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Carbon dioxide is typically considered to be a byproduct of various industrial processes that should not be released into
the environment due to its nature as a harmful greenhouse gas. One of the more promising ways to dispose of it in an
economical and environmentally friendly way is by using it as a raw material in electrochemical synthesis reactors. An
important part of such reactors is an ion exchange membrane. In this study the influence of ZrO2 content in SPEEK – ZrO2
composite membranes on rate of osmosis trough them was investigated, with the goal of evaluating ZrO2 as an additive
for making ion exchange membranes with fine-tuned osmotic permeability.
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1. INTRODUCTION∗

reduces swelling in water, water permeability and helps
improve their mechanical durability, which is important due
to the stresses caused by the high osmotic pressure in an
electrochemical cell [11].
In this work the rate of osmosis through SPEEK – ZrO2
composite membranes and a reference Nafion membrane,
were compared, with the goal of evaluating the effects of
ZrO2 content on the rate of osmosis through the composite
membranes.

Nowadays a large amount of attention is given to
finding ways in which to minimize the greenhouse effect.
The main way in which to achieve this is reducing the
amount of CO2 released during various industrial processes
as well as increasing their general energy efficiency [1]. CO2
electrochemical reduction cells are some of the more
promising options in this regard, as they can efficiently turn
waste CO2 into valuable industrial precursors [2].
One of such projects is CO2EXIDE, which aims to turn
CO2 and water into ethylene and hydrogen peroxide in
energy-efficient electrochemical synthesis reactors [3].
From the obtained ethylene and hydrogen peroxide it is
possible to obtain useful industrial precursor chemicals,
such as ethylene oxide [4], which helps make the entire
process economically viable.
An important component such a reactor requires is the
ion exchange membrane, which allows the concentration of
electrolyte to be different in cathode and anode
compartments, as well as prevents compounds created
during synthesis from mixing and reacting with each other
[5]. Currently Nafion membranes are most often used for
this purpose, since they possess excellent physical and
chemical stability, as well as high water and ion
transmittance, but their high production costs are
incentivizing a search for cheaper alternatives [6, 7].
Some of the more promising alternatives to Nafion
membranes are sulfonated polyetheretherketone (SPEEK)
membranes and their composites. While their durability and
transmittance are yet to match Nafion’s, they are typically
much cheaper to make and new types with improved
properties are being actively investigated [8 – 10].
A potential way of improving SPEEK membrane
properties is by creating SPEEK – zirconium dioxide
composite membranes. Adding ZrO2 to the membranes

2. EXPERIMENTAL DETAILS
2.1. Membrane preparation
SPEEK used for membrane preparation was prepared
locally by sulfonating PEEK (Sigma Aldrich, number
average molecular weight Mn ~10300, weight average
molecular weight Mw ~20800) in concentrated sulfuric acid
(Sigma Aldrich, 95 – 97 %) [12]. A scheme of this process
can be seen in Fig. 1. Degree of sulfonation was determined
by using the titration method [13] and calculated to be
0.71 ± 0.05.
SPEEK – ZrO2 membranes were prepared by dissolving
SPEEK and the necessary amount of ZrO2 (Sigma Aldrich,
5% nanosuspension in water) in dimethylformamide (Sigma
Aldrich). The solution was heated and stirred until SPEEK
was completely dissolved, then poured out on a glass base,
spread with a doctor blade, and dried in an oven at 80 °C for
around 24 hours. Before testing the thickness of each
membrane was measured with a micrometer (Tesa
Micromaster electric micrometer, ± 1 μm).

2.2. Osmosis rate measurements
Rate of osmosis was measured indirectly, by measuring
electrical conductivity of a potassium bicarbonate solution
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Fig. 1. PEEK sulfonation, n = degree of sulfonation

(Sigma Aldrich, solutions prepared locally) in one side of
the experimental cell (Fig. 2.) with a conductometer
(Metrohm 914 ± 0.1 mS/cm). KHCO3 was chosen since it is
the electrolyte used in the planned CO2EXIDE
electrochemical synthesis reactors, and as such best
represents the environment in which the membranes are
likely to be used. Concentration of the solution at any one
time was calculated by using a previously taken standard
curve (Fig. 3).

and around once every 24 hours after that. Conductivity was
only measured in the side with the higher electrolyte
concentration since depth of the solution on the opposite
side rapidly became too low for accurate measurements.

3. RESULTS
3.1. Solution concentration changes over time
Equations of individual solution’s concentrations over
time were obtained from the experimental data, but, since
each membrane had a different thickness and only the
relation between ZrO2 concentration and rate of osmosis
trough them is relevant in this case, relative concentrations
at any point in time need to be obtained before comparisons
can be made.
To do this, first, the concentration change rate at any
point in time was calculated from the obtained data. Then
the obtained rates were multiplied by relative thickness of
each membrane and the obtained relative rates used to
calculate the relative KHCO3 concentration at every point in
time, as seen in Eq. 1:
𝑏𝑏

𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑐𝑐0 − 𝛥𝛥𝛥𝛥 · ,
𝑏𝑏0

Fig. 2. Osmosis and electrochemistry cell Phywe

where crel is the relative KHCO3 solution concentration,
mol/L; c0 is the starting KHCO3 solution concentration,
mol/L; Δc is the concentration change rate, mol/L; b0 is the
reference membrane thickness, μm; b is the membrane
thickness, μm.
The obtained relative rates of osmosis over time and
based on concentration changes have been shown in Fig. 4.
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3.2. Osmosis rate comparisons

1.5

For ease of comparing relative osmosis rates of
membranes, a concentration interval was chosen in which
they were all stable (the osmosis was still actively ongoing)
and the average osmosis rate in this interval calculated.
The selected KHCO3 concentration interval was from
2.35 mol/L to 1.87 mol/L. The graph showing the
correlation between ZrO2 content of the SPEEK – ZrO2
composite membranes and relative rate of osmosis is shown
in Fig. 5.
A strong linear correlation can be seen between the
ZrO2 content of the membranes and average rate of osmosis.
This shows promise for using ZrO2 as an additive for
membranes used in electrochemical synthesis reactors,
since the ability to precisely and easily adjust rate of
osmosis trough them to fit the requirements imposed by any
given application can be extremely valuable.
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Fig. 3. KHCO3 solution standard curve

The membranes were secured between the two sides of
the cell and 42 ml of the electrolyte solution were poured in
each side (2.5 M KHCO3 in one side, 1.0 M KHCO3 in the
other). Conductivity measurements were carried out around
once every hour in the first three hours of the experiment
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Fig. 4. Relative rates of osmosis through the various membranes over time and based on concentration changes
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