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ABSTR4cT 

The preparation of pure K,Al (CLOJ)J -mH,O (2 CM c 3) is described_ Depen- 
dent on the mode of preparation, the following were found to be contaminants 
of the desired product: KtC20a- I H,O; KHC&‘,; KHC?O,-H&O,-2’rfO; 
H&O, -2H,O; different forms of aluminium oxide hydrate; &AI, (OH),(C,Oa))J - 

(2+x)H,O (0.7cx-c 1.7) and K,A12(HzO),(C,0,),- 4H,O. 
The thermal behaviour of K,Al(C,O,& -mH,O was investigated by means of 

thermogravimetry, differential thermal analysis, differential scanning calorimetry, 
infrared spectral analysis, evolved gas analysis and high temperature X-ray difiraction. 
The dehydration proceeds via the intermediate 2- and 0.75-hydrates (room tempera- 
ture to 12O’C). The existence of the 3-hydrate could not be confirmed_ On increasing 
the temperature, anhydrous potassium trioxalatoaluminate decomposes into potas- 

sium oxalate, potassium carbonate and alumina (320-435”C). The potassium 
oxalate decomposition (43%I75”c) is overlapped by the formation of KAIOz from 
potassium carbonate and alumina; the procedural final temperature of the latter 
process is dependent on the CO, partial pressure. After the thermal decomposition 
of the excess K&O, present, KAIO, is the final solid product. . 

This contribution deals with the following subjects: (a) the preparation cf a pure 
stoichiometric potassium trioxalatoaluminate hydrate, (6) the discussion of the water 
content of this compound and the stability of the different hydrates possible, and (c) 
the elucidation of the thermal decomposition process of the anhydrous compound_ 

During the synthesis of the desired product, the author * found other potassium 
oxalatoaluminates, as well as non-aluminium containing oxaIates, to be contaminants. 
These conkninants are detectable by thermal analysis (TA), infrared spectral 
anaiysis (1R), and, especially in Iow concentrations, by thermogravimetry (TG), 
because of their differing decomposition pattern. 

The purity as well as the definite water content of this compound are interesting 
for its use as a diluent crystal for the investigation of the trioxalato complexes of 
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trivalent transition-metal ions by means of crystaIIographic, structural and spectra1 
methods of analysis_ In addition, its application in the field of catalysis, for the pre- 
paration of mixed metal oxides by therma decomposition of mixed oxalates, requires 
a we&defined starting material. 

Surveying the literature about oxalstoaluminates’ from a synthetical point of 
view, we found the most thorough work done on potassium trioxalatoaluminate by 
Rosenheim and coworkers*+3 and Aronowicz*, the Iatter investigator aIso studying 
the dehydration of this compound. The vapour pressure of the hydrated species 
was studied by Wosskressenskajast and its thermaI decomposition by Dollimore and 
coworkerz?. 

Up to the present time, the thermal decomposition path is not fuIIy established, 
possibly due to overiap of the di14erent steps, which hampers stoichiometric caIcuIa- 
tions based on TG measurements aIone. Therefore, we used complementary tech- 
niques for the detection of the intermediate products (e.g. IR for the occurrence of 
oxalato- and possibIe carbonato complexes as weI1 as singIe oxalate and carbonate 
anions; evolved gas analysis (EG.4) for determination of carbon monoxide and 
carbon dioxide: differential thermal analysis (DTA) and differential scanning calori- 
metry (DSC) as finger-print methods and for possible resolution of an overall TG 
step; and high temperature X-ray anaI_vsis (HTX) as a source of survey information 
and as a complementan- check for the other methods mentioned)_ 

The thermal behaviour of this compound is interesting, because it is a straight- 
forward decomposition of a trioxalato cornpIes of a trivaIent metal-ion, i.e., without 
a subsequent reduction or oxidation step of the central metal ion by the evolved 
CO or C02, as generaliy occurs in the case of the compIexes of transition-metal ions. 

ESP.ERISIESTAL ASD RESULTS 

The following chemials were 
(Merck, pA quality), K,C,O, - 1 Hz0 
pA quality). 

used in the investigationr (COOH)2-2H,0 
(Baker, pA quality), and Aluminium (Merck, 

TG - A Cahn RH eIectrobaIance in combination with a DuPont 900 difieren- 
tiaI them& analyzer were used under the followin g conditions: Temperature, room 
temperature-12OO’C; heating rate, 5’C min- ’ ; atmosphericconditions, ambient 
pressure; pure nitrogen, flow rate 25 cc. min- I at room temperature; pure carbon 
dioxide, flow rate x cc_ min- I at room temperature. The sample was mortared and 
sieved (nylon sieve) before using 5-I@ mg of particIe size 55-69 pm. 

DTA - A DuPont 900 differential thermal analyzer was used with a heating rate 
of 18 ‘C min- ‘_ The reference material was =c-Ai,03 powder. Other operating condi- 
tions were the same as for the TG analysis. 
-- 
*For extensive experimenti detiis see Ref. 1. 
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DSC- A DuPont 900 differential thermal analyzer was used in the temperature 
range: room temperature-6OO’C, with a heating rate of IO’C min- I_ Other operating 
conditions were the same as for the TG analysis. 

IR - A Beckman Model IR 8 spectrophotometer was used with the KBr-disc 
technique, and a scanned region of 2.5-16 pm. The sample was heated to a defined 
temperature under conditions identical with those used in the TG measurements. 
Heating was stopped at the chosen temperature value. The sampIe was cooIed to room 
temperature under dry nitrogen and its infrared absc-rption spectrum was recorded. 

EGA - These measurements were made using a conductometric technique 
with a diluted aqueous solution of caustic soda as an absorbent, and dry nitrogen as a 
carrier gas for carbon dioxide, as described by Engelsman ef ai.‘. 

HTxY- A Nonius high temperature X-ray diffraction camera, model Guinier 3 
was used with a heating rate of 4.5% h- I, and an atmosphere of dry nitrogen_ 

A_ Preparation of K3AI(C20,), -mH20 

Up to a few years ago, 211 the original papers and handbooks reported any form 
of aluminium oxide hydrate to be a suitable starting material, or an intermediate, in 
the preparation of K,AI(CzO,),-nzHzO. The process involves a substitution of ihe 
hydroxyl ligand by the oxalate anion in an acidic, aqueous medium I. fn a recent 
paper Broadbent used a modified method by boiling commercially availabIe “basic 

aIuminium oxaIate”* with a concentrated solution of potassium oxalate hydrate_ 
The products obtained by different authors are described by different formulas, 

because the synthesis of a well-defined trioxalato complex is complicated by the 
following factors. 

(I) The conversion Al (s)+AI(C,O&- (aq) yields a stoichiometric ratio of 
CzO’- to A13+ deviating from 3, as a resuh of the Iow and irreproducibIe reaction . 

rate % the soiid-liquid interface, and the competition between the hydroxyl and 
oxalate Iigands in the complexation of A13+. 

(2) The stoichiometric ratio of Ki to A13’ deviates from 3, due to the factors 
mentioned in (I), and the fact, that potassium hydroxide, used as a starting material, 
is normally neither dry nor carbonate free. 

(3) The desired product may be contaminated by K&O,-HzO, KHC,04, 
KHC?O, - H&O, - 2 HZO, H&O, -2 H,O, K,A12 (O!-l),(C,O,), hydrate, K,AI,- 
(H20),(CZ0,),-4H20, and different forms of ahuninium oxide hydrate’. 

(4 The percentage of hydrate water in K,AI(C20JS hydrate may vary (cf. 
part B of this section). 

Requirements for a good preparation are as foilows. 
(a) A source for aiuminium with a minimal chance of the formation of reIatively 

stable hydroxyl complexes, e.g. amalgamated ahlminium, and freshly precipitated 
ahuninium hydroxide or “basic aluminium oxalate”. 

*This product, obtained from B. D. H. (crude analysis results; A1203, 40% and C204, 4S%), is 
hygroscopic and no longer available. 
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(b) A recrystallization procedure which removes contaminants by the use of 
different solvents, e.g., ethanol or ethanol-water mixtures for the removal of the 
acidic oxalates, which are soluble in this medium, and water for the removal of the 
insoluble aluminium hydroxyl compounds. The trioxalatoaluminate can be recrystai- 
lized from its aqueous solution because normal potassium dioxaIatoaluminate does 
not interfere, due to the extremely good solubility of the latter compound in water. 

(c) A Ki:A13’ molar ratio less than 3, to minimize the contamination with 

potassium oxalate hydrate which is not removed by the above procedures. Hydrolysis 
of the triotiatoaluminate should be reduced to a minimum. 

(4 A good product control at every recrystallization step entailing (i) pH 
ccmtrol of the liquid for the detection of acidic oxalates; (ii) a final crystallization 

from a previously boiled solution to encourage precipitation of more-insoluble 
hyclroxyl complexes; (iii) scanning of the IR spectrum of the solid product to show 
the presence of hydroxyi groups. indicated by a peak at 10.50 cm- ‘, and free oxalate, 
indicated by a peak at 770 cm- ’ (cf- part C of this section); and (;u) a final product 
control by means of TG for the detection of small amounts of contaminant, normally 
potassium o_xaIate monohydrate (cf. part C of this section). 

Preparaiion* - Small cuttings of aiuminium chips and a few drops of mercury 
were added to a warm (7O’C), concentrated solution of oxalic acid dihydrate. The 
CzO~-:A13’ molar ratio was chosen somewhat above the critical value of 1.5. A 

pure nitrogen atmosphere was used to prevent the formation of chemically inert 
aiuminium oxide hydrates. 

After stirring, the reaction started and the solution was sometimes cooled to 
prevent boiling, which results in the formation of hydroxyl complexes, and to retard 

the vigorous effervescence of hydrogen. The residual mercury was removed, and the 
stoichiometric quantity of a solution of potassium oxalate monohydrate was added 
slou_Iy to the coId solution with vigorous stirring to prevent partial hydrolysis. An 
equai volume of ethanoi was added slowly to the initially clear solution, once again 
with vigorous stirring. As a result, potassium trioxalatoaluminate hydrate was 
pnecipitated- 

Depending on the resultant product, control recrystallization from water or 
water-ethanol mixtures was necessary. The hydrate generally contains 2.5-2.8 mole- 
cules of water, a figure which is not constant on drying in the air. In a stream of dry 
nitrogen at room temperature, the Zhydrate of K,AI(C,O,), was finally formed. 

B. Deh-vdrazion 01~ K,AI(C, O,), - ndi2 0 (2 cm < 3) 

From a survey of rhe literature’, the stoichiometry and stability of the different 
possible hidrates of potassium trioxalatoaluminate appears questionable. ln order 
to solve this problem, we placed the sample in a micro-vacuum desiccator above its 
or&m saturated, aqueous sofution. It was converted into a sticky material after standing 

*Qt.&r proc.&urrs mentioned in t!xe literature can also lead to a good product, bearing iu mind the 
rernzirks mtde before_ 
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overnight at room temperature. During the TG measurement (Fig- 1) in a stream of 
dry nitrogen, a rapid weight loss was observed due to the evaporation of the exdess 

water, foIlowed by a weak inffexion at a water content of 2.75 moIes, a more pro- 
nounced inflexion at 2 moIes of water, and another weak inffexion at 0.75 moles of 
water. There was no evidence for the existence of a trihydrate. From our results 

(Table I) we may draw the following conclusions. 

2.75 H20 

2 H20 

O-75 Hi.0 

23’ 

Fig. 1. TG thermogram of the dehydration of K3AI(C=O&- mHzO stored above its saturated 
aqueous soIution There is no evidence for the existence of a trihydrate. Heating rate, 5°C min- ‘; 
sample hoIder, Pt, internally coated with R!I; atmosphere, dry nitrogen; flow rate, 28 C.C. min-I; 
pressure, atmospheric. 

(I) The dihydrate is stable at room temperature in a strezm of dry nitrogen. 
(2) The change in the proceduraI starting temperature (PST) value, for the 

dehydration of the 2-hydrate with the premeasurement procedure, is dependent on the 
amount of sample and the preceding transport facilities for the water vapour- Thus, 
the stoichiometric calculations and temperature limits, based upon the points of 
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inflexion in the TG thermo_mam (Fig. I), are somewhat uncertain. Moreover for a 
correct experiment, control of the water-vapour partial pressure shouId be necessary. 

TikBLE I 

CH.ARACI-ERISi-IC TG TEMPERATURE VALUES (r, ‘C) AND WEIGHT LOSSES 
(IV, PmoI H20) FOR THE DEHYDRATION OF KJAI(CZO&-~JHZO 

EYpcrimenr 

Sample weight tug) 

Erperimenzai conditfoonr‘ 

a b C d 

Si75 3958F 

D+d.ation, >2.75 HI0 T 23-50 23-33 <2x5 
3’ 9.82 s.15 

Dchydrstion. 2.75 Hz0 T 33-Z 25.5-32.7 
IV 13_oa II-16 

Dehydration, ZH20 T 50-99 57-89 39-96 32.7-67.9 
EV 24.36 2125 25.63 18S5 

D:hydration, 0.75 H20 T 99-119 s9-10s 9C119 67.9-59.2 

II’ 13.93 f 2.98 14.81 13.88 

Total ~moles of H:O/- 
pmofe of anhvdrous sa1t 

2.63 2.01 3.35 

=a, Direct neighing and temperature programming; b, overnight contact with the vapour of its 
saturated aqueous solution: c, predried with dry nitrogen at room temperature; d, heating rate, 
OS’C min- ’ instead of 5-C min-’ at the othrr mcasurc~mcnts. for further conditions, c& 6. ‘Before 
placing in a stream of dry nitrogen. 

(3) The wide scatter of rest&s obtained by other authors from different pre- 
parative methods (see A), becomes more comprehensible in view of the possible 
contaminants and the instability of the 2.75hydrate. 

Our resuIts are in reasonabIe ageement with those of Wosskressenskaja5, who 
inferred the existence of a 3-, 2-, and 06hydrate usiq vapour pressure measurements. 
A continuous decay of vapour pressure for compositions from 3 moles H,O-2.8 moles 
Hz0 per moIe of anhydrous saIt, is demonstrated by the authoress mentioned, 
ihustlratirq the dependence of composition on premeasurement procedure and mode 
ofdryinz and storage of the material. The lower hydrates show the norma phase rule 
b:hav-iour_ 

The stepwise dehydration is also confirmed by DTA and DSC measurements 
(see Figs_ 4 and 5), though this process is better resolved by the Iatter method due to 
a sampIe holder geometry, which permits better atmospheric control. (DTA, peak 
temperature 93”C, shoulder at 67% DSC, peak temperatures 83 and 109 “C.) 
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C. Thermal decomposition of anhydrous K3 Ai(C2 O,), 

A survey of the literature dealin g with oxalate decompositions shows, in 
general, that the following species might occur as transition states or intermediate 
products during these decompositions: (a) Metal ions with a valence modified during 
the process, e.g. Al3 i -AIf ;(b) the anionsO’-, Of-, CzOi-, CzOf-, C,O;-, CO,‘-, 
CO,, CO,COT, C,Of- (n = 3-8), and C,OT- (M = 2,3,4); (c) mixtures of the ions 
mentioned in (b); (d> complexes of metal ion and Iigand with different coordination 
numbers, eventually mixtures of these complexes; (e) metal carbides and carbonyls. 

Fig. 2. Survey TG thermogram of K3Ai(C10&-mHLO (m = 52.8). Heating rate, 5% min-‘; 
sampIe hoIder, Pt, internally coated with Rh; atmosphere, dry nitrogen; fiow rate, 28 CL min- ‘; 
pressure, atmospheric_ (I), Trioxalatoaluminate decomposition; (2). Oxalate decomposition; (3). 
Alumkate formation; (4), Potassium carbonate decomposition. 

The TG thermogram of the anhydrous compound in dry nitrogen (Fig. 2 and 
Table El) is characterized by a rapid large weight loss (step I, 32M35”Cj, superposed 
by a rapid second step (435475’C). The third step is a very slow one, starting at 
475’C, accelerating towards its procedural final temperature (PFT), the value of 
which can vary from measurement to measurement (660-780°C cf- Tabie II, 9) 
The fourth step with varying PST value and, therefore, varying PFI’ value (cf- 
Table II, IO), leads finally to a solid residue. 

Assuming anhydrous K,Al(C20a)), to be the starting material, which is con- 
firmed by IR (see IR results), KAIO, is supposed to be the final solid product. This 
supposition is in reasonable good agreement with the calculated and measured 
residual weight (CA Table II, 4). 

Thermorhim. Acru, 4 (1972) . 31 



T.4BLE II 

CH.~RACXERI!Yl-IC TG WEIGHT ASD TEMPERATURE VALUES (T) 
FOR THE THERMAL DECOMPOSITIOX OF AXHYDROUS K,AI(CtO& 

r _ Weight (_hl;dr., pgj 
2. Weight (ddshydr., pg) 
3. K3AI(C10& f_umoI.) 
3_ KMo= ~:mol_) 
S_ KtCO1 t$mo!.) 
6. CZOji3 f_umoI.) 
?. T, 1st. step (‘c) 
a_ T. 2nd_ step (‘C) 
9. T, 3rd. step (‘C) 

IO. 7, 4th. step (‘C) 

b C d 

ST5 s95s S6S7 
790s 8229 7763 

19.36 20.15 19.01 
17.42 19.75 17.33 
20.25 20.67 I9-47 
19.30 20.09 19.10 

31-35 323-334 3OS119 
4x-477 431-47s 419-469 
477-69s 475-732 460-704 
i4S-1056 isI-1100 740-1046 

5416 
ii543 

18.4s 
IS.32 
19.06 
IS.29 

329436 
436-874 
474-777 
949-l i66 

e 

7209 
6412 

15.68 
14.70 
16.50 
15.82 

260+20 
4204iO 

470-65s 
i4I-1011 

The fourth step of the decomposition is in very good agreement with the thermal 
decomposition of potassium carbonate. This assumption is based on characteristics 
anready found for this decomposition ‘: i.e. relatively Iarse temperature range; shift of 
temperature range dependent on partial pressure of carbon dioxide; disturbance in 
the rcproducibihty of the measured temperature range of this step, due to the gas 
transport reaction character of the decomposition; possibility of reaction of the 
cv.-olved Saseous products (KzO) with the alumina reaction tube; and reformation of 
potassium carbonate between two subsequent measurements, from potassium alumin- 
ate formed and carbon dioxide from the ambient atmosphere. Hence, the carbon 
dioxide partial pressure is ill-defined durin s the experiments. The production and 
removal of CO, in the preceding step, aIso determines the behavior in the subsequent 
steps. One more of potassium carbonate per more of anhydrous sah is voIatiIized in 
this fourth step (cf- Table IT, 5), with the formation of gaseous potassium oxide and 
carbon dioxide_ Attempts to make stoichiometric calculations for the first three steps 
of the decomposition were not very successful, due to their mutual overlap’. The 
measured points of inflexion in the TG curve are unsuitable for stoichiometric cal- 
cuIation due to the asymmetric thermal behaviour of the overlapping processes on 
both sides of the relevant point_ 

Based on TG analysis, only the high reaction rate of the first two decompcsition 
steps and the slow rate of the third one are notable. The PFT value of the latter 
process is dependent on CO1 partial pressure. 

Assuming that KAYO, is the solid residue, a stoichiometric caIcuIation for 
evolved cL CzO, -* in the first three steps, incIuding the COz evolution in the fourth 
step. gives a good correspondence with the expected value (cJ Table IT, 6). This 
procedure is only permitted in the absence of carbon formation by the we&known 
Eoudouard equihbrium. Only an obsen-ed slight geyin_e justifies this assumption_ 

Complementary techniques are used in order to give a correct interpretation 
of the first three steps. 

l C2O3 stands for molar ratio CO:COl = 1. 
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Surveying the infrared spectraI analysis of sohd oxalates and carbonates’ ?he 
following conclusions can be drawn_ 

(I) A free oxalate anion with three strong bands in the NaCl region can be 
distinguished from a coordinated oxalate anion with six strong bands in this region. 

(2) Tnformation about the number of coordinated oxalate groups (I, 2 or 3) 
can be given. (a) An uncoordinated oxalate group or monooxalato complex does not 
show band splittin g compared with an oxalate anion in D,, symmetry, e.g., in 

K&O,- lH,O. (h) -4 dioxalato comp!ex, square planar or octahedral in trarzs con- 

figuration, shows, in comparison with a I:1 complex, no spiitting of bands or some 
u-e& splitting (5 cm -I)_ An octahedral dioxalato complex in cis position. shows 
splitting of bands in the same wa, xr as binuclear tetraosaIato complexes. (c) For an 
octahedral trioxalato compIex, a stronger splitting of bands (L-20 cm- ‘) is observed. 

(3) A carbonate anion can be distinguished from an oxalate anion. 

(4) The presence of OH and Hz0 groups can easily be confirmed. 
‘Therefore, IR is capable of monitoring a decomposition by registering, at room 

temperature, the different infrared absorption spectra of samples, which have been 
previously heated to a well-defined temperature, e.g. the inflexion point of the TG 
curve (see Analytical methods section). 

The following results have been obtained (Fig. 3). At 320°C (Fig. 3, b), the OH 
stretching vibration at about 3400 cm- r has disappeared, and the salt is dehydrated_ 
The trioxa1atoaIuminate compIex is unchanged, confirmed by the remaining band 
splitting at about 1300 cm- ’ and 800 cm- ‘. At 350°C (Fig. 3, c), some trioxalatoalu- 
minate still remains, but a strong intensification of bands occurs at about 765 cm- ‘, 
1305 cm- r and 1630 cm-‘, peaks which correspond to the 6(O-C=0), r;(O-C=O) 
and v,(O-C=O) vibration modes, respectively, oi the oxalate anion. At this temper- 
ature, trioxaIatoaIuminate is converted into oxaIate. Neither a dioxaIatoaluminate, 
detectabIe by a decrease in band splittin,, 0 nor a carbonate or carbonato complex, 
were observed at this temperature_ 

At 37O’C (Fig. 3, d), the IR spectrum of potassium oxalate heated to 420% 
(Fig. 3, ej is predominant, with some rudimentary peaks of trioxalatoaluminate 
indicating the compIetion of the decomposition_ 

At 42OC (Fig. 3, f), the transition between the first and second steps of the 
decomposition in the TG curve, potassium oxalate is still predominant with the start 
of a band formation in the 800-900 cm- ’ region and intensification of the 14OO-cm- ’ 
peak, due to potassium carbonate formation (Fig_ 3, h)_ 

At 470°C (Fig. 3, g), the PFT value of the second step, carbonate is present and 
oxalate has disappeared (no band at 770 cm- ‘). An intermediate carbcnato complex 
of A13+ is improbable. At 69O’C (Fig. 3, h) the KAIO, spectrum is superposed on 
the spectrum of potassium carbonate_ At 910°C (Fig. 3, J] the potassium carbonate 
peak at about S80 cm -i is no Ionger visible, due to a broad potassium ahrminate 

peak- 
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Fig. 3. Infrared absorption spectra of K~AI(CIOr)~-mH~O Cm = *2_8). measured at room temper- 
atwe on samples, previously heated to different well-defined temperatures (‘C). a, room temperature; 
b. 320; c, 350; d. 370; e, K2C204 (“anhydrous’?: f. 420; g, 470; h. KICOS (“anhydrous?: i, 690; 
j,9XO. 

Summarizing, we can 
bc~ezn 320 “C and 42O”C, 
and 47O’C, and mono- or 

infer that trioxaIatoaIuminate is converted into oxalate 
the oxalate is converted into carbonate between 420°C 
dioxalatoaIuminates, or carbonatoaluminate complexes, 

are improbable intermediates in the decomposition. 

DTA and DSC resuizs 
In the DTA thermomm (Fig. 4), and DSC thermo_g;ram (Fig. 5) the resoIution 

of trio.xaIatoaIuminate and oxalate decomposition is cIear. In comparison with the 
results obtained for pure potassium oxalate’, in this case, the temperature traject of 
the oxalate decomposition is shifted to Iower values, possibly caused by the degree of 
granular dispersion. A characterization of the invoIvement of potassium oxalate 
(using its phase transition at 390’C~ by heating a sample of potassium trioxalatoalu- 
minate to its first decomposition peak temperature, was not successful. However, 
this attempt is not usefu1, because in a “bIank” experiment, with heating of pure 

potassium oxaIate to decomposition foilowed by cooling, the phase transition peak 
was aIso unobservable in the DTA thermogram- 
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Further, the aluminate formation with a small thermal effect at 774’C, and the final 
carbonate melting and reaction with AI,O, at 891 “C, are visible. 

AT 
I 

‘4” 
5 If 

4 6 
\ 

4-c 2 

3 

-a 
I I 

23-C 500% 
I 

Temperature 
1ooc)‘C 

Fig. 4. DTA thermo_pram of K3AI(CtOl)~-mH10 (m = i2.8). Heating rate, 1O’C min- I_ cr-AIZOL, 
powder between sampte and thermocouple. Atmosphere, dry nitrogen; flow rate, 28 cc. min- I: 
pressure, atmospheric. Peak temperatures (‘C): Dehydration, 67 fl), 93 (2); trioxalatoaluminatc 
decomposition, 423 (3); oxaiate decomposition, 481 (4); aluminate formation, 773 (5): potassium 
carbonate melting and reaction, S91 (6). 

1 1 * 

23-C . 
Ternpemture 550 = 

Fig. 5. DSC thermogram of K&NZ1033- mHz0 (m = =Jz2_8). Heating rate, IO’C min- r ; atmos- 
phere, dry nitrogen; flow rate, 28 c-c. min- * ; pressure, atmospheric. Peak temperatures (“C): Dehy- 
dration. 83 (I), 109 (2); phase transition (not always detectable), 26.5 (5); trioxa!atoaluminate decom- 
position, 425 (4); oxalate decomposition, 491 (5) 

EGA rest&s 

Using the sensitive micromethod for continuous determination of carbon 
dioxide content in evolved gas, as described by Engelsman et aL7, the foliowing brief 
conclusions can be drawn. 

(I) The agents used for drying and deoxygenatin g of carrier-gas are relatively 

good absorbers of carbon dioxide, and regeneration ilz situ, immediately prior to 
the measurements, is necessary. 
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(2) The measuring room must be evacuated in order to prevent carbon dioxide 
absorbance on the walls_ NevertheIess, absorption occurs again when carbon dioxide 
is a product of the decomposition process studied_ 

(3) An aIumina reaction tube or even a chemicalIy inert reaction tube is not 
adequate in view of condensation effects (K2C0,) caused by temperature non- 

homogeneity and the dynamic method of analysis used8. 
(4) An atmosphere \+-ith a controIIed partial pressure of carbon dioxide is 

impcssible under the applied conditions- 
(5) Due to the applied conditions. the measurement of the carbon dioxide 

produccd is less sensitive, as a resuIt of the smoothing effects mentioned, but in 
general, w-e can concIude that in the first three steps of the decomposition, carbon 
dioxide is produced in an amount decreasing in the foilowing sequence: step I =-step 
3> step 2_ 

HTX redfs 

The results obtained from high temperature X-ray diffraction measurements 
support the conciusicns drawn from the other techniques, Le., the occurrence of a 
phase transition in the dehydrated trioxalatoaluminate, followed by trioxaiatoalumi- 
natc decomposition, oxalate decomposition, aIuminate formation and potassium 
carbonate decomposition. 

Deirydrarion 

Some discussion about the stoichiometry of the possibie hydrates stiII remains. 
A SIOW weight Ioss in the o\-eriap region between two successive steps, which is 
sm,aU per unit of time, cannot be interpreted in terms of the preceding or the subse- 
quent steps. At Iower heating rates (Expt. d, TabIe I), this weight Ioss becomes more 
important, and can Iead to stoichiometric conclusions which deviate from those drawn 
from measurements at higher heating rates (Expt_ a, b and c)_ This results from the 
decomposition kinetics of the materiai and the transport facilities of the gas produced, 
the Iatter ha\-ing diKerent time constants for production and off-transport during time 
intervais, dependent on the heating rate chosen. These factors determine which part of 
a decomposition step belongs to the overlap region measured. Nevertheless, hydrates 
with a composition around 2.75, 2 and 0.75 moles of water per mole of anhydrous 
sa!t are most probably reaIistic, although measurements with a controIIed partial 
pressure of water should have a better resotving pow-er for a reversible dehydration 
study. 

Trioxalaioahmimzt decomposition 

Stoichiometric conc!usions about the potassium trioxaIatoaIuminate decom- 
position and the subsequent reactions at hi&r temperatures cannot be drawn from 
the measurements of Broadbent et aL6_ OnIy the identification of the subsequent 
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intermediates (KZCLOS and K&O,) and a trace of the final product (KA102) in the 
case of a nitrogen atmosphere at 900°C (assuming a solid-state reaction between 
potassium carbonate and amorphous alumina), is reported_ A correct model for the 
splitting of the subsequent steps in the thermal degradation can only be given when 
these steps are considered in connection with one another. The final formation of one 
mole of KAI02 per mole of Al present is verified by TG, while its identification is 
supported by HTX (visible from 584°C) and IR (Fig. 3, i). 

The presence of KzC03 is confirmed by its characteristic, carbon dioxide 
partial-pressure dependent, decomposition step in TG, its melting peak in the 900°C 
region in DTA, its IR spectrum (Fig. 3, f-i), and by the HTX results (visible from 
403-810°C). TG measurements demonstrate the decomposition of 1 mole of previ- 
ously formed KzCO, per mole of anhydrous K,AI(C,O,), . The overall process of 
the first three steps of the thermal decomposition of K,AI(C20,), is correctly repre- 
sented by the following equation: 

K,AI(C,O,), (s)+KA102 (s) + &CO, (s) + 3C0 (g) i 2C0, (g) 

Partially from a comparison with the decomposition of potassium d.ioxaIato- 
aluminates (to be pubIished), the facts substantiate four overiapping steps. 

First step. - Trioxalatoaluminate is degradated to oxalate (IR) with evolution 
of carbon monoxide and carbon dioxide (EGA)_ Some potassium carbonate is already 
observable (HTX, 403°C). 

Second step. - OxaIate is converted into carbonate (IR). The decomposition of 
1 mole of potassium oxalate per mole of anhydrous trioxaIatoaluminate is possibIe 
(TG) if overlap with the subsequent step is assumed. The weight Ioss of this step is 
dependent on the number of moles of oxalate present per mole of anhydrous salt. 

Third step. - Aluminate formation from carbonate and alumina with evolution 
of carbon dioxide is evident for the following reasons: (a) Detection of aluminate by 
IR and HTX analysis; (6) thermodynamica possibility of the process; (c) dependence 
on carbon dioxide partial-pressure; (ci) the amount of carbon dioxide evoIved per 
mole of anhydrous salt is the same for the di- and trioxalatoaluminates (Al-content 
dependence). 

The thermodynamicai possibility of this solid-soIid reaction is well established 
because the “amorphous” alumina present here is thermodynamically more active 
than the we11 known r- and y-AI,O, forms. Moreover, its Iarge surface area enhances 
the reaction rate. Though the thermodynamic data of KAIOz are not availabIe in the 
literature up to the present time, a calculation can be made for the Gibbs free enerm 
change of the reaction : 

K,CO, (s)+AI,O, (s)-+2KAIOz (s)+CO, (g); 

for both r- and I/-A1203, including its dependence on temperature_ Using (ij the 
virtually temperature-independent Gibbs free energy change reported by Broers and 
van BaIIegoyg for the reaction 2NaAIOz (s) i- K&O, (I)+2 KAIO, (s) t Na,CO, (I), 
AG” = -1-3.2 +0.2 kcal/moIe; 
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(ii) the dG’ (formation) values given in the JANAF tabIes” for NaAIOz (s), Na,C03 
(s), CO, &), r-Ai,O, (s), y-AI,O, (s), and (iii) the free energies of mehing for NaZCO, 

(s) and K-&O, (s), we were abIe to caIcuIate the results given in TabIe III. 

TABLE Xi1 

TEMPERATURE DEPESDESCE OF THE GiBBS FREE ENERGY CHANGE AND 
CO= EQUILIBRIUM PRESSURE FOR THE REACTION 
A.1201(s) + KzC03(sbZKA!02(s)i CO:(g) USING z- AND i’-AltO, 

Qrzarxfify calcdared 

3 G_=rw (z-A1=03) 
(I:caI;moI) 
CO2 cquihbrium 
pressure (atm. x toss) 
A G=zLllfoD (r-.4120;) 
~Itaf~moI) 
CO= equiiibrium 
prcssurc (sm. s IO-‘) 

i 14.6 i-11.2 + 7.9 44.6 i1-4 - I.6 

QOQ5 0 3’ T_) _ _ I__ 7.3 490 2100 

i10-6 ii; i4_I i 1.0 - ‘-0 -4.9 

0.14 5.4 77 580 zsoo 9400 

It seems reasonable to assume aIuminate formation during and after the 

oxalate decomposition step. in accordance with a CO2 partiai-pressure Iower than 

during the oxaIatoaIuminatc decomposition in the first step of the decomposi:ion. 
The results of Gal et al. ’ * (starti ng temperature of the reaction; for z-Alt03, 609°C; 
8’-A1103, 800 ‘C; 7-A1203_ 3OO=C) should iead to the same concIusion, but we did 
not use these results, because the authors give no information about the atmospheric 
conditions, re_garding moisture and carbon dioxide partial-pressure, applied during 
their measurements_ 

Fourth step. - This step can be ascribed to the potassium carbonate decompo- 
sition already investigated elsewhere I*’ This assignation is based on the character- . 

istic dependence on CO? partial-pressure of the reIatisely large temperature range 
visibIe in TG anaIysis, the melting endotherm in DTA analysis, the K&OS observable 
in the IR spectrum, and its disappearance at higher temperatures in the X-ray pattern. 

The foiiowing scheme of decomposition gives the best fit to the data obtained: 
I_ TrioxaIatoaIuminate decomposition (32CUl35 ‘C): K,AI(C,O,), (s)+ K&OS (s)+ 
0.5 K&O, (s) +0.5A!Z0, (s)f ZCO (g)t 1 .5C02 (g), with aluminate formation 
hampered by the reIativeIy large CO, partial-pressure and by the Iower temperature, 
overIapped and foliowed by 2. OxaIate decomposition (-Z35475”C): K&O, (s)--, 
K,CO, (s)+ CO (gk as a result of the Iower CO, partial-pressure, overlapped and 
folIowed by 3. Aluminate formation (PFf value (475%) dependent on CO1 partiai- 
pressure): 0.5 K,CO, (s) +0_5Al,O, (s)+KAIO, (s) i-CO, (g), followed by 4. Potas- 
sium carbonate decomposition (PST and Pk-T values dependent on CO2 partial- 
pressure): KICO, (s, I)-,K?O (g)+COz dg). accompanied by potassium carbonate 
melting (9OO’C) leaving residual KA102. 
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The applied methods of analysis (IR, DTA, DSC, EGA and HTX used as 
‘-finger-print” methods, and TG as a means of stoichiometric calculation and deter- 
mination of small amounts of contaminants) have given a good solution for the main 
problems reported in this paper, i.e., the synthesis of pure K,AI(C,O,), hydrate, 
the interpretation of the dehydration pattern and the detection of stable hydrates, and 
the elucidation of the thermal behaviour of the anhydrous compound at increasing 
temperature. 

Criteria for a rapid preparation of a pure product are given, making avaiiable 
all the methods already known for this purpose_ A new method for the preparation is 
also given. 

The percentage of hydrate w-ater is not found to be constant (2.6-2.9 moles of 
H,O per mole of anhydrous salt). Only the 2-hydrate is stable at room temperature in 
a dry nitrogen atmosphere. There is no evidence for the existence of the 3-hydrate, 
as reported in most of the literature. Intermediate 2.75 and 0.7Ehydrates are formed 
on dehydration. 

The thermal behaviour of the anhydrous compound can be described by a 
phase transition at -265’C, followed by a decomposition which starts in a dry 
nitrogen atmosphere at 320 ‘C_ 

The thermal decomposition of this compound. representing the decomposition 
of a trioxalatometal complex without changes in valence of the central metal ion. can 
be fully described by the four-step scheme given. 
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