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Synthesis and performance assessment of nanofibrous oxygen carriers in chemical
looping dry reforming of methane

ERIK SANDELL
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Chemical looping technology is an interesting method of utilizing carbonaceous fu-
els while alleviating some of the environmental impacts of its usage. It has been
previously implemented in combustion processes and further research is being con-
ducted to investigate its potential in other processes such as methane reformation.
For chemical looping technology to be viable in this application there is a need for
efficient oxygen carrying materials. This thesis aimed to synthesize and test an
oxygen carrying material with a nanofibrous structure which could be used in dry
methane reformation applications. Using electrospinning, a substrate of was synthe-
sized on which metals could be impregnated resulting in a nanofibrous material with
metal oxides bound to an alumina fibrous substrate. The metals investigated in this
project was iron, cerium, manganese, strontium and nickel. These materials were
chosen due to their relative abundance and iron was the main metal constituent of
the materials, while the other metals was used as dopants. The resulting materials
were used in methane reformation successfully, with iron-nickel and iron-Strontium
being the most effective of the materials investigated.

Keywords: Nanofibrous oxygen carrier, Chemical looping, Dry reformation of methane,
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Introduction

1.1 Background

Increasing levels of carbon dioxide (COj) in the atmosphere is a side effect of the
extensive use of carbonaceous fuels in society [1]. These emissions lead to several
global issues, of which climate change is one of the most pressing concerns in society
[2]. According to the United nations environment programme, 68% of the current
greenhouse gas emissions comes from fossil fuels in the form of CO,. Although there
is ongoing development of renewable energy sources to reduce CO, emissions, it is
very likely that carbonaceous fuels (fossil or otherwise) will remain a means of energy
production in the foreseeable future [1]. A possible method of limiting the impact of
carbonaceous fuel usage is carbon dioxide removal (CDR), in which COs is removed
from the atmosphere and sequestered in reservoirs or solid material [1]. CDR is
most viable when capturing CO5 at the emission sources because of the higher CO,
concentration in the exhaust gas streams compared to the general atmosphere, but
this method is quite expensive and not very efficient due to the dilution of CO5 in
the exhaust gases leading to costly separation processes [3] [4]. To alleviate this
problem, new methods have been developed to separate atmospheric oxygen from
superfluous gases such as nitrogen. The pure oxygen can then be used for combustion
of carbonaceous fuels and the resulting exhaust gas will mainly contain CO, and
water, which can be separated quite easily through condensation[3] [5]. Removing
nitrogen in the gas intake will also prevent other greenhouse gases, such as nitrogen
oxides from forming [4].

One adaptation of oxygen separation in the conversion of fuels is Chemical looping
technologies (CLT), which utilizes oxygen carrier (OC) material to absorb oxygen
from air and later releasing the bound oxygen for reactions to take place. The OC
material is generally made up of metal oxides and the reaction steps take place in
two separate reactors with the OC circulating between the two reactors. The type
of metal can vary depending on the process, and the OC material can consist of a
tailored material or simply crushed metal ore. A simplified CLT layout is shown
in figure 1.1, where the OC absorbs oxygen in an air reactor (AR) and releases the
oxygen in a fuel reactor (FR).
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Figure 1.1: Simplified layout of a CLT system. The oxygen carrier absorbs oxygen
from the air in the air reactor and releases it in the fuel reactor

So far, CLT has successfully been applied in chemical looping combustion (CLC)
and the method also shows potential to be used in a process called chemical looping
reforming (CLR) [4] in which fuel is partially oxidized into a mixture of carbon
monoxide (CO) and hydrogen (Hs) called synthetis gas (syngas)|[6].

The conventional methods of syngas production are steam methane reformation
(SMR) and dry reformation of methane (DRM) and they are extensively used to
produce hydrogen [7]. SMR uses heat, methane (CH4) and steam to produce Ha,
CO and COg in varying ratios depending on the processing method, as the methane
can be pertially or fully oxidized according to equations 1.1 and 1.2.

CH4—|—HQO => 3H2+CO (11)

DRM instead uses heat and CO, to partially oxidize the CHy into CO and H, in a
reaction shown in equation 1.3. Dry reformation of CH, is particularly interesting
as CH, and CO; (two greenhouse gases) are used to produce useful syngas, and it
serves as a way to utilizing the very stable CH, for downstream production of useful
chemicals. It also produces CO and H, in a 1:1 ratio which is better suited for some
downstream uses than the higher CO:H, ratios of the SMR method [8].

Both SMR and DRM methods can be improved by the use of catalysts, which often
use nickel [7], a common issue is the formation of carbon deposits on the catalyst
surface which deactivates the catalyst, and sintering of the catalyst material which
reduces its catalytic activity [7].

CLR has become a very active research topic as an alternative to the conventional
methods. The chemical reactions in the chemical looping-DRM process are shown
in equation 1.4 where methane reacts with the OC. The OC is then reoxidized with
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1. Introduction

COg as shown in equation 1.5 Oxygen carriers are denoted as MO in the equation, as
they are usually metal oxides. The choice of metal depends on the process the OC is
to be used in. For example, nickel is often used as a catalyst in reforming processes,
while iron, copper and manganese is better suited for combustion processes [4].

CHy+ MO => 2H, + CO+ M (1.4)

M + COy => MO + CO (1.5)

For CLT to become a viable alternative to the conventional alternatives, there is
a need for OC material which is chemically favorable for the intended reactions,
economically feasible, environmentally friendly and has good reactivity and stability
[9]. A significant issue in CLR is the deactivation of the OC material leading to lower
product yield. Deactivation of the OC can be caused by many processes and some are
irreversible. Sintering of the OC particle is an irreversible process which leads to a
decrease in surface area as particles are fused together [4]. Deposition of carbon onto
the OC material also reduce activity as it blocks the reactive surface, and reactions
with impurities can lead to agglomeration and changes in the chemical composition
and reactivity of the OC[6][9]. Reactions with impurities can be difficult to reduce
as they can be inherent to the OC if a natural ore is used, or a part of the fuel
intake. Sintering may occur with most particles at the elevated temperatures used
in CLT and can be reduced by using a thermally stable support material such as
alumina, zirconia, etc [9]. Sintering can also be decreased by choosing a nanofibrous
structure which has an inherent resistance to sintering [5]. The deposition of carbon
can also be difficult to prevent but may be reduced by choosing suitable material
composition and morphology[10]. Carbon depositions can also be oxidized into CO4
in the air reactor which will regenerate the OC activity [6].

Nickel-based OC has been used successfully in CLR processes and is often considered
the best metal to be used for this purpose [6]. While it is very suitable for the
CLR process, it does face issues with carbon deposition, high costs and toxicity [4]
[6]. Tron is a possible alternative to nickel and has been extensively studied as it
is relatively inexpensive, abundant and environmentally safe [11]. Iron-based OC,
are not without issues of their own. As iron oxides are reduced, Fe-ions tend to
migrate towards the OC particle surface which can cause sintering [11]. Iron-based
OC also have issues with carbon deposition and reactions with impurities much
like their nickel-based counterparts, while also being less effective than nickel in
methane reformation [4]. A possible way to improve the effectiveness of iron-based
OC in CLR could be to dope the OC material with other metals and add a stable
support material to reduce sintering. Several studies have been conducted to explore
the effects of dopants and supports in OC material and this generally leads to an
improvement in activity [4] [11] [12].

With the above mentioned research in regard, this thesis will attempt to synthesize a
nanofibrous alumina-iron-based OC material doped with different metals to achieve
a stable and effective OC. To evaluate the OC material, its morphology, stability
and efficiency in dry methane reforming will be investigated.
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1.2 Aim

The aim of this study is to synthesize and evaluate the stability and activity of
Fey03/Al,03-based nanofibrous OC in methane reforming and also study how some
dopant metals affect the OC properties.



2

Theory

Iron is chosen as the main active element in the OC for this project. It exhibits
suitable properties for CLR and is both inexpensive, non-toxic and abundant. The
pure metal has two different oxidation states (Fe** and Fe?"), can easily react with
oxygen and can form several different oxides (FeO, Fe;O3 and Fe3Oy4) with varying
concentrations of oxygen which can be important in partial oxidation processes like
CLR [13].

Alumina is an aluminium oxide (Al;O3) that occurs naturally in many minerals. It
is chemically stable, has a high melting point (=~ 2030°C), and can be manufactured
with different morphologies [14]. Alumina has previously been used as a support
material for metal impregnation in the synthesis of OC material. A significant draw-
back of using alumina as a support is the reaction between the active elements and
the alumina which form aluminates (In the case of iron, iron aluminate, FeAlyOy, is
formed). This will generally decrease the OC activity as the aluminates have a lower
oxygen storage capacity. This can be resolved by deliberately forming aluminates
in the support material prior to impregnation, or by using an excessive amount of
active material so that the loss from aluminate formation is negligible [4].

Cerium is a very reactive lanthanide metal and is the most abundant of the rare-
earth metals. Cerium is currently used in catalytic applications [15] and has previ-
ously been tested as a dopant in OC material where it increases activity and [12]
[11]. Studies of Cerium-doped iron-alumina OC showed promising results with in-
creased resistance to the formation of carbon deposits [4].

Strontium is an alkaline earth metal that is relatively abundant and very reactive
[16]. Doping of iron-based OC with strontium has previously been studied in CLC
applications where it promoted reactivity and cyclic stability of the OC[11].

Manganese is a widely distributed metal that is commonly used in steel manufac-
turing [17]. Manganese has a low price, is environmentally friendly and has many
oxidation states, similar to iron. Manganese OC have been used in CLC and CLR
applications, but it often reacts with support materials, which reduces the reactivity
of the OC. Studies have also been conducted where manganese was used together
with other metals which gave promising results in terms of stability and oxygen
transport [4].

Nickel is commonly used in metallurgy for corrosion-resistant alloys, battery manu-
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facturing, as catalyst material and much more [18] [19]. Nickel-based OC is generally
considered the best material used for CLR processes as it has excellent oxygen car-
rying capacity and reactivity. However, nickel OC face severe issues with sintering
and surface carbon deposition. Aside from these issues, nickel is quite expensive
and excessive exposure to nickel can cause allergic reactions, kidney and cardiovas-
cular problems and cancer. Nickel has been extensively studied for chemical looping
processes and has been previously tested with electrospun nanofibrous alumina as a
support material with promising results [20]. Although alumina can serve as a good
support material for nickel OC it is important to consider the formation of nickel
aluminate, as this will decrease the oxygen capacity and reactivity of the material
[4].

2.1 Stabilization

Stabilization of the fibres samples is done before impregnation to enable the wetting
of the fibres in the metal precursor solution, enabling a thorough impregnation of
the fibres. Stabilization increases the stability and mechanical strength of the fibres
by forming stable bonds in the polymer chains. The formation of these bonds occur
in the temperature range between 200-300°C and is an exothermic reaction, which
can lead to burning or deterioration of the fibres if the reaction temperature is too
high, or heating time is too long [21].

2.2 Impregnation metal concentration

Iron will be used for the bulk of the active material in the OC used in this project
and will be attached to the alumina support fibres by wet impregnation followed
by calcination. The amount of iron in the impregnation solution was decided by
studying the morphology of four samples impregnated with solutions with different
iron concentrations. The concentrations of these solutions were 3.45, 2.58, 1.72 and
0.86 mol per liter. After studying the samples in a SEM microscope, a concentra-
tion of 0.345 mol per liter was chosen for impregnation beacause of excessive iron
deposition at higher concentrations. Some samples will be doped with other metals
to improve the efficiency of the OC materials. Considering previous studies where
dopants have been used in OC material, a range of 2-5% weight seems appropriate
for testing the effects of the dopant material [22][11], as higher amounts seem to
have diminishing returns on efficiency [23].

2.3 Reformation temperature effects

Dry reformation of methane is an endothermic reaction and needs high temperatures
(>600°C)to be carried out. Previous studies on iron-based OC suggests that tem-
peratures above 800°C can increase the performance of the OC. Therefore, higher
temperatures will be tested in this study [24] [12].
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Method

3.1 Material selection

The materials used in this work have been selected in regard to their availability,
price, reactivity and toxicity. While there are studies in which other materials are
used with good results in CLR processes, these may have been overlooked because
of rare, toxic or expensive material being used, which are less likely to be useful in
large-scale processes. Alumina was selected for the nanofibrous substrate of the OC,
and Iron has been selected as the main oxygen carrying constituent. The dopant
metals chosen in this study are cerium, strontium, manganese and nickel. The
different samples will hereafter be abbreviated according to table 3.1.

Sample Abbreviation
Undoped alumina fibres Alumina
Alumina impregnated with only iron Pure Fe
Alumina impregnated with iron and cerium Fe-Ce
Alumina impregnated with iron and strontium Fe-Sr
Alumina impregnated with iron and manganese Fe-Mn
Alumina impregnated with iron and nickel Fe-Ni

Table 3.1: Sample constituents and abbreviations

3.2 Sample preparation through electrospinning

The fiber preparation method is largely based on an earlier report on alumina
nanofiber preparation [25]. The precursor solution used in electrospinning of alumina
nanofibres was prepared in a vial by adding polyacrylonitrile (PAN) to dimethylfor-
mamide (DMF) in a weight ratio of 10%. The solution was stirred for 12 hours using
a magnetic stirrer to homogenize the solution. Aluminium acetyl acetonate (Alac)
was then added to the solution in a 1:1 ratio to PAN, and the solution was stirred
until clear. Initial small-scale testing of this worked well, but when upscaled to larger
volumes additional DMF needed to be added for complete Alac dissolution. The
clear solution was then transferred to 20 ml syringes with 18 gauge needles which
were mounted into the electrospinning instrument. To facilitate the collection of the
fibres, a sheet of aluminium foil was wrapped around the collecting cylinder. The
edges of the sheet were affixed with tape so that only foil was exposed outwards.
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Figure 3.1: Inside setup of the electrospinning machine. Syringe pump with filled
syringes can be seen on the right and the collector drum is seen to the left in the
image.

The machine used for electrospinning was a PICO brand V2VH model, manufac-
tured by Physics Instruments Co. Chennai, India. When spinning, the voltage was
set to 18 Kv and was applied to the syringes by connecting the syringe tips to the
power supply with cables. The collector rotation was set to ~200 rpm and the ex-
trusion to 1ml per hour. The distance between the collector and the syringes was
11 cm and the translation movement rate of the syringes was =~ 0,16 meters per
minute.

After the electrospinning was completed, the fibre sheet was removed from the col-
lector by cutting the wrapping along the seam and unwrapping the cylinder. The
collected fibres were removed from the foil and cut into pieces for easier loading into
crucibles as seen in figure 3.2. The fibres were then stabilized by heating them in a
tube furnace or muffle furnace at a temperature of 260°C for 2 hours with a heating
rate of 5°C per minute. (These were the general settings. the stabilization of the
fibres could become uneven, and the settings was sometimes changed depending on
the oven used.) Correctly stabilized fibres would have a colour as shown in figure
3.3, but fibres of lighter colour would have to be heated again for reliable impreg-
nation. Overheating could lead to carbonization of the material which is evident
by the material becoming completely blackened. Carbonized material would not be

8



3. Method

used for further sample preparation.

Figure 3.3: Stabilized fibres in crucible. While there is a clear colour gradient
which indicates uneven stabilization, pieces within this colour span would reliably
absorb the impregnation solution.
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3.3 Wet impregnation

Impregnation solutions of metal precursors and water were prepared by mixing in a
beaker. The stabilized alumina fibres were added to the solution until fully saturated
and were then removed from the solution. It was important to use correctly stabilized
fibres as incomplete stabilization would not allow the impregnation solution to wet
the fibres as seen in figure 3.4

Figure 3.4: Poor wetting can be seen on fibres which have not been completely
stabilized to the left. A piece of correctly stabilized fibres can be seen to the right
in the dish which readily absorbs the solution.

Iron(III) nitrate nonahydrate was used to provide the iron in the impregnation
solution, the target concentration of Fe3* in the impregnation solution was 0,345
moles per litre. The target concentration of dopants was chosen as 0,069 mol/L, and
the nitrate-hydrates of the various dopants was used in the solution preparation.

Table 3.2: Concentrations and masses of metals used in the impregnation solutions

Sample | Fe3' conc. (mol/L) | Dopant conc. (mol/L) | Metal loading (grams)
Pure Fe 0.345 - 1.926 Fe
Fe-Ce 0.345 0.069 1.926 Fe, 0.96 Ce
Fe-Sr 0.3445 0.069 1.924 Fe, 0.6 Sr
Fe-Ni 0.345 0.0689 1.926 Fe, 0.4 Ni
Fe-Mn 0.3449 0.0691 1.926 Fe, 0.38 Mn

10
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3.4 Calcination

The impregnated fibres were put into a crucible and heated in a furnace to 260°C
with a rate of 5°C per minute to evaporate the water from the impregnation solution.
After 1 hour dwelling time at 260°C, the temperature was increased to 950°C at a
rate of 10°C per minute and held at 950°C for 2 hours to calcine the sample. The
finished material were small delicate flakes with an orange colour, shown in figure
3.5. Some of the flakes could have a metallic surface, possibly due to excessive metal
loading, as seen in figure 3.6.

Figure 3.5: Finished material, the sample shown is only impregnated with iron.

11
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Figure 3.6: Finished material impregnated with iron and cerium. Note the metallic
gray piece at the centre, possibly indicating excessive metal loading.

3.5 Reactivity testing

To test the reactivity of the samples, approximately 1,5 grams of calcined impreg-
nated sample was loaded into a reactor tube made of quartz glass. The tube has a
glass membrane to keep the OC bed in place in the middle of the tube. The ends of
the tube are closed with two caps, in which there are glass sleeves for thermocouple
insertion and inlet/outlet tubes to feed the reaction gas through. The connections
between the main reactor tube and the caps was sealed with high vacuum grease
to ensure a complete seal. A fixed bed setup was chosen for the reactivity testing.
With this setup, the gas was fed from the top of the tube and out of the bottom,
and the material remained in place on the glass membrane. This setup was chosen
because the OC material had a very low density and was very likely to escape the
reactor with the exhaust gas if the gas had been fed from the bottom of the reactor.
The resulting exhaust gas was sent through a gas analyzer (Emerson NGA 2000) to
determine the concentration of CO, CO,y, CHy, O3 and Hy. The data was then used
to compare the reactivity and calculate the efficiency of the different materials. A gas
flow of 0,7 L./min was chosen for the material testing experiments, the composition
of the gas was regulated with mass flow controllers. To get some baseline values for
later calculations, the gas output concentrations of a cold reactor was tested and
shown to be &~ 9.3% CO, in nitrogen during the oxidation, ~5,2% CH, in nitrogen
during reduction and pure nitrogen being used as a purge gas between the cycles.
The duration of the oxidation step in the cycles was 400 seconds, the reduction was

12
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300 seconds, and the nitrogen purge was 180 seconds. As fresh material often needed
a few cycles to become activated, the initial cycles would be excluded from the data.
Each type of material was tested in this way and the used samples was collected for
further study. Further description of the system that was used can be found in [26].
After some initial experiments on the pure iron sample had been completed, the tem-
perature span of 850-1000°C was deemed suitable for testing, as lower temperatures
gave little to no reactivity. This temperature span was tested in 50°C increments
and the material was put through at least three cycles at each temperature. In
addition to these tests some further testing was performed on some fresh stontium
and nickel samples. In these tests, the temperature was set to 950°C, oxidation and
reduction phases were extended, and the concentration of methane was increased.

3.6 Scanning electron microscope analysis

To study the morphology and composition of the OC, a scanning electron microscope
(Quanta 200 ESEM FEG) was used. SEM utilizes the small wavelength of electrons
to get high resolution images of nanoscale materials. The SEM microscope used an
electron emitter to focus an electron beam onto a sample, the electrons penetrate into
the sample surface and interacts with the atoms present in the sample. The electron-
sample interactions generate backscattered and secondary electrons together with
characteristic X-rays. The resulting electrons are then detected and the information
is used to generate an image of the sample, and the X-rays are used to analyse the
sample composition [27]. The material that had previously been used in the reactor
testing often had carbon depositions on the surface. To evaluate the effects of the
reactor testing on the material, some of the used material was heated to 950°C in
atmospheric conditions to remove these carbon deposits. This made it possible to
compare the fresh material with the used samples, both with and without carbon
deposits. To analyze the samples, a piece of double sided tape was attached to a
specimen mount. A small amount of fibre sample was placed on the double sided
tape and pressurized air was used to remove particles that had not adhered to the
tape. The specimen mount was put into a sample holder which was inserted into
the SEM instrument.

13
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Results

The initial testing of the materials showed that all of the materials worked for
DRM to some extent and using the SEM instrument, the successful synthesis of
nanofibrous samples was confirmed. The nickel sample seems to be the most efficient,
reaching the highest CO output in oxidation, and high Hy output during reduction.
The strontium doped sample performed second best of the doped samples, while
the manganese doped sample was the least efficient, although it was better than
the undoped sample in some regards. The undoped alumina sample performed
surprisingly well in regards to the hydrogen production during reduction, which is
most likely due to its ability to store carbon deposits on its surface, this was a
property shared by all of the materials. The initial tests had a duration of ca. 22
oxidation-reduction cycles. Due to time constraints these were not extended any
further.

4.1 Plots from initial testing

Plots of the outlet concentrations from the reactor are shown in the figures below. All
of the samples had quite stable performance over the duration of the initial testing.
The leftmost curve in each plot is the oxidation phase and the following curve is
the reduction phase, separated by an inert phase. During the oxidation phase, COq
is being converted into CO as oxygen is being stored in the OC material. The
COy may also react with any carbon deposition on the OC surface to produce CO.
In the reduction phase, CH, reacts with stored oxygen in the OC to produce H,
and CO. The methane can also be converted into Hy by deposition of carbon onto
the OC material surface. This demonstrates the need for further testing of some
materials. As the temperature was increased, the overall activity of the materials
also increased. In figures 4.5 and 4.6, it can be seen that the baseline input of 9.3%
CO5 was not reached in the oxidation phases at higher temperatures, which affected
the reactivity of these samples. Another noteworthy result from these tests was
the gradual increase in hydrogen output for the duration of reduction phases, this
was most evident in the high temperature cycles of the metal impregnated samples,
shown in figures 4.2 to 4.6.

15
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Figure 4.1: These plots correspond to the alumina fibre sample. N.B.: the lack of
CO output during the reduction phase.
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Figure 4.2: These plots correspond to the undoped sample using only iron and
alumina, here denoted as then "PureFe" sample. The "waves" seen in the plots are a
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of the other samples. This issue did not affect the results of the experiment.
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Figure 4.4: These plots correspond to the Manganese doped sample
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Figure 4.5: These plots correspond to the Strontium doped sample. N.B.: At 950
and 1000°C the concentration of CO, did not reach the baseline level of ~ 9.3%,
meaning the sample was not fully oxidized.
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Figure 4.6: These plots correspond to the Nickel doped sample. N.B.: Much like
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4.2 Molar exchanges and outputs of reactants and
products

To get a rough estimate of how much gas is being converted in the cycles, the gas
concentration measurements from a cold reactor was used as a baseline value of how

much reactant was being put into the reactor at each cycle (shown in figure 4.7).
The amount of converted reactants is then calculated .

Figure 4.7: Diagram of the baseline gas concentrations

Table 4.1: This table contains some of the variables used in the gas exchange
calculations

Variable Value
Gas flow 0.0007 m?*/min
Pressure (p) 101325 pascal
Temperature (T) 298.15 Kelvin
Oxidation phase time 6.67 min
Reduction phase time 5 min
Oxidation phase COq concentration 9.3%
Reduction phase CH, concentration 5.2%
Ideal gas constant (R) 8.3145 J/mol*K

The volume of gas input for both phases
0.0007 - 5 = 0.0035m*  (reduction) (4.1)
0.0007 - 6.67 ~ 0.00467m>  (oxidation) (4.2)

To caclulate the volume of reactants, the gas volumes are multiplied by the reactant
fractions.

0.0035m? - 0.052 = 0.000182m?* = Vg, (4.3)
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0.00467m?> - 0.093 = 0,00043431m* = Vo, (4.4)
Using the ideal gas law, the molar amounts of gas in each phase is calculated.
p-V
= =— 4.
n= g (4.5)

Table 4.2: Moles of gas fed into reactor in each cycle

Oxidation | 0.0178 mol CO,
Reduction | 0.00744 mol CHy

The molar amounts of gas in each phase are divided with the value of the integral of
the corresponding phase graph in figure 4.7. The quotient from these equations acts
as a conversion factor between the integral units and moles of gas. These conversion
factors were used for their respective gases, and an average of the two factors were
used in Hy and CO molar calculations.

0.0178mol

3780, 26 7-10 (COy Conversion factor) (4.6)
00744
()()01757077101 =4.74-10"% (CH4 Conversion factor) (4.7)

Integrating the CO, CO,, Hy and CH, plots from the initial sample tests and mul-
tiplying with the integral values with the corresponding conversion factor yields a
product that represents the gas output of the cycles in moles. By using the con-
version factors shown in equations 4.6 and 4.7 (and an average of the two for Hy
and CO calculations), the approximate output of the different gases is calculated
according to equation 4.8. The molar outputs from the reactor during the different
cycles in the initial tests are shown in figures 4.8 to 4.13.

Test integral - Conversion factor = Gas output(mol) (4.8)

When integrating the CO, and CHy plots from the initial sample tests and sub-
tracting each phase with its corresponding baseline, the difference will represent the
converted CO5 and CHy in each test. By using the conversion factors shown in equa-
tions 4.6 and 4.7, this value is used to calculate the amount of converted reactants
according to equation 4.9. The results of these equations are shown in figures 4.14a
and b.

(Baseline integral—test integral)-Conversion factor = converted reactants(mol)
(4.9)
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The following diagrams show the output of CO, CO,, CH4 and H, depending on
sample composition,oxidation/reduction phase, and the reactor temperature. The
y-axis unit is mol, and represents the amount of gas in the output from the reactor.
The samples preformed best at the higher testing temperatures, which was expected,
as the DRM reactions are endothermic, and previous studies of iron based OC have
shown better performance at high temperatures [24]. While all samples follow a
similar trend of increasing reactivity as temperature increases, there was a notable
decline in reactivity for the nickel doped sample at the higher temperature tests,
and the strontium had a diminished increase of reactivity, as seen in figures 4.8, 4.9,
4.10 and 4.12. While the nickel and strontium samples were the most efficient in
most regards, they also produced the most COq by-product out of all of the samples
in the reduction phase, as shown in figure 4.12. The strontium and cerium doped
samples had the highest CO outputs during reduction phases at lower temperatures
shown in figure 4.9, and strontium had the highest overall value, while cerium was
surpassed at higher temperatures. This indicates a higher oxygen exchange between
the OC and CH, for these materials. The pure Fe sample would sometimes have a
higher efficiency than the doped samples, most evident in figures 4.8 and 4.12. This
is surprising, as dopants usually will improve material efficiency [11]. At higher
temperatures, the alumina sample had a high hydrogen output compared to the
other samples, but it had very low CO output in both oxidation and reduction
phases as seen in figures 4.8 and 4.12. This indicates that the reactions taking place
are carbon deposition, and not the reforming reactions shown in equations 1.4 and
1.5.

CO output in oxidation phase

7,00E-03
6,00E-03
5,00E-03 —@— Alumina
—@— PureFe
—@—FeCe
4,00E-03
= —@— FeMn
o
= —— FeSr
3,00E-03
—@—FeNi
2,00E-03
1,00E-03 /
0,00E+0D0 & & L
750 800 850 900 950 1000 1050

Figure 4.8: This diagram compares the CO output during the oxidation cycles.
N.B.: the Nickel doped sample decreases in CO output.
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CO outputin reduction phase

1,20E-03
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0,00E+00 @ & 4 & ®
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Figure 4.9: This diagram compares the CO output during the reduction cycles.
N.B.:Alumina does not have any CO output in the reduction phase, and the Nickel
doped sample does not follow the trend in increasing CO output as temperature
increases.

Hydrogen output in reduction phase

2,50E-03
2,00E-03
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Figure 4.10: This diagram compares the Hy output during the reduction cycles of
the material.
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Methane outputin reduction phase
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Figure 4.11: This diagram compares the CH, output during the reduction cycles
of the material. As CHy is the reactant in the reduction phase, this value should
ideally be as low as possible.

CO2 outputin reduction phase
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Figure 4.12: This diagram compares the CO, output during the reduction cycles
of the material. As CO, is an undesirable by-product in the reduction phase, this
value should ideally be as low as possible.
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CO2 outputin oxidation phase
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Figure 4.13: This diagram compares the COy output during the oxidation cycles
of the material. As CO; is the reactant in the oxidation phase, this value should
ideally be as low as possible.
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The amounts of converted reactants in each sample test is compiled in figure 4.14 a
and b, with the corresponding data being available in figure A.1

CO:exchange
6,00E-03
5,00E-03
—8— Alumina
4,00E-03 —8— PureFe
=] —— FeCe
= 300E03
—8—FeMn
2,00E-03 —8—Fesr
—— FeNi
1,00E-03
0,00E+00 1 24
750 800 850 900 950 1000 1050
Temperature (°C)
(a) COq exchange in initial sample tests
CHa exchange
2,00E-03
1,50E-03 —8— Alumina
—&— PureFe
g —— FeCe
1,00E-03 :
—8—FeMn
—8—Fesr
5,00E-04 SB==EEh
0,00E+00
750 800 850 900 950 1000 1050

Temperature(°C)

(b) CHy4 exchange in initial sample tests

Figure 4.14: Graphs of the reactant exchange in the initial tests
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4.3 Further testing

The plots of the further testing experiments are shown below. In these plots, orange
colour denotes CO,, green CHy, dark blue CO and light blue Hy concentrations in
the output gasflow from the reactor. These tests were made to evaluate how the
samples performed during longer cycles than what was done in the initial tests.
This was focused on the nickel and strontium doped samples as these seemed most
promising based on the initial testing. The strontium doped sample showed stability
even in the extended cycles and with increased concentrations, and the previously
mentioned Hy production during the reduction phase reached an eventual peak, and
then slowly decreased as the reduction phase continued as shown in figures 4.15 and
4.16. There was a short CO output in the beginning of the reduction phases which
would quickly reach low levels after the Hy peak was passed. This indicates that the
following Hy production is an effect of carbon deposition, and not DRM reactions.
This Hsy output would stabilize and slowly decrease over time after the peak had been
passed, as shown in figure 4.16. Extended reduction phases also led to an increased
output of CO in the oxidation phases. The nickel doped sample showed remarkable
hydrogen production during the extended reduction phases shown in figure 4.17.
Much like the strontium doped sample, it showed very low CO/CO; output during
these phases, indicating that carbon deposition was taking place. The nickel doped
sample also had a high CO output during the oxidation phases. During long cycle
testing of a nickel doped sample, there was a sudden drop of gas flow through
the reactor during the reduction cycle. This moment is shown in figure 4.19 and
is indicated by a red arrow. This drop in gas flow could be an effect of excessive
carbon deposition, blocking the gas flow through the material. The following sudden
drop in hydrogen output and increase in CH4 output was caused by diverting the
gas flow directly to the analyzer, circumventing the reactor. This was done for a
few seconds before redirecting the flow through the reactor again. This confirmed
that the issue with the gas flow was caused by something in the reactor. Although
the gas flow was lowered to below detectable levels in the analyzer, this bypass of
the reactor showed that there was still some flow going through the reactor, which
could be analyzed. While the data from the long reduction phase may be affected
by this. The data before the decreased gas flow showed a similarly high H, output,
indicating a high Hs production up until this point, and possibly further.
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8500

Figure 4.15: This graph shows some cycles from the cyclic stability testing of a
strontium doped sample (activation cycles was excluded). The concentration of CHy

was increased to 10% for the last cycles.
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Figure 4.16: This graph shows the gas concentrations of the long cycle testing of
a strontium doped sample.
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Figure 4.17: This graph shows the final cycles of the cyclic stability testing on the
nickel doped sample.
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950C

A

o 500 1000 1500 2000

Figure 4.18: This graph shows the oxidation phase of a long cycle test on the
nickel doped sample.

950C

Figure 4.19: This graph shows the reduction phase of a long cycle test on the
nickel doped sample. After some time, the gas analyzer showed a decrease of gas flow
through the reactor. At the point marked with a red arrow, the flow dropped below
detection limits, and the concentration values shown after this may be dubious.
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4.4 SEM images

Below are some notable images captured by SEM analysis. More are listed in ap-
pendix figures A.2 to A.11. The images shown here are taken of fresh and used
samples to evaluate the effects of using the materials in the reactor by comparing
the images. There are also some images of used samples before decarbonization.
The fresh metal impregnated samples that were analyzed with SEM had similar
morphologies. The metal impregnated samples seemed to be similarly affected by
the experiments, and although sintering had occurred on the samples, the fibrous
structure would generally persist. The alumina fibre sample showed little to no
change in material morphology as seen in figure 4.20, while the impregnated sam-
ples fibrous structure became less fine after use, as seen in figures 4.21, 4.22 and
4.23, with the nickel sample being the most affected as shown in figures 4.23a and b.
The SEM analysis also showed that some parts of the samples had excessive metal
loading on the surface, and therefore had no fibrous structure. An example of this
can be seen in the left side of figure 4.24a (or in figure A.3 for a larger version of
the image).

Notable effects of the more extensive long cycle testing was the fragmentation of
material, sintering and the formation of very fine structures which is most clear
in figure 4.23 ¢ or A.11.. Due to time constraints, it was not possible to analyze
all of the samples in SEM, it is possible that there are some notable morphology
differences in the samples that have not been analyzed.

(a) This is a close-up image of alu- (b) This is a close-up image of alu-
mina fibres without metal impregna- mina fibres without metal impregna-
tion. They have not been used in any tion after they have been used in re-
experiments. activity testing and decarbonized.

Figure 4.20: Alumina fibre samples before and after being used in the reactor
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(a) Fresh pureFe sample (b) Used pureFe sample with carbon
deposmon

(¢) This is a close-up image of alumina
fibres impregnated with iron solution
after being used in the reactor. The
carbon deposition has been removed
from this sample.

Figure 4.21: SEM images of PureFe samples
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(a) This is a close-up image of a fresh (b) This is a close-up image of cerium
cerium doped sample. impregnated fibres after they have
been used in reactivity testing but
have not been decarbonized.

(c) This is a close-up image of cerium
impregnated fibres after they have
been used in reactivity testing and de-
carbonized.

Figure 4.22: FeCe samples before and after being used in the reactor
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(c) Decarbonized FeNi sample
from long cycle testing

Figure 4.23: SEM images of FeNi samples.
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(a) Fresh FeSr sample. Some par-
ticles are more fibrous than oth-
ers, this was common among all
the impregnated samples.

(c) Decarbonized FeSr sample
used in the long cycle testing

Figure 4.24: SEM images of FeSr samples

ple.

(d) Decarbonized FeSr sample
used in the long cycle testing.
After testing, many of the big-
ger particles had broken up into
smaller pieces.
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Discussion

The initial testing clearly showed that the nickel doped sample performed the best
out of all the samples, followed by the strontium, and cerium doped samples. It is
not surprising that the nickel doped sample performed the best, as nickel is already
used in large scale methane reformation appliances. Nickel doped samples could be
the best alternative when it comes to further implementation of this type of mate-
rial. However, nickel is an expensive and somewhat toxic metal. The nickel doped
sample used in the initial tests would also exhibit more extensive sintering than
other samples. This may be due to the sample having less resistance to sintering,
but more SEM analysis is necessary to confirm this hypothesis. The Fe-Ni sample
used in the long cycle tests showed formation of some very fine fibres in the sample
shown in figure A.11. This may be an effect of iron ion migration, which have been
noted in previous studies [11].

Using strontium instead of nickel could be a better alternative, as the strontium
doped sample had a high efficiency overall in the initial tests. Strontium is not as
expensive as nickel and is also not toxic. It is still more expensive than the other
dopants that were tested, and both the Fe-Ni and Fe-Sr samples would form CO,
as a by-product to a higher degree than other samples. This CO5 production took
place in the beginning of the reduction phases and would decrease somewhat as time
went on, but this process should be avoided or decreased if possible. Both the Fe-Ni
and Fe-Sr samples needed longer oxidation cycles to be completely oxidized at the
higher end of the temperature span of the initial tests, probably due to their higher
reactivity. This likely affected the results of the initial testing. The decrease, and
diminishing increase in efficiency for these samples shown in figures 4.8, 4.9, 4.10
and 4.14 is possibly caused by the sample not being completely oxidized, and it
is very likely that they would otherwise have followed a trend similar to the other
samples. In the further testing, the Fe-Ni and Fe-Sr was stable even in longer cycles,
and extended reduction phases led to an increased output of CO in the oxidation
phases. This is possibly a combination of more carbon deposition being converted
into CO, and an increased oxygen exchange between the COy and OC. This theory
is supported by the characteristics of the Fe-Ni sample used in the further testing.
The sudden drop in gas flow was probably due to extensive carbon deposition, and
the used sample was difficult to remove from the reactor due to agglomeration, and
blackened by carbon deposition.

Cerium worked quite well as a dopant and the resulting material was stable with
a moderate efficiency overall. At 900°C the sample performed quite well compared
to other samples, and SEM analysis showed that the cerium doped sample would
retain most of its fibrous structure after the initial tests. However, more testing is
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needed to study its longevity. Nevertheless, cerium is less expensive than strontium
and is also non-toxic. More testing is needed to evaluate if it is better to use a less
efficient but cheaper material rather than a more efficient and expensive one.

A surprising result from the initial testing is the high efficiency of the undoped
alumina sample. This suggests that the nanofibrous structure of the samples plays
a pivotal role in the efficiency of the samples. While the alumina sample did surpass
the other samples in hydrogen production when used at high temperatures as seen
in figure 4.10, it is important to note that this is only due to carbon deposition
taking place, and not reformation. The molar exchange calculations makes this
very clear, showing that the alumina sample was not as useful for COy conversion
reactions as the other samples. It is also not certain that the carbon deposition
process is completely reversible, and may lead to permanent carbon deposits, which
could inhibit this effect after some time (although this could be an issue with all
of the samples). While the alumina sample was outperformed in most cases by the
metal doped samples, it may still be useful for this application, as it would probably
be cheaper to produce and handle, while showing a remarkable stability, with the
fibres being seemingly unchanged by the initial testing, as seen in figure 4.20.

The manganese doped sample performed worst of the metal impregnated samples
overall, but was still an improvement from the alumina sample when it comes to
COy and CHy exchange. This is not surprising as the addition of metals allows for
the reformation reactions to take place, but it is interesting that its performance was
worse or similar to the pure Fe sample. The addition of dopants usually improves
the performance of an OC material, and there may be other reasons for its poor
performance.

The pure Fe sample performance was about as what would be expected, but had
a surprisingly high efficiency at the higher end of the temperature span, even sur-
passing that of the doped samples. However, as this was only the case at the higher
testing temperatures, it may make it less efficient overall, as these temperatures
could prove difficult to manage in large scale applications. But as iron is an inex-
pensive, abundant and non-toxic metal, it may prove viable for further applications,
as this would reduce cost and make the handling of the material simpler.

As a side effect of the method used in these tests, the predominant output of CO and
H, was separated between the cycles depending on if the cycle was in an oxidation
or reduction phase. This may be of some use in larger scale productions, as it is not
always desirable to get a mixture of these gases as a finished product.
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5.1 Possible sources of error:

Due to time constraints, testing and analysis of all materials equally was not possible.
The initial testing results are similar between the samples, with the exception of the
pure Fe sample which was not tested at 800°C. However, the data from the pure
Fe sample that was used should be as reliable as the data from the other samples.
There was also some deposition of material on the reactor wall which was difficult
to remove between tests. This deposition may have affected the results of some
the experiments. Due to some samples not being analyzed with SEM, there is a
possibility that the synthesis of some samples had failed, or at least been of lower
quality than other samples. This may be the reason for the poor results of the
manganese doped sample, but there was no indication of lesser quality from ocular
inspection.

As the long reduction cycle of the nickel doped sample ran into some issues with the
gas flow, the data from this experiment is dubious. However, the results from this
experiments did show a high Hy production before the decrease in gas flow, and this
data can still be considered in the discussion.
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Summary and conclusion

The materials synthesized in this thesis have shown to be a possible way to produce
Hy; and CO. The materials seem to have benefitted from the addition of dopants,
and the nanofibrous structure has played some part in the CO production due to its
capacity to store carbon deposits for subsequent oxidation. SEM analysis showed
that this method was a viable way to produce these kind of materials, however the
metal loading could be adjusted to decrease excessive loading. The materials are
listed in the table below in order of their efficiency.

Table 2 - From most effective resistant to least
Fe-Ni

Fe-Sr

Fe-Ce

Pure Fe

Fe-Mn

Alumina

ARl ol

The Fe-Ni and Fe-Sr samples generally had the highest output of the desired prod-
ucts, Fe-Ce was in the middle of the scale. PureFe performed well but was less
effective at the lower temperatures, and the Fe-Mn sample was the least effective of
the doped sample.

The undoped alumina sample could be utilized in this process, but it is not useful
in a traditional DRM aspect. This material instead utilizes the material surface to
bind and release carbon to produce the intended gases.

6.1 Further research

The excessive metal loading which was visible on some of the material makes further
studies of material with decreased metal loading interesting. The effects of different
dopant concentrations and different dopant combinations may also be interesting
for further research. All of the samples used in this thesis could also be further
investigated with more extensive reactivity testing and SEM analysis. If possible,
the materials used in this thesis could also be tested in SMR reactions as iron has
been extensively used SMR processes and these type of materials may be of use for
that purpose [7].
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Appendix

Converted CO2 in oxidation phases (mol)
Alumina |PureFe FeCe FeMn FeSr FeNi

800| 2,05E-04 5,18E-04| 5,87E-04| 8,32E-04| 2,13E-03
850 1,98E-04| 7,38E-04| 6,59E-04| 8,70E-04] 1,64E-03| 4,23E-03
800| 2,97E-04| 1,25E-03| 1,50E-03| 1,42E-03] 2,81E-03| 5,22E-03
950| 8,85E-04| 2,15E-03| 2,42E-03| 2,16E-03] 3,94E-03| 5,87E-03
1000| 1,30E-03| 3,98E-03| 3,29E-03| 2,78E-03| 4,83E-03| 5,73E-03

(a) CO4 exchange in initial sample tests

Converted CH4 in reduction phases (mol)
Alumina |PureFe [FeCe FeMn FeSr FeNi

800| 5,51E-05 4,49E-04| 2,04E-04| 2,19E-04| 5,28E-04
850| 5,09E-05| 3,41E-04| 3,88E-04| 3,69E-04| 4,28E-04| 7,82E-04
900( 2,68E-04| 5,29E-04| 6,41E-04| 5,48E-04| 8,06E-04| 1,48E-03
950( 8,30E-04| 8,94E-04| 5,67E-04| 7,13E-04| 1,44E-03| 1,86E-03
1000| 1,33E-03| 1,71E-03| 1,47E-03| 9,54E-04| 1,97E-03| 1,98E-03

(b) CH,4 exchange in initial sample tests

Figure A.1: Tables of the converted amounts of reactants in the initial testing
cycles
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Figure A.2: SEM image of unused pure Fe sample.
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Figure A.3: SEM image of unused Fe-Sr sample. In the left side of the image there
is some material which has lost its fibrous structure due to excessive metal loading.
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Figure A.4: SEM image of unused Fe-Ni sample.
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Figure A.5: SEM image of used pure Fe sample. The carbon deposition has not
been removed from this sample.
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Figure A.6: SEM image of used and decarbonized alumina sample.
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Figure A.7: SEM image of used and decarbonized Fe-Ce sample.
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Figure A.8: SEM image of used and decarbonized Fe-Ni sample.
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Figure A.9: SEM image of used and decarbonized FeNi sample
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Figure A.10: SEM image of used and decarbonized Fe-Sr sample that was used in
further testing and long cycle experiments.
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Figure A.11: SEM image of used and decarbonized Fe-Ni sample that was used
in further testing and long cycle experiments. Some very fine fibrous structures can
be seen among the more bulky fibrous structure.
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