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The solid-state chelation of transition metal ions (Co?*, Ni?*, and Cu?*) from aqueous solutions into the lithium
aluminum layered double hydroxide ([LiAl,(OH)e]CI-0.5H,0 or LDH) which has been pre-intercalated with EDTA
(ethylenediaminetetraacetate) ligand has been investigated. The intercalated metal cations form [M(edta)]>~ complexes
between the LDH layers as indicated by elemental analysis, powder X-ray diffraction, and IR and UV-vis
spectroscopies. If metal chloride or nitrate salts are used in the reaction with the LDH then co-intercalation of either
the CI~ or NO3;~ anions is observed. In the case of metal acetate salts the cations intercalate without the
accompanying anion. This can be explained by the different intercalation selectivity of the anions in relation to the
LDH. In the latter case the introduction of the positive charge into LDH structure was compensated for by the
release from the solid of the equivalent quantity of lithium and hydrogen cations. Time-resolved in-situ X-ray diffraction
measurements have revealed that the chelation/intercalation reactions proceed very quickly. The rate of the reaction
found for nickel acetate depends on concentration as ~k[Ni(Ac),[*.

Introduction semiconductofd!3 and can be used for the preparation of

Layered double hydroxides (LDHs) being typical inter- f€rnary metal oxided::

calation compoupds are of conS|der:_abIe mter(_ast dueto t_helr (3) Isupov, V. P.: Tarasov, K. A.: Chupakhina, L. E.: Mitrofanova, R. P.:
valuable and unique ion-exchange intercalation properties. Skvortsova, L. |.; Boldyrev, V. V.; Russ, thorg. Chem1995 1, 22.

Their genera| formula can be presented a§+MM3+X_ Isupov, V. P.; Tarasov, K. A.; Chupakhina, L. E.; Mitrofanova, R. P.;
S A N h M+ = 2t N2t Cot Boldyrev, V. V. Dokl. Chem.1994 1-3, 90.

(OH)YI*" (A" )wn*mH20, where = Mg?", Ni**, Co™, (4) Isupov, V. P.: Chupakhina, L. Russ. J. Inorg. Cherd 998 8, 1183.
Zn?t, C&', etc. and MT = AI3T, C*, Feé', Mn3t, etc. (5) Kaneyoshi, M.; Jones, Wi Mater. Chem1999 9, 805.
The only exception among LDHs is wher?M= Li* giving ©) fzultg‘a””' N. H.; Spiccia, L.; Turney, T. W. Mater. Chem200Q 5,
rise to {[LiAl ,(OH)s "},A" *mH,O (Li,Al-LDH-A). Its (7) Isupov, V. P.; Chupakhina, L. E.; Tarasov, K. A.; Boldyrev, V. V.
structure consists of positively charged layers [L{®IH)g] * Dokl. Chem.1996 13, 126.

. P . y _ 9 Y [le{QIH)e] (8) Tsyganok, A. I.; Suzuki, K.; Hamakawa, S.; Takehira, K.; Hayakawa,
separated by interlayer aniong“Aand solvent molecules. T. Chem. Lett2001, 1, 24.

In recent years great attention has been given to LDHSs, ( l(g)) I|<aney03\?i|PM.;T Jones, \QMZL (;Aryst]; Liq. Créstgo%lh%akﬁm e
; I ; ; ; . supov, V. P.; Tarasov, K. A.; Mitrofanova, R. P.; Chupakhina, L. E.
which ConFam. interlayer organic Che'?‘“”g ligands: EDTA_ In Nanophase and Nanocomposites MateriallMRS Proceedings
(ethylenediaminetetraacetate), NTA (nitrotriacetate), and their Komarneni, S., Parker, J. C., Wollenberger H. J., Eds.; Materials
; 9 Research Society: New York, 1997; Vol. 457, p 539.
_complexes with me'[als_' It has been shown that SU.Ch t(11) Tarasov, K. A., Isupov, V. P.; Bokhonov, B. B.; Gaponov, Yu. A,;
intercalates are convenient precursors for the preparation o Tolochko, B. P.; Sharafutdinov, M. R.; Shatskaya, S.JSMater.

composite materials containing metal nanoparti€l&sor Synth. Proc200Q 1, 21. , _
(12) Sato, T.; Okuyama, H.; Endo, T.; Shimada,Réact. Solid499Q 8,
63

(1) Sissoko, I.; lyagba, E. T.; Sahai, R.; Biloen, PSalid State Chem (23) Séto T.; Masaki, K.; Yoshioka, T.; Okuwaki, . Chem. Technol.

1985 60, 283-8. Biotechnol 1993 58, 315

(2) Narita, E.; Yamagishi, T.; Tazawa, K.; Ichijo, O.; Umetsu, May (14) Tarasov, K. A.; Isupov, V. P.; Chupakhina, L.Russ. J. Inorg. Chem.
Sci. 1995 9, 187. 2000 11, 1659.
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In this work, the formation of Cg, Ni?*, and Cd*"
complexes of EDTA within the interlayer space of an LDH
has been studied. It is well-known that the EDTA ligand
forms very stable complexes in solution with almost any
metal; for example, logarithms of stability constants for
binding to Ca", Ni?", and Cd" are 16.3, 18.6, and 18.8,
respectivelyt® We were interested to see if we could prepare
a solid-state version of EDTA by initially intercalating EDTA  process has been shown to be reversible to such an extent
into an LDH and then using this resulting EDTA/LDH that it is possible to completely deintercalate” land the
complex as a solid state complexation material for metal ions. charge compensating interlayer anions, giving high-purity
This approach may be of interest as a method for recoveringAl(OH)3.22 For that reason, the charge compensation upon
transition and/or radioactive metals from aqueous solutions.the complex formation within this LDH can also occur

We began by considering the possibility of anion-exchange through the release of lithium cations from the structure.

led to the insertion of the metal cations together with the
additional charge-compensating anions(6f NO;™) into
the LDH.

In the case of Li,Al-LDH another mechanism of the charge
compensation may exisfThis host is the only known LDH
which can be prepared through the direct intercalation of
both cations and anions into a crystalline hydroxXiié! This

intercalation of EDTA into an LDH to give LDHH,Y,
(where HY® "~ is one of the four possible anions of
EDTA). At 20 °C EDTA exhibits the following aqueous
dissociation constants:Kgp = 2.00, K, = 2.66, K3 = 6.16,
and K4 10.24. In the interval pH 410 (the most
appropriate for anion exchange in LDHS) the ligand exists
predominantly as [k¥]? and/or [HYF™ anions, and pH 4.5

and 8.0 are the corresponding pH values of their maximal

equilibrium concentrations:*® According to the preliminary
data obtained previoushtreatment of Li,Al-LDH-CI with
EDTA solutions at the fixed pH values can lead to the
replacement of chloride ions predominantly by eithesH~

or [HY]®". Similar results have been observed for Zn,Cr-
LDH—NO; upon intercalation of nitriotriacetates#?~ and
nta®~ at pH~ 6.7 and 11, respectively.

The next step in the formation of [M¥] complexes
within an LDH structure is the treatment of the preformed
LDH—H,Y intercalate with a solution of a metal salt. In
water solution chelating rapidly occurs according to the
following equation:

HY®" + M#* =MY? +nH* (1)

However, in solid state this reaction may be complicated by

the necessity to intercalate not only?M cations, but

The aim of this work was to investigate the chelation
process between the ligand EDTA and the transition metals
Co, Ni, and Cu taking place within the interlayer space of
Li,Al-LDH.

Experimental Section

Synthesis of Li,Al-LDH—CI, Li,Al-LDH —H,Y, and LiAl-
LDH —HY. The layered double hydroxide Li,Al-LDHCI ([LiAl ,-
(OH)6)CI-0.5H,0) used in further anion-exchange reactions was
prepared by treatment of gibbsitg-Al(OH)3] with concentrated
LiCl water solution as described in ref 20. Li,Al-LDHH,Y was
prepared by suspendjr2 g ofLi,Al-LDH —Cl in 100 mL of a 0.075
M aqueous solution of kY. Li,Al-LDH —HY was prepared by
suspendig 5 g of Li,Al-LDH —Cl in 90 mL of a 0.13 M aqueous
solution of NaH.Y. In both cases NaOH was added beforehand to
adjust the solutions to pH 4.5 and 8.0, respectively. The reaction
mixture was kept at room temperature foh with constant stirring;
thereafter the solids were filtered, washed with deionized water,
and dried at~50 °C in air.

Anal. Found/calcd (%). For [LiA(OH)gCI-0.5H,0 (Li,Al-
LDH—CI): Al, 25.63/26.02; Li, 3.39/3.35; Cl, 17.56/17.09; H, 3.58/
3.40. For [LiAlz(OH)e](CloH14N203)o.46C|0.08‘2.5H20 (Li,Al-LDH -
HoY): Al, 15.81/15.67; Li, 1.93/2.02; CI, 0.89/0.83; C, 15.75/16.05;
H, 455/511, N, 3.48/3.74. For [LiédOH)G](C10H13N208)0,33-
2.5H,0 (Li,Al-LDH —HY): Al, 17.54/17.78; Li, 2.13/2.29; ClI, 0.10/

0; C, 12.48/13.06; H, 4.93/5.08; N, 2.86/3.05.
Synthesis of Li,Al-LDH-MY and Naj[MY] -xH;0. The inter-

accompanying anions as well. As seen from the equation .4 ates Li,Al-LDH-MY ([LIAI 5(OH)J(MY) 0.53H;0, M = Cc?",

above, only in case of f¥2~ and HY ™ this reaction proceeds
as “cation exchange” of one ¥ for two H*. In the case
where the ligand is less protonated € 2), complex

Ni2*, Cw?*) were prepared by direct anion exchange by suspending
2 g of the Li,Al-LDH—CI in 75 mL of a 0.2 M aqueous solution
of Ng[MY] at 90 °C for 1 h with constant stirring. The final

formation would cause an excessive positive charge in the products were filtered, washed with deionized water, and dried at

LDH, which is likely to be compensated for by intercalating

~50°C in air. The metal EDTA complexes (A& Y] -xH,O) were

additional anions that are present in the solution. Such aPrepared according to the procedttdhe Na[MY] -xH,O com-

process was first supposed by the authors in ref 3 and was’

later shown to take place in Zn,Cr-LDH-rfta reatment of
Zn,Cr-LDH-nta with copper and nickel chlorides or nitrates

(15) Tsyganok, A. |.; Suzuki, K.; Hamakawa, S.; Takehira, K.; Hayakawa,
T. Catal. Lett.2001, 1—3, 75.

(16) Dyatlova, N. M.; Temkina, V. Ya.; Popov, K. Kompleksony i
kompleksonaty metallo(Complexones and Metal Complexonates
Khimiya: Moscow,1988 p 544.

(17) Anderegg, G. IlComprehensie coordination chemistrywilkinson,
Ed.; Pergamon: New York, 1987; p 777.

(18) Martell, A. E.; Smith, R. M.Critical stability constants Plenum
Press: New York, London, 1974; Vol. 1. Martell, A. E.; Smith, R.
M. Critical stability constantsPlenum Press: New York, London,
1982; Vol. 5.
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lexes were prepared by taking the appropriate basic metal
carbonate and adding it to-0.1 M solution of NaH,Y at 100°C

for 2 h; the solutions were filtered to separate the excessive solids.
The salts were crystallized by evaporating the solutions to one-
third the initial volume and cooling in ice; afterward diethyl ether
was added to give rise to precipitation of JNdY] -xH,0.

(19) Nemudry, A. P.; Isupov, V. P.; Kotsupalo, N. P.; Boldyrev, V. V.
React. Solid4986 1, 221.

(20) Besserguenev, A. V.; Fogg A. M.; Francis, R. J.; Price, S. J.; O'Hare,
D.; Isupov, V. P.; Tolochko, B. RChem. Mater1997, 9, 241.

(21) Fogg, A. M.; O’'Hare, DChem. Mater1999 11, 1771.

(22) Isupov, V.; Chupakhina, L.; Belobaba, A.; TrunovaJAMater. Synth.
Process1999 1, 9.

(23) Radko, V. A.; Yakimets, Ye. MZh. Neorgan. Khim1962 7, 683.
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Anal. Found/calcd (%). For [LiA(OH)s)(CoCioH12N2Og)o 5t
3H,O (Li,AL-LDH —CoY): Al, 14.03/13.82; Li, 1.79/1.78; Co,
7.48/7.54; Cl, 0.89/0; C, 15.23/15.38; H, 4.61/4.65; N, 3.41/3.59.
For [LiAl 5(OH)g](NiC10H12N203)0 5:3H20 (Li,Al-LDH —NiY): Al,
14.85/13.82; Li, 1.68/1.78; Ni, 7.02/7.52; Cl, 0.49/0; C, 14.83/15.38;
H, 4.80/4.65; N, 3.30/3.59. For [LiA(OH)s](CuC,oH12N20g)0 5
3H,0 (Li,Al-LDH —CuY): Al, 14.26/13.74; Li, 1.75/1.77; Cu, 7.98/
8.09; Cl, 0.49/0; C, 15.29/15.29; H, 4.58/4.62; N, 3.38/3.57. For
C, 28.93/25.83; H, 4.74/4.33; N, 6.59/6.03. For,8aCioH1-
N2Og-2H,0 (N&CoY): Na, 11.53/10.71; Co, 13.94/13.73; C, 26.35/
27.99; H, 3.76/4.37; N, 5.97/6.53. For }aC;oH1,N»0g:3.5H0
(NaCuY): Na, 10.58/9.98; Cu, 13.84/13.79; C, 25.91/26.07; H,
4.33/4.16; N, 5.82/6.08.

Synthesis of Li,Al-LDH—HY/MA ,. The intercalates Li,Al-
LDH—HY/MA , were prepared by suspendith g ofLi,Al-LDH —

HY in 40 mL of 4.2 x 1072 M aqueous solutions of the M#salts

{M = Cc&?", Ni?*, and Cd@"; A = CI-, NOs~, and CHCOO~
(Ac™)}. The reaction mixtures were kept at room temperature for
1 h with constant stirring. The final products were isolated by
filtration, then washed with deionized water, and dried-&0 °C

in air.

Anal. Found/calcd (%) For [lgle@N 2(OH)6](COCloleNzOg)o_gg'
2H,0 (Li,Al-LDH —HY/CoAc,): Al, 17.80/ 17.34; Li, 1.54/1.49;
Co, 6.21/6.25; C, 11.56/12.74; H, 4.58/4.52; N, 2.59/2.97. For
[Li 0.66Al2(OH)s](NiC10H12N20g)0.332.5H0 (LDH—HY/Ni(Ac)2):

Al, 17.12/16.86; Li, 1.44/1.44; Ni, 6.18/6.05; C, 11.40/12.38; H,
408/471, N, 2.43/2.89. For [b,&;ﬁlQ(OH)S](CUcloH12N203)0_33‘
2H,0 (Li,Al-LDH —HY/Cu(Ac),): Al, 17.63/17.25; Li, 1.46/1.48;
Cu, 7.18/6.71; C, 11.95/12.67; H, 3.98/4.50; N, 2.62/2.96. For
[Ll 07%' 2(0H)@](COCloleN208)025(:'0‘25‘2.5H20 (LDH—HY/CO-
Cl,): Al, 18.00/17.87; Li, 1.72/1.72; Co, 4.34/4.88; Cl, 2.81/2.94;
C, 10.29/9.95; H, 4.26/4.67; N, 2.17/ 2.32. For[tdAl ,(OH)g]-
(NiC10H12N20g)0.25Clo 253H,0 (Li,Al-LDH —HY/NICl,): Al, 17.28/
17.36; Li, 1.60/1.67; Ni, 4.05/4.72; Cl, 3.08/2.85; C, 9.79/9.66; H,
4.26/4.86; N, 2.04/2.25. For [b,'tgAlz(OH)e](CUCloH12N208)0_25
Clg.252.5H,0 (Li,Al-LDH —HY/CuCl,): Al, 18.17/17.61; Li, 1.60/
1.72; Cu, 5.78/5.24; Cl, 2.81/2.92; C, 10.86/9.91; H, 4.17/4.66; N,
2.26/2.31. For [LdgA' 2(0H)E,](COC10H12N208)0125(N03)0.2(H2C10H13'
N20g)0.052.5H,0 (Li,Al-LDH —HY/Co(NGs),): Al, 17.23/16.85;

Li, 1.97/1.73; Co, 4.06/4.60; C, 10.94/11.25; H, 4.38/4.63; N, 3.50/
3.50. For [Lb_aAlz(OH)G](NiC10H12N203)0_24N03)0_2(H2C10H13-
N20sg)0.052.5H,0 (Li,Al-LDH —HY/Ni(NO3),): Al, 16.76/16.85; Li,
1.78/1.73; Ni, 5.01/4.58; C, 10.76/11.25; H, 4.32/4.63; N, 3.17/
3.50. For [Lp.gAl2(OH)g](CuCigH12N208)0.25NO3)o.2(H2CroH13-
N2Og)0.053H,0 (Li,Al-LDH —HY/Cu(NGs),): Al, 16.36/16.33; Li,
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Figure 1. IR spectra of the intercalates: (a) Li,Al-LDHCI; (b) Li,Al-

LDH—H,Y; (c) Li,Al-LDH —HY.

by integrating the peak intensities using a Gaussian fitting routine.
All the synthetic conditions in EDXRDs were repeated as in the

laboratory, except the reaction vessel, which was replaced by a
glass tube to fit the experimental cell.

Results and Discussion

Synthesis of Li,Al-LDH—HNY Intercalates. The treat-
ment of Li,Al-LDH—CI with solutions of NaH,Y at pH =
4.5 and 8.0 leads to almost complete deintercalation of Cl
and intercalation of k¥?~ and HY?", respectively. Chemical
analysis of mother liquors showed that the aluminum content
did not exceed 2%, indicating that no significant dissolution
of the Li,Al-LDH host had taken place. Elemental analysis
of the solid products showed that their compositions cor-
respond closely to the formula [LiXJIOH)s](H2Y)o52.5H0
and [LiAl(OH)g](HY) 0.332.5H,0, respectively. As seen from
their IR spectra (Figure 1), the materials exhibit bands which
are characteristic of the ligand: poorly resolveeCH
vibrations at 2906:3000 cntt, »-CN vibrations at~1100
cm!, and strong asymmetrical and symmetriecaCOO
vibrations at~1600 and~1400 cn1?, respectively. The IR
spectra also display bands attributable to the Li,Al-LDH

1.67/1.68; Cu, 5.59/4.81; C, 10.86/10.90; H, 4.19/4.79; N, 3.45/ matrix: 6-AlIOH (~960 cnt), »-AIOH (~750 cn?), and

3.39.

The chemicals used in the syntheses were purchased from eithe

Aldrich or Reachim, with purities above 98%.

Instrumentation. Powder X-ray diffraction (XRD) patterns were
recorded with a Philips PW1710 diffractometer using Ca K
radiation with a scan speed 26)/ min. IR spectra were recorded
with a Perkin-Elmer 1600 FTIR spectrometer using KBr pellets.
UV —vis diffuse reflectance spectra were recorded with a VSU-2P
spectrometer using MgGQas a standard.

Time-resolved in-situ energy-dispersive X-ray diffraction experi-
ments (EDXRDs) were performed on Station 16.4 of the U.K.

0-AlOg (~530 cn?) vibrations. Comparing the spectra of
Ii_i,AI-LDH —H,Y and Li,Al-LDH—HY shows that the treat-
ment at higher pH causes a significant decrease in absorbance
of the band at 1615 cnm and increase in absorbance of the
band at 1580 cmt. We believe this is due to the decrease
in the protonation of the intercalated ligand.

The powder XRD patterns indicate that intercalation of
the EDTA ligand into Li,Al-LDH-CI gives rise to a
significant increase of interlayer separation from 7.65 to 12.1

Synchrotron Radiation Source, Daresbury Laboratory, U.K., using (24) Clark, S. M.; Nield, A.; Rathbone, T.; Flaherty, J.; Tang, C. C.; Evans,

an experimental setup which has been described else@here.
Individual spectra were collected with acquisition times of 30 s
and a fixed detector angleqRof 1.8C°, which provided al spacing
range~ 5—20 A. Analysis of the diffraction peaks was performed

J. S. O,; Francis, R. J.; O’'Hare, Ducl. Instrum. Method4995 97,

98. Clark, S. M.; Cernik, R. J.; Grant, A.; York, S.; Atkinson, P. A;

Gallagher, A.; Stokes, D. G.; Gregory, S. R.; Harris, N.; Smith, W.;
Hancock, M.; Miller, M. C.; Ackroyd, K.; Farrow, R.; Francis, R. J.;

O’Hare, D.Mater. Sci. Foruml996 228 213.
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However, in the case of Li,Al-LDHHY we did not observe
any marked dissolution of the host, presumably as a result
of a few released protons in this case. Therefore, all further
experiments were performed using the Li,Al-LBHY
material.

Addition of Li,Al-LDH —HY to aqueous solutions of the
metal salts was accompanied with rapid (for several minutes)
decoloration of the initial solutions and concomitant colora-
tion of the solid phase. This suggests that the metal dications
in each case have moved from solution into the solid phase
also confirmed by elemental analysis (Table 1). The kinetics
of this process will be discussed below. As can be seen from
(a) the table, the compositions of the final products depend on
. Ma , the anions, rather than on the metals in the salts kéken

0 10 20 30 40 50 60 70 for the treatment. In general terms the interactions of the
20/° metal salts with Li,Al-LDH-HY can be described by the
Figure 2. Powder XRD patterns of the intercalates: (a) Li,Al-LBH following equations:
HY; (b) Li,Al-LDH —H,Y; (c) Li,Al-LDH —ClI.
. + —
A (Li,Al-LDH —HY) and 13.0 A (Li,Al-LDH—H,Y) (Figure [LIAI (OH)(HY) 55GH,0 + 0.25M" + 0.25CT =

2). The difference~1 A in dooz spacing (based on a [Li 6.76Al (OH)eIClg ,MY) 4 5 ZH,0 + 0.25L1" +
hexagonal unit celf) of the products can be explained by 0.083HY2 + 0.166H" (2)
different densities of the ligand in the LDH structure: a

decrease of the anion concentration within the interlayer [LIAl ,(OH)g(HY) 250H,0 + 0.25M + 0.20NQ,” =
space allows the ligand to accommodate more spaciously, [Li o AlL(OH)s(MY) 4.55NO3)o o H,Y) 0 05 ZH,0 +
causing a decrease thspacing. Taking into account the + o

dimensions of the EDTA ion®,one may conclude that the 0.2LI" +0.033RY" + 0.166H" (3)
gallery size of the interlayer space derivable by subtraction [ ja| (OH)J(HY) , 5y qH,0 + 0.33M" =

of the thickness of the basal layer4.8 A from doo is not _ ' "

enough for the vertical accommodation of the ligand relative [Lio el (OH)EI(MY)  352H,0 + 0.33LI" + 0.33H" (4)
to the layers (Figure 3a). Otherwisig, would reach at least

16 A. This is also confirmed by the fact that upon chelating and nitrate salts leads to the intercalation of the metal

meta_l cations an increase rat_her than a decreastyin . dications and the anions and partial de-intercalation of the
spacing (as one could expect) is observed (s_ee below). It 'Sligand, lithium cations and protons (egs 2 and 3). The
a|$0 Wodrtr:_.rﬁ't%ﬁitéhﬁoozvalu?s foutnd Iﬁr L"Afl'LD';_f intercalation of nitrate anions into the host is suggested by

and LLA- 2Y aré close 1o those found Ior —i,q elemental composition of the products and was later

_ _ 3—n)— - - . . .
I\/:g?:ﬁlll_leHA E_’ll?]td n %1'8_13'3 Ab)5 antd an,éir lt‘DIH confirmed by IR spectroscopy. The reaction of Li,Al-LBH
nter™ (12.1 A)> The coincidence may be not accidental, since HY with metal acetates proceeds by intercalation of cations

both ligands contain the same-RI(CH,COO ), moiety, without the counterions, and the introduction of the positive

WZ?;? R= C'It—|2COOb (nte") or ;ChHZCT]ZN(ChHZCOO)zf h charge is compensated for entirely by the release from LDHs
(e ). S0 it can be assumed that the character o € of the equivalent quantity of lithium and hydrogen cations.

accommod_atlo_n of EDTA a_nd NTA may be_ S|m||a_r. How- This difference in behavior may be due to the fact that acetate
ever, c_on5|der|ng that the ligands have qwte_: flexible skel- intercalates into LDH with more difficulty: in the series of
et(_Jns, |t.would_bg u.nreasonable to cho_ose their most pro.b"’lbleselectivity in relation to anion exchange in Li,Al-LDH, it
orientations within mtgrlayer space using only data obtained stands after chloride and nitrate: $O> CI- > NOs~ ~
from powder XRD (Figure 3b).

. . CO2/HCO;~ > CH;COO .26
Synthesis of Li,Al-LDH—HY/MA , Intercalates. The : - ;
. ’ X XRD patterns show an increase of the interlayer separation
intercalates LDH-H,Y (n = 1-2) were treated with a P y D

solution of either cobalt, nickel, and copper nitrates, chlo from ~12 to ~15 A (Figure 4). This could be caused by a
' ! ! " change in conformation of the ligand within the interlayer
rides, or acetates. In the case of Li,Al-LBH#H,Y, such g 9 y

treatment did not produce a simple ion-exchange intercalationSloace upon chelating the incoming metal cations. The
. - . ) ) estimated gallery height is 10 A and is in close agreement
reaction. On stirring Li,Al-LDH-H,Y with a solution of the g y nelg g

tal salt ianificant part of the LDH dissolved. formi with the maximal dimensions {910 A) of some related
me a”ia S a5|gn|T|hc_an_ part o 'ble d tlsst(r)] ved, o_rmlngf complex salts K[CuY]-3H,0, Ca[NiY]-4H,0, and Ca[Co-
a gellike mass. [his 1S possibly due 1o he erosion o (H20)Y]-4H,0 as determined by single-crystal XRD experi-
hydroxide layers by protons releasing from the ligand. ments?” We conclude that metal complex ions in the LDH

7.6 A

(©)

[
L

intensity, a.u.

13.0A

{1214

Therefore treatment of Li,AI-LDHHY with the chloride

(25) Julian, M. O.: Day, V. W.; Hoard, J. llnorg. Chem1973 12, 1754. structure are accommodated without any apparent deforma-
Cotrait, M. Acta Crystallogr., Sect. B97Q 26, 1152. Cisarova, |.;
Podlahova, J.; Podlahd. Collect. Czech. Chem. Commur995 60, (26) Mascolo, GMiner. Petrogr. Actal985 29A 163.
820. (27) Porai-Koshits, M. A.; Polynova, T. NKoord. Khim 1984 10, 725.
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Figure 3. Schematic representations of two of the many potential orientations for thfe didend within an LDH.

Table 1. Summary of Elemental Analysis and Powder XRD for the Metadta Intercalates

material (idealized formula) Li/Al M/Li M/AI Cl/Al CIN dooz, A
[LiAl 2(OH)g]CI-0.5H,0 0.514 0.521 7.65
[LIiAl 2(OH)e)(HY) 0.332.5H,0 0.471 0.004 5.10 12.1
[Li 0.66Al 2(OH)g](C0Y)0.33 2H202 0.335 0.476 0.167 5.21 14.8
[Li0.66Al 2(OH)g](NiY) 0.332.5H,0? 0.326 0.509 0.166 5.48 14.7
[Li 0.66Al 2(OH)g](CuY)o .33 2H,02 0.322 0.537 0.173 5.31 14.8
[Li 0.75A1 2(OH)e]{ Clo.25(COY )o 25} +2.5H,OP 0.371 0.300 0.111 0.119 5.53 14.8
[Li 0.75A1 2(OH)s){ Clo.25NiY) ¢ 25 - 3H0O° 0.359 0.300 0.108 0.136 5.61 14.8
[Li 0.75A1 2(OH)gl{ Clo.25(CuY )o 25 - 2.5H,OP 0.341 0.395 0.135 0.118 5.62 14.7
[Li0.8Al2(OH)6]{ (CoY)o.25NO3)o.2A(H2Y)0.05 -2.5HO° 0.443 0.245 0.109 3.65 14.8
[Li0.8Al2(OH)6]{ (NiY) 0.25NO3)o. AH2Y)0.05 *2.5H,0¢ 0.412 0.333 0.137 3.97 14.7
[Li0.8Al2(OH)6]{ (CuY)o.25NO3)o.2A(H2Y)0.05 -3H20°¢ 0.396 0.366 0.145 3.68 14.8
[LiAl (OH)g](CoY)o.5-3H.0¢ 0.496 0.492 0.244 0.097 5.22 14.8
[LIAl (OH)g](NiY) ¢.5:3H,0O4 0.438 0.496 0.217 0.025 5.24 14.8
[LiAl 2(OH)g](CuY)o.5-3H,0¢ 0.477 0.498 0.238 0.055 5.28 14.8

aFormed by direct reaction of [LIA{OH)s]HY with M(Ac) » salts (eq 4)? Formed by direct reaction described by ecf Eormed by direct reaction

described by eq 3! Formed by direct reaction as described by eq 5.

tions. For comparison we summarized in Figure 4 and Table
1 the XRD data for the intercalates formed by the direct ion-
exchange reaction of Li,Al-LDHCI with [MY]?" ions
according to eq 5.

[LIAl ,(OH)(]Cl-gH,O + 0.5(MY)?* =
[LIAI ,(OH)gJ(MY) , 5-zH,0 + CI™ (5)

The XRD patterns of the intercalates containing the [K1Y]
complexes formed by different synthetic routes are in good
agreement. The only difference is that the Bragg reflections
in the XRD patterns of intercalates prepared by reaction of
a preformed Li,Al-LDH-HY with the metal salts are broader
and have lower intensity than the equivalent reflections for
the samples prepared by direction anion exchange of the
[MY]?2 anions into Li,Al-LDH—CI. The continued observa-
tion of Bragg reflections wittd ~ 4.4 and 1.47 A in Li,Al-
LDH—HY/M(Ac),, which can be indexed a&(0) by the
analogy with the unit cell of Li,Al-LDH-CI, indicates
retention of the significant order in treb-plane.

(28) Sawyer, D. T.; Paulsen, P.Jl.Am. Chem. S0d.959 81, 816.

Equations 2-4 show that the treatment of Li,Al-LDH
HY with either chloride and nitrate salts, unlike acetate salts,
makes the solid-state chelation within the LDH a complicated
process, which involves intercalation and de-intercalation of
several ionic species. As one can notice, atomic ratios M/CI
and M/NG; in the solids are close to 1. This implies that
Cl~ and NQ™ can insert into the interlayer space wittFM
as ion couples. Together with water molecules, these anions
likely occupy positions among the ligands, and the partial
de-intercalation of the ligand anions is caused by competition
for vacant positions within the interlayer.

Interaction of Li,Al-LDH—HY with cobalt, nickel, and
copper salts does not cause significant changes in positions
and intensity of the IR bands, attributable to the hydroxide
layers. Comparison of the spectra of salts[NEv] -nH,O
and intercalates LDH-MY and LDHHY/M(Ac), shows a
good coincidence of the majority of the characteristic bands
(Figure 5, Table 2). The most intense absorption bands are
those belonging to carboxylates, at 1400 and 1600 cthat
are a characteristic of coordinated COO groups. Following
the transformation of Li,Al-LDH-HY into Li,Al-LDH —HY/

Inorganic Chemistry, Vol. 42, No. 6, 2003 1923
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Figure 4. Powder XRD patterns of LDHs containing edta-chelated metal
cations: (a) [LJ)GGAJ 2(OH)6](CUY)0_33'2H20; (b) [LiAl 2(OH)6](CUY)0_5'
3H.0; (C) [Lio.eeAl 2(0H)e](NiY) 0.332.5H:0; (d) [LiAl 2(OH)](NiY) 0.53H0;

(e) [Lio_eeAl z(OH)e](COY)o_33'2H20; (f) [LiAl 2(0H)5](COY)0_5’3H20.

M(Ac), the shape of the band of the asymmetrical COO
vibrations notably changes: the maximum at 1580amd
the shoulder at 1660 crhmerge into one absorption with a
maximum at 16081610 cnt™. This provides some evidence

Tarasov et al.
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Figure 5. IR spectra of the metal edta salts and the LDHs containing
edta-chelated metal cations: (a)dkéAl 2(OH)e](CuY)o.332H0; (b) [LiAl -
(OH)el(CuY)o.53H20; (c) NaCuY-3.5H,0; (d) [Lio.scAl2(OH)el(NiY) 0.33
2.5H,0; (e) [LiAI2(OH)](NiY) 0.5:3H20; (f) NaNiY +4H20; (g) [Lio.eeAl -
(OH)6](CoY)o.332H0; (h) [LiAl 2(0H)g](CoY)o.5-3H:20; (i) NaeCoY-2H:0.

The UV—vis spectra for Li,Al-LDH-MY, Li,Al-LDH —
HY/M(Ac), and NaMY -xH,O (M = Co, Ni, and Cu) have
been recorded and are shown in Figure 6. Values for
absorption maxima are presented in Table 3, in addition to
literature data of the [MY]" complexes in agueous solution.
We observe that in all cases, exceptthg — “T,4 transition
of [CoY]?%, there is a blue shift of the metal-baseddibands
for Li,Al-LDH —HY/MA; and Li,Al-LDH—MY in relation
to those observed for MY -xH,O. The transitiorfAq —
1E,40bserved as a shoulder at 83820 nm ¢-12 270 cn?)

for the coordination of the carboxylates to the transition metal in Na,NiY -4H,0 and Li,AL-LDH—HY/Ni(Ac) is not seen
ions. Some authors have interpreted the merging of thisin Li,AI-LDH —NiY. It is likely that in the spectra of LDH-

absorption as proof of the equivalence of the CQffoups
of the ligand after chelating metai3IR spectroscopy has

NiY it is obscured by the intense transitiGAzy — 3Tag.
Although this transition is spin-forbidden, it is known to be

been used to try and provide information of the nature of a characteristic for Ni in the high-spin state. Taking all

the metat-ligand interactions in metalEDTA complexes.

the analytical, structural, and spectroscopic data into con-

Logvinenko et al. have investigated the IR spectra of the sideration, we propose a schematic representation of the

complexes MM,Y -H,O (M; = Mg, Ca; M, = Cc**, Ni?*,
Mn2t, CL2*; Y = edtd™).2° The structures of these complexes

Li,Al-LDH —HY/MA , phases in Figure 7.
Kinetic Experiments. The kinetics of the solid-state

have already been determined by single-crystal XRD analy- chelation of the metal cations by EDTA intercalated in Li,Al-

sis. In fact MgNiY-6H,O (hexadentate EDTA) had a split
absorption band at 1600 cr) while CaCo¥5H,0 (penta-
dentate EDTA) exhibits an unsplit COO absorption. As the

LDH phases has been studied using time-resolved, in-situ
energy-dispersive X-ray powder diffraction (EDXRD). The
EDXRD data revealed that the reaction of Li,Al-LBDHHY

authors report, this behavior can be explained by the high with either Ni(NQ;),, NiCl,, Co(Ac), or Cu(Ac) was too

sensitivity of the asymmetrical vibrations of coordinated
COO groups to intermolecular interactions, especially
hydrogen bonding.

(29) Logvinenko, V. A.; Myachina, L. |.; Ipatova, T. Bzv. Sib. Otd. Ross.
Akad. Nauk, Sib. Khim. Z1.98Q 12, 41.
(30) Jergensen, C. KActa Chem. Scand.955 3, 1362.
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rapid to be amenable to study by this technique, since the
first EDXRD dataset following mixing of the reagents
showed only the Bragg reflections of the final crystalline
products. Fortunately, the reaction of Li,Al-LBHHY with
nickel acetate is sufficiently slow to be able to follow using
the diffraction techniques. There seems to be no correlation
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Table 2. Summary of Selected IR Data and Assignments for the Metdta Intercalatés

assignment
material v-CH 1-COOussym v-COGsym v-CN 0-AlIOH
[LiAl 2(OH)6]CI-0.5H,0 1620 §-H.0) 960
NaCuY-1.5H0 28 2930 1605 (s) 1390 (s) 1130
1120
[Li 0.66Al 2(OH)s](CUY)o 33 2H,0P 2972 1610 (s) 1397 (s) 1109 970
2936 1087 920
2883
[LiAl 2(OH)g](CuY)o.5-3H,0° 2979 1605 (s) 1387 (s) 1156 (sh) 959
2937 2937 1104 (sh)
2883 2883 1080
NaCuY-1.5H0 28 2950 1600 (s) 1395 (s) 1125
1110
[Li 0.66Al2(OH)6](COY)o 33 2H,0P 2936 1604 (s) 1391 (s) 1106 964
2964
2886 (sh)
[LiAl 2(OH)g](C0Y)o.5-3H,0° 2960 1605 (s) 1391 (s) 1103 960
2928 2928
2885 (sh) 2885 (sh)
NaNiY -4H,0 28 2950 1605 1400 (s) 1105
1390 (sh)
[Li 0.66A1 2 OH)g](NiY) 0.3 2. 5H,0P 2974 1604 (s) 1391 (s) 1106 964
2960
2938
2886 (sh)
[LiAl 2(OH)](NiY) 0.5:3H20° 2970 1605 (s) 1391 (s) 1112 963
2931 2931 1100
2880 (sh) 2880 (sh)

a(s) = strong, (sh)= shoulder? Formed by direct reaction of [LIA(OH)s]HY with M(Ac) » salts (eq 4)¢ Formed by direct reaction as described by eq
5.

Table 3. Summary of the UW-Vis Spectroscopy Data for the Metaddta Intercalatés

wavelength for given ¢d transition, nm

material 4T1g—4Tog 4T1g—*Azg 4T1g— *T1g (multiplet)
CoY?(aqgp® 1100 613 (sh) 503, 485, 465
NaCoY-2H,0 950 (sh) 620 530, 480
[LiAl 2(OH)g](COY)o.53H,0° 950 600 490 (sh), 460
[Li 0.66Al 2(OH)s](COY)g.33 2H20 1050 (sh) 595 (sh) 500, 460

wavelength for given €d transition, nm

material 3Azg i 3ng 3Azg i 1E;|_g 3Azg i 3T1g(F) 3Azg i 3T19(P)
NiY 2(ag)® 990 790 587 382
NaNiY -4H,0 1100 820 (sh) 600 400
[LiAl (OH)g](NiY) .5 3H,Q° 880 580 380
[Li0.66Al 2(0H)g](NiY) 0.332.5H,O° 975 810 (sh) 580 380
wavelength for given wavelength for given
d—d transition, nm d—d transition, nm
material 2Ey— 2Toyg material 2Ey— 2Ty

CuY,(aq)© 730 [LiAl;(OH)g](CuY)o 5 3HOP 740

Nazch‘3.5H20 760 [Lio,eeAl 2(OH)6] (Cl.lY)o,agZHzOC 740

a(sh) = shoulder? Formed by direct reaction as described by e§Bormed by direct reaction of [LIA(OH)s]HY with M(Ac) ; salts (eq 4).

between the stability constants of the [MY]complex Quantitative kinetic data were extracted by determining the
formation and the rate of the solid-state chelation since log integrated intensities of the Bragg reflections of the host and
K(CoY) is more than 2 orders of magnitude less than log product phases. Unfortunately, the analysis was hindered by
K(NiY). Itis difficult to explain why the rate of intercalation  significant overlap of the Bragg reflections of the host and
of nickel ions in Li,Al-LDH—HY using Ni(Ac), is slower product. We were able to monitor the decay of the intensity
than when using other nickel(ll) salts. of the 002 Bragg reflection of the starting material and have
The solid-state chelation/intercalation of nickel ions in used these data in our subsequent kinetic analysis. The
Li,Al-LDH —HY using Ni(Ac), was studied at three different integrated peak of the 002 reflection were converted to the
Ni?* ion concentrations: 0.027, 0.04, and 0.053 M. The two extent of the reactiony, using the relationship
latter concentrations were taken to provide, respectively, an _ _
1.5- and 2-fold excess of Riiions in relation to the chelation 1= apa(® = o/ alto) ©
capacity of Li,Al-LDH—HY, whereas the former one was Figure 8 shows the decay of the integrated intensity of
taken to provide the ratio HY:Ni= 1:1 (see eq 4). the 002 Bragg reflection of Li,Al-LDHHY at three different

Inorganic Chemistry, Vol. 42, No. 6, 2003 1925
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Figure 8. Time-resolved in-situ EDXRD data for the intercalation of Ni
ions in Li,AI-LDH—HY at 20 °C. Plot shows the normalized integrated
intensity of the 002 Bragg reflection of Li,Al-LDHHY host after the
addition of a Ni(Ac} solution at three different Rit concentrations: K)
0.027, @) 0.04, and 4) 0.053 M.

Table 4. Summary of the Kinetic Parameteérs

Figure 6. UV —vis diffuse reflectance spectra of the metal edta salts and
the LDHSs containing edta-chelated metal cations) NaMY -xH.0; (-++)

[LiAl z(OH)e](MY) 0.5ZH20; (--) [Lio_eeAl z(oH)e](MY) 0.33ZH0O, M = (a)
Cu?t, (b) Ni2*, and (c) Cé*.

Figure 7. Schematic representation of the possible structure of a metal-
edta chelate ((MY]") intercalated in the interlayer space of an LDH. Water
molecules are not depicted. Atom labeling: nitrogen (1), carbon (2), oxygen
(3), and transition metal (4). Hydrogen atoms are omitted for clarity.

initial Ni(Ac). concentrations. The data were fitted to the
Avrami-Erofe’ev rate expression, a kinetic model widely
used in solid-state chemistry, and which has been used
previously in intercalation studié3*

o =1— exp[—(k({t—t,)"]
1926 Inorganic Chemistry, Vol. 42, No. 6, 2003

()

[NiAc 2], mol/L tos S m k(me=3), s73 reacn order
0.027 535 2.9 1.5% 1073 2.7
0.040 186 3.0 4.5& 1073

atp5 = time required to react at = 0.5. Kinetic parametersk( m)
obtained by least-squares fitting to eq 7.

The data show that the chelation/intercalation of*Ni
cations in Li,Al-LDH—HY at an initial Ni(Ac), concentration
of 0.053 M proceeds too quickly to be accurately measured
using our diffraction method. Taking the two otheNion
concentrations, we were able to measure decay curves for
the host material. The kinetic parameters extracted from these
data are summarized in Table 4. Using formalism of Avrami-
Erove’ev kinetics, we can interpret the parameter= 3
obtained in our experiment as an argument that the solid-
state chelation can be a phase boundary controlled process.
Although we have only two reliable data points, we estimate
the order of the reaction with respect to Ni(Acbncentration
to be~3.

Conclusions

We have found that treatment of an Li,Al-LDH which has
been pre-intercalated with EDTA ligands is able to chelate
transition metal ions from aqueous solutions to form
intercalated [M(edtaj] complexes. The ion-exchange ca-
pacity is calculated to be approximately 1.1 mmol/g. The
details of the reaction depend on the nature of the anion
associated with the transition metal cations in solution.
Treatment of the LDH with solutions of either the metal
chloride or nitrate salts leads to co-intercalation of either the
Cl~ or NO;~ anions, respectively. In the case of the metal
acetate salts the cations intercalate without the accompanying
anion. This can be explained by the different intercalation

(31) Price, S. J.; Evans, J. S. O.; Wong, H. V.; O’'Hare JDAdv. Mater.
1996 8, 582.
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selectivity of the anions in relation to the LDH. Kinetics toxic, environmentally unfriendly, and/or radioactive cations
experiments have revealed that these ion-exchange chelationfrom aqueous solutions.

intercalations proceed for very short times. In the case of
nickel acetate, the rate of the chelation/intercalation &f Ni
ions was found to have a third-order dependence on the . :
nickel acetate concentratidik [ [Ni(Ac)2]%. Solid-state tory, and the Royal Society and NATO for a fellowship to
chelating agents that are able to immobilize metal ions in KAT.

solid matrixes may potentially be of interest for recovering 1C0203926
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