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Gaseous ammonia (NH3) recovered from residual waters may be used as a fuel in solid oxide fuel cells (SOFCs) to
generate electricity without emission of undesirable oxidised nitrogen species. NHg can be directly recovered
from water as a gas by vacuum membrane stripping (VMS), which also results in the evaporation of water (H20),
leading to the recovery of NH3-H,O mixtures. However, in currently available literature, information is lacking
on the NH3 concentrations in NH3-HoO mixtures that may be used as a fuel for an oxygen-conducting SOFC
(SOFC-0). In this study, we assessed the effect of feed water temperature and the NH3 feed water concentration
on the NH3 concentrations in gaseous VMS permeate. Besides, we assessed the feasibility to use NH3-H0
mixtures in the concentration range between 5 and 25 wt% for the generation of electricity in an SOFC-O. The
results show that increasing the NH; feed water concentration from 1 to 10 gL ™! increased the NH3 concen-
tration in the gaseous VMS permeate from 1 wt% to up to 11 wt%. Increasing the feed water temperature from 25
to 35 °C also results in an increase in the NH3 concentration in the gaseous permeate, whereas increasing the feed
water temperature from 35 °C to 55 °C leads to dilution of the VMS permeate. Furthermore, electricity was
generated at an electrical efficiency of 43% in an SOFC-O when the NH3 concentration in the NH3-H20 fuel was
only 5 wt%. Hence, according results on the obtained NH3 concentrations in the gaseous VMS permeate and the
generation of electricity using dilute NH3-H2O mixtures as a fuel, VMS and SOFC-O can be combined for the
generation of electricity from NH3 recovered from water. Moreover, the electrical energy generation of the SOFC-
0, which reached values of 9 MJkg-N!, was higher than the electrical energy consumption for VMS, for which
values of 7 MJkg-N~! were calculated.

1. Introduction precipitation by the addition of magnesium to residual waters that also

contain phosphate, or by scrubbing stripped NHs-containing off-gas that

1.1. Recovery of total ammoniacal nitrogen from water

Currently, biochemical treatment methods, such as nitrifica-
tion—denitrification and partial nitritation in combination with anaer-
obic ammonium oxidation are commonly used to remove total
ammoniacal nitrogen (TAN), which is the sum of the concentration of
dissolved ammonium (NHZ) and ammonia (NH3), from residual waters.
However, recovery of TAN from residual streams that contain high
(>0.5 g~L’1) TAN concentrations, is currently receiving growing interest
as an alternative to biochemical TAN destruction [1-3]. Examples of
residual streams that contain high TAN concentrations are source-
separated urine, industrial condensates and reject water, which is the
liquid fraction of anaerobically digested waste activated sludge, manure
or landfill leachate [3]. Recovery of TAN can be achieved via struvite
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is obtained after chemical addition for pH increase, followed by air- or
steam stripping in acid solutions [2]. Recovered products such as stru-
vite, ammonium sulphate and ammonium nitrate are typically used as (a
resource for the production of) fertiliser [1,2]. In addition, recovered
TAN in the form of ammonia-water (NH3-H,0) mixtures can be used for
carbon dioxide (CO-) capture from flue gases [4]. However, recovery of
NH;j as a resource is not always desirable, because large amounts of
chemicals and energy are typically required to drive the recovery
technologies. Moreover, the use of the recovered products can be chal-
lenging due to legislation, quality restrictions, storage and trans-
portation costs, and supply and demand mismatches [1,2].
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1.2. Use of gaseous ammonia for energy generation by using solid oxide
fuel cells

The chemically stored energy in NHs, which equals 21 MJkg-N"1,
referring to the lower heating value at 750 °C, can be converted to
electricity and heat by various energy-conversion technologies [5]. NH3
as energy source opens new opportunities for the application of recov-
ered NH3z from residual waters [3]. Whereas conventional
combustion-based technologies initially convert the chemical energy to
heat and subsequently generate electricity at efficiencies ranging be-
tween 30 and 40%, fuel cells allow for direct generation of electricity at
up to 60% efficiency [6].

Amongst the various fuel cell types, three types are so-called direct
NH3 fuel cells: 1) alkaline fuel cells (AFCs), 2) alkaline membrane fuel
cells (AMFCs) and 3) solid oxide fuel cells (SOFCs). According to review
studies of Cheddie [7] and Lan et al. [8], the reported maximum (peak)
power density of AFCs (16 mW-cm~2) and AMFCs (40 mW-cm™~2) are an
order of magnitude lower than the reported peak power density of
SOFCs (ranging between 580 and 1,190 mW-cm™2), using gaseous NH
directly as a fuel. Moreover, the use of AMFCs is challenged by catalyst
poisoning by adsorbed N species at the anode, diffusion of NH3 through
the membrane electrolyte, and slow kinetics due to the low operating
temperature (between 25 and 80 °C) [9]. Furthermore, the use of AFCs is
challenged by carbonate formation in the liquid hydroxide electrolyte
[8,10].

The high peak power densities of SOFCs are explained by the fast
kinetics and the low resistances, as SOFCs operate at temperatures
ranging between 600 and 1000 °C, allowing for electrical efficiencies up
to 60% and total energy efficiencies up to 90% when the high-grade
generated heat is used [6]. The operational temperature combined
with the presence of nickel catalysts allows for spontaneous cracking of
NHj to hydrogen (Hs) and N (Eq. (1)) [11], without the need to change
the materials or design of Hj-fuelled SOFCs to use NH3 as a fuel [12].
SOFC types are distinguished based on their electrolyte properties
[6,13]. SOFC-Os have an oxygen-conducting electrolyte, while SOFC-Hs
have a proton-conducting solid electrolyte. In both types of SOFCs,
cracking of NHj takes place at the anode. However, in SOFC-Os, oxygen
(O2) reduction to oxygen ions (02’) takes place at the cathode (Eq. (2)).
Subsequently, 0%~ transfer from the cathode to the anode allows for the
reaction of 0%~ with Hy (Eq. (3)), resulting in the release of electrons.
The electrons go through an electrical circuit to the cathode, allowing
again for O, reduction. In contrast, in SOFC-Hs, protons (H") are formed
at the anode and subsequent H" transfer takes place from the anode to
the cathode. At the cathode, H' reacts with O,, resulting in the release of
electrons, which are again used at the anode to form H' from Hp.
Currently, the reported peak power densities of SOFC-Os exceed the
reported peak power densities of SOFC-Hs, due to optimal material se-
lection and design of SOFC-Os as a result of extensive research [13,14].
Moreover, the conversion of NH3 in SOFC-Os leads to very low emission
of N-species. Dekker et al. [15] reported near-complete (>99.9%)
cracking of NH3 at the anode and only traces of NOy (ranging between
0.5 and 4 ppm) in the anode off-gas of their SOFC-O. Research con-
ducted by Staniforth et al. [11], Ma et al. [16] and Okanishi et al. [17]
confirmed these findings and detected no NH3, NO, NO5 nor N»O in the
anode off-gas of their SOFC-O. Hence, SOFC-Os are potentially suitable
to efficiently convert the chemically stored energy from recovered NH3
to electricity, without the emission of undesirable oxidised N-species.

NH; + xH,0—0.5N, + 1.5H, + xH,0 @
0.750, + 3¢~ —1.50* 2
1.5H, +1.50° = (1.5 4+ x)H,0 + 3¢~ 3
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1.3. Direct gaseous ammonia recovery from water by vacuum membrane
stripping

To allow for using the recovered NHj as a fuel for SOFC-Os, NH3 must
be extracted from the water phase as a gas. Hereto, vacuum stripping of
NH; can be used, which avoids the presence of O in the recovered gas.
In contrast, applying air stripping will lead to deactivation of the nickel
anode catalyst of SOFC-Os by oxidation of nickel to nickel oxide (NiO).
The use of membranes in vacuum membrane stripping (VMS) configu-
rations, results in large gas-liquid exchange areas in a small volume,
allowing for compact systems. However, stripping of NHs from water is
accompanied by the evaporation of Hy0, resulting in gaseous NH3-H0
mixtures in the VMS permeate. El-Bourawi et al. [18] and Ding et al.
[19] studied the effects of the solution pH, feed water temperature,
vacuum pressure, feed flow velocity, and feed water concentration NH;
concentration on the NH3 mass transfer coefficient, which relates the
mass flux and the corresponding driving force. However, both studies
did not report the effects on the individual transfer of NHz and H»0, nor
on the obtained NHj3 concentration in the recovered NH3 stream. On the
other hand, the studies of He et al. [20] and He et al. [21] reported
concentrations of NHs in a range between 4 and 18 g-N-L7! in the
gaseous NH3-H,0 mixtures recovered from biogas slurry by VMS, cor-
responding to a range between 0.5 and 2.2 wt% (weight %) of NH3.

1.4. Direct use of recovered ammonia from water as a fuel for solid oxide
fuel cells

To the best of our knowledge, only recent studies of Stoeckl et al.
[22] and Stoeckl et al. [23] mentioned the use of recovered NH3 as fuel
for an SOFC-O. However, the authors used fuel with an NH3 concen-
tration of 70 wt%, as an NH3-H,O mixture, and did not mention for what
kind of feed water and operating conditions this NH3 concentration can
be obtained. Hence, currently reported NH3 concentrations, which are
obtained by VMS (up to 2 wt%) and those that are used in NH3-H20
mixtures as fuel for SOFC-Os (70 wt%), do not match. This discrepancy
makes it unclear whether VMS and SOFC-Os can be combined for the
recovery of NH3 from water and the subsequent direct use of the
recovered NHj3 as a fuel. Therefore, more information is needed to bridge
the gap in applicable NH3 concentrations in NH3-H,O mixtures that can
be obtained by VMS and directly be used by SOFC-O.

To obtain more concentrated NH3-H»O mixtures during the recovery
of NH3 by VMS, the amount of HyO evaporated relative to the amount of
NHj stripped must be minimized. In currently available literature on
NHj3 recovery by VMS, feed water temperatures ranging between 40 and
75 °C are used [19-21,24,25]. All mentioned studies showed that when
the feed water temperature increased, the NH3 in the gaseous permeate
was diluted. Therefore, VMS seems to be a suitable technology only for
feed water temperatures below 40 °C. In addition, when increased NH3
concentrations are present in the feed water, also the NH3 flux increases
[19,20,24,25]. Based on our previous research, NHs concentrations of
10 gL ! can be obtained, using electrodialysis to concentrate NHZ [26],
followed by chemical addition for pH increase. As an alternative for
adding chemicals to obtain dissolved NHs, bipolar membrane electro-
dialysis can be applied, which allows for the direct production of
concentrated dissolved NH3 without the addition of chemicals [27].

1.5. Research objectives

This study aimed to link VMS and SOFC-O for NH3 recovery from
water and to directly use the recovered NHj for electricity generation.
The first goal of this study was to determine what NH3 concentrations in
the gaseous VMS permeate can be obtained for various feed water
temperatures ranging between 25 and 55 °C. Experiments were per-
formed with NHs feed water concentrations ranging between 1 and 10
gL}, which is considered a relevant range for NH; recovery from re-
sidual waters. The second goal of this study was to determine the
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required NH3 concentrations for electricity generation in an SOFC-O,
using dilute NH3-HoO mixtures, ranging between 5 and 25 wt%. In
addition, we calculated the electrical energy consumption to recover
NHj by VMS, as well as the energy generation of the SOFC-O using NH3-
H,0 mixtures as a fuel.

2. Materials and methods
2.1. Materials

2.1.1. Experimental vacuum membrane stripping set-up

For the VMS experiments, an acrylic Sterlitech flow-cell was used,
containing a flat-sheet polytetrafluoroethylene (PTFE) hydrophobic
membrane with polypropylene (PP) backing, having a pore size of 0.1
pm and a membrane area of 34 cm?. A wire mesh spacer with a filament
thickness of 0.8 mm and a void fraction of 91% was placed at the feed
side to create the desired turbulence, while another wire mesh spacer
was placed at the permeate side to avoid the membrane from sticking to
the flow-cell.

The feed waters were stored in a 1 L borosilicate bottles and were
recirculated through the flow-cell by a calibrated peristaltic Watson
Marlow 520S pump equipped with Watson-Marlow 313 pump heads
(0.3 -46 L-h’l). A calibrated digital Festo IP40 pressure sensor (100 —
200,000 Pa) was used to measure the hydraulic pressure drop over the
VMS flow-cell. The pH and electrical conductivity (EC) of the feed wa-
ters were continuously measured in the bottle, using a calibrated IDS
SenTix 940 pH sensor and a calibrated TetraCon 925 EC-sensor,
respectively. The data was automatically logged on a WTW Multi
3630 IDS multimeter and stored on a laptop. The feed water bottles were
sealed during operation to avoid the loss of water and NHg from the feed
water to the atmosphere. The feed water bottles were placed on an IKA
RH Digital KT/C heating plate and magnetic stirrer combination, while
an IKA Ikatron ETC 1 temperature sensor measured the temperature of
the feed water and controlled the heating plate to maintain a stable feed
water temperature. The heating-mixing combination and feed water
bottle were placed on a Kern PCB 6000-1 mass balance (0.1 — 6,000 g) to
continuously measure the total mass of the feed water. The data was
automatically logged and stored on a laptop.

A calibrated KNF N816.3KT.45.18 vacuum pump was used to create
a partial vacuum of 1,500 Pa at the permeate side of the membrane. The
gaseous VMS permeate was scrubbed in a cooled acid trap containing
200 mL 1 M hydrochloric acid (HCI) solution (Merck), to protect the
vacuum pump. Ammonium bicarbonate (NH4HCO3) (Sigma Aldrich
Reagent Plus) and 1 M sodium hydroxide (NaOH) (Merck) was used to
prepare the feed waters. Finally, the NH3 concentrations in the feed
waters were measured with Machery-Nagel NANOCOLOR 2,000 test kits
(concentration range 0.4-2.0 g~L’1). Fig. 1 shows a schematic repre-
sentation of the experimental VMS set-up.
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2.1.2. Experimental solid oxide fuel cell set-up

For the SOFC-O experiments, a Fiaxell Open Flanges Set-up was used,
which contained a 10 cm? planar anode-supported membrane electrode
assembly (MEA). The MEA consisted of a NiO-8YSZ (nickel oxide coated
zirconia stabilised by 8% yttria) anode, an 0% -conducting 8YSZ elec-
trolyte and a 20GDC-LSCF (lanthanum strontium cobalt ferrite stabilised
by 20% gallium doped ceria) cathode. The MEA was sealed by a 0.5 mm
thick mica sheet to limit the leakage of fuel from the anode to the
cathode. At the anode, nickel foam with a thickness of 0.6 mm and a
diameter of 40 mm was placed to provide extra surface area to crack
NHs. A golden mesh grid current collector was placed on top of the
cathode to measure the electric potential and to draw electric current.
Alumina sheets were placed at the cathode side of the MEA to avoid
contact between the anode and cathode. The MEA and associating ac-
cessories were placed between a fuel and an air diffuser, both made of
Inconel 601 (nickel-chromium alloy), which were put together by wired
rods and wing nuts. The anode and cathode temperature during the
operation were measured by two K-type thermocouples, which were
connected to a TM-947SD thermometer (max. 1,700 °C, accuracy of
0.1 °C) to read and log the temperature. An electrical circuit including
the SOFC-O anode and cathode and a Rigol DL3021 electronic load
(0.001 - 40 A) was made to draw and measure the electric current. By
connecting cables with alligator clips to the fuel diffuser and the current
collector at the top of the Open Flanges Set-up, the electric potential was
measured on a UNI-T UT58E multimeter (0.001 — 1,000 V). Finally, a
Manson HCS-3202 power supply (1 — 36 V) was used as a booster to
compensate for the electric potential loss caused by the electrical
resistance of the electrical circuit when drawing an electric current.

The Open Flanges Set-up was placed in a Kittec Squadro SQ11 oven
(max. 1,320 °C, accuracy of 1 °C) to control the operating temperature.
Calibrated rotameters were used to control the supply of industrial grade
pressurised air to the cathode (40 — 800 mL-min~!) and forming gas,
consisting of 5 v% (volume %) Hy and 95 v% Ny, to the anode (20 — 400
mL-min~?). The connections of the gas cylinders and connections to the
Open Flange Set-up were Swagelok fittings to limit any gas leakages. For
the fuel, Acros Organics 25% NH4OH solution and demineralised water
were used to obtain various NH3-H,0 mixtures. A calibrated Lead Fluid
BT101L peristaltic pump (0.001 - 575 mL-min~!) was used to supply
liquid NH3-H0 mixtures to the anode. Finally, 1 M HCI solution was
used to capture any remaining NHs in the anode off-gas. The complete
SOFC-O set-up is schematically presented in Fig. 2.

2.2. Methods

2.2.1. Vacuum membrane stripping experiments

For the VMS experiments, feed waters with various initial NHj
concentrations were prepared by adding NH4HCOs3 to demi water.
NH4HCO3 was used as representative salt for residual waters with high

(—@1—\ —_——
4

Fig. 1. A schematic representation of the used experimental VMS setup including a feed water bottle (1), peristaltic pump (2), flow-cell including membrane (3),
vacuum pump (4), permeate scrubber (5), EC-sensor (6), pH-sensor (7), temperature sensor (8), pressure sensor (9), integrated heating and mixing plate (10), balance

(11), multimeter (12) and laptop (13).



N. van Linden et al.

Chemical Engineering Journal 428 (2022) 131081

Fig. 2. A schematic representation of the used

experimental SOFC setup including a fuel storage
bottle (1), forming gas cylinder (2), air cylinder (3),
peristaltic pump (4), fuel diffuser (5), Open Flange

set-up (6), fuel diffuser (7), air diffuser (8), oven (9),
thermometer (10), multimeter for electric potential
(11), electric potential booster (12), electronic load
(13) and off-gas scrubbing bottle (14). The MEA (1),
electric current collector (II), alumina isolation
sheets (III), mica sealing sheet (IV) and nickel foam
(V) are all placed between the fuel and air diffuser.

TAN concentrations, because bicarbonate (HCO3) is typically the main
counter ion of NHJ in residual waters as industrial condensates, sludge
reject waters and hydrolysed urine. To obtain NH3 in the feed water, the
solution pH was increased to 10 by adding NaOH to the NH4HCO3
solutions.

During the stripping of NH3 from the feed waters, the NH; feed water
concentration decreased. By taking samples of the feed water to measure
the NH3 concentration, the NH3 flux at various NH3 feed water con-
centrations was determined. Besides, the HO fluxes were determined to
assess how much water evaporated along with the stripped NH3. Based
on both the NH3 and H5O fluxes, the concentrations of NH3 in the
gaseous VMS permeate as a function of the NH3 feed water concentra-
tion were determined. Next, the effect of the feed water temperature on
both the NH3 and HO flux was assessed for feed water temperatures of
25, 35, 45 and 55 °C. For the two mentioned variables, a full factorial
design of experiments was set up, and each combination of feed water
temperature and NHs feed water concentration was assessed in
duplicate.

The feed waters were recirculated over the hydrophobic membrane
under so-called unsteady hydraulic conditions, corresponding to a
Reynolds number of 500 in spacer-filled channels [28]. The pump speed
was adjusted accordingly to maintain unsteady conditions for the
various feed waters and the cross-flow velocity for the various feed
waters ranged between 10 and 20 cm-s~'. A detailed description of the
determination of the cross-flow velocity to obtain unsteady hydraulic
conditions based on the feed water characteristics and the dimensions of
the flow channel can be found in the Supporting Information (S.I. 1). At
the permeate side of the membrane, an absolute pressure of 1.5 kPa was
maintained by the vacuum pump. Throughout each run, the total mass,
temperature, EC and pH of the feed water were continuously logged and
samples were taken every 15 min to measure the NH3 concentration in
the feed water.

2.2.2. Solid oxide fuel cell experiments

When the MEA was installed and the Open Flange Set-up was placed
in the oven, the oven temperature was increased at a ramping speed of
120 °C per hour to 400 °C, followed by 200 °C per hour to 750 °C. During
the heating of the oven, air was supplied to the cathode at a flow rate of
400 mL-min~!, while forming gas was supplied to the anode at a flow
rate of 200 mL-min~! to supply Hy to gradually reduce NiO to nickel,
which catalyses the cracking of NH3 and the oxidation of Hy. When the
oven temperature reached 750 °C, various NH3-HoO mixtures were
supplied to the anode-NH3-H0 mixtures with NH3 concentrations of 5,
7.5, 10, 12.5 and 25% were prepared by mixing 25 wt% NH4OH stock
solution with demi water. Throughout all experiments, the airflow rate
remained 400 mL-min’l, corresponding to 0.1 mol-Oz-cm’2~h’1, based

on an O concentration of 21% in air and an air pressure of 101,325 Pa.

After a stabilisation period of 15 min, the open circuit potential
(OCP) was measured for each fuel. Subsequently, the electrical circuit
was closed and electric current was drawn in steps of 10 mA-cm 2. By
logging the electric potential measured between the anode and cathode
for each electric current step, the peak power density achieved by the
SOFC-O for the various fuels was determined. A fuel flow rate of 200
pL-min ! was used, based on the recommendations of the MEA supplier,
which corresponded to an NHj flux of 12 kg'm~>h ™!, considering a fuel
density ranging from 950 to 986 gL ~1. Each NH3 concentration in the
fuel was tested in duplicate experiments.

2.3. Performance indicators

2.3.1. Vacuum membrane stripping

The NH3 and H,O fluxes were determined using the respective mass
differences per unit of membrane area and time (Eq. (4) and Eq. (5),
respectively), which were based on the measured feed water masses,
NH3 concentrations, salt concentrations and solution densities at each
time instant. A more detailed description of the NH3 and HyO mass
determination is presented in the Supporting Information (S.I. 2).

— (Mg, i1 — Mgy i)
Iy, = ————i TS 4
it Aps(tin — ;) @
JHgO _ *(mHzo,iH - mHZO.[) (5)

Ape(tivr — ;)

where Jyu, and Jy,0 = ammonia and water mass flux (in kg-m_z-h_l),
mnp,; and my,0; = ammonia and water mass at time t; (in kg), A =
membrane area (in mz, An = 0.034 m?) and t; = time instant ‘i’ (in h).

Subsequently, the concentration of NH3 obtained by VMS in the
permeate followed from the ratio of the NH3 flux and the total flux (Eq.
(6)).

Imy
CNiy = 57— (6)
Iy, w0
where cyy, = NHs3 concentration in the gaseous VMS permeate
(unitless).

The total molar flow rate through the VMS membrane was deter-
mined based on the mass flow rates of NH3 and H,O (Eq. (7)). Subse-
quently the volumetric flow rate was determined by using the ideal gas
law (Eq. (8)).

_ JNH3 A,
/\4‘)‘/1\”—13

JH30°Am
MWy,o

)

n
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Orin = nt’R'Tf
Py

(8)

where, n; = total molar flow rate (mols™h), MWy, and MWy, = mo-
lecular weight of NH3 and H»0, respectively (in g~mol’1, MWyg, = 17
g~mol’1 and MWy,o = 18 g~mol’1), Qt,in = volumetric gas flow rate
(m3-s’1), R = universal gas constant (in J-mol’LK’l, R = 8.31
Jmol K™Y, T¢ = feed water temperature (in K) and p, = vacuum
pressure (in Pa, py = 1500 Pa).

The required electrical power for the vacuum pump was determined

based on the study of Huttunen et al. [29] (Eq. (9)):

Py = Qrinopyeln (Pp_')
r]v.p,

9

where Py, = electrical power vacuum pump (in W = Jsh, Patm = at-
mospheric pressure (in Pa, parm = 101,325 Pa = 101,325 kgm’l‘s’z), Mv.
p. = vacuum pump efficiency (unitless, nyp. = 60%).

In addition, we determined the required power of the feed pump to
recirculate the feed waters based on the feed flow rate and the measured
hydraulic pressure loss over the VMS flow-cell (Eq. (10)).

_ Q/"Aph

P/.p.
Mrp.

(10)

where Pg, = electrical power feed pump (in Js™1), Q¢ = flow rate feed
pump (in m>s™1), Ah= hydraulic pressure loss (in Pa, Apyp = 15,490 Pa),
ntp. = feed pump efficiency (unitless, n5p, = 60%).

At last, the electrical energy consumption for NHs stripping from the
various feed water at various feed water temperatures and various NHg
feed water concentration was determined using Eq. (11).

Pv.p. + Pr.p.

11
IneAn an

Eyys =

where Eyys = energy consumption of VMS to strip NHs (in MJkg-N"1),
Jy = nitrogen mass flux (in kg-m~2h™1).

2.3.2. Solid oxide fuel cell

For each of the tested fuels, the theoretical Nernst potential was
calculated using Eq. (12). The Nernst potential represents the theoretical
potential of the oxidation of Hz (Eq. (3)) after NHj3 cracking in the
presence of excess HyO in the fuel (Eq. (1)).

—A,.G(T)Jr RT i) " olr0,]""
Ne moF N oF ] 1.5+x

12)

UNernst = [
Ym0

where Upernst = Nernst potential (in V), A;G(T) = Gibbs Free Energy of
reaction at a certain temperature (in kJ-mol’l, A/G (750 °C) = —196
kJ-mol !, lower heating value), T = operating temperature (in K, T =
750 °C = 1023 K), N,- y, = number of electrons per mole of hydrogen
during oxidation (unitless, n = 2), F = Faraday constant (C-mol’l, F=
96,485C-m01’1), R = universal gas constant (J~mol’1~K’1, R = 8.31
J-mol LK™, YH,» Yo, and yy,o = molar fraction of hydrogen, oxygen
and water, respectively (unitless).

Subsequently, the power density, representing the generated elec-
trical power per unit of MEA area, followed from the measured electric
potential at a certain electric current (Eq. (15)).

Uel
Psorc = 2

13

MEA

where psorc (in mW-cm*Z), U = electric potential (in V), I = electric
current (in mA) and Aypa = membrane electrode assemble area (in cm?,
Ampa = 10 cm?)

Furthermore, the fuel (Eq. (14)) and oxygen utilisation (Eq. (15))
were determined to assess how efficient NH3 in the fuel and O, in the air
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were used to generate electricity, based on the measured amount of
charge (electric current) and the supplied amounts of reactants (Hy and
O,) for the oxidation of Hj. In addition, the electrical efficiency of the
SOFC-O was determined based on the generated power and supplied
amount of chemical energy per unit of time (Eq. (15)).

1

Hy 14

Ny, *Ne— H,y®

I

no,*Ne- 0,

Ho, = F (15)
Where p¢ and y,,, = fuel and oxygen utilisation (unitless), respec-
tively, ny, and no, = molar flow rate of Hy and O, respectively (mols™)
and N.- o, = number of electrons per mole of oxygen in the hydrogen
oxidation reaction (unitless, n = 4).
Psorc*Amea

Netec = nHz'_ArG(T) (16)

where, nejec = electrical efficiency (unitless), P = electric power (in W =
J ~s’1).
Finally, the electrical energy generation of the SOFC-O was calcu-
lated using Eq. (17).
_ Psorc*AmEa

Esorc.0 = ——— a7

my

where, Esorc.o = electrical energy generation of the SOFC-O (MJkg-
N°D.

3. Results and discussion

3.1. Recovery of ammonia-water mixtures by vacuum membrane
stripping

3.1.1. Ammonia flux for various feed water temperatures and ammonia
feed water concentrations

For the VMS experiments, various feed waters consisting of
NH4HCO3 at a pH of 10.0 & 0.1 (average =+ standard deviations, n = 17)
were prepared. Subsequently, NH3 was stripped at feed water temper-
atures of 25, 35, 45 and 55 °C. The deviation in feed water temperature
during the experiments was less than 1% of the respective feed water
temperature. Due to the addition of NaOH to form dissolved NH3 in the
feed waters, sodium (Nat), HCO3 and carbonate (CO%’) ions were also
present in the feed waters. The transfer of CO, was neglected, because
the CO,, vapour pressure of the feed water was ten times lower than the
NHj; and H»0 vapour pressure of the feed water; at a pH of 10, inorganic
carbon is only present as HCO3 and co% .

The reported values of the NHj flux in Fig. 3 and the NH3 feed water
concentration for the various feed water temperatures were calculated
based on the measured TAN concentration, temperature, pH and ionic
strength, and feed water temperature. At a feed water temperature of
25 °C, the NH3 flux increased from 0.1 to 0.7 kg-m~2-h ! for an increase
in NH3 feed water concentration from 1 to 10 g~L'1. For the same NHj3
feed water concentration range, the NHjs flux increased from 0.1 to 1.5
kgm 2h7! at a feed water temperature of 35 °C, from 0.1 to 1.1
kg:-m~2h~! at 45 °C and from 0.2 to 1.2 kg-m~2h ! for 55 °C.

For all measured temperatures, the NH; flux increased linearly (R? =
0.86 — 0.99) as a function of the increasing NH; feed water concentra-
tion, in line with the studies of El-Bourawi et al. [24] and Scheepers et al.
[25]. The linear increase in NH3 flux as a function of the NH3 feed water
concentration was in contrast to findings of He et al. [20], who found a
logarithmic relationship for an NH3 concentration ranging between 1
and 4 g-L !, which was probably a result of a high mass transfer resis-
tance, as biogas slurry was used as feed. Henry’'s Law states that the
vapour pressure of dissolved gases in water at a certain temperature is a
linear function of the concentration of the respective dissolved gas.



N. van Linden et al.

2.5

O 25°C

©---35°C

20 1

W
.
t

NH; flux [kg'm2-h!]
=

=

W
Il
T

0.0

4 6 8 10 12

Feed water NH, concentration [g-L"']

Fig. 3. The NHj flux as a function of NH; feed water concentration for various
feed water temperatures. The vertical error bars represent the minimum and
maximum deviations of the measured NHj flux of at least triplicate measure-
ments, whereas the horizontal error bars represent the minimum and maximum
deviations in the measured feed water NH3 concentration.
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Fig. 4. The NH3 and H,0 vapour pressure of the feed water as a function of the
feed water temperature for various NH; feed water concentrations. The vapour
pressures were obtained by simulations with PHREEQC software, using the
phreeqc.dat database.

Fig. 4 presents the vapour pressures of NHz in water as a function of both
the feed water temperature and the NH3 feed water concentration. The
vapour pressures of the feed water are obtained by PHREEQC simulation
software, taking the NHs concentrations, pH, ionic strength and tem-
perature into account to determine chemical equilibria and vapour
pressures of solutes (NHs) and solvent (H20). Furthermore, the Dusty
Gas Model and Fick’s Law, which are applicable for vapour transfer
through porous hydrophobic membranes [30], describe that the diffu-
sion flux is linearly proportional to the driving force of gas transfer.
Hence, the observed linear increase in NH3 flux as a function of the NH3
feed water concentration at each tested feed water temperature was
caused by the increase in NH3 vapour pressure of the feed water. The
observed linear increase in NH3 flux as a function of the NH3 feed water
concentration indicated that the NH3 mass transfer coefficient remained
unaffected, suggesting that no concentration polarisation phenomena
affected the NHj3 transfer at increased NH3 feed water concentrations.
According to Fig. 4, the NH3 vapour pressure of the feed water
increased exponentially with increasing feed water temperatures for a
certain NH3 feed water concentration, which is explained by the
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temperature dependency of Henry’s constant, determined using the van
‘t Hoff equation, and the decreased solubility of gases for higher feed
water temperatures. However, according to Fig. 3, the NH3 fluxes did
not increase consistently as a function of the feed water temperature.
The NHj3 fluxes increased when the feed water temperature increased
from 25 to 35 °C. However, a further increase in temperature from 35 to
45 and 55 °C, did not result in an increased NHs flux. Apparently, when
the feed water temperature increased to 45 and 55 °C, the NH3 mass
transfer coefficient decreased, counteracting the increase in NH3 vapour
pressure of the feed water. The decrease in NH3 mass transfer coefficient
over the increasing feed water temperature can be assigned to NHjs
depletion, concentration polarisation, and temperature polarisation, of
which the effects become more severe at increased feed water temper-
atures [20,21]. However, to draw firm conclusions on which polar-
isation phenomenon affected the NH3 mass transfer most, more research
is required.

3.1.2. Water flux for various feed water temperatures and ammonia feed
water concentrations

Besides the stripping of NHgs, also evaporation of HoO through the
hydrophobic membrane took place during the VMS experiments. Fig. 5
presents the HoO flux as a function of the concentration of NHgs in the
feed and the feed water temperature. At a feed water temperature of
25 °C, the H,0 flux decreased from 10 to 7 kg-m~2h ™! for an increase in
NHj feed water concentration from 1 to 10 g~L’1. When the NH3 feed
water concentration increased from 1 to 10 g-L ™! at a feed water tem-
perature of 35 and 45 °C, the HoO flux decreased from 16 to 12
kg-m~2h~! and from 24 to 22 kg-m~2-h™}, respectively. The HoO flux at
a feed water temperature of 55 °C remained stable at 30 kg-m~%h ! as
the NH3 feed water concentration increased from 1 to 10 g-L 1.

According to Fig. 4, the HyO vapour pressure of the feed water
increased exponentially with the feed water temperature, following the
Clausius—Clapeyron relation. However, according to the data, the HoO
flux increased linearly (R%=0.96 — 1.00) as a function of the increase in
feed water temperature. The observation that the HyO flux increased
linearly while the driving force increases exponentially indicates that
the HyO mass transfer coefficient decreased over the increasing feed
water temperature, which might be attributed to temperature polar-
isation [19,24,31].

According to Fig. 5, the HyO flux decreased as a function of the
increasing NH; feed water concentration. For increasing NH3 in the feed
water, increased amounts of NH4HCO3 and NaOH were added, resulting

50
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Fig. 5. The H,O flux as a function of the increasing NH3 feed water concen-
tration for various feed water temperatures. The vertical error bars represent
the minimum and maximum deviations of the measured H,O flux of at least
triplicate measurements, whereas the horizontal error bars represent the min-
imum and maximum deviations in the measured feed water NH3 concentration.
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in higher ion concentrations during NHj stripping. Raoult’s Law de-
scribes that the vapour pressure of a solvent decreases when the molar
fraction of the solutes increases. Based on the data presented in Fig. 4,
the H20 vapour decreased by 3% when the NH3 concentration increased
from 1 to 10 gL™'. The decrease in H,0 flux as a function of the
increasing NH3 concentration might also be explained by temperature
polarisation, which decreases the H,O mass transfer coefficient, as
described by Martinez-Diez et al. [31].

3.1.3. Ammonia concentration in gaseous vacuum membrane stripping
permeate for various feed water temperatures and ammonia feed water
concentrations

One of the objectives of this study was to determine the attainable
NH;3 concentration in the gaseous VMS permeate for NH3 reuse pur-
poses. Fig. 6 presents the concentration of NH3 in the gaseous VMS
permeate for the various tested feed water temperatures as a function of
the NHj3 feed water concentration. For an increase in the NH3 feed water
concentration from 1 to 10 g-L "}, the NH3 concentration in the gaseous
VMS permeate increased from 1 to 8 wt% at a feed water temperature of
25 °C. For the same increase in NH3 feed water concentration, the NH3
concentration in the gaseous VMS permeate increased from 1 to 11 wt%
for a feed water temperature of 35 °C, from 1 to 5 wt% for 45 °C and
from 1 to 4 wt% for 55 °C. Hence, increasing the NH3 feed water con-
centration resulted in a more NH3 concentrated gaseous VMS permeate,
for all tested feed water temperatures, which can also be derived from
the experimental results obtained by Ding et al. [19] and El-Bourawi
et al. [24] and the modelling study conducted by Scheepers et al.
[25]. The increasing NH3 concentrations in the gaseous VMS permeate
as a function of the increasing NHs feed water concentration can be
attributed to the increased NHs fluxes, while the H,O flux did not
increase.

By increasing the feed water temperature from 25 to 45 and 55 °C,
the HO flux increased more than the NHj flux, leading to more diluted
NHj; in the gaseous VMS permeate, in line with Scheepers et al. [25].
According to Fig. 4, the HyO vapour pressure of the feed water increases
faster than the NH3 vapour pressure of the feed water as a function of the
feed water temperature, which explains the observed higher increase in
H50 flux compared to NHj3 flux as a function of the feed water tem-
perature. Interestingly, by increasing the feed water temperature from
25 to 35 °C, more concentrated NHgs in the gaseous VMS permeate was
obtained, while further increasing the feed water temperature diluted

15%
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VMS permeate NH; concentration [wt%]
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12

Feed water NH, concentration [g-L1]

Fig. 6. The concentration of NHj in the gaseous VMS permeate as a function of
the increasing NH3 feed water concentration for various feed water tempera-
tures. The vertical error bars represent the minimum and maximum deviations
of the measured VMS permeate NH3 concentrations of at least triplicate mea-
surements, whereas the horizontal error bars represent the minimum and
maximum deviations in the measured feed water NH3 concentration.
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the gaseous VMS permeate. The feed water temperature increase from
25 to 35 °C resulted in a higher increase in NH3 flux than the increase in
H,O0 flux. The initial increase in gaseous NH3 concentration for the feed
water temperature increase from 25 to 35 °C can be explained by the
combined effect of the various polarisation phenomena: temperature
polarisation, accumulated ion concentration polarisation and NHj
depletion concentration polarisation.

3.2. Use of ammonia-water mixtures as fuel for a solid oxide fuel cells

3.2.1. Open circuit potential for various ammonia-water mixtures used as
fuel

For the SOFC-O experiments, NH3-H;0 mixtures with various NH3
concentrations were prepared. During all experiments, the anode and
cathode temperature were stable at 755 and 761 °C, respectively.

Fig. 7A shows the calculated Nernst potential as a function of the
NHj; concentration in the fuel, based on the respective Nernst potential
calculation for Hy oxidation (Eq. (12)), the relevant reactions of NHg
cracking, and subsequent H; oxidation in the presence of H,O in the fuel
(Eq. 1-3). When more NH3 is present in the fuel, the molar fraction of Hy
at the anode increases, while the molar fraction of H,O decreases,
leading to a higher Nernst potential at a certain temperature.

Fig. 7B shows that by increasing the NH3 concentration in the fuel
from 5 to 25 wt%, the open circuit electric potential increased from 0.82
to 0.93 V. The differences between the measured open circuit electric
potential and the calculated Nernst potentials (Fig. 7B) were always
below 2% for fuels with 7.5, 10, 12.5 and 25 wt% NHgs, suggesting that
even in the presence of excess Hp0, almost complete cracking of NH3
took place. However, the open circuit electric potential of fuel with 5 wt
% NH3 was unstable throughout the measurements, suggesting that the
cracking of NH3 was affected by the high content of H5O in this fuel.

According to mass balance calculations based on the amount of
supplied NHs in the fuel and absorbed in the off-gas scrubber, 95% of the
supplied NHj3 in the various fuels was cracked during open-circuit con-
ditions, which is lower than the at least 99.9% reported by Dekker et al.
[15] and Ma et al. [16] in absence of H,O in the fuel. According to Ni
et al. [13], the NHs cracking efficiency decreases when the partial
pressure of NH3 decreases, explaining the obtained results in our present
study.

3.2.2. Generation of electricity using various ammonia-water mixtures as a
fuel for solid oxide fuel cell

Fig. 8 presents the measured closed circuit electric potentials and
power densities as a function of the current densities for the various fuels
in a representative duplicate experiment. In addition, Table 1 presents
the average and the minimum and maximum deviations of the peak
power density, fuel utilisation, O utilisation and electrical efficiency for
the NH3-H5O fuels with various NH3 concentrations in the fuel. The peak
power densities, ranging between 114 and 347 mW-cm ™! were in line
with studies in which pure NH3 was used as a fuel [8,13,14]. According
to the results, the peak power density increased as a function of the
increasing NH3 concentrations in the fuel. However, the fuel utilisation
decreased when the NH3 concentration in the fuel increased. Interest-
ingly, the fuel utilisation was 68% when the fuel only contained 5 wt%
NHj, indicating that besides the cracking of NHj also subsequent
oxidation of Hj still effectively took place in the presence of high con-
centrations of HyO. Hence, although the peak power density of the
SOFC-O increased with increasing NHg concentrations in the fuel, not all
additionally supplied NHjz resulted in the generation of electricity. To
maximise fuel utilisation, all produced H; after NH; cracking must come
in contact with transferred 02~ at the triple-phase boundary, which is
the interface of the electrolyte, the anode and the electric current col-
lector. However, the O, utilisation was at most 31%, suggesting that
there was no lack of Oz supply to the cathode. Therefore, the decrease in
fuel utilisation at higher NH3 concentrations in the fuel was probably
caused by less efficient NH3 cracking, which agrees with the results of
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Fig. 8. The measured electric potentials (in circles) and the power densities (in
squares) as a function of the generated current density for the tested NH3-H,O
mixtures with various NH3 concentrations in wt%.

Table 1

The obtained peak power density, fuel and oxygen utilisation, and the electrical
efficiency of the SOFC-O for various concentrations of NHj in the fuel. The
presented values represent the averages and the minimum and maximum de-
viations of duplicate measurements.

NH3inthe  Peak Power Fuel Oxygen Electric
fuel Density Utilisation Utilisation Efficiency
wt% mW-cm ™2 - - -

25 347 £ 11 42 + 1% 31 +1% 27 £ 1%
12.5 212 + 14 51 + 3% 19 £ 1% 32+ 2%
10 157 £1 52 + 7% 16 + 2% 30%

7.5 138 £ 6 54+ 1% 12% 35+ 2%
5 114 68% 10% 43%

Stoeckl et al. [23], who found a similar decrease when more NH3 was fed
to the anode. The electrical efficiency using NH3-HoO mixtures with
concentrations between 5 and 25 wt% NHs as fuel for the SOFC-O

ranged between 27 and 43%. According to these results, a SOFC-O can
be used to generate electricity, applying NH3-H20 mixtures with NHg
concentrations as low as 5 wt%.

3.3. Energetic evaluation of vacuum membrane stripping and solid oxide
fuel cell for the recovery and the use of ammonia

To the best of our knowledge, no previous studies quantified the
electrical energy consumption to drive the pumps during the stripping of
NHj3 in a VMS configuration, although Scheepers et al. [25] assessed the
thermal energy consumption to strip NH3 by VMS. Notably, residual
waters with high TAN concentrations, such as sludge reject water, often
already have temperatures in the range of 30-40 °C, because they
originate from anaerobic digesters. Therefore, heat addition for VMS
may not be needed. Fig. 9 shows the electrical energy consumption for
stripping NH3 from water by VMS as a function of the feed water tem-
perature and the NHs feed water concentration. The electrical energy
consumption ranged between 84 and 113 MJkg-N~! at an NH3 feed
water concentration of 1 gL™! and decreased to between 7 and 17
MJkg-N"! when the NH;3 feed water concentration increased to 10
gL™L. The electrical energy consumption was mainly used for the
transfer of H,O water by the vacuum pump. The electrical energy con-
sumption to strip NHs decreased with increasing NHj3 feed water

120
5 A o 25°C -9--35°C
2100 1 ‘\“ A 45°C &/ 55°C
oy " [ e —- o,
58T TN N
=4
g 60 hN \\
540 1
L .y,
: W
s 20 T o RN it
& 0&
m 0 } } : } t
0 2 4 6 8 10 12

Feed Water NH; concentration [g-L"!]

Fig. 9. The calculated average electrical energy consumption to strip NH3 from
water by VMS as a function of the NH3 concentration for the various feed
temperatures.
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concentration. The recirculation of the feed water accounted at most for
2% of the electrical energy consumption and can therefore be neglected.

The SOFC-O reached electrical efficiencies ranging between 27% and
43% using NH3-H20 mixtures with NH3 concentrations ranging between
5 and 25 wt%. Based on the determined electrical efficiencies and
additional calculations using Eq. (17), the electrical energy generation
of the SOFC-O ranged between 6 and 9 MJkg-N"".

Hence, the NH3 concentrations obtained in the gaseous permeate of
VMS reaching up to 11 wt% agreed with the NH3 concentrations in NH3-
H,0 mixtures that were used for the generation of electricity in an SOFC-
O, which were as low as 5 wt%. Moreover, also the electrical energy
consumption of VMS of 7 MJkg-N"! and the electrical energy genera-
tion of the SOFC-O of 9 MJkg-N"! aligned, suggesting that the
consumed energy of recovering NHs from water can be provided by
converting the NHj to electricity in an SOFC-O.

3.4. Future outlook

This study showed the feasibility of recovering NH3 from water by
VMS as gaseous NH3-H,0 mixtures with various NH3 concentrations of
up to 11 wt%. However, by better understanding the polarisation phe-
nomena related to ion accumulation, NH3 depletion and temperature
polarisation, transfer of NH3 may be improved and transfer of HoO may
be suppressed, ultimately leading to higher NH3 concentrations in the
gaseous VMS permeate. According to Fig. 4, the HyO vapour pressure of
the feed water is always higher than the NH3 vapour pressure of the feed
water for the considered operating conditions. Hence, to recover more
concentrated NHgs, the use of membranes that suppress permeation of
H,0, while allowing permeation of NHs may be explored. To this end,
Yang et al. [32] used silica-based pervaporation membranes and re-
ported a remarkable preference for the transfer of NH3 over HO.
Moreover, to recover more concentrated NH3, condensation technolo-
gies can be used to condense H0, while NH3 remains in the vapour
form, as shown by Fernandez-Seara et al. [33].

Furthermore, the minimum NH3 concentration in NH3-H>O mixtures
to be used as fuel for an SOFC-O proved to be 5 wt%. It should be noted
that the use of fuels with higher NH3 concentrations resulted in higher
power densities, while the electrical efficiency decreased. For the effi-
cient use of SOFC-Os to convert NH3 in NH3-H>O mixtures to electricity,
it is important to find an optimum between the power density and
electrical efficiency. Therefore, more research is required to optimise the
operating conditions, such as fuel flow rate, airflow rate and operating
temperature, to achieve higher fuel utilisations, which will lead to
higher electrical efficiencies. Besides, based on mass balance calcula-
tions using the ingoing and outgoing mass of NH3, the NHs cracking
efficiency was at least 95%, while previous literature reported effi-
ciencies higher than 99% using dry NHj as fuel for an SOFC-O [15,16].
Interestingly, Stoeckl et al. [22] showed that NH3 was cracked by at least
99.4% in their SOFC-O stack under open-circuit conditions in the pres-
ence of HyO in the fuel (70 wt% NH3 and 30 wt% H50). Therefore, more
research is needed to understand and optimise the cracking of NH3 in
SOFC-Os in the presence of high H>O content in the fuel (higher than 30
wt%).

4. Conclusions

We showed that NH3 recovered from water by VMS can be used as a
fuel by an SOFC-O. In this study, we assessed the effect of the feed water
temperature and the NH3 feed water concentration on the NH3 con-
centration in the obtained gaseous VMS permeate. Besides, we assessed
what concentrations of NHj3 in diluted NH3-H,O mixtures were suitable
for the generation of electricity in an SOFC-O. Finally, we assessed the
electrical energy consumption and generation of the respective tech-
nologies. Based on the findings, we can conclude the following:
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- VMS allowed for the recovery of NH3 as gaseous NH3-H0 mixtures
with NHs concentrations of 1 — 11 wt% at NHj feed water concen-
tration of 1 — 10 gL}

The NH3 concentration in the gaseous VMS permeate increased when
the feed water temperature increased from 25 to 35 °C. However, the
NH; concentration in the gaseous VMS permeate decreased when the
feed water temperature increased to 45 and 55 °C;

The NH3 concentration in the gaseous VMS permeate increased as a
function of the increasing NHj3 feed water concentration;

The electrical energy consumption for NHjs stripping by VMS
decreased from 113 to 7 MJkg-N~! when the NH3 feed water con-
centrations increased from 1 to 10 gL~} respectively;

The SOFC-O generated electricity from NH3-HO mixtures with NH3
concentrations ranging between 5 and 25 wt%, indicating that NH3
cracking and subsequent H oxidation still took place in the presence
of excess H,O at the anode;

The efficiency of cracking NHj3 at the anode was lower than reported
in studies that used dry NHj3 as a fuel, suggesting that NH3 cracking is
affected by excess HoO at the anode;

The electrical efficiency of the SOFC-O ranged between 27 and 43%
and decreased as a function of the increasing NH3 concentration in
the fuel;

The electrical energy consumption of VMS of 7 MJkg-N~* for strip-
ping NH3 from waters was lower than the electrical energy genera-
tion of the SOFC-O of 9 MJkg-N"1.
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