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Abstract—Palladium membranes and membrane reactors can 

separate and purify tritium from impurities in the plasma exhaust 

processing system for the fusion energy fuel cycle. Membranes can 

also act as a continuous separation method to remove tritium from 

helium streams in the breeder blanket tritium extraction system, 

such as from the purge gas of solid breeders. To investigate the 

potential of these membranes for these applications, we performed 

a deuterium permeation campaign with a self-supported 

palladium-silver (Pd-25Ag wt%) tube of 0.15 m length, 76 µm wall 

thickness, and 3.0 mm inner diameter. A gas mixture of 3.95% D2 

and a balance of He was delivered to the inside of the tube and D 

permeated radially outwards through the membrane into a 

vacuum chamber. Permeation experiments were conducted at 300, 

350, 400, and 450°C, from 100 to 1000 sccm total flow rate, and 

with total pressures of 90, 150, 190, and 250 kPa. Deuterium 

permeation was consistently lower than predicted from diffusion-

limited permeation models, thus we developed a transport model 

that included gas-phase mass transfer and surface reactions to 

model experimental results. The dissociation constant was 

optimized to fit the developed model to experimental data. 
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I. INTRODUCTION 

The deuterium (D) and tritium (T) fusion reaction provides 
the most likely path towards commercial fusion power. 
However, any DT fusion concept must be coupled with a safe, 
reliable, and efficient tritium fuel cycle. 

Hydrogen permeable membranes are used throughout the 
fusion fuel cycle and are characterized by high reliability, 
continuous operations, and, with the use of dense metals, perfect 
selectivity of molecular hydrogen isotopes (Q2, where Q is H, D, 
or T) to other nonhydrogen impurities. Palladium membranes 
and membrane reactors are used in the fusion fuel cycle to purify 
deuterium and tritium as well as to remove deuterium and 
tritium from impurities, such as water, methane, or ammonia [1, 
2]. 

Membrane and membrane reactors could also act as a 
continuous method of tritium extraction from solid breeder 
concepts, such as the Helium Cooled Pebble Bed concept 
developed by EUROfusion [3-5]. In solid breeder concepts, 
tritium is collected in the purge gas, which is atmospheric 
pressure He with a small fraction of H2 dopant (0.1%) to saturate 
surfaces and facilitate the removal of tritium from the solid Li-
containing ceramics. The anticipated purge gas stream consists 
of predominately He and trace HT and HTO. The primary 

technology considered for tritium extraction is a combination of 
reactive and cryogenic molecular sieve beds for HTO and HT 
recovery, respectively [6]. Membranes are an alternative option 
where a water gas shift membrane reactor extracts HT from 
HTO. A proposed zeolite membrane cascade provides a 
preconcentration stage to increase the concentration of HT in He 
prior to T recovery by PdAg permeators [4]. However, 
challenges have persisted in the development of zeolite 
membranes with sufficient He-HT separation [7]. Thus, 
understanding and validating the transport phenomena of 
permeators for hydrogen isotopes in low partial pressures in He 
gas streams is critical to assessing the applicability of Pd 
permeators for use as tritium extraction systems for solid 
breeders. 

Of the palladium alloys, the palladium-silver (Pd-25Ag 
wt%) alloy has received the most attention as a permeator 
material due to its higher permeability and lower critical 
temperature for β hydride phase formation compared to pure 
palladium [8-10]. 

In this manuscript, the gas-driven permeation of D is 
measured from both pure D2 gas as well as a 3.95% D2 in the He 
mixture at flow rates from 100–1000 sccm, pressures from 90–
250 kPa, and temperatures from 300–450°C. Diffusion-limited 
permeation models overpredict permeation through the 
membrane; however, permeation models that also include gas-
phase mass transport and surface reactions provide a better fit to 
experimental data. Due to the uncertainty in the surface reaction 
rate constants, a rate-constant was optimized to fit experimental 
data. 

II. METHODS 

A. Experimental 

A self-supported Pd-25Ag tubular membrane was procured 
from REB Research & Consulting with a 15.2 cm length, 
3.18 mm outer diameter, and 76.2 μm wall thickness. The Pd-
25Ag tube was brazed on both ends to 316 stainless steel (SS) 
tubes with 10.2 cm length, 4.76 mm outer diameter, and 889 μm 
wall thickness. The stubs were connected to 4.76 mm outer 
diameter 316 SS tubing with Swagelok compression fittings and 
inserted into a 2.54 cm outer diameter quartz tube with Conflat 
flanges on either side to form the vacuum boundary. A type K 
thermocouple inserted through a port touched the center of the 
membrane. This assembly is referred to as the test section 



module and is labeled in Fig. 1, a photograph of the test section 
module and experimental apparatus. 

The test section module was installed in a tube furnace with 
a 30.5-cm-long heated zone, the furnace was controlled with the 
type K thermocouple touching the membrane. 316 SS heat 
shields were placed at the end of the heated zone to promote 
uniform heating as well as to act as membrane supports in the 
module. Turbomolecular and dry scroll pumps evacuated the 
annulus of the test section module to a base vacuum of 1.0 ×  
10-5 Pa measured with a KJLC 392 series wide-range 
combination gauge. MKS 1259C 1000 sccm mass flow 
controllers set the flow rate of feed gas that entered inside the 
tube module. The pressure of the feed gas was set with a 
Swagelok back pressure regulator and measured with an Omega 
PX309 pressure transducer. The permeate flow rate was 
measured with a MKS 1159B 50 sccm mass flow meter. 

Two MKS quadrupole mass spectrometers (QMS) 
monitored gas speciation, an e-Vision 2 with 1–100 amu range 
and a Microvision 2 with a 1–6 amu range. Prior to each 
permeation campaign, ultra-high purity (UHP) helium (5N, 
Norco) was pressurized in the tube side of the membrane to 
250 kPa, and no increase in the 4 amu peak was observed by the 
QMSs in the shell side, thus verifying the module is leak free 
and that gas species measured during the permeation campaign 
was D2. The 4 amu signal during D permeation experiments 
saturated the detector in the QMS, so an MKS 1159B mass flow 
meter was the sole permeation measurement device. The 
membrane was calibrated with UHP D2 (5N, Advanced 
Specialty Gases) and tested with a premixed 3.95% D2 in He 
cylinder (Norco). 

This apparatus was called the Pre–Tritium Extraction 
eXperiment (PreTEX) as it used diagnostics for the Tritium 
Extraction eXperiment (TEX), a forced-convection lead-lithium 
loop under construction at the Safety and Tritium Applied 
Research facility [11]. A secondary purpose of PreTEX was to 
validate permeation properties of tubular membranes prior to 
installation in TEX for PbLi operation. 

B. Model 

The theoretical model of hydrogen mass transfer through 
metallic membranes is commonly described by the Richardson 
equation: 

 J = DKS (Pf
0.5 – Pp

0.5)/l () 

where the hydrogen flux (J, molQ2 m-2 s-1) through the membrane 
is described by the permeability (Φ, molQ2 m-1 s-1 Pa-0.5), known 
as the product of diffusivity (D, m2 s-1) and solubility (KS, molQ2 
m-3 Pa-0.5), the membrane thickness (l, m), feed pressure (Pf, Pa), 
and permeate pressure (Pp, Pa). Solubility is commonly referred 
to as the Sieverts’ constant. 

 The Richardson equation assumes mass transport is rate 
limited by the interstitial diffusion of Q atoms through the bulk 
metal, which is referred to as the diffusion-limited model (DM). 
With low hydrogen partial pressures, fast interstitial diffusion, 
or contaminated surfaces such as metal oxides, the hydrogen 
transport can be rate limited by the surface reactions of 
dissociative adsorption (H2 → 2H) on the feed-side surface or 
recombinative desorption (2H → H2) on the permeate-side 
surface; this is referred to as surface limited. In gas mixtures or 
liquid systems, such as PbLi [12] or FLiBe [13], hydrogen 
transport can be limited by mass transfer through the boundary 
layer in the fluid-phase; this is known as mass transport limited. 
Mass transport-limited regime is common in liquid systems [15], 
but also referred to as concentration-polarization in gas 
separation membrane systems. Considering these other transport 
processes is critical when assessing the permeation of hydrogen 
in a low H partial pressure system. 

 Thus, the following flux equations were solved in a 
numerical transport model coded in MATLAB where the 
permeator was segmented axially into nodes (i). The mass 
transport of the D2 in the He gas mixture from the bulk to the 
feed-side wall surface is described as: 

 J(i) = KT (PB,f,i – PS,f,i)RTg () 

where KT is the mass transport coefficient (m s-1), PB,f is the D2 
partial pressure in the bulk feed gas (Pa), PS,f is the D2 partial 
pressure at the permeator surface (Pa), R is the ideal gas 
constant (J mol-1 K-1), and Tg is the gas temperature (K). The 
surface reactions on the feed side are described by the rate of 
dissociative absorption on the surface and subtracted by the rate 
of recombinative desorption back into the gas phase: 

 J(i) = kd PS,f,i – krCS,f,i
2 (3) 

where kd is the dissociation constant (molD2 m-2 s-1 Pa-1), kr is the 
recombination constant (m4 molD2

-1 s-1), and CS,f is the 
concentration of deuterium on the feed-side surface (mol m-3). 
The interstitial diffusion through the membrane is described by 
Fick’s first law in cylindrical coordinates: 

 J(i) = -D(CS,p,i – CS,f,i)/riln(ro/ri) () 

where CS,p is the concentration on the permeate surface  
(mol m-3), ri is the inner radius of the permeator tube (m), and 

 

 

Fig. 1. PreTEX apparatus with an expanded photo of the test section 

module with the Pd-25Ag membrane installed.  

 



ro is the outer radius of the permeator tube. The recombinative 
desorption from the permeate surface is described by: 

 J(i) = krCS,p,i
2 − kd PS,p () 

where PS,p is the pressure at the permeate surface (Pa). The mass 
transfer into the vacuum pumping system is assumed to be 
infinitely fast and is not considered in this transport model, thus 
the surface pressure is assumed to be equal to the bulk pressure. 

 The mass transport coefficient for deuterium transport 
through the mixed gas boundary layer in the feed gas is 
calculated from the Sherwood number correlation for laminar 
flow inside a circular tube (ShLaminar) [14]: 

 ShLaminar = 2riKT/DD2-He = 1.62(2riReSc/L)1/3 () 

where DD2-He is the binary diffusion coefficient of D2 in He (m2 
s-1), Re and Sc are the Reynolds and Schmidt number, 
respectively, and L is the length of the membrane tube (m). 
Note that the Re ranged from 5.15 to 143 in our experiments. 

 The axial advective D2 transport was solved by the mass 
conservation equation where the amount of D2 entering the 
finite volume in the tube was equal to the amount of D2 exiting 
the finite volume in the tube and the amount permeated through 
the surrounding membrane via the numerically calculated flux 
from solving equations (2-5). The number of nodes was set to 
n = 50. This code followed the same logic used in previous 
work modeling the vacuum permeator for tritium extraction 
from PbLi [15]. Table 1 reports the parameters used in our 
model, where Tm is the membrane temperature (K). In this work, 
the membrane temperature was assumed to be constant in the 
axial direction due to the 15.2 cm length of membrane placed 
in the center of a 30.5 cm heated zone and measuring the axial 
temperature distribution was challenging due to module 
configuration. However, thermal gradients likely existed due to 

flowing He thus an uncertainty of 5 °C was assumed in analysis. 
In contrast to the diffusion-limited Richardson equation, the 
model including mass transport, surface reactions, and bulk 
diffusion is referred to as the complete model (CM). 

TABLE I.  VALUES USED IN MEMBRANE MODEL ANALYSIS. 

Symbol Value/Equation Unit Ref. 

L 0.152 m — 

ri 1.59 × 10-3 m — 

ro 1.51 × 10-3 m — 

D 1.87 × 10-7 exp(-24685/RTm) m2 s-1 [16] 

Ks 0.184 exp(18531/RTm) m2 s-1 [16] 

kda 1.30 × 10-2 exp(-24780/RTm) mol m-2 s-1 Pa-1 [16] 

kra 0.390 exp(-61842/RTm) mol-1 m4 s-1 [16] 

a. Optimized in analysis of experimental data. 

III. RESULTS AND DISCUSSION 

A. UHP deuterium measurement and analysis 

The first experiment measured deuterium permeation using 

UHP D2 at 90 kPa with a feed flow rate of 100 sccm and 

membrane temperatures of 300, 350, 400, and 450°C. The UHP 

D2 was delivered to the tube side and vacuum pumped on the 

shell side. The permeated D2 was measured with a mass flow 

meter downstream of the vacuum pumps. The measured D2 

permeability of the Pd-25Ag membrane is compared to 

literature values in Fig. 2. The measured permeability, 

calculated using Eq. (1), was less than that reported in literature 

[16-20]. An Arrhenius fit was applied to the measured data to 

 

Fig. 2. D2 permeability measured at 90 kPa feed side and 1 Pa permeate 

using UHP D2. The solid blue line is the Arrhenius fit to the data in this 

work. 

 

 

Fig. 3. D2 flux measured at 90 kPa feed side and 1 Pa permeate pressure 

with UHP D2. Solid lines were calculated with the CM and dashed lines 

were calculated with the DM.   

 



yield a permeability (Φ) in units of molD2 m-1 s-1 Pa-0.5 and 

activation energy units of J mol-1: 

Φ = 5.03 0.40×10-8 exp(-10700/RTm)  () 

However, the permeability reported in Fig. 2 and Eq. (7) 

was calculated using the Richarson equation from the measured 

flux. Fig. 3 reports the measured flux, which compared well 

with flux predicted using the CM with values reported by Serra 

et al. [16] and Vadrucci et al. [17]. The dashed lines in Fig. 3 

represent flux predicted using the DM. The values from the 

work by Vadrucci et al. are for H2 and use the solubility value 

for H2 from Serra et al. [16] This demonstrates the importance 

of considering the surface reaction transport phenomena and 

validates the transport code used to analyze data. 

B. 3.95% D2 in He mixed gas results and analysis 

The second campaign used the premixed 3.95% D2 in He as 

the feed gas at the same membrane temperatures as the UHP D2 

gas test: 300, 350, 400, and 450 °C. The feed gas was held at a 

fixed pressure, and the flow rate was increased from 100 sccm 

to a maximum of 1,000 sccm in 100 sccm intervals. A minimum 

time of 300 seconds was allowed for permeation to stabilize at 

the set feed flow rate before the flow rate was increased. If no 

increase in permeation rate was measured after two increases in 

feed flow rate, the flow rate ramp was ceased and feed flow rate 

was decreased to 100 sccm. This process was repeated for feed 

gas pressures of 90, 150, 190, and 250 kPa at each membrane 

temperature. Fig. 4 displays all experimentally measured data 

with the premixed gas. The CM predictions reported in Fig. 4 

used optimized dissociation constants (CM-O). 

When comparing the mixed gas measurements to model 

predicted results (Fig. 5), a similar observation occurred to that 

of the UHP D2 gas. The DM overpredicts the permeated flow 

rate at the measured conditions. The CM improves the model 

fit to the experimental data; however, it consistently 

overpredicted the flux as well. We assumed that the surface 

reaction rate constants contained the most uncertainty. 

Therefore, the value of the dissociation constant (kd) was 

optimized to fit the CM to the experimental data (CM-O in 

Fig.4 and Fig. 5). The recombination constant (kr) was then 

calculated with Eq. (8), using the solubility of D in Pd-25Ag 

from Serra et al. [16]. Note that, alternatively, the 

recombination constant could have been optimized and 

dissociation constant calculated using the same approach. 

 𝐾𝑆 = √𝑘𝑑/𝑘𝑟   () 

The optimized value of kd was fit to an Arrhenius 

dependence, displayed in Fig. 6, and reported in Eq. (9) in units 

of mol m-2 s-1 Pa-1 and activation energy units of J mol-1. The 

optimized value of the dissociation constants is approximately 

a factor of 25 lower than that of Serra et al. [16] and 15 lower 

than that of Vadrucci et al. [17]. This is likely caused by surface 

contamination from trace impurities in the gas mixtures and 

vacuum. In previous work with palladium-coated vanadium 

samples, the surface reaction rate constants encompassed 

significant uncertainty based on the cleanliness of the surface 

[21]. While the “clean” Pd surface was achieved in that work 

 

Fig. 4. D2 permeated flow rate (sccm) as a function of feed flow rate 

(sccm) and total gas pressure from the 3.95% D2 in He gas mixture 

experiments.  

 

 

Fig. 5.  The D2 permeated flow rate as a function of feed flow rate for the 
300 °C and 90 kPa total pressure data (□) as well as the 450 °C and 250 kPa 

total pressure data (●). The lines correspond to the various permeation 

models used in this work.   

 



by oxidizing and reducing both surfaces of the membrane, and 

the dissociation constant compared very well with that of Serra 

et al. [16]. Prior to cleaning the surfaces, the measured surface 

reaction rate was reduced by a factor of 106. The surfaces in the 

referenced work [21] were exposed to ultra-high vacuum and 

UHP D2 at a similar temperature range to this work. A similar 

phenomena was also observed by Alimov et al. for Pd-coated 

V [22]. No oxidation and reduction treatments were performed 

on the membrane tested in this work; therefore, the surface 

reaction was determined to be the parameter with the most 

uncertainty. Thus, the state of the membrane surface plays a key 

role in the permeation of hydrogen in the limit of low partial 

pressures and must be evaluated in prototypic conditions. 

kd=7.99±9.33×10-4exp(-27600±1100/RTm)  () 

IV. CONCLUSIONS 

A self-supported Pd-25Ag membrane was examined for 

deuterium permeation from 300–450°C in both UHP gas as 

well as a premixed 3.95% D2 in a He gas mixture. In the 

experimental configuration of the PreTEX apparatus, the feed 

gas was supplied inside the tube and a vacuum was pulled on 

the permeate or shell side. The UHP gas resulted in permeation 

rates lower than those of literature. However, the experimental 

measurements compared well to those of literature once surface 

reactions were considered in the transport model. This effect is 

more evident with lower partial pressures of hydrogen, such as 

with the 3.95% D2 premixed gas mixture. The experimental 

permeability and flux results were lower than expected from 

literature values, including mass transport in the gas-phase and 

surface reactions. Due to the large uncertainty in the 

dissociation constant, this value was chosen to be optimized to 

fit experimental data. With this value optimized, excellent 

agreement between the model and experiment was achieved. 

Thus, the surface reactions in membrane calculations must be 

considered when assessing Pd-based membranes for 

permeation in low partial pressure applications, such as those 

in the breeder blanket of a fusion reactor. 

ACKNOWLEDGMENT 

This manuscript has been authored by Battelle Energy 
Alliance, LLC under Contract No. DE-AC07-05ID14517 with 
the U.S. Department of Energy. The United States Government 
retains and the publisher, by accepting the article for 
publication, acknowledges that the U.S. Government retains a 
nonexclusive, paid-up, irrevocable, world-wide license to 
publish or reproduce the published form of this manuscript, or 
allow others to do so, for U.S. Government purposes. 

REFERENCES 

[1] S. Tosti and A. Pozio, "Membrane Processes for the Nuclear Fusion Fuel 

Cycle," Membranes, vol. 8, no. 4, p. 96, 2018. 

https://www.mdpi.com/2077-0375/8/4/96. 

[2] V. Violante, A. Basile, and E. Drioli, "Membrane separation technologies: 
their application to the fusion reactor fuel cycle," Fusion Engineering and 

Design, vol. 22, no. 3, pp. 257-263, 1993, https://doi.org/10.1016/0920-

3796(93)90120-7. 
[3] A. Santucci, M. Incelli, M. Sansovini, and S. Tosti, "Catalytic membrane 

reactor for tritium extraction system from He purge," Fusion Engineering 

and Design, vol. 109-111, pp. 642-646, 2016, 
https://doi.org/10.1016/j.fusengdes.2016.02.028. 

[4] A. Santucci, R. Antunes, G. Bruni, F. Mallozzi, M. Incelli, and M. 

Sansovini, "Recent achievements of the Pd-Ag membrane technologies in 
tritium extraction system applications," Fusion Engineering and Design, 

vol. 146, pp. 2242-2246, 2019, 

https://doi.org/10.1016/j.fusengdes.2019.03.162. 
[5] G. Cortese, A. Santucci, C. Rizzello, and S. Tosti, "Membrane reactor 

performances in H2 recovery under conditions relevant for the HCPB 

tritium extraction system," Fusion Engineering and Design, vol. 166, 

2021, https://doi.org/10.1016/j.fusengdes.2021.112317. 

[6] I. Cristescu and M. Draghia, "Developments on the tritium extraction and 

recovery system for HCPB," Fusion Engineering and Design, vol. 158, p. 
111558, 2020, https://doi.org/10.1016/j.fusengdes.2020.111558. 

[7] R. Antunes et al., "Isotopic effects on the permeation of all hydrogen 

isotopologues through MFI-ZSM-5 zeolite membranes," International 
Journal of Hydrogen Energy, vol. 45, no. 3, pp. 2020, 

https://doi.org/10.1016/j.ijhydene.2019.11.099. 

[8] S. N. Paglieri and J. D. Way, "INNOVATIONS IN PALLADIUM 
MEMBRANE RESEARCH," Separation and Purification Methods, vol. 

31, no. 1, pp. 1-169, 2002, 10.1081/SPM-120006115. 

[9] A. Knapton, "Palladium alloys for hydrogen diffusion membranes," 
Platinum Metals Review, vol. 21, no. 2, pp. 44-50, 1977. 

[10] S. Yun and S. Ted Oyama, "Correlations in palladium membranes for 
hydrogen separation: A review," Journal of Membrane Science, vol. 375, 

no. 1, pp. 28-45, 2011, https://doi.org/10.1016/j.memsci.2011.03.057. 

[11] C. N. Taylor, T. F. Fuerst, P. W. Humrickhouse, R. J. Pawelko, and M. 
Shimada, "Conceptual Design for a Blanket Tritium Extraction Test 

Stand," Fusion Science and Technology, vol. 77, no. 7-8, pp. 829-835, 

2021, https://doi.org/10.1080/15361055.2021.1880133. 
[12] P. W. Humrickhouse and B. J. Merrill, "Vacuum Permeator Analysis for 

Extraction of Tritium from DCLL Blankets," Fusion Science and 

Technology, vol. 68, no. 2, pp. 295-302, 2015, 10.13182/fst14-941. 
[13] J. D. Rader, M. S. Greenwood, and P. W. Humrickhouse, "Verification of 

Modelica-Based Models with Analytical Solutions for Tritium 

Diffusion," Nuclear Technology, vol. 203, no. 1, pp. 58-65, 2018, 
10.1080/00295450.2018.1431505. 

[14] E. L. Cussler, Diffusion: mass transfer in fluid systems. Cambridge 

university press, 2009. 
[15] T. F. Fuerst, M. D. Eklund, J. A. Leland, A. A. Riet, and C. N. Taylor, 

"Parametric Study of the Vacuum Permeator for the Tritium Extraction 

 

Fig. 6. The optimized dissociation constant based on permeation 

measurements and comparison to literature values. 

 

https://www.mdpi.com/2077-0375/8/4/96
https://doi.org/10.1016/0920-3796(93)90120-7
https://doi.org/10.1016/0920-3796(93)90120-7
https://doi.org/10.1016/j.fusengdes.2016.02.028
https://doi.org/10.1016/j.fusengdes.2019.03.162
https://doi.org/10.1016/j.fusengdes.2021.112317
https://doi.org/10.1016/j.fusengdes.2020.111558
https://doi.org/10.1016/j.ijhydene.2019.11.099
https://doi.org/10.1016/j.memsci.2011.03.057


eXperiment," Fusion Science and Technology, pp. 1-11, 2023, 
10.1080/15361055.2023.2196237. 

[16] E. Serra, M. Kemali, A. Perujo, and D. K. Ross, "Hydrogen and deuterium 

in Pd-25 pct Ag alloy: Permeation, diffusion, solubilization, and surface 
reaction," Metallurgical and Materials Transactions A, vol. 29, no. 13, 

pp. 1023-1028, 1998, 10.1007/s11661-998-1011-3. 

[17] M. Vadrucci, F. Borgognoni, A. Moriani, A. Santucci, and S. Tosti, 
"Hydrogen permeation through Pd–Ag membranes: Surface effects and 

Sieverts' law," International Journal of Hydrogen Energy, vol. 38, no. 10, 

pp. 4144-4152, 2013, https://doi.org/10.1016/j.ijhydene.2013.01.091. 
[18] H. Yoshida, S. Konishi, and Y. Naruse, "Preliminary Design of a Fusion 

Reactor Fuel Cleanup System By The Palladium-Alloy Membrane 

Method," Nuclear Technology - Fusion, vol. 3, no. 3, pp. 471-484, 1983, 
10.13182/FST83-A20869. 

[19] F. J. Ackerman and G. J. Koskinas, "Permeation of hydrogen and 

deuterium through palladium-silver alloys," Journal of Chemical and 
Engineering Data, vol. 17, no. 1, pp. 51-55, 1972. 

[20] P. Pérez, C. A. Cornaglia, A. Mendes, L. M. Madeira, and S. Tosti, 
"Surface effects and CO/CO2 influence in the H2 permeation through a 

Pd–Ag membrane: A comprehensive model," International Journal of 

Hydrogen Energy, vol. 40, no. 20, pp. 6566-6572, 2015, 
https://doi.org/10.1016/j.ijhydene.2015.03.106. 

[21] T. F. Fuerst, P. W. Humrickhouse, C. N. Taylor, and M. Shimada, 

"Surface effects on deuterium permeation through vanadium 
membranes," Journal of Membrane Science, vol. 620, p. 118949, 2021, 

https://doi.org/10.1016/j.memsci.2020.118949. 

[22] V. N. Alimov, A. O. Busnyuk, M. E. Notkin, and A. I. Livshits, "Pd–V–
Pd composite membranes: Hydrogen transport in a wide pressure range 

and mechanical stability," Journal of Membrane Science, vol. 457, pp. 

103-112, 2014, https://doi.org/10.1016/j.memsci.2014.01.053. 
 

 

https://doi.org/10.1016/j.ijhydene.2013.01.091
https://doi.org/10.1016/j.ijhydene.2015.03.106
https://doi.org/10.1016/j.memsci.2014.01.053

