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1. Introduction

The mitigation of NOx and N2O emissions is an endeavor
of major importance as these gases deeply pollute the at-
mosphere, soils, and water [1]. The high-temperature com-
bustion of fuels is the main source of NO and NO2 [2], while 
the chemical industry and agriculture sectors are the main 
emitters of N2O [1].  

Numerous technologies were developed for denitrifica-
tion, such as selective catalytic reduction, catalytic decom-
position, and selective non-catalytic reduction. Neverthe-
less, as reviewed by Alves, L., all commercial technologies 
suffer from unsolved limitations [3]. This has led to the de-
velopment of new approaches, especially ammonia-free and 
carbon-neutral. A solid oxide fuel cell (SOFC) is a solid-state 
energy device that converts chemical energy into electricity 
[4]; SOFC has been looked at as a viable route for the reduc-
tion of NOx and N2O and a pathway to recover some energy 
contained in these pollutants. Tight sealing is one of the fun-
damental challenges in planar SOFC development. The cell 
and its components are continuously exposed to both re-
ducing and oxidized atmospheres at high temperatures 
(700 °C to 1000 °C), which entails the choice of materials ca-
pable of resisting these harsh environments [5]. A range of 
sealants for planar SOFC have been developed but these are 
yet not efficient or practical. This work reports the use of 
vermiculite as sealant, which allows minimal leakage of less 
than 1.07 mL·m-1·min-1 of nitrogen at atmospheric pressure 
and 800 °C. This study vermiculite for sealing the cathode 
and anode chambers of a SOFC, avoiding both electrical 
short-circuit and gas mixture between oxidants, reductants, 
and atmosphere. 

2. Experimental

2.1 Materials 

A compressive material was used to study the electro-
chemical reactor sealing, namely vermiculite, a mica deri-
vated material, made of chemical exfoliated vermiculite and 
steatite. Two commercially available vermiculite materials 
were used in the study, from Flexitallic, namely Thermiculite 
866, which is a 0.7 mm thick and low compressible sheet, 
and thermiculite 870, a very compressive 0.7 mm sheet.  

A commercially available membrane electrode assembly 
(MEA) from Elcolgen AS® was used for the assembly of the 
reactor and electrochemical evaluation. The MEA is a Yttria-

stabilized-zirconia (YSZ) electrolyte with a Gadolinia-doped-
Ceria (GDC)  layer supported on Nickel oxide/Yttria-stabi-
lized-zirconia (NiO/YSZ) anode, using Lanthanum Strontium 
Cobalt (LSC) cathode, with 3.5-4 mm diameter and 0.6 mm 
thickness. 

For the current collection was used a gold mesh (Gold_M 
grid) and gold wire 0.5 mm from Fiaxel. 

2.2 Reactor design 

A planar reactor for electrochemical reduction of N2O 
and NOx with simultaneous electrochemical oxidation of 
NH3 was designed using Solidworks software. The reactor is 
made of AISI 310 stainless steel, and it was designed to sup-
port a 3.5-4 mm diameter planar ceramic membrane. The 
reactor design is presented in Fig. 1(a) and its unitary com-
ponents in Fig. 1(b). 

This reactor is a compact unitary cell, on which an MEA 
will be sealed by using compressive mineral O-rings. The top 
and base sections represent the major volume of the reac-
tor, supporting the components of the cell as well as accom-
modating de reaction cameras (anode and cathode), includ-
ing the gases inlet and outlet, current collectors, and tem-
perature sensors. The electric insulation of the camera and 
the sealing will be achieved by using vermiculite o-rings. 
These o-rings are placed in dimensioned gaps for the pur-
pose (A and B in Figure 2), where the MEA is placed between 
the top and base rings. In the case of using vermiculite, a 

Fig. 1 a) Reactor design and b) reactor unitary components. 
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thermiculite 870 material is placed in those gaps that ac-
commodate the membrane and they have a compressive 
nature (>20 %), expecting a high elastic compression rate. 
Among the top and base compartments (C in Figure 2) is 
placed another vermiculite ring of thermiculite 866 (the 
least compressive used vermiculite), with an inner diameter 
higher than the MEA diameter, for electric insulation and to 
prevent leakage through the reactor for the ambient. Be-
tween the bottom and the base section (D in Figure 2) is also 
introduced a thermiculite 866 sealant to electrically insulate 
the reactor. In the study of mica sealant, all reactor is sealed 
with mica rings as well as electrically insulated. 

As the studying material for sealing reactor have a com-
pressive nature, it was necessary to apply an external load 
to tight seal the reactor, without a break the ceramic mem-
brane. The compression load was applied by using a torque 
key, where a force in N.m will be imposed on the reactor, to 
close and seal the fuel cell. The explained sealing system has 
three main advantages: i) easy sealing process, once it 
avoids sintering/cure processes, generally mandatory when 
a glass-ceramic based seal is used; ii) the possibility to con-
trol the sealing through the compression rate of the system 
using low pressures/torque tensions; iii) the sealing of each 
compartment of the cell after each ring contributes individ-
ually for the sealing of the cameras, which means in case of 
leakage in one ring then others will assure the sealing of the 
cell. The compressive sealants were cut off using home-de-
signed concentric blades with standardized dimensions.   

To avoid the short circuits promoted by the AISI 310 
stainless steel screws (M5), alumina sleeves are used to elec-
trically insulate the screws.  

The current collector was prepared by using a gold mesh 
layer and gold wire. The meshes, allocated in the two cam-
eras of the reactor, are connected to a gold wire (passing 
through a 1/8'AISI 316 stainless steel tube, lengthily enough 
to measure the current outside the oven; the reactor will 
operate at 800 °C, then the sealing of the gold wire is done 
at ambient temperature by using a no porous paste (J-B 
Weld epoxy adhesive, maximum operating temperature 
260 °C). 

The reactor was purposely drawn in a circular shape to 
ensure a fair pressure/torque tension distribution over the 
six screws. The circular structure guarantees the same dis-
tance between the screw and the reactor center (where 
MEA is accommodated), and the closing of the cell and the 
sealants compression is done radially, applying an equal 
force in all points of the single cell, independently of the 
place that screws are located.  

 
2.3 Leak experiments  

The reactor was the first study at ambient temperature 
using a polymer membrane with the same thickness as a ce-
ramic membrane, to assess the ideal compression to close 
the reactor to achieve a hermetic seal. The reactor was pres-
surized in the anode with N2, as it has a kinetic atomic diam-
eter similar to N2O and NO (364 pm compared with 330 and 
317 pm, respectively[6][7]), closing all inlet and outlet gas. 
The pressure drop over time was evaluated. Afterward, the 
reactor was studied in a long-term sealing test with a 

thermal cycle (between room temperature and 800 ºC, pre-
sented in Fig.2). The test comprises feeding anode with N2, 
pressurized until 1.2 bar, and the cathode remains at ambi-
ent pressure. Backpressure regulators were used to keep 
pressure gradients between the electrode chambers at 
0.2 bar. Gas chromatography was used to analyze the gas 
outlet of each chamber. The pressure on both sides was 
monitored during the sealing test. 
 

3. Results 

The results comprising the first experiments are pre-
sented in Fig. 3. The reported results indicate that imposing 
an external compression load between 2 and 4 N·m allows a 
good reactor hermeticity having a leakage for sealant me-
ters between 0.25 and 0.08 mL·min-1·m-1. According to these 
results, the best compromise between the seal and low 
stress of compression load in MEA is the reactor seal with 
2 N·m.    

 

Fig. 3  Leakage experiments at 25 ˚C with an external load of 1 N·m, 

2 N·m, 3 N·m, and 4 N·m. 

 

The long-term experimental leakage test was performed 
by closing the reactor using 6 screws (M5) tight with a 
torque of 2 N·m. In these conditions, at 800 ˚C and 1.12 bar, 
the leakage was less than 1.07 mL·min-1·m-1, a leakage 
smaller than the values indicated by the producer [8] and 
more promising than other reported works [9][10]. The seal-
ing experiment was stable during the 140 h experiment of 
the thermal cycle, with pressures in both reactor sides (cath-
ode and anode) durable, which means no increase or de-
crease in cameras pressures due to leakage to ambient or 
between reactor compartments. The chosen sealant mate-
rials proved to be very easy to handle and very functional 
(Fig. 4).  

Fig. 2  Leakage test thermal cycle, in a range of temperature be-
tween 700 ˚C and 800 ˚C, at 1 ˚C∙min-1 heating/cooling ramp. 
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Gas chromatography analysis further confirmed that no 
mixture occurred between cathode and anode (fed respec-
tively with O2 and H2). The used membranes reveal an out-
lined region of metallic nickel, due to the reduction of NiO 
promoted by H2 flow (zone 1 in Fig.5) and a zone with nickel 
oxide where H2 did not reach (zone 3 in Fig.5). The ceramic 
membrane at the end of the experiment was crack free. 
 

 

Fig. 4  Thermal cycle sealing test of a ceramic membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  Used ceramic membrane after long-term sealing test and 
after feeding H2/O2 in anode/cathode, respectively. 

4. Conclusions 

The use of two types of vermiculite gaskets proved to be 
an effective approach to sealing ceramic membranes in 
SOFC. Results showed low leakage to the environment and 
no mixture of fuels between anode and cathode. Moreover, 
the chosen vermiculite gaskets proved to be very easy to 
work with, thermally very stable, and very effective to seal 
the reactor and the ceramic without cracking it.  
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