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Preparation of alkaline earth carbonates and
oxides by the EDTA-gel process
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The ethylene-diamine-tetra-acetic acid (EDTA)-gel process has been used to produce
carbonates and oxides of the alkaline earth elements Ba, Sr and Ca and their solid
solutions. These materials have a range of potential applications including electron
emission and catalysis. Gels of composition Ba-EDTA, Sr-EDTA, [Bag5Sro5]-EDTA, [Bags
Sro.45Cago5]-EDTA were prepared at pH 6 from aqueous solutions of the alkaline earth
nitrates and EDTA and their thermal decomposition studied by TGA/DSC. The gels and the
products derived from calcination of these gels at different temperatures have been
characterised by FTIR, XRD and SEM, and shown to have high chemical homogeneity and
fine particle size. Decomposition of the gels to the carbonate form occurred below 300°C
with subsequent formation of the oxide occuring on heat treatment at temperatures
ranging from approximately 800°C to >1000°C depending upon gel composition. The
process route is suitable for the production of particulate materials or porous coatings.
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1. Introduction addition the particle size of the precipitates produced
The unusual chemical and electrical properties of alby these processes tends to be relatively coarse [4]. An
kaline earth oxides and their carbonate precursors givalternative process route which could avoid these prob-
rise to their current or potential use in range of specialdems would be attractive.
ist applications. Apart from their use as a constituent The aqueous organic gel route, was originally devel-
of systems such as high temperature superconductorgped by Pechini [5] and Marcilly and co workers [6].
ferroelectrics and fuel cells, alkaline earth oxides, inThe process involve the aqueous reaction of single or
particular those of barium, strontium and calcium, aremultiple metal nitrate precursors with a polyfunctional
of particular value used either individually or in com- acid such as citric acid, to produce stable complexes
bination as the active component of low work function and prevent precipitation allowing the production of an
sources for electron emission [1] and as catalysts for amorphous gel on drying, which can be subsequently
range of processes [2, 3]. The requirements of these apglecomposed to the metal carbonates or oxides on ther-
plications generally include high surface activity/small mal treatment. In comparison with conventional sol-gel
particle size, good chemical homogeneity, the abilityprocessing routes based on alkoxides, the technique
to form thin films or surface coatings and chemical statequires inexpensive precursors, allows the use of an
bility during processing. The last of these requirementsaqueous based processing system and results in the for-
precludes the use of conventional sol-gel processingation of the oxides on heating, sometimes via (atmo-
routes, which would otherwise seem to be an attractivespherically stable) carbonate intermediates.
option, due to the hydroscopic nature of the oxides, and Although organic gel complex processing routes
processing of these materials is normally based on theave been previously used to produce multicomponent
use of carbonate precursors which are decomposed oxide systems containing alkaline earth constituents
situ to form the oxide. [7-9], the processing and properties of single or mixed
Alkaline earth carbonates are most commonly pre-alkaline earth carbonates or oxides prepared by this
pared by precipitation routes involving reaction of theroute has not been previously reported. The aim of this
alkaline earth nitrates with sodium or ammonium car-investigation was therefore to determine the feasibil-
bonates [4], however these processes suffer from dy of utilising such a process route to produce these
number of problems. In particular contamination of materials and to investigate the processes of gel con-
the alkaline earth carbonates occurs by insoluble residsersion and properties of the resultant carbonate and
ual nitrates formed as a by product of the reaction. Inoxide products.
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2. Experimental procedure persing the resultant powders in ethanol and dropping
2.1. Preparation of the precursors this onto the aluminium microscope stub prior to the
The starting reagents used were AnalaR gradepplication of a conductive gold coating. FTIR analy-
Ba(NG;)2, Sr(NGs)2, Ca(NG),-4H,0, EDTA, and  sis was also performed on the crushed material using
35% ammonia solution all supplied by BDH/Merck. the KBr disc method.

The alkaline earth nitrate salts were separately dis-

solved in deionised water and diluted to form 0.1 M

aqueous precursor solutions. A 0.1 M EDTA solution3, Results and discussion

of pH 6 was also prepared by dissolving the requisite3.1. Gel formation

quantity of EDTA in deionised water whilst adding the Aqueous organic gel processing routes most commonly
required amount of ammonia solution to achieve theytilise citric acid as the complexing agent. However,
desired pH. there are practical difficulties associated with the use
According to the composition required, one or moreof citric acid, particularly in the case of strontium con-
of the metal salt solutions were then gradually added t@aining gels which have been found to undergo phase
the EDTA solution with continuous magnetic stirring separation and precipitation of strontium nitrate due to
to give a solution of equal molar ratio of metal ions: the limited stability of these complexes.
EDTA. The pH of the solution was continually moni-  EDTA (CH,N),(CH,COOHY), is a well- known poly-
tored and maintained at a value of 6 by further additionfunctional hydroxylic acid which forms stable soluble
of the ammonia solution as required. The final solutioncomplexes with most metallic elements, and which can
was stirred magnetically at room temperaturefdi to  pe used to produce inorganic oxides by an aqueous or-
equilibrate after which time itwas transferred to arotaryganic gel route similar to the citrate-gel process [7—10].
evaporator and evaporated under a vacuum at 60570 |n comparison with the citrate-gel process, the metal
to remove surplus water until a viscous liquid was ob-complexes formed with EDTA are more stable and sol-
tained. The resultant viscous liquid was then poured,ble. EDTA is known to form complexes with the alka-
into an evaporating basin and heated in a vacuum ovefihe earth metal ions, for which it is often used in com-
at 80°C for 10 h to produce a solid precursor or could plexometric titrations in analytical chemistry [11-13],
be used directly for the production of (porous) coatingsand it was therefore decided to standardise on the use of
by the use of spraying or dip coating techniques. EDTA as the complexing agent for the production of all
In order to demonstrate the application of the pro-the systems investigated in this work. The complexing

cess for the production of a range of alkaline-earthreactions for divalent metal ions such as the alkaline
carbonates and oxides, the following compositionsearth metals are of the form:

were prepared as model systems; Ba-EDTA, Sr-EDTA,
Ca-EDTA, BasSrs-EDTA, Bays5S1y45Cay 05-EDTA. M2+ + Y4— N MYZ— (1)
The last two multi-component compositions are pre-

cursors to typical mixed oxide compositions used inWhere V-

_ 4- -
electron emission sources such as the oxide cathode = (CHN)2(CH,COO)™ And the forma

tion constant for reaction (1) is given by:

Kt = [MY #7]/ [MZ*][Y*] 2
2.2. Thermal decomposition and
characterisation of the precursors and The formation of the organometallic complexes and
resultant products the nature of the resultant gels and their decomposition

The decomposition processes ofthe as-prepared precudepends on pH. In aqueous solution, EDTA can re-
sors were investigated by Thermo-Gravimetric Anal-main as the compound4M or disassociate increasing
ysis (TGA) and Differential Scanning Calorimetry numbers of protons to form the speciest, Ho Y2,
(DSC), using Mettler TG50 and DSC30 instrumentsHY 3~ or Y4~ with the proportions of these species vary-
to a maximum temperature of 100D and 600C ing with pH [11]. Stable chelates are formed with the
respectively. Y4~ species, with the stability of these chelates affect-
The structure, composition and morphology of theing the equilibrium between the variously deprotonated
precursors and the products derived from their therspecies of EDTA [12]. Generally, the minimum pH
mal treatment at different were examined by: X-Rayvalue at which MY~ complexes are formed increases
Diffraction (XRD) using a Philips 1050 diffractometer with decreasing stability of the chelated ion. In addi-
(Cu K, radiation); Fourier Transform InfraRed Spec- tion, the solubility of EDTA, which is very limited in
troscopy (FTIR) using a Mattson 3000 FTIR spectrom-aqueous solutions increases with increasing pH [13].
eter, and Scanning Electron Microscopy (SEM) using To facilitate the formation of stable EDTA solutions

a Cambridge S360 instrument. and complexes, ammonia additions were used in this
The thermal treatments for all the results reportedvork as an easily removed pH maodifier.
were carried out in air, with a heating rate of 1% A secondary but important effect of these additions

minute and a dwell time at the maximum temperaturds to produce ammonium nitrate by reaction of the am-
of 1 hour. The dried gels and products derived frommonia with the N@ groups from the alkaline earth ni-

their calcination were friable in nature and were eas+trate precursors. This compound is strongly oxidising
ily crushed to facilitate the analyses, with the samplesand greatly accelerates the decomposition of the gel
for microstructural examination being prepared by dis{precursors on heating, producing strongly exothermic
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reactions [10, 14]. These reactions can result in coars | E
ening of the resultant particles due to the generatet
heat[10, 14], the destruction of coatings produced usinc
these products due to the generation of gaseous rea
tion products, and in extreme cases may result in explo
sive reactions [15]. Consequently, the addition of exces:
ammonia is generally deleterious and to be avoided ir

Ba-EDTA, pH4

B: C;¢HsBa;N,0,: 2. 5H,0
E: EDTA
N: barium nitrate

agueous organic gel process routes. J‘Wﬂm

The pH value of 6 which was used in the gel process- W““““\m\k Ba-EDTA, pH6
ing route for these materials was chosen as the lowes . T
pH value (and hence ammonia addition) which would s \““w\\  [BansSrodEDTA, pHG
be anticipated to result in substantial complexation re- s e S P

o

actions for all of the alkaline earth elements used. Thep o
value was determined by calculation of the conditional” ™~ [N
formation constanK for the EDTA-Alkaline earth . Sr-EDTA, pH6
complexes wheré represents the modified forma- e
tion constant for the complexation reaction given in =~

T e

> Ca-EDTA, pHé6
Equation 1, taking into account the competing reac- B
tions for the formation of the alternatively protonated % 0 © 5 © " %
forms of EDTA as a function of pH according to the Degrees 260
following: ) ) )
Figure 1 XRD patterns obtained from the alkaline-earth EDTA gels of
K. — K (3) various composition and pH after drying at°8under vacuum. NB
cf = X4l different intensity scales used for amorphous and crystalline samples for
1 [H+] [H +]2 clarity.
— =14+ L
oy Kas  Ka3Kag The typical XRD patterns of the dried Ba-EDTA, Sr-
3 4 EDTA, Ca-EDTA and [BasSrys]-EDTA complexes
[H"] [H"] hown in Fig. 1. The XRD patterns indicate the that
+ + (4) areshowninFig. 1. The patterns indicate the tha
Ka2KazKas  KaiKa2KazKag these solid products are essentially amorphous gels,

confirming the effectiveness of the complexation at

Whereay is the fraction of the total EDTA species pH 6. There is some evidence of embryonic crystalli-
that exists as ¥~ at a given pH and hence [, Ka  sation, but this is not significant with regards to the
(i=1,2,3,4)are the dissociation constants of the varieffectiveness of the gel process route.
ously protonated k¥ —, HoY2~, HY3~ or Y4~ forms of The effect of lower additions of ammonia and hence
EDTA in agueous solution, with the value 1072, pH values in the solution is also shown in Fig. 1,
22x1073, 69x107 and 55x 10! respecti- which shows the XRD pattern obtained after drying
vely [11]. a Ba-EDTA complex solution prepared at pH 4. In

The calculated values & for various pHvalues are  this case, the XRD pattern is characteristic of a mix-
shown in Table 1 for Ba, Sr and Calcium EDTA com- ture of uncomplexed EDTA (E) [16] and barium nitrate
plexes. These data show that the conditional formationB) [17] together with a crystalline phase identified as
constant and stability of Barium EDTA complexes is barium ethylenetetracetate hydrate [18] indicating that
lowest of these alkaline earth complexes for a giverincomplete complexation of the metal ions took place
pH and that the value df.s increases significantly be- at this pH value. The formation of a crystalline complex
tween pH 5 and 6. It should be noted that in contrast tghase in this case is believed to be due to a seeding ef-
complexometric titrations with EDTA, in which a high fect of the Barium Nitrate and/or EDTA crystals formed
value of K¢ (normally >10°) is essential to provide at this pH value.
a distinct end point [13], a lower value of the condi- The FTIR spectra for the dried Ba-EDTA and Sr-

tional formation constant for complex formation may EDTA precursors are shown in Fig. 2. The bands of
be acceptable in EDTA gel processing routes, in which

the requirement is simply for the EDTA complexes to 90

remain intact during dehydration and gel formation. 80 |Ca-EDTA
70 ["“srEDT

TABLE | Conditional formation constanK¢ of M-EDTA in % Ll Py
different pH g 50

s

E 40
pH o4 Ba-EDTA Sr-EDTA Ca-EDTA E ©

=
10 35x 1071 2.01x 107 1.49x 108 1.75x 1019 e
9 52 x 1072 2.99x 10° 2.22x 107 2.61x 10° 10
8 54x 1073 311x 10° 2.30x 10° 2.71x 108 0
7 48x 1074 276x%x 10% 204x% 10° 240x% 107 1900 1800 1700 1600 1500 1400 1300 1200
6 22x10°° 1.27x 10° 9.37x 10° 11x 108 Wavenumber (cm )
5 35x 1077 2.01x 10 149 x 10? 1.75x 10*
4 36x 109 207x 101 153x 1P 1.80x 107 Figure 2 FTIR data showing the formation of the alkaline earth-EDTA

complexes.
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1585 cnr? for the Ba-EDTA precursor and 1630 ch
for the Sr-EDTA precursor can be attributed to asym
metrical stretching of —COO groups deriving from
the acid groups in the EDTA bound to the metal
ions [19], confirming the formation and retention of
alkaline earth/EDTA complexes in these gels. In addi
tion, bands at 1356 and 1410 cthrcan be attributed to
the characteristic frequencies of the -NGroup [19]

during thermal decomposition of the gels are shown in
_Figs 3—7 forBa-EDTA, Sr-EDTA, Ca-EDTA and [Ba
Sros]-EDTA gels. The results show that decomposition
|occurs by a four-stage process, with similar behaviour
for all the compositions investigated, but with the tem-
Jeratures corresponding to the various stages depend-
ing upon the gel composition. These are discussed in
more detail below.

of the nitrate existing in the precursors, most proba-

bly in the form of NH;NO3 since no crystallisation of
uncomplexed Ba(Ng), or Sr(NQG), was apparent in
the XRD patterns for these samples.

3.2. Thermal decomposition and formation

of carbonate and oxide products
The results of the DSC, TGA, FTIR and XRD stud-
ies of the structural and chemical changes occurrin

Heat Flow ( arb. unit )}

50 250 350

Temperature ( °C)

450 550

Figure 3 DSC results for the temperature range 20-@D6howing the
decomposition of the gels of composition: (a) [B&ro 5]-EDTA, (b) Ba-
EDTA, (c) Sr-EDTA, (d) Ca-EDTA.

|

Weight loss (Scale Marks= 10% )
Baselines offset for clarity.

450 650
Temperature (°C)

250

Figure 4 TGA analysis results over the range 50-100dor the gels
of composition: (a) [BasSrs]-EDTA, (b) Ba-EDTA, (c) Sr-EDTA,
(d) Ca-EDTA.
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Figure 5 FTIR spectra of the powders derived from calcination of dif-
ferent gels at 300C: (a) Ba-EDTA gel, (b) Sr-EDTA gel, (¢) [Ba
Sro5]-EDTA gel and (d) Ca-EDTA gel.

o [Ba o5 St 0.45Ca 005-EDTA
Y s

[Bags Sros]-EDTA

Ca-EDTA

Sr-EDTA

40
Degrees 26

50 60 70 80

Figure 6 XRD patterns of the powders derived from calcination of dif-
ferent gels at 300C (Peak assignments - C: carbonates, B: barium oxide,
S: strontium oxide, N: nitrates).
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Figure 7 FTIR of the powders derived from calcination of various gel compositions at temperatures above the breakdown tempera@yir@n(B00
the decomposition temperature (800—100) (a) Bas5Sry5-EDTA gel; (b): Bas5Sr.45 Cay0s-EDTA gel; (c): Sr-EDTA gel; (d): Ca-EDTA gel.

3.2.1. Stage 1 decomposition 250-425C. Such behaviour is in accordance with the
At temperatures in the range 50-2Q0 the DSC findings of previous thermoanalytical studies of alka-
(Fig. 3) and TGA (Fig. 4) analyses indicated a broadline earth containing EDTA gels [7, 8], with the en-

endothermic event occurred with a typical corresponddothermic peak being associated with volatilisation of
ing weight loss of 5-10%. This can be attributed to thethe NH;NO; phase present in the gel, with the exother-

loss of free and bound water from the gels. mic events corresponding to the initial break-down of
the metal-EDTA complexes and liberation of®, CO,
and NQ.

3.2.2. Stage 2 decomposition FTIR and XRD results obtained from the gels af-

At slightly higher temperatures, in the range 200-ter heat treatment at 30C are shown in Figs 5 and 6
425 C a second stage in the decomposition of the gelsespectively. These results indicate that the products re-
takes place. This was characterised by a small endothesulting from this second stage of the gel decomposition
mic peak at around 24, in the DSC analysis, fol- comprise alkaline earth carbonates with minor impu-
lowed by up to three broad exothermic events at temfities of the nitrate and hydroxide forms. These com-
peratures in the range approximately 250-<425The  pounds are most probably formed by reaction of the
first event was accompanied by a corresponding sukevolved CQ from gel decomposition with the metal
stantial weight loss observed in the TGA results, with aions. In Fig. 5 the bands at 690, 860, 1455 ¢me-
more gradual weight loss over the range approximatelgions can be assigned to the characteristic frequencies
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of the carbonate ~CPgroups in the alkaline earth car- the product obtained from the multicomponent alka-
bonates [16], whilst the band at 1635 thregion can  line earth gels comprised homogenous carbonate solid
largely be attributed to the hydroscopic nature of thesolutions of barium and strontium or barium, strontium
KBr used in the sample preparation The XRD results inrand calcium according to Vegard's law [28].

Fig. 6 showthat after heat treatment of the gels at @00

the resultant material essentially consists of the alkaline

earth carbonate [20-22], with additional traces of the al-3.2.3. Stage 3 and 4 decomposition

kaline earth nitrate [17, 23, 24] and hydrated alkalineHeat treatment of the EDTA gels at temperatures
earth oxides [25—27]. These results also indicate thasbove 400C results in either one or two additional

AccV SpotMagn Det WD Bp 1 im
S00KV S0 5000k SE 124 14150 sample 6 - Il

wo By F—i
160KV 30 000 07 1819 Semghd

AccV SpotMagn Det WD By —
1ISO0KVS0 400« SE 100 19827 Sampie 4

(g) (h)
Figure 8 Morphologies of the powders derived from calcination of different gels at various temperatures. (a) Ba-EDTA; 1bD Ba-EDTA,

850°C; (c) Sr-EDTA, 700°C; (d) Sr-EDTA, 850°C; (€) [Bay5STo.5]-EDTA, 850°C; (f) [BagsShs]-EDTA, 1000°C; (g) [Bao.5Sf0.45C a0 05]-EDTA,
700°C; (h) [Bap.5S10.45Ca0.05]-EDTA, 1000°C.
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decomposition reactions according to the compositior 4
and temperature used. 35| (@=S-EDTA
DSC data, shown in Fig. 3 for the decomposition
of Ba-EDTA, Sr-EDTA, Ca-EDTA and [BSfos]- _ 3{ ©F"
EDTA gels for temperatures up to 600 show a large g (C) By 557.45C20.0-EDTA
exothermic event peaking at between 470 and"690 2251 By .57, - EDTA
depending on gel composition, with the TGA results in &
Fig. 4 indicating a corresponding mass loss of arouncg

20% for all compositions. Itis believed that this decom- 2 15 @
position stage comprises the oxidation of the residuag
organic material in the gel, with this event being largely
eliminated when the thermal analysis was carried oul g5 |
under a protective atmosphere.
The results of the TGA experiments carried out at 0 : ‘
temperatures in the range 680-10Q0ndicate the oc- 200 400 600 800 1000 1200

currence of a fourth stage of d_ecomp(_)sition in this tem- Temperature ( °C)

perature range for the materials derived from the Ca-

EDTA, Sr-EDTA and BaSr-EDTA gel compositions, Figure 9 Effect of heat treatment temperature on the particle size of the
whilst in the case of the material derived from Ba- products obtained from decomposition of alkaline earth-EDTA gels.
EDTA gel composition this event was not observed at

temperatures up to 1000. Thoe corresponding Mass it fine particle size were obtained at relatively low
losses were of the order of 8% for the Ca-EDTA andiemperatures with the particle size increasing with in-

Sr-EDTA gel compositions and around 4% for the ¢reasing calcination temperature above approximately
material derived for gel of composition [B&Slos]-  500°C. In addition, a relation between the particle size
EDTA. . i and the composition of the powders was observed, with
FTIR studies of the resultant material after heaty,qo powders from the multicomponent [ s]-
treatment at temperatures above the “d_e_compositi(_)EDTA gel and [Ba sSt.4sCanos]-EDTA gels forrhing
temperature” for the respective compositions identiiner particles at equivalent decomposition tempera-
fied by thermal analysis showed a significant chemiy,res throughout all stages of the decomposition than
cal change associated with this process. The resultg,ose obtained from either barium-EDTA or strontium-
shown in Figs 7a-d for various gel compositions in-gpya gels. This finding is consistent with similar
dicate that this process comprises decomposition Gfggjts “obtained from studies of the decomposition
the alkaline carbonate, which was mainly formed dur-,¢ ¢onyentionally prepared alkaline earth carbonates
ing the second stage. Significant differences in th 29, 30].
thermal stabilities of the various complexes were ob- 114 morphology of the gel derived materials gener-
served in accordance with the thermal analysis resultsa“y comprised larger agglomerates of submicron sized

with decomposition of the solid solution of barium ,aricles. The primary particles formed were initially
and strontium carbonate, and strontium carbonate b bunded in shape, increasing in size significantly and

ing completed after heating to 100D, the decomposi-  ¢hanging to a more angular morphology on heat treat-

tion of the calcium carbonate being completed aftefyqnt ahove the carbonate decomposition temperature.
heating to 900C,_Whllst no decomposition was de- ha effect, on the particle morphology, of heating
tected for the barium carbonate for temperatures up tg, temperatures above the carbonate decomposition

1000°C. . temperature can be seen by comparing the respective
Attempts to confirm the structure of the resultant OX-nairs of micrographs shown in Fig. 8c and d: 8e and f:
ides by XRD were of limited success due to the rapid8g and h. ’ ’

formation of carbonate and hydroxide phases on the

surfaces of the highly active particles after atmospheric .

exposure at ambient temperatures, both in transit to anf Conclusions

within the diffractometer during the analysis. The struc-The EDTA-gel process has been successfully used
ture was confirmed for CaO, which is the most stablefor the production of a homogeneous gel of single
of these oxides towards these reactions, but the suAnd multicomponent alkaline earth-EDTA composi-
face layers of the more reactive Ba, Sr and Ba-Sr oxiddons, with control of the pH value at an appropri-
particles underwent this reaction too rapidly to obtain@te level being identified as a key parameter in the

reliable x-ray data for these compounds. process. N
Subsequent thermal decomposition of these gels has

been shown to result in the formation of single or
3.3. Powder characterisation multicomponent carbonate solid solutions at temper-
The morphologies of powders derived from calcina-atures below 30T, with the corresponding oxides be-
tion of Ba-EDTA, Sr-EDTA, [BasSrhs]-EDTA and  ing formed after heat treatment at higher temperatures.
[BagsSr.45Can os]-EDTA gels at different tempera-  The powders resulting from this process are chemi-
tures are shown in Fig. 8., with the effect of compo- cally homogenous, with fine particle size, and compare
sition and calcination temperature on the particle sizdavourably with powders prepared by conventional pre-
of these powders shown in Fig. 9. Generally, powdergipitation techniques.
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