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Abstract

Mixed ionic-electronic conducting (MIEC) membranes are a promising technology for
oxygen separation but they are not commercialised yet due to sealing issue and sensitivity to
impurities in feedstock. In this study, LageSro4C0g2FepsOs.5 (LSCF6428) was successfully
sealed for long-term operation of 963 h using a gold-glass-ceramic sealant. The membrane
was then tested for air separation in presence of hydrogen sulphide for 100 h and results
showed that the impurity caused a drop in oxygen flux to zero within few hours. The flux
could not be fully restored after hydrogen sulphide removal and only 6 to 35% was recovered.
It was proposed that hydrogen sulphide was adsorbed on the membrane in the form of sulphur
and it occupied oxygen vacancies. With time, strontium segregates toward sulphur to form
irreversible layer of strontium sulphate. To restore the damaged surface, the membrane was
treated by 1% (mol) of hydrogen for 20 h and the recovery improved from 6 to 12%. It was
discovered that the poisoning mechanism is a function of oxygen partial pressure and change
of partial pressure from 0.21 to 0.01 bar resulted in 90% recovery and this can be used as a
strategy to reduce the damage. The next step was to test the membrane for hydrogen
production using 1% (mol) of methane and results showed that methane conversion was
steady at 33% for 350 h. Methane oxidation was also carried in presence of hydrogen sulphide
but it resulted in drop of conversion to 8%. However, the conversion was slowly regenerating
with time and it reached a constant value of 15%. This recovery was interpreted by the
reaction of methane with hydrogen sulphide or methane decomposition and the membrane
acted as a catalyst for these reactions. After hydrogen sulphide removal from the feed, the
conversion kept on decreasing and this was linked to the change of membrane properties and
therefore the membrane could not provide the sites for methane-oxygen reaction. For better
stability under hydrogen sulphide, the membrane was modified by adding a powder of
LSCF6428 material over the dense membrane. This dual layer membrane was stable for air

separation under hydrogen for 33 h and the flux was only reduced by 5%.
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Chapter 1: Introduction

1.1 Overview

Hydrogen demand is increasing and it is expected to be five times more by the end of 2030
[1]. The gas is excessively used in ammonia synthesis to make fertilisers and in
hydrodesulphurisation to remove sulphur from petroleum streams [2]. Hydrogen is also
considered as a coolant in power plants because of its high thermal conductivity [3].
Compared to other fuels, hydrogen has the highest energy when combusted and it produces
only water with no carbon. Vehicles operated by hydrogen are available and use of hydrogen

as a transportation fuel will greatly reduce air pollution [4, 5].

Industrially, 98% of hydrogen is produced from fossil fuel by either steam-methane reforming
(SMR) or partial-oxidation of methane (POM) [6]. SMR involves reaction of methane with
water to generate hydrogen and carbon monoxide but the process is energy-intensive due to
the endothermic, reversible reaction [7]. On the other hand, POM overcomes these issues by
the reaction of methane with oxygen instead of water but the supplement of high purity
oxygen by cryogenic distillation greatly influences the process economy [8]. Therefore, SMR

is still the dominating process for hydrogen production in industry.

Alternatively, state of art membranes can be integrated in POM process to generate oxygen
with 100% purity and use of this technology, compared to cryogenic distillation, will cut
down the energy costs by 25 to 35% [9]. Furthermore, the membranes can provide the surface
area for the reaction and act as catalysts [10]. Perovskites are the membranes’ materials and
and they have properties of conducting both ions and electrons which are needed for oxygen
transport. In literature, the membranes had been tested for long-term operation of more than
7000 h and methane conversion was 99% [11].

Before commercialisation, the membranes need to be evaluated under industrial conditions
rather than pure feeds. Impurities such hydrogen sulphide and carbon dioxide are usually
found in natural gas which will be the feedstock for POM in industry [12]. Hydrogen sulphide
is a very toxic gas, well-known for its rotten egg smell even in very low concentrations of
parts per billion (ppb) [13]. The gas is also corrosive and cause damage to different materials

such as metals, ceramics, polymers and composites because of its high reactivity [14].
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Performance of the oxygen permeable membranes for hydrogen production under the

presence of hydrogen sulphide impurity was not studied before and it is expected to be severe.

1.2 Aims and objectives

The main aim is to investigate the changes in membrane performance for oxygen separation
and methane oxidation due to the presence of hydrogen sulphide impurity. Determination of
the poisoning mechanism, improving the recovery and modifying the membrane for better

stability are the other aims. The following objectives are needed to achieve the aims:

e Select a membrane material.

e Fabricate the membrane.

e Design and build the membrane reactor.

e (Gas-tight seal the membrane for long-term operation.

e Perform oxygen separation in presence of hydrogen sulphide and observe the changes.
e Improve the recovery after hydrogen sulphide exposure.

e Perform more studies to determine the poisoning mechanism of hydrogen sulphide.

e Do methane oxidation in presence of hydrogen sulphide to determine the changes.

e Regenerate the membrane after sulphur poisoning in methane oxidation.

e Propose strategies to reduce hydrogen sulphide damage.

e Try to modify the membrane for better stability under hydrogen sulphide.

1.3 Thesis layout

The thesis consists of eight chapters including the introduction. In next chapter, literature
review on membranes, hydrogen production and hydrogen sulphide are reported. Chapter 3
demonstrates the methodology of reactor design, membrane material, sealant and
characterisation techniques. Chapter 4 discusses the experimental work for oxygen separation
using the membrane in presence of hydrogen sulphide. In Chapter 5, further studies on
hydrogen sulphide are conducted to understand more about the poisoning mechanism.
Methane oxidation along hydrogen sulphide impurity is performed in chapter 6. In chapter 7,
possibility of modifying the membrane for better tolerance to sulphur is investigated.

Conclusions and future work are given in chapter 8.




Chapter 2: Literature Review




Chapter 2: Literature Review

Chapter 2: Literature Review

This chapter gives general view of synthetic membranes; their concept, groups and
applications. It focuses on ceramic membranes specifically the mixed conductors. Transport
mechanism and materials of the mixed ionic-electronic conductors (MIEC) are described.
Conventional processes for hydrogen production and how MIEC membranes can be beneficial
are also mentioned. Current challenges for commercialising MIEC membrane are given in this

chapter. The last section talks about hydrogen sulphide; its occurrence and impact.

2.1 Membrane definition

Membrane is a barrier which allows certain molecules to pass. The separation mechanism can
be based on molecular size, chemical reaction, concentration, electrical gradient or pressure.
Compared to other chemical equipment, the membrane: a) contains no mechanical parts
therefore it requires less or no maintenance, b) easy to scale-up and occupies small area, c)
considered as a green technology (environmentally friendly) because it operates in low energy
and has zero emissions [15-17]. These features make the membrane unique and attractive for
industry. Today, membranes are heavily used in large scale for: desalination to produce
potable water, waste-water treatment of sewage, food processing such as purification of
beverages and milk processing, and gas separation mainly for hydrogen production and
carbon capture [18-20]. The membranes are used in medical sector as well and they can act as
artificial kidneys to remove the waste from blood and maintain an acceptable concentration of
metals such as sodium and potassium [21].

The membranes are well implemented in various separation processes such as microfiltration,
ultrafiltration, nanofiltration, reverse osmosis and pervaporation. In microfiltration, where the
particle size ranges from 1 to 10 um, suspended particles, blood cells and bacteria are
removed while in ultrafiltration (10 to 100 A), vitamins and enzymes are separated [22]. In
nanofiltration and reverse osmosis (< 10 A), dissolved sugars and salts are taken out from
solutions. Liquid-to-liquid separation can be achieved using pervaporation and it is used for
water removal from organic solvents [23]. In addition to separation, the membranes can
provide the sites for the reaction and therefore they can perform separation and reaction at the

same time. One of the advantages of using these membrane reactors is the ability of shifting
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Figure 2.1. Membrane market by its applications [24].

the equilibrium of some reversible reactions and this increases the production rate [24].
Membrane reactors are being employed for dehydrogenation and partial-oxidation of
hydrocarbons, catalytic cracking of hydrogen sulphide, methanol production and ammonia

oxidation [25, 26]. Current uses of the membranes are given in Figure 2.1.

2.2 Membrane classification

One way to classify synthetic membranes is by the type of material and subsequently it is
grouped to metallic, polymeric and ceramic. Metallic membranes are commonly made from
palladium which promotes hydrogen transport and this is ideal for hydrogen purification from
gas mixtures [27]. Polymeric membranes are generally fabricated from cellulose acetate,
polyethylene and polyvinylchloride (PVC). They are implemented for sea-water desalination
and gas separation such as oxygen purification, carbon dioxide capture and natural gas
enrichment [28-30]. On the other hand, ceramic membranes consist primarily from metal
oxides like alumina (Al,O3). At home, the tap water can be purified using a filter where
unwanted contaminations are removed [31]. Separation of hydrogen, oxygen and carbon
dioxide are other applications of ceramic membranes [32]. Today, polymeric membranes
dominates industry because of the outstanding performance and economics [33]. However,
the low melting point of polymers makes them unsuitable for temperatures over 200°C.

Metallic membranes can be applied instead but the rising costs of precious metals greatly
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e Gas separation, water desalination, dialysis

Polymeric v Low cost, high performance

x Unstable at high temperature

e Gas separation, catalytic properties
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Synthetic
membranes

e Gas separation

Metallic v High selectivity

x High cost, sensitive to impurities

Figure 2.2 Comparison between different types of synthetic membranes.

influence the process economy. Alternatively, ceramic membranes can be operated at high
temperature and their prices are 80% lower than the metallic ones [34]. Furthermore, ceramic
membranes have excellent mechanical and chemical properties to withstand harsh
environments such as corrosive chemicals [35]. Figure 2.2 shows comparison between the

polymeric, ceramic and metallic membranes.

2.3 Ceramic membranes

Ceramic membranes are inorganic materials consisting of metal oxides and they can be
categorised based on the physical structure to porous and dense. The separation mechanism is
based on molecular sieving in case of porous membrane and solution diffusion in case of
dense ones. In-expensive porous silica (SiO;) membranes have a good application in gas
separation because of the high permeability and selectivity of hydrogen but it is limited to low
temperature (e.g., 200°C) [36, 37]. Another use of silica membranes is for pervaporation for
removal of water or alcohol from organic solutions [38]. In pervaporation, the membranes
separate the liquids based on molecular size and the permeated liquid is vaporised due the

vacuum pressure.

Zeolite (aluminosilicate) is another porous ceramic but unlike silica, it can withstand high

temperature over 900°C [39]. The framework of zeolite can be negatively charged to adsorb
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metal cations and this is beneficial for water purification [40]. In addition, zeolite has catalytic
properties because of the large surface area and the acidic sites. In petroleum refinery, zeolite
is used to convert crude oil to lighter, more useful fractions such as gasoline and this process
is called fluid catalytic cracking [41, 42]. After production of hydrogen by steam-methane
reforming (SMR) and water-gas shift (WGS), hydrogen is separated from carbon dioxide by
pressure swing adsorption (PSA) unit where hydrogen passes through the voids of zeolite

because of its small molecular size while carbon dioxide is adsorbed on zeolite surface [43].

Porous silicon carbide membranes have unmatched performance for microfiltration and
ultrafiltration. Compared to polymeric membranes, silicon carbide membranes have higher
flux, longer life, better chemical stability and greater regeneration rate. They are used

industrially for water purification, wastewater treatment and gas-oil separation [44].

On the other hand, for dense membranes, the widely accepted theory for transport mechanism
is based on the solution-diffusion model where certain molecules dissolve by surface
reactions on the membrane surface and then diffuse through the membrane by pressure,
concentration or electrical gradient [45]. In ceramic membranes, there are two types of
conductors: a) protonic for hydrogen transport and b) ionic for oxygen diffusion. If the
membrane contains enough conducting electrons and electrical circuit is not required to
promote oxygen or hydrogen transport, the membrane is then called mixed conductor [46].
This study focuses on mixed ionic-electronic conducting (MIEC) membranes because they
have promising applications for oxygen separation and they also act as membrane reactors for
methane oxidation [32]. Figure 2.3 demonstrates the separation mechanism in porous and
dense membranes.
°cQ ° ;0 0'
e © Q . ™

>
@
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Molecular sieving Solution diffusion

Figure 2.3. Gas separation using ceramic membranes based on molecular sieving (porous
membrane) and solution diffusion (dense membrane).
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2.4 MIEC membranes

Most of mixed ionic-electronic conducting membranes belong to two groups: fluorites and
perovskites. The fluorite-type membranes have chemical formula of AO, where A is a four-
valent cation such as zirconium (Zr) and cerium (Ce) [46]. When analysed by x-ray
diffraction, the crystal structure of these membranes are similar to fluorite compounds (e.g.,
CaF,) and hence the name [47]. It is found that fluorites have cubic structure as shown in
Figure 2.4. Unfortunately, there is no intensive research on these membranes due to low
oxygen flux and poor mechanical properties compared to perovskites [48]. On the other hand,
perovskite refers to calcium titanate mineral (CaTiO3) discovered by a Russian scientist called
Perovski [49]. The chemical formula for a perovskite is ABO3; where A stands for an alkali
earth metal such as barium or strontium and B is a transition metal like cobalt or iron. The
perovskite has an orthorhombic structure at room temperature and a cubic structure at high
temperature (above 1250°C) [50]. Other MIEC materials are pyrochlores (A;B,0;) and
brownmillerties (A2B,0s) but they showed lower performance compared to pervoskites and
fluorites [51]. In the following sections, transport mechanism, materials and fabrication of

perovskite membranes are discussed.

Figure 2.4. Fluorite structure of CeO, (left) and perovskite structure of BaZrO3 [52].

2.4.1. Transport mechanism

Teraoka et al. were the first to discover the oxygen transport in perovskite membranes since
1985 [53]. These materials are electronically conductive and have oxygen defect where
atomic oxygen is missing from the structure creating a vacancy [54, 55]. Naturally, the
perovskite has a low amount of oxygen vacancies which is not enough for practical

applications. Therefore, to boost oxygen permeation, doping in metal solutions is necessary
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[56]. For example, immersing perovskite in a liquid solution containing A’ and B’ cations will
give a new material having formula of A} _,A,B;_,B,0;_5 Where & expresses the amount of
defects or oxygen vacancies [57, 58]. The transport mechanism can be described in three
steps: 1) reaction of molecular oxygen on the membrane surface to form ionic oxygen; 2)
diffusion of oxygen through the membrane; 3) combination of oxygen anions to form back
molecular oxygen [59]. In the first step where oxygen reaches the membrane surface, it reacts
with the vacancies to form anions as follows [60]:

0y, +2V3' + 4e™ © 20F (2.1)

where V;° is the Kroger-Vink notation representing one oxygen vacancy with a double
positive charge and O is an oxygen ion sitting in the oxygen vacancy resulting in a neutral
charge [61]. The second step in oxygen transport is the bulk diffusion of oxygen across the
membrane. The most accepted theory for the diffusion is the hoping of oxygen ion from a
vacancy to adjacent one due to the difference in oxygen potential [62]. The last step in oxygen
transport is the formation of molecular oxygen by the combination of ions releasing back the

electrons and vacancies as follows:
205 © 0y, +2V5" + 4e” (2.2)

As realised, the transport mechanism is controlled by two factors: a) surface exchange
reactions and b) bulk diffusion. Bouwmeester et al. defined a parameter called critical
thickness (L.) to determine whether surface exchange reaction or bulk diffusion is the

dominant step for oxygen transport [63]:
L.=— (2.3)

where D* is the oxygen diffusion coefficient and kg is the surface-reaction coefficient
determined experimentally using isotope of oxygen (**0,) as a tracer gas [64]. If the
membrane thickness is larger than the critical one, this indicates that the bulk diffusion is
dominant whereas if the membrane thickness is lower, surface-exchange reactions will
dominate and if the membrane thickness equals to the critical one, both surface reactions and
bulk diffusion will dominate and this is the optimum value to have the best performance.
Figure 2.5 shows the oxygen transport mechanism in MIEC membranes based on the

vacancies and the conducting electrons.

Oxygen flux (Jo,) through MIEC membranes can be described using Fick’s law of diffusion:
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D
Jo, = 57 (€ = €)) (2.4)

Where Dy, is the diffusion coefficient of vacancies, L is the membrane thickness, Cy, is the
concentration of vacancies in the oxygen-rich side and C;; is the concentration of vacancies in
the permeating side. This model assumes ideal gas behaviour and one-dimensional diffusion.
Cy, and C;/ are controlled by the surface exchange reactions of Equations 2.1 and 2.2

therefore, the flux can be written as:

Jo, = kyCi(Py)°5 — k; (25)
Jo, = ky = ks CYf (P,)° (2.6)

Where k; and k, are the surface exchange reaction coefficients. Solving for J,, using

Equations 2.4, 2.5 and 2.6 gives:

, 0.5 ,, \0.5
_ Dyk; [(Poz) + (Poz) ] (27)
2Lks (P, P3))*5 + Dy (PO + (Py)0%]

Jo,

the above equation states that the oxygen permeation is a function of oxygen vacancies,

membrane thickness, oxygen partial pressure and temperature. Parameters such as ky and k,
can be determined experimentally using thermogravimetric analyser (TGA) [65]. Oxygen

vacancy (o) can be calculated based on surface exchange reactions (Equations 2.5 and 2.6)

Oxygen-lean side

© 205 - 0, +2Vy +4e”

%

O@ O o O O o oG
© ¢ o Membrane © ¢ ¢

@, ‘0. O O O O O 0 .0

(1] 03, + 2Vy +4e” - 20}

Oxygen-rich side

@® O, molecule 0 0, vacancy ® 0, ion

Figure 2.5. Three main steps for oxygen transport in MIEC membranes.
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and this property is defined by [66]:
§=CyVy (2.8)

Where Cy is the concentration of vacancies and Vy is the molar volume. Substituting Cy in

Equations 2.5 and 2.6 for & gives:

%4 k
5 = M(]Oz—l-"sr) (2.9)
kf(Poz)O'
Vi (ke —
§" = M(T—I]OZ) (2.10)
GAL

Where §" and "' is the amount of vacancies (in atomic composition) in the oxygen-rich side

and oxygen-lean side, respectively.

2.4.2. Materials

In literature, there is a massive number of materials that have mixed conducting properties for
oxygen permeation. As mentioned before, the most promising materials are made of
perovskites and the oxygen flux of some of these materials is mentioned in Table 2.1. The

flux (Jo,) is calculated by:

F
Jo, (mlcm? min!) = " (2.11)

where F is the volumetric flow rate in ml min™ measured at standard temperature and
pressure, STP (25°C and 1 atm) and A is the active membrane area in cm®. For the membrane
to be beneficial for industry, it should produce high oxygen flux of more than 1 ml cm™ min
[67]. The most recent materials that meet this criteria are based on perovskites having formula
of Sr(Co,Fe)O3 and La(CoFe)Os; [32]. For hydrogen production by methane oxidation, a
small number of these materials has been investigated and proved to be promising and they
are: Ba,Sr,Co,_ Fe 05 5 (BSCF), La,_ SrCo, Fe,O;; (LSCF) and La,_,SryFe, O, 5 (LSF)
[11, 68, 69].

BSCF is made by doping strontium-cobalt oxide (SrCoQOs3) in a solution containing barium and
iron ions. Actually, barium occupies strontium sites and this results in creation of more
vacancies and addition of iron to the membrane is needed for better chemical stability [70].
On the other hand LSCF is created by doping lanthanum-cobalt oxide (LaCoQ3) in strontium

11
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Table 2.1. Oxygen flux of some perovskite materials using air at atmospheric pressure

Material Temperature (°C) Jo, (ml cm? min™) Reference
BaBiy 5C0¢2Fe0303.5 800 — 925 0.41-0.82 [71]
BaCeg 4Fe603.5 800 — 950 0.11-0.26 [72]
Bag 5Sro5C00.8F€0.203-5 850 — 950 2.07-4.78 [73]
Bap 5SrosZng2Fepg0s-5 800 — 975 1.63 -3.82 [74]
BaTig,C0o4F€04035 600 — 950 0-9.83 [75]
CaTiggFep 2035 800 — 1000 0.01-0.03 [76]
Gdp6Sro.4C0035 820 1.73 [77]
Lag.4BageC0g2Fe0 5035 900 0.79 [78]
LageCag4CopgFen 2035 860 2.00 [77]
LagegNag 4C0og gFep203.5 860 0.30 [77]
LagSro4C003.5 850 0.60 — 3.40 [65]
Lag 6Sro.4C0p2Fep803-5 900 - 950 1.00-3.13 [79]
Lag 6Sro.4C0p8Fe203-5 850 — 1000 0.08 - 0.46 [62]
Lag.4Sro6C0p.2Feps03-5 900 0.60 [80]
Lag 2SrosC0p.2Fep 8035 900 0.74 [80]
Lao 2SrosC0p.4Fe0603-5 1000 — 1100 0.18 - 0.55 [53]
Lag 6Sro.4C0osMng 2035 860 0.55 [77]
Lag 6Sro.4C00gNig203.5 860 1.57 [77]
Lag gSrg2FeOs.s 1000 0.15 [81]
Lag 7Srg3Fe0s.s 1000 0.24 [81]
Lag 6Sro4Fe03.s 1000 0.38 [81]
Lag gSro2Gag7C00303-5 700 — 1000 0.34-1.61 [82]
Ndg 6Sro4C003.5 820 1.12 [77]
Pro.6Sro.4Co035 820 1.01 [77]
SMeSre4Co035 820 1.30 [77]
SrosBigsFe0s s 825 - 925 0.19 -0.59 [83]
SrCo03.5 850 — 1000 0-0.49 [84]
SrCog 4Fep603-5 1000 — 1100 1.06 -2.18 [53]
SrCog gFep20s-5 870 3.64 [53]
SrCo0g.95Ti0.0503-5 880 0.66 [85]
Srp7Lag3C003 5 880 0.38 [85]
Srpslag4C0o035 880 0.29 [85]
Srp7Ndo3C003.5 880 0.23 [85]
Y 0.05Ba0.9sC003.5 900 0.57 [86]
Y0.1Bag9C003.5 900 0.39 [86]

12
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and iron solutions. Strontium occupies some lanthanum atoms and this resulted in better

oxygen flux due to the generation of more oxygen vacancies [75]:

La(Fe,Co)O
2510 + 2La¥, + +0% ———3 La, 04 + 251], + V§* (2.12)

Furthermore, doping strontium-iron oxide (SrFeOs) in lanthanum solution will form LSF

membrane. Research proves that Ba, sSr;sCojgFey,0, 5 (BSCF 5582) has the maximum

oxygen flux in all groups because it contains barium [48, 87]. On the other hand,
Lag ¢Srp.4Cog,Fey 305 (LSCF 6428) shows a better chemical stability than BSCF 5582 but at

the expense of oxygen flux [88]. The absence of cobalt in Lay ;Sr, ;FeO;_5 (LSF731) gives the

most tolerance under reducing environments but the material has the minimum oxygen flux
[89]. Oxygen fluxes of BSCF5582, LSCF6428 and LSF731 as a function of temperature is
given in Figure 2.6. It is worth mentioning that the data in Table 2.1 and Figure 2.6 is a strong
function of temperature, pressure, membrane area and feed flow rates. Geometry has also a
major impact on the oxygen flux and researchers use two types of membrane geometry, either
disc or tube. The disc membrane is easy to make and has a constant temperature profile along

the membrane however they have low area per unit volume compared to tubular ones.

4
-@--Ba,.5Sr.5C0o.5Fe0.,05 (perovskite) @
| -#-Lag.¢5r0.4C00.2Fe0.505 (perovskite) //'
Lag.7Sro.3Gdg.sF€0.403 (perovskite) ,/"

a 3 1 Lag.7Sro.3Fe05 (perovskite) ./' /‘
E SrCoFeOx (perovskite) //" ,'l
~ L """Ceo.gpro.zOz (ﬂuorite) ’,—"— III
o ”f’ [l
— 2 1 ”"’ I[
é ’a" II
x ( 2 /
=) L ’
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21+ »
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O ””z
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Figure 2.6. Oxygen flux of some fluorite and pervoskite membranes as a function of
temeprature under atmospheric pressure [69, 73, 79, 89-93].
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Industrially, tubular (also known as hollow fibre) membranes are more favourable because of

the large area-to-volume ratio which results in greater oxygen flux.

2.4.3. Fabrication

Membrane fabrication plays an important role for determining the performance. High purity
powder with particle size in sub-micrometers is preferable for good membrane preparation
[94]. The fabrication process has three steps: 1) preparation of ceramic powder; 2) packing the
powder into a disc or tubular shape; and 3) heat treatment to transfer the powder into a solid
phase. A cost-effective way to prepare the powder is by conventional solid state reactions of

raw materials in their stoichiometric basis. For example to prepare Lag St 4Cog,Fe 5055

powder, metal nitrates are mixed together and heated to a high temperature (e.g., 800°C) to

remove nitrates by the following equation [95]:

0.6La(NO3); + 0.45r(N0O3), + 0.2Co(NO3), + 0.8Fe(N0O3); 2.13)
— Lag gS10.4C00,Feqg05_s5 + 2.7N, + 0.5(13.2 + 6)0,
After that, the mixture is cooled down to room temperature and a grinder is implemented to
decrease the particle size of the mixture to micrometers. Lower particle size gives larger
surface area and therefore higher powder density [96]. Another way of preparing fine
membrane powder is by sol-gel method where the raw materials are still mixed in their
stiochiometric basis but with the addition of agents such as EDTA (C1oH16N20s), citric acid
(CeHgO7) and ammonia solution (NH4NO3) [95]. EDTA and citric acid acts as chelating
agents for proper mixing and binding while ammonia balance the hydrogen number (pH) to 7.
The mixture is heated then to a temperature of over 800°C to vaporise solutions and binders

used during the participation reaction [25].

The second step is to pack the powder into either disc or tubular shape. For disc membranes,
the powder is placed in a steel die where a mechanical press is used to compact the powder
into a disc (also known as pellet) as show in Figure 2.7. On the other hand, to have a tubular
membrane, usually extrusion technique is employed. This method is very useful for large
production and currently used for production of bricks, tiles and furnace tubes [32]. The
powder is mixed with additives such as binders or solvents to form a paste and then pressed in
an extrusion die. Another common method for making tubular membranes is by the spinning
technique. The powder is mixed with binders and plasticisers to form a paste and after that, it

is transferred to a spinning apparatus where the precursor passes through a forced nozzle to
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form the membrane as shown in Figure 2.7 [32]. The temperature is then heated slowly to

vaporise the additives.

The last step for preparing the membrane is sintering which is a heat treatment to convert the

compressed powder into a solid. Due to heat, internal diffusion will occur and this causes

e [ternal Coagulant Support plate

5.Gear Pump
6.Internal Coagulant Tank
7.Mass Flow Controller
8.Spinnerette
9.Coagulation Bath
10.Washing Bath
11.Moter Guide
12.5torage Tank

Upper punch

Powder

Installation Sequence

_________ Pressing die

(g Lower punch

@ Support plate

Figure 2.7. Fabrication of tubular (left) and disc (right) membranes from powder [32, 97].

loose powder initial stage

intermediate stage final stage

Figure 2.8. Sintering process to solidify the pressed membrane powder and reduce pores [98].
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aggregation of particles thus increasing the bulk density as shown in Figure 2.8 [99]. The
sintering process starts at two-thirds of the melting point of the membrane material and it is

kept at this temperature for a specific time (e.g., 5 to 10 hours).

2.5 Hydrogen production

Hydrogen is the first, lightest element in the periodic table but yet it has the maximum energy.
For example, combustion of 1 g of hydrogen gives energy of 141.9 kJ which is three times
more compared to 1 g of methane. Hydrogen is considered as an environmentally friendly fuel
because it only produces water when combusted. These unique features make hydrogen as the
future fuel for transportation [100]. The demand is expected to increase sharply in the
following years due to the availability of hydrogen-operated vehicles and trains [101, 102].
Furthermore, hydrogen is extensively used in ammonia synthesis to make fertilisers and in
hydrodesulphurisation to remove sulphur impurities from diesel and gasoline [2]. The world
trend is to use ultra-low-sulphur diesel containing 10 ppm instead of 500 ppm to reduce

pollution and this is estimated to increase hydrogen consumption by 35% [103].

Hydrogen is a sustainable fuel meaning that it can be generated from other sources rather than
the non-renewable fossil fuel. However, fossil fuel still remains the main source of hydrogen
because other processes like biomass pyrolysis (thermal decomposition of crops, wood,
animal waste, ..., etc) and electrolysis (decomposition of water by applying a current) are slow

and energy intensive therefore unpractical for large production [104].

As indicated in Figure 2.9, fossil fuel accounts for 96% as the source for hydrogen generation
while the remaining is for water electrolysis [105]. The figure also tells that almost half of
today’s hydrogen is produced from natural gas. Steam methane reforming (SMR) and partial-

oxidation of methane (POM) are the two technologies for generating hydrogen [79].

Because of the process economy, steam methane reforming (SMR) is still the dominating
method for hydrogen production [106]. The process is carried out at a high temperature of 800
to 1000°C and high pressure of 20 bar with a nickel-based catalyst [107]. Natural gas is fed,

as a rich source of methane, to the reformer to react with steam as given below:

CHy ) + Hy0@) < COggy + 3Hy AH® = 206 kJ mol™ (2.14)
positive heat of reaction (AH?) indicates that the reaction requires energy to initiate and the

reversible sign (<) in the previous equation means that the formed hydrogen and carbon
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Figure 2.9. Sources to produce today’s hydrogen (left) and large-scale uses of hydrogen
(right) [108].

monoxide can react back to form methane and water. To increase hydrogen yield, carbon
monoxide in Equation 2.14 can be converted to carbon dioxide and hydrogen through water-
gas shift (WGS):

COg) + Hz0@) © €Oy + Hy AHC = —41 kJ mol™ (2.15)

the reaction in Equation 2.15 is exothermic and reversible. The produced hydrogen is then
separated from carbon dioxide by pressure swing adsorption (PSA) containing zeolite where
carbon dioxide is captured on the zeolite surface. The unit depends on the applied pressure,
higher pressure will cause adsorption of carbon dioxide in zeolite and lower pressure will
release carbon dioxide from zeolite [109]. The drawbacks of SMR are the high-energy
requirement and the reversibility of some reactions [7, 110].

Partial-oxidation of methane provides another route for hydrogen formation by the reaction of
methane with oxygen instead of steam:
) AH° = -36 kJ mol™
CH4.(g) + /2 Oz(g) - 2H2(g) + CO(g) | (216)
AG? = -36 kJ mol

Unlike Equation 2.14, the reaction in Equation 2.16 is exothermic and does not require heat.
Complete oxidation of methane can also occur to form carbon dioxide and water instead of
hydrogen:

AH® = —803 kJ mol™
CHy gy + 20,5y = CO s + 2H,0() AG® = 801 K mof (2.17)
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Gibbs energy of reaction (AG;) in Equation 2.17 is more negative than Equation 2.16
meanings that complete oxidation is more favourable. However, the reaction can be optimised
for partial oxidation by the use of nickel or platinum catalyst [79, 111]. The catalyst also
lowers the operating temperature to 350°C [112]. In spite of the advantages in POM such as
exothermic reaction and no reversibility, the process is uneconomical compared to SMR
because of the expensive cost of cryogenic distillation to supply ultra pure oxygen (99.999%)
[8]. In cryogenic distillation, air is fed then cooled to an extreme low temperature of —183°C
where nitrogen will liquefy and oxygen is separated [113]. Cryogenic distillation also requires
high capital cost because of the necessity of special equipment (e.g, pipes, pumps, valves) that

can withstand the extreme temperature [114].

2.6 MIEC membranes for hydrogen production

Mixed ionic-electronic conducting (MIEC) membranes can supply high purity oxygen as a
feed for POM process. Compared to cryogenic distillation, it is estimated that MIEC
membranes will cut down energy cost by 35% and this is because the membranes operate at
high temperature instead of the extreme low temperature which is energy-intensive [9]. The
membrane can also provide the surface area for the reaction. As given in Figure 2.10, POM
process for hydrogen production consists of four steps: 1) pre-treatment
of natural gas to reduce the amounts of sulphur, 2) cryogenic distillation to produce oxygen,
3) reactor where combustion takes place in presence of a catalyst, and 4) removal of carbon
monoxide by PSA unit [6]. Employment of MIEC membrane not only eliminates the use of

cryogenic distillation but also acts as a catalyst for the oxidation reaction [115-117].

When air is fed to the membrane, only oxygen diffuses and it then reacts with methane on the
oxygen-lean surface to form hydrogen as shown in Figure 2.11. It is also possible that
methane reacts directly with the ionic oxygen on the membrane surface as given in Equation

(2.18 and the reaction is more rapid compared to molecular oxygen:

CHygy + 02 = 2Hy ) + COgy + 2V5" + 4e” (2.18)

Many researchers successfully used MIEC membranes for long-term POM. Wang et al.
prepared tubular BSCF5582 membrane using extrusion method packed with LiLaNiO/Al,O3
catalyst then tested it for POM at 875°C. The membrane was stable for 500 h and methane

conversion was 94% with carbon monoxide selectivity of 95% using a feed containing 80%
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Figure 2.10. Modification of POM process by membrane reactor to supply oxygen and
provide the catalytic sites for the oxidation.
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(mol) methane [118]. Methane conversion and carbon monoxide is defined by the following

equations:

y(CH4)in B y(CH4)out

CH, conversion (%) = x 100 (2.19)
Y(CHa)in

CO selectivity (%) = —2% x 100 (2.20)
Yco T Yco,

where ycy,),, and ycn,),,, are the mole fraction of methane in the inlet and outlet gas,
respectively. yco and yq,are the mole fraction of carbon monoxide and carbon dioxide in the
outlet gas. Jin et al managed to implement LSCF6428 for methane oxidation and they used
tubular membrane with nickel over alumina catalyst fed with 8% (mol) methane [119]. The
conversion was 97% with carbon monoxide selectivity of 98%. The longest duration for POM
was reported by Markov et al. with 7500 h of stable performance using a pure methane feed
[11]. The conversion was steady at 99% with 90% carbon monoxide selectivity. Tubular

membrane with 10% nickel catalyst was used for that study at 850°C.

2.7 Challenges in MIEC membrane

In spite of the discussed advantages of MIEC membranes, the technology is still not
commercialised for industrial scale. The two major issues with these membranes are: sealing
and chemical stability [48, 120, 121].

2.7.1. Sealing

MIEC membranes are operated at temperature over 800°C and many sealants melt at that
temperature. The following properties should be met for sealant selection: a) withstand high
temperature of 900°C, b) in the paste form so it can be applied easily, c) viscous to fill in gaps
between the membrane and mount, d) inert and does not react, and e) matches thermal
expansion of the mount to avoid cracking when heated or cooled [122]. Unfortunately there is
no ‘magical’ sealant that works with all MIEC materials due to the difference in thermal
expansion between MIEC materials. To seal the membrane, researches use three types of

sealant: glass, ceramic and metallic.

Glass sealant is mainly made from pyrex containing silicon oxide (SiO,) and it softens at
temperature over 800°C covering the gap between the membrane and the mount resulting in a

gas-tight seal [123]. However, glass continues in expanding with time and this may cover the
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membrane and therefore it is not suitable for long-term operation [122]. On the other hand
ceramic sealant is made from metal oxide (such as alumina or magnesia) and because of the
thermal stability, it can be used even at 1300°C [124, 125]. The sealing material should be
carefully selected because most of metal oxides act as catalysts and this will cause unwanted
reactions. Another drawback of ceramic sealant is the strong bond and usually the membrane
or support needs to be broken before taking the sample [122]. Metallic sealant such as gold or
silver is widely used because of its good adhesion and inertness [8, 126, 127]. The sealant
sometimes does not give a gas-tight system and therefore caps or springs are used to press the
membrane during operation. The pressure should be correctly applied otherwise membrane

cracking will occur.

Sealing the membrane using combination of glass and ceramic materials is also possible. The
continuous expansion of glass can be slowed down by mixing it with a lower thermal
expansion material such as ceramic. For instance, Qi et al. developed a water-based sealant
consisting of 50% pyrex, 40% membrane powder and 10% sodium silicate and it showed zero
leak for SrCe.g5Thp.0s03 membrane [122]. The authors also managed to seal other membrane
materials such as SrCepgsTmosO3, LagsSro2CooeFepsOss,  CeraZrkPrOss  and
Bi15Y03Smp 203 using the composite sealant. Table 2.2 shows different sealing systems for

MIEC membranes and the reported leakage rate.

Table 2.2. Sealants for MIEC membranes and the corresponding leaked oxygen to the total
permeation flux.

Material Temperature (°C) Sealant Leakage (%)  Ref.
Bag 5Srg5Cog gFep 2035 800 —900 gold 2-3 [128]
Lag.eSrg4CogoFeqgs0as 650 — 1000 gold <1 [129]
750 — 950 Pyrex + silver <5 [130]
Lag 2SrosFe08C00.1Cro 2035 1000 gold <2 [131]
LagBag sFepsC00203.5 850 gold 0-2 [8]
Lag.4SrgeFe0s.s 800 Glass <5 [132]
SrCeg.95Thp.0s03 600 — 950 Pyrex + ceramic ~0 [122]
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2.7.2. Chemical stability

Another issue with MIEC membranes is the chemical stability to impurities. Industrial
feedstock often contain impurities and purification of these gases is rather costly. For
example, after treating natural gas for commercial use, the composition can still have 20%
carbon dioxide and 0.02% (200 ppm) of hydrogen sulphide [12]. Unfortunately, few
researchers investigated the impact of impurities on MIEC membrane and most of the studies
focused on carbon dioxide. For instance, the promising BSCF5582 membrane had been tested
for oxygen separation in presence of carbon dioxide and it showed very poor performance
when carbon dioxide concentration was 15% [128, 133]. The oxygen flux immediately
decreased to almost zero due to formation of strontium and barium carbonates by the
following route [128, 134]:

BaysS1y5Co0gFep203_5+ CO,

0.2
i Ba0_55T0_5603 + 08600 + _Fe304, +

(ﬁ ~ g) 0, (2.21)
3

3 2

LSCF6428 was also tested for carbon dioxide and it showed better results than BSCF5582
because lanthanum was not susceptible to carbon [79]. Feed containing 20% carbon dioxide
was introduced to LSCF6428 membrane and only 12% of oxygen flux was lost. However, in
pure carbon dioxide environment, oxygen flux decreased to 24 — 34% and it was suggested
that the drop in flux was due to adsorption of carbon dioxide on the membrane surface [79,
135, 136]. The absence of cobalt in LSF731 membrane gave better stability under carbon
dioxide and the performance was 69 — 73% when pure carbon dioxide was fed [89].

Unlike carbon dioxide, sulphur dioxide showed more damage to MIEC membranes because of
the corrosivity of the gas. For example, performance of SrysCagsMnggFe 2055 (SCMF5582)
membrane did not change even in pure carbon dioxide but the performance was instantly zero
when 360 ppm of sulphur dioxide was presented [128]. Similarly, LSCF6428 suffered from
sharp reduction in oxygen flux to 20% when it was exposed to 1773 ppm of sulphur dioxide
[137]. The damage was permanent and the membrane could not recover even when sulphur
dioxide was removed from the feed. The degradation in performance was related to formation
of strontium sulphate reducing the membrane area [128, 137]. Currently, there are no studies
on the influence of hydrogen sulphide on MIEC membranes during hydrogen production and

this thesis investigates the impact.
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2.8 Hydrogen sulphide

Hydrogen sulphide is a flammable gas, well-known for its rotten egg smell even in very low
concentration of 25 ppb [138]. Naturally, it is emitted from volcanoes and by bacterial
breakdown of organic wastes in sewers [139]. The gas is also found in natural gas as
mentioned before. It is a human-made gas too and hydrodesulphurisation accounts as the
major source for synthetic hydrogen sulphide [140]. Figure 2.12 shows hydrogen sulphide

cycle.

Hydrogen sulphide has an impact on organisms, materials and environment. It is a very toxic
gas and exposure to concentrations higher than 1000 ppm causes instant collapse or even
death [141]. The workplace exposure limit (WEL) for 8 hours is 5 ppm [142]. The gas is also
corrosive and it can cause damage to different materials. For example, steel and titanium
alloys are susceptible to hydrogen sulphide attack due to the formation of metal sulphides
therefore reducing the material thickness. Furthermore, the generated hydrogen by metal
sulphide formation diffuses through the material in the atomic form and combines to form
molecular hydrogen inside the material causing a pressure build-up leading to a fracture
[143]. This phenomenon is known as sulphide stress cracking (SSC) and it can occur in

pipelines made of steel during oil and gas transportation [144].

sulfates in the

[ 2 atmosphere l

SO,

dry deposition Y
wet deposition
(acid rain, snow)

i organic
deposition

Figure 2.12. Hydrogen sulphide life cycle [145].
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Moreover, hydrogen sulphide reacts with silver and copper to form silver and copper
sulphates and this will alter the electronic conductivity leading to circuit failure [146, 147].
Environmentally, presence of hydrogen sulphide in the atmosphere contributes in formation
of acid rain. Hydrogen sulphide is first combusted to sulphur dioxide and the later will react
with water drop to form sulphuric acid. Acid rain attacks concrete, statues and metallic body

of cars [148]. In addition, it increases the acidity in soils causing death in some trees [149].

In membrane processes, hydrogen sulphide has a noticeable impact on the membrane
performance. For example, metallic membranes made of palladium for hydrogen production
failed after exposing it to hydrogen sulphide of 6200 ppm due to adsorption of sulphur on the
membrane surface causing internal stress and thus cracks [150]. For polymeric membranes
made of polydimethyl siloxane for carbon dioxide separation, the existence of hydrogen
sulphide (500 ppm) reduces the permeation by 8 to 15% due to sorption of hydrogen sulphide
into the polymeric matrix [151]. On the other hand, ceramic membranes like zirconia and
silica are very stable under hydrogen sulphide and they are actually used for hydrogen
production by hydrogen sulphide decomposition [152]. Unfortunately, impact of hydrogen
sulphide on MIEC membranes for POM is not reported yet.

In spite of the damage hydrogen sulphide can made, the gas is still useful. One of the uses is
for identification of metal oxides. For example, reaction of hydrogen sulphide with lead oxide
changes the colour of the powder to black while copper oxide changes to dark blue [153].
Other benefits of hydrogen sulphide are for separation of heavy water (*H,0) from normal
water and a feedstock for making fertilisers, dyes and cosmetics [154]. Furthermore, sulphur

bath containing hydrogen sulphide is used for the treatment of arthritis pain [155].

2.9 Summary

MIEC membranes are a promising technology for air separation compared to cryogenic
distillation as they operate at lower energy. As an application, the membranes can be used for
methane oxidation to produce hydrogen. In addition to oxygen separation, the membranes can
act as catalysts for partial-oxidation of methane. In literature, the membranes had been tested
for long-term methane oxidation and they showed very stable performance. However, all of
the studies were conducted using methane with no sulphur impurities. In industry, natural gas
will be used as a source of methane and it usually contains amounts of hydrogen sulphide

even after the treatment. Based on the previous section, it is expected for hydrogen sulphide to
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cause a significant change on the membrane performance due to the presence of some
vulnerable metals in the membrane material. In this study, changes of the membrane
performance for air separation and methane oxidation due to hydrogen sulphide impurity were
investigated. Other objectives were to propose a mechanism for the poisoning and try to
regenerate the membrane after the poisoning.
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Chapter 3: Methodology

The purpose of this research is to improve current technologies for hydrogen production by
implementing the high efficiency, energy-saving ceramic membranes. Mixed ionic-electronic
conducting (MIEC) membranes have been well studied for long-term hydrogen production
and the results were promising as mentioned in chapter 2. Before commercialisation, the
membranes should be further evaluated using industrial feeds rather than pure ones. The aim
of this study is to investigate the impact of hydrogen sulphide impurity on the membrane
behaviour during air separation and methane oxidation. To achieve that, the membrane
material should be first selected and then the membrane is fabricated. The next steps are to
design the reactor and choose a sealant. Other steps are to select the composition of feed
gases, pick up gas analysis technique and decide which characterisation technique to use. The
last step is to list the required experiments to study hydrogen sulphide poisoning mechanism.

The general approach is given in Figure 3.1.

Membrane
material

Membrane
fabrication

Reactor design

MIEC membranes for / Gas analysis

hydrogen production .
under hydrogen sulphide | Sealant

Feed gases

Characterisation
techniques

List of
experiments

Figure 3.1. Required steps to studysurf hydrogen sulphide poisoning on MIEC membranes for
hydrogen production.
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3.1 Membrane material

In literature, there are hundreds of MIEC materials and it is challenging to decide which one
to use. To narrow the range and make the selection more precise, the material should meet the
following conditions: a) has oxygen flux higher than 1 ml cm™ min™; b) tested for hydrogen
production by partial-oxidation of methane; c) has been exposed to some impurities in
feedstock. Applying the criteria will result in three groups: Ba,_Sr,Co, Fe 054 (BSCF),
La,  Sr,Co, Fe O, ; (LSCF) and La,_ SryFeO, 5 (LSF) [11, 68, 69, 118, 119]. As discussed
in chapter 2, BSCF has the highest permeation but lowest stability under carbon dioxide
whereas LSF showed best stability but permeation was the lowest. Besides, LSCF gave a
balanced performance between stability and permeation, therefore, LSCF had been considered

for this study. The next step is to define the composition of La, , Sr,Co,_ Fe O s where x and

y vary from 0.01 to 0.99. Different compositions such as LSCF6428, LSCF2882, LSCF8264,
LSCF8228, LSCF2828, ..., etc have been reported in literature and LSCF6428 showed a

balanced performance and accordingly it was picked up [156, 157].

3.2 Membrane fabrication

Disc module was chosen instead of tube because it was easier to fabricate and has isothermal
temperature zone. Membrane powder was purchased from Praxair and has 99.9% purity with
low particle size ranging from 0.4 to 3.9 um. The bulk density (density including void volume
without compaction) was 1.27 g cm™. To prepare the membrane, 1.5 g of the powder was
weighed then transferred into a steel die of 2 cm in diameter. The die was then inserted in a
mechanical press (Atlas Power T25) where compression was applied. The pressure was 3
tonnes-force which equals to 93 MPa. Following, the membrane was carefully taken from the
die and then inserted inside an oven (Carbolite RHF1500) to sinter the membrane.
Temperature of 1250°C was set with ramping rate of 1°C min™. The membrane was then kept
for 5 hours and then back to room temperature with the same ramping rate. This procedure
was proven to produce dense, porous-free membranes [158-160]. One way to confirm that the
membrane was dense is by measuring its relative density after the fabrication. The procedure
is based on Archimedes method by immersing the membrane inside water in a graduated
cylinder then observing the change in volume. The difference in volume before and after
immersing the membrane will give its volume. Then, the density is calculated by dividing

mass (m) over volume (V):
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. 3.1
P=7 31
The relative density (o) is defined by:
oy =—L— %100 (3.2)
Ptheo

where (pireo) 1S the theoretical density which is the maximum density by assuming 100%

single-crystal structure [161]. It is calculated by:

M, X Z
ptheo = V X NA

(3.3)

where M,,;, Z, V, N, are the molecular weight of the perovskite, number of atoms per unit
cell, unit cell volume and Avogadro’s number. The value of Z is 1 for cubic structure, 2 for
body-centred cubic and 6 for hexagonal close-packed structure [162]. Unit cell volume is
determined by a characterisation technique called x-ray diffraction (discussed later) [163]. For
LSCF6428, it has rhombohedral structure with hexagonal structure (Z = 6) and unit volume of
3.49 x1 0% cm® Using these numbers in Equation 3.3 gives theoretical density of 6.36 g cm™
[159, 164, 165]. To have a dense membrane, the relative density should be at least 90% and
ours had a value of over 93% [166]. The final membrane has diameter of 1.6 cm and thickness

of 1.1 mm.

3.3 Reactor design

The reactor was built in the school workshop and made from aluminium body, alumina tubes
and quartz cover. These materials withstand high temperature and resist hydrogen sulphide
[14]. As shown in Figure 3.2, the reactor consists of a table and chamber. The overall
dimension of the reactor is 43 cm high and 12 cm wide. The chamber itself has a height of 32
cm and diameter of 3.5 cm. The reactor has three inlets located at the bottom: one for air,
another for methane and last one for thermocouple. These inlets have diameter of 0.3 cm. The
reactor has also two outlets, one for air and the other one for the product gas as shown in

Figure 3.2.

The disc membrane was placed on the top of the alumina support tube (air side housing in the
figure) and was sealed with a proper material which will be discussed later. Quartz houses the
methane side and viton o-ring (EAP Seals) was used to hold quartz tightly and prevent

leakage. The o-ring was also used to hold alumina air-side housing tube. The membrane was
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Figure 3.2. Image of the reactor (left) and schematic diagram (right).

heated to 900°C using a furnace (Vecstar VCTF1). This temperature was chosen because
LSCF6428 membrane gives high fluxes at 850°C and above [96, 119, 130, 167, 168].

3.4 Gas analysis

Outlet gas from the reactor was analysed by a gas chromatograph, GC (Varian 3800). The
concept is based on retention time where a sample is passed through a column and each
compound has different retention time depending on the molecular size and the interaction
with the column [169]. For example, if the sample gas does not react with the column, small
molecules will cross faster than the larger ones and therefore their retention time is shorter.
The gas is then identified and quantified by a detector. There are different detectors available
based on the analysed gases but the common one is the thermal conductivity detector (TCD)
[170]. It uses a filament made from tungsten-rhenium heated by a current. Carrier gas such as
helium or argon is always fed to the filament to keep the temperature constant. When the
sample is injected, heat conductivity will vary and this changes the filament temperature. The
change in temperature can be then related to the gas and its quantity [171]. Figure 3.3 shows
GC components.

Before using a GC, the following steps are required: a) installation of a column, b) picking up
a carrier gas, and c) performing calibration. Selection of a column depends strongly on the

analysed gases. In this study, hydrogen was produced by oxidising methane using air in
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Figure 3.3. Components of gas chromatograph (courtesy of Agilent).

presence of hydrogen sulphide so the outlet gas might contain hydrogen, oxygen, nitrogen,
carbon monoxide, carbon dioxide, water, methane, hydrogen sulphide and sulphur dioxide.
Unfortunately, there is no single column that can measure all the gases. So, the following
columns had been used: a) Molsieve 5A (Restek) made of zeolite bed capable of detecting
oxygen and nitrogen with excellent resolution, and b) Shincarbon (Restek) made of special
carbon molecular sieve suitable for measuring hydrogen, methane, carbon monoxide and
carbon dioxide.

Molsieve 5A column was calibrated using a cylinder having 2% (mol) oxygen and 2% (mol)
nitrogen and this is within the expected range of concentrations in the outlet gas. To make
sure that the GC was well calibrated, the column was tested for 0.5%, 1% and 20% (mol)
oxygen and average relative error was less than 4%. On the other hand, Shincarbon column
was calibrated with 2% hydrogen, 2% methane, 2% carbon monoxide and 2% (mol) carbon
dioxide. The GC was checked with a cylinder having 1% methane, 1% carbon monoxide and
1% (mol) carbon dioxide and the relative error was less than 3%. In all experiments, argon

was the carrier gas.

As discussed, the GC was capable of measuring oxygen, nitrogen, hydrogen, methane, carbon
monoxide and carbon dioxide but the remaining sulphur gases (hydrogen sulphide and
sulphur dioxide) could not be detected as they require special detector and column.
Accordingly, another technique was used to measure sulphur gas called calorimetric tubes.
Gas sample was manually collected in a plastic bag and then pumped to a graded tube
(Drager) as shown in Figure 3.4. The tube was packed with metal oxide where reaction of

hydrogen sulphide or sulphur dioxide will form metal sulphide and thus changing the colour
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Figure 3.4. Calorimetric tubes for gas analysis (Courtesy of RAE Systems, Honeywell).

of the tube. For example, to measure hydrogen sulphide concentration, a sample is injected to
a tube containing copper oxide and reaction of copper with hydrogen sulphide results in

formation of copper sulphide and this changes the bed colour from white to brown.

3.5 Sealant

Sealing high temperature membrane for a long term operation is still challenging. As
mentioned in chapter 2, the common sealants for MIEC membranes are metal, glass and
ceramic. Combination of two sealants like glass and metal is also possible. To determine that
the sealant provided a gas-tight system, synthetic air (BOC) was fed to the membrane and
both nitrogen and oxygen were monitored in the methane side using GC. Theoretically, to
have a gas-tight system, nitrogen should not be detected at all in the methane side. However,
there is a chance that nitrogen can pass through the sealant or pores of the membrane. In
literature, the acceptable nitrogen leak diverges from 0 to 5% (mol) [8, 122, 128-132].
Because this study involved traces of hydrogen sulphide, the membrane reactor should be gas-
tight as much as possible and accordingly, the experiment was considered a failure if nitrogen

content in the methane side was higher than 0.5% (mol).

The starting sealant was gold paste (NextTech Materials Au-1) preferred over silver because
of the higher melting point and inert properties [172]. The sealant consisted of over than 70%
gold and was applied by a brush over the alumina support as demonstrated in Figure 3.5. The
thickness of the applied sealant was about 0.5 mm and after that, the membrane was inserted
and gently squeezed. It was kept to dry at room temperature for 24 h. After that, alumina
support was fit inside the reactor and heated to 900°C by a ramp of 1°C min™ as
recommended by the supplier. Nitrogen was monitored however the value was in the range of
0.5 to 1% (mol) indicating a failure. The experiment was repeated but nitrogen leak was still
high. In literature, some authors managed to seal the membrane with gold but with applied
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Figure 3.5. Applying gold paste to seal LSCF6428 membrane for high temperature operation.

pressure [8, 128, 129, 131]. This step requires a special reactor design and it is difficult to
determine the optimum pressure. Also, the applied pressure with corrosive environment could

cause further stress on the membrane and this may alter the results.

The next sealant to try was ceramic magnesium oxide (Aremco 571). It was applied the same
way as gold (Figure 3.5). The sealant was then dried at room temperature for few hours then
heated to 100°C as suggested by the manufacturer. When the reactor was heated to 900°C, the
leak was unacceptable because it was over 1% (mol) nitrogen. The experiment was repeated
once but the leak was still over 1% (mol). After terminating the experiment, the membrane
was examined and it had cracks. Thermal mismatch between membrane, sealant and support
could lead to that. Another drawback of ceramic sealant was the difficulty in removing the
membrane from the support due to the strong bond. This gave no choice but to break the

membrane and the support.

The third sealant was waterglass (Aremco 571L) containing 30% sodium silicate. The
membrane was sealed by applying a thin layer of waterglass over the support same as
previously. After that, it was heated to 100°C as suggested by the supplier. The sealant was
then tested at 900°C and nitrogen leak was 0.2% (mol) nitrogen which is acceptable.
However, oxygen concentration in the product gas was 0.1% (mol) indicating that the
membrane is not permeating oxygen. Indeed, after operation, the glass expanded widely and

covered the membrane. Also, the adhesion between the membrane and the support was poor.
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As indicated, metallic, glass and ceramic sealants did not work and it was the time to try the
composite ones. Qi et al developed a glass-ceramic sealant and tested it for LSCF8264
membrane and he stated that the leak was zero [122]. The sealant composed of 50% Pyrex
(made by crushing burette), 40% LSCF8264 and 10% sodium aluminate (Na,O.Al,O3). The
powders were mixed and water was added until thick paste was formed. The paste weighing
approximately one gram was applied over alumina support and the membrane was inserted
gently. After that, the reactor was heated to 900°C. This procedure was tried once in our study
for LSCF6428 membrane and the leak was 0.2% (mol) nitrogen. However, oxygen content in
the outlet gas was still low (0.1% mol) suggesting that glass spread and blocked the

membrane area.

As discussed, the problem with gold is the requirement of pressure and the issue with glass is
the rapid expansion which covers the membrane. In this study, a new gold-glass-ceramic
sealant had been developed and tested for long-term operation. Gold sealant was first applied
over alumina support and kept for 24 h as demonstrated previously. After that, 0.2 g of
LSCF6428 powder was mixed with 0.8 g of waterglass to form a black paste. The paste of 1 g
was added by a brush on the sides of the support and membrane as given in Figure 3.6. The
membrane was kept to dry at room temperature for a few hours then heated to 100°C for one
hour. The membrane is now ready to use. At the operating temperature of 900°C, the
waterglass expanded to fill in the gaps in gold sealant and mixing glass with LSCF6428
decelerates the expansion rate. Also, presence of gold acts as a barrier to prevent it from
reaching the active area as demonstrated in Figure 3.7. The sealant was evaluated for 963 h
and nitrogen leak was 0.01% (mol) and oxygen concentration was higher than 0.2% mole
(Figure A.1, Appendix). After the long run, the membrane was examined and it did not suffer
from any glass blockage as shown in Figure 3.7. Table 3.1 compares the new sealant with the

ones reported in literature for long-term experiments.

— 5 Membrane .: Membrane
Gold 20% LSCF in waterglass

1 —> Alumina housing 2

e
Figure 3.6. Two steps for sealing LSCF6428 membrane with gold-ceramic-glass sealant.
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Figure 3.7. Cross section of LSCF6428 membrane after using gold-ceramic-glass sealant for
963 h.

Table 3.1 Methods to seal LSCF6428 membrane at 900°C for long-term operation.

Sealant N2 leak (mol %) Duration (h) Ref.
Gold paste and 20% LSCF in waterglass 0.01 963 This study
Gold gasket <0.04 336 [129]
Pyrex ring <5 160 [130]

3.6 Feed gases

Synthetic air (BOC zero-grade) was chosen as a source of oxygen and it contained 21%
oxygen and 79% (mol) nitrogen with less than 5 ppm impurities such as water and carbon
dioxide. Due to high flammability of methane and working at high temperature of 900°C, the
concentration has been diluted to 1% (mol) methane (BOC) and argon was selected as the
inert gas. Hydrogen sulphide concentration was 200 ppm and this is the maximum allowable
limit in natural gas as discussed in chapter 2. The maximum concentration will accelerate
poisoning thus shortening the exposure duration and this kind of experiment is called ageing.
All cylinders have a physical size of 50 L and the pressure inside the cylinder was 200 bar.
Regulators (BOC) were fitted on the cylinders to reduce the outlet pressure to 5 bar so that
mass flow controllers (MFC, Brooks 5580) can operate properly. MFC controls the volume
flow rate in ml min™ of the gases at atmospheric pressure based on the thermal conductivity.
For example, if no gases were fed, the filament temperature inside MFC would become
constant and maximum. But, introduction of the gases would cause a drop in the filament
temperature and this can be related to the flow rate [173]. Flow rates of 20 ml min™ were used
for feed gases and this number has been used by many authors for long-term experiments
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[130, 174]. Gases were transported from the cylinders to the reactor through Swagelok
perfluoroalkoxy (PFA) tube. This material has high chemical tolerance and can be operated
up to 19 bar and 200°C.

3.7 Characterisation techniques

Before and after operation, the membrane needs to be examined by characterisation
techniques to observe the changes. This will help in understanding how the membrane
responded during hydrogen sulphide poisoning. In this section, advanced techniques such as
scanning electron microscopy (SEM), electron-dispersion x-ray spectroscopy (EDX), x-ray
diffraction (XRD) and x-ray photoelectron spectroscopy are discussed. All these techniques

had been implemented to characterise the membrane.

3.7.1. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) gives electronic images of the material with very high
resolution in nanometer [175]. It shows the morphology and topography of the surface.
Morphology is related to the size, shape and phases distribution along the surface while
topography is related to the surface height [176]. SEM is also capable of showing the
homogeneity, size and shape of the grains [32]. This characterisation technique is based on
concentrating an electron beam on the sample surface and this will cause release of secondary
electrons from the sample. These secondary electrons are collected by a detector and analysed
to an image as shown in Figure 3.8 [177]. In this work, the technique helped in determining if
the fabricated membrane was dense by examining the grains. It also indicated if secondary

phases were formed after hydrogen sulphide exposure.

3.7.2. Electron-dispersion x-ray spectroscopy (EDS)

The second characterisation technique is the electron-dispersion x-ray spectroscopy (EDS)
which uses the same components as SEM and it is usually integrated within the equipment.
The technique is for measuring the elemental composition of the sample. The electron beam

used in SEM will result in releasing x-rays from the sample due to the collision between the
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Figure 3.8. Cocept of scanning electron microscope (SEM) [178].

high energy incoming electrons and the atoms [179]. Each element has a unique X-ray
spectrum and this helps in identifying the released x-rays from the sample [180]. For this
work, EDS was used to determine if sulphur had been adsorbed on the membrane surface and

if the elemental composition of the membrane was changed.

3.7.3. X-ray diffraction (XRD)

To identify phases and crystalline changes of a sample, x-ray diffraction (XRD) is employed
[32]. It is also capable of determining the chemical formula of the phases. XRD is based on
sending a beam of x-ray to the sample by heating a metallic filament like tungsten and the
scattered x-rays from the sample are then detected and analysed [181]. By knowing the wave
length, intensity, and angle, diffraction peaks (intensity VS angle) can be generated and they
are unique for every material. By comparing these diffracted peaks with reference ones, the
chemical composition of the sample can be identified. The peak height, area and width also
represent the crystalline size. The instrument is composed of a generator, sample holder and
detector as shown in Figure 3.9. In this study, XRD revealed if the perovskite structure had
changed after exposing the membrane to hydrogen sulphide. Also, the chemical composition

of the secondary phases can be identified.
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Figure 3.9. Schematic diagram of x-ray diffraction (XRD) [182].

3.7.4. X-ray photoelectron spectroscopy (XPS)

Another way to determine the elemental composition is by x-ray photoelectron spectroscopy.
The technique has an advantage over EDS as it gives the elemental composition with respect
to the membrane depth with better accuracy [179]. Furthermore, EDS measures the bulk
surface in micrometers deep while XPS measures nanometers of the surface [183]. The
method is based on concentrating a beam of x-ray on the sample and the released electrons
and kinetic energy are measured as given in Figure 3.10 [184]. Each element has a specific
binding energy and this is useful in identifying the element. The number of measured
electrons referred to the amount of element found in the sample. Oxidation state of the

element can be also measured using XPS.
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Figure 3.10. XPS for elemental compositon of the membrane surface [185].
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In this work, XPS confirmed if sulphur was adsorbed on the membrane surface and it
determined the oxidation state of sulphur. For example, if sulphur is in the form of elemental

sulphur (S), sulphite (SO32) or sulphate (SO3 ).

3.8 List of experiments

The main aim of this thesis is to study the influence of hydrogen sulphide on the performance
of LSCF6428 membrane for hydrogen production. To understand the impact more closely, the
study had been divided into two parts: one for air separation (chapter 4 and 5) and the other
one for methane oxidation (chapter 6). In the first part, LSCF6428 membrane was used to
produce oxygen only from air in presence of hydrogen sulphide. The first part gave better
understanding about the poisoning mechanism because in partial-oxidation of methane there
are other gases like methane, hydrogen, carbon monoxide, carbon dioxide and water and they
may complicate the mechanism. The objectives of air separation chapters are to determine the
poisoning mechanism and investigate the parameters that accelerate it. To achieve that, the

following experiments were carried out:

e Oxygen production using LSCF6428 membrane in no sulphur.
e Changes of oxygen flux after introduction of hydrogen sulphide.
e Regeneration of the membrane after sulphur poisoning.

¢ Role of operating conditions on accelerating the poisoning mechanism.

In chapter 6 where hydrogen was produced by LSCF6428 membrane, the goal is to observe
the changes in membrane performance during hydrogen sulphide introduction. The required

experiments were:

o Partial-oxidation of methane using LSCF6428 membrane in no sulphur.
e Changes of the membrane performance during hydrogen sulphide exposure.

e Recovery of the membrane after sulphur poisoning.

Another objective of this study is to modify the membrane for better stability under hydrogen

sulphide, if possible. The used approaches were:

¢ Introduction of a new material during membrane fabrication.

e Addition of a protective layer or guard bed over the membrane.

In the following chapter, oxygen flux of LSCF6428 membrane was measured in sulphur free
environment. After that, hydrogen sulphide was introduced and changes were determined.
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Chapter 4: LSCF6428 Membrane for Air Separation
under Hydrogen Sulphide Impurity

This chapter investigates the influence of hydrogen sulphide impurity on air separation using
LSCF6428 membrane. The chapter proposes a general mechanism for hydrogen sulphide

poisoning. It also discusses methods to restore the membrane after the attack.

4.1 Air separation in no sulphur

In this section, long-term operation of LSCF6428 membrane for oxygen production was
performed without the presence of hydrogen sulphide impurity. This experiment was
considered as a reference one to make sure that the experimental setup was suitable for this
kind of operation and to observe the changes to the membrane after oxygen production.

Experimental design: LSCF6428 membrane was fabricated by pressing 1.5 g of powder
using a press to form disc membrane as discussed in chapter 3. It was sealed with gold and
20% LSCF6428 in waterglass. The reactor was heated to 900°C using a ramp of 1°C min™.
During the heating process, synthetic air containing 79 % oxygen and 21% nitrogen was fed
in the air side to the reactor with volumetric flow rate of 20 ml min™ (STP) while pure argon
was introduced to the inert side with the same flow rate as demonstrated in Figure 4.1. When
the system reached 900°C, the product gas from the inert side was analysed with a GC. The
experiment took 450 h and it was terminated not because it failed, but to perform other

experiments.

Results and discussion: oxygen flux (Jo,) was steady at 0.45 ml min cm? as shown in
Figure 4.2 and it was calculated based on the following correlation:
0.21 ] F
— X —_—
0.797M2| * 4
where y,, and yy, are the molar fractions of oxygen and nitrogen in the product gas,

Jo,(mlcm? min!) = |y, — (4.1)

respectively. F is the flow rate of the feed gas (20 ml min® STP) and A is the active
membrane area. The disc membrane had a diameter of 1.6 cm and because it was mounted
over alumina support, the exposed diameter to air was reduced to 0.74 cm and thus the area is

calculated by A = mr? which gives 0.44 cm?. The term 0.21/0.79 in Equation 4.1 represents
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Figure 4.1. Reactor setup for air separation experiment using LSCF6428 membrane.
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Figure 4.2. Oxygen flux of LSCF6428 membrane for long-term air separation at 900°C using
air and argon with flow rates of 20 ml min, each.
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the amounts of oxygen coming from the leaked nitrogen.

As seen in Figure 4.2, the oxygen flux was increasing in the first 150 h and this behaviour was
observed by other researchers due to membrane activation creating more oxygen vacancies
[174, 186, 187]. The oxygen flux in this study is the highest compared to those reported
literature within the same operating conditions as given in Table 4.1 and this can be related to

the gas-tight sealant which improved the driving force for oxygen transport.

Characterisation: before and after operation, the membrane was analysed by characterisation
techniques to observe the changes. The membrane was first examined by SEM and both
surfaces of inert-side and air-side were checked. Figure 4.3 revealed that the structure did not
suffer from any changes indicating that the membrane was stable. This finding was also
reported by other researchers [167, 187]. EDS was used to determine the chemical
composition of the bulk membrane. Table 4.2 shows no remarkable change in membrane
composition however carbon was detected before and after the experiment. It is a
phenomenon that carbon dioxide from atmospheric air reacts with the membrane to form
strontium carbonate [188]. Other sources of carbon could be dust, handling or storage [189]. It
IS worthwhile mentioning that strontium content in the air-side surface was higher than the
inert-side one. It is known that during air separation some metal like strontium segregates to
the air-side surface due to kinetic de-mixing [186]. It is yet unclear why this metal segregates
but it is suggested that the changes in chemical, thermal, mechanical or electrical gradients
could trigger the accumulation of the metal to one surface [186, 190-196]. Variation of
oxygen vacancies along the membrane may also result in metal segregation [197]. The

membrane was also characterised by XRD and sharp perovskite peaks were detected when the

Table 4.1. Oxygen flux of disc LSCF6428 membranes for air separation at 900°C and 1 bar.

Air flow rate  Diameter x thickness Jo,

Study Sealant
(ml/min) (mm) (ml min™ cm?)

This work Composite 20 16 x 1.1 0.45
Park et al [130] Glass 20 20x 1.0 0.30
Xu et al [187] Gold 2-150 17 x 1.6 0.17
Zeng et al [198] Silver 100 13 x 0.7 0.37
Asadi et al [96] Waterglass 200 17x 1.0 0.32
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50 pm

30 pm 30 pm

Figure 4.3. SEM images of LSCF6428 membrane before and after oxygen permeation in
sulphur-free environment using air and argon for 450 h at 900°C.

Table 4.2. EDS analysis of LSCF6428 membrane before and after long-term air separation for
450 h at 900°C by feeding air and argon.

Element (atomic %)

Membrane

La Sr Co Fe @) C S
Theoretical 12 8 4 16 60 0 0
Fresh 12 9 4 17 52 6 0
Inert side 12 9 4 17 47 11 0
Air side 11 10 3 16 50 9 0
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Figure 4.4. XRD analysis of LSCF6428 membrane before and after air separation for 450 h at
900°C using air and argon.
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sample was analysed. After operation, the perovskite peaks were still visible on both inert and
air sides side surfaces indicating stability as shown in Figure 4.4. Compared to the unused
(fresh) membrane, the height of some intensity peaks decreased after operation suggesting
that the structure becomes less crystal [199]. This reduction in intensity was also noticed by
other researchers [167]. Additional peaks were detected in the air-side surface and they were
identified as gold and it is possible that the x-ray beam was wide enough to hit the gold

sealant as the membrane sample was small.

The last technique for membrane characterisation was XPS to get elemental composition of
the first nanometer layers of the membrane. The results are given in Figure 4.5 in atomic
percentage and it is clear that the membrane were enriched with carbon before and after
experiment. By looking closely at the data, the binding energy of the detected carbon is 284.6
eV and this matches single bond, adventitious carbon (C-C) [200]. As mentioned previously,
this contamination could be from dust, handling or storage. Interestingly, the air-side surface
contained some amount of sodium. Waterglass was the only source of sodium and it known
that at elevated temperatures, sodium is very mobile and reactive and looks like some sodium,

from waterglass, managed to pass through the gold barrier [201]. Whatever the case, sodium

45



Chapter 4: LSCF428 membrane for air separation under hydrogen sulphide impurity

x 10
Atomic % »n
—
] la Sr Co Fe O C Na S o
25|
Fresh 2 6 1 1 36 54 0 0
Inert-side 0 1 0 0 15 84 0 0
| Air-side 1 1 0 1 14 74 9 0
20|
o]
[y
o
S |
« 15|
(6]
o
(%] [7p]
.E —
3 (@)
O ]
10|
-
[75]
g 3 3 2
[3+]
< - & z &
& A 2
T — T ‘ = T — T '
1200 900 600 300

Binding Energy (eV)

Figure 4.5. XPS analysis of LSCF6428 membrane before and after air separation for 450 h at
900°C by feeding air and argon.

did not cause any interruption during oxygen separation as the flux was steady and did not

decrease.

Summary: LSCF6428 membrane showed an excellent performance for oxygen production.
The flux was high and steady for long operation of 450 h. Characterisation techniques
indicated that the membrane was very stable and it did not suffer from any major changes.
Based on this result, it is expected for the membrane to run longer than 450 h without any
issues. In the following section, hydrogen sulphide was introduced and changes in flux were

monitored.

4.2 Introduction of hydrogen sulphide during air separation

In this experiment, influence of hydrogen sulphide impurity on oxygen flux of LSCF6428
membrane was investigated. The flux was monitored before, during and after hydrogen
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sulphide poisoning to look at the changes.

Experimental design: LSCF6428 membrane was heated to 900°C using air and argon with
flow rates of 20 ml min™ (STP), each. After that, argon was replaced with a stream containing
200 ppm hydrogen sulphide (balance argon) with same flow rate of 20 ml min™ (STP). The

gas was kept for 100 h and after that it was removed and replaced back with pure argon.

Results and discussion: changes of oxygen flux in presence of hydrogen sulphide are given
in Figure 4.6. Before the exposure, oxygen flux was 0.30 ml cm min™ and it dropped to zero
within few hours of hydrogen sulphide introduction. The flux remained at zero for the whole
duration of 100 h. After hydrogen sulphide removal from the feedstock, part of the oxygen
flux was restored and the value was 0.05 ml cm min™ accounting for 16% of the original
flux. The flux did not improve with further duration of 100 h indicating a permanent damage.
The experiment was repeated and similar results were obtained (Figure B.1, Appendix). To
investigate what happened during the poisoning, calorimetric tubes were used to analyse the
product gas to see if it contained sulphur. The analysis gave 0 ppm of hydrogen sulphide and
157 ppm of sulphur dioxide. This may suggest that the environment had actually changed

Nitrogen leak (mol %)
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Figure 4.6. Changes of oxygen flux of LSCF6428 membrane for air separation before, during
and after hydrogen sulphide exposure of 200 ppm for 100 h at 900°C.
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from hydrogen sulphide to sulphur dioxide. To support the statement, the experiment was
repeated in sulphur dioxide environment of 200 ppm and same behaviour was observed
(Figure C.1, Appendix). Conversion of hydrogen sulphide to sulphur dioxide can have two

routes as given in the following equations:
HyS (g) +3/2 02 (g) = 02 (g + H20 ) (4.2)
HZS(g) + 303 - 502 @ + HZO(V) + 3VO“ + 6e — (43)

In Equation (4.2, hydrogen sulphide reacts with molecular oxygen (0,) before reaching the
membrane surface while in Equation (4.3, hydrogen sulphide reacts with ionic oxygen (0F)
releasing oxygen vacancies (V,°) and electrons (e —). It is difficult to say which reaction was
dominant however during the exposure, molecular oxygen was not detected in the product
gas. Calorimetric tubes still detected sulphur dioxide in the outlet gas and therefore it is
possible that most of hydrogen sulphide reacted with ionic oxygen (Equation 4.3). The
reduction in oxygen flux during hydrogen sulphide presence can be related to the adsorption
of sulphur on the membrane surface. Oxygen vacancies, which provide the path for oxygen
transport, may be targeted by sulphur because both oxygen and sulphur have same oxidation
number of —2. Equation 4.4 demonstrates that sulphur atom occupies oxygen vacancy and

therefore blocks the transport of oxygen:

50z gy + V0" + 26— = 55+ 03 g (4.4)

where SJ refers to sulphur atom with neutral charge sitting on oxygen vacancy. This
mechanism was also suggested by many researchers for sulphur dioxide impurity [202-205].
After removing hydrogen sulphide from the feed, the restoration in flux can be related to
desorption of some sulphur from the membrane surface in the form of sulphur dioxide as
shown in Equation 4.5. The permanent loss in flux could be linked to formation of stable
sulphur compounds that cannot be regenerated. Characterisation techniques helped in

verifying and identifying these compounds.
SY+0, - S0, @t Vo' + 2e — (4.5)

Characterisation: SEM images of the membrane surface are given in Figure 4.7. Air-side
surface was normal but new phases were observed in the inert-side surface which was
exposed to hydrogen sulphide. EDS was performed to analyse the new phases and enrichment
of sodium and sulphur were found with general formula of NasS,O; as given in Table 4.3. As
realised, the only source of sodium is waterglass sealant and it likely that hydrogen sulphide
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Figure 4.7. SEM images of LSCF6428 membrane after hydrogen sulphide poisoning during
air separation for 100 h at 900°C.

Table 4.3. EDS analysis of LSCF6428 membrane after hydrogen sulphide exposure during air
separation for 100 h at 900°C.

Element (atomic %)

Membrane

La Sr Co Fe 0] C S Na
Inert side 1 5 0 1 41 7 20 26
Air side 11 9 3 15 53 9 0 0

reacted with waterglass. XRD (Figure 4.8) was used to identify the sodium-sulphur compound
and closest match was sodium sulphate (Na,SO,4). Metal sulphate peak was detected at 169
eV using XPS (Figure 4.9) and therefore sodium-sulphur compound are now determined as
sodium sulphate [206]. It is possible that hydrogen sulphide caused decomposition of
waterglass and this released sodium. The later then reacted with the adsorbed sulphur to form
sodium sulphate. To make sure that sodium did not alter the results, the experiment was

repeated using metallic sealant only and this was studied in the following section.
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Figure 4.8. XRD analysis of LSCF6428 membrane after hydrogen sulphide exposure during
air separation for 100 h at 900°C.
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Figure 4.9. XPS analysis of LSCF6428 membrane after hydrogen sulphide exposure during
air separation for 100 h at 900°C.
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4.2.1. Effect of sealant

It was mentioned in chapter 2 that one of the properties of the sealant is the inertness.
However, from the previous experiment, waterglass resulted in deposition of sodium sulphate
and this compound could be behind the permanent loss of oxygen flux after hydrogen
sulphide removal from the feed. In this section, the membrane was sealed using metallic
sealant only to see if waterglass changed the results. Silver paste (NextTech Materials Ag-I)
was applied over the alumina support and the membrane was inserted as shown previously in
Figure 3.6. The membrane was air dried for 24 h and then fitted inside the reactor and heated
to 900°C using flows of air and argon (20 ml min™ each, STP). The membrane was then

exposed to 200 ppm of hydrogen sulphide for 100 h same as before.

Result is given in Figure 4.10 and the starting flux was 0.04 ml cm™ min™ which is very low
compared to 0.30 ml cm™ min™ where gold-glass-ceramic sealant was used. This is because
silver did not give a gas-tight system as oxygen content in the product gas was less than
nitrogen (0.10% mol oxygen compared to 0.25% mol nitrogen). When hydrogen sulphide was
presented, oxygen flux decreased to zero within few hours. After stopping feeding hydrogen
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Figure 4.10. Effect of sealant on the changes of oxygen flux during hydrogen sulphide
poisoning (200 ppm) at 900°C for 100 h.
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sulphide, oxygen flux was regenerating but it was not fully restored. These changes in oxygen
flux are similar when the membrane was sealed by the gold-glass-ceramic sealant as shown in
Figure 4.10. After operation, the membrane (sealed by silver) was characterised by SEM and
a new phase was observed as shown in Figure 4.11. EDS revealed that the new phase is
enriched with sulphur and strontium as given in Table 4.4. XRD (Figure 4.12) detected strong
perovskite peaks with additional peaks of strontium sulphate (SrSO,). XPS also measured
high amounts of sulphur and strontium (Figure 4.13). There are many routes to form
strontium sulphate: 1) reaction of hydrogen sulphide with strontium oxide from the bulk
membrane, 2) oxidation of hydrogen sulphide to sulphur dioxide then the reaction with
strontium oxide, 3) reaction of strontium oxide with the adsorbed sulphur (thermodynamic
data from [207]):

st(g) + STO(S) + 202 (g) - STSO4 (S) + HZO(U) AGgoooc = —664 k\] mOI-l (46)
S04+ ST0) + 1/5 02 (g) = STS04 ) AGogoc = —237 ki mol™ (4.7)
Sig) + 570+ 3/5 05 (5) > STS04 () AGopg ¢ = —659 ki mol™ (4.8)

Gibbs energy of reaction suggested that the first and third reactions (Equations 4.6 and 4.8)
are more favourable due to the high negative value. In all cases, oxygen is necessarily for
strontium sulphate formation and there is a chance that presence of sulphur (in the form of

hydrogen sulphide, sulphur dioxide or molecular sulphur) caused segregation of strontium

12 um 30 um

Figure 4.11. SEM images of LSCF6428 membranes after hydrogen sulphide attack (200 ppm)
during air separation for 100 h at 900°C using silver sealant (left) and gold-glass-ceramic
sealant (right).
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Table 4.4. EDS analysis of LSCF6428 membranes sealed by different methods after hydrogen
sulphide exposure during air separation for 100 h at 900°C.

Element (atomic %)

Sealant
La Sr Co Fe O C S Na
Silver 5 18 8 4 38 7 20 0
Gold-glass-ceramic 1 5 0 1 41 7 20 26
—Silver
¢
— Gold-glass-ceramic
4 : perovskite
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Figure 4.12. XRD analysis of LSCF6428 membranes after hydrogen sulphide poisoning (200
ppm) during air separation for 100 h at with different sealing systems at 900°C.

oxide to the sulphur site. Segregation of metal oxides to sulphur sites was also suggested by
many researchers [202-204]. It was mentioned before that strontium segregates to the air-side
surface due to Kkinetic de-mixing but presence of sulphur could diverse the direction of
segregation to the inert-side surface.

Based on characterisation techniques, using silver sealant resulted in strontium sulphate

deposition while sodium sulphate was seen in case of gold-glass-ceramic sealant.
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Figure 4.13. XPS analysis of LSCF6428 membranes after hydrogen sulphide exposure during
air separation for 100 h at 900°C with varies sealants.

Interestingly, change of oxygen flux was similar for both sealants. There is a chance that
during hydrogen sulphide exposure using gold-glass-ceramic sealant, strontium sulphate was
formed first and sodium reacted with it later to produce sodium sulphate (thermodynamic data

from [207]):

57504(5) + 2Nag + 1/2 0, (g) 2 Na;S04 ) + ST0(5) AGopooc =396 kI mol™  (4.9)
however, it is known that sodium sulphate decomposes to sodium, sulphur dioxide and

oxygen once it reaches the melting point of 880°C [208]:

Na2504(s) = 2Nag) + 50z, + 0z, (4.10)

the operating temperature was at 900°C so there is a little chance for sodium sulphate to form.
During cooling down (to shutdown the experiment), there is a possibility that sodium reacted
with strontium sulphate to produce sodium sulphate and that is why sodium did not cause any
interference at 900°C. Despite that the gold-glass-ceramic sealant resulted in deposition of

different sulphur compounds compared to silver, it was decided to continue using the
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composite sealant because: 1) it gas-tight sealed the membrane and gave high oxygen fluxes,
2) it was stable for long-term operation of 963 h as discussed in previous chapter, and 3) it did
not interfere with oxygen flux during sulphur presence. Suggested mechanism for hydrogen

sulphide poisoning is given Figure 4.14,
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Figure 4.14. Proposed mechanism for hydrogen sulphide poisoning during air separation of
LSCF6428 membrane.

4.3 Regeneration of the membrane after hydrogen sulphide poisoning

As discovered, hydrogen sulphide impurity caused permanent damage to the membrane
surface and the key to restore the membrane is by removing sulphur compounds from the
surface. There are three ways to do so: thermally, mechanically and chemically. It was found
that the corrosion products were strontium sulphate and to decompose it thermally,
temperature over 1600°C is required [209]. This temperature will not only decompose
strontium sulphate but also will melt the membrane, therefore it is not practical [198]. The
second way for sulphate removal is by mechanical methods such as sanding. This technique is
widely used in industry to remove scales of metal sulphates from pipelines due to the use of
seawater [210]. The method was applied by sanding the membrane with extra fine paper (600
Grit) but unfortunately the membrane broke and cracks were formed because the membrane
was very fragile after operation. Now, the only technique to try was the chemical one. Liquid
chemicals such as acids cannot remove strontium sulphate because of the poor solubility of
strontium sulphate in acids [211]. Reducing gases such as hydrogen could decompose

strontium sulphate and this was investigated in the following section.
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4.3.1 Hydrogen treatment

Hydrogen is extensively used in the refinery to remove sulphur from fuels and this process is
called hydrodesulphurisation. Actually, a catalyst containing sulphur vacancies (e.g.,
molybdenum disulphide) adsorbs sulphur from the fuel and then hydrogen remove the sulphur
in the form of hydrogen sulphide and generate the vacancy back [212]. The concept is also
used to regenerate some metal-based catalysts after sulphur poisoning [202, 213]. In this
study, sulphur was in the form of strontium sulphate and Gibbs energy of reaction suggests
that hydrogen can decompose strontium sulphate back to strontium oxide at 900°C as follows

(thermodynamic data from [207]):
57504 () + 4Hy ) = STO5) + HpS(g) + 3H, 00 AGgoor =—34LkImol™  (4.11)

Experimental design: the previous experiment was repeated by heating the membrane first to
900°C using air and argon with flow rate of 20 ml min™ (STP), each. In the second step, argon
was replaced with hydrogen sulphide (200 ppm, balance argon) and fed to the inert side for
100 h. After that, hydrogen sulphide was removed and argon was brought back. The new
steps were to introduce hydrogen (1% mol in argon) at 20 ml min™ (STP) to treat the damaged
surface for 20 h. The selected hydrogen concentration was 50 times more than hydrogen
sulphide and this may accelerate the regeneration process. The final step was to remove
hydrogen from the inert side and bring back argon. Oxygen flux was monitored to observe the
changes before and after the treatment. Feeds configuration is given in Figure 4.15.

Ar Ar
Ar H,S (0.02%) Ar H, (1%) Ar
— — — —
Alir Alir Alir Air Alir

Figure 4.15. Feeds configuration for hydrogen treatment experiment to regenerate LSCF6428
membrane after hydrogen sulphide poisoning (200 ppm) of 100 h.

Results and discussion: the starting oxygen flux was at 0.26 ml cm™ min™ and it was zero
once hydrogen sulphide was introduced. After stopping feeding hydrogen sulphide in the inert
side, the flux was 0.015 ml cm™ min™ which is 6% of the original one. These fluxes are close
to what was found in the previous section and this confirms the repeatability of data. After
hydrogen treatment of 20 h, the oxygen flux improved from 0.015 to 0.03 ml cm? min™*
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Figure 4.16. Use of hydrogen (1% mol) to recover the poisoned surface of LSCF6428
membrane after hydrogen sulphide attack (200 ppm) for 100 h at 900°C.

which is double the flux before the treatment and this increases the recovery to 12% as shown
in Figure 4.16. During hydrogen treatment, calorimetric tubes were used to see if Equation
(4.11) took place and indeed 10 to 50 ppm of hydrogen sulphide was detected and this
indicates that hydrogen was removing some of the sulphur from the membrane surface. It was
expected to see better recovery because hydrogen concentration was 50 times more than
hydrogen sulphide but it looks like that the regeneration process was very slow compared to
the poisoning. In the following section, the poisoned surface was treated with air by switching
the flows.

4.3.2 Flow switching

Characterisation techniques revealed that the opened surface to hydrogen sulphide suffered
from deposition of sulphur compounds but the non-exposed surface (air side) was absolutely
normal as given in Figure 4.7. In this experiment, the feeds were switched (swapped) after
hydrogen sulphide exposure meaning that air was fed to the exposed surface while argon was

introduced to the air side. Purging the damaged surface with air could regenerate some
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sulphur that is not transformed yet to strontium sulphate. Also, change of the inert surface
from reducing to oxidising could create further oxygen vacancies and this may help in
restoring the membrane.

Experimental setup: LSCF6428 membrane was heated at 900°C using air and argon with
flow rates of 20 ml min™ (STP). After that, the membrane was exposed to hydrogen sulphide
(200 ppm) for 100 h and then it was removed from the feed. The new step was to switch the
flows by feeding air to the inert side and argon to the air side as demonstrated in Figure 4.17.

Oxygen flux was monitored to see if the recovery was improved after switching the flows.

Ar
Ar H,S (0.02%) Ar
1 Eed 2 Bl 3 B -
Alr Alr Air

Figure 4.17. Feeds setup for flow-switching experiment after hydrogen sulphide poisoning

Results and discussion: the starting flux was 0.16 ml cm™ min™ and it went to zero after few
hours of hydrogen sulphide introduction as shown in Figure 4.18. After stopping feeding
hydrogen sulphide, the membrane was restoring and the flux reached 0.05 ml cm min™ (35%
recovery) after 38 h. This recovery is relatively high compared to previous experiments where
the recovery was in the range of 6 to 16%. It should be mentioned that the starting flux of this
experiment is almost half to what was measured in the previous experiments. Therefore, it can
be deducted that there is a relation between oxygen flux and the poisoning mechanism, the
higher the flux, the more damage the membrane will receive due to lower recovery. Higher
oxygen flux means that more vacancies are created in the inert-side surface and this may

increase the adsorption rate of sulphur on the membrane surface [66].

Unfortunately, when the flows were switched, oxygen flux slightly decreased but nitrogen
leak sharply increased from 0.07 to 0.58% (mol) as given in Figure 4.18. To investigate why
the leak increased after the switching, the experiment was repeated but in a sulphur-free
environment to see if hydrogen sulphide contributed in the increase of leak. Results show that
nitrogen leak still increased from 0.01 to 0.22% (mol) after switching the flows despite
sulphur was not presented (Figure D.1, Appendix D). This tells that the membrane itself

cannot handle the switching and hydrogen sulphide was not behind the leak. Changes of the
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Figure 4.18. Increase in leak after switching the flows of the poisoned membrane by 200 ppm
of hydrogen sulphide for 100 h at 900°C.

membrane surface from oxidising to reducing may introduce some internal stress due to re-
distribution of oxygen vacancies. It is reported that the concentration of vacancies in the
oxygen-lean surface is higher than the oxygen-rich surface and creating too much vacancies

can cause membrane failure [66, 70, 187].

4.4 Summary

In this chapter, influence of hydrogen sulphide impurity (200 ppm) during air separation of
LSCF6428 membrane was studied. It was found that the impact was severe and the membrane
was ‘dead’ during the exposure as the oxygen permeation was zero. This zero flux was related
to the adsorption of sulphur on the membrane surface. It was suggested that hydrogen
sulphide was first oxidised to sulphur dioxide and the later occupied oxygen vacancy in the
form of sulphur. After removal of hydrogen sulphide from the feed, the flux could not be fully
restored and only part of it was recovered. Characterisation techniques revealed formation of
metal sulphates on the exposed surfaces and these compounds reduced the membrane area and

permanently poisoned the vacancy. The key to restore the oxygen flux after sulphur poisoning
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is by the removal of strontium sulphates from the surface. Unfortunately thermal and
mechanical methods did not work but chemical treatment such as use of hydrogen stream (1%
mol) successfully increased the recovery from 6 to 12% after 20 h. It was found that the
regeneration process was very slow compared to the poisoning and therefore longer treatment
times or higher concentrations of hydrogen may be required. Another way to restore the
membrane was tried by switching the flows after hydrogen sulphide exposure. This was done
by feeding air to the poisoned surface and argon in the air side however the method caused

further damage to the membrane as indicated by the increase in nitrogen leak.
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Chapter 5: More Studies on Hydrogen Sulphide Mechanism

during Air Separation

It was discovered from previous chapter that hydrogen sulphide impurity immobilised oxygen
transport in LSCF6428 membrane. The study however was done in certain conditions such as
duration of 100 h, temperature of 900°C and hydrogen sulphide concentration of 200 ppm.
Change of these parameters could significantly affect the poisoning mechanism of hydrogen
sulphide and this is reviewed in this chapter. Role of oxygen partial pressure in the air side on

sulphur mechanism is also studied.

5.1 Exposure duration

In chapter 4, the membrane was exposed to long-term poisoning of 100 h and this duration
was enough to cause permanent loss to major part of oxygen flux. Theoretically, the longer
the exposure time, the more damage the membrane will receive due to adsorption of further
mass of sulphur. In this section, the membrane was exposed to short duration of 1 and 24 h to

hydrogen sulphide. This may give information about the reversibility of sulphur poisoning.

Experimental setup: two LSCF6428 membranes were sealed by gold-glass-ceramic sealant
and heated to 900°C using flows of air and argon at 20 ml min™ (STP), each. After measuring
the flux, argon was replaced with hydrogen sulphide (200 ppm, balance argon) with same
flow rate of 20 ml min™ for 1 h for the first experiment and 24 h for the second one. After the

exposure, hydrogen sulphide was removed by swapping it with argon.

Results and discussion: in the first experiment where the membrane was exposed to one
hour, it was interesting to see a full recovery of oxygen flux after 16 h of hydrogen sulphide
removal from the feed as shown in Figure 5.1. This experiment revealed that hydrogen
sulphide poisoning can be reversible and it strongly depends on the exposure time. It also
implied that adsorption of sulphur on oxygen vacancies happens rapidly (as the flux was zero
within one hour) but permanent loss of the vacancy by strontium sulphate requires further

time as strontium takes a while to segregate toward sulphur.

The second membrane was exposed to 24 h and the recovery was 57% after 26 h of hydrogen

sulphide removal as given in Figure 5.2. Similar results were obtained when the experiment
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Figure 5.1. Full recovery of oxygen flux of LSCF6428 membrane for air separation after
hydrogen sulphide poisoning of 1 h at 900°C.

0.30 1 1 0.5
i 3 3 —0— 0, flux
1 ; e Deee N2 |eak
0.25 + 1 s
& ? 1 T 04
= - | | —_
= X
o 020 + | | =
5 ! i Ar 1 Los E
— Ar | H,S (0.02%) | Ar ™
E 015 4 i <
é i Air Air Air E
= | - 0.2 :3')’
g,) 0.10 + =
g o1
0.05 + '
0.00 - 0.0
0 80

Time (h)

Figure 5.2. Improved recovery of oxygen flux of LSCF6428 membrane for air separation after
24 h of hydrogen sulphide exposure (200 ppm) at 900°C.
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was repeated (Figure B.2, Appendix B). Compared to previous chapter where the membrane
was opened to 100 h to hydrogen sulphide, exposure of 24 h resulted in higher recovery. So
this experiment supports that, the longer the duration of hydrogen sulphide, the more

permanent damage the membrane will receive due to formation of further strontium sulphate

Characterisation: the fully recovered membrane, by one hour of hydrogen sulphide
exposure, was characterised to see if all of the adsorbed sulphur was removed from the
surface. Figure 5.3 shows that new phases were still visible and they are rich in sulphur,
sodium and strontium as measured by EDS (Table 5.1). Compared to long term experiments
where the membrane was opened to 100 h to hydrogen sulphide, the phases in this experiment
were separated and smaller in size. The original membrane surface is also visible and it looks
like with time, sulphur deposits combined together to cover larger area as shown in Figure
5.3. These deposits agglomerate with time causing more damage as indicated by the long-term
experiment. Despite the new phases were detected along the surface after one hour of
exposure, oxygen flux was fully regenerated after hydrogen sulphide removal. Possible
explanations are: 1) these deposits were loose and oxygen managed to permeate beneath
them, 2) the small poisoned area could be compensated by the creation of more oxygen

vacancies with time.

3um 30 um

Figure 5.3. SEM images of LSCF6428 membrane after hydrogen sulphide poisoning (200
ppm) of 1 h (left) and 100 h (right) at 900°C using air and argon.
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Table 5.1. EDS analysis of LSCF6428 membrane after one hour of hydrogen exposure during
air separation at 900°C (points are given in Figure 5.3)

Element (atomic %)

La Sr Co Fe 0] C S Na
Point 1 4 11 1 5 54 0 16 9
Point 2 11 5 4 15 65 0 0 0

5.2 Temperature

In previous experiments, the operating temperature was fixed at 900°C but in this section, the
membrane was tested for sulphur poisoning under different temperatures of 800 to 950°C to
see if the adsorption rate of sulphur or strontium sulphate formation depends on temperature.
This may help in optimising the operating temperature for better stability under hydrogen

sulphide.

Experimental setup: the experiment was conducted using four membranes sealed by gold-
glass-ceramic sealant and operated at different temperatures of 800, 850, 900 and 950°C. For
each run, air and argon were fed at 20 ml min™ (STP) to measure the starting flux and monitor
nitrogen leak. After that, argon was swapped with hydrogen sulphide (200 ppm, balance
argon) fed at 20 ml min™ for 100 h. The final step was to replace hydrogen sulphide with

argon.

Results and discussion: data are given in Figure 5.4 and it reveals that oxygen flux was zero
during the exposure even if the operating temperature was changed from 800 to 950°C.
However, at 950°C it took longer for hydrogen sulphide to totally poison the membrane (33h
compared to few hours at 800 to 900°C). In addition, the recovery at 950°C was higher
compared to other temperatures and it reached 30% after 50 h of hydrogen sulphide removal.
It is possible that the adsorption rate of sulphur on the membrane surface is a function of
temperature and the rate reduces at higher temperature. Some catalysts like nickel show better
tolerance to sulphur at elevated temperatures due to lower interaction between nickel and

sulphur and this could happen here as well to LSCF6428 membrane [214].
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Figure 5.4. Effect of temperature on oxygen separation of LSCF6428 membrane before,
during, and after hydrogen sulphide exposure (200 ppm) for 100 h at 900°C

5.3 Concentration of hydrogen sulphide

Until now, LSCF6428 membrane was evaluated for 200 ppm of hydrogen sulphide and this
concentration is the maximum allowable limit in natural gas [12]. This concentration was
selected to do accelerated ageing tests to study the long-term effect of hydrogen sulphide in a
shorter period of time. However, 200 ppm of hydrogen sulphide could be too much for the
membrane to handle. Lower concentration may alter the poisoning mechanism and the
membrane could show better stability under hydrogen sulphide. In this section, the membrane
was evaluated for 100 and 50 ppm of hydrogen sulphide.

Experimental setup: the membrane was heated to 900°C using air and argon at 20 ml min™
(STP), each. After that, to have a stream of 100 ppm of hydrogen sulphide, 10 ml min™ (STP)
of argon was mixed with 10 ml min™ (STP) of 200 ppm hydrogen sulphide (balance argon).
On the other hand to have 50 ppm of hydrogen sulphide, 15 ml min™ (STP) of argon was
added to 5 ml min™ (STP) of 200 ppm of hydrogen sulphide. The membrane was opened to
hydrogen sulphide for 100 h and then it was removed and replaced with argon to observe the

recovery.
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Results and discussion: 200 ppm of hydrogen sulphide caused immediate drop of oxygen
flux to zero but at lower concentration, the membrane survived longer as shown in Figure 5.5.
At 50 ppm of hydrogen sulphide, the oxygen flux reached zero after 23 h but at 100 ppm, the
flux was zero after 6 h of sulphur introduction. From Figure 5.5, it is concluded that
hydrogen sulphide with concentration ranging from 50 to 200 ppm was still capable of totally
poisoning the membrane resulting in zero flux during the exposure. It was suggested before
that the zero flux was related to hydrogen sulphide attacking and occupying oxygen vacancies
in the form of sulphur. Based on these results, it is predicted that even at concentrations less
than 50 ppm, hydrogen sulphide will cause significant changes in oxygen flux. Figure 5.5 also
tells that exposing the membrane to a lower content of hydrogen sulphide will improve the
recovery. This can related to the adsorbed mass of sulphur. It is expected that at higher
concentrations of hydrogen sulphide, more sulphur will be deposited on the surface. Presence
of higher content of sulphur on the membrane surface could also accelerate strontium

segregation to form strontium sulphate.
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Figure 5.5. Changes of oxygen flux of LSCF membrane during hydrogen sulphide exposure at
different concentrations of 50, 100 and 200 ppm for 100 h at 900°C.
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5.4 Oxygen partial pressure

It was found that the permanent damage by hydrogen sulphide was related to formation of
metal sulphate which altered the conducting properties of the membrane. From Equation
(5.1), the corrosion product requires oxygen and it expected that if oxygen content in the air
side was reduced, deposition of strontium sulphate would be delayed. Therefore, in this
experiment, oxygen partial pressure in the air side was decreased from 0.21 bar to 0.01 bar to

see if this cause changes in the poisoning mechanism.
S0z, +STO + 1/, 0, (5 > STSO4 5 AGopc =276 kI mol™ (5.1)

Experimental setup: the experiment consisted of five steps as given in Figure 5.6. The first
step was to feed air and argon (20 ml min™, STP) at 900°C to measure the oxygen flux and
check for leak. The second step was to swap air with a stream containing 1% oxygen (balance
argon). This step was important to measure the changes in oxygen flux before sulphur
introduction. It was estimated to see a drop in oxygen flux because oxygen partial pressure
was reduced from 0.21 to 0.01 bar and higher pressure facilitates oxygen transport. The third
step was to swap argon with hydrogen sulphide (200 ppm in argon) and keep it for 100 h. The
fourth step was to remove hydrogen sulphide and feed back oxygen (1% mol) to measure the

recovery. The final step was to go back to the original configuration of air and argon.

Ar
Ar H,S (0.02%) Ar
_ — HEE — Bl - I — _
Air 0, (1%) Air O, (1%) Air
Ar Ar

Figure 5.6. Feeds configuration for oxygen partial pressure experiment and sulphur poisoning.

Results and discussion: Figure 5.6 shows interesting results and in brief, 82% of the oxygen
flux was recovered when the membrane was exposed to hydrogen sulphide at lower partial
pressure of oxygen of 0.01 bar. In details, when air was replaced with 1% (mol) oxygen in the
second step, oxygen flux decreased from 0.13 ml cm™ min™ to 0.05 ml cm™ min™ which is
62% reduction in oxygen flux. In the third step where hydrogen sulphide was fed, oxygen
permeation was zero as usual but when hydrogen sulphide was removed (fourth step), the flux

was recovering and it reached a steady value of 60% of flux before the exposure (second
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Figure 5.7. Oxygen flux of LSCF6428 membrane after hydrogen sulphide poisoning (200
ppm) using 1% (mol) of oxygen instead of air for 100 h at 900°C.

step). This value is high compared to previous experiments where 6 to 35% was expected. In
the fifth step where air was fed back, the flux was 90% of the starting one in step one. The
experiment was conducted again, within the same conditions, and the results were repeatable
(Figure B.3, Appendix B).

Characterisation: the membrane was characterised by SEM to examine the distribution of
metal sulphates at lower oxygen partial pressure. Compared to the primary experiment where
the membrane was fed with air and exposed to hydrogen sulphide (section 4.2), metal
sulphates of this experiment covered less area and the membrane surface was visible as shown
in Figure 5.8. It is possible that these deposits were loose and oxygen managed to diffuse

through them.

This experiment revealed that oxygen is critical for strontium sulphate formation and the
source of oxygen was from the feed and not from the bulk membrane. To lessen hydrogen
sulphide damage after the exposure, oxygen partial pressure in the air side should be reduced.
Based on that, it is predicted that minimum damage would be achieved if oxygen partial

pressure was set to zero and this was explored in the following section.
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Figure 5.8. SEM images of LSCF6428 membrane after hydrogen sulphide exposure (200
ppm) for 100 h with oxygen partial pressure of 0.01 bar (left) and 0.21 bar (right).

5.5 Absence of oxygen during hydrogen sulphide poisoning

From previous experiment, it was found that oxygen partial pressure played a role in the
irreversible poisoning of hydrogen sulphide as it accelerated strontium sulphate formation.
The recovery after sulphur exposure was greatly improved if oxygen partial pressure was
reduced as this delayed the production of strontium sulphate. In this experiment, oxygen was
not fed during the exposure to see if the membrane will receive minimum damage by

hydrogen sulphide.

Experimental setup: the membrane was heated to 900°C using flows of air and argon at 20
ml min™ (STP), each. After that, air was replaced with nitrogen to set oxygen partial pressure
to zero and argon was replaced with hydrogen sulphide (200 ppm in argon) for 100 h. The
final step was to remove hydrogen sulphide and bring back argon and air. Figure 5.9

demonstrates feeds configuration of this experiment.

Ar
Ar H,S (0.02%) Ar
— —
Air N, Air

Figure 5.9. Feeds configuration for absence of oxygen experiment during hydrogen sulphide
exposure.
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Results and discussion: Figure 5.10 gives initial impression that the membrane was fully
recovered after hydrogen sulphide exposure in absence of oxygen feed. However, looking
closely at the figure, nitrogen leak dramatically increased from 0.02 to 2.15% (mol) which is a
hundred times more. The increase in leak was also seen before when the flows were switched
after sulphur poisoning. It is known that, at high temperature, if oxygen was not supplied to
the membrane, oxygen will be released from the bulk membrane to create vacancies and this
will cause membrane expansion [215]. The membrane may expand severely and this resulted
in internal stress inside the membrane. The experiment was repeated and the increase in leak
was still observed (Figure B.4, Appendix B). The sealant may also contribute in the increase
in leak as it may prevent the membrane from expanding freely. Therefore, effect of sealant
was investigated by repeating the experiment with silver instead of gold-glass-ceramic
sealant. Results show that the leak still increased from 0.3 to 3% (mol) (Figure E.1,
Appendix). This may tell that the membrane itself cracked due to loss of oxygen and the

sealant did not contribute in the increase of leak.
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Figure 5.10. Changes of the flux in absence of oxygen feed during hydrogen sulphide
poisoning of LSCF6428 membrane at 900°C for 100 h.
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5.6 Summary

In this chapter, more experiments of hydrogen sulphide poisoning on LSCF6428 membrane
were carried out for better understanding about the mechanism. Effects of exposure duration,
temperature, concentration of hydrogen sulphide and oxygen partial pressure were studied. It
was found that exposing the membrane to hydrogen sulphide for one hour caused zero flux
but it was fully restored after 24 h of hydrogen sulphide removal from the feed. The
experiment suggested that the adsorption of sulphur on the membrane surface occurs rapidly
but this step was reversible. With time, strontium segregates towards sulphur to form
irreversible strontium sulphate. The membrane was also tested for hydrogen sulphide impurity
at different temperatures of 800 to 950°C but the oxygen flux was still zero during the
exposure. However, operating at 950°C was favourable because it took longer to reach zero
flux, also, the recovery was better. Furthermore, LSCF6428 membrane was evaluated for
lower concentrations of hydrogen sulphide of 100 and 50 ppm but these values were enough
to immobilise the oxygen flux. Based on these results, it is predicted that hydrogen sulphide

will cause significant change in the flux even if the concentration was below 50 ppm.

Impact of oxygen partial pressure (in the air side) on sulphur poisoning was investigated and
it played a major role in the irreversible damage. This was related to the deposition of
strontium sulphate which requires external source of oxygen. It was discovered that higher
oxygen partial pressure results in more damage as it accelerates strontium sulphate formation.
As a strategy to lessen the damage by hydrogen sulphide, it is advised to reduce the oxygen
partial pressure in the air side. The membrane was also tested for hydrogen sulphide
poisoning in no oxygen to see if this can give minimum damage but unfortunately, the
membrane failed and leak sharply increased. This was explained by the continuous expansion
of the membrane due to the loss of lattice oxygen.
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Chapter 6: Hydrogen Production by LSCF6428 Membrane in
Presence of Hydrogen Sulphide

In previous chapters, impact of hydrogen sulphide impurity was studied under air separation
and it seriously interrupted the oxygen permeation. In this chapter, LSCF6428 membrane has
been used for long-term hydrogen production by partial-oxidation of methane (POM) in
existence of hydrogen sulphide. First, blank-run experiments are carried out to make sure that
setup does not cause any unwanted reactions. After that, POM is performed in sulphur-free
environment as a reference experiment. Next, hydrogen sulphide is introduced during POM
and changes in oxygen flux and methane conversion are observed. The chapter also discusses
the use hydrogen to restore the membrane after the poisoning. Further study is conducted by

pre-poisoning the membrane under air separation and then tests it for POM.

6.1 Blank-run experiments

From methodology chapter, the reactor consisted of quartz, alumina tubes and stainless steel
body. There is a possibility that these materials can cause side reactions with methane because
of the high operating temperature of 900°C. Thermal decomposition of methane in presence
of LSCF6428 membrane may also take place because it is reported that metal oxides cause
methane cracking to hydrogen and carbon [216-218]. It is also known that hydrogen sulphide
can react with methane to produce hydrogen and carbon disulfide and this process is called
hydrogen sulphide-methane reforming [219]. All the above points were investigated in this

chapter to help in determining the poisoning mechanism later.

Experimental design: the blank run consisted of five experiments operated at 900°C with
different setups. In experiment 1, methane (1% mol, balance argon) was fed at 20 ml min™
(STP) to the reactor without the membrane and the outlet gas was analysed to observe if
methane was consumed. This experiment gave information about the possibility of methane
reaction with reactor’s materials. In experiment 2, the same stream was fed but in presence of
LSCF6428 membrane to see if decomposition of methane occurs. In experiment 3, oxygen
(1% mol, balance argon) was fed at 20 ml min™ (STP) along methane with no membrane to
see if oxidation can take place without the requirement of a catalyst. In experiment 4, a stream

containing 1% (mol) of methane and 200 ppm of hydrogen sulphide was fed to the reactor
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with no membrane to examine if methane reacts with hydrogen sulphide at 900°C. In the
final experiment, oxygen (1% mol, balance argon) was added to the previous stream which
contained methane and hydrogen sulphide to notice the effect of hydrogen sulphide on

methane oxidation.

Results and discussion: Table 6.1 shows the results of each experiment and methane

conversion (xcy,) was calculated using the following equation:

YcHy 1y — YCHy
Xc, (%) = ‘“y)CH o) % 100 (6.1)
4(in)

where YCHy i, and YCHy gy M methane mole fraction in the inlet and outlet gases,
respectively. The value of YCHy i is always 0.01 because methane concentration was 1%
(mol) in the inlet gas and YCHy gy WS measured by GC. In experiment 1 where methane was

fed with no membrane nor oxygen, conversion was zero meaning that it was not consumed
and therefore it did not react with the reactor materials of quartz, alumina or stainless steel. In
experiment 2, methane was fed along LSCF6428 membrane (with no oxygen) and the
conversion was still zero indicating that methane did not react with the membrane and the
later did not promote methane decomposition. When oxygen was introduced to methane in
experiment 3 with no membrane, the conversion was 80% meaning that the oxidation process
took place at 900°C without a catalyst. In experiment 4 where methane and hydrogen sulphide
were fed in absence of the membrane, the zero conversion implied that methane did not react
with hydrogen sulphide and it did not cause any cracking or reforming. In experiment 5,
presence of hydrogen sulphide along methane and oxygen without the membrane, caused
decrease in conversion from 80% to 60%. Sulphur may act as a barrier between oxygen and
methane and this reduced the reactivity.

Table 6.1. Blank run experiments for methane oxidation

No. Feed Xcu, (%) Conclusion

1 1% CH,4 0 No reaction with reactor materials

2 1% CH,4 with membrane 0 No CH, cracking

3 1% CHs + 1% O, 80 CH, oxidation occurs in no catalyst

4 1% CH, (200 ppm H,S) 0 H,S does not react with CH,4

5 1% CH, (200ppm H,S) + 1% O, 60 H,S caused reduction in CH,4 oxidation
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6.2 Partial oxidation of methane in sulphur-free experiment

LSCF6428 membrane was tested for methane oxidation and the longest duration was 200 h
reported by Iguchi et al. [117]. Many researchers however mentioned membrane failure after
few hours of methane introduction [119, 220]. The failure could be related to the reducing
environment of methane which increased the release of oxygen from the bulk membrane and
as a consequence, the membrane expanded rapidly and this created a mechanical stress [119].
The researchers also suggested that sealant could play a critical role in the failure due to
mismatch in expansion rate [119, 220]. In this section, LSCF6428 membrane was tested for

long-term methane oxidation using the new gold-glass-ceramic sealant.

Experimental setup: LSCF6428 membrane was heated to 900°C using flows of air and
argon at 20 ml min™ (STP), each. After that, argon was replaced with methane (1% mol,
balance argon) and fed at flow rate of 20 ml min™ (STP). During operation, the product gas

was analysed by GC to measure oxygen flux and methane conversion.

Results and discussion: LSCF6428 membrane was successfully used for long-term methane
oxidation and it achieved 340 h as given in Figure 6.1. This period of 340 h outran the
maximum reported duration of 200 h by Iguchi et al. [117]. It is worth mentioning that the
membrane did not fail after 340 h but it was decided to terminate the experiment. Success of
this experiment was strongly related to the gold-glass-ceramic sealant which prevented
expansion mismatch between the membrane and the sealant. Methane conversion was 33%
and oxygen flux during methane oxidation was calculated by the following equation because
some of the oxygen was consumed by methane to form carbon monoxide, carbon dioxide and

water:

Y 1 1 0.21 F 62)
Jo,(ml cm™ min™) = [J’oz + Yco, t 5Yco + 5 YH0 = 5 7g YN X " .

where y, is the mole fraction of specie x in the product gas, F is the flow rate (20 ml min™,
STP) and A is the membrane active area (0.44 cm™). The term %YNZ is the amount of leaked

oxygen as mentioned before in chapter 4. Unfortunately, the setup was not capable of

detecting water in the product gas (yg,o), therefore it was calculated based on hydrogen

atomic balance:
YH,0 = 2yCH4(l-n) - ZJ’CHA,(DM) — VH, (6.3)

As given in Figure 6.1, oxygen was increasing when methane was introduced. It looks like the

reducing environment of methane increased the driving force for oxygen transport because

76



Chapter 6: Hydrogen Production by LSCF6428 Membrane in Presence of Hydrogen Sulphide

0.35 ‘ 1.0
—8—0, flux |
-0+ N, leak |
i o o, ‘ —
0.30 o S
o 2 ‘ - 0.8 —
P A CO >1§K)1§K)K o)
'S 025 4 X CO. | RS Al | E
R | x cH, HAIIKK KK KK KKKy KHKKKHHKK S
& Ar +06E
© 020 ¢ CH, (1%) 8
E S
X 015 + Air o)
= o) - 04 ©
Y | O %
5 0 >
010 + O 5
P ‘ >
5 i Ar + 02 ©
0.05 | i FEOEOmAn00 c00660008A X OR BRA0 ARRA0ARR} 2
1 0 D 0000000000 O
| Ar Sxxggggy xR R R L5 LB
0.00 0(9000."'%"%qe'e'q?<.><'>?‘\"0"?’o6’?0'6'?<'>'0*‘1"@0:00’990’9"9090’9‘?90 0.0
0 50 100 150 200 250 300 350 400

Time (h)

Figure 6.1. Long-term methane oxidation of 340 h using LSCF6428 membrane fed by 1%
(mol) methane and air at 900°C.

oxygen was rapidly consumed by methane. When methane reacts with oxygen, there are two
routes for the oxidation: a) partial oxidation to form hydrogen and carbon monoxide, and b)
complete oxidation to form water and carbon dioxide. Selectivity of carbon monoxide (S¢q)

refers to the percentage of partial oxidation to the whole reaction and it was calculated by:

Seo(%) = —2C %100 (6.4)

Yco * Yco,

The average value of carbon monoxide selectivity was 65% meaning that 65% of the oxidised

methane was partial oxidation and the remaining 35% accounts for total oxidation.

To make sure that the experiment was correctly performed, carbon atomic balance was carried

out by:

Caccumutation (%) = [)’cmam T YCHa(pyy — YcO }’coz] x 100 (6.5)

Applying the previous equation gives carbon accumulation of 0.01% meaning that 100 ppm
of carbon was deposited on the surface but this within the uncertainty of GC measurements.
The average value of hydrogen-to-carbon monoxide ratio (H,/CO) was 0.7 but it is far from
the theoretical value of 2 as shown previously in Equation 2.16. Furthermore, Figure 6.1
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shows that the product gas contained some oxygen meaning that it did not react with methane.
This behaviour was also seen by other researchers [221]. Therefore, a catalyst is
recommended to optimise oxygen consumption and increase the value of hydrogen-to-carbon
monoxide ratio. Table 6.2 compares conversion and duration of this experiment to the
reported data in literature. In the following section, the membrane was characterised to

observe the changes after methane oxidation.

Characterisation: after operation, the membrane was examined by SEM and both methane
and air surfaces were normal as given in Figure 6.2. The grain structure did not change and no
secondary phases were observed. EDS shows similar elemental composition before and after
operation indicating that the membrane was stable under the reducing environment of

methane (Table 6.3). Sharp perovskite peaks were detected in methane and air surfaces and

Table 6.2. Reported duration and conversion for methane oxidation using LSCF6428
membrane at 900°C.

Study Sealant Air side Methane side  xy, (%) Duration (h)
Iguchi et al. 21% O, 25% CHy4
Glass 4 - 7 200
[117] (I-5mImin™)  (1-5mlmin™)
Sureena . 2% O, 5% CH,
Ceramic . g 30 45
[221] (30 ml min™) (30 ml min™)
] Gold-glass- 21% O, 1% CH,
This work ceramic 33 340

(20 mImin®) (20 mI min™)

Table 6.3. EDS analysis of LSCF6428 membrane before and after methane oxidation of 340 h
at 900°C using 1% (mol) methane and air.

Element (atomic %)

Membrane

La Sr Co Fe @) C S
Fresh 12 9 4 17 52 6 0
Methane side 12 10 5 18 45 10 0
Air side 12 10 4 17 47 10 0
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30 um 30 um
Figure 6.2. SEM images of LSCF6428 membrane before and after methane oxidation of 340 h
at 900°C by feeding 1% (mol) methane and air.

this confirms the stability of the membrane (Figure 6.3). XPS however measured large
amounts of carbon and as mentioned before, the high content of carbon could be from dust,
handling, storage or the reaction of strontium oxide from the bulk membrane to form

strontium carbonate due to the high mobility and reactivity of strontium [188].

Interestingly, the characterisation techniques revealed that the membrane did not suffer from
any major changes after 340 h of methane oxidation. This result was also found when the
membrane was used for air separation for 450 h. In literature, the longest reported duration for
air separation using LSCF6428 was 5512 h and therefore it is expected to see the membrane
achieve that duration for partial-oxidation of methane [222]. It should be noted that the
characterisation techniques did not detect any sodium pinpointing that the sealant was stable
under methane environment. In the next section, hydrogen sulphide was fed to see the impact

on methane conversion.
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Figure 6.3. XRD analysis of LSCF6428 membrane before and after methane oxidation of 340
h at 900°C using 1% (mol) methane and air.
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Figure 6.4. XPS analysis of LSCF6428 membrane before and after methane oxidation for 340
h at 900°C by feeding 1% (mol) methane and air.
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6.3 Presence of hydrogen sulphide during partial-oxidation of methane

From previous experiment, LSCF6428 membrane was stable for methane oxidation for 340 h
without any significant changes. If this technology will be applied in industry, natural gas
would be fed rather than pure methane. This gas usually contains impurities of hydrogen
sulphide. The maximum allowable limit of hydrogen sulphide in commercial natural gas is
200 ppm and therefore it is important to study the impact of sulphur on the membrane
performance during methane oxidation [12]. In chapter 4 for air separation by LSCF6428
membrane, it was discovered that hydrogen sulphide caused total immobilisation of oxygen
transport and after the exposure, major of the flux was permanently lost. Based on these
findings, it is expected that hydrogen sulphide will greatly interrupt the performance of
LSCF6428 for methane oxidation.

Experimental setup: the experiment consisted of four steps as shown in Figure 6.5. In step 1,
the membrane was fed with air and argon at 900°C with flow rates of 20 ml min™ (STP), each.
In step 2, methane oxidation was carried out by swapping argon with a feed containing 1%
(mol) methane (balance argon) at 20 ml min™ (STP). In step 3, methane was replaced with a
stream having 1% (mol) methane with 200 ppm hydrogen sulphide (balance argon) for 100 h
at 20 ml min™ (STP). In step 4, the stream containing methane only was brought back to

measure the recovery after sulphur poisoning.

Results and discussion: the starting oxygen flux (using air and argon) was 0.21 ml min™ and
after methane introduction, it increased to 0.35 ml cm™ min™ after 48 h, as given in Figure
6.6. Methane conversion was 47% but after few hours of hydrogen sulphur introduction, it
drops to 8% but it was increasing with time and it reached a steady-state value of 15% after
50 h. The same behaviour was noticed for oxygen flux; it decreased to 0.04 ml cm™ min™
after feeding hydrogen sulphide and then it was recovering with time and it reached 0.10 ml

min™ which is 29% of the flux in step 2. After hydrogen sulphide removal

Ar
Ar CH, (1%) Ar
Ar CH,(1%)  H,S(0.02%)  CH,(1%)
— — —
Air Alr Air Air

Figure 6.5. Feeds configuration for partial-oxidation of methane in presence of sulphur
impurity
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Figure 6.6. Long-term stability of LSCF6428 membrane for methane oxidation in presence of
hydrogen sulphide (200 ppm) at 900°C.

from methane (step 4), the conversion kept on decreasing and it hit 3%. This behaviour is
unusual and to determine if the data was reliable, the experiment was repeated with same

conditions but similar results were obtained (Figure B.5, Appendix B).

Interestingly, the flux was not zero during methane oxidation in presence of hydrogen
sulphide (step 3 in Figure 6.6). However, from previous chapters where the membrane was
used for air separation, hydrogen sulphide caused drop of oxygen flux to zero within few
hours. It was suggested before that hydrogen sulphide was oxidised by the permeated oxygen
to produce sulphur dioxide (Equation 6.6) and then sulphur occupied the oxygen vacancy
(Equation 6.7):

H,S (g) +3/2 02 () = 502 (g) + H>0 ) (6.6)

Looking at Figure 6.6, the flux sharply decreased once hydrogen sulphide was introduced and
it is possible that Equations 6.6 and 6.7 took place. The non-zero flux during the exposure can

be explained by the following mechanisms:
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Mechanism 1: reaction of hydrogen sulphide with methane. From section 6.1, blank run
experiment showed that methane does not react with hydrogen sulphide at 900°C but that
study was in absence of LSCF6428 membrane. However, in this experiment, there is a
possibility that the reaction occurred and the membrane acted as catalyst:

CHy (g) + 2HS(g) €2 CSy gy + 4Hy AGopo ¢ = 394 ki mol™ (6.8)

As indicated by positive Gibbs energy (thermodynamic data from [207]), the reaction
should not take place at 900°C but it reported that use of a metal-based catalyst can
promote the reaction even at 500°C [223, 224]. Presence of metal oxides in the membrane
may provide the catalytic sites for the reaction. Although the environment is changed to
carbon disulphide (CS;) as given in Equation 6.8, there is a chance that carbon disulphide

was oxidised back to sulphur dioxide:
CS2(g)+°/202(g) = COgy + 2S04, AGogo ¢ =749 kJ mol™ (6.9)

CSZ @ + 302 @) - COZ @ + 2 502 ) AG‘)OO"C =-929 kJ mOl-l (610)

Unfortunately, the method of calorimetric tubes was not able to detect carbon disulphide
due to the overlap with hydrogen sulphide. But, the method can detect hydrogen sulphide
without carbon disulphide interference and 90 ppm of hydrogen sulphide was measured in
the product gas. The produced hydrogen by Equation(6.8) may remove some sulphur from
the membrane surface and this restored part of the flux. However, the limiting reactant of
Equation 6.8 is hydrogen sulphide and thus only 400 ppm of hydrogen will be produced.
It was found from chapter 4 that poisoning is quick and the regeneration is very slow even
if 1% (mol) of hydrogen was used. So, it is unlikely that 400 ppm of hydrogen is enough
to restore 30% of oxygen flux and therefore the suggested mechanism is weak.

Mechanism 2: methane decomposition. Table 6.1 indicates that methane does not
decompose at 900°C even if LSCF6428 membrane was presented. However, presence of
hydrogen sulphide and the adsorbed sulphur on the membrane surface may set off

methane decomposition:

It is reported that a temperature of 1200°C is required to thermally decompose methane
but the temperature can be greatly reduced to 500°C if a metal sulphide catalyst was used
[216-218, 225, 226]. There is a possibility that metal sulphides were formed during
hydrogen sulphide poisoning and they acted as a catalyst for methane decomposition:
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ST0s) + HyS(g) = STS(s) + H20(g) AGopo =-93 ki mol™ (6.12)
La,05 sy + 3H,S(g) = La,Ss sy + 3H,0¢,) AGopoc =—75 kJ mol™ (6.13)
FeO(s) + HyS(g) = FeS(s) + H20y) AGggo ¢ =42 kI mol™ (6.14)
Fe,03 sy + HoS(g) = FeySs(s) + H20y (6.15)
CoOgs) + HySigy = CoS(s) + Hy0(, (6.16)

negative Gibbs energy of reaction (thermodynamic data from [207]) validates formation
of some metal sulphides such as strontium sulphide (SrS), lanthanum sulphide (La,S3) and
iron sulphide (FeS) at 900°C. Due to lack of data, Gibbs energy of reaction could not be
calculated for iron (I11) sulphide (Fe,S3) and cobalt sulphide (CoS). Carbon balance mass
was performed before and during the exposure and the values were 0.06 and 0.02%,
respectively. So, the deposition actually decreased during the exposure and it is possible

that the deposited carbon was readily converted to carbon dioxide:
C(S) + 0, @ Cco, @ AGgpo = —396 kJ mOI-l (617)

in this mechanism, production of hydrogen is not limited by the concentration of hydrogen
sulphide but it is controlled by the presence of metal sulphides on the membrane surface.
Thus, this mechanism probably was behind the non-zero conversion during hydrogen

sulphide exposure.

When hydrogen sulphide was no longer fed (step 4 in Figure 6.6), methane conversion
continued on decreasing at it remained at 3%. It looks like the membrane surface was
poisoned by sulphur and this altered the properties of the membrane. Before the poisoning,
the membrane could provide the area for the reaction between methane and oxygen but
deposition of sulphur on the surface could inhibit the reaction. Based on mechanism 1 which
suggests hydrogen sulphide-methane interaction, absence of hydrogen sulphide means that the
reforming reaction (Equation 6.8) in no longer valid. In mechanism 2 where methane
decomposition was proposed, removal of hydrogen sulphide could result in regeneration of

some metal sulphides back to metal oxides (thermodynamic data from [207]):

ST'S(S) + 3/2 02 €) g ST'O(S) + SOZ @) AG‘)OO"C =-333 kJ rnOI-1 (618)
LaySs sy + /5 05 () = Laz0s (s) + 3505 (4 AGogoc = -1204 kI mol*  (6.19)
FeSs) +3/5 04 (g) = FeOsy + 50, (g AGogor =769 ki mol™  (6.20)
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Fe;S3(5) + 9/2 03 (g) = Fe;03 () +350; () (6.21)
CoS(sy + 3/ 02 (g) = CoOsy + SO3 () (6.22)

these sulphides could act as a catalyst for methane decomposition and removal of the
sulphides might stop methane decomposition. After operation, the membrane was
characterised to look at the changes and this may help in determining the poisoning

mechanism of hydrogen sulphide.

Characterisation: new phase was observed on the methane-side surface by SEM as shown in
Figure 6.7. This phase is comparable to what was seen before where the membrane was
exposed to hydrogen sulphide during air separation. The phase consisted of sodium and
sulphur as measured by EDS (Table 6.4). XRD (Figure 6.8) and XPS (Figure 6.9) identified
the phase as sodium sulphate. Therefore, all characterisation techniques revealed that the new
phase of this experiment is identical in shape and composition to what was found in chapter 4.
It was suggested before that hydrogen sulphide exposure resulted in formation of strontium
sulphate but sodium from the gold-glass-ceramic sealant reacted with strontium sulphate to
form sodium sulphate and this step was during the cooling down process. Based on
characterisation techniques, it is possible that after hydrogen sulphide removal, the adsorbed
sulphur did not regenerate and instead, it was further poisoned to metal sulphate and this
explains the reduction in methane conversion after hydrogen sulphide removal.

Air-side surface was also examined by characterisation techniques but no changes were
observed meaning that the adsorbed sulphur did not diffuse to the air side surface. Also, the

normal surface indicates the sealant was stable under the reducing environment.

200 pm 30 pm

Figure 6.7. SEM images of LSCF6428 membrane after methane oxidation in presence of
hydrogen sulphide (200 ppm) for 100 h at 900°C using air and 1% methane.
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Table 6.4. EDS analysis of LSCF6428 membrane after methane oxidation in presence of
hydrogen sulphide (200 ppm) at 900°C for 100 h by feeding air and 1% methane.

Element (atomic %)

Membrane
La Sr Co Fe 0] C S Na
Methane side 0 2 0 0 57 0 13 28
Air side 11 8 4 17 52 8 0 0
R — Methane-side
—Air-side
¢ Perovskite
—~ *: Gold
=) ®: Sodium sulfate
S
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Figure 6.8. XRD analysis of LSCF6428 membrane after hydrogen sulphide exposure for 100
h during methane oxidation at 900°C using air and 1% methane.
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Figure 6.9. XPS analysis of LSCF6428 membrane after sulphur poisoning during methane
oxidation for 100 h at 900°C.

Summary: introduction of hydrogen sulphide impurity during methane oxidation resulted in a
sharp drop in the conversion. However, during the exposure, the conversion was not zero and
it remained at 15%. This steady conversion was interpreted by the reaction of hydrogen
sulphide with methane or the decomposition of methane and in either case, the membrane
acted as a catalyst for the reactions. When hydrogen sulphide was no longer fed, it was
expected to see some recovery but the conversion actually kept on decreasing and it reached
3%. It was proposed that the membrane provided the sites for methane oxidation but after the
poisoning, deposition of sulphur caused change in the properties of the membrane and
therefore the sites for methane oxidation was lost. Characterisation techniques revealed that
the surface was poisoned by metal sulphate and it likely that the adsorbed sulphur did not
regenerate after hydrogen sulphide removal but it was further transformed to metal sulphate.
The suggested mechanisms for hydrogen sulphide poisoning during methane oxidation is

given in Figure 6.10.
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Figure 6.10. Proposed mechanisms for hydrogen sulphide poisoning during methane
oxidation using LSCF6428 membrane

6.4 Recovery of the membrane after sulphur poisoning

Thermal, mechanical and chemical methods were discussed before in chapter 4 to restore the
membrane after hydrogen sulphide poisoning. The thermal technique was not practical
because a temperature of 1600°C is required to decompose strontium sulphate and that
temperature is enough to melt down the membrane [209]. The mechanical method of surface
sanding did not work neither because the membrane was very fragile. The only method which
helped in improving the recovery was hydrogen treatment. After hydrogen sulphide poisoning
during air separation, use of 1% (mol) of hydrogen for 20 h doubles the recovery from 6 to
12%. In this section, the membrane which was poisoned by hydrogen sulphide during
methane oxidation had been treated with hydrogen and changes of methane conversion were

monitored.

Experimental setup: the experiment consisted of 6 steps as shown in Figure 6.11. Step 1 to
step 4 was a repeatability of previous experiment where in step 1 air and argon were fed at
900°C with flow rates of 20 ml min™ (STP). In step 2, 1% (mol) of methane was fed and
conversion was calculated. Step 3 involved introduction of hydrogen sulphide (200 ppm)
along methane for 100 h and changes in the conversion were observed. In step 4, hydrogen
sulphide was removed and conversion was measured. In step 5, methane was replaced with a

stream containing 1% (mol) of hydrogen (balance argon) and kept for 24 h at 20 ml min™
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(STP). The stream was then replaced with methane (step 6) to see if hydrogen improved the

conversion.
Ar
Ar CH, (1%) Ar Ar Ar
Ar CH, (1%) H,S (0.02%) CH, (1%) H, (1%) CH,(1%)
— — — — —
Air Air Air Air Air Air

Figure 6.11. Experimental setup to restore the membrane after hydrogen sulphide poisoning
during methane oxidation.

Results and discussion: in step 1 where air and argon were fed, oxygen flux was 0.19 ml
cm? min™ as shown in Figure 6.12. After methane introduction (step 2), the flux decreased to
0.14 ml cm™? min™ and conversion was 20% after 16 h. It was expected to see better flux in
step 2 but it looks like the membrane was not fully activated and it needed more time. When
hydrogen sulphide was fed (step 3), methane conversion decreased to 7% within hours but it
was recovering and it reached a steady value of 14% after 15 h of hydrogen sulphide

exposure. Oxygen flux was also increasing and a constant value of 0.10 ml cm™ min™ was

e I 0
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Figure 6.12. Hydrogen treatment to regenerate LSCF6428 membrane after hydrogen sulphide
poisoning (200 ppm) during methane oxidation at 900°C.
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achieved after 45 h. When hydrogen sulphide was no longer fed (step 4), the conversion
decreased to 3% and remained at that value while the flux dropped to 0.02 ml cm™ min™. In
step 5 where the surface was treated with hydrogen, the flux jumped to 0.07 ml cm™? min™
after 22 h. After swapping hydrogen with methane (step 6), the conversion indeed increased
and it was steady at 9%. To confirm that the data was repeatable, the experiment was

conducted again and similar results were obtained (Figure B.6, Appendix B).

Characterisation: after operation, the membrane was examined by SEM and compared to the
non-treated membrane, hydrogen managed to remove some of the deposits and LSCF6428
surface was visible as shown in Figure 6.13. The treated membrane was also analysed by EDS
and sulphur amount was reduced from 13 to 9% (atomic) as given in Table 6.5. Metals such
as lanthanum, cobalt and iron were also measured after the treatment. XRD detected sharp
peaks of the perovskite structure with weak signals of sodium sulphate as shown in Figure
6.14. Furthermore, XPS showed that sulphur content was also decreased from 11 to 7%

(atomic) as given in Figure 6.15.

Characterisation techniques revealed that the regeneration process took place and hydrogen
was beneficial for restoring some of the surface. In the following section, more studies were
conducted on hydrogen sulphide poisoning during methane oxidation to know more about the

mechanism.

Figure 6.13. Changes of the poisoned surface of LSCF6428 membrane by hydrogen sulphide
(200 ppm) during methane oxidation with no treatment (left) and after treatment (right) using
1% (mol) of hydrogen for 24 h.
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Table 6.5. EDS analysis of the poisoned membrane by hydrogen sulphide during methane
oxidation before and after treatment using 1% (mol) of hydrogen.

Element (atomic %)

Membrane
La Sr Co Fe (0] C S Na
Before treatment 0 2 0 0 57 0 13 28
After treatment 3 4 1 4 49 7 9 23
¢
— Methane-side
— Air-side
4 Perovskite
— *: Gold
S ®: Sodiumsulphate
Y]
N ¢
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‘»
T N
E ¢
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Figure 6.14. XRD analysis of the poisoned membrane by hydrogen sulphide during methane
oxidation before and after hydrogen treatment of 1% (mol) for 24h.
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Figure 6.15. XPS analysis of the poisoned membrane by hydrogen sulphide during methane
oxidation before and after hydrogen treatment (1% mol) for 24 h.

6.5 More studies on hydrogen sulphide poisoning during methane oxidation

It was proposed that the non-zero conversion during methane oxidation in presence of
hydrogen sulphide was related to hydrogen sulphide-methane reforming or decomposition of
methane and the membrane provided the catalytic sites for the reaction. To investigate more,
the poisoned membrane during air separation (chapter 4) was tested for methane oxidation in
existence of hydrogen sulphide. It is predicted that the poisoned membrane will still provide
the catalytic sites for methane decomposition and this will produce hydrogen and the later will

restore some of the flux.

Experimental setup: this experiment is considered as the longest one with seven steps as
demonstrated in Figure 6.16. In step 1, air and argon were fed (20 ml min™® STP, each) at
900°C to measure the starting flux and check for leak. After that (step 2), argon was switched
with hydrogen sulphide (200 ppm, balance argon) and kept for 100 h. In step 3, hydrogen
sulphide was no longer fed and argon was brought back to measure the recovery. In step 4,
argon was replaced with methane (1% mol, balance argon) to see if the poisoned membrane

can perform for methane oxidation. In step 5, methane was swapped with a steam containing
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1% (mol) methane with 200 ppm of hydrogen sulphide (balance argon) and the membrane
was exposed to that stream for another 100 h. In step 6, hydrogen sulphide was removed by
replacing the stream with methane only to notice the recovery. In the final step, argon was
brought back to compare with the starting flux of step 1. All flow rates were fixed at 20 ml
min™ (STP).

Ar
Ar Ar CH, (1%) Ar
Ar H,S (0.02%) Ar CH, (1%) H,S (0.02%) CH, (1%) Ar
L1 g 2 Bad 3 Ead 4 Ead 5 Ead 6 KEad 7 |
Air Air Air Air Air Air Air

Figure 6.16. Feeds configuration to test the poisoned membrane (by hydrogen sulphide during
air separation) for methane oxidation.

Results and discussion: the starting flux was 0.18 ml cm™ min™ and it went to zero once
hydrogen sulphide was introduced as shown in Figure 6.17. The membrane showed some sign
of recovery after hydrogen sulphide removal (step 3) and 6% of the starting flux was restored.

When methane was fed (step 4), the conversion was zero and oxygen flux remained at 8%. It
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Figure 6.17. Changes of oxygen flux of LSCF6428 membrane after hydrogen sulphide
exposure during air separation and methane oxidation for total of 200 h at 900°C.
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was predicted not to see any conversion because due to poisoning, the membrane properties
were altered and this caused loss of area which provided the reaction sites for methane
oxidation. In step 5 where hydrogen sulphide was fed along methane, the conversion jumped
to 10% and flux hit 39%. With time, both conversion and flux were slowly decreasing and
remained at 7% and 28%, respectively.

This experiment confirmed that the poisoned membrane can still be used for methane
oxidation and presence of hydrogen sulphide actually helped in restoring the membrane. The
proposed mechanisms in section 6.3 suggested that during hydrogen sulphide exposure along
methane, hydrogen sulphide-methane reforming or methane decomposition took place and the
membrane provided the catalytic sites for these reactions. The produced hydrogen then
regenerated some sulphur and this contributed in restoration of oxygen flux. When hydrogen
sulphide was removed and methane was kept (step 6), the conversion and flux moved back to
2% and 6%, respectively. Based on the suggested mechanisms, hydrogen sulphide-methane
reforming could not take place because of the absence of hydrogen sulphide and methane
decomposition was stopped due to the regeneration of metal sulphides. In step 7 of original
configuration (air and argon), the flux was steady at 8%. Interestingly, this value of oxygen
flux is higher than the one in step 3 after sulphur poisoning in air separation meaning that
presence of hydrogen sulphide along methane did not cause any further damage and instead, it
helped in restoring some of the flux. To confirm the reliability of the data, the experiment was

repeated and similar results were seen (Figure B.7, Appendix B).

Characterisation: the membrane surface was analysed by SEM and a new phase was
observed as given in Figure 6.18. EDS indicated that the phase was enriched with strontium
and sulphur suggesting strontium sulphate formation. The membrane was also characterised
by XRD and the phase was recognised as strontium sulphate as shown in Figure 6.19. XPS
detected amounts of sulphur and strontium as presented in Figure 6.20. Interestingly, the
characterisation techniques did not detect any sodium and this is the first time to see strontium
sulphate despite the use of gold-glass-ceramic sealant. It looks like the sealant was stable in

this experiment and it did not react with hydrogen sulphide.
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Figure 6.18. SEM and EDS analyses of LSCF6428 membrane after air separation and
methane oxidation in presence of hydrogen sulphide (200 ppm) for total of 200 h at 900°C.
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Figure 6.19. XRD analysis of LSCF6428 membrane after hydrogen sulphide exposure in air
separation and then methane oxidation for 200 h at 900°C.
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Figure 6.20. XPS analysis of LSCF6428 membrane after hydrogen sulphide exposure during

air separation and then methane oxidation for 200 h at 900°C.

6.6 Summary

In this chapter, LSCF6428 membrane was evaluated for long-term methane oxidation. First, it
was tested in a sulphur-free environment using a stream containing 1% (mol) methane and the
membrane achieved a steady conversion of 33% for 340 h. The gold-glass-ceramic sealant
was suitable for the reducing environment of methane and nitrogen leak was 0.02% (mol).
Characterisation techniques revealed that the membrane structure and composition did not
change and it is predicted that the membrane can be used for longer than 340 h without any
issue. When hydrogen sulphide (200 ppm) was introduced along methane, the conversion
dropped but remained at 15% for the whole duration of 100 h. It was expected not to see any
conversion during the exposure because from previous chapters, oxygen flux was zero once
hydrogen sulphide was fed. The non-zero conversion was interpreted by either hydrogen
sulphide-methane reforming or methane decomposition and the membrane provided the
catalytic sites these reactions. The produced hydrogen from these reactions recovered some
area and this restored part of the flux during the exposure. After removing hydrogen sulphide

and keeping methane in the feed gas, the conversion continued on decreasing and it reached
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3%. It was suggested that removal of hydrogen sulphide interrupted hydrogen production
because reforming could not take place and some metal sulphides were regenerated back to
oxides and therefore methane decomposition was stopped. Also, after hydrogen sulphide
exposure, the membrane properties were altered due to sulphur deposition and this may
reduce the sites for methane oxidation. To recover the membrane after hydrogen sulphide
poisoning, 1% (mol) of hydrogen was fed to the damaged surface for 24 h and indeed the
conversion increased from 3 to 9%. Longer duration or higher hydrogen concentration may be
required to improve the recovery process. Further study was done by exposing the membrane
to hydrogen sulphide during air separation and then methane oxidation for a total of 200 h.
After sulphur poisoning in air separation for 100 h, the membrane could not be used for
methane oxidation because the conversion was zero. However, when hydrogen sulphide was
fed along methane, the conversion jumped to 7% indicating that hydrogen sulphide actually
helped in restoring some of the flux and this was related to hydrogen sulphide-methane
reforming or methane decomposition. In the following chapter, LSCF6428 membrane was
modified by different methods for better stability under hydrogen sulphide during air
separation.
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Chapter 7. Modification of LSCF6428 Membrane for better
Stability under Hydrogen Sulphide

It was discovered that hydrogen sulphide impurity caused a major interruption to oxygen
transport in LSCF6428 membrane. During air separation, the impurity resulted in drop of
oxygen flux to zero and the flux could not be fully restored even when hydrogen sulphide was
removed from the feed gas. It was proposed that hydrogen sulphide was first oxidised to
sulphur dioxide and the later occupied the oxygen vacancy in the form of sulphur. With time,
presence of sulphur on the surface triggered strontium segregation to form strontium sulphate

and this permanently poisoned the vacancy.

Based on the suggested mechanism, the key to improve the membrane tolerance to hydrogen
sulphide is by preventing or reducing the adsorption rate of sulphur on the surface. This can
be achieved by adding a protective layer on the membrane to capture sulphur before it reaches
the permeating surface. Another way to increase the stability is by slowing down the

formation rate of strontium sulphate and this will greatly improve the recovery.

In this chapter, LSCF6428 membrane is modified and tested for air separation in existence of
hydrogen sulphide by three different approaches. In the first method, the membrane is pre-
contaminated by adding strontium sulphate during fabrication. The second method involves
using a sulphur-reactive material of zinc oxide over the membrane. In the third method, the

membrane is protected by a powder layer of LSCF6428 material.

7.1 Pre-contamination by strontium sulphate

Characterisation techniques revealed that exposing LSCF6428 membrane to hydrogen
sulphide produced strontium sulphate and this corrosion product was behind the permanent
loss of oxygen flux. One strategy to improve the stability is by delaying the formation rate of
strontium sulphate for better recovery. In this experiment, strontium sulphate was added to the
membrane during fabrication with different concentrations. The experiment gave information
about the possibility of the pre-added sulphur to poison the membrane. If the pre-
contaminated membrane was able to permeate oxygen, it may give better tolerance under
hydrogen sulphide because the presence of the pre-added strontium sulphate may slowdown

sulphur adsorption or strontium segregation.
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Experimental setup: three membranes were prepared for this experiment and they had
different concentrations of strontium sulphate. The first membrane was made by adding 1.5 ¢
of LSCF6428 powder to 1.6 mg of strontium sulphate so that the modified membrane would
have 1000 ppm or 0.1% (weight) of strontium sulphate. In the second membrane, 1.5 g of
LSCF6428 powder was added to 16 mg of strontium sulphate to have a membrane with 1%
(weight) of strontium sulphate. The third membrane contained 10% (weight) strontium
sulphate by adding 1.5 g of LSCF6428 powder to 160 mg of strontium sulphate. The mixtures
were then ball milled for 5 min for better mixing and pressed at 3 tons then sintered at 1250°C
for 5 h using a ramping rate of 1°C min™. The membranes were sealed with gold-glass-
ceramic sealant and heated to 900°C using feeds of air and argon (20 ml min™ STP, each).
After that, the pre-contaminated membranes were exposed to 200 ppm of hydrogen sulphide

for 100 h. Hydrogen sulphide was thereafter removed and recovery was measured.

Results and discussion: the pre-contaminated membranes were still permeating oxygen and
their fluxes were similar to the non-modified membranes as shown in Figure 7.1. For instance,
oxygen flux reached 0.33 ml cm™ min™ even if the membrane was contaminated with 10% of

strontium sulphate. This indicates that sulphur (from the added strontium sulphate) did not
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Figure 7.1. Modification of LSCF6428 membrane by adding 0.1, 1 and 10% of strontium
sulphate during fabrication and the stability under hydrogen sulphide (200 ppm) at 900°C.
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find its way to the surface and blocked the vacancies. High chemical stability of strontium

sulphate could prevent sulphur from reaching the vacancies.

Unfortunately, introduction of hydrogen sulphide to the pre-contaminated membranes resulted
in drop of oxygen flux to zero as given in Figure 7.1. After hydrogen sulphide removal from
the feed, the pre-contaminated membranes showed a recovery of 11 to 33% and this is within

the recovery of the non-modified membranes.

Based on this experiment, solid-phase contamination by strontium sulphate prior to hydrogen
sulphide exposure did not cause any signification reduction in oxygen flux. However, the
contaminated membrane did not show any stability improvement toward hydrogen sulphide.

7.2 Use of zinc oxide bed

Industrially, zinc oxide guard-bed is used to remove hydrogen sulphide from natural gas prior
to oxidation [227, 228]. The technology can cut down the concentration of hydrogen sulphide
to 0.1 ppm [229]. Actually, zinc oxide captures sulphur by the reaction with hydrogen
sulphide to form zinc sulphide and water as demonstrated in Equation 7.1. The poisoned bed
can be then regenerated back to zinc oxide at temperature of 450°C as given in Equation 7.2
[230]. Even if zinc sulphate was formed, it can be decomposed to zinc oxide and sulphur
dioxide at temperature of 615°C (Equation 7.3) [231]. In our experiments, the operating
temperature is 900°C and this temperature should be enough to decompose zinc sulphide and
zinc sulphate. Therefore, poisoning and regeneration could occur at simultaneously and this

may prevent sulphur from reaching the membrane.

ZnS(sy +3/5 02,y = ZnOs) + S0, (7.2)
IS0, = Zn0gs) + S0y, + 1/, 0, (7.3)

Experimental setup: LSCF6428 membrane was fabricated by weighing 1.5 g and pressing at
3 tons. The membrane was sintered at 1250°C for 5 h with a ramping rate of 5°C min™. Next,
zinc oxide powder of one gram was diluted in 8 ml of ethanol to have a solution containing
16% mass concentration of zinc oxide. Portion of the solution was applied over the membrane
surface using a brush. The solution was kept to dry for few hours. Following, the composite

membrane was weighed and zinc oxide accounted for 0.15 g. The composite membrane was
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sealed using gold-glass-ceramic sealant and then heated to 900°C using flows of air and argon
at 20 ml min (STP), each. Argon was swapped with hydrogen sulphide (200 ppm, balance

argon) for 100 h and after that argon was brought back to measure the recovery.

Results and discussion: the starting flux was relatively low at 0.08 ml cm™ min™ as shown in
Figure 7.2. This could be related to zinc oxide covering some membrane area. After few hours
of hydrogen sulphide presence, oxygen flux dropped to nearly zero and it remained at that
value for the whole duration. This reduction in oxygen flux is almost similar to the non-
modified membrane. It looks like the poisoning rate was too rapid compared to the
regeneration and therefore hydrogen sulphide reached the membrane surface quickly. When
hydrogen sulphide was no longer fed, recovery reached 16% and this value is within the non-

modified membrane.

Characterisation: After operation, the guard bed was analysed by XRD and it consisted of
zinc oxide with no sign of zinc sulphide or sulphate as shown in Figure 7.3. It is feasible that
the bed adsorbed sulphur during the exposure and the bed was regenerated back to zinc oxide

once hydrogen sulphide was removed from the feed. The operating temperature of 900°C
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Figure 7.2. Composite LSCF-ZnO membrane for air separation under hydrogen sulphide (200
ppm) for 100 h at 900°C.
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Figure 7.3. XRD analysis of LSCF-ZnO membrane after hydrogen sulphide poisoning (200
ppm) for 100 h at 900°C.

should be enough to decompose sulphides and sulphates of zinc as mentioned before.
Interestingly, XRD detected peaks of sodium sulphate and it is possible that the x-ray beam
was deep and it hit the membrane surface.

As discussed, the concept of using zinc oxide did not work experimentally but theoretically it
should work because the guard-bed is used in industry for hydrogen sulphide capture. It is
reported that zinc oxide has a pickup capacity of hydrogen sulphide near 20% (weight) at
temperatures of 350 to 400°C [232]. In this experiment 0.15 g of zinc oxide was used and this
amount should adsorb 0.03 g of hydrogen sulphide based on the previous statement. Argon
containing 200 ppm of hydrogen sulphide was fed in this experiment at 20 ml min™ and this
gave 0.005 mg min™ of hydrogen sulphide (assuming gas density of 1.4 g L™ [233]). By
dividing the capacity of zinc oxide (0.03 g) over the mass flow rate of hydrogen sulphide
(0.005 mg min™), the guard-bed should adsorb hydrogen sulphide for 100 h. However, this
was not the case and introduction of hydrogen sulphide caused drop of oxygen flux to nearly
zero within few hours as shown in Figure 7.2. It is possible that the reaction of zinc oxide

with hydrogen sulphide did not take place at all due to the high temperature of 900°C. It was
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later found that the bed was not suitable for sulphur capture above 750°C due to

decomposition of zinc oxide to vapour zinc [234].

7.3 Dual-layer LSCF6428 membrane

Until now, pre-addition of strontium sulphate or use of zinc oxide bed was not helpful in
improving the tolerance toward hydrogen sulphide. In this section, powder of LSCF6428
material was added over the dense membrane not only to protect it from hydrogen sulphide,
but also to study the effect of physical phase on the poisoning mechanism. The added powder
can provide a larger surface area and it may act as a sieve or scavenger to trap sulphur before

reaching the permeating surface.

Experimental setup: dense LSCF6428 membrane was prepared by weighing 1.5 g of powder
and then pressed at 3 tons. Before sintering, 0.5 g of membrane powder was placed over the
dense membrane. The dual-layer membrane was then sintered at 1250°C with a ramping rate
of 5°C min™. After sintering, the powder was adhered to the dense surface as shown in Figure
74.

Results and discussion: the starting flux of the dual-layer membrane was 0.26 ml cm™ min™
and this value is within the flux of the non-modified membrane. After exposing the dual-layer
membrane for few hours to hydrogen sulphide, the flux slightly decreased to 95% of its
original value which is great. The flux was steady for 33 h but after that, it dropped to 2% and
remained at that value as shown in Figure 7.5. It seems that hydrogen sulphide was busy

poisoning the powder for the first 33 h and after that it managed to reach the permeating

surface.
<— Powder
layer
Powder layer
Dense layer
Dense——
layer

Figure 7.4. Dual-layer LSCF6428 membrane consisting of powder and dense layers.
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Figure 7.5. Oxygen flux of the dual-layer membrane for air separation under hydrogen
sulphide impurity (200 ppm) for 100 h at 900°C.

After hydrogen sulphide removal from the feed, the membrane was recovering and 29% of the

flux was restored.

Characterisation: after operation, the powder of the dual-layer membrane was analysed by
XRD to observe any changes. Surprisingly, strong perovskite peaks were detected with weak
signals of strontium sulphate as shown in Figure 7.6. Based on that, the good stability of the

dual-layer membrane for the first 33 h and the reduction of flux after that can be explained by:

e Mechanism 1: reaction of hydrogen sulphide with the powder was very slow due to the
low concentration of oxygen vacancies. In this experiment, the powder was not in direct
contact with air (high oxygen partial pressure) and this may reduce the tendency to create
more vacancies. Also, the powder was sintered before operation and this may result in
lower porosity. Therefore, the powder may act as a molecular sieve rather than a
sacrificial surface and this slowed down hydrogen sulphide movement.

e Mechanism 2: hydrogen sulphide was rapidly adsorbed on the powder in the form of
sulphur. With time, the powder reached the maximum capacity and it cannot take any
further sulphur. Most of the adsorbed sulphur did not transform to strontium sulphate

because from chapter 5, it was discovered that high oxygen partial pressure is needed
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Figure 7.6. XRD analysis of the powder of dual-layer LSCF6428 membrane after hydrogen
sulphide poisoning of 100 h at 900°C.

for strontium sulphate formation. When the impurity was no longer fed, the adsorbed sulphur

was regenerating and the surface was restored.

Both mechanisms suggest that hydrogen sulphide poisoning depends also on the phase of the
membrane and this was evidenced by XRD. The powder membrane received minor damage

after the exposure and this was could be related to the low oxygen partial pressure.

7.4 Summary

In this chapter, LSCF6428 membrane was modified by three methods for better tolerance
under hydrogen sulphide. Unfortunately, none of these methods showed a better stability for
long-term operation of 100 h because the flux reached zero during the exposure. The first
technique involved addition of strontium sulphate at different concentrations of 0.1, 1% and
10% (weight) during membrane fabrication. It was found that the pre-contaminated
membranes were still permeating oxygen and their fluxes were within the non modified ones.
This implied that that sulphur from the pre-added strontium sulphate did not find its way to

the surface to poison the vacancy due to the chemical stability of strontium sulphate. The
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second method to improve the membrane stability was associated with the addition of zinc
oxide as a guard bed over the membrane surface. The technique is used in industry to treat
natural gas by the reaction of zinc oxide with hydrogen sulphide to form zinc sulphide. The
bed should be regenerated at the operating temperature of 900°C however results showed that
the bed was unstable and hydrogen sulphide managed to reach the permeating surface within
few hours. In the third method, powder of LSCF6428 material was added and sintered over
the dense membrane to see if the powder can trap sulphur before reaching the permeating
surface. Results indicated that the modified membrane was stable under hydrogen sulphide for
33 h and oxygen flux was 95%. But after that, the flux was zero. The powder was
characterised by XRD afterwards and it contained a few amounts of strontium sulphate and
the remaining was LSCF6428. Two mechanisms were proposed and the first one suggested
that the reaction of hydrogen sulphide with the powder was slow due to the low concentration
of oxygen vacancies and the powder acted as a molecular sieve. The second mechanism
suggested that hydrogen sulphide was rapidly adsorbed on the membrane surface until
maximum capacity was reached. After hydrogen sulphide removal, sulphur was regenerated

and LSCF powder was restored.

At this stage, LSCF6428 membrane could not be modified to withstand hydrogen sulphide
impurity for long-term operation. This because the oxygen vacancies, which provide the path
for oxygen transport, are easily susceptible to sulphur poisoning and this step is difficult to
control. One solution is to purify the streams from hydrogen sulphide before feeding them to
the membrane. However, based on this study, it is predicted that even low concentration of
hydrogen sulphide (e.g., 1 ppm) will cause significant changes in oxygen flux. Further
purification of the streams could be costly and this may affect the choice of using the

membrane in industry.
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Chapter 8: Conclusions and Future Work

In this study, ceramic membrane made of the mixed ionic-electronic conductor
LagSro4C0p2Feps03.5 had been investigated for oxygen separation under the presence of
industrial impurities such as hydrogen sulphide. The membrane was fabricated in the form of
disc and fitted inside the reactor by gold-glass-ceramic sealant which provided a gas-tight
system for 963 h. During air separation, oxygen flux was stable at 0.45 ml cm™ min™ for 450
h and this value is higher compared to those reported in literature within the same setup. This
is due to the new sealant which gave a leak-free system and therefore increased the driving
force for oxygen transport. When hydrogen sulphide (200 ppm) was fed in the inert side,
oxygen flux dropped to zero within hours and remained at that value for the whole period of
100 h. After stopping feeding hydrogen sulphide, the membrane showed a sign of recovery
but only 6 to 35% of the starting flux was restored. It was proposed that, during the exposure,
sulphur was adsorbed on the membrane surface and oxygen vacancies could be attractive for
sulphur due to the similarity in oxidation state. Occupying these vacancies resulted in
immediate decrease in oxygen flux. It was found that with time, strontium segregates to
sulphur to form irreversible layer of strontium sulphate and this compound was behind the
permanent loss of the vacancy.

Thermal, mechanical and chemical methods were reviewed to restore the oxygen flux after
sulphur poisoning. Strontium sulphate required a temperature of 1600°C but this temperature
is enough to melt the membrane. The mechanical method was not suitable because the
membrane was very fragile and it broke immediately after sanding. Chemical treatment such
as purging the exposed surface with 1% (mol) of hydrogen for 20 h improved the recovery
from 6 to 12%. However, the regeneration process was very slow and therefore longer

duration or higher concentration of hydrogen may be required for better recovery.

More studies on hydrogen sulphide were carried out to determine the parameters that critically
affect the mechanism. It was discovered that exposure time is a strong function of the
mechanism and if the membrane was exposed to short term of one hour, the oxygen flux will
be fully restored. This implied that sulphur poisoning consists of two steps; rapid adsorption
of sulphur on the membrane surface causing zero flux (reversible step) and segregation of

strontium towards sulphur to form strontium sulphate (non-reversible step). Hydrogen
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sulphide poisoning was also performed at different temperatures of 800 to 950°C and it was
found that operating at high temperature was favourable because the recovery was higher.
However, in all temperatures, the oxygen flux was still zero during the exposure.
Furthermore, LSCF6428 membrane was tested at various concentrations of hydrogen sulphide
(50 to 200 ppm) but in all cases the oxygen flux was again zero during the presence of
hydrogen sulphide. Based on these results, it is expected that hydrogen sulphide will cause a

significant change in oxygen flux even in very low concentration of 1 ppm.

Impact of oxygen partial pressure on sulphur mechanism was also studied and it played a
major role in the reversibility of the poisoning. Oxygen partial pressure in the air side was
reduced from 0.21 to 0.01 bar and this greatly improved the recovery to 90%. The importance
of oxygen was related to strontium sulphate formation which requires an external source of
oxygen. Lowering the oxygen partial pressure during sulphur poisoning can be used as a
strategy to reduce the damage but if oxygen partial pressure was zero, the membrane would
fail due to the increase in leakage rate. This was related to the loss of lattice oxygen causing

membrane expansion.

In the second part of the thesis, LSCF6428 membrane was used for hydrogen production by
methane oxidation and it showed an outstanding stability for 350 h and average methane
conversion of 33%. Compared to literature, the membrane showed the highest conversion and
the longest duration. This superior performance was strongly related to the new gold-glass-
ceramic sealant which was suitable for the reducing environment of methane. When hydrogen
sulphide was fed along methane, the conversion dropped to 11% within hours and it remained
at that value. Adsorption of sulphur on the membrane surface was behind the reduction in
flux. After stopping feeding the impurity, the conversion kept on decreasing and it reached
3%.

Two mechanisms were proposed to explain the non-zero conversion during hydrogen sulphide
presence and the first one suggested that hydrogen sulphide-methane reforming took place
and the membrane provided the catalytic sites. The produced hydrogen then regenerated some
oxygen flux during the exposure. On the other hand, the second mechanism advised that
methane decomposition to carbon and hydrogen occurred and the adsorbed sulphur (in the
form of metal sulphide) acted as a catalyst. After hydrogen sulphide removal from the feed,
the conversion kept on decreasing because the adsorbed sulphur could be further poisoned to
metal sulphate instead of regenerating. After sulphur poisoning during methane oxidation, the
membrane was treated for 24 h of 1% (mol) hydrogen and the conversion increased from 3 to
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9%. Longer treatment period may be required for better recovery because the regeneration

process was very slow compared to the poisoning.

The poisoned membrane by hydrogen sulphide during air separation was tested for methane
oxidation to see if the poisoned membrane can still be used. Results showed that the pre-
poisoned membrane cannot be used for methane oxidation because the conversion was zero
but surprisingly, when hydrogen sulphide was fed, the conversion jumped to 8% and this can
support the previous statement that the non-zero conversion during hydrogen sulphide was not
related to oxygen flux but to the membrane which promoted hydrogen sulphide-methane

reforming or methane decomposition.

The key to improve the membrane tolerance to hydrogen sulphide is by reducing the
adsorption rate of sulphur on the membrane surface or slowing down strontium sulphate
formation. To achieve that, the membrane was modified by three different methods for better
oxygen flux during air separation in presence of hydrogen sulphide. The first method involved
addition of strontium sulphate with different concentrations of 0.1, 1 and 10% (weight) to the
membrane during fabrication. These pre-contaminated membranes were able to permeate
oxygen and the fluxes were close to the non-modified ones. This indicated that sulphur from
the pre-added strontium sulphate did not poison the vacancies because of the chemical
stability of strontium sulphate. When hydrogen sulphide was fed, oxygen fluxes of the pre-

contaminated membranes were zero implying that the technique did not improve the stability.

In the second method, the membrane was guarded by zinc oxide and the powder was placed
over the dense membrane. Zinc oxide is widely used in industry for hydrogen sulphide
capture and the bed can be regenerated at temperature of 450°C. The modified membrane was
tested for hydrogen sulphide but unfortunately, the flux decreased to zero after few hours. It
was suggested that the guard bed was not stable at 900°C due to the decomposition of zinc

oxide to vapour zinc.

In the third method, the membrane was protected by a powder layer of the same material
which can capture sulphur before reaching the permeating surface. Results show that indeed
the stability was improved and oxygen flux was 95% during the exposure for 33 h but after
that, the flux decreased to zero. The powder was characterised after operation and low
amounts of strontium sulphate were detected. This was explained by the slow adsorption rate
of sulphur on the powder due to the low concentration of oxygen vacancies because the
powder was not in direct contact with air and accordingly, the powder acted as a molecular

sieve. Other explanation suggested that adsorption of sulphur actually occurred but strontium

111



Chapter 8: Conclusions and Future Work

sulphate formation was slow due to the absence of high oxygen partial pressure. Therefore,

most of the powder was regenerated after hydrogen sulphide removal.

As a conclusion, hydrogen sulphide impurity caused total immobilisation of oxygen transport
and it permanently damaged most of the membrane surface. Based on this study, it is
predicted that hydrogen sulphide will cause signification change in oxygen flux even in low
concentration of 1 ppm. Therefore, for LSCF6428 membrane to work properly, the
environment should be free from sulphur otherwise the membrane is useless. It was difficult
to modify the membrane for better stability because oxygen vacancies were easy susceptible
to hydrogen sulphide and it is difficult to control that step. Industrially, the membrane can be
used for air separation because it is rarely to have hydrogen sulphide in inert or air streams.
However, for hydrogen production by methane oxidation, natural gas is usually contaminated
by hydrogen sulphide and therefore it is not advised to use the membrane. Further purification
of natural gas to totally remove hydrogen sulphide could be costly and this may affect the

economics of using the membrane for hydrogen production.

8.1 Future Work
The following points may alter the poisoning mechanism of hydrogen sulphide:

e Catalyst: methane oxidation was performed in no catalyst and using a catalyst can
boost the conversion to over 90% and sulphur poisoning may differ because the first

target could be the catalyst instead of oxygen vacancies.

e Membrane geometry: disc membrane was only used in this study but in industry,
tubular (hollow-fibre) shape is more desired because of the high surface area. Also, it
has a temperature profile along the tube and therefore sulphur poisoning could be
different.

e Methane concentration: in this study, methane concentration was diluted to 1% due to
safety issues. Operating at 100% methane with 200 ppm hydrogen sulphide could give

different results.
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e Other impurities: methane oxidation was performed in presence of hydrogen sulphide
only but natural gas usually contains other impurities such as carbon dioxide and

water. Combination of all impurities may alter the poisoning mechanism.
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Appendix A: Long-term stability of gold-glass-sealant

In this study, a new sealant was developed consisting of gold paste and 20% LSCF6428
powder in waterglass. The sealant was tested for long term operation of ca. 1000 h and
nitrogen leak was almost zero as shown in the figure below. Air and argon were fed at flow
rate of 20 ml min™® (STP) and temperature was at 900°C. The increase in oxygen flux

indicates that the membrane was activating and the glass from the sealant did not cover the

membrane.
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Figure A.1. Analysis of the product gas during air separation using LSCF6428 membrane
sealed with gold-glass-ceramic sealant at 900°C.
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Appendix B: Repeatability of experiments

To make sure that the data is reliable, most of the experiments were repeated and similar

results were obtained. In this appendix, the following experiments were re-conducted:

Oxygen flux of LSCF6428 membrane for air separation during hydrogen sulphide
impurity (200 ppm) in inert side for 100 h at 900°C.

Oxygen flux of LSCF6428 membrane after 24 h of hydrogen sulphide exposure (200
ppm) during air separation at 900°C.

Changes of oxygen flux of LSCF6428 membrane during hydrogen sulphide poisoning
(200 ppm) using 1% (mol) oxygen instead of air at 900°C.

Increase in leak of LSCF6428 membrane after hydrogen sulphide poisoning (200
ppm) in absence of oxygen source for 100 h at 900°C.

Methane oxidation by LSCF6428 membrane in presence of hydrogen sulphide (200
ppm) for 100 h at 900°C.

Use of 1% (mol) hydrogen to restore LSCF6428 membrane after hydrogen sulphide
poisoning (200 ppm) during methane oxidation at 900°C.

Use of the pre-poisoned membrane by 100 h of hydrogen sulphide (200 ppm) during

air separation for methane oxidation.
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Figure B.1. Oxygen flux of LSCF6428 membrane for air separation during hydrogen sulphide
impurity (200 ppm) in inert side for 100 h at 900°C (repeatability of Figure 4.6).
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Figure B.2. Oxygen flux of LSCF6428 membrane after 24 h of hydrogen sulphide exposure
(200 ppm) during air separation at 900°C (repeatability of Figure 5.2).
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Figure B.3. Changes of oxygen flux of LSCF6428 membrane during hydrogen sulphide
poisoning (200 ppm) using 1% (mol) oxygen instead of air at 900°C (repeatability of
Figure 5.7).
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Figure B.4. Increase in leak of LSCF6428 membrane after hydrogen sulphide poisoning (200
ppm) in absence of oxygen source for 100 h at 900°C (repeatability of Figure 5.10).
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Figure B.5. Methane oxidation using LSCF6428 membrane in presence of hydrogen sulphide
(200 ppm) at 900°C (repeatability of Figure 6.6).
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Figure B.6. Use of 1% (mol) hydrogen to restore LSCF6428 membrane after hydrogen
sulphide poisoning (200 ppm) during methane oxidation at 900°C (repeatability of
Figure 6.12).

135



Appendix

0.12 1 R 1 1.0
‘ 1 | - [—e=0, flux
I XKK % |-o N, leak
0.10 + ; O 0, o\o
‘:I|-\ [m] HZ T 0.8 6
= i A CO
= % co, E
o 008 1 o =
1 4 O
£ Ar | 106
2 I H,S (0.02%) A o z
E 006 + 2
X Air boOAIr Air S
2 r ' Ar : 1 04 o
= [ cH, %) i
S 0.04 + iH,S (0.02%? o
4 i . B
6 Air L o2 -g
4 : E
0.02 &d@ | =
o 5 8
0.00 - - — Ol GeRe o0 0.0
0 50 100 150 200 250 300

Figure B.7. Use of the pre-poisoned membrane by 100 h of hydrogen sulphide (200 ppm)
during air separation for methane oxidation (repeatability of Figure 6.17)
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Appendix C: Impact of sulphur dioxide impurity on oxygen

permeation of LSCF6428

In chapter 4 section 2, it was suggested that hydrogen sulphide environment was changed to
sulphur dioxide when it was fed to LSCF6428 membrane during air separation. Hydrogen
sulphide can react with the permeated oxygen to form sulphur dioxide. To confirm that
hydrogen sulphide was actually changed to sulphur dioxide, LSCF6428 was tested for sulphur
dioxide impurity of 200 ppm in inert side at 900°C with flow rates of 20 ml min™ (STP).
Figure C.1 shows that oxygen flux was zero during the exposure and part of the flux was
restored after sulphur dioxide removal. This change in oxygen flux is similar to what was seen

in case of hydrogen sulphide.
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Figure C.1. Changes of oxygen flux of LSCF6428 membrane during air separation in
presence of sulphur dioxide (200 ppm) for 100 h at 900°C.
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Appendix D: Increase in nitrogen leak after flow switching

in LSCF6428 membrane

In chapter 4 section 3, flows were switched after hydrogen sulphide attack to see if feeding air
to the poisoned surface can regenerate some sulphur from the membrane surface. However,
results showed that the membrane actually failed due to the increase in nitrogen leak from
0.07 to 0.58% (mol). To see whether hydrogen sulphide caused the leak, the experiment was
repeated in a sulphur-free environment. LSCF6428 membrane was first heated to 900°C using
air and argon at 20 ml cm? min™ (STP), each. After that, flows were switched by feeding air
in the inert side and argon in the air side. Result is given in Figure D.1 but the leak still
increased after switching indicating that the issue was from the membrane itself not from

hydrogen sulphide.
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Figure D.1. Increase in nitrogen leak in LSCF6428 membrane after flow switching by
introducing air in “inert side” and argon in “air side” at 900°C.
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Appendix E: Increase in nitrogen leak after hydrogen sulphide

poisoning in absence of oxygen

In chapter 5 section 5, exposing the membrane to hydrogen sulphide without the supplement
of oxygen caused sharp increase in nitrogen leak from 0.02 to 2.1% (mol). It was suggested
the membrane continued in expansion due to the loss of oxygen from the bulk membrane and
this resulted in membrane expansion. Because the membrane was gas-tight sealed, it may not
expand freely and therefore the membrane cracked. In this experiment, effect of sealant on the
increase in leak was investigated by using silver sealant instead of gold-glass-ceramic sealant.
LSCF6428 membrane was heated to 900°C using air and argon at 20 ml cm™ min™ (STP),
each. After that, air was no longer fed and argon was replaced with hydrogen sulphide (200
ppm in argon) for 100 h. After that, air and argon were brought back. Result is shown in
Figure E.1 and the leak still increased after sulphur poisoning. This experiment may suggest

that the membrane itself cracked due to the loss of oxygen.
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Figure E.1. Increase in nitrogen leak in LSCF6428 membrane after hydrogen sulphide
exposure in absence of oxygen at 900°C using silver sealant.
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An oxygen transport membrane made from Lag aSto 400 2Feas0s
tion by oxygen permeation at 900 *C with the introduction of sulfur in the form of hydrogen sulfide. 200 ppm of
hydrogen sulfide was fed either in the sweep-side (argon-side) or the air-side. The membrane was exposed to
hydrogen sulfide for 100 h. Results show that the presence of hydrogen sulfide negatively influenced the oxygen
permeation due to the formation of strontium sulfate blocking the oxygen permeation pathway. When the
hydrogen sulfide was removed from the system, the oxygen permeation was partially restored in the case of
argon-side contamination, while being fully restored in the case of air-side contamination,

& (LSCFG428) has been tested for air separa-

@ 2014 Elsevier BV. All rights reserved.

1. Introduction

Attention has recently turned to the investigation of new processes
to produce large scale, high purity hydrogen. Currently, the main
process is the energy intensive steam reforming of methane (SRM) to
praduce synthesis gas, a carbon monoxide and hydrogen mixture,

CHyg) + Hy0,5,—C0,g, + 3Hyq. (1

Careful control of the rate of supply of oxygen can facilitate the exo-
thermic partial oxidation of methane (POM) to also produce syngas
with the hydrogen to carbon monoxide ratio of two-to-one,

CH-!-gu"’ I-"202||;|_‘C0|g|"'2H2|g|' (2)

The POM process has advantages over SEM as it does not require
heat to initiate the reaction and it overcomes chemical equilibrium
limitation, However, the high cost of cryogenic units, to produce high
purity oxygen, greatly influences the economics of this process. As an al-
ternative, the emerging oxygen transport membrane (OTM) technology
can be integrated in the POM process to offer the following features as
they: (i) produce oxygen with 100% purity, (ii) provide a catalytic,
active surface area for the reaction and (iii) reduce the oxygen produc-
tion costs by 35% compared to cryogenic distillation [ 1-5]. Investigation
of OTM materials is currently based on mixed oxygen ion and electron
conducting (MIEC) perovskite-type metal oxides of general formula
(ABO;). These materials can be formed into gas-tight membrane

* Corresponding author. TeL: + 44 191 222 5279; fax: +44 191 222 5292,
E-mail address: | Metcalfe@newcastheacuk (LS. Metcalfe ).

D167-2738/3 - see front matter © 2014 Elsevier BV, All rights reserved,
http:/decdoiorg 10,1016/).551.2014.01.011

structures and possess, theoretically, 100% selectivity to oxygen
transport. The oxygen is transported via mobile point-defect oxygen
vacancies (V) under an oxygen chemical potential difference across
the membrane.

In order for this technology to be transferred from the research
environment to the industry, the long term durability of OTMs must
be tested under simulated, severe operating conditions for prolonged
periods of time, The main issues are: (i) segregation of constituent
oxides (kinetic demixing) often leading to the formation of new phases
at the surfaces, (i) reaction of constituent oxides with traces of acid gas-
ses e, COy, SO; and H,S present in the hydrocarbon feed (e.g., natural
gas) to form carbonates, sulfates and sulfides, and (iii) reaction of
products with the OTM [6-11], These mechanisms can act to reduce
the performance of the OTM in the long term and may give rise to failure.

In this contribution we focus on the impact of hydrogen sulfide on
the oxygen transport properties of Lag Sty 4CopFens0s - ; (LSCF6428)
planar membranes introduced on one side of the membrane. Post-
operation analyses using SEM-EDS, XRD and XPS on the OTM exposed
surface are reported.

2. Experimental
2.1. Membrane reactor and oxygen permeation studies

The gas-tight, LSCF6428 disk membrane (nominally of diameter
1.6 cm and 0.18 cm thickness, geometric area of 2.1 cm?) was fabricat-
ed from commercial powder { Praxair). Approximately two grams of the
powder were weighed and transferred to a steel die with a diameter of
2 cm. The die was then inserted into 2 mechanical press (Specac, Atlas
Power T25) and pressed (3 tonnes) to form the green membrane. The
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Flg. 1. Oxygen permeation of LSCF6428 membrane after introduction of hydrogen sulfide
(200 ppm in argon) in the argon-side at 900 “C. The permeation was partially restored
after removal of hydregen sulfide feed.

membrane was then sintered at 1250 °C using a box furnace (Carbolite,
RHF1500) for five hours. The membrane reactor or membrane module
was fabricated from quartz with alumina tubing employed internally.
The LSCFG428 active membrane was sealed to the alumina tube using
silver paste (Fuel Cell Materials, Ag-1) chosen for the long-term experi-
ments because of its high stability compared to glass and ceramic seal-
ants [12]. Synthetic air (20.5% 0, 79.5% N3) was used as the source
of oxygen for the air-side while argon (99.999%) was used for the
sweep-side (argon-side). Hydrogen sulfide with a concentration of
200 ppm in argon was used as the sulfur-containing gas and it was in-
troduced either in the argon-side or the air-side. The gas supply to the
membrane was controlled using a bank of mass flow controllers
(Brooks, SLAS850). The gas from the argon-side was fed to a gas chro-
matograph (Varian, CP-3800) equipped with a thermal conductivity de-
tector (TCD) and a molecular sieve 5 A column. The gas chromatograph
was calibrated using a cylinder containing 2% O, and 2% N; in argon. The
membrane was positioned close to the center and in the isothermal
zone of a vertical tube furnace (Vecstar, VCTF1). The temperature near
the membrane was measured using an internal thermocouple.

Assuming ideal gas behavior, the oxygen flux (J,). umol
(NTP) em—2 s ', is calculated by,

0.21
Yo, — m!fu? F
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3446560 A0 (3)
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Flg. 2, Oxygen permeation of LSCF&423 membrane after exposure to hydrogen sulfide
(200 ppm in argon) fed to the air-side at 900 "C,

Where yg, and yy, are the mole fractions of oxygen and nitrogen in
the argon-side gas measured by the gas chromatograph. F is the flow
rate of the inlet gas in ml (NTP) min~ ' and A is the active membrane
cross-sectional area (cm?). The term ﬁy,\.! refers to the amount of
leaked oxygen from the air-side to the argon-side through the sealant.
Leak monitoring was performed by determining the nitrogen in the
argon-side. The experiment was considered a failure if more than
5 mol% (1.5 pmol cm™# s~ ') of nitrogen was detected in the argon-
side [12]. In the reported experiments the nitrogen mole fraction was
less than 2 mol% (0.6 pmol cm™2 57 '), The experiments were per-
formed at atmospheric pressure and the temperature was set to 900 *C
by ramping at 1 °C min™ ", For experiments with argon-side contamina-
tion by hydrogen sulfide, flow rates of 20 ml (NTP) min~', each, were
used for the air and the argon. Hydrogen sulfide was introduced in the
argon-side by replacing the pure argon with argon containing 200 ppm
of hydrogen sulfide. For experiments with air-side contamination by hy-
drogen sulfide, air and pure argon, 20 ml (NTP) min~ " each, were mixed
and fed to the air-side while pure argon was fed to the argon-side using a
flow rate of 20 ml (NTP) min . The mixing in the air-side results in a
lowering of the oxygen partial pressure from 0.21 atm (the reactor was
operated at atmospheric pressure) to 0.105 atm and hydrogen sulfide
concentration to 100 ppm In both experiments of argon-side and air-
side contamination, the oxygen permeation was measured before, during
and after the hydrogen sulfide exposure. The membrane was exposed to
hydrogen sulfide for 100 h.

2.2, Characterization techniques

A Rontec Quantax 1.2 FEI XL30 ESEM-FEG system was used to camry
out microstructural characterization by scanning electron microscopy
(SEM) and non-quantitative elemental analysis by energy dispersive
X-ray spectroscopy (EDS). Crystallinity and phase purity were deter-
mined by powder X-ray diffraction (XRD) using a PAMalytical X'Pert Pro
multipurpose diffractometer (PW3040/60) fitted with an X 'Celerator
and a secondary monochromator. For data acquisition, the Cu anode
was supplied with 40 kV and a current of 40 mA to generate Cu K-tx ra-
diation (A = 1.54180 A) or Cu K-x1 (h = 1.54060 A). X-ray photoelec-
tron spectroscopy (XPS) was emploved to determine the elemental
compasition and the data was collected on a Theta Probe (Thermo
Scientific) using a microfocused monochromatic AlKa X-ray source
operated at 100 W.

3. Results and discussion

2.1, Oxygen permeation studies with argon-side contamination by
hydrogen sulfide

Oxygen permeation was measured at 900 *C using feeds of
air and argon for 49 h, Fig. 1 shows that the permeation was
0.030 pmol cm~? 5~ ! immediately before hydrogen sulfide introduc-
tion. The figure also shows that the permeation increases with time.
Such behavior has been reported by many researchers; the time to
reach the steady state can be between 25 and 300 h [13,14]. The in-
crease in the permeation rate may be related to the changing degree
of reduction of the membrane leading to a change in oxygen vacancy
concentration and a decrease in the bulk resistance or a modification
of the surface kinetics. After replacing the pure argon with argon con-
taining 200 ppm of hydrogen sulfide, the oxygen permeation instantly
dropped (on the timescale of gas sampling of 30 min for the GC) to
zero (within the measurement uncertainty of the system — a flux of
0.0001 pmol cm? 5~ " could be measured). The flux showed some sign
of recovery when the hydrogen sulfide was replaced with argon and
42% (0.012 umol em?® s~') of the permeation was restored and
remained approximately constant for a further 193 h.

SEM was used to characterize the membrane surface after the expo-
sure to hydrogen sulfide and secondary phases were apparent, EDS
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Fig 3. XP5 analysis of the surface exposed to hydrogen sulfide (200 ppm in argon) for the
two experiments of argon-side and air-side contamination.

indicated that these phases have high amounts of sulfur and strontium.
XPS was employed to determine the form of sulfur and it was assigned
to metal sulfate with a binding energy of 169.1 and 170.2 eV for S 2p;;
and 5 2p, 2, respectively (Fig. 3). No metal sulfide or elemental sulfur
was detected at 161 eV. XRD also identified this metal sulfate as stron-
tium sulfate (Fig. 4). Strontium sulfate can be formed by the following
reaction, thermodynamic data as taken from [15],

SI0,,, + HyS,y, + 205, —SrS0y,, + Hy0,  AGygy = —664 K} mol ™.
(4)

The rate of oxygen release into the argon side should not be confused
with the rate of oxygen permeation through the membrane. Oxygen
permeation coupled with complete conversion of this oxygen through
reaction (4) may result in no oxygen release into the argon side. To in-
vestigate this statement, an oxygen mass balance was performed and
there should be 0.019 pmol em—2 5~ of oxygen in excess after the con-
sumption in reaction (4). However, the rate of oxygen permeation was
undetectable in the argon-side and this could be due to the formation of
strontium sulfate on the surface blocking the surface and preventing
sufficient release of oxygen. After the removal of hydrogen sulfide
from the argon-side, a fraction of the initial oxygen permeation (423
or 0.012 umol em~% s~ ') was recovered. This value of oxygen perme-
ation is the same as that required to fully oxidize the hydrogen sulfide

in reaction (4). Therefore, restoration of the oxygen permeation may
have been due to the absence of hydrogen sulfide rather than any
reverse of the poisoning mechanism.

3.2, Owyzen permeation studies with air-side contamination by
hydrogen sulfide

Oxygen permeation was measured at 900 *C over 98 h before hy-
drogen sulfide introduction to the air side. Immediately before hydrogen
sulfide introduction the permeation rate was 0.095 pmol cm ™% s~
(Fig. 2). The permeation rate decreased to 44% of its initial value
(0.042 pmal em ™2 57') during the exposure but was fully restored
after the removal of hydrogen sulfide from the air-side. SEM and EDS
showed a secondary phase enriched with strontium and sulfur on the
surface exposed to hydrogen sulfide. XRD confirmed that the phase is
strontium sulfate (Fig. 3). Interestingly, XPS analysis (Fig. 4) indicated
that the amount of strontium sulfate on the surface in the air-side ex-
periment is higher than the argon-side experiment. This could be as a
result of strontium segregation to the air-side surface increasing the
formation of strontium sulfate [16]. It is difficult to draw definite
conclusions about the different deactivation mechanisms that may be
occurring in the presence of the argon-side and air-side contamination.
However we must recall that the environments of the two surfaces are
quite different. First, the membrane surface under air-side contamina-
tion will have a higher oxygen chemical potential than the argon-side
contamination. Second, the oxygen in the air-side could react with
hydrogen sulfide to form sulfur dioxide before interacting with the
membrane surface thus; the environment is also different from that of
the case of argon-side contamination.

4. Conclusions

In this study, membranes made of LSCF6428 were investigated for
oxygen permeation using air under the presence of hydrogen sulfide in-
troduced with the sweep argon or the air feeds. Results show that the
presence of hydrogen sulfide instantly decreases oxygen permeation.
Characterization of the membrane surface indicated formation of stron-
tium sulfate and this blocking layer could be the reason for the reduc-
tion in oxygen permeation. After removing the hydrogen sulfide from
the feed, the membrane performance was partially restored in the
case of argon-side contamination, while being fully restored in the
case of air-side contamination. This partial restoration of permeation
in the case of argon-side contamination could be due to the fact that
oxygen is no longer being consumed by strontium sulfate formation as

Intensity /a0

— Argon-side H;S
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Fig. 4. ¥RD data of the surface exposed to hydrogen sulfide (200 ppm in argon) in the argon-side and air-side experiments.
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well as reversal of the poisoning of the membrane surface. The fact that
oxygen permeation could be fully restored in the air-side contamination
experiment could be related to the higher oxygen chemical potential of
that surface (resulting in a resistance to poisoning) or the different
gaseous environments as hydrogen sulfide could be converted to sulfur
dioxide before interacting with the membrane in this case.
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