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The solid state reactions betwm li0, and Na,S,O, or K&O, have been 
investigated using TG, DTG, DTA, IR, and X-ray diffraction studies in the range of 
20 to IOoo”c_ 

It has been shown that ‘IiO, reacts stoichiometrically (1: I) with Na,SzOs in 
the range of I60 and 220°C forming the complex sodium monoperoxodisuifato- 
titanium(IV) as’characterized by IR and X-ray analysis_ The new complex then 

decomposes into the reactants above 190°C. 
An exothermic reaction has been observed between TIO, and moIten K&O, 

at mole ratio I :2, respectively and higher, in the range of 280 and 35O”C_ The IR 

and X-ray analyses have shown the formation of a complex namely, potassium tetra- 
sulfato titanium(W) for which the formula and structure have been proposed_ This 

complex decomposes at higher temperatures into K,SO, and a mixed sulfate of 
potassium and titanium_ The mixed sulfate mehs at 620°C and decomposes into 
K,S04, Ti02, and the gaseous SO,. 

On the other hand, Na,S,Os decomposes in a special mode producing a 
polymeric product of Na,0S9032. Decomposition of this species occurs after melting 
at 560°C into Na,SO, and sulfur oxides_ The decomposition reaction has been proved 

to be catalysed by TiOz itself. 

INIRODUCITON 

SeveraI authorsx-s have reported on the effect of transition metal oxides on 
the thermal decomposition of oxo-salts. According to them the reaction depends on 

the nature of the oxides themseks and the oxo-salts under investigation_ Moreover, 
with alkali persulfates, which decompose first into the pyros&ate and then into the 
sulfate9, the metal oxides may show a dif5erent behaviour towards the decomposition 
processes and the decomposition products A me&an&m has been suggested for the 
thermal decomposition of aIMi pyrosulfates in the presence of nickel@) oxide”. 

In this piece of research the reaction of titanium(IV) oxide with sodium and 
potassium per&fates and their decomPosition products are investigated using such 



400. 
_ 

techniques as thermogravimetry, differential thermal analysis, IR, and X-ray diffrac- 
tion analysis. 

ExpERDiENTAL 

Materials 
AU xxmeriaIs were anaiyticai grade. 

Appararus and Merho& 
TG, DTG, DTA graphs were recorded using a Paulik-Paulik-Erdey MOM 

derivatograph. The general proaxiure foliowed in mixing and analysis of Ti02- 
Na&OS and TiO,-K,S,O, systems was described elsewhercg- lo_ 

The IR spectra were devcIoped by Perkin-Elmer Infracord IR spectrophoto- 

meter I%. 137E The samples were anaIysed as KBr discs 
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Fig.1-TGand~A-oftiraa‘nrm(IV)~pasulfaatc&~ 



Figm 2. TG and DTA anva of titanium(nT) oxidc-pot&& pas&& mix- 

m-’ 

The X-ray diffraction analyses were cacfied out in a Philips 1410 X-ray diffract0 
meter using copper tuk at 30 mA and 40 KV- The: lines were referred to the Cu-Kr 
Iine, 
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Fig 4. X-my diffradon pattens of I r I molar mixture of titauium(lV) oxide with sodium persuEate 
at LCNYC (a); 190°C f&b); and 205T (c)_ 

Figures I and 2 show the derivatograms of sodium persulfate and potassium 

persulfate mixtures with titanium(W) oxide at oxide/persulfate mole ratios of I :4, 
I :2, 1: I, 2: 1. and 4: I, respectively. 

The DTA curves of Figs. I and 2, step a, indicate an exothennic process rakes 
place in ffie range* of I60 and 220°C with a maximum peak temperature at 187°C 

(obtained from the derivatograms of sodium persulfate mixtures). Better resolution 

of this peak is obtained with higher mole ratios. In order to provide an interpnztatioo 

for this exotherm, the samples of the reaction mixtures after heating to 100, 190, and 

205°C were analysed by IR and X-ray diffraction. Figure 3 shows the IR spectra of 
the reaction mixture at IW. and 190°C The IR spectrogzun (a) represents the 
absorption bands of the persulfate’ ‘. The main peaks are located at 1059.3, 1265.8, 

and I2903 cm- * where the &T$ one is found to be characteristic of most oxo-sulfur 
compounds with oxygen bridmg as in the case of persulfate and pyrosulfate. TiO,, 

on the other hand, absorbsx2 in a region beyond 700 cm-‘, and therefore causes no 
intcsf&encezx After heating to 190°C the intensity of these bands dv while 
new bandsappearat 1216.6,1190, and 1141.7cm-‘. This indicates that the persuIfate 
reacted with titanium(IV) oxide forming a new compound. In an attempt to identirjl 
the compound formed, the samples were examined by ,X-ray difliaction (Fig. 4). As 

with the IR spectrum, it can be shown that the lines due to Na,S,O, (3.32 A) and 
TiO, (3.51 A) decrease in intensity whereas new lines appeared at 4.14, 3.97, 3.925, 
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3.738, 3.13, z.%, and 2686 A, the strongest line being at 3.13 A. This eonhms the 
IR spectrum in that a reaction between sodium permlfate and titauium(IV) oxide 

has occur& with the result of new species formation_ Reference to the AS-T-M_ 
cards did not help in identifying the new product. The most probable compounds 
which might have heen formed are peroxotitanium(IV) compounds, since the element 
is character&d by its ability to form such compounds’“- ld. The most probable 
products are, Ti03, Ti(Ol)SO,, or Naz[Ti(Oz)(SO&]. 

The formation of TiO, would require the abstraction of one oxygen atom from 
the persulfate to combine with TiUz giving li0 s. In this case the formation of 
$la&O, would be a stoichiometric requirement However, the X-ray pattern does 

not show any lines characteristic of the sodium pyrosulfate and therefore the prob- 
ability of formation of Ti03 would be ruled out- 

The formation of ‘Ki(O#O,, requires not only the formation of the pyrosuffate 
but also further decomposition to the sulfate. Again the X-ray pattern shows the 
absence of any lines characteristic of Na,S04 and thus this probability would also be 
ruled out. 

The third possible compound, namely Na,[Ti(O,)(SO,),] sodium mono- 
pcroxo-disulfatotitanium(IV) compIex, is the most probable product The hydrated 
form of this complex has been isolated from aqueous medium”- 16, and could be 
formed under the present experimental conditions as anhydrous by the reaction of 
TiO, and Na&O, in a molar ratio of I : I_ 

c 190°C 

TiOz +- NalSzOS + NaXWhKSWil -w 
> 190°C 

At 205°C. however, the pattern shows a decrease in the peroxocompound and a 
corresponding increase in TiO, and Na&O,. This indicates that the reaction is 
reversed at temperatures higher than 190°C 

The regenerated sodium persulfatt then decomposes in the normal mode into 
sodium pyrosulfate, as being indicated by the IR and X-ray diffraction pattern of the 

product. 
In the case of potassium persulfate the reaction does not proceed to completion 

q-in the case of the sodium salt, because the potassium persulfate decomposes 

apidly at 200°C This explains the appearance of the reaction exothermic peak only 
as a shoulder of the peak corresponding to per&fate decomposition as compared 
with the cleariy resoIved peak in the case of sodium persulfate. 

TiOL : K2SzOf system 

The derivatograms of TIOz _ 9 K,S,O, mixa Fig. Z idicak an cxothermic 
process at the DTA curves, step c, accompanied by a slight but sharp weight loss, 
l-2%, at TG curves, step c, between 280 and 350°C. With mole ratio I:2 (oxide to 
persulfate) the corresponding exothermic peak is divided by the pyrosull’ate fusion 
endotherm, while at higher mole ratios, 1: I,2 : 1, and 4 : 1, the pr&ss was indicated 



FIN_ 5, JR spectra of I :1 molar mimuc of tifani~ oxide with potassium pasuIfae at 250°C 
(I); 350°C (2); and 580°C (3)_ 
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Fig. 7. The dodccahcdral stTz1cture proposed for the W(SO&I- where two oxygen atoms arc 
shown from carh SOa group. 

by a unique exothermic peak. The peak extends sharply upwards with a maximum 

peak temperature depending on the proportion of TiO, in the reaction mixture; 
being 298°C at I : I, 310°C at 2: 1, and 318°C at 4; 1 mole ratio. 

In Fig. 5, IR spectrum (1) corresponds to potassium pyrosulfate since titanium- 
(IV) oxide absorbs in a region beIow 700 cm- r , while spectrum (2) corresponds to the 
reaction product of the 1: I moIar mixture after being heated to 350°C. Spectrum (2) 

was found to be quite different from spectrum (I), which makes the formation of a 
new compound evident_ The bands due to the new product are at 1207.7, X133-6, 
1059.1, 955, 909.0, 892.0, and 833.3 cm- I_ Figure 6 shows the diffraction patterns of 
the 1: I, TiO, : K&O, after being heated to 250,350, and 58O’C. From pattern (2) 
it is clear that the diffraction lines corresponding to potassium pyrosulfate disappeaicd 
compfeteiy, while those corresponding to titanium(JV) oxide exhibited a decrease in 

intensity as much as one half that recorded at 250°C. At the same time new diffraction 
Iines show up at 350°C indicating the presence of a new phase confirming the JR 

spectra of Fig. 5. In this reaction potassium pyrosulfate and titanium(JV) oxide 
participate in the mole ratio 2: I, respectively- The diffraction lines displayed by the 
new product are 7_505,4_30, 3.85,3.35,3_28,3_00,284,280, and 1.89 A, the most 

intense lines being at 3-35 and 3.28 A_ 
An evidence that the reaction is bimofecular with respect to potassium pyro- 

sulfate is the shifting of the peak temperature to higher values as the amount of TiOr 
in the mixture increases, vide ultra, i.e., excess oxide will act as a diluent to the 
pyrosulfate 

The X-ray examination has shown that none of the known titanium(N) 
suLfates namely Ti(SO& or TiOSO, are present in the reaction products_ It shows 
alsO that no potassium sulfate is present. One of the possible compounds which 

might have been formed is the complex potassium tetrasuIfatotitanium(IV), Ka 
[Ti(SO*), J_ In the anionic part of this compIex the titanium atom may be surrounded 
by four bidentate SO, groups each being Iinked through two oxygen atoms to the 
titanium atom. The structure of this anionic titanium complex may be analogous to 
that given for the volatile tetra.uitratotitanium(JV)(n37 by Garner and WaUwork’* 
to be a speciaI case of dodec&edmI structure (Fig. 7) The so, groups are disposed so 



that the sulfur atoms form a slightly distorted tetrahedron. The suggested reaction 

product conforms with the stoichiometric requirements, since two moles of potassium 
pyrosulfate and one mole of titanium(W) oxide are invoIved in the formation of the 
complex 

(2) 

The IR spectrum of the product includes the bands corresponding to the sulfate 

as a bidentate ligand lg. The oxygen bridging band observed in the tetranitrato- 
titanium(W) spectrum *’ has also been noticed in the present case at 909 cm-’ 
being 8 cm-’ shifti from that of the nitrato complex The absence of the Ti-0 
double bond peak, 1007 cm- I, may support the existence of x-0 coordination bonds 
only- 

At 592°C the DTA curve of Fig 2, step e, shows the cndothcrmic peak 
corresponding to the phase transition z-p of potassium suIfate2’_ This observation 
leads to the existence of K2S04 as a separate phase- The X-ray diffraction pattern 
confirms this observation and many diffraction fines related to K2SOL have been 
recorded besides the reduczion in the intensity of the lines recorded at 350°C 

The complex potassium tetrasuifatotitanium(W), therefore, decomposes up to 
580°C into potassium sulfate and another species which is mainly a mixed sulfate of 
potassium and titanium- The DTA curve (Fig_ 2) indicates that melting of this mixed 
sulfa* take place zt 620°C 

Above 620°C ihe mixed potassium-titanium sulfate decomposes into potassium 
suifa’oe, K,SO,, and titanium(W) oxide evolving sulfur triotide to the atmosphere. 
It is interesting to point out that at higher TiO, proportions the decomposition process 
took pIace at a smalIer temperature intervals. 

Tfo, : Na2S207 s~smn 
in the case of sodium pyrosulfate; the reaction does not take place in the same 

manner as with potassium pyrosuIfate for two reasons, firstly, the melting occurs at a 
higher temperature, and secondly, the pyrosulfate properties are not preserved after 
melting hecacse decomposition occurs immcdiateIy. However, in the early stages of 
decomposition, there is a littIe chance for the molten sodium pyrosulfate to react with 
titanium(W) oxide. The T’G curve (Fig- I, step d) indicates that sodium pyr+fatc 
decomposes at lower temperatures as the amount of TiO, increases in the mixture 
upto a mole ratio of I : I_ At this mole ratio the pyrosuifate decomposition-begins 
at 320% compared with 38OT for the decomposition of the pure salt The DTA 

curves fig. 1, step c) indicate that the meIting temperature of Na2S107 remains 
unaltered whatever the amount of the oxide present ii intimate admixture with the 
pyrosulfate- Thus the sodium pyrosulfate decomposition in the 1:4, I :2, and 1: 1 
mole ratios begins already in the solid state_ The decomposition proceeds in a 
manner different from that of the pure salt The TG curves afler about 3% of the 
decomposition, show a horizontal plateau extending for a considerable intervaI of 
temperature depending on the amount of X0, present. The reaction product of 1: I 
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Fik 8. IR spcstra of 1: 1 molar mix0n-c of titanium(IV) oxide with sodbm pasulfAte at 25O’C (I); 
and 500°C (2). 

mole ratio has been examined by IR and X-ray diffraction analysis. In Fig. 8 the IR 
spectrum of the reaction mixture at 25O”C, spectrum 1, corresponds to sodium 
pyrosutfate, while that of the mixture heated to SOO”C, spectrum 2 shows absorption 

bands different from those of sodium pyrosulfate. The absorption bands shown by 
the reaction products are located at 1261.2, 1242.2 1172.3, 11428. 1059.6, 10020, 
and a wide band extending from 947.8 to 851.0 cm- r. The spectrum indicates the 

existence of a new distinct phase other than sodium pyrosulfate. At first_ it was 
thought, however, that a reaction takes place between TiOz and Na&O,, but when 
the product was subjected to X-ray analysis, the diffraction pattern showed that the 

Iines corresponding to Na,S,O, disappeared completely. while those corresponding 
to liOr remain unchanged. The reaction, therefore, has nothing to do with TiO, 

and it is mainly a change involving sodium pyrosulfate. The analysis of TG cures 

indicates that, in the presence of titanium(W) oxide, sodium pyrosuIfate decompoxs 
in the following manner: 

=I302 
sNa,S,O, ---, 4Na&O, - Na,SO, f SO, (3) 

The equation shows only the stoichiometry of the product formed, it shouId not infer 
that the product is just a doubIe sa.It of sodium sulfate and pyrosulfate The product 
shouId be a kind of poIymer having the formula Na,,S90,2. The process is sIightIy 
exothcrmic with a DTA peak at 470°C for the I : I mole ratio. For the other mole 
ratios, the exothermic peak may not be seen because the process may be baIanced 
thermahy by a prior and post-endothermic change. The &spacing vafues recorded 
for this reaction product are 9.43,8-K?, 6.88,5.59,4.86,4.285,3.99,3.92 3.708,3.27, 
3.07, 3.014, 2.88, ZSO,27I7,2.67 and 248 A with the most intensive lines at 3.70& 

3.92 and 6.88 A. None of these ii’nes correspond to sodium pyrosulfatc or sodium 



&fate. This compound could not be identified by refming to ti A_S_T_M_ cards_ 
The DTA curves show that a sharp ard reproducibk endothermic peak with a 

.minimum point at 560°C characterizing the TiO,-Na,S,O. mixtures at aII mole 
ratios examined_ By cooling the I : I molar mixture from 570°C to room temperature, 
it was o’bserved that this endotherm corresponds to the melting of the reaction 
product_ The white melt was kached with water and centrifuged, The insoluble 
fraction was dried and analyzed by X-ray diffraction and was found to consist 
entireIy of liO,_ Solid barium chloride particles were then added to the remaining 
solution and a white precipitate of barium sulfate was obtained, This indicates that 

the reaction product can be easiIy hydrolyzed with water to give the sodium sulfate_ 
The mokn product undergoes immediate decomposition into sodium suIfate 

and a _easeous product which is mainly oxides of sulfur_ The decomposition process 

was indicated by TG curves moving downward whife the reaction product was 
indicated by the DTA melting endotherm at 88O”C, which is the melting temperature 

of sodium sulfate_ 
It is worthwhile to point out that the final temperature and the rate of decom- 

position are a&cted by the amount of li0, present. The final decomposition temper- 
ature was 960°C for the I :2 moIe ratio, 950°C for the 1: I, 915°C for the 2 z 1 and 
750% for the 4 I I Q30z-Na&O,) moIe ratio. 

The authors are indebted to the State Organization for Minerals for the X-ray 

diffraction patterns. 
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