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Abstract: The purpose of this study is to find the optimal operating conditions for a Pd82-
Ag18/α-Al2O3 membrane during transient start-up, resulting in the highest hydrogen recovery rate 

and the shortest time lag. Utilizing a configuration of membrane, flow meters and gas 

chromatography to analyze the effluent gas composition, the membrane's flow rate was adjusted, 

and temperature was varied from 325 to 375 ℃. The best outcome was achieved with a rate 

variation of the shell-side 150 mL/min and a tube-side flow rate variation of 200 mL/min at 375 °C, 

resulting in a 37% average hydrogen recovery rate and time lag of 2 hours. In short, the study 

found that temperature and flowrate affected time lag, with a linear relationship between 

temperature and hydrogen recovery with also considering the presence of other DRM gas that can 

decrease the membrane’s partial pressure which effects the permeability due to dilution and 

competitive inhibition.  

Keywords: Pd-Ag membrane; transient start-up; DRM effluent; time lag; metallic membrane; 

hydrogen separation; flow rate 

1. Introduction

Energy is a necessary commodity for every aspect of

living and the world. These days, energy is utilized in 

almost every aspect of life, from domestic uses, 

transportation to power and industries1). According to 

Maduko and Akuru, energy demand kept rising at 2.3% 

annually2). Fossil fuels like natural gas and coal fulfils 

almost 80% of the world's energy needs.  

However, these fuel sources emit greenhouse gases 

(GHGs), such as carbon dioxide (CO2) and methane 

(CH4). The presence of greenhouse gases displays 

negative effects to the environment, contributing to the 

greenhouse effect, global warming, and climate change3–

5). To mitigate, a new alternative renewable energy 

should be introduced as a solution to gradually replace 

fossil-fuels. 

Hydrogen is one of the promising new alternative 

energies. These days, hydrogen is starting to be widely 

researched and developed by various countries as a new 

alternative energy source for the future6,7). As per fact 

that it can be used as a transportation fuel and safely 

converted with higher efficiency into thermal and 

electrical energy, hydrogen has been termed a 21st-

century energy8–10). 

Syngas (synthesis gas) is the main source of hydrogen 

feed and is formed when methane (CH4) and carbon 

dioxide (CO2) are reformated to produce hydrogen and 

carbon monoxide (CO), as well as significant amounts of 

hydrocarbons11,12). Several sources, such as natural gas, 

coal, and biomass, to virtually any hydrocarbon 

feedstock, can produce syngas; through hydrocarbon 

fuels through basic technologies: natural gas pyrolysis 

(NGP), methane stream reforming (SRM), methane dry 

reforming (DRM), methane autothermal reforming 
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(ATM), methane partial oxidation (POM), and other 

reforming processes13).  

The process of dry reforming methane is a promising 

reaction, as it converts two greenhouse gases CO2 and 

CH4 into syngas (CO and H2), which could be used as a 

chemical feedstock for industrial processes or 

applications, and mixed fuel for daily usage14). 

Furthermore, other side reactions can also happen during 

DRM process. For example, the CO produced by the 

DRM, reverse water-gas shift reaction (WGSR), and 

steam/carbon gasification can promote the Boudouard 

reaction, whereas the CH4 in the feed can decompose 

into carbon and H2
15). According to Nisa et al., the higher 

the conversion of CH4, the higher the production of H2
16). 

DRM operation itself stands at the lowest temperature 

than other methods, which is at 973 K. Other than that, 

DRM’s operation condition is at ambient pressure (1 bar) 

with an energy requirement of 24.50 kWh/kg H2 and 

62.13% in energy efficiency, making DRM one of the 

most prominent methods to produce hydrogen gas13). 

There are several separations and purification 

techniques of hydrogen, which are pressure swing 

adsorption (PSA), cryogenic distillation, and membrane 

separation. Separation by membrane methods have 

become more important in today’s development of 

environmentally friendly industrial processes, due to 

their lower use of energy from other methods17,18). 

Utilizing membrane, particularly Pd-based membrane 

for separation is proven to be more than twice as more 

energy-saving process than other common methods. Pd-

based membrane, which accounts as inorganic, metallic 

membrane, has stable properties and can withstand 

operation in high temperature and pH levels19). 

This proves the bright future and the promising future 

of palladium-based membrane for commercialization in 

industries20). Separation by Pd-based membrane provides 

a similar purity rate and production scale from the PSA 

and cryogenic distillation, with the advantage of 

requiring less energy than the other methods for 

continuous operation21). Inorganic membranes and 

polymeric, that are further classified to dense and porous 

membranes, are the two types used for H2 purification 

membranes. Dense palladium-based membranes are 

commonly used because of their high hydrogen 

permeability, chemical compatibility, and selectivity22). 

In order to increase hydrogen permeability, reduce 

embrittlement, and improve mechanical properties, rather 

than pure palladium, properties can be increased by 

adding a variety of substitute materials to palladium, 

such as nickel, gold, and silver23). Thin layers of 

palladium are therefore coated over porous supports 

made of metal or ceramic, and Pd-Ag alloys are used to 

prepare commercial permeator tubes with walls 150 µm 

thick for hydrogen purification and separation24). 

The volumetric rate of the feed gas25–28), the pressure 

differential at the membrane's two ends8,29), the operating 

temperature25,30–32), and the compositions of the feed and 

permeate28,33–35) all have an impact on the rate of 

hydrogen transport through the membrane layer. The 

transmembrane pressure difference, operating 

temperature, and feed volumetric flow rate all tend to 

increase hydrogen flux. The rate of permeation is 

significantly influenced by the partial pressure difference 

between the permeate and retentate sides of the 

membrane during membrane separation. According to 

Sievert's law, a greater H2 driving force will be created 

by a higher transmembrane pressure difference, speeding 

up the rate of H2 permeation. To raise the transmembrane 

pressure differential, sweep gas during operation, such as 

steam or nitrogen, can be used. The pressure difference 

produced increases with the sweep gas's flow rate. 

It is essential to consider the interactions between the 

components when separating hydrogen from gas 

mixtures. Other gases present on the palladium surface 

can certainly act as an inhibitor during hydrogen 

permeation. Carbon, oxygen, and steam have all been 

shown to have an effect on the structure of palladium36,

37). They reached the conclusion to the that H2O > CO > 

CO2 is the order in which the ability of gases to adsorb 

on the Pd-Ag surface film corresponds to the inhibition 

of hydrogen permeation. Oxygen can cause palladium 

oxide to form, resulting in rough surfaces that increase 

hydrogen permeability. As a result, pore openings on the 

membrane surface occur, reducing the membrane's 

selectivity. At high temperatures, carbon can inhibit 

permeation and cause porosity, especially when 

combined with oxygen.   

This study was conducted to observe the performance 

of the Pd82-Ag18/α-Al2O3 membrane to produce the most 

optimum hydrogen gas permeation from the membrane 

while considering several of the factors that may affect 

the membrane performance. Based on the explanation as 

aforementioned, the problem statement of this research 

which are the effects of the mixed gas flow rate as the 

effluent of DRM (consists of H2, CO2, CO, CH4), the 

nitrogen flow rate and also the operating temperature on 

the hydrogen permeation by the Pd82-Ag18/α-Al2O3 

membrane and time lag during transient start-up.  

2. Methodology

2.1 Equipment 

The experimental setup with a Pd82-Ag18/α-Al2O3 

membrane and analysis using Shimadzu GC-14B 

capillary column Gas Chromatography (GC) was 

established to collect data on hydrogen permeability 

throughout start-up. Figure 1 displays a graphic 

representation of the experimental setup. The setup has 

three sections: feed, membrane module, and gas analysis. 

Additionally, the Pd82-Ag18/α-Al2O3 film's composition 

was determined by measuring the gas flow rate using a 

mass flow controller (MFC) and a bubble soap meter.  
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2.1.1 Feed Gas Section 

The Pd82-Ag18/α-Al2O3 membrane's tube side was fed 

with a feed section made up of a gas mixture (50% H2, 

25% CH4, 15% CO, and 10% CO2). This mixed gas, in 

the main experiment, will be fed to the membrane’s shell 

side, and through the membrane, the hydrogen gas will 

be separated as the hydrogen will be permeated to the 

tube side of the membrane. All gas flows will be 

controlled by MCF to make sure accurate flowrate. To 

maintain the hydrogen partial pressure difference of the 

tube and shell sides, ultra-pure nitrogen was used in the 

shell side as a sweeping gas of the permeated.  

This partial pressure difference is important because it 

is the main driving force behind transfer of hydrogen 

through solution diffusion. Ultra-pure argon was used to 

clean and purge the Pd82-Ag18/α-Al2O3 membrane 

surface. 

Fig. 1: Experimental set-up of H2 separation using Pd82-

Ag18/α-Al2O3.  

*(GR: gas regulator, V: valve, TI: temperature indicator, TC: 

thermocontrol, BS: bubble flowmeter, GC: gas 

chromatography). 

2.1.2 Membrane Section 

The following technical aspects implement to the Pd82-

Ag18 membrane used in this study: weight composition 

of the Pd-Ag membrane (wt%): 82–18; membrane 

measurements: 100 mm membrane length; 20.2 m 

membrane thickness; 6 mm membrane outside diameter; 

5 mm membrane inside diameter; and 0.1 m mean pore 

diameter of α-Al2O3
38). The material of the shell was 

stainless steel, and the tube was the Pd82-Ag18/α-Al2O3 

membrane. To regulate the temperature of the membrane 

tube, a thermocouple and an adjustable temperature were 

used. 

2.1.3 Analysis Section 

All the data from this experiment were obtained from 

a capillary column Shimadzu GC-14B Gas 

Chromatography. A molecular sieve 5 Å column at 50 ℃ 

and a thermal conductivity detector at 50 ℃ and 70 mA 

were both included in the Gas Chromatography. In this 

experiment, ultra-high purity (UHP) argon (99.9995) is 

used as carrier gas in the gas chromatography (GC).  

2.2 Set-up Operation Procedure 

Comparison of Pd-membrane type and the effects of 

flow rate and temperature on membrane’s performance is 

conducted by literature review, experiments, and data 

processing. The variation of flow rate and temperature 

will be discussed in the latter section and comparing its 

performance will provide recommendations on what 

operating conditions should the membrane be used. The 

main factors to be evaluated are hydrogen recovery and 

time lag.  

In this research, there are 6 parts of the experiment 

which include the leaking test, equipment set-up, 

preparation stage (purging and heating), preliminary 

experiment, the main experiment, and data analysis of 

hydrogen recovery. The leaking test was conducted to 

make sure there was no leaking at the membrane module, 

where shell and tube side stream goes separately and did 

not merge. The preparation stage consisted of purging 

and heating, with this stage being conducted before every 

trial and variation of both preliminary and main 

experiment. 

2.2.1 Preparation Stage 

The purpose of purging was to clean the membrane 

from any impurities. Purging occurred in 3 stages. The 

first stage was purging by flowing 150 mL/min of UHP 

argon in both shell and tube sides for 30 minutes. This 

served to remove the initial air inside the membrane. 

Then it was purged with a 1:1 mixture of UHP argon and 

hydrogen for 30 minutes at 150 mL/min. This served to 

clean and remove any impurities in the membrane. The 

last step of purging was to purge the membrane again 

with UHP argon at 150 mL/min for 30 minutes. This 

stage served to remove the hydrogen from the membrane 

from the previous purging stage and to prepare the 

membrane for hydrogen separation. After purging, the 

membrane was heated by a furnace to 325 ℃ at 50 ℃ 

intervals and indicated by a thermocontrol. Heating 

conducted to activate the membrane and prepare it for 

hydrogen separation. After the membrane is ready, 

connect the effluent of the membrane to the gas 

chromatography. The gas retention time of the GC was 9 

minutes and data from the effluent of the membrane was 

collected every 15 minutes for 5 hours. 

2.2.2 Preliminary Experiment 

The preliminary experiment was conducted to observe 

hydrogen separation without other DRM gases present. 

In addition, this experiment was conducted to observe 

the separation value difference with the presence of other 

DRM gases at a constant temperature of 325 ℃ indicated 

by the thermocontrol as it was the minimum operating 

temperature of the membrane39). The inlet used for this 

preliminary experiment was 1:1 hydrogen-nitrogen 

mixed gas in the shell-side at 150 mL/min and UHP 

nitrogen in the tube-side at 200 mL/min. Data was 

collected and analyzed by the GC every 15 minutes for 5 
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hours. The data was saved in the data logger and the time 

lag was noted for further data treatment. 

2.2.3 Main Experiment 

The main experiment of this research was conducted 

to observe the hydrogen separation using DRM gas 

effluent. The gas composition used was a derivation of 

DRM process at 650 ℃ (50% H2 25% CH4, 15% CO, 

10% CO2)40). The mixed gas was flown into the shell-

side and nitrogen gas, which acted as a sweep gas, was 

flown in the tube-side. Both the shell and tube-side flow 

rates are controlled by an MFC. Temperature was also 

varied from 325–375 ℃ using furnace and monitored by 

thermocouple and indicator. The hydrogen from the 

mixed gas that is permeated to the tube side of the 

membrane is the data that will be collected by analyzing 

the GC results. The data was collected by the GC every 

15 minutes for 5 hours. The variation of the main 

experiment is shown in Table 1. 

2.2.4 Hydrogen in Permeate 

The retention time of the GC was 9 minutes and all 

data from the variations were taken at 15-minute 

intervals for 5 hours or longer. The gas chromatograph 

reading results was the composition of the permeate 

output gas and fresh feed represented by XH2, GC. Bubble

soap meter is utilized to quantify the gas flow rates. The 

feed composition was measured beforehand and was 

expressed as XH2, fresh feed  and its feed flow rate was

expressed as Ffresh feed. The value of the permeate flow 

rate was also measured by a bubble soap meter and was 

expressed as Fpermeate. To obtain the concentration of H2 

in the permeate, a mass balance was carried out. The 

hydrogen density in the permeate, fresh feed and detector 

streams were the same because the pressure and 

temperature were not significantly different in the three 

streams. The formula to obtain these is stated in Equation 

(1). 

ṁH2,GC = ṁH2,permeate + ṁH2,fresh feed
 

    (1)

𝑥𝐻2,𝐺𝐶 ×  𝐹𝐺𝐶 = (𝐹𝐺𝐶  ×  𝐹𝐺𝐶  ×  𝑥𝐻2,𝐺𝐶)

− (𝐹𝑓𝑟𝑒𝑠ℎ 𝑓𝑒𝑒𝑑  ×  𝑥𝐻2,𝑓𝑟𝑒𝑠ℎ 𝑓𝑒𝑒𝑑)

Table 1. Main experiment variations. 

Run 

Variable 

Mixed Gas 

Flow Rate 

(mL/min) 

Nitrogen 

Flow Rate 

(mL/min) 

Temperature 

(℃) 

2.1 150 150 325 

2.2 150 200 325 

2.3 200 200 325 

2.4 250 200 325 

2.5 150 200 350 

2.6 50 200 375 

2.7 100 200 375 

2.8 150 200 375 

2.9 200 200 375 

2.10 250 200 375 

2.2.5 Hydrogen Recovery 

The permeate side of the membrane which is the 

hydrogen flow rate was compared to the total hydrogen 

flow rate in the feed to determine the percentage of 

hydrogen recovery on the Pd82-Ag18/α-Al2O3 membrane 

for each variation of operating conditions. The amount of 

hydrogen flow rate at the shell outlet and tube inlet sides 

as measured by installing a flow meter was compared for 

hydrogen recovery in an expression known as the 

recovery of hydrogen, stated in Equation (2). In this 

research, the hydrogen recovery in one variation was 

presented into one representative value, which was the 

average hydrogen recovery. Average hydrogen recovery 

is the average hydrogen recovery of every hydrogen 

recovery data gained after the membrane performance 

passed the transient stage (which was indicated by time 

lag in one variation). 

H2Recovery =
mol permeated hydrogen in the tube side

mol hydrogen in feed gas
x 100%  (2) 

=
Fpermeate × xH2,permeate

Fmembranefeed × xH2, membrane feed

x 100% 

2.2.6 Time Lag during Start-up 

Time lag is defined as the time required for membrane 

performance to pass its transient stage, in order to reach a 

stable membrane performance level. In addition, time lag 

indicates the start of stable and steady hydrogen recovery 

rate, where the oscillation deviation response is below 

5%.  

3. Results and Discussion

3.1 Preliminary Experiment Results 

This preliminary experiment was conducted to observe 

hydrogen separation without other DRM gasses present. 

In addition, this experiment was conducted to observe 

the separation value difference with the presence of other 

DRM gases. The inlet gas used for this preliminary 

experiment is hydrogen-nitrogen mixed gas.  

The membrane was kept at constant operation 

conditions, at 598 K (325 ℃) and constant pressure. At a 

steady-state operation mode, 150 mL/min of H2-N2 gas 

feed was inserted into the Pd82-Ag18/α-Al2O3 membrane’s 

shell side. While 200 mL/min of ultra-high purity (UHP) 

nitrogen gas was inserted in the tube side. Then, the 

membrane separation was initiated for data collection 

every 15 minutes for 5 hours. To collect and obtain the 

data, install the gas detector for the hydrogen permeation 

effluent in every time interval. The obtained data was 

saved in the data logger and the time lag that occurs in 
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the process is noted for further data treatment. The result 

of the preliminary experiment is shown in Fig. 2. 

Fig. 2: Preliminary experiment result at 150 mL/min of H2-

N2 (shell) and 200 mL/min of UHP N2 (tube) at 325 ℃. 

Hydrogen permeates from the shell to the tube side as 

there was a lower partial pressure of hydrogen gas in the 

tube side compared to the shell side 𝑃𝐻2,𝑠ℎ𝑒𝑙𝑙
> 𝑃𝐻2,𝑡𝑢𝑏𝑒

. 

From Fig. 2, it was observed that the initial trend of 

hydrogen recovery was increasing up to around 25% 

from 0–0.75 hours then showed continuous fluctuation 

but at a decreasing trend, being stable from around 2 

hours onwards. The reason for the sudden increase in 

hydrogen recovery was due to the sudden presence of 

hydrogen gas which was initially not present due to 

purging. The driving force was the high partial pressure 

difference, leading to quick hydrogen permeation. The 

hydrogen recovery fluctuates as it was still trying to 

reach a steady state and adsorption-desorption 

equilibrium41). The time taken for the membrane to 

exhibit stable hydrogen recovery is known as the time 

lag where the oscillation deviation response is below 5%. 

In this experiment, it was more important to examine the 

membrane performance during the stable oscillation 

period as it was a more accurate representation of the 

membrane’s performance. By using Fick’s and Sievert’s 

Law shown in Equation (3) and taking note of the inlet 

and outlet flow rates of the shell and tube section, 

Equations (1) and (2) were used to determine the 

hydrogen recovery. From data processing, the average 

membrane performance is around 15% hydrogen 

recovery from the preliminary experiment. The result of 

this preliminary experiment was compared to similar 

research done by Budhi et al.42), where a 19% hydrogen 

recovery was obtained from a 50:50 H2/N2 gas mixture 

with flowrate of 1.5 mL/s and UHP nitrogen gas at 2.0 

mL/s conducted at 325 ℃ with a time lag of 1.94 hours 

using a Pd/Al2O3 membrane. 

𝐽𝐻2
=  𝑃𝑒𝐻2

° × 𝑒
−𝐸𝑎

𝑅.𝑇 × [
𝑃𝐻2,𝑟𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒

𝑛 −𝑃𝐻2,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝑛

𝛿
]      (3) 

3.2 Main Experimental Results 

Effect of Temperature on Hydrogen Separation 

The temperature effect was observed by heating the 

membrane module inside furnace in three different 

temperature variations (325 ℃, 350 ℃, and 375 ℃) 

while keeping the shell-side and tube-side flowrate 

constant between the variations (150 mL/min and 200 

mL/min, respectively). The temperature was controlled 

by furnace and indicated by a thermocontrol, while the 

hydrogen recovery was determined by using bubble soap 

flow meter and GC is used to analyze the gas 

composition of the effluent of the membrane. Time lag is 

measured when the hydrogen recovery is stable, and the 

oscillation deviation of hydrogen recovery is 

approximately 5%. The effect of temperature on 

hydrogen recovery is shown in Fig. 3. 

(a) 

(b) 

Fig. 3: Comparison of membrane performance at: (a) 

Different operating temperatures; and (b) Effect of temperature 

on time lag and hydrogen recovery with flow rate of shell-side 

and tube-side, 150 mL/min and 200 mL/min, respectively. 

The results of the operating temperature impact were 

consistent with the Sievert’s Law and Arrhenius Law, 

where increase in temperature was proportional to 

reaction rate which in this case increasing the rate for the 

hydrogen molecule to be adsorbed to the membrane 

surface, which also occur to the hydrogen flux. The 

permeability of hydrogen increased as temperature 

increased because the average kinetic energy of 

molecules is increased, which causes the hydrogen atoms 

to diffuse through the membrane faster9). Therefore, at 

higher temperatures, the diffusion rate of hydrogen is 

favored. The hydrogen permeability increased linearly 

with an increase in pressure difference regardless of the 

operating temperature, because the pressure difference 
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(Pfeed − Ppermeate) was the driving force for the diffusion 

process, Similar results were reported by other 

researchers38).The hydrogen recovery at 375 ℃ was 37% 

compared to 16% at 325 ℃. Due to an increase in the 

average kinetic energy of molecules, hydrogen became 

more permeable as temperature was raised43). 

3.2.1 Effect of Nitrogen Flow Rate on Hydrogen 

Separation 

Nitrogen was used as a sweeping gas in the 

membrane's tube side. A sweeping gas was used to 

maintain the hydrogen partial pressure difference 

between the shell and tube and to sweep permeated 

hydrogen26). This pressure differential provides the drive 

for hydrogen to migrate through the Pd-Ag layer was 

created by this pressure difference42). The flowrate of the 

nitrogen gas was adjusted from 150 to 200 mL/min while 

the temperature and mixed gas flowrate were maintained 

at 325 ℃ and 150 mL/min, respectively. In Figure 4, the 

hydrogen recovery and time lag for both variations are 

displayed. The hydrogen recovery is calculated using 

Fick's and Sieverts' Law, which is represented in 

Equation (3), as well as Equations (1) and (2) regarding 

hydrogen recovery calculation. Time lag is measured 

when the hydrogen recovery is stable, and the oscillation 

deviation of hydrogen recovery is approximately 5%. 

Less time lag was experienced due to a faster flowrate 

of hydrogen gas which provided a higher partial pressure 

difference between the shell and tube section which 

promoted hydrogen permeation following Ficks’s and 

Sievert’s Law. Nordio et al. stated that the driving force 

of permeation can be affected by the existence thru of 

stagnant sweep gas in pores of membrane support, which 

will raise hydrogen partial pressure at the interface 

between the Pd-layer and support and reduce hydrogen 

diffusion support44). The low nitrogen flow rate had been 

linked to N2 concentration polarization on the membrane 

surface as the concentration of N2 gas increased over 

time, the dissociation of N2 to N became favorable and 

this was an irreversible reaction. There would be a higher 

probability of N atoms binding with H atoms forming 

NHx molecules which cover the surface of the 

membrane and lowering hydrogen permeability41). With 

a higher nitrogen flow rate, the higher the hydrogen 

permeate flux, the higher the hydrogen recovery. This 

increased the partial pressure difference which also 

increased the amount of hydrogen gas permeated. 

Moreover, a higher nitrogen flowrate could sweep the 

surface of the membrane causing NHx to be 

hydrogenated45). Therefore, a nitrogen flow rate of 200 

mL/min was kept constant for the experiment varying the 

mixed gas flow rate. The reaction mechanism of nitrogen 

on the Pd-membrane is shown in Table 2. 

Table 2. Reaction mechanism of nitrogen on Pd membrane27). 

(a) 

(b) 

Fig. 4: Comparison of membrane performance at: (a) 

Different nitrogen flow rate, and (b) Effect of nitrogen flowrate 

as sweep gas to hydrogen recovery on hydrogen recovery and 

time lag (T = 325 ℃). 

3.2.2 Effect of Mixed Gas Flow Rate on Hydrogen 

Separation 

The mixed gas effect to the permeation was observed 

by flowing a steady state flow rate to the shell-side of the 

membrane in different flow rates, from 50 mL/min to 

250 mL/min. The inlet flowrate was adjusted and 

controlled by MFC, while the hydrogen recovery was 

determined by utilizing bubble soap flow meter and gas 

chromatography result of the tube side of the membrane. 

From previous runs, higher temperatures resulted in 

higher hydrogen recovery, thus an operating temperature 

of 375 ℃ was used. The result of mixed gas flow rate 

variation on hydrogen recovery is shown in Table 3. 
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Table 3. Effect of mixed gas flow rate variation at 375 ℃. 

2.6 2.7 2.8 2.9 2.10 

Fshell-side 

(mL/min) 

50 100 150 200 250 

Ftube-side 

(mL/min) 

200 200 200 200 200 

Average 

Hydrogen 

Recovery (%) 

12 15 37 35 31 

A higher flower did not always bring a higher hydrogen 

recovery rate. In accordance to Sievert’s law shown in 

Equation (3), higher flow rate should bring higher flux 

up to a certain level. When the flow rate of the feed is too 

high, the hydrogen permeation does not depend on the 

feed gas flow rate. In addition, as the flow rate was too 

high, there was some hydrogen that left the membrane 

before being adsorbed28). The presence of other gases 

could reduce the flux of the permeating gas and present 

more fluctuating hydrogen recovery than without other 

gases present. Presence of gas could affect in two ways, 

either dilution or competitive adsorption43). In mixed gas, 

there are three other gases present besides hydrogen, 

which are CH4, CO2 and CO. Hence, the optimum flow 

rate for the shell and tube were 150 mL/min and 200 

mL/min respectively which resulted in 37% hydrogen 

recovery. 

Fig. 5: Schematic diagram of hydrogen permeation through 

Pd82-Ag18/-Al2O3 membrane42).

3.3 Determination of Optimum Operating Conditions 

for Hydrogen Separation 

In this study, Variation 2.8, which used 150 mL/min 

mixed gas (shell) and 200 mL/min nitrogen gas (tube) at 

375 ℃, produced the best results for hydrogen recovery 

and time lag. This flow rate variation provided sufficient 

partial pressure difference. A higher temperature brought 

significantly higher hydrogen recovery. This was because 

higher temperature provided more energy and pressure, 

increasing the average kinetic energy of molecules. As a 

result, the hydrogen atoms diffused through the 

membrane more rapidly, leading to the best hydrogen 

recovery and the shortest time lag. The optimum value of 

operating temperature for membrane performance in this 

experiment was 375 ℃.  The result of the main 

experiment is shown in Fig. 5 and Table 4. 

Fig. 6: Comparison of membrane performance with various 

mixed gas (MG) flow rate at 375 ℃ and 200 mL/min nitrogen 

flow rate. 

Table 4. Result of main experiment. 

Run Variable Average 

Hydrogen 

Recovery 

(%) 

Time 

Lag 

(h) 

FMixed Gas 

(mL/min) 

FNitogen 

(mL/min) 

Temper

ature 

(℃) 

2.1 150 150 325 10 4.25 

2.2 150 200 325 16 1.50 

2.3 200 200 325 14 2.00 

2.4 250 200 325 12 2.50 

2.5 150 200 350 29 1.00 

2.6 50 200 375 12 1.75 

2.7 100 200 375 15 3.25 

2.8 150 200 375 37 2.00 

2.9 200 200 375 35 4.50 

2.10 250 200 375 31 3.00 

4. Conclusion

In the preliminary experiment, the average hydrogen

recovery was 15%, with time lag of 2 hours. A decrease 

in hydrogen recovery after time lag was not observed. 

The presence of other DRM gas in the inlet; CH4, CO2 

and CO affected the hydrogen permeation as it decreased 

the hydrogen flux due to dilution or competitive 

inhibition. Flow rate and temperature of operation also 

affected the time lag of the membrane. It was observed 

that membranes with high partial pressure and at higher 

temperatures had a tendency of a shorter time lag and 

higher hydrogen recovery due to increased kinetic energy 

of the gas molecules. For shell-side variation, the 

optimum inlet flow rate of the mixed gas was 150 

mL/min, and the tube-side inlet flow rate of the nitrogen 

gas was 200 mL/min, as it brought the highest hydrogen 

recovery (37%) amongst other flow rate variation due to 
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greater partial pressure difference. With an hydrogen 

recovery average rate of 37% and time lag of 2 hours, 

Variation 2.8, which had flow rates of 150 mL/min on 

the shell side and 200 mL/min on the tube side, produced 

the best results. The Pd82-Ag18/-Al2O3 membrane 

performed best at a temperature of 375 ℃ in this study, 

but it has not been established whether that temperature 

is optimal for that membrane. In the future, some 

direction that could improve this research are conducting 

this experiment in a membrane reactor instead of only 

membrane, as part of process intensification towards 

blue energy, and examine the permeation behavior of 

hydrogen at a longer time interval (eg: 24 hours) to 

observe stability, and if possible to conduct the operation 

at forced unsteady state, as it was found to produce better 

and higher permeation rate. 

Acknowledgements 

The Indonesian Ministry of Finance and the Indonesia 

Endowment Fund for Education (LPDP) provided 

support for this study [grant number 

RISPRO/KI/BI/KOM/II/16507/I/2020]. The authors also 

would like to thank Institut Teknologi Bandung 

Department of Chemical Engineering for supporting this 

research as well as Gifu University for providing the 

Pd82-Ag18/α-Al2O3 membrane. 

References 

1) Skjærseth, Jon Birger, "Towards a European Green

Deal: The evolution of EU climate and energy policy

mixes." International Environmental Agreements:

Politics, Law and Economics 21.1 (2021): 25-41.

2) C. F. Maduko and U. B. Akuru, "Future trends on

global energy demand," Proceedings of The 4th

Electrical Engineering National Conference on

Energy Sources for Power Generation (2013)

(ES4PG, 2013).

3) Phung, Quoc Huy, et al, "Numerical simulation of

CO2 enhanced coal bed methane recovery for a

Vietnamese coal seam," Journal of Novel Carbon

Resource Sciences, 2 1-7 (2010).

4) Wibisono, Yusuf, et al, "Activated carbon loaded

mixed matrix membranes extracted from oil palm

empty fruit bunches for vehicle exhaust gas

adsorbers," Evergreen, 8(3) 593-600 (2021).

doi:10.5109/4491651.

5) Naimah, Mu’to, Farashinta Dellarosa Nanda

Pratama, and Muhammad Ibadurrohman,

"Photocatalytic Hydrogen Production Using Fe-

Graphene/TiO2 Photocatalysts in the Presence of

Polyalcohols as Sacrificial Agents," Evergreen, 9(4)

1244-1251 (2022). doi:10.5109/6625736

6) M. Al-Baghdadi, "An Overview of Hydrogen as an

Alternative Fuel" (2020), pp. 1–22.

doi:10.32545/202006

7) Chakraborty, Suprava, et al. "Hydrogen energy as

future of sustainable mobility." Frontiers in Energy

Research 10 (2022): 893475. doi:10.3389/893475

8) J. M. V. Castillo, T. Sato and N. Itoh, "Effect of

Temperature and Pressure on Hydrogen Production

from Steam Reforming of Biogas with Pd–Ag

Membrane Reactor." International Journal of

Hydrogen Energy (2015), pp. 3582–3591. doi:

10.1016/J.IJHYDENE.2014.11.053

9) M. N. Kajama, N. C. Nwogu and E. Gobina,

"Hydrogen Separation Using Inorganic Membranes.

In: Metal, Ceramic and Composite Materials," Trans

Tech Publications Ltd (2015), pp. 91–94. doi:

10.2495/SDP150381

10) Kar, Sanjay Kumar, Sidhartha Harichandan, and

Biswajit Roy, "Bibliometric analysis of the research

on hydrogen economy: an analysis of current

findings and roadmap ahead." International Journal

of Hydrogen Energy 47.20 (2022): 10803-10824.

doi: 10.1016/j.ijhydene.2022.01.137

11) A. Tavasoli and G. Ozin, "Green Syngas by Solar

Dry Reforming," Joule (2018), pp. 571–575. doi:

10.1016/J.JOULE.2018.02.017

12) R. A. El-Nagar and A. Ghanem, "Syngas Production,

Properties, and Its Importance" Sustainable

Alternative Syngas Fuel (2019). doi:

10.5772/INTECHOPEN.89379

13) A. M. Rodríguez A and A. Abánades, "Comparative

Analysis of Energy and Exergy Performance of

Hydrogen Production Methods" Entropy (2020), p.

1286. doi: 10.3390/e22111286

14) S. Jung, J. Lee, D. H. Moon, K. H. Kim and E. E.

Kwon, "Upgrading Biogas into Syngas Through Dry

Reforming," Renewable and Sustainable Energy

Reviews (2021), p. 110949. Doi:

15) I. C. Sophiana, F. Iskandar, H. Devianto, N.

Nishiyama and Y. W. Budhi, "Coke-Resistant

Ni/CeZrO2 Catalysts for Dry Reforming of Methane

to Produce Hydrogen-Rich Syngas," Nanomaterials

(2022), p. 1556. doi: 10.3390/nano12091556

16) K. S. Nisa, V. Suendo, I. C. Sophiana, H. Susanto, A.

Kusumaatmaja, N. Nishiyama and Y. W. Budhi,

"Effect of Base Promoter on Activity of MCM-41-

Supported Nickel Catalyst for Hydrogen Production

via Dry Reforming of Methane," International

Journal of Hydrogen Energy (2022), pp. 23201–

23212.

17) B.T. Sabarudin, S. Kartohardjono, "The

Combination of Coagulation-Flocculation and

Membrane Processes to Minimize Pollution of Tofu

Wastewater," Evergreen, 7(1) 56-60 (2020).

doi:10.5109/2740942.

18) Shaari, Norin Zamiah Kassim, Lydia Hannah Rozlee,

and Muhammad Faiz Basri, "Synthesis and

evaluation of polysulfone/chitosan/polyvinyl alcohol

integral composite membranes for the removal of

mercury ion," Evergreen, 8(2) 484-491 (2021).

- 3022 -



Utilizing a Pd82-Ag18/α-Al2O3 Membrane to Separate Hydrogen from Dry Reformer Effluent During Transient Start-Up 

doi:10.5109/4480733. 

19) Saputra, Hens, et al, "Preparation And 

Characterization of MCM-41 Membrane for Biogas 

Purification," Evergreen, 10(3) 1855-1861 (2023). 

doi:10.5109/7151735. 

20) A. Wunsch, P. Kant, M. Mohr, K. Haas-Santo, P.

Pfeifer and R. Dittmeyer, "Recent Developments in

Compact Membrane Reactors with Hydrogen

Separation," Membranes (2018), p. 107.

21) Amin, Muhammad, et al, "Issues and challenges in

hydrogen separation technologies," Energy Reports

9 (2023): 894-911.doi:10.1016/j.egyr.2022.12.014

22) Y. W. Budhi, I. Noezar, F. Aldiansyah, P. V. Kemala,

A. A. B. Padama, H. Kasai and Subagjo, "Forced

Unsteady State Operation to Improve H2

Permeability Through Pd–Ag Membrane During

Start-Up," International Journal of Hydrogen Energy.

(2011), pp. 15372–15381.

doi:10.1016/J.IJHYDENE.2011.08.110

23) Ø. Hatlevik, S. K. Gade, M. K. Keeling, P. M. Thoen,

A. P. Davidson and J. D. Way, "Palladium and

Palladium Alloy Membranes for Hydrogen

Separation and Production: History, Fabrication

Strategies, and Current Performance," Separation

and Purification Technology (2010), pp. 59–64.

10.1016/J.SEPPUR.2009.10.020

24) S. Tosti, M. Fabbricino, A. Moriani, G. Agatiello, C.

Scudieri, F. Borgognoni and A. Santucci, "Pressure

Effect in Ethanol Steam Reforming via Dense Pd-

based Membranes," Journal of Membrane Science

(2011), pp. 65–74.

doi: :10.1016/J.MEMSCI.2011.03.048

25) M. M. Barreiro, M. Maroño and J. M. Sánchez,

"Hydrogen Separation Studies in A Membrane

Reactor System: Influence of Feed Gas Flow Rate,

Temperature and Concentration of The Feed Gases

oon Hydrogen Permeation," Applied Thermal

Engineering (2015), pp. 186–193.

doi:10.1016/J.APPLTHERMALENG.2013.12.035

26) Y. W. Budhi, H. Rionaldo, A. A. B. Padama, H.

Kasai and I. Noezar, "Forced Unsteady State

Operation ffor Hydrogen Separation Through Pd–Ag

Membrane After Start-Up," International Journal of

Hydrogen Energy (2015), pp. 10081–10089. doi:

10.1016/J.IJHYDENE.2015.05.182

27) J. Catalano, M. G. Baschetti and G. C. Sarti,

"Influence of The Gas Phase Resistance on

Hydrogen Flux Through Thin Palladium–Silver

Membranes," Journal of Membrane Science (2009),

pp. 57–67. doi: 10.1016/J.MEMSCI.2009.04.032

28) W. H. Chen and I. H. Chiu, "Transient Dynamic of

Hydrogen Permeation Through A Palladium

Membrane," International Journal of Hydrogen

Energy (2009), pp. 2440–2448.doi:

29) E. Fernandez, A. Helmi, K. Coenen, J. Melendez, J.

L. Viviente, D. A. P. Tanaka, M. V. S. Annaland and

F. Gallucci, "Development of Thin Pd–Ag

Supported Membranes for Fluidized Bed Membrane 

Reactors Including WGS Related Gas," International 

Journal of Hydrogen Energy (2015), pp. 3506–3519. 

30) J. Catalano, M. G. Baschetti and G. C. Sarti,

"Influence of Water Vapor on Hydrogen Permeation

Through 2.5 Μm Pd–Ag Membranes," International

Journal of Hydrogen Energy (2011), pp. 8658–8673.

31) F. Trequattrini, O. Palumbo, S. Tosti, A. Santucci

and A. Paolone, "Promising Isotope Effect in

Pd77Ag23   for  Hydrogen Separation," 

ChemEngineering (2021), p. 51. doi: 

10.3390/chemengineering5030051 

32) Budhi, Yogi Wibisono, et al. "Effect of Co-existing

gases on hydrogen permeation through a Pd82–

Ag18/α-Al2O3 membrane during transient start-up."

Helion (2023). doi :10.1016/j.heliyon.2023.e16979

33) H. Kurokawa, H. Yakabe, I. Yasuda, T. Peters and R.

Bredesen, "Inhibition Effect of CO on Hydrogen

Permeability of Pd–Ag Membrane Applied in A 

Microchannel Module Configuration," International

Journal of Hydrogen Energy (2014), pp. 17201–

17209. doi: 10.1016/J.IJHYDENE.2014.08.056

34) 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 (2015), pp. 6566–6572.

35) H. Montesinos, I. Julián, J. Herguido and M.

Menéndez, "Effect of The Presence of Light

Hydrocarbon Mixtures on Hydrogen Permeance

Through Pd–Ag Alloyed Membranes," International

Journal of Hydrogen Energy (2015), pp. 3462–3471.

36) Wunsch, Alexander, et al, "Impact of product gas

impurities from dehydrogenation of perhydro-

dibenzyltoluene on the performance of a 10 μm

PdAg-membrane," Journal of Membrane Science

628 (2021): 119094. doi:

10.1016/J.MEMSCI.2021.119094

37) Escorihuela, Sara, et al, "Copper surface-alloying of

H2-permeable Pd-based membrane for integration in

Fischer–Tropsch synthesis reactors," Journal of

Membrane Science 619 (2021): 118516. doi:

10.1016/j.memsci.2020.118516

38) M. Miyamoto, R. Hayakawa, Y. Makino, Y. Oumi, S.

Uemiya and M. Asanuma, "CO2 methanation

combined with NH3 decomposition by in situ H2

separation using a Pd membrane reactor,"

International Journal of Hydrogen Energy (2014), pp.

10154–10160.

doi:10.1016/J.IJHYDENE.2014.04.170

39) G. Barbieri, F. Scura, F. Lentini, G. D. Luca and E.

Drioli, "A novel model equation for the permeation

of hydrogen in mixture with carbon monoxide

through Pd–Ag membranes," Separation and

Purification Technology (2008), pp. 217–224.

40) F. G. M. D. Medeiros, F. W. B. Lopes and B. R. D.

Vasconcelos, "Prospects and Technical Challenges in

- 3023 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 04, pp3015-3024, December, 2024 

Hydrogen Production through Dry Reforming of 

Methane," Catalysts (2022). p. 363. doi: 

10.3390/catal12040363 

41) Y. W. Budhi, H. K. Irawan, R. A. Fitri, T. A. S. E.

Wibisono, E. Restiawaty, M. Miyamoto and S.

Uemiya, "Effect of Co-existing gases on hydrogen

permeation through a Pd82–Ag18/α-Al2O3

membrane during transient start-up," Heliyon (2023),

p. e16979. doi: 10.1016/j.heliyon.2023.e16979

42) Y. W. Budhi, W. Suganda, H. K. Irawan, E.

Restiawaty, M. Miyamoto, S. Uemiya, N. Nishiyama

and M. V. S. Annaland, "Hydrogen Separation from

Mixed Gas (H2, N2) Using Pd/Al2O3 Membrane

Under Forced Unsteady State Operations,"

International Journal of Hydrogen Energy (2020), pp.

9821–9835. doi: 10.1016/j.ijhydene.2020.01.235

43) Bellini, Stefano, et al. "Mass transport in hydrogen

permeation through Pd-based membranes," Current

Trends and Future Developments on (Bio-)

Membranes. Elsevier (2020). 63-90. doi:

10.1016/B978-0-12-818332-8.00003-X

44) M. Nordio, S. Soresi, G. Manzolini, J. Melendez, M.

V. S. Annaland, D. A. P. Tanaka and F. Gallucci,

"Effect of sweep gas on hydrogen permeation of

supported Pd membranes: Experimental and

modeling," International Journal of Hydrogen

Energy (2019), pp. 4228–4239. doi:

10.1016/J.IJHYDENE.2018.12.137

45) B. Chantaramolee, A. A. B. Padama, H. Kasai and

Y.W. Budhi, "First Principles Study Of N and H

Atoms Adsorption and NH Formation on Pd(111)

and Pd3Ag(111) Surfaces," Journal of Membrane

Science (2015), pp. 57–63. doi:

10.1016/J.MEMSCI.2014.09.048

- 3024 -




