
Journal of Membrane Science 635 (2021) 119506

Available online 11 June 2021
0376-7388/© 2021 Elsevier B.V. All rights reserved.

Fabrication of molten nitrate/nitrite dual-phase four-channel hollow fiber 
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A B S T R A C T   

Molten salt-ceramic dual-phase membranes have great prospects in the selective separation of nitrogen oxides. A 
gas-tight KNO3–Ba0.5Sr0⋅5Co0⋅8Fe0⋅2O3-δ (KNO3-BSCF) four-channel hollow fiber membrane was developed in this 
study. A wide operating temperature window of 350–500 ◦C with high nitrogen oxides permeance was achieved. 
The maximum nitrogen oxides permeance reached 9.2 × 10− 9 mol m− 2 s− 1 Pa− 1 under the condition of 1% NO2, 
1% CO2 and 20% O2 at 500 ◦C. The presence of nitrogen oxides was able to suppress the reaction of BSCF oxide 
with CO2 to form carbonates. Insights on the transport mechanism of nitrogen oxides transport were provided 
and the existence of nitrite route for nitrogen oxides transport was firstly demonstrated by experiments. An 1800 
h long-term nitrogen oxides permeation was running on the KNO3-BSCF hollow fiber membrane while the 
permeance increased by a factor of ~40 (5.2 × 10− 10 mol m− 2 s− 1 Pa− 1 to 2.2 × 10− 8 mol m− 2 s− 1 Pa− 1 at 
450 ◦C) due to the partial decomposition of nitrate into nitrite. This nitrite route was also verified in KNO3/ 
KNO2-BSCF hollow fiber membrane constructed by preloading 30 wt% nitrite in molten salt.   

1. Introduction 

Nitrogen oxides are one of the major air pollutants and mainly 
released during high-temperature combustion. Power plants are their 
largest stationary sources, while transport is the most mobile contributor 
[1]. In the past decades, the pollution of nitrogen oxides to the atmo-
sphere has been a matter of growing concern, and therefore a high de-
mand on the techniques of nitrogen oxides treatment. There are two 
major techniques for catalytic control of nitrogen oxides: non-selective 
catalytic reduction (NSCR) [2] and selective catalytic reduction (SCR) 
[3]. Hydrogen, carbon monoxide or hydrocarbons are employed as the 
reducing agent in NSCR. The reducing agent for NSCR does not only 
reacts with nitrogen oxides to form nitrogen, but also reacts with oxygen 
in the flue gas to form carbon dioxide and water, which is poor in 
selectivity. While ammonia (NH3) is used as the reducing agent to 
reduce nitrogen oxides to nitrogen and water under catalyst conditions 
at 300–400 ◦C in SCR, this method only carries out the selective catalytic 
reduction of nitrogen oxides and shows a high selectivity. Nitrogen ox-
ides reduction using SCR has been used successfully for industrial ap-
plications for decades and also for heavy-duty diesel engines. So as to 

further enhance the combustion efficiency and decrease the emissions of 
various pollutant components, the engine will be made to work under an 
oxygen-rich condition by increasing the air-fuel ratio. However, the 
increase in oxygen mole fraction will make it difficult to completely 
consume oxygen, which will cause a rapid drop of catalytic selectivity to 
nitrogen oxides [4,5]. In this case, the nitrogen oxides need to be 
selectively enriched before further processing. 

Membrane technology has attracted wide attention for gas separa-
tion owing to its high energy-efficient, energy-saving, and continuous 
operation. Polymeric membranes have been put forward for the sepa-
ration of nitrogen oxides. The permeance of polymeric membranes such 
as polytetrafluoroethylene is below 2.5 × 10− 9 mol m− 2 s− 1 Pa− 1 (3.4 ×
10− 7 mL cm− 2 min− 1 Pa− 1). However, the most critical issue for poly-
meric membranes is their poor high-temperature resistance (lower than 
200 ◦C), which makes them unable to integrate with the high- 
temperature processes (engines and combustions) [6]. The dual-phase 
inorganic membrane is a potential technology for gas separation. Lin 
and co-workers pioneered to report a carbonate-support composite 
membrane for CO2 separation [7]. The carbonates in the porous support 
melted at elevated temperatures, while the transport of CO2 was realized 
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with the help of the mobility of CO3
2− . Since then, these dual-phase 

membranes received extensive research attention and they were suc-
cessfully applied in high-efficiency CO2 separation [8–15]. Meanwhile, 
the progress in the separation of nitrogen oxides with inorganic mem-
branes was very slow. Recently, Zhang and co-workers pioneered to 
construction of a nitrate-ceramic dual-phase membrane. This membrane 
was made up of ceramic support (alumina or perovskite oxide) and a 
molten nitrate phase (KNO3). In the KNO3–La0.6Sr0⋅4Co0⋅2Fe0⋅8O3-δ 
(LSCF) membrane, the permeance reached 6.9 × 10− 8 mol m− 2 s− 1 Pa− 1 

(9.3 × 10− 6 mL cm− 2 min− 1 Pa− 1) at 450 ◦C [16]. LSCF is a 
perovskite-type metal oxide. These oxides show a feature of mixed-ionic 
and electronic conductivity and are extensively applied for oxygen 
permeable membranes and membrane reactors [17–27]. There are three 
transport routes proposed for nitrogen oxides permeation in this 
dual-phase membrane [16]. (1) Nitrate routs: nitrogen dioxide reacts 
with gas phase oxygen and electrons from the support to form nitrate 
ions (E.1); (2) nitrite route: nitrogen monoxide reacts with oxygen and 
support electrons to form a mobile nitrite species if nitrite ions are 
present in the melts (E.2); and (3) solution-diffusion route: nitrogen 
oxides dissolve as a molecular species in the melts and resulting in 
transport via a solution-diffusion process. The permeation in this 
particular dual-phase membrane follows a mechanism of facilitated 
transport via route 1&2. However, due to the slow decomposition ki-
netic of NO3

− to NO2
− (E.3) and the reverse reaction between nitrogen 

dioxide and nitrogen monoxide at high temperature (E.4), the contri-
butions from the nitrate or nitrite route have remained unclear. 

NO2 + 1
/

2O2 + e− ↔ NO−
3 (E.1)  

NO+ 1
/

2O2 + e− ↔ NO−
2 (E.2)  

KNO3 ↔ KNO2 + 1/2O2 (E.3)  

NO2 ↔ NO + 1/2O2 (E.4) 

The ceramic porous support plays an important role in determining 
the overall permeation performance. Currently, the hollow fiber mem-
brane is an important research direction and plays a crucial part in 
improving flux [28–33]. There are abundant finger- and sponge-like 
pores in the hollow fiber. The tortuosity of the finger-like pores is 
close to one and can effectively reduce the mass transfer resistance [34, 
35]. Liu and co-workers employed porous YSZ (Y2O3 stabilized ZrO2) 
and La0⋅6Sr0⋅4Co0⋅2Fe0⋅8O3-δ (LSCF) hollow fibers to construct the com-
posite carbonate membranes [36,37]. Chen and co-workers used 
Ce0.8Sm0.2O2-δ (SDC) single-channel hollow fiber membrane to 
construct a ceramic-carbonate membrane, which increased the flux by 
5–10 times [38]. Single-channel hollow fiber membranes generally have 
a small diameter of 1–2 mm. It dramatically reduces the trans-membrane 
resistance to permeate flow but at the expense of their mechanical 
strength. Recently, a configuration of multi-channel hollow fiber 
membrane was proposed. Multi-channels (each channel has a diameter 
of around 0.5–1 mm) are in one hollow fiber (the diameter of hollow 
fiber is between 2 and 5 mm). The multi-channel hollow fiber provides a 
strong skeleton structure which significantly increases the mechanical 
strength. For example, the mechanical strength of 19-channel 
Ba0⋅5Sr0⋅5Co0⋅8Fe0⋅2O3-δ (BSCF) hollow fiber membrane is 50.4 N 
which is 50–100 times higher than that of the single-channel hollow 
fiber membrane [39]. 

In this study, molten nitrate (or nitrate/nitrite)-ceramic membranes 
were constructed by infiltrating KNO3 or mixture of KNO3/KNO2 into 
the porous four-channel hollow fiber membrane. BSCF is one of the most 
studied oxygen permeable membrane materials and was selected 
becuause of its higher oxygen permeability and considerable chemical 
stability. The nitrogen oxides permeance was investigated with different 
conditions. The chemical evolution of molten salts (and the relationship 
with the permeance) during long-term operation were investigated and 
insights on the mechanisms of nitrogen oxides permeation in the melts 

with the presence of mixed conducting ceramic support were provided. 

2. Experimental 

2.1. Preparation of BSCF four-channel support 

The BSCF supports were prepared via a one-step thermal processing 
(OSTP) [40]. Stoichiometric amounts of BaCO3, SrCO3, Co2O3, Fe2O3 
(>99.9%) were mixed via ball-milling for 24 h. Chemicals in this study 
were purchased from Sinopharm, China. The spinning suspensions were 
composed of BSCF powder, 1-methyl-2-pyrrolidinone (NMP, >99.0%) 
and polyethersulfone (PESf, >99.5%) in the mass ratio of 8:4:1. The 
suspension was extruding from a tailor-made spinneret to obtain the 
green hollow fibers, which were subsequently dried and sintered at 
1050 ◦C for 5 h in air. 

2.2. Preparation of KNO3-BSCF and KNO3/KNO2-BSCF hollow fiber 
membranes 

The KNO3 (>99.0%) and KNO2 (>96.0%) were ground and dried for 
8 h at 120 ◦C before use. The KNO3-BSCF or KNO3/KNO2-BSCF dual- 
phase membrane was obtained by immersion of the porous BSCF sup-
port into the molten KNO3 or KNO3/KNO2 (in a mass ratio of 7:3) at 
350 ◦C for 1 h. The molten salts were soaked into the porous support by a 
capillary force. Excess molten salts on membrane surfaces were removed 
by placing the membrane vertically on a porous alumina ceramic plate. 

2.3. Characterization 

Phase structures of the membrane were detected by an X-ray 
diffraction (XRD, Bruker, model D8 Advance, Germany) in a range of 
20◦≤ 2θ ≤ 80◦. Membrane morphologies were observed using a scan-
ning electron microscope (FESEM, Hitachi S-4800, Japan). The 
composition and distribution of the KNO3-BSCF dual-phase membrane 
were observed by an energy-dispersive X-ray spectroscopy (EDX, Hitachi 
S-4800, Japan). The porosity and pore size distribution of the BSCF 
hollow fiber support were collected by a mercury intrusion porosimeter 
(MIP, Thermal Scientific PASCL 140/440 series, USA). The mechanical 
strength of the support and KNO3-BSCF dual-phase membrane were 
tested through a three-point bending test performed using a tensile 
tester (Model CMT6203, USA). The electrical conductivity of the BSCF 
support and KNO3-BSCF hollow fiber membrane was tested under a 
static air atmosphere by a four-probe DC instrument (Keithley, model 
2440 5 A, USA). The nitrogen permeation was tested on a homemade 
device to determine the operating temperature of the membrane. The 
flow rate of nitrogen used as the feed gas was 30 mL min− 1. The flow rate 
of argon as the sweep gas was 30 mL min− 1. The nitrogen permeation 
would increase significantly when the dual-phase membrane leaked. 
The oxygen temperature programmed desorption (O2-TPD) was char-
acterized by a chemisorption analyser (MicrotracBEL BELCAT II, Japan). 
The conditions for O2-TPD were reported elsewhere [41]. The compo-
sition of the molten salt in the membrane was tested by a Fourier 
transform infrared spectra (FT-IR, Thermo Nicolet8700, USA) with a 
wavelength range of 500–2000 cm− 1. 

2.4. Nitrogen oxides permeation measurement 

Nitrogen oxides permeation performances of KNO3-BSCF and KNO3/ 
KNO2-BSCF dual-phase membrane were tested by a homemade perme-
ation setup which is described elsewhere [42]. The KNO3-BSCF or 
KNO3/KNO2-BSCF dual-phase membrane about 33 mm long was sealed 
via silver sealant with the two quartz tubes. A tubular furnace 
(HF-Kejing, OTF-1200X, China) and mass flow controllers (Sevenstar, 
CS200, China) were used to control the temperature and flow rates, 
respectively. The feed gas was the NO2-containing stream (different 
mole fractions of NO2, 1% CO2 and 20% O2, Ar balanced). The flow rate 
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of argon (as the sweep gas) was 30 mL min− 1. The permeate side outlet 
was connected to a NOx analyser (Testo 340, Germany) and a mass 
spectrometer (Hiden Analytical, QGA, UK). The NO and NO2 were 
detected by the NOx analyser while O2, N2 and CO2 were analyzed by the 
mass spectrometer. A logarithmic mean area was employed for per-
meance calculation (E.5) [43]: 

S= πl(D − 4d) / ln(D / 4d) (E.5)  

where S stands for the surface area, D and d stand for the outer and inner 
diameter of membrane, respectively. Since NO2 and NO are reversible in 
the gas phase (E.4), their ratio is greatly affected by the oxygen partial 
pressure and temperature in the membrane setup. We calculated the 
total permeance for NOx but not individual permeances for NO2 and NO. 

Permeance=
(
xNO2 , perm + xNO,perm

)
× Foutlet,perm

/
V
/

S
/

ΔP (E.6)  

ΔP=
(
xNO2 ,feed − xNOx ,perm

)
× P ≈ xNO2 ,feed × P (E.7)  

where, Foutlet,permis the outlet flow rate in the permeate side; V is the 
molar volume of an ideal gas at STP; S is the membrane area; xNO2 ,feed is 
the inlet NO2 mole fraction to the feed side and xNOx ,perm, xNO2 , perm and 
xNO,perm are the outlet NOx (NO and NO2), NO2 and NO mole fractions in 
the permeate side outlet respectively. Oxygen permeance was calculated 
by using the mole fraction of oxygen instead of the nitrogen oxides in 
E.6&7. 

3. Results and discussion 

3.1. Membrane morphology and phase structure 

The BSCF porous support was prepared via the OSTP approach. As 
shown in Fig. 1a, it shows a typical asymmetrical structure with finger- 
like pores near the channels and sponge-like pores near the outermost 
surfaces. The outer and inner diameters of the BSCF hollow fiber support 
are 3.0 and 0.8 mm, respectively. The ratio of the finger-like pores and 

Fig. 1. Microstructure of the (a) BSCF and (b) KNO3-BSCF dual-phase four-channel hollow fiber membranes. (ⅰ) cross-section overview, (ⅱⅱ) magnification region 
marked on (ⅰ), (ⅲⅲ) outermost surface, and (ⅳⅳ) innermost surface. 
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sponge-like pores is approximately 1:1 (Fig. 1a). As shown in Fig. 1a, 
both the innermost and outermost surfaces of the BSCF support are 
porous. The porosity of the BSCF support is approximately 31.4% ob-
tained by the mercury porosimetry. Fig. 2 shows the pore size distri-
bution of the BSCF support consisting of a peak at approximately 4.0 μm 
which represents the finger-like pores, and a smaller peak at 1.0 μm is 
represent the sponge-like pores. The tortuosity of finger-like pores is 
smaller than that of sponge-like pores, which can effectively reduce the 
resistance of infiltration and mass transfer resistance of permeation 
[44]. While the three-dimensional network architecture of the 
sponge-like pores can provide mechanical support for the hollow fiber 
membrane [45]. The breaking load of the BSCF four-channel support is 
larger than 20.9 N (20 mm span) which is stronger than that of the 
traditional single-channel hollow fiber support. 

The infiltration was taking place at 350 ◦C by immersing the BSCF 
porous support into the molten nitrate bath. The molten nitrate was 
soaked into the porous structure via the capillary force. The SEM mi-
crographs of the KNO3-BSCF dual-phase membrane are shown in Fig. 1b. 
KNO3 successfully infiltrated into the BSCF hollow fiber support. 
Comparing with BSCF hollow fiber support (Fig. 1a), it can be seen that 
the finger- and sponge-like pores have disappeared (Fig. 1b), indicating 
that the pores in hollow fiber are full filled by KNO3. It can be found that 
the channels were not occupied by KNO3. It is mainly due to the large 
channel diameter and smaller capillary force which cannot hold the 
liquid molten nitrate. The innermost and outermost surfaces of the 
KNO3-BSCF dual-phase membrane are covered by a solid KNO3 layer, 
and the original porous structure disappears completely (Fig. 1b). The 
KNO3-BSCF dual-phase membrane exhibits a dense structure at room 
temperature resulting in an increase of the breaking load to 31.0 N (note 
that at high temperatures, the molten nitrate will become liquid again 
while the mechanical strength will be close to that of the BSCF hollow 
fiber support). 

EDX was used to investigate the distribution of molten nitrate salt. As 
shown in Fig. 3a, the distribution of potassium (K) element in the KNO3- 
BSCF dual-phase membrane is asymmetric, which is mainly owing to the 
asymmetric structure of the BSCF support. K element is mainly distrib-
uted in the finger-like layer while the amount of molten nitrate salt is 
relatively low in the sponge-like layer because of its smaller pore size 
and less porosity than that of the finger-like layer. The asymmetric 
distribution leads to a decrease of the effective thickness of the molten 
nitrate salt layer. 

The chemical compatibility between BSCF and KNO3 was obtained 
by investigating the phase structures of their mixture after the 

infiltration (350 ◦C). The XRD patterns of the KNO3-BSCF dual-phase 
membrane after the infiltration contain the characteristic peaks from 
both BSCF support and KNO3 (Fig. 3b). A few BaSO4 was also found in 
the BSCF hollow fiber support and the KNO3-BSCF dual-phase mem-
brane. The diffraction information for BSCF, KNO3 and BaSO4 taken 
from ICSD database are ICSD #109462, ICSD #6014 and ICSD #57311, 
respectively. The formation of BaSO4 is mainly due to the reaction be-
tween PES (used as a polymer binder in phase inversion) and BSCF. Song 
and co-workers [46] systematically studied different polymer binders on 
hollow fiber performance. They found that PES promoted the rheolog-
ical properties of spinning solution greatly while the side product of 
BaSO4 had a limited effect on the O2 permeability. 

The interaction between the NO2 and the BSCF hollow fiber support 
was studied. It was exposed to NO2, CO2 and O2 (with mole fraction of 
5%, 1% and 20%, respectively) in a short period of 24 h at 450 ◦C. In the 
gas mixture, the BSCF hollow fiber support shows good chemical sta-
bility that no more impurities were identified by XRD in a short period 
(Fig. 3b). However, BSCF is susceptible to CO2 attack and formatting 
carbonates due to a large amount of alkaline earth metals of Ba and Sr 
[47,48]. As reported, nitrogen oxides can react with carbonates forming 
nitrates [49,50]. This indicates that NO2 can suppress the formation of 
carbonates and resulting in the good CO2 resistance of BSCF in this 
study. 

3.2. Surface interaction and bulk conductivity 

O2-TPD was employed to examine the O2 interactions with the solid 
surfaces. The O2 adsorption/desorption behaviours on BSCF are com-
plex because the O2 release is not only from adsorbed oxygen (α-O2) on 
the surface but also from bulk lattice oxygen (β-O2) [41]. As shown in 
Fig. 4a, the desorption peak of β-O2 is observed around 820 ◦C before 
and after the exposure (NO2, CO2 and O2), which is due to the lattice 
oxygen release caused by the high temperature. However, the desorp-
tion peaks of α-O2 are significantly different at low temperature 
(400–600 ◦C). The BSCF hollow fiber support after exposure shows a 
large desorption peak of α-O2, which is hardly observed in the BSCF 
hollow fiber support before exposure. It suggests that the gas mixture 
(NO2, CO2 and O2) significantly enhances the O2 adsorption on BSCF 
support. 

The melting point of KNO3 is 334 ◦C under atmospheric conditions. 
In air, when the temperature exceeds 400 ◦C, KNO3 begins to decompose 
into KNO2, which will further decompose to K2O, NOx and O2 [51,52]. 
This phenomenon can also be observed in the temperature dependent 
electrical conductivity profile of the KNO3-BSCF dual-phase membrane 
(Fig. 4b). The trend of electrical conductivity (after 320 ◦C) of the 
KNO3-BSCF dual-phase membrane is obviously different from that of the 
BSCF support. At 320 ◦C, the electrical conductivity decreases sharply 
due to the melting of KNO3 while continuously decreases with the in-
crease of temperature. At 400 ◦C, the conductivity increases due to the 
thermal decomposition of KNO3. After 500 ◦C, the trend of the con-
ductivity of the KNO3-BSCF dual-phase membrane is similar to that of 
the BSCF hollow fiber support due to the drastic decomposition of KNO3. 
This phenomenon also corresponds to the temperature dependent ni-
trogen permeation of the KNO3-BSCF dual-phase membrane (insert of 
Fig. 4b). The rapid increase in the permeation of nitrogen indicates that 
the KNO3-BSCF hollow fiber membrane has leaked owing to the drastic 
decomposition of KNO3 above 500 ◦C. 

According to the reaction E.3, at a certain temperature, the decom-
position of nitrate will be accelerated by a low oxygen partial pressure 
[52]. The stability of the KNO3-BSCF dual-phase membrane was inves-
tigated by exposing it to nitrogen at 450 ◦C for 24 h. However, the de-
compositions and the corresponding decomposition products were not 
detected by XRD (Fig. 3b), indicating that the narrow pore of the hollow 
fiber membrane will affect the decomposition kinetics of KNO3 and 
suppress its decomposition. We should also note that these results can 
only show that nitrate does not undergo serious thermal decomposition Fig. 2. Pore size distribution of the BSCF support.  
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in hollow fiber, and yet due to the detection limit of XRD that the trace 
products cannot be well distinguished. In this study, an FT-IR or elec-
trical conductivity which is sensitive to nitrate/nitrite will be used to 
track the composition variation (will be discussed in the following 
sections). 

3.3. Nitrogen oxides permeation measurement 

The nitrogen oxides permeance of the KNO3-BSCF hollow fiber 
membrane was further studied. Since NO2 and NO are reversible in the 
gas phase. Their ratio is greatly affected by the oxygen partial pressure 
and temperature in the membrane setup [52]. Therefore, the total per-
meance of nitrogen oxides (the sum of the permeances of NO2 and NO) is 
mainly discussed in the following part. Fig. 5a shows the permeance of 
nitrogen oxides with different mole fraction of NO2 at the feed side (the 
mole fractions of O2 and CO2 in the feed side remain constant at 20% and 
1%, respectively). Experiments on the dual-phase membrane were 
conducted at 450 ◦C and the flow rate on both sides was 30 mL min− 1. 
With the decrease of NO2 mole fraction, the permeance of nitrogen 

oxides increases which is consistent with the mechanism of facilitating 
transport [16,53–55] (Noting that although 1% CO2 was constantly 
present at the feed side, no CO2 permeation has been observed). 

In this study, nitrogen oxides mixture in the shell side and argon in 
the lumen side is defined as SL mode (outside-in) while vice versa is 
defined as LS mode (inside-out). It is found that the nitrogen oxides 
permeance of LS mode is higher than that of SL mode. For example, in LS 
mode, the maximum nitrogen oxides permeance is 2.2 × 10− 9 mol m− 2 

s− 1 Pa− 1 (3.0 × 10− 7 mL cm− 2 min− 1 Pa− 1) when the mole fraction of 
NO2 on the feed side is 0.5%. One of the reasons is that the space velocity 
(refers to the quotient of the entering volumetric flow rate of the gas 
divided by the reactor volume) of gas on the shell side and lumen side is 
different, they are 308.7 h− 1 and 27128.1 h− 1, respectively. A higher 
space velocity will facilitate the surface exchange at the feed side [43, 
56]. The other reason is that the nitrate in the hollow fiber membrane is 
in an asymmetric distribution, and most of the nitrate is distributed near 
the lumen side. Therefore, the open structure of the finger-like pores at 
the lumen side and high space velocity will enhance the surface ex-
change reaction greatly. 

Fig. 3. Phase structure of the KNO3-BSCF dual-phase membrane. (a) SEM micrograph in the cross-section with corresponding elemental maps; (b) XRD patterns of 
the BSCF support and the KNO3-BSCF dual-phase membrane before and after different atmosphere exposure. 

Fig. 4. Surface interaction and bulk conductivity of the BSCF hollow fiber support and KNO3-BSCF hollow fiber membrane. (a) The O2-TPD profiles of BSCF oxide 
before and after exposure; (b) temperature dependence of the electrical conductivity of BSCF hollow fiber support and KNO3-BSCF dual-phase membrane in static air, 
insert is the temperature dependence of nitrogen permeance in KNO3-BSCF dual-phase membrane. 
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Fig. 5b shows the variation of permeance with feed gas flow rate with 
1% NO2 at 450 ◦C. The flow rate of sweep gas argon was 30 mL min− 1. 
The permeance of nitrogen oxides increases with the increase of flow 
rate. In LS mode, the nitrogen oxides permeance can reach 6.0 × 10− 9 

mol m− 2 s− 1 Pa− 1 (8.1 × 10− 7 mL cm− 2 min− 1 Pa− 1) when the feed gas 
flow rate is 120 mL min− 1. This is mainly due to the increase of the flow 
rate which would reduce the exchange resistance on the membrane 
surface and hence enhance the permeance [57–59]. The temperature 
dependent nitrogen oxides permeance is shown in Fig. 5c. The feed gas 
was the NO2-containing stream (1% NO2, 1% CO2 and 20% O2). The 
flow rate on both sides was 30 mL min− 1. In SL mode, by increasing the 
temperature from 350 to 500 ◦C, the permeance of nitrogen oxides in-
creases from 5.3 × 10− 10 mol m− 2 s− 1 Pa− 1 (7.1 × 10− 8 mL cm− 2 min− 1 

Pa− 1) to 1.6 × 10− 9 mol m− 2 s− 1 Pa− 1 (2.1 × 10− 7 mL cm− 2 min− 1 

Pa− 1). The LS mode generally shows higher permeance than SL mode 
and the maximum nitrogen oxides permeance of 9.2 × 10− 9 mol m− 2 s− 1 

Pa− 1 (1.2 × 10− 6 mL cm− 2 min− 1 Pa− 1) is observed at 500 ◦C. The in-
crease of temperature not only improves the electronic conductivity of 
the carriers, but also improves the fluidity of molten nitrate salt in the 
membrane [60–62]. Below 400 ◦C, the difference between the two 
operating modes is rather small, which is mainly due to the poor ionic 
activity in molten nitrate salt (which has been discussed in Fig. 4b). In 
this scenario, rate-determining step at low temperature is considered to 
be the bulk diffusion resistance. After 400 ◦C, the bulk resistance of 
electron and ion diffusion decreases due to the increase of conductivity 
of support and molten nitrate salt (Fig. 4b). While surface exchange 
reaction becomes the rate-determining step [63]. 

The long-term stability of the KNO3-BSCF hollow fiber membrane 
was investigated in SL mode at 450 ◦C. The feed gas was the NO2-con-
taining stream (1% NO2, 1% CO2 and 20% O2) while the sweep gas was 
argon. The flow rates on both sides were 30 mL min− 1. It is manifest 
from Fig. 5d that the nitrogen oxides permeance of the KNO3-BSCF 
hollow fiber membrane is stabilized at 5.2 × 10− 10 mol m− 2 s− 1 Pa− 1 

(7.0 × 10− 8 mL cm− 2 min− 1 Pa− 1) before 500 h, while the nitrogen 
oxides permeance increases gradually and stabilized at 2.2 × 10− 8 mol 
m− 2 s− 1 Pa− 1 (3.0 × 10− 6 mL cm− 2 min− 1 Pa− 1) after 700 h. The per-
meance increases by a factor of nearly 40. Subsequently, the KNO3-BSCF 
hollow fiber membrane experienced more than 1000 h of stable opera-
tion. The long-term stability experiment of the KNO3-BSCF hollow fiber 
membrane was voluntarily stopped after 1800 h. The dramatic change in 
permeance might be due to the chemical composition evolution of the 
molten nitrate salt. Electrical conductivity is considered sensitive to the 
composition in the melts. A long-term electrical conductivity test was 
conducted on the KNO3-BSCF hollow fiber membrane under 500 ◦C in 
argon (insert of Fig. 5d). It can be found that the variation of electrical 
conductivity over time is similar to that of nitrogen oxides permeance, 
indicating a variation of composition in the melts. An FT-IR spectrum 
was employed to confirm the composition of molten nitrate salt after the 
long-term permeation experiment. From Fig. 6f, in addition to the 
characteristic peak of NO3

− (1380 cm− 1), a distinct peak of NO2
− (which 

belongs to nitrite and monodentate nitrite at 1260 and 1460 cm− 1) 
appears after the long-term operation. It is confirmed that part of nitrate 
was converted into nitrite during long-term operation, and indicating 
that the formation of NO2

− might be the main reason for the performance 

Fig. 5. Nitrogen oxides and oxygen permeance in KNO3-BSCF dual-phase membrane. As a function of (a) mole fraction of NO2, (b) flow rates of feed gas, (c) 
temperature, and (d) time, insert is the temperature dependence of the electrical conductivity in KNO3-BSCF dual-phase membrane under argon atmosphere at 
500 ◦C. Argon was used as the sweep gas and kept a constant flow rate of 30 mL min− 1; (a), (b) and (d) have an operating temperature of 450 ◦C; (b), (c) and (d) have 
a mole fraction of 1% NO2, 1% CO2 and 20% O2 in the feed gas with the flow rate of 30 mL min− 1. 
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Fig. 6. Microstructure and chemical composition of the dual-phase membrane after the long-term test. SEM micrographs: (a) cross-section overview; (b) marked 
region on (a); (c) top-view of hollow fiber outermost surface; (d) top-view of the innermost surface; (e) XRD patterns and (f) FI-IR spectra of KNO3-BSCF, KNO2/ 
KNO3-BSCF, and spent KNO3-BSCF hollow fiber membrane. 

Fig. 7. Nitrogen oxides and oxygen permeance in the KNO3-BSCF and KNO3/KNO2-BSCF dual-phase membrane. As a function of (a) mole fraction of NO2, (b) flow 
rates of feed gas, and (c) temperature. Argon was used as the sweep gas and kept a constant flow rate of 30 mL min− 1; (a) and (b) have an operating temperature of 
450 ◦C; (b) and (c) have a mole fraction of 1% NO2, 1% CO2 and 20% O2 in the feed gas with the flow rate of 30 mL min− 1. 
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improvement [49,64]. The KNO3-BSCF dual-phase membrane was 
characterized by SEM (Fig. 6a–d) after more than 1800 h long-term 
operation. As can be seen that the KNO3-BSCF dual-phase membrane 
maintains a complete multi-channel structure. The dense structure of 
both the cross-section and surface of the hollow fiber membrane is well 
preserved indicating that molten nitrate salt does not decompose seri-
ously in the membrane pores during the long-term operation. 

Nitrogen oxides can react with oxygen and electrons and form mo-
bile NO3

− and NO2
− species, respectively. They represent two different 

transport routes: nitrate route and nitrite route. A long-term high-tem-
perature operation will lead to a large amount of NO2

− formation in 
molten nitrate. The transection of NO3

− and NO2
− during the long-term 

operation was not be able to be in-situ tracked currently. Therefore, in 
order to demonstrate the function of nitrite in the transport of nitrogen 
oxides, we used the mixture of KNO3 and KNO2 (in a mass ratio of 7:3) to 
construct the KNO3/KNO2-BSCF hollow fiber membrane. In this case, 
nitrite is preloaded into the membrane to simulate the in-situ formation 
of nitrite during long-term operation. The peaks of nitrite are observed 
in FT-IR, but it is unable to be observed in XRD because of overlapping 
with the characteristic peaks of nitrate (Fig. 6e&f). 

As shown in Fig. 7, the trends in permeance of KNO3/KNO2-BSCF 
membrane are similar to that of KNO3-BSCF membrane (as functions of 
NO2 mole fractions, sweep gas flow rates and temperatures). However, 
the nitrogen oxides permeance significantly increases with preloaded 
nitrite, indicating the existence of nitrite route in the dual-phase mem-
brane. Oxygen permeation data are also included in Fig. 5 (and Fig. 7 as 
well). The ratio of nitrogen dioxide to oxygen is lower than 2:1 expected 
from the reaction E.1 and E.2. There seems to be another route for the 
transport of oxygen. However, using air as the feed gas, no oxygen is 
detected in the permeation side in neither KNO3-BSCF nor KNO3/KNO2- 
BSCF membrane (the flow rates of sweep and feed gas were 30 mL min− 1 

and the operating temperature was 350–500 ◦C). It suggests the oxygen 
co-permeation is via reaction of E.1 and E.2 or reactions involving ni-
trogen oxides. Although reactions E.1 and E.2 in the melts and E.4 in the 
gas phase are the dominating reactions in the dual-phase membrane, the 
chemistry in nitrate/nitrate melts is complex. As listed in Table 1, in 
addition to reactions E.1 and E.2 which involves gas phase oxygen, re-
actions involving oxygen ions (E.8-E.14), peroxide (E.15-E.17) and su-
peroxide (E.16&18) have been suggested in nitrate/nitrite melts. Gas 
phase oxygen in the melts also experiences complex reactions 
(E.10&14). From these reactions, we can find that nitrite plays a crucial 
part in the dual-phase membrane, which is an important carrier for ni-
trogen oxides transport. In addition, the conductivity of oxygen ions and 
electrons also significantly affects the transport process, which needs 
more in-depth research. 

4. Conclusions 

Gas-tight molten salt-ceramic dual-phase membranes were con-
structed by infiltration of KNO3 or mixture of KNO3/KNO2 into the 
porous BSCF four-channel hollow fiber. Molten salts were mainly 
distributed in the finger-like pores of the hollow fiber membrane. Owing 
to the constraint from the narrow pores, the decomposition of molten 
nitrate salts lags behind the decomposition temperature in the open air, 
which makes the operating temperature window of the KNO3-BSCF 
hollow fiber membrane expand to 500 ◦C. Due to the existence of ni-
trogen oxides, the chemical stability of BSCF in CO2 and its O2 adsorp-
tion/desorption performance were further improved. The effects of 
temperatures, flow rates, mole fractions of nitrogen oxides and opera-
tion modes of feed gas/sweep gas feeding on the permeance of the 
membrane were investigated. It is found that the nitrogen oxides per-
meance of LS mode (permeation from lumen to shell side) is higher than 
that of SL mode (permeation from shell to lumen side). The maximum 
nitrogen oxides permeance reaches 9.2 × 10− 9 mol m− 2 s− 1 Pa− 1 (1.2 ×
10− 6 mL cm− 2 min− 1 Pa− 1) under the condition of 1% NO2, 1% CO2 and 
20% O2 at 500 ◦C. The long-term stability test of the KNO3-BSCF dual- 

phase membrane was carried out for 1800 h. A slow kinetics of 
decomposition of nitrate to nitrite was observed during the permeation 
process (400–500 h), resulting in an increase of nitrogen oxides per-
meance by a factor of 40. Subsequently, the stable operation time was 
more than 1300 h and a maximum permeance of 2.2 × 10− 8 mol m− 2 s− 1 

Pa− 1 (3.0 × 10− 6 mL cm− 2 min− 1 Pa− 1) at 450 ◦C was achieved. The 
KNO3/KNO2-BSCF hollow fiber membrane was constructed by pre-
loading 30 wt% nitrite in molten salt to further verify the nitrogen ox-
ides transport mechanism via nitrite as a mobile carrier in molten salt. 
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