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A new experimental technique has been developed to determine the phase equilibrium 
diagram for the system K2SO4--K2S. 

The technique involves isothermal thermogravimetry of potassium sulphate during 
reduction to potassium sulphide at elevated temperatures in a stream of dry oxygen-free 
hydrogen gas. Several abrupt changes in the rate of weight loss occur in each curve and 
these can be related to phase changes in the phase diagram for the system. 

On the basis of such results the liquidus and solidus (solid solution) boundaries can 
be located. 

Simple thermal analysis is used to confirm the eutectic temperature and various 
liquidus temperatures. 

The diagram K,.,SO4-- K2S is a simple eutectic system with the eutectic at 610 ~ and 
23 mole ~ K2S. The limits of solid solubility of K2S in K2SO, t and K2SO~ in K2S 
at the eutectic temperature are 11 ~ and 36 mole~  respectively. 

The odd shape of the liquidus curves on each side of the eutectic suggests the possi- 
bility of phase changes in both K2SO,~ and K2S solid solutions. No evidence for this was 
obtained from thermal analysis. 

There are many convent ional  techniques used in the compi l a t ion  o f  high tem- 
pera ture  phase equi l ibr ium diagrams.  These include thermal  analysis,  which 
includes differential  thermal  analysis and thermograv imet ry ,  equi l ib r ium anneal-  
ing and rapid  quenching o f  var ious  compos i t ions  fol lowed by X-ray  analysis,  or  
microscopic  analysis,  or  separa t ion  and chemical  analysis,  or  electron mic rop robe  
analysis,  and hot  stage microscopy [I ]. 

Al l  o f  the above techniques can be descr ibed as either static c o m p o s i t i o n - d y n a m -  
ic t empera tu re  or  static composi t ion-s ta t ic  t empera ture  techniques.  

A technique involving static t empera tu re -dynamic  compos i t ion  measurements  
has been descr ibed for compi l ing  var ious  v a n a d i u m  pentoxide  conta in ing systems 
[ 2 - 5 ] .  This technique moves hor izon ta l ly  across the phase  d i ag ram ins tead o f  
vert ically in the d i ag ram as do all o f  the o ther  techniques ment ioned  above.  

N o t  all o f  the above techniques are appl icable  to all systems, and in par t i cu la r ,  
difficulties are encountered  when high viscosities occur  or  one o f  the elements in 
the system appears  with more  than  one ox ida t ion  state. In  the lat ter  case it is 
necessary dur ing  the exper imenta l  measurements  to main ta in  a cons tant  oxygen 
par t ia l  pressure which is unique to each t empera tu re /compos i t ion  point .  This 
makes  convent ional  techniques,  such as thermal  analysis,  difficult. 
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Because of such difficulties, phase equilibrium diagrams are unavailable for 
sulphide-sulphate bearing systems of interest to workers concerned in the produc- 
tion of wood pulp by the closed cycle kraft process [6]. 

The present work describes the first phase equilibrium diagram produced in 
such a sulphate-sulphide system by the new technique. 

Experimental 

A small known weight of anhydrous solid potassium sulphate (Analar grade) 
contained in a small platinum crucible was continuously weighed while suspended 
in a stream of dry oxygen-free hydrogen at an elevated temperature. Heating was 
provided by a platinum wound resistance furnace. The hydrogen atmosphere was 
contained in the furnace in a 316 stainless steel tube. 

Weighing was performed using a two pan balance accurate to 1 mg. The weight 
versus time curve was built up by removing weights from one pan and timing the 
system to rebalance, which occurred by loss of weight of potassium sulphate in 
the crucible suspended from the other pan. The final weight of the reduced mixture 
was measured to check the thermogravimetric end result. 

The same furnace]stainless steel tube system was adapted for thermal analysis 
by inserting a silica glass tube support containing a platinum/platinum 13 % rho- 
dium thermocouple into the stainless steel tube. A small platinum crucible, hav- 
ing a thermocouple well in the bottom which is fitted over the thermocouple on 
the support, held a known weight of potassium sulphate. 

This was heated in dry oxygen-free hydrogen for a time, estimated from the 
previous thermogravimetry results as being sufficient to produce the required 
composition of sulphide-sulphate in the sample. The hydrogen was then replaced 
with dry oxygen-free nitrogen, the sample rapidly quenched by moving it to a 
cooler portion of the furnace, and the furnace cooled in readiness for a heating 
curve experiment. The sample weight was checked before and after the experiment 
and less than 0.1 ~o weight change was observed. The thermal analysis was per- 
formed by heating the sample at approximately 15 to 30 ~ degree/rain and measur- 
ing the crucible temperature on a recorder. The recorder had a 1 mV full scale 
deflection and a backing off millivoltage source used to expand this scale up to 
15 mV in 1 mV sections. Such temperature-time traces were examined for devia- 
tions from a continuous gentle curve, 

Results 

A typical thermogravimetry curve is shown in Fig. 1. A compilation of the 
composition of all points of rapid change in the rate of weight loss at various 
temperatures are given in Table 1. Many of these points are the average of dupli- 
cated or triplicated measurements. 

Table 2 lists the temperatures of thermal events occurring during the heating 
curves for various compositions. 

3", Thermal AnaL 20, 1981 



SO, B A R H A M :  THE SYSTEM K2SO4--K,S 277  

67.5 

,~ 60c o 

4 0 0  

o 

200 

,~1o.o 
3.0 

[ I I =, 
50 100 150 

Time 1 min 

Fig. 1. Typical TG curve in H2 at 750 ~ 

Table 1 

Thermogravimetric data 

Temp. ,~  

63O 
64O 
662 
695 
725 
75O 
775 
831 
872 
912 

10 

6.5 
4.6 
3 
2 
1 

mole ~ K2S at points of rate 

! 
22.5 [ 
20 
18 I 

i 

15 I 
12.5 I 
10.5 i 

8 I ) 
6 

- i 
_ f 

change in TG curves 

24 38 
25 40.1 
27 45 
29 53 
30.5 61. 
31.5 67 
33 73 
37.5 82.5 
45 90 
60 97.5 

Table 2 

Thermal analysis data (heating curves only) 

mole ~ K2S 

4.6 
7.1 

19.2 
27.5 
34.8 

60.5 

82.5 

Thermal event temperatures, ~ 

600 
600 
600 
600 
600 

600 

600 

73l 
685 

690] 
740) 
832 

880 
780 
638 
660 
807 

898 

901 
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Fig. 2. Proposed phase equilibrium diagram for the system K2SOa--K~S + T G ,  O heating 
curve data 

Figure 2 shows the proposed phase diagram for the system K2SOa-K2S. 
Temperatures are accurate to _ 10 ~ and compositions to + 2 mole %. 

Discussion 

The excellent agreement between the eutectic temperature predicted from the 
extrapolation ofliquidus curves produced by thermogravimetry and that produced 
by thermal analysis (heating curves) is all that is required to confirm the new 
technique. The presence of eutectic temperature events in the thermal analysis 
results inside the areas indicated as being solid solid-solutions by the thermogravi- 
metry is readily explained by non-equilibrium composition solids in the specimens 
used for thermal analysis caused by "coring" of precipitated phases during the 
rapid quench used in producing these specimens. 

Again, the excellent agreement between the liquidus curves produced by both 
techniques gives credence to the new technique and indicates that the explanation 
of the shape of the thermogravimetric analysis curves is correct. It is proposed 
that the initial slow weight loss is indicative of a solid-gas reaction to produce 
K2S (in solid solution). The first rate increase represents a change to a gas-liquid- 
solid reaction and therefore defines a point on the liquidus between K2SO 4 solid 
solution and liquid. Such a reaction involving both a gas-liquid and liquid-solid 
reaction would be more rapid than a simple gas-solid reaction. The next change, 
a rate increase, indicates a change to a simple liquid-gas reaction and defines a 
point on the liquidus. The first rate decrease indicates a change back to a gas- 
liquid-solid reaction with the precipitation of K2S solid solution. The composition 
of this solid solution is constant throughout the cross section of the precipitated 
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material  due to the constant  temperature  condit ions.  This rate decrease defines 
a point  on the other  liquidus, while the final rate decrease defines a point  on  the 

other  solidus, K2S solid solution, and indicates a re turn  to a slow solid-gas reaction.  

Conclusion 

A new technique for studying phase equi l ibr ium diagrams in systems conta in ing 
one element  which has two simultaneous oxidat ion states has been proven  using 

the system KzSO4-K2S .  The new technique is rapid  and convenient  and does no t  
require control  o f  the ambient  oxygen part ial  pressure during the exper imental  

procedure.  The technique also defines the limits o f  solid-solubility above the eutec- 
tic temperature.  

The authors would like to thank the National Research Council of Canada for their finan- 
cial support. 
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RI~SUMI~ - -  Une nouvelle technique exp6rimentale a 6te d6velopp6e afln de determiner le dia- 
gramme d'6quilibre des phases dans le systeme K2SO 4 -  KzS. 

La technique fait appel h la thermogravim6trie isotherme du sulfate de potassium lors de sa 
r6duction en sulfure de potassium/~ temp6ratures 61ev6es dans un courant de gaz hydrogene sec 
exempt d'oxyg6ne. Plusieurs changements abrupts de vitesse de perte de poids ont lieu sur 
chaque courbe et ces changements peuvent 6tre rapport6s aux changements de phases dans le 
diagramme de phases du syst6me. 

A partir de tels r6sultats on peut d6terminer les limites du liquidus et du solidus (solution 
solide). 

L'analyse thermique simple a 6t6 utilis6e pour confirmer la temp6rature eutectique et diverses 
temp6ratures du liquidus. 

Le diagramn,e K,,SO.~-K,.,S forme tm systeme eutectique simple h 610 ~ et 23 p.c. molaires 
de K2S. Les limites de la solubilit6 en phase solide de K,.,S dans K~SO4 et de K..,SO~ darts K~S 
sont, ~t la temp6rature eutectique, respectivement de 11 et 36 tool ~. 

La forme particuli6re des courbes du liquidus de chaque c6t6 de l'eutectique fait penser 5. la 
possibilit6 de changements de phases dans les solutions solides tant de K.,SO~ que de KeS, 
mais l'analyse thermique n'en a pas donn6 de preuve. 

Z U S A M M E N F A S S U N ( 3  - -  Eine neue experimentelle Technik wurde zur Bestimmung des Phasen- 
gleichgewichtsdiagramms des Systems K2SO 4 -  KaS entwickelt. 

Die Technik umfasst die isotherme Gravimetrie yon Kaliumsulfat wfihrend der Reduktion 
zu Kaliumsulfid bei erh6hten TemperattJren in str6menden trockenen und Sauerstoff-freien 
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Wasserstoff. Verschiedene plStzliche .~nderungen der Geschwindigkeit des Gewichtsverlustes 
treten bei jeder Kurve auf und kSnnen mit den Phasen/inderungen im Phasendiagramm des 
Systems in Zusammenhang gebracht werden. 

DuTch diese Ergebnisse k6nnen die Grenzfl~ichen der fl~issigen und der FestphasenlSsung 
festgestellt werden. 

Die einfache Thermoanalyse wird zur Best~itigung der eutektischen Temperatur und ver- 
sehiedener Liquidus-Temperaturen herangezogen. 

Das Diagramm K~SO~--K~S ist ein einfaches eutektisches System mit dem Eutektikum bei 
610 ~ und 23 Mol ~ K~S. Die Grenzwerte einer festen LSsung yon KaS in K~SO~ und K~SO~ 
in K~S betragen bei der eutektisehen Temperatur 11 ~ bzw. 36 Mol ~o. 

Die aussergewShnliche Form der Liquidus-Kurven zu beiden Seiten des Eutektikums lfisst 
auf die M/Sglichkeit yon Phasen~inderungen in den FestlSsungen yon sowohl K~SOa wie auch 
von KzS schliessen Hierzu ergab jedoch die Thermoanalyse keine Best~itigung. 

Pe310Me - -  ~_a  onpe~enen~ta ~narpaMMbl qba30Boro paaHoBecH~ B CrICTeMe K2SOa--K2S pa3- 
pa6OTaH HOBb~ ~Kcnep~IMeHTaJ~H~,I~ MeT0)~. MeTO~ BKmo~aeT B ce6a rt3oTepMnqecKyro Tep- 
MorpaB~tMMeTprUO cyymqbaTa ra~n,q BO BpeM• ero BOCCTaHOBYleHHH ]/O cyJIbqbH~a 1/pH IIOBblRIeH- 
mix TeMneparypax rt B erpye cyxoro Bonopo~a, ae co~ep~amero rHcnopo~a. Ha Ka~r~o~ rpI~- 
ao~ Ha6mo~aeTca HecKoyrbKo pea~4~x I, I3MeHeHRI~[ CK0pOCTH /IoTepli  Beca, qTO MoTKeT 6blTb CBII- 
3ano c d~aaOBblM H3MeHeHI, IeM Ha ~a3OBO~ ~rtarparcn~e CHcTeMbI. Ha OCHOBaHRH 3THX pe3y.r/bTa- 
rOB MoryT 6~,~Tr~ yCTaHOBneabx rpaHaI~i n~BrtZtyca rt eoni~yca (TBep~,I~ pacTBop). ~n~t no~t- 
TBepm~eHrLq TeMnepaTyp~t aBTeKTnKtI rI paaYin~IHbIX TeMnepaTyp JIVIKBrI~yca rlcnom,aOBaH npo- 
crol~ TepMrIqecKnfi anann3. ~rmrpaMMa K~SO~--K~S npe~cTaanaeT co6o~t npocTyto aaTerTnqec- 
rylo cac~eMy c aBTerT~tKO~t npa 610~ npa 23 MOnbH~X~ K~S.Hpe~en~,~ TBep~o~paCTaOpnMOCTa 
K~S B K~SO~ rt K~SOa B K~S npn TeMnepaType aBTeXTmO~ COCTaB~nH, COOTBeTCTBeHHo, 11 rt 36 
MOJIbHI~IX npoi~eHTa, neo6bi~tafiHr~J~ B~I~ KpHBbIX nHrB~&~yca Ha ra~K~offt CTOpOne 3BTeKTHKH yKa- 
3uBaeT Ha BOaMO~KHOCT~ qMaoBoro ~iaMer~eariu a o6ortx K~SO~ ~r I~S Taep~btx pacT~opax. O~na- 
To, ~oraaaTenr~eTB aToMy He 6btno nonyqeHo Ha TepMnqecroro a Hanr~aa. 
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