?mc@&’ﬁdﬂéﬁhwnﬂ?ﬂﬁldaﬂﬂah&%fdc?li:lf@ gl iPYr i dazinyl,

furanyl, thienyl, pyrazol. di nél(, pyrrolyl 5 and pyrazolyl™ groups. A
het er ocyc|YnsuRftigied prsubsttuehey prardwostbuiteants t Puitabsisubstitugnty pdsdet i on,

with one ibst it 1ke i.gal | a_.het er clic group.is
insubst i ¢ apedigr Sinn Seebtl Beng) B0y by Sdfbed B ne & Aa Bagstes

subst i t uertafogefidiydelexy] (Byafio AN nithdl, oo AAERY LSORAGH -90, RHERFBALRE
substituted by one_or nore hal ogens hal ogen, hydroxyl; cyano, -NRZ2,
nitro, IQ)XGI}aXMF@maSGBdWDIB@gR sglestedifrone hydropen a@l G@pyalkd. | denti cal or

different and i e] en.and Cl4 al kyl . As usé rein,
hal ogen is fl ué?sl ‘%’g@gﬁ?’gﬁfﬁ@&t‘%@ﬁnﬁ%& ?}ﬁoﬁl%edijﬁﬁ%fnnﬁroéf%‘ﬁg%lpﬁeefg’fap ori ne,
chl ori ne dluckihgrehiwinedidbremaie Ng process can be carried out in an organic

solvent. Preferably, the solvent is non-polar and is also preferably
non- hydr ophi | i dhecpaiiagpieesscan be grsied ouiin an organic solvent. Preferably, the

solvent is non-polar and is also preferably non-hydrophilic. It can be an aliphatic or

j e

15 an aromatic solvent. Typical examples include toluene, xylene, petrol, diesel fuel as
well as heavier fuel oils. Naturally, the orgaMG solvent used should be selected so
that it is compatible with the intended end use of the coated particles. The presence
of water should be avoided; tI;e use of an anhydride as coating agent helps to
eliminate any. water present.

20 The coating process involves comminuting the particles so as to prevent any
agglomerates from forming. The technique employed should be chosen so that the
particles are adequately wetted by the agent and a degree of pressure or shear is

- desirable. Techniques which can be used for this purpose include high-speed stirring
(e.g- at least 500 rpm) or tumbling, the use of a colloid mill, uitrasonicé or ball

25 ,mﬂl_ing. Ball milling is preferred. Typically, ball milling can be carried out in a pot
where the Jarger the pot the larger the balls. By way of example, ceramic balls of 7 to .
10 mm diameter are suitable when the milling takes place in a 1.25 litre pot. The

time required will of course, be dependent on the nature of the particles but,
generally, at least 4 hours is required. Good results can generally be obtained after
30 24 hours so that the typical time is 12 lto 36 hours, '




15 an aromatic solvent. Typical exanples include toluene, xylene, petrol,
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of an anhydride as coating agent helps to elimnate any. water present. 20
The coating process involves commnuting the particles so as to prevent any
aggl onerates fromform ng. The techni que enpl oyed shoul d be chosen so that
the particles are adequately wetted hg-the agent and a degree of pressure
or shear is desirable. Techniques which can be used for this purpose
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combustion of the diesel fuel. The presence of the cerium oxide in the traps helps to '

15  burn off the particulates which accumulate in the trap. Additionally organo platinum
group metal compounds can be present as co-;:atalysts. Thus the fuels of the present
invention can also comprise such a platinum group metal compound. These should
be soluble in the fuel and include compounds of platinum or, for example, palladium
and rhodium and mixtures of two or more thereof.

20 Suitable compounds include platinum acetylacetonate and compounds having
the formula: X Pt R, R, where X is a ligand contzining at least one unsaturated
carbon - carbon double bond which can be olefinie, acetylenic or aromatic and R, and
R, are, indepcndeptly, benzyl, phenyl, nitrobenzy! or alkyl of 1 to.10 carbon atoms
such as diphenyl cyclooctadiene platinum (II). The use of the doped ceria enables

25 ope to use less of the organo platinum group metal than if undoped ceria is used and
this represents an economic advantage.

If desired the resulting particles can be dried and re-dispersed in another
organic solvent or in a polymer. Examples of suitable polymers include homo- and.
co-polymers of ethylene, propylene or styrene, and hydrocarbon-based elastomers

30 such as those containing propylene, butadiene or isoprene.



Di-resel engines increasingly conprise a trap for particulates resulting from
conbustion of the diesel fuel. The presence of the ceriumoxide in the
traps helps to 15 burn off the particul ates which accunulate in the trap.
Addi tionally organo platinum group nmetal conpounds can be present as
co-catalysts. Thus the fuels of the present invention can also conprise
such a platinumgroup netal conpound. These should be soluble in the fuel
and include conpounds of platinumor, for exanple, palladium and rhodi um
and m xtures of two or nore thereof. 2@-Suitable conpounds include platinum
acetyl acetonate and conpounds having the formula: X Pt R Rz where X is a
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directly or as an additive for the fuel. The gart icles are preferably
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hydr ochy bons S!)ﬁbr@atsi@ﬂch@ﬂﬁ{drwéra Csubbiehuilliahfndsindl dmides, ¢.¢, hij@ee sol d
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commercially available as "NALCO" (Trade Mark) 7D07 (ex Nalco) , and "TOLAD"
* (Trade Mark) 2683 (ex Petrolite),
15 Anti-foaming agents e.g. the polyether-modified polysiloxanes commercially
available as "TEGOPREN" (Trade Mark) 5851 (ex Th. Goldschnidt) Q 25907 (ex
Dow Corning) or "RHODORSIL" (Trade Mark) (ex Rhone Poulenc))
Ignition improvers such as aliphatic nitrates e.g. 2-ethylhexyl nitrate and
cyclohexyl nitrate,
20 Anti-rust agents such as polyhydric alcohol esters of succinic acid
derivatives (e.g. commercially sold by Rbein Chemie,Maunnbeim, Germany as "RC
4801", or by Ethyl corporation as HiTEC 536),
Reodorants, ,
Anti-oxidants e¢.g. phenolics such as 2,6-di-tert-butylphenol, or
25  phenylenediamines such as N,N'-di-sec-butyl-p-phenylenediamipe,
Metal deactivators such as salicylic acid derivatives, ¢.g. N, N'-
disalicylidene-1,2-propane diamine and,
Lubricity agents such as fatty acids and esters, (e.g. those commercially
available as EC831, P631, P633 or P639 (ex Infinium) or "HITEC" (Trade Mark) 580
30 (ex Ethyl Corporation), "Lubrizol” (trade mark) 539A (ex Lubrizol), "VECTRON"
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¢.g. 100 to 250 ppmw. If a lubricity agent is incorporated into the diesel fuel, it is
conveniently used in an amount of 100 to 500 ppmw.

Some of these additives are more commonly added directly at the refinery
while the others form part of a diesel fuel additive (DFA), typically added at the poiﬁt

15 ofJoading with the tanker. A typical DFA comprises:

detergent 10-70% (by weight)
antirust 0-10%
‘antifoam 0-10%
dehazer 0-10%
20 non-polar solvent 0-50%
' ‘polar solvent 0-40%

The diesel oil itself may be an additised (additive-containing) oil. If the
dicgel oil is an additised r(':ail, it will contain minor amounts of one or more additives,
e.g. anti-static agents, pipeline drag reducers, flow improvers, e.g. ethylene/vinyl

25 acetate copolymers or acrylate/maleic anhydride copolymers, and wax anti-settling

agents, e.g. those commercially available under the Trade Marks "PARAFLOW"
(e.g. "PARAFLOW" 450; ex Paramins), “OCTEL" (e.g. "OCTEL" W 5000; ex Octel)
and "DODIFLOW" (e.g. "DODIFLOW" V 3958; ex Hoechst).' |

The same or similar additives can be used for other fuels such as petrol, as

30 one skilled in the art will appreciate.




|l ubricity agent) are each preferably up to 20ppmw. The (active matter)
concentration of the detergent is typically up to 800ppnmv e.g. 10 to 500
ppmw. The (active matter) 10 concentration of the ignition inprover in the
di esel fuel is preferably up to 600ppmw e.g. 100 to 250 ppmw. If a

| ubricity agent is incorporated into the diesel fuel, it is conveniently
used in an anmount of 100 to 500 ppnw. Sone of these additives are nore
commonly added directly at the refineri while the others formpart of a

di esel fuel additive, (DFA), typically”™ bded at the point 15 of |'oading
with the tanker., A typical DFA conpri.ses: detergent 10-70% (by weight)
autirust O- 10%T’A$Pﬁe¥%émv69‘i®'@/@lsae aynathod obimaAvins|the cembyation.of- 50%
pol ar sol v hitds Tl il ol f . j tised

(addi v okl anf r%)ﬁbglislgg B¢ pofiing hetbin dBaiifole B2l . | it will
contain mnor anmounts of one or nore additives, e.g. anti-static agents,
pi peline drag reducers, flow inpravers, e.g. ethylene/vinyl 25 acetate
copol ymers or acryl ate/ mal ei c anhydri de copol yners, and wax anti-settling
agents, e.g. those commercially avail able under the Trade Marks " PARAFLOW
(e.g. "PARAFLOW 450; ex Paramns), "OCTEL" (e.g. "bCTEL" W5000; ex Cctel)
and "DCODI FLOW (e.g. "DODI FLOW V 3958; ex Hoechst). The sane or simlar
additives can be used for other fuels such as petrol, as 30 one skilled in

the art will appreciate. -I The present invention also provides a nethod of
i nprovi ng the conbustion.of a fuel which conprises incorporating therein
the ceriumoxide particles. -12- CLAIMS |I. A fuel including particles of

cerium oxi de which are doped with a divalent or trivalent netal or
metalloid which is a rare earth netal, a transition neta



or a netal of group HA, 111B, VB, or VIB of the Periodic Table. 2. A fuel
according to claiml wherein the netal is a transition netal. 3. A fuel
according to claim2 wherein the nmetal is rhodium copper, silver, gold,
pal | adium platinum iron, nmanganese, chrom um cobalt or vanadium 4. A
fuel according to claiml wherein the netal is terbium praeseodym um
samari um gadolinium antinony, selenium gallium magnesium beryllium
boron or calcium 5. A fuel according to any one of the preceding clains
wherein the oxide has the fornula: Ce, xM02 where Mis a said netal or
nmetalloid and x has a value up to 0.3. 6. A fuel according to any one of
the preceding clainms wherein the oxide has the formula: [(Ce02)3." (REQY)]
j.kMk where Ms a said netal or netalloid other than a rare earth, REis a
rare earthy is 1 or 1.5 and each of n and k, which maybe the sane or
different, has a value up to 0.5. 7. A fuel according to any one of the
preceding cl aims wherein the particles_have a size not exceeding | mcron.
8. A fuel according to claim?7 wherein the particles have a size froml to
300 nm 9. A fuel according to clainugAMWM¥g ein the particles have a size
between 5 and 150 nm 10. A fuel according to any one of the precedi ng

cl ai nrs wherein the cerlun1 .de is do ed with nor han one s id netal or
met al | oi d and/ or':oxi de ‘%HE’ gp@@ﬂ@%??ﬁ%wnh@eéﬁ f of the
precedi ng cliadléers onbrevagendmicted or pardlliot] ehichlies coatLth meﬂab aamnmxgﬁniecal aci d,
anhydri de of a%?{'tgquf%g o} 20, 85,8 VB ek penfiale Floi@ecording to claim 11

wherei n the par e ‘coat
A fuel according to claim 1 wherein the metal is a transition metal.

3, A fuel according to claim 2 wherein the metal is thodium, copper,
silver, gold, palladium, platihum, iron, manganese, chromium, cobalt or vanadium.
4, A fuel according to claim 1 wherein the metal is terbium,
pracseodymium, samarium, gadolinium, antimorny, selenfum, galhum magnesium,
- beryllium, boron or calcium,
5. A fuel according to any one of the preceding claims wherein the oxide
has the formula:

Ce  M,0,
where M 15 a said metal or metailoid and x has a value up to 0.3.
6. A fuel according to any one of the preceding claims wherein the oxide

has the formula:

[(CeOy),REO,)J, M,
where M' is a said metal or metalloid other than a rare earth, RE is a rare earth y is 1
or 1.5 and each of n and k, which may be the same or different, has a value up to 0.5.

7. A fuel according to any one of the preceding claims wherein the
particles have a size not exceeding 1 micron.

8. A fuel according to claim 7 wherein the particles have a size from 1 to
300 nm,

2. A fuel according to claim 8 wherein the particles have a size between
5 and 150 nm.

10. A fuel according to any one of the preceding claims wherein the
cerium oxide is doped with more than one said metal or metalloid and/or oxide
thereof.

_ 11. A fuel according to any one of the preceding claims wherein the
particles are coated with an organic acid, anhydride or ester or a Lewis base,



ol eic acid or dodecyl succinic anhydride 13. A fuel according to any one of
the preceding clains conprising one or nore additives selected froma
detergent, dehazer, anti-foam ng agent, ignition inprover, anti-rust
agent, reodorant, anti-oxidant, netal deactivator or lubricity agent. 14.
A fuel according to any one of the preceding clains which is diesel fuel
15. A fuel according to any one of the preceding clains which al so
conprises an organo pl ati num group conpound. 16. A fuel additive conprising
particles of ceriumoxide as defined in anyone of clains 1 to 12 and a
pol ar or non-polar organic solvent. 17. A fuel additive according to claim
16 wherein the solvent is an aliphatic or aromatic hydrocarbon or an

al i phatic al cohol. 18. A fuel additive according to claim16 or 17 which
conprises one or nore of a detergent, dehazer, anti-foam ng agent,
ignition inprover, anti-rust agent, reodorant, antioxidant, mnetal
deactivator or lubricity agent. 19. Useg,of particles of cerium oxide as
defined in any one of claims 1 to 12 asS a fuel additive. 20, A method of

i mproving the combusta @il @écordibg @ clwih € wheraH ih%gﬁrticilé’éca% Ratatdg therein
particles ag delingdohdl, ARl GG M 1 to 12.
13. A fuel according to any one of the preceding claims comprising one or

more additives selected from a detergent, dehazer, anti-foaming agent, ignition

improver, anti-rust agent, reodorant, anti-oxidant, metal deactivator or lﬁbricity

agent, k‘
14, A fuel according to any one of the preceding claims which is diesel
fuel. '

15. A fuel according to any one of the preceding claims which also
comprises an organo platinum group compound.

16. A fue] additive comprising particles of cerium oxide as defined in
anyone of claims 1 to 12 and a polar or non-polar organic solvent,

17. A fuel additive according to claim 16 wherein the solvent is an
aliphatic or aromatic hydrocarbon or an aliphatic alcohol.

18, A fuel additive according to ¢laim 16 or 17 which comprises one or
more of a detergent, dehazer, anti-foaming agent, ignition improver, antj-rust agent,
reodorant, anti-oxidant, metal deactivator or lubricity agent.

19.  Use of particles of cerium oxide as defined in any one of claims 1 to
12 as a fuel additive.

20. A method of improving the combustion of a fuel which comprises
meorporating therein particles as defined in any one of claims 1 to 12.



