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a b s t r a c t

Thermochemical cycles have been predominantly used for energy transformation from heat to stored
chemical free energy in the form of hydrogen. The thermochemical cycle based on uranium (UTC),
proposed by Oak Ridge National Laboratory, has been considered as a better alternative compared to
other thermochemical cycles mainly due to its safety and high efficiency. UTC process includes three
steps, in which only the first step is unique. Hydrogen production apparatus with hectogram reactants
was designed in this study. The results showed that high yield hydrogen was obtained, which was
determined by drainage method. The results also indicated that the chemical conversion rate of
hydrogen production was in direct proportion to the mass of Na2CO3, while the solid product was
Na2UO4, instead of Na2U2O7. Nevertheless the thermochemical cycle used for hydrogen generation can be
closed, and chemical compounds used in these processes can also be recycled. So the cycle with Na2UO4

as its first reaction product has an advantage over the proposed UTC process, attributed to the fast re-
action rate and high hydrogen yield in the first reaction step.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Increasing energy consumption, exhaustible nature of fossil
fuels and their effects on environment have enhanced interest in
production of hydrogen from thermochemical cycles. In this pro-
cess, water is split into stoichiometric amounts of hydrogen and
oxygen in a series of chemical reactions, with heat as the only en-
ergy source. Thermochemical cycles convert thermal energy into
stored chemical energy (hydrogen and oxygen) directly, on which
research largely began in the 1960s and 1970s and involved nuclear
reactors [1,2] and solar collectors [3] as the energy sources.
Numerous thermochemical cycles for splitting water have been
proposed, and generally can be divided into two broad types: high-
temperature two-step processes [4,5] (the temperatures are well
above 1000 �C) and low temperature multistep processes [6,7],
which is designed to operate below 1000 �C. Two-step processes
involve simple reactions but the temperatures required are above
1000 �C. Low-temperature processes produce intermediates that
can be complex, corrosive mixtures, eg. Iodine-sulfur (IeS) cycle
[8].

Oak Ridge National Laboratory (ORNL) proposed a thermo-
chemical cycle called UTC process in 2009 that involved non-

corrosive solids and also operated at a lower temperature 650 �C,
with uranium [9] as its multi-valent moiety. The flow chart of this
process and its full description was shown in literature [10], which
allowed for the use of a broader spectrum of heat sources.
Renewable energy has been considered to solve the energy crisis
and sustainable development. But it is not sufficient to meet the
global energy demand. Thus, attempts are being made to use nu-
clear energy as a supplementary energy source. Advanced nuclear
power is clean and can provide a large-scale energy supply except
for accidents. Thorium Molten Salt Reactor (TMSR), as one of
reactor types in Generation IV reactors [11], has many advantages
over uranium-based nuclear energy, such as their deterministic
safety, sustainability, and nonproliferation. TMSR is a real peace
application of nuclear energy, without resulting in nuclear prolif-
eration. A design study of a 2 MW experimental Molten-Salt
Reactor has been proceeding in our institute, and it has been
developed to work with an outlet temperature of 700 �C, which is
in line with the requirement of UTC process (Table 1). The objective
of our work is to verify the UTC process, so as to make the best of
outlet temperature of TMSR and abundant depleted uranium in
china, which is considered as a by-product of the uranium
enrichment process in the nuclear fuel cycle [12]. In this work,
hydrogen was separated from other gases by selective membranes
and pure hydrogenwas obtained, while in previous work, reduction
of CuO to copper metal, determined by weight loss, was the pri-
mary method used to measure the amount of reductant produced
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[9], which may include H2 and CO.

2. Material and methods

U3O8 used in this work was bought from China North Nuclear
Fuel Co. Ltd (CNNFC), in which the uranium content and the per-
centage of major elements are shown in Table 2. All chemicals used
were of analytical grade. The chemical equation of hydrogen pro-
duction step was shown in Eq. (1). The reactants were prepared by
mixing U3O8 and Na2CO3 with different molar ratios with IKA
grinding machine.

2U3O8ðsÞ þ 3Na2CO3ðsÞ þ 2H2OðgÞ�����!650+C 3Na2U2O7ðsÞ
þ 3CO2ðgÞ þ 2H2ðgÞ (1)

Our new designed apparatus used in this work is shown in Fig. 1.
It consisted of a steam generator, a hydrogen separation system, a
high temperature rotary furnace and a glove box. Membrane sep-
aration technology had the advantages of low energy consumption,
simple equipment, easy operation, no phase change during sepa-
ration, good selectivity and suitable for laboratory-scale experi-
ments, which was adopted in this study. H2 yield was in direct
proportional to the pressure of mixed gas and H2 volume fraction in
the mixed gas [13], so the hydrogen separation system consisted of
a gas booster and a hydrogen purifier to increase the yield of
hydrogen production. Palladiummembrane was the key separation
component in the hydrogen purifier, hydrogen could quickly pass
through the membrane under pressure by means of dissolution-
diffusion [14,15], while other impurity gases were trapped and
discharged through the tail gas.

The reaction tube was made of Inconel 600 in case of corrosion.
Vapor inlet part included a vapor inlet tube, an Ar inlet tube and a
thermocouple placing tube, which monitored temperature in the
tube. This part connected with the furnace tube by a rotating joint.
In case of hydrogen leakage, a H2 detector was installed over the
equipment, the electricity and solenoid valve on the vapor inlet
tube can be cut off once hydrogen was detected. The right side of
furnace was linked with the glove box by a corrugated pipe, so it
can tilt at any desirable angles within the range of 0e30 �C, which
was convenient for injection and discharge of solid.

The experiment was performed on the equipment after each
component operated regularly. Water (H2O) vapor was introduced

from the steam generator. The furnace was heated to the test
temperature, with the typical ramp rate was 10 �C/min, the vapor
stream was then charged into the tubular furnace and was main-
tained at the test temperature for several hours. Gases flew through
a jacketed alkali solution tank and then a calcium oxide drying
tower before they entered the hydrogen purification system. Gas
pressure after the booster was maintained at 10 atm, then H2 and
effluent gases were collected in an aluminum foil gas sampling bag
respectively. After the test was terminated, the equipment was
swept by an Ar stream to collect remaining hydrogen. The solid
product sample was collected in the glove box while the furnace
tilted.

The composition of solid product was determined by X-ray
diffraction methods. Qualitative analyses of all gas samples were
performed on Agilent 7820 A gas chromatography, and then
quantitative analysis of H2 end gas was finished by drainage
method. The chemical conversion rate was obtained by the analysis
of the solid product, which was compared to the quantitative
analysis result of H2 end gas.

3. Results and discussion

3.1. Gas-tightness test on the hydrogen product equipment

The reaction of hydrogen production proposed a challenge for
the air-tightness of equipment, due to minimum molecular weight
of hydrogen. An air-tight test was performed before experiments,
which was performed by a vacuum pump. According to the final
pressure in the equipment after 24hrs, gas leakage rate was
calculated to be 6.5 Pa/h, under which leakage of H2 could be
ignored [16].

Hydrogen is inflammable and has explosive properties over
wide ranges whenmixed with air. Oxygenmust be eliminated from
the system also because U3O8, Na2CO3, and O2 can react sponta-
neously to form Na2U2O7 and reduce the H2 yield. Inert Gas Ar was
consumed for air displacement in the equipment after gas-
tightness test. In general, the maximum allowable concentration
of oxygen was not greater than 10% for most of inflammable sub-
stances [17], which must be controlled lower during operation.
Vaccum deaeration was conducted three times until concentration
of oxygen in the equipment decreased to 1*10�6, which was
calculated based on the methods presented in literature [18].

Table 1
Comparison of hydrogen production methods using nuclear power.

Hydrogen production HTSE Thermochemical cycles

IeS CueCl CaeBr UeC

Energy input Electricity þ Heat Heat Electricity þ Heat Heat Heat
Temperature (�C) 800 850 530 750 650
Key benefits No pollution with renewable sources Clean and sustainable
Critical challenges Low efficiency

Capital costs
Integration with renewable energy sources

Effective and durable materials of construction

HTSE, High temperature steam electrolysis.

Table 2
Uranium content and percentage of major elements in U3O8.

Sample NO. U (%) Concentration (mg/g U)

Cr Fe Ni Si Ca Mg Al F Cl

U3O8-317 84.81 <5 <10 <5 <10 <1 <5 <5 <10 <6
H2O(%) N C Zn B Cd Sm Eu Gd Dy

U3O8-317 0.06 <12 <22 <5 <0.1 <0.1 <0.02 <0.01 <0.02 <0.02
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3.2. Effect of water flowrate on the temperature in the tube

Hydrogen production reaction was endothermic, so tempera-
ture in the tube had a tremendous effect on the process, which was
studied in detail. Thermocouple monitored temperature in the tube
in real-time, which extended to the center of thermostatic area.
Because of inevitable heat loss during heat transfer, the tempera-
ture in the tube was lower than furnace set temperature. This
temperature differences were studied at different furnace tem-
peratures, which were kept at a certain temperature for more than
1 h. Results are shown in Table 3, which can be seen that there were
a little differences between them, and this difference decreased as
the furnace temperature increased.

Steam was involved in this reaction, temperature of which was
far below the furnace temperature. So it might have a fundamental
effect on the temperature in the tube after its injection, which was
also studied in this article. Steam was injected after the tempera-
ture in tube was steady. Results are shown in Table 4, with different
water flowrate and furnace temperature. It indicated that temper-
ature in the tube increased with the decease of water flowrate at
the same furnace temperature. However, the pressure of outlet
steam was negative, which meant that steam was inclined to be
condensed due to the long pipeline of inlet gas. And it might cause
agglomeration of solid in the tube, which was bad for chemical
conversion. So the flowrate of water must be large enough without
increasing entrainment of solid. The actual temperature in the tube
was about 650 �C, when water flowrate was 5 ml/min and furnace
temperature was 720 �C, which were used as the optimum opera-
tion conditions later. These results also showed that the tempera-
ture differences between in and outside the tube increased
significantly after the injection of steam, which were compared to
the results shown in Table 3.

3.3. Effect of U3O8 and Na2CO3 molar ratio on the solid product

The reaction proceeded almost completely while Na2CO3 was
excessive, with molar ratio of U3O8 and Na2CO3 was 1:3.5. After
reaction at 720 �C for 4 h, the solid product appeared in brown,
finally orange product was obtained after another 3 h's reaction
(Fig. 2). This product was analyzed by a Philips X'pert pro diffrac-
tometer with a 3 kW ceramic tube as the X-ray source (Cu KR) and
an X'celerator detector, and its X-ray diffraction pattern is shown in
Fig. 2. It can be seen that the solid product was Na2UO4, instead of
Na2U2O7 proposed in the UTC process, and it was attributed to the
following reaction of Na2U2O7 and excessive Na2CO3 shown in Eq.
(2), [19]. This result was consistent with the phase diagram of the
system NaeUeO [20]. The chemical reaction was shown in Eq. (3),
with Na2UO4 as its product. However, despite different solid
products, H2 theoretical output was identical. The orange solid
product was quantitatively analyzed by TOC (Total Organic Carbon
Analyzer), determining the remaining Na2CO3, while Na2UO4 was
measured by ICP-AES after it was resolved in (NH4)2CO3 solution, in
which solubility of U3O8 was little to be negligible. Based on the
quantity of Na2UO4 in the product, the conversion rate of hydrogen
production reaction was about 93.6%.

Na2U2O7ðsÞ þ Na2CO3ðsÞ�����!650+C 2Na2UO4ðsÞ þ 3CO2ðgÞ þ H2ðgÞ
(2)

U3O8ðsÞ þ 3Na2CO3ðsÞ þ H2OðgÞ�����!650+C 3Na2UO4ðsÞ þ 3CO2ðgÞ
þ H2ðgÞ

(3)

During two batches' experiments, three sampling bags (capacity
of 1 L) of H2 end gas and two bags of effluent gas were collected, and
their gas chromatograms are illustrated in Fig. 3, which can be seen
that H2 purity was >99% and effluent gases were consisted of
H2,O2,CO2 and N2. The volume of H2 end gas was determined by
drainage method after GC analysis. Theoretical volume of hydrogen
produced based on the quantity of U3O8 was calculated to be 2.4 L.
Volume of hydrogen produced from the conversion rate of
hydrogen based on produced Na2UO4 was 2.25 L. While the volume
of H2 end gas collected practicallywas 2.1 L, whichwas less than the
volume of hydrogen produced based on produced Na2UO4. It means

Fig. 1. The apparatus for hydrogen production step. 1. Constant-flow pump, 2. Steam generator, 3. Rotating joint, 4. Rotary furnace, 5. Condenser, 6. Hydrogen purification system, 7.
Aluminium foil bag.

Table 3
Temperature differences between in and outside tube.

Set temperature of
furnace (�C)

Thermocouple detected
temperature (�C)

△T (�C)

550 536.0 14.0
650 637.4 12.6
670 657.4 12.6
750 738.1 11.9
836 824.4 11.6
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that H2 wasn't collected completely, which was verified by H2 peak
in the gas chromatogram of effluent gas.

In order to obtain the desired Na2U2O7 in the UTC process, molar
ratio of U3O8 and Na2CO3 was changed to 1:1.8. After reaction at
720 �C for 21 h, the product was appeared in dark, which was
analyzed by X-ray diffractometer. As illustrated in Fig. 4, the
product was composed of U3O8, Na2UO4 and Na2U2O7 [21], so the
reaction didn't proceed completely. It reacted in a more awkward
way compared to the reaction with molar ratio of U3O8 and Na2CO3
was 1:3.5, which implied a lower H2 yield because of lower H2
volume fraction in the mixed gas. So quantity of Na2CO3 had a
fundamental effect on both the reaction rate of hydrogen

production and H2 yield. If Na2U2O7 is needed, according to the
phase diagram of system NaeUeO, molar ratio of U3O8 and Na2CO3
should be further decreased, which means a much slower reaction
rate. This studywasn't performed, while the effect of Na2UO4 on the
UTC process was investigated instead.

3.4. Thermodynamic analysis

In order to examine the spontaneity of reactions in Eq. (1) and
Eq. (3), the changes of Gibbs free energy as a function of reaction
temperature were calculated using the HSC 5.1 chemistry package
[22], as plotted in Fig. 5. The thermodynamic approach predicted

Table 4
Effects of water flowrate on temperature in the tube.

Flowrate of
water (ml/min)

Temperature of outlet
steam (�C)

Pressure of outlet
steam (MPa)

Set temperature of
furnace (�C)

Thermocouple detected
temperature (�C)

△T (�C)

5 116.5 0.00 670 595.9 74.1
5 120.3 0.00 720 653.5 66.5
3 105.8 �0.04 720 669.1 50.9
5 119.1 0.00 750 692.4 57.6

Fig. 2. XRD pattern of the orange solid product. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Gas chromatogram of H2 end gas and effluent gas.
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that both of these reactions were endothermic, and would occur
much easier at high temperature. Reaction in Eq. (3) was difficult
relative to Eq. (1), this difference became to disappear as temper-
ature increased to 1373 K, after which reaction in Eq. (3) was much
easier. In short, high temperature was beneficial to the reaction in
Eq. (3). However, the process temperature must remain below the
melting point of Na2CO3 (1124 K). Hydrolysis of U3O8 and Na2CO3
leaved very little leeway for the process.

Thermodynamics also dictated operation at low pressure
because of the positive variation in the number of moles of the
gaseous species. However, the low pressure condition was imprac-
tical as well as inefficient for large scale production of hydrogen.

3.5. Verification of UTC process with Na2UO4 as the product of first
step

According to the process proposed by ORNL, the second step
must be realized and ammonium uranyl tricarbonate (AUC)

Fig. 4. XRD pattern of the solid product.

Fig. 5. Changes of Gibbs free energy of reactions as a function of temperature.

Fig. 6. XRD pattern of precipitate from Dissolved liquid of Na2UO4.

A. Chen et al. / Nuclear Engineering and Technology 51 (2019) 214e220218



solution must be obtained as expected if the process needs to be
cycled, so the solubility of Na2UO4 in (NH4)2CO3 was investigated.

The reaction product was added into (NH4)2CO3 of certain
molarity [23], in a round-bottom flask, with a temperature of 50 �C,
CO2 flow was maintained during the experiment. Yellow clear so-
lutionwas obtained after several hours’ reaction, and then a certain
amount of (NH4)2CO3 [24,25] was added to precipitate uranyl ion,
which was performed at room temperature. The powder for this
precipitation step was obtained after separating the solid by
centrifugation and drying at 60 �C in oven for 24 h. The powder was
analyzed by X-ray diffractometer, with its XRD pattern illustrated in
Fig. 6, it can be seen that the product was ammonium uranyl tri-
carbonate which verified the second reaction step in the UTC pro-
cess. The yellow precipitate was decomposed at 650 �C for 2 h, and
it yielded black product, XRD pattern of which is shown in Fig. 7. It
proved to be U3O8, a reactant in hydrogen production reaction,
which was consistent with the third step in the UTC process.

Although the product of the first step, that was hydrogen pro-
duction reaction, was Na2UO4, this cycle could be closed (Fig. 8),
and substance in this process could also be cycled. However,
hydrogen production rate was accelerated obviously, so did the
efficiency of this cycle, and it also featured higher H2 yield.
Therefore, the cycle with Na2UO4 as its first reaction product had an

advantage over the former UTC process proposed by ORNL.

4. Conclusions

The apparatus used for hydrogen production with hectogram
reactants was designed, giving full consideration of the escape of
solid powders and hydrogen. Pure hydrogen was obtained on this
equipment and its output was about 2.1 L. The reaction rate of
hydrogen production was in direct proportion to the mass of
Na2CO3. However, Na2UO4 was produced when excessive Na2CO3
was added in this reaction, instead of Na2U2O7 as proposed in the
UTC process. The following experiments revealed that Na2UO4 can
be resolved in (NH4)2CO3 and existed as AUC, which was converted
into U3O8 after pyrolysis reaction. Therefore, the new product
Na2UO4 can be sued to propagate a continuous process in this
closed cycle. The cycle with Na2UO4 as its first reaction product has
an advantage over the UTC process proposed by ORNL, attributed to
the fast reaction rate and high hydrogen yield in the first reaction
step.
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Fig. 7. XRD pattern of pyrolysis solid product.

Fig. 8. Uranium thermochemical cycle with Na2UO4 as product of the first step.
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