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Description

Technical field of the invention

[0001] The present invention relates to a method to
increase the flux of target ionic species in an electro-
chemical cell. This leads to efficient methods of control-
ling biological conversions while simultaneously remov-
ing and converting some of the generated products. More
specifically, and for example, the present invention dis-
closes electrochemical processes to remove and capture
carboxylic acids or potentially toxic ammonium during
fermentations or anaerobic digestions, respectively. The
invention can thus be used to enhance bioproduction
processes via controlling pH and/or reduction/oxidation,
in combination with in situ product recovery.

Background art

[0002] During anaerobic digestion, ammonium as
present in waste streams such as slaughterhouse waste-
water, protein-rich biomass and other biomass streams
can become toxic due to an increased ammonium con-
centration in combination with elevated pH levels. This
ammonium needs removal from the digester in order to
achieve successful biogas production. In the past several
approaches have been presented, principally including
the addition of alkaline solutions, such as caustic, and
subsequent acids to strip out the ammonia and capture
it. These approaches entail high chemicals cost as well
as addition of considerable quantities of ions to the di-
gester fluid. There is hence a need for a technology able
to separate ammonia without consumption of expensive
chemicals for stripping and/or capture.
[0003] Several studies further described the removal
of ammonium from waste streams via transport towards
the cathode and subsequent volatilization following high
pH. However, in these studies the ammonium flux was
not selectively enhanced by the cathodic accumulation
of non-target ions leading to a mobility determined by
electric field only besides a small gradient caused by am-
monia volatilization.
[0004] JP10 142395 to Toshiba Corporation discloses
the electrodialysis of waste water removing ammonium
by migration from the anode to the cathode compartment
via an exchange membrane. In the cathode compartment
ammonium is converted into ammonia due to the higher
pH, that is partly generated by sodium hydroxide and
partly by the generation of hydroxide anions at the cath-
ode.
[0005] Also anions -the issue with ammonium is a cat-
ion based issue- can be problematic for biological con-
versions. The fermentation of biomass to e.g. bioethanol
leads to the production of acetate. As the fermentation
causes decreasing pH, the acetate is converted to acetic
acid which is toxic for most microorganisms. Present ap-
proaches to maintain fermentations include the addition
of caustic solutions, which elevate the pH and enable

further biological activity. This caustic addition is costly
and leads to an increased salinity of the fermenter broth
itself, which is undesired particularly in closed loop sys-
tems. There is hence a need for a technology that can
separate out acetate in combination with elevating pH
without considerable increase of the broth ionic strength.
[0006] Not only acetate as an anion can cause toxicity,
most anionic organics formed during fermentation, such
as butyric, caproic or caprylic acid can have the same
negative impact. Interestingly, these chemicals have a
considerable market value if presented in a purified form.
Thus, while microbial production processes exist for any
of these chemicals, and in extension others such as suc-
cinate, citric acid, maleic acid, formic acid and others,
these endproducts often exert some level of toxicity to
the producing organism. Moreover, if present in a broth
particularly coming from mixed culture fermentations or
as a spent broth after a bioproduction process, the re-
covery of these products is as yet not economical.
[0007] A technique that allows separation of ionic prod-
ucts from fermentation broths is electrodialysis (ED). In
ED, two electrodes are separated via a sequence of mul-
tiple, alternating anion and cation exchange membranes.
This allows the removal from one solution of both anions
and cations, to be captured in a concentrate solution.
While apparently attractive in the aforementioned con-
text, ED suffers from low ionic efficiency (as predomi-
nantly other ions such as sodium or chloride are sepa-
rated) and are not always compatible with the viscous
nature of the fermentation broths or the digester fluids.
As an example on the use of electrodialysis, we refer to
Boniardi and coworkers (Journal of Applied Electrochem-
istry 27, p 125-133 1977).
[0008] In so-called bipolar electrodialysis (Wong et al
Biotechnology Letters 32 p 1053-1057 2010), it has
moreover been shown that application of electrical cur-
rent to an Escherichia coli culture fermenting glucose did
not negatively impact this organism, while increasing so-
lution pH as well as transporting acetate from the broth
to a counter compartment. In this compartment a recov-
ery solution was brought. However, the process still led
to a weak solution of the formed acetate in the recovery
compartment. Moreover, the latter study is very similar
to earlier work by Nomura and coworkers (Applied and
Environmental Microbiology 54(1) p 137-142 1988) in
which acetate production was improved from ethanol in
an ED stack. Hongo and coworkers (Applied and Envi-
ronmental Microbiology 52(2) p 314-319-142 1986) dis-
close a fermentation process for lactate with in-situ lac-
tate separation and pH-control by electrodialysis. Turek
and coworkers (Desalination 233 p 119-125 2008) dis-
close the removal of boron from waste water using elec-
trodialysis with alternating cation and anion exchange
membranes. The pH in the second compartment is kept
as high as possible leading to improved borate flux.
[0009] The key drawbacks from the above methods
are that the products are not yet recovered at high
strength, that the efficiency of the transfer from the prod-
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ucts towards the recovery compartment is limited or that
the system is not amenable to process viscous fluids as
present in many bioproduction settings.

Brief description of figures

[0010]

Figure 1 shows an electrochemical cell with an an-
ode and a cathode, separated by an ion exchange
membrane, preferably a cation exchange mem-
brane. A wastewater flow goes through the anode,
due to the oxidative process cations need to migrate
from anode to cathode. Ammonium thus moves from
anode to cathode. At the cathode an alkaline solution
is generated with higher salinity than the anode. This
leads to the formation of ammonia from ammonium.
This ammonia can be stripped from the cathode so-
lution and subsequently recovered.

Figure 2 shows an electrochemical cell with an an-
ode and a cathode, separated by an ion exchange
membrane, preferably an anion exchange mem-
brane. A wastewater flow goes through the cathode,
due to the reductive process anions need to migrate
from cathode to anode. Acetate thus moves from
cathode to anode. At the anode an acidic solution is
generated with higher salinity than the cathode. This
leads to the formation of acetic acid from acetate.
This acetic acid can be stripped from the anode so-
lution and subsequently recovered. Alternatively the
acetic acid can react with an alcohol present in the
anode to form an ester.

Figure 3 shows a different embodiment of Figure 2
in which the anode electrode is only indirectly in con-
tact with the recovery compartment and serves to
modify the ionic content of the recovery compartment
as well as its pH without directly interacting with the
recovery fluid. The separator separating the anode
electrode from the recovery compartment is for ex-
ample a cation exchange membrane, while the re-
covery compartment is separated from the cathode
by an anion exchange membrane. The latter can be
useful in case the recovery fluid contains chloride,
which can react at the anode. It is clear that the re-
verse can be achieved for a cathode and that such
combinations can entail multiple anodes, multiple
cathodes and multiple membranes in serial or par-
allel stacking modes.

Figure 4 shows the set-up as described in example
1 including electrochemical cell and absorbers. The
cathode fluid is sent through a stripping column,
where a carrier gas such as nitrogen gas or air goes
through the cathode fluid and strips the ammonia.
The gas phase containing the ammonia is subse-
quently sent to an absorber where an acid fluid cap-

tures the ammonia as ammonium.

Figure 5 shows the results of experiments in which
the ammonium flux from anode to cathode was in-
vestigated under different operational conditions,
that is, influence of applied current density (A), anode
NH4

+ concentration (B), cathode pH (C), cathode
NaCl concentration (D) and anode pH (E). A-E are
experiments performed with synthetic wastewater.
In (F) the influence of the current density on nitrogen
flux was investigated with digestate. The black solid
line indicates 100% current efficiency for NH4

+ trans-
fer to the cathode. Symbols: A-D: triangles: open cir-
cuit flux, black and grey circles: closed circuit flux
(duplicated); E: circle: anode flow 4 L L-1 anode com-
partment d-1, square: anode flow 66 L L-1 anode com-
partment d-1, triangle: anode flow 131 L L-1 anode
compartment d-1; F: triangle: open circuit flux, black
circles: closed circuit flux (not duplicated).

Figure 6 shows relative contribution of cations to the
charge balance in function of the applied current den-
sity during operation with digestate.

Summary of invention

[0011] The present application relates to an electro-
chemical process to separate ammonium from a micro-
bial broth using at least two electrode compartments sep-
arated by a cation selective membrane wherein: a) an
anode in a first compartment is in contact with a microbial
broth flowing through said first compartment, b) ammo-
nium present in said microbial broth are separated from
said broth via an electricity driven product flow towards
a second compartment, c) a solution is flowing through
said second compartment, d) said second compartment
comprises a cathode and said solution flowing through
said second compartment has a pH which is elevated
from the pH of said broth by at least 2 pH units, and f)
the concentration of non-target ions of the same polarity
of ammonium of the solution in said second compartment
is higher than the concentration of non-target ions of the
same polarity of ammonium of said broth by at least a
factor 2.
[0012] The present invention relates to a process as
described above wherein the flow rate of said broth in
said first compartment is higher by a factor 2 than the
flow rate of said solution in said second compartment.
[0013] The present invention further relates to a proc-
ess as described above wherein said broth is a fluid in
which anaerobic digestion, fermentation or other micro-
bial processes occur.
[0014] The present invention relates to a process as
described above wherein said electrode in said first com-
partment is an anode is in contact with the broth and
wherein said ammonium is transported towards said sec-
ond compartment comprising a cathode.
[0015] The pH of said solution in said second compart-
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ment allows the conversion of said ammonium in ammo-
nia. The non-target cation in the cathode compartment
is for example potassium or sodium.
[0016] The present invention further relates to a proc-
ess as described above in which said pH is elevated and
is caused by cathodic reduction of water or oxygen.
[0017] The present invention relates to a process as
described above wherein said ammonium is further re-
covered as ammonia in a fluid.
[0018] Alternatively, the present invention relates to a
process as described above wherein said electrode in
said first compartment is a cathode in contact with the
broth and wherein said target ions are anions which are
transported towards said second compartment compris-
ing an anode. Said non-target anion in the anode com-
partment is chloride, sulfate, phosphate or nitrate. A spe-
cific example of said target anion is chosen from the list
of carboxylate, acetate, citrate, succinate, pyruvate,
maleate, oxalate, lactate or caproate.
[0019] The present invention further relates to a proc-
ess as described above wherein the pH of the solution
in said second compartment allows conversion of said
target anion to a less negatively charged ion that can be
removed. Said less negatively charged ion can be re-
moved by volatilization with the introduction of a gas
stream in the second compartment or by chemical mod-
ification. Said chemical modification is for example a re-
action with an alcohol to create an ester.
[0020] The present invention also relates to a process
as described above wherein the pH of the solution in said
second compartment is lower than in the other compart-
ment and is caused by anodic oxidation, and/or, to a proc-
ess as described above in which the anode and the cath-
ode are separated by an anion exchange membrane.
[0021] The present invention further relates to a proc-
ess as described above in which the anode electrode is
separated from the cathode electrode via two mem-
branes including -from the anode to the cathode-: a first
cation exchange membrane and subsequently an anion
exchange membrane, and, wherein said target ions are
recovered in the middle compartment between said
membranes.

Detailed description of the invention

[0022] A solution to the aforementioned problems in
terms of efficiency of electrochemical extraction is to se-
lectively enhance the flux of target ions from the broth to
the receiving compartment. In the context of carboxy-
lates, this implies high carboxylate flux towards the anode
and subsequent recovery of the carboxylate in any form.
This also implies low flux of other, undesired (non-target)
ions such as sulphate, phosphate, carbonate. In the con-
text of positively charged ions as target ions such as am-
monium, this implies high target ion flux towards the cath-
ode and subsequent recovery of said target ions. This
also implies low flux of other, undesired ions such as
sodium and calcium ions.

[0023] The present invention discloses an electro-
chemical process in which at least two electrode com-
partments are separated by a separator, such as an anion
exchange membrane or a cation exchange membrane.
In direct or indirect contact with one of the electrodes is
a microbial broth. In the other electrode compartment is
a solution with a higher strength (= a higher concentra-
tion) of ions different from the target ions than the micro-
bial broth and/or a different pH. Said ionic strength is a
factor two relative to the broth. Said pH is different from
the pH of the broth by at least two pH units.
[0024] Electrical current drives migration of the
charged products (anionic or cationic) towards the coun-
ter compartment of the compartment containing the broth
and the (charged) products. The flux of desired products
(which are also denominated as target ions) is increased
by maintaining a high concentration of non-target ions in
the receiving compartment and maintaining a low con-
centration of target ions in the receiving compartment.
This can be achieved by accumulating non-target ions in
the receiving compartment by e.g. decreasing the net
fluid flow (not considering recirculations) through the re-
ceiving compartment relative to the broth fluid flow and
simultaneously allowing the pH to differ with at least 2
pH units from the broth pH. This causes in the receiving
compartment a modification of the ’target ions’ to a form
that can be removed (this ’form’ is also denominated the
’desired’ product). For example, carboxylates will be con-
verted into more volatile carboxylic acids. For example,
ammonium will be converted into more volatile ammonia.
The non-target ions are not converted in the receiving
compartment, causing accumulation of these ions due
to the lower fluid flow relative to the broth. The increase
of concentration of the non-target ions causes back dif-
fusion of these ions to the broth, thereby decreasing the
net flux of non-target ions. Non-limiting examples of said
’reaction of the products’ are indicated further. Non-lim-
iting examples of non-target ions in the context of am-
monium are sodium, potassium, magnesium, calcium
and other cations as known to a person skilled in the art.
Non-target ions in the context of anions are chloride, sul-
phate, nitrate and phosphate.
[0025] Therefore the present invention relates in first
instance to an electrochemical process using at least two
electrode compartments separated by a separator
wherein the electrode in a first compartment is (directly
or indirectly) in contact with a microbial broth and wherein
the products (target ions) present in said microbial broth
are separated from the broth via an electricity driven prod-
uct flow towards a second compartment (or counter com-
partment) comprising another electrode in direct or indi-
rect contact with a solution in which both the concentra-
tion of non-target ions and the pH are different from the
broth by at least a factor 2 and 2 pH units, respectively.
Said broth specifically relates to a fluid in which anaerobic
digestion, fermentation or other microbial processes oc-
cur.
[0026] In an embodiment of the invention, a fluid as
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present in anaerobic digesters or fermenters and con-
taining ammonia is sent through the anode compartment
of an electrochemical system. The fluid may be in direct
contact with the anode electrode or the electrode may
be shielded by a separator such as an ion exchange
membrane. Examples of anodes are iridium oxide coated
titanium electrodes or other electrodes typically known
as dimensionally stable anodes, or other electrodes suit-
able for use in the fluid of the present invention. The an-
ode compartment is separated from the cathode com-
partment by a cation selective membrane. The flow of
electrical current through the electrochemical system will
force cation migration from anode to cathode. Cations
are ammonium (target ions), and, sodium and potassium
are examples of non-target ions. In the cathode compart-
ment, a reduction process occurs such as water reduc-
tion to hydrogen gas. Due to the influx of other cations
than protons, the pH in the cathode will increase. In case
the fluid flow or flow rate in the cathode is smaller (by at
least a factor two) than the anode fluid flow or flow rate
and in case the cathode fluid contains cations such as
sodium, potassium or other cations at higher concentra-
tion than present in the anode fluid, the ionic strength of
the cathode fluid will be higher than the anode fluid. In
some cases salts such as sodium chloride or bases such
as sodium hydroxide can be added to the fluid flow en-
tering the cathode. This in turn results in backdiffusion
of sodium and other ions from cathode to anode which
limits the net flux of these ions. As charge balance needs
to be maintained across the electrochemical cell, this will
increase the net flux of the target ion ammonium. The
high pH value of the cathode causes ammonium arriving
in the cathode to be converted to ammonia if the pH is
sufficiently elevated. This implies that the ammonia can
be stripped and backdiffusion of ammonia limited. In
combination with high ionic strength by other ions, this
effect will increase the ammonium flux from anode to
cathode, while allowing stripping of the ammonia.
[0027] Therefore, the invention relates to a process as
indicated above wherein said electrode in said first com-
partment is an anode in contact with the broth and where-
in said products are cations which are transported to-
wards said second compartment comprising a cathode.
The present invention relates to a process as mentioned
above wherein said cation is ammonium and wherein the
pH and concentration of non-target ions of said solution
in said second compartment is at least 2 pH units higher
and a unit 2 higher, respectively, than the said broth al-
lowing the conversion of said ammonium in ammonia.
The present invention further specifically relates to a
process according as indicated above in which said non-
target cation is sodium, potassium, calcium, magnesium
or other cations as known to a person skilled in the art.
[0028] The invention specifically relates a process as
mentioned above wherein said elevated pH is caused by
cathodic reduction of water, oxygen or other compounds.
The present invention relates to a process as indicated
above wherein said separator is a cation selective mem-

brane.
[0029] In some embodiments the fluid in the anode or
the cathode can be supplemented with a salt such as
NaCl or Na2SO4 or others as known to a person skilled
in the art to allow for a higher salinity of the fluid.
[0030] In some embodiments the cathode electrode is
separated from the receiving fluid (fluid adjacent to the
membrane separating the anode) by preferably an anion
exchange membrane. This limits the transfer of cations
towards the cathode electrode. The cathode electrode
can thus be immersed in a fluid containing e.g. NaCl.
Hydroxyl ions generated at the cathode migrate through
the anion exchange membrane to the receiving fluid while
cations transferred from the anode to the receiving fluid
cannot come in direct contact with the cathode electrode.
[0031] In a further embodiment the ammonia, mixed
typically with hydrogen gas, is sent through an aqueous
phase in which ammonia can be captured as ammonium.
In a further embodiment, the aqueous phase contains
carbonate and in a further embodiment this carbonate
was obtained by capturing CO2 from a gas stream.
[0032] In another embodiment the capturing aqueous
phase contains other acidifying ions such as sulphate or
nitrate.
[0033] In a further embodiment, hydrogen gas coming
from the cathode can be mixed with biogas or another
gas stream to increase its caloric value.
[0034] The present invention thus further relates to a
process as indicated above in which the elevated pH al-
lows removal of the ammonia from said second compart-
ment via stripping or any other means, and, to a process
as indicated above wherein said ammonia is further re-
covered in a fluid and/or wherein said fluid has a pH lower
than 8.
[0035] The present invention further relates to a proc-
ess as mentioned above wherein said pH is decreased
by carbonate obtainable from the dissolution of biogas
or other CO2 containing gases and wherein said process
leads to the production of ammonium carbonate.
[0036] In a different embodiment a microbial broth or
effluent is in direct or indirect contact with a cathode.
Examples of cathode materials are carbon, steel, nickel
and others as known to a person skilled in the art. The
cathode can be in direct contact with the broth, or can be
shielded by a separator such as for example an anion
exchange membrane. The current flowing through the
cathode leads to the formation of hydrogen gas or the
release of electrons to the fermentation broth or effluent.
The consumption of protons by the cathode may also
lead to an increase in pH, which in many cases leads to
improved bioprocess performance. In case hydrogen gas
is formed in situ, this may also alter the outcomes of the
fermentation. For example, high hydrogen partial pres-
sure leads to the production of caproic acid from acetate
and ethanol (Steinbusch et al Energy and environmental
science 4 p 216-224 2011). The broth is separated from
the anode compartment by a separator, by preference
an ion selective separator, by preference an anion ex-
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change membrane. Formed target anions, such as ace-
tate, caproate, formate, succinate, maleate, fumarate, ci-
trate, caprylate or other anionic products as known to a
person skilled in the art will migrate from cathode to an-
ode. In the anode compartment, an oxidative process
occurs such as water oxidation to oxygen gas. Due to
the influx of other anions than hydroxyl, the pH in the
anode decreases. In case the fluid flow in the anode is
smaller than the cathode fluid flow or in case the incoming
anode fluid contains non-target anions such as sulphate,
chloride, or nitrate at higher concentration than present
in the anode fluid, the ionic strength of the anode fluid
will be higher than the cathode fluid. In some cases salts
such as sodium sulphate or acids such as hydrogen sul-
phate can be added to the fluid flow entering the anode.
This in turn results in backdiffusion of sulphate and other
ions from anode to cathode. The low pH value of the
cathode causes anionic organics arriving in the anode to
be converted to a neutral or protonated form. Examples
are the conversion of acetate to acetic acid, caproate to
caproic acid, succinate to succinic acid, lactate to lactic
acid.
[0037] Hence, the present invention further relates to
a process as indicated above wherein said electrode in
said first compartment is a cathode in contact with the
broth and wherein said products are anions which are
transported towards said second compartment compris-
ing an anode.
[0038] The present invention further relates to a proc-
ess according as indicated above in which said non-tar-
get anion is chloride, sulfate, phosphate or nitrate.
[0039] The present invention thus further relates to a
process as indicated above wherein said target anions
are chosen from the (the non-limiting) list of carboxylate,
acetate, citrate, succinate, pyruvate, maleate, oxalate,
lactate or any other microbially produced anionic product.
The processes of the present invention relate to proc-
esses wherein the pH of the solution in said second com-
partment is at least 2 pH units lower than the pH of the
broth and wherein the concentration of the non-target
anions in said second compartment is at least twice as
high as the concentration of the target anions. The fluid
flow through the anode is lower than through the cathode
by at least a factor 2.
[0040] In one embodiment of the previous, a gas flow
is directed through the anode leading to the volatilization
of the organic products. The stripped organics can then
be recovered and/or fractionated via diverse means as
known to a person skilled in the art.
[0041] In another embodiment of the previous, a chem-
ical reaction of the anions arrived from the cathode oc-
curs. For example, in acidic conditions carboxylic acids,
such as acetic acid or caproic acid, can react with alco-
hols such as ethanol. This leads to the formation of com-
pounds such as ethylacetate and ethylcaproate, that can
be separated from the broth. The removal of these com-
pounds enhances the transfer from cathode to anode.
[0042] Hence, the present invention relates to a proc-

ess as mentioned above wherein the pH of the anode
allows conversion said anion to a less negatively charged
ion that can be removed via stripping or any other means.
More specifically, the present invention relates to the lat-
ter processes in which the said less negatively charged
ion could be removed by volatilization with the introduc-
tion of a gas stream in the second compartment or by
chemical modification. Said chemical modification in-
cludes the reaction with an alcohol to create an ester. In
addition, the present invention relates to a process as
indicated above wherein said lower pH is caused by
anodic oxidation.
[0043] In some embodiments the anode electrode is
separated from the receiving fluid (fluid adjacent to the
membrane separating the cathode) by preferably a cation
exchange membrane. This limits the transfer of chloride
towards the anode electrode. The anode electrode can
thus be immersed in a fluid containing e.g. Na2SO4. Pro-
tons generated at the anode migrate through the cation
exchange membrane to the receiving fluid while chloride
transferred from the cathode to the receiving fluid cannot
come in direct contact with the anode electrode.
[0044] Summarizing, the present invention relates to
electrochemical methods or processes in which in-
creased salinity generally in combination with altered pH
allows increased diffusion of products or toxic com-
pounds to a recovery compartment, as well as allowing
separation of these products from the recovery compart-
ment. In several of the above embodiments, the main
aim of the compound removal was decrease of its toxicity
in a biological conversion process. In addition to this, the
proposed invention can be used to enhance a bioproduc-
tion process by pH and/or reduction/oxidation control in
combination with in situ product recovery. The present
invention will now be illustrated by the following non-lim-
iting examples.

Examples

Example 1

[0045] The present example demonstrates the extrac-
tion of ammonia from a synthetic wastewater. Ammonium
was provided at 5 g per L to the anode, together with
modified M9 medium in a set-up as shown in Figure 4.
In the cathode a pH 13 solution was maintained via the
electrochemical reduction and appropriate feed flow.
Currents of 10, 20 and 30 A m-2 were applied to the elec-
trochemical cell (currents relative to anode projected sur-
face area on membrane). The ammonium transported to
the cathode was converted to ammonia, which was sub-
sequently stripped by sending the cathode fluid through
a stripping column in which a carrier gas (nitrogen) was
brought. The carrier gas with the ammonia was captured
in a low pH solution of sulfuric acid in an absorber. The
recovery of the ammonia relative to the applied current
depended on the current density, in that at higher current
densities the efficiency expressed as units ammonia re-
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covered relative to units current provided to the system
decreased as can be observed in Figure 5A. The afore-
mentioned issue is mainly due to the nature of the syn-
thetic wastewater, while real wastewaters will have more
alkalinity and higher flow leading to decreased pH de-
crease at the anode and thus increased ammonium flux
relative to current density. In all cases a significant in-
crease (experiments performed in duplicate) of the am-
monium flux relative to open circuit (no current) was
achieved, demonstrating the ability to increase ammoni-
um flux combined here with recovery of the ammonia
without addition of caustic soda or other chemicals as
typical for present-day approaches. A current efficiency
of 77% could be reached at 10 A m-2, meaning that the
transfer of every mol of electrons to the cathode was
accompanied by 0.77 mol NH4

+.

Example 2

[0046] The present example shows the influence of the
nitrogen concentration on the ammonium flux in a set-up
shown in Figure 4. At 20 A m-2 current density, the nitro-
gen flux increased 3-fold when increasing the ammonium
concentration in the anode feed from 1 to 5 g NH4

+-N
L-1, as well as the current efficiency from 37 to 51%. In
contrast, the OC nitrogen flux did not increase further at
a nitrogen concentration in the anode of 3 g NH4

+-N L-1

Example 3

[0047] The present example shows the combined in-
fluence cathode ionic strength and cahode pH on the
ammonium flux in a set-up shown in Figure 4. The com-
bined influence of cathode ionic strength and pH on the
nitrogen flux was investigated by using different concen-
trations of NaOH as the cathode feed. Interestingly, the
CC nitrogen flux showed an optimum at a cathode pH of
13 (0.1 M NaOH), whereas the OC showed a similar pro-
file (Fig. 5C). This aspect was further investigated by ap-
plying different NaCl concentrations to the cathode com-
partment. Furthermore, the cell was not coupled to the
stripping and absorption unit to prevent substantial pH
differences in the cathode as the stripping process con-
sumes hydroxyl ions. In this case, NaOH was produced
in-situ due to the cathodic reduction of 2 H2O to H2 and
2 OH-, resulting in a pH of 10.1-10.5 in the cathode com-
partment. This time, no peak of the nitrogen flux was
observed at 0.1 M NaCl, i.e. equal ionic strength as 0.1
M NaOH. Instead, a linearly increasing trend of the nitro-
gen flux could be observed within the range tested (Fig.
5D).

Example 4

[0048] Protons have a higher mobility relative to the
other cations, implying that protons can play an important
role in balancing the electron flux. Therefore, the present
example shows the influence of the anode pH on the

ammonium flux in a set-up shown in Figure 4. The anode
flow was increased from 4 to 66 and 131 L L-1 anode
compartment d-1, which resulted in a pH in the anode
compartment of 4.1 and 6.1, respectively. The signifi-
cantly lower proton concentration in case of pH 6 had a
clear effect on the nitrogen flux, which increased with
about 26% (Fig. 5E), and a current efficiency of 96%
could be obtained.

Example 5

[0049] In the present example, digestate was used as
anode feed to investigate the nitrogen flux in a real matrix
in a set-up shown in Figure 4. The attainable nitrogen
flux with digestate (6 2 g N L-1) at different applied current
densities was comparable to the fluxes obtained with syn-
thetic wastewater (Fig. 5A and 5F). For instance, at 20
A m-2 with synthetic wastewater containing 3 g N L-1, a
flux of 95 g N m-2 d-1 was obtained compared to 90 g N
m-2 d-1 with digestate containing 6 2 g N L-1.

Example 6

[0050] In the present example, the relative contribution
of the different cations present in the digestate that bal-
ance the electron flux are investigated in a set-up shown
in Figure 4. Figure 6 demonstrates that current efficien-
cies of 40% can be obtained for NH4

+, and that charge
balancing by protons or reversed hydroxyl flux from cath-
ode to anode increases with increasing current densities.
Furthermore, the Na+ flux is relatively low despite a sim-
ilar concentration to NH4

+ in the digestate. Potassium,
also an interesting nutrient, was removed at a rate of 130
- 243 g K+ m-2 d-1, depending on the applied current den-
sity, leading to K+ removal efficiencies of 33 - 68%. This
figure clearly demonstrates the selective transfer of NH4

+

and K+ over Na+, due to the similar Na+ concentration in
both compartments. Even though Na+ was 28% of the
cationic strength in the anode, it represented only 0 to
7.1 % of the flux towards the cathode, depending on the
applied current density.

Example 7

[0051] An electrochemical cell similar to the cell de-
scribed previously is set up using a IrOx coated titanium
electrode as anode and a graphite felt cathode. A broth
containing fatty acids and alcohols is sent through the
cathode compartment. In the anode an electrolyte is
brought containing initially 0.01 M of Na2SO4. Current is
applied leading to formation of protons at the anode which
acidifies the anode fluid. An anion exchange membrane
separates the anode from the cathode. At the cathode,
the pH increases due to the reduction of water. In the
broth increasing concentrations of caproate have been
observed (pH 5.5 ~3 g/L caproate). This caproate is
transported through the anion exchange membrane from
the cathode to the anode. To the anode ethanol is added
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which reacts with caproate in the presence of an acid
solution containing sulphate to form ethyl caproate. The
latter product is separated from the broth by sending a
gas flow of nitrogen gas through the anode fluid. The gas
flow is subsequently sent through a distillation column
allowing recovery of the ethyl caproate.

Claims

1. An electrochemical process to separate ammonium
from a microbial broth using at least two electrode
compartments separated by a cation selective mem-
brane wherein: a) an anode in a first compartment
is in contact with a microbial broth flowing through
said first compartment, b) ammonium present in said
microbial broth is separated from said broth via an
electricity driven product flow towards a second com-
partment, c) a solution is flowing through said second
compartment, d) said second compartment compris-
es a cathode and said solution flowing through said
second compartment has a pH which is elevated
from the pH of said broth by at least 2 pH units, e)
the concentration of non-target ions of the same po-
larity of ammonium of the solution in said second
compartment is higher than the concentration of non-
target ions of the same polarity of ammonium of said
broth by at least a factor 2, f) wherein the net fluid
flow of said broth in said first compartment is higher
by at least factor 2 than the net fluid flow of said
solution in said second compartment, and g) said
elevated pH of said solution in said second compart-
ment allows the conversion of said ammonium in am-
monia.

2. A process according to claim 1 wherein said broth
is a fluid in which anaerobic digestion, fermentation
or other microbial processes occur.

3. A process according to claims 1-2 wherein the non-
target cation in the cathode compartment is potas-
sium or sodium.

4. A process according to claims 1-3 in which said el-
evated pH is caused by cathodic reduction of water
or oxygen.

5. A process according to any of claims 1-4 wherein
said ammonium is further recovered as ammonia in
a fluid.

6. An electrochemical process to separate anions from
a microbial broth using at least two electrode com-
partments separated by an anion selective mem-
brane wherein: a) a cathode in a first compartment
is in contact with a microbial broth flowing through
said first compartment, b) anions present in said mi-
crobial broth are separated from said broth via an

electricity driven product flow towards a second com-
partment, c) a solution is flowing through said second
compartment, d) said second compartment compris-
es an anode and said solution flowing through said
second compartment has a pH which is lower from
the pH of said broth by at least 2 pH units, e) the
concentration of non-target ions of the same polarity
of the anions of the solution in said second compart-
ment is higher than the concentration of non-target
ions of the same polarity of the anions of said broth
by at least a factor 2, f) wherein the net fluid flow of
said broth in said first compartment is higher by at
least factor 2 than the net fluid flow of said solution
in said second compartment, g) in which said non-
target anion in the anode compartment is chloride,
sulfate, phosphate or nitrate, and h) wherein the pH
of the solution in said second compartment allows
conversion of said anions to a less negatively
charged ion that can be removed.

7. A process according to claim 6 wherein said anion
is chosen from the list of carboxylate, acetate, citrate,
succinate, pyruvate, maleate, oxalate, lactate or
caproate.

8. A process according to claim 6-7 in which the said
less negatively charged ion is removed by volatiliza-
tion with the introduction of a gas stream in the sec-
ond compartment or by chemical modification.

9. A process according to claim 8 wherein said chem-
ical modification is a reaction with an alcohol to cre-
ate an ester.

10. A process according to any of claims 7-9 wherein
the lower pH of the solution in said second compart-
ment is caused by anodic oxidation.

11. An electrochemical process to separate anions from
a microbial broth using at least two electrode com-
partments separated by an anion selective mem-
brane wherein

a) a cathode in a first compartment is in contact
with a microbial broth flowing through said first
compartment,
b) anions present in said microbial broth are sep-
arated from said broth via an electricity driven
product flow towards a middle compartment,
c) a solution is flowing through said middle com-
partment and said middle compartment is sep-
arated from said first compartment by an anion
exchange membrane,
d) a third compartment comprises an anode and
said third compartment is separated from said
middle compartment by a cation exchange
membrane,
e) the pH in said third compartment is decreas-
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ing due to anodic oxidation generating protons
which migrate towards the middle compartment,
f) the pH in said middle compartment is at least
2 pH units lower than the pH of said broth in said
first compartment,
g) the concentration of non-target ions of the
same-polarity of the anions of the solution in said
middle compartment is higher than the concen-
tration of non-target ions of the same polarity of
the anions of said broth by at least factor 2,
h) wherein the net fluid flow of said broth in said
first compartment is higher by at least factor 2
than the net fluid flow of said solution in said
middle compartment,
i) in which said non-target ions in the middle
compartment is chloride, sulfate, phosphate or
nitrate, and,
j) wherein the pH of the solution in said middle
compartment allows conversion of said anions
to a less negatively charged ion that can be re-
moved.

Patentansprüche

1. Elektrochemisches Verfahren zur Abtrennung von
Ammonium aus einer Mikrobenbrühe unter Verwen-
dung von mindestens zwei Elektrodenkompartimen-
ten, die durch eine kationenselektive Membran ge-
trennt sind, wobei: a) eine Anode in einem ersten
Kompartiment mit einer durch das erste Komparti-
ment fließenden Mikrobenbrühe in Kontakt steht, b)
in der Mikrobenbrühe vorliegendes Ammonium mit
Hilfe eines elektrizitätsgetriebenen Produktstroms
zu einem zweiten Kompartiment aus der Brühe ab-
getrennt wird, c) eine Lösung durch das zweite Kom-
partiment fließt, d) das zweite Kompartiment eine
Kathode umfasst und die durch das zweite Kompar-
timent fließende Lösung einen pH-Wert aufweist, der
gegenüber dem pH-Wert der Brühe um mindestens
2 pH-Einheiten erhöht ist, e) die Konzentration von
Nicht-Ziel-Ionen der gleichen Polarität wie Ammoni-
um der Lösung in dem zweiten Kompartiment um
mindestens einen Faktor 2 höher ist als die Konzen-
tration von Nicht-Ziel-Ionen der gleichen Polarität
wie Ammonium der Brühe, f) wobei der Nettofluid-
strom der Brühe in dem ersten Kompartiment um
mindestens einen Faktor 2 höher ist als der Netto-
fluidstrom der Lösung in dem zweiten Kompartiment,
und g) der erhöhte pH-Wert der Lösung in dem zwei-
ten Kompartiment die Umwandlung des Ammoni-
ums in Ammoniak erlaubt.

2. Verfahren nach Anspruch 1, bei dem es sich bei der
Brühe um ein Fluid handelt, in dem anaerobe Ver-
dauung, Fermentation oder andere mikrobielle Pro-
zesse ablaufen.

3. Verfahren nach den Ansprüchen 1-2, wobei es sich
bei dem Nicht-Ziel-Kation in dem Kathodenkompar-
timent um Kalium oder Natrium handelt.

4. Verfahren nach den Ansprüchen 1-3, bei dem der
erhöhte pH-Wert durch kathodische Reduktion von
Wasser oder Sauerstoff verursacht wird.

5. Verfahren nach einem der Ansprüche 1-4, bei dem
das Ammonium ferner als Ammoniak in einem Fluid
gewonnen wird.

6. Elektrochemisches Verfahren zur Abtrennung von
Anionen aus einer Mikrobenbrühe unter Verwen-
dung von mindestens zwei Elektrodenkompartimen-
ten, die durch eine anionenselektive Membran ge-
trennt sind, wobei: a) eine Kathode in einem ersten
Kompartiment mit einer durch das erste Komparti-
ment fließenden Mikrobenbrühe in Kontakt steht, b)
in der Mikrobenbrühe vorliegende Anionen mit Hilfe
eines elektrizitätsgetriebenen Produktstroms zu ei-
nem zweiten Kompartiment aus der Brühe abge-
trennt werden, c) eine Lösung durch das zweite
Kompartiment fließt, d) das zweite Kompartiment ei-
ne Anode umfasst und die durch das zweite Kom-
partiment fließende Lösung einen pH-Wert aufweist,
der gegenüber dem pH-Wert der Brühe um mindes-
tens 2 pH-Einheiten niedriger ist, e) die Konzentra-
tion von Nicht-Ziel-Ionen der gleichen Polarität wie
die Anionen der Lösung in dem zweiten Komparti-
ment um mindestens einen Faktor 2 höher ist als die
Konzentration von Nicht-Ziel-Ionen der gleichen Po-
larität wie die Anionen der Brühe, f) wobei der Netto-
fluidstrom der Brühe in dem ersten Kompartiment
um mindestens einen Faktor 2 höher ist als der
Nettofluidstrom der Lösung in dem zweiten Kompar-
timent, g) wobei es sich bei dem Nicht-Ziel-Anion in
dem Anodenkompartiment um Chlorid, Sulfat, Phos-
phat oder Nitrat handelt, und h) wobei der pH-Wert
der Lösung in dem zweiten Kompartiment die Um-
wandlung der Anionen in ein weniger negativ gela-
denes Ion, das entfernt werden kann, erlaubt.

7. Verfahren nach Anspruch 6, bei dem das Anion aus
der Liste Carboxylat, Acetat, Citrat, Succinat, Pyru-
vat, Maleat, Oxalat, Lactat oder Caproat ausgewählt
wird.

8. Verfahren nach den Ansprüchen 6-7, wobei das we-
niger negativ geladene Ion durch Verflüchtigung mit
der Eintragung eines Gasstroms in das zweite Kom-
partiment oder durch chemische Modifizierung ent-
fernt wird.

9. Verfahren nach Anspruch 8, bei dem es sich bei der
chemischen Modifizierung um eine Reaktion mit ei-
nem Alkohol zur Bildung eines Esters handelt.
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10. Verfahren nach einem der Ansprüche 7-9, bei dem
der niedrigere pH-Wert der Lösung in dem zweiten
Kompartiment durch anodische Oxidation verur-
sacht wird.

11. Elektrochemisches Verfahren zur Abtrennung von
Anionen aus einer Mikrobenbrühe unter Verwen-
dung von mindestens zwei Elektrodenkompartimen-
ten, die durch eine anionenselektive Membran ge-
trennt sind, wobei:

a) eine Kathode in einem ersten Kompartiment
mit einer durch das erste Kompartiment fließen-
den Mikrobenbrühe in Kontakt steht,
b) in der Mikrobenbrühe vorliegende Anionen
mit Hilfe eines elektrizitätsgetriebenen Produkt-
stroms zu einem mittleren Kompartiment aus
der Brühe abgetrennt werden,
c) eine Lösung durch das mittlere Kompartiment
fließt und das mittlere Kompartiment durch eine
Anionenaustauschermembran von dem ersten
Kompartiment getrennt ist,
d) ein drittes Kompartiment eine Anode umfasst
und das dritte Kompartiment durch eine Katio-
nenaustauschermembran von dem mittleren
Kompartiment getrennt ist,
e) der pH-Wert in dem dritten Kompartiment auf-
grund von anodischer Oxidation unter Bildung
von Protonen, die zum mittleren Kompartiment
wandern, erniedrigt wird,
f) der pH-Wert in dem mittleren Kompartiment
um mindestens 2 pH-Einheiten niedriger ist als
der pH-Wert der Brühe in dem ersten Kompar-
timent,
g) die Konzentration von Nicht-Ziel-Ionen der
gleichen Polarität wie die Anionen der Lösung
in dem mittleren Kompartiment um mindestens
einen Faktor 2 höher ist als die Konzentration
von Nicht-Ziel-Ionen der gleichen Polarität wie
die Anionen der Brühe,
h) wobei der Nettofluidstrom der Brühe in dem
ersten Kompartiment um mindestens einen Fak-
tor 2 höher ist als der Nettofluidstrom der Lösung
in dem mittleren Kompartiment,
i) wobei es sich bei den Nicht-Ziel-Ionen in dem
mittleren Kompartiment und Chlorid, Sulfat,
Phosphat oder Nitrat handelt, und
j) wobei der pH-Wert der Lösung in dem mittle-
ren Kompartiment die Umwandlung der Anionen
in ein weniger negativ geladenes Ion, das ent-
fernt werden kann, erlaubt.

Revendications

1. Procédé électrochimique pour séparer l’ammonium
d’un bouillon microbien à l’aide d’au moins deux
compartiments d’électrode séparés par une mem-

brane sélective vis-à-vis des cations dans lequel :

a) une anode dans un premier compartiment est
en contact avec un bouillon microbien circulant
dans ledit premier compartiment,
b) l’ammonium présent dans ledit bouillon mi-
crobien est séparé dudit bouillon par l’intermé-
diaire d’un flux de produit entraîné par l’électri-
cité allant vers un second compartiment,
c) une solution circule dans ledit second com-
partiment,
d) ledit second compartiment comprend une ca-
thode et ladite solution circulant dans ledit se-
cond compartiment a un pH qui est élevé par
rapport au pH dudit bouillon d’au moins 2 unités
de pH,
e) la concentration d’ions non-cibles de même
polarité que l’ammonium de la solution dans ledit
second compartiment est supérieure à la con-
centration d’ions non-cibles de même polarité
que l’ammonium dudit bouillon d’un facteur d’au
moins 2,
f) dans lequel le débit net de fluide dudit bouillon
dans ledit premier compartiment est supérieur
d’un facteur d’au moins 2 au débit net de fluide
de ladite solution dans ledit second comparti-
ment et
g) ledit pH élevé de ladite solution dans ledit
second compartiment permet la conversion du-
dit ammonium en ammoniac.

2. Procédé selon la revendication 1 dans lequel ledit
bouillon est un fluide dans lequel une digestion ana-
érobie, une fermentation ou d’autres processus mi-
crobiens ont lieu.

3. Procédé selon les revendications 1 à 2 dans lequel
le cation non-cible dans le compartiment cathodique
est le potassium ou le sodium.

4. Procédé selon les revendications 1 à 3 dans lequel
ledit pH élevé est provoqué par réduction cathodique
d’eau ou d’oxygène.

5. Procédé selon l’une quelconque des revendications
1 à 4 dans lequel ledit ammonium est en outre récu-
péré sous forme d’ammoniac dans un fluide.

6. Procédé électrochimique pour séparer des anions
d’un bouillon microbien à l’aide d’au moins deux
compartiments d’électrode séparés par une mem-
brane sélective vis-à-vis des anions dans lequel :

a) une cathode dans un premier compartiment
est en contact avec un bouillon microbien circu-
lant dans ledit premier compartiment,
b) les anions présents dans ledit bouillon micro-
bien sont séparés dudit bouillon par l’intermé-

17 18 



EP 2 809 430 B1

11

5

10

15

20

25

30

35

40

45

50

55

diaire d’un flux de produit entraîné par l’électri-
cité allant vers un second compartiment,
c) une solution circule dans ledit second com-
partiment,
d) ledit second compartiment comprend une
anode et ladite solution circulant dans ledit se-
cond compartiment a un pH qui est inférieur par
rapport au pH dudit bouillon d’au moins 2 unités
de pH,
e) la concentration d’ions non-cibles de même
polarité que les anions de la solution dans ledit
second compartiment est supérieure à la con-
centration d’ions non-cibles de même polarité
que les anions dudit bouillon d’un facteur d’au
moins 2,
f) dans lequel le débit net de fluide dudit bouillon
dans ledit premier compartiment est supérieur
d’un facteur d’au moins 2 au débit net de fluide
de ladite solution dans ledit second comparti-
ment,
g) dans lequel ledit anion non-cible dans le com-
partiment anodique est l’anion chlorure, sulfate,
phosphate ou nitrate et
h) dans lequel le pH de la solution dans ledit
second compartiment permet la conversion des-
dits anions en un ion moins négativement char-
gé qui peut être enlevé.

7. Procédé selon la revendication 6 dans lequel ledit
anion est choisi dans la liste des anions carboxylate,
acétate, citrate, succinate, pyruvate, maléate, oxa-
late, lactate ou caproate.

8. Procédé selon la revendication 6 à 7 dans lequel
ledit ion moins négativement chargé est enlevé par
volatilisation avec l’introduction d’un courant de gaz
dans le second compartiment ou par modification
chimique.

9. Procédé selon la revendication 8 dans lequel ladite
modification chimique est une réaction avec un al-
cool pour créer un ester.

10. Procédé selon l’une quelconque des revendications
7 à 9 dans lequel le pH inférieur de la solution dans
ledit second compartiment est provoqué par oxyda-
tion anodique.

11. Procédé électrochimique pour séparer des anions
d’un bouillon microbien à l’aide d’au moins deux
compartiments d’électrode séparés par une mem-
brane sélective vis-à-vis des anions dans lequel

a) une cathode dans un premier compartiment
est en contact avec un bouillon microbien circu-
lant dans ledit premier compartiment,
b) les anions présents dans ledit bouillon micro-
bien sont séparés dudit bouillon par l’intermé-

diaire d’un flux de produit entraîné par l’électri-
cité allant vers un compartiment intermédiaire,
c) une solution circule dans ledit compartiment
intermédiaire et ledit compartiment intermédiai-
re est séparé dudit premier compartiment par
une membrane échangeuse d’anions,
d) un troisième compartiment comprend une
anode et ledit troisième compartiment est sépa-
ré dudit compartiment intermédiaire par une
membrane échangeuse de cations,
e) le pH dans ledit troisième compartiment dimi-
nue en raison de l’oxydation anodique générant
des protons qui migrent vers le compartiment
intermédiaire,
f) le pH dans ledit compartiment intermédiaire
est d’au moins 2 unités de pH inférieur au pH
dudit bouillon dans ledit premier compartiment,
g) la concentration d’ions non-cibles de même
polarité que les anions de la solution dans ledit
compartiment intermédiaire est supérieure à la
concentration d’ions non-cibles de même pola-
rité que les anions dudit bouillon d’un facteur
d’au moins 2,
h) dans lequel le débit net de fluide dudit bouillon
dans ledit premier compartiment est supérieur
d’un facteur d’au moins 2 au débit net de fluide
de ladite solution dans ledit compartiment inter-
médiaire,
i) dans lequel lesdits ions non-cibles dans le
compartiment intermédiaire sont des ions chlo-
rure, sulfate, phosphate ou nitrate et
j) dans lequel le pH de la solution dans ledit com-
partiment intermédiaire permet la conversion
desdits anions en un ion moins négativement
chargé qui peut être enlevé.
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