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Chemical equilibrium calculations for multicomponent aqueous systems involving the reductive dissolution of magnetite 
(Fe3O4) with oxalic acid (H2C2O4) were performed using the HSC Chemistry® version 9. They were conducted with an 
aqueous solution model based on the Pitzer’s approach of one molality aqueous solution. The change in the amounts and 
activity coefficients of species and ions involved in the reactions as well as the solution pH at equilibrium was calculated 
while changing the amounts of raw materials (Fe3O4 and H2C2O4) and the system temperature from 25°C to 125°C. In par-
ticular, the conditions under which Fe3O4 is completely dissolved at high temperatures were determined by varying the raw 
amount of H2C2O4 and the temperature for a given raw amount of Fe3O4 fed into the aqueous solution. When the raw amount 
of H2C2O4 added was small for a given raw amount of Fe3O4, no undissolved Fe3O4 was present in the solution and the pH 
of the solution increased significantly. The formation of ferrous oxalate complex (FeC2O4) was observed. The equilibrium 
amount of FeC2O4 decreased as the raw amount of H2C2O4 increased.
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1. Introduction

According to the nuclear power plant (NPP) decom-
missioning plan, the Kori Unit 1, one of the pressurized 
water reactors (PWR) in Korea, is expected to perform 
chemical decontamination of the reactor coolant system 
after permanent shutdown [1]. Decontamination of the re-
actor coolant system for decommissioning has been car-
ried out at many overseas nuclear power plants [2-5], but 
none at all in Korea. Therefore, the development of the 
decontamination process technology for decommission-
ing the Kori Unit 1 is urgently needed [6]. In the case of 
nuclear power plants, as the number of years of operation 
increases, radioactive materials generated from the reac-
tor are deposited in the form of a corrosion oxide layer on 
the surface of the coolant system, thereby increasing the 
level of radiation. Accordingly, it is necessary to reduce 
the radiation level by removing the corrosion oxide layer 
through decontamination before the decommissioning op-
eration, since it causes heavy radiation exposure to work-
ers during the decommission operation.

In general, the oxide layers deposited on the inner sur-
face of structures of the coolant system of the PWR-type 
NPP are composed of metal oxides of iron, nickel, and 
chromium. Chemical decontamination by oxidative and 
reductive dissolutions has so far been recognized as the 
most effective method. The three key reactions for dis-
solving metal oxides consist of protonation to decompose 
oxygen bonds, reduction of Fe3+ ions to Fe2+ ions, and oxi-
dation of Cr3+ ions to Cr6+ ions. Oxidative dissolution of 
chromium(III) oxide is carried out mainly with potassium 
permanganate or permanganic acid. Iron and nickel oxides 
are reduced and dissolved using aqueous solutions of acids 
like oxalic acid, citric acid, ethylelenediaminetetraacetic 
acid, and mixtures thereof. Thus, it is necessary to prop-
erly combine the oxidation and reduction processes when 
performing the decontamination of the coolant system [7]. 
Several permanganate processes using nitric permanganate 
(NP), alkaline permanganate (AP), and permanganic acid 

(HP) have been developed mainly for the oxidative dis-
solution. The reductive decontamination processes (CAN-
DEREM, CITROX, LOMI, and CORD) have been devel-
oped to dissolve the iron oxides [8].

In this study, multi-component chemical equilibrium 
calculations were performed for heterogeneous aqueous 
systems that dissolve corrosion oxides using oxalic acid 
(H2C2O4) as a reducing agent. Magnetite (Fe3O4) is consid-
ered as a target corrosion oxide in this work. By performing 
the equilibrium calculations using a Pitzer-based aqueous 
solution model that can be applied to aqueous electrolytes 
containing ions, the effect of the input amount of Fe3O4 and 
H2C2O4 raw materials on the equilibrium amounts and ac-
tivity coefficients of chemical species and ions involved in 
the dissolution reactions was investigated at various tem-
peratures. The pH changes and the formation of ferrous/fer-
ric oxalates were studied as well.

The scope of the work in this manuscript is to clarify 
the proposed dissolution systems in the thermodynamic 
perspective. From many experimental studies we have 
been aware of dissolution kinetics of the corrosion oxides 
in the reductive dissolution systems. The kinetic variation 
is actually not correlated with the thermodynamic consider-
ation. Since the reductive dissolution reactions are greatly 
influenced by kinetics, it is revealed that the interpretation 
of the reactions through the equilibrium calculations has 
limitations.

2.  Reaction Mechanism and Method of 
Calculations

The reductive dissolution using a reducing agent in 
the NPP chemical decontamination is to dissolve transi-
tion metal ions from the corrosion oxides deposited on the 
structure surfaces in the coolant system. In this work, only 
oxalic acid is used as a strong reducing agent which trans-
fer electrons to Fe3+ ions to be reduced to Fe2+ ions. The 
reductive decontamination of magnetite with oxalic acid 
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is a reaction mechanism in which three reaction steps oc-
cur simultaneously: (a) acidic dissolution of magnetite, (b) 
reduction of dissolved ferric ions by oxalic acid, and (c) 
complex formation of the dissolved ferrous ions with the 
oxalate. The reactions for the acidic dissolution of magne-
tite are as follows:

Fe3O4 + 2H+ → Fe2+ + Fe2O3 + H2O (1)

Fe2O3 + 6H+ → 2Fe3+ + 3H2O (2)

Fe3O4 + 8H+ → Fe2+ + 2Fe3+ + 4H2O (3)

Hydrogen ions (H+) are provided by the dissociation of ox-
alic acid:

H2C2O4 → H+ + HC2O4
− (4)

H2C2O4
− → H+ + C2O4

2− (5)

Fe3+ ions are reduced to Fe2+ ions by electrons generated by 
the decomposition of oxalic acid:

H2C2O4 → 2H+ + 2CO2 (g) + 2e− (6)

2Fe3+ + 2e− → 2Fe2+ (7)

2Fe3+ + H2C2O4 → 2Fe2+ + 2CO2 (g) + 2H+ (8)

Combining the reactions (3) and (7) gives

Fe3O4 + 8H+ + 2e− → 3Fe2+ + 4H2O (9)

From reactions (3) and (8), the acidic and reductive dissolu-
tion of magnetite by oxalic acid becomes:

Fe3O4 + H2C2O4 + 6H+ → 3Fe2+ + 2CO2 (g) + 4H2O
(10)

Plausible reaction schemes for the formation of complexes 
of ferric/ferrous ions with oxalate are as follows:

Fe2+ +H2C2O4 → FeC2O4 + 2H+ (11)

Fe3+ + H2C2O4 → FeC2O4
+ + 2H+ (12)

Fe3+ + H2C2O4 → FeHC2O4
2+ + H+ (13)

Finally, from reactions (10) and (11), the dissolution reac-
tion of magnetite by oxalic acid can be summarized as fol-
lows

Fe3O4 + 4H2C2O4 → 3FeC2O4 + 2CO2 (g) + 4H2O (14)

The calculations of multicomponent chemical equi-
libria in an aqueous system uses the Gibbs free energy 
minimization principle [9-11]. The theories and methods 
of the chemical equilibrium calculations are described 
in detail in the author’s previous publication [12]. The 
expressions of the activity coefficients in electrolyte so-
lutions and the model equations are given as well [13-
16]. In this study, a semi-experimental model developed 
by Pitzer [9] and later modified by Harvie et al. [10] was 
used as a thermodynamic model suitable for calculating 
the activity coefficients of species and ions in a multicom-
ponent aqueous solution. The calculations for the aqueous 
systems covered in this study are based on 1 molality (= 
55.5082 mole of H2O).

The chemical equilibrium for the aqueous system of the 
reductive dissolution of magnetite using oxalic acid was 
calculated by using the GEM module in the HSC Chem-
istry® version 9 [17]. The GIBBS solver and the AQUA 
module were used to calculate the amounts and activity co-
efficients of neutrals and ions in the dissolution reactions 
at equilibrium by varying the concentration of raw materi-
als and the temperature. Additionally, the change of the pH 
values of the aqueous solution was observed.
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Reagent Phase Raw amount [mol]

Fe3O4
H2C2O4

H2O

solid
aqueous
aqueous

0.001, 0.005
0.004~0.020

55.5082 (1 liter)

Temperature 25~125℃

Pressure 1 bar

Table 1. Conditions of equilibrium calculations for the reductive dissolu-
tion of magnetite by oxalic acid

Phase Species and ion

solid Fe3O4, Fe2O3

aqueous
H2O, H2C2O4, H+, OH−, HC2O4

−, C2O4
2−,

Fe3+, Fe2+, FeC2O4, FeC2O4
+, FeHC2O4

2+

gas CO2

Table 2. Chemical species and ions involved in the dissolution reactions 
of magnetite by oxalic acid

Fig. 1. Effect of raw amount of H2C2O4 on equilibrium amounts of key species and ions as a function of temperature in the reductive dissolution of 
magnetite with oxalic acid. Raw amount of H2C2O4 in mole is given inside each figure. Raw amount of Fe3O4 is kept constant at 0.001 mol. 

The equilibrium amounts of Fe3+ are not included in the figures since they are negligibly small.
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Raw Amount

Fe3O4 = 0.001 mol
H2C2O4 = 0.020 mol
H2O = 55.5 mol

FeC2O4

C2O4
2−

H2C2O4
CO2 (g)

Fe2+

HC2O4
−

H+

Raw Amount

Fe3O4 = 0.001 mol
H2C2O4 = 0.005 mol
H2O = 55.5 mol

FeC2O4

C2O4
2−

H2C2O4

CO2 (g)

Fe2+

HC2O4
−

H+

Raw Amount
Fe3O4 = 0.001 mol
H2C2O4 = 0.010 mol
H2O = 55.5 mol

FeC2O4

C2O4
2−

H2C2O4

CO2 (g)

Fe2+

HC2O4
−

H+

Raw Amount
Fe3O4 = 0.001 mol
H2C2O4 = 0.004 mol
H2O = 55.5 mol

FeC2O4

C2O4
2−

H2C2O4 = 4.2×10−12 ~ 2.3×10−8

CO2 (g)

Fe2+

Fe3O4 undissolvedHC2O4
−

H+

(a) (b)

(d)
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Data 
Type

Species
or ion Phase Unit

Temperature [℃]

25 35 45 55 65 75 85 95 105 115 125

Raw 
Amount

H2O aqueous mol 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082

H2C2O4(l) aqueous mol 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020

Fe3O4(s) solid mol 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Equilibrium 
Amount

CO2(g) gas mol 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

H2O aqueous mol 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122

H2C2O4(l) aqueous mol 1.493×10−3 1.570×10−3 1.670×10−3 1.793×10−3 1.939×10−3 2.110×10−3 2.307×10−3 2.530×10−3 2.781×10−3 3.061×10−3 3.372×10−3

Fe3+ aqueous mol 1.039×10−21 1.423×10−21 1.888×10−21 2.433×10−21 3.057×10−21 3.753×10−21 4.510×10−21 5.313×10−21 6.146×10−21 6.985×10−21 7.807×10−21

Fe2+ aqueous mol 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3 3.000×10−3

FeC2O4 aqueous mol 1.483×10−8 1.400×10−8 1.341×10−8 1.300×10−8 1.271×10−8 1.254×10−8 1.247×10−8 1.250×10−8 1.262×10−8 1.285×10−8 1.319×10−8

FeC2O4+ aqueous mol 4.435×10−20 3.500×10−20 2.809×10−20 2.287×10−20 1.886×10−20 1.574×10−20 1.328×10−20 1.132×10−20 9.744×10−21 8.474×10−21 7.444×10−21

FeHC2O4
2+ aqueous mol 1.294×10−22 2.328×10−22 4.036×10−22 6.760×10−22 1.096×10−21 1.726×10−21 2.644×10−21 3.948×10−21 5.762×10−21 8.230×10−21 1.153×10−20

H+ aqueous mol 1.164×10−2 1.155×10−2 1.144×10−2 1.130×10−2 1.114×10−2 1.096×10−2 1.075×10−2 1.052×10−2 1.026×10−2 9.975×10−3 9.658×10−3

OH− aqueous mol 1.191×10−12 2.472×10−12 4.797×10−12 8.782×10−12 1.526×10−11 2.533×10−11 4.034×10−11 6.188×10−11 9.178×10−11 1.320×10−10 1.847×10−10

C2O4
2− aqueous mol 1.336×10−4 1.221×10−4 1.093×10−4 9.629×10−5 8.367×10−5 7.189×10−5 6.120×10−5 5.168×10−5 4.333×10−5 3.610×10−5 2.991×10−5

HC2O4
− aqueous mol 1.737×10−2 1.731×10−2 1.722×10−2 1.711×10−2 1.698×10−2 1.682×10−2 1.663×10−2 1.642×10−2 1.618×10−2 1.590×10−2 1.560×10−2

Fe3O4(s) solid mol 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Fe2O3(s) solid mol 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Activity 
coefficient

CO2(g) gas - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

H2O aqueous - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

H2C2O4(l) aqueous - 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006

Fe3+ aqueous - 0.2542 0.2487 0.2431 0.2373 0.2314 0.2253 0.2191 0.2128 0.2065 0.2001 0.1938

Fe2+ aqueous - 0.5442 0.5390 0.5336 0.5279 0.5220 0.5158 0.5095 0.5029 0.4962 0.4893 0.4824

FeC2O4 aqueous - 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006 1.0006

FeC2O4
+ aqueous - 0.8593 0.8572 0.8550 0.8528 0.8504 0.8478 0.8452 0.8425 0.8397 0.8367 0.8337

FeH2O4
2+ aqueous - 0.5442 0.5390 0.5336 0.5279 0.5220 0.5158 0.5095 0.5029 0.4962 0.4893 0.4824

H+ aqueous - 0.8593 0.8572 0.8550 0.8528 0.8504 0.8478 0.8452 0.8425 0.8397 0.8367 0.8337

OH− aqueous - 0.8593 0.8572 0.8550 0.8528 0.8504 0.8478 0.8452 0.8425 0.8397 0.8367 0.8337

C2O4
2− aqueous - 0.5442 0.5390 0.5336 0.5279 0.5220 0.5158 0.5095 0.5029 0.4962 0.4893 0.4824

HC2O4
− aqueous - 0.8593 0.8572 0.8550 0.8528 0.8504 0.8478 0.8452 0.8425 0.8397 0.8367 0.8337

Fe3O4(s) solid - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Fe2O3(s) solid - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

pH of solution 2.000 2.004 2.009 2.016 2.023 2.032 2.041 2.052 2.064 2.078 2.094

Table 3. Results of equilibrium calculations for the Fe3O4-H2C2O4-H2O system: raw amount of Fe3O4 = 0.001 mol; raw amount of H2C2O4 = 0.020 mol
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3. Results and Discussion

Table 1 shows the conditions for calculating the chemi-
cal equilibrium for the reductive dissolution system of mag-
netite (Fe3O4) using oxalic acid (H2C2O4). The concentra-
tion of oxalic acid concentration used for the NPP chemical 
decontamination is low and typically set to be 20 mM·L–1. 
Equilibrium calculations were performed while varying the 
raw amounts of Fe3O4 and H2C2O4 to observe the effect of 
the input amount of raw materials on the chemical equilib-
rium. The temperature dependence on the equilibrium was 
studied by performing the equilibrium calculations while 
changing the temperature of the system in the range of 25℃ 
to 125℃ at a given condition of the raw amounts. Note that 
the raw amount of H2O is fixed at 55.5082 mole (1 liter) 
as our calculations are based on the aqueous solution of 1 
molality. The pressure was kept constant at 1.0 bar for all 
calculations. Table 2 shows the chemical species and ions 
present in the solid, aqueous, and gas phases of the dissolu-
tion reactions of magnetite with oxalic acid.

Equilibrium calculations were repeatedly carried out at 
various input amounts of raw H2C2O4 of 0.020 mol, 0.010 
mol, 0.005 mol, and 0.004 mol. The results of calculations 
at two representative input amounts of raw H2C2O4 (0.020 
mol and 0.004 mol) are shown in Tables 3 and 4, respectively. 
Note that the input amount of raw Fe3O4 fed to the aqueous 
phase are set to be 0.001 mol for all the cases. The amounts 
and activity coefficients at equilibrium of species and ions 
participating in the reactions as well as the amounts of raw 
materials fed are shown at 10℃ intervals in the temperature 
range from 25℃ to 95℃. The pH values of aqueous solutions 
at equilibrium are also given as a function of temperature.

For four different amounts of H2C2O4 fed to the aque-
ous phase, the changes in the equilibrium amounts of main 
chemical species and ions [CO2(g), Fe2+, Fe3O4(s) undis-
solved, H2C2O4 unreacted, FeC2O4, HC2O4

−, C2O4
2−, H+] are 

shown in Fig. 1 as a function of temperature. As shown 
in Fig. 1, when the input amount of the H2C2O4 reducing 
agent was from 0.020 mol to 0.005 mol, the undissolved 

magnetite did not remain in the aqueous solution. In other 
words, when the concentration of the added H2C2O4 reduc-
ing agent was 0.020~0.005 mol∙L–1, it can be seen that 0.001 
mol of Fe3O4 was completely dissolved. Fe3+ ions were al-
most completely reduced to Fe2+ ions by oxalic acid. As can 
be seen in Table 4 and Fig. 1(d), the Fe3O4 undissolved was 
observed, when the input amount of raw H2C2O4 was 0.004 
mol. This indicates that 0.001 mol of Fe3O4 could not be 
completely dissolved when the concentration of the added 
H2C2O4 reducing agent was 0.004 mol·L–1. On the other 
hand, when the concentration of H2C2O4 was 0.005 mol·L–1, 
the Fe3O4 undissolved was not observed, which is shown 
in Fig. 1(c). Therefore, in order to completely reduce and 
dissolve 0.001 mol of Fe3O4, the concentration of the oxalic 
acid should be kept higher than 0.004 mol·L–1.

Table 4 and Fig. 2 show the results of the equilibrium 
calculations when the input amount of raw Fe3O4 was 
increased 5 times to 0.005 mol while the input amount 
of H2C2O4 was maintained at 0.020 mol. Fe3O4 was not 
completely dissolved at all temperatures. Therefore, it 
is suggested that 0.020 mol of H2C2O4 is insufficient to  
completely dissolve 0.005 mol of Fe3O4.
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Fig. 2. Equilibrium amounts of key species and ions as a function of 
temperature in the reductive dissolution of magnetite with oxalic acid. 

Raw amounts of Fe3O4 and H2C2O4 in mole are 0.005 and 0.020, 
respectively. The equilibrium amounts of Fe3+ are not included in the 

figures since they are negligibly small.

Raw Amount
Fe3O4 = 0.005 mol
H2C2O4 = 0.020 mol
H2O = 55.5 mol

FeC2O4

C2O4
2−

H2C2O4 = 2.2×10−11 ~ 1.1×10−7

CO2 (g)

Fe2+

Fe3O4 undissolvedHC2O4
−

H+
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Data 
Type

Species
or ion Phase Unit

Temperature [℃]

25 35 45 55 65 75 85 95 105 115 125

Raw 
Amount

H2O aqueous mol 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082

H2C2O4(l) aqueous mol 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

Fe3O4(s) solid mol 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

Equilibrium 
Amount

CO2(g) gas mol 1.999×10−3 1.998×10−3 1.997×10−3 1.995×10−3 1.992×10−3 1.987×10−3 1.980×10−3 1.969×10−3 1.954×10−3 1.931×10−3 1.899×10−3

H2O aqueous mol 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122 55.5122 55.5121 55.5121 55.5121 55.5120 

H2C2O4(l) aqueous mol 4.197×10−12 1.130×10−11 2.951×10−11 7.483×10−11 1.843×10−10 4.414×10−10 1.029×10−9 2.334×10−9 5.161×10−9 1.111×10−8 2.329×10−8

Fe3+ aqueous mol 1.731×10−22 2.262×10−22 2.834×10−22 3.423×10−22 4.003×10−22 4.549×10−22 5.036×10−22 5.444×10−22 5.753×10−22 5.951×10−22 6.030×10−22

Fe2+ aqueous mol 2.998×10−3 2.997×10−3 2.995×10−3 2.992×10−3 2.987×10−3 2.980×10−3 2.969×10−3 2.953×10−3 2.929×10−3 2.895×10−3 2.848×10−3

FeC2O4 aqueous mol 4.352×10−7 4.503×10−7 4.817×10−7 5.293×10−7 5.939×10−7 6.778×10−7 7.841×10−7 9.164×10−7 1.079×10−6 1.274×10−6 1.504×10−6

FeC2O4
+ aqueous mol 2.485×10−19 2.052×10−19 1.741×10−19 1.509×10−19 1.332×10−19 1.194×10−19 1.085×10−19 9.964×10−20 9.229×10−20 8.602×10−20 8.045×10−20

FeHC2O4
2+ aqueous mol 6.853×10−27 1.972×10−26 5.356×10−26 1.377×10−25 3.366×10−25 7.842×10−25 1.747×10−24 3.733×10−24 7.664×10−24 1.513×10−23 2.876×10−23

H+ aqueous mol 1.178×10−7 1.787×10−7 2.624×10−7 3.741×10−7 5.194×10−7 7.040×10−7 9.335×10−7 1.214×10−6 1.549×10−6 1.946×10−6 2.406×10−6

OH− aqueous mol 1.101×10−7 1.493×10−7 1.954×10−7 2.477×10−7 3.056×10−7 3.679×10−7 4.332×10−7 4.997×10−7 5.656×10−7 6.288×10−7 6.872×10−7

C2O4
2− aqueous mol 2.996×10−3 2.993×10−3 2.989×10−3 2.982×10−3 2.971×10−3 2.955×10−3 2.930×10−3 2.892×10−3 2.837×10−3 2.758×10−3 2.648×10−3

HC2O4
− aqueous mol 4.511×10−6 7.520×10−6 1.239×10−5 2.014×10−5 3.230×10−5 5.107×10−5 7.961×10−5 1.223×10−4 1.849×10−4 2.748×10−4 4.007×10−4

Fe3O4(s) solid mol 5.648×10−7 9.437×10−7 1.557×10−6 2.533×10−6 4.064×10−6 6.426×10−6 1.001×10−5 1.537×10−5 2.324×10−5 3.452×10−5 5.031×10−5

Fe2O3(s) solid mol 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Activity 
coefficient

CO2(g) gas - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

H2O aqueous - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

H2C2O4(l) aqueous - 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 

Fe3+ aqueous - 0.3443 0.3378 0.3310 0.3238 0.3164 0.3088 0.3011 0.2935 0.2861 0.2791 0.2730 

Fe2+ aqueous - 0.6226 0.6174 0.6118 0.6059 0.5997 0.5932 0.5866 0.5799 0.5734 0.5672 0.5616 

FeC2O4 aqueous - 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 1.0001 

FeC2O4
+ aqueous - 0.8884 0.8865 0.8845 0.8823 0.8801 0.8777 0.8752 0.8727 0.8703 0.8679 0.8658 

FeH2O4
2+ aqueous - 0.6226 0.6174 0.6118 0.6059 0.5997 0.5932 0.5866 0.5799 0.5734 0.5672 0.5616 

H+ aqueous - 0.8884 0.8865 0.8845 0.8823 0.8801 0.8777 0.8752 0.8727 0.8703 0.8679 0.8658 

OH− aqueous - 0.8884 0.8865 0.8845 0.8823 0.8801 0.8777 0.8752 0.8727 0.8703 0.8679 0.8658 

C2O4
2− aqueous - 0.6226 0.6174 0.6118 0.6059 0.5997 0.5932 0.5866 0.5799 0.5734 0.5672 0.5616 

HC2O4
− aqueous - 0.8884 0.8865 0.8845 0.8823 0.8801 0.8777 0.8752 0.8727 0.8703 0.8679 0.8658 

Fe3O4(s) solid - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

Fe2O3(s) solid - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

pH of solution 2.000 2.004 2.009 6.980 6.800 6.634 6.481 6.340 6.209 6.087 5.975 

Table 4. Results of equilibrium calculations for the Fe3O4-H2C2O4-H2O system: raw amount of Fe3O4 = 0.001 mol; raw amount of H2C2O4 = 0.004 mol
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Data 
Type

Species
or ion Phase Unit

Temperature [℃]

25 35 45 55 65 75 85 95 105 115 125

Raw 
Amount

H2O aqueous mol 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082 55.5082

H2C2O4(l) aqueous mol 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020

Fe3O4(s) solid mol 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

Equilibrium 
Amount

CO2(g) gas mol 9.995×10−3 9.991×10−3 9.986×10−3 9.978×10−3 9.964×10−3 9.944×10−3 9.914×10−3 9.870×10−3 9.805×10−3 9.713×10−3 9.583×10−3

H2O aqueous mol 55.5282 55.5282 55.5282 55.5282 55.5281 55.5281 55.5280 55.5279 55.5278 55.5276 55.5274 

H2C2O4(l) aqueous mol 2.232×10−11 5.930×10−11 1.527×10−10 3.815×10−10 9.249×10−10 2.178×10−9 4.991×10−9 1.114×10−8 2.423×10−8 5.142×10−8 1.065×10−7

Fe3+ aqueous mol 9.203×10−22 1.222×10−21 1.556×10−21 1.914×10−21 2.281×10−21 2.645×10−21 2.992×10−21 3.307×10−21 3.575×10−21 3.784×10−21 3.920×10−21

Fe2+ aqueous mol 1.499×10−2 1.498×10−2 1.497×10−2 1.496×10−2 1.494×10−2 1.491×10−2 1.487×10−2 1.480×10−2 1.470×10−2 1.456×10−2 1.436×10−2

FeC2O4 aqueous mol 4.042×10−6 4.109×10−6 4.314×10−6 4.645×10−6 5.103×10−6 5.697×10−6 6.442×10−6 7.362×10−6 8.480×10−6 9.824×10−6 1.142×10−5

FeC2O4
+ aqueous mol 1.496×10−18 1.222×10−18 1.024×10−18 8.769×10−19 7.641×10−19 6.757×10−19 6.052×10−19 5.481×10−19 5.009×10−19 4.613×10−19 4.274×10−19

FeHC2O4
2+ aqueous mol 7.900×10−26 2.259×10−25 6.092×10−25 1.555×10−24 3.771×10−24 8.715×10−24 1.927×10−23 4.086×10−23 8.331×10−23 1.637×10−22 3.102×10−22

H+ aqueous mol 1.761×10−7 2.672×10−7 3.924×10−7 5.595×10−7 7.767×10−7 1.053×10−6 1.396×10−6 1.815×10−6 2.318×10−6 2.911×10−6 3.600×10−6

OH− aqueous mol 9.434×10−8 1.285×10−7 1.689×10−7 2.153×10−7 2.671×10−7 3.234×10−7 3.831×10−7 4.447×10−7 5.066×10−7 5.669×10−7 6.236×10−7

C2O4
2− aqueous mol 1.498×10−2 1.497×10−2 1.495×10−2 1.492×10−2 1.487×10−2 1.480×10−2 1.469×10−2 1.454×10−2 1.431×10−2 1.399×10−2 1.353×10−2

HC2O4
− aqueous mol 2.056×10−5 3.397×10−5 5.543×10−5 8.923×10−5 1.416×10−4 2.215×10−4 3.416×10−4 5.191×10−4 7.774×10−4 1.146×10−3 1.663×10−3

Fe3O4(s) solid mol 2.580×10−6 4.264×10−6 6.957×10−6 1.120×10−5 1.776×10−5 2.778×10−5 4.283×10−5 6.507×10−5 9.741×10−5 1.436×10−4 2.083×10−4

Fe2O3(s) solid mol 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Activity 
coefficient

CO2(g) gas - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

H2O aqueous - 1.0002 1.0002 1.0002 1.0002 1.0002 1.0002 1.0002 1.0002 1.0002 1.0002 1.0002 

H2C2O4(l) aqueous - 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 

Fe3+ aqueous - 0.1131 0.1088 0.1043 0.0997 0.0951 0.0904 0.0857 0.0812 0.0768 0.0728 0.0691 

Fe2+ aqueous - 0.3797 0.3732 0.3663 0.3591 0.3515 0.3437 0.3357 0.3277 0.3198 0.3121 0.3050 

FeC2O4 aqueous - 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 1.0005 

FeC2O4
+ aqueous - 0.7853 0.7819 0.7783 0.7744 0.7703 0.7660 0.7615 0.7569 0.7523 0.7477 0.7434 

FeH2O4
2+ aqueous - 0.3797 0.3732 0.3663 0.3591 0.3515 0.3437 0.3357 0.3277 0.3198 0.3121 0.3050 

H+ aqueous - 0.7853 0.7819 0.7783 0.7744 0.7703 0.7660 0.7615 0.7569 0.7523 0.7477 0.7434 

OH− aqueous - 0.7853 0.7819 0.7783 0.7744 0.7703 0.7660 0.7615 0.7569 0.7523 0.7477 0.7434 

C2O4
2− aqueous - 0.3797 0.3732 0.3663 0.3591 0.3515 0.3437 0.3357 0.3277 0.3198 0.3121 0.3050 

HC2O4
− aqueous - 0.7853 0.7819 0.7783 0.7744 0.7703 0.7660 0.7615 0.7569 0.7523 0.7477 0.7434 

Fe3O4(s) solid - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

Fe2O3(s) solid - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

pH of solution 6.859 6.680 6.515 6.363 6.223 6.093 5.973 5.862 5.758 5.662 5.572 

Table 5. Results of equilibrium calculations for the Fe3O4-H2C2O4-H2O system: raw amount of Fe3O4 = 0.005 mol; raw amount of H2C2O4 = 0.020 mol
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The equilibrium amounts of ferrous/ferric oxalates 
(FeC2O4, FeC2O4

+, FeHC2O4
2+), which can be generated by 

the complex formation of ferrous/ferric ions and HC2O4
– or 

C2O4
2− ions, was calculated. In particular, the results for the 

equilibrium amount of FeC2O4 are schematically shown in 
Fig. 3. It can be seen that a very small amount (10−8~10−5 
mol of order of magnitude) of FeC2O4 was produced, and 
the amount of FeC2O4 produced decreased as the input 
amount of H2C2O4 added increased. As can be seen in Ta-
bles 3 to 5, FeC2O4

+ and FeHC2O4
2+ were hardly produced.

Fig. 4 shows the change in the pH of aqueous solution 
as a function of temperature for the Fe3O4-H2C2O4-H2O sys-
tem at various amounts of raw H2C2O4 added into the aque-
ous solution. Not surprisingly, when compared at the same 
temperature, the pH of the solution increased markedly as 
the raw amount of H2C2O4 decreased. In addition, in the 
case of the raw amount of H2C2O4 in the range of 0.020 to 
0.005 mol, the pH of the solution gradually increased as the 
temperature increased. However, when the raw amount of 
H2C2O4 was 0.004 mol, the pH of the solution decreased as 
the temperature increased, which seems to be due to the fact 
that Fe3O4 was not completely dissolved.

4. Conclusions

The chemical equilibrium of the aqueous system for 
the reductive dissolution of magnetite with oxalic acid 
(Fe3O4-H2C2O4-H2O) was calculated at high temperatures 
up to 125℃, by using the HSC Chemistry® version 9 soft-
ware. This study focused on the effect of the amounts of 
raw materials fed into the aqueous phase on the equilibrium 
amounts of species and ions involved in the reductive dis-
solution reactions and the pH of the aqueous solution. In 
particular, we observed the conditions in which Fe3O4 was 
completely dissolved as well as the equilibrium amount of 
FeC2O4 complex produced.

For the raw amount of Fe3O4 of 0.001 mol, when the 
raw amount of H2C2O4 was from 0.020 mol to 0.005 mol, no 
Fe3O4 undissolved was present in the solution and Fe3+ ions 
were almost completely reduced to Fe2+ ions by H2C2O4. On 
the other hand, at the raw amount of H2C2O4 as low as 0.004 
mol, Fe3O4 was not completely dissolved. The pH of the 
solution increased with increasing the solution temperature. 
The equilibrium amount of FeC2O4 produced decreased 
as the raw amount of H2C2O4 increased. The calculation  
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Fig. 3. Results of equilibrium calculations for the Fe3O4-H2C2O4-H2O 
system: the effect of the raw amount of H2C2O4 on the amount of FeC2O4 

formation in equilibrium as a function of temperature.
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Fig. 4. Results of equilibrium calculations for the Fe3O4-H2C2O4-H2O 
system: the effect of the raw amount of H2C2O4 on the pH of the aqueous 

solution in equilibrium as a function of temperature.
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results obtained from this work provide information for the 
input amounts of the raw materials and the pH values of the 
aqueous solution in which Fe3O4 is completely dissolved at 
high temperatures.
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