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IV. Biomimetic polymeric membranes
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Ambient carbon dioxide capture and conversion via membranes

Monitoring of structural changes induced by immobilization via
fluorescence spectroscopy and anisotropy
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Figure IV. 16. Fluorescence emission spectra of PVA - based membranes.

Fig. IV. 16 shows the normalized emission spectra of the membranes

before immobilization experiments. There is a high

impact of the

introduced nanoparticles on the maximum emission wavelength position.
The blank PVA membrane has two main peaks at 410 nm and 430 nm. Also,
it can be observed the quenching effect of MNP, as previously stated for the
polysulfone-based membranes.

Table IV. 12. CA-modified PVA membranes fluorescence measurements results.

CA concentration on

Membrane Nlllax[z(:\]k Am:::at;opy, f, at membrane
- peak [mg/cm?]

, A_PVA 383 0.059 0.013

S En A_PVA _MNP 383 0.543 0.017
CB_PVA _MNP 373 0.625 0.051

o A_PVA 373 0.008 0.219
S En A_PVA _MNP 384 0.436 0.727
- CB_PVA_MNP 395 0.073 0.028
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IV. Biomimetic polymeric membranes

Figure IV. 17. Fluorescence emission spectra of CA in solution and on PVA-based membranes: a) A_PVA, b) A_PVA_1MNP, c)

CB PVA 1MNP with insert zoom.
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Spectra in Fig. IV. 17 represent the changes in CA emission caused
by the 3 different immobilization techniques. In almost all cases we
observed a red shift, suggesting an exposure of tryptophan to the aqueous
environment—e.g. due to molecular unfolding. The data obtained for all of
the analysed membranes are summarized in Table IV. 12 The displacement
of an emission maximum in covalently-bonded CA might be caused not only
by the creation of new bonds with the nanoparticles but also by interaction
with glutaraldehyde. Unfortunately, the liquid samples containing
glutaraldehyde were not provided because of the intensive noise obtained
during the analysis. It can be noticed a very intensive negative peak in
spectra of the membrane with covalently bonded CA, meaning that the
membrane emission decreased after immobilization due to the enzyme
coverage. Indeed, according to ICP, this membrane has the highest CA
concentration as compared to the other ones.

Anisotropy of the CA on the membrane was obtained by subtracting
the initial spectra of the corresponding PVA membrane to the final one. The
numerical data collected at maximum peak wavelength for each experiment
is listed in the Table VI. 12. The anisotropy of the CA in solution in 350 nm
was 0.044 and it did not change after immobilization experiments. The
adsorption to blank PVA membrane doesn’t change the enzyme mobility,
while adsorption to the membrane containing 1 % of the MNP results in
decrease of the mobility by aggregation or structural packing. In case of
covalent binding it can be seen that is the higher the concentration of CA on
the membrane the less mobile the enzyme becomes, even though it is
getting more unfolded.

Table IV. 13. RuBisCo-modified PVA membranes fluorescence measurements

results.
RuBisCo
Membrane Max peak Ao [nm] Anisotropy, r, concentration on
at max peak membrane

[mg/cm?]
y A _PVA 391 0.136 0.104
S Eo A_PVA MNP 393 0.567 0.093
CB_PVA _MNP 408 0.169 0.049
A_PVA 390 0.073 1.140

< 0.515

®  A_PVA_MNP n.d. (380 nm) 0.972
CB_PVA _MNP 395 0.074 0.898
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Figure IV. 18. Fluorescence emission spectra of RuBisCo in solution and attached by different techniques to PVA-based

membranes: a) A_PVA, b)

CB_PVA 1MNP with insert zoom.

_IMNP, c)

A _PVA

b)

Mormalized intensity

Marmalized intensity

Mormalized intensity

-0.2

0.4 4

0.2+

0.0+

RuBisCa
A PYA

0.6 4

08

0.4

0.2+

ad

0.2

T T T T T
400 450

Wavelenght {nm)

i
N .’.II
i

|

u

A
Ir|[ |1 A

— RuBiste
A_PYA _TMNE
4y
|r |||
TR
Il"] II

I |

104
06
a.a-.
a4
92
a0

=024

P

T
400 450

Wavelenght {nim)

T
360

oG

T
B0

—— RuBisCo
——CB_PVA _1MMP

T T T T
] Hal L] 4k

Wavelenght (nm)

138

T T
1] bl



UNIVERSITAT ROVIRA I VIRGILI
AMBIENT CARBON DIOXIDE CAPTURE AND CONVERSION VIA MEMBRANES
Adrianna Nogalska

Ambient carbon dioxide capture and conversion via membranes

Judging from the fluorescent analysis RuBisCo undergo the same
structural changes as CA after being immobilized to PVA-based membrane
(Table IV. 13) (Fig. IV. 18). We can suspect that the displacement of the
maximum peak to higher wavelength is connected to the molecular
unfolding.

Taking into consideration that the emission maximum of the
fluorophore in the enzyme structure is at 380 nm, it can be postulated that
the RuBisCo emission after immobilization undergo a slight red shift. The
biggest shift was observed for the membrane with the lowest enzyme
concentration on the surface. What is suggesting the unfolded
conformation of the enzyme on the membrane, as the steric hindrance was
not limiting the observed change. The other peak at 440 was not found in
the attached enzyme emission spectra.
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Figure 1V. 19. Fluorescence anisotropy spectra of enzymes in solution and on the
PVA-based membranes: a) CA, b) RuBisCo.
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Anisotropy of tryptophan at 380 nm is 0.059 (Fig. IV. 19). Comparing
this value with the values obtained for the immobilized enzyme we
observed a red shift but only in the membranes with low enzyme
concentration, which is suggesting decrease of the mobility. It can be
concluded that at a low concentration the enzyme is spreading and being
attached by a large surface what in consequence is causing is low mobility.

v.4. Conclusions

Biomimetic membranes, consisting of enzymes attached to a
polymer - based membrane, were successfully developed. Incorporation of
small amount of magnetic nanoparticles into polymeric membrane bulk
result in increase of water contact angle, while the membrane morphology
remained unchanged, which is in agreement with previous reports.

It was also observed that RuBisCo immobilization is favourable to
more hydrophilic surfaces and the use of triton was not necessary. On the
other hand, triton does improve CA immobilization efficiency. The
solubilized enzyme was physically attached to the hydrophilic membrane
and NH»- terminated nanoparticles, but there was no evidence of covalent
binding.

Although the use of triton improves the attachment of CA, it also
influences the enzyme CO; solubility rate. As it is improving the attachment
to nanoparticles, the interactions might be stronger than ones with the
blank polysulfone membrane, and the active site might be not reachable.
However fluorescence analyses did not reveal any structural changes in case
of CA immobilization, while RuBisCo structure was altered during the
process.

PVA membrane was found to be a good support for enzyme
immobilization due to its high hydrophilicity. Studies show, that the enzyme
immobilization did not improve the CO, sorption of the membrane,
independently on the enzyme used — CA or RuBisCo - or its concentration.
Moreover, both enzymes show signs of a molecular unfolding, which could
change the availability of the active center and cause the decrease of
activity.

Additional membrane contactor studies were not performed on the
PVA membranes due to its characteristic. Nevertheless, polysulfone based
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bio-mimetic membranes showed slight increase in the nanocomposite
membrane CO; absorption, yet the blank membrane still shows the best
performance.
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V.BICARBONATE ELECTO-REDUCTION TO
FORMIC ACID
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V. Bicarbonate electro — reduction to formic acid

Chapter V describes the preliminary studies on electro - reduction abilities
of copper. The working electrode was prepared by electro-polishing
followed by annealing and characterized by LSV. The conversion of

bicarbonate to formic acid by electro-reduction was achieved in
potentiostatic conditions. Obtained products were analyzed by H NMR.
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V.1. Introduction

The conversion of bicarbonate to useful hydrocarbons or alcohols is
a promising way to reuse the captured carbon dioxide. The most promising
method is the electrochemical conversion, which leads to the formation of
e.g. formic acid, methane, methanol and other related products [1]. Formic
acid is formed in high yields as the reduction potential of the reaction is
low. Moreover, formic acid is an interesting product as it can be further
used as a fuel in direct formic acid fuel cells. Unfortunately, water reduction
is a very competitive reaction during the electro-reduction of carbon
dioxide in aqueous electrolytes. In this case the mainly obtained product is
hydrogen. A number of metals and metal oxides were studied to be applied
in the process, in search of the best faradic efficiency and selectivity [2, 3].

Bismuth is an example of a metal which was reported to be selective
in CO2 conversion to formate. Bertina et al. [4] studied both bismuth and its
oxide-derived films. Experiments show that although the oxide was
significantly more active, the faradic efficiency did not vary. Fu et al. [5]
studied the selectivity of crystalline SnO2 nanospheres incorporated to a gas
diffusion electrode, and found that the catalyst activity depends on the
electrolyte conditions. A faradic efficiency of 56% towards formation of
formate was achieved by using 0.5 M KHCOs as an electrolyte. Moreover,
the optimum pH favouring the selectivity is 8.3, which allowed maintaining
the oxide stable. Similar results were achieved by Lee and his group using a
copper oxide electrode [6]. Generally, Cu based electrodes are very
common in electro-reduction processes due to its unique abilities to
catalyze the formation of hydrocarbons and alcohols. Li [7] established that
a low overpotential for the electro-reduction can be obtained by
electrochemical reduction of CuO; prior to the CO; reduction. In the study,
a Cux0 layer was obtained by annealing of Cu foil on air. As a result, the
electrode surface roughness was increased accordingly to the time and
temperature of the process.

The following studies aimed to reproduce the work of Li [7] and
analyze the copper-based electro-catalyst abilities to reduce bicarbonate.

V.2. Experimental
V.2.1. Materials

Copper foil (99.98% trace metals basis), 0.025 mm thick, used as a
working electrode and highly pure KHCO3 (Bio Ultra 99.5%) with a content
of iron lower than 5 mg/Kg used for preparation of the electrolyte were
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purchased from Sigma Aldrich. The electro-polishing procedure was
performed with phosphoric acid of 85 % wt. from Panreac. The Nafion®117
membrane (Sigma-Aldrich) was washed with solutions of 30% hydrogen
peroxide (Sigma-Aldrich) and 95-97% H,SOs (Serviquimia). To prepare
standard for *H NMR analysis, 99.8% D,0 from Panreac and 99.7% DMSO
(Chromasolv Plus) from Sigma Aldrich were used.

V.2.2. Working electrode preparation

The preparation of the copper foil was a sequence of electro-
polishing, followed by annealing and finally by reduction of the oxide: the
copper foil was electrochemically polished by applying -1.6 V for 6 minutes
in H3PO4 85%; then, the foil was washed in distilled water and put in muffle
furnace (300 °C, 3h). Finally, the oxidated copper was reduced in 0.5 M
KHCOs with - 0.9 V until current density was close to 0 and stable.

V.2.3. Electrochemical behavior

POTENTIOSTAT
- |+
A
v
RE WE CE

ELECTROCHEMICAL CELL

Figure V. 1. Diagram of connections between the potentiostat and electrodes.
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CE Pt
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WE Copper foil

= |

Figure V. 2. Schematic representation of the system for LSV.

The electrochemical behaviour of the electrodes was evaluated
using linear sweep voltammetry (LSV) (Fig. V. 2) at a scan rate of 50 mV/s. A
0.5 M KHCOs aqueous solution was used as an electrolyte in a standard
three-electrode electrochemical cell equipped with a Pt as the counter
electrode and an Ag/AgCl as the reference one. Portions (about 5 cm?
geometric area) of the prepared electrodes were cut and used as working
electrodes. An AutoLab PGSTAT 302N potentiostat (Metrohm, Autolab B.V.)
was used in all the electrochemical experiments. The potentials ranged
from -0.5—-2 V vs. Ag/AgCl (0.21 V).

V.2.4. Electro-reduction experiments

The electrolysis experiments were performed in a Teflon H-cell. A
Nafion membrane was used to separate the working and counter
electrodes compartments to prevent oxidation of the reduced CO; products
(Fig. V. 3). The membrane was washed by immersion in heated up to 80 °C
aqueous solutions in following order: H2SOa4, H,0, 3%, distilled water for 1 h
in each solution. A potential of -1.6 V was applied for 1 h to electrolyte
consisting of 0.5 M KHCOs. The progress of the experiment was followed
through pH measurements. Analysis of the obtained products was
performed by *H NMR (VARIAN Mercury VX400). DMSO in D20 was used as
internal standard for quantification of obtained products. Catholyte
samples of 600uL were mixed together with 100uL of standard. In order to
obtain the peaks coming from products, the suppression of the water peak
by irradiation was required.
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— CEPt

l RE Ag/AgCl
WE Copper
foil

2HCO; ~+2H,0 +4e'=2HCOy +4 OH- 2H;0 =0, +4H* +4e”

-

Cathode Nafion Anode

Figure V. 3. Schematic representation of the system for electro-reduction
experiments.

Figure V. 4. Module for electro-reduction studies.
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V.3. Results and discussion

U
N
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-10 A
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-20 -
Potential [V]

Figure V. 5. LSV spectrum obtained for treated Cu foil in 0.5 M KHCOs.

The LSV spectrum (Fig. V. 5) was obtained prior to electroreduction
experiments in order to choose the proper working electrode potential to
be applied. The reduction starts at -1.0 V, while bubbles formation
(suggesting H, production) started at around -1.7 V, thus a potential of - 1.6
V was chosen.

7
-8

Tima Thl
Figure V. 6. Chronoamperogram recorded during the electroreduction experiment

The electro-reduction was stable in terms of current density during
the experiment (Fig. V. 6). The initial increase of current refers to the
reduction of the copper. The pH changed from 8.46 to 7.66 at the anode
and 9.01 at the cathode.
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Figure V. 7. H NMR spectra of the bicarbonate solution after the electro-reduction
experiment.

NMR analysis (Fig. V. 7) showed peaks in 8.43 which corresponds to
HCOOH, in 4.82 to water and in 2.71 to DMSO. Unfortunately, the
conversion has a very low yield. Within the limits of detection, the amount
of formic acid was calculated to be only 30 mM with initial amount of 0.5 M
of bicarbonate.

Considering the low yield and change in pH in both compartments
we can conclude that the main product of the electro-reduction process
was hydrogen. Hydrogen generation is a common competitive reaction at
the cathode in electro-reduction systems working in aqueous electrolytes,
while at the anode oxygen is generated.

V.4. Conclusions

The conversion of bicarbonate to formic acid by electro-reduction by
using modified copper foil was achieved. Unfortunately, low yield of
reaction was obtained, suggesting that the main reaction occurring during
the experiment was hydrogen generation.

Further modification of the working electrode and method must be
tested in order to improve the selectivity of the reaction.
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Inspired by nature, an artificial stomata for CO; absorption based on
polysulfone membrane contactor was designed and developed. By
using the phase inversion precipitation method and applying
different membrane preparation parameters (such as different
solvents, coagulation bath composition, casting knife thickness),
membrane contactors in the 76-176 um thickness range with
different morphologies (from spongy-like to open macrovoids-
containing ones) were obtained.

According to the results, it can be concluded that polysulfone
membranes can be used with potassium hydroxide solutions, as the
swelling results are very low (close to 0) and the contact angle is
high.

The study indicates that the CO; flux increases when increasing the
absorbent flow rate over the range of liquid velocities investigated.
Moreover, the flux grows with the increase of membrane
macrovoids size, due to decrease of the membrane mass transfer
resistance. Results obtained during dynamic module operations
revealed the superior CO, assimilation abilities of the unit (284.2
umol/m2*s) over a natural leaf (40 umol/m2*s).

The experiments with the static operation of the module show
inferior CO; flux comparing to the dynamic one, still similar to a leaf
performance. Furthermore, the lack of energy consumption of the
system is compensating its lower performance.

Incorporation of nanoparticles does not change the membrane
internal morphology. However, it increased surface roughness and
CO; permeability. CuFeOs3 nanoparticles proved to be capable of
capturing CO,, but when introduced to the polymeric membrane
and tested in contactor systems they negatively influenced the CO;
flux, with respect to the blank polysulfone membranes.

The incorporation of AC into the polymeric bulk caused an increase
of the membrane thickness and contributed to pores formation on
the bottom surface of the membrane. The hydrophilicity was not
improved. The gas absorption test results show no improvement of
the membrane performance. Possibly AC was incorporated by the

155



UNIVERSITAT ROVIRA I VIRGILI
AMBIENT CARBON DIOXIDE CAPTURE AND CONVERSION VIA MEMBRANES

Adrianna Nogalska

4. General conclusions

polymer, quenching the possible positive influence of AC on the
membrane properties.

Modification of the polysulfone surface by coating with active
carbon layer was accomplished. The cross section images of the
modified membranes showed that the layer was not penetrating
into the membrane. Unfortunately, the additional layer increased
membrane mass transfer resistance, which decreases its
effectiveness as a membrane contactor.

Biomimetic membranes, consisting of enzymes attached to a
polymer - based membrane, were successfully developed. It was
observed that RuBisCo immobilization is favorable to more
hydrophilic surfaces. The solubilized CA was attached to the
hydrophilic membrane and NH,- terminated nanoparticles, but there
was no evidence of covalent binding. Fluorescence analyses did not
reveal any structural changes in the case of CA immobilization, while
the RuBisCo structure was alternated during the process.
Nevertheless, polysulfone based bio-mimetic membranes showed
slight increase in the nanocomposite membrane CO; absorption, yet
the blank membrane still shows the best performance at the tested
conditions. Durability was not tested.

The PVA membrane was found to be a good support for enzyme
immobilization due to its high hydrophilicity. Studies show, that the
enzyme immobilization did not improve the CO; sorption of the
membrane, independently on the enzyme used — CA or RuBisCo - or
its concentration. Moreover, both enzymes show signs of a
molecular unfolding, which could change the availability of the
active center and cause the decrease of activity.

Bicarbonate conversion to formic acid was achieved with a Cu based
electrocatalyst with low efficiency. Results suggest that the main
reaction occurring during the experiments was hydrogen generation
and therefore, the system will be improved in next designs.
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of absorbent flow rate at pH 13.3, b) as a function of pH at 230 ml/min flow rate.
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Figure IV. 15. PVA structure.
Figure IV. 16. Fluorescence emission spectra of PVA - based membranes.

Figure IV. 17. Fluorescence emission spectra of CA in solution and on PVA-based
membranes: a) A_PVA, b) A_PVA_1MNP, c) CB_PVA_1MNP with insert zoom.

Figure IV. 18. Fluorescence emission spectra of RuBisCo in solution and attached
by different techniques to PVA-based membranes: a) A_PVA, b) A_PVA_1MNP, c)
CB_PVA_1MNP with insert zoom.

Figure IV. 19. Fluorescence anisotropy spectra of enzymes in solution and on the
PVA-based membranes: a) CA, b) RuBisCo.

Figure V. 1. Diagram of connections between the potentiostat and electrodes.
Figure V. 2. Schematic representation of the system for LSV.

Figure V. 3. Schematic representation of the system for electro-reduction
experiments.

Figure V. 4. Module for electro-reduction studies.
Figure V. 5. LSV spectrum obtained for treated Cu foil in 0.5 M KHCOs.
Figure V. 6. Chronoamperogram recorded during the electroreduction experiment.

Figure V. 7. NMR spectra of the electrolyte solution after the electro-reduction
experiment.

163



UNIVERSITAT ROVIRA I VIRGILI
AMBIENT CARBON DIOXIDE CAPTURE AND CONVERSION VIA MEMBRANES
Adrianna Nogalska

Appendix

List of Tables

Table I. 1. Polymeric solutions composition and pristine and nanocomposite
polysulfone membranes preparation parameters.

Table I. 2. Characteristics of the resulting pristine and nanocomposite polysulfone
membranes.

Table I. 3. Composition of the pristine and nanocomposite polysulfone membranes
analyzed by EDX.

Table I. 4. Pristine and nanocomposite polysulfone membrane surfaces roughness
parameters.

Table I. 5. The contact angle measurements results of pristine and nanocomposite
polysulfone membranes surface (where: adv - advancing, rec — receding).

Table I. 6. CO; solubility studies results of pristine and nanocomposite polysulfone
membranes and nanoparticles.

Table I. 7. The artificial stomata CO, assimilation rate in range of 35-400 ml/min
liquid flow velocities for pristine and nanocomposite polysulfone membranes.

Table Il. 1. Blank polysulfone membrane preparation parameters.

Table Il. 2. Characteristics of the resulting blank polysulfone membranes.

Table Il. 3. Blank polysulfone memembranes surface roughness parameters.
Table Il. 4. Swelling test measurements results of blank polysulfone membranes.

Table Il. 5. Water and KOH solution contact angle measurements results of blank
polysulfone membranes.

Table II. 6. Dynamic contact angle measurements results of blank polysulfone
membranes.

Table lll. 1. Polymeric solutions composition and carbon modified polysulfone
membranes preparation parameters.

Table Ill. 2. Characteristics of the resulting carbon modified polysulfone
membranes.

Table Ill. 3. Elemental analysis of carbon modified membranes surfaces by ESEM.

Table Ill. 4. Carbon layer characteristics.

164



UNIVERSITAT ROVIRA I VIRGILI
AMBIENT CARBON DIOXIDE CAPTURE AND CONVERSION VIA MEMBRANES
Adrianna Nogalska

Ambient carbon dioxide capture and conversion via membranes

Table IV. 1. Characteristics of the resulting biomimetic membranes.
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Table IV. 12. CA-modified PVA membranes fluorescence measurements results.
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results.
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