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methods tisr passivatin photodegradation of organic com-
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CERIUM (Hi) CARBONATE
FORMULATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[WU I J
'I h&s application clam&s priority to U S Pn&visional

Patent Application Ser No. 62/837,657, filed Apr 23. 2019,
the entire content of which ic incorporated herein by refer-
ence.

BACKGROUND

[W02J Organic compounds are susceptible to photodeg-
radation, and some con&pounds. such as pigments (e g.,
'I'iOz). are ivefi-known photocatalysts Photocatalytic activ-
ity initiated and promoted by the pi ment is rooted in the
genemtion of react&ve oxygen species (ROS), which are
known to cause dcgradnt&on ol'orga&uc compounds. In order
10 Icducc Ihc photocaudytu: actlvltv, Ihc plgnlcnm iuc thcrc-
fi&re generally modified w&th a thin overcoating (-5-10 nn&j
of metal oxides such as SiO„AlzO&, '/rOz, or mixtures
thereof. I'hese metal oxides pn&mote a decrease in the
photocatalytic act&vity of the pigment and/or synthesis of
ROS such as hydroxy) radicals (OH). superoxide radical
aruon Oz, and hydrogen pcrox&dc H&O&, afi 01'h&ch
photodegrade and ox&dat&veiy dccomposc orga&uc cum-
pounds.
[0003] There is a need in the a&1 to inhibit photodeyacaz-
tion oforganic compounds. The disclosure is directed to this,
as wcfi as other, unportant ends.

BRIEF SUMI(&LVRY

[0004] 1 he disclosure provides cerium (Hi) carboaate of
the fi&rmula Cez(CO&)s.xH10, wherein x is zero or n positive
nun&her: and wherein the cerium (HI) carbonate releases at
leds& 27.6 0 I '/s CO& when normalizod Io the dry 0 c&gh( of
&hc ccfullll (HI) cdlbonBIO, ilunng lhcnno I'avnnclnc Bnid)'-
sis. In aspects, Ihc ccnum (Hi) cdrbondlc is subs&anliafiy free
of cerium (I V) and/or is substantially free of a cerium-oxide
phase
[0005] The d&sclosurc provnles li&rmuldtions comprising
ci rnim (HI) carbonu(e and im organic compound susccpt&ble
to photodegradnt&on. In embodiments, d&e d&sclosurc pro-
vides formulations comprismg cerium (Hi) carbonate. an
organic conlpound susceptible to photodeanldation. and a
photocatalyt&cafiy act&ve pigment. In embodiments, the d&s-

closure provides formulations comprising cerium (IH) car-
borui&e, an Orgiuuc compound suscepubic Io pholodegrada-
uon, a photocatalyt&cafiy active p&g&non&, and water.
[W06J 'the disclosure prov&des pn&ceases for produciag
cerium (HI) carbonate by (i) mixing a carbonate salt and
&later to form a first solution: (ii) mixing a cerium (Hl) salt
dnd v:dtcl 10 loon II second solo&&on: (ill) nuxulg Ihc first
solution and Ihc almond solution Io form a third solu(ion,
whermn thc th&rd solut&on has a pH of 9.2 or less, and (&v)

centrifuging the third solut&on to for&n the cerium (HI)
carbonate In aspects, the carbonate salt is ammon&un&
carbonate. and the cerium (Hi) salt is anunonium cemim
(HI) nitrate tetmhydrate, In aspects. the cerium (HI) carbon-
ate &s Cc,(CO&)„.4H,O. In aspcc&s, thc tlnrd solution has a

pH from about 9.0 to 9.2. Altcmauvely, thc ibsclosure
provides d process for producu&g cerium (Hl) carbo»a(c by
(i) mixing nvo solids comprising a carbonate salt and a
cerium (I II) salt (in the absence ofadded water); (ii) washiag

away any excess salts with &later and centrifu in the
result&ng mixture Io prox &dc thc solid ccnum (HI) carbonate.
[UU07J lhe disclosure provides pmcesses for producing,
the fornn&iations by mixing a cerium (IH) carbonate source
material with an organic compound susceptible to photo-
de radation.
[UUUUJ I hese and other emlx&dinlents are described herein

BRIlil& Dl(SCRIPI ION Oi& TIH: l)ILAWINGS

[0009] FICiS. 1A-1C are plots of MB dye photodepada-
t&on under 254 run 1&ght at pH 9.1 us&ng I mg of P25
pho&ocdtalyst in prcsencc Of. (i) 2.5 mg of soluble (dis-
solved) ammonium cerium(HI) nitrate (l&IG I A), (ii) 10 mg,
soluble (dissolved) ammonium cerimn(filj nitnlte (I'l(i
I B) and (iii) I mg Of insoluble ('e(HI)-P25 (l&l(i. I(').
[0010] FIGS. 2A-2B. FIG. 2A is a photograph showuig
unchanged color of pure SiO powder ufter Ce(HI) prec&pi-
tation nn SiO& and I& l(i. 2B is a plot of methylene blue (M B)
dye (10 ml, of 10 M) photodegradation (under 254 nm
light) with 50 mg of P25 in presence of 5 n&g ('e(HI)-SIO&
in the surface area ratio of I;0.877.
[0011] FI(IS. 3A-3B. FIG. 3A is a photograph showuig
nitile l&O& powder before (left san&pie) and after ( e(HI)
precipitation (right san&pie) on its surface, and I'l(i 3i3 is a
plot of kinetics of 10 ' MB or an&c dye de radation with
2 mg of P25 and in the presence of 5.7 mg Ce(HI)-TiOC
under 254 nm light.
[0012] FICiS. 4A-4B are photogmphs shov in no colour
difi'erence between &uunodified Ti-Pure R70(i (FIG(. 4A) and
Ce(HI)-R706 (FICi. 4B).
[0013] FIC)S. 5A-5B are plots of kinetics of 10 ' MB
organic dye degradation with P25 in presence of Ce(HI)lh-
R706 (FIG. 5A) and unmuddied R706 (FIG. 5B).
[0014] FICiS. 6A-6B are plots of kinetics of 10 'M MB
organic dye degradation in presence varied fmction of P25
and Cc(HI)-R706 (FIG. 6A) m&d vened fracnon of P25 and
Cc(HI)/Cc(IV-R706) (FIG. 6B)
[0015] FIC)S. 7A-7B are UV-visible spectm of con o red
(CR) dyc dcgradauon bcforc and after 6 h sunhgh& exposure
in coatu&g prcparcd w&th: IU'/s P25 and 90/o Ce(HI)-R706
(l&IG. 7A) and 1(yg P25 and 90'/ unmodified 'I'i-Pure R706
(l&I(i. 7B).
[0016] FIG. 8 is a photograph of wh&tc ccnum (HI) car-
bonate powder
[0017] FIG. 9 is a TGA pattcm of ccnum(HI) carbonaie
synthcsizcd as dcscnbnl u& Examples 3 nnd 6, along w&d&

several cnmmerciafiy available cenum(HI) carbonate
smnples. AH samples &vere dried at 80" ('or 16 hours prior
to analysis.
[UUIUJ lil(i 10 is a plot of kinetics of 10 M MI3 organic
dye degradatinn (under 254 nm hghtj in presence of 2 mg of
P25. 11.4 mg of umnodified R706 and sepamtely added I

m of Cez(CO,),,4H,O,
[0019] FICiS. 11A-11C are UV-vis&ble spectra of CR
organic dye before and after sunli ht exposure in coating
prepared with R706 and (i) 0 1st '/s Ce(HI) carbonate (FILI.
11A), (&i) 2 wt /s cerium(HI) carbonate (FIG. 11C), m&d (ni)
5 wt s/o Cc(HI)carbonate rcla&ive to R706 wc&ght (FIG. 11C).
[0020] FIGS. 12A-12C are UV-v&sible spectra of CR dye
bck&rc and after sunlight exposure u& coatu&g prepared w&d&

rutile TiO& and (i) 0 w I ',/& Ce(HI) carbonate (FIG. 12A): (&i)

2 wt "/ Ce(III) carbonate (l&l(i. 12B), and (iii) 5 wt z/ ('e(I II)
carbonate relative to 'I'iOz weight (I'IG 12(')
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[0021] FIGS, 13A-13C are plots of kinetics of 10 IM MB
orgaiuc dye degrmlution (under 254 mn hght) m presmicc of
2 mg of P25. 11.4 mg of uiunodilied R706 and separately
added (i) I mg of I'e,(t'O,)vxII,O (Alfa Aesar) (Iiiti.
13A); (ii) 5 mg I'ez(t'Os)s.xi ISO (Sigma Aldrich) (Iiiti.
13B): (iii) 5 m of Ce,(CO,),.xH,O (ACROS Organics)
(FICI. 13C).
[0022] FIG. 14 provides ATR-FTIR spcctm ol'dii:rent
CL'I'liliu (III) Cai'bollatC BIatel'IBIS Compt'ISIIIg thoSL'y'lltllC-
sized in I:xamples 3 and 6 (smuples were dried under
anibient conditions for 48 hours prior to analysis), Bs well as
coniniercially available samples from Sigma Aldrich. Acros
Or snics. and Alfa Aesar. The vertical arrow represems the
frcqucncy of thc 1410 cm 'and that represents weakly
clcctrostaucally attuched cdrboimte, and is draw at the top as
a guide to the eye
[0023] FIC)S 15A-15B. FICi. 15A provides photodegm-
dation kinetics data for 10 mL aqueous solution of 10 '
MB dyc that was exposed to 254 iun hght under a photo-
rcactor setup ihr a duration of up to 60 mimites. FIG. 15B
pmvides photodegradation kinetics data for 10 ml aqueous
solution of 10 M MI3 dye and I mg (:ez(COs)s 411zO
(synthesized by the procedure described in Example 3) tlmt
was exposed to 254 nm light under a photoreactor setup for
a duration of up to 60 minutes.
[tlt)24] I'iti. 16 is a plot of the kinetics of 10 ' MB
organic dye de radation (under 254 nin light) in presence of
2 mg of P25, 11.4 mg of unmodified R706 and sepamte
phase of I mg of Cez(CO„)s 4HSO.

DETAILED DESCRIPTION

Definitions

[0025] "Cerium (III) carbonate" rcfi:rs to a maternal tlmt
comprises ('ez(('Os js In aspects, the cerium (I i i) carbonate
is substantially free of cenuni (IV) and/or a cerium-oxide
Phase. In asPects. the Ce,(COS)s is wlfite in aPPearance. In
aspects„cerium (III) carbonate is substantially ibee of cenum
(IV) if it is wlutc in appcarmice and docs not have a
vcl low ish tuit. In mpccts, the Ccz(CO,) I is Ccz(CO,),.xH,O
where x Is mther zero or a positive number. In aspecIs. thc
positive number is an integer from I to 6 In aspects, the
( ez(('Os)s.xHzO is I'ez(('Os)S.411CO. In asPects. thernxi-
ravimetric analysis is used to determine if cerium (III)

carbonate is substantially free of a cerium-oxide phase,
bema use such a ccrnun (BI) carbonate relcascs a higher w t %
CO2 v, hcn normal izcxt to the dry wcighi ol'hc cenum (III)
carbonate. dunng thcrmogravimctnc analysis, compared
with a cerium (III) carbonate that also contains a cenuni-
oxide phase 'I he quantity of (:Oz released upon heatiag a
sample of cerium (III) carbonate is measured via therino-
gravinietric analysis as described below. In aspects. the
cerium (III) carbonate rclca sea at least 21.9 w t % CO. when
nomuilizcd to the dry weight of the ccrnun (III) carbonate,
ilullllg thCnIliIgl'dvlllli:tIIC Bilalvslx Ill BSpCCtS. thC Ci:llulll
(III) carbonate releases at least 27 ivt % CO. when nornial-
ized to the dry weight of the cerium (IB) carbonate. during
themiogravimetric analysis. In aspect~, the cerium (III)
carbonate releases at least 27.5 wt '!s CO, when normalized
to thc dry weight of the ccrnun (Ill) carbonate, during
thcnnogravunetnc analysm. In aspects, the cenum (III)
carbonate rclcascs at least 27.6 w t % CO, when normalized
to the dry weight of the cerium (IH) carbonate, duriag
theniiogmvimetric analysis. In aspects, the ceriuni (IH)

carbonate releases at least 28.0 wt % CO, when normalized
to the dry weight ol'hc cerium (IH) carbonate, dunng
tilCIiliogl'ilvilllCtrlC BliillvsiS.

[0026] In aspects, thc cerium (IB) carbonate relcascs at
least 28.5 ivt % ('0 when normalized to the dry w:eight of
the cerium (III) carbonate, duriim therniogravimetric analy-
sis. In aspects, the cerium (HI) carbonate releases at least
29.0 wt % CO when normalized to the dry weight of the
cerium (III) carbonate, during thenuo~vavimetric analysis.
In aspects, cenum (III) carbonate compnscs at least 5.7 wt
% carbon and at least 0.9 w t '!o hydrogen as measured by
('I IN analysis. In aspects. cerium (III) carbonate comprises
at least 6 5 wt % carbon and at least I 45 wt % hydrogen as
measured by ('I IN analysis. In aspects. ceriuni (i i i) carbon-
ate comprises about 6.7 vvt % carbon and about I 76 wt %
hydrogen as measured by CHN analysis. In aspects. cerium
(III) carbonate has B ratio of d peak uitcnsity at 1410 cm'o

a peak intensity dt 1468 cm 'f ubout 1.3 or less, as
measured by Ai'R-irl'IR. In aspectx ceriuni (Ill) carbonate
has a ratio of a peak intensity at 1410 cni 'o a peak
intensity at 1468 cni 'f about 0 9 or less, as measured by
ATR-FTIR. In aspects. cerium (HI) carbonate has a ratio of
a peak intensity at 1410 cm 'o a peak intensity at 1468
cm 'f about 0, as mcasurcxl by ATR-FTIR. In aspects.
ccmum (III) carbonate is substantially nmolublc ui water.

[0027] "Cerium (III) carbonate source matcnal" rcli:rs to
cerium (III) carbonate obtained fmm a comniercial supplier
or niamifactured by methods known in the art or manufac-
tured by the methods described herein In aspects. the
cerium (III) carbonate source material is substantially free of
cerium (IV) and'or a ceriuni-oxide phase. In aspect~. the
cemum (IH) carbonate source matcnal is wlutc in appcar-
ancc In aspects, thc cerium (III) carbonate source material
is substantially free of cirnim (IV) 11 11 Is wlutc ui appear-
ance and does not have a yelloivish tint In aspects. a cerium
(III) carbonate source niaterial releases at least 21 9 wt %
CO, when normalized to the dry iveight of the cerium (HI)
carbonate source material. during thermofzzavimetfic analy-
SIS. Ill BspCCts, d CCI111111 (III) CdrboilBti: SOBICC nldtL'11dl

releases at least 27 w t % CO, whmi nonnalizixi to the dry
weight of the ccnum (III) carbonate source matcnaL dunng
thermogravimetric analysis In aspects. a cerium (IH) car-
bonate source material releases at least 27 5 wt % ('Oz ivhen
normalized to the dry weight of the cerium (Iii) carbonate
source material, during themiogravimetric analysis. In
aspects, thc cenum (III) carbonate source matenal relcascs
at least 27.6 wt % CO, when nomializcd to the dry weight
of thc cerium (HI) carbonate source material, dunng ther-
nxigravimetric mialysis In aspects, the cerium (III) carbon-
ate source material releases at least 28 0 wt % ( Oz when
normalized to the dry weight of the cerium (IB) carbonate
source materiai, during thermogravunetric analysis. In
aspects, the ccnum (III) carbonate source matcnal releases
at least 28 5 wt !o CO when nomialized to thc dry weigh1
of the cerium (HI) carbonate source materuil. dunng thcr-
mogravimetric analysis In aspects, a cenum (IH) carlxmate
source material releases at least 29 0 wt % ('Oz ivhen
normalized to the dry weight of the cerium (Iii) carbonate
source material, during themiogravimetric analysis. In
aspects, a cernim (III) carbonate source material comprises
at least 5.7 w1% carbon and at lemt 0.9 wt % hydrogen as
memured by CHN analysis. In aspects, a cerium (III)
carbonate source material coniprises at least 6.5 wt % carbon
and at least 1.45 ivt % hydrogen as measured by (:I IN
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analysis. In aspects. a cerium (III) carbonate source matenal
comprises about 6.7 wt % carbon and about 1.76 wt %
hyilrogcn as mcasurcd by CHN turalysis. In aspects. the
cerium (111) carbonate source material has a ratio of a peak
intensity at 1410 cni 'o a peak intensity at 1468 cm 'f
about 1.3 or less. as measured by ATR-FTIR. In aspects. the
ceriutn (III) carbonate source material has a ratio of a peak
intensity at 1410 cm 'o a peak intensity at 14(ig cm 'f
about I or less, us mcasurcd by ATR-FTIR. In aspects. thc
cerium (III) carbonate source matcual has a ratio ol'a peak
intensity at 1410 cnl 'o a peak intensity at ] 468 cm 'f
about 0.9 or less. as measured by AFR-I "I'IR In aspects. the
cerium (III) carbonate source material has a ratio of a peak
intensity at 1410 cm 'o a peak intensity at 14(ig cm 'f
about O„as measured by ATR-FTIR. In aspects. a cenum
(III) carbonate source matcnal is Ccl(CO.,),.xHlD, where x
is 0 or a positive integer. In aspects. x is 0. I, 2, 3, 4. 5. or
6 In aspect~. a cenum (111) carbonate source material is
('el(( Os)s.41ICO. In aspects, a cerium (III) carbonate source
nlaterial is substantially insoluble in water.
[0028] "Thennogravimetric analysis" refers to the analyti-
cal technique that relies on wei hing a sample of cenum
carbondic dunng its heating in dry air at d ramp rale of5'./nun.iluring wluch thc sample thcnnally decomposes to
synthcsizc ccnum oxide and CO, us the tcmpemture range of
200" C. Io 575" ('ior the purposes of this specification. the
amoum of ('Ol released is calcuhsted by subtractiag the
weight of the sample at 200" C, from the weight at 575'.,
and tins weight difi'erence is divided by the weight of the
sample at 200'., Io give the weight fracuon of CO„
relcascil nonnalizcd Io thc dry wciglu of ccuum carboixite.
Thc Irenils in tlm quantity ol'O, relcascil from ccnum
carbonate as measured via thermogravimetric analysis in
this fashion generally agree with trends of the carbon
content of cenum carbonate as measured by CHN analysis,
between difi'erent samples Thermoyavimetric analysis Is
further described by Liu et al. f, Cryst. Cirowth. 206 88-92
(19i 9) and Zhat ct al, Mater. Lett.. 61:1863-1866 (2007).
[0029] "CHN analysis" refi:rs io the amilysis of thc
amount of carbon (('), hydrogen (11), and nitrogen (N) in a
compound or composition ('I IN analysis can be performed
by scientific equipment known in the art, such as a 2400
CHN Elemental Analyzer by Perkin Elmer, a CE440
Elenlental Analyser by Exeter Analytical, and the like. CHN
aruilysis is well-known in Ihc art.
[0030] "Attnniatcxf total reficctancc Fouucr Iransfiimi
infbarcd spectroscopy" mid '*ATR-FTIR" rcfi:r to thc spec-
troscopic technique that measures the changes that occur in
an internally reflected infrm ed beam when the beam comes
into contact with a sample. ATR-FTIR is well-known In the
art and described for example. in Teciulical Note. "FT-IR
Spectroscopy, Attentuated Total Reflectance (ATR) by Per-
km Elmer (2005).
[0031] "White" refers to compounds mid compositions
Ihat arc white in appearance and/or thai arc a mixlure of all
of the wavelengths of the visible spectnun, e g. Imht
wavelengths of about 380 nm to about 750 nm In aspects,
the tenn "is hite In appearance*'ncludes all shades of wlute,
such as pure white, alabaster. cream. e gshell, ivory, Navajo
wlnie. vtuulld. and thc like. In aspects, Ihc term "wlutc in
appear;mce" uicludcs all shades ol'wlutc Ihat do nol visually
have d yellowish tint to them In aspecls. Ihe Icmi "white in
appearance" is brilliant white, which has an absence of
absorbance in the yellow-color region of the vi ~ ible spec-

tnun (e.g.. absence ofabsorbance at wavelengths from about
56S nm to about 590 lun), as asccrtatncxf by solid-stmc
UV-Visible spcctrosxmpy (such mcasurcments arc known Io
one in the prior art and can be made for example with the use
of a difl'use-reflectance accesso05 see 9 Aru ('heiii Soc.
2004, 126, 16478-16486).

[0032] "Substantially insoluble in water'* refers to a com-
pound (e.g.. cerium (III) carbonate) that has a solubility of
less than I wt % ui water. In aspects, thc compound (e.g..
ccnum (HI) carbonate) that has a solubility of less than O.S

wt % in walcr. In aspects, Ihe compound (e.g . ccuum (HI)
carbonate) that has a solubility of less than 0.25 wt % in
v ster In aspects, the compound (e g, cerium (III) carbon-
ate) that has a solubility of less than 0.1 v t % in water.

[0033] "Cerium (III) carbonate average particle size'*

refers to the radius of gyration and is measured by electron
nucroscopy. The ccuum (III) cdrbonute can bc any particle
size ul the Ibrmulauons dcscribcd herein. In aspects. Ihc
cerium (111) carbonate average particle sire is from about I

nanometer to about 100 micmns In aspects, the cerium (I II)
carbonate avenlge particle size is from about 10 nanometers
to about 10 microns. In aspects, the cerium (IH) carbonate
avenge particle size is frotn about 10 nanometers to about
I nncron. In aspects, Ihc cerium (HI) carbonate avera c
particle size is Ibom about 30 nanometcrs Io about SOO

nanonleters. In aspects. the ceriunl (III) carbonate average
particle sire is front about 40 nanometers to about 3(X)

nanonleters. In aspects. the ceriunl (III) carbonate average
particle size is from about I nanometer to about 80 nano-
meters. In aspects. the ceriunl (III) carbonate average par-
ticle size is lbom about I nanomcter to ubout 50 nanomciers.
In aspects, thc ccuum (III) carbonate uvcrage particle size is
from about I nanometer to about 80 nanometers in aspects,
the cerium (III) carbonate average particle size is fnlm alxlut
I nanometer to about 40 nanometers
[0034] "Photocatafygicaliy active pignenf* refers to a pig-
ment that accelerates the rate ofphotodekrradation of organic
compounds. A photocatalytically active pivgment is capable
of catalyzing some chmnical reactions when irmdiatcd with
light of a suitable v'al clength. For example, in the prcsencc
of light and/or air mid,'or lvater. the surface of a photocata-
lyticaily active pigtuent can synthesize highly potent oxi-
dants. lvhich lead to the transfomiation and/or decomposi-
tion of organic substances. Such organic substances are
referred to herein as organic compounds susceptible to
photodcgrixfation. In aspects. Ihc photocdtalyticaliy active
pigment is a metal oxide, d metal sulfide, or a combiuauon
thereof. In aspects, the photocataiytically active pigtuent is
a metal oxide In aspects. the photocatalytically active
pigment is titanium dioxide. zinc oxide, cerium oxide,
zirconium oxide, tungsten oxide, vanadium oxide, tin oxide,
nicl el oxide, copper oxide. nlolybdenum oxide, tungsten
sullidc, cadnuum sullidc, cadmium selcnidc, zinc sulfide, or
d conlbinatnili ol Iwo ol lniilc Ihcrcof. hl tispccnb Ihc
photocatalyticaliy active pigment is titanium dioxide In
aspects, the highly potent oxidants are ROS

[0035[ "Same phase" refers to the cerium (III) carbonate
bein precipitated in the presence of an existing surfhce of
a different phase, e.g., inorganic-oxide particle surface, such
ds d pholocatdlvtlcallv sic tive plglni:nt (ixg., TiO ). Ill dspccls
of the "same pftasc," the cerium (HI) carbonate at least
partially coats an ulorgamc oxide purticlc surface, such as a
photocatalytically active pigntent (e g, I'iOs) In aspects of
the "same phase,** the cerium (II I) carbonate is ionically or
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covalently bonded to an inorganic oxide particle surface,
such ds a photocatalyt&cally active pigment (e.g.. TIOC).

[t)t)36] "Sepanlte phase*'efers the ceriuin (III) carbonate
not being precipitated proximate to any existing surface of
a different phase (e.g.. inorganic-oxide particle surface or a
photocatalytically active pigment). but mother precipitated to
form i&s own phase oi'cnum (Iii) carbonate tha«s Indc-
pcndcnt of their proxnnltv lo B plgnlcnl or photoca&aly'llc
particle. which by virtue of Im uwolubili&y m walcr, remauw
as its own distinct particle, within an aqueous dispersion

[0037] "Substantially free of cerium (IV)" refers to for-
mulations or compositions that are substantially free of
ccllunl (IV). In aspects, thc fonnuldtlons con&pl&so less &han

50 «& % cerium (IV). In aspects, the lilnnuiat iona composes
less than 10 wt % cerium (IV). In aspects, the formulations
comprises less than I 0 wt % cerium (IV) In aspects, the
formulations compnses less than 0.5 lvt % cerium (IV) In
aspects„ the fomtu)a&iona comprise no detecmbie amounr of
cerium (IV).
[0038J "('erium oxide" or "cerium oxide phase" refer to
cerium oxide as dehned below In aspects. cerium oxide
includes substances represented by the chemical fornnda
('eO,, where y &s 1.5 to 2. The cerium oxide has a colorarion
by appearance of yellowish-white when y is 2 and golden
yellow when y w 1.5 Wlmreas CeOI crysu&liizcs m thc
iluontc structure. for sub-stoich&omctnc oxides comprising
I 5-y&2, there is typically a mixture of ('e(III) and Ce(IV),
as well as oxygen vacancies in the stn&cture In aspects,
*'cerium oxide" includes hydrated oxide stnictures as repre-
sented by the chemical formula CeO,.aH,O. where a &s

typically 0 number below 10 and y is 1.5 to 2. In aspects
'*ccnum ox&dc" Includes ccnum oxyhydmxldc. whwh has a
chemical formula Cc(O),(OH) whcrc (x+2z)=1.5 to 2.
Cerium oxides that arc oxyhydroxides cdn also be hydra&CSI,

with typical molar ratios of ('e to I ISO being less than 10 in
these structures Many phases of cerium oxides have been
identified, and some of these phases can be represented in a
('elO, CeO, phase diagmlm (see Chem. Rev. 1998, 98,
1479-1514). Some known phases of ccnum ox&dc mcludc
but arc no& lani&cd to cubic cerium oxide, cubic cene. cubic
car&am&a, trmliruc ccnum ox&dc, rhombohedral ccnum
oxide. and tnclinic cerium oxide (ienerally. the relative
qumltity of sub-stoichiometnc oxide and ('e(I II) increases as
the nanopartlcle size of the cerium oxide decreases: for 4 5

nm ceriunl-oxide nanoparticles. a Ce(III) to Ce(IV) mtio
approaciung 0.75 has been rcportcd (see Nimosuale 2018,
10. 6971-6980) via X-ray photoelectron spectroscopy It Is

generally known that ccnum oxules form m&xlures wllh
carbonates (see cited references 305-311 of Chem Rev.
2016, 116, 5987-6041 fbr examples), and in the present
disclosure. it is undesired to have a cerium-oxide phase
present as a mixture v ithin the cerilun-carbonare matenal.
Exmnples of such mixtures, which for thc purposes of tius
disclosure arc also ccnum oxides. include bu& or@not Imuted
to cerium ox&dc carbonate hydrate, hydroxyibasnlasitc,
ceriunl carbonate hydmxide hydrate, cerium oxalate carbon-
ate hydrate. cerium aqua carbonate oxalate hydrate and
orthorlmmbic cerium carbonate hydroxide. While character-
ization of CeO, can be perfomled by powder X-ray ihffrac-
tion. &lus nu:&bod w known &n thc ar& to be less sans&«vc lo
thc presence and detixuon of sub-sto&chiomctnc oxides of
cine (scc pp. of 5989-5990 of Chem. Rev. 2016, 116,
5987-6041 for a discussion of this). Nevertheless, the skilled
artisml lvould understand that pov:der X-ray diifraction data

for various cerium oxide structures is publicly available
from Ihe International Ccntcr for for D&ilraction Dale
(ICDD) Some oi'&hase structures correspond &o ICDD codes
(01-072-6357), (01-075-7751). (01-075-7749), (01-075-
8371), (01-071-4807), (01-075-9470), (01-075-5980), (01-
073-9516), (01- 073-(328), (01-071-4199), (01-089-8429),
(01-089-8430). (01-075-7752). (03-065-2975), (01-089-
8436), (01-081-0792). (03-065-5923), (01-075-7750). (01-
089-8435), (01-089-8431), (01-073-6318), (01-075-7754).
(01-071-0567). (01-089-8432). (01-075-7755), (01-075-
7758), (01-075-7753). (01-075-7757), (01-075-7756), (01-
089-8434) (00-046-0369) (00-032-0189) (00-028-0897)
(01-089-2794). (00-051-0549), (00-43-0602). (00-44-0617),
and (00-041-0013). The skilled artisan would iolow it is
possible to test a cerium carbonate material for lack of a
cenum oxnlc phase by powder X-ray &hifracuon, by ensur-
ing Illa& thc powder X-ray pat&em lor &his material lacks
peaks corresponding to one or nlore of the cerium-oxide
stn&ctures listed above. Iunong other cenum-oxide structures
that are not listed. 1)olvever, as mentioned above. this
method lacks sensitivity for certain cecum-oxides such as
sub-stoichiometric cerium oxides„and amorphous cerium
oxides For thc purposes of &lus disclosure, thc methods for
assessing thc absence 01' ccnum oxnle phase In a cernun
carbonate sample are a colonltion of lvhite by appearance
(i e., lacking of a yellolvish tint) as well as a large mass %&

of ('Oz release as assessed by thermogravimetnc analysis of
the cerium carbonate.
[0039] "Substantially free of cerium oxide** or "substan-
tially frcc of a ccnum oxnlc phase" refers &o fonnulauons or
compositions the& arc substantially frcc oi' cerium oxule
phase. In aspects, &hc Ionnulations compose less Ihan 50 w&

% of cerium oxide ln aspects. Ihe fornlulations comprises
less than 10 v,t 'i ceriunl oxide. In aspects, the formulations
comprises less than 5 wt i'b cerium oxide. In aspects. the
fornndations comprises less than 2 wt % cerium oxide. In
aspects, the formulations comprises less than I 0 wt %
ccnum oxide. In Bspccis, &hc filnnulat&ons comprises less
than 0 5 wt % cerium oxide. In aspects, the formulations
comprises less than 0 I wt % cerium oxide In aspects. the
formulations compile no detectable amount of cerium
oxide
[0040] "Organic compound susceptible to photodegmda-
tion" refers to an or anic conlpound that undergoes photo-
dcgrdddtlon ovcl B pcnod of lime In I&spccnb dn olgBB&c

compound susccpublc to pho&odegradation has a measurable
diwrcasc in conccn&rd&ion after cxposurc to ligh& when
cmnpared to the same or anic compound that is not exposed
to light (i e, is left in the dark). 'I he light can be UV light,
visible li ht. or a combination thereof.
[0041] "Titanium dioxide" or "TiO,** can be m any form.
In aspects. the TiO, comprises brookite type. rutile type,
dni&tl&stc I)'pc, 0& B conlbhldnon of &wo or nlolc lhclcof. In
aspects, thc T&OB comprises ruble type and Bna&as&c &ype. In
aspects, the 1'iO, is nitile type In aspects, the 'liOI is
anataste type. In aspects, the v ei ht % of rutile type to
anataste type in the TiO. is fronl about 70:30 to about 95:5.
In aspects. the lveight % of rutile type to anataste type in the
TiO, is from about 75:25 to about 95;5. In aspects. the
weight % of rutile type &o anatastc type ul the T&OS &s from
about 80 20 to about 90:10. In aspects, thc weight % 01 runic
type to Bn'lt'&stc type hl thc 1101 ls about 85'15

[(N)42J "F25** refers &0 'I'iOS comprising 85 w:t % rutile
type 'I'iOS and 15 wt 'i anataste type TiO,
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[0043] "R706" refers to a T&-Pure R706 material, which &s

known in thc art lo compnsc a rutile TiO& core ol'290 nm &n

il&tune&cr B&li! B&i t&IU&lunos&1&calc shell lira& scivcs Bs B&1

overcoat of this core, which has a thickness of -5-10 nn&.

One of the funct&ons of this overcoat is to decrease the
photocatalyt&c activity of the R706 pigment. A person famil-
iar with the art of the invention would understand that R706
is a standard conunercially available pigment conunonly
Used n& pdulls dnd cot&ungs
[0044] "Mixing umc" pertains lo a s&tuauon when a cer-
tain volume of a first solution is added to a second solution.
'I'he mixin time is the t&n&e that it takes to add the entire
volume of the first solution to the second solution. v.ben
forming a mixture of the two solutions.
[0045] tDircctly" rcfi rs to the delay when adding a frcslfiy
prepared first mixture in a synthesis to another solid or
mixture In th&s context, "directly" means immediately after
the synthesis of the first mixture, with a typical delay of less
than I minute, or 40 seconds. or 30 seconds after synthes&s
of the iirst mixture, th&s first mixture was added to another
Solul 0& &lux&UIC

[0046] 1he terms "composition" and "fi&rmulation" are
used interchangeably for the purposes of this disclosure.

('eriuni (III) Carbonate

[0047] The d&sclosurc provides cenum (ill) carbo&mle of
the ti&rmula (:ez(('0&), xl i&O wherein x is zen& or a positive
number. In aspect~. x is 0, 1. 2. 3, 4, 5, or 6 In aspects. x &s

0 In aspects, x is I, In aspects, x is 2. In aspects, x is 3. In
aspects, x is 4. In aspects. x is 5. In aspects. x is 6. In aspects,
the cerimn (IH) carbonate is substantially free of cemim
(IV). In aspects, thc ceuum (111) carbo&talc &s substantially
free of a cerium-ox&dc phase. In aspects, lhc cerium (III)
carbonate &s substanually frcc of cerium (IV) mid &s sub-
stantially free of a cerium-oxide phase In aspectm the
cerium (Ill) carbonate releases at least 27 6 v,t % ('Oz v hen
nounalized to the dry weight of the cerium (III) carbonate,
during thermo ravimetric analysis. In aspects. x is 6 In
aspects, lhe ceuum (Ifi) carbonate &s wlutc in appearm&ce In
dspccis, lhcmiogravunclnc analys&s &s used lo de&em&inc &f

cer&um (III) carbonate is substantially free ol a cerium-oxide
phase. because such a cerium (Iii) carbonate releases a
hig)&er ivt % ('Oz when normalized to the dry weight of the
cerium (III) carbonate, durin thermogravimetric analys&s,
compared ivith a cerium (III) carbonate that also contains a
cirnim-oxide phase. Thc I)uanfi&y of CO, rclcastsl upon
ilctuu&g d mu&lpk: of ccuU&1& (III) carbo&talc Is Il&casu&ed v» I

thcnnogravunetnc analysuu In aspects, lhe cenum (IH)
carbonate releases at least 27.7 &vt "i COS when nounalized
to the dry we&ght of the cerium (111) carbonate, during
themu&gmsvnnetric analysis. In aspects, the cerium (IH)
carbonate releases at least 27.8 wt % CO, when normalized
lo &hc dry wc&Ju of thc ccuum (IH) carbonate, during
lhennogravunelnc analys&s. In aspects, the ccnum (IH)
carbonate rclcascs at least 27.9 wt % CO, v;hm& normahzed
to the dry v eight of the cerium (111) carbonate, during
thennogravin&etric analysis In aspects, the cerium carbonate
releases at least 28 wt % CO, when normalized to the dry
weight of the cerium (HI) carbonate. during themiograv&-
metric m&alys&s. Iu aspects, the ccrnun (III) carbonate
relcascs al least 28 5 wt % CO& when nonuahzed to the dry
wc&ghl oi'hc cenum (HI) carbonate. during diemiogravi-
n&etric analys&s In aspects, the cerium (111) carbonate
releases at least 28 6 wt % ('Oz when normalized to the dry

v e&ght of the cerium (III) carbonate, durin them&ogmsvi-
melnc analys&s. In aspects, tlw ccrnun (111) carbonale
relca sea at least 28. 7 w t % CO& when uonua1&zed to the dry
we&ght of the cerium (111) carbonate, during thermogravi-
metric analysis In aspects, the ceuum (111) carbonate
releases at least 28.8 wt i"s CO, &shen normal&zed to the dry
we&ght of the cerium (III) carbonate. during thermogravi-
metric analysis. In aspects„ the cenum (111) carbonate
releases at least 2S 9 u 1 % CO, w hen uom&el&zcd to thc dry
weighl of thc ccuum (III) carbonate, duuug lhcnno ravi-
metric analysis In aspect~. the cerium (I II) carbonate
releases at least 29 wt % CO. when normalized to the dry
v e&ght of the cerium (III) carbonate, durin them&ogmsvi-
metric analysis. In aspects, cerium (HI) carbonate has a ratio
of a peak intensity at 1410 cm 'o a peak intensity at 14G8
cm 'f about 1.2 or less. as mcasurixl by ATR-FTIR. In
aspects, cerium (HI) carboruile has a rut&o of a peak uuens&ly
at 1410 cm 'o a peak intensity at 1468 cm 'f about I I

or less, as measured by A'I R-i'1 IR In aspects, cerium (III)
carbonate has a mstio of a peak intensity at 1410 cm 'o a
peal intensity at 1468 cm 'f about 1.0 or less. as measured
by ATR-FTIR. In aspects, cerium (111) carbonate has a ratio
of a peak u&lens&ly at 1410 cm 'o a peak &Biens&ly al 14GS
cm 'f about 0.95 or less, as meusurcd by ATR-FTIR. In
aspects, cerium (Ill) carbonate has a ratio of a peak intensity
at 1410 cm 'o a peak intensity at 1468 cm 'f about 0 9

or less, as measured by AIR-I "I IR In aspects, cerimn (111)

carbonate comprises at least (S6 ivt % carbon and at least 1.5
v t 'iv hydrogen as measured by CHN analysis. In aspects,
cet&uu& (III) carbo&talc co&i&p&&sea Bl liv&st 6.6 wl % tt&rbon
and al least 1.6 wt % hydrogen as mcasurcd by CHN
analysis. In aspects. ceriun& (I II) carbonate comprises at least
6 6 wt % carbon and at least I 7 wt % hydrogen as measured
by (TIN analysis in aspects, cerium (Iii) carbonate com-
prises at least 6.7 wt 'is carbon and at least 1.7 wt %
hydrogen as measured by CHN analysis. In aspects. cerium
(111) carbo&mtc compr&ses about 6.7 wt % carbon tmd about
1.76 wt % hydrogen as mcasurcd by CHN analys&s. In
aspects, the disclosure provides the ceriun& (111) carbonate
described herein and an organic compound susceptible to
photodegradation. In aspects. the disclosure pn&vides meth-
ods of uihibiting photodegradation of an organic compound
by mix&n the cerium (III) carbonate described herein with
an organic compound susccpt&blc to pholodegradat&on,
thereby &nlubiling photodcgradat&ou of thc orga&uc com-
pound.

1&orniulations ('erimn (111) ('arbonate and Organic
Compound

[IN)48] 11&e disclosure provides formulations comprising
cerium (HI) carbonate and an organic compound susceptible
to photodepadation. In aspects, the cerium (IH) carbonate
source malcual is Cez(CO„)».xHSO where x &s c&ther zero or
a pos&tive number. In aspects, lhc pos&t&ve number is Bn

integer fmm I lo 6. In dspccis, thc ccnum carbonate source
material is Cez(CO»)» 411&O In aspects, the cerimn (III)
carbo&&ate source material is substantially free of ceuum (IV)
and/or is substantially free of a cerium-oxide phase. In
embodiments. the cerium (III) carbonate is obtained from a
ceuum (III) carbonate source matenul releases al least 21.9
wt % CO, when normalized lo the dry w c&ghl oi'he ccuum
(111) carbonate source mdlcnal, dunng thcnnogravimetuc
analysis. In embodiments. the cerium (III) carbonate is
obtained from a cerium (111) carbonate source material
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releases at least 27 5 wt % ('Oc u hen normalized to the dry
w eight OI'lw ccnum (Hi) carbonate source malcnal, rluruig
thcnnogravunelnc analysis in embodunmils, lhe ccnum
(JJJ) carbonate is obtained fmm a cerium (JH) carbonate
source matenal releases at least 27 6 wt '%X)s v hen
normalized to the dry wei ht of the cerium (Hi) carbonate
source matenal, during thermo ravimetric analysis. In
aspects„ the cenum (HI) carbonate source material releases
dt least 28.0 wt % CO, whmi nomialized to the dry wet hl
of thc cerium (HI) carbonate source maternal. duun thcr-
mocravimetric analysis In aspects. the cerium (HI) carbon-
ate source matenal releases at least 28 5 ivt % ('Os when
normalized to the dry weight of the cerium (HI) carbonate
source material. dunng themiogravimetric analysis. In
embodiments, the cerium (HI) carbonate is obtained from a
cirnim (HI) carbonate source material releases at least 29 0
w i % CO, when normalized io thc dry weight of die ccnum
(JJJ) carbonate source material. during, thennogravinletric
analysis. In embodinients. the ceriuin (JJI) carbonate is
obtained fmm a ceriuni (IJJ) carbonate source niatenal
coniprising at least 5.7 wt % carbon and at least 0.9 wt %
hydrogen as measured by CHN analysis. In embodiments,
the cenum (Hi) carbonate is obtained from a cerium (Hl)
carbonate source material compnsing al least 6.5 wt %
carbon and at least 1.45 wt !8 hydrogen as measured by
( I IN analysis. Jn embodiments, the cerium (III) carbonate is
obtained fnim a ceriunl (HI) carbonate source nlatenal
comprising about 6.7 wt % carbon and about 1.76 wt %
hydrogen as measured by CHN analysis. In embodiments,
thc ci rium (HI) carbonate source nm lanai has an inlcnsily of
about 1.3 or less at llm bmids ranging fmm 1410 cm 'o
1468 cm 's measured by A1 R-JH'JR In embodiments. the
cerium (HJ) carbonate source material has an intensity of
about I 0 or less at the hands ranging froin 1410 cm 'o
1468 cni 's measured by ATR-FTIR. In embodiments. the
cerium (HI) carbonate source material has an intensity of
about 0.9 or less at thc bmids rrm m from 1410 cm 'o
1468 cm 's mcasurixl by ATR-FTIR. In cmbodnnenls. thc
ceriuni (HI) carbonate source material has an intensity of
about 0 at the bands ranging from 1410 cin 'o 1468 cni's

nieasured by All(-JiTH( In embodiment% the cerium (JJJ)
carbonate source material ic white. In embodiments. the
cerium (HI) carbonate source material is substantially
insoluble in water.

[0049] In tlu: formulations descnbcd herein. ccnum (HI)
carbonate is prcscnl ui an amount of about 0.05 wl % lo
about 20 w t % based on thc total weight of the formulation.
ln the formulations described herein, ceriuin (II I) carbonate
is present in an mnount of about 0 I wt % to alxiut 15 v t %
based on the total v eight of the formulation. In the forrnu-
lations described herein. cerium (HI) carbonate is present in
dn amount of about I wt % lo about 10 w(% basod on thc
total weight of thc lbrmulauon. In thc formulations
dcscnbml herein, ccuum (Hi) carbonate is prcsmit ui an
amount of about I wt '/s to about 5 wt% based on the total
weicht of the formulation

[0050] In the forniulations described herein. the organic
compound susceptible to photodegmdation is present in an
amount from about I wt % to about 75 wt % of the total
weight of thc Jbrmulation. In aspects. Jhe orgamc compound
suscipliblc lo pholodegradation is present ui an amount
from about I wl % to about 50 w 1 % of lhe tolal w cighl of
the tiimiulation. In aspects. the organic compound suscep-
tible to photodegradation is present in an amount from about

I wt % to about 40 wt /'8 of the total weight of the
JoriiiUldlioii. Iii aspects, llii: orgdiiic coiiipoUiiil BUsccpliblc lo

pho to dcgrixia1 ion is present ui an tunount from about 3 w 1 %
to about 35 v,t % of the total iveight of the formulation In

aspects, the organic compound susceptible to photodegm-
dation is present in an amount from about 5 v t 8% to about
30 wt % of the total weight of the formulation.

[0051] In thc fonnulauons descubcd hcrcin, the ccnum
i:oiiipoiliiil lias B iiioliir ccrtunt (HI) ki cixiiiiii (IV) rBlio oi
greater than I, as nieasured by X-ray photoelectron spec-
troscopy (XFS), and to this end nlost preferably comprises
ligands that stabilize the cerium in the (IH) rather than (IV)
oxidation state. Such ligands are known in the art of the
invmilion lo compnsc phosphate and carbonate hganihe

[IN)52J 'lite disclosure provides formulations comprising
cerium (I JI) carbonate and an organic compound susceptible
to photodegradation. In aspects. the cerium (JH) carbonate is
Ces(COs)...xHCO where x is either zero or a positive num-
ber. In aspects. the positive nuniber is an integer from I to
6. In aspiwts. Jhc cerium (HI) carbonate is Ccs(COS),.4H 0.
In aspects, Ihc cerium (HI) carbonate source matenal is
substantially free of ceriuni (IV) and/or is substantially free
of a cerium-oxide phase In embodiments. the cerium (JH)
carbonate releases at least 21.9 wt % CO, when normalized
to the dry weight of the cerium (HI) carbonate, durin
themio ravimetric analysis. In embodiments, the cerium
(HI) carbonate relcdscs dl least 27 5 wt % CO, when
normalized to thc dry w mghl of the ccnum (HI) carbonate,
dunng thermogravimetric analysis In enibodiments. the
cerium (I II) carbonate releases at least 27 (i wt % ('0, when
normalized to the dry vveight of the cerium (Hi) carbonate,
dunn thennogravimetric analysis In aspects. the cerium
(HI) carbonate releases at least 28.0 wt % CO, when
normalized to lhc dry weight of the cerium (Hi) carbonme,
durmg lhcmiogcdvimcluc analysis In aspiwm, thc cenum
(HI) carbonate releases at least 28 5 ivt % ('Oi ivhen
normalized to the dry weicht of the cerium (HI) carbonate,
dunng thennogravimetric analysis. In embodiments. the
cerium (HI) carbonate releases at least 29.0 v t % COB when
normalized to the dry weight of the cerium (HI) carbonate,
dunng thcrmogravunetric mialysis. In mnbodimenls. Jhc
ccuum (HI) carbonate comprises at least 5.7 wt % carbon
and at least 031 wt '%ydrogen as nleasured by CIIN
analysis. In embodiments, the cerium (JH) carbonate com-
prises at least 6 5 wt 0/s carbon and at least I 45 wt %
hydrogen as measured by CHN analysis. In embodiments,
the cemun (HI) carboimte comprises about (U7 wt 4 carbon
and about 1.7G v t /o hyilrogcn as mcasurcd by CHN
analysis. In embodiments. the cerium (HI) cdrboimlc lms Bn
intensity of about 1.3 or less at the bands ranging from 1410
cm 'o 1468 cm 's measured by ATR-li JHR. Jn embodi-
ments, the ceriiun (JH) carbonate has an intensity of about
1.0 or less at the bands ranging from 1410 cm 'o 14G8
cm 's measured by ATR-FTIR. In embodiments. the
ccuum (HI) carbonate luis an uilensity of about 0.9 or less
al lhc bands mnging from 1410 cm lo 1468 cm 's
measured by AJ'R-F'I 0( In embodiments, the cenum (JH)
carbonate has an intensity of about 0 at the bands mnging
from 1410 cm 'o 1468 cm 's measured byATR-I "I'0( In
embodiments. the cerium (HI) carbonate is white. In
embodiments. the cerium (HI) carbonate is substantially
insoluble ut water.

[IN)53J In the fonuulations described herein. cerium (HI)
carbonate is present in an mnount of about 0.005 wt % to
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about 20 1st % based on the total weight of the formulation.
In thc fonm&latiom dcscubcd hcrcin, cenum (III) carbonate
is present &n ml amount of about 0.01 wt % to about IS wt
% based on the total weight of the for&m&lation In the
formulations described herein. cerium (111) carbonate &s

present in an amount of about 0.1 wt % to Shout 10 wt %
based on the total v eight of the formulation. In the for&nu-

lations described herein. cerium (III) carbonate is present in
dn amount oi about 0.1 wt % to about 5 wt % basixl on thc
total weight oi'hc formulation.
[0054] In the formulations described herein. &he organic
con&pound susceptible to photodegradation is present &n Bn

anlount from about I wt % to about 75 wt % of the total
w mght of thc formula&&on. In aspccbb lhc orgamc compound
suscc3&ublc to photodcgradat&on is prcscnt u& an unount
fmm about I wt % to about 50 wt 'r'1& of the total weight of
d&e formula&&on In aspects. the organic compound suscep-
tible to plu&todegradat&on is present in an amount from about
I wt io to about 40 wt % of the total wei ht of the
fonnuLstion. In aspects. the organic compound susceptible to
photodegradation &s prcscnt ul an amount from about 3 w t %
to about 35 wt % oi the total weight of Ihc fomndat&on In
aspects, the organic compound susceptible to photodegra-
dation is present in an an&ount from about 5 wt % to about
30 wt % of the total v eight of the formulation.
[0055] In thc fonnulat&ons dcscr&bcd hercul, d&e ccnum
compound has a molar ccrnun (III) to ccuum (IV) ralio of

rester than I, as measured by X-ray photoelectron spec-
troscopy (XPS), and to this end most preferably con&prises
li ands that stabilize the cerium in the (III) rather thon (IV)
oxi&Lstion state. Such li ands are known in the art of the
invention to comprise phosphate and carbonate ligands.

Fomn&lations: Cerium (HI) Carbonate. Organic Compound,
Photocatalyt&cally Act&vc P&gmcnt

[0056J 'the disclosure provides formulations comprisiag
ceriu&n (III) carbonate. an organic compound susceptible to
photodegradation. and B photocatalytically active pi &nent.
In aspects, the fonnulauon optio»ally Jul(her comprise a
solvent, such as water. In aspects, thc li&nnulat&on opuonally
further composes onc or morc dyes. In aspects, thc ccnum
(III) carbonate source materials is Cel(( Os)& xl JBO where x
is either zero or a positive number In aspects, the positive
nun&her is an integer from I to 6. In aspects, the cerium (III)
carbonate source material is Ce&(CO,),.4H,O. In aspects,
thc ccrnun (IH) carbonate source material &s substanlially
Ircc of cc&1uul (IV) Bud/ol Is subs&BB&&allv free ol a cernuu-
ox&de phase. In cmbodnuents, thc cerium (ill) carbonate &s

obtained from a cenum (III) carbonate source material that
releases at least 21 9 wt % ('Ol when normalized to the dry
lveight of the cerium (Hi) carbonate source material, during
thermogmvnnetric analysis. In embodiments. the cenum
(III) carbonate &s obtmned from a cenum (Hi) carbonate
source nlater&td that rcli uses Bt let&st 27.5 wt % CO& when
nomud&zcd to thc dry we&ght of the cerium (III) carbonate
source material, dunng thennognsvimetric analys&s. In
embodiments, the cerimn (111) carbonate is obtained front a
cerium (III) carbonate source material that releases Bt least
27.6 wt '!8 CO, when nom&alized to the dry weight of the
cc11uu& (HI) cdrbonB&c soulcc ala&el&Bi, du&Big thcnuogr'Ilv&-
metric analys&s. In aspects, thc ccrnun (111) carbonate source
ma&anal releases at least 28 0 wt % CO, when normalized to
the dry v ei ht of the cerium (111) carbonate source matenal,
during thermogravimetnc analysis Jn aspect~, the cenunl

(III) carbonate source material releases at least 28.5 wt %
CO, when nonnahzcd to the dry wc&ght of thc ceuum (III)
carbonate source matcmal. during thermogravunctric mlaly-
sis. In embodiments, the cerium (IJI) carbonate is obtained
from a cerium (III) carbonate source material that releases at
least 29.0 wt % CO, when normalized to the dry weight of
the cerium (III) carbonate source material„during thermo-
gmvimetric anaiysis. In embodiments, the cerium (III) car-
bonate is obtained lbom a ccrnun (IH) carbonate source
material compnsulg at least 5.7 w t % carbon and at least 0.9
v t % hydrogen as measured by ( I IN analysis In embodi-
ments, the cerium (JI I) carbonate is obtained from a cerium
(III) carbonate source nlaterial compnsin Bt least 6.5 w&%
carbon and at least 1.45 1st !'6 hydrogen as measured by
CHN analysis. In embodiments, the cerium (IH) carbonate is
obtaulcd from a ccnum (HI) carbonate source mater&al
comprising about 6.7 wt % carbon and about 1.76 wt %
hydrogen as measured by ('I IN analysis In embodiments,
the cerium (111) carbonate source material has an intensity of
about I 3 or less at the bands ranging from 1410 cm 'o
1468 cm 's measured by ATR-FTIR. In embodiments. the
cerium (HI) carbonate source matenal has an mtensity of
about 1.0 or less at Ihc tzdnds rang&ng I'rom 1410 mn 'o
1468 mn 's mcasurcd by ATR-FTIR. In embodiments, thc
cerium (III) carbonate source material has an intensity of
about 0 9 or less at the bands mn ing from 1410 cm 'o
1468 cm 's n&easured by.AI'R-l& 11R. In en&bodiments. the
cerium (HI) carbonate source material has an intensity of
about 0 at the bands ranging from 1410 cm 'o 1468 cm's

mcasurcd by ATR-FTIR. In embodiments. &hc cerium (III)
carbonate source mater&al Is wh&tc. In embodiments, the
cerium (III) carbonate source material is substantiallv
insoluble in water In embod&ments. photocatalytically
act&ve pigment comprises titanium dioxide

[JN)57J In the formulations described herein. cerium (I II)
carbonate is present in an amount of about 0.005 &vt !. to
about 20 lvt % based on the total weiJvtt of the formulation.
In thc fomu&lesions dcscnbcd herein, ccrnun (IH) carbonate
is present u& an amount of about 0 01 wt % to about IS wl
% based on the total wei ht of the formulat&on In the
formulations described herein, cerium (III) carbonate is
Present in an amount of about 0.1 wt % to about 10 &vt 'rt&

based on the total weight of the fornu&lation. In the formu-
Lstions described herein. ceriunl (III) carbonate is present in
an amount of about 0.1 wt % to about 5 wt % based on the
total wc&ght of thc formulation.

[0058] In cmbodimcnts, ccnum (IH) carbonate &s present
u& an amount oi about 0.5 wt % to about 20 wt % relat&ve
to the weight of the photocatalytically active pigment In the
formulations described herein, ceriun& (111) carbonate is
present in an amount of about I wt % to about 15 wt %
relative to the lveight of the photocatalytically active pig-
ment. In the formula&&ous described here&n, ccnum (III)
carbonate &s present m ml mnount of about I wt % to about
10 1st % relet&ve to thc weight oi'he photocatalyticdlly
act&ve p&ginent. Jn the fonmdations described herein cerium
(III) carbonate is present in an au&cunt of about I &vt 'r

& to
about 5 wt % relative to the weight of the photocatalytically
act&ve pignlent. In the formulations described herein, cerium
(III) carbonate &s prcscnt in an amount oi'bout I wt % to
about 4 w1% relative u& thc v e&ght OJ Ihc photocau'dytlcally
act&vc p&g&Bent. In thc fomlulat&ons dcscubcd hereul, ccnum
(III) carbonate is present in an amount of about I wt 'rt to
about 3 wt % relative to the weight of the photocatalytically
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active pignient. In the foumdations described herein. cemim
(III) carboiiatc ts present in an tunoun1 ol about 2 mi %
relaiivc Io ilu: weight ol'he phoiocatalyiically active pig-
nient.
[0059] In the formulations dcscribcd herein. the orgiuuc
compound susccptiblc to photodc~tidadon is prcscnt ui an
amount fmm about I wt % to about 75 mt % of the total
weicht of the forniulation. In aspects. the organic conipound
susceptible to photodegradation is present in an amount
front about I wt "is to about 50 m t % of the total weight of
thc Ibnnulatiou. In aspixis. thc orgaiuc compound suscep-
tible Io phoiodcgradaiion Is prcscni in mi amount from about
I mi % to about 40 mt % ol'he total v,eight of the
formulation. In aspects. the organic compound susceptible to
photodegradation is present in an amount froin about 3 wt %
to about 35 wt % of the total weight of the fomiulation In
aspects„ the organic compound susceptible to photodegm-
dation is present in an amount from about 3 wt % to about
30 Vu io ol Illc total mclgllt ol tile hii1iiulalloli.

[0060] The formulations may optionally comprise water.
In Ihc formulauons dcscribcd hereui, mater Is presen! ui an
amount from about I mt % io aboui 70 wt % of the total
m cighi ol Ihc founulation. In aspects, water is prcscn1 in an
amount fmm about I wt % to about 65 wt % of the total
wei ht of the formulation In aspects, water is present in an
aniount from about 5 wt % to about 60 wt % of the total
iveight of the founulation. In aspects, water is present in an
amount from about 10 wi % Io about 60 mi % of Ihe total
mmght ol Ihc formulation.
[0061] The formulations may optionally comprise one or
morc dyes. In ihc formulations dcscribcd hcrcui, dyes are
OpiloIIB11)'rCScllt ill tile foilllUlaiioil ill Bll illllOUIII floili
about 0 I wt % to about 50 wt iv of the total weight of the
formulation. In aspects, dyes are present in the fiiumilation
in an amount from about 0 I wt % to about 40 wt % of the
total weight of the formulation. In aspects, dyes are present
in the formuLation in an amount 1'rom about I wt % to about
35 Vu is Of tile kiL'll mCiglli Of Ilic lol11lillatioil. Ill BSpCCIS,

dyes are present in the formulation in an muouni from about
5 ivt % to about 30 wt siv of the total weight of the
fiirnnilation.
[0062] In thc formulations dcscribcd hercui, die ccnum
compound has a molar ceuuni (111) to cerium (IV) ratio of

rester than I, as measured by X-ray photoelectron spec-
troscopy (XPR), and to this end most preferably coniprises
li ands that stabilize the cerium in the (III) rather than (IV)
oxi(Lstion state.
[0063] In embodunents, the cerium (Hl) carbonate is In the
same phase as the photocatalytically active pi ment. In
aspects, the cerium (IH) carbonate is precipitated in the
prCSCIICC Of tllC pllotOCBL'IIVIICIIIIY BCIIVC piglllCIII Blld/Ol IS ill
close proximity Io thc phoiocaLilyiically active pigment. In
other ivords. the cerium (III) carbonate particles are associ-
ated ivith or are in intimate mechanical contact with the
photocatalytically active pipnent panicle. In aspects, the
cerium (III) carbonate contacts the photocata)yzica)ly active
pigment surface. In aspects, the cerium (III) carbonate Is
dcposittxl or precipiiatixl in thc prcsencc ol Ihe phoiocata-
lyiically active pigmeuL In aspects. Ihe ceuum compound
undergoes niacroscale precipitation upon the photocatalvti-
C'ill)'CIIVC plgllleilt.
[0064] In mnboduncnis, thc cerium (IH) carbonate is in a
separate phase front the photocatalytically active pigment.
ln embodiments, the cerium (111) carbonate is not precipi-

tated upon the photocatalytically active pi ment and/or is
not in close proximity to the photocatalytically active pig-
ment. In other ivords. the cerium (IH) carbonate particles
should not associate with or bc in Iniunaic mcclmiucal
contact m ilh Ihc phoiocalalytically acuvc pigment parimle.
In embodiments. the cerium (III) carbonate does noi coniact
the photocatalytically active pigtuent surface In embodi-
ments, the cerium (lll) carbonate is not deposited or pre-
cipitated upon the photocatalytically active pigment. In
embodiments. the cerium compound does not undergo mac-
IOSCopiC pliilsC SCpaiililotl Blld ICIIIBIIIS Util forllllv ilhpCISCd
iu ilm fomiulaiion (mluch Is a lluid) or In a composition Ihai
may be ciihcr mci or drv).

[0065[ I he disclosure provides formulations comprising,
cerium (III) carbonate, an organic compound susceptible to
photodepadation, and a photocatalytically active pi ment.
In aspects. the fomiuhstion optionally further comprises a
solvent, such as water. In aspects, Ihc Riunulaiiou optionally
liirihcr compusea onc or morc dyes In aspects, Ihc ccuum
(III) carbonate is Ce (CO,)s.xl 1,0 where x is either zero or
a positive number In aspects. the positive number is an
integer from I to 6 ln aspects. the cerium (III) carbonate
source material is substantially free of cerium (IV) and/or is
substantially free of a cerium-oxide phase. In aspects, the
ccnum (IH) carbonate is Ccs(COS)„.4HIO In embodiments.
thc ceuum (HI) carbonate releases at least 21.9 wi % CO,
v hen norinalized to the dry weight of the cerium (111)

carbonate source material. during therutogiavimetric analy-
sis In embodiments, the cerium (ill) carbonate releases at
least 27.5 wt % ('Os ivhen normalized to the dry weight of
the cerium (Iii) carbonate source material, during theuno-
gravimctric analysis. In mnbodimcnts, thc ccnum (IH) car-
bonate releases at least 27.6 mt % COI when nonnahzcd io
the dry weight of ihe ccuum (IH) carbonate source material,
duung thermogravimetric analysis In aspects. the cerium
(lll) carbonate releases at least 28 0 wt % (:Os when
normalized to the dry iveight of the cerium (ill) carbonate,
duun theunogravimetric analysis ln aspects. the cerium
(III) carbonate releases at least 28.5 mi % CO, when
normalized to Ihc dry weight of the cerium (Hi) carbonme,
durmg thcrmogravunciric mialysis. Iu embodiments, thc
cerium (III) carbonate releases at least 2') 0 mt% ('Oi ivhen
nounalized to the dry weight of the cerium (III) carbonate
source material, during themiogravimetric analysis. In
embodiments. the cerium (III) carbonate comprises at least
5.7 mt % carbon and at least 0 9 m t % hydrogen as measures)
by CHN analysis. In mubodiments, the ccnum (HI) carbon-
ate comprises ai least 6.5 ml % carbon and at least 1.45 wl
% hydrogen as measured by ('I IN analysis In embodiments,
the cemun (II I) carbonate comprises about 6 7 wt % carbon
and about 1.76 wt % hydrogen as measured by CHN
analysis. In embodiments, the cerium (III) carbonate has an
intensity of about 1.3 or less at Ihc bmids rmiguig from 1410
cm 'o 1468 cm 's measured by ATR-FTIR. In cmbodi-
mcnis. Ihe ccnum (IH) carbonate has an uiieusity of abou1
I 0 or less at the hands rancing fmm 1410 cm 'o 1468
cm 's measured by .Al'8-II IIR. In enibodiments. the
cerium (III) carbonate has an intensity of about 0.9 or less
at the bands rangin from 1410 cm 'o 1468 cm 's
measured by ATR-FTIR. In cmboduncnts, the ccrnun (HI)
carbonate has mi uiicnsity ol'about 0 at the bands ranguig
from 1410 cm 'o 1468 cm 's mcasuresl byATR-FTIR. In
embodinients, the cerium (I I I) carbonate is white In
embodinients, the ceriuni (Ill) carbonate is substantially
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insoluble m &later. In embodiment~. photocatalytically
acro e p&gment compnscs titan&um d&ox&dc.

[0066] In the formulations described herein. cerium (III)
carbonate is prcscnt in an &m&cunt ol about 0.005 wt % to
about 20 w t % based on the total weight of thc formulation.
In the fonnupdt&ons dcscnbed herein, ccrnun (ill) carbonate
ls p&'esenl &n an;unoinlt of about 0 01 wt % to;lbolrt 15 ivt
%o based on the total weight of the formulation in the
fonnuLltions described herein. cerimn (III) carbonate &s

present in an amount of about 0.1 wt % to about 10 v t %
based on the total wc&ght of thc formulation. In thc fonm&-
lauons described herc&n. cerium (III) carbonate &s presm&t &n

an amount ol'about 0.1 wt % to aboui 5 wt % bascxl on the
total iveight of the forn&ulation.

[0067] In mnbodiments, ccnum (IH) carbonate &s presm&t
in m& amount ol'bout 0.5 wt % to about 20 v,t % rclativc
to the weight of the photocatalytically active pigment In the
fornn&lations described herein. cerium (111) carbonate &s

present in an amount of about I wt % to about 15 wt %
relative to the wei ht of the photocatalytically active pig-
nicnt. In thc loin&illa&&ons dcscl1bcd hiucnl, ciulinn (III)
carbonate is present u& m& amount ol about I wt % io about
10 wt % relet&ve io thc wc&ght ol ihe photocalalyt&cally
active pigment In the forn&ulat&ons described herein. ceounl
(III) carbonate &s present in an amount of about I wt % to
about 5 wt 'io relet&ve to the weight of the photocatalytically
active pigment. In the formulations described herein. cenum
(III) carbonate &s prcsm&t in an amounl of aboul I wt % to
dboi&t 4 && i !o re)&it&ve to thc weight ol thc pholoclulllvtu ally
dctli c plgnlcnn In thc lomlilhnlons dcscilbcd herc&a. co&loni
(III) carbonate is present in an amount of about I wt % to
about 3 ivt %o relative to the w:eight of the photocatalvtically
active pign&ent. In the fonmdations described herein. cemim
(III) carbonate is present in an amount of about 2 wt %
relai&vc io ilu: weight ol'he photocatalylically active p&g-

nicnt.
[0068] In the formulations described herein. &he organic
compound susccpt&blc to photodc~»dation is prcscnt u& an
amount from about I wi % to about 75 wi '!o ol'he total
weicht of the fornlulation. In aspects. the organic con&pound
susceptible to photodegladation is present in an an&Cunt
fmm about I wt %o to about 50 wt %& of the total weight of
the formulation. In aspects. the or anic compound suscep-
tible to plu&todegradat&on is present in an amount from about
I wi % to about 40 wt % ol'he total v,eight of the
formulation. In aspccbb thc orga&uc compound su scop! &blc lo
phoiodegradation &s prcscnt u& an amounl from about 3 w I %
to shorn 35 wt % of the total weight of the fornnilation In
aspects, the organic compound susceptible to photodegra-
dation is present in an amount from about 3 wt % to about
30 wt % of the total v eight of the formulation.
[0069] In the formulations described herein. the cenum
compound has a molar ccnum (III) io cenum (I&/) ratio of
grcdicr ihan I, as measured by X-ray photoeleclron spm-
troscopy (Xpg), and to this end most preferably conlprises
li ands that stabilize the cerium in the (ill) rather than (IV)
oxidation state.

[0070] In embodunents, the cerium (Hl) carbonate is in the
same phase as the photocatalytically active pi ment. In
cmbodimcnts. the ccoum (IH) carbunatc &s prom&pi&atu! &n

thc prcscnce ol'hc phoiocatalyticdlly dct&ve p&g&neat and/or
is u& close prox&m&ty to the photoc&aalysically act&ve p&g-

nlent. In other words, the cerium (111) carbonate particles are
associated with or forn& coordinate co&npounds with the

photocatalyticaliy active pigment. In embodiments, the
ccoum (III) carbonate contacts the phoiocatalyt&cally act&vc

p&gmcnt. In embod&ments. thc ccnum (III) carbonate &s

deposited or precipitated in the presence of the photocata-
lytically active pig&neat In embodiments, the cerium com-
pound undergoes macroscale precipitation upon the photo-
catalytically active pignlent.
[0071] In embod&ments. the cerium (IH) carbonate &s u& a
separate phase from the photocatalytically active pigment
In embodiments, the cerium (111) carbonate is not precipi-
tated upon the photocatalytically active pignlent and/or is no
in close proximity to the photocatalytically active pigment.
ln other lvords. the cerium (III) carbonate part&cles should
nol assocmte with or bc u& u&timatc mcchan&cal contact w&th

thc photocatalyt&cally acuvc pigmm&t particle. In mubodi-
ments, the cerium (III) carbonate does not contact the
photocatalytically active pigment surface In embodiments,
the cerium (HI) carbonate is not deposited or precipitated
upon the photocatalysically active pigment. In embodiments,
the cerium compound does not under o macroscopic phase
sepia dilon &Old &en&ah&a un&fornllv dlspcrsixl nl thc fornlula-
t&on (which is a lluid) or u& d compos&tion that may bc either
wet or dry).
Formulations; Cerium (III) Carbonate, Pi ment. Snd/or Dye
[)N)72J In one aspect, the present invent&on relates to a
fornnilation comprising cerium (IH) carbonate and a pig-
ment or a dye or a combination thereof. In one embodiment,
thc formulation comprises a solvent. Exemplary solvents arc
dcscribcd clscwherc hcrcin.
[0073] The cerium (III) carbonate can be any cerium (III)
carbonate dcscnbcd clsewherc here&n m&d havu&g thc pmp-
ert&cs dcscnbcd elsewhere here&n. In onc mnbod&ment, thc
cerium (III) carbonate comprises no electrostatically
attached carbonate In one embodiment, the cerium (111)

carbonate releases at least 27.5 wt % CO& when normalized
to the dry weight of the cerium (IH) carbonate, during
them&ogravimetric analysis. In one embodiment. the cerium
(III) carbonate &s Cc&(COo)&NH&O or Ccs(CO,),.6H O.

[0074] The pigment may be any pigment descnbed else-
v here herein. In one enlbodinlent. the p&gment is titanium
d&oxide.

[0075] The dye may be any dye descnbed elsewhere
herein. In one embodiment, the dye is selected from the
group consistu&g ol: &ron oxide, carbon black, cadnuum
sullidc, toluulcnc rcd, chrome orange, cluomc yclluw.
cluome green, polyazainiLlcenes, coumarins. )anthanide
complexes, hydrocarbon and substituted hydrocarbon dyes,
polycyclic aromatic hydrocarbons, scintillation dyes. aryl-
and heteroaryl-substituted polyoleiins. carbocyanine dyes,
phthalocyanine dyes and pigments. oxazine dyes. car-
bostyryl dyes, porphyru& dyes. acridu&c dyes, anihraquinone
dyes, m&thrapyndonc dyes, neph&sinn&dc dyes, benzinudd-
zole derivatives, arylmethane dyes, azo dyes, d&azonium
dyes, nitro dyes, quinone imine dyes, tetrazolium dyes,
th&azoic dyes. perylene dyes, perinone dyes, bis-benzox-
azolylthiophene. xanthene dyes. indigoid dyes. chromones
dyes, iiavones dyes. tluazine dyes. and combinations
thcrcof. In onc mnbodunm&i, thc dyc &s sclcctcd from thc
group consistu&g ol: &ron oxide, carbon black, cadnuum
sulhde, toluidene red, chrome orange. chron&e yellow,
cluome green, and combinations thereof In one e&nbodi-
ment, the dye is methylene blue or congo red
[)N)76J In one embodiment, the ceriun& (I II) carbonate is
present in an amount of alx&ut 0 005 wt % to about g0 lvt %
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based on the total weight of the formulation. In one embodi-
ment, the cenum (IB) carboimtc is prcscnt m an iunount of
abou)0 005 wt /o to abou)70 wt /o based on lhc lola) weight
of the forniulation. In one embodiment, the cerium (III)
carbonate is present in an amount of about 0 005 wt % to
about 60 wt 'io based on the total weight of the formulation.
In one embodunent„ the cerium (111) carbonate is present in
an 'IIUUUiit of about 0.005 wt '/o to about 50 wt '/o based 011

Ihe total weight of the formulation. In onc cmbodimcnt, thc
cerium (HI) carbonate is present in an amount ofabout 0005
wt '1/o to about 40 wt '1/o based on the total iveight of the
fiirnnilation. In one embodinient, the cerium (I)1) carbonate
is present in an amount of about 0.005 wt '/o to about 30 wt
"io based on the total v eight of the iiinnulation. In one
embodiment. the cerium (111) carbonate is present In an
amount of about 0 005 w 1 /o to about 20 wt "/o based On the
total weight of tim formulation. In onc embodunent, ccnum
(III) carbonate is present In an amount of about 0 01 wt '/o

to about 15 ivt '/ based on the total weight of the formu-
lation In one embodinient, cenum (I II) carbonate is present
in an amount of about 0.1 v t %o to about 10 wt '/o based 011

the total iieight of the formulation. In one embodiment,
cerium (III) carboimtc is prcscnt in an iunount of about 0 I

wt !o to about 5 wt /o based on thc toIal weight Of thc
fiirnnilation.
[t)t)77] In one enibodiment. the dye is present in an aniount
fmm about 0 I wt % to about 90 wt oi of the total weight of
the fomuiLstion. In one embodiment. the dye is present In an
amount from about 0.1 wt '/o to about 80 wt /o of the total
wcighi of thc fiinnulation. In one embodimcnl, the dyc is
present in an amount 1)om about 0.1 wt '/o to about 70 wt /o
of the tote) v eight of the fi)rmulation. In one embodiment,
the dye is present in an mnount fn)m aixiut 0 I wt % to about
60 ivt o/o of the total weight of the forimdation In one
enibodiment, the dye Is present in an amount )born about 0 I

1st "/1 to about 50 v t 'io of the total weight of the formulation.
hi oin: cinbixliincilL 1110 il)'c Is prcscnt ln 1111 aiuoUII) Ilium
about 0.1 w 1 /o to about 40 wt /o of Ihe total w cigh1 of thc
fiirnnilation. In one embodiment. the dye is present in an
amount fmm about I wt '/ to about 35 wt o/ of the total
weiaht of the formulation ln one embodiment, the dye is
present in an amount from about 5 wt '/o to aboui 30 wt /o
of the total weight of the formulation.

Pigments and Dyes

[t)t)78] Piaments are granular solids incorporated in the
fiirnnilations described herein A pignient is a material that
changes the color of refracted. reflected. or transmitted )i sit
as the result of v aveiength-selective absorption. The for-
mulations may contain dyes instead of or in combination
w ith pigments.
[t)t)79] Piaments may be classified as either natural or
synthetic. Natural pigments mciude various clays, calcium
carbonate. mica, silicas. tales. graphite or the like. or a
combuiation thcrimf. Extunples 01 synIhctic pigments are
titaiuum dioxide and other titaimun pigments, wiuIe lead,
barium sulfate. culcium carbonate, hIhoponc, silica, talc,
niics, clays. calcined clays. and the so-called reactive pig-
nients ivhich include multivalent metal compounds, such as
lead siiico-ciuomate. zinc chromate, caicimn zinc moiyb-
date, barium metabomste, zinc oxide. zinc sulfide, or the Iil e,
or a combination thereof.
[0080J Dyes may be used alone or alternatively, in coni-
bination with pigtnents Examples of dyes are iron oxide,

carbon black. cadmium sulfide, toiuidene red, chrome
Orange, ciuomc yellows ciuome green, polyazauidacencs
diid/Or COUiildriils, IBII)htiiiidc Coinp)CXCS. IlydroCdrbon dild
substituted hydmcarbon dyes. polycyclic ammatic hydn)-
carbons, scintiilation dyes (e g . Oxazoles and oxadiazoles),
aryl- and heteroaryi-substituted polyolefins (Cz-C„oiefin
portion). carbocyanine dyes„phthaiocyanine dyes and pig-
ments. oxazine dyes, carbostyryi dyes, porphyrin dyes,
dCridiilC il)'Cs, Billiiiiiqutnoiic dv'co. Bil)IIIBpvildoilC 0)'CS,

naphIalimulc dyes, bmizinudazolc dcrivutivcs, arylmeihanc
dyes, azo dyes (e g, Congo )ted). diazomum dyes. nitro
dyes, quinone in)inc dyes, tetrazolimn dyes. thiazoie dyes,
peryiene dyes. perinone dyes, bis-benzoxazoiyithiophene
(BBOT). xanthene dyes (e,go thioxanthene dyes), indigoid
dyes (e.g.. thioindigoid dyes). ciuomones dyes, fiavones
il)'cs, Ihliiziilc d)'cs (c.g.. Incthvlcilc bliic) Bs weil as deriva-
tives comprising at least one 01'he lumincsccnt uigs dis-
closed herein, or a combination thereof I mninescent tags
also include anti-Stokes shift dyes that absorb in the near
infmsred wavelength and emit in the visible wavelength

Solvmits

[0081J I he foiinuiations described herein niay comprise a
solvent. 'I'he solvent niay be v ster. an aqueous solvent (i e,
a solvent that is compatible with water), a v ater-immiscible
solvent, or a combination thereof. Supercriticai and/or
superheated fiuids may also be used as solvents in come
fiirmulauons. In aspects, ihe solvent Is water. In aspects. )he
solvent is an aqueous solvcnL In embodiments, the solvent
is hquid carbon dioxide. Solvents that can be combined ivith
water to fomi a co-solvent are possible
[lg)82J The solvents may be liquid aprotic polar solvents,
polar protic solvents. non-pohsr solvents, or combinations
thereof. Liquid aprotic polar solvents such as propylene
carbonate, cthyicnc carbonate. butyrolactonc, acctonitrile.
bcnzonitriic. Iutromethanc. rutrobcnzene, sulfolane, dimcth-
ylfiirmamide, N-mcthylpyrrolidone, or thc like, or combi-
nations thereof are generaliy desirable for dissolving the
template Polar pmtic solvents such as, ivater. methanol,
acetonitrile, nitromethane, ethanol. propanoi, icopropanol,
butanoL or the like, or conibinations thereof may be used.
Otilci 11011-pohii soivcilm stick ii bcilzcnc, Ioha:Iu) Iilcthvlcilc
chiondc, carbon tetrachloride, hexane, diethyl ether, tctrd-
hydrofuran, or thc like. or combutattons thcrcoi'may also be
used to dissolve the template Examples of preferred sol-
vents are v;ster. alcohols. acetone. or a conibination thereof
The most preferred solvent is isater.

Processes oi'Producing Cerium (III) Carbonate

[00831 The disclosure provides processes for producing
cerium (III) carbonate by (i) mixin a carbonate salt and
water to liirm a iirsl solution, (ii) mixing a cerium (HI) sa)1

dild Wii)CI 10 foun d SCCOIUI so)Utioii, (111) mixiilg thc IIISI

solution and thesimond solution to lomi a third solution
having a pl I of 9 2 or less: and (iv) centrifuging the third
solution to fomi the ceriuni (111) carbonate described herein
In aspects. the third solution has a pH from about 9.0 to 9.2
or less. In aspects. the third solution has a pH of about 9.1.
In aspects, thc third solution has a pH of about 9.0. In
aspects, in order to aciueie Ihc pH vulues, a sufiicicntly
rdpid UIIXiiig tiinC IS Iequircil v;hell IIIIXlilg thc III st Binl lhC
second sniution to foun the third solution In aspects. the
nuxing time is about 4 minutes or less In aspects, the mixing
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time is about 3 minutes or less. In aspects, the mixing tiine
is about 2 minutes or less. In aspects, tlus nuxmg tnnc is
about I nunulc or less. In aspiwts, dus mixuig luna is about
45 seconds or less. In aspects. this mixing time is about 30
seconds or less In aspects. this mixing time is about 20
seconds or less. In aspects. this mixing time is about 15

seconds or less. In aspects. this mixing time is about 10
seconds or less In aspects, the mixing time is from about 10
seconds lo about 90 seconds. In aspects, die mixm time is
from about 10 seconds lo about 60 seconds. In aspects, thc
mixin time is from about 15 seconds to about (10 seconds.
in aspects, the mixing tinie is from about 15 seconds to about
45 seconds. In aspects. the mixin time is thorn about 15

seconds to about 30 seconds In aspects. the mixing time ls
front about 15 seconds to about 20 seconds. It has been
unexpectedly discovcrcd that when lhc pH is greater lian
(itin a ltircshold aroiuld 9.2, or ahcriuuivclv, when lhc
niixinc time is greater than that described herein (e g., nlore
than I mimite). the resulting cerium (111) carbonate will not
be ivhite: instead, it will have a yellowish tint due to the
presence of cerium (IV) speclec. In aspects. the cerium (III)
carbonate used ln the pmcesses described herein is a cenum
(III) carbonate source material as described ui dclail herein.
In aspects, thc ccrnun (HI) carbonaie is Ces(CO1),.4H10 In
aspects, the carbonate salt is a solid. In aspects. the carbon-
ate salt is mnmonium carbonate, aluminum carbonate,
sodiuni carbonate, potassium carbonate. hydrogen carbon-
ate. and the iil e. In aspects, the cerimn (HI) salt is anuno-
nium cerium (IH) nitrate. ammonium cerium (III) nitrate
tclrahydratc, ccnum (IH) bromide, cerium (IH) bromide
hydrate. cenum (III) ctttoridc. ccrnun (IH) Hiioridc hepta-
hydrate. cerimn (III) tluoride. cerium (111) iodide, cenunl
(III) nitrate, cenum (III) nitrate hexahydmte, ceriunl (111)

oxalate hydrate. cerium (III) sulfate, ceriuin (III) sulfate
hydrate. cerium (111) sulfate octahydrate. and the like The
aniount of each component to use in the process can be
dclernuncd by thc slullixl artiwan with reference lo thc
wiirl ing cxaniples hcrcui.

[0084] The dwclosure provules processes ibr producing
ceriuni (111) carbonate by (i) mixing anunonium carbonate
and ammonium cerium (Ili) nitrate tetrahydrate to form a
fir:t solution: (ii) washing the first solution with water; and
(iii) centrifuging to recover the cerium (Ill) carbonate from
suspension. In aspects. the cerium (III) carbonate is Ce,
(CO.,)v4HCO In aspixga lhc ccnum (III) carbonate is a
cirnim (III) carbonate source malenal as descubcd ui detail
herein. In aspects, thc cerium (111) carbonate relcascs at least
28 0 ivt % ('01 when normalized to the dry weight of the
cerium (111) carbonate, during thermograviinetric analysis.
In aspects, the cenum (111) carbonate releases at least 28 5 wt
% CO, when normalized to the dry weiptt of the cerimn (HI)
carbonate. dunng thcnnogravuuetrw. analysis. In embodi-
menis. (he ccnum (HI) carbonate rcleascs al leasl 29.0 wt %
CO- when nonnahzcd to the dry weight of die cenum (III)
carbonate source matenal, during thermogravimetric analy-
sis 'I'he amount of each component to use in the process can
be determined by the skilled artisan with reference to the
working examples herein.

[0085] The disclosure provides processes for producing
cirnim (IH) carbonate by (1) nuxing tunmonium carbonate
and water lo foun a Iirsl solunon, (ii) nuxuig ammonium
cirnim (HI) nitrate lclrahydrale and walcr lo lorm a second
solution: (iii) mixing the first solution and the second
solution to tiinn a third solution of pl I 9 2 or less: and (iv)

centrifuging the third solution to fomi the cerium (HI)
carbonate described herein. In aspects, the third solution has
a pH from about 9.0 to 9.2 or less. In aspects. the third
solution has a pH oi about 9.1. In aspects, lhc tlurd solunon
has a pH of about 9.0. In aspects. in order to achieve the pH
values, a sullicicnlly rapid mixing tune is rixpiired when
nuxing the first and the second solution to fomi the third
solution. In aspects, thc mixuig time is about 4 nunutcs or
less In aspects, the mixing time is aixiut 3 niinutes or less
In aspects, the nuxing umc is about 2 minutes or less. In
aspects, this mixing time is about I minute or less In

aspects, this mixing time is about 45 seconds or less. In
aspects, this mixing time is about 30 seconds or less In

aspects, this mixin time is about 20 seconds or less. In
aspects, this nuxing lime is about 15 seconds or less. In
aspects, this mixing time is about 10 seconds or less. In
aspects, the nuxing time is from about 10 seconds to about
90 seconds. In aspects, the mixing time is from about 10
seconds to about 60 seconds. In aspects, thc nuxing time is
from about 15 seconds to aixiut 60 seconds In aspects, the
mixing time is from about 15 seconds to about 60 seconds.
In aspects. the mixing time is from about 15 seconds to about
45 seconds. In aspects, the mixing time is fmm about 15

seconds to about 30 seconds. In aspects, the nuxing lime is
from about 15 seconds to about 20 seconds In aspects, the
cenum (HI) carbonate rclenses at least 28.5 wt % COC when
normalized to the dry weicht of the cerium (111) carbonate,
durmg thcrmogravunclric mialysis. In embodiments, thc
cerium (I II) carbonate releases at least 29 0 wt % ('OC when
normalized to the dry weight of the cerium (Ill) carbonate
source material. durin thennogravinietric analysis In

aspects, the ceriiun (III) carbonate is Ces(CO,)v4H,O. In
aspects, lhc ccnum (III) cnrbonale is a cenum (HI) carbonale
source material as described in detail herein. The amount of
each component lo usc in lhc process can bc dclernuncd by
the slotted artisan with reference to the working examples
herein.

[lg)86] In aspects of the processes described herein, step
(111) coulpriscs vigorixlsly'uixiilg lhc firsl solullon and lhc
second solution fmm about 5 minutes to about 2 hours; or
from about 30 minutes to about 90 minutes; or from about
45 mimites to about 75 niimites; or about 60 mimites. In

aspects, step (iv) comprises centrifiiging the third solution
from about 5,000 rpm lo about 30,000 rpm, for about I

nunulc to about 30 minutes. at a tempcraturc from about5'.

to about 30'. In aspects. step (iv) compnscs centnfug-
ing the third solution fmm about 10,(X)0 rpm to about 20,0(X)

rpni, for about I mimite to about 5 minutes, at a teniperature
from about 10" C. to about 20" C. In aspects, step (iv)
comprises centrifuging the third solution at about 15,000
rpm lbr about 3 nnnulcs al a lmnpcrature oi'about 15" C. Thc
process further comprises vorlcxuig and soiucanng thc third
solution in water belbre cenlrii'uging lhc third solution lo
obtain the ceriuni (111) carbonate. In aspects, the process
further comprises vortexing the third solution for about I

muiute to about 10 minutes. and then sonicatin the third
solution for about I minute to about 10 minutes. where the
vorlexing and somcaung are conducted ui water. before
cenlnfuguig thc llurd solution lo obtain lhc cenum (HI)
carbonate. In aspects. the process further compnscs vorlex-
ing the third solution fiir about 5 minutes. and then soni-
cating the third solution for about 5 minute, w:here the
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vortexing and sonicating are conducted in water, before
ccntriliiging the Ihlrd solution to obtmn the cerium (III)
carbonate.
[0087J In one embodiment. the disclosure provides a pro-
cess for preparin ceriuni (111) carbonate comprising the step
of niixing in the presence of water. a) mnmonium carbonate
and b) anunonlum cerium (III) nitrate. The ammonium
carbonate and anunonium cerium (III) nitrate can be mixed
in miy lashion known to B person of sloll ui Ihc art.
Exmnplary mixing methods Brc described clsewhcrc herein.
I:xemplary mixing tinies are further described elsewhere
herein In one embodinient, the anunonium carbonate and
ammonium cerium (BI) nitmte are mixed Bt room tempem-
ture. In one embodiment. the ammonium carbonate and
ammonium cerium (IH) nitrate are mixed in the presence of
water at a pH ol'rom about 9.0 to 9.2. In one mnboduncnt,
thc cerium (111) carbonate prepared by this process com-
prises no electmstatically attached carbonate In one
embodiment, the cenum (Ill) carbonate prepared by tlus
pmcess releases at least 27 5 w:t '/h ('Os when normalized to
the dry iveight of the cenum (111) carbonate, durin ther-
mogravinietric analysis
[0088] The disclosure provides ccnum (IH) carbonate
produced by thc processes dcscltbcxl herein. In aspects, thc
ceriunl (I I I) carbonate releases at least 28 4 v t 9/9 CO, when
normalized to the dry weight of the cerium (ii I) carbonate,
during thermo ravimetric analysis ln aspects. the cemun
(III) carbonate releases at least 28.5 wt '/9 CO, v ben
normalized to the dry weight of the cerium (HI) carbonate
source matcnul, dunug Ihcnnogravunelric uwlysls. In
aspects, the ccrnun (111) carbonate releases at least 29.0 wt
"/ ( 0 when normalized to the dry weight of the cerium (Ill)
carbonate source matenal, during thermogravimetric analy-
Sis In aspects, the cerium (III) carboimte is the cerium (II I)
carbonate source material described herein. In aspects. the
Cerium (III) Carbanate iS Cez(CO.,)9.4HIO.

Pmcesses for Pmducing I'ormulations

[0089] The fonuulatlons dcscnbed hcrcin may be mmlu-
facturcd by a vancty of dllfcrent methods, such as those
exemplitied herein 'I'he forinulations may be mamifactured
in a batch process, in a continuous process, or in a combi-
nation thereof.
[0090] In embodiments, the ccnum (HI) carboixite source
matcnal is added as a powder or wel paste directly to thc
fiirnnilations I'he powder is then blended into the formu-
lation using, a variety of different forces
[0091] Blending of thc ccnum (111) carboiwtc mto thc
formulations muy ulvolvc thc usc ol at least one of shear
forces. cxtc119101191 iorccs, conlplc'salve lot ccs. Iilb"asolllc
energy, electromagnetic energy. thermal energy or a combi-
nation comprising at least one of the fiiregoing forces or
fonna of energy and is conducted in processing equipment
wherein the aforementioned forces are exerted by a single
screw, multiple screws, ultcmicslung co-rotalin or counter
rotating screws, non-Intcnneslung co-rotalm or counter
1 orat Big 9clcws, ice lpl'ocBnng sclcw 8, sclev, s % ilh pals,
barrels with pins, rolls, rants, helical rotors. or combinations
comprisin at least one of the foregoing
[0092] Blenduig involving thc aforcmenuoned lbrces may
be conductixl ul machines such as sm lc or muluple screw
cxtrudcrs, Buss kucadcr, Heuschcl, helicones. Ross mixer,
Banbury, roll mills, molding machines such as injection
niolding machines. vacuum forming machines, blow niold-

in machine. Iugh-shear mixer„speed mixer. or then like, or
combinations comprising Bt least onc of the lbrcgouig
IBIIC11111CB

[0093] In embodiments. the ccnum (111) carbonate is Iirst
nuxed with a portion of the organic compound susceptible to
photodegradation to tiiml a masterbatch The masterbatch
may be in the fomi of a paste or may be in the form of
pellets The masterbatch is then added to the remainder of
thc composition (such as the solvent (c.g., water), thc
photocatalytically Beni c pigment. and other ulgrcdicnts) to
form Ihc final lormula lion.

[t)094J In enibodiments. the masterbatch 19 generally
manufactured in a first batch mixer such as a Banbury, a
Waring blender, a I lenschel nlixer. a )toss mixer, or the like
The masterbatch may be blended into the final composition
in a second batch mixer. In embodiments, the first hatch
nuxcr may bc difii:rent lbom thc second batch mixer. In
embodiments, the lirst batch nnxcr may be thc same as the
second batch mixer.

[tff)95] In embodiments, the masterbatch is manufactured
in a first batch process (described above), or alternatively, in
a hrst continuous process. The masterbatch is then let down
into the final fomnilation in a second continuous process.
Continuous processes include single and/or twin screw
cxtrudcrs.
[0096] In cmbodunmits, thc mastcrbatch ls manufactured
in a contiiuious pmcess, ivhile the fornlulation (the mixing,
of the masterbatch with the remainder of the paint compo-
sitmn) is inanufactured in a batch process
[0097] In one embodiment. the disclosure pmvidec a pro-
cess for preparing a conipositu&n comprisin cenum (III)
carbonate and a dye or a pigment or a combination thereof.
In ouc emboduncnt, thc process of prepanng tlus composi-
tion coiuplgcs Ihc 9/cp9 of: (I) nuxhlg nl tbc plcscncc ol
w,'lter, 9) Bilifnofnuin C;u'bonnie Slid b) Blnlnoillilln Cel'illill

(III) nitrate, tiirming ceriunl (I II) carbonate, and (ii) mixing
the prepared cerium (III) carbonate with a dye or a pigment
or a combination thereof In one embodunent, the ammo-
nium carboimte and anunonium cerium (IH) nitrate are
mixed in thc presence of water at a pH of Irom Shout 9.0 to
9.2

[0098] Thc ccrnun carbonate prcqtarcd by this process can
have any properties described elsewhere herein 'I'he cerium
(III) carbonate can be mixed with any dye and/or pigment
described elsev:here herein. In one embodiment. the pre-
pared cerium (III) carbonate is mixed in step (ii) with
tltaluuiu ihoxidc. In linc cnlbodnncnn thc prcptilcil cc'lliinl
(111) carbonate is nuxcd in step (n) with a dyc sclectcd from
the group coiwisting of: iron oxide, carbon black, cadnuum
sulhde, toluidene red, chmme orange. chrome yellow,
chrome green, mid combinations thereof In one embodi-
ment, the prepared ceriuni (III) carbonate ls mixed in step
(il) with a dye selected from congo red or methylene blue.
In one cmbodimcnt, thc wt. /9 of ccnum (III) carboiwtc in
thc composition is described clscwhcrc hcrcin. In onc
mubodunent, thc v't. /9 of pignu:nt in thc composiuon is
described elsewhere herein In one embodiment. the wt. 'r'tr

of dye m the composition is described elsewhere herein

EXAMPLES

[0099] The follow uig examples arc for purposes of illus-
tration and are not intended to linlit the spint or scope of the
disclosure or clainis
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Example I

[0100] Synthcs&s ol'he u&soluble Ce (HI) compound by
prcc&p&tdting Ce (Bi) on P25 photocatalyt&cally act&ve p&g-

ment. 'I'his exmnple compares the photopassivation etf&x-

tiveness of a ceriun& (Ill) compound that is dissolved &n the
solvent (arun&on&UU& ccr&UU& (HI) u&tratc) versus those that
are micro-precip&tated proximate to oxide-pigment surfaces.

Step A

Prcparauon of an Aqueous M&xturc of Anunomum Ccnum
(III) Nitrate 1etrahydnste and Ammoniu&n ( arbonate

[0101J 'lo a plast&c v&el 0 52 grams (8) of solid ammon&unt
carbonate was added and mixed with 2.65 milliliters (mL)
deionized (DI) water to obtain a clear solution. Separately,
87.7 mg of Iunmonium cerium (HI) &utratc tctrahydrate was
added u&to 3.5 mL Di water and vurtcxcd (st&rred) lbr 30
seconds (scc) to obta&n a trm&sparent soluuon. Thercaficr, thc
( c (111) salt coals&UU18 aqueous soh&i&on (I c., Buuuonuuu
ceriun& (I II) nitrate tetnshydrate) was added into anunonnun
carbonate solution under vigorous stirring and N. flow. The
pH of the result&ng solution was around pH 9.1 0.1. Tlus
solut&on was directly us&xi to prcparc a nuxturc with P25

Step B.

[0102] Pre-Treatment of P25 with TAMOLS" 1124
[0103] 6 g ol'25. 68 microhtcrs (PL) TAMOLSU 1124,
dnd 10 mL water werc addcdJ u&to a round bouom tiask and
sur for I hour (h) at 500 revoluuuns per nunutc (rpm).
'(AMOJ.&II 1124 (a hydrophilic copolvmer polyelectrolyte)
was obtained from the DOW (1&emical Company and &s a
pi ment dispersant. It is a hydrophilic copolymer that is used
in a wide mange of latex paint formulations from lflgh gloss
cruuncls to low sheen flats It prov&des stab&hty and cum-
patibility w&th latex pau&t add&uvcs. It provides compat&bii&1y
U 1&h p&guicuts Jor good colol Bcccptancc aud Is lov, IUBU&&ug

for ease of use 1he resulting mixture was centrifuged at
3 4000 rpm for 5 minutes (min). 'I'he centrifuged pn&duct was
&vashed with 100 mL DI v ater to remove excess TAMOL™
1124 and re-centrifu ed at 1400 rpm ii&r 5 min. Washing and
centrifugation were rcpeatcd one morc t&me, m&d Ihe linal
product was stored as a wct paste having a solid wc& ht
content of 48.1 w t '!o, based on the toidl wc&ght oI'he paste.

Step C.

Precipitation of ('e (JII) on P25 Pign&ent Photocatalyst

[0104] Cc (III) precursor soluuon obuiincd u& above was
added into a pleat&c v&al having 2.08 g ol TAMOLSU-treated
wet paste (48.07 wt %) of P25. as obtained above. 'the
resulting paste was subjected to high shear mixing at 5500
rpm, and turned Into a slurry, which was subsequently stirred
for I h. Afleiwards„ the mixture was centrihiged at 14000
rpm for 5 min, m&d the product washix! w&th 100 mL Di
water u&cludu&g 5 mu& vortex nuxing, pnor to re-centrifu-
gation. Washu&g and canto fugat&on cycles were rcpcated for
two more times, and the product Ives stored as a wet paste
called ( e (II I)-P25 1 he ('e (II I)-P25 wet paste was dried in
a lyophilizer for 16 h prior to its use in photo-passivation
experiments.
[0105] Comparat&vestudy ol'ate of mcthylcnc-blue
organic dye photodegradat&on using dissolved cerium (ill)
ammonium nitnate salt &n aqueous solution versus a ceuunt

(III) compound micro-precipitated proximate to the oxide-
p&gmcnt surlhcc ol'25 (i.c. CC (111)-P25), &n the prcscncc of
the same amount ol'nmoddicd P25.
[0106] Th&s expenmcnt was conducicd to dmnonstratc thc
iuh&b&t&on of photodegradation processes ol'rga&uc mul-
ccu les with an Insoluble ci rium (Ill) compound. To cvaluatc
the inhibition of photodegmdation processes of organic
molecules (such as n&ethylene-blue (MJ3) dye) associated
v ith photogenerated reactive oxygen species (ROS) in the
presence of P25. a soluble cerium (IH) salt in an aqueous
soli&&ou (I.c. ccllUUI (III) duuuiuuUU& u&t&dtc tctldh)'dian:)
was also used as a ROS ace&anger.

[0107] Thus. two separate aqueous solutions of ammo-
n&um cerium (HI) rutrate werc preparixl, by d&ssolvu&g 2.5
mg in 9.9 mL of DI water, m&d another cons&sung of 10

m&lb grmns (mg) ol'ammoru um cerium (II I) m tratc u& 9. 9 mL
v ster 'I'he pil ofboth solutions &vas adjusted to pi I 9 I using,
amn&onium hydroxide (NIJIOJI). 'I'he respect&ve solutions
v ere each stirred for 15 min. and 0.1 mL of 10 'olar (M)
MB organic dye &vas added into each anm&onnun cerium
(III) n&tratc solution. so as to maintau& the MB dyc concen-
trat&on at 10 lyi u&both soluuons. I mg of P25 powder was
added to each solut&on. Each rcsuluug solut&on now cun-
tain&ng P25, Ml) organic dye. and mmnon&um cenum (JII)
nitrate v Ss separately irradiated using 254 nm ultnaviolet
(U& ) l&ght (150 lumens) under an enclosed photoreactor at
25" C.
[t)108J After equal intervals of I Jiy light exposure. aliquots
v ere taken from the reaction mixture and centrifuged to
remove the photocatalyst. The amount of residual MB
orgaruc dyc rcmaunng was quan&&lied v&a Lfvu»'s&blc spec-
trophotometry of Ihc supcmatant l&qu&d, m&d tlmsc dais
points are shown in the raphs in l&l(i I as — I nA vs time
plots (where A represents "concentration"). in order to
represent a pseudo tirst-order mate constant for the M13

organic dye photodegradation.
[0109] A separate photocatalysis experiment was per-
formed using a combination of I m of P25 and I m of
insoluble Cc (HI)-P25. which rcpresm&ts the ccnum (HI)
con&pound prcc&p&tat&xi ou thc SU&lace ol thc oxulc-p&gulcnl
photocatalyst. Jn this photocatalys&s experiment. there &vere

no soluble cerium (Ill) salts present. The efliciency of P25
photopassivation was compared with the system using the
v ater-soluble cerium (III) salt (the soluble cerium (HI)
nitrate), in terms of the rate of MB organic dye photode-
radation. The results arc six&wn ui the FIGS. 1A-1C. FJG. 1A
is a graph of lyIB dyc photodcgradauou under 254 nm hght
at pi I 9 I using I mg of P25 in presence of 2 5 n&g of soluble
(dissolved) ammonium cerium (ill) nitrate I'J(i 113 is a
gmph ofMB dye photodegradation under 254 nm li ht at pH
9.1 usu&g I mg of P25 photocatalyst in presence of 10 mg of
soluble (dissolved) anunoniun& cerium (Bi) nitrate FICJ. 1C
is a gmph of MB dye photodcgradauou under 254 nm hght
at pH 9.1 using I mg of P25 u& prcseucc ol' mg of insoluble
('e (III)-P25.
[t)110] 1'he data in l&l(i IA shows a higher mate of M13 dye
photodegradation Ivith I mg P25 &n the presence of 2 5 mg,
of soluble cerium (III) ammonium nitmute salt. with the
calculated rate constant fbr dye degradation being OB2
nun 'hen thc amount of soluble ccnum (III) anunonium
n&tratc was Increased by a factor of 4 (now up to 10 mg) in
FIG. IB, thc rate of dyc degradation dccrcascd by a factor
of about 6, to yield a rate constant of 5 5x I 0 'in '. When
('e (III)-P25 (Ivith the cerimn (Ill) carbonate) was used ti&r
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the inhibition of MB organic dye. the amount of MB organic
dye photodegradation with nearly 2 mg of P25 total (uisiead
ol'I mg as in stud&ca involving soluble salts above) exlubitcd
a 64-fold decrease (rate 5x10 'in 'see I'IO IC) in the
M I) dye photodegradation rate relative to that obtained v hen
using 2.5 mg of cerium (Hi) soluble salt above. Thus even
ivhen the amount of photocatalyst is doubled, the rate of
degradation of the organic MB dye is substantially lower
when;m insoluble ceuum (HI) compound &s usxxl especiaffy
when compared with a composition that contains a soluble
ceriuni salt and a sniaffer amount of photocatalyst
[0111] If it is assumed thai duung synihes&s oi'Cc (HI)-P25
(illa& coll&allis tile i&&soluble cell&1111 (HI) coll&pot&&1&1). illa
niaximum possible theoretical amount of cerium (IH) was
precipitated proximate to the surface of the P25 photocata-
lyst, then it would provide 87.7 mg of anmionium cenum
(HI) nitrate for I g of P25 This means that the I mg Ce
(HI)-P25 utilized for the photocatalysic experiment above
contains only 0 087 mg anmioruum ccnum (HI) mtraie by
wmght. This mnount ol'cnum (HI) compound is 29-ii&ld
and 115-fold smaller than wlmt would be present in the 2 5

mg and 10 m of water soluble ammonium cerium (HI)
nitrate, respectively However, the inhibitive effect of the
insoluble cerium (IH) compound towards the photodegm-
dation of the MB or ante dye is much greater than when the
ccrnim (HI) compound is soluble.
[0112[ )Vithout bein linuted to theory. it is believed that
this could bc thc result of a much lughcr clliwtiveness for
phot cpa ssivatiou when us&ng mi insoluble cerium (HI) com-
pound i crsus a soluble onc. or, el&amatively. thc cffi:ct of
pmximity between the cerium (HI) compound and the
surface of the ox&de-pign&ent photocatalyst. 'I'he etfect of the
latter is investigated in Example 3.
[11113J 'I'hese results demonstrate that there is a great
advantage in terms of photopassivation efficiency. v hen
using an insoluble cenum (Hi) compound. This photopas-
sivation functions in the example above even when there is
no contact bctwixu thc cerium (Hl) compound and ihc P25
(i.c., roughly hall'f ihc P25 in the example above dul noi
consist of ceriuni (HI) con&pound contacting its surface. but
rather consisted of bare P25 in the absence of ceriuni (HI)
compound). It was surprismgly and unexpectedly discov-
ered that the cerium (HI) compoiuid at-a-distance from tlus
bare P25 i&as able to quench its photoactivity eificiently. In
other words, quenching of phoioactiv&iy of a photocatalysi
by a cerium (IH) compound without contact bctwimn the
ccrnim (HI) compound mid phoiocatalyst is a syner istic
etfect that was not previously observed
[0114J Vihile the aforementioned exainple surprisingly
denionstrates the photopassivation efibctiveness of a cenum
(HI) compound when not in contact with the photocatalyst
(i.e.. located proxunate to the photocatalyst ivhile not con-
tacting &i). it can be further demons&ra&cd thai photopassi-
i ation i ia an action-at-a-distance mcchamsm works in com-
positions that include other oxide piginents or tiffers.

[t)115J 'I'o demonstrate the effect with other pignients,
ceriuni (I I I) compound was also precipitated in the presence
ofSiO. nanoparticles. in the presence of mtile TiO, (particle
size of 300 nm), in the presence of conunercial pigments
such as Ti-Pure R706 (particle size of300 nm. which
thcmsclvcs exhibit some photocauilytic activity) (sec
Exmnple 2), ui a similar fasluon as ihe ccnum (HI) com-
pound was precipitated in the presence of P25 above In
addition to Ce (IH) precipitation in the presence of oxides,

a sepamte insoluble phase of Ce (HI) compound was pre-
pared (scc Example 3), winch is even more elfiwiivc ai
inhibiting the phoiodcgradat&on ol'rgan&cs ui slurncs con-
taining the photocatalyst

[0116] AH of these examples„ i e., containing Ce (HI)-
modiiied SiO&, Ce (HI)-modified TiO„or Ce (Hi)-modified
Ti-R706 and a separate phase of cerium (HI) compound
w&thin thc dispersion dcmonsuaic iuh&bit&on of phoiodegra-
daiion of organic dyc. to a signdicanily greater cxtcnt than
the soluble cerium (Hl) ammonium nitrate (vide infra), and
surpnsingly do so by an action-at-a-distance niechanism
(meaning no physical contact betv,een photocatalyst and
cerium (HI) compound is seen).

Insoluble Ce (HI) compound by prcc&p&tauug ccuum (HI)
compound on SiO- (havuig a S&O& particlesizc 20 nm io 60
nni)

Svnthesis

[t)117[ The precipitation of the cerium (IH) compound
proximate to SiO, was performed in a similar manner to
Example I above. except for a feiv following changes: (i) in
Step A above of the synthesis. 0.52 g anunonium carbo&&sic

was dissolved in 5 mL water (uistead of 2.63 mL as in
Exmnplc I), and I g (instead of 87 7 mg) of anunonium
cerium (Hl) nitrate tetrahydrate was dissolved in 18 mi,
water; (ii) in Step B above. in place of P25, I o of SiO.
powder (average particle size of 20 nm to 60 nm was
obtained from Slwspring Nanomaterials Inc) was added into
a plastic container containing 10 PL TAMOL™ 1124 and 10
mL DI water and surreal for I h at 500 rpm, (m) ui Step C
above. ihc mixture of ammomum Ce (IH) iutrate mid tunmo-
nium carbonate (obtained in Step A above) having pl I of
9 I 0 I was introduced to a SiO& wet paste (obtained in Step
B above) instead of P25 and eventually the cerium (HI)
carbonate was precipitated on SiO,. The final product
obtained was dried in a lyophilizer for l(i h, and the dried
product appcarcd bnffiant white ui color (sim FIC). 2A).

[0118] Photostabilization of MB organic dye using Ce
(HI)-SiO: FIC). 2B is a graph of —ln A vs time that shows
thc pseudo lirst order plot ol'10 mL 10 M MB orgaiuc dyc
phoiodcgradation pcrfonntxl w&th 50 mg of P25 photocata-
lysi ui prese&wc; oi' mg of Cc (IH)-S&O&, mid the rate
constant for MI3 organic dye degradation calculated from
tlus plot is found to be 3 I x10 'in 'f it is assumed that
dunng synthesis of Ce (HI)-SiO„ the maxunum possible
amount of cerium (HI) compound has been precipitated
proxunaic to thc surlhcc; of S&O„ then ii would prov&de I g
of anunonnim ccuum (HI) iuuatc for I g of S&O&. Tlus
means I mg Cc (HI)-SiO& uuhscd for the photocatalyt&c
degradation of MB organic dye could contain a maxmium of
up to I mg of animonium ceriuni (HI) nitrate This amount
of cenum (HI) is 2.5-fold and 10-fold smaller than was
present in 2.5 m and 10 mg of water soluble anunonium
cerium (HI) nitrate. respectively, in Example I above.

[t)119[ I lowever, according to data in lilii 2B, the rate of
photodepadation of MB organic dye with Ce (HI)-SiO, is
observed to be decreased 103 fold and 18 fold relative to the
rate of MB organic dyc phoiodegradat&on obtained ui ihe
prcscuce of 2.5 mg and 10 mg el'oluble ammoiuum ccnum
(HI) carbonate respectively in Example l. It is notable tliai
MI3 or anic dye photodegradation with soluble mnmonium
cerium (Ill) nitrate was performed in the presence of only I
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m ofP25„&vhich is a 55-fold lower amount of photocatalyst
compared to that used herc with Cc (HI)-S&O& as pass&vs ting
dgcut.
[(31ZOJ 1lased on the data in l&if i. 2l3. the aqueous snluble
cerium (HI) nitrate is a significantly less etfective photnpas-
sivating agent compared to insoluble cerium (HI) compound
used in the Ce (HI)-SiO&. Moreover. the mechanism of
action of the latter material as a photopassivant is via an
dm&on-at-d-d&stance mcchamsm, in which thc ellhct of thc
Cc (HI)-S&O& as photopass&vtmt docs not require contact
with the V25 surface.
[t)121] Vhotopassivation of M13 or anic dye usiag C'e

(HI)-TiO, a commercial gmde pure n&tile titania (particle
size 300 nn&) in the presence of which Ce (HI) has been
precipitated so as to form a solid mixture comprising rut&le
and cerium (HI) carbonate:

Svnthesis

[0122] The pr&x&p&tat&on of ccnum (HI) compoun&1 prux&-
n&ate to 'I'i02 was performed si&uifar to Example I, except
for the tbflowmg changes (i) in Step A of the synthesis, 0 52

g ammonium carbonate is dissolved in 5 ml water (instead
of 2.63 mL in example I) and I g of anm&onium cerium (HI)
nitrate tetrahydmte (instead of 87.7 mg used in example I)
w as d&ssolved iu 18 mL water, (i&) &n Step& B ol thc synthes&s,
in place of P2S, 100 g ol'TiO& powder (pure nmle, witlx&ut

any photopassivating layer having an average particle s&ze of
300 nm obtained front 1.JS Research Jsanon&aterfafs Inc) was
added into a round bottom flask containing I mL TAMOL™
1124 and 100 mL DI water. and stirred for I h at 500 rptn,
(iii) in Step C. the mixture of anunonium cerium (HI) nitrate
and ammonium carbonate (obtmned in Step A) was intro-
duced u& a 73 wt '/o aqueous slurry contauung 11.4 g of TiO,
po&vder (instead of V25 used in I ixample I) and stirred fi&r

I h prior to centnfugation and washing. 1he final product
obtained was dried in a lyophilizer for 16 h, to yield a dned
product that is ~hite in color with a pale oflzwhite tint. as
shown in FICf 3A.
[(31Z3J I'lfi. 3I3 is a graph of ln A vs time that shows the
pseudo first order plot for the degradation of 10 M Mll
organic dye. wh&ch was performed in a 10 mL aqueous
slurry consisting of 2 m of P25 in presence of 5.7 m of Ce
(HI)-TiO, (i.e. I:0.8 surface area ratio of P25 and Ce
(HI)-TiO&). The rute const&mt for MB organic dye photo-
dcgraildtion calcufatcxf from data m FIG. 3B &s 7.9xlO
min ' ilemental analysis by neutron activation analys&s
sho&ved that (:e (HI)-I'&Os contains 4 35 wt 'i/u cerium rela-
tive to TiO. by wei ht. This means 5.7 mg Ce (Hl)-T&O,
utilised fi&r the photocatalysis of MB dye contains 0.245 mg
of cerium, in comparison to the O.Ci25 mg and 2.5 mg of
c&rnim contained &n 2.5 mg and 10 mg ol'ater-soluble
anunonium cenum (HI) n&&rate. respect&vcly.
10124] A 400-fold and G9-fold decrease in the rate con-
stant for MB organic dye photode radation is observed
when usu&g Cc (IH)-T&O& relative tu 2.5 mg and 10 mg of
soluble dnunon&um cenum (HI) carbonate, dcsp&te the nnich
larger amount ol'ccrnun in thc soluble cases than when using
the insoluble cerium (HI) compound used in I:e (Ill)rl'&0&.

[0125] Accordingly, aqueous soluble anunonium cenum
(HI) nitrate is a s&gn&licautly less eflcct&vc photopass&vatu&g
agent compared to ccrnun (HI) carbonate prec&p&tatcd on
rutile TiO- Further surpnsingly, thc aciion of thc latter
n&aterial as a photopassivant must be through an action-at-
e-distance mechanism, since the V25 is located on a ditferent

particle than the one onto which the insoluble Ce (HI)-
compound &s prec&pitatml proxunatc to.

Example 2

[0126] S&gn&lictmce of the Cc (HI).Ce (IV) Molar Raiio
being Greater than Umty (i.e., Greater thun I) u& thc Ccnum
(HI) (.'on&pound Used for Vhotopassivation

Svnthesis

[0127] Prccip&talion of ccnum (HI) prox&mate to T&-Pure
R706 v as perfnnned in a n&armer similar to lixample I

above, except fnr the following changes (i) in Step A above
of the synthesis. 0.32 g anunonium carbonate was dissolved
in 5 mL water (instead of 2.(/3 mL in Example I) and I g of
duuuounuu ccr&uu& (HI) u&trt&te tetr&&hy'did&i: was d&&solved h&

18 mL water: (ii) u& St&7 B, in place ol'25 photocatalysn
100 g of Ti-Pure R706 powder (hav&ng an average part&clc
size of 300 nm and &vas obtained fmm 'the (:hemours
company) &vas added into a round bottom flask containing I

mL TAMOLrw 1124 and 100 mL DI water, and the resultin
suspens&on was stirred for I h at 500 rpm; (iti) in Step C
above, the nuxturc of anunonium ccnum (Hi) nitrate and
anunonium carbonate (obta&ncd in Step A) havu&g pH of
9.1 0 I was &a&reduced m a 73 wt /o aqueous slurry cun-
tain&ng 11.4 o of 8706 (instead of V25 used in 1lxample I),
and the resulting slurry &vas stirred for I h prior to centrih&-
gation and washin . The final product. Ce (IH)-R706, wlfich
represents cerium (HI)-n&odified Ti-Pure R706. was obtained
by dry&n in a lyophilizer for 16 h, to yield a bnfliant white
powder, as shown in thc FIG. 4B. FIG. 4A is a picture diat
shows thc T&-Pure R706 pr&or to thc mo&hficat&on with thc
insoluble cerium (Ill) con&pound I here is virtually no color
ditference benveen the modified and unmodified Ti-Pure
R70Ci.

Vhotodegradatinn of M13 Organic Dye in Aqueous Solution
(IJnder 254 nm l,ight) with V25 Vhotocatalyst in Presence of
('e (Iff)-13706 Versus Unmodified Ti-Pure 8706.
[(3128J 1 he photncatalytic degradation of M13 organic dye
v as pertbrmed in mt aqueous slurry consisting of I mg of
V25 photocatalyst in the presence of 5 7 mg of either ( e
(HI)-R706 or unmodified (i.e.„no cenum (HI) compound
v as added) Ti-Pure R706. Tins results in an equivalent
surface area of P25 and either Cc (IH)-R706 or T&-Pure
R706, su&cc the surface arcs of P25 is 57 m /g and that of
R706 &s 10 m /g. 11&c results arc shown &n thc FIG. 5A and
5I3 FI(i SA is a plot of —ln A vs time fi&r the MI3 organic
dye degradatinn with V25 in presence of I'e(fll) -R706,
while FICJ. 5A is a plot of -ln A vs tune for the MB organic
dye degradation with P25 in presence of the unmodified
R706.

[0129] Data shown in thc FIGS. 5A and 5B demonstrates
that thc rate constant lor MB organ&c dye photodegradat&on
d&urcascd I'rom 0.61 nnn 'lbr thc case ol'&-Pure R70G
added to slurry in the i&l(i 513) dnwn to 8 3x10 min 'fi&r
the case nf (.'e (HI)-R706 added to slur&1 in the l&lfi 5A)
These results demonstrate that &um&od&fied Ti-Pure R706 on
its own is unable to efi'actively quench photocatalysis of P25
photocatalyst, u& the way that Ce (Hi)-R706 cdn. Photodeg-
radat&on of MB organic dyc in aqu&xnis soluuon (under 254
iun light) with P2S photocatalyst in presence of Ce (HI)-
R706 versus a variant that contains a nuxed-valence ( e
(HI)/I'e (IV)-13706 n&aterial, in &vh&ch an equintolar mixture
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of cerium (Ill) and cerium (IV) have been precipitated
proximate to the surface of Ti-Pure R706.
[0130] To understand what thc mimnnim required amount
of ('e (I I I)-f706 is in order to atfect etficient inhibition of
M 0 organic dye photodegradation, a series ofphotocatalysis
reactions were conducted. m which the amount of Ce
(III)-R70(i was varied. while the amount of P25 in the
aqueous dispersion was held fixed. Results of this experi-
ment arc presented in FIG. 6A, in tcnns of die rate constant
for MB organic dye photodcgradanon as alfectnl by thc ratio
of surface area of ('e (III)-R706 to that of the P25 photo-
catalyst. I'IG 6A is a plot of the photodeansdation rate
constant of 10 ' MB or anic dye degradation versus the
weight fraction of Ce (Ill)-R706 relative to the P25. Tlus
data demonstrates that when this molar ratio is 0.2 or higher,
thcrc Is highly clli:ctive ulhibinon of MB orgmiic dye
photodcgradatlou.
[0131J 'the effect of the cerium valence states was also
investigated in terms of having pure cerium (Ill) versus an
equimolar mixture of cerimn (111) and cerium (IV) valence
states. within the cerium compound afibcting photopassiva-
tion. For this comparison, a new material. Ce (III)/Ce
(IV)-R706 was obtanuxl by the precipitation oi'cnum on
the suri'acc of Ti-Pure R706 from an equimolar nuxturc of
ceriunl (Ill) and cerium (IV) salts ('e (111)ICe (IV)-8706
was tlnis synthesized in a similar fashion to ('e (111)-8706
(obtained in I.xample 2), except for the following change (ij
in Step A of the synthesis. 0.52 g of anunonium cerium (III)
nitrate tetrahydrate and 0.495 of anmionium cerium (IV)
mtrate (cquimolar amount of ccnum (111) and ccnum (IV) In
solution) werc Ihssolvcxl In 18 mL of water.
[()132J 'the effectiveness of ('e (IH)/('e (IV)-8706 as a
photopassivant was assessed in a similar manner to ('e
(III)-8706 in the paragraph above, by varying the relative
anlount of Ce (III)/Ce (IV)-R706 and conducting photoca-
talysis in a 10 mL dispersion of 10 ' MB organic dye
comprising a lixed amount of P25 pholocatalyst. Thc results
sre shown ul FIG. 6B. FIG. 6B is s plot of thc photodcg-
radation rate constant of 10 ' MB organic dve degrada-
tion versus the weight fraction of ('e(l II)/('e(IV-f706) rela-
tive to the P25
[0133] As can be scen. thc rate constant for MB orgiuuc
dyc photodegradntion Is sigiulicimtly lugher at Ihc siunc
vahie on the x-axis when using ('e (Ill)/Ce (IV)-8706
compared to ( e (III)-R706. I iven at a maximum investigated
weinht fraction of unity, the rate constant for MB organic
dye photodegmdation is nearly a factor of ten lower for Ce
(III)-R70(i in the FICi 6A as compared with the ('e (III)/Ce
(IV)-R706 passivant in FIG. 6B. Thus, thc data clearly
shows thc advantage of using a pure cenum (III) compound
instead of a mixed valence compound that consists of both
cerium (Ill) and ceriuni (IV) valence states. in the niatenal
used for inhibiting photodegradation or organics.

Photostabilization of Organic l)ye in a Solid ([)ned)
Conlposition Comprising Photocatalyst and Ce (III)-R706:

[0134] The examples above pertain to dccrmising photo-
degradation of organic dye in the wet (liquid) state The
example that folloivs demonstnstes that a similar appriouch
can be used to achieve eflicient photopassivation of a
photocatalyst in the dry (solid) film state.
[0135] To invcsugate thc clfccnvcncss oi'tins approach in
a dry (solid) conlposition, ( ongo Red (('R) organic dye at a
concentration of 3x10 ' was incorporated into a water-

borne acryiic paint fomiulation dispersion, together with
P25 photocatalyst (10 wt % relative to thc Ti-Pure R706
plglucllt weight Used ul Ihc illspcrsiou).
[0136] A composition was made with 16% Cc (III)-R706
pigment volume concmltrauon compnsing CR oigaruc dyc
(thc plgulcllt volUnlc collcclltratloll ls defined Ils thc volUulc
percentage of solid panicles in the systeni after formation of
the composition (e.g, excluding ivater). 'I'lus was perforined
by first preparin a 75 wt i'o aqueous slurry of Ce (III)-R706
pi ment by high shear mixing in presence of 03 wt %
TAMOL™ 1124 with respect to the weight of pigment. 4.64

g ol'tlus slurry was incorporatixl In 12 78 g of acryfic-bascxl
BP 8164 polymer (obtamcd from tlm Dow Chenucal Com-
pany), to which ives added 1.966 ml. of 3 Sx10 M ( R
aqueous dye solution, and 10 wt %o P25 photocatalyst (Ivith
respect to pigment weight). The resulting dispersion was
mixed under Ifigt-shear conditions in a hi h speed mixer.
[()137J I hereafier, 0 6 g of 202011 thickener (a non-ionic
urethme rheology modifier) was added into the slurry, and
the resulting dispersion was mixed under hiJI-shear condi-
tions in a tugh-spccxi muer. to obtaul thc linal fomiulanon
dispersion. Thc solid (drmd) lilm coating was prcparcd widl
a 3 mil (I nu1=0.001 inch) bsr apphcator on a polyacryhc
substrate and dried for 48 h prior to conducting the photo-
catalysis experiments ))ufing photocatalysis, all the coat-
ings were exposed to sunlight (under similar conditions) for
an exposure period of (i hours. Prior to sunlight exposure,
100 mg of thc coaung was scraped off with a sharp blade.
and was cxtractcd ul 1.5 mL of absolute ethanol for UV-
visible spectroscopy analysis. to obtmn a datum of CR
organic dye concentration in the film prior to photocatalysis
Siniihsrly, another 100 mg portion of coating scnsped otf and
extracted afier 6 hours of sunlight exposure. and the per-
centage of dye degradation was calculated by UV-visible
spectrophotometry. As a control expenmcnt, ncghgible CR
organic dyc photodcgradauon was obscivcxl in a fomiulation
dispersion that lacked P25 (tins control formulauon disper-
sion was synthesized in the same ivay as above. except in the
absence of P25), upon exposure of this contnll to suillight
for a period of (i h.
[()138J 1ior the dispersion tbrmulation comprising Ce (II I)-
8706 and P25 (90% 10'%,'v ). I'l(i 7A shows 52% ( R
organic dye degradation in the dried paint tilm. after expo-
sure of this film to 6 h sunlight. FICi. 7A is a plot of
absorbancc versus walelcngth obtmned from UV-visible
spectra of CR dyc degradation before and al'tcr 6 h sunhght
exposure ui coatuig prepared with 10% photocatalyst P25
and 90% (.'e (III)-R706
[()139J FI(i 7I3 is a plot of absorbance versus wavelength
obtained from UV-visible spectra of CR dye degradation
before and after 6 h sunlight exposure in coating prepared
with 10% photocatalyst P25 and 90% Uniuodified Ti-pure-
R706. From FIG. 7B. it nuiy be semi that thc Iunount of CR
orgaiuc dye dcgrackltton was 85%o whml using thc compilm-
tive dispersion formulation comprising unmodified Ti-Pure
8706 and P25 (90%o'0'%,'w), after the same exposure to
sunhcht. These results demonstrate a higher inhibition effw
ciency of photode mdation of the organic dye in dried paint
film when using Ce (III)-R706 compared with unmodified
R706, in the presence ol'25.
[0140] The cxpcrunent above demonstrates that Cc (III)-
R706 iolubits thc photodcgrsdation of organics by an acuon-
at-a-distmice mechanism in the solid state Similar results
can also be obtained by preparing the equivalent of ('e
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(III)-R70(i with another pi@neat. such as the rutile Ti02
usctl ul Example I (scc FIG. 3), or amlthcr low-grade
TiO, d class ol'igment matcnals that arc olicn used in
palo) cotnpositlolls

Example 3

[0141J 'ibis example was conducted to denxlnstrate pho-
tostabilivation of organic dyes using a separate phase of
ceriuin (III) carbonate.

Svnthcsis and Charactcnzauon

[0142] To a pLastic vial. 1.04 g of solid ammonium car-
boruite was added aud was mixed with 5 mL deionixed
water, to obtain a clear solution. Separately, 2 g of uluuo-
nnim ccrnun (BI) nitrate tetmhydrate were added to 20 mL
of Dl lvater. and were vortexed for 30 ~ to obtain a
transparent solution 1 hereafter, the aqueous solution con-
taining the cerium (IH) salt was added to the aqueous
ammonium carbonate solution under vi orous stirrin,
resultulg ul a mixture of pH 9.1 0.1. To ensure a white CC

(III) carbonate product. It w required io aclueve a sulliciently
rapid mixulg tune upon thc addition of the Cc (HI) salt
containing aqueous solution to the ainmonium carbonate
solution. 1 his mixmg tune may be less than 4 minuteg less
than I nlinute, less than 20 seconds. or less than 15 seconds.
The nlixture v,as subsequently stirred for I h, and was
substxpicntly ccntufugcd at 15000 rpm for 3 mul at 15'.
Thc wlute product obtmncd was washed with 100 mL of
w ster by 1 ortcxutg thc aqueous slurry lor 5 nml followed by
5 nlin of sonication. before recovering the solids via cen-
trifugation This washing step was repeated for 2 more times
in order to ensure removal of all loosely held anunonia
species prior to yielding a wet paste (afier centrifu ation)
having a solid con(cut ol'4.5 wt %. A small porlion of tlus
wct paste was dntxl, and the powder obtaulcd remains a
bnlliant white color Bs shown in the FIG. 8.

[0143] The empincal formula of thc wlutc cenum (III)
compound descnbed above and shown ul FIG. 8 is proposed
on the basis of thernlogravimetric analysig a technique
previously used by I.iu et al (I ( ryst. Cirowth. 199'1, 206,
88-92) and /hai et al (Mater. I ett, 2007„6], 18(13-1866).
FIG. 9 shows the TCiA pattern of the white cerimn (HI)
compound. This pattern shows an initial mass loss of about
11.9/w whwh corresponds Io thc loss ol walcr, followed by
a 25.7% mass loss. wluch corresponds to lhc loss oi'O,.
[0144] At 900'., Bt the conclusion of thc TGA expeu-
nlent, 62 4% of the original nlass is retained and corresponds
to the presence of eerie (('eOC) 'I'inta, according to the'I'(iA
data in FICJ. 9„ the composition of the Ce dried precursor
after synthesis is Ces(COB)., 4HCO. FIG. 9 is a raph of
Sleight loss versus temperature conducted in a thermogm-
1 llnCIIIC dnillySCI 111 thy du Bl a IC'InpCI dluIC I snip I SIC Of 5

C/nun Ibr ccnum (IH) carbonate synthesized as descubed
abme and dried at 80" C for 16 hours (h) prior to therngl-
gravimetric analysis
[t)145] Pov der X-ray diffraction (PXRD) analysis of the
cerium (III) compound exhibits sharp lines that are consis-
tent with the compound being highly crystalline. Transmis-
sion electron microscopy shows Ihat thc synlhcsis above
lcdtls Io a range ol particleslxcs in Ihe rimgc varying from
5 pm to 10 )un in cross section, though onc skilled ul thc art
would recognixe that tailoring the synthesis so as to yield
smaller particles such as those that are on the length scale of

100 nm and smalier in cross section would be more preferred
for d phottlpdSSlvatloll dpphCdtloll, Whit:h ls gCBCldll)'nolt:
elfcctivc at a lugher suri'acc-to-volume ratio.

Photostabiiisation of MB Organic Dye in Solution Phase
Using a Scparatc Phase of Cerium (BI) Carbonate.

[0146] In all of thc examples above, thc utsoiubic cenum
(III) conlpound that serves as a photopassivant has been in
the foml of being precipitated proximate to the surface of
inorganic-oxide pigment particles (e.g., rutile TIOC, Ti-Pure
R70Ct, silica. or the like).
[0147] In Example 3 it was investi ated whether it is
possible to incorporate d cerium (III) compound as an
ellcctivc photopassw;mt as d separate phase.
[0148J 'lite action-at-a-distance mechanism (observed in
many ot the exmnples above. ill lvhich eilicient quenclling, of
photocatalysis was achieved even with the cerilun (III)
compound not in contact with the photocatalyst surface)
prompted this investigation. For example, consider ILsta in
thc FICJ. 6A, wluch showed that a reduced rate constant (on
thc order of 7.2x10 min ') Ibr photodcgradatlon of MB
organic dye could be achieved by adding an equivalent
surface area of Ce (III)-R706 relative to P25 Tints, 11 4 mg,
of Ce (III)-R706 and 2 mg of P25 were used for the
photocatalytic reaction of MB organic dye Elemental quan-
tification of Ce (III)-R70(i from neutron activation analysis
sholvcd that Ce (III)-R706 consists of 4.4 wt % of Ce
relative to Ihc weight of R706. This means that 114 mg of
('e (I I I)-R706 (the muount used for the photocatalysis of Mi 3

organic dye) contains 0 5 mg of ('e in ('e (III)-R706. An
attempt was therefore made to address the follov in ques-
tion related to tius example: Is it possible to add the cerium
(III) compound as 0.5 mg of Ce in a cerium (III) carbonate
plrdse, without precipitating it proxunatc to Ihc surface of
Ti-Pure R-706 Io synthesize Cc (III)-R706, mtd still achicvc
comparable photopassivation. via an action-at-a-distance
tncch'ullsnl I

[0149] 1.0 mg of Ce,(CO,),.4H,O patticles (which is
cqulvalcnt Io 0.5 mg of Cc) as its owu phase werc incor-
porated ulto a 10 sM MB organic dyc aqueous slurry
containmg 2 mg of P25 and 11.4 nlg of 'I'i-Pure R706. I'l(i
I U is a plot of — ln A versus time for 10 M M)3 organic dye
de radation (lulder 254 nnl light) in presence of 2 mg of P25,
114 mg of unmodified Ti-pure R706 and separately added
I mg of Cel(CO.,)s.4HSO.
[015UJ 1 he mate constant calculated from the data in the
ltl(i. IU is 5.5x10 min ', which is I 5-fold lower than that
achieved v,ith the same anlount of cenum, when usin Ce
(111)-R706, in the FIG. 6A of Example 2. Based on the
results above, it is sumlised that the incorpomtion of exter-
nally prepared uwoluble Ccl(CO,)S.4HIO particles Is pre-
ft:rred for thc inhibluon of photodc~adation of orgaiuc
nxllecuies than its precipitation pmximate to an existing
support surface of a separate phase. such as 'I'i-Pure R706
[0151] Photostabthzatlon oi'CR Orgatuc Dye in a Solid
(Dncd) Film Compusulg R706 and a Separate Phase of
Cerium (HI) Carbonate.
[0152] To investigate the photopassivation effectiveness
of a separate cerium (IH) compound ln a dry (solid) paint
lilm coatulg, insoluble cerium (III) carbonate particles and
CR orgaiuc dye at a concentration of 3x10 'M werc incor-
porated ulto a watcrbomc acrylic paint lbnnulation dlsper-
sioii, using either 1 i pure R706 or the seine rutile 1iO, used
in Exanlple I as the pigment. and assessed the rate of dye
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photodegmdation relative to an identical dispersion. In the
absence of cerium (III) carbonate parucles.
[0153] The composition of tlus dispersion, mid Ihe proce-
dure lbr synthesizing thc dned coating Jilm is desvnbed in
the paragraph below I'he dispersion consists of a water-
bome acrylic paint, which was formulated with 16% pig-
ment volume concentmstion. using either unmodified Ti-Pure
R706 or rutile TIO2 as pigment. This v:as accomplished by
Iirst adding Ihc dcsircd iunount of ccnum (III) carbonate,
corresponding Io mther 2 wt % or 5 w1% with respect to thc
w'clglil of tile pl@neat, Io till dqucous siiliuioii colllpllsillg
I 966 ml,of3.5x10 M CR aqueous dye solution and 12 78

8, of acrylic-based l3P 8164 polymer (product of Dov
Chemical). Separately, a 75 wt % aqueous slurry of either
Ti-Pure-R70(i or nitile TiO, was prepared by l»gh shear
nnxing ui Ihc prcsencc ol'0.3 wt % of TAMOL™ 1124 with
respect Io tlm pigmmit weight. 4.G4 g ol this la11cr slurry
(actual weight of pigment is 3.5 g) was utcorporatuJ uiIo the
above acryhc polymer-containing slurry. and the resulting
dispersion ivas mixed under high-shear conditions ui a
high-speed mixer.

[0154] Finally, 0.6 of 2020E thickener was added to the
slurry, and the resulting dispersion was mixed under high-
shcar conditions ui a spccxJ mixer, Io obtain Ihc composition.
Thc solid (dncd) Jilm coating was prepared with a 3 mil bar
applicator on a polyacrylic substrate, and dried tiir 48 h prior
to conductin photocatalysis experiments. I)uring photoca-
talysis, all of the coatmgs were exposed to sunlight in a
similar condition„ for an exposure period of Ci h. Prior to
sunlight exposure, 100 mg of the coatin. was scrapedofi'ith

a sharp blade, and was extracied ui I.S mL of absolute
cllliliiol fiir (Pvzvtstblc spectroscopic allillvsis, as SI diiullli of
('l3 organic dye concentratiim in the filin prior to photoca-
talysis. Similarly. another 100 mg portion of coating was
scraped o tf and extmscted after (i h of sunlight exposure. and
the percentage of dye degmsdation was calcuhated by UV-
visible spectrophotometry in comparison to the before pho-
Iocatalysis sample.
[0155] FIGS 11A-11C show thc cxtcnt of CR or dnic dyc
degradation ui thc dncd paint Jilm prepared with unmodified
'fi-pure-J(706, when varying the amount of separately pre-
pared cerium (III) carbonate, after exposure of fihns to 6 h
of sunlight. It is clearly evident from the UV-visible spectra
that with an increase in the v t.% of cerium (III) carbonate
with respect to Ti-Pure R706 in the paint coatin . the extent
ol'hotodegradation of CR orgmuc dye dccrcascxJ. In the
absence of cenum (IH) carbonate, FJG. 11A shows S2%
photodegradation of the ('R or anic dye by 8706 as pho-
tocatalyst. Ji 1(i. 11 13 shows that the percentage of photodeg-
radation ofCR organic dye decreased to 29% in the presence
of 2 wt. % cerium (III) carbonate with respect to the weight
ofTi-Pure R70G pigntent (I e. 70 mg of Ces(CO,)., 4H,O for
3.5 g ol'igment). FIG. 11C shows fiiat thc percentage of
photodcgradation ol'CR orgaiuc dyc by Ti-Pure R706 could
be fiirther decreased to 12% in the presence of 5 wt. %
ceriuni (I I I) carlxmate with respect to the weight of 'I'i-pure-
R70(i (i e. 175 mg of Ce,(COS), 4HSO for 3 5 g ofpigment).
This data clearly demonstrates the photopassivation capa-
bility of a separate phase of insoluble cerium (IH) com-
pound. in a dry lilm containuig only Ti-Pure R-706 as
pliotocdldlv'sz.

[0156] The photopassivation capabiliiy of Ihc same
insohible cerium (IJJ) carbonate as a separate phase was
investigated in conjunction with the rutile 'i'i02 used in

Example I above, v:hich ives used as the pigment instead of
Ti-Pure R-706 (as ui the paragraph above). FICi. 12A shows
tha1 in coatings prepared without ccnum (HI) compound,
photocatalysis by rutile 'liO caused a 58% photodegrada-
tion of CR organic dye after exposing the dry film to (i h of
sunlight (the control in Example 2 comprising only polymer
and CR organic dye demonstrated no significant photodeg-
radation of the dye in the absence of pigment) Data in FICI.
12B show s that the cxtcnt of dyc degradation decrcascd Io
20% svhcn Ihe coating w as prepared with 2 w t % ol'ernun
(III) carbonate with respect to iveight of rutile 1'iO, pigment
photocatalyst. Surprisingly. data in I'ICJ 12('how:s that a
coating prepared with 5 wt % cerium (BI) carbonate together
v ith nitile TiO, did not shots any detectable C:R dye
photodepadation upon 6 h exposure in sunlight. This last
data sct demons tra tea Ihdt a cheap grade of conmicrcisl TiO.
can bc successfully photopassivatcd via Ihe action-at-d-
distance mechanism of this invention, employing insoluble
particles of ceriiun (III) carbonate as a separate cerium
(I I I)-compound phase

Example 4

[0157] f)ntil novm in all of the examples above. Ce-based
materials discussed tor pllotopassivation of organic com-
pounds have been synthesized by the inventors synthesis
protocol (i.e, the synthesis of cerium carbonate iven in
Exmnplc3). Herc thc im entors cvaluatcd thc photopassiva-
tion cliicicncy oi'ommercially avmlable Ce(BI) carbonate
hydraIc, wluch werc obtautcxJ from ddlcrcnt chenucal sup-
pliers including Sigma Aldrich (325503-50(i 99 9sgs trace
metal basis); A('13()S organics (A('379400500); and Alfa
Aesar (15295-22).

[0158] Tluec SOTSaratc sets of photocatalysis werc per-
formed via identical conditions and procedures as described
in lixample 3 (i e. 10 ml, of 10 M aqueous solution of
methylene blue (MB) was treated with 2 mg of P25 photo-
catalyst, 11.4 mg of R706 and I mg of Ces(COS),,xH,O
obtained from drill:rent commercial sources (i.c. Alfa Aesar.
Sigma Aldnch and ACROS organics) in thc same photorc-
actor setup). Surprisingly, Cez(COs),.xHSO obtained I'rom
Sigtua-Aldrich and A('ROS organics failed to exhibit pho-
topassivation of MI3 dye. and withm 30 sec-100% Mll dye
v as degraded in aqueous solution under the exposure of 254
nm light in the photoreactor. However. Ce,(CO.,)s xHsO
obtauicd from Alii Acsar show ixl ellicicnt photopassivation
of MB dye in solution, using thc procedure above. FIG. 13A
shosvs thc kinetics of MB orgaruc dyc photodcgmdation
from this experiment. 1'he mte constant calculated fmm the
data in JSICJ. 13A is lxlfi 'in '. ivhich is still -2-fold
faster MB de radation than that aclfieved with the same
amount of Ces(COS)..,xHsO synthesized according to
Exmnplc 3 (Six FIG. 10). Although Ccz(COS)...xHSO I'rom

Sigma-Aldrich and ACROS organics failed to show thc
photopassivation ol'B dye using the procedure above.
v hen increasing the amount of ( es(COs)s xi ISO from I mg,
to 5 mg, a reasonable mnount of photopassivation of MD
dye was observed in both cases (e.g., for Sigma-Aldrich and
ACROS samples of ('es(COs)„.xHSO). FICIS. 13B and 13C
shosv thc Linc(res oi'B org;mic dyc photodegrada tron from
these cxpcrimcnts, and thc mtc constants calculated from the
data in FIGS. 13B and 13C arc 4.7x10 'in 'nd 4xlfi'un', respectively. These data show 8 5-fbld and 7.5-fold
higher Mll degradation under exposure of 254 nm light,
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compared ttith that achieved with the same amount of
Cez(COS),.xHzO synthcstzcd according to ExamPle 3 (sec
FIG. 10).
[0159J ATR-lr 11R was undertaken to explore the ditferent
nature of carbonate in the various ('ez(('03)3 xlizO mate-
rials, A strikin difference obtained in the ATR-FTIR spectra
of Cez(CO„)3 xHSO obtamed from Sigma-Aldrich and
ACROS organics is that both materials posses an intense
peal at 1410 cm 'orrcspondutg to sr cakly clcctrostatmally
attached carbonate. wluch Is stnular to tim FTIR of frcc
carbonate ion dissolved in water (Geochimica et Cos-
mochimica Acta, 2005, 69. 1527-1542) Although ('ez(COS j
S.xHzO obtained from Alfa Aesar also exhibited 0 band at
1410 cm ', it was very v eak in temts of intensity rekntive to
other bands above e.. band for unidentate carbonate. Sur-
pnsutgly. tiu: band at 1410 cm 'as cnurcly absent In the
Cez(COS),.xHzO synthcstzed according to ExamPlc 3. The
inventors utihzed the ratio of peak intensity at 1410 cnt 'electrostaticallyattached carbonate) to peak at 146g cnt
(monodentate carlxmate) as a measure of presence of elec-
trostatically attached carbonate in the Ce,(CO,) i.xH10, and
values are tabulated in Table I, based on spectra shown in
FIG. 14. Based on data, Cc„(('Oi) i.xH20 Possessmg a retro
of peak intcnstty at or below 0.93 Is prelbrable for pholo-
passivation of organics at I mg scale in presence of 2 ntg
F25 1lut zenn peak ratio is ntost preferable i.e absence of
band at 1410 cm 'hen ('ez(CO,)3 xilzO has weakly
electrostaticaliy attached carbonate as evidenced by appre-
ciable 1410 cm 'and intenstty in the inibared. the cenum
carbonate has rcduccd photopasstvatton abtlilv.

TABLE I

S:unplc S:une

Synrhes zed A ord n tn
Lzarnple 1

Alfa Aesar
h gila Altll'll
ACROS nigantc

Ihitto of ATR-FTIR peak uituisitv
141 it cti1 .I-lds ln

it tat (no hand)

00
I ul

I 1

[0160] To further Invcsugate dtffi:renccs in pholopassst-
vation ability of comntercial ('ez(CO,)3 xilzO and Cez
(CO3)3 41lzO synthestzed according to Itxample 3, CI IN
elentental analysis was performed. It vvas found that Ce,
(COs)vxH,O obtained from Sigma-Aldrich nnd ACROS
orgntucs conlatncd 5.71% C and 0.93% H anti 5.74% C and
O.SS'!o H. rcspccuvely. whcrcas Cez(COI)i.xH,O obtatncd
from Alfd Aesar containtx! 6.5% C Imd 1.45% H. The
('ez(( 03)3.411zO synthestzed according to I ixample 3 con-
tained 67% C and 176% II Based on this data. it Is
preferred for cerium carbonate to have both a high C and H
antount. It is less preferred to have cerium carbonate com-
pnsutg a weight % C of 5.7% or lower, wiuie composing 0

wmght '!o H oi'.9% or lower. Altcmalively, 0 is morc
preferred for thc ccuum carbonate tu have v,etghl % C of
6 5% or higher and I I wetght !o of 1.5% or higher
[0161] A further tool to characterize and diiferentiate
diff'erent batches of cerium carbonate permining to tlus
invention is themtogravimetrtc analysis. This analysis relies
on the thermal dccomposttton of ccuum carbonate to syn-
thcsizc cerium oxtdc mtd CO„wluch occurs in lhe lempera-
turc range oi'200'. Io 575'. (scc J. Cryst. Growth 1999,
206. RS-92 and Mater. I.ett 2007. 61, I g63-I gti6) [jata in
lrl(i. 9 and Table 2 sumntarizes the percentage weight loss

in the temperature range of 200" C. to 575'., ac nonnal-
izcd relative lo lhc dehydrated wetght at 200''., duung
lhcnuogt'Ilvtulclrtc anal)'sls Iif vdnous currant carboutuc
batches in dry air at a beating ramp rate of 5" ( /min 1 he
cerium (III) carbonate synthesized according to lixample 3

has the largest vveight loss corresponding to CO, released
normalized to the dehydrated tveigrht at 200" C. of 29.0%
(diff'erence in vveight bettveen 200" C. and 575" C., divided
by the dry weight at 200'.). Whereas the bnlchcs of cenum
(111) carbottatc received from Sigma Aldrich and Acros
Organics have the lowest weight loss of 22.7% and 21 9'rl,
respectively.

'IAI31,1. 2

SattIplc SstlIc

tt'ROX

.Ill'a 1 sa
hhnthes zed Accnrduig
to Lauupl

Weghtl ss us the ringe f 00' tn r7r'
orresponduig to Ooz

released!at ".nonnil zed to dehvdtited
clgllt at 0(1'

21 0"r

-- 7"

27
20 r)t,

[0162J Based onthese data in I'l(r Sand'Iable 2, it can be
concluded that the most preferable cerium carbonate has a
wetght loss corresponding to COS released during thermo-
gravtmctric analysis 01'l least 29.0'!o as normalized to dtc
dry wctghl of thc nuiterial. A more preferable belch of
ccoum carborratc of thts invmttion has a wctghl loss corre-
sponding to COz released during thermogravimetric analysis
of at least 27.6"rh as normalized to the dry wetght of the
material. A preferable batch of cerium carbonate of tlgs
invention a v,eight loss corresponding to COC released
dunng thcrmogravunctric aruilysis of at least 21.9% as
normalized lo the dry w ctghl of Ihc material
[0163] Based on Ute above data, all oi'hc conunerctal
('ez((.'Os)3 xilzO are capable to do photopassivation of
organic molecules via an action-at-a-distance mechanism,
however. either due to presence of less carbonate or due to
the presence of electrostaticaliy attached carbonate, they are
uol Ils cfflctcul ds Iht: utvcnlors'c,(COS)„.4H,O sv'ulhc-
sizcd accordutg to Example 3. Thus, htglmr amounts of
conunercial Ccz(CO,)S.AHzO arc rcqutrrxl to scdvcngc thc
ROS genemnted by photocatalyst

Extunple 5

[0164] Though photocdtalysis incrcascs photodccomposi-
tion of organics, thought to be medtated by genemntion of
reactive oxygen species (ROS). Crgantc molecules have
their own absorptivity of light due to presence of light-
absorbing chemical substituents. This absorptivity of light
can Itscli'roduce radtcals in water. whtch cvcn ut thc
absence: of a phoutcdtalyst pcr sc, can ulnmalely lead lo
pholodcgradation/decomposition of organtcs. Here thc
inventors investigated whether it was possible to reduce the
inherent photodecompositiontdegradation ofntetbylene blue
(MB) dye under exposure to 254 Iun hght, by usin cerium
(III) carbonate. in the absence of any added photocatalyst.
[0165] Two SCTtaratc sets of photoreacttons werc per-
fttrnuxl. (I ) 10 mL aqueous solutton of 10 ' MB dye was
exposed lo 254 ruu hght under a photoreactor ac(up for a
duranon of up to 60 min and (2) I mg ('ez(('Os)3 41110 that
was synthesized according to Ihe procedure described in
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Example 3 it as dispersed in a 10 mI aqueous solution of
10 M MB dvc, Bnd thc resulung slurry was exposed to 254
nm 1&ght under photorcactor setup for a duration of up tu 60
nlin l)ata shown &n ltltiS. 15A-15B demonstrate that the
aqueous solution of 10 ' methylene blue containing I mg
('e,(COS)&.4H,O exhibited a nearly 40-fold decreased mote

of MB dye photodecomposition compared to the control
aqueous solution consist&ng of 10 ' MB dye.

Example 6

Synthesis of Cerium(IH) C:arbonate via Solid-State
Mcchiinocht:nucal Method Bnd IB Use nt thc
Phonistabihzanon 01 tin OISBnic Dvc

Synthcs&s and Chardctcnzat&on of Cerium(III) Carbonate

]0166] To a mortar, 1.04 g of solid ammonium carbonate
and 2 g of anmlonium cerium (IH) nitrate tetrahydrnte v. ere
added and ground with a pestle iiir 5 min. The resulting
wlntc powder was washcxt with water (ulcluding 5 m&n

&or&exing and S m&n sotucat&on), and thc sohd producl was
recovered via centnfi&gation at 20000 rpm for 3 min. 'I he
solid product obtained was further tvashed three more times,
in order to ensure the removal of any unrencted or loosely
held salt species prior to yielding a wet paste after centrihi-

ation having a solid content of 24.5 wt. t/k A small portion
ol'this w et paste was dncd, to obtmn d w lute colored powder.
]I)167] Pov der Xl&I) of the mechanochemically synthe-
sized Ce(HI) carbonate demonstrated B pattern consistent
with a crystalline material with the knoivn crystal structure
of Ce,(CO,), CIH&O As in Exmnple 4. ATR-FTIR was
undenaken to cxplorc the nature of carbo&xtte in Ces(CO&)
&.6H&O, and thc ATR-FTIR spectrum cxlub&tcd the absence
of a weakly electrostatically attached carbonate band at 1410
cm 'n lilt). 14, sim&lar to the wet chemically synthesized
('e,(COS)&.4H,O of ExamPle 3. Thermoyavimetric analy-
sis in dry air at a heating ramp mote of 5'./min demon-
strated 28.4 wt '/s CO, was released (diflhrence in we&ght
bc&worn& 200'. and 57S', d&vided by 0&e dry weight at
200'.), and th&s data &s shown in FIO. 9.
]0168] Photocatalysis v as perfomled via identical condi-
tio&&s and procedures as descnbed in Example 3 (i.e. 10 mL
of 10 'M aqueous solut&on of methylene blue (MB) was
trent&xi with 2 mg of P25 photocatalyst, 11.4 mg ol'R706 and
I mg ol'e&(CO&),.6H&O &n Ihc same photorwtctor setup).
lilt). 16 shotvs the kinetics of MB organic dye photodegra-
dation front this experiment. I'he rate constant calculated
front the data in FICi. 16 ic Gxlfl min ', wl»ch is very
similar to the rate constant obtained for Ce,(C'O.,)...4HSO
(i.e. 5.5x10 min ') of Example 3.
]I)169] I he section headings used herein are tiir organiza-
tional purposes only and are Uot to be constnied as limiting
the subject matter descnbed. All documents. or portions of
documents, cited &n the application including, without limi-
tauon, pa&mits, patmlt applications, an&cles, books, manuals,
and Ircatises arc hcrcby cxprcssly incorporated by reference
h& then cntlrcty for dn)'U&pose.
]0170] Willie various embodiments and aspects are shov n
and described herein, it v ill be obvious to those skilled &n the
art that such cmboduncnts tmd aspects dre prov&dtxl by way
ol'example only. Numerous variat&ons, changes, and subst&-

tutions will now occur to those skilled ul Ihc art. II shuuld
be Understood that various alternatives to the embodinlents
described herein may be employed

I A composition con&prising cerium (IH) carbonate and a
p&gmcnt or a dye or a combination therix&f.

2 The composition of claim 1, v,hich comprises a pig-
nlcnt sclcctcd fronl Iht: group cons&snug of. Il&BUIUU& dltix-
idc, z&nc oxide, cerium ox&dc, zircon&um oxxle, tungsten
ox&dc. vanadnim ox&dc. tin ox&dc, n&ckcl oxxlc, copper
oxide, molybdenum oxide. tunnsten sulfide, cadmium sul-
fide, cadmium selenide. zinc sulfide, cele&um carbonate,
m&ca. silicas, tales, graplfite. white lead. barium sulfate,
calcium carbonate. Iithopone. silica. talc, mica, clays. cal-
cultxi cia)'s, ledil sihco-chronlattu zulc chtomtilc, cdlciitnl
zulc molybdatc, barium mctaboratc. z&nc ox&de, zulc sullidc,
Ur a combinat&on thereof.

3 Tlm compos&uon of claim 1. where&n thc compos&t&on
conlprlscs tt ptgnlcnl which Is Utanlitnl ihoxldc.

4 The composition of claim I, wlfich comprises a dye
sclectcd from Ihc group consistulg of: &ron oxxlc, carbon
black, cadnuum sullide, Iolu&dcnc rixl, cluomc omngc,
chrome yellow, chrome green, polyazamdacenes, cou-
marins, lanthanide complexes. hydrocarbon and substituted
hydrocarbon dyes, polycyclic aromatic hydrocmbons. scin-
tillation dyes. aryl- and heteroaryl-substituted polyolefins,
carbocyanine dyes. phthalocyanine dyes and pignnents,
oxazinc dyes. carbostyryl dyes, porphynn dyes, acndulc
dyes, antlmiqu&none dyes,;mtluapyndonc dyes, naphtal&m-
ide dyes, benzimidazole derivat&ves. arylnlethane dyes, azo
dyes, diazonium dyes. nitro dyes. quinone imine dyes,
tetrarnlium dyes. thiazole dyes, perylene dyes, perinone
dyes, bis-benzoxazolylthiophene„xanthene dyes. indigoid
dyes, chromones dyes, flavones dyes. thiazine dyes, and
comb&nations thcrcof.

5 The composition of clainl I, wluch comprises a dye
selected from the ~cup consisting of: iron oxide. carbon
black, cathmum sullidc, toluidcne rcxt, cluume orange.
chronic vclltiw. eh&Unit: gtccn, dnd con&bun&nous thclcoli

6 Thc composinon ol'laim 1, wiuch compnses a dye
wh&ch &s mcthylene blue or congo red.

7 The composition of claim 1, wherein the cerium (HI)
carbonate comprises no elccirostaticdlly attached carbo»ate.

8 The composition of clainl 1„wherein the cerium (HI)
carbonate releases at least 27.5 wt '/s CO, when normalized
to the dry we&ght ol'hc cerium (HI) carbonate, dunng
Ihcnnogi'tlvlnlctric Bniilvs&s.

9 The composition of claim 1, wherein the cerium (HI)
carbonate &s thc ccnum carbonate &s Ccs(CO,)& 4H&O or
Cc,(CO&),.6H&O.

10. A process for prc7&aring cerium (IB) carbonate com-
pnsulg thc step ol nllxulg In Ihc presence of watcm a)
anunonium carbonate;md b) mnmon&um ccrnun (111) nitrate.

11. Thc process ol'lam& 10, whcrcu& tlm anunonnun
carbonate and anunoruum cenum (HI) n&&rate are nuxtxl in
the presence of tvater at a pH of from alxiut 9.0 to 9 2.

12 I he process of clainl 10, wherein the process further
comprises the step of mixing the prepared cerium (HI)
carbonate ivith a dye or a pigment or a combination thereof.

13. The process of clainl 12. which comprises a pigment
v hich is titanium dioxide.

14. The process of clainl 12, which comprises a dye
sclectcd from Ihc group consistulg of: &ron oxxlc, carbon
black, cadnuum sullide, Iolu&dcnc rixl, cluomc omngc,
chrome yellow, chrome green, and combinat&ons thereof

15. I'he process ofclainl 12, wh&ch computes a dye which
is niethylene blue or congo red.
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16. The process of claim 10, wherein the prepared cenum
(III) carbonate composes no elcctrostaucally attached car-
bonate.

17. 'I'he process of clatm I 0, wherein the prepared cenunt
(III) carbonate releases at least 27.5 wt % (:0, v,hen
nouns)ized to the dry weight of the cerium (III) carbonate,
during themtogravimetric analysis.
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