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A B S T R A C T   

Metal-based supports require specific pre-treatments to reach the surface quality needed for achieving thin Pd 
layers deposition without defects. Hastelloy X supports with high surface roughness and large pore diameter are 
acquired and pre-treated via polishing and chemical etching. They are then asymmetrically filled with α-Al2O3 of 
decreasing particle size (18 μm, 5 μm and 1.5 μm) and equipped with a γ-Al2O3 interdiffusion barrier. Each pre- 
treatment step is thoroughly characterized and elucidated with ANalysis Of VAriance (ANOVA) as statistical tool, 
introducing a hybrid observational-statistical approach to infer on a population of membrane supports. 

The analysis allowed to set average surface roughness (Ra) < 0.8 μm, average profile height (Rz) < 7 μm, in- 
pore leveling (Δ) < 6 μm, as targets for support pre-treatments reproducibility. The target average pore diameter 
after asymmetric filling was identified as 100–500 nm, while the target average pore diameter after interdif
fusion barrier deposition was below 100 nm. The most effective particle size for in-pore leveling was identified as 
≤ 5 μm, and the most effective particle size for average pore diameter reduction as 18 μm.   

1. Introduction 

Membrane reactors have emerged as promising alternative to con
ventional processes due to their ability to integrate reaction and sepa
ration in one single unit [1–3] This process intensification technique 
increases energy efficiency and promotes compactness of the equipment, 
reducing emissions and operational costs [4–6]. The insertion of mem
branes in the reaction environment promotes the continuous removal of 
the reaction product, shifting the equilibrium owing to Le Chatelier’s 
principle. Specifically, for reactions in which H2 is the desired product, 
Pd-based membranes have been widely investigated due to their unique 
solution diffusion H2 transport mechanism [3,7,8]. This peculiar char
acteristic makes these membranes particularly suitable for 
membrane-assisted steam methane reforming [4,9,10], 
membrane-assisted ammonia decomposition [11–13] and 
membrane-assisted dehydrogenation applications [14,15]. 

To favor the membranes integration in the reactor, thin Pd films are 
deposited onto a suitable support. Most applications have been 

investigated by using ceramic supported Pd films, due to the ease of 
deposition given by the support’s easily tailorable superficial charac
teristics (i.e., low surface roughness, average pore size ~100 nm) 
[16–18]. However, their sealing, integration when coupled to steel 
reactor structures, and resistance to solicitations remain challenging for 
scale up at high Technology Readiness Level (TRL) [19]. 

To overcome these challenges, metallic supported Pd membranes are 
investigated as an alternative [20–22]. However, the deposition of Pd 
films on metallic supports requires additional steps due to: 1) strong 
support-Pd interaction (known as metallic interdiffusion) [23–25], and 
2) insufficient support’s surface quality (i.e., high surface roughness, 
large superficial pore size ≥ 20 μm) [26,27]. It is therefore necessary to 
investigate suitable support pre-treatments to ease the deposition of 
Pd-based film [28,29]. 

In our previous work, a preparation procedure yielding to highly 
selective (H2/N2 ideal selectivity ~43200 at 400 ◦C, 1 bar) Pd–Ag 
membranes supported onto large media grade (0.5 μm) Hastelloy X 
porous tubes was developed. The development was carried out by 
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studying the support’s surface morphology with a statistical method 
[30]. 

Statistical methods are often employed in membrane’s performance 
assessment, where varying membrane reactor operating conditions such 
as temperature, pressure, feed flow, etc. results in an outcome on 
membrane separation performance [31–33]. Moreover, they are often 
applied whenever the selected type of membrane allows for a 
non-time-consuming preparation, when keeping all non-analyzed 
preparation parameters constant, or when solely a few parameters are 
expected to influence membrane performance (i.e. with polymer cast
ing) [34–36]. However, when observing experimental sections in the 
literature of Pd-based/composite membranes preparation, 
trial-and-error or one factor at a time (OFAT) design of experiment 
methods are the most implemented [18,37–39]. These methods offer a 
rapid insight on which of the multitude of parameters in membrane 
preparation can be influential in final performance, with a 
non-time-consuming design. This approach implies that oftentimes 
solely the best performing membranes (resulting from the best combi
nation of investigated factors) are presented [20–22,25,40–43]. How
ever, a multitude of parameters can hinder the reproducibility of best 
results, especially if the applied preparation procedure includes intrin
sically random steps (i.e. large differences between supports surface 
characteristics, wide support pore size distributions, variable surface 
roughness profile, etc.). Moreover, detection of differences in average 
values and characterization techniques of various preparation steps still 
require a certain degree of interpretation which is left to the experience 
of the experimenter. To fully analyze membrane preparation steps 
without observational bias, backing up observation with mathematical 
considerations, Design of Experiment (DoE) and statistical analysis 
techniques can be employed. One of the main objectives of DoE is to 
verify a hypothesis efficiently and cohesively, allowing the utilization of 
a suitable statistical technique for the data analysis to follow [44]. 

The ANalysis Of VAriance (ANOVA) technique, provided the data 
fulfills the necessary assumptions, can be used to test null hypothesis of 
equality of several means (testing the significance of means) of several 
independent groups of observations having the same variance [45]. It 
assesses potential differences in a continuous dependent variable given 
by one or more independent variables (factors) having two or more 
levels. 

In this work, the characterization of surface modification techniques 
aimed at rendering highly rough Hastelloy X supports with large pore 
diameter suitable for Pd deposition via electroless plating is carried out 
for the first time with a hybrid observational-statistical approach. The 
supports are modified by polishing, etching, filling with α-Al2O3 parti
cles of decreasing size and deposition of a γ-Al2O3 interdiffusion barrier. 
Subsequently, an elucidatory study of the main variables involved in 
surface modification of metallic supports for Pd-based membranes is 
carried out. Such variables and their evolution are investigated for each 
of the chosen support pre-treatments via suitable DoE, coupled with 
ANOVA as analysis tool. The pre-treatments are operated on a suitable 
sample of 20 supports, drawn from a population of supplied supports. 
Onto each support, a sample representative of a population of pores is 
drawn. The measurement and repetition of the same for morphological 
variables involved in each pre-treatment guarantees for the first time to 
study the effect of support pre-treatment steps on several equal samples, 
allowing for the correlation between the studied outcome variables and 
support reproducibility considerations, completed by setting suitable 
targets to ensure final supports with similar surface characteristics. 

2. Experimental methods 

2.1. Samples preparation 

Four 50 cm long porous sintered Hastelloy X supports were acquired 
from Hebei Golden Flame Wire Mesh Co, China. The supports were cut 
in samples of 10 cm and welded to dense stainless-steel caps to achieve a 

one close end configuration, while the other side was welded to a dense 
stainless-steel tube, as per previous procedures [13,26,30]. The samples 
were then introduced in a vibratory polishing machine for a total 
amount of 6 h. They were then rinsed with deionized water and dried in 
a tubular furnace at 120 ◦C for 2 h. The dry samples were then sub
merged in fresh Aqua Regia for 30 s each. They were once again thor
oughly rinsed inside and out with deionized water immediately after 
submersion to prevent the etching process from continuing. Finally, the 
supports were oxidized in a static air furnace at 750 ◦C for 1 h, with a 
heating ramp rate of 3 ◦C/min. 

The supports were filled via dip-coating with a 10 wt% dispersion of 
α-Al2O3 of different particle sizes (18 μm, 5 μm) and for a different 
number of cycles (20, 30), according to the DoE described in the 
following sections. Finally, 5 selected supports were asymmetrically 
filled with spherical α-Al2O3 of decreasing size (18 μm, 5 μm, 1.5 μm). 
Onto these supports, a γ-Al2O3 interdiffusion barrier was deposited by 
vacuum assisted dip-coating of a 1.2 wt% boehmite-PVA-PEG solution, 
rotary drying at 60% relative humidity and 40 ◦C, and sintering in air 
atmosphere at 550 ◦C for 1h, as per our previous works [26]. 

The supports surface pre-treatment procedure is illustrated in Fig. 1. 
All the pre-treatments were characterized for each of the sample 

supports with the characterization techniques discussed in the next 
sections. 

Finally, membrane M3 was prepared via electroless plating of Pd. 
The membrane was fabricated onto a support presenting average surface 
roughness (Ra), average profile heigh (Rz), average in-pore filling (Δ), 
and average pore diameter (d) below the targets set with this work. The 
plating bath was composed of Pd(II)Acetate, EDTA, NH4OH 1 M, and 
AgNO3, according to the procedure developed in previous works by 
Tanaka et al. [43]. The modified support was seeded with Pd nuclei in 
0.6 vol% Pd(II)Acetate in chloroform and reduced in hydrazine 1 M. 
Thereafter, the substrate was submerged in the plating bath for 2 h in 
presence of hydrazine. Subsequently, a 0.113 mmol/L AgNO3 solution 
was added to the bath with an addition rate of 0.04 ml/min. After 5 h the 
membrane was removed from the plating bath, thoroughly rinsed with 
demi water inside and out, and annealed at 550 ◦C in Ar/H2 atmosphere 
for 4 h, with a heating ramp of 1 ◦C/min in sole Ar. 

2.2. Statistical analysis 

2.2.1. Sampling 
In our previous work [30], a balanced design of in-pore measure

ments (via laser-confocal microscopy) on a population of support pores 
using solely 3 supports was proposed as starting point for considerations 
about the effects of support filler size and amount of filling cycles 
employed. In this work, the aim is to expand the analyses to a population 
of different supports, rather than solely different pores. This allows for 
more precise inference on the effects that each support pre-treatment 
has on the following one. 20 supports have been prepared and 5 
random pores (or positions, in case of contact profilometry) are 
analyzed, expanding the power of the analysis. The use of different 
supports allows the measurement of each support’s pore diameter dis
tribution (PSD) after each pre-treatment, adding the support’s average 
pore diameter as outcome variable to the analysis. 

The use of a sample of 20 prepared supports is considered repre
sentative of a population of different supports, each independent from 
another and each containing a population of pores. The representa
tiveness of the sample is ensured by the randomness of supports choice, 
which are drawn from supplied 50 cm supports randomly cut and mixed 
into a batch of 10 cm supports. Meanwhile, the population of pores on 
each support is analyzed with a sample of 5 observed images (or posi
tions) for each support. The imaging is carried out as randomly as 
possible, positioning the microscope lens (or the profilometer) onto 
different locations of the examined support, avoiding selection bias as 
much as possible. However, due to experimental effort, solely 5 pores 
and positions are examined for each support. Even though ANOVA is 
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considered robust for small sample sizes whether the design is balanced 
and the data respects variance homogeneity [46–49], the small imaging 
sample size is to be taken into account during the observation of sta
tistical inference, coupling the results with the observation of descrip
tive statistics (i.e. density plots, boxplots, average values) or eventual 
previous analyses (i.e. the inference carried out in our previous works 
[30]). Even though exploratory, taking into account its limitations, this 
design opens the possibility for a cohesive analysis of the changes 
occurring with each support pre-treatment and how these changes may 
influence the next preparation steps within a whole production popu
lation, ultimately giving precious insight on the actual, factual repro
ducibility of the membrane supports and, in turn, the membranes 
themselves. Moreover, it represents a starting point for similar, addi
tional statistical studies which can ultimately increase the sampling size, 
yielding to a greater amount of information and a greater inferential 
precision. 

For this analysis, the seeding and plating procedures have been 
excluded from the evaluation, as they do not represent critical repro
ducibility steps. Both plating and seeding procedures are in fact opti
mized for ceramic supports within the targeted surface characteristics 
and are not expected to fail once a support is properly tuned to the 
desired performance. 

2.2.2. Outcome variables evaluation: characterization techniques 
For each support modification treatment, the following character

ization techniques were employed.  

1. The pore morphology was analyzed via laser-confocal microscopy 
(Laser-optical confocal microscope, Keyence, Osaka, Japan) by im
aging 5 random pores on each support’s surface, yielding to the 
outcome variable Δ, to be intended as the difference between the 
highest and lowest point of the imaged pore’s height distribution 
(Fig. 2). 

2. The supports surface roughness was analyzed via contact profilom
etry (MarSurf PS 10, Mahr) on 5 random positions of the selected 
support, yielding to outcome variables Ra (Avg. surface roughness) and 
Rz (Avg. roughness profile’s height), characteristic roughness profile 
parameters.  

3. The pore size distribution of the supports was measured via Capillary 
Flow Porometry (CFP) in a specifically designed setup described in 
our previous work [30]. The average pore diameter (Mean flow pore) 
was kept as outcome variable. 

2.2.3. Design of experiment (DoE) 
The analysis proposed in this work was carried out for the following 

treatment stages, with the DoE configuration reported in the supple
mentary tables to this manuscript. 

1. Untreated supports: The sample of untreated supports is consid
ered representative of a population of supports provided by the 
supplier, as well as supports which might be employed by any 
membrane preparation operator who intends to reproduce a highly 
selective Hastelloy X supported Pd-based membrane. For this reason, 
14 supports were characterized with the aim to assess the outcome 
variables variability within each of the supports and between 
different supports. A One-way ANOVA was then used to compare the 
outcome variables between supports. 
2. Polished and etched supports: The supports were polished and 
etched according to the methodology described in section 2.1. The 
design was balanced by adding 6 supports, increasing the sample size 
to 20. In particular, any statistical changes caused by the treatments 
were compared with their untreated version. A One-way ANOVA was 
used to compare the outcome variables between supports. 
3. Symmetrically filled supports: each etched and polished support 
was filled with α-Al2O3 of two different sizes (18 μm, 5 μm), for 
different amounts of times (20x, 30x), with the procedure described 
in section 2.1. For each filling cycles-filler size combination, 5 rep
etitions for all outcome variables were carried out. For this analysis, 
all outcome variables were normalized on their correspondent un
filled values from the previous step. A Two-way ANOVA was then 
employed to assess whether the variation of either factor (filling size 
or filling cycles) or their interaction (filling cycles-filler size) 
generated statistically significant changes in the selected outcome 
variables. 
4. Asymmetrically filled supports: 5 symmetrically filled (18 μm, 
30x) supports were selected for asymmetric filling design, based on 
the results of the previous analyses (discussed in the next sections). 
The supports were completed by the addition of α-Al2O3 particles 
with average diameter of 5 μm and 1.5 μm, for an amount of 30 
cycles per size, as per preparation procedure. Each outcome variable 
was evaluated, and a One-way ANOVA was performed to assess 
differences between supports. The results were then compared with 
previous pre-treatments. 
5. Supports equipped with interdiffusion barrier: The 5 supports 
were completed with the addition of the γ-Al2O3 interdiffusion 

Fig. 1. Illustration of the operated support pre-treatments, support surface view.  

Fig. 2. Laser-confocal imaging, height distribution view and Δ definition.  
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barrier, which was deposited via vacuum-assisted dip-coating with 
the constant parameters summarized in section 2.1. Each outcome 
variable was evaluated once again, and a One-way ANOVA was 
performed to assess differences between supports. The results were 
compared with previous pre-treatments. 

2.2.4. ANalysis of VAriance (ANOVA) 
The two main aims of classical ANOVA [45] are.  

1) To examine the relative contribution of different sources of variation 
(i.e., factors or combination of factors) to the total amount of vari
ation in the response variable (i.e., dependent variable, influenced 
outcome variable).  

2) To test the null hypothesis (H0), specifically:  

H0. The means of the independent groups of observations are not 
statistically different (p-value >0.05). 

H1. There is at least one statistically different mean among the inde
pendent groups (p-value <0.05). 

Considering the sum of squares (SS) and the degrees of freedom (df) 
between examined groups (B): 

SSB =
∑

nk(Yk − Y)2 (1)  

dfB = k − 1 (2)  

And within groups (W): 

SSW =
∑

(Yi − Yk)
2 (3)  

dfW =N − k (4)  

Where nk is the number of cases in a sample, Y k the mean of the group, Y 
is the overall mean (grand mean), k is the total number of groups, Yi is 
the individual score in a group, and N is the number of observations. 

The F-ratio (representing the ratio of between groups variance and 
within group variance) is then calculated as the ratio between the mean 
sum of squares between groups and the mean sum of squares within 
groups: 

F − ratio=
SSB/dfB

SSW/dfW
(5) 

Therefore, the higher the F-ratio the larger the variation between 
groups of observations rather than the variation within groups of ob
servations. To a larger F-ratio corresponds a lower p-value, which allows 
for the rejection of the null hypothesis if p-value <0.05. 

A One-way ANOVA was used to analyze the means of independent 
groups of observations for an outcome variable influenced solely by one 
independent factor (support code). 

A Two-Way ANOVA + interaction was used to examine the inter
action between two independent variables (filler size and filling cycles). 
Interactions indicate that differences are not uniform across all levels of 
the independent variables, meaning the factors cannot be considered 
independent from each other in their contribution to the variance of the 
selected outcome variable. The experiment was designed in a balanced 
way (guaranteeing an equal number of observations for each levels 
combination). 

Each ANOVA analysis relies on three pillar assumptions. 

1. The population from which samples are drawn is normally distrib
uted (Normality).  

2. The samples are independent and random with respect to each other 
(Randomness of sampling). 

3. The variances among the groups are approximately equal (Homo
geneity of variances or Homoskedasticity). 

The assumptions for each employed ANOVA were verified for each 
analysis by observing.  

1. The normal probability plot paired with a Shapiro-Wilk test for 
normality [50]; whether the data did not assume a normal distri
bution, a Log transform or Sqrt transform were performed on the 
dataset, according to the skewness of the data distribution.  

2. Residuals vs order plot for randomness of sampling.  
3. Residual vs fit plot paired with a Levene test for homogeneity of 

variances [51]. 

The null hypothesis for ANOVA was accepted if p-value >0.05. A 
Tukey pairwise comparison was employed as post-hoc test. All analyses 
were carried out with R language, and the chosen environment was 
Rstudio [52]. 

3. Results and discussion 

3.1. Characterization of support pre-treatments 

Filter E14 was selected from the support’s batch for illustrative 
purposes, while the same analysis was carried out for all supports. In 
Fig. 3 the surface evolution of filter E14 undergoing the selected pre- 
treatments is shown in 3D view. In Fig. 3a the untreated support’s sur
face is imaged. Specifically, a large superficial pothole with superficial 
diameter ~45 μm is noticeable on the untreated support’s surface, as 
well as high profile peaks and deep valleys. In Fig. 3b the surface of the 
support after polishing and etching is shown. After polishing, the high- 
profile peaks are lowered, and the surface is leveled. However, porous 
structures are covered by plastic deformation of the peaks being pushed 
into the profile valleys, reducing the gas permeation through the sup
port. The porous structure under the polished layer is then uncovered via 
chemical etching, which results in valley veins interconnecting larger 
superficial potholes and surrounding the smoothened superficial islands, 
as shown in the 3D view. These veins contribute to the re-increase of the 
gas permeance through the support. In Fig. 3c the 3D view of a support’s 
large pothole both empty and filled with α-Al2O3 of decreasing size is 
shown. 18 μm α-Al2O3 is layered first with the aim of clogging the large 
pore necks and reducing the support’s average pore size. 5 μm and 1.5 
μm α-Al2O3 are then subsequently layered to improve the leveling of the 
pore mouth. In this way, the asymmetrical filler operates a progressive 
closure of the pothole, reducing its average diameter. In Fig. 4 the 
reduction in average pore diameter of the support E14 is monitored by 
analyzing the pore flow distribution of the support after each pre- 
treatment via CFP coupled with height distribution by laser-optical 
imaging analysis. When the support is solely polished and etched it 
presents large pore mouths (blue) interconnected by valley veins 
(green), with a large height difference and an average pore diameter of 
~1.5 μm (Fig. 4a). When the support is asymmetrically filled, the closure 
and leveling effect on the pore mouth is observed with the shift of the 
height distribution, the presence of the filler in the pore mouth (green) 
and the average pore diameter shift to ~ 500 nm (Fig. 4b). After the 
addition of the interdiffusion barrier, the leveling effect is even more 
pronounced in the height distribution view, where a layer covering the 
pore mouth (green), reducing the pore valleys size (red), and pushing 
the average pore diameter below 100 nm can be clearly distinguished 
Fig. 4c. Deposition of Pd via seeding-electroless plating procedure on 
supports pre-treated following the same techniques resulted in highly H2 
selective membranes (ideal H2/N2 selectivity >10 000) employed in our 
previous works [13,30,53] and summarized in Table 1. 
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3.2. Statistical analysis of support pre-treatments 

3.2.1. Untreated supports 
Fig. 5 reports the boxplot representation of in-pore morphology (Δ), 

average surface roughness (Ra), and average profile height (Rz) of 
completely untreated supports. The length of the box and the whiskers 
for each sample denote a large variability within the repetitions for each 
support, meaning that the examined variables can significantly change 
with respect to the randomly chosen measured pore/position. The 
average values of the outcome variables correspond to Δ = 26.9 μm, Ra 
= 4.3 μm, Rz = 25 μm. These values of surface roughness are well in 
agreement with bare PSS substrates previously investigated in literature 
for the preparation of metallic supported Pd-based membranes. In 
particular, high surface roughness and large pore mouths have been 
observed via SEM imaging in several membrane preparation studies, for 
Porous Stainless Steel (PSS) and Hastelloy X [25] supports ranging be
tween 0.1 μm and 0.5 μm media grade both in tubular and disk form [42, 
54–57]. Ryi et al. [58] utilized 3D renders of acquired 0.5 μm PSS 
substrates and evaluated their height distribution, observing a height 
difference (similarly to the Δ variable analyzed in this work) of ~10 μm. 
Such height difference, associated with high surface roughness (topo
graphically observed or measured via contact profilometry/atomic force 
microscopy/laser-optical microscopy, etc.) is thought to impede the 
deposition of defect-free Pd thin films, requiring support modification 
steps to achieve acceptable support’s surface characteristics. 

The results of the One-way ANOVA between supports for each 
outcome variable are reported in Table 2. The average values of Δ and 
Rz are not statistically different in a significant way between each of the 

prepared sample supports. This result denotes how at this stage, right 
after the supports are supplied, cut, and welded, each of them can be 
considered quite similar to one another. The morphological character
istics of each filter are variable within each one of them, but if they are 
compared to one another, they do not significantly differ. The only 
variable that presented a significant difference corresponds to Ra. By 
applying the Tukey pairwise comparison, each pair of average Ra be
tween supports are compared, allowing to understand which sample 
supports present Ra that are statistically different from each other. In the 
selected supports batch, the Tukey pairwise comparison highlighted a 
statistical difference solely between average Ra of sample D and sample 
F. This result allows to speculate that, if the examined support batch is 
representative of a population of supplied supports, at least 2 in 20 
supplied samples might significantly differ from each other in terms of 
average surface roughness. 

3.2.2. Polished and etched supports 
Once physico-chemical support pre-treatments are operated, a vari

ability increase within the dataset can be noticed in terms of visual 
differences between each filter, as large numbers of boxes fall outside of 
each other for each outcome variable (Fig. 6) 

The results of the One-way ANOVA on each outcome variable are 
reported in Table 3. A very strong statistically significant difference is 
confirmed between each support for all the examined outcome param
eters. The Tukey pairwise comparison highlights differences between 4 
pairs of supports with respect to Δ, 43 with respect to Ra, and 27 with 
respect to Rz. These results highlight the random effect of the operated 
physico-chemical pre-treatments: even though the initial batch is of non- 

Fig. 3. 3D Laser-optical imaging of (a) Untreated E14 support’s surface. (b) Polished, etched E14 support’s surface. (c) E14 support’s surface asymmetrically filled 
with α-Al2O3 18 μm, 5 μm and 1.5 μm, each imaged in surface view. (d) E14 support’s surface equipped with γ-Al2O3 interdiffusion barrier. 
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statistically different supports, the pre-treatments increase the 
morphological differences between each filter. These differences imply 
an intrinsic difficulty in controlling the process around a desired average 
value for all the observed outcome parameters, particularly in terms of 
average surface roughness, with the highest observed number of statis
tically different support pairs. This increased difference between sup
ports proves inconvenient in terms of reproducibility, as these 
differences can propagate to the following filling procedure. 

In Fig. 7, the data distributions for each outcome variable before and 
after the physico-chemical pre-treatments are compared. A shift towards 
lower Δ, Ra and Rz values can be observed, with average Δ = 19.62 μm, 
Ra = 1.28 μm, Rz = 10.35 μm. This confirms the effectiveness of the 
chosen treatments in terms of shift of morphological characteristics to
wards a smoother, more even surface. Moreover, in Fig. 7a a higher 
distribution spread with respect to the untreated supports morpholog
ical data distribution for Δ can be observed. This behavior indicates the 
introduction of morphological differences within the in-pore behavior of 
the support itself, as the randomly chosen measurement points yield to 
more variable results after the pre-treatments. This might suggest that, 
at this stage, the distance between pore valleys and superficial peaks is 
quite variable along each support. In Fig. 7b and c little variation of the 
distribution spread is observed, indicating that the variability of Ra and 
Rz stays the same after the support physic-chemical pre-treatments, 
denoting a variable surface roughness profile but an overall smoother 
surface. 

In several literature works, as-supplied PSS and Hastelloy X supports 
are treated via surface polishing in order to reduce their original surface 
roughness. Generally, all the examined literature works confirm the 
effectiveness of this pre-treatment by observing morphological surface 
changes via SEM imaging of a treated sample [25–27,55,59,60]. The 
proposed analysis of a larger batch of supports and the observation of 
the surface roughness variables evolution within the batch confirmed 
the average smoothening effect of this strategy but highlighted its 
random nature, emphasizing the need for a quality check on each sup
port, on different points of the surface. 

3.2.3. Symmetrically filled supports 
For the optimization of the filling procedure, it is crucial to under

stand the morphological changes that occur when fillers of different 
sizes are applied to the chosen supports. In the work of Macedo et al. 
[22], several dimensions of Ceria particles have been evaluated to find 
the most appropriate size for membrane interlayer fabrication. Simi
larly, Xu et al. [27] coated a PSS substrate with alumina powder of 
different particle size suspended in water. In our previous work [30], the 
morphology of three different supports consecutively filled with 
alumina 18 μm, 5 μm, and 1.5 μm for an increasing number of times 
(10x, 15x, 20x) was studied by proposing the classical observational 
method coupled with a preliminary statistical investigation. The ANOVA 
then allowed to infer on a population of pores of three supports. It was 
then assumed that the three supports behavior could be applied to 

Fig. 4. Pore flow distribution and height distribution view of (a) polished and etched E14 support. (b) E14 support asymmetrically filled with α-Al2O3 18 μm, 5 μm 
and 1.5 μm. (c) E14 support equipped with a γ-Al2O3 interdiffusion barrier. 

Table 1 
Average Pd–Ag layer thickness, H2/N2 selectivity, H2 permeance, and N2 permeance (evaluated at a temperature of 500 ◦C and 1 bar trans-membrane pressure) of 
composite Hastelloy X/α-Al2O3/γ-Al2O3/Pd–Ag membranes presented in our previous works.  

Membrane Average Pd–Ag layer 
thickness [μm] 

H2/N2 selectivity (500 ◦C, 1 bar) 
[− ]<

H2 permeance (500 ◦C, 1 bar) [mol/s/ 
m2/Pa] 

N2 permeance (500 ◦C, 1 bar) [mol/s/ 
m2/Pa] 

Reference 
[− ] 

M0 6–8 53487 ~9.7⋅10− 7 ~1.8⋅10− 11 [30] 
M1 6–8 38839 ~7.3⋅10− 7 ~1.9⋅10− 11 [13] 
M2 6–8 20270 ~7.5⋅10− 7 ~3.7⋅10− 11 [53]  
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different supports from different batches of the same supplier. While this 
speculation can be considered reasonable as hypothesis, it would still be 
unverified by objective experimental data, unless more modified sup
ports are prepared with the same procedure as the considered three 
supports. In the case of membrane M2 of our SMR work [53], a target of 
support reproducibility was derived from the analysis carried out in 
Ref. [30]. However, to be able to confirm that the behavior of the filler 
particles is actually extendible to a population of supports, the analysis 
must be expanded on pores coming from a representative support 
sample. For this purpose, the results of the extended Two-way ANOVA 
are listed in Table 4. 

The Two-way ANOVA results for the reduction of Δ confirm the in- 
pore behavior observed in our previous work [30]: as the interaction 
contribution is statistically significant, it is not possible to decouple the 
effects of solely filling cycles or filler size on the observed supports. A 5 
μm filler improves the superficial morphology of the supports with less 
filling cycles with respect to the filler of larger size, which requires a 
larger number of cycles (Fig. 8a). However, when the analysis is 
extended to a batch of supports there is no detectable statistical differ
ence between the average values of Ra and Rz between supports filled in 
different ways. These findings indicate that, the selected filler sizes and 
cycle count do not exhibit a noticeable impact on the surface roughness 

parameters of the profile. Rather, their influence appears to be confined 
solely to the behavior within the pores. However, the acceptance of 
ANOVA’s null hypothesis for outcome variables Ra and Rz could also be 

Fig. 5. Boxplot of (a) Δ, (b) Ra, (c) Rz for each untreated support of the chosen sample batch.  

Table 2 
Results of One-way ANOVA on Δ, Ra, Rz of fully untreated supports.  

In-pore morphology, Δ [μm] 

Factor F-value P-value Significance 

Support code 1.503 0.145 no  

Avg. Profile surface roughness, Ra [μm] 

Factor F-value P-value Significance 

Support code 1.919 0.047 *  

Avg. Profile height, Rz [μm] 

Factor F-value P-value Significance 

Support code 1.525 0.137 no 

Tukey pairwise comparison: D-F. 

Fig. 6. Boxplot representation of (a) Δ, (b) Ra, (c) Rz for each filter of the 
sample batch after polishing and etching pre-treatments. 
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reconducted to a Type II error (wrongly accepting a null hypothesis), 
due to the combined effect of high variability of the surface profilometry 
data and the small sample size for each support. In our previous analysis, 
in fact, the examined filler sizes and filling cycles sorted an effect on 
profile roughness parameters when a larger sample of pores (on solely 3 
supports) was observed [30]. 

This conclusion suggests that.  

1) the expansion of the analysis to a larger sample of support pores (e.g. 
30 repetitions for each support), although time-consuming, would 
exclude the possibility of neglecting statistically significant differ
ences between outcome profile roughness parameters, which are 
intrinsically more variable.  

2) if Type II error may be excluded, to sort a sensible effect also on 
profile roughness parameters, the analysis should be expanded to 
different filler cycles-filler size combinations. More specifically, as 
fillers of 5 μm seem to sort the greatest effect on in-pore leveling, 
their combination with a larger number of filling cycles (i.e., 50x, 
60x) could be explored, and the effect on profile roughness param
eters assessed. Moreover, filler particles between 5 and 18 μm (i.e. ~ 

10 μm, 8 μm) could be added to the analysis, allowing to select an 
optimized combination and to infer on a greater plethora of possi
bilities to find an optimum filler. 

Concerning the average pore diameter of the support, the results in 
Table 4 confirm that even for a population of supports, the size of the 
filler is the dominating factor (main and sole statistically significant 
effect) that will promote a reduction in the average pore diameter. 
Similarly, in Ref. [22], the supports prepared with an interlayer particle 
size best matching the diameter of the chosen PSS substrate (medium 
Ceria particles – 0.1 μm media grade PSS) led to the highest H2 per
meance and the best observed surface morphology amongst the pre
sented samples, suggesting an effect of the filler size on a sensitive 
variable, which was identified in this work as the average pore diameter 
of the supports. 

As observed in Fig. 8b, the 18 μm filler promotes a statistically sig
nificant decrease in average pore diameter with respect to the smaller 
filler, completing the purely observational results reported in Ref. [30] 
with statistical meaning. 

Given these results, and critically accounting for their limitations, 
the development of an asymmetrical filling configuration is backed up 
by mathematical considerations on the gathered datasets. In particular.  

1. The variability increase given by the polishing and etching pre- 
treatments needs to be resolved by the following filling design 
and/or interdiffusion barrier deposition.  

2. Fillers of largest size promote a statistically significant decrease in 
the average pore diameter of the supports.  

3. Fillers of largest size require a larger number of cycles to operate in- 
pore morphological changes, while fillers of smaller sizes can require 
less. 

Asymmetrically filled supports 
Given the considerations in the previous analysis, five supports filled 

with 18 μm α-Al2O3 particles were chosen as starting point for the 
asymmetrical filling evaluation. They were then completed with 5 μm 
and 1.5 μm particles and analyzed as is. The results of the One-way 

Table 3 
Results of One-way ANOVA on Δ, Ra, Rz of polished and etched supports.  

In-pore morphology, Δ [μm] 

Factor F-value P-value Significance 

Support code 3.11 2.11⋅10− 4 ***  

Avg. Profile surface roughness, Ra [μm] 

Factor F-value P-value Significance 

Support code 9.05 4.15⋅10− 13 ***  

Avg. Profile height, Rz [μm] 

Factor F-value P-value Significance 

Support code 5.98 5.02⋅10− 9 *** 

Tukey pairwise comparison: 4 statistically different pairs. 
Tukey pairwise comparison: 43 statistically different pairs. 
Tukey pairwise comparison: 25 statistically different pairs. 

Fig. 7. Comparison of density plots of (a) Δ, (b) Ra and (c) Rz between the sample batch of polished and etched supports (red), and the sample batch of fully 
untreated supports (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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ANOVA are listed in Table 5. By analyzing the effect on Δ of the 
asymmetric filling design, no statistically significant differences be
tween the selected supports are detected. This result proves that the 
chosen asymmetric filling design reduces the differences between in- 
pore behavior of different supports, eliminating the differentiating ef
fect sorted by the polishing and etching treatment. In Fig. 9a, all the Δ 
distributions for the examined supports overlap around a similar 
average value, while their spreads still differ from each other. This result 
denotes quite some variability within the pores of the supports them
selves. Specifically support E1, given the larger spread of its morpho
logical distribution. At this stage, the variability within the pores of 
filled supports is inevitable, but such a spread for an isolated sample 
could be due to the intrinsic difficulty in controlling the filling procedure 
in the laboratory. Hence why the fabrication, monitoring and charac
terization of twin supports is so crucial to ensure membrane repeat
ability. Particularly, given the spread of its in-pore characteristics, E1 
support has a higher chance of resulting in a membrane with defects, 
making it harder to control its pore closure. 

Concerning the outcome variables Ra and Rz, the ANOVA results 
highlight statistical differences. Specifically, support E14 presents a 
strongly different Ra with respect to the others, while Rz differs gener
ally for supports E14 and E12. These results indicate once more the 
difficulty in controlling profile surface roughness parameters solely by 

introducing a pore filler in the support. In Fig. 9b and c, the differences 
between the distributions can be distinguished in the density plots, 
where E14 is clearly shifted towards the left, differentiating its average 
value from the other supports. 

In Fig. 10, a clear distribution shift towards lower average pore di
ameters after the introduction of the asymmetric filler is observed. 
However, the distribution spread increases, meaning that after filling the 
average pore diameter is quite different amongst different supports. At 
this stage, it is important to properly design the amount of filling cycles 
to reach a target pore size, as demonstrated in our previous work for 
steam methane reforming [53]. In our previous work, we chose 100 nm 
as target to be as close as possible to a ceramic support average pore 
diameter. In this batch, the target is reached by the supports falling 
within the distribution’s left tail. However, in the case of the right dis
tribution tail (average pore diameter’s distribution peak ~ 500 nm), the 
filling should be carried out once more to reach the target and ensure 
high selectivity on the final membrane. 

3.2.4. Supports equipped with interdiffusion barrier 
In Table 6, the results of the performed One-way ANOVA after 

interdiffusion barrier deposition are reported. All statistical differences 
between the supports have been erased by the deposition of the layer, 
except for the outcome variable Rz. However, the Tukey pairwise 
comparison detected a difference only between two supports, E1 and 
E12. The differences between supports E1 and E12 in terms of Rz can be 
explained by the nature of Rz variable, which detects all possible peaks 
and valleys of the measured profile, retaining more information about 
the variability of the profile itself. However, the elimination of most 
statistical differences for all outcome variables highlights how the 
interdiffusion barrier deposition promotes the uniformity of all 
morphological characteristics between different supports. This behavior 
is shown in Fig. 11, where the density plots for the outcome variables are 
compared amongst the supports of the batch. Particularly, all the 

Table 4 
Two-way ANOVA + interaction results for Δ reduction, Ra reduction, Rz 
reduction and average pore diameter reduction promoted by the factors filler 
size and filling cycles.  

In-pore morphology, Δreduction [%] 

Factor F-value P-value Significance 

Filler size 2.67 0.11 No 
Filling cycles 0.51 0.48 No 
Filler size:Filling cycles 13.54 0.0004 ***  

Avg. Profile surface roughness, Rareduction [%] 

Factor F-value P-value Significance 

Filler size 1.03 0.31 No 
Filling cycles 2.23 0.14 No 
Filler size:Filling cycles 1.36 0.25 No  

Avg. Profile height, Rzreduction [%] 

Factor F-value P-value Significance 

Filler size 0.02 0.88 No 
Filling cycles 1.96 0.16 No 
Filler size:Filling cycles 2.63 0.11 No  

Avg. Pore diameter reduction [%] 

Factor F-value P-value Significance 

Filling cycles 2.28 0.17 No 
Filler size 6.55 0.03 * 
Filler size:Filling cycles 0.82 0.39 No  

Fig. 8. (a) Interaction plot of Δ reduction for the factors filler size and filling cycles. (b) Main effect plot of average pore diameter reduction for the factor filler size.  

Table 5 
Results of One-way ANOVA on Δ, Ra, Rz of asymmetrically filled supports.  

In-pore morphology, Δ [μm] 

Factor F-value P-value Significance 

Support code 0.84 0.70 No  

Avg. Profile surface roughness, Ra [μm] 

Factor F-value P-value Significance 

Support code 15.49 6.39⋅10− 6 ***  

Avg. Profile height, Rz [μm] 

Factor F-value P-value Significance 

Support code 10.64 8.7⋅10− 5 *** 

Tukey pairwise comparison: E14-E1, E12-E18, E12-E3, E12-E14. 
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distributions overlap over the same average values of Δ = 6.88 μm, Ra =
0.814 μm, Rz = 5.77 μm. Even though for some supports (E1, E18, E14) 
the Δ distribution is still variable, the average value of Δ is sensibly 
lower if compared to the previous treatment steps. The same behavior is 
shown in the density plots for macroscopical roughness parameters Ra 
and Rz (Fig. 11b and c), where the distributions sharpened around lower 
values. 

This data is well in agreement with our previous work [26], in which 
the smoothening effect of the boehmite based interdiffusion barrier 
(dual function of preventing strong Pd-support interaction and reducing 
the surface roughness of the support) was introduced. It is thus possible 
to confirm the leveling effect of the barrier thanks to the statistical 
analysis of the selected support batch, considering the interdiffusion 
barrier as powerful tool to promote uniformity of the morphological 
characteristics of different supports. Similarly, in previous composite 
PSS/interlayer/Pd membrane preparation studies presenting different 
layers as strategy to prevent interdiffusion and improve superficial 
morphology of PSS/steel-based alloys, the deposition of an intermediate 
barrier promoted overall surface morphology improvement, pore 
mouths diameter reduction and general fullness of the PSS substrates, 
observed mostly via SEM imaging [22,24,28,60–63]. 

In Fig. 12, the average pore diameter density plot after the intro
duction of the interdiffusion barrier is shown. It is quite evident how the 
additional layer sharpens the density plot towards lower average pore 
diameter values (<500 nm). Particularly, 4 out of 5 of the supports reach 
the pore size distribution target (<100 nm) after interdiffusion barrier 
deposition. This result introduces a further effect of the addition of the 
interdiffusion barrier: even if the asymmetrical filler design leads to 
pores larger than 100 nm (~500 nm), the introduction of the additional 
layer will sharpen the average pore diameter below 300 nm for at least 
half of the examined supports. Therefore, in view of reproducibility, 
even if the asymmetric filling design is defective, part of the support 
batch can be recovered by means of addition of the interdiffusion 
barrier. 

3.2.5. Reproducibility considerations 
The results of the ANOVA highlighted. 

Fig. 9. Density plot of (a) Δ, (b) Ra, and (c) Rz for each asymmetrically filled support.  

Fig. 10. Average pore diameter density plot evolution. Comparison between 
solely polished and etched supports and asymmetrically filled supports. 

Table 6 
Results of One-way ANOVA on Δ, Ra, Rz of supports equipped with interdiffu
sion barrier.  

In-pore morphology, Δ [μm] 

Factor F-value P-value Significance 

Support code 2.41 0.09 No  

Avg. Profile surface roughness, Ra [μm] 

Factor F-value P-value Significance 

Support code 2.15 0.11 No  

Avg. Profile height, Rz [μm] 

Factor F-value P-value Significance 

Support code 3.88 0.0173 * 
Tukey pairwise comparison: E8-E12  
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1. Negligible statistical difference between morphological variables of 
untreated supports. 

2. Increased statistical difference between polished and etched sup
ports, while promoting surface uniformity.  

3. Statistically significant increase in superficial pore leveling operated 
by 5 μm fillers.  

4. Statistically significant reduction in average pore diameter operated 
by 18 μm fillers. 

5. Statistically significant increase in pore leveling operated by asym
metric filling, with negligible statistical differences between in-pore 
behavior of supports filled in the same way.  

6. Statistically significant smoothening effect of γ-Al2O3 interdiffusion 
barrier.  

7. Statistically significant reduction in average pore diameter with the 
introduction of the interdiffusion barrier. 

The results confirm the effectiveness of support pre-treatments in 
smoothening the surface, leveling the pores, and reducing the support’s 
pore diameter; however, they denote variability between the supports 
and within their profile roughness parameters, highlighting the impor
tance of support’s monitoring during the manufacturing process. Suit
able targets for support reproducibility are drawn from the analysis of 
the peaks of density distributions (avg. values), compared with the 
supports used for best performing membranes (Table 1) as  

− Ra < 0.8 μm.  
− Rz < 7 μm.  
− Average pore diameter after asymmetric filling ~100–500 nm (with 

the most effective particle size for pore diameter reduction ~18 μm).  
− Average pore diameter after interdiffusion barrier deposition ~100 

nm.  
− Δ < 6 μm (with the most effective particle size for in-pore leveling ≤

5 μm). 

Finally, the performance indicators and support characteristics of 
M3, fabricated on a support with the proposed targets, are shown in 
Table 7. 

This membrane displays selectivity >10000 and H2 permeance of 
6.1⋅10− 7 mol/s/m2/Pa at 500 ◦C and 1 bar, similarly to the membranes 
summarized in Table 1. The high selectivity is promoted by the filling of 
the metallic support below the proposed targets, which ensure sufficient 
pore diameter reduction to promote full pore closure with Pd electroless 
deposition, at constant Pd–Ag thickness. On the other hand, the filling of 
the metallic support and the deposition of the interdiffusion barrier 
result in H2 permeance values which are lower compared to Pd-based 
membranes obtained on ceramic supports (i.e. Arratibel et al. [64] 
could produce α-Al2O3/Pd–Ag/γ-Al2O3 ceramic supported, double 
skinned membranes which could reach up to 5⋅10− 6 mol/s/m2/Pa at 
500 ◦C, 1 bar while keeping outstanding H2 selectivity of 30000). 
However, for porous metal supports (particularly with media grade 
≥0.5 μm), the closure of the large superficial pores via introduction of a 
filler and/or the deposition of an interdiffusion barrier are crucial, un
avoidable steps to ensure gas tightness of the metallic supported Pd 
membrane and prevent Pd-metal interaction. Their presence in the 

Fig. 11. Density plot of Δ, Ra and Rz for each support of the sample batch of supports completed with the γ-Al2O3 interdiffusion barrier.  

Fig. 12. Average pore diameter density plot evolution. Comparison between 
solely polished and etched supports, asymmetrically filled supports, and sup
ports equipped with interdiffusion barrier. 
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support structure and their design was shown to significantly impact 
membrane’s H2 permeation [65–67]. 

The characteristic exponent of M3 was retrieved via linear fit of the 
H2 permeating flux across the membrane at 400, 450 and 500 ◦C 
(Fig. 13) and amounts to n = 0.5 with a R2 = 0.99. Moreover, the 
membrane’s activation energy amounts to Ea = 9.6 kJ/mol, well in 
agreement with values of activation energy for metallic supported Pd- 
based membranes [25,60]. 

By fabricating M3, the proposed support preparation procedure 
resulted once again in a highly selective membrane (at constant Pd–Ag 
layer thickness). However, to fully confirm a statistical (and not solely 
observational) correlation between the Pd layer performance in terms of 
H2 permeance and H2/N2 selectivity and the support variables Δ, Ra, Rz, 
and d further DoE studies with an increased number of membrane rep
etitions must be carried out. To reproduce the supports proposed in this 
work, the analysis suggests the adoption of the proposed targets for the 
modification of PSS/steel alloy supports with similar superficial char
acteristics, rather than a set-in-stone fabrication procedure. 

4. Conclusions 

Twenty Hastelloy X porous supports, drawn from a supplied supports 
population, were successfully pre-treated to increase their suitability for 
Pd deposition via electroless plating. The operated pre-treatments were 
polishing, etching, symmetric and asymmetric filling with α-Al2O3 par
ticles (18 μm, 5 μm, 1.5 μm) and γ-Al2O3 interdiffusion barrier deposi
tion. Each pre-treatment step was thoroughly characterized to elucidate 
the supports’ surface evolution. 

A Design of Experiment coupled with ANalysis Of VAriance as sta
tistical analysis tool was successfully applied to infer on the morpho
logical effects operated by each pre-treatment on the chosen filter’s 
population. 

Suitable targets for supports reproducibility were drawn from the 
analysis and its comparison with best performing membranes as: Ra <
0.8 μm, Rz < 7 μm, average pore diameter after asymmetric filling 
~100–500 nm (most effective particle size for reduction ~18 μm), 
average pore diameter after interdiffusion barrier deposition ~100 nm, 
and in-pore leveling (Δ) < 6 μm (most effective particle size for leveling 
≤ 5 μm). 

These considerations offered further insight on employment of sta
tistics as tool of analysis for composite inorganic membrane preparation, 
as well as targets to reproduce supports with suitable superficial char
acteristics for Pd deposition via electroless plating. 
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