
Manual Electrochemical Impedance Spectroscopy

F17Q4 - Membrane technology and processes∗

Department of Engineering, Aarhus University, Hangøvej 2, 8200 Aarhus, Denmark

1 Introduction

Nafion is used as a proton-conductive membrane in different applications requiring selective ion-conductivity,
for example in vanadium redox flow batteries. In a redox flow battery cell, it is important to keep the
electrical resistance low. In this exercise you will investigate the resistance in a single graphite cell by
Electrochemical Impedance Spectroscopy (EIS). EIS is a powerful technique able to disentangle the differ-
ent resistances, ohmic and capacitive, present in a complex system such as a flow cell.

Membrane Course 2017

For this exercises you will mount a sample of Nafion membrane in a flow cell and you will run EIS
in different conditions (both in pure acid and in a salt solution). Here you will be asked to chose
between different salts (e.g. LiCl, NaCl, KCl, or VCl3); please consider that you will need to use
the same salt as in the partitioning/solution uptake experiments.
The main aim is to discriminate the different resistances which are present in a a flow cell and to
measure the proton and ionic conductivity.

2 Intended Learning Outcomes

After this class you are expected to:

� be able to set up an EIS measurement in a graphite flow cell using Nafion;

� discuss the theory behind the EIS technique;

� determine the cell resistance and identify diffusion and mass-transfer limited regions;

� describe the concepts of a Nyquist and a Bode phase plot.

3 Introduction to Electrochemical Impedance Spectroscopy

Electrochemical impedance is the response (current) of an electrochemical system to an applied potential.1

When varying the frequency of the applied voltage, processes occurring on vastly different time-scales can
be studied. In that way EIS studies the perturbation of the electrochemical system with an alternating
current (AC) signal.

Figure 1 shows a diagram of the measurement set-up. A potential is typically imposed on the work-
ing electrode of the electrochemical cell plus a sinusoidal function of the angular frequency ω (5-10 mV
amplitude). The measured response is the magnitude of the AC current (see Figure 2).

∗Can you help us to improve this manual? Comments and suggestions e-mail to: wedege@eng.au.dk, jcatalano@eng.au.dk, edraze-
vic@eng.au.dk, bentien@eng.au.dk

1Theoretical treatment can be found in Chapter 10 of Electrochemical Methods - Fundamentals and Applications, by Bard and
Faulkner
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Figure 1: Schematic of measurement set-up for an AC impedance spectroscopy measurement.

Impedance is basically the time-dependent resistance Z = V (t)
i(t) , where Z represents the impedance, V

the potential and i current. Impedance contains both a real and imaginary part:

Z (ω)= ZRe − jZim with j =
p
−1 (1)

Usually the impedance varying with frequency is of interest, and can be displayed in various ways. In
a Bode phase plot (see right panel in Figure 3), the phase angle φ is plotted against the logarithm to the
frequency ω. The phase angle is the difference between the sinusoidal current and potential response of
the system.

Figure 2: Relationship between alternating current and voltage signals at frequency ω, e = potential and
I = current.

The most common plot is called a Nyquist plot (see left panel in Figure 3), which displays ZRe on the
x-axis and −ZIm on the y-axis for different frequency values.

With reference to the Nyquist (left panel in Figure 3) the frequency is highest to the left and lowest
to the right. The intercept with the x-axis gives the resistance (here 100 Ω). If the system was purely a
resistor, the Nyquist plot would just be a dot on the x-axis at the resistance value - and consequently, if we
add a resistor in series to the parallel RC circuit, the semi-circle would shift right and the intercepts move.
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Figure 3: Nyquist (left panel) and Bode phase (right panel) plot for a parallel series-capacitor circuit
with R = 100Ω and C = 1µF.

If it were a RC parallel circuit, a vertical line would appear.

An electrochemical cell can be represented as a system (equivalent circuit) of resistors and capacitors,
and so we can in principle interpret impedance data measured on real electrochemical systems (e.g. a cell
with a membrane in electrolyte solution) in terms of equivalent electrical components (see Figure 4).

Figure 4: Equivalent circuit of simple electrochemical cell and subdivision of the faradic impedance into
charge-transfer resistance and Warburg impedance.

In an electrochemical cell consisting of an electrolyte solution (containing an electroactive species)
and electrodes, the faradaic impedance Zf (which is the resistance and capacitance acting jointly at the
surface of the electrode) can be divided into the charge transfer resistance Rct describing the kinetics of the
electrode-solution electrochemical reaction and the so-called Warburg impedance ZW representing a kind
of resistance to mass transfer. The ohmic resistance of the solution, cables etc. are usually denoted RΩ. In
the absence of electroactive species in the solution, the observed impedance is referred to as non-faradaic
impedance.

Manual Electrochemical Impedance Spectroscopy April 2017



In the high-frequency limit, the Warburg impedance becomes unimportant, and the response
can be considered taking only Rct into account (see Figure 5)

Figure 5: The ideal Nyquist plot in the absence of the Warburg impedance (equivalent circuit
shown to the right).

In the low-frequency limit, the frequency dependence comes purely from the Warburg impedance
terms, and thus a linear correlation between ZRe and ZIm to the right in the Nyquist plot indicates
a purely diffusion-controlled electrode process (see right-hand side of Figure 6).

Figure 6: Full Nyquist plot for electrochemical cell showing regions of mass-transfer limitations
(diffusion, Warburg) and kinetic (from kinetics of the electrochemical reaction, charge-transfer

resistance).

Therefore, to get the full picture of the cell processes, a wide range of frequencies are usually scanned
(106 to 10−4 Hz), which can be time-consuming for low-frequency measurements, but this is where infor-
mation regarding mass transfer controlled processes are usually found.

Consider now instead of an idealized electrochemical system with one electrolyte solution the situation
in which an ion-exchange membrane separates two electrode compartments (graphite) and electrolyte is
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flowed through the compartments, as in Figure 7. The system is naturally more complex, and the Nyquist
plot will be a combination of more than one semicircle, that are usually not well separated. Membrane
processes are slow compared to electrode-electrolyte processes, but membrane characteristics can in theory
be obtained from impedance measurements and modelling.

Figure 7: Schematic of a cell consisting of two graphite electrodes and two flow-compartments for
electrolytes separated by an ion-exchange membrane.

Treatment of a system consisting of a cation-exchange membrane and two adjoining solution diffu-
sion layers can be found in the paper Electric equivalent circuit of an ion-exchange membrane systems,
Electrochimica Acta 56 (2011) 1262-1269 for the interested student. It includes at least two RC parallel
circuits, and detailed investigation and modelling of the system is beyond the scope if this course.

4 Equipment and Experimental Procedure

• CHI660E potentiostat

• Graphite flow cell

• 1 M HCl solution (2x100 mL)

• KOH, NaOH, LiOH or VCl3

• Nafion equilibrated in HCl (at least 24 hours)

• Torque wrench

Experimental Procedure

1. Assemble the cell with Nafion in acidic form
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Cell components

2x graphite blocks with flow field
2x 1mm Teflon gasket
4x plastic aligners (use 3 if one gets stuck)
8x bolts
2x steel plates
2x rubber isolators
2x gold current collectors
6x carbon papers (3 for each side of the membrane)

Ask an instructor to monitor your assembly of the cell.
Place one Teflon gasket on top of a graphite block and place the plastic aligners. Carefully add 3
carbon papers, the membrane, 3 carbon papers and the last graphite block. Position on the steel
plate with the smallest holes on top of the gold plate, which is separated from the steel plate by the
rubber separator.

Place the last gold plate, rubber separator and steel plate on top and add the 8 screws as shown.
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When tightening the screws, always tighten the one opposite afterwards and tighten them only a
little at a time. It is important to keep the alignment. The torque on the torque screw or lever
should not be exceeded. Connect the cell to the flow system making sure that you suck liquid out of
the cell, do not push it in.

2. Circulate water in the cell to check for leaks and air bubbles.

3. Exchange the water with 100 mL 1 M HCl on each side, circulate the electrolyte and make sure there
are no leaks and air bubbles.

4. Connect the potentiostat leads to the gold plates. The red and white wire connects to one side, and
the black and green to the other. Turn on the potentiostat.

Performing the Measurement

5. On the computer connected to the potentiostat open the chi660e software

6. Under Setup perform Hardware test

7. Under Control choose cell and indicate that you are using 4 electrodes in the menu to the right.
You have to make sure this is ticked each time you run a measurement.

8. Click the symbol named iR-Comp and click test in the window that opens. Which resistance do
you get under flow and under no-flow conditions (note it down)? The number should be below 1 ohm.
If you get higher values check that the leads are connected securely.

9. Under Setup - Technique choose OCPT- Open-circuit-potential - Time. Measure the open-
circuit potential for a couple of minutes, it should be close to 0 V.

10. Under Technique choose IMP - A.C. Impedance. Go to Setup - Parameters choose a high fre-
quency limit of 12000 Hz and a low of 0.01 Hz and an amplitude of 10 mV. Make sure 4-electrodes is
ticked off under Control - cell.

11. Record an EIS spectrum in the acid under no flow conditions. Save the data in a folder in your name.
A .CSV data file should be automatically generated, but please check that it does and check in the
file (open in notepad) that the measurement parameters are as they should be.

12. Click the button showing a little graph , this brings out the Nyquist plot. Zoom in on the very
first part of the graph, where you should see a small semi-circle. Have an instructor check your plot
before moving on. The Bode plot can be found by going to Graphics - Graph options and choosing
Bode plot in the drop-down menu.
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13. Make sure that you record EIS spectra for: 1 M HCl at no flow conditions and in flow (e.g 60 mL
min−1)

While you wait for your spectra, you should model and study the Nyquist and Bode plots of
the different circuit elements marked in blue in this manual. This can be done in the chi660e
software, but please do it on another computer in the lab than the one you are running
measurements on. Remember to consider the frequency range in which you model (why?).

14. Add the corresponding iodide salt to each container to reach 1 mM I–. Pump the system and let it
equilibrate for 10 min.

15. Record EIS specta under no flow conditions and in the same flow as used with pure HCl.

16. Take out the solution (200 mL) and flush the cell with water. Neutralise it with the corresponding
hydroxide i.e. either KOH, NaOH or LiOH so that you have a salt concentration of 0.5 M (if you are
using VCl3 do not neutralize, but simply exchange the solutions to the 0.5 M solution available from
an instructor). Leave the cell to equilibrate for at least 10 minutes and preferably 20-30 minutes if
you have time.

17. Record EIS specta under no flow conditions and in the same flow as used before.

18. By the end of the day, turn of the pumps (take out the chords) and start an EIS spectrum going from
12000 Hz to 10−4Hz - this will run overnight. Remember to agree with an instructor when you will
come to the lab and collect the data and disassemble the cell!

5 Experimental and Theoretical Questions
Experimental

1. Import the data into excel (or other program for data analysis you prefer) and plot the Nyquist plots
(Z on the x-axis and −Z′′ on the y-axis) and the Bode phase plots. Describe the differences you see
in terms of:
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• cell resistance

• mass transfer (flow/no flow)

• phase shift

and provide your explanations for what you observe. You may include insights from your modelling.

2. Assuming that the ohmic resistance at the high frequencies is purely related to the membrane prop-
erties, calculate the change in membrane conductivity when going from HCl to the salt solution
according to Eq.(2):

σ= 1
R

· δmem

Amem
(2)

where δmem = 200µm is the thickness of the membrane in wet conditions and Amem is the active area
of the flow cell.Is this a reasonable assumption? Why/why not?

Theoretical

1. Draw schematically a simplified electrochemical double layer on a carbon electrode in HCl solution
in the case a) a negative potential is applied to it and b) a positive potential is applied to it. Is the
electrochemical double layer on the Nafion surface influenced by this? Draw it as well (you can e.g.
edit Figure 7).

2. Draw schematically a Nyquist plot (in pure HCl) for a membrane that is twice as thick as the one
you have recorded data on. Consider also what happens, if the membrane area increases.

3. Consider what would happen to the Nyquist plot if one of the electrolyte flow compartments was
increased in thickness (e.g. by moving the three carbon papers).

4. Based on the diffusion coefficients of HCl and your chosen salt, at which frequency do you expect to
observe mass-transfer limiting processes?

D = a2

π2 · 1
τ

(3)

where a is the characteristic length of the diffusion process and 1
τ

is the characteristic frequency.
Compare to your data plots and comment on your choice of a.
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Manual Hydraulic Permeability

F17Q4 - Membrane technology and processes∗

Department of Engineering, Aarhus University, Hangøvej 2, 8200 Aarhus, Denmark

1 Introduction

The hydraulic permeability is a measure of the ability of a membrane to transport solution when the two
sides of the membrane are subjected to a differential pressure. It is an extensive variable hence dependent
by the geometrical dimension of the sample (i.e. membrane thickness and active membrane area). Theory
and equation can be found in e.g. Ref. [1].

Figure 1: Cell to be used to measure the hydraulic permeability and streaming potential experiments.
The schematic to the left is a cross-section of cell while the one to the right represents a top-view.

Chamber A is the chamber to which pressure is applied and B the chamber with atmospheric pressure or
measuring tubing. The two chambers are symmetric except for the presence of the membrane support in
the chamber B to avoid deformations of the membrane due to the applied pressure. a) chamber inlet used
for applying pressure. b) Fitting with Ag/AgCl electrode. c) chamber outlet connected with the pressure
transducer. d) chamber outlet that can be left open during streaming potential or that can be connected

with a tube to measure the liquid meniscus movement during hydraulic permeability tests. e) membrane
(active area of 3.14 ·10−4 m2). f) membrane support. The drawing is not drawn in scale, From: Sofie

Haldrup, Novel ion-conductive membrane process for conversion of pressure into electrical energy, Master
thesis.

The hydraulic permeability is measured using the cell depicted in Figure 1. The cell is made of two
identical compartments A and B separated by a membrane and a membrane support. One compartment
is left open to the surroundings to ensure the atmospheric pressure (Chamber B). To the other chamber
(Chamber A) a hydrostatic pressure is applied by connecting the chamber inlet (a in Figure 1) to an Argon
cylinder. The differential pressure in the experiments can range from 0.1 bar up to 3.0 bar and is
adjusted through a pressure regulator. The applied hydrostatic pressures should be left on until
a clear steady state for the solution flow (linear solution flow versus time) has been achieved.
The solution flow is measured following the movement of the meniscus in the capillary during time. In
particular it is possible to monitor and record the meniscus movement by recording the pressure in the low
pressure half-cell. The pressure indicator in the low pressure side will register the hydrostatic pressure
that is the height of the solution column above it. In a second moment considering the cross-sectional
area of the capillary and the conversion of the units bar and mm of water, the solution flow in terms of
m3/s can be calculated. The time needed before a steady state condition is reached (related to mechanical

∗Can you help us to improve this manual? Comments and suggestions e-mail to: jcatalano@eng.au.dk, bentien@eng.au.dk
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deformation of the membrane) varies depending on the operating conditions and the membrane used in
the experiments (see comments in Ref. [1]).

Depending on the experimental time several points at different pressures can be recorded to increase
the precision of the measured permeability.

Membrane Course 2017
The cell is preassembled with a Nafion117 membrane. Initially data is to be collected with the
preassembled cell.
Optional Then the cell can be reassembled and installed with an unknown membrane and new
data collected.

2 Intended Learning Outcomes

After this class you are expected to:

� Be able to perform hydraulic permeability experiments;

� Analyze the data to quantify the membrane permeability;

� Critically discuss the concept of electroviscous flow.

3 Equipment and Experimental Procedure

• Equilibrated membrane (stored for at least 24 h in the same solution as used in the experiment).

• circa 200 ml solution (i.e.. 0.03 M LiCl)

• 10 ml syringe and plastic tubing that will fit on top of the capillary tube

• An alley key and a single-end wrench number 11

• Two 1/8 inches compression stainless steel caps

Experimental Procedure
The notation used for the valves are shown in a picture in the end of this manual (Figure 3)! (Take a

good look at it
Emptying the cell- needed for the Optional execise

The cell is filled with a low concentration solution in order to avoid damaging the Ag/AgCl electrodes.
In the case you are performing the optional exercise at the end of the lab day please use the same Nafion
membrane you found in the set-up and leave the cell filled with the 0.03 M LiCl solution.

1. Place the small piece of plastic tubing and the syringe on top of the capillary tube. Make sure that
the two chambers of the cell are connected both to the inlet and outlet tubing. All the tubing should
be connected to an empty Duran bottle. Valve 1 and 3 should be closed when the pumps are started
and sub-sequentially be opened.

2. Starting the pumps. The pumps are started at the same time by connecting the wires (yellow and
green) to the pump on the backside of the setup (see Figure 2). When the pumps are running it can
be a good idea to tilt the cell to help along the removal of the solution (or air in the case of filling the
cell). Trash the solution you collected in the Duran bottle.
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Figure 2: Electrical connections of the pumps. Start connecting a green and a yellow crocodile to each
pump (the pump on the left side - low pressure side - should never run alone. To stop the pumps just

disconnect the wires.)

Opening the cell - needed for the Optional execise

3. Use the alley key to loosen the screw at the end of the scaffolding holding the cell. Remove but
keep the Nafion membrane since this is needed again after the experiment to keep the cell from
leaking. Place your membrane on the support and reassemble the cell. Remember to measure and
keep record of the membrane thickness in wet conditions.

Filling the cell

4. Fill up the Duran bottle with 0.03 M LiCl solution.

5. Place the small piece of plastic tubing and the syringe on top of the capillary tube, the syringe should
be pressed all the way in. Make sure that the two chambers of the cell are connected both to the inlet
and outlet tubing which should be connected to the Duran bottle containing the solution.

6. Valve 5 should be closed. Valve 2 and 4 should be open and valve 1 and 3 should be closed when the
pumps are started but these can subsequently be opened. Before starting the pumps, make sure that
the two inlets to the cell are well below the surface of the solution in the Duran bottle so solution will
be pumped into the system. The pumps are started (see the section starting the pumps). When the
pumps are switched on the half-cell to the left (low pressure side) will fill up slower because some of
the solution will be pumped into the syringe.

The syringe should be able to withstand this pressure, but just keep an eye on it in case it pops off.
It is important that all the air in the system is removed.

7. After the cell is completely filled with solution the pumps are swicthed off and valve 1, 2, and 4 are
closed.

8. When no air bubbles are observed in the system1 the syringe with plastic tubing is removed from
the capillary.

Measurement

9. Open the LabVIEW program Membrane setup M V1.5 (see Figure 4). Save the raw data in your
group folder.

10. Make sure that valve 5 and all other valves in the system are closed. Use the pressure regulator
to adjust the pressure for the experiment (between 0.1 and 3.0 bar). Make sure that the valve
connecting the pressure regulator and the gas flask is open.

11. Now open valve 5 and apply the pressure. An instant increase in volume on the low pressure side of
the cell is often seen which will cause the meniscus in the capillary tube to increase and may fill up
the whole tube. If the meniscus level is too high (see figure of set-up and solution level), valve 4 is
opened and the solution level is adjusted and the valve is subsequently closed.

1If bubbles are observed in the chamber and you are not able to remove them, use the following instructions. Unscrew the fitting
above valve 3 and disconnect the tubing connecting the pump to the valve. Pressed 2-3 ml of the solution in the syringe through the
system and out of the valve (this should remove any air trap inside the system). After this the valve is closed and a cap is added to
the open end of the valve. Disconnect valve 4 and the plastic tubing connecting the duran flask and the cell and open the valve. Now
use the rest of the solution in the syringe to flush out any residual air trapped inside the cell and out valve 4. In this case it is a good
idea to tilt the cell back and forth (often the air is trapped by the electrodes in the cell) to make sure that no air is trapped inside. If
the syringe runs dry before all air is out of the system refill the syringe with the solution from the Duran flask and repeat.
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12. After this has been done the LabVIEW program is started (arrow pointing to the right on the task
bar). Let the experiment run for 1 h or until the steady state conditions are achieved. In the be-
ginning a small decrease might be observed but after some minutes this should start to increase.
During this time it is possible to track the increase in meniscus level as a straight line using the
LabVIEW program (see figure 4).

13. Repeat step 10-12 using different pressure differences. If the solution in the high pressure half-cell
starts to run low use the procedure for refilling the cells.

14. After the experiments have been conducted, switch off the LabVIEW program. Empty the cell, take
it apart, place the Nafion membrane in the cell, refill with 0.03 M LiCl solution, and close all the
valves.

15. The labVIEW data file can be opened in excel or other preferred data processing programs. The im-
portant columns in the file are the time [s], pressure low [bar], pressure high [bar], and the potential
[mV].

4 Experimental and Theoretical Questions
Experimental

1. Considering the phenomenological transport equations describe which fluxes and force are present
during a hydraulic permeability experiment and which ones are constrained to be zero.

2. Make a plot of the pressure in the low pressure side cell as function of time. Make a copy of this plot
and perform linear regression on the part where the pressure increases linearly over time. Steady
state conditions should be reached. Note the slope of this curve [bar/s].

3. Convert the slope [bar/s] into volumetric flow [m3/s] considering the cross sectional area of the capil-
lary (written in the LabVIEW program). (Hint: Conversion between pressure and water level 10197
mm/bar)

4. Calculate the flux Jv [m/s]

5. Repeat 2-4 for all the used pressure differences. Show all the results in a table (only show calcula-
tions for step 2-4 for the lowest pressure difference).

6. Plot the determined flux as function of applied pressure difference. What is the hydraulic permeabil-
ity [m2 Pa−1 s−1] of the membrane? Should the plot be constrained to pass through the origin (0,0)?
Elaborate your answer.

7. Why is it important to make sure that no air bubbles are present in the system when measuring the
hydraulic permeability? (Compared to measuring the streaming potential).

Theoretical

8. Would you expect a larger or lower hydraulic permeability if the structure and membrane properties
of the membrane remained the same but the:

• Pore size of the membrane increased or decreased;

• The IEC increased or decreased.

Please elaborate your answers

9. Calculate the pore diameter in the membrane using the modified Hagen Poiseuille equation (lec-
ture notes transport propertiesI.pdf). Assume a porosity of 20%. Are there any easy ways of
measuring/estimating the porosity?

10. Does the concentration polarization affect the hydraulic permeability experiments?

References

[1] Kilsgaard, B. S.; Haldrup, S.; Catalano, J.; Bentien, A. J. Power Sources 2014, 247, 235-242.
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Manual Streaming Potential

F17Q4 - Membrane technology and processes∗

Department of Engineering, Aarhus University, Hangøvej 2, 8200 Aarhus, Denmark

1 Introduction

The streaming potential is a measure of the potential difference that is arising across a membrane when
a pressure gradient is imposed between the two membrane surfaces. It is an intensive variable hence
independent by the membrane geometry. Theory and equation can be found in Ref. [1].

The streaming potential is measured using the same cell used for the hydraulic permeability measure-
ment (see Figure 1). The cell consists of two identical compartments A and B separated by a membrane
and a membrane support. In each compartment an Ag/AgCl electrode are placed: the two electrodes are
connected to a computer through a National Instruments card to measure the potential across the mem-
brane. A membrane is placed between the two compartments which are afterwards filled with 0.03 M LiCl
solution. One compartment is left open to the surroundings to ensure the atmospheric pressure (Chamber
B). To the other chamber (Chamber A) a hydrostatic pressure is applied by connecting the chamber inlet (a
in Figure 1) to an Argon cylinder. The differential pressure in the experiments can range from 0.1 bar up
to 3.0 bar and is adjusted through a pressure regulator. The applied hydrostatic pressures should
be left for few minutes until a clear trend of the potential over time has been recorded (approx.
100 to 400 seconds). Applying a pressure difference across the membrane results in a potential differ-
ence which is recorded by the Ag/AgCl pair (b in Figure 1). The potential curve arising as a function of the
pressure gradient could afterwards be used for the determination of the streaming potential coefficient.

Figure 1: Cell to be used to measure the hydraulic permeability and streaming potential experiments.
The schematic to the left is a cross-section of cell while the one to the right represents a top-view.

Chamber A is the chamber to which pressure is applied and B the chamber with atmospheric pressure or
measuring tubing. The two chambers are symmetric except for the presence of the membrane support in
the chamber B to avoid deformations of the membrane due to the applied pressure. a) chamber inlet used
for applying pressure. b) Fitting with Ag/AgCl electrode. c) chamber outlet connected with the pressure
transducer. d) chamber outlet that can be left open during streaming potential or that can be connected

with a tube to measure the liquid meniscus movement during hydraulic permeability tests. e) membrane
(active area of 3.14 ·10−4 m2). f) membrane support. The drawing is not drawn in scale, From: Sofie

Haldrup, Novel ion-conductive membrane process for conversion of pressure into electrical energy, Master
thesis.

∗Can you help us to improve this manual? Comments and suggestions e-mail to: jcatalano@eng.au.dk, bentien@eng.au.dk
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Membrane Course 2017
The cell is preassembled with a Nafion117 membrane. Initially data is to be collected with the
preassembled cell.
Optional Then the cell can be reassembled and installed with an unknown membrane and new
data collected.

2 Intended Learning Outcomes

After this class you are expected to:

� Be able to perform streaming potential experiments;

� Analyze the data to quantify the streaming potential coefficient;

� Critically discuss the concept of concentration polarization.

3 Equipment and Experimental Procedure

• Equilibrated membrane (stored for at least 24 h in the same solution as used in the experiment).

• circa 200 ml solution (i.e.. 0.03 M LiCl)

• 10 ml syringe and plastic tubing that will fit on top of the capillary tube

• An alley key and a single-end wrench number 11

Experimental Procedure
The notation used for the valves are shown in a picture in the end of this manual! (Take a good look at

it (Figure 3)

Emptying the cell- needed for the Optional execise

See the corresponding section in the manual for the Hydraulic Permeability.

Opening the cell - needed for the Optional execise

See the corresponding section in the manual for the Hydraulic Permeability.

Filling the cell

See the corresponding section in the manual for the Hydraulic Permeability.

Measurement

1. After the cell is filled with solution the pumps are switched off, all the valves are closed, and the
syringe is removed. The two wires with crocodile clamps (connected to a National Instrument Card)
are connected to each electrode in the cell (see picture of set-up. Figure 3)

2. Start the program Membrane setup M V1.5 (see Figure 4). Save the raw data in your group folder.

3. LabVIEW measures the potential continuously which can be seen in one of the graphs (see picture
of LabVIEW program, Figure 4). The potential needs to be stable before a pressure can be applied
and this may take some minutes.

4. A preliminary experiment can be performed to check the increase in potential as pressure is applied.
Make sure all the valves are closed, adjust the pressure regulator to 1 bar, and open valve 5. An
instantaneous increase in potential should be observed followed up by a slower increase. If the
increase in potential compared to the slope of the baseline is large (both the instantaneous increase
but also the increase as function of time), the experiment should be continued for 5 min. If not the
experiment is terminated and you will need to wait for the baseline to stabilize more before starting.
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5. To terminate the experiment valve 5 is closed. Value 2 and the Duran flask is opened to release the
pressure.

6. The experiment is repeated at different pressure difference.

After the experiments have been conducted, switch off the labVIEW program. Empty the cell, take it
apart, place the dummy membrane in the cell, refill, and close all the valves. The labVIEW data file can
be opened in Excel or other preferred data processing programs. The important columns in the file are the
time [s], pressure low [bar], pressure high [bar], and the potential [mV].

4 Experimental and Theoretical Questions

1. Considering the phenomenological transport equations describe which fluxes and force are present
during a streaming potential experiment and which ones are constrained to be zero.

2. Plot the potential as function of the square root of time. Remember to shift the data: time zero
should be when the pressure is applied (see Figure 2 and the hint box).

3. Determine the streaming potential coefficient from the plot.

4. Plot the streaming potential as function the applied pressure difference and determine the streaming
potential of the membrane. Should the plot be constrained to pass through the origin (0,0)? Elaborate
your answer.

5. In the streaming potential measurement you have used the intercept at time t=0 (in a square root
plot) to determine the intrinsic potential jump due to a pressure gradient. Please discuss possible
errors in the determination of the time zero.

6. Plot the slopes of the increase in potential (over the square root of time) versus the applied trans-
membrane pressure difference. Does the plot show any interesting feature? Describe which factors
have influence on this slope.

Hint - Text and Figure from Ref [2]
The inset of Figure 2 shows the raw data for the determination of the streaming potential coefficient
(ν). A transmembrane pressure (∆p) of 90 kPa is applied at t = 0 and it induces an instantaneous
increase of the electrical potential (∆φ) across the membrane as indicated with (b-c). The following
increase in ∆φ with time (c-d) is caused by the concentration polarization in the vicinity of the
membrane surface and has a characteristic

p
t dependence. The intrinsic streaming potential (ν)

can be determined from extrapolation of ∆φ vs.
p

t to t = 0, which is shown in the lower inset
of Figure 2. This procedure has been repeated at various pressure differences up to 300 kPa and
the results are shown in the main panel of Figure 2. Here the streaming potential coefficient is
determined from the slope of the linear fit constrained to pass through the origin and gives ν = 9.30
·10−9 V Pa−1.
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Figure 2: Example of raw data for a collodion/SPS membrane [2]. Upper inset: shows the experimental
data of the potential (∆φ) as a function of time (t) when pressure (∆p = 90 kPa) is applied (please note the
present of 0.4 mV of offset). Lower inset: shows the same data but with a

p
t axis. When extrapolated top

t= 0, the intrinsic streaming potential difference (∆φ) is obtained. Main panel: shows the ∆φ as
function of ∆p and the streaming potential coefficient (ν) is obtained from a linear fit, constrained to pass

through the origin.
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Manual Ion Exchange Capacity and Partitioning

F17Q4 - Membrane technology and processes∗

Department of Engineering, Aarhus University, Hangøvej 2, 8200 Aarhus, Denmark

1 Introduction

The iec of a membrane is a measure of the density of the fixed charge groups in the membrane structure.
In Figure 1 the structure of Nafion (left panel) and the cluster-model structure proposed by Gierke et al.
(right panel) is shown. [1] The iec represents the concentration of sulfonic groups per weight unit of dry
membrane; these immobile charges in the polymeric structure are responsible for the co-ion exclusion, the
electrolyte sorption ability and the permselectivity of these membranes. Thus the iec is a fundamental
property of an ion exchange membrane. In this exercise you are going to measure via titration the iec, the
kinetic of the sulfonic groups protonation and you will measure the concentration of an aqueous solution
of your choice inside the membrane. The ratio between the concentration inside the membrane and in the
external phase is referred to as partitioning.

Figure 1: Structure of Nafion (Left). Cluster-network model for the morphology of fully hydrated Nafion
in the H+ form (right). [1]

Membrane Course 2017

iec: For this exercises you will have a sample of Nafion membrane which you will equilibrate in
acid solution (therefore all the sulfonic groups should be in the proton form also called H+ form).
From the titration you will be able to measure directly the sulfonic content. Additionally you will
have a specimen of Nafion membrane equilibrated in an aqueous solution (e.g. LiCl, NaCl, KCl,
or VCl3) solution. In this case you will be able to have a first round approximation of the iec by
replacing the cations inside the membrane with protons, and by monitoring the pH of the solution
you will be able to estimate the characteristic time (kinetic) of the protonation process.
Partitioning: In this exercise you will measure the amount of electrolyte solution (e.g. LiCl, NaCl,
KCl, or VCl3) inside the membrane by eluting the solution out of the polymer and measuring its
conductivity. In this case, to perform the calculations, you need some additional information about
the water uptake of the membrane (included in this manual).

∗Can you help us to improve this manual? Comments and suggestions e-mail to: jcatalano@eng.au.dk, bentien@eng.au.dk
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2 Intended Learning Outcomes

After this class you are expected to:

� be able to perform titration experiments;

� analyse the data to quantify the membrane iec;

� relate the iec with membrane electrokinetic properties;

� critically discuss the structure of a cation exchange membrane;

� be able to perform a partitioning experiment and measure the internal solution concentration of a
membrane;

� discuss the kinetic of the exchange process.

3 Equipment and Experimental Procedure
Ion Exchange Capacity

• 1 x 250 ml Erlenmeyer flask (or beaker)

• 1 x 100 ml Erlenmeyer flask (or beaker)

• 1 x 150 ml volumetric flask

• 1 x 250 ml beaker

• NaCl, KCl, LiCl, demi water, Milli-Q water, weighing trays, scale, auto titrator, membrane samples

Experimental Procedure1

1. Take one 4 cm x 4 cm precut sample of Nafion and dry it in the oven at ∼60°C for 10 minutes. Use
the scale in the membrane lab to weight the sample2.

2. Put the sample in a 250 ml beaker and add 150 mL of 1 M hydrochloric acid solution. Gently stir the
solution for 20 minutes.

3. Dispose the hydrochloric acid solution, add demineralized water and rinse thoroughly. The deminer-
alized water is changed several times over 20 minutes.

4. Surface water is removed from the membrane using tissue paper and the membrane is put in a 100
ml empty beaker.

5. Prepare 250 ml of aqueous 2.0 M sodium chloride solution. Add 50 ml of the sodium chloride solution
to the 100 ml beaker and stir for 20 minutes. Repeat this step 2 times (do not throw out the
solutions!). Finally, combine the 2 x 50 ml solutions in a 250 ml beaker.

6. Use a pipette to transfer 40 ml of the combined solutions to a 250 ml beaker and titrate this with
0.01000 M sodium hydroxide using the Metrohm autotitrator (Analytical laboratory) with pH elec-
trode. The volume needed to reach the equivalence point (EP) is noted.

7. Repeat point 6 a second time to get a duple determination of the volume.

Water (solution) uptake, protonation, and partitioning

You will find several samples of membrane equilibrated overnight with different solutions (e.g. LiCl,
NaCl, KCl, or VCl3). The aim here is that each group will characterize a membrane equilibrated
with different solution to discuss later on the course the influence of the different ions on the
membrane properties. Also you will use the same solution you chose here for the Electrochem-
ical Impedance Spectroscopy (or vice-versa if you perform the EIS experiment before).

1This procedure is used for cation exchange membranes and it is adapted from Ref. [2]
2Usually the dry weight determination is carried out with longer equilibration time to ensure that the sample has lost the majority

of the water sorbed in the polymeric structure. For time constrains here we speed up this step, knowing that the results will be
affected by some degree of uncertainties. In any case these errors should be minimal since the sample was stored in relatively dry
conditions overnight.
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150 ml 1 M HCL 
Membrane in H+ form 

Dem water to remove 
the excess of HCL 

2 X 50 ml 2.0 M NaCl 
Exchange H+ with Na+ Titration (pH electrode) 

Figure 2: Representation showing the steps in the experimental procedure (From Mette Kristensen,
Aarhus University, 2014)

• 3 membrane samples (two large and a smaller piece) equilibrated with ∼100 ml of solution (you will
find them in the same flask)

• 2 magnetic stirrers

• conductivity electrode

• pH electrode

• calibration curve

At the end of the laboratory day please store the membranes in the same solution you have
found them.

Experimental procedure

Protonation

1. Choose the solution you would like to analyse

2. Prepare a beaker with 50 ml HCl solution (pH 2). The calculations you will need to perform
are based on the volume of solution you are using, hence be rather precise. Add a magnetic
bar to stir the solution and place the beaker onto the magnetic stirrer. Add the N2 line for bubbling
as well.

3. Remove one of the largest sample of the Nafion membrane from the flask and carefully remove the
solution on the surface (bottling) with a tissue paper.

4. Put the membrane sample in the beaker with the HCl solution and monitor (and write down) the
pH values as a function of time by means of the pH electrode. Continue monitoring the pH for 30
minutes or until no appreciable changes in the pH are noted.

Solution uptake

5. Bottle the membrane sample (small sample in the flask) before measuring the wet weight.

6. Dry the membranes in the oven at temperature ∼60 °C for at least 30 minutes (here will be better to
allow more time for removing the great majority of the water)

7. Measure the dry weight.

Partitioning
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8. Prepare a beaker with 20 mL of Milli-Q water (resistance ∼ 18 MΩ, test it with the conductivity
probe) and add a magnetic bar to stir the solution. Place the beaker onto the magnetic stirrer.

9. Remove the last piece of membrane (large sample) form the flask and bottle it.

10. Put the membrane sample in the beaker with water and stir the solution for a few minutes (e.g. 10
min).

11. Transfer the solution to a smaller beaker add the conductivity probe to the beaker and start to
monitor the conductivity. Here the cell constant for the electrode is 12.1 cm. Write down the value
when a stable measurement has been achieved.

4 Experimental and Theoretical Questions
Ion Exchange Capacity

Experimental

1. Describe the purpose of each of the steps in the procedure (what happens with the SO−
3 groups?)

2. Calculate the ion exchange capacity [meq g−1 dry membrane] by using Eq.(1) and comment on the
result.

iec = VNaOH

mdry,mem
· cNaOH

Vsample,tot

Vsample
(1)

Here Vsample and Vsample,tot are the volumes of the liquid sample at the beginning and at the end of
the titration experiment, respectively.

Theoretical

3. Using Figure 1 as reference, give a description of the structure of a Nafion membrane. (Hints to
concepts that could be included: polymeric structure, hydrophilic, hydrophobic, fixed ions, mobile
ions, conducting properties etc.)

4. How does the iec affect other membrane properties (e.g. membrane permselectivity, hydraulic per-
meability, streaming potential and ion conductivity)?

5. Explain how NMR spectroscopy can be used to determine the iec of a membrane. Do you expect NMR
spectroscopy giving lower, equal or higher iec values for a Nafion membrane when compared to the
titration method?

Protonation

6. In this exercise the ions inside the membrane have been replaced with proton. Therefore the pH of
the solution increased during the experiment. Calculate the iec from the two values of the pH (at the
beginning and at the end of the experiment).

7. Compare the value of the calculated iec with the one you found by titration and comment about the
results.

8. Report in a plot the kinetic of the protonation and comment on the shape of the kinetic.

9. If you were to use this method in the opposite direction (from a sample in H+ form to a salt form)
which experimental conditions would you apply? Do you expect the kinetic to be similar to the
protonation you have measured and the same for all the salt (e.g. Li+, Na+, K+)? Write some
considerations about it.

Water (solution) uptake and partitioning

Experimental
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10. Calculate the water content from Eq.(2):

wH2O = mwet −mdry

mdry
(2)

11. Discuss possible errors in the experimental procedure used for the water uptake (Hint: which process
can affect the membrane weight in wet and dry conditions?)

12. Calculate from Eq.(3) the number of water molecules per fixed site in the membrane and comment
on the results.

λ= mwet −mdry

MH2O ·mdry · iec
= wH2O

MH2O · ·iec
(3)

13. Now consider the partitioning experiment. The aim here is to calculate the concentration of the
solution inside the membrane and to understand the difference on the molarity with respect to the
external solution concentration. First you need to use the calibration curve provide in the labora-
tory for the specific salt you are using. From this you can calculate back the concentration (of the
solution inside the beaker!) from its conductivity.

14. Now with the knowledge of the amount of solution inside the membrane that you have measured
in the solution uptake experiment you should be able to calculate back the concentration of it.
(hint: you need a mass balance to solve this problem)

15. How the concentration of the solution inside the membrane compares with the external solution
concentration? Refelct upon the result you have experimentally obtained.

Theoretical

16. Compare your experimental results for the solution uptake with the data from Table 1 adapted from
Ref. [3]. Make a plot of the water content as a function of the hydration number (Li+, Na+, K+).
Which kind of relation is found for the alkali ions? Why does this make good sense from a chemical
point of view?

λ

Nafion 120 Nafion 115 Nafion 117
H+ 22.3 22.0 20.2
Li+ 22.3 24.2 20.0
Na+ 18.4 20.0 15.9
K+ 13.3 13.1 9.9

Table 1: Water uptake for Nafion membranes adapted from Ref. [3]

17. How do you expect the water uptake affecting the membrane properties (morphology, mechanical
stability, transport properties etc.)?
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Manual Differential Scanning Calorimetry (DSC), Thermal
Gravimetric Analysis (TGA), and Infrared Spectroscopy (IR)

F17Q4 - Membrane technology and processes∗

Department of Engineering, Aarhus University, Hangøvej 2, 8200 Aarhus, Denmark

1 Introduction

Important changes in membrane properties might happen when the temperature of the system is mod-
ified. In this laboratory exercise you will measure if a membrane undergoes to thermal transitions (e.g.
glass transition) in a suitable range of temperatures (Differential Scanning Calorimetry (DSC)). Also you
will see the weight loss do to exposition of the polymer to high temperature (Thermal Gravimetric Analysis
(TGA)).

Reading material (you can find it in BB) you might find useful (possibly read it before the laboratory
day)

1. DSC Beginners Guide

2. Role of the glass transition temperature of Nafion 117 membrane in the preparation of the membrane
electrode assembly in a direct methanol fuel cell (DMFC)

3. Thermal behaviour of Nafion membranes

4. Application of micro Raman spectroscopy to industrial FC membranes

5. Youtube videos:

• ATR

• DSC

Membrane Course 2017

For this exercises you will have several specimens of different polymers. First you are asked to
analyse them with Infra-red Spectroscopy (IR) in order to determine the functional groups on the
polymeric structure. The collection and analysis of IR spectra will not be explained here.
After you have identified the polymers you can run a DSC and TGA on a sample and compare it
with literature values.

2 Intended Learning Outcomes

After this class you are expected to:

� Identify different membranes using IR;

� Describe and discuss the thermal transitions and weight loss in polymer by means of DSC and TGA
techniques.

∗Can you help us to improve this manual? Comments and suggestions e-mail to: jcatalano@eng.au.dk, bentien@eng.au.dk
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3 Experimental Procedure
Experimental Procedure

Infrared Spectroscopy (IR)

Five different samples will be provided. Infrared Spectroscopy (IR) is performed on these to determine
which polymer is Nafion, Sulfonated poly(arylenethioethersulfone) (SPTES), Poly Ether Sulfone (PES)
and Sulfonated Poly(Ether Ether Ketone)-Poly Ether Sulfone-Polyvinylpyrrolidone (SPEEK-PES-PVP).
The structures are depicted in Figures 1 to 5. The last sample is the mysterious unknown membrane.
Once the Nafion membrane has been detected several different spectra will be recorded, both for the wet
and the dry membrane.

1. Collect new background spectra.

2. Collect IR spectra of each of the dry membranes. Clean with ethanol between different samples

3. Submerge a piece of Nafion in water for at least 10 min.

4. Thoroughly remove any excess water from the Nafion membrane (this procedure is called bottling)
and collect IR spectra immediately after taking the membrane from the water.

5. Remove the sample from the holder and wait a few minutes before recording the next spectra. The
exact time between measurements are noted.

6. Repeat step 5, so you end up with data for the dry and wet membrane and for the wet membrane 0,
2, 5, 10, 15 minutes out of the water.

7. Save all spectra as .CSV (text file) and .TIF files (graphic outline)

DSC

DSC analysis will only be done only for one polymer of your choice. Please consider that the thermal
profile can be very difficult to analyse if the chemical structure of the polymer is complex.

Preparing the sample

1. Gather a small piece of the sample, approximately 5 mg.

2. Note the exact mass of the sample. Use the Sartorius scale in the next room (surface lab or mem-
brane lab).

3. Place the sample in a 50 µl pan with holes.

4. Place lid on top of the sample

5. Squeeze the sample pans together with the sample preparation tool.

6. Prepare a reference pan without any material inside

7. Make sure the sample pans are flat on both sides. This is important in order to get accurate data.

8. Open the DSC furnace lid.

9. Use the wand to transfer both the sample pan and the reference pan to the furnace.

10. Make sure that there is only one pan in each socket and that the platinum lids are on top of the pans
(not below).

11. Close the DSC furnace lid. Now the sample is ready for measurement.
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Programming the DSC

Important: Not run the DSC at temperatures higher than 400 °C.

As the samples are prepared and analysed in aluminium pans it is very important to make sure that
the DSC at no point melt said aluminium pans as this would destroy the furnaces. As a precaution it is
not allowed to set the temperature of the DSC to more than 400 °C.

When programming the DSC for analysis it is important to keep a couple of things in mind:

• Expected Tg, melting point etc. In which region do we expect the interesting stuff to happen?

• Thermal history. As the structure of the sample is dependent on the temperature development of
how it got to be in its current state, it is usually relevant to reset, if possible, the thermal history
by running a temperature sweep before (pretreatment run) the actual measurement. The maximum
temperature in this case should not exceed the irreversible thermal processes that might happen.
It is therefore suggested that you consult some literature studies before deciding the maximum
temperature of the pretreatment run.

• Higher resolution. Is obtained by decreasing the temperature scan rate.

• Increased sensitivity. Is done by increasing the temperature scan rate.

Therefore the ideal temperature scan rate for a specific sample is always a trade-off between resolution
and sensitivity.

The instructor will help you on programming the software for the DSC runs.

Thermal gravimetric analysis (TGA)

You will perform also a thermal gravimetric analysis on the same polymer you have used for the DSC.
In the TGA experiment we basically measure the weight difference of a sample from a reference temper-
ature (room temperature) to relatively hight temperatures. The change in mass might be associated with
different processes such as vaporization, sublimation, oxidation or dehydration to name a few. In this case
you need to prepare a sample of max 5 mm in diameter and between 2-10 mg of mass.

In this case the sample will be mounted in alumina pan, hence we are allowed to reach very high
temperature (till completely burn the polymer).The alumina pans (also called crucibles) are not disposable
and can be reused several times.

Due to time constrain it is suggested to run the DSC and TGA at the same time.

The instructor will help you on programming the software for the TGA runs.

4 Experimental and Theoretical Questions
Infrared Spectroscopy

1. Use Figures 1 to 5 below to identify each of the received samples (Nafion, PES, SPEEK-PES-PVP,
unknown or SPTES membrane). Explain how you reached your conclusions.

2. Describe and comment on the polymer structures of the materials. Where are the main differences?

3. Why are some of the materials not suited to be used as membranes for electrochemical applications?

4. Describe the main differences in the peaks for Nafion drying times of 0, 2, 5, 10, 15 minutes. Com-
ment on your spectra. It might be favourable to plot the graphs in the same plot.

5. Give examples of commercial applications where Nafion and PES membranes are being used today.
Include the membrane limitations and advantages in these applications.

6. If possible also comment on how a better membrane, with respect to Nafion or PES, should/could be.
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DSC-TGA

7. Discuss the expected differences in the DSC spectra of an amorphous versus a crystalline polymer.

8. Using the results obtained for an semi-crystalline polymer (if you haven’t chosen one for your DSC
analysis use the DSC profile handed to you) trace a qualitative plot of the specific volume (consider
also the equilibrium curve for the specific volume).

9. Use the obtained DSC results to comment on the Tg dependency on heating and cooling rate. Discuss
qualitatively if the Tg measured in a semi-crystalline polymer is expected to increase or decrease if
the heating rate is increased.

10. Account for the expected peaks in the DSC spectrum of the very first DSC run of the sample.

11. Compare the DSC and TGA results of your polymer (it might be handy to report the data in the same
plot with two different y-axis versus the temperature in the x-axis) and assign the characteristic
temperature to the thermal events on the TGA profile (such as dehydration, sublimation etc.)

12. Compare the DSC and TGA data you have obtained versus literature graph (hint search for it in
Google Scholar, ScienceDirect or Research Gate)

13. Discuss the influence that temperature has on the water content of Nafion. How the presence of
sorbed water is seen in the DSC and TGA profiles?

14. Often the TGA apparatus is coupled with a mass spectrometer for the analysis of the produced gases.
Considering the structure of your polymer can you point out which gases are expected to form and
at which temperature (use the TGA profile)?
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Figure 1: Structure of Nafion membrane

Figure 2: Structure of Poly Ether Sulfone

Figure 3: Structure of Sulfonated poly(arylenethioethersulfone) membrane

Figure 4: Structure of Sulfonated Poly(Ether Ether Ketone)
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Figure 5: Structure of Polyvinylpyrrolidone

Manual DSC, TGA, and IR April 2017



Manual Gas Permeability

F17Q4 - Membrane technology and processes∗

Department of Engineering, Aarhus University, Hangøvej 2, 8200 Aarhus, Denmark

1 Introduction

Within gas separations some of the most important parameters determining the goodness of a membrane
material and its performances are the gas permeability, diffusivity, solubility, and selectivity. These can
be determined in several different ways depending on the available set-up. In this course you will do a
simple experiment to determine the permeability and to calculate the diffusivity and solubility for a pure
gas through a dense membrane in a fixed volume variable-pressure gas system.

Membrane Course 2017

The cell is pre-assembled with Nafion 117 membrane and the system is under moderate vacuum.
Data should be collected with the pre-assembled cell with argon gas.

Figure 1: Schematic diagram of the gas permeability set-up. The notation used will be used throughout
this manual. The red dotted line represents the oven in which the gas set-up has been placed in order to
control the temperature. A Millipore High Pressure Filter Holder is used as the membrane cell between

the pressurized and low pressure sides. Two absolute pressure indicators with ranges 0-10 bar and 0-100
mbar, respectively, are used to monitor the pressure changes in the system over time. A 4-wire Pt100 is
connected to measure the system temperature. Valves A-D are Diaphragm-Sealed 1/4 turn valves and

valve E is a Plug valve. (From Mette Kristensen, Aarhus University, 2015)

2 Intended Learning Outcomes

After this class you are expected to:

� Be able to perform gas permeability experiments;
∗Can you help us to improve this manual? Comments and suggestions e-mail to: jcatalano@eng.au.dk
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� Analyse the data to quantify the membrane permeability and to calculate the solubility, and diffu-
sivity;

� Describe and discuss the concepts permeability, solubility, diffusivity and selectivity;

� Discuss the solution-diffusion model and the Knudsen diffusion and relate them with the membrane
structures.

3 Equipment and Experimental Procedure

• Dense membrane - Nafion 117

• Argon gas

• Heated oven

• Vacuum pump

Figure 2: Experimental gas permeability set-up. Valves are indicated with blue squares and shown with
the used notation for this manual. Red circles indicate the two pressure indicators and their respective

ranges and finally the green circle is related to the temperature indicator (Pt100). (From Mette
Kristensen, Aarhus University, 2015)

Experimental Procedure

For this gas permeability experiment you are going to work with pressure differences in the range 2-4
bar, temperature at 40-60 °C and with Argon as the permeating gas.

1. A dry membrane has been mounted into the permeation cell beforehand (see Figures 1 and 2). The
vacuum pump has been turned on to arrive at a stable vacuum. Let the vacuum pump keep running
until you are ready to start the experiment. Please note that to achieve a good vacuum (order of
the tens of Pa) some time is required, thus read all the experimental steps before performing the
experiment.

2. The gas tank (inside the oven) has been filled with Argon gas at pressure in the range 2-4 bar. The
temperature of the oven has been set at either 40 or 60 °C. Valve A, D and E are closed while valve
B and C are open.

3. Open the LabVIEW program Gas Permeometer. Start the program and save the file as testSta-
bility in your group folder. (A screen-shot of the program is shown in Figure 3, you will find some
explanation about how it is working on the caption)
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4. Let the program run for a few minutes. Make sure that the pressures measured on the vacuum side
and the pressurized side are stable. Check the stability of the temperature as well. Once all the
parameters reached equilibrium, the permeability experiment can be performed.

5. Stop the testStability file

6. Read and understand steps 7-11 carefully before starting. Whenever in need to open the oven, do it
quick but in a controlled way to avoid a temperature drop.

7. Save a new file in your group folder.

8. Let the program run for around 1 minute to get some data for the baseline (the starting conditions).

Figure 3: Screenshot of the LabVIEW program used for the gas permeability experiment. The pressure
(mbar) from the low pressure side is shown in the two plots to the left. In the left upper corner the

pressure is plotted as a function of (the internal number of) cycles whereas the lower one has time on the
x-axis. If you press the button in lowest box in the centre, the plot with pressure as function of time will

be re-initiated at that moment of time. The plot in the centre at the top gives the pressure in the
pressurized side (bar) as function of the number of cycles. In the right corner the temperature inside the
oven as function of number of cycles is shown. The four important parameters: pressure low side (mbar),
pressure high side (bar), elapsed time (s), and the temperature (°C) are all displayed in the central box.

9. Quickly open the oven and close valve C. Close the oven again. Let the pressure on the low pressure
side stabilize for around 1 min. This operation allows you to isolate the permeate volume from the
vacuum oven.

10. Quickly open the oven. Close valve B and open valve D in this order (very important!! otherwise
the vacuum pump will be destroyed!). Close the oven and turn off the vacuum pump using
the middle valve and then the black button (see Figure 4). (Suggestion: To avoid damaging the
vacuum pump, first one operator could close the middle valve on the vacuum pump and then a
second operator can close valve B and open valve D).

11. The gas permeability experiment is now running. Depending on the pressure applied and the mem-
brane material the experimental time needed will vary. Leave it running for at least 1 or 2 hours to
get sufficient data points.
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Figure 4: Vacuum pump in the membrane lab. If in doubt how to use it properly ask the instructor!

12. Next experiment: Another experiment without the influence of the time-lag will be performed: do
not shut down the LabVIEW program. First the low pressure side needs to return under vacuum
conditions using the vacuum pump. Before you turn on the vacuum pump make sure that all valves
on the pump are closed. Turn on the vacuum pump using the black button (see Figure 4) and then
open the middle valve that is connected to the gas set-up. After 1-2 minutes open valve C inside the
oven. Let the system stabilize for around 10-15 min.

13. Quickly open the oven and close valve C. Then close the middle valve on the vacuum pump and turn
it off.

14. The second experiment is now running. It is expected that the slope of the curve (pressure versus
time) will be the same as in the first experiment but without the time-lag. Collect the permeation
data for at least 1 hour (or for the same amount of time as the first experiment).

15. After collection of the second set of data, stop the LabVIEW program.

4 Nomenclature

There will be used some nomenclature during the processing of the data. To ease it up a bit, all the nota-
tion used is collected here in the table below.

Amem Active surface area of membrane, (2.2 cm2) ∆x membrane thickness, (175 µm for Nafion 117)
n mole mass, [mol] P Permeability, [ Nm3

m·s·Pa ] or [barrer]
p Pressure, [Pa] D Diffusivity, [m2 s−1]
T Temperature, [K] S Solubility, [ Nm3

m3·Pa ]

Rg Gas constant,
[

J
mol·K

]
Θ time-lag, [s]

V Volume, [m3]

5 Experimental and Theoretical Questions
Experimental
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1. Transfer the raw data from the text file to an Excel document. To make the subsequent calculations
a bit easier, two more columns should be added to the Excel sheet. One with the corrected pressure
of the low side (plow [mbar]) and another with the moles of gas (n [mol]). These can be calculated
using these equations:

ploq = pmeasured − plow (0) (1)

n = plow ·Vlow

Rg ·T
(2)

Show one example of each calculation in the report (remember units!)

2. Make a plot of the permeated mole flux as function of time.

3. Make a copy of the plot from step 2. Remove the time-lag (the unsteady state part at the beginning)
from the plot. Remove the data points between the curves for the first and second experiment.
Perform linear regressions on the remaining data and note down the slopes and the intercepts with
the x-axis. Make a comparison of the two slopes.

4. Make a choice of which value(s) to use for the slope of the curve before continuing with the calcu-
lations. The options are: slope 1, slope 2, an average of 1 and 2, or all calculations for both slopes.
Comment on your choice.

The slope of the curve can be used to determine the permeability through a number of calculation
steps. The equations needed, will be given here. Explain what the result of each equation tells you.
(Hint: look at the unit and use it in your explanation).

a = slope= ∆n
∆t

in [mols−1] (3)

Vstp = a ·T (273K) ·Rg

p (1bar) · Amem
in [Nm3m−2s−1] (4)

P= V
phigh

in [Nm3m−1s−1Pa−1] (5)

Determine the permeability, P, in the most commonly used unit [barrer] using the conversion factor:

1[barrer]= 7.5 ·10−18 [Nm3 ·m m−2s−1Pa−1] (6)

5. Calculate the diffusivity
Θ= intercept with x axis in [s]

D= ∆x2

6Θ
in [m2s−1]

(7)

6. Calculate the solubility

S= P

D
in [Nm3m−3Pa−1] (8)

7. Compare the calculated permeability, diffusivity, and solubility with literature values.

Theoretical

8. What is the definition of the normal volume (Nm3) and why is it used in gas separation?

9. Explain shortly the five concepts; Permeability, Diffusivity, Solubility, Time-lag, and Selectivity.

10. Give a description of the Solution-Diffusion model for ideal gas flow in non-porous membranes.

11. Make a sketch and qualitatively describe the concentration gradient inside the membrane during
the experiment (differentiate between the time-lag and steady state part). Remember to consider
the entire experiment (also after having applied vacuum steps 12 to 14).

12. Use the data you retrieved from your experiment to complete Table 1. Report (as a plot) the solubili-
ties, diffusivities and permeabilities from Table 1 versus a relevant gas characteristic (Hint: consider
if the property is kinetic or thermodynamic). Comment on the plots.
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13. Calculate the selectivities (ideal, kinetic, and sorption selectivity) of the following gas pairs: O2/N2,
H2/N2, CO2/CH4. Calculate for the same gas pairs also the Knudsen selectivity of a microporous
membrane (pore size of between 5-20 nm). Discuss the improvement in selectivity using a dense
membrane with respect to a nano-porous membrane.

Gas Permeability Diffusivity Solubility Critical temperature Kinetic diameter
barrer cm2 s−1 Nm3 m−3 Pa−1 K Å

He 40.9 5.2 2.69
H2 9.3 9.58 ·10−7 7.28·10−7 33.1 2.8
O2 1.08 4.57 ·10−8 1.79·10−6 155.6 3.46
N2 0.26 1.73 ·10−8 1.13·10−6 126.2 3.64
Ar 150.1 3.4

CH4 0.102 2.79·10−9 2.74·10−6 190.6 3.87
C02 2.43 1.68E-·10−8 1.09·10−5 304.2 3.3

Table 1: Literature [1] and Handbook data [2], [3]. In the left part of the table the properties related to
gas permeation (permeability, diffusivity, solubility) are given while the thermodynamic and kinetic

properties are shown to the right.
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