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Abstract: The potential—pH diagrams of the Cr-H2O system at temperatures of 298, 323, 373 and 423 K were established through 
thermodynamic calculation with coupling of experimental results. The potential—pH diagram at 298 K agrees well with the 
previously reported results. Based on the potential—pH diagrams of the Cr-H2O and Fe-H2O systems, IR spectra and XRD pattern, 
the existence forms of iron in the potassium chromate were analyzed, and the methods of iron removal were investigated. The results 
show that the existence forms of iron in the potassium chromate are potassium ferrate. These results are instructive and helpful to the 
hydrometallurgical processing of chromite ore.  
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1 Introduction 
 

As a powerful tool in hydrometallurgy, potential—
pH diagram obtains a wide application. In the process of 
leaching, purifying, oxidation and reduction, 
precipitation and dissolution, replacement of metal 
deposition and electrolytic refining, the potential—pH 
diagram is used for analyzing the physicochemical 
principle and determining the thermodynamic condition. 
In addition, the potential—pH diagram is also very 
important in the fields of analytical chemistry, mineral 
geology, biology, nuclear power technology and 
corrosion and anticorrosion of metal[1−8]. 

Unfortunately, the utilization of published diagrams 
is somewhat limited that they had been constructed at a 
single temperature and the thermodynamic data at higher 
temperatures are lacking in most cases. This article has 
done some work in order to extend the effect of the 
diagram. Based on the obtained data at lower 
temperatures, calculations using empirical formulas must 
be made to obtain the necessary data that can not be 
measured at higher temperatures. 

 
2 Experimental 
 
2.1 Thermodynamic calculation 

The following half cell reaction represents a general 
electrochemical reaction. When the coefficient (n) of ‘e’ 
is zero, Eq.(1) represents a chemical reaction. 
 
aA+mH++ne=bB+cH2O                       (1) 
 
where a, m, b and c are the stoichiometric coefficients for 
species A, H+, B, and H2O in the electrochemical 
reaction, respectively; and n is the electron transfer 
number of the electrode reaction. In dilute solution, when 

1OH2
=a  for the activity of water, the equilibrium 

potential can be simplified as follows according to the 
Nernst isothermal equation:   

−−= Θ pH)]/([303.2 nFRTmEE TT  
)/lg())]/([(303.2 a

A
b
B aanFRT                (2) 

 
where ET or Θ

TE  is the electrochemical potential or 
standard electrochemical potential for reaction at a 
certain temperature T ; F is the Faraday’s constant and R 
is the molar gas constant; and aA or aB is the overall 
activity of species A or B. 
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The relationship between the potential and pH value 
is shown explicitly. 

ΘΘ −=−=∆ TT nFEKTG lnR                     (3) 

where Θ∆ TG  is the standard free energy of reaction at 
temperature T, and K is the reaction equilibrium constant. 
From Eq.(2), we can obtain the diagram of potential—
pH curves at a certain temperature as long as whenever 

Θ∆ TG , K and Θ
TE  can be known. 

 
2.2 Thermodynamic calculation of high-temperature 
aqueous solution method selection 

At arbitrary temperature and pressure, the standard 
free energy of substance formation can be calculated 
through the relationship of the thermodynamic 
parameters. 

+−−∆=∆ ΘΘΘ
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where Θ∆ fG (T) is the standard free energy of formation 
at a certain temperature T ; at 573 K, the volume V is 

believed to have small impact, and ∫
p

p
pV

 

  0
d  can be 

neglected, p0=1.01× 105 Pa; Θ
K 298S  is the standard 

entropy of substance in 298 K, cp is the constant-pressure 
molar heat capacity of substance in the temperature 
range from 298 K to T, and can be expressed as follows: 

2
3

2
210 TxTxTxxc p +++= −                   (5) 

where xi(i=0, 1, 2, 3) is a constant. Therefore, as long as 
the values of Θ

K 298S  and cp are obtained, the standard 
free energy of formation can be calculated from Eq.(4). 
 
2.3 Correspondence principle 

Based on many results of experiments, CRISS[9−11] 
summarized a correspondent principle as follows: 

)abs,()abs,( K 298 iSbaiS TTT
ΘΘ ∆+=∆               (6) 

where )abs,(K 298 iS Θ∆  refers to the ionic entropies on 
the absolute scale at 298 K; aT and bT refer to the 
constants at a certain temperature T. 
 
3 Results and discussion 
 
3.1 Potential—pH diagrams of Cr-H2O system at 

elevated temperature 
The data of the thermodynamic calculation in this 

paper are obtained from Refs.[12−16] except as 
otherwise indicated, and the thermodynamic data of the 
main substances in Cr-H2O system are listed in Table 1. 

Table 1 Thermodynamic data of main substances in Cr-H2O 
system 

Specie 
Θ∆ K f,298G / 

(kJ·mol−1) 

Θ
K 298S / 

(J·mol−1·K−1) 

Θ
pc / 

(J·mol−1·K−1)
H2(g) 0 130.680 28.836 

O2(g) 0 205.152 29.378 

H2O(l) −237.14 69.95 75.351 

OH−
(aq) −157.2 −10.9 −148.5 

H+
(aq) 0 0 0 

e(aq) 0 65.285 0 

Cr(s) 0 23.618 23.434 

Cr2O3(s) −1 059.3 81.15 120.366 

CrO3(s) 67.0 − −504.5 

Cr2+
(aq) −161.8 −45.7 − 

Cr3+
(aq) −198.3 −322.2 − 

H2CrO4(aq) −764 90.8 − 

HCrO4
−

(aq) −761.4 190.4 − 

CrO4
2−

(aq) −724.2 5.4 − 

Cr2O7
2−

(aq) −1 295.6 289.8 − 

Cr (OH)2(S) −600.5 − − 

Cr(OH)3(am) −856.3 95.4 − 

CrOH2+
(aq) −415.1 − − 

Cr(OH)2
+

(aq) −616.4 − − 

Cr(OH)3(aq) −817.3 − − 

Cr(OH)4
−

(aq) −989.0 − − 

CrO2
−

(aq) −514.72 96.307 − 

 
In Table 1, Θ∆ K 298 f,G  is the standard Gibbs free 

energy of formation at 298 K; and Θ
K 298S  is the third 

law entropy at 298 K; and Θ
pc  is the standard specific 

heat capacity. 
The various considered reactions are listed in Table 

2. The diagrams for other values of activity and pressure 
can be easily obtained by pH—potential functions listed 
in Table 2. The pH potential relations are shown in 
Figs.1−4. 

The potential—pH diagram at 298 K agrees well 
with the previously reported results in Ref.[12]. The 
principal effects of temperatures can be summarized as 
follows. 

1) The Cr/Cr2+ equilibrium is seldom affected in the 
temperature range of 298−423 K. 

2) The stability region for the Cr2+ and Cr3+ 
decreases, and the stability region for the −2

4CrO  and 
−2

4CrO  increases. 
3) The stability of Cr(OH)3 increases apparently in 

low pH value region. However, in high pH value region 
its stability decreases. 
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Table 2 Electrode reaction and standard potential value (① refers to pH value in standard state) 

Θ
TE /V Reaction 

No. 
Reaction E—pH equation 

298 K 323 K 373 K 423 K 

a +
2(g)O +4H +4e 2 (l)2H O  

2O
2.303 2.303pH lg

4T T
RT RTE E p

F F
Θ= − +  1.228 1.2 1.167 1.127 

b +
(aq)2H +2e 2(g)H  

2H
2.303 2.303pH lg

2T
RT RTE p

F F
= − −  0 0 0 0 

1 2+
(aq) (l)Cr +2e (s)Cr  2+Cr

2.303 lg
2T T

RTE E a
F

Θ= +  −0.838 −0.827 −0.809 −0.793

2 +
2(s) (aq)Cr(OH) +2H +2e (s) 2 (l)Cr +2H O  2.303 pHT T

RTE E
F

Θ= −  −0.65 −0.66 −0.67 −0.68 

3 2+
(aq) 2 (l)Cr +2H O +

2(S) (aq)Cr(OH) +2H  pH lg / 2T TK=  3.12① 2.55① 1.81① 1.31① 

4 3+
(aq) (l)Cr +e 2+

(aq)Cr  3+

2+

Cr

Cr

2.303 lgT T

aRTE E
F a

Θ= +  −0.378 −0.302 −0.162 −0.0351

5 3+
(aq) 2 (l)Cr +2H O +e +

2(S) (aq)Cr(OH) +2H  3+Cr

2 2.303 2.303pH lgT T
RT RTE E a

F F
Θ ×

= + +  −0.747 −0.629 −0.429 −0.255

6 2+
(aq) 2 (l)CrOH +H O +e +

2(S) (aq)Cr(OH) +H  2+CrOH

2.303 2.303pH lgT T
RT RTE E a

F F
Θ= + +  −0.536 − − − 

7 +
2(aq)Cr(OH) +e 2(S)Cr(OH)  +

2Cr(OH)

2.303 lgT T
RTE E a

F
Θ= +  −0.165 − − − 

8 +
3(aq) (aq)Cr(OH) +H +e 2(S) 2 (aq)Cr(OH) +H O  

3Cr(OH)
2.303 2.303pH lgT T

RT RTE E a
F F

Θ= − +  0.211 − − − 

9 +
4(aq) (aq)Cr(OH) +2H +e−

2(S) 2 (l)Cr(OH) +2H O  
4Cr(OH)

2 2.303 2.303pH lgT T
RT RTE E a

F F −
Θ ×

= − +  0.889① − − − 

10 3+
(aq) 2 (l)Cr +H O 2+ +

(aq) (aq)CrOH +H  3+ 2+Cr CrOH
pH lg lg( / )T TK a a= +  3.57① − − − 

11 2+
(aq) 2 (l)CrOH +H O + +

2 (aq) (aq)Cr(OH) +H  2+ +
2CrOH Cr(OH)

pH lg lg( / )T TK a a= +  6.28① − − − 

12 +
2 (aq) 2 (l)Cr(OH) +H O +

3(aq) (aq)Cr(OH) +H  + 32
Cr(OH)Cr(OH)

pH lg lg( / )T TK a a= +  6.35① − − − 

13 3(aq) 2 (l)Cr(OH) +H O +
4(aq) (aq)Cr(OH) +H−  -3 4

Cr(OH) Cr(OH)
pH lg lg( / )T TK a a= +  11.47① − − − 

14 +
2 4(aq) (aq)H CrO +6H +3e 3+

(aq) 2 (l)Cr +4H O  2 4

3+

H CrO

Cr

2 2.303 2.303pH lg
3T T

aRT RTE E
F F a

Θ ×
= − +  1.32 − − − 

15 +
4(aq) (aq)HCrO +7H +3e− 3+

(aq) 2 (l)Cr +4H O  4

3+

HCrO

Cr

7 2.303 2.303p lg
3 3T T

aRT RTE E H
F F a

−Θ ×
= − +  1.33 1.26 1.15 1.08 

16 +
4 (aq) (aq)HCrO +6H +3e− 2+

(aq) 2 (l)CrOH +3H O  4

2+

HCrO

CrOH

2 2.303 2.303pH lg
3T T

aRT RTE E
F F a

−Θ ×
= − +  1.26 − − − 

17 +
4(aq) (aq)HCrO +5H +3e− +

2 (aq) 2 (l)Cr(OH) +2H O  4

+
2

HCrO

Cr(OH)

5 2.303 2.303pH lg
3 3T T

aRT RTE E
F F a

−Θ ×
= − +  1.14 − − − 

18 +
4(aq) (aq)HCrO +4H +3e−

3(aq) 2 (l)Cr(OH) +H O  4

3

HCrO

Cr(OH)

4 2.303 2.303pH lg
3 3T T

aRT RTE E
F F a

−Θ ×
= − +  1.01 − − − 

19 2 +
4 (aq) (aq)CrO +5H +3e−

3(aq) 2 (l)Cr(OH) +H O  
2
4

3

CrO

Cr(OH)

5 2.303 2.303pH lg
3 3T T

aRT RTE E
F F a

−Θ ×
= − +  1.14 − − − 

20 2 +
4 (aq) (aq)CrO +4H +3e−

4(aq)Cr(OH)−  
2
4

4

CrO

Cr(OH)

4 2.303 2.303pH lg
3 3T T

aRT RTE E
F F a

−

−

Θ ×
= − +  0.915 − − − 

21 2 4(aq)H CrO +
4(aq) (aq)HCrO +H−  2 4 4H CrO HCrO

pH lg lg( / )T TK a a −= − +  0.46① − − − 

22 4(aq)HCrO− 2 +
4 (aq) (aq)CrO +H−  2

4 4HCrO CrO
pH lg lg( / )T TK a a− −= − +  6.52① 5.25① 2.59① −0.049①

23 3(am)Cr(OH) +
2 (aq) (aq) 2 (l)CrO +H +H O−  

2CrO
pH lg lgT TK a −= − +  18.3① 15.59① 11.06① 7.51① 

24 +
3(am) (aq)Cr(OH) +H +e 2(S) 2 (l)Cr(OH) +H O  2.303 pHT T

RTE E
F

Θ= −  −0.193① −0.199① −0.203① −0.199①

25 3+
(aq) 2 (l)Cr +3H O +

3(am) (aq)Cr(OH) +3H  3+Cr
pH lg /3 lg /3T TK a= − −  3.12① 2.24① 1.02① 0.221①

26 +
4(aq) (aq)HCrO +4H +3e−

3(am) 2 (l)Cr(OH) +H O  
4HCrO

4 2.303 2.303pH lg
3 3T T

RT RTE E a
F F −

Θ ×
= − +  − 1.12 1.08 1.06 

27 2 +
4 (aq) (aq)CrO +5H +3e−

3(am) 2 (l)Cr(OH) +H O  2
4CrO

5 2.303 2.303pH lg
3 3T T

RT RTE E a
F F −

Θ ×
= − +  − 1.23 1.14 1.06 

28 2 +
4 (aq) (aq)CrO +8H +3e− 3+

(aq) 2 (l)Cr +4H O  
2
4

3+

CrO

Cr

8 2.303 2.303pH lg
3 3T T

aRT RTE E
F F a

−Θ ×
= − +  − − − 1.08 

29 +
3(am) (aq)Cr(OH) +3H +e 2+

(aq) 2 (l)Cr +3H O  2+Cr

3 2.303 2.303pH lgT T
RT RTE E a

F F
Θ ×

= − +  − 0.192 0.222 0.252 
 



YOU Hai-xia, et al/Trans. Nonferrous Met. Soc. China 20(2010) s26−s31 s29
 

 

 
Fig.1 Potential—pH diagrams of Cr-H2O system at 298 K 
 

 

Fig.2 Potential—pH diagrams of Cr-H2O system at 323 K 
 

 
Fig.3 Potential—pH diagrams of Cr-H2O system at 373 K 
 
3.2 Forms of iron in potassium chromate and 

methods of iron removal 
3.2.1 Forms of iron in potassium chromate 

The pH—potential dagrams[12−17] are plotted in 

 

 

Fig.4 Potential—pH diagrams of Cr-H2O system at 423 K 
 

 

Fig.5 Potential—pH diagrams of Cr-H2O system and Fe-H2O 
system at 298 K (①−⑧ are reactions of Fe-H2O system; 
(1)−(12) are reactions of Cr-H2O system)[12−17] 
 
Fig.5. It can be seen that, when the pH value is higher 
than 7.0, the line of FeO4

2−/Fe(OH)3 equilibrium is 
higher than that of CrO4

2−/Cr(OH)3 equilibrium. The 
FeO4

2− ion demonstrates stronger oxidative performance 
than the CrO4

2− ion, and the two ions can coexist in the 
alkaline solutions. 

Fig.6 shows the IR spectra of the high pure 
potassium ferrate[18]. The wide and strong peak at 
(807±3) cm−1 is the characteristic absorption peak of the 
anti-symmetric stretch vibration of iron-oxygen bond, 
and the weak peak at (1 110±5) cm−1 is stretch vibration 
characteristic peak of the iron-oxygen bond. From the 
FT-IR spectra of the potassium chromate product from 
the demonstration plant shown in Fig.7, the characteristic 
peak of iron-oxygen bond appears at 1 110 cm−1. Because 
of the effect of the strong characteristic peak of 
potassium chromate which is the main component at 880 
cm−1, the anti-symmetric stretch vibration peak of iron- 
oxygen bond of a spot of potassium ferrate is shaded. 
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Fig.6 IR spectra of high pure K2FeO4 

 

 
Fig.7 FT-IR spectra of reagent K2CrO4 and demonstration 
K2CrO4 

 
Fig.8 shows the XRD pattern with some peaks of 

potassium ferrate. It can be concluded that the iron in the 
potassium chromate product from our demonstration 
plant exists in the form of potassium ferrate. 
 

 

Fig.8 XRD pattern of demonstration K2CrO4 

3.2.2 Method of iron removal 
    The above analysis indicate that the potassium 
ferrate may exist in the potassium chromate. The 
decomposition of ferrate ion is given by the following 
reaction. 

OHFeO 2
2
4 +− →Fe(OH)3+O2↑+OH−              (7) 

Based on the thermal instability (see Eq.(7)) and 
photolysis of potassium ferrate, a method is brought 
forward that potassium ferrate can be removed by the 
sequential process of heat dissolution, laying in light, 
filtration and re-crystallization. Fig.9 shows the removal 
rate of iron by re-crystallization. In the experiment two 
samples of potassium chromate with iron contents of 
1.04 % and 0.74% are respectively dissolved and heated 
and laid in light for 60 min. The separating experiment 
results show that the content of iron drops under the 
detection line. 
 

 
Fig.9 Removal rate of iron by re-crystallization 
 
4 Conclusions 
 

1) The Cr/Cr2+ equilibrium is not much affected in 
the temperature range of 298−423 K. The stability region 
for the Cr2+ and Cr3+ ions decreases, and the stability 
region for the −

2CrO  and −2
4CrO  ions increases. There 

is a considerable increase in the stability of Cr(OH)3 in 
low pH value region. However, in high pH value region 
its stability decreases. 

2) The pH—potential dagrams, IR sepctra, and 
XRD pattern show that K2FeO4 and K2CrO4 can coexist 
under alkaline condition. Based on the thermal instability 
and photolysis of potassium ferrate, a method is brought 
forward that potassium ferrate can be removed by the 
sequential process of heat dissolution, laying in light, 
filtration and re-crystallization. The iron content of 
potassium chromate, after laying in light for 60 min, 
drops under the detection line. 
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