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MODIFICATION OF LAYERED DOUBLE HYDROXIDES

The present invention relates to a process for modifying layered double hydroxides
(LDHs) and the modified layered double hydroxides prepared thereby.

Layered double hydroxides (LDHs) are a class of compounds which comprise two metal
cations and have a layered structure. A review of LDHs is provided in Structure and Bonding,
Vol 119, 2005 Layered Double Hydroxides ed. X Duan and D.G. Evans. The hydrotalcites,
perhaps the most well-known examples of LDHs, have been studied for many years. LDHs can ‘
intercalate amonsbetweenthelayers ‘of thé-structure. - WO0-99/24139 discléses use of LDHs to
separate anions including aromatic and aliphatic anions.

OWing o' the refatively high sbrfice chatieand Hydrophilic’ propertiés ot LDHS e
articles or éﬁstallites'of conventionally syntheésised T DIg ré ‘generally highly aggregated. The
result of ‘this'{s that, when ’ﬁ'roduced, LDHs aggregate 'to form “¥fone-like”; nori“porotis ‘bodies
‘with largé’ ﬁafti'ele ‘sizes 0f Up 6" several “hundred microns ahd Tow specific surface aréa of
generally 5o 15 m*g (as ‘disclosed ‘for example in Wang et al Catal. T oday 201 1y 164 198)
Reports by e.g Adachl-Pagano et al’ (Chem Commur. 2000 91y of relatwely high- surface arda
LbHs have' specific- stirface areds no hlgher than 5 to*120 m%/g.

“In cettain’ apphcatlons (for example adsorbents or catalyst supports) it would be
advantageous to prov1de LDHS with hlgher surface aréds than currently tiowWn, Rela’uvely hlgh
stirfade aréds would lead to & greater number of détive sites and fa0111tate mass transport’ Fom' the
surface to bulk

“feisian object of the present mventmn to provxde a procéss for modrfymg layered double
hydroxxdes and to' provxde 1ayered double hydrox1des oVercommg the dlsadVantages of the’ pnor
art:’ Espec1ally LDHs * shaII* be - prov1ded havmg reduced aggregaﬁon f "LDH
crystalhnes/partlcles havmg hlgh surface area, large pore volume and/or low part1cle dens1ty
and/or apparent or tap dens1ty ' SR
i The present mventlon accordmgly pr0v1des, m a ﬁrst aspect a process for rnodlfymg a

laYered doﬁble hydroxxde (LDH) the process compnsm
A ﬁiﬁbv‘idiﬁgfa‘Wafer"aviet-1“eiy‘éréa‘doume*hs}dfb'ﬁdé‘af formila:

UM LMY OH, T (X a0 (1)
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‘wherein M and M’ are metal cations, z= 1 or 2; y =3 or 4, x is 0.1 to 1,
preferably x < 1, more preferably x = 0.1 - 0.9, bis 0 to 10, X is an anion, ris 1 to

- 3,nis the charge on the anion X and a is determined by x, y and z, preferably a =

z(1-x)+xy-2;
b. maintaining the layered double hydroxide as water-wet, and
C. contacting the water-wet layered double hydroxide with at least one solvent, the

solvent berng rmsable with water ‘and preferably havmg a solvent polanty (P ) in

the' range 38169

This process’ ié 'greatly advantageous because despite being such a simple process it,
surprisingly, results in highly porous and highly dispersed LDHs, preferably having low particle
density- For instancel for 4 Conventionally’ synitiesized ZnyAitborate LDH, its specific surface
area (N,) and total pore volume are only 13.4 m*/g and 0.08 ce/gQ, respectively However, the
inventors have’ drscovered that LDH modzﬁed acoOrdmg 15 the mventlon has a s‘peclﬁc surface
modified LDH has a very umform pamcle size of about 5 um ThIS method of the mventzon can
be applied to all LDHs In addition this method is snnple and can be easrly scaled up for |
commercial prodﬂeﬁon

Solverit: polanty (P’) is‘defined based on expenrnental solubrhty data reported by Snyder
4nd Kirklahd' (Sri'yder L. RE * Kirklahd, ST Introductmn 10" imodern lzquzd chromatograpky,
ond éd:; T6Hn erey ‘and Sons NeW York 1979 pp 248 250) and ‘as descnbed in' the table‘in
the' Examples sectron below

Preferably, aggregatron of partrcles/crystalhtes of the LDH is reduced Also preferred in
step a; as stated above a substance compnsmg a water-wet layered double hydroxrde of formula
(45} tnay be provrded ‘ B

“Inia oSt preferred ernbod1ment the at least one solvent is not water

The water- wet LDH should not dry ‘before contactmg the solvent‘ and is: preferably a

’water slurry of LDH partlcles The preferred method of contactlng the' Water-wet LDH withi the

solvent is’ drspersmg the' water wet LDH m the solvent
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Zn; Fe for a M’gFeZn/Al LDH Preferred M are Mg, Zn Fe Ca ora rmxture of two or more of
these ‘ .
A M’ may be 4 smgle metal cat1on ora mlxture of dxfferent metal catlons for example Al

Ga, Fe. The preferred M is Al The preferred valug of y is 3 - A

Preferabiy, zis 2 and M is Ca or M'g or Zn'or Fe.

Preferably, Mis Zn, Mg or Ca, and M’ is Al

Preferred values of x are 0.2 to 0.5, preferably 0.22 to 0. 4 more preferably 0.23 to 0.35.

v Phs S Wk foF 4 “Skilfed" artisah,’ Vhe TDE éé’éordr Hg to Sttt st be
$iBulAl 136 At eV fie brks dé ‘éf" ’iﬁed’ by the‘ﬁufﬁ%ei“ of" posm chafges A OTRARES BF

2 vt

The4hioRiA tﬁe‘"ED”ﬁ‘rr’fan EThY épprophéte faitit} ;“crggﬁlc or 3 6rgam TP BRAnple

Rilide @ B itoiies, Morgate bRyaRishs (€ 8 K O O, m=1-5n=2-10;p=0-4,4 =

e 1A

1 -5, XEREINZSS pog & Mibordts, brearbohate, Tfiydrogenphosphate, dihydrogenphosphate,

nitrite, boyafe? mt’rate,‘iyhospha’c shfphdte)"am?)mb surfactants (such as sodium dodecyl sulfate,
fatty 8.01d it o ébdmm ste te) ‘Sriionic" chromophores‘”and/o : giidmicion! absorbers*for
3-1’0 e{hoxybler&zorc‘“‘hm&"”r? hydrdxy—

5 1’(13(11‘IMBA“4 Y mty 3. métho y nﬁgrfffc ‘édld ﬁ‘ammobenz SHcid and/‘of uroéamé Lok o
14

A :.

Dy

example ﬁhyaroxy—

&%“"fﬁﬁfybeﬁé hénoneLS s’ulfomc

4

an "‘Preferably, he partrcles of the LDH have a size in the range 1 nm to 200 mlcrons more
) } i R .,}.‘.r.;';‘{.

i \, .3

‘l]v(f ¥ ',::.‘
I‘CI‘OHS'.’

Ai A “
1" AT
e ‘org‘

i sultéb
fpreferfed solverrt' 1sﬁéel&:ted“frorﬁ‘}oné or“
drmethyl”: ‘ulfoxrde S dl“y I f_’ ; % ol’ ”rﬁéjch‘a‘rrc’;‘l.

sy gf :- ;

te

ropanol oot
"alkaxfals“ AT

v L
:‘ {

franol or ethanol

water '
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Preferably, the mod1ﬁed 1ayered double hydroxu:te obtamed has a spec:1ﬁc surfice ‘area
(Nz) it 'the” range 155 mzfg to 850 m /g, preferably 170/ mz/g to 700° mz/g, bi ’ore preferably 250
2/g t0°650 mz/g Preferably, the modIﬁed Iayered double hydrox1de Kas a BET pore volume
(Ny) greater than 0.1 cm3/ g. Preferably, the inventive modified layered double hydromde has a
BET pore volume (N3) in the range 0. 1 crn3/g to 4 cm' /g, preferably O 5 cm3/ g to'3.5 cm3/g, more
preferably 1to 3 em?/g. "
" Further steps in the process ‘may compnse drymg the LDH obtained in step ¢ and/or
subj ecting the LDH to a thermal treatment The thermal treatment may compnse heat treatment

Y

at temperafure ring¥ ¥ RS room“température”to NS 150 °C”and/oi‘ Aot 1 50-°C 5 Zi “°C
A/oF dbSUFEH0 o7 S G0l “riibrmal irbatRGe may Y dnpitiad 'icmméo?he PO (&l atd

?‘éiﬁpératﬁre ifthie rahge’ 160c 6 9“%’@"’.(3’)'
(o) ey ;;Nentlve“proeess e be cafled”an‘ aﬁﬁeous Utibdibnerskehnib Hadivent Heatfidt
?AM@ST) Brodesst ‘The Tnventive: process "oan e either a oontmuous by § Bt o Brocess.

| Accordmg“}o Pthe second object, a layered double hydroxide is provided, prepared
accordihg %6 the’ m\}en‘tfve“' oeesst

" ,

‘Prefefably t 'aye§ed dotiBie Hydromde has ¥ ’B’ET'&J’(’)&‘ volume (3 j“gx‘eater’tﬁ Hreuf
chf/”“ o

.rr‘lore preferab}y’ m the range 5 to 200 De—aggregatlon ratlo 1s the ratlo

: A'\ "' \" sy R St i

"way’ T‘he coiﬁﬁanson fe A S 1den é’a‘I'LDH éynt}feémfﬁ’y\ﬁflleﬁ the Wafer "i/e’t LD is Just
dried and ‘nof‘been ’treated W1th"a whter rnlsclblersol‘v‘em’JL The "d’e”aggwgatwh G 19y

Fetdted to*

T}i Odlﬁéd‘ LDﬁs pré'par'e&' acbbrdiﬁ’g‘"‘té‘"fﬁe_'pfe'squ ivehtioh' Coult berealled aquedus

rmscable orgamc—LDHs (AMO LDHs) L ’ ‘ e,
The"‘ odtﬁed’ ‘LD.’Hso ’th ‘Bfeseot invenﬁon have preferably a iobse‘ bufk dens1ty bf O s

~: ‘ ' 03 1478 ‘ﬁ‘ féfabl ‘ta ’GyéPy'c ‘fap

14 7»

dené ity 91 0: 2“/0*4 g/mL{_, 4 : i
%“eompared t‘ 3:' veﬁtx‘onallyzpreﬁdfed‘LDH‘ Funheré&

.eotlve "m thod ! ‘ffnparts
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characterlstlcs to an mventwe LDH compared to a conventronally prepared LDH ‘as shown bv
thermo gravrmetrrc analy51s (T GA) _ .

Preferably, the process results m a LDH havmg an 'ap‘parent densny of Jess than 0.8
g/ cnl preferably less than 0’5 g/cm ‘ore preferably Tess than 0. 4 o crn Apparent densrty may
be determmed by the followmg procedure The LDH as a free—ﬂowmg powder was filled info a2
mL’ dlsposable prpette trp, aiid the solid was packed as trght as possrble by tappmg manually for
2 min. The werght of the plpette tip was measured before ‘and ‘aftér'the packmg to détérmine the
mass of the LDH. Then the apparent den31ty of LDH was calculated using the following

Bqition o o

Rpparent desily ™ DT Weight (2)/LDH volume (2 rrrL)

PP aééé'f ’g’ % Hhe- 110 htfoh ”‘hpa‘r’fféulaﬂy sullable t0 héaused‘ifo‘ g large
G4 f5€§7 of* pplrcatr‘ons h
i ‘R‘“App"féatibns{“of»‘ l*f‘e & DEE iR Ti8e Ut 'catalys? sugports Pt lrh'“ “oth
apﬁllEatidﬁs"" )

Th‘“preferred}and‘optro lr’features of the ﬁrst“and sédon "‘%pébts of* fheirnvéhés‘rl"'ﬁf’gfdé
drs : dm relatlon to the other aspects and as specrﬁed in the clarrrls ; -
SRy ’klaées alrrd‘1 fe‘atlrr‘es ot th’e‘sul’)fjé‘cf‘mattér’bf the present mventron can be

S bnvio cep Ll GRnsE B

taken from the followmg detarled descnptlon takmg the drawrn mto consrderatron, m whrch

Fxgure 1 "The‘Lf)H hésr b ocedur m “"ud ing the ‘inventrve aCetonetreatmehf.‘

(23 RRSE IR

' :\». \"xl,' Ao

: ate LDH (a) slurry “after Washmg wrth wate :.(b) drred
powder aﬁery Washmg wfth‘ Watef 4 (c) sld i

Y P

hire oy

"“(wa hrrig wlth acefbfl.e” At (d)j dhed-p "”der

1th racetone (V) reﬂectrons from sample holder

aﬁer wash’rng“ ,

Fxgure 3‘ XRD' patte s“o'f icl'\tfr‘)‘r‘le.\v héd‘Zn i borat”‘Lles]ﬁrri{,'
Sebnad) it

Flgure; TENT 'imaige 5 erziA]—borate Lﬁﬁ &?’és" iy

‘Fn‘g‘ifl,r'é SHr '?’és‘ollrﬁorr TEM m’raée of anA : b’o'ra't :LB’H “”she 1th ac* t xh?e'"'
5 : botate DH"@a’ﬂs’lféd wrth‘ éceton‘e

i ey

Frgu_'re 7 Nrtrog@n‘l Ab‘r'sorptro_n‘ ‘rsoth S i‘of Zﬁ“Al Borate L Hs wa’shéd wrthﬂ(a)” w‘ater andL ‘(b)

I

it s el i s SRS
@) ruh‘l_}((_b)‘rr&x‘zf;’(e)xﬁn

reorwAy 5.

ierfis'"c‘)f ace%one‘ v@ashed‘Z‘rhA b1 ate ‘LDH (a) dned powder (b) exposed to

\ .t s U"

;'re 1o ﬁiaCt"i}V1th1N . Og solutlo’rl‘




Flgure 9. TEM 1mage of acetone Washed anAl borate LDH after re-contactmg w1th (a) HZO
and (b) Na2C03 aqueous solutwn
Flgure 10 The LDH part1cle growth steps durmg acetone’vvashmg .
Fxgure 11 XRD patterns of Mg3A1-borate LDH’ washed with (a) water and (b) acetone
5 Flgure 12. TEMi 1mages of Mg3AI-borate LDH washed with (a) water and (b) acetone.
Fxgure 13. XRD patterns of MggAI-N03 LDH washed w1th (a) water and (b) abetorie.
Flgure 14. TEM i image of Mg;Al NO3 LDH washed with (a) Water ‘and (b) acefone.
Fxgure 15. XRD patterns of Mg3A1 -C1LDH washed with (a) water and (b) acetone.

29 1 151

F'("“i‘e 16. TEM 1mages ofMggAl EPEDH Washed it (a) water and’ (b)‘“‘cetdﬁe’
10 ’;‘e T mﬁ’péﬁ%‘“gaﬂv{ JA1-SO4 LDH washed with (a) water and (b) acetone.

A b N s “l(

Figire s, J1“EM IhAgEs c’)f‘M‘g3A SOF LDH‘was dthh (a) Wéter and (b) acetone.

RYSRE i

Figiive 15, XRD phtters & YA OB braHsi Witk (b Watdt SR ) *écetone

o ”(_\‘\

Figiire 20. TEM! image of Zn3A1-No"‘LDH (s Hed With (8) watet 4id ’Cﬁj’aéetbne‘;"

Fighire 21: XRD piaerRs SFESAILN O DI washed With' (4) Witer dHd(B) acetbrie”
15 Fighive 2. SEM ifaged $r & ALNO; LDH washed With (4) WALSE 47 (B) 4cetomie:
Figiie 23. TEM uﬁévgé"‘sﬂof dazAL-NOyLDH washe’d w1th (a)“w’é’ter a‘n‘ ) aa'e‘ta}&e

“ hp\. r"u

Fxgu ‘ 24 A TGA‘afiaIydxs of Mg3A1 ‘NOJ bEo)ts washed with Wit ! iddtbms ¢
‘Flghre 25. XRD patterns of i zAll bdr’a’te LDH§ washed wuh' aceione &hAndFaid methanol.

i _‘ --1 ‘""‘ ’..- . f 1y g
Flgure 2 TGA an TG aﬁalySIS“of g3A1 N03 '10 LDHS (a)’m the‘rahge' of"30”600 °C and (b)

."

'm e

mmiethiod i Wéfé’r dEpH 10 whﬂe MgaAl'ii.'.u
Wéﬁ:’r afPH’ l‘O‘accordmg to i method' of }he pre eht ir vent‘lonzu

20 tﬁ ‘ange ) , : Was prepared By“a cb‘h‘ventlonal' COpreC1p1tat1on

A ‘was prepared under 1dent1ca1 condmons in

smé”ébetone as the ‘solvent.

'h" ‘;"n entlorms fuﬁher 111dstrated by the follong‘EXaxhples

25

drep‘wwe‘:mto‘\ an amon solu Iori' and'th’. Is"'adjusted ot
pr det‘errrim a‘_ipredeﬂermmed

30 iem‘pef'ature forlabout*:

E

drymg at's5
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Further TS well known n the art that other synthesxs methods for LDHS are known

such as use of controlled hydrolys1s of iirea or e.related orgamc compoﬁnd hydrothennal
synthes1s or solvgel methods )

1.2 Inventlve method w1th solvent treatment— the mventlve metﬁocl ‘1‘5 desxgned based
redlspersed in acetone Aﬂer st1mng for about 1 - 2 h the sample is filtered and washed with
acetone The final LDH product i is dried at 65 °C Comparing to the coprecipitation method, a
31mple solvent/acetone treatment step 1s added before the LDH “wet cake” is dried. Such a

simple step‘s‘urpnsmgfy }esdl i ‘vex"y i fferent Lf)Hs‘”rodﬁct With¥indk higher” Silffasds area;
T sghtlesis pro eélﬁfe ¢ 1ﬂu§‘i‘ F gu'rw

2. Char céeni%g‘ iE Mstksds . _ “
CXE mvEfﬁ?hé’t‘ioﬁ“ Xﬁf)) £ KR patte A3 Ware recorcfed*‘o‘}{eé OGP "‘é pis

R I

SRtErieat i rAfdCHEn Mbde Wi K & Fadiation” Thé' accelefann'g VOrEEE b SRRV
Wit A0 mASCHeht (FE 17549 R 8t 0761 Lol B ol 160 Wit WS NSE G A degrerthod, U

t

‘:,‘. éi'T

SMPIC Foribe T EaiSTorT fiﬁ‘rared?" Speé’t‘ oit 15 (FT-IR) PFT IR spectra Wege felordéd on
TE000ETTR Spectro‘rnéter eq. pféed’wnh a*D ’raS M'HRzl’I dmond accéssorif m
PN R RN L ADPRS A werngd (e

’éii-ﬁl‘o: :
é.‘cfenuatedj totai eﬂectanée‘%ATR)"“r‘ﬁ’dre'zm the' range of 400 4000 cm’; 100 scans at 4 cm!

Ty

ALy

resolutlon werc collected The strong absorptmn m the range 2500 - 1667 cm _was from the

S U

,\';p}

were

i

fxn casf onto copper TEM gnds coéted w1th‘1acey carbon ﬁlm

.f. \”} R

‘%Pohﬂ croscoﬁf‘“(SE’M) :an Energy’dlspefswe X-

,.,
)
O

"20 kW Poxxfder‘“sa‘fﬁ‘ﬁies’ Wéfe spreéd ‘on’ ca{rbonrfape

11

’e’i’eﬂ‘ffo an’ ‘SEM“‘stage _:Beforé“‘” ’”n?émon the sampfes Wefé spﬁtfer coated“ “1th“‘ thth

Lu

“Quantachrome" Autosorb.‘

~{.‘L\ R

;LDH samples 'we

~.~L,+

A e T ey R B
‘aréa’ A pbr‘eZSIZé"aﬁalyZer: Before kach’mea
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Thermal gravxmetnc analys1s (TGA) The thermal stabillty of LDHs was studled by
TGA (N etzsch) analys1s whlch Was camed it wifhi'a heatmg Tate of 10°C min” and 4ff air flow
fatd oF 50 mL mm from 35 0{700‘°C

The apparent den51ty wds deferrnlned usmg the followmg procedure The LDH as a free»

ﬂowmg powder was ﬁlled mto a 2 k. dxsposable p1pette tlp, and the sohd was packed as txght as

and after the packmg to determine the mass of the LDH Then the apparent den31ty of LDH was
calculated using the followmg equation: P
Abgasit g éﬁéltx}”wﬁ"\%é eight (g)/LDH Voifirtt (2 HEj

erdaen) ¢ R N R N Tl R e L P Y

[605¢ bulk ashisity” ‘{“Tlfé' Loo'Se‘Bqu“Derl ft§ \i\%s“detér’ﬁ&med ‘dy e follol}\dng
’ﬂécédﬁir}eml“h ’fréely ‘leng powder was poured mto a graduated cyhnder (10 mL) usmg the

,l-m,

l\\

solid adfiBew RIRHML.PRE Byl der co’ﬁtammg“’che1 poW’der‘ was' ’Eapped hdand the VoLhAt
b m'e‘d‘ THET683e Eulk‘Derxsxfy W ad SR st Eqﬁ5€1d By

SR

Loose Bulk Densﬂ:y =2

Vi -
(1)
V\ﬁeﬁ%m st the, xmass,t%f the»powden} mrthe gr“d}llx ate d 31 nder;% is the powder-volume.in
the cyhnde ﬁg 32’1&‘?&@2 '

3 Synthesns of Zn2A1~borate and ngAl- yorate | LDHS

GG vy, 1w Lyl Piiivigy SiT U\‘ hxu)\ Bk e
Synthesxsf of; : LD}{ - Chemlcal .- Formulas
. 1

LA KR T AT ‘ R LE H H
Zno <rAlg, 33(OH)2(B4®5(OH)4)0 42540 B4(H20) 0: ll(acetone)i) mdniphl- borate LDH: 'was prepared
by adding100, xfnc Z"n(x\l@) B0, 075 mol): and "AI(NO3)3:9H,0: (0.0375.mol)-solution drop-

Wise:! mto 2.100; mL H3B®3 (0 187 mol) solutlon The pH of the precxpxtatlon solution was

LAY u‘

fefﬁhole syhttiests; Ve SRR o HS

31

B otect’ed wit Nj"gas‘ (0 prevent the; contamination; by atmosphere»C@z The: Hixture was" aged at

'65:2C for:overnight:: .The- LDH.produc’& was-first-filtered and:washed,with.water te. give a-f‘water-

! < 9, '\
WSRO T e e AR d

about 15":.1:"2?
atesoc: _

e diiggntilesié GENMg A 'ls’i"s}-a d LD W NG AT Borate Ebi “{Chetmical Foflila
Mgo 75Al025(0ﬁ§z(B405(OH)4)0 § 05 0Y-0 2 Ttackisng)y Was"br pa ‘éd"by“‘dding G0 HHE
JbHEO O 05 sy A AT b0 (0,038 oty Sotliion dhpeise i

lilgBOg (0 187'mol) fitigny The' pH Sf e p’r’émpﬁaﬁon OIS Was contx‘olled WEEBG 0! LiSmg

Er ) oY .} 2%
Ak i a?f”r dlspérsed ihacetone Solution: ; ‘After:stifring  for

ALY S

348 sample Was filterdd and sashéa with: aqe‘.tope;rflﬁhe_ﬁnal“LDH broduct Wi diéd

1sel1nto‘fa‘l*00 mL
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a NaOH (1, M) solution, During the whole synthesis, the system.was protected with Ny gas to
prevent the contdmination Ey ctmos,phereCOz. The:‘mixtur,e,;was,gged;;at.; _65°C7\ o?emi-ght.}flhc
LDH product was, ﬂrst filtered and washed to give a “water-wet cake™. Then. the “water-wet cake”
was redispersed in acetone solution again. After an adequate stlmng for about 1 - 2 h, the sample
was filtered and washed w1th acetone. The final LDH- product was dried at 65, °C. ‘
The XRD patterns of ZnyAl-borate LDH synthesized by the conventional co- prempltanon
method (LDH was washed, w1th water until pH close to 7 and-dried at-65; °C in oven) shows five.
charactenstlc peaks of ZmAl-borate LDH observed at.8.3.%,y16.5 °, 24.1. ,°, 34.3.°, .and 60.8 °,
Whith'iedn be! et thd' reﬂecnonﬁ bt “cou3y; ’(005) (0093l ('1’?)‘0), and f‘(110/f13“)‘;§1aaés
PespEBtivery” SRESOTATRE S thé Bragg‘équanon the dlspacing aEbalBaThd O T 05 i Shick 1
tonsidlent with thdleViods répored Vai\ﬁes Subtracitls’048 Sl the thikknEss 6 Grd ‘Brticite
TRECHVETHE (ReaEhaGEF §‘§é1‘é;'r9g” SET 50 T i daeing A lrate sfbemes* i iterdatatdd

o

11itd s 1nter‘1ayers’§ﬁ The ni}drphology ahd the partxcle Size dlsi:nbunoﬁ % e" characterized using
Beihgr el foting’ pé‘rt e iR A averége iz 8E107 of fﬁiefofnefer'r' ft'is'th i‘dﬁght thiat
freshlyc"”f)‘ared LDH nanoplatélets washed “with “Watet,” have a“ surﬁce surrounded ’by \;vater
I‘eéulés duc to fts h1gh“ surfaCe charge Tdens1ty ﬁdnn e ‘drymg proceSS nanoplatelets
artlcl s‘ Su'th Zn‘zAl”boif"élte ¢

1141

ot1ced that dlspersni’gl"m! aca‘toriet‘has ‘a great effecf on' ‘the
THeref’oFé,‘ ’éf’f& el‘

?’1 '2

i 'er§ed SHRIYS

_ é&)ne &
s ougth§ foclldwﬁ&ed by drym‘g 465 °C ‘The‘étructural*changes duﬁd‘g’ each step‘wefe momtored
ngffre : t e"water virashed‘ samp’ : "Jhe 00F "r’éﬂec‘u' .
SolEren foFbdth e s10l A g 5’@";50\%%&& fand”thé‘}‘/’ h i 4t ve%‘;v Sffemgf XRD pa&er":?
'Howéver“wzth ‘furthéf 'Washmg’*wﬁh”“c’e'tdne a ioWer‘OO.? reﬂecuon Wasrseen Wl h*th slun‘y,
Whi hn‘la‘y Be‘d“‘ to‘ih fep bkt
More 1ntérestx gly‘“wheﬂ e écetode \washed'sturr‘y Wa dned the'00
h11i3 tlre ] 00“511 & I ] 0/] 1 3 reﬂec 1on amed s\lggéstmg thét"'the’

'

N S T ':..;"*;.’,{ ,,!:,7;
‘usuigf X.RD,"‘&S" shoxi/n i

is “were

raiy*'c‘an pass thf u'gh
;'iai"*d 50 4“°‘f
'donﬁrmew tha% theée two Impunty peaks can be avorded %krit i d%@ﬁ’éf Sample holdeir~
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"It ‘order to fufthier confirm that the exfoliation of Zn,Al-borate LDH is purely due to the
los$ of acetone molecules another expenment was conducted as shown in Flgure 3. Acetorie
washed slurry was put m a deep XRD sample holder and lts “XRD pattern was recorded
1mmedlately (Flgure 3(a)) After that three more runs were carned out‘thh the same sample
(Flgure 3(a-d)), and each run was fixed to'30 min. It was notlced that for the ﬁrst run, when the
acetone molecules were still in the LDH sample the 001 reﬂect1ons can be detected. However
only after 30 min in air, the sample lost its 001 reﬂectrons Further exposure to air did not change
its XRD patterns. This result clearly demonstrated that the evaporatlon (loss) of acetone
moleculds Eatf resultih 4h ekfohated‘anAl-borate vy’

THe exfohatro‘rr‘of’z”‘Al-borate TOH s further exammed by‘TEM analys1s a5 ShEWA
1 Fighre @ ad Figute’s TAfter“hemg W With acélohe Highly porosy §pbiigetike parttc‘l‘ s
Wk Shtained THS merphawgy TR b ikt ent “From e watkr W Jashed SitHple "FhB
it Zrg 8 caes LDH Sirigltay of i & cldarly sésh tH HRTEN fiiakss (Sed Figate Sy’
-G 5155 Desean that e dxfolfated's smglé layers ete clirved dnd m‘egula “Eompated With tHe
Sl"dered”ldy’e‘r"édi {riuré ot tHe Wit washed'sample“ ft' 18 BEIeEd Hirat *RE CUrvitg 5F Hhe
gihgl l‘a‘yérs led to the dlsordermg ‘o LBH along the 22 ax1s dxrec‘udn eXplaxdfn:g} why the 00!
reﬂectlons chsappeared W1th *tl‘u‘ “sample The SEM nnage m Flgure 6 mchcates that the acetone

‘‘‘‘‘
ll7\l

washed samplé has‘a dramatlc dlfferent morphology a‘nd partlcle‘ ere compared wrth the Water

vvvvv

more umform sPheﬁcal motphol‘ogy '
v “Acco‘rdulg £ the fact that the acetone Washed anAl borite ‘LDH e‘x'fohated ihtd: slnéle
layers and cm‘ved mventors expect 1t should have an extremely hlgh sPecxﬁc surface Aréd and
hlgh ‘pore volume

: F1gure i shows the Nz adsorptton/desorptlon rsothe

7

:\g JAN

w}ashed ‘ahd
Etone washed :anAl’ bor‘ate‘LDHs ‘Both of them showed a ‘H3 type hystere31s loop, Wthh

does‘*not“éxhtblt any hﬁhtmg adsorptlon at the hlgh P/Po It lndlcates tliat these LBHS b

chrves for wat

aggregates of plate-llke'p v xcles gnhng e’to sht-shaped pore 1Thls 1s consrstent w1th’the SEM
and TEM: analySes*Fct acetode’ ‘Washed sample the Nz adsorptmn/desorptmn behavxour mamly
occurred P the hlgher P/Po regmh} suggestmg that 1t possessés"laréer pores‘thari watet ‘*Washed
stea(from” 1341 301:0g)

ahd the total pore volume (from O 08 to 2. 15 cc/g) were s1gmﬁcantly mcreased see Table {. The

hia

sample After berng washed with acetone both the spec1ﬁc surfacé :

BET anafl-ysns_ 1s onsistént w1th oth‘é'r characterlzatlo s i 'further conﬁms tHat the anAl-
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borate LDH was de- aggregated by acetone washmg and drymg The BET analys's also snggests

that the acetone washed anAl—borate LDH has supenor advantages as catalyst/support

s

adsorbent nanoeomposne ﬁller and so on.

Table 1. Spemﬁc surface area and total pore volume of anAl borate washed w1th water or

.' . B FI ’ . . 3 e P R . N

acetone }
Samples - Spemﬁc surface area (m / g) Total pore volume (cc/ g)
anAl borate water wash T 134 . : 0.08
RN ~“‘v},g‘ }’rlf h\: !

N et 1 LAY ool T TNTY G -_‘.

S Sy R R Y T A PR R VoL L g N A e ) T e e

Zﬁi{\l-borate acetone wash 301507 o »..22;‘1-1‘5 .

et R £

to;atmosphere for 4 days (2) re-contact w1’ch HzO and (3) re- eontact with Na2CO3 solution. The

D rteg

final products Were) checked using XR1);analysis,-as, shown- m Fxgux;e;S - Affteribe ng. ex?osed to

< VO

air for'4; days, 4. very weak 003,vreﬂect1on‘ Wa"s“'obSE"r“\?ed “for the acetoie” washled“LDH“dr)“f ‘powder,

CULATE, Walkl

whichindicates: that: the, ‘eg;jf;glggtied “LDH single layers ‘started {6 -recbmbgged;'- and: the ‘regular

layeredrstracture’is pattiallyréconstiucted - This strictire thange isbelisved-tobedtiven by the

adsotption of water holécules from ‘atmiosphere. The reconstruction process is so slow that the

 structurd CHatge 1Ot SigniHoaHt HoWevér: 1f the Ackidhg Wishsd D1 sample iStibfistsedn

st BN A B SEO T 003 Peak WA Shve v b AR A KR D pattérr ¢ T IR R T R AT
Waler WiNHEE [PH ‘sﬁhiple“'ﬁ‘ldléatmg that‘ the exfohafedf LDH‘sfﬁéle 1ayers re com&ffé'd 1n ‘tﬁ‘é
présenive't B Water and Sonplet :
Oa) WHEN thE.
’Zﬁﬁff\{la@@‘ SP D H W As ObtainEd:
preferably ifelSaTatsd g heLLDH“gallery than’ B40,(6H)
:th"at"'the reiifoha‘te’d’an ’horate DR possesses hE SN
A‘ ﬁogsﬂ)le rheeha(fllsl’h"for Sl O .the mvennon rs 1llustratedu m?&g@r‘é'l@" F’o’i’
et h1gh el irg AR d ydrOphs DH‘h nOplat'eé w"ﬂ
be surr’ounded by Wat‘er*molecules“’éunngt . ’Hr’ylhgf‘iséef)‘ l,DH plat ll’ bmbme*togeth

one-washed S saniple Wi 1n1mer d'.xﬁra‘ N:“a‘z;CO SOlUtTOR: l‘}fi‘é'r?y:s‘t‘al'li'z:ed

Phifs i YeasotisBle Becatisd COP hat hlgher’negan‘ve CRar §8'4A
iBure Oy THis result shaws

":la

yeffeot propedy

v

[

g step acfs‘~as another‘agmg step f “the
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AR [N a2 T ey

step, acetone molecules wrll be easﬂy evaporated leadmg to the formatron of hrghly dtspersed

BRI N DI

and hlghly porous LDHs

PRI SR

Srrrnlar phenomena were. observed wrthMg;A}-'borate LDH., Figure 11 shows that after

S HECR IR A U P T TSt A I F 4 RN HS ’usan‘\.m»: D N T N AN

bemg washed wrth acetone the Bragg ¢ drffractlons drsappeared 1ndlcat1ng that the LDH was

exfohated by the acetone treatment SEM 1mages cleariy shows that the water washed sarn'ple '
consrsts of very brg and chunky nonporous LDH partrcles whﬂe the acetone washed sample
becomes hrghly porous and is composed of very small and umforrn LDH partrcles TEM images
in Flgure 12 reveals that the _water- washed LDH is plate hke partloles whrch aggregated'

severatty‘,”&/ml“‘ hé'“gf:\étohe’ washid! LDH‘ Beiibs 418 er-ike part s ghal br TerEsg
e i "tiif 0 ic'ibn’r’oi'*p‘h’ology of these two samples.is solely due to a simple acetone treatment

Stintier, oh ¥ oer e vl ERINAS ) :z" r X thp  afier
and wiII'"l'é {46 sigh f(cahﬂy’ differéit ‘phrfdrfnance in W’a‘hy ﬁélds suc [hd ! catalysts s df}fs’t

sﬁpp nor‘ts Gedibats 2stdo

4, Synthesrs of o the r“L Hs..

DOCSHICS [HIRV AN N

SynthBSISbc‘lgfﬂ ]5\{[ ; \l\vmr \\d* & ﬁ T!f 3

l

sg(;hemlcal F ormula;

BN ] ,({\_,,('HX

Mgg 7sAlp: 25(OH)2(NO3)Q j@ 2 8(H20) 0 LZ(acet sy /}.IIGSIZCd :«by addr g*, 50

3
:ml
Tatly kEEL » <& 1l L oh, GUCT L LY Sative i

MeQis néﬂ.s Q9375 0, AN 0012 rronf selign dhapavis o .3

ik VAR Qe mehselusion The af{sfnts s selion s cspiglsdaabaur 19

a.N H solutrorr (4 M).:The obtalned LDHs were filtered-and washed withH5O untif pH.:=

RN LOYQUNLIS,
: .;}In order ito show_.a-dirgct: comparrson halﬁ of the “water-wet-cake’ was dried:convéntionally: at

65-°€, and"the,other half was, redispersed-in acetonie solution again. Aifter.an adequate stirring for
Abouits ”"h“t ’?é’éﬁrpférwas filtered .and-washed- with- acetone,‘followed by a-drying step at 65

Synthe§1§‘ Mg f o

6025 ,mol) §olutron‘ ’~The pH it ’p‘fecrprtatron Whitlor was Fdontrolled at‘about) IO’ Wsihg A

NaOH S5 TuGom (4N THE SBEREEIDHE et flterdd and wasHed with HO Ghivpr e Ealt

f ‘the "““ater wet *cak "”f"' vas* dh’ed #965 °GUaNa USSR HEN WES T8dispeidd ! S RATS
e ,::‘,i‘“ ST -

solutlon agarn Aﬁer ah- adequate strmn‘g £31 abolt 10 5 h ha SAmpIE-was filteréd intd ‘h d

!' VA\‘

*.-
R 0

With acetone followed by a drylng step at 65 °C

e P i ¥ni g

“Sviithe IS of Miggsise; IO = Vg AlSS,




10

15

20

25

30

13

. N T Y - TN L o ey vy S fem T T PR YN ST T st ERE P
S T R SR YA B LR I T UL Sl B e ea SYLIOSZES Ly Caddidn o il

Mg(N Qs.)fz.{é_H;O (0:0375 mol)-and Alx(SQ4);*16H20; (0.0125:mo]). solution, drop-wise irito :2, 50,
mLNazso4 (0,025 mol);solution: The pH,of the;precipitation solution was:controlled at about, 10
IEI.Sir:_ng,aaNéQ.Ii\sgl.-qt.ign'(f%M); .The obtained:L.DHs:were filtered:and washed with HQ, pnt-ilr'gl'iﬁ
7.-Half of the “water-wet cake”;was dried-at 65 °C, and the other half ._was,‘r'e_d_i_spers_e.d in acetotie
solution again. After ari adequate:stirring for about 1 - 2 b, the sample was filtered and washed
with acetone, followed bya dryiﬁ’g step at 65 dC_J. '

Synthesis of Zn3Al-NO; LDH - ZmALRNO; LDH  (Chemical Forrnul.és
Zno.75Al0.25(OH)2(NO3)0 25°0.34(H;0)+0. uaceto!rié)) was. . sythesized | by adding 50, mL
?‘z‘”‘é%‘éé-) BELS (0/0375 1) i’ AI(NO3)3-9H20 (0.013% ol ShisheH drofiss o' 30” it
NING7(0/02% indly soiuti(fﬁ"The pH* Of the preipitation” SORIER WS SCSHHBIE 4t 486Ut

$“|

HAB

R R A R S AR T . e 3 5\&.?.\.:, t 1 " e 3 '7'1’ 3 ‘;;',*7m*~.'1~,
WEiRE A NZOH O16HER (4 NT): The BBt Ned EBHI Wers fltsred dnd Washed with Ioo Wikl pH =
7 ot Wi LR o . | i ( LTI g\ilx( b w8134 ‘,() £y j
7. HalF OF the “Wakerwet & ‘ke” Wi dried 4t 65 °C; dia e HhEr Half WAl rEdispgersed in 4eekdng
vring augin, hRer an A ooubive v ; s s B 3 liored aned wonchadd
§olution ’é“ém ARSE 33 aded) é stimﬁg for a" it 1= 2 % the sample was Fltered and washed

LBk - G, KB (il Fom
’0 Ié(écéﬁSne)) ‘Was ‘“"%ffes’l’”d By ”éddmg 50 ‘fﬁL
(NG _9’Hie : Bi3s mol‘)’ 3 :fé' fﬁté‘ é 50 h&t

H of the precxpltatloﬁ Lé’dlﬁtldﬁ as‘ ‘comrolled it ébout it b
obtameé3 i ﬁs

as c'i‘“‘ ést’65 C’C A d

\'{«.

tloﬁ dr; 5D X

i SN it ke S0 B b s
were ﬁlt‘e‘red A ‘d Washed Wlt H'ZO %htfl p'H =

2
2.
i

LToNTS v tal
IS8 ‘\y ;,3-3;13 \,m; (3
{dlff crent monS’\’Vere‘ synt

"Mgg}:t

a‘s 'obs

1& 1 -. ;‘ ‘E: .
amp

_ h ds
yi”” : ;—<'|g

fo b crushed nto ﬁne ‘ﬁowﬂers ‘For- the acetone

atth &
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partlcle size becomes around I- 5 prn TEM 1mages show the srmliar phenomenon wrth borate-i
mtercalated LDHs The water washed LDHs are all plate»hke partrcles whlch aggregated'
severally, whrle the acetone washed LDHS become ﬂower—hke partlcles Thrs 1s the reason why_'
acetone washed LDHS have much hrgher surface area comparlng to the water washed samples
The TGA analysrs 1n thure 24 shows that the acetone washed Mg3A1-NO3 LDH has a hlgherf
thermal decomposrtlon kmetrcs than the water washed sample For mstance both the mter—layer
water desorptlon temperature and the dehydratron and mter-layer amon desorptlon temperature
become much lower aﬁer berng treated w1th acetone washmg Th1s result isa further evidence
thiat'the idetotie wished Mg3A1-N03 LDH has a thuch small partlcte size!
4 ‘}{urnber ‘ot “§hinplé ‘“LDHS e tesultd for sﬁrface‘ ‘area pore vol‘um o 1nd
gg’regaﬁon adoiatl: éi\/éh“ih “Tablerﬁ“betow. ' colutnri*‘“ Gefining the T DB hETHP i

L]

| TP Sy PR ts‘-,{ Te Y UERLS e DY U DLy ,g,»r
AERH the A0 ‘abd {HE PEI O Hisynihésis Sliition BT GRAMSIE, T lind"1'6F Tl D, VAT

fig ot

Tino TN wentomie e PP Tl aligen, dhwe e o omdeg
CO»-10 thekis thit the' synfhests $01ution Had ApH="10

@ sppirent abisity

5 BET Sty aved '(Nz) ‘after’ Calbination s
Alsio*"shown lare’ Val‘ues of’ BET Surface area aﬁer calématr()n fong_:;Al borate showmg a

Hramatrc mcrease ‘(to

.....

apparentt densrty Sihd sarhptes is

i290 m /g) resultmg from the process of the ‘ivéntion m Table 2a The
showrr in Table 2b

:r'; BIE's: The Su’rface Prdpertrés of AMO"LDHS and C,‘-LDHs

T Surface Area (mzfg) Pore Volumc (cc/g) ‘ - _ _ '
’ : B - 7 Forrnula of AMO- | "Formula of
) LD&, AMO .. Deaggre AM(’D P e o .
L D i - A.gahom | BPH 3§ . ,of M "LDH-A -‘C:LDH -
. - LDH . LDH Change . .
oA | Bgetor oAb ) & I
Mgae! . T b b e o MeleOR o Meoasluasl,
CO 107 277 |- "43 | 64 |- 0635 001 472 (Cos)orzs’l 35Hz . O-H)z(coz)o 5
IS U A A AN I o O~017(Acetone) | 1s* L6TH,0
L E [ | ‘ . MgcmAloas(OH)z, ; MgomAloss(
IMgALT N S5 ORI S AR SR (o0 " om0
G ISR L FURP TS ISR TN NS r09 Rt €Oy . A ’)°.
oz 06T T e e T P 0SAE00.T8Gc] e
i —“ L - . ;'. e | MgoiisAlgys(OH), | "MgossAloas( |
MgAl- | oo L S BT COpouzs® | OH)(COs)o. -
AL o] an v ser | odos. ot | g | o (COPeamt L OGO,
ACO‘;'IZ” - e iy CIRETIEE LT Rl SRS JOE R o : : - 12‘5'.-2'83H26{
P | PP B thS(Acetone)
) ' thee ol R R !
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; T ‘MgovsAlo xstCo 12 | MgossAlyyzs |
Meslas (OH)(COY) Feo1a5(OH)( |
Feos- 128 91 1.4 1.1 0.68 62 |° Y 5; @ ;;’ st .é“ozs) ?
-NOs-10 - 2 :'3 q.zzé
~ 0.07(acétone) 0.74(H,0) -
o Znos7A%Lp53(OH)o( | ZnggrAloss(
ZmAl- B,05(OH),) OH),(B;0
Borate- 301 13 23 215 | 00816 | 2534 s 2BiOs(
83 0.34(H,0)- OH)4)o.125°
: 0.11(acetone) | 0.65(H,0)
Mgo.ssAlo2s(OH), | MggrsAlgas(
Mg Al- : : - 100003 | Bi05(OH)Joas* | OH),(BOs(
& 263 1 263 0.516 147320 | BO(OHedoiast | OH(BO(
Borate*9 5 2 053e0)s | LOH)goase.
S R 021(aseione) | 0.39H0)
MgosAL2s(OH)2 | MgozsAl, 25(
Mgl fo e e e e e S0 ) | OHM(SOD
ves 101 14 7.2 0305 | 0012 | o244z | -5 SO8osts o | OHR(B000r
SO«10 1. 0-55:0) . | 252 0.6(H0)
oo it e Ui i, 'Q,}?ﬁ(ﬁ?ﬁ_’l‘?&e) STETE
MgosAloas(OH), MgozsAlo 25(
M AI,’ - e e eeave et o m - Ve e emme - - PUPRRSUEE A, o . N . \. . O e - ') ".’.> o) OH N‘O ]
& 169 1.5 112 0.639 | 0.0066 | 9581 MNOaJiisny ] OFDANOs)s. -
NOs-10 : 033(1{20) st
S - ; °O 12(acetone) O 57(H20)
MgovsAlo zs(OH)z ' Mgo 75A10 2s(
M" <AI_ R L P - - . . . - N - . N [ - . S Cl w . OH Cl
& 64 ! 64 0310 | 00031 | 10100 | o € Joist J(Chosse.
|cre10. | . . e 048(H20) 06}(H20)
| ) . i | 0. O4(acetone) TR
, ansAlozs(OH)z( | ZmoasAloas(
’ 61 1 61 037 | 0016 | 2212 Osas'0.32(H | OHL(NS .
NO;-8.3 o . . . O) O l(acetone) st
| o L | 0eimo)
‘ AMO- ) 3Dea‘ggre | AMO- v [N
o C- 1 e % Formula ofAMO- Fortula of
- LDH LDH“ . 2. - gation . LDH“’ A I .2 e - . SR ) : ..: - .,_, K
1 LDH | IDH? | Change | "¢ LDH: M SE-IDH A
P e M o aa X .EaCtOf M N . . . v, ,}_' s i LTy Y T
Y o Mgo.7sA¥o.i5(QH)2 Mgo75A3025( -
Mg;Al- . N | s . (COo.ins° OH),(CO
VB 157 43 3.65 094 | 011 | 755 < Qs D2(C02)
[@Os=12 |~ = | e TR e T e T 044(H20) 0125167H2
O ll(methanol) et

[MZ* _lM’yJ’x (OH);]”(X”%/;ngO-c(AMO-solvent)

wheremMand M’ aremetal catlons z- 1 or2 y 30r4 O<x<1 b—O—lO -C = O 10 Xlsan

Lok

AMO-LDH—A and AMO-LDH-M are %0 LDH of formula o

(1)
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*C-LDH is an LDH of formula -
[MZ* _xM’Y+x (OH)z]a+(X””)a/,-bH20
WheremMandM’ aremetalcauons z=1or2; y 3or4, 0<x< 1, b O 10 c*‘O 10 XIS

ananion,rislto3anda= z(l-x)+xy—2

16

@)

3 Deaggrégation Factor is defined as the ratio of the BET surface area of acetone washed sample

to the water washed sample

Table 2a.

RO

At kil

A CIR LT

A BET Suyface Area
2, -1 .
o CERET L .- R0 R ¢

SLDH e

(calcined)®

; AMOQ-L.DH-

A! (calcined)
$

A (before calcination)

Formula of AMO-LDH-"

‘Formula of C:LDH

(before calcination)

Mg AENO;-
P IDENTONE PLSRIUTEIN SENL IR L
10 :

EREEE

AT T T

[N

‘Mgo7 stxzilbizs(OH)i(N O%)ozs

* 0.38(H,0) «0.12(acetone)

M5 1:Alo 55 OFDA(N

03)0.25* 0.57(H20)

Borate-9°

- Mgo.75Alo25(OH)2(B4Os(O |

H)4)o.125¢ 0.53(H;0)"

v 2 1(acetone) s

Mgp 75Alp25(OH)2(B
405(0OH)4)o.125*

Vil 0 90, hen

8.3

[ Zn,AlBorate: | ;

T ZnogaAdoss(OFDa(B405(0

H)4)o 125° 0.34(H20)'
0. 11(acetone)

Zn0.67A1033(QH)2(Bs

Os(OH)4)o.125°
065(H:0)

Mg3A1 CO3- ,

| ’Mgo 75ATo 25(OH)2(CO.3)0 12
; .5 .1, 36H20- J 17(Acet0ne)

Mgo 75Afo zs(OH)z(C
03)0125 1 57H20 |

i

f 'fsf“'c'éféihed at 400 °C Aféiéhisf'« -

; 1AMO-LDH A is-an LDH of fonnula

| [MZ’LI_xM’”x (OH)z]a+(X"”)a/r'bH20'c(AMO solvent)

(1');

wheremMandM’ are metal catxons z=1lor2; y= 3 or4 O’<x< L, b= O 10, c—»O 10 XIS
an aﬁlon, ¥is1to 3 and a= z(l-x)+xy—2 AMO-solvent (A—Acetone M—~Methan01)

ZC—LDH is an LDH of formula o
[MZ* _xM’Y“x (OH);]”(X"’)a/r'szO
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wheremMandM’aremetalcatlons z=lor2;y=30r4,0<x<1,56=0-10,c=0-10, X s

an anlon r 1s 1 to3 and a= z(l x)+xy-2

Table Zb A .
v " AAppar.ent density’ . S
) . (g/mL) Densify Formula of AMO-LDH;
LDH : ' ‘ Formula of C-LDH
- | AMO-LDRH- Decrease % A e
C-LDH? Al
Mg;Al-NO;- 0.91 0.12 86.8 Mgo.75Alg2s(OH)(NOs)oz | MgossAlg2s(OH)(NO3)02500.5
0 ' 5 0.38(H,0)r 7(H,0)
S PP B . ) 012(acct0ne) AT - -
Mgsﬁl\lislor ‘ ,‘ 099 _ o 1?; 868 Mg075A1025(OH)2(804)0|2 Mgo.:zsrAlo.zs(OH)z(‘SO‘:)o,125'
o L T et 5+ 0.55(H,0) * 0.6(H;0)
Tundn 70 0.13(acetone)
| Mg;Al-Cl-10 03050 e e an0i24” S 7617 Mgg 75Alo.25(OH)2(C1)g 25 Mgg2sAloss(OH)(Clozs* ™
' ok semeie | D48(HZ0).: 0.04(acetone) 0.61(H,0)
Zn;AliI\HIOy 124 ) 035 c 7500 | ZngssAloas(QH)(NOs)gas | Zng 15ATy 3 OH);(NO 3o 257
8.3 e |+ 0.32(H,0)* 0.1(acetone) 0.61(H,0)
MgsAl- o 7101 o4 T86l Mgo7sAlo2s(OH)(B4Os(O | Mgo5Aly2s(OH)(B4Os(OH)a)o |
| Borate-9 H)ao.125* 0.53(H;0)* 125 0:59(H;0)
| 0.21(acetone) |
TR 0 | 010 | B8 | ZaeAlenOMBOK0 | 2 Al ORB0NOM
}:Sp;ate-'&B H)4)0.12;‘; .0534(320) . - 125?;9:@?@2@ N
Lt | 0.liaccione) |
| MgsAJ-COz=m (=09 - 0 010 = 7 90.0 -7 ) Mg asAloas(OHBQICOs)0 | Mgy asAilo2s(OH)(CO3szs+
1o (I T | omerzemo | aemo
e . O 17(Acetone) 3 ;

- 'AMO-LDH-A i§'an LDH of formula
M _xM’Y+x (OH)2]3+(X"')a/r-bHZO-c(AMO solvent)

WheremMand M a.remetal cations; z = 10r 2; y =3 or. 4, O<x<1 b= O 10, ¢=0-10, X is-an,

Yo

G

‘anion; ris 1 to3anda= z(l-x)+xy~2. AMO-solvent (AA='Acetone,'M =;'MethanoI) o

2C—LDH 'is’an LDH of fofmﬁlé

MM (OH)Z]a’“(X"“)a/r-bHQO

@)

wheremMandM’ are metal cations, Z"Ior?_ y= 30r4 0<x<l b O 10 c——O 10 XIS

an amon £is Tt0 '3 and & —-z(l SXHKY2,

R

2 "nzﬁ'n),' this fiay be diffetént to the weight per unit Volum‘e‘bfiﬁdividual IO patficles.
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A 1] ‘ ‘E IACUINTEY

Methdu App“1 SArent ‘den§1ty may Be‘det’ermmed by ' “'follSwul bf’d‘de&ure ’The

“’L'D\Ifca'sva free-
ﬂowmg powder was ﬁlled mto a 2 rnL dlsposable pxpette tlp, and the sohd was packed as tight as

l."p”":" ,,115

p0551ble by tappmg manually for 2 mm The welght of the pxpette tzp was measured before and

l i

aﬁer the packmg to determifle tlle mass of the LDH. Then"the apparent den31ty of LDH ‘was

i

calculated usmg the followmg equat1on
s Apparent den51ty LDH welght (g)/LDH volume (2 mL)

compared to conventlonal C- LDHs was determmed by the TGA data The results are

g

D3

_ P i . e 1

Crteialen usms the JC“an\ t"'C( \‘/‘)n
conventwnal CZLDHs as-detérmined by analy51s of the TGA data (Figures 14 15, and 16).
An \f\jif‘“‘-‘ e 1_j_‘,1 = LDV et h -. VY aeabiene ¢ 7 9403 )

C-LDEZ | AMO.LDH-A’ ~ AMO-LDH-M'
., LDH N N R A
O 8340 e L0004 o) p 2 e

> i - PR e P A 1!
WA L D R W [§% Javan R et

ss Q38
= _,,-,*0,531 -
s
1 ~0:34

MG ALBOrateT0 7 | “"’0‘59* T

Mg:AlRes10 | 094
ZmAlBorate:$:3 [ 065

‘whereit M &5V are metal dtions, z = 1r2 fiy= 361 4, 0icx £ b =0~ 10,c = 0 10X s

‘an anion;£4s 103 and 2= z(1:K)+xy-2.
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3’1) 1s the .Water con't“‘ent n lhe formula ( l) and (2)‘.E ;

5 an \",”C":. ARSI c._,: :

‘e 1s the acetone content in the formula (l)

.’». Wiy ;..

6. Other possnble washmg solvents ' T e ;
In addltlon to acetone several other washmg solvents were also 1nvest1gated Figure 25

shows the XRD patterns of anAl-borate LDHs washed w1th acetone ethanol and methanol'
respectwely The Bragg d1ffract1on peaks dlsappeared for all samples mdlcatmg that all these

washmg solvents are cffectlve for the treatment Because the key functxon of the washlng

s’ol "’e‘n’fs is’ 5 ~Wash off ,the' 3urface adsorbed ‘Watfer molecules and prevent the further combination
s Ty

of ﬁDH n{énoparhcles lﬁh’ﬁﬁgthe d’r‘}’/fffg step, it is believed that all the solvents which have a 100 %

mxscxblhty with H;O. and appropriate polarity, as l1sted in Table 4, should be effective as
‘&rashmé)sol\feﬁt

t’ﬂf‘al“)'le g Sol\*/ents thﬁt fiveta 1’6"0' 0 o(}‘ﬁl Sbility thth ) af +£ca‘i’f“ B TSed BV WASHIRE SOTvERtE

W Solvents ~© P oET B;,',i, dint (°¢ 3 Viscosity © | PoR solubmtym‘ vater (Yow/W) |
W it TECPoisk) 3 R
SHilVARBtoRa: | cif usee | 0320 o %nd ] 10D B
&f | AcEtOnitriles I 282" e 0BT o I&8 : 1003 il
i pDimethylformdiide 55 of  v0.92  gd &4 | © 100y
ok DiméthyliSulfoxide: |© 189 2 72 100

Diokane' [y 3101 T V545 erg.8e 51003
‘2 kxEthanely
A e AU e
w2 "Methanol

| ShHIVERES e

. m=propanol, s
x,:;;f"‘Iszg.%propanolfi N

bt

Charactenstxc dens1ty propemes of an. LDH prepared accordmg to the mventmn (AMO-

S L...u U -
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Table 5. Density Properties of AMO-LDHs, C-LDHs andCommercialLD.Hé.

Loose Bulk Density (g/mL) Tap Density (g/mL) Carr’s Index
K ) . Formula of
: AMO- AMO- . AMO- ) Formula of
LDH C- % C- % C- % AMO-
LDH- LDH- s LDH- ) C-LDH
LDH* | Change \ LDH Change LDH Change LDH-A
Al A Al
MgossAless | MgossAlpas
| (OHM(SO4) | (OH)(SO%)
Mg;Al- 125°0.55(H | 0.125°0.6(H
B 0 041 76 016 | 063 75 40 35 14 120 35(H | 0125°0-6(He
SQ,-10 i 20)0.13(ac 0)
etone)
'} cbvee ST F va‘{(,—:‘_‘_‘: RN RS b IR ATTEE S BRI DY PR ' R’ ol MgorsAloas MgoasAlpas
S I . _(OH),(NOy) .| (OH)(NO3) -
MeAl PR PO LN & THOY 3 Fog G it oty Dol s 02s0.38(H; 0.57(H
& 095 | 0220 12 ] 82 82, | 22 is e ot
NOi210 8 N . 8 o B2
oy Y TS N
[IAH £ g . LRETS > . i g 0.12¢aceton
N : ’ . .. v
Mego: 75A10 25 Mgo 7sAla 2
MasAl - (OH)Z(C1)02: (OH):(CI)(,;
cngio 0.18 | 029 38 026 | 044 41 35 5 1 o 0. 48(1—!20) 0. 61(1—120)
Al i
N 0. 04(aceto
0y
- AMO- | L AMO- .. | .AMO- 3~ |- -, - .| Formulaof L
. MG |7 % . MG L . MG % | o Formula of |
LDH- A AR T 5 : & : - LDH- | . ] AMoO- § )
62 Change . 62 ~ Change . .62 Change | . MG.62.
‘ Al . s B Al 1A . LDH-A o
H v)’,' Mgo75Alozs i N NA ,‘
Ne ot N
' ; (OH)z(CO.x) i
AR Lo N . B E R DU SPLLTI
MgAl- . ' ‘ ' 125°1.36H.
& 014 | 046 70 02 0.64 68 35 29 | 20 T
COs-10 A R B A A NS DU R«
[0.17(Acéto -
o
‘AMO-LDH A is the LDHs wﬁ:h the formula of
-+ + -+ 2 Ty (
M7 M’y x (OH)z]a (X’2 )a/,°szO‘c(AMO solVent) v (1)

wheremMand M’ aremetal ca‘uons z-— 1 or2; y -3 0r4 0<x<1 b O 10 c—@AIO XlS an

| anion, rls 1to'3, a-z(l-x)+xy—2 AMO solvent (A=Acetone M-Methanol)

IC-LDH i is the LDHs: w1th the formulaof = -~ :

M ~,CM’Y“',{ (OH)Z]“(X”‘)WszO ’ @

WheremMand M’ aremetal catlons z—lorz y= 3or4 0<x<l b—‘O IO c*O 10 Xlsan

anion, r is 1 to 3anda —'z(l-x)-i-xy—

§MG 62 1s“the COmmerc1al hydrota101te PURAL MG 62 HT ﬁom Sasol Ltd..

?‘ Ceant » <



The results are summarized in Table 6.

“Table 6. Thermal properties of AMO-LDHs and C-LDHs.

21

Further, thermal properties-of inventive LDHs and conventional C-LDHs were measured.

"T1(°C) T2 (°C)
, . %o AMO- . % Formula of Formula of C-
LDH AMO- C- C-
1 .| Chang | LDH- , | Chang | AMO-LDH-A LDH
LDH-A LDH L LDH
. e A ) e
. ‘ , , Mgo 758l 25(OH Mg, 75A10 25(OH)2(
o o i . e S D e
Mg;Al-COs- CO co '2 83H O
8‘3&_?1)} ¢ 3:.‘ 187 205 | w18 | 382 399 7 )2( 3)0125 3)0125 2
12 MRS ool v [ SERLVE - R FPIR R ST (N 1.76H20'0.45(A
cetone)
ERTE S R R RIS N R EERR e DEFRIES Mgo75Alo2s(OH | Mgg5Aly25(OH),(
MeALCOn | - IRET R o L (O T O o iase 1 6TH,O
2 3 150 Py 19 340 wd | sa 2(CO3)o.izs 3) 0.125 20
PR ETY AR b | | S s ,cet@ne) . i o
S | MgosrAloz3(OH | MgoerAlgz(OH)( |
MgALCOs= | == o [ e 00y 551052 | O gst0.92(H50
BT s | s -6 sq7 | 302 | s | AROs032 1 COJ0e0 9200
19, .. N o s (H20) 0. 16(acet v
1 : - H ‘one)( o
% AMO- %
AMO- C- C- A Formula of Formula of C-
.,4 .LDH . ,..v . R i PN ‘ . 2 S Chang . LDH;. .. . A z Chang., . . . .‘ . - V}, u.’ -
I ‘LDH-M" | 'LDH"*| -~ | > R LDH | AMO LDH-A LDH‘ N
?“:"i:f~ ""; A o : ! € M : € A o o X l 2 .
i : B Mgo 15A10 25(0H Mgo 75A10 25(0H)2( ]
MgALCOy- | oo . n | ; co CO3) .125°1.67TH,0
g3 3 191 205 | - -14 392 399 g )2( 3)0125 3)0125 2

T

.: TI and T2 are deﬁned as'the turmng pomts in 1% denvatlve of the wei ght Ioss as.a functlon of
temperature {d(%Wt loss)/d(°C)} as measured by the TGA (1 . when 2 denvatlve of the TGA is

, zero) These pomts 1nd1cate sxgmﬁcant changes m heat’ ﬂow and so mark outkey changes to.a

-matenal on: heatmg

{

[MZ+ _XM’W*x (OH)z]a”"(X"')a,r-szo-c(AMO-soxvent) | A B
- wherein M and M’ are metal catlons z=1 or2;y=3 or4 O<x<1 b =0- 10 c= O 10 X is an

| amon ris 1t03 and a““z(l x)+xy-2 AMO-solvént (A-Acetone M*’Mef:hanol)

AMO~LDH-A and AMO-LDH-M are the LDH Wlth the formula of..-

W
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* *C-LDHis the LDH with the formula of -
M ,XM’Y“X (OH); I (X™)assbH,0- - - )
* {whiérein M'sind M are metal cations,z=1or2; y=3or4, 0<x<1, b —O -10,.¢.= O 10, X is an:

anion, r is 1 to 3 and a =z(1-x)+xy-2.

The features disclosed in “the fofegoiiig description, in the claims and in the
accompanying drawings may both’ separately or 1n any combination be material for reahzmg the

1nvent10n in dlverse forms thereof
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CLAIMS
L. A process for modifying a layered double hydroxide (LDH), the process comprising,
a. providing a water-wet layered double hydroxide of formula:
[MT LMY (OH)2 1" (X™)ar*bH,0 e8]
wherein M and M’ are metal cations, z=1 or 2; y=3 or 4, x is 0.1 to 1, preferably x<1,
more preferably x = 0.1 - 0.9, is 0 to 10, X is an anion, r is 1 to 3, n is the charge on the
anion X and a is determined by X, y and z, preferably a = z(1-x)+xy-2;
b. maintaining the layered double hydroxide water-wet;
c. contacting the water-wet layered double hydroxide with at least one organic solvent, the
solvent being miscible with water and having a solvent polarity (P*) in the range 3.8 to 9,
wherein contacting the water-wet layered double hydroxide with the solvent comprises
dispersing the layered double hydroxide in the at least one solvent; and
filtering and then washing the resulting layered double hydroxide with the at least one
organic solvent.
2. The process as claimed in claim 1, wherein M is Mg, Zn, Fe, Ca or a mixture of two or more thereof.
3. The process as claimed in any one of the preceding claims, wherein M’ is Al, Ga, Fe or a mixture
of Al and Fe.
4. The process as claimed in any one of the preceding claims, wherein z is 2 and M is Ca,
Mg, or Zn.
5. The process as claimed in any one of the preceding claims wherein M’ is Al.
6. The process as claimed in any one of the preceding claims, wherein M is Zn, Mg or Ca, and M’ is

AL
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11.

12.

13.

14.

15.

16.
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The process as claimed in any one of the preceding claims, wherein X is selected from halide,

inorganic oxyanions, anionic surfactants, anionic chromophores, and/or anionic UV absorbers.

The process as claimed in claim 7, wherein the inorganic oxyanion is carbonate, bicarbonate,
hydrogenphosphate, dihydrogenphosphate, nitrite, borate, nitrate, sulphate or phosphate or a

mixture of two or more thereof.

The process as claimed in claim 7, wherein the inorganic oxyanion is carbonate, bicarbonate,
hydrogenphosphate, dihydrogenphosphate, nitrite, nitrate, sulphate or phosphate or a mixture of

two or more thereof.

The process as claimed in any one of the preceding claims, wherein the at least one solvent is
selected from acetone, acetonitrile, dimethylformamide, dimethyl sulfoxide, dioxane, ethanol,

methanol, n-propanol, 2-propanol, tetrahydrofuran or a mixture of two or more thereof.

The process as claimed in any one of the preceding claims, wherein the at least one solvent is

selected from acetone or ethanol.

The process as claimed in any one of the preceding claims, further comprising a step of drying the

LDH obtained in step c.

The process as claimed in any one of the preceding claims, further comprising subjecting the

layered double hydroxide obtained in step ¢ to a thermal treatment, preferably calcination.

A layered double hydroxide, prepared according to the process of any of the preceding claims,
wherein the layered double hydroxide has a BET pore volume (N») in a range of 0.5 cm®/g to 3.5

cm’/g and an apparent density of 0.8 g/cm® or lower.

The layered double hydroxide as claimed in claim 14 having a specific surface area (N») of greater

than 155 m?%/g.

The layered double hydroxide as claimed in claim 14 or 15, wherein the layered double hydroxide

has specific surface area (N) of 170 m*/g - 700 m?/g.
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18.

19.
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The layered double hydroxide as claimed in claim 14 or 15, wherein the layered double hydroxide

has specific surface area (N») of 250 m%/g - 650 m*/g.

The layered double hydroxide as claimed in claim 14 - 17, wherein the layered double hydroxide

has a de-aggregation factor greater than 2.

The layered double hydroxide as claimed in any one of claims 14 - 18, which has been subjected

to a thermal treatment, preferably calcination.



