
First experimental results of HYDREX operation in hydrogen removal from 
helium for fusion applications

Vincenzo Narcisi a,* , Dario Diamanti b, Daniele Martelli b, Alessia Santucci a

a ENEA, Nuclear Department, Frascati Research Centre, 00044 Frascati, Roma, Italy
b ENEA, Nuclear Department, Brasimone Research Centre, 40032 Camugnano, Bologna, Italy

A R T I C L E  I N F O

Keywords:
HYDREX facility
Coolant purification system
EU-DEMO
Tritium removal
Copper oxide
Zeolite molecular sieve

A B S T R A C T

The tritium removal from gaseous effluents represents a key issue for the deployment of future fusion power 
plants even more when tritium is present in the order of parts per million. A promising system derives from the 
fission experience, where oxidizing beds combined with Zeolite Molecular Sieve (ZMS) beds are adopted to 
purify helium coolant and cover gas. In this work, an integral helium purification process involving these 
technologies is studied in the Hydrogen Extraction (HYDREX) experimental facility assuming boundary condi
tions relevant for the Coolant Purification System of the EU-DEMO Helium Cooled Pebble Bed Breeding Blanket. 
The experimental campaign demonstrates the efficient purification performance allowing the removal of 96 % of 
the hydrogen. Then, a proper regeneration procedure is experimentally investigated providing a satisfactory 
restoring of the adsorption capability of the zeolite material. Some open aspects are individuated, mainly related 
to the uneven distribution of the flow through the ZMS bed causing an earlier saturation of the bed and a not 
completed regeneration of the zeolite material. Furthermore, a huge release of hydrogen in the first minutes of 
the regeneration is experienced due to the not completed oxidation. The results obtained in this work are 
relevant for the definition of further experimental investigations and as guidelines for the design of gas detri
tiation systems.

List of acronyms
ADS Adsorption
CM Compressor
CPS Coolant Purification System
FM Flow Meter
HCPB Helium Cooled Pebble Bed
HTTR High Temperature Engineering Test Reactor
HYDREX Hydrogen Extraction
LFMR Liquid Metal-cooled Fast Reactor
MFC Mass Flow Controller
MS Mass Spectrometer
NA Not available
PHTS Primary Heat Transport System
RB Reducing Bed
REG Regeneration
TBM Test Blanket Module
TES Tritium Extraction System

1. Introduction

Among the reactions considered to be exploited in future fusion 
machines, deuterium-tritium is recognized as the most promising one 
due to its highest cross section at lowest energy. Nevertheless, the use of 
tritium poses some challenges, mainly related to its radioactivity. One of 
these is the availability of tritium for fusion machines [1], taking into 
account that, for example, a 2 GW fusion power plant like EU-DEMO is 
expected to consume around 112 kg of tritium per full power year [2]. 
Tritium is a pure beta emitter with a half-life of 12.3 years and is 
currently generated in CANDU-type reactors with a rate of around 130 
grams per year for a typical CANDU reactor. However, there is a sig
nificant uncertainty about the future tritium production since the actual 
CANDU fleet is expected to phase out in the coming decades [1].

The engineering answer to the tritium availability concern is the 
Breeding Blanket [2]. Among other functions, the Breeding Blanket must 
breed enough tritium to ensure the tritium self-sufficiency. To do this, a 
relevant quantity of tritium is produced inside this component by 
capturing fusion neutrons in lithium-bearing materials. Meanwhile, the 
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Breeding Blanket adsorbs most of the fusion energy transported by 
neutron from plasma that must be recovered by the Primary Heat 
Transport System (PHTS) for energy production purpose. To do this, the 
Breeding Blanket is characterized by large and thin metallic heat 
transfer surfaces surrounded by high temperatures and highly tritiated 
environment. These represent favourable conditions for tritium perme
ation from Breeding Blanket into PHTS resulting in the contamination of 
the primary coolant [3]. Once in the PHTS, tritium can migrate towards 
rooms and environment via leaks and further permeation. Thus, a pro
ficient Coolant Purification System (CPS) is essential to avoid the tritium 
build-up inside the PHTS and the issues related to its migration path [3].

During the EU-DEMO pre-concept design phase, two Breeding 
Blanket concepts were identified [4]. Among these, the Helium Cooled 
Pebble Bed (HCPB) is characterized by a solid breeder cooled by helium 
at 8 MPa and 300–520 ◦C. The present paper focuses on the most 
promising technologies considered for the purification of the primary 
helium from tritium permeated from the Breeding Blanket, based on a 
batch operation of copper oxide (CuO) and Zeolite Molecular Sieve 
(ZMS) beds. In the following sections the process will be presented and 
the main outcomes of an integral experimental activity conducted in the 
Hydrogen Extraction (HYDREX) facility will be discussed.

2. The helium purification process

The process considered for the EU-DEMO primary helium purifica
tion is derived from the experience of the helium-cooled fission reactors, 
where impurities must be removed from the primary coolant to avoid 
oxidation and corrosion of moderator and structural materials. The case 
of the High Temperature Engineering Test Reactor (HTTR) [5] and of the 
High Temperature Reactor HTR-10 [6] are taken as reference. The re
actors were equipped with a CPS for the coolant purification from im
purities (e.g., hydrogen, carbon monoxide, water vapour and carbon 
dioxide). For the hydrogen removal (all the isotopes, including tritium), 
the CPS relying on the combination of copper oxide and zeolite molec
ular sieve beds. The copper oxide fixed bed, operating at 250–280 ◦C, 
burns all the hydrogen isotopes into water and the ZMS bed, operated at 
ambient temperature, adsorbs the so-formed water vapor. The entire 
process ensures a purification efficiency of around 99 % [5,6]. Then, in 
the regeneration phase, the copper oxide bed is subjected to an oxygen 
throughput at 80 ◦C whereas the ZMS bed is purged with a helium flow 
rate at 280 ◦C so that the adsorbed water is released. The final recovery 
of tritiated water is fulfilled with a cooler and a moisture separator [6].

Based on this return of experience, a conceptual design of the EU- 
DEMO helium CPS has been derived [7]. Such a design was based on 
the following hypotheses: (i) almost all the hydrogen isotopes are 
oxidized in the CuO bed, (ii) almost all the tritiated water is adsorbed in 
the ZMS, (iii) around 60 % of the exhaust copper can be reduced in the 
regeneration process, (iv) all the adsorbed tritiated water can be theo
retically released during regeneration of ZMS bed, and (v) an ideal 
behaviour of the ZMS in both the adsorption and the regeneration 
phases. The reliability of the CPS design needs experimental verification 
of these assumptions.

Although these technologies are already adopted in fission and in
dustrial applications, especially the ZMS in pharmaceutical and cryo
genic industries [8–11], experimental data related to the integral 
operation of this purification process are poorly reported in literature. 
For example, Gorbach et al. presented the experimental acquisition of 
breakthrough curves of water molar fraction during the adsorption into 
ZMS, but no information is reported about the regeneration phase [12]. 
In fact, in most of the cases, ZMS beds are used for humidity removal 
purpose, therefore regeneration is not a phase that is deeply investi
gated. However in fusion applications, being the adsorbed water triti
ated, the understanding of the regeneration phase is crucial for the 
definition of the tritiated water inventory and for the detritiation pro
cess. In this framework, the HYDREX test facility offers a unique op
portunity to test an integral purification process under fusion relevant 

conditions.

2.1. The HYDREX facility

HYDREX is a multifunctional facility aimed at testing technologies 
and processes relevant for gas detritiation. The facility (Fig. 1) was 
commissioned and constructed at the ENEA Brasimone Research Centre, 
in the ambit of the Framework Partnership Agreement F4E-FPA-380, 
Action 1, Specific Grant 01, to support the ITER Test Blanket Module 
(TBM) programme, but it can be used also for the development of Liquid 
Metal-cooled Fast Reactors (LMFR) [13]. The apparatus is relevant for 
the CPS and the Tritium Extraction System (TES) of helium-cooled TBMs 
along with the purification system of the LMFR cover gas.

A simplified process flow diagram of the facility is presented in 
Fig. 2a. It includes two oxidizing beds (CUO01 and CUO02 in Fig. 2) 
connected in series (see Fig. 1b). Each one has a length of 3 m and a 
diameter of 38 mm. For the present experimental campaign, these beds 
are filled with copper oxide (CuO, 3 kg per each bed) but different 
oxidizing materials can be tested. The zeolite molecular sieve bed (ZMS 
in Fig. 2) consists of the MicroTorr purifiers MC700 provided by SAES 
getters. It is a 316 L stainless steel cylinder with a diameter of 76 mm and 
a length of 254 mm (see Fig. 1c), designed for nominal and maximum 
flow rate of 1.5 and 7 Nm3 h− 1, respectively, and a maximum operating 
pressure of 17.3 barg and allows to test several types of molecular sieves. 
The bed is equipped with two metal filters having porous of 2.0 µm, 
these are located inside the purifier at both the edges working also as 
support for the internals. Depending on the purification task, the 
MicroTorr purifier can be filled with different materials and thus, several 
types of molecular sieves can be tested. For the present campaign the 
purifier is filled with 500 g of zeolite 3A, collected between the two 
metal filters.

The main characteristics of the oxidizing and of the molecular sieve 
materials used in the experimental campaign are summarized in Table 1. 
Although not used in the present campaign and not reported in Fig. 2, 
the facility is also equipped with a Reducing Bed (RB) that can be filled 
with metallic getter to test their performance in the reduction of the 
water released during the ZMS regeneration.

In the present setup, the facility uses helium as operational gas and 
hydrogen to simulate radioactive tritium, but other technical gases can 
be used (e.g., N2 or Ar as operative gas and CO or CO2 as impurities). 
Helium is sent from dedicated cylinders whereas hydrogen is provided 
by a hydrogen generator that can ensure an outlet pressure from 0.1 to 
1.1 MPa and a throughput up to 0.06 Nm3 h− 1. The inlet flow rate of 
technical gases is controlled by Mass Flow Controllers (MFC) and the 
flow rate through the facility is monitored with two Flow Meters (FM). 
Operative range and accuracy of these instrumentations are summarized 
in Table 2. Furthermore, all the beds, along with the pipeline indicated 
in red in Fig. 2, are equipped with heating cables to ensure the proper 
operative temperatures (see Fig. 1c), acquired by K-type thermocouples 
with an accuracy of ± 1.5 ◦C. Furthermore, several pressure monitoring 
points are present with pressure transducers characterized by an accu
racy of 0.5 % LPC.

HYDREX can work in two operational modes, namely the purifica
tion and the regeneration. During the purification phase the facility is 
operated in closed loop (see Fig. 2b). The helium is recirculated inside 
the facility via the compressor (CM in Fig. 2) and the desired throughput 
is controlled by two regulating valves and monitored with the FM02. 
The FM01 measures the total flow rate elaborated by the compressor 
that is partially recirculated through the bypass line to ensure the correct 
throughput towards the beds. Upstream the CUO01, the proper 
hydrogen throughput is mixed with the helium flow rate, obtaining the 
desired composition. The gas mixture is pre-heated and enters the two 
CuO beds where the hydrogen molecules are oxidized into water. Then, 
the mixture consisting in helium and water humidity flows through 24 m 
long piping exposed to ambient temperature to cool down the gas before 
the ZMS that, operating at ambient temperature, adsorbs the water 
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content returning pure helium at the outlet. The loop is closed by the 
compressor and the process is repeated until the ZMS is saturated, 
namely when the water content in the gas phase is in equilibrium with 
the water loaded in the ZMS solid phase. To analyse the gas composition, 
there are two bleeding points which sent a small fraction of the flow rate 
to the Mass Spectrometer (MS). Referring to Fig. 2b, the bleeding point 
upstream the ZMS allows to assess the oxidation efficiency of the CuO 
beds whereas, the second bleeding, downstream the ZMS, provides the 
evaluation of the purification efficiency. By means of a dedicated pres
sure control system, the amount of gas sent to the MS is replaced with 
pure helium from cylinders.

HYDREX is designed to test an integral purification and regeneration 
procedure but, in the current campaign, only the ZMS has been 
considered during the regeneration. Thus, in regeneration mode 
HYDREX is operated in open loop and the purge helium flow rate, 
typically few percentages of the purification throughput, is sent from the 
cylinders to the ZMS. The bed is purged in counter current with respect 
to the purification phase and, the resulting mixture is analysed with the 
MS and then, released in the environment. The regeneration continues 
until the whole water content in the ZMS solid phase is released. For 

further information about the rationale of this process, please refer to 
the work of Narcisi and Santucci [7].

The main operative parameters of the present experimental 
campaign are reported in Table 3. The sensitivity analysis has regarded 
the helium flow rate in both the purification and the regeneration pro
cesses whereas the inlet hydrogen partial pressure has been selected to 
be relevant for the EU-DEMO helium CPS [7].

3. The experimental campaign

The proposed experimental campaign aims at investigating the in
tegral purification process and the regeneration of the ZMS bed under 
relevant conditions of the EU-DEMO helium CPS. To do this, HYDREX is 
preliminary prepared with the calibration of the MS and the cleaning of 
the facility. The MS is calibrated using certified gas mixtures with 
compositions in terms of helium, hydrogen and water close as much as 
possible to the ones expected during the different phases of the experi
ment. Furthermore, the cleaning procedure must ensure the elimination 
of all the impurities contained in the system, mainly water. The pro
cedure consists of several vacuum and heating operations followed by 

Fig. 1. The HYDREX test facility: view of the integral process (a), details of the oxidizing beds (b) and of the zeolite molecular sieve bed (c).
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fillings with helium, until the residual impurity content is below the 
desired value. Typically, the background concentration of hydrogen and 
water are 10− 6 ppm and 10− 4 ppm, respectively.

The campaign consists in four adsorption (ADS) and three regener
ation (REG) tests, repeated twice (except for the ADS-04), in which the 
operative conditions are kept as summarized in Table 3 and the helium 
flow rate is changed as reported in Table 4. Note that the helium purge 

throughput during regeneration is 10, 5, and 2 % of the maximum pu
rification flow rate of 7 Nm3 h− 1.

The main results of the ADS tests are reported in Figs. 3 and 4 in 
terms of breakthrough curves of molar fraction of water and in terms of 
gas temperature value at the ZMS outlet. For sake of clarity, only one of 
the two series of tests is reported in the figures, being the second one 
comparable. During the breakthrough, the water content in the ZMS 

Fig. 2. HYDREX test facility: (a) process flow diagram, (b) adsorption mode, (c) regeneration mode.
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outlet stream increases. Thus, a control system is implemented in the 
facility to modulate the hydrogen feed flow rate coming from the 
generator and to ensure a constant molar fraction of water at the ZMS 
inlet over the whole test.

Looking at the breakthrough curves of the molar fraction of water 
(Fig. 3), the first outcome is that the complete saturation of the ZMS is 
delayed by decreasing the flow rate and as expected, the saturation time 
is inversely proportional to the throughput. The purification efficiency 
of the integrated process can be evaluated from the composition at the 
ZMS outlet before the breakthrough. The molar fraction of hydrogen 
(not reported in Fig. 3) is null over the whole test thus, the purification 
efficiency (ηp) can be defined as: 

ηp =
cH2, in − cH2O, out

cH2, in
⋅100 (1) 

where cH2,in is the molar fraction of hydrogen before oxidation, calcu
lated as the ratio between the hydrogen flow rate elaborated by MFC01 
or MFC05 (depending on the test) and the throughput measured by 
FM02 (see to Fig. 2), and cH2O,out is the molar fraction of water measured 
by the MS at the ZMS outlet before the breakthrough. Referring to Fig. 3, 
before the breakthrough a residual water content is visible for tests ADS- 
01 and ADS-03 whereas a null molar fraction of water is obtained for 
ADS-02 and ADS-04, resulting in a purification efficiency of 96 and 100 
%, respectively. It is worth mentioning that, for a well calibrated in
strument and for high values of concentration, the accuracy of the MS 
can be considered equal to 0.25 %. Nevertheless, this value increases for 
concentrations in the order of magnitude of ppm and the accuracy of the 
calibration depends on the ambient conditions. In this case, the cali
bration is carried out at the beginning of a series of tests and thus, it 
could affect the accuracy of the measurement, and this could partially 
explain the discrepancy in terms of purification efficiency. Although this 
spread, it is reasonable to say that a purification efficiency higher than 
95 % can be expected from this process.

From a qualitative point of view, a non-ideal adsorption is shown in 
Figs. 3 and 4. The breakthrough of the molar fraction of water presents a 
couple of humps in each test which are more visible in the cases at lower 
flow rate. The behaviour can be explained by a non-uniform distribution 
of the flow in the radial direction of the bed that becomes more relevant 
when the throughput and thus, the superficial velocity through the bed, 
decreases. This leads to multiple fronts of reactions which are visible in 
the breakthrough of the gas temperature at the ZMS outlet. In fact, the 
water adsorption in the ZMS is an exothermic reaction and when the 
mass transfer zone reaches the outlet region of the bed (the break
through occurrence) an increase in the outlet temperature is visible. 
Theoretically, the breakthrough of the gas temperature should be 
characterized by a single peak but in this case multiple peaks are visible 

Table 1 
Main characteristics of oxidizing and molecular sieve material used in the pre
sent experimental campaign.

Material Product Supplier Description

CuO PuriStar® R3–11 
G T5×3

BASF Tablet: nominal diameter of 5 mm 
and height of 3 mm, approximately 
45 % of CuO 
Bulk density: 900 kg m− 3

ZMS 3A SYLOBEAD® MS 
564 C

Grace 
Davison

Pellet diameter: 1.6–3.15 mm 
Bulk density: 720 kg m− 3

Table 2 
List of mass flow controllers and flow meters.

Component Operative range Accuracy

MFC01 7.5 10− 5–3.75 10− 3 

Nm3h− 1
± 0.5 % of reading plus ± 0.1 % of full 
scale

MFC02 0.05–2.5 Nm3h− 1

MFC05 1 10− 3–0.05 Nm3h− 1

FM01 0.4–20 Nm3h− 1

FM02 0.24–12 Nm3h− 1

Table 3 
Main operative parameters.

Parameter Unit Purification Regeneration

Total pressure MPa 0.8 0.22
H2 inlet partial pressure Pa 640 –
He flow rate Nm3h− 1 1.5–7 0.14–0.7
CuO temperature ◦C 250 –
ZMS temperature ◦C 20 300

Table 4 
The experimental test matrix.

Test ID He flow rate (Nm3h− 1)

ADS-01 7.00
ADS-02 5.00
ADS-03 3.00
ADS-04 1.50
REG-01 0.70
REG-02 0.35
REG-03 0.14

Fig. 3. Breakthrough curves of molar fraction of water at ZMS outlet during 
adsorption tests.

Fig. 4. Gas temperature at ZMS outlet during adsorption test.
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(see Fig. 4).
For sake of comparison, the experimental trends of the breakthrough 

curves of ADS-02 are compared with simulation results (black dashed 
line) in Figs. 5 and 6 for the molar fraction of water and for the gas 
temperature, respectively. The simulations are performed with a dy
namic model presented in reference [7]. The simulation matches well 
with the experimental trend in the second part of the breakthrough 
demonstrating that the time required for the complete saturation of the 
ZMS is not affected by the non-ideal adsorption. Nevertheless, such 
non-ideal behaviour affects the time at which the breakthrough starts. 
Compared with the simulation (see Fig. 5), the experimental break
through begins about eight hours earlier due to the first front of reaction 
(Fig. 6). This kind of information is of great interest for the design of the 
EU-DEMO helium CPS since the switch of the bed from adsorption to 
regeneration must be activate as soon as the breakthrough arises to 
avoid the release of tritiated water.

From a quantitative point of view, the main results are reported in 
Table 5 where (i) and (ii) individuates the two series of tests. For sake of 
comparison, the theoretical equilibrium water loading in ZMS under the 
operative conditions reported in Table 3 is equal to 126 NL. As better 
described in the follow, the discrepancy between the expected water 
load and the measured one can be explained by several reasons related 
to the features of the experimental setup, the material degradation and 
the regeneration efficiency.

As said above, two bleeding points are alternatively available, before 
and after the ZMS. The amount of water adsorbed in the ZMS is obtained 
by the difference between the amount of water entering and exiting the 
ZMS. Being impossible to measure at the same time the inlet and outlet 
water concentration two assumptions are considered. When monitoring 
the ZMS inlet, the purification efficiency is assumed 100 % (no water at 
the ZMS exit) instead, when monitoring the ZMS outlet, the amount of 
water entering the ZMS is obtained by linear extrapolation. Regarding 
the ZMS packing material, it has to be considered the aging effect that 
reduces the adsorption capability [14]. Finally it is worth emphasizing 
that, especially in the first hours of the test, the ZMS inlet water content 
is not constant being affected by the water accumulation inside the CuO 
beds. These, along with the uncertainty in the regeneration efficiency 
performed before the adsorption, lead to an uncertainty that is difficult 
to quantify.

The oxidation efficiency (ηCUO) is evaluated as: 

ηCUO =
CH2, p − CH2,reg

CH2, p
⋅100 (2) 

where CH2,p is the integral amount of hydrogen sent to the facility during 
the purification test and CH2,reg is the integral amount of hydrogen 

released during the following ZMS regeneration. This latter parameter 
will be clarified analysing the outcomes of the regeneration tests. 
Table 5 demonstrates the high performances of the CuO to oxidize 
hydrogen into water with a high repeatability of around 98.7 %.

Once the ZMS is saturated, the regeneration phase starts with the 
depressurization of the ZMS followed by a 10 ◦C h− 1 warm-up. A purge 
helium flow rate is continuously sent to the bed as specified in Table 4. 
Generally, the superficial velocity and thus, the linear pressure drop, are 
key design parameters for a packed bed and must range between a 
minimum value to prevent channelling and a maximum value to avoid 
too high pressure drop and the consequent damage of the sieving ma
terial [14]. It is worth mentioning that in common applications, such as 
pharmaceutical and cryogenic industries, the objective is the production 
of ultra-pure components via water removal. In these processes, the 
regeneration phase aims at the restoration of the adsorption capabilities 
of the molecular sieve bed that shall be fulfilled in the most efficient 
way. The helium CPS and more in general, detritiation systems of 
gaseous effluents, add to the purification purpose the need of the final 
recovery of the tritiated water produced during the molecular sieve 
regeneration and collected via moisture separator. To facilitate the 
condensation, high concentrations of water are preferable and thus, the 
purge gas flow rate should be minimized. The minimum linear pressure 
drop is assumed 230 Pa m− 1 [14] and the Ergun equation, which relates 
linear pressure drop to superficial velocity [15], is adopted for the 
definition of the flow rate for the experiment. Referring to the 
throughputs reported in Table 4, the associated linear pressure drops are 
610, 303, and 121 Pa m− 1 for REG-01, REG-02, and REG-03, respec
tively. The intent of REG-03 is to investigate the effect of too low purge 
flow rate.

Fig. 7 shows the molar fraction of water over the whole regeneration 
phase for the three cases. Instabilities in the regeneration process are 
visible for the REG-03 case, presumably due to an uneven distribution of 
the purge flow rate through the zeolite material. Such discontinuities are 

Fig. 5. Breakthrough curves of molar fraction of water at ZMS outlet: com
parison between ADS-02 and simulations.

Fig. 6. Gas temperature at ZMS outlet: comparison between ADS-02 and 
simulations.

Table 5 
Main quantitative results of the ADS tests: amount of water adsorbed into the 
ZMS and oxidation efficiency of the CuO.

Test ID Adsorbed water (NL) Oxidation efficiency (%)

ADS-01 (i) 96.86 NA
ADS-01 (ii) 83.00 91.94
ADS-02 (i) 88.70 98.64
ADS-02 (ii) 77.57 97.78
ADS-03 (i) 98.34 98.81
ADS-03 (ii) 80.00 98.63
ADS-04 (i) 105.00 98.66
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less relevant in the REG-02 and disappear in REG-01. After the first three 
hours, when the water release rate is similar in the three tests, the water 
concentration stabilizes to three different values, increasing from 4590 
to 9124 ppm from REG-01 to REG-03, and then increases again up to the 
maximum value reached just before the end of the process. Such value 
divided by the hydrogen feed concentration during the purification 
phase, provides the enrichment ratio, an important figure of merit of the 
integral purification and regeneration process. This parameter provides 
the effectiveness of the entire process, higher is the enrichment ratio 
easier will be the water recovery in the moisture separator. For REG-01, 
REG-02, and REG-03 this parameter assumes the value of 10, 13, and 18, 
respectively.

Another figure of merit is the time needed for the regeneration of the 
bed, which impacts on the number of beds required to ensure a 
continuous operation of the detritiation system (see reference [7] for 
more details). The choice of the purge gas flow rate shall derive from a 
compromise between the enrichment ratio and the time needed for the 
regeneration. Considering the heating rate applied to the walls of the 
bed, the ZMS reaches the nominal regeneration temperature after 28 h 
from the beginning of the process. Based on the outcomes of the pre-test 
simulations, this time is expected to be enough for the complete 
regeneration in all the analysed cases. As presented in Fig. 8, where the 
experimental data of REG-01 and REG-02 are compared with simulation 
results, this is true for these two cases, whose time needed for regener
ation differs of around 2 h. On the other hand, for the REG-03 the uneven 
distribution of the purge flow rate causes a huge delay in the end of the 

process which lasts >60 h (see Fig. 7).
Focusing on the comparison between the experimental data and the 

simulation results, although the first and the latest hours are well 
reproduced, a huge discrepancy is observed in the central part of the 
process (see Fig. 8) which results in a water release lower than expected. 
The integral amount of water released during the regeneration tests and 
the efficiency of this process are summarized in Table 6. The regenera
tion efficiency is evaluated as the ratio between the water released 
during regeneration (Table 6) and the water adsorbed during purifica
tion (Table 5) and ranges between 80 and 95 %. It is worth noting that 
the efficiency decreases even more if referred to the theorical equilib
rium loading of 126 NL instead of the water adsorbed in the purification 
process and such a discrepancy is represented by the difference between 
the areas subtended to the experimental and the simulation trends in 
Fig. 8.

The explanation of this discrepancy can be obtained from the 
experimental acquisition of gas temperature at the inlet and outlet of the 
ZMS, reported in Fig. 9. It is worth considering that the regeneration 
process is an endothermic reaction characterized by a heat of reaction in 
the range of 58 and 60 kJ mol− 1 [16] which is provided by the heating 
cables installed on the outside walls and by the hot purge gas entering 
the bed. Theoretically, the regeneration process is concluded when the 
temperature of the outlet gas mixture equals the inlet value of 300 ◦C, 
meaning that release reactions are completed. Looking at Fig. 9, a huge 
discrepancy between the inlet and the outlet temperature is observed, 
ranging from 97 ◦C in the best case (REG-01) to154 ◦C in the worst case 
(REG-03). The results shown in Fig. 9 suggest a non-uniform tempera
ture distribution inside the bed. The zeolite material is heated from the 
outside walls and thus, a radial profile is expected. Furthermore, hot 
purge gas is injected from the bottom producing an axial temperature 
profile depending on the flow rate and on the heat of reaction. These 
effects lead to a complex temperature profile inside the bed causing the 
lower outlet temperature highlighted in Fig. 9. As a matter of fact, at the 
end of the regeneration, only part of the zeolite material reaches the 
desired temperature explaining the incomplete regeneration. This phe
nomenon is not fully described in the actual simulation based on a 
one-dimensional approach which, although considering the axial profile 
derived by the hot gas flow rate and the heat of reaction, does not ac
count for the radial temperature profile.

A final remark regards the interaction between the hydrogen and the 
zeolite 3A, already studied and reported in literature in the frame of 
hydrogen storage and transportation [17–20], and of natural gas puri
fication [21]. The synthetic zeolite is a microporous aluminosilicate 
where the AlO2 group introduce a negative charge which is compensated 
by an additional cation forming a crystal unit. A combination of these 
units generates the three-dimensional crystalline structure characterized 
by a central cage (i.e., the α cage) and additional smaller cages (i.e., β 
cages). The possibility for a molecule to enter the cages of the zeolite is 
regulated by the type of cation added to the crystalline framework that 
determines the dimensions of the openings and thus, give the selectivity. 
Zeolite 3A is a synthetic crystalline obtained adding potassium ion (K+). 
It presents one α cage with a free diameter of 11.4 Å, accessible through 
six 3 Å openings, and eight β cages with a free diameter of 6.6 Å entered 
through hexagonal windows with a mean effective opening of 2.2 Å 
[22]. Water presents a mean diameter of 2.7 Å and can easily enter α 

Fig. 7. Molar fraction of water at the ZMS outlet during regeneration tests.

Fig. 8. Molar fraction of water at the ZMS outlet: comparison between REG-01, 
REG-02, and simulations.

Table 6 
Main quantitative results of the REG tests: amount of water released during 
regeneration of ZMS and regeneration efficiency.

Test ID Released water (NL) Regeneration efficiency (%)

REG-01 (i) 79.40 75.62
REG-01 (ii) 66.74 83.42
REG-02 (i) 78.70 80.03
REG-02 (ii) 65.71 84.71
REG-03 (i) 82.80 93.35
REG-03 (ii) 65.82 79.30
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cage but also β cages, by displacement of K+ ion. In the fully hydrated 
form, the zeolite 3A crystalline can contain 192 molecules of water. 
Although polar molecules (like water) are preferably attracted (even if 
the crystalline structure is globally neutral, a high electrical field occurs 
close to the cations), also non-polar molecules can be adsorbed as long as 
their dimensions are compatible with the cage openings. This is the case 
of the hydrogen which presents a dynamic diameter of 2.9 Å. Yang et al. 
[21] studied the hydrogen uptake in zeolite 3A deriving the adsorption 
isotherms at different temperature ranging between 20 and 65 ◦C for 
pressure between 0 and 1000 kPa. They found that the accessibility of 
adsorption sites of zeolite 3A to hydrogen is nonmonotonically tem
perature dependent. Accordingly with the conventional thermody
namics, it decreases by increasing the temperature but below 25 ◦C the 
trend is almost specular denoting the presence of a critical admission 
temperature below this value. Based on this, the zeolite 3A is expected to 
adsorb the hydrogen present in the feed gas mixture with an equilibrium 
loading that is lower than the value for water.

Fig. 10 shows the molar fraction of hydrogen in the gas exiting the 
ZMS during the first 30 min of the three regeneration tests. The ZMS is 
still at 20 ◦C and the desired purge gas flow rate is sent through the bed. 
As the purge gas enters the ZMS, almost all the hydrogen adsorbed 
during the purification phase is released in few minutes, causing a high 
molar fraction at the bed exit. Integrating these peaks, it is possible to 
evaluate the amount of hydrogen adsorbed (Table 7) thus derive the 
oxidation efficiency expressed by Eq. (2).

The results presented in Fig. 10 gives interesting information: (i) the 
oxidation efficiency is not 100 % but (ii) the purification efficiency of the 
whole system is not affected since the ZMS is able to adsorb the residual 
hydrogen content, and (iii) in the ZMS regeneration a huge release of 
gaseous tritiated hydrogen shall be expected in the first minutes of the 
process and a method to manage it shall be foreseen.

4. Conclusions

The paper has shown an experimental assessment of an integral 
process for detritiation of gaseous effluents proposed for the Coolant 
Purification System of the EU-DEMO HCPB Breeding Blanket. The ac
tivity has been carried out in HYDREX facility, hosted at the ENEA 
Brasimone Research Centre. The main components are the oxidizing 
beds, filled with CuO tablets, and the ZMS bed, containing pellets of 
zeolite 3A. The facility aims at studying the integral helium purification 
process and the regeneration of the ZMS bed.

The experimental campaign has demonstrated the capabilities of this 
process to purify the helium stream from low concentrations of 
hydrogen and to recover the water produced in the process. During the 
purification, the CuO beds allow the oxidation of around 99 % of the 
hydrogen throughput and the water formed, along with the residual 
hydrogen content, are adsorbed in the ZMS bed. The high purification 
efficiency of the integral process has been confirmed, being higher than 
96 %. The purification has been analysed changing the feed flow rate in 
the operative range of the ZMS bed. As expected, the time before the 
ZMS saturation is inversely proportional to the throughput but, reducing 
the flow rate the uprising of multiple fronts of reactions cause the 
beginning of the breakthrough earlier than expected. Such results 
confirm the applicability of these technologies for the helium detri
tiation purpose but highlight the need for an optimisation of the flow 
conditions through the bed.

The regeneration of the ZMS has been studied for different purge gas 
flow rates ranging between 2 and 10 % of the maximum allowable 
throughput. The objective is to reduce as much as possible the purge 
flow rate and thus, to maximize the final water concentration. The 
process has demonstrated a high regeneration efficiency, ranging from 
75 to 94 %. Nevertheless, some discontinuities have been observed, 
more relevant for the lowest throughput, leading to an uneven distri
bution of the flow inside the bed and a not uniform temperature in the 
zeolite material that cause a not complete regeneration. Furthermore, a 
large release of hydrogen has been experienced in the first minute of the 
regeneration. Such outcomes should be further investigated and shall be 
considered in the design of a proper detritiation system. The dimensions 
of the bed, along with the purge flow rate, should be optimized to allow 
a uniform temperature distribution and a proper regeneration, and a 
strategy to manage the hydrogen release should be identified. For such 
reasons modelling activities are ongoing to better describe the non-ideal 
phenomena observed in this experimental campaign.

The present activity has proven the capability of this process to 
recover most of the hydrogen from an extreme diluted gaseous effluent. 
In this paper the application for the coolant purification has been 
considered but, referring to a future fusion machine, the capabilities of 
this technology can be exploited whenever there is the need for a final 
detritiation of gaseous streams. Typical applications could be the final 

Fig. 9. Gas temperature at the inlet and outlet section of the ZMS during 
regeneration tests.

Fig. 10. Molar fraction of hydrogen at the ZMS outlet during the first 30 min of 
the regeneration tests.

Table 7 
Amount of hydrogen released during regeneration of ZMS.

Test ID Released hydrogen (NL)

REG-01 (i) 1.50
REG-01 (ii) 1.25
REG-02 (i) 1.28
REG-02 (ii) 2.02
REG-03 (i) 1.65
REG-03 (ii) 4.49
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separation stage of the plasma chamber exhaust, regardless of the type of 
the machine (e.g., tokamak and stellarator), or for the air and vent 
detritiation of rooms and glove boxes. For these cases, a system like 
HYDREX could recover the residual tritium content from the exhausted 
stream providing the dual positive effect of recovering tritium to be used 
as fuel and of reducing the radiological load to the stack.
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