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Modeling the corrosion behavior of Pd/Cu couple in acidic media (0.25 M HCl) at various

operating conditions [(30, 50 �C) and (0, 300, 600, 900 RPM)] was considered as an ultimate

goal of this work. Multiple regression analysis with respect to ANOVA was utilized to

generate a mathematical correlation. The derived correlation and the surface response

revealed that increasing temperature and speed of agitation affected the corrosion rate of

Cu in the Pd/Cu couple. This result indicates that using copper in the hydrogen purification

e Proton Exchange Membrane (PEM) fuel cell hybrid systems is not acceptable due to the

degradation that might occur as a direct result from the galvanic action between Pd/Cu

couple. In order to improve the resistance of Pd against corrosion and hydrogen embrit-

tlement at elevated temperatures, it should be alloyed with Au or Ag rather than copper.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The use of hydrogen as an alternative source of energy is

becoming increasingly addressed in research activities in

terms of production, purification, storage and utilization in

PEM fuel cells [1e4].

In these applications, the use of metals and alloys is un-

avoidable; for example, hydrogen produced by any suitable

upstream process is purified using a hydrogen-selective

metallic membrane made of Pd or Pd-based alloys. A wide

range of variables have investigated and reported in literature.

Basically, Nielsen et al. [5] have studied the effect of temper-

ature on the corrosion of CuePd hydrogen separation
.
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membrane alloys in simulated syngas containing H2S.

Medrano et al. [6] investigated Pd-based metallic supported

membranes in fluidized bed reactor at high temperature,

while Ghasemzadeh et al. [7] have evaluated the performance

of dense PdeAg membrane reactor during methanol steam

reforming using CFD analysis. Chen et al. [8] investigated the

hydrogen permeation measurements of Pd and PdeCu mem-

branes using dynamic pressure difference method. Decauxa

et al. [9] have studied the time and frequency domain analysis

of hydrogen permeation across PdeCu metallic membranes.

Westerwaala et al. [10] investigated the hydrogen perme-

ability of PdeCu based thin film membranes in relation to

their structure. Achaa et al. [11,12] have studied the PdeCu
evier Ltd. All rights reserved.
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membrane integration and lifetime in the production of

hydrogen from methane as well as the copper deposition on

Pd membranes by electroless plating.

Hydrogen is known to cause hydrogen embrittlement and

to induce cracks in various kinds of metals including Pd. The

risk of cracking becomes more aggressive when employing

alloys such as PdeCu due to the anticipated galvanic corrosion

between the couple. Galvanic (or dissimilar metal) corrosion

can be defined as the corrosion that occurs as a result of one

metal being in electrical contact with another in a conducting

corrosive environment. The driving force for current and

corrosion is the potential developed between the two metals.

The more active metal (the anode) will be forced to be des-

tructed, while the more noble metal (the cathode) will be fully

or partially protected as mentioned by Schweitzer [13], Revie

et al. [14], Hack [15], Saeed et al. [16]. However, the cathode

may suffer from hydrogen damage when galvanic corrosion is

taking place on the cathode. Galvanic corrosion is affected by

several parameters including electrode specifications (type,

exposed area, distance among electrodes, and geometry),

electrolyte properties (acidity and purity), and other factors

(temperature and motion) as mentioned by Hack [15], Saeed

et al. [16] and Abdelhadi et al. [17].

To the best of our knowledge, galvanic corrosion has been

rarely addressed in hydrogen-purifying metallic membranes.

Such a study will be essential to develop alloys and setup

strategies to confront galvanic corrosion to reduce the ex-

penses, conserve materials, and above of all to improve safety

as indicated by Basile et al. [18] and Yun et al. [19]. The purpose

of this paper is to investigate galvanic corrosion of PdeCu

couple under accelerated conditions using acidic medium

(0.25 N HCl) at various operating temperatures (30 and 50 �C)
and speeds of agitation (0, 300, 600, and 900 RPM), to simulate

the galvanic corrosion behavior of real PdeCu in membranes.

Results will be correlated and mapped using 3D facilities in

order to verify the galvanic corrosion phenomenon and to

improve the performance of the Pd based alloy membranes

utilized inhydrogen purificatione PEM fuel cell hybrid systems.
Fig. 1 e Schematic diagram shows the corrosion cell used

during potentiodynamic tests.
Experimental work

Materials

Specimens of copper (Nilaco Corporation, 99.93% purity), and

palladium (Good fellow Cambridge Limited, 99.97% purity)

were used. Palladium specimen with exposed surface area of

30 � 10 mm were utilized for the galvanic and single metal

corrosion tests. On the other hand, for copper, 30� 10mmand

30 � 15 mm specimen were respectively used for galvanic

corrosion and single metal corrosion tests.

Tests

Corrosion tests were performed using two devices: Potentio-

stat, and new-patented device called “Galvanic corrosion

monitoring and analyzing system (GCMAS)”. Potentiostat, was

used to run potentiodynamic corrosion tests for single

metallic specimens by generating the polarization curves

(potential versus log (current density)) of Pd or Cu. Tested
specimens (called Working Electrode, WE) were connected to

the Reference Electrode, RE (Ag/AgCl e 3 M KCl) in order to

measure the potential of the WE during the experiments. The

WE is connected to an auxiliary electrode (called Counter

Electrode, CE), to complete the electrical circuit. Fig. 1 shows

the positions of WE, RE and CE within the corrosion cell.

Galvanic corrosion behavior of the Pd/Cu couple was tested

using GCMAS as shown in Fig. 2. This device was developed

and patented by the corresponding author [20e24]. It allows

monitoring values and directions of the galvanic currents

generated on both metals (Pd and Cu) with their coupling

potential throughout the whole experiment. In order to

operate GCMAS, flat metallic specimens made of different

metals or alloys are coupled using the designed interface and

kept at the bottom of the galvanic corrosion cell. The corrosive

electrolyte is kept perpendicular to the specimens to allow the

occurrence of electrochemical reactions on their surfaces.

Potentiodynamic polarization tests for single metallic specimens
Before conducting accelerated corrosion tests, Open Circuit

Potential (OCP) of copper and palladium were determined by

measuring the potential difference between the Working

Electrode (WE) and Reference Electrode (RE) in the given

electrolyte at the proposed temperatures (30 and 50 �C) for
30 min. The tested specimen (WE) is fixed inside the corrosion

cell and connected to the reference and counter electrodes

using electrical connectors. The electrolyte is poured inside

the cell and set at the desired temperature and mixing rate

using a hot plate. It is well known that potentiodynamic tests

generate polarization curves at the tested operating condi-

tions. Corrosion potential and current of each metal were

determined using the intersection of Tafel slopes. Corrosion

rates were calculated using the software package based on

Equation (1).

C:R: ¼ 0:00327� A� i
n� r

(1)

where: C.R.: corrosion rate (mm/y), A: atomic weight (g/mol), i:

current density (mA/cm2), n: number of electrons, and r: den-

sity of metal (g/cm3). The constant 0.00327 is a conversion

factor from mAmp./cm2 to mm/y.
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Fig. 2 e Galvanic corrosion monitoring and analyzing

system (GCMAS).
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Galvanic corrosion tests for coupled metallic specimens
Palladium and copper specimens were fixed to a special

holder inside (GCMAS) in addition to the Reference Electrode

(RE). Then the corrosive electrolyte is poured inside the cell at

the desired temperature. Moreover, (GCMAS) control panel

was used to measure andmap galvanic currents and coupling

potentials of the coupled metals without affecting the conti-

nuity of the electrochemical reactions. It was used also to

measure and control the temperature and speed of agitation

for the given electrolyte.

Hydrogen purification e PEM fuel cell hybrid system

Hydrogen Purification Unit (HPU, shown in Fig. 3 (a)) was

connected to the PEM fuel cell system unit (shown in Fig. 3 (b))

to verify the performance of PdeCu membrane. It should be

noted that HPU consists of an upstream gas delivery section,

the cell, and a down-stream gas analysis section.
Fig. 3 e (a) Hydrogen purification unit (HPU). (b) PEM fuel

cell unit.
Results and discussion

Effect of temperature and speed of agitation on galvanic
corrosion of Pd/Cu

Fig. 4 represents a key to understand Figs. 5 and 6 which show

that the curves of the potentiodynamic polarization of Pd and

Cu with their coupling potential versus time at the studied

operating temperatures (30 and 50 �C) and speeds of agitation

(0, 300, 600 and 900 RPM). The mentioned Figs. 5 and 6 indi-

cated that Cu was aggressively corroded in order to protect Pd

in the galvanic couple because the location of coupling po-

tentials were below the polarization curves of Pd at the

mentioned operating conditions as well as the polarization

curve of Cu indicates clearly higher corrosion current den-

sities than Pd based on the intersection value of the cathodic

portion with the anodic portion of Tafel region within each

polarization curve without forgetting the effect of increasing

the speed of agitation (0, 300, 600 and 900 RPM) which played a

crucial role in changing the corrosion rates in both Cu and Pd.

On the other hand, Table 1 shows the average galvanic cur-

rents (Ig,av) of Cu which represents the rate of galvanic
corrosion of the active part in the Pd/Cu couple obtained by

calculating the area under the curve using trapezoidal rule of

the curves generated using GCMAS System as shown in Figs. 7

and 8 which represents the curves of the galvanic currents of

Pd/Cu couple (Igpd and Igcu) vs. time and the coupling potential

(Ecoupling) vs. time at the selected operating conditions. The

results revealed that the average galvanic currents (Ig,av) of Cu

increase with increasing the speed of agitation from 0 to 900

RPMat both temperatures (30 and 50 �C).Whereas, the average

galvanic currents (Ig,av) of Cu decreased with increasing tem-

perature at all speeds of agitation except at 900 RPM.

In other words, the extracted results were in agreement

with Schweitzer [13], Revie et al. [14], Hack [15], Saeed et al.

[16]. Taking into consideration that the results of galvanic
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Fig. 4 e Typical potentiodynamic polarization curves of palladium and copper along with their coupling potential. This is a

key to understand the details of Fig. 5 and 6 where the coupling potential was obtained from GCMAS while the polarization

curves of Cu and Pd were obtained from the potentiodynamic test.
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and different speeds of agitation.
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corrosion between Pd and Cu was affected by several param-

eters (i.e. type, exposed area, distance between electrodes,

and geometry), electrolyte properties (acidity and purity), in

addition to (temperature and speed of agitation) and this is in

agreement with Abdelhadi et al. [17] and Saeed et al. [25].

Generating the mathematical correlation

Equation (2) was generated using multiple regression analysis

with respect to ANOVA provided by MATLAB software pack-

age, where ANOVA is used to determine how well the gener-

ated mathematical correlation explains the response variable

[35]. The resulting ANOVA Tables 2 and 3 for Equation (2)
outline the analysis of variance for each response including

R2 and Adjusted R2, which indicates the significance of the

generated mathematical correlation since Adjusted R2 is

greater than the acceptable value of 85%, F value (i.e. the ratio

of the treatment variance to the error variance) is highly

greater than F critical, and p-value (i.e. the observed signifi-

cance level) is less than the preset a of 0.05 (i.e. the critical

level of significance), taking into consideration that t-test

values could be compared with t-critical values and used as

the hypothesis test criterion instead of p-values at the given

degrees of freedom and a [36]. The entire adequacy measures

are in agreement with the general outlines provided by Elta-

wahni et al. [26,27].
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Fig. 6 e Potentiodynamic polarization curves of palladium and copper with their coupling potential in 0.25 M HCl at 50 �C
and different speeds of agitation.
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On the other hand, Tables 4 and 5 show a comparison be-

tween the actual values of the average galvanic currents of Pd/

Cu couple (Ig, av) as a function of temperature (T) and speed of

agitation (S) obtained through GCMAS during the experiments

and the values of (Ig, av) predicted using Equation (2). In fact,

Tables 4 and 5 indicate that the predicted values are very close
Table 1 e Average galvanic currents of Cu (Ig,av) in Pd/Cu
couple immersed in 0.25 M HCl at different conditions.

Agitation speed (rpm) Temperature

30 �C 50 �C

0 3505a 2576a

300 4899a 3761a

600 5339a 4457a

900 5748a 6736a

a Ig, av. (mAmp.).
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to the actual values. All the above measures assured the sig-

nificance of Equation (2). A new temperature was introduced

in Table 5 [i.e. 40 �C] and new values for Ig;av were generated

which assured the significance of the generatedmathematical

correlation in Equation (2).

Ig;av ¼ 6863:539� 91:4679� Tþ 0:00186� T2 � S (2)

where:

Ig;av: average galvanic current in (mAmp.).

T: temperature in (�C)
S: speed of agitation in (RPM)

Three dimensionalmapping (i.e. shaded surface plotwhich

is called surface response) of Equation (2) was represented in

Fig. 9. The surface response given in Fig. 9 clearly shows the

interaction among the independent variables [temperature (T)

and speed of agitation (S)] and the average galvanic currents of
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Fig. 8 e Galvanic currents of Pd and Cu with their coupling potential in 0.25 M HCl at 50 �C, 0 RPM.

Table 2 e Analysis of variance for the correlation in Equation 2.

Source of variation Sum of squares (SS) Degrees of freedom (df) Mean square (MS) F F critical

Regression 0.03 � 108 2 51,555,938 87.51621 3.4668

Residual 12,371,133 21 589101.6

Total 1.15 � 108 23

R-square (%) 91.5

Adjusted R-square (%) 88.2

Table 3 eAnalysis of the coefficients for each regressor in
Equation 2.

Coefficient Standard error (SE) T test P

Intercept 6863.539 693.2939 9.899898 0.000179

T �91.4679 18.74302 �4.8801 0.004553

T2 � S 0.00186 0.000258 7.201708 0.000804
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Pd/Cu couple (Ig, av) which confirms the explanations given in

Section Effect of temperature and speed of agitation on

galvanic corrosion of Pd/Cu. Fig. 9 assures the general trend

of corrosion rate of Pd/Cu obtained during the experiments.

According to Table 4, errors in the predicted average

galvanic current value under studied conditions are in the

range of 2e17.5%. As a result, it is obvious that the galvanic
Table 4 e Actual and predicted values of the average galvanic c
with the percent difference between them.

Temperature
(T), �C

Speed of agitation
(S), RPM

Actual average galvanic
current (Ig, av), mA

30 0 3505

300 4899

600 5339

900 5748

50 0 2576

300 3761

600 4457

900 6736
coupling of Pd and Cu will have a negative impact on the

performance when used as a membrane for hydrogen purifi-

cation. The corrosion action on Cuwill cause themembrane to

deteriorate quickly. Besides, palladium membranes already

become brittle and lose their ductility in the presence of

hydrogen. It is worth to mention that pure palladium mem-

branes used for hydrogen purification suffer also from

poisoning problem as well as thermal and mechanical sta-

bility challenges as indicated by a number of research in-

vestigations [28e33].

Alloying Pd with othermetals such as copper will decrease

the cost of this kind of membrane [5], however, alloying will

be accompanied by a simultaneous galvanic corrosion,

resulting in the generation of defects and pinholes within

structure of the membrane. In order to improve the resis-

tance of Pd against corrosion and hydrogen embrittlement at
urrents of Pd/Cu couple at the studied operating conditions,

Predicted average galvanic current (Ig, av), mA
using Equation (2)

%
Difference

4120 17.5

4622 �5.7

5124 �4.0

5626 �2.1

2290 �11.1

3685 �2.0

5080 14.0

6475 �3.9

http://dx.doi.org/10.1016/j.ijhydene.2016.09.123
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Table 5 e Average galvanic currents (Ig, av) of Pd/Cu couple in 0.25 M HCl at selected temperatures and speeds of agitation;
actual values and predicted by the mathematical correlation.

Speed of agitation (S), RPM Actual average galvanic
current (Ig, av), mA

Predicted average galvanic current (Ig, av), mA
using Equation (2)

30 �C 50 �C 30 �C 40 �C 50 �C

0 3505 2576 4120 3205 2290

200 e e 4454 3800 3220

300 4899 3761 4622 4098 3685

500 e e 4956 4693 4615

600 5339 4457 5124 4990 5080

700 e e 5291 5288 5545

900 5748 6736 5626 5883 6475

Fig. 9 e Surface response of Equation (2).
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elevated temperatures, it should be alloyed with Au or Ag

because their potentials are very near to Pd in the galvanic

series. Copper which is considered more anodic to Pd in the

galvanic series, so alloying Pd with Cu causes it to corrode

rapidly as a direct result of galvanic corrosion generated be-

tween Pd/Cu. This opinion is in agreement with Lewis et al.

[34].
Conclusions

The results revealed that increasing temperature and/or

speed of agitation will affect the corrosion rate of Pd/Cu

couple. The derived correlation for Pd/Cu and three dimen-

sional mapping (i.e. surface response) showed clearly the in-

teractions among different variables (temperature and speed

of agitation) on the corrosion rate of coupled metals (Pd/Cu).

This result indicates that using copper in hydrogen purifiers is

not acceptable due to the degradation that occurs as a direct

result from the galvanic action between Pd/Cu. In order to

improve the corrosion resistance of Pd against corrosion and

hydrogen embrittlement at elevated temperatures corrosion,

it should be alloyed with Au or Ag rather than copper which is

considered more anodic to Pd in the galvanic series.
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