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Abstract 

Hydrazine is added into secondary circuit in order to eliminate oxygen and to impose a reducing potential. 

Another possible role of hydrazine is to reduce hematite potentially present and thus reduce risk of stress 

corrosion cracking of steam generator tubes. However, the latter effect of hydrazine is still not clear. In order 

to better understand the mechanism and the kinetics of hematite reduction by hydrazine under secondary 

circuit conditions (275°C, slightly alkaline, diluted hydrazine), an experimental study has been carried out. It 

was found that the reduction of hematite proceeds through the adsorption of hydrazine, surficial reduction and 

dissolution of hematite, and coprecipitation of well crystallized octahedral magnetite.  

 

1 Introduction 
During the operation of the pressurized water reactors (PWR), the feed water train of the secondary circuit, 

which is mainly made of low alloy steel or carbon steel, releases corrosion products (CPs) mostly due to the 

flow accelerated corrosion (FAC). Consisted mainly of iron species, CPs exist in soluble form as well as solid 

particles. Driven by the secondary water flow, CPs are transported through the feed water train to the steam 

generator (SG) where they are concentrated due to the boiling. Some of these CPs are removed from the SG 

through the blowdown line. Others remain in the SG and precipitate onto the inner surface of SG, i.e. on SG 

tubes surface and tube support plates water passage, leading respectively to fouling and clogging of SG, which 

are two main sources of SG degradation and performance loss. Moreover, the precipitation of CPs in flow 

restricted area could lead to the sequestration of impurities with a potential impact on the stress corrosion 

cracking (SCC) of SG tubes [1,2]. This latter may lead to leakage [3], in this case a primary-to-secondary leakage 

and potential contamination of secondary circuit [4,5]. 

Magnetite (Fe3O4) is the primary CP found in deposits because of the reducing conditions in secondary circuit 

[6]. Under certain exceptional less reducing conditions (e.g.. air ingress and inadequate hydrazine content), it is 

possible that part of the magnetite goes through oxidation and transforms into ferric oxides, in particular 

hematite (α-Fe2O3). The mechanism and kinetics of magnetite oxidation under secondary circuit conditions 

have been previously studied [7], and the presence of ferric oxides has been suggested by previous works [1,8]. 

Hematite is less soluble and denser than magnetite under typical secondary circuit conditions, therefore a layer 

of hematite on the surface of magnetite can reduce the FAC rate in SG feed water train [9]. This agrees with the 

higher resistance under oxidizing conditions [10]. But hematite deposit on SG tubes is believed to promote the 

onset of intergranular attack (IGA) and SCC of SG tubes [11], which should be avoided for nuclear safety reason. 

Therefore the presence of hematite in SG is undesirable and should be limited as low as possible [12]. Besides, 

iron speciation has also certain impacts on the fouling and clogging in SG [8]. 
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Hydrazine (N2H4) is injected into the secondary circuit during nominal operation (normally between 50 and 100 

ppb [13]), wet layup (> 75 ppm [14]) and transient states, on one hand to scavenge the traces of dissolved 

oxygen (DO) and on the other to impose a reducing redox potential [9]. Hydrazine is also expected to reduce 

ferric oxides, especially hematite potentially formed following the equation (1), in order to limit their presence 

in the SG and their impact on the SCC of SG tubes. Thus, for the secondary circuit operation optimization, 

knowledge on hematite reduction by hydrazine under alkaline hydrothermal conditions is essential.  

                            (1) 

Yue et al. have investigated the reduction of hematite by hydrazine in water at 80°C and have observed no 

reduction during 6 hours [15]. Duchateau has studied this reaction at 100°C in strongly alkaline hydrothermal 

solution with 1.33 wt % hydrazine (4 equivalents) and has observed no reduction either during two days. 

Instead, a change in morphology has taken place, indicating an adsorption of hydrazine on hematite surface 

and a dissolution-reprecipitation processes of hematite [16]. When increasing the hydrazine quantity to 5.32 

wt % (16 equivalents), most hematite is reduced to magnetite in 23 hours. Zhang et al. have carried out 

hematite reduction experiments at 160°C under hydrothermal condition, and have pointed out the necessity of 

alkalinity for hematite reduction [17]. For a treatment at 160°C during 24 h, no reduction was observed with 18 

wt % hydrazine in neutral solution, while total reduction was observed with 17.5 wt % hydrazine in highly 

alkaline solution (pH25°C near 14). Sapieszko and Matijevic have performed the reduction of hematite to 

magnetite at 250°C in alkaline hydrothermal solution containing hydrazine, and have concluded that both 

alkalinity and hydrazine are necessary for the reduction, which is also thought to proceed through dissolution-

reprecipitation since high pH values promote the dissolution of hematite [9]. With 2.72 wt% hydrazine, part of 

the hematite was reduced to magnetite within hours of treatment [18]. 

However, these studies are all conducted under highly alkaline conditions with concentrated hydrazine. The 

reduction of hematite by hydrazine under secondary circuit conditions (slightly alkaline with diluted hydrazine) 

remains still unclear, especially the reaction kinetics and its relation with hydrazine concentration. To the best 

of our knowledge, there is still no firm conclusion on whether hydrazine can reduce hematite in secondary 

circuit conditions. One aim of this study is to contribute to answer the previous question, and if the reduction 

of hematite is possible, to understand the reaction mechanism and kinetics, especially the relation between 

kinetics and hydrazine concentration which is of great importance for PWR operation optimization. 

2 Experiment 

2.1 Experimental facility and procedure 
Experiments are carried out using an autoclave made of titanium alloy (grade 3) from Top Industrie. It has an 

inner capacity of 500 mL, and is equipped with a mechanical stirrer, a temperature sensor and three electrodes 

inside the autoclave. Outside of the autoclave there is a pressure sensor, a safety valve, a HPLC injection pump, 

a sampling line from the bottom of the autoclave with a cooler, and another sampling line from the top of the 

autoclave with a cooler, a back pressure regulator and an online oxygen sensor (SE340, Knick). A schematic of 

this experimental facility is shown in Figure 1. 

The electrodes inside the autoclave are high temperature high pressure electrodes from Corr Instruments, 

including an external silver chloride reference electrode, a redox potential electrode in Pt, and a Ni/NiO-based 

pH electrode. Potential differences between the reference electrode and the others are recorded during 

experiments, which allows the in situ measurement of pH and redox potential. The functioning of these 

electrodes and their use under similar conditions for monitoring the N2H4 properties are described in previous 

study [19]. In the present case, some measurements were affected by an abnormal functioning of the 

reference probe affecting both the measured pH and Eh values. These values were corrected by using the ex 

situ pH measurements (pH measurement at room temperature on sampled solution) when the in situ values 

were aberrant, and by recalculating Eh from the observed offset in reference potential. The calculation of pH at 

275°C from the measured value at room temperature was performed using PhreeqC, a geochemical simulator 

that operates a detailed speciation of solution from its elementary composition [20]. In absence of the 

abnormal functioning of the reference probe (run 4 for example), the two sets of values (measured in situ vs. 
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recalculated), gave similar results within a 0.5 unit range (the uncertainty given by the electrodes supplier) 

validating the method. 

 

Figure 1 – Schematic of experimental facility 

For each experiment, hematite is weighed and introduced into the autoclave with 450 mL secondary solution 

(containing ethanolamine and ammonia). Air remaining in the autoclave and excessive solution are evacuated 

through the sampling line from the top of the autoclave once the inner pressure reaches the set point of the 

back pressure regulator (around 65 bars), creating a monophasic environment. Once the temperature reaches 

275°C and the parameters of the solution (temperature, pressure, pH, redox potential) are stable, continuous 

injection of another secondary solution (containing ethanolamine, ammonia and hydrazine) is started through 

the HPLC pump. Due to this injection, solution in the autoclave flows out at the same rate as that of the 

injection through the sampling line from the top of the autoclave. Dissolved oxygen (DO) in this discharged 

solution is measured by the oxygen sensor. Discharged solution is collected in a container filled with nitrogen 

gas during a certain period of time in order to be analyzed. After 72 hours of experiment, injection is stopped 

and autoclave is cooled down to ambient temperature. Solid sample is recovered through filtration and 

desiccation in vacuum, before further analysis. 

Experimental conditions are summarized in Table 1. 

Table 1 – Summary of experimental condition 

Run number R1 R2 R3 R4 

Hematite mass 0.75 g 

Stirring speed 100 rpm 

Initial pH25°C 9.6 10.1 10.1 10.0 

[N2H4] injected 10.8 ppm 22.0 ppm 33.0 ppm 54.5 ppm 

Injection rate 0.36 mL/min 0.42 mL/min 

 

2.2 Materials 
Hematite used as starting material is from NOAH Technologies Corporation (reference 15274, purity 99.9%, 

specific surface area from BET at 8.6 m²/g [21]). Ethanolamine (≥ 99%), ammonia solution (Suprapur, 25%), and 

hydrazinium hydroxide are from Merck. Demineralized water is from a Millipore system with a resistivity at 

18.2 MΩ. 

2.3 Analytical techniques 
The pH of freshly prepared secondary solution and discharged solution form autoclave is measured at room 

temperature. Hydrazine containing solutions are analyzed by a spectrophotometer (WTW Photolab S12) and 

hydrazine test (Spectroquant, Merck) to obtain hydrazine concentration. Concentrations of ethanolamine and 
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ammonia are measured through ionic chromatography (Metrohm MIC 820). Concentrations of iron and other 

elements are measured through inductively coupled plasma mass spectrometry (ICP-MS) (Perkin Elmer NexION 

300X). 

Solid samples are analyzed using powder X-ray diffraction (XRD) and scanning electron microscope (SEM). XRD 

analysis is performed using a Bruker D8 Endeavor diffractometer equipped with a Co source (Kα1 = 1.789010 Å 

and Kα2 = 1.792900 Å). Phase analysis is carried out using X’pert HighScore software package. Rietveld analysis 

is performed using Fullprof software to quantify phase composition of solid samples. SEM analysis is carried out 

on a Quanta FEI 650F operating in secondary electron mode. 

3 Results 

3.1 Summary of measurements during experiment 
During experiments, pH, redox potential, oxygen and hydrazine concentrations are monitored as presented in 

Figure 2. The pH values recalculated from ex situ measurements in the discharged solution of the autoclave 

(noted as pH ex-situ in Figure 2) are preferred in run 1 to 3 instead of those measured in situ because most of 

them required a correction (cf. SI for more detail). For run R4 by contrast, using a new reference electrode, in 

situ measurements of pH and redox potential are presented along with ex situ pH. Although different from 

each other, in situ and ex situ pH remain comparable taking into account the 0.5 pH unit inaccuracy of the 

internal pH electrode and possible approximation in the recalculation method. 

Following the hydrazine injection, hydrazine concentration in autoclave increases and reaches a plateau. For R4 

the hydrazine increases again after a short plateau. O2 concentration decreases to a value near the detection 

limit (20 ppb) of the O2 sensor and therefore is considered to be zero. Redox potential drops to between -700 

and -550 mV/SHE following hydrazine injection and then stabilizes. pH is rather stable during all experiments 

with a slight increase, which can be due to the accumulation of ammonia which is one of the thermal 

decomposition products of hydrazine described by equation (2) [22,23]. 

               (2) 

 

Figure 2 – Summary of in-situ and ex-situ measurement during hematite reduction experiments 
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For runs R1 to R3, according to the variation of hydrazine concentration, the system goes through a transient 

state at the beginning before entering the steady state where hydrazine concentration is stable. For run R4, 

another transient state is observed where hydrazine concentration increases once again after the steady state. 

For all the four runs, O2 concentration decreases since the beginning and then stabilizes at around 40 ppb (data 

processing available in SI). Parameters during steady state of each experiment are listed in Table 2. Note that 

R1 with 3 ppm ethanolamine and 1 ppm ammonia exhibits a pH lower than expected (pH25°C between 9.6 and 

9.8). Therefore following experiments are all carried out with 6 ppm ethanolamine and 2 ppm ammonia, and 

pH turns out to be satisfying. 

Table 2 – Summary of conditions during steady state 

Run number R1 R2 R3 R4 

Time period 11h – 72h 11h – 72h 11h – 72h 5h – 29h 

pH25°C 8.5 9.5 9.7 9.8 

pH275°C 5.7 6.2 6.2 6.8 

Redox potential (mV/SHE) -560 -610 -630 -640 

[N2H4] (ppb) 55 370 780 1860 

[N2H4] (mol/kg) 1.7x10
-6

 1.2x10
-5

 2.4x10
-5

 5.8x10
-5

 

 

3.2 Pourbaix diagram 
pH and redox potential measured during experiments are plotted on Pourbaix diagram (as shown in Figure 3). 

The reference Pourbaix diagram at 275°C is plotted with thermodynamic data from [24–26]. The concentration 

of aqueous iron species is set at 10
-8

 M which is about the iron concentration in discharged solutions measured 

by ICP-MS. 

 

Figure 3 – Pourbaix diagram of iron-water system at 275°C (10
-8 

M ferrous ions concentration) and experimental data. 
Stability zone of solid phase is enclosed by black solid line, stability zone of aqueous phase is enclosed by blue dashed lines. 

According to Figure 3, experimental points start in the zone of hematite (i), and go through an increase of pH (ii) 

(only for run R4) before a decrease of Eh (iii) to the zone of ferrous soluble species or magnetite. The first three 

runs do not show an increase in pH (ii) due to the anomaly in reference electrode. At the end of the phase (iii), 

the decrease of redox potential seems to stop and from then on, pH increases due to the formation of 
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ammonia through hydrazine decomposition and Eh decreases, both slowly (iv). The experimental points seem 

to follow a straight line in phase (iv), whose slope is  
       

 
, indicating a reaction with equal number of 

transferred electrons and reacted protons (or hydroxyl). Since the reaction in course is the reduction of 

hematite to magnetite, the equilibrium between these two oxides should occur. However, the measured points 

are not located exactly on the equilibrium line between hematite and magnetite. One possible reason is the 

uncertainty that lies in the thermodynamic data at high temperature and in the in situ measurement. If the 

measurement during R4 and the thermodynamic data are considered correct, the measured data would be 

dominated by the equilibrium between Fe(OH)2(aq) and Fe(OH)3(aq) (as shown by Figure 3), in agreement with 

the coprecipitation of these two species into magnetite. The measured Eh could also be a mixed potential 

resulting from multiple simultaneous reactions, including the oxidation of hydrazine following the equation (3). 

The thermodynamic of this reaction is still not well known, but according to available studies [19,27], the 

standard potential of the         redox couple at 275°C should be very negative (lower than -1 V/SHE at 

275°C). Therefore it is reasonable for the mixed potentials to be situated below the equilibrium line between 

magnetite and hematite. 

                          (3) 

In summary, the measured pH and Eh indicate a transition of the stable phase from hematite to magnetite, 

which shows an agreement between thermodynamic data and experiments, validating these measurements 

under hydrothermal conditions. 

3.3 Analysis of solid samples 
Final solid samples are characterized with SEM, and images show that octahedral crystals of about 1 µm (as 

shown in Figure 4) are obtained besides the initial hematite which consists of rounded particles of about 100 

nm. Octahedron is a very typical morphology of magnetite as found under similar hydrothermal conditions in 

previous studies [17,18]. According to the morphological evolution of the samples (bigger particles than initial 

ones, slow buildup of particles), a dissolution-reprecipitation is the more likely mechanism. 
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Figure 4 – SEM images of solid samples 

 

Figure 5 – Composition (mass fraction) of solid samples according to XRD and Rietveld analysis 

Solid samples are also analyzed with XRD and their composition (as shown in Figure 5) is obtained from 

Rietveld analysis (measured and simulated diffractogrammes available in SI). In solid samples, magnetite and 

hematite are the only phases detected. Therefore hematite is directly reduced to magnetite without 

intermediate solid product. With the increase of hydrazine concentration (from R1 to R4), the final mass 

fraction of magnetite increases, indicating an increase of the reduction kinetics. 
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3.4 Reduction kinetics 

3.4.1 Mass balance of hydrazine 
Reduction kinetics during a time interval from t = 0 (the moment the injection starts) to t is followed through 

mass balance of hydrazine under the following hypothesis: 

                          (4) 

where      is the total mass of injected hydrazine cumulative during the interval from t = 0 to t,      is the 

mass of hydrazine in the autoclave at time t,      is the mass of discharged hydrazine cumulative during the 

interval from t = 0 to t,      is the mass of thermally decomposed hydrazine cumulative during the interval 

from t = 0 to t, and      is the mass of oxidized hydrazine cumulative during the interval from t = 0 to t. The 

calculation of the decomposition term requires another mass balance of ammonia described by 

                                                     (5) 

where           is the mass of ammonia produced from hydrazine decomposition cumulative from t = 0 to t, 

          is the mass of ammonia in the autoclave at time t,           is the mass of ammonia in discharged 

solution cumulative from t = 0 to t,           is the mass of ammonia injected into the autoclave cumulative 

from t = 0 to t, and             is the mass of ammonia initially present in autoclave at t = 0.           is then 

recalculated into      based on the stoichiometry of reaction (2): 

      
       

        
          (6) 

where        and         are molar mass of ammonia and hydrazine respectively. 

Information needed for these mass balances are the concentrations of hydrazine and ammonia in discharged 

solutions, which are measured throughout the tests (data available in SI). Mass balance for the four 

experiments are presented in Figure 6. For the four runs,      and      are the least significant, and most of 

the hydrazine is oxidized. Decomposition is less significant than oxidation, but it increases significantly with 

hydrazine concentration. This is in agreement with the decomposition kinetics of hydrazine which is first order 

with regard to hydrazine concentration [23], and with the oxidation kinetics of hydrazine by oxygen which is 

thought to be ½ order with regard to hydrazine concentration [23] or ¼ order with regard to hydrazine when Pt 

is present (which is the case here with the use of a redox electrode containing Pt) [28]. Therefore, with 

increasing hydrazine concentration, decomposition rate increases faster than oxidation rate. 
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Figure 6 – Mass balance of hydrazine (cumulative from t = 0 to t except for the term “Autoclave”) 

3.4.2 Reduction kinetics of hematite 
Reduction of hematite by hydrazine into magnetite, and the oxidation of hydrazine by oxygen follow the 

equations (1) and (7) respectively. 

                 (7) 

The mass of oxidized hydrazine can be transformed into that of reduced hematite following equation (8). 

                             
         

       
 (8) 

where               is the mass of reduced hematite during the interval from t = 0 to t,      is the mass 

fraction of DO in injected solution,   is the time elapsed and   is molar mass. Injected solution is assumed to 

contain 8 ppm DO since it is not deaerated. 

However, the mass of reduced hematite calculated through this method is higher than that obtained from solid 

sample analysis based on XRD and Rietveld analysis. One possible cause is the underestimation of decomposed 
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hydrazine. It is known that hydrazine has several possible decomposition reactions with various stoichiometry 

in decomposition products (NH3, N2, and H2). The stoichiometry between NH3 and N2H4 can vary within 0 and 

4/3. Taking another value smaller than 4/3 (which is actually used in this study) can increase the decomposed 

hydrazine mass. But this value varies from 0.85 to 1.26 for the four experiments in order to lead to the same 

result as XRD. This variation can neither be attributed to the composition of iron oxides nor to the hydrazine 

concentration since the variation is not monotonous. Therefore the stoichiometry in hydrazine decomposition 

should not be the reason of the disagreement between hydrazine mass balance and XRD analysis. 

Supposing that the mass of decomposed hydrazine is well estimated, it is then possible that the disagreement 

between hydrazine mass balance and XRD analysis be due to the presence of an unknown oxidant of hydrazine, 

coming from the autoclave or its instrumentation, or a solution impurity. Considering this, a correction factor is 

applied to the term                in equation (8). The value of this factor is listed in Table 3. It decreases with 

hydrazine concentration, indicating that more hydrazine is consumed by the unknown oxidant with the 

increase of hydrazine concentration. 

Table 3 – Correction factor for reduction kinetics 

R1 R2 R3 R4 

0.995 0.805 0.815 0.600 

 

By supposing that initial hematite consists of monodisperse spheres and that the presence of magnetite does 

not affect the surface of hematite, the surface area of hematite at the beginning and during the reaction can be 

calculated from the mass of hematite. Therefore the reduction rate per surface area can be obtained (as shown 

in Figure 7). According to the variation of reduction rate, two stages of reaction can be distinguished: an initial 

stage where the reduction rate is constant and depends on the hydrazine concentration; and a second stage 

where reduction rate starts to decrease along with the reaction. It seems that the transition happens at around 

equal mass fraction between magnetite and hematite. The decrease of reduction rate is probably due to the 

inclusion of hematite by magnetite (as seen from SEM images in Figure 4), preventing the reduction of this 

trapped quantity, or the significant decrease of hematite surface area because the assumption of ideal 

geometry is no longer valid. 

 

Figure 7 – Hematite reduction rate per surface area at different hematite mass fraction 

During the first stage of reaction where reduction rate is stable, the system is in steady state. For R1, R2 and R3, 

the system is in steady state until the end of experiment (according to Table 2), which is in agreement with the 

stable reduction rate during the whole experiment as illustrated in Figure 7. As for R4, the steady state only 

lasts to around 30h. From then on, hydrazine concentration increases, which is due to the decrease of the 

reduction rate of hematite during the second stage of reaction. Reduction rates during the steady state are 

plotted against hydrazine concentration as shown in Figure 8. On one hand, surface-mediated reactions of 



11 
 

dissolution have been shown to be linearly dependent on surface concentration of adsorbed species [29,30]. 

The adsorption behavior of a diluted neutral species can be assumed to follow the Langmuir isotherm. Thus, 

the reaction kinetics should follow the same evolution as predicted by the Langmuir isotherm, including a 

factor of proportionality (as shown in Figure 8). Values of constants are obtained through fitting of 

experimental data (as shown in Figure 8). The fitting being satisfying, implies that the reaction kinetics during 

steady state is related to the surficial adsorption of hydrazine which follows the Langmuir isotherm. 

 

Figure 8 – Hematite reduction rate against hydrazine concentration in steady state and fitting curve based on Langmuir 
isotherm 

4 Discussions 
As mentioned in section 3.3, according to SEM observation, a dissolution-reprecipitation mechanism is 

probable. In this case, there can be two possible mechanisms: (a) iso-redox state dissolution of hematite 

(generating aqueous ferric species) and reduction of aqueous ferric species by hydrazine in solution; or (b) 

adsorption of hydrazine by hematite and reductive dissolution of hematite into ferrous and ferric aqueous 

species. To clarify this point, a neutral dissolution experiment of hematite is carried out. 

4.1 Dissolution kinetics of hematite 
10 mg hematite were placed in an autoclave filled with secondary solution (6 ppm ethanolamine and 2 ppm 

ammonia) at 275°C with the same secondary solution circulating through the autoclave. By monitoring the 

variation of iron concentration through ICP-MS, the neutral dissolution kinetics of hematite under such 

condition can be obtained. 

According to the result of this experiment, the saturation concentration of iron is around 4 ppb and the neutral 

dissolution rate of hematite is about               . This is much lower than the reduction rates presented 

in Figure 7. Therefore the mechanism (b) with a reductive dissolution is more probable since reductive 

dissolution is usually faster than iso-redox state dissolution of hematite [31–33]. Besides, since reductive 

dissolution alters hematite surface, it can also accelerate the neutral dissolution of hematite as well, so as to 

generate ferric species in solution for further coprecipitation into magnetite. The reductive dissolution 

mechanism is in agreement as well with the satisfying fitting of kinetics data by the Langmuir isotherm (as 

shown in Figure 8).  

4.2 Reduction mechanism 
Based on the above-mentioned results, we propose a reaction mechanism for the reduction of hematite by 

hydrazine under alkaline hydrothermal condition (as illustrated in Figure 9). Five steps are distinguished: 
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(1) Adsorption of hydrazine on the surface of hematite; 

(2) Transfer of electron from hydrazine to surficial Fe
III

 and its reduction to Fe
II
; 

(3) Dissolution of surficial Fe
II
; 

(4) Dissolution of surficial Fe
III

; 

(5) Coprecipitation of Fe
II
 and Fe

III
 into magnetite. 

 

Figure 9 – Schematic of hematite reduction mechanism by hydrazine under hydrothermal condition 

In the first stage of reaction which is also the steady state, reduction rate is constant and dependent of 

hydrazine concentration. Therefore the rate limiting step should be the reductive dissolution since neither 

neutral dissolution nor coprecipitation depends on hydrazine concentration. Hence in steady state, the 

reduction rate should be related to the occupancy of surficial adsorption sites. An equation based on the 

Langmuir isotherm is used to fit the experimental kinetic data (as shown in Figure 8) by assuming that the 

reduction rate is proportional to the surface adsorption site occupancy. The result shows a good agreement 

between experimental data and Langmuir isotherm, confirming our hypothesis on the mechanism and the rate 

limiting step during steady state. 

4.3 Application to an industrial case 
The presence of hematite in secondary circuit during nominal operation remains unclear. On one hand, some 

previous works suggest its presence [1,8], while on the other hand, its presence is unlikely considering the well-

controlled secondary condition (during layup and startup) and the possible bias in previous analysis suggesting 

the presence of hematite. In this section, the worst case is considered where hematite is found in SG at 

nominal operation, in order to discuss the possible effect of hydrazine on hematite reduction and the 

consequence on the secondary circuit. 

Supposing a hydrazine concentration in SG fixed at 100 ppb (3.13x10
-6

 mol/kg), then the reduction rate of 

hematite under SG condition at 275°C in steady state is at 2.8x10
-4

 g/m²h according to Figure 8. The specific 

surface area of hematite is required in the calculation. Hematite particle size is supposed to be around 1 µm 

since this is the size of hematite obtained from oxidation under hydrothermal conditions between 120° and 

180°C [7], and is also the particle size of corrosion products in secondary circuit [34,35]. Thus, the specific 

surface area would be 1.14 m²/g. Corresponding time for total reduction of hematite (without considering the 

decrease of reduction rate in the second stage of reaction) is calculated through equation (9). 

   
 

                        
                 (9) 

This duration is not negligible compared to that of operational cycle which is usually between 12 or 18 months. 

Moreover, this calculation underestimates the reduction time without consideration of the decrease of 

reduction rate in the second stage of reaction and due to the overestimated surface area by considering 

dispersed particles. This implies that if hematite is present in SG during nominal operation (which should not 

occur), it could not be rapidly reduced to magnetite by hydrazine in SG. 

On the other hand, other mechanisms could exist which show effect at long term and alter the hematite 

reduction kinetics. The extrapolation of experimental results to longer duration requires further experimental 

support. For better estimate of hematite reduction kinetics, surface area of deposits in SG should be more 
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precisely evaluated. Besides, the kinetics of hematite reduction, especially during the second stage of reaction 

require deeper investigation for quantitative modelling. 

5 Conclusions 
Hematite reduction by hydrazine under typical PWR secondary circuit condition is firstly dominated by the 

adsorption of hydrazine onto the surface of hematite, which is reductively dissolved and reprecipitates into 

magnetite under reducing condition created by hydrazine. Reduction kinetics is firstly limited by reductive 

dissolution of hematite during the steady state and can be modelled based on the Langmuir isotherm. After 

exiting the steady state, the reduction rate decreases. With the kinetics data obtained in this study, hematite 

reduction time under typical SG conditions can be estimated provided the hematite particle size (or specific 

surface area). Based on the estimation of hematite particle size in this study, hematite, if present at nominal 

operation in SG due to incidents, could not be rapidly reduced compared to the duration of a typical PWR fuel 

cycle. Therefore, the negative effect of hematite is likely to last throughout the operation, confirming the 

importance of maintaining highly reducing conditions in secondary circuit at all time, which is the practice in 

most NPP. Regarding any attempt to reduce hydrazine dose in secondary circuit during wet layup for 

environmental and personal sake, or to inject oxygen for FAC control, this study provides negative support in 

terms of safety. For a more precise estimation, granulometry data on secondary circuit corrosion products as 

well as a complete reduction kinetics model are needed.  
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Figures captions 

 

Figure 1 – Schematic of experimental facility 

Figure 2 – Summary of in-situ and ex-situ measurement during hematite reduction experiments 

Figure 3 – Pourbaix diagram of iron-water system at 275°C (10
-8

 M ferrous ions concentration) and 

experimental data. Stability zone of solid phase is enclosed by black solid line, stability zone of aqueous phase 

is enclosed by blue dashed lines. 

Figure 4 – SEM images of solid samples 

Figure 5 – Composition (mass fraction) of solid samples according to XRD and Rietveld analysis 

Figure 6 – Mass balance of hydrazine (cumulative from t = 0 to t except for the term “Autoclave”) 

Figure 7 – Hematite reduction rate per surface area at different hematite mass fraction 

Figure 8 – Hematite reduction rate against hydrazine concentration in steady state and fitting curve based on 

Langmuir isotherm 

Figure 9 – Schematic of hematite reduction mechanism by hydrazine under hydrothermal condition 

 


