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Abstract

When two fluids of different composition are mixedixing energy is released. This holds true
for both liquids and gases, though in case of gasechnology is yet available to harvest this
energy source. Mixing the G@n combustion gases with air represents a sodreaargy with a

total annual worldwide capacity of 1570 TWh. To Jemt the mixing energy from GO

containing gas emissions, we use pairs of porogstreldes, one selective for anions and the
other selective to cations. We demonstrate thagnwdn aqueous electrolyte, flushed with either
CO, or air, alternately flow between these selectivgops electrodes, electrical energy is

gained. The efficiency of this process reached 2dfgeionized water as agueous electrolyte
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and 32% for 0.25 M monoethanolamine (MEA) solutas electrolyte. The highest average
power density obtained with a MEA-solution as afelgte was 4.5 mW/f significantly higher

than for water as electrolyte where the power deiisi0.28 mW/rh,

1. Introduction

Mixing two solutions of different composition leatts a mixture with a lower Gibbs energy
content compared to the original two solutions This decrease in the Gibbs function indicates
the presence of mixing energy that can be harvegeth a suitable technology is available.

Up until now, the use of the mixing process asw@® of energy has only been exploited for
mixing of aqueous solutions with a different saini2, 3). Mixing freshwater from rivers with
seawater typically has an available work of ~3 &3 Ip of freshwater (4). Several technologies
are being developed to exploit this source of eneiging semipermeable membranes (5), ion-
selective membranes (2), double-layer expansior)@&nd ion-selective porous electrodes (8-
13). The latter technology is based on the useapécitive electrode cell pairs; similar to those
used in supercapacitors (14,15) or in capacitiverdeation (CDI) for water desalination (16-
18). Another approach uses dry air at the cathatkete sustain a concentration cell; however
such a cell works at the expense of water (19).

We investigate the possibility to harvest energymfrCQ emissions. Wherever hydrocarbon
fuels or biomass are combusted, i.e. converteddpdd water, emissions containing high CO
concentrations (5%-20%) (20) compared to air (20B88re produced. This means that mixing
combustion gas with air is an unexplored sourcer@rgy. To harvest this energy source we
propose to contact both the g@mission and air with an aqueous electrolyte. dneaus

solutions, CQreacts with water to produce carbonic acid ttelfitdissociates into protonsi()

and bicarbonateHICO;), which can further dissociate at high pH to cadte ions CO?). An
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increase of the C{pressure in the gas leads to an increase of the=otration of the ions in the
aqueous solution. The resulting difference in tbe concentration between the air-flushed
solution and the C&flushed solution can be used to gain electricatgyn Here we show that it
is possible to gain energy from mixing €@missions and air, opening up an additional soofce

energy.
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Figurel. Harvesting of energy from GQemissions in capacitive electrochemical cells) (
Principle of the method: dissolved gdissociates in protons and bicarbonate ions, which
diffuse into different electrodes due to the iotesgvity of the membranes placed in front. The
resulting membrane potential leads to the spontageneration of currenB Measured open
circuit voltage (OCV) of the capacitive electrocheah cell alternatingly exposed to air-flushed

water and C@flushed water (;, /t.o, =5/5min). The light blue area denotes the period during

which air-flushed water is used, while the darkebéwea denotes the period during which,CO
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flushed water is usedC} Relation between partial pressure raffoand the measured OCYD)

Cycles of energy extraction a&.,, = 22Q using water as electrolyte. The blue line shoves th

measured cell potential, the red dashed line shbevextracted power. The area colour code is

the same as in panel B.

2. Materialsand Methods

2.1Research Setup

Our setup consisted of two tanks containing thetedgte, i.e. deionized water or 0.25 M
monoethanolamine (MEA) solution (reagent grael®9%, Sigma-Aldrich). One tank was
flushed with air while the other was flushed wit{gas (Air Productd.00% pure). Each tank
is connected to the capacitive cell via a peristgiump (Cole-Parer, Masterflex L/S). The outlet
of both pumps is connected to the inlet of the caje cell via a T shaped connector. Between
each pump and the T connector, valves are placedeteent backflow. Just before the inlet of
the capacitive cell a small glass vessel was ilestalontaining a pH probe. The glass vessel was
filled with 5 mm diameter glass beads in order taimize the dead volume in this vessel. The
pH probe was connected to an online pH data loff86G 30, Endress+Hauser). Cell potential
under open circuit conditions, or in a closed dirsia an external load, was measured with a
multimeter (Fluke 8846A 6-1/2 Digit precision Multeter) with the anion exchanging
electrodes connected to the ground of the multim&ig. S1 in the SI shows a drawing of the

setup and a picture of the actual setup.

2.2 Capacitive cell
The capacitive cell consists of two capacitive &tates, one covered by a cation-exchange

membrane (CEM) and the other covered by an aniohaaxge membrane (AEM). The cell used



79 in all experiments (see electronic supporting imfation) consists of a flat flow-through cell
80 built by stacking together a number of layers: f)auminium plate used as endplate, 2) a
81 hollowed polymethylmethacrylate plate (PMMA) withgaaphite plate socket used as current
82 collector, 3) a silicon gasket for sealing the egltl to create space for the capacitive electrode,
83 4) a capacitive porous electrode made of a grafiiteurrent collector coated with an activated
84 carbon layer, 5) a CEM to create selectivity toaret (protons), 6) a Teflon gasket to create
85 room for the spacer, 7) a polymeric spacer to allogvflow between the membranes and 7) an
86 anion-exchange membrane to create selectivity imnan(bicarbonate ions). The rest of the cell
87 consists of a parallel layout of gasket, capaciglectrode, PMMA plate and aluminum end-

88 plate.

89 2.3Materials
90 The porous carbon electrodes are prepared by magtigated carbon powder with a binder
91 solution. They are produced by the following methoarbon powder (DLC Super 30, Norit,
92  Amersfoort, the Netherlands, BET area = 160§ this dried in an oven at 108 for 24 hours.
93 Then, the carbon powder is mixed with a solutiorpolyvinilidene fluoride (PVDF; KYNAR
94 HSV 900, Arkema Inc. Philadelphia, USA) in 1-metBypyrrolidone (NMP; Merck Schuchardt
95 OHG, Hohenbrunn, Germany), in a ball mill grind&MW 100, Retsch, Haan, Germany) for
96 30 min at 450 rpm. The resulting slurry is castaographite foil (Coidan graphite product LTD,
97 500 pm thick), using a 500 pm casting knife to pi@a carbon film. The film is immersed in
98 deionized water to remove the remaining NMP. Thealfproduct is a solidified carbon film of
99 270um thickness, containing 10w% PVDF binder. The tebele dimensions were
100 25 cm x 2 cm and the total mass of activated caused in the cell is 2.0 g. As a pre-treatment,

101 the electrodes are soaked in £idished deionized water or in MEA solutions.
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Anion-exchange membrane (AEM, Fumasep FAS, Fumatéemany, 30-4@m thickness),
and cation exchange membrane (CEM, Fumasep FKSateah) Germany, 30-40n) are pre-
treated by soaking them during 24 h in a 0.25 M WH@ution for the CEM and in a 0.25 M
KHCOgs solution for the AEM. During this period, the saagisolutions were refreshed 2 times.
A polymer spacer is used to create a flow chanRé&l 6.6 fabric, Nitex 03-300/51, Sefar,
Heiden, Switzerland, thickness = 20).

2.4 Operation of the system

Flushing of the solutions with gas takes place separate vessel, allowing equilibrium to be
established between the gas and the water prientiering the cell (Sl,Fig. S1). Two solutions
are used: water flushed with pure gaseous,@Ad water flushed with air. The solutions are
pumped through a spacer channel between the twexicdmange membranes. In all experiments,
the flow of the CQ@-flushed water through the device is alternatedhwhte flow of air-flushed
water. These two steps together constitute oneecyidie water is free from other salts, the
temperature is 20°C and the setup operates at plreos pressure.

2.50pen circuit voltage (OCV) measurements

The maximum OCV values are obtained by measuriagrtbximum cell potential difference
when changing from the air-flushed solution to @@.,-flushed solution under no current

conditions (SI,Fig. S3).

2.6 Operation of the cell for determining the effectled CQ content on OCV

For the measurement of the effect of the,€a@ntent on the OCV, the system is operated in the
following modified way: At first, two tanks, 1 ar®y] are respectively flushed with air and £O
We start cycling (i.e alternatively pumping the £ished solution and the air-flushed solution

every 5 min) and record the cell potential andpHe After at least three cycles showing a stable
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maximum OCV, we stop flushing GGnto tank 2 and start flushing air instead (justiratank
1). As a result, the COcontent of this solution in tank 2 will slowly dease. From the

measured pH value of the effluent of the tanks, eedéculate the partial pressure ratio

@ = Pco, nigh | Peos jow &S a =10%PHPH) where pHL is the pH of the lowRy,, solution and pHsx

the pH of the highRy, solution (see Sl section 2. and Fig. S4).

2.7 Calculation of the energy extracted, the averagegraand efficiency

The extracted energy is calculated using the faigwelation:W =j |.Edt whereW(J) is the

extracted work,E(V) the cell potential and (A) is the current, while the integration takes

place over the duration of the cycle (s). Efficiescreported in this study were obtained by
dividing the measured extracted energy in one clggléhe theoretically available energy in an

optimal cycle Wmax = Veen, ma¥ Q, WhereW max( J) is the maximum extracted work possible in the
cycle, Ve, ma(V) the theoretical maximum OCV (in this study, thexmam potential is

206 mV) andQ(C) the amount of charge exchanged in one cycle.

2 Resultsand discussion

In the first experiment (Fig. 1B) we operate thdl esxder open circuit conditions and
alternately supply the air-flushed solution and @@-flushed solution each for 5 minutes. The
open circuit voltage (OCV) showed a stable cycksponse, clearly following the solution
alterations, indicating the G(pressure as the driving force. There is a clegmagetry in the
time response with a faster change from air t@ (@out 60 seconds when water is used as the
electrolyte) compared to the change from,@®air (around 180 seconds when water is used as

the electrolyte). There is drift in the OCV for t68€,-flushed solution, a drift that we explain in
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terms of the effect of carbonic acid that diffufi@®ugh the ion exchange membranes, driven by
the high concentration in the G@lushed solution. The cell voltage is determined four
separate potentials, the membrane potential ofithenembranes and the double layer potential
of the two porous carbon electrodes (11). Insid a&fter passage of the membrane the carbonic
acid dissociates partly into protons and bicarb®masulting in higher ion concentrations in the
pore water of the electrodes. This ion concentnaithcrease will lower the membrane potential
as the concentration difference over the membraoeedses. The ions can also be specifically
adsorbed to the porous electrode, changing inviaig the surface charge and thus the double
layer potential (9). In case of changing NaCl coritions such a fast drift is not observed (11),

this is also not expected as NacCl fully dissociatasan ideal approximation, the theoretical
upper limit for the cell potential is given by theguation, Ve, mx= RTFIn(a), in which

a = peo, nign! Pco ow 1S the partial pressure ratio (see Sl sectionFby. our experimental

conditions, we expecVoeu,rmx:206 mV at pco, ngr = 1 bar andpco, o, = 390 ppm. To further
show that the partial pressure ratio is the drivimmge of the voltage response, we measure the
OCYV for different partial pressure ratios. We usehis experiment air-flushed water and £0
flushed water of different COsaturation levels. Fig. 1C shows the relationdigpveen the
OCV and partial pressure ratio applied. As expedtedh equation 1, the OCV in Fig. 1C
increases linearly with the natural logarithm o fhartial pressure ratio. The slope of this curve
equals 25.5 mV, which coincides well with the thetimal expected value dRTF1=25.4 mV.

The measured difference in membrane potentiahat = 1 bar is around 90 mV, 44% of the
theoretically expected value of 206 mV. As the slap in accordance with the theory, we
believe that the lower OCV is caused by an increésbe CQ content of the air-saturated flow.

As the concentration in the air-flushed water ighie order of 1uM , any release of physically
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adsorbed C@(in the cell or tubing for example) will easilycdrease the concentration and, in
this way, lower the partial pressure ratio and eguently the OCV. This analysis is consistent
with the observed asymmetry of the OCV (fig. 1Bgmely that it takes longer to go from a high
concentration to a low concentration than vice aeWe further explored this idea by pumping
the air saturated water through the system forrAbutes and we measured the OCV to be 136
mV.

It is possible to produce electricity by connectthg two electrodes through an external load
Rext(Q) (Fig. 1D), allowing electrons to flow between theatrodes. When exposed to the £0

flushed water, the membrane potential will drivectdlons from the anion specific electrode to
the cation specific electrode. This transport etebnic charge leads to an excess charge in each
electrode. To maintain electroneutrality, this esscecharge is compensated by counterion
adsorption at the electrode surface (Fig. 1A),l@guilibrium is reached between the membrane
potential and the double layer potential and thik \agdtage becomes zero. When the £0
flushed solution is replaced by the air-flushed,cthe new membrane potential will reverse
these processes and drives the ions out of the@lles, back into the flowing solution, until the
system reaches its new equilibrium where againcgiepotential is zero. This clear zero cell
potential is typical for an energy-producing modeperation of the cell. However, under open
circuit condition there is no charge transport @nere is thus no possibility for the electrode
double layer potential to equilibrate with the meamte potential. As a consequence, the
potential will only change as the result of thergi@in membrane potential, but it is not self-
evident that a zero cell potential will be reacbedause the electrode potentials remain constant.
Cycles can be repeated by alternatingly pumpingtiee solutions. The obtained electrical

power is equal toP=Vv2/R,. The power production was measured for severatreat

10
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resistance values to find the one at which thedsglaverage power density was achieved. For
an external load of 2Q, stable cycles are obtained with a peak and aegvager density of 6.2
mWm? and an average power density of 0.28 m¥is obtained (Fig. 2B). The energy
efficiency of this cycle is 12.4% and during eaghle 6.4 nJ was extracted (Sl, Fig. S5).

It is possible to further improve the power dengiyyincreasing the absorption of €@ the
solution. For this, a new series of experimentaselusing as electrolyte a 0.25 M solution of
monoethanolamine (MEA) instead of deionized wat®EA is a moderately strong base, with
alkaline buffer properties that is conventionalged to absorb C{rom exhaust gases (21, 22)
The OCV for the MEA electrolyte was measured inirailar way as in case of water as
electrolyte. The OCV did not differ appreciablydan both cases was around 90 mV. The same
drift is again observed for the G®aturated solution, which is in line with the extion of
carbonic acid diffusion (SlI, Fig. S6).

The higher C®@ absorption leads to an increase of the conceotratif the dissociated ions,
reflected in an increase of the conductivity (13.%/cm for the MEA solution and 0.04 mS/cm
for the solution without MEA). The increase in tbaic concentration leads to cycles where the
voltage across the load is higher and the systsporels more quickly compared to the use of
deionized water (30 mJ extracted in 720 s compsyel mJ extracted in 2240 s respectively)
(Fig. 2A). The initial cell potential measured afsechange of electrolyte solution has an upper
limit determined by the OCV However when using adppart of the OCV is lost due to the
internal resistance of the cell, yielding a lowell qpotential. Because the OCV is similar
whether water or MEA was used as electrolyte, aawhbse the use of the MEA solution gives a
lower internal resistance, the resulting initiall gtential will be higher when using MEA as

electrolyte. Operation at @ results in the best performance in terms of enesgyacted. For

11
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this condition, the peak power density equals 34Wm? and an average power density of 4.5

mWm? is obtained. The energetic efficiency using tbiad was 20.1% and the energy extracted
per cycle was 32 mJ (Sl, Fig.S5). The high%lgJ is, in case of the use of MEA, a factor 16

higher compared to the use of deionized water (1.

The highest energetic efficiency is found at thghkst resistance: 24% in the case of using
water as electrolyte, and 32% in case of the 0.2BMEA solution (Fig. 2B). With higher
external resistances, the current will be smallet, @onsequently, the energy losses due to the
internal resistance will also be smaller. In altesthe use of a MEA solution gives a higher
power density at the same energetic efficiency.

After use, the he MEA solution can be easily reegidby transferring it back to the sparging
vessels. In these vessels air flushing will remiheetransferred C9 while, in the CQ@-flushed

vessel, new Cowill be absorbed.
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Figure 2. Effect of the using an aqueous solution of mamaeblamine (MEA). A) Example
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same as in Fig. 1 BB} Average power densities for different externads as function of the
energetic efficiency. Data obtained for water (dashed line) and the MEA solution 0.25 M

(blue line) are shown.

The worldwide annual CQproduction in power plants running on hydrocarboarces is ~12
GT (12x16° kg, 2010) (23, 24), from which ~9 GT are comingnfrcoal fired power plants and
~2 GT from gas and oil fired power plants. A caedd power plant produces an exhaust gas
with typically 12.7 % C@, while the CQ content in exhaust gas from a gas-fired powertpan
lower, usually around 7.5% GO(25). The amount of available energy depends an th
composition of the gases and the temperature athwthie mixing process takes place. For gas-
fired and coal-fired power plants, mixing the ex$tagas at a temperature of 20 °C gives,
respectively, 236 kJ and 265 kJ per kg of,C€yuivalent to 28 kJ and 50 kJ per kg of exhaust
gas emitted (see Sl section 2 and S7). This mémtsvorldwide around 850 TWh of additional
electricity is available yearly in the flue gasépower plants without additional G@missions.

The technology might also be suited for other gtetry sources like industry and residential
heating. These other stationary sources emit tegedlound 11 GT of CO(23, 24) yearly.
Although the CQ content might be different, using the lower valoegas combustion we can
estimate another potential of ~720 TWh yearly. Toge these C®Oemissions have a potential
of about 1570 TWh yearly, equivalent to 400 timas Hoover Dam (USA), without adding to
global CQ emissions.

Both the air flushed and GQlushed solutions were prepared by gas spargiaghia is a
simple technology easily applied in the laboratd#pwever, sparging is an energy intensive
operation that has been extensively studied inevasder treatment. There, the specific aeration

efficiency is in the range 0.6-7.5 kg/@Wh depending on the technology applied. (26) Even

13
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using the most efficient aeration technology weneste we need 350 kJ per mol £€Qhis
calculation shows that the use of sparging to atritze gases with the electrolyte consumes
more energy than is produced. Therefore to makeemimology applicable more efficient mass
transfer equipment must be selected and investigatech as membranes, which include a
passive mass transfer layer. The possible rold@fcarbonic acid in the OCV drift should be
explored as this lowers the OCV and thus lowersgnextraction. Considering the size of the
energy source (about 1570 TWh) and the much highggrndensity of C@emissions compared

to mixing seawater and freshwater makes, €@issions an interesting energy source to explore
further. Here we have shown that using ion-selecfiorous electrodes we can indeed harvest
this source of energy. However, other technologeesd for harvesting salinity gradient energy

such as RED or PRO (3) can be also considered.
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