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Abstract

Gas-phase contaminant removal is a critical process for power supply systems (e.g. fuel
cells and gas turbines). Because of high-energy efficiency, low emissions, and fuel
flexibility, Solid Oxide Fuel Cells (SOFCs) are promising energy converting devices.
However, various types of contaminants on the cathode side of SOFCs can cause
performance degradation, such as sea salt particles and sulfur compounds. Recently,
researchers have shown significant degradation caused by SO,, which reacts with cathode
side materials and blocks the active sites available for oxygen reduction reaction. The
major SO, source is the emission from marine fuels such as JP-5 and JP-8 whose sulfur
content can be up to 1200 ppmw. It has also been reported that 5-20 ppm SO, can be
generated after combustion by using high sulfur containing hydrocarbon fuels. Moreover,
researchers revealed that cell exposed to as low as 100 ppbv of SO, underwent a current

loss. Therefore, it is necessary to remove SO, from cathode side down to a sub ppm level.

In this study, SO, breakthrough performance was studied by using various transition
metal supported on gamma alumina. All of the transition metal containing adsorbents were
prepared using incipient wetness impregnation method. Among the -candidates,
manganese-containing adsorbents exhibited the best sulfur capacity in the preliminary
screening test. Furthermore, the effect of manganese loading, types of supports, and

calcination temperature were further investigated.
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Addition of 5 wt.% Mn demonstrated the highest breakthrough and saturation capacity
in the presence of O, at room temperature. XRD and H,-TPR technique revealed that
Mn;04 and Mn,0O; co-existed in well-dispersed forms. Furthermore, the Mn/Al,O3
adsorbent showed better performance than Mn/ZrO, and Mn/TiO,. A possible explanation
was that Mn/Al,O3 possessed larger population of terminal (isolated) hydroxyl groups on
the sorbent surface, which was beneficial during the SO, adsorption process. According to
the XPS study, the hydroxyl groups on 5Mn/Al,O3 and 5Mn/ZrO, were 18.8 % and 15.9 %,
respectively. Therefore, the XPS study can explain why the capacity of using Al,O3 support
was higher than that of using ZrO,. Additionally, the role of manganese oxidation state was
studied by XPS and H,-TPR technique. It was also believed that the activity of low valence
manganese oxide species was higher than that of Mn(IV). This conclusion was supported
by the study of calcination temperature effect. In chapter III, the TPR results show the
average oxidation state (AOS) decreased monotonously with increasing calcination
temperature. The SO, removal capacity of SMn/Al,O3 calcined at 650 °C (AOS =1.57)
exhibited the highest performance in the presence of 10 ppm SO, in air. Oxygen
chemisorption was also used to characterize the dispersion of manganese on the surface;
however, the effect of active metal dispersion was not clear in this work and needs further
investigation. The textual properties such as BET surface area, pore volume were also
measured. They were important factors in SO, adsorption process. The regeneration

condition and aging tests were discussed in this part as well.
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The kinetics of non-catalytic gas-solid reaction between MnOy/y-Al,O3; and SO, at
room temperature (20 °C) was investigated in Chapter IV. A mathematical model coupled
with axial dispersion effect, external and internal diffusion resistance, and depletion
mechanism of sorbent can not only fit the breakthrough results but also predict the
breakthrough curves of packed bed (PB) and microfibrous entrapped sorbents (MFES) with
acceptable deviations. The model consists of two important variables: initial sorption rate
constant (k,) and depletion rate constant (k;), which can be determined by fitting the model
to experimental data. Due to uniform flow pattern and minimized bed channeling, MFES
outperformed conventional packed bed. The regeneration performance of MFES surpassed
that of PB significantly in model anode exhaust gas (AEG) at ca. 650 °C. Furthermore,
MFES maintained its breakthrough capacity up to 5 regeneration/adsorption cycles. Thus,
the drawbacks of the packed bed due to flow maldistribution can be addressed employing

MFES.

In Chapter V, based on the mathematical model derived in the previous chapter, we
could estimate the parasitic power consumed by the fuel cell system under various filter
designs. For the case study, a 60 kW fuel cell stack was investigated. Generally speaking,
when long term protection is required, composite bed and packed bed is the best option
due to their high capacity. However, when long term protection is not the primary concern
and high removal efficiency is required, MFES consumes the least parasitic power. Hence,

it is vital to choose the best filter design based on various environmental condition.
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In Chapter VI, the strategy of protecting the Proton Exchange Membrane Fuel Cells
(PEMFC) was discussed. Volatile Organic Compound was selected as the model impurity.
Various activated carbons were used as sorbents for the fuel cell filters. Meanwhile, Yoon
and Nelson model was used to describe this adsorption process. In this part, we also applied

a chemical activation method to enhance the adsorption performance.

Some proposed future works are listed in Chapter VII, including the investigation of
altering the population of surface hydroxyl groups on the sorbent surface, UV-assisted SO,
adsorption on Mn/TiO,, incorporation of other additives to enhance the SO, removal

performance.
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Chapter I Introduction and Literature Review

I.1 Introduction of Solid Oxide Fuel Cell (SOFCs)

I.1.1 Components of SOFCs

Currently, numerous research groups throughout the world has focused on the third
generation fuel cell-Solid Oxide Fuel Cell (SOFCs), which is able to fulfill the requirement

of high efficiency, fuel flexibility, long stability, and zero/low emissions' .

Among various types of fuel cells, solid oxide fuel cell requires extremely high
operating temperature (e.g. 600~1000 °C) and can use natural gas or propane as its fuels
since its advantage of fuel flexibility. SOFC is supposed to be very reliable in large, high
power applications (e.g. full-scale industrial plants or U.S. Navy shipboard).

The major components of a single SOFC include electrolyte, cathode, and anode as
shown in Figure I.1. In addition, fuel cell stacks is composed of an electrical interconnect,
which is able to connect every single cell together in series or parallel. The electrolyte is
mainly made of YSZ and works as an oxide ion conductor. In general, oxygen atoms are
reduced into oxide ions on the surface of cathode. Then the oxide ion penetrates through
the ceramic electrolyte to the anode side, where the oxide ions react with the fuel comes

from the anode and generates electrons.



Table 1.1 Materials of SOFC Components'

Components

Materials

Electrolyte

Y,0;-Stabilized ZrO, (YSZ)

Cerium oxide doped with samarium (SDC)

Cerium oxide doped with gadolinium (GDC)

Cerium oxide doped with yttrium doped Ceria (YDC)

Strontium Cerate (SYC)

Anode

NiO/YSZ (suited for YSZ electrolyte)

NiO/SDC or NiO/GDC (suited for ceria based eletrolyte)

Cathode

LaSrMnO; (LSM)

LaCaMnOs; (LCM)

LaSrFeOs; (LSF)

SmSrCoOs (SSC)

LaSrCoO; (LSC)

LaSrCoFeO; (LSCF)

Note: Both the anode and cathode are made of porous structure to accelerate mass transport

of reactant and product gases.
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Figure 1.1 SEM image of SOFC microstructures.’

Usually, the anode is composed of Ni-ZrO, cermet. The function of the zirconia
material is to prevent the metal particles from sintering and provides a thermal expansion
coefficient comparable to that of the electrolyte material. In addition, the anode material of
SOFCs possesses the property of high porosity. Therefore, it can favor the mass transport

of reactant as well as the product gases.

Similarly, the cathode of SOFCs is also made of porous structure that facilitates rapid
mass transport for reactant or product gases. As listed in Table 1.1, strontium doped
lanthanum manganite is most widely used for the cathode material. Some other materials
such as p-type semi-conductors are being used for SOFCs. The application of these
materials is beneficial for decreasing the SOFC operation temperature, which can reduce
the cost of materials. For this reason, mixed conductors like lanthanum strontium ferrite
and lanthanum strontium cobaltite are better candidates than the lanthanum strontium

manganite.

As mentioned earlier, because of the high temperature operation condition, SOFCs face

a great deal of challenges on its materials. Recently, it was reported that planar SOFC is
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capable of operating at lower temperatures (700-850 °C). Considering the ability of SOFC

can use conventional fossil fuels, the cost of the SOFCs can be reduced significantly.

1.1.2 Factors Affecting the Performance of SOFCs
a) Pressure

Similar to all types of fuel cell, the performance of SOFCs is enhanced with increasing
cell pressure. If the pressure is increased from P, to P,, the voltage difference can be

expressed as follows:
Py
AV=0.027In(=")
Py

For SOFCs combined with gas turbine, high pressure operation condition favors the

performance significantly.
b) Temperature

It is well known that the effect of temperature is of great importance on the SOFCs
performance. The main reason is that higher temperature can enhance the conductivity of
materials, which reduces the ohmic loss of the fuel cell. Therefore, most of the SOFCs
operate at the temperature range of 800-1000 °C. As a result, LSM-based composites
remain the most widely used materials on the cathode because of their excellent long-term

stability when operate at high temperatures.



1.2 Introduction of SOFCs Cathode Air Protection

There are two main types of air contaminants in air. The first one is particulate
contaminants, including soot, smoke, dust, sea salt particles and so forth®. The other one is

gas phase contaminants, such as VOCs, NOy, and SO..

Various
energy resources
Minor constituents in practical SOFC fuels
Sulfur-related impurities

(City gas, LP gas, Coal gas, Coke oven gas,

Biogas, Petrolenm-related fuels)

Halogen-gas (Cl, gas in water, HCI in coal gas etc.)
Contaminations .-\mmon.la (Biogas)
from SOFC \Ammatlc compounds (Petroleum-related fuels)J

systems Internal or external
( . . i, reformin
Heat insulation materials g . )
Anode poisoning

Structural components
Electric insulator '/
Electrolyte }‘
Cathode l\

Materials for
Cathode poisoning
m

heat exchanger
Fuel supply tubes
Air supply tubes
Bonding materials
Minor constituents in ambient air
SOX in contaminated air
Salt-containing mist near seashore
Humidity in ambient air

uonwaodeay

Figure 1.2 Possible contaminants of SOFCs.*

Since ambient air is continuously introduced into the cathodes during operation over a
long period of time, external contaminant poisoning effects should be taken into account”.
The extrinsic impurities, which can lead to chemical degradation of SOFCs, are

demonstrated in Figure 1.2. On the cathode of SOFCs, it can be seen that SO, is the most



typical contaminant other than the salt particles. Sulfur dioxide poisoning remains a critical

issue for the SOFCs cathode degradation’, even though the cathodes of SOFCs possess

higher sulfur tolerance than that of proton exchange membrane fuel cells (PEMFCs)*'’.

Fuel Gas Effluent Gas Fuel Gas

.

& B, +2000), +2¢ S0, + H, @

H,S+Ni—>S, +H,
B .5+ nims, o i, B H.0:0 +v" >20H),

B, 0" > H0+ 2 X ]
SDC Electrolyte ¢

LC(_ HZS (J SNi‘ q SOZ (,Q, HZO
< H2 [ ® (OH):. (o} o*

Figure 1.3 Proposed mechanism for Ni+BZCY anodes using hydrogen fuels containing

100-1000 ppm of H,S.*

Usually, SO, is generated in the process of burning of fossil fuels in factories, power
plants, automobiles, or fuel cell power systems''. As we know, in military logistic SOFC
system, the sources of SO, mainly arise from marine fuels, such as JP-5 and JP-8. For
example, JP-5 jet fuel obtained from US Office of Naval Research contains c.a. 1050 ppmw
S'*'° Sulfur dioxide is present not only in fuel emissions, but it can also be transformed
from some other sulfur species (e.g. H,S, organosulphur compounds) at elevated

temperatures' . As illustrated in Figure 1.3, the sulfur containing fuels can not only cause
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Ni+SDC anode degradation, it also generate SO, which can further react with the cathode
materials on the grain boundary of SOFC cathode'®. It has been reported that 5-20 ppm

SO, can be generated after combustion in a typical engine exhaust'"'*%.

1.3 Sulfur Dioxide Poisoning Effect on SOFCs Cathode

SO, is known as the major sulfur-containing anthropogenic toxic gas, which can lead
to acid smog formation or acid rain*'. Many countries have regulations about limiting the
emission of SOy into the atmosphere since it is very harmful to human beings. (e.g. causing
eye, nose, and throat irritations, choking, cough, and so forth.) According to United States
Environmental Protection Agency, it was set in 1971 that the primary standard for SO, is

140 ppbv. In addition, EPA defined 500 ppbv as a 3-hour average secondary standard.

Over recent years, many researchers investigated the SO, poisoning effect on SOFCs
cathode. It is well known that even with ultra-low sulfur content fuels, the long period
adverse effects of small amount of SO, in emissions is detrimental to fuel cell
performance®. The sulfur contaminants build up in the fuel cell system, resulting in more

severe degradation with longer exposure times>>. Wang et al.?*%
g g p g

experimentally studied
SO, poisoning effect on LaSrCoFeO; (LSCF) cathode for SOFCs. They revealed that there
was apparent current loss even if the cell exposed to 100 ppbv SO, balanced in air for c.a.

100 h, though the cell performance could be partially recovered if the SO, source was cut

from the air stream. As shown in Figure 1.4, 0.1 ppmv SO, was introduced into the LSCF



cathode and the performance degradation was around 3 % after 2 h**. After the SO, was
cut from the air after 2 h, the degradation was recovered c.a. 1.5 %. Wang et al.** further
stated that the SO, adsorption is responsible for the rapid performance degradation, which
was confirmed by SEM and EDX results. Furthermore, long time operation (>5000 h) of
fuel cell may cause SrSO; precipitates. It is well known that SrSO4 formation can block

the active surface™, reduce the cathode porosity, and lead to morphological changes’.

Researchers also investigated the current loss when the fuel cell was exposed to SO,
with various flow rates. As shown in Figure 1.5, when the flow rate of air was set to 25 mL
min'l, I/I, value decreased drastically to 95 % during the first 10 h. After that, I/I, value
gradually decreased from 10 to 100 h. The similar phenomenon took place at the flow rate
of both 50 and 90 mL min™'. In addition, the higher the flow rate, the worse the degradation
for the fuel cell performance. However, the author did not explain the mechanisms

regarding two degradation stages (< 10 h and > 10 h).
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Figure 1.5 Time dependence of I/Io of the cells exposed to 100 ppbv SO, for 100 h at

various flowrates.”

1.4 Introduction and History of SO, Removal Technologies

1.4.1 Technologies for SO, Removal

This section reviewed a number of desulfurization technologies in the past decades.
Some of the technologies are being used for over 40 years; however, some of them are still
staying at the laboratory level. Generally, the most common way to remove SO; is to use

basic oxide materials. Wet and dry FGD (flue gas desulfurization) processes represent the

10



major industrial routes designed to control SO, emissions in atmosphere. The major
drawbacks of wet scrubbing methods are large amounts of water consuming and production

of large volumes of waste liquids.

Sulfur dioxide emission control is traditionally applied in flue gas desulfurization.
Generally, the flue gas reacts with absorbent medium in either an absorber or scrubber

vessel to produce slurry with high sulfur-containing®’.

For wet FGD systems, the wet scrubbers generate wet products, which can be
regenerable or unregenerable. Commercial power generation wet FGD systems mainly use
CaCOs, Ca(OH),, or a mixture of Ca(OH), and alkaline fly ash sorbents. An aqueous
suspension of these materials is sprayed into towers. Then the SO, contacts with the
scrubbers and forms into gypsum (CaSO4-2H,0). The drawback for wet FGD system is of
low removal efficiency. Typically, it can only reach about 90% efficiency”’. Therefore, it
is not applicable if the inlet concentration of SO, is in ppm level. Furthermore, the thermal
regeneration of its waste (gypsum) requires a high temperature level. In addition, intensive
recrystallization with a drastic loss of porosity and reactivity occurred during the thermal
regeneration process. Hence, after reaction, such a “throw-away” process is not able to
achieve current and future environmental trends. The CO; product will lead to greenhouse
gas effect and large amount of wastewater as well as low-grade gypsum cannot be
commercialized. Considering the real operation condition, dry desulfurization processes

are much more convenient and environmental friendly. Therefore, many studies were
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devoted to the development of supported metal oxide sorbents*'. The supported sorbents
are not only capable of removing SO, with a high efficient, but also show a large surface
area and high textural properties, which is favorable for heterogeneous adsorption. In
summary, the SO, adsorption by using supported sorbents is more applicable for fuel cell

cathode system.

1.4.2 Sorbent Screening

Adsorption can be a promising technology to remove SO; due to its unique advantages
such as ease of adsorbent regeneration, simple adsorber design, and much less problems in
waste disposal®’. Most of the sorbents used in SO, adsorption are metal oxides. Based on
the thermodynamic data and Gibbs free energies, the metal oxides of iron (Fe), copper (Cu),
silver (Ag), manganese (Mn), nickel (Ni), cerium (Ce), calcium (Ca), vanadium (V), zinc
(Zn), strontium (Sr), barium (Ba), cobalt (Co) and magnesium (Mg) have the
thermodynamic feasibility for SO, adsorption. Among these candidates, Co, Fe, V, and Zn
are usually operated at low temperature (300-550 °C). Since SOFC usually operates at high
temperature (>600 °C), these candidates are not suitable for cathode filter adsorbents.
Qualitatively, a sorbent designed to be effective over a wide temperature range must
undergo sorption with a negative standard free Gibbs energy over that range. In 1971,

128

Lowell et al.”™ evaluated 47 different oxides for use as sorbents for removing SO, from flue

gas. There are mainly two factors for them to choose the candidates for future sorbent
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development: (1) sorption rate; (2) sorbent stability during long term sorption-regeneration
cycles. They mainly use thermodynamic analysis and literature data to select potential
sorbents. Firstly, oxides of Ba, Ca, Cd, Cs, K, La, Li, Mg, Na, Rb, Sc, Sr, and Y were
removed from their list as unfavorable sulfate decomposition temperatures (> 900 °C).
Then, oxides of Ag, As, B, and Si were eliminated because of unfavorable chemistry such
as decompose to free metal. In addition, Be was removed from their list because of its
toxicity. Furthermore, Ga, Ge, Ir, Pd, Re, and Rh were eliminated since their high cost. In
addition, MoOs was eliminated because it has a high vapor pressure at elevated
temperatures. Finally, the potential sorbents remains on Lowell’s list are Ti, Zr, V, Fe, Co,
Ni, Cu, Zn, Al, Ce, and Mn. An experimental studies conducted by Bienstock et al.
suggested that bulk oxides of Mn, Co, and Cu were the most promising candidates for SO,
adsorption. Furthermore, to improve the physical strength of DeSOx sorbents, interests of
research focused on the development of supported sorbents. In 1974, Vogel et al. evaluated
a number of impregnated metal oxides supported on alumina for SO, removal at 343 °C
and summarized that the supported oxides of Na, K, Sr, Ca, Cr, and Cu demonstrated high
reactivity to SO,. However, there was a hydrogen pretreatment step (482 °C) for their
sorbents, which would affect the activity of Mn and Co. Further study were conducted by
Koballa et al. stated that the oxides of Ni, Mn, Fe, Co, and Zn were the most promising
metal oxide sorbents for SO, adsorption. In the following part, sorbents based on various

metal oxides, and some sorbents widely used in industry such as CaO, MgO will be
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discussed alphabetically in this work. In addition, mixed oxide adsorbents on various

support materials will be discussed in the following part.

1.4.2.1 Calcium Oxide Based Sorbents

Calcium oxide (in the form of limestone, hydrated lime or lime) is a sorbent widely
used in both laboratorial and industrial scale and is able to remove most acid gases such as
CO,, H,S, and SO, even at low temperatureszg. In most cases, CaO based sorbents are
disposable sorbents, though it has high efficiency and capacity to SO,. Their typical
regeneration temperature is above 1000 °C, which is not practical for industrial application.
There are two major techniques for calcium-based sorbents to remove SO,: (1) wet

scrubbing; (2) dry scrubbing.
The wet scrubbing process is given by reaction 1 as follows.
SO, + CaCO; + 2 O, + 2H,0 — CaS042H,0 + CO, (I-1)

The wet scrubbing process has major economic issues such as large consumption of
slurry, release of CO; leading to greenhouse effect, and waste of low-grade gypsum that

cannot be commercialized.
The dry scrubbing process can be described by reaction 2-4
CaO + H,0 — Ca(OH), (I1-2)
Ca(OH); + SO, = CaSOs + H,O (1-3)
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Ca0 + SO, + % 0, = CaSOy4 (I-4)

Dry scrubbing process outperformed wet scrubbing process since less energy is
required and almost no wastewater is generated during that process. Nevertheless, due to
the high decomposition temperatures of CaSOs3 or CaSO4 and the sintering effect of the
regenerated CaO, both the wet and dry scrubbing process is non-regenerative methods.

Therefore, this material will cause many environmental problems.

1.4.2.2 Cerium Oxide Based Sorbents

Cerium oxide (CeO;) is commonly used as a promoter in SO, adsorption rather than
the main active metal’®>'. Ceria is also known as high oxygen storage capacity, which is

1.** and Cantu et al.’' used cerium as a promotor

usually used as a redox catalyst. Jae et a
for MgO-based and hydrotalcite-like sorbents to remove SO,. Jae et al found that the SO,
breakthrough capacity could be enhanced by 3-4 times with incorporation of 15 wt.% Ce’?.
They also stated that the addition of Ce could drive the SO, transform into SOs. Also, the
basic character of CeOy species favors the SO, adsorption on the surface of material®'.
Sumathi et al.”” impregnated Ce onto palm shell activated carbon to remove SO, and NO
simultaneously. They reported that Ce was a good candidate for DeSOy process at
temperature range of 100-300 °C. Moreover, Ce as a promotor can lower the regeneration

temperature for mixed metal oxide sorbents, which can save numerous energy for industrial

process.
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1.4.2.3 Copper Oxide Based Sorbents

Copper oxide (CuO) is considered a suitable candidate for industrial applications.
Sulfur dioxide reacts with copper oxide and oxygen to generate CuSO4 at 300-500 °C.
Regeneration of sulfated sorbent is conducted with a gas stream containing hydrogen,
methane, carbon monoxide or ammonia at the same temperature range’*. After that, the
metallic copper in the sorbent can be easily re-oxidized in air at the operation temperature
for future SO, adsorption cycle. When CuO supported on porous materials, there are more
advantages such as high thermal stability, high surface area, and relatively low temperature
required for copper desulfation®'. The following reactions are involved in the DeSOx and

regeneration process of CuO.

CuO + SO, + 5 0, = CuSO,4 (I-5)
CuSOy + 2H, - Cu + SO, + 2H,0 (1-6)
CuSOy4 + % CHy = Cu + SO, + % CO, + H,0 (1-7)
Cu+ ' 0, » CuO (I1-8)

Copper oxide doped on y-alumina was widely studied by researchers. In literature,
approximately 3.5-7.2 wt.% Cu was doped on alumina to achieve the highest SO, capacity.
Apart from y-alumina, different porous materials including a-alumina, silica, and titania
were also used as sorbent supports®. In 1970, McCrea et al.*® derived a dry, solid adsorbent

prepared by impregnating copper salts into a 1/16 inch alumina support. In their work, a
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preliminary process design and economic evaluation for power plant utilization are
included®®. Also, they stated that adsorption of SO; from flue gas occurs readily at 300 °C
or above when the support contains about 4-6 wt.% copper. For the regeneration process,
exposure of sulfated sorbents to air or nitrogen at 650-700 °C could not efficiently remove
the sulfur species. A minimum of 4 h is required for the sorbent regenerated at 700 °C. In
1994, Yoo and Kim®’ showed that SO, adsorption performance of CuO/y-Al, O3 sorbent
varied with sulfation temperature as well as the amount of copper loading. Two years later,
based on Yoo and Kim’s work, Jeong and Kim®® incorporated alkali salt to the sorbent and
increased the SO, sorption rate for the bulk sulfation of the CuO/y-Al,Os. They also
claimed that the most efficient promoters for CuO/y-Al,O3; sorbent were LiCl, which
increased the sulfur removal capacity by about three times compared to the promoter-free
sorbent. However, the sorbent did not show good DeSOy performance at lower temperature

(e.g. <200 °C).

Still further, people also used some novel preparation approaches to enhance SO;
adsorption performance, such as sol-gel technique. In 1996, Deng and Lin** prepared y-
Al,Os supported copper oxide and calcium oxide sorbents by using sol-gel methods. It was
found that the sorbent containing 20 wt.% CuO on the surface possessed the highest SO,

sorption capacity. In 2006, Gavaskar et al.*

further studied copper-based sorbents prepared
via sol-gel routes. It was demonstrated that the highest sorbent capacity was achieved with

sorbent incorporated 14.1 wt.% Cu. Furthermore, the ceramic sorbents prepared by sol-gel
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method generally provide a high surface area and mechanical strength compared to the

. C e . . 35
conventional incipient wetness impregnation method™.

Besides this, other supported CuO sorbents and mixed metal oxide sorbents based on
CuO have also been widely studied. Corma et al.* synthesized hydrotalcite-derived mixed
oxides containing Cu, Mg, and Al to remove SO; and NOy in FCC units simultaneously.
Cheng et al.*’ used copper impregnated on MgAlFe hydrotalcite-like compounds to remove
sulfur for FCC units. They found that copper, as a promoter, is an excellent choice due to
its low cost and significant enhancement for SO, adsorption. Furthermore, the sorbent can

be completely regenerated at 873 K within 15-20 min in hydrogen atmosphere.

The drawback of the copper based sorbent is that the reactivity of the sorbent start to
decrease significantly when the reaction temperature is beyond 500 °C. This phenomenon
is possibly due to sorbent sintering effect’”’. Additionally, the SO, equilibrium

concentrations using sorbents of CuO at various temperatures are displayed in Figure 1.6.

18



-
o
o
]
|
\
"
I
]

o)
=)
\

60

40 - .

20 -

SO, Equilibrium Conc. (ppmv)

Olws-snnnn-nnuununt
0 200 400 600 800 1000
Temp (°C)

Figure 1.6 SO, equilibrium concentrations using CuO sorbent at various temperatures.

Data were generated by using HSC 6.0 software.

From Figure 1.6, we can see that when the temperature approaches around 550 °C, for
the thermodynamic reason, the CuSO, formed starts to decompose into SO, and CuO. So

the CuO sorbent is not feasible when the desulfurization temperature is beyond 500 °C.
1.4.2.4 Iron Oxide Based Sorbents
Iron oxide (Fe,0s3), is of low cost and promising candidates for large-scale DeSOy

application. Its application for SO, adsorption has been studied since 1970s. Iron oxide

supported on alumina is a choice for simultaneously removing NOy and SOy from power
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plant stack gases. In 1981, Kim and Chol*! investigated SO, oxidation on a-Fe,0O; at
temperature range from 250 to 400 °C under various Pso, and Po, conditions. They
concluded that the reaction is first order with respect to SO, and 0.5 order with respect to
0,. Ma et al* prepared a novel regenerable Fe/AC sorbents for SO, adsorption at low
temperatures. In addition, the SO, removal ability gradually increases with increasing
desulfurization temperature from 150 to 250 °C. Furthermore, the spent Fe/AC sorbent can
be regenerated by NH; at 350 °C. In addition, Davini et al.*”’ stated that by incorporation
of iron on activated carbon, the SO, adsorption ability was largely increased. They
attributed this result to the presence of basic surface sites promoting the initial adsorption
of SO, and iron derivatives promoting the transformation of adsorbed SO, into more stable

species.

Recently, iron behaves more as a promotor than a main active site. People usually
incorporate iron into hydrotalcite-like compounds to enhance their adsorption and
regeneration ability®'*>***_ Cantu et al.>"* added c.a. 9 wt.% Fe into MgAl hydrotalcite
compounds. The incorporation of iron not only increased the reduction capability but also
had no adverse effect on the SO, adsorption capacity’'. Similarly, Jae et al.’* used Fe and
Ce promoted MgO-based sorbents for SO, removal and found that Fe was able to enhance

the regeneration performance largely.
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Figure 1.7 SO, equilibrium concentrations using Fe,O, sorbent at various temperatures.

Data were generated by using HSC 6.0 software.

Furthermore, Arcibar-Orozco et al.*® incorporated 3-4 nm iron nanoparticles onto
activated carbon to enhance the SO, removal. They revealed that the small iron
nanoparticles provided well-dispersed reactive centers and the adsorption capacity was
increased by 80 %. However, iron oxide itself cannot remove SO, at higher temperature
(e.g. T > 450 °C) very effectively. Hence, for SOFC applications, the iron oxide derived
sorbent may not be a good choice. The SO, equilibrium concentrations using sorbents of

Fe,0; at various temperatures are displayed in Figure 1.7.
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1.4.2.5 Manganese Oxide Based Sorbents

Manganese oxides were first considered as an effective candidate as sorbents for SO,
removal in 1960s. In 1978, Koballa and Dudukovic*’ summarized that Mn was one of most
promising sorbents for SO, removal. Manganese oxides, as active components, can be
highly dispersed on support materials to remove SO,. People recently use manganese
supported on activated carbons to remove SO,*". Also ACF is another choice for SO,
removal at low temperatureﬂ. Manganese oxides including MnO,, Mn;Os, Mn30,4, and
MnO, all of them show activities toward SO,. Qu et al.*’ summarized that MnO and Mn;O,
demonstrated higher activity than MnO; in their study. Also, they claimed that the activated
carbon containing 5 wt.% Mn calcined at 650 °C in N, atmosphere exhibited the best
DeSOy performance. The possible reaction for manganese oxides interact with SO; is

shown as follows.

MnO,+ SO(g) - MnSOs, (1-9)
MnO +2 SOx(g)+ Ox(g) » 2MnSO;, (1-10)
Mn304+3 SO5(g)+0a(g) — 3MnSOs, (I-11)
Mn,03+2 SOz(g)-i—%Oz(g) - 2MnSO;4 1-12)

The regeneration step is usually conducted by heating the spent sorbent under N,

atmosphere.
MnSO4 = 1/2 Mn,0O3+ SO,(g) + 1/4 Ox(g) (I-13)
MnSO, — 1/3 Mn;04 + SOx(g) + 1/3 O4(g) (I-14)
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Manganese is an excellent candidate for many applications when it is in the oxidized
state, such as VOC removal®> >, SOy removal®~%’, CO oxidation®®®', SCR of NO,*%%,
and so forth. Manganese oxides are among the most efficient transition metal for total
oxidation, which is a critical sulfate formation step during SO, adsorption®”®. Compared
with noble metals (e.g. Pt, Pd), high stability and low cost render Mn much more available
to some practical application®. In addition, MnOy possesses low volatility nature at high
temperatures and reacts to a small extent with catalyst support (MnAl,O4 can be hardly
produced unless calcined in hydrogen atmosphere.)’”*

It is also well known that manganese oxides possess strong oxygen storage/release
ability since they are capable of undergoing a fast redox cycle via the interaction with
reducing agent or oxidant®®. Meanwhile, manganese oxides with various oxidation states
are formed during that process. Different types of manganese oxides exhibit different
activity in specific catalytic reaction. Kim et al. concluded that the catalytic activity for
combustion of VOCs was in the order Mn;Os>Mn,O5>MnO,*. However, Mn,O3 were
considered as the active components in the CO and CH, oxidation process®.

1.4.2.6 Nickel Oxide Based Sorbents

Nickel was in Lowell’s list as a selection of metal oxide for SO, removal®®. However,
as an active species, nickel has not been extensively studied compared with sodium or
copper". It was used as either additives®’ or main active species”™® in SO, adsorption.

Guo et al.® applied excessive impregnation method to prepare 1wt.% Ni on nitric acid

treated activated carbon. They concluded that the acid-treated activated carbon could
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significantly increase SO, removal ability, which might be due to the Ni and NiO species
on the surface of activated carbon. Zhao et al.”” synthesized a series of hydrotalcite-like
compounds containing Ni and Al. It was summarized that the surface basicity and active
oxygen species on the surface contributed to the high activity of sorbents for SO,
adsorption. Furthermore, Zhao et al.*’ incorporate Cu into NiAl hydrotalcite compounds,
concluding that the Cu-Ni solid solutions could induce the appearance of Cu-O pairs, which
is favorable for SO, oxidation reaction. However, the performance of nickel oxide at higher
temperature is not ideal based on the thermodynamic calculation. Most of the nickel oxide

based DeSOx sorbents were used at room temperature or mild conditions.

1.4.2.7 Vanadium Oxide Based Sorbents

Vanadium oxide (V,0s) is known as its application for manufacture of sulfuric acid. It
is also an efficient catalyst in SO, removal; however, high activity of V,0s is usually
operated in the temperature range of 400-600 °C. Therefore, V,0Os-based sorbents in SO,

0,71
removal were conducted at elevated temperatures’*

. In addition, when the temperature is
too high (T> 600 °C), an intermediate VOSO, formed on the sorbent surface will
decomposed into SO, and V,0s, which is a thermodynamic resistance. The reaction
between SO; and V,0:s is listed as follows.
V,05+2S0,+1/2 O, - 2VOSOy4 (I1-15)
Xiao et al.”’ concluded that SO, adsorption on V,0s/AC is comprised of four steps: (1)

adsorption of SO, on V,0s sites; (2) SO, activation by V,0s and formation of VOSO4

intermediate; (3) O, reacts with VOSO4 to form SO; and V,0s; (4) SO; reacts with H,O to
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form H,SO4, which was stored in AC micropores. They also found that the high SO,
removal ability was related to the properties of AC. Ma et al.”' also reported that V,0s
supported on commercial AC was able to remove SO, and NO simultaneously around
200 °C. Dunn et al.”* doped vanadia on various supports and determined that the rate of
oxidation reaction is zero order with respect to oxygen (when Pq; is above 1 vol.%) and
first order with respect to SO,.

For the thermodynamic reason, V,Os is not effective when the temperature is higher
than 600 °C. At low temperature (T< 400 °C), its reaction rates is too low. According to
Dunn’s work, V,0s5/TiO; can only reach less than 20 % conversion when the temperature

of the system was lower than 400 °C"*.

1.4.3 Mixed Oxide Adsorbents on Different Support Materials

Various commercial supports, including activated carbons, SiO,, Al,Os, TiO,, and
Zr0,, are widely employed in industries™. Since activated carbon does not possess good
thermal stability and the environment of SOFCs may cause degradation to the activated
carbon based material, it was not chosen as a candidate in this study. Combining the
excellent oxidation ability and high surface area properties of the as mentioned supports,
the supported adsorbents are likely to possess high SO, adsorption capacity.

Many types of adsorbents possess excellent capacity and activity for SO, destruction
(DeSOy). Most of these adsorbents are supported transition metal oxides due to their high
thermal stability, high surface area, and ease of regeneration”'. The most common supports

people use are y-Al,O3, SiO,, TiO,, and ZrO,. The advantage for these materials is firstly
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these supports are cheap and widely used commercial products. For instance, y-Al,Osis a
widely used product in catalysis, gas separation, liquid filtration or as coating material,
which is usually generated by calcination of boehmite at 450-500 °C*'. The second reason
is that most of these porous materials are able to provide large surface area, which reduces
internal mass transfer resistance. In this section, the materials used for SO, removal will
be split into three categories:

1. Oxides supported on Alumina

2. Oxides supported on Titania

3. Other mixed oxide materials (e.g. porous silica, CeO,, ZrO,, HT-like compounds,
spinels, etc.)
1.4.3.1 Oxides Supported on Alumina/Alumina Based Adsorbents

Copper oxide supported on gamma alumina is a traditional adsorbent for SO, removal.
It is an excellent candidate for industrial application, such as flue gas desulfurization (FGD)
process. CuO/y -Al,O3 can not only remove SOy, but also NOy from flue gas

simultaneously”""*

. Furthermore, this sorbents can be regenerated under a reductive
atmosphere (CH4, H,, or NH3) at c.a. 500 °C. The SO, capture and regeneration reaction

are shown as follows:

Reaction: CuO+ SO, +1/20,—CuS0Oy4 (t=350-400 °C) (I-16)
Regeneration: CuS0O4+2H,—Cu+S0O,+2H,0 (t=500 °C) (I-17)
CuSO4+1/2CH4—Cu+S0,+1/2CO,+H,0 (I-18)
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Macken et al.”> prepared a series of CuO/Al,O3 adsorbents that can be reused up to
1500 cycles, and the capacity was only reduced by 25 %. Similarly, Jeong and co-workers’
also used CuO/y-Al,O3 to remove SO, in fluidized-bed reactor.

Ma and co-workers”” studied the synergistic effect between NO, and SO, for the
adsorption and reaction on gamma alumina. They conducted TPD and in situ DRIFTS
experiments and concluded that SO, (200 ppmv) could only form tetravalent sulfur species
on alumina surface without NO, in air stream at 303 K. On the other hand, in the presence
of NO, the TPD results clearly showed that S (VI) existed on the sorbent surface. As shown
in Figure 1.8A, the peak shown around 393 K corresponds to the desorption of weakly
adsorbed aluminum sulfite species in the absence of NO; while, in Figure 1.8B, the SO,
desorption peak centered at 1223 K can be attributed to the decomposition of aluminum

76,77

sulfate species. Similar results was also observed by other researchers™’’, whose

decomposition temperature for Al,(SO4); was around 1205 K.
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Figure 1.8 TPD spectra of SO, and O, of gamma alumina reacted with SO, (200 ppmv) in

air at room temperature (A) in the absence of NO and (B) in the presence of NO (200

ppmv).

Xue etal.”® investigated Pt (0.1 ~ 5 wt.%) supported on gamma alumina about oxidation
of NO and SO,. With flow rate of 400 cm*min™', 50 ppmv of SO,, 10 vol.% of O,, and
balanced in N,, they optimized conditions and their materials could achieve 100 %
conversion when the temperature was around 350-400 °C, and 2.0-5.0 wt.% Pt loading on
alumina. In addition, Pt/Al,0O3 was not a series of size-dependent materials. Eighteen years
later, Hamzehlouyan et al”® also used Pt/Al,Os to oxidize SO, (varied between 100 and 149
ppmv) under a flow rate of 300 mL-min™ in the temperature range of 350-400 °C. They

primarily developed a Langmuir-Hinshelwood based model, which was able to predict the
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experimental results of Pt/Al,Os3 accurately. Their model shows that at low temperatures,
SOs occupied the active sites required for oxygen adsorption, thus inhibiting SO, oxidation

reaction. The model is demonstrated as follows:

SO»(g)+Pt—>Pt-SO, (1-19)
01(g)+2Pt—2Pt-0 (1-20)
Pt-SO,+Pt-O—Pt-SO5+Pt (1-21)
Pt-SO3-805(g)+Pt (1-22)

Schreier and the co-workers’’ test various metal oxides supported on mesoporous
ALOj; in the temperature region of 50-600 °C. Among all that metal oxides, calcium and
barium are the most effective components for SO, removal. They stated that the optimized
materials were able to remove about 97 % SO; in the stream (50 ppmv SO,, 6 % O,, and
5 % CO,). In addition, Mn (acted as oxidant as well as sulfur storage element) and Na
(additional storage component for sulfur) species based on alumina and calcium oxide
supports further improved the SO, uptake. It is worth mention that the performance of the
sulfur trap was improved to a large extent with the incorporation of 10 wt.% sodium,

especially for the Ca-containing material.

1.4.3.2 Oxides Supported on Titania/Titania Based Sorbents

Titania (or Titanium dioxide) is the most widely used material used in chemical
industry and oil refineries for SO, removal, typically through Claus reaction®’. It is also
well know that TiO, is a potential excellent photocatalyst material for environmental
purification, such as organosulfur selective adsorption®'.
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Ao et al.** applied TiO, (P25) coated on glass fiber filter as a photocatalyst to
simultaneously remove SO,, NOy, and BTEX (benzene, toluene, ethylbenzene, and o-
xylene) at trace level (ppb) concentrations. After the adsorption process, sulfate ion was
generated upon the surface of TiO; glass fiber filter according to the ion chromatography
results. They also stated that the sulfate ion occupied the adsorption sites on TiO, that
intended to react with NO, to form nitrate ion. Baltrusaitis et al.** further confirmed that
the majority surface species after SO, adsorption on TiO, (4-32 nm nanoparticles) was
adsorbed sulfite without light. Whereas, adsorbed sulfate was generated with UV/vis
irradiation during SO, adsorption. Additionally, the sulfur species adsorbed was influenced
by hydroxyl groups and molecularly adsorbed water, which was confirmed by XPS
technique.

Rodriguez et al.*® investigated the adsorption and reaction of SO, on Au supported on
TiO, at room temperature. It was found that the gold nanoparticles deposited on TiO, (110)
were capable of adsorbing and dissociating SO, with high activity. They also concluded
that the dispersed gold nanoparticles promoted the activity of titania via facilitating the
migration of oxygen vacancies from the bulk toward the titania surface.
1.4.3.3 Other Mixed Oxide Materials

There are many other types of materials to remove SO, such as spinels, hydrotalcite
(HT)-like compounds. It was reported in literatures that the addition of various metallic
oxides such as Ce, Cu, Co, V, Ni, and Fe into HT-like compounds prepared either by

. . .. . . 57,69,84-88
impregnation or co-precipitation is favorable for De-SO, process’ *** %,
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Li et al.* synthesized silica-supported silver-based adsorbent to remove SO, for lean-
burn diesel engine emission. The silver particles was capable of oxidizing SO, to SOs,
thereby forming Ag>SO4. The 5 wt.% Ag-Si0O, adsorbent removed almost all of the SO, in
gas stream and it could be fully regenerated around 300-550 °C.

Djamela et al.” studied SOy adsorption on Pt/SiO, for SO, concentrations ranging from
10 to 50 ppmv at moderate temperatures (200-400 °C). By applying first principle
calculations and in situ DRIFT, they proposed that SO, was firstly oxidized to SOz over Pt
surface, as shown in Figure 1.9. Then the SOs associated with surface hydroxyl groups,
thus forming SO4> species. This conclusion was further supported that no surface species
are formed during blank SiO; experiments.

Canti et al.’' synthesized MgAlFe HT materials to remove the SO, from FCC units.
All the materials were prepared by co-precipitation method. It was also mentioned that the
materials they prepared outweighed a commercial product not only in adsorption capacity
& rates, but also in reduction rates. It was believed that the incorporation of iron increased
the reduction capability of the synthesized materials. Furthermore, the cerium was proved

efficient in oxidizing SO, to SOs, which is an important factor for SO, adsorption capacity.
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Figure 1.9 Mechanism of SO, adsorbs onto Pt/SiO, surface®.

Similar work has been done by Pereira et al.”’ using Mn/Mg/Al spinels with Ce
incorporation. The researchers concluded that the Ce addition is beneficial for SOy
abatement as well as for the reduction of the sulfated materials. In addition, the best SO,
adsorption capacity occurred when the sample was prepared with higher Al content.

Zhao et al.”” synthesized a series of Ni-Al mixed oxides via urea hydrolysis method. In
this work, it was proved that the SO, adsorption capacity increased with surface basicity
and active lattice oxygen species of the materials. When the Ni/Al ratio was three, the
surface exhibited highest basicity determined by CO,-TPD technique. Meanwhile, the
small pore size is also beneficial for SO, adsorption. Further study conducted by Zhao et
al.%” stated that the lattice oxygen on the surface (the basic sites) may associate with the

SO, molecule, as shown in Figure 1.10.
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Figure 1.10 Sulfur dioxide molecules interact with surface basic lattice oxygen sites®’.

Tailor et al.”

synthesized tertiary amine grafted pore-expanded MCM-41 to adsorb SO, in
the presence of CO,. This material possessed large saturation capacity, which was 208.6

mg-g"' sorbent under dry conditions at room temperature. Furthermore, it can be fully

regenerated at 130 °C in nitrogen atmosphere.

A study by Romano and co-workers®* prepared a series of Ce-Zr mixed metal oxides
(varying Ce/Zr molar ratios) and investigated the reaction mechanisms on the surface by
XPS technique. They summarized that the performance of the materials enhanced at higher
temperatures or higher Ce content. More importantly, the presence of surface hydroxyl

groups or lattice oxygen atoms on the surface was a critical factor in the adsorption process
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of SO,. In addition, they proved that the surface hydroxyl groups could not be fully
removed by heating the samples to 673 K under vacuum by analyzing O peak.

Peterson et al.”"”* used zirconium hydroxide (calcined at various temperatures) to
remove 765 ppmv SO, at 25 °C under 15 % RH. X-ray photoelectron spectroscopy
technique was used to quantify the amount of terminal hydroxyl groups and the SO;
capacity was highly correlated to the percentage of terminal —OH.

Gaudin et al.” synthesized mesoporous silica impregnated with Cu and Ce as active
metals to remove 250 ppmv SO, at 400 °C. It was reported that the CuO-CeO, supported
on KIT-6 (mesoporous silica) exhibited the much better DeSOx performance than merely
use Cu or Ce as active metals. This synergistic effect can be attributed to the high dispersion
of CeO, particles and interactive electron transfers between Ce and Cu®.

1.4.4 Oxides Supported on Carbonaceous Materials/Active Charcoal/Active Carbon
Fibers

Active carbons are usually prepared starting from activation of coal, wood chip,
coconut shell, lignite or biomass products, followed by impregnating with a solution of
dehydrating agent, washing, drying, carbonizing in an inert atmosphere, and activating with
CO, or HO*'”*. They possess a great amount of micropores (pore size less than 2 nm),
intricate pore structure, and high surface area (>500 m*-g™'), which are favorable for
adsorption and surface reaction’”°. Also, active carbons have been widely used as support
for SO, removal due to their relatively high efficiency and low cost compared with other

. 1 42.97-99
materials**®"°.
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Ma et al.** synthesized a series of regenerable AC adsorbents impregnated by Fe(NO3)s.
They investigated effect of desulfurization temperature, regeneration temperature. The
performance of 3.5 wt.% Fe/AC product outweighed AC or Fe,O; to a large extent.
Furthermore, this type of material can be fully regenerated in NH; atmosphere at 350 °C.

Several years later, in contrast, Fu et al.'®

synthesized various iron oxides (without support)
to deal with 96 ppmv SO, balanced in nitrogen and oxygen. According to their preliminary
tests, a-Fe,Os3 and y-Fe,O; demonstrated the best adsorption ability probably due to the
effect of surface hydroxyl species on these iron oxides surface. However, due to the
amphoteric properties of the metal surface, the SO, adsorbed onto the Lewis base sites
tended to strongly interact with the oxygen atoms, thus resulting in chemisorbed sulfate
derived from sulfite species rearrangement. Whereas, the SO, adsorbed on the Lewis acid
sites leading to weakly adsorbed SO,.

Lee et al.”’

doped KOH onto granular activated carbon (K-IAC) to remove SO,. They
claimed that K-IACs can uptake over 10 times more SO, than those of undoped activated
carbons. Essentially, the adsorption process occurred because of the surface reaction
between K,SO4 and H,O. Moreover, they also investigated the effect of inlet gas
concentration, effect of adsorption temperature, as well as linear velocity.

Bagreev and co-workers™ studied the role of basic nitrogen containing groups
(characterized by elemental analysis and XPS technique), basicity (determined by titration)

and micropores (analyzed by N, physisorption technique) during the catalytic oxidation

process. It was discussed that the quaternary and pyridinic type nitrogen observably
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1.1°!" used ammonia treated ACFs

increased the adsorption capacity. Similarly, Mangun et a
to remove SO, from flue gas. It was proved that the incorporation of basic functional groups
onto ACFs surface enhanced the adsorption capacity. Furthermore, the ACFs possess much
lower pressure drop compared with the conventional granular activated carbons.

Qu and Liu** investigated the role of Mn species for SO, removal of Mn-based
activated carbon sorbents. In their work, the Mn-based activated carbon sorbents were
impregnated by ultrasound-assisted method by using Mn(NOs), as precursor. Assisted by
the XPS technique, it was found that MnO, Mn304, and Mn,03; were converted into MnO;
after the SO, adsorption process. Additionally, nitric acid pretreatment could remarkably
increase the content of surface oxygen functional groups, minimizing MnO grain size, thus
improving the SO, adsorption capacity. In detail, it was explained that the oxygen in the
gas phase firstly adhered onto the reductive manganese oxides, forming lattice oxygen. The
lattice oxygen acted as a source of active oxygen in the reaction. As a result, SO, reacted
with the active oxygen provided by the former step, thereby generating H,SO4 with the

help of moisture'*. The possible mechanisms at various temperature for Mn supported on

AC are presented as follows:

Ml’l203+s02+H20—>2M1’102+H2804 (1-23)
MnO+Mnz04+3S0,+30,+3H,0-4MnO,+3H,SO4 (1-24)
MnO+SO,+0,+H,O->MnO»,+H,SO4 (1-2 5)
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In this work, since SOFCs are usually operated at elevated temperatures, activated
carbon does not possess high thermal stability. Therefore, metal oxides may be good

candidates to remove SO, in air stream.

L.5 Summary

To sum up, four types of sorbents are described in this Chapter. Because of the long
operation time for fuel cells, we hope the breakthrough capacity can be as high as possible.
On the other hand, to fully utilize the anode exhaust gas, which will be mentioned in detail
in the following chapter, we can regenerate the spent sorbents. Usually, better
regenerability means the sorbent is more environmental friendly. In addition, the operation
temperature of SOFC is very high compared to other types of fuel cells, we also hope the
sorbents can perform very well in a wide temperature range.

In Figure 1.12, we can see that the regenerability of hydrotalcite materials is very poor,
though they are efficient over a wide temperature range. The calcium based sorbents is
fairly efficient at high temperature and the price is very low. However, because of their
poor regenerability, it is not practical to use them in the fuel cell filters. Activated carbon
is a commonly used sorbent for many applications. The price is affordable and the it can
be regenerated multiple cycles. But the disadvantage is that it can only be used below c.a.
250 °C. Exposing activated carbon at high temperature in air can result in combustion. So

the most practical sorbents are metal oxides.
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Among the oxides of Ca, Ce, Cu, Fe, Mn, Ni, and V, MnOy is the best candidate for
SO, adsorption at a wide temperature range (RT~700 °C). According to the thermodynamic
calculations, MnOx has a high desulfurization equilibrium constant from room temperature
to 700 °C. Although there are phase transformations occurred at high temperatures, the
new phases (Mn3O4 or MnO) still possess high DeSOy ability compared to other metal
oxides.
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Figure 1.11 Various types of SO, sorbents and their regenerability and most efficient

working temperature.

The biggest issue for MnOy is the high regeneration temperature for multi-cycle SO,
adsorption use. However, the regeneration temperature can be decreased by incorporation
of transitional metal promotors, such as Ce or Fe. Although manganese based sorbents have

48,49

been studied by other researchers recently ", there is few literature regarding deep SO,
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removal (< 10 ppmv SO, for the inlet) by Mn-containing metal oxides in the presence of
high space velocity under a wide temperature range.

Additionally, the role of surface functional groups such as hydroxyl groups as well as
the chemical state of manganese oxide (MnO,, Mn,Os, Mn3;Qy, etc.) was investigated in
this work. The possible SO, adsorption pathway on manganese-containing sorbents was
proposed. Multiple characterization techniques were employed to study the
physiochemical changes with various preparation approaches. At the same time, the

adsorption/reaction mechanisms were also discussed based on the XPS and H,-TPR results.
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Chapter II Experimental Details

I1.1 Adsorbent Preparation

In this study, y-ALO; (493 m*>g", 0.68 cc'g") and SiO, (293 m*g™’, 1.12 cc-g"') were
purchased from Sigma-Aldrich. TiO, (anatase phase, 150 m*g™",0.42 ccg™') was obtained
from St. Norpro Grade. ZrO, (105 m*g™, 0.33 cc'g") was purchased from Alfa-Aesar.
Mn(NO,),” 4H,0, and HNO; were purchased from Alfa Aesar. The support was firstly
crushed and sifted to the desired size. A series of supported MnO, sorbents were prepared
by impregnating y-Al,O; with corresponding metal nitrates dropwise under vigorous
stirring at room temperature. Afterwards, the samples were dried on a hotplate at 323 K for
at least 6 h, following aging at 383 K for overnight. The samples were further placed in a
crucible with cover and calcined in the presence of stationary air at a desired temperature
for 2 h by Lindberg/Blue furnace (Thermo Scientific Inc.). Various heating rates (5-20 K
min™') were maintained up to the final calcination temperature. For comparison, adsorbents
were prepared by impregnating v-Al,O; with HNO; as well. Mn(NO,), was completely
decomposed after calcination since there was no N signal in the survey scan during XPS
analysis. All the samples were stored in airtight vials and put in a desiccator until

breakthrough test.

I1.2 Adsorbent Breakthrough Tests

Breakthrough tests were carried out to evaluate the breakthrough capacity (B.T. Cap.)

and breakthrough time for SO, removal. Unless specified otherwise, all gases were
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purchased from Airgas South (Opelika, AL). The SO, source is 50 ppmv balanced in N,
with + 5% uncertainty from Airgas Inc (Durham, NC). The adsorbents (ca. 50 mg) were
packed into a quartz tubular reactor (4.0 mm [.D). The sorbent bed was supported by quartz
wool on both sides (shown in Figure I1.1). The reactor was heated by a Thermolyne tubular
furnace, whose temperature was measured by a K-type thermocouple attached to the
packed bed. Unless elsewhere stated, the breakthrough tests were maintained under the
following conditions: SO, inlet concentration 10 ppmv, atmospheric pressure, total flow
rate 1000 mL min™'. The adsorbent was pretreated at 250 °C for 60 min in UHP nitrogen at
a feed of 200 mL min™ for surface cleaning. Subsequently, the reactor was disconnected
from the system by switching off the valves at upstream and downstream. Prior to each
test, the upstream concentration was monitored for at least 30 min to ensure a constant SO,
source was generated. Breakthrough experiments were carried out by switching to SO,
challenge gas. The outlet SO, concentration was monitored by MultiRAE pro (shown in
Figure I1.2) equipped with SO, sensor (RAE Systems, CA), whose detection limit can be

as low as 5 ppbv. For each sample, the breakthrough test was repeated at least twice.
The total SO, uptake capacities are calculated as follows:

4% (co-cyat

mads

Cads
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Figure I1.2 MultiRAE Pro gas detector (RAE system).

I1.3 Adsorbent Characterization
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I1.3.1 Physical Properties

The surface area, pore volume and pore size distribution of adsorbents were measured
by nitrogen adsorption-desorption analysis at its normal boiling point (77 K) with a
Quantachrome Autosorb-1. The samples were outgassed at 473 K for at least for 5 h under
vacuum prior to physisorption measurements, if not otherwise noted. The surface area
(Sger) was calculated by the BET method; total pore volume (T.P.V.) was obtained at the
point of 0.995 p/p°; the pore size distribution was calculated by applying the BJH method
on the desorption branch of isotherm curve.

X ray powder diffraction (XRD) patterns were obtained on a D8 ADVANCE powder
diffractometer (Bruker, Germany) in a 20 range of 20-70° with a step size of 0.02° using
Cu Ka radiation (A=1.5406 A, 40kV, 40 mA). The grain sizes of dispersed metal oxides

were estimated by applying Debye-Sherrer equation.

I1.3.2 Temperature Programmed Technique

Temperature-programmed reduction in hydrogen (H,-TPR) analysis was measured in a
4 mm L.D. straight quartz tube. Before analysis, 100 mg of powder sample was loaded
above a small amount of quartz wool and pretreated at 523 K for 1 h under 50 mL min™
(controlled by an Alicat Scientific mass flow controller) ultra-high purity (UHP) argon
flow to remove the moisture and physisorbed gases. After sample was cooled down to room
temperature, the reduction gas mixture (5% H, in argon, 50 mL min™) was shifted. Effluent
moisture during reduction was trapped in isopropanol slurry (195 K). The H, consumption

43



was recorded ramping from 303 K to 1123 K (f = 10 K min™) by online gas chromatograph
(SRI 310C) equipped with thermal conductivity detector (TCD). The amount of hydrogen
uptake was calibrated by CuO standard sample (99.9995%, Alfa Aesar).

Temperature programmed desorption of oxygen (O,-TPD) were also conducted in a
quartz tube with the same dimension used in H,-TPR. Approximately 200 mg sample was
placed into the tube. Then it was also pretreated under UHP helium flow (50 mL min™) at
523 K for 1 h. After that, the sample was cooled naturally with the helium flow until at
room temperature. The amount of oxygen desorbed was recorded by the GC-TCD from

373 to 1123 K as described in H,-TPR section.

I1.3.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were recorded on an Axis Ultra
spectrometer (Kratos Analytical, UK) with monochromatic Al Ka (1486.6 eV) radiation
as the excitation source. The X-ray source was operated at 15 kV and 15 mA. Low energy
electrons were applied to neutralize the sample. Before each analysis, the powder samples
were grinded and pressed into thin disc. Afterwards, the resulting samples were dried
overnight in a convection oven at 110 °C. Then, the samples were immediately placed into
a vial until test. Before transferring the samples into a loadlock, the thin sheet-sized
samples were firmly placed on carbon tape. Charging effects of samples were corrected by
setting the binding energy of adventitious carbon (Cls) at 284.6 eV. The spectra were
recorded with analyzer pass energy of 160 and 20 eV for survey (step size = 1.0 eV) and
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high-resolution spectra (step size = 0.1 eV), respectively. The spectra were fitted by
applying XPSPEAK software (Version 4.1) with Shirley-type background subtraction and

Lorentzian (20 %)-Gaussian (80 %) decomposition parameters.

I1.3.4 Oxygen Chemisorption

Oxygen chemisorption was applied to measure the dispersion of manganese on the
support surface. Chemisorption measurement was performed at 250 °C on Quantachrome
Autosorb-1 using volumetric method'”. Oxygen uptake was measured by following a
series of in situ pretreatment (Table 1).

Table II.1 Pretreatment for Mn supported adsorbents for oxygen chemisorption

Pretreatment step ~ Temperature (°C) Operational condition Time (min)

Surface cleaning 120 Flow helium, evacuate 60
under vacuum

Surface reduction 250 Flow hydrogen 120

Physically adsorbed 250 Evacuate under vacuum 30
hydrogen removal

The monolayer oxygen uptake was determined by extrapolating the high pressure region
of combined isotherm line (including physisorption and chemisorption) to zero pressure,
assuming that at zero pressure the amount of physisorbed oxygen is negligible. The
adsorption stoichiometry was assumed to be 2 according to the literature has been described

elsewhere®'*,
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I1.3.5 Infrared Spectroscopy

The adsorbents were also investigated by Infrared Spectroscopy (Perkin Elmer spectrum
400 FT-IR/FT-NIR Spectrometer, USA). For each sample, c.a. 1-2 mg of finely grounded
adsorbent was pressed into wafers. The wafers were loaded into a cell and preheated at
250 °C under vacuum atmosphere for 1 h. After that, the samples were naturally cooled
down to room temperature. Prior to measurement, the background spectra were collected
(600-4000 cm™) in the absence of samples. Then, the background spectra were subtracted
from the sample spectra. It is worth mention that all the spectra were recorded with a

resolution of 4 cm™ and with an accumulation of 32 sweeps.

I1.3.6 Composition Analysis for Adsorbents

The manganese content in the adsorbents was determined by using an AAnalyst 400
atomic absorption spectrometer (Perkin Elmer, USA) operated by Hazen Research, Inc.
The sample preparation steps are listed as follows:

(1) Approximately 100 mg of each sample was weighed and transferred into a Teflon

beaker;

(2) The samples were dissolved with 5 mL each of HCl, HNOs, HCIO4, and 2 mL of HF

to moist salts;

(3) The resulting salts were heated with 50 mL of 50 % HCI to redissolve the salts;
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(4) The solutions were cooled naturally and then diluted to 100 mL with DI water;

(5) Any possible insoluble residue was filtered by filter paper.
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Chapter III Sulfur Dioxide Adsorption by Manganese
Supported Adsorbents for SOFCs Cathode Protection—

Optimization and Characterization

II1.1 Screening of Various Active Species for SO, adsorption

Literature mentioned that the incorporation of various metallic oxides such as Mn, Ce,
Cu, Co, Fe, V to HTLC either by impregnation or co-precipitation as the best way to
generate the mixed oxides for DeSO, process”’. The preliminary SO, breakthrough data
were collected at room temperature by conventional dynamic test method. Fe, Co, Ni, Ag,
and Mn were transition metals supported on commercial y-Al,O;. In each test, 2 ppmv SO,
source at a face velocity of 133 cm s passed through a packed bed containing ca. 100 mg
of adsorbent. The breakthrough point was defined at 0.1 ppmv. The calculated
breakthrough capacities are shown in Figure III.1. All of the adsorbents were crushed and
sieved to the same particle size range prior to breakthrough test.

Most transition metal oxide doped sorbents exhibited higher breakthrough capacity
than BASF commercial sulfur removal sorbent. It was observed that Mn dopant exhibited
the highest SO, capacity of 8.73 mg SO,/g sorbent, which was twice as much as BASF
sorbent (3.26 mg SO,/g sorbent). The capacity of Ag-doped alumina and Ni-doped alumina
ranked as second and third place at room temperature, respectively. Essentially, for the

adsorption process, the active metal oxides dispersed on the surface of support oxidized
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SO, to SO,, prompting the formation of corresponding metal sulfates’'®,

Thermodynamically, the nano-dispersed MnO, and Ag,O particles are able to oxidize SO,
with less effort since they possess much larger equilibrium constant than the others.
Another possible explanation is that the incorporation of Mn or Ag can increase surface

oxygen (O, ratio, which is an important factor for oxidation ability'*.
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Figure III.1 Breakthrough capacities of 5.0 wt.% transition metal ions supported on Y-
Al,O; tested with 2 ppmv SO, at room temperature (Commercial BASF SG 9201 adsorbent

listed as comparison).

It was also shown in Figure III.1 that the addition of Fe was not a suitable candidate for
SO, removal. As reported earlier, incorporation of iron enhanced reduction capability of
alumina based sorbents while sacrificed its adsorption capacity to a certain extent’'**. In
terms of industrial application, manganese was applied in this work because of its relatively
low expense and high breakthrough performance. To elucidate the role of manganese oxide

for oxidative adsorption, several aspects of the binary system need to be characterized such
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as the Mn loading on the surface with respect to average oxidation state, surface

morphology, and the presence of surface oxygen among others.

I11.2 Effect of Manganese Loading

In the previous section, all the metal loadings were kept at 5.0 wt.% and manganese
turned out to be the most promising candidate. However, since it is well known that metal
loading affects its dispersion, average oxidation state, and interaction with the support,
MnO,/Al,O; adsorbents with various loadings between 2.5 and 10 wt.% were prepared by
incipient wetness impregnation method and their SO, breakthrough performances are
displayed in Figure II1.2. Obviously, 5.0 wt.% Mn supported on y-Al,O, exhibited the best
performance. There was marginal capacity loss at lower or higher loadings. These results
suggest that 5 wt.% is the optimal Mn loading if manganese nitrate is used as precursor of
MnO,. The reasons why this certain amount of manganese loading exhibited the best
breakthrough performance are explained in terms of surface area, oxidation state, and

active metal dispersion in the following section.
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Figure II1.2 Breakthrough performance of calcined Mn/Al,O, sorbent with various Mn
loading between 2.5 wt.% and 10.0 wt.% for 2 ppmv SO, at room temperature. Total flow

rate: 1000 mL-min".
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IT1.3 Characterization of Various Manganese-containing Adsorbents

X-ray powder diffraction analysis in Figure III.3 was carried out to characterize the
MnO, crystallite sizes with respect to different Mn loadings calcined at 550 °C. The
diffraction peaks at 20 = 23.3°, 33.0°, 38.3°, 49.5°, 55.2°, and 65.9° are ascribed to Mn,O,
phase (JCPDS 65-7467). However, in this case, when the samples were calcined at 550 °C,
Mn,0O; was not well crystallized, and the only observable phase is Mn,0; (222). The peaks
of diffractograms at 28.6°,37.4°,42.8°,56.7°, and 59 .4° correspond to MnQO, phase (JCPDS
24-0735). The MnO, peaks intensity increased gradually with increasing Mn loading,
indicating the buildup of MnO, phase on the support material. The XRD patterns of 2.5
wt.% Mn loading reveal that manganese oxides are presented in finely dispersed
nanoparticles, which may located onto the inner wall of porous structure. Also, this is a
significant indication that manganese was in a highly dispersed state or the MnO,
crystallites generated are less than 5 nm®. The sharp diffraction peaks with smaller FWHM
for the 10 wt.% Mn loading are ascribed to the existence of well crystallized MnO, and

Mn,O; phases.
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Figure II1.3 X-ray diffraction patterns of various Mn loading.
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Table III.1 Crystallite size, structural parameters of calcined Mn/Al,O; adsorbents

Mn Surface Pore Crystallite size® (nm)
loading area” volume”
wt%)  mtgh) (g MO i
25 370 0.62 5.6 -
50 351 0.60 7.3 12.7
7.5 326 0.54 10.0 14.3
10.0 279 0.47 12.3 19.9

a. Surface area was calculated by BET method, in p/p° range from 0.05 to 0.35.
b. Total pore volume was determined at p/p° value of 0.995.

c. Grain size was calculated using Scherrer equation.

Table III.2 Surface properties determined by O,-chemisorption

Mn loading O, uptake = Metal surface area  Dispersion  Average crystallite size

(wt.%)  (umol g") (m’ g™ (%) (nm)
v-ALO, 7.1 - - -
25(2.78) 1264 10.9 49.9 2.1
50(598) 1705 14.7 375 2.8
75(893) 2528 217 31.1 33
100(995) 2707 233 29.9 35
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The surface morphology parameters of the as-synthesized and calcined Mn/Al,O,
samples are summarized in Table III.1. The BET surface area and pore volume decreased
monotonically with increasing loading of manganese, which follows a conventional trend
for impregnated sorbents. For the active species on the supports, the higher the Mn loading,

the larger the crystallite size for both Mn,O, and MnO,.

Because of the limitation for XRD to detect crystallite size smaller than 5 nm, various
Mn/AlL O, samples were further examined by O, chemisorption technique. The results are
listed in Table III.2. It is shown that the average crystallite size increased from 2.7 to 4.8
nm while dispersion decreased from 34.5 % to 19.5 % when the Mn loading increased from
2.5 to 100 wt.%. It is noteworthy that for 2.5 and 5.0 wt.% Mn loading, the metal
dispersion as well as the manganese crystallite size was almost the same. In addition,
because of higher metal loading results in more active metal surface area (active sites) for
adsorption, the breakthrough performance of 5 wt.% outweighed that of 2.5 wt.%.
However, further increasing metal loading basically causes the agglomeration of
manganese particles, thus reducing the active metal dispersion significantly***'”’. As a
result, despite the increase in active metal surface area with higher metal loading, there was
a continuous loss in SO, breakthrough capacity. The results imply that the SO,
breakthrough capacity is related to the “highly dispersed” active metal surface area. The
larger crystallite size may not be the ideal adsorption sites for SO, removal or the sites
possibly were blocked by the larger Mn crystallites”. In other word, smaller crystallites

possess much higher surface concentration of reactive sites. Generally, the chemisorption
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results are consistent with the XRD results and can explain the breakthrough trend in Figure
II1.2 that the breakthrough capacity of the adsorbents increased in the order of 2.5Mn/Al,O,
<10Mn/ALO; <7.5Mn/Al,0, <5.0Mn/Al,O;. Some other possible factors such as surface

oxygen amount and the ratio of Mn*/(Mn* +Mn’*) are under further investigation.

Table II1.3 H,-TPR summary of MnO,/Al,0O, samples

Mn T (°C)
H, consumption
loading AOS of Mn
T, T, T, umol-(g sorbent)”
(Wt.%)
25 243 442 725 259 3.30
50 372 450 738 393 3.76
7.5 381 455 752 738 392
100 398 478 780 1154 3.84
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Figure II1.4 H,-TPR patterns of calcined MnOx/AL O, samples.

58



H,-TPR was applied in this work to study the O/Mn ratio of various loadings of
manganese deposited on the y-Al,O; support and relate the O/Mn ratio values to
breakthrough performance of the adsorbents. The profiles of different Mn/Al,O; samples
as well as barely alumina support are presented in Figure III.4. The reduction peaks (T)),
integral H, consumption, and the O/Mn ratio are summarized in Table III.3. It is worth
mention that the O/Mn ratio was converted from hydrogen consumption of each sample,
assuming that MnO was the final product after reduction for thermodynamic reason®"''%*
"% After H,-TPR experiment, the sample color converted from black to green, which is in
accordance with the color of bulk MnO'". According to literatures, the stepwise reduction
process of Mn deposited on alumina is considered to be: MnO, - Mn,0; - Mn,;0, —
MnO>*'**'"? Correspondingly, three-step reduction patterns occurred for all of the
supported adsorbents. The first two peaks are ascribed to the reduction of MnO, — Mn,0O;
and Mn,O, — Mn,0,, respectively. These two peaks are distinct and clear, while the third
peak is weak and broad, which is possibly attributed to the complete reduction of the
remaining Mn,;O, to MnO. In Figure II1.4, the peak temperature of lower Mn loading for
reducing the dispersed MnO, is lower than that of higher Mn loading (the peak temperature
values are listed in Table I11.3), suggesting that the former sample is easier to be reduced
compared with the latter one. A plausible explanation could be due to the effect of smaller
crystallite size, being more easily accessible to hydrogen'”’. In other words, highly
dispersed manganese oxide species on support can be more easily reduced than bulk MnO,

113

particles’ . This is in agreement with the XRD and O, chemisorption results.
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Figure II1.5 XPS Mn 2p spectra for various Mn loading supported on Al,O;.
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The sorbents of Mn supported on y-AlLO; (Sigma-Aldrich) were further applied to
investigate the surface chemical states of Mn species. Figure II1.5 shows Mn 2p spectra for
various Mn loadings, displaying two peaks centered at about 642 eV and 653 eV for Mn

2ps, and Mn 2p,,, respectively, which agrees with the values reported elsewhere'®""*'"?,

I11.4 Effect of Support Materials

I11.4.1 Breakthrough Performance of Various Supported Manganese-containing
Adsorbents

As described in the previous chapter, 5 wt.% manganese doped on y-Al,O; exhibited
the best performance for low concentration SO, removal. Other than y-Al,O;, some other
supports, such as TiO,”**""'°, ZrQ,*™""®_ Si0,'”, were proved to be promising materials
applied in SO, abatement. Unlike activated carbons, alumina, zirconia, and titania
supported materials are all appeared to be of high activity and thermal stability'". High
thermal stability prevents the adsorbents from deactivating or sintering since the SOFCs

operation temperature is much higher than any other types of fuel cells.

In can be observed in Figure I11.6 that manganese supported on silica showed negligible
capacity for SO, at room temperature. Similar results was observed by other researchers' .
The silica based adsorbent saturated (reached C/C,=1.0) in less than 30 min. In contrast,
other commercial available supports exhibited much higher breakthrough and saturation

capacity for SO, adsorption, especially for y-ALOs. Xue et al.”® examined platinum
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supported on three different types of supports. It was stated that the SiO, support
contributes very little to the SO, adsorption on the Pt-containing materials. The main active
sites are Pt sites of Pt/Si0,’". It was also explained that SiO, is known as an inert material
and the intrinsic activity contributed by Pt was not altered by this support’®. Wachs stated
that the maximum monolayer surface coverages of the surface metal oxides on silica are
approximately one tenth compared to other oxide supports (e.g. Al,O3, TiO,, ZrO,, Nb,Os,

etc.)''®

. Typically, for the group V-VII transition metal oxides, the monolayer surface
coverage of silica is 0.1-0.7 atoms/nm*; whereas the monolayer surface coverage of other
supports is around 4-5 atoms/nm?®. Wachs also indicated that silica is not able to hold the
surface metal oxide species very strongly since the surface metal oxide species would
migrate from silica to other oxide support if silica is physically mixed with other supports.

Hence, the surface metal oxide species tend not to be isolated or dispersed well on the

supports, which is not favorable for the adsorption process.
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Figure I11.6 Breakthrough curve of 5 wt.% Mn supported on various supports. Adsorption

conditions: 10 ppmv SO,, room temperature, 1000 mL min™.

However, other factors, such as the population of surface hydroxyl groups, and surface

chemisorbed oxygen, were not discussed. It was reported in literature that both the surface

hydroxyl groups and lattice oxygen are potentially important active sites for SO, adsorption

on metal oxides™*>!'"1197122 ‘Wagifet. al''® reported that the OH spectra (~3630-3650 cm™

" observed by FTIR were diminished by sulfate formation. Furthermore, Peterson and co-

workers’” revealed that the loss of terminal hydroxyl groups caused by calcination is highly

related to the SO, removal capacity. The proposed mechanisms for SO, reacting with

hydroxyl groups and lattice oxygen are listed as follows'>:

63



SO,(g)+OH -»HSO03;

SO, directly interacts with isolated hydroxyl groups to yield bisulfite on the surface of

material
SO, (g)+20H" —>SO§_+HZO

SO, simultaneously reacts with two hydroxyl groups in close proximity, generating
adsorbed water at the same time.

SO,(g)+0* = S0%~

However, this reaction plays a less important role in SO, adsorption™. It was also reported
that the surface oxygen atoms are less reactive compared to hydroxyl groups toward sulfur

119

dioxide'"”. Goodman et al. summarized that only O with low coordination number (the

O exists at steps and kinks) is able to react with SO,

Apart from the reasons stated above, some other important factors, such as the

oxidation state of MnOx, are explained in the following part.

I11.4.2 Characterization of Various Supported Manganese-containing Adsorbents
111.4.2.1 Temperature Programmed Reduction

The H,-TPR results were demonstrated in Figure II1.7. For each profile, there are two
prominent peaks. Similarly, as stated in Figure II1.4, these two peaks are attributed to the
stepwise reduction of highly dispersed MnO, to MnO. For Mn/y-Al,O;, there is a broad

small peak centered at 673 °C. This high temperature peak can be ascribed to Mn’*-O-Al
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(solid solution) species and interact strongly with the alumina surface™. Likewise, as
manganese supported on ZrO,, the broad peak centered at 458 °C with a shoulder at 518
°C may be attributed to Mn**-O-Zr. Compared with Mn/y-Al,Os, all of the reduction peaks
shifted to the lower temperature region, which indicates ZrO, is capable of enhancing the
reducibility of the supported MnO,. In addition, the peak shoulder existed around 200 °C

may be responsible for reduction of surface OH groups.

Table II1.4 Content of MnO, and Mn,O, for 5wt.% Mn on various supports

Sample Peak1/Peak? MnO, (wt.%) Mn,O; (Wt.%)
SMn/y-AlL O, 1.05 37.1 62.9
SMn/TiO, 1.30 459 54.1
SMn/ZrO, 1.56 54.6 454
SMn/Si0O, 1.65 575 42.5

Since the first reduction peak is attributed to MnO, to Mn,O; and the second peak is
Mn,O; to Mn;0,, based on the stoichiometry of reduction reaction, the relative content of
MnO, and Mn,O; can be determined. Herein, we assume there is no Mn;0, or MnO species
in the compound, given no corresponding Mn;O, or MnO peaks on the XRD profiles of
these materials (not shown). The peak ratio, content of MnO, and Mn,0; are listed in Table

II1.4. The Mn,O, content of various samples from high to low is in the order: SMn/y-Al,O,
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> 5SMn/Ti0O, > 5Mn/ZrO, > 5Mn/Si0O,. Since Mn,0; possess higher equilibrium constant
toward SO, compared with MnO, based on the thermodynamic calculation, it is more
feasible for Mn,0; to the remove the SO, in air. Therefore, higher Mn,Oj; ratio corresponds

to higher breakthrough performance.
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Figure III.7 Temperature programmed reduction profiles of manganese supported on
various supports. Conditions: sample weight = 100 mg; reduction mixture = 10% H,/Ar at

50 mL min™'; heating rate = 10 °C min™".
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111.4.2.2 Temperature Programmed Desorption of Oxygen
Figure II1.8 shows O,-TPD profiles of various Mn-containing adsorbents. It is well
known that O,-TPD is a useful technique to characterize oxygen vacancies and surface

54,124

hydroxyl groups . The species desorbed at low temperatures (normally under 400 °C)
was probably ascribed to the surface hydroxyl groups or O*/O" adsorbed on oxygen
vacancies'>*. The peaks centered around 500 °C for each sample may be assigned to the
desorption peak of lattice oxygen from MnO,*. Further heat treatment may lead to the
decomposition of Mn,Oj;, resulting in a second desorption peak at 789,737, and 822 °C for
SMn/AlO;, SMn/TiO,, and 5Mn/ZrO,, respectively. In addition, it is worth mention that
all the samples were pretreated under pure helium flow at 250 °C for 1 h. Consequently,

larger area under the TPD curve corresponds to higher amount of oxygen vacancies and

surface hydroxyl groups retained on the surface of adsorbent upon thermal treatment.

67



528

310
. _ ' 523
s |9Mn/SiO,
o 275 789
. ! 531
2 [5Mn/AlLO
P 273 737
= 270
O —
5Mn/T|O2 481

1+52 /L 822

SMn/ZrO,
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure II1.8 O,-TPD patterns of manganese supported on various supports. Conditions:

sample weight = 200 mg; Helium flow rate= 50 mL min™'; heating rate = 10 °C min™'.

I11.5 Effect of Calcination Conditions

The calcination temperature also affected the performance of MnO, supported sorbents.
As shown in Figure III.9, manganese doped on alumina was capable of improving SO,
saturation capacity significantly when the samples were calcined above 550 °C. This
implies that manganese plays an important role during SO, removal process. Among all
the trials, SMnAI-650 exhibited the best breakthrough & saturation capacity. For the

samples treated under 400 °C in air, B-MnO, was the main manganese oxide species, which
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was considered to be the less active component of the adsorbents®*. However, a-Mn,O,
or even Mn,O, may coexisted if the samples calcined at 650-800 °C®'. Low oxidation state
(Mn** and Mn’*) manganese oxide nanoparticles were perceived as the active species in
SO, adsorption process**. Furthermore, under calcination temperature of 800 °C, the pore
structure of the sorbents was destroyed, which was not beneficial for gas phase adsorption.
In spite of this, the desulfurization performance of 5MnAI-800 was higher than that of
SMnAI-550, which indicates that the influence of surface active species to SO, removal
ability was more crucial than that of surface morphology. Liang et al. concluded that the
activities of MnO, were not significantly correlated with the BET surface areas, which is

in agreement with our results'"

. Some other factors, such as surface hydroxyl group
coverage and molecularly adsorbed water layer, which were thought to be important active

species involved in the SO, adsorption process®, are discussed in the following work.
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Figure II1.9 Breakthrough curve of MnO, supported on Al,O, calcined at different
temperatures. Adsorption conditions: C, = 10 ppmv SO,, room temperature, Flow

rate=1000 mL min™.
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Figure II1.10 XRD profiles of 5 wt.% Mn/Al,O, calcined at different temperatures.
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Furthermore, to verify the effect of calcination temperature on SO, removal
performance, ZrO; support was also investigated in this study. As displayed in Figure III.10,
for ZrO, support treated at various temperature, the order of SO, adsorption performance

was similar to that for AL,O3 support.

Furthermore, it is shown in Figure II1.10 that the XRD pattern of 5 wt.% Mn supported
on y-Al,Os calcined at various temperature in air atmosphere. It is obvious that MnO, was
the dominant manganese oxide species when the doped sample was calcined below 400
°C, which is in good accordance with the previous work®. The MnO, phases were
gradually transformed into Mn,O; by further increasing the calcination temperature to 550
°C. This can be attributed to the decomposition of MnQO, into Mn,O; and O, at 550-900

oC61
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Table IIL.S Crystallite size of 5 wt.% Mn/Al,O; calcined at different temperatures

Calcination temp Crystallite Size (nm)
("O) MnO, Mn,O; Mn;0,
250 10.5 - -
400 10.8 - -
550 7.3 12.7 -
650 5.7 19.8 5.0
800 5.8 17.9 7.9

In Table IIL.5, the crystallite size of MnO, is diminishing, which implies that the
relative content of MnO, decrease with increasing calcination temperature. When the
calcination temperature was increased to 650 °C, most of the MnO, phase disappeared,
indicating that the MnQO, species were converted into Mn,O, or Mn;0,. In addition, a small
fraction of MnAl,O, phase arose when the calcination temperature was 800 °C. It is well
known that MnAl,O, possesses a stabilized tetrahedral spinel structure, and its reactivity
with SO, is very low®. Additionally, the formation of MnAl,O, could cover the active sites

such as Mn,0O; or Mn,0, originally existed on the surface. Therefore, the SO, adsorption
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ability of SMnAI-800 was reduced compared with that of SMnAI-650 due to the reasons

described above.
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Figure III.11 Breakthrough curve of MnO, supported on ZrO, calcined at different
temperatures. Adsorption conditions: C, = 10 ppmv SO,, room temperature, Flow

rate=1000 mL-min™.
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Furthermore, as shown in Figure III.12, the oxidation state of manganese varied
observably with different calcination temperatures. This phenomenon was also noticed by
other researchers”. Yang et al.* synthesized MnO, compounds by treating y-MnOOH in
air/N, from 250 to 1050 °C. With the help of TGA and XRD analysis, 3-MnO, was the
main species when the precursor was heated in the range of 250-400 °C under air
atmosphere; a-Mn,O, was formed if the sample was calcined above 550 °C; furthermore,
Mn,0, could be converted from a-Mn,O; when the temperature exceeded 850 °C°®'. The
plot of O/Mn ratio was displayed in Figure II1.13. For the sample calcined at 650 °C in air,
0a-Mn,0O; may be the dominant species as the average oxidation state was close to 1.5,
which is in agreement with previous conclusions®. With raising calcination temperatures,
the two prominent reduction peaks migrated to the higher temperature, especially for the
sample calcined at 650 °C. Similar results were reported by others'”. The peak shift could
be attributed to the much stronger interaction between the active species and alumina
support when the samples were heated at higher temperature. It was also reported by Lou
et al.'”” that the surface Mn concentration was decreased gradually with increasing
calcination temperature. High temperature treatment may lead to aggregation and
crystallization of MnO,.

It is also worth mention that there was a shoulder existed at around 300 °C for the
sample calcined at 350 °C. Since pure MnO, exhibited two separated reduction peaks, the
pattern for 350 °C indicated that MnO, was the major active species. Another possible

explanation is that the low temperature reduction peak was ascribed to the Al,O; support
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reduction due to the interaction with MnO, on the surface®. Others also stated that the
shoulder observed in the lower temperature region might be due to the decomposition of
residual manganese nitrates because of the moderate calcination temperature'*>'*°. It was
also mentioned by Ettireddy et al.** that pure MnO, (O/Mn=2.0) and Mn,O, (O/Mn=1.5)
could be prepared by decomposing hydrous manganese nitrate under continuous airflow at
420 and 680 °C, respectively. Their statements were in good accordance with our TPR

results.
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Figure I11.12 Temperature programmed reduction profiles of 5 wt.% manganese supported
on gamma alumina calcined at various temperatures. Conditions: sample weight = 100 mg;

reduction mixture = 5% H,/Ar at 15 mL min™'; heating rate = 10 °C min™".
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Figure II1.13 Effect of calcination temperature on the SO, removal performance.
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I11.6 Regeneration Test
I11.6.1 Single Cycle Test
To reduce the operation cost, regeneration study was conducted. Because of the nano-

dispersed nature of the MnOy, both the desulfurization and regeneration performance are

improved compared to bulk metal oxide sorbents.

1.0
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Q
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Figure III.14 Single cycle regeneration performance of 5Mn/Al,05-650 for SO,

adsorption.

Lowell et al.*® already stated that the spent Mn-containing sorbents, which is mainly in

the form of MnSOs, can be regenerated in air or N, atmosphere. However, by heating in
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air under high regeneration temperature may result in severe sintering effect for the nano-
dispersed MnOy species. Therefore, all the regeneration tests were conducted in N

atmosphere (flow rate = 100 mL min™).

In can be concluded in Figure I11.14 and Table III.6 that when the spent sorbents were
regenerated at 650 °C for 1 h, there was a significant SO, adsorption capacity loss
compared to that of fresh sorbent. Further increase the regeneration temperature to 750 °C
enhanced the recovery percentage observably. Usually, higher regeneration temperature
and longer regeneration time yields higher recovery percentage”. However, at 750 °C,
when the regeneration time was increased to 3 h, there was no obvious enhancement of
SO, adsorption ability. In addition, at regeneration temperature of 850 °C, however, the
SO, breakthrough capacity was reduced by over 50 % compared to that of 750 °C and no
observable increase of saturation capacity. There are several reasons to explain this. First,
thermal treatment with longer time and higher temperature may destroy the porous
structure of sorbent and lower the surface area. Under high temperature, the y-Al,O3 may
transformed into 0-Al,03, whose surface area is usually less than 100 m* g”'. Lower surface
area is not beneficial for gas adsorption. Moreover, MnO could be formed at 800 °C under
inert atmosphere, which can react with Al,O3; and generate MnAL0,%’. As mentioned
before, the MnAl,O4 phase is not reactive toward SO, molecule and it might block the
active sites. In summary, since regeneration time is an important factor for filter system
design, shorter regeneration time can reduce the overall desulfurization reactor volume.

Therefore, the best regeneration condition for 5SMn/Al,03-650 is at 750 °C for 1 h.
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Table I11.6 Regeneration test of 5 wt.% Mn supported on Al,O; calcined at 650 °C

Regeneration 5Mn/Al,03-650

Temp  Time B.T. Cap.* Sat. Cap. Recovery

(°C) (h) (mg SO,/ g Sorbent) (mg SO,/ g Sorbent) Percentage ® (%)

Fresh 18.6 53.0 -
550 1 4.3 13.8 26
650 1 8.0 37.1 70
650 3 8.4 38.7 73
750 1 3.9 39.2 74

a. Breakthrough time at 0.2 ppmv breakthrough for SO,.

b. Recovery percentage was defined as : Sat cap of regenerated sorbent/Sat cap of

fresh sorbent
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I11.6.2 Multiple Cycle Test

Figure III.15 shows the multiple cycle desulfurization/regeneration test results for
SMn/AL,03-650. All of the desulfurization tests were conducted at room temperature with
10 ppmv SO; at the inlet, the detailed breakthrough conditions are listed in experimental
section. All the regeneration tests were conducted at 750 °C for 1 h under N, flow of 200
mL min™'. It can be seen in Figure III.15 that a significant breakthrough & saturation
capacity loss occurred after the first cycle. This might be due to the sintering and
agglomeration effect of metal oxides when the sorbent was calcined at 750 °C*®. After that,
the desulfurization performance almost unchanged up to 5 cycles. The multiple cycle test
indicates that the manganese sulfates in the spent sorbent may not be regenerated

completely under thermal treatment.
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Figure III.15 Multiple cycle performance of 5Mn/Al,O;-650 sorbent (regeneration

condition: 650 °C for 1 h).
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IT1.7 Aging Test

Many types of sorbents or catalysts possess issues of shelf life*”. Yang et al claimed
that even the sorbent particles were placed in a well-sealed sample containers, the

performance was decreased by almost 50 % after underwent one day aging®.
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Figure I11.16 Aging effect of SMn/Al,0,-650 Adsorption conditions: 10 ppmv SO,, T =

room temperature, Flow rate=1000 mL-min™'. (Note: samples were calcined at 650 °C).

However, in this work, almost all of the capacity was retained after 30 days storage. As
shown in Figure III.16, the slight difference for the two samples might be due to the

uncertainty of particle size variation. Figure III.16 also indicates that both of the
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breakthrough capacity and saturation capacity did not drop significantly even after the

samples were aged for 180 days. More details for aging test are under further investigation.

II1.8 Conclusions

In this work, the effect of active metal loadings, support materials, and calcination
temperature in SO, adsorption performance were systematically studied. Among all the
candidates, 5 wt.% Mn supported on y-Al,Oj; calcined at 650 °C in air exhibited the highest
breakthrough and saturation capacity. A variety of manganese oxides with different
valence state could be formed under various preparation conditions. Based on the
breakthrough, XRD, and H,-TPR results for various support materials and calcination
temperatures, Mn,Os3 is the principal active species involved in SO, adsorption process.
The poor breakthrough performance of SMnAl-250 revealed that MnO, possesses much
less adsorption sites for SO,. Furthermore, the oxygen chemisorption experiments as well
as the breakthrough tests for different Mn loadings revealed that the active sites are
associated with a highly dispersed oxide phase of Mn. The spent sorbents can be
regenerated at 750 °C using nitrogen with minimal capacity loss up to 5 regeneration cycles.
In addition, aging effect of the sorbents is negligible, indicating that the sorbents developed

were ideal for long-term operation.

For Mn supported on various supports, the ratio of surface hydroxyl groups was

different based on the XPS study. The SO, removal performance was related to the amount
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of surface hydroxyl groups. In another words, the -OH groups were potentially important
active sites during SO, adsorption process. The synergistic effect of Mn species and surface

hydroxyl groups are under further investigation.
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Chapter IV Kinetic Study of SO, Adsorption

IV.1 Introduction

Due to high energy conversion efficiency, extremely low emissions, and simple process
for conversion of chemical energy to electrical energy, fuel cell power systems receive
increasing attention over decades compared to conventional devices'*’. Among various
types of fuel cells, solid oxide fuel cell (SOFC) has unique advantages including fuel
flexibility, long term stability, high power density, and geometry flexibility'*’. However,
one of the problems to be overcome is sulfur-poisoning effect on the cathode of SOFC,
which stem from high-sulfur hydrocarbon fuels (e.g. jet fuel or diesel). The sulfur
containing fuels not only cause anode degradation, but the SO, generated during
combustion can further react with the cathode materials on the grain boundary of SOFC
cathode'®. It has been reported that 5-20 ppm SO, can be generated in a typical engine

11,19,20
exhaust >

. In addition, SOFCs cathode degradation is likely to occur even though SO,
concentration is around 0.1 ppmv in air'”"’. There are two approaches to address this
problem. The first one is reducing the sulfur content in hydrocarbon fuels before the input
fuel pass over its anode, thus alleviating SO, emission. But it is relatively expensive to
remove sulfur by refining hydrocarbon fuels'*®. To prolong fuel cell service life, a better

way is developing SO, sorbent with high efficiency and capacity to protect the cathode

materials of SOFC.
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Traditionally, Ca-based sorbents (e.g. CaO, CaCOs, or Ca(OH),) are widely-used
nowadays due to their low cost. But the spent gypsum waste is difficult to be disposed
of * 3! Furthermore, the regeneration temperature of Ca-based sorbent is above 1000 °C,
which is not practical for industrial application. Besides, the utilization of such sorbent is
very low'” and the remove efficiency can merely reach as high as 95 %'*%. Others also
implied that the remove efficiency of conventional Ca-based sorbents is poor at low
temperatures (< 100 °C)'**. Over the recent years, removal of SO, with dry regenerable
sorbents (mainly metal oxides) has gained increasing attention. The suitability of various

28,47,134

metal oxides has been discussed by a number of studies . It was experimentally

explored that the bulk oxides of Mn, Co, and Cu were the most promising candidates to

311 Koballa and Dudukovic*’ proposed various mathematical models and

remove SO,
summarized that Ni, Mn, Co, Fe, and Zn are the most suitable metal oxide sorbents for SO,
adsorption. Many studies have focused on CuO as a dry regenerative sorbent for SO,
removal'>>"*7. However, Cu-based sorbents usually exhibit high activity only at higher
temperatures (e.g. 300—500 °C)*~**. Due to long start-up time of SOFC, it is expected that
the desired sorbents are also effective at room temperature'>’. To best of our knowledge,
there are few studies employing CuO as sorbents operated at low temperature. Manganese
is a costless material while exhibits high sulfur removal efficiency over a wide range of

48,49,138,139

temperature . Moreover, to enhance the physical strength and utilization of the

sorbents, great efforts were taken on the development of supported sorbents. Various

134,140-142 33,46,143

porous materials including y—alumina and activated carbon were widely
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used as sorbent supports. In our case, activated carbon is not sustainable during adsorption
(especially for regenerable applications) as the sorbent bed may expose in a high

temperature oxidative environment.

Of the above, manganese oxide supported on y-alumina is a promising candidate with
several advantages, such as feasibility for desulfurization in wide temperature range, higher
capacity compared to other candidates, and good performance for multiple
adsorption/desorption cycles without significant capacity loss. Limited contacting
efficiency within airstream, low mass transfer rate, limited duration of effectiveness, and
high pressure drops are among the numerous problems within filtration systems. To further
address these issues, a novel sorbent structure, microfibrous entrapped sorbents (MFES)
were developed by Auburn University'**. Typically, sorbents with various sizes (20-300
um) can be entrapped into microfibrous networks. Based on application requirements,
different types of sintered microfibrous media (e.g. metal, polymer, glass, and ceramic
fibers) have been manufactured and commercialized. Detailed procedure for preparation
of MFES is described elsewhere®'**"'*". High void fraction and structural uniformity can
be achieved using MFES, which helps minimize intrabed channeling or flow
maldistributions'*. Still further, the ease of pleating for microfibrous media helps lower
the pressure drop significantly, thus minimizing parasitic power loss for the fuel cell power
system'*’. A series of studies explored the functions and advantages of microfibrous media.
Kalluri et al. concluded that the sorption capabilities of MFES outperformed packed beds

due to high void fraction and uniform flow distributions present in microfibrous
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145

materials . Yang et al. investigated hydrogen sulfide removal using microfibrous

entrapped zinc oxide sorbents, summarizing that MFES enhanced H,S removal

observably'*®.

Furthermore, a reliable kinetic model is required to optimize and predict the
desulfurization process. Over decades, various mathematical models have been studied by

- . 149-151 L
many researchers, which can be grouped as grain model , unreacted shrinking core

131
1

130,133,149,152 I 153-158 : :
model ™ 7777 deactivation model , random pore model ', non-ideal adsorption

129,159 160
| 1

mode , and surface coverage model ™. Unreacted shrinking core model was first

developed by Levenspiel'®' and widely used to investigate gas solid reactions. Usually the
conversion of sorbent is determined by a thermobalance. However, if two or more weight
gain reactions occur simultaneously, it is difficult to distinguish between the weight gain
by sulfation and by other side reactions. Similarly, kinetic studies of grain model are also

conducted with the help of thermogravimetric analyzer. Some other researchers also

149

investigated SO, adsorption process using the two models in a differential reactor . In a

word, both grain model and unreacted shrinking core model require analytical instrument
with high precision. Other kinetic models such as non-ideal adsorption model and surface

coverage model typically incorporate multiple parameters, which often have no actual

132,159

physical meanings . Furthermore, for non-ideal adsorption model, plausible empirical

159

interpretation had to be introduced to match Arrhenius law . The surface coverage model

is actually derived from unreacted shrinking core model, so high experimental precision is

132

also required throughout the adsorption process *~. In the literature, deactivation models
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were successfully employed in predicting breakthrough curves for various gas solid

153,155-158,162,163 o ..
’ 727 For the deactivation models, a deactivation rate constant

reaction systems
was introduced to describe the process during which SO, reacts with the sorbent to generate
a dense sulfate layer. As the reaction progresses, diffusion resistance through this product
layer causes a time-dependent decrease in the sorbent activity. Other physiochemical
variations, such as pore structure, surface area, and active site distribution are also

perceived as the factors to cause activation loss during sulfation process. In addition, in

most literatures, deactivation of the solid reactant was assumed position-independent.

The objective of this article is to investigate the adsorption process between MnOy/y-
AlLOs; and SO, at various temperatures, evaluating the effect of face velocity, inlet
concentration, bed dilution, and so forth. Deactivation mechanism associated with
dispersion model was proposed and breakthrough curves under different conditions can be
predicted successfully. The mathematical model developed in this study can be applied for

similar industrial gas adsorption systems.

IV.2 Experimental
IV.2.1 Sorbents Preparation and Characterization
Supported MnOy sorbents were prepared by conventional incipient wetness

impregnation method, using Mn(NO),» 4H,0 (Alfa Aesar) as precursor and y-Al,O; (493

m*/g, 0.68 cc/g, Sigma-Aldrich) as support, respectively. In the first step of sorbent
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preparation, desired amount of manganese nitrate was doped upon the y-AlO; particles
(crushed and sifted) under vigorous stirring at room temperature. Thereafter, the samples
were dried on a hotplate at 40 °C for 12 h, followed by aging at 120 °C overnight. It was
further calcined in a box furnace (Lindberg/Blue M, Thermo Scientific) at 650 °C for 2 h
with a ramp of 5 °C/min. The Mn loading on support was further confirmed by ICP-AES

(Hazen Research) with uncertainty of £5 %.

The surface area, pore volume, and pore size distribution were measured by nitrogen
adsorption-desorption analysis at -196 °C with Quantachrome Autosorb-1. The sorbents
were outgassed at 200 °C for overnight under vacuum prior to measurements. The surface
area (Sggr) was calculated by BET method; total pore volume was determined at p/p° =
0.995; the pore distribution was obtained by applying BJH method on the desorption
branch of isotherm curve.

X ray powder diffraction (XRD) patterns were obtained on a D8 Advance powder
diffractometer (Bruker, Germany) in a 20 range of 20-70° with a step size of 0.02° using
Cu Ko radiation (A\=1.5406 A, 40kV, 40mA). The grain sizes of dispersed metal oxides

were estimated by applying Debye-Sherrer equation.

IV.2.2 MFES Preparation Approach

A conventional wet layup papermaking process was employed to prepare MFES: 6 g
stainless steel (SS) fibers (12 um dia. Type 316L, IntraMicron, Inc) and 1 g cellulose (as a

binder in the preform) were dispersed in water and stirred vigorously in a blender for 2
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min. A uniform suspension was formed and transferred into a headbox, and the preform
media was cast after excess water was drained away. After that, the preform was pressed
and dried in a convection oven at 120 °C for 2 h. Subsequently, the SS fiber sheet was pre-
oxidized at 500 °C for 1 h in air to remove the bulk of the cellulose. Finally, the preform
was sintered at c.a. 1 200 °C for 0.5 h in a reducing atmosphere (10 vol.% H, balanced in
N,, 1 000 mL min™), after which a sinter-locked network that is capable of entrapping
particulates was formed. A protective layer, containing 8 um dia. SS fibers, was prepared
using a similar approach. The final media was composed of a particle-entrapping layer (top
layer) and a protective layer (bottom layer) as shown in Fig. 1(a). Then, the calcined sorbent
particles were dispersed into the top layer of the fiber matrix. Great care was taken to ensure
that the sorbents were dispersed evenly, Fig. 1(b). Thereafter, circular disks were punched
out from the sintered media to 105-108 % of the inner diameter of the reactor, which
ensures good contact between the fibers and the inner wall of the reactor, Fig. 1(c). An
SEM image of calcined sorbents entrapped in a 1:1 ratio of 8 and 12 um microfibers is

shown in Fig. 1(d).
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Figure IV.1 (a) Stainless steel fiber after sintering, (b) sorbent particles entrapped into
stainless steel fiber sinter-locked network, (c) MFES loaded into quartz tube prior to

breakthrough test, and (d) An SEM image of SS-MFES with SMn/y-Al,O, sorbents.

IV.2.3 Experimental Apparatus and Breakthrough Tests
If not otherwise mentioned, a vertical adsorption column made of quartz with an inner
diameter of 3.8 mm was employed for the sorption experiments at various conditions. Prior

to each experiment, the sorbent materials were heated to 120 °C with flowing N, (100 mL
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min™) and held for 1 h, followed by adjusting to the desired temperature and holding for 1
h before the challenge gas was introduced. The gas mixture was flowing downward. A 50
ppm SO, in N, (Airgas Inc.) was used as the sulfur source. The SO, concentration was
monitored by a MultiRAE pro equipped with an SO, sensor (RAE Systems), which was
calibrated with 5.0 ppm SO, standard gas. The breakthrough tests were repeated at least
twice for each sample, thus the experimental points reported are generated by taking the
mean value. All the regeneration tests were conducted in anode exhaust gas (AEG), whose
temperature usually varies between 600 and 900 °C. The AEG from the solid oxide fuel
cell is typically comprised of CO,, CO, H,O, and H,. In this study, the molar composition
of the model AEG was kept as follows: 15C0O,:20C0O:20H,0:45H,. During regeneration
process, the flow rate of the gas mixture was 100 mL min™'. The sulfated sorbents were
regenerated at 650 °C for 1 h. It is worth to mention that the regenerated samples were
dried in flowing air at 110 °C for 1 h before the next breakthrough tests.

Three types of bed configurations were examined in this study. The first one is a PB of
MnO, supported on y-Al,O;. The second is the sorbents diluted by inert particles (a-
ALO;). The third case is a microfiber entrapped MnO,/y-Al,O; sorbent with the same
volumetric sorbent loading as the diluted PB. The punched-out circular MFES disks were
placed into the adsorption column with a glass rod. Extreme care was taken during the

packing process. All the sorbent materials were captured between two quartz wool plugs.
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IV.3 Mathematical Model

1V.3.1 Mass Balance

Assuming there was no radial concentration gradient, the concentration of the reactant
(SO,) passing through adsorbent bed is a function of axial distance (z) and time on stream

(7). The following conservation equation can be derived based on differential mass balance

of SO, in axial direction in the bed

where,

The following initial and boundary conditions were applied in this study

I.C.

B.C.L.

B.C.2.

ac 0°C u aC

=D —
ot 2972 €,z ' 1502

& =1—pp/ps

c(0,z) =0, att=10
= o, &Pz 0C -

ct,0) =cp+ o atz=10

d

L=, atz=1L

0z

I1V.3.2 Mass Transfer Resistance

For most adsorption processes, the overall reaction rates are affected by diffusion

resistance. There are usually two types of diffusion resistance occurred in the gas-solid
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adsorption system: (1) external mass transfer resistance and (2) internal mass transfer
resistance. For external mass transfer process, Mear’s criterion is employed to learn if mass

transfer from the bulk gas phase to the sorbent surface can be neglected'®*.

(=m)pp(dy/2)

Cy = 0.15 V-6
M k.Cao < ( )
where,
ShD
ke =—— (IV-7)
dyp

The Sherwood number can be estimated by various semi-empirical correlations

For PB, when 0<Re;,<70, and 0.25<¢, <0.50, Pfeffer’s equation can be used as

follows'**:
Rey,Sc)/3
Sh =1.26(1 — /5 (ReapSE) ™ (IV-8)
Y
For MFES, when 1<Re;,<10000, Dwivedi-Upadhyay correlation can be employed for
materials with higher void fraction (0.25<¢g,<0.97)
0.455
Sh = = (Reg,)>°8c033 (IV-9)
b

The internal mass transfer resistance can be estimated using internal effectiveness

factor correlation. For first order reaction, which will be mentioned later, Weisz Prater
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4

criterion'® as well as equations including Thiele modulus can be used to calculated

effectiveness factor (1)

dp 2
Co = —TaPp (7) (IV-10)
where,
D
p, = 2 (IV-11)
T
3 (IV-13)

n =—(®,cothd; — 1)
CI)l

IV.3.3 Axial Dispersion Effect

The axial dispersion coefficients as well as Peclet number for packed bed and MFES

(0.008< Regp < 50) can be estimated by the semi-empirical equation as follows' %1%

D, = 073D, +—2tint
z = U. m _
148 D,Zi (IV-14)
Uin P
ud IV-15
pe, = L (IV-15)
EplUy

The molecular diffusivity (D,,) of SO, in the gas mixture can be obtained employing

Fuller’s method
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1
0 )
D, = a_ Mg (IV-16)

Pl + (VB)%]Z

IV.3.4 Surface Reaction Mechanism and Governing Equation

Based on XRD results (as discussed in the previous Chapter), the primary metal oxide
species presented on the alumina substrate was Mn,Os. Therefore, it is assumed that the

following reaction took place between the gas-phase reactant and the Mn,O3 grains:
1 1
SOz(g) + EMn203(s) + Zoz(g) = MnSO, (IV-17)

As the reaction proceeded, the formation of MnSOy layer resulted in an additional
resistance for the gas reactant (SO;) to diffuse through (Gavaskar and Abbasian, 2007;
Yasyerli et al., 2001). Noticeable reductions in active surface area and pore structure were
expected because the molar volume of the product (MnSQO4) was higher than that of the
reactant, i.e. Mn,Os in this study (the expansion factor in this study is higher than 2.0). As
shown in Fig. 2(a), at the very beginning of the reaction, the external surface of Mn,O3 was
fully accessible by SO, molecules. As the reaction proceeded, a product layer gradually
formed upon the surface of Mn,O; grains, which is illustrated in Fig. 2(b and c). These
morphological changes resulted in the reduction of available Mn,Os sites for the gas-solid
reaction when the product layer grew thicker. In this work, it is hypothesized that the

following kinetic behavior takes place in the fixed-bed reactor:
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Figure IV.2 Schematic diagrams of surface reaction mechanism of SO, interacting with

MnO, grains. The grey circles are the assemblage of nonporous Mn,0O; grains.

It is also hypothesized that the values of m and ¢ were both equal to one. The percentage
of available adsorptive sites a(f) is assumed to be 100 % at the beginning of the
breakthrough tests (+=0). As the surface reaction proceeds, the adsorptive sites decrease

over time. To derive the final governing equation, the major assumptions are as follows:

(1) The bed is isothermal due to low SO, concentration.
(2) The external mass-transfer resistance was negligible in this study. Based on Mear’s

(-r)pp(dp/2)
kcCao
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criterion was much less than 0.15, which indicates that the

, the term
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mass transfer resistance from the bulk gas phase to the sorbent surface can be
ignored.

(3) The pressure drop along the bed is negligible.

(4) The reaction is assumed to be first order with respect to SO, '**'*""'**_ The reaction
rate with respect to oxygen was assumed to be zero '’ since oxygen consumption
was negligible compared with its initial concentration during the adsorption process.

(5) There is no SO, concentration variance in the radial direction.

Based on the assumptions listed above and combining mass transfer resistance, initial

and boundary conditions, axial dispersion effect of adsorbate, and surface reaction
mechanism, the governing equation can be derived as follows:

aC 0’%C uadC 1-—g,

— =D —
ot 20z2 &, 0z =

) nkora(t)-C (IV-20)

The partial differential equation was solved with MATLAB ver. R2015a (Mathworks,
Inc.) numerically. The independent characteristic parameters ky and k; can be determined
by minimizing the residual sum of squares between the experimental data points and the

model response. The Nelder-Mead search algorithm was employed to obtain &y and .

Furthermore, to evaluate the adequacy of the model, the overall error in predicting the
experimental breakthrough curves is evaluated using the root mean square error (RMS),

which can be defined by equation 21:

101



Cmodel — Cexp
Ln(——F—)?

exp

RMS (%) = x100%

IV.4 Results and Discussion

1V.4.1 Determination of the k) and k; Values

A 3D plot of SO, concentration varying with bed length and time on stream is shown
in Fig. IV.3, where the inlet SO, concentration was 10 ppm, face velocity 1.33 m s, and
adsorption temperature 20 °C. The cross section of the 3D curve at z = L corresponds to
the breakthrough curve measured experimentally at the outlet. A series of breakthrough
curves conducted between 20-300 °C and at 10 ppm SO, is shown in Fig. IV.4 along with
the simulated results. An increase of the desulfurization temperature shifted the curves to
longer time due to an enhancement to the surface reaction rates (Table IV.1). The RMS
error of the simulated breakthrough curves is between 2.5 and 4.2 %. The low RMS error

allows for the confident use of the determined ky and &, values further in this study.
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Figure IV.3 Model prediction of SO, adsorption process. (C, = 10 ppm; Face velocity =

1.33 m/s; T = room temperature; Sorbent: SMn/Al,O;)
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Figure IV 4 Breakthrough curves of 5SMn/y-AlO; at various temperatures. In each

experiment, 50 mg sorbent was loaded into a quartz tube and tested with 10 ppm SO, at a

flow rate of 1 000 mL min™.
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Table IV.1 Kinetic parameters obtained from the breakthrough data at various

temperatures
T k, k, RMS error
°C s m’ mol” g’ %
20 2.33%10* 6.80x10™* 3.8
100 2.78%10° 2.23%10° 25
200 3.05x10° 3.35%107? 4.2
300 3.75%10° 6.38%107 35

IV.4.2 Predicted Breakthrough Curves of Varying Face Velocity

To investigate the effect of face velocity, SO, breakthrough results were obtained in
the range of 0.67-2.67 m s, as shown in Fig. IV.5. The predicted breakthrough curve was
generated by substituting the predetermined values of k, and k, into equation (IV-20). As
expected, the breakthrough time decreased as the flow rate of the challenge gas stream
increased. The predicted breakthrough curves (solid lines) agreed well with the
experimental results (scattered dots) with RMS error less than 10 % (Table IV.2). The
results indicate that k) and k; are not dependent on face velocity. Furthermore, the
consistency of saturation capacity shown in Table IV.2 reinstate that the external mass
transfer resistance was negligible. However, minor deviations in the high C/C, region were
observed. These deviations can be attributed to the device uncertainty occurring at high or

low dimensionless SO, concentration region. The other possible reason is that once all the
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surface accessible MnOy species are depleted, the SO, molecules start to interact with or

adsorbed by the porous y-Al,O3 material, which is much less active compared to MnOs.

Table I'V.2 Saturation capacities of SMn/y-Al,O; at various face velocities

u Saturation capacity RMS error
ms’ mgSO, (g sorbent)’ %

2.67 44.7 3.6

2.00 443 9.5

1.33 46.3 N.A.

0.67 45.5 5.8
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Figure IV.5 Predicted breakthrough curves of 5Mn/y-ALO, sorbents at various face
velocities. Sorbent (50 mg) was tested at 20 °C with 10 ppm SO, in a 3.8 mm [.D. tube.

The scattered dots are experimental data. The solid lines correspond to the calculated

values generated by MATLAB. The k, and &, are adopted from Table IV.1.

IV.4.3 Predicted Breakthrough Curves with Varying Inlet Concentration

The experimental SO, breakthrough curves operated at various inlet concentrations are
shown in Figure IV.6. Given the RMS error of these tests are around 10 %, the adequacy

of the proposed mathematical model is acceptable. It is also worth mention that both the
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initial rate constant ky and the depletion constant k; did not vary significantly over the

concentration range investigated here. The conclusion is in accordance with the study by

other authors 1°%1%%,

SO, (CIC,)

! I ! I ! I ! I ' I ! T T T T
0O 50 100 150 200 250 300 350 400
Time (min)
Figure IV.6 Predicted breakthrough curves of 5Mn/y-Al,O, sorbents at various SO, inlet
concentrations. Sorbent (50 mg) was tested at 20 °C at a face velocity of 1.33ms" ina 3.8

mm [.D. tube. The scattered dots are experimental data. The solid lines correspond to the

calculated values generated by MATLAB. &, and k, are adopted from Table IV.1.
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IV.4.4 Predicted Breakthrough Curves with Varying Adsorbent Particle Size

The experimental breakthrough results of various particle sizes are shown in Fig. IV.7
(a). Due to the lower internal mass transfer resistance, the smaller particle size resulted in
higher breakthrough time (30 min). The predicted breakthrough results are shown in Fig.
IV.7 (b). It can be seen that the calculated results were in good agreement with the

experimental data.
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Figure IV.7 Predicted breakthrough curves of SMn/y-Al,O, sorbents at various sorbent
particle sizes. Sorbent (50 mg) was tested at 20 °C at a face velocity of 1.33 m s in a 3.8
mm [.D. tube. (a) the experimental results conducted when the particle size is 40-60 mesh
and 120-170 mesh, respectively; (b) the simulated results when the particle size is 40-60

mesh and 120-170 mesh, respectively.

IV.4.5 Breakthrough Tests Using MFES

The experimental results of the PB, diluted PB, and MFES materials are shown in Fig.
IV.8. The bed void fractions are listed in Table IV.3. The particle size of sorbents as well

as the diluent (a-Al,O3) was in the same range (88-125 um). As can be seen in Fig. IV.8,
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the breakthrough time of the diluted PB was slightly higher than that of the PB without
dilution. Moreover, MFES outperformed the PB observably. The breakthrough time for
MFES (42.5 min) was about one and a half fold higher compared to PB without dilution

(30.1 min), and 1.2 times higher when the PB was diluted (35.3 min).
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Figure I'V.8 Breakthrough curves of PB, diluted PB, and MFES. Sorbents (150 mg) were

tested at 20 °C with 10 ppm SO, at a face velocity of 1.33 m s™ in a 6.8 mm 1.D. tube.

Table IV.3 Properties of PB, diluted PB, and MFES

Type PB (D=1) PB (D=6)" MFES
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Fiber (vol.%) N.A. N.A. 8.5

Void (vol.%) 323 323 78.7
Sorbents (vol.%) 67.7 11.3 12.8
Residence time (ms)  1.23 7.61 18.7
D, (cm’s™) 1.95 1.63 0.26

a. a-AlLO;, (Surface area < 20 m*> g'') was used as diluent.

The better performance was achieved by MFES is because of the increase in void
fraction compared to a PB, the gas phase interstitial velocity (u;,) within MFES was much
lower than that within the PB. Correspondingly, the SO, residence time of MFES was
higher (shown in Table IV.3) and so was the opportunity for the SO, molecules to interact
with the adsorptive sites. Moreover, axial dispersion has an important effect on the
breakthrough performance. Owing to longer bed length and higher bed void fraction, the
axial SO, concentration gradient of MFES was smaller than that of PB, resulting in a
smaller axial dispersion coefficient for MFES. As Table IV.3 displays, the axial dispersion
coefficient (calculated according to equation IV-14) decreases with increasing bed dilution

and voidage, which is in accordance with the literature '*

. With higher axial dispersion of
SO, molecules in the PB, self-broadening concentration fronts exist in the axial direction.
Therefore, the breakthrough time of the PB occurred earlier than that of the MFES. It was
also worth to mention that the external mass transfer resistance was eliminated in these

cases since the superficial velocities were sufficiently high, though the mass transfer

coefficient of MFES was actually lower than that of the PB comprised of the same particle
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size. Internal mass transfer resistance, which is mainly controlled by particle size and

system temperature, was the same for all three cases.
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Figure I'V.9 Model prediction of breakthrough curves of PB, diluted PB (D=6), and MFES.

The breakthrough curves were obtained by MATLAB ver. R2015a employing &,

2.33x10*s" and k, = 6.79%10™* m’mol'g™".

Table IV.4 Comparison of experimental breakthrough time and predicted breakthrough

time for various bed configurations

Bed Type Experimental breakthrough time Predicted breakthrough time*
@ C/C,=0.01 (min) @ C/C,=0.01 (min)

PB (D=1) 30.1 30.3

PB (D=6) 353 40.2
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MEFES 425 474

a. The breakthrough time was predicted by the model using predetermined k, and k, listed

in Table IV-1 at 293 K.

Channeling or flow maldistribution is another important factor which accounts for
different breakthrough behavior between PB and MFES. It is known that channeling or
flow maldistribution can seriously hinder attempts to achieve high conversion in the PB '°'.
Accordingly, clustering of small particles as well as the wall effect in a PB plays a negative
role in the adsorption process. In contrast, the random orientation of the microfibers
provided a uniform flow profile throughout the bed, which minimized channeling and
assisted with mixing '**. This is an important reason for MFES to outperform traditional
PB and diluted PB. As can be seen in Table V-4, the predicted breakthrough time of PB
(D=1) is close to the experimental results; whereas the predicted breakthrough time of PB
(D=6) and MFES are higher than the experimental results. For a diluted PB, channeling
and flow maldistribution still take place. However, the mathematical model did not include
this factor. As a result, the breakthrough time was overestimated by the mathematical
model. For the MFES, high flow rates can cause void reduction, since the nonwoven media
is compressible '®. Therefore, negative effects such as lower residence time as well as a
higher degree of axial dispersion would explain why the experimental breakthrough time

was lower than the predicted breakthrough time in the case of MFES. Compared with Fig.

IV.8, all the predicted breakthrough curves shown in Fig. IV.9 coincided with the
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experimental data, even though there were a few deviations at higher C/C,. The small
deviations might be a result of the uncertainty of the monitoring device in the higher C/C,
region. The mathematical model used does not match the exact shape of the experimental

breakthrough curve. However, it is capable of reproducing the experimental trends.

IV.4.6 Comparison of Regeneration Performance between PB and MFES

The desulfurization/regeneration study regarding PB and MFES is shown in Fig. IV.10.
Both the PB and MFES contained c.a. 150 mg sorbent and the breakthrough point was
defined at C/C, = 0.01. The gas flow rate was maintained at 3 L min" and the other
adsorption conditions were the same as described in Fig. IV.8. It is demonstrated in Fig.
IV.10 that significant breakthrough time (capacity) losses occurred for the first
regeneration cycle regardless of bed configurations. This is attributed to considerable
crystallite size increase resulting from thermal treatment *°. After the first cycle, the
breakthrough time (capacity) remain unchanged up to 5 cycles. The regeneration
performance can be enhanced by using MFES. Based on the results, MFES was capable of
retaining 67 % breakthrough capacity after the first regeneration cycle; whereas, PB could
only achieve about 51 % of the original breakthrough capacity. It was well-known that,
sorbents could undergo attrition during in situ thermal regeneration, resulting in a higher
degree of channeling or sorbent clustering ' . On the other hand, owing to the sinter-locked

microstructure, MFES can prevent the adsorption bed from further channeling or flow
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maldistribution in the presence of high temperature or face velocities. Furthermore, the
SEM image in Fig. IV.11 indicates that the stainless steel microfibrous structure was robust
after multiple adsorption/regeneration cycles. In practical filtration application, the
noteworthy improvement of breakthrough performance due to the use of MFES can bring

considerable economic benefits.
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Figure IV.10 Breakthrough time of PB and MFES of multiple adsorption/regeneration
cycles. Sorbents (150 mg) were tested at 20 °C with 10 ppm SO, at a face velocity of 1.33
m s ina 6.8 mm L.D. reactor. Regeneration tests were conducted in situ at 650 °C in model

AEG for 1 h.
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Figure IV.11 SEM images of (a) fresh SMn/y-ALO, entrapped in SS MFES, and (b)
regenerated SMn/y-Al,O, entrapped in SS MFES after the 5th cycle. (SS fiber, 12 um;

SMn/y-Al, O, particles, 88-125 um.)

IV.5 Conclusion

The mathematical model based on axial dispersion, diffusion resistance, and surface
reaction mechanism has been successfully established to describe the breakthrough
behavior under various conditions. The calculated breakthrough curves of the PB agreed
with the experimental results with RMS errors less than 9.5 %, which indicates the efficacy
of this model in predicting the performance of the sorbents with satisfactory accuracy. The
trend of the breakthrough performance of various fixed bed configurations (i.e. diluted PB,
MFES bed) containing the equivalent amount of sorbent could also be reproduced by this

model. The model developed in this work can be extended to design practical gas filtration
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system with pleated MFES. Additionally, this model developed herein may also be
employed to other non-catalytic heterogeneous reaction/adsorption processes including but

not limited to CO; adsorption, H,S removal.

The uniform flow distributions and negligible bed channeling inherent in MFES lead
to superior breakthrough performance compared to a conventional PB. This unique
advantage of MFES enhanced the breakthrough performance of the regenerated samples.
It is believed that the rigidity of the sinter-locked metal fibers is capable of keeping the bed
frozen in place over multiple cycles, significantly reducing flow maldistributions. The 5
wt.% Mn/y -Al,O, is a promising regenerable sorbent for SO, removal. The sorbent
maintained its breakthrough capacity after multiple adsorption/regeneration cycles by
utilizing the AEG from SOFC with 10 ppm SO, challenge. Thus, the sorbent developed in
this work entrapped in the stainless steel microfibrous media is applicable for onboard
SOFC cathode protection. Further study will be focused on the development of composite

beds where MFES works as an efficient polishing layer.
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Nomenclature

a(t)
C
G

Cexp

Cu

Cmodel

activity of the sorbent at time ¢, assuming a(0) = 1
SO, concentration in adsorbent bed (mol/m’)
SO, inlet concentration (mol/m’)

SO, outlet concentration determined experimentally (mol/m’)

.. (=m)pp(dp/2)
Mear’s criterion, C,, = ————
kcCao

d
—Tapp ()2

Weisz Prater criterion, Cy,p =
’ DBCS

SO, concentration predicted by mathematical model derived in this study at
a given time (mol/m’)

SO, concentration at the sorbent surface (mol/m’)

Dy g0

SO, effective diffusivity in sorbent pores, D, = .

molecular diffusivity of SO, in gas mixture (m°/s)
mean particle size (m)
axial dispersion coefficient (m”/s)

initial sorption rate constant (1/s)

ShDy,
dp

external mass transfer coefficient (m/s), k., =

119



ka deactivation rate constant (m’/mol/g)
My4Mp  molecular weight of species A and B, respectively (g/mol)
n number of experimental points
P pressure (Pa)
Pey), particle Peclet number
q order of deactivation
4 measured sorption rate of component A (mol/g sorbent/s)
Rey, particle Reynolds number, (Reg,, = dpfp )
u(l-ep)
Sc Schmidt number, (Sc = ﬁ)
Sh Sherwood number
t time on stream (s)
T temperature (K)
u superficial velocity of gas mixture (m/s)
Uy interstitial velocity of gas mixture (m/s)
Vi Vs diffusion volume of species A and B, respectively (m’/mol)
z axial length (m)
Greek symbols

120



Pa

Pb

Ps

dispersion parameter

bed voidage

internal mass transfer effectiveness factor
constriction factor

tortuosity factor

gas mixture viscosity (kg/m/s)

Thiele modulus for first order reaction
density of gas mixture (kg/m’)

bulk density of sorbents (kg/m’)

particle density (kg/m’)

function of bed voidage, ({ = (1 — &,)'/3)

function of {, (Y = 2 — 3{ + 3{°> — 2{°)
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Chapter V Development of High Performance Filtration
Systems Using Novel Bed Configuration Design

V.1 Introduction

Solid Oxide Fuel Cell (SOFC) has been widely used in the US military for recent years
because of its high power density, high efficiency, and almost zero emissions. However,
due to the high sulfur containing fuels utilized in SOFC, a great amount of SO, will be
released into the atmosphere. The cathode materials of SOFC can be degraded by the SO,
after combustion over time. It was reported that the cathode of LSCF6428 (one type of
SOFC) could be degraded even it was under 0.1 ppm of SO, balanced in air **. The most
straightforward way to address this issue is installing cathode air filters to eliminate the
potential contaminant. However, filters to be used for the onboard fuel cell systems need
to be optimized. The effectiveness, durableness, and parasitic power loss are the most
important considerations for cathode filter design. Usually, higher efficiency and longer

breakthrough time result in higher pressure drop, which means more parasitic power loss.
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The objective of this work is minimizing the parasitic power loss of the filter and at the
same time the filter still possesses its high remove efficiency and breakthrough capacity
towards SO,. Novel filter configuration designs, primarily composite sorbent bed and
multi-element structured array (MESA), are employed in this study. A mathematical
adsorption model was proposed in this study to describe the gas-solid adsorption process.
Breakthrough data was obtained and further used to determine the adsorption parameters
(initial sorption rate constant and depletion rate constant). Other operation parameters of a

typical SOFC were obtained from the literatures' "'

. Based on the predetermined kinetics
and operation parameters, the relationship between parasitic power loss, filter dimension,
and the targeted breakthrough time can be established. Essentially, the optimization process
is a trade-off between the power reduction due to the degradation of the cathode poisoning
effect and the parasitic power loss originated from the filtration process. The simulation

results demonstrated that the overall performance of a SOFC can be warranted by installing

air filters.

V.2 Experimental

The experimental setup for breakthrough test and pressure drop measurement is
displayed in Fig. 1. Air (breathing quality) was purchased from Airgas Inc., and
dehumidified using silica gel. The sources of SO, were 50 ppm SO,-N, mixture. The
desired SO, challenge gases used in this work were prepared by adjusting the flowrates of
50 ppm SO,-N,, dry air, and the ultrahigh purity O, and N,. All the gas streams were
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controlled by mass flow controllers (Alicat Scientific). The gas mixture was flowing
through a mixer before entering the adsorption column. Prior to each test, the challenge gas
was passed through the bypass line for 10 min to ensure the compositions of the gas mixture
were stable. The SO, concentrations were measured at the inlet and outlet by a MultiRAE

pro equipped with an SO, sensor, which is able to detect SO, concentrations down to 0.1

The pressure drop across the sorbents/MFES was determined using an Omega
differential pressure transmitter (Model No. PX154-025DI). The sorbent of each size range
were loaded into a quartz tube. For MFES and composite bed, microfibrous media with
entrapped sorbents were stacked layer-by-layer. Air was passed through the packed
bed/MFES/composite bed at room temperature. First, the total pressure drops were
measured at various face velocities. Then the pressure drop contributed by the setup (e.g.
packing materials) was also measured at the same face velocities. The pressure drop
generated by the packed bed/MFES/composite bed equals the total pressure drops minus

the pressure drops caused by the packing materials.

A series of supported MnO, and CuO sorbents were prepared via incipient wetness
impregnation, using manganese nitrate tetrahydrate (99.99 %, Sigma-Aldrich) and copper
nitrate trihydrate (98.0-103 %, Sigma-Aldrich) as a precursor, respectively. y -Al,O,
(pellets, Sigma-Aldrich) as a support was also purchased from Sigma-Aldrich. For sorbent

preparation procedure, typically y-Al,O; was ground and sifted to the desired sizes (250-
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420 pm and 88-125 um). Thereafter, the metal nitrate solution was added onto the support
with vigorous stirring at room temperature. The sample was then dried overnight at 120 °C
and calcined at different temperatures for 2 h in static air. For example, the sorbent written

as SMnAl-650 denotes Swt. % Mn was doped on the y-Al,O, support and calcined at 650

°C for 2 h.
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Figure V.1 Schematic diagram of SO, adsorption setup. (MFC: mass flow controller)
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The SS MFES was manufactured by a conventional wet layup papermaking process.
The details of preparing the microfibrous structure can be found elsewhere (citation
needed). Then, the calcined sorbents mentioned earlier were dispersed evenly into the fiber

matrix.

V.3 Results and Discussion

V.3.1 Active Metal Screening

In this study, y-Al,O3; was selected as the sorbent support due to its high surface area
and excellent thermo stability. Other commercial available supports such as SiO; and ZrO,
were also evaluated but the breakthrough capacities were less than y-Al,O;. Three
candidates (CuO/ y-AlLO3;, MnO,/ y-Al,03, and CCP104) were tested at 20 and 200 °C,
respectively, as shown in Fig. 2. In each breakthrough performance evaluation, a packed
bed containing 50 mg of sorbent (bed depth: 5.1 mm) was challenged with 10 ppm SO, at
a face velocity of 1.33 m/s. The Mn doped on y-AlLO; demonstrated the highest
breakthrough time at elevated temperature (200 °C). Although CCP104 possessed longer
breakthrough time than MnO,/ y-AL,O3, the sorbent performance decreased significantly
at higher temperature due to the decomposition of KMnOy. Therefore, MnOy/ y-Al,O3 was
chosen for the following investigation.
V.3.2 Effect of Calcination Temperature

The performance of y-AlLOs-supported MnOy sorbent can be affected by the

calcination temperature. It was reported in the literature that MnOy species with lower
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oxidation states (such as Mn3O4 and MnO) exhibited better SO, removal performance™.
However, the phase diagram of MnOy under various temperature and oxygen partial
pressure (shown in Fig. S1(a)) suggests that the lower oxidation states of Mn are more
likely to be generated at higher temperatures. In addition, high calcination temperature
usually causes surface area loss and active species sintering, which is not favorable for gas-
solid reaction. Hence, under certain condition, there should be an optimum calcination

temperature demonstrating the highest SO, breakthrough capacity.
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Figure V.2 Active metal screening test. (Cu: 8 wt.% Cu on y-Al,O3; Mn: 5 wt.% Mn
on y-Al,03; CCP104: 4 wt.% KMnQ, on y-ALLOs; Al,Os: y-AlLO; calcined at 650 °C.)
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Figure V.3 (a) Effect of calcination temperature on the breakthrough performance for

5 wt.% Mn doped on y-Al,Os; (b) XRD patterns of calcined sorbents.
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The breakthrough tests for 5 wt.% Mn on y-Al,O; are shown in Fig.V.3(a). As
mentioned before, 10 ppm SO, passed through a packed bed containing 50 mg of sorbent
calcined at various temperatures. Apparently, the candidate SMnAl-650 showed the highest
breakthrough time (30.1 min), decreased in the order of SMnAl-800, 5SMnAl-550, SMnAl-
400, and 5SMnAI-250. The MnOy species were verified by XRD. The XRD pattern in Fig.
3(b) indicates that the primary component of SMnAI-650 is Mn,0s, with a small amount
of Mn304. Lower calcination temperature leaded to the tendency of more MnO, phases
emerging on the y-Al,O;. Higher calcination temperature (i.e. 800 °C) resulted in MnAlO4
phases. It was believed that MnAl,O4 shows low reactivity due to its tetrahedral spinel
structure®. Further increase the calcination temperature can lead to severe surface area loss
and phase transformation of y-ALOj; to a-AL,O;'”. The five candidates calcined at 250-
800 °C do not show much difference in surface area. This indicates that the variation of
adsorption performance was predominately due to the reactivity of the active species.
Based on the results shown in this part, SMnAI-650 was employed for the subsequent study.
V.3.3 Microfiber Screening

As discussed earlier, microfibrous entrapped sorbent can promote the sorbent
performance due to the reduction of flow maldistribution and axial dispersion. Three
different microfibers (glass, Ni, and SS fiber) were tested in this study. Glass fiber was not
considered as a candidate because the sinter-lock structure was not able to entrap enough
particles after the sintering process. Ni fiber could be oxidized/sulfated in the presence of
oxygen when the adsorption process occurred at moderate temperature (i.e. 200 °C).
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Furthermore, Ni fiber could also be vaporized in reducing atmosphere when the
regeneration temperature was 650 °C, resulting in deposited Ni at the downstream, as
shown in Fig. 4(a). At the same time, shrinkage of the Ni-MFES was observed. SS fiber
was quite inert and there was no tendency of vaporization. After the first regeneration cycle,
the sinter-locked structure of Ni fiber collapsed, as shown in Fig. 4(b). The SS fiber could
withstand reducing and oxidizing atmosphere even at high temperatures. Fig. 4(c) shows
that the SS fiber could still maintain its original structure after the 5th regeneration cycle.
It is desired that the sorbent can be used for multiple cycles to reduce the overall cost.

Based on the discussion above, SS fiber is the best choice for SO, removal.
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Figure V 4 (a) Comparison of SS and Ni fiber after the 1st regeneration cycle; (b) spent
Ni-MFES after the 1st regeneration cycle; (c) spent SS-MFES after the 5th regeneration
cycle. (Adsorption condition: 10 ppm SO, passed through a fixed bed at a face velocity of
1.37 m/s at 200 °C; regeneration condition: Model AEG passed through the sulfated sample

at a face velocity of 0.13 m/s. The reactor .D. was 6.8 mm.)

V.3.4 Composite Bed
Despite MFES can provide uniform flow pattern throughout the bed and minimize axial
dispersion effect, it cannot achieve high breakthrough capacity in terms of per unit volume

due to its low sorbent loading®”'**. Moreover, in order to fulfill a longer breakthrough time
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requirement, MFES requires a thicker filter and more parasitic power™. The best way to

take advantage of the two bed configurations is to construct a composite bed. The

breakthrough curves of a packed bed, a polisher layer (1 layer of SS-MFES), and the

corresponding composite bed are demonstrated in Fig. 5. The tests were conducted in a

quartz tube (I.D. 6.8 mm) with 10 ppm SO, at a face velocity of 1.37 m/s at 20 °C. The

packed bed was comprised of 150 mg SMnAl-650 sorbent (particle size: 250-420 um) with

a bed depth of 5.5 mm. The SS-MFES (or called polisher) has a thickness of 2 mm. As

shown in Fig. 5, the overall composite bed thickness was 7.5 mm.
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Figure V.5 Breakthrough curves of conventional PB, MFES, and composite bed
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V.3.5 Design Algorithm for the Fuel Cell Power System

The mathematical model we proposed in our previous work (citation here) can predict
the breakthrough time very precisely. Along with the pressure drop tests and parameters of
the fuel cell power system, the design algorithm can be established.
V.3.5.1 Mathematical Model to Predict the Breakthrough Time

Several models can be employed to predict the breakthrough time, such as deactivation
model and Yoon-Nelson model. However, the accuracy of the prediction depends on the
adsorbate-adsorbent system. In this work, a mathematical model coupled with internal and
external mass transfer, axial dispersion, and surface reaction can be utilized to predicted
the breakthrough time of the cathode air filter. The governing equation is listed as follows:

ac_DaZC uac+ 1—g, -1
ot 79z2 €,0z ( &p )11 Ts02

Based on the operation condition, the initial and boundary conditions are shown below:

ILC.  ¢(0,2) =0, att=0 (V-2)

epD, Oc

_ _ V-3
B.C.I. cft () = cy+22= atz =10 (V-3)

BC2 L=y atz=1 (V-4)
0z
And (put into appendix)
e = 1—py/ps (V-5)
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For this particular adsorption condition, due to the high face velocity flowing through
the bed and the small sorbent particles, the external mass transfer resistance can be
neglected. For internal mass transfer resistance, Weisz Prater criterion can be applied to
calculate the internal effectiveness factor (). See Appendix for derivation details.

The axial dispersion effect in this work cannot be completely ignored, especially for
the packed bed. The coefficient of axial dispersion (D,) can be estimated by the following

semi-empirical equations'’*:

D, = 0.73D,, + 0-5uindp
z — Y mT T _
1+ B D,Zi (V-6)
Uin 1
ud (V-7)
Pey, = —
edp Esz

Fuller’s method can determine the molecular diffusivity (D,,,) of SO, in the gas mixture,
more details are listed in the Appendix.
Since the main active species presented on the substrate are Mn,O3 (Based on the XRD

result), it is postulated that the following reaction occurred on the gas-solid interface:

1 1
SOZ(g) + EMn203(S) + ZOZ(‘g) s Mn504(5) (V-S)

In our previous work (reference needed), the following kinetic relationships can be

used to describe reaction in equation (7), and the assumptions are listed in the Appendix:

—Ts02 = ko-a(t)-C (V-9)
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SOl em- fagoys (V-10)

Based on the discussions above, the governing equation can be derived as follows:

ac _ _9°C udC 1-g,

— =D —
ot 20z% &, 0z &p

) n-ko-a(t)-C (V-11)

The partial differential equation could be solved by MATLAB numerically. By fitting
the experimental data (under certain conditions) to the calculated results, the independent
parameters k, and k; can be determined by minimizing the residual sum of squares. For
specific operation conditions, the breakthrough time can be estimated by the calculated

results.

V.3.5.2 Pressure Drop Relationship between Filter Thickness and Face Velocity
There are a lot of models to correlate pressure drop with face velocity, bed depth, and
void fraction. For example, Ergun equation is usually employed to describe the flow
through a packed bed; porous media permeability (PMP) equation is commonly used for a
fixed bed when the voidage is higher than 50 %'". The relationship between pressure drop,
filter thickness, and face velocity can be established by measuring pressure drop as a
function of thickness and face velocity. Compared with Ergun and PMP equation, this
empirical method is more straightforward and the parameters are easier to be determined.

The equation is shown as follows:

AP = A Lu + A,Lu? (V-12)
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V.3.5.3 Equations of the SOFC Attributes and Filter Parameters
The following discussion involves the mathematical relationships that describe the
SOFC attributes and the filter configurations. Air flow rate of the fuel cells, power of the

compressor based on the inlet and outlet attributes, and fuel cell efficiency will be included.

It was derived in Larminie and Dick’s book (Fuel cell systems explained, 2™ edition)
that the air usage of a typical fuel cell system can be expressed by the following equation
(provided that the oxygen molar proportion in air is 0.21 and the molar mass of air is 28.97
kg mol™):

P,
Air usage = 5.1 ><104></1><7e (L min™1) (V-13)

Cc

where P, is the output of the fuel cell system; V_ is the average voltage through a fuel cell
stack. Values between 0.6-0.7 V can be used to represent a typical fuel cell during operation.
In this work, 0.65 V was used as a voltage approximation; 4 is the stoichiometric ratio
(defined as the ratio of total amount of air to the spent air), which is usually 2 for SOFC

system.

The compressor parasitic power is shown as follows:

y—-1

Yy 0.37T; <P2)T
P, = X Xg, X[1= -1 V-14
0 y—1 1 q1 X[ P, ] ( )

where P, is the fuel cell output (kW); y is the heat capacity ratio (1.4); T, is the temperature

of gas entering the compressor (K); 1 is the compressor efficiency, which is 0.7 assumed
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in this work; q, is the volume of gas compressed evaluated at 293 K; P, and P, are the

compressor inlet and outlet pressure (Pa), respectively.

We can also obtain the efficiency of a compressor by employing compressor
performance charts. The efficiency of a certain compressor can be determined by the
performance chart once given the operation gas flow rate and pressure ratio. For a
centrifugal compressor, the highest efficiency can be achieved is around 0.7-0.8, in this

work, a value of 0.7 is used.

V.3.6 Case Study of Various Adsorption Bed Configurations

The aforementioned cathode air filter design algorithm was used to a 60 kW output
SOFC. In this section, we investigated the parasitic power loss and filter thickness in the
configuration of packed bed, MFES, and composite bed. The SOFC system parameters are
listed in Table V.1. In the case study, the MFES as well as the polish layer consists of 88-
125 uym 5MnO,/Al,O; sorbents and the packed bed is composed of the same sorbents but
the particle size fell in the range of 250-420 um. Using these parameters provided and the
mathematical equations discuss above, for a certain target of removal efficiency, the
parasitic power loss for a 60 kW SOFC can be estimated based on different breakthrough
time requirements. The pressure drop data was obtained by differential pressure gauges.
For a real condition, the air flow rate and cross section area were assumed 3600 L min™

and 0.045 m?, respectively.
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Table V.1 60 kW SOFC Operation Conditions

Temperature (K) 293 Stoichiometric ratio 2.0

Air flow rate Average voltage

(L min") 3600 % 0.65

fnrl?)ss section area 0.045 SOFC output (kW) 60

50O, inlet SOFC inlet

concentration 10 2.0
pressure (atm)

(ppm)

Totally three cases (in terms of different inlet and outlet concentrations) were

investigated in this research. The three cases are as follows:

(1) Case I: 100 — 0.1 ppm;

(2) Case II: 10— 0.1 ppm;

(3) Case III: 5-0.01 ppm;

For case I, the estimated predicted parasitic power loss for a filter to fulfill the targeted
breakthrough time was shown in Figure V.6. This case represents a 3 log removal and
requires a relatively high capacity. Because of the high capacity requirement, the PB and
CB are much better choice in terms of compressor power. MFES is not effective in reducing

the parasitic power when the inlet concentration is high.
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Figure V.6 Estimated parasitic power loss to fulfill different breakthrough time
requirements. (Breakthrough point is defined at C/C, = 0.01, removal from 100 ppm SO,

to 0.1 ppm)

When the we decreased the inlet concentration (For case II), the advantage of using
MEFES came out. As shown in Figure V.7, when the required breakthrough time is less than
10 min, MFES is the material that introduces the smallest parasitic power loss. Hence, for
short term SOFC cathode protection, MFES is the best choice in terms of lowering the
parasitic power. On the other hand, when the SOFC system requires longer protection

period, composite bed is the best option to reduce parasitic power loss. As we discussed in
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Chapter 1V, since MFES can provide uniform flow throughout the adsorption bed, the
negative effects such as flow maldistribution could be minimized. However, the
microfibrous structure could also introduce additional pressure drop, and the MFES usually
contains much less sorbents per unit volume. Hence, when longer period of breakthrough

time is required, the advantage of MFES could not offset its drawbacks.
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Figure V.7 Estimated parasitic power loss to fulfill different breakthrough time

requirements. (Breakthrough point is defined at C/C, = 0.01, moval from 10 ppm SO, to

0.1 ppm)
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The last scenario, shown in Figure V.8, indicates that the functionality of MFES was
more significant than the case in Figure V.7. It is obvious that microfibrous materials cost
the least parasitic power in the presence of air filter if the desired breakthrough time is
less than 25 min. However, as the required breakthrough time increases, CB becomes the
best choice for the fuel cell system. When the required breakthrough time is over 50 min,
it can be seen that the MFES would consume the highest parasitic power. Hence, based

on different breakthrough time requirements, totally different bed configuration should be

applied.
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Figure V.8 Estimated parasitic power loss to fulfill different breakthrough time
requirements. (Breakthrough point is defined at C/C;, = 0.01, removal from 5 ppm SO, to

0.01 ppm)

V.4 Conclusion

In this work, experimental data and mathematical estimation were combined to predict
the parasitic power loss in a polluted environment. The prediction can provide a guide
about how to choose the best filter configuration to achieve the best fuel cell performance.
In this model, most parameters were obtained in the literature or estimated based on a

reasonable range.

The simulation results presented in this work indicated a strategy for SOFC cathode
protection. Composite bed is the best option since for traditional fuel cell systems, long
term protection or longer breakthrough time is our target (most fuel cell systems requires
thousands of hours’ operation time). The simulation is also important for us to understand
the internal working mechanism between the fuel cell stack and its balance of plant

components.
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Chapter VI PPB-Level Contaminant Removal for Proton
Exchange Membrane Fuel Cell (PEMFC) Cathode Air

Protection

VI.1 Introduction

Fuel cells are widely used in the modern society. They possess various advantages
compared to conventional power sources (internal combustion engines and batteries). The
advantages include: 1) fuel cells have a higher efficiency than conventional diesel or gas
driven engines; 2) fuel cells have extremely low emissions compared with other engines
burning fossil fuels; 3) operating period is much longer than batteries; 4) easy to scale up
and good for design and packing.

For low temperature fuel cells (PEMFC), they have low heat generation which makes
them ideal for military applications. As shown in Figure VI.1, the PEMFC uses a water-
based or mineral acid-based polymer membrane as its electrolyte. Usually PEMFC
operates at 20-100 °C so that metal catalysts (e.g. Pt) are used as electrodes to address the
sluggish reaction rate. Because of the Pt electrodes, the PEMFC is very vulnerable to gas
phase contaminants (e.g. SO,, NO,, CO, VOCs, etc). In the old days, the Pt loading is high
thus the cost of PEMFC is mainly due to the catalyst. Nowadays, since the development of

the membrane technology, low Pt loading is allowed (0.2-1.0 mg/cm®).
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Figure VI.1 Schematic of PEMFC (the anode uses hydrogen as fuel)

For naval ship platforms, the effect of atmospheric impurities cannot be eliminated.

focuses on the cathode air purification of PEMFC.

144

Electrolyte Cathode

Oxygen

VOC is a very common impurity which exists both indoor and outdoor. For the onboard
atmosphere, VOC is unavoidable due to the use of fossil fuels and human activities. It was
reported that the cell performance underwent a significant decrease in terms of cell voltage
when toluene was present in the air stream (5 ppm toluene in air). Furthermore, the
poisoning effect was intensified as current density and toluene concentration increase.
There are some other factors that have influences on the severity of performance
degradation, such as back pressure, air stoichiometry, current density cycling, and so on.

Hence, it is vital to remove the VOCs before they enter the cathodes. This work mainly



V1.2 Experimental

V1.2.1 Sorbents Preparation

The sorbents used in this work were primarily activated carbon (AC) and modified
activated carbon (MAC). Two types of AC were used: 1) BPL was purchased from Calgon
Carbon Corporation (Pittsburgh, PA); 2) Ecosorb CT was purchased from JACOBI
(Columbus, OH). All the samples were ground and sieved using US standard sieves to
obtain the particle size range from 180-250 pum. Before the breakthrough experiments, each
sample was dried in a convection oven at 373 K for at least 24 h, followed by storing in an
air tight vial.

The MAC was prepared by “KOH activation” method. About 2 g of AC was mixed
with certain amount of KOH and H,O. Then the suspension was transferred into a Teflon
beaker. The suspension was heated at 333 K for 2 h on a hotplate. The resulting slurry was
dried in a convection oven at 383 K for 24 h. Afterwards, the sample underwent
carbonization.

The carbonization process was carried out in a vertical quartz tube which was placed
in a box furnace. The aforementioned sample was transferred into the vertical quartz tube
supported by quartz wool on both sides. The sample was heated from room temperature to
1023 K (ramp rate was 5K/min). After reached 1023 K, the temperature was further hold

for additional 1 h. During the whole process, 500 mL/min of UHP nitrogen was flowing to
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ensure a nitrogen atmosphere. The pyrolyzed sample was washed several times with 1M
solution of HCI and then with distilled water. Finally, the sample was outgassed in vacuum

at 383 K for 12 h and sealed in a vial prior to breakthrough test.

V1.2.2 Characterization of Sorbents

The BET surface area and pore size distribution of all the samples were tested by N,
physical adsorption at 77 K using Autosorb-1 (Quantachrome Instruments). The BET
surface area was calculated at p/p,from 0.1 to 0.35 at the adsorption branch. The pore size

distribution was calculated based on the BJH method from the N, adsorption isotherms.

V1.2.3 Breakthrough Test

The setup for evaluating the breakthrough performance of the sorbents is shown in
Figure VI.2. Compressed house air was treated by oil trap and desiccant before it was
introduced into the system. A syringe pump was used to deliver the toluene. A portion of
air stream was purging the needle of the syringe in order to vaporize the liquid phase
toluene. There was also a bubbler to introduce moisture into the system. The moisture
content (or RH) can be adjusted by changing the flow rate of that particular MFC. The
breakthrough test was conducted at 298 K. So the test section was placed in a temperature
controlled oven. About 0.1 g sorbent was used for each test. A glass tube (24 mm long, 9.4
mm [.D.) was used. The sorbent was supported by glass beads and quartz wool. The
challenge gas (the face velocity is 96 cm/s) to the mixer initially passed through a

preheating section to the desired temperature before it entered the adsorption column. All
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of the tests were conducted in a vertical adsorption column and the gas mixture flowing in

the downward direction.

To measure the concentration of the toluene in sub-ppm level, we used a GC-FID
equipped with a 100 mL sampling loop. The time for the loop to collect the gas sample was
set to 5 min, which allows sufficient time for pre-concentration process. The detection limit

of this method can be around 5 ppb.
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Figure V1.2 Schematic of the breakthrough setup for toluene adsorption

Each breakthrough test was performed by passing the challenge gas mixture and the
outlet toluene concentration was measured every 5 min till the concentration of outlet

reached the same level of inlet. For the breakthrough tests with moisture, the adsorbents
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were initially pre-saturated in humid air (at desired RH). Then the challenge gas was

introduced into the gas mixture.

V1.3 Results and Discussion

V1.3.1 Effect of RH on Adsorbent Performance

Since the PEMFC is usually operated in the presence of moisture, we investigated the
adsorbent performance under different relative humidity (RH). We firstly applied two
commercially available AC to evaluate their performance: Ecosorb CT and BPL. The

breakthrough and saturation capacity are shown in the following pictures.
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Figure VI.3 Breakthrough capacity and saturation capacity of Ecosorb CT. (Sorbent
weight: 0.1 g; Particle size: 180-250um; Bed depth: 3.5 mm; Inlet toluene concentration:

2 ppm)
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Figure V1.4 Breakthrough capacity and saturation capacity of BPL. (Sorbent weight:

0.1 g; Particle size: 180-250um; Bed depth: 3.5 mm; Inlet toluene concentration: 2 ppm)

It can be seen from Fig. VI.3 and Fig. VI.4 that when the relative humidity was
increased, the breakthrough capacity and saturation capacity was also decreased. There was

minor deviation between 30 % RH and 50 % RH. However, when the RH increased to
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70 %, significant capacity loss was observed. This is due to the capillary condensation
caused by the high RH. As we know, the mechanism of toluene adsorbed on the AC is
physisorption. However, the water molecules can occupy the adsorption sites for the
toluene be captured. The higher the RH, the less adsorption sites could be available on the
AC. The solubility of toluene in water could be neglected (0.5 g/L). Therefore, higher RH

hindered the performance of AC.

VI1.3.2 Yoon and Nelson Model for the Adsorption Process

There are several mathematical models can be used to describe the process of
hydrocarbons adsorb on the AC, such as Mechlenburg model, Amundson model, Wheeler
model, and Yoon & Nelson model. Among them, the Yoon and Nelson model is the most
widely used for activated carbon. The equation VI-1 reveals the relationship between time
and concentration.
(VI-1)
where,
Cin= Inlet concentration of adsorbate, mg/L;
Cout= Outlet concentration of adsorbate, mg/L;

7= Time required to achieve 50 % adsorbate breakthrough, min;

k= Rate constant, min";
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The Fig. VI.5 and Fig. V1.6 shows the comparison between experimental data and
simulated result calculated by the Yoon and Nelson model. We can see that the model can
fit the experimental data very well. Also, there is minor difference in k when we only

changed the RH value.
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Figure VI.5 Comparison of experimental data (dots) and simulated breakthrough
curves (straight lines) for toluene adsorbed on Ecosorb CT. (Sorbent weight: 0.1 g; Particle

size: 180-250um; Bed depth: 3.5 mm; Inlet toluene concentration: 2 ppm)
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Figure V1.6 Comparison of experimental data (dots) and simulated breakthrough
curves (straight lines) for toluene adsorbed on BPL. (Sorbent weight: 0.1 g; Particle size:

180-250um; Bed depth: 3.5 mm; Inlet toluene concentration: 2 ppm)
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V1.3.3 Optimization of AC by KOH Activation

In order to further enhance the performance of the adsorbents, we used a chemical
method to modify the morphology of the AC. Since BPL is a coal-based activated carbon,
it is easy to alter the surface morphology. Table VI.1 shows various chemical activation
methods for BPL. It is shown that the BPL treated with 8 g KOH and 10 g H,O possessed
the highest micropore surface area, which is favorable for toluene adsorption. We also
tested the breakthrough performance for the original BPL, Ecosorb, and the modified BPL
(Shown in Fig. VI.7). Compared with the original BPL, the modified BPL demonstrated
60 % more breakthrough capacity, though the bed depth of modified BPL increased by

30 %.

Table VI.1 Surface Morphologies of Various Chemical Activation Routes

Samples Sger (M*/g) S micro(M/) Viw(em¥g) V. (cm¥/g)
BPL 1165 701 0.76 0.60
BPL-8-40 1612 1492 0.94 0.77
BPL-6-10 2007 1870 1.17 0.97
BPL-8-10 2315 2143 135 1.11

Note: BPL-8-40 represents 2g BPL was impregnated with 8 g KOH and 40 g H,O. The

detailed method was described in the experimental section.
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Figure V1.7 Breakthrough curves of BPL, Ecosorb, and modified BPL at 30 %RH.

(Sorbent weight: 0.1 g; Particle size: 180-250um; Inlet toluene concentration: 2 ppm)

V1.4 Conclusion

Based on the results shown in this chapter, we can see that RH is a vital factor in the
process of VOC removal. Owing to capillary condensation, higher RH would reduce the
effective adsorption sites, thus decreasing the breakthrough capacity. The Yoon and Nelson
model can simulate the physisorption process very precisely. Potentially, this model can

predict the breakthrough behavior by knowing the predetermined value (7 and k).
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By applying the KOH chemical activation method, the micropore surface area could be
increased significantly, which is favorable for the toluene adsorption. The modified AC,

BPL-8-10, demonstrated the best breakthrough performance among all the other samples.
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Chapter VII Recommendations for Future Works

VII.1 Cathode Filtration System Design and Optimization of Solid Oxide Fuel

Cells

VII.1.1 Background

Solid Oxide Fuel Cells (SOFCs) technology has been under development for many
applications. Because of its fuel flexibility, SOFC can provide clean electricity from a
number of hydrocarbon fuels. The scope of SOFC application includes but not limited to
portable devices, small-scale power systems (e.g., 5 kW residential power or vehicle
auxiliary power units), and distributed generation power plants (e.g., 100-500 kW
systems). Furthermore, SOFCs can be integrated with a gas turbine (GT) to build

pressurized hybrid systems, whose energy efficiency is much higher (ca. 70 %).

IN.
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Figure VII.1 SOFC power system (5 kW) I,

An example of 5 kW power system for stationary applications is shown in Fig. VII.1.
The system is comprised of SOFC stacks, fuel processing subsystem, fuel, oxidant delivery
subsystem, thermal management subsystem, as well as control and regulating accessories.
Additionally, this is usually operated on logistic fuels (JP-8) for military applications. Due
to the combustion of high sulfur containing hydrocarbon fuels, such as JP-8 and marine
diesel fuels, the performance of SOFC is challenged by the air quality result from sulfur-
poisoning. Given the complexity of contaminant species in air stream, the most
straightforward solution to mitigate the poisoning effect is employing cathode filtration
technique. On the other hand, cathode filter introduces additional pressure drop, which
result in observable parasitic power loss. This issue will cause reduction of net power
output of SOFC. In general, in consideration of system variety, total system parasitic power
loss can be up to 10-20 % of net power output.

Larger scale system, such as Multi-MW SOFC/GT hybrid system, is usually operated
in a pressurized environment. The high pressure will further increase the power
consumption of the compressor. Therefore, large scale systems (e.g., 100-250 kW
combined heat and power SOFC system or SOFC/GT hybrid system) generally bear higher
percentage of parasitic power loss. Hence, optimization of cathode filter system is

extremely important in terms of enhancing the total efficiency of SOFC.

157



VII.1.2 Hypothesis

Because of the tradeoff of contamination loss and parasitic loss, there exist an optimum
filtration design that can maximize the net power output of SOFC. There are many
variables (e.g. operation temperature, pressure, stoichiometric ratio, flow rate, sulfur
tolerance, cathode materials, air property, etc.) determining the “sweet spot” of cathode
filter configuration. Considering all the operation conditions and parameters of fuel cell, it

is viable to develop an optimization procedure to find the optimum point of fuel cell design.

VIIL.1.3 Experimental and Approach

(1) Filter breakthrough time prediction. The breakthrough time can be predicted by
either empirical or theoretical models. Empirical models include Amundson model,
Yoon and Nelson model, and Wheeler’s model. Theoretical models consist of grain
modelm_m, unreacted shrinking core modell30’l33’l49’152, deactivation rnodelm_lsg,
random pore model'*', non-ideal adsorption model**"*®, and surface coverage
model'®. A modified deactivation model was applied to predict the breakthrough
time in this study. The model parameters (k, and k;) were obtained with the help of
MATLAB based on Nelder-Mead search algorithm. Other physical parameters are
based on filter attributes and air property, including cross-sectional area, filter bed
depth, sorbent weight, inlet face velocity, SO, concentration, and bed voidage.

(2) Pressure drop model. The pressure drop of conventional packed bed can be

estimated by Ergun equation.
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Due to high voidage of microfibrous media (£,>0.5), Ergun equation is no longer
applicable in high bed voidage range. Therefore, porous media permeability (PMP)

equation has been used to predict the pressure drop of MFES/composite bed.

AP 2 uvy (1 —¢)? xX; \2 X;
—_— = 72 H 0( ) - < L ) + XFD Z —l +
T cos?26 3 ¢;D; (¢:D;)?

3 prZ(1—¢) £ X;

Cr+ Crp—
cos30 2 &3 LG + Cro 4] ¢;D;

The PMP equation takes form drag losses omitted in Ergun equation into account,
which gives an adequate accuracy in predicting the pressure drop of microfibrous
media/composite bed.

Another way to predict the pressure drop across the filter is using the empirical
equation, which is called Darcy-Forchheimer law.

AP =A-u+B-u?

The value of A and B can be predetermined by experimental pressure drop data. This

empirical method is handy to use. In addition, cumbersome physical parameter

determination is no longer necessary.

VII.2 Pleated Filter Design

VII.2.1 Background
Although MFES, as discussed earlier, can achieve uniform flow pattern and reduce

axial dispersion effect throughout the adsorbent bed, it cannot provide high capacity due
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to its low sorbent loading per unit volume. MFES has a great potential for removing low
concentration gas-phase contaminant. On the other hand, packed bed, despite its flow
channeling and higher degree of axial dispersion, it possesses higher breakthrough capacity
and saturation capacity per unit volume. As a result, MFES can be employed as a polishing
sorbent layer placed behind the packed bed that is named as composite bed (shown in
Figure VIL.2). It is postulated that one or several layers of polishers are able to extend the
breakthrough time significantly while the overall bed thickness increases marginally.
Referring to Figure V1.3, because of small particles entrapped into MFM, the breakthrough
curve of polisher is very sharp. In contrast, the breakthrough curve of packed bed with
larger particles is gentle. Combining the features of MFES and PB result in observable
increase of breakthrough time (t,). The “slope” of the breakthrough curve of composite bed
is much sharper than that of PB, which is indicative of the presence of polisher.

Still further, since pressure drop and filtration efficiency trade-off against one another,
performance of cathode filter is evaluated in a term as Quality Factor (QF), which is defined
as the breakthrough time divided by its corresponding pressure drop. Using extremely
small particle size in packed bed is not practical owing to its excessive pressure drop and

high-level consumption of parasitic power.
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Figure VII.3 Sketch of composite bed enhancing the breakthrough time

The characteristics of composite bed can not only extend the service time of a packed

bed with reduced bed volume but also mitigate parasitic power loss.

VII.2.2 Hypothesis
The composite bed is integrated by two separate adsorbent bed. The front bed, which

is packed bed comprised of extrudates, acts as SO, reservoir. The backup polisher, which
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entrapped small sorbent particulates, is of high efficiency to remove SO, from the gas
stream from the front bed to a lower concentration to fulfill the fuel cell requirements. If
the variables (e.g. operation temperature, pressure, flow rate, sulfur tolerance, air property,
constraint of bed volume, etc.) are assured, there should be an optimum ratio of front bed
to backup polisher.
VIIL.2.3 Experimental

The figure below shows breakthrough curves of a 5.5 mm thick packed bed of 40-60
mesh sorbents and a composite bed (the same packed bed followed by a 2 mm polishing
layer). It can be seen that the breakthrough curve became sharper at low outlet SO,
concentrations after incorporating the polishing layer at the end of the packed bed. The
breakthrough time of composite bed was 19.8 min, which was almost 4 folds compared to
packed bed (t,=5.0 min). Whereas, the overall thickness of the composite bed was only
increased by 35 %. It is also expected that for long-term protection, the composite bed

should be a much better option in terms of reducing parasitic power loss.
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Figure VIIL.4 Breakthrough curves of a 5.5 mm thick packed bed of 40-60 mesh sorbents

and a composite bed (the same packed bed followed by a 2 mm polishing layer of 120-170

mesh sorbents).
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VIL.3 UV-assisted SO, removal using TiO,
VIL.3.1 Background

Peterson et al.”* reported that the quantity of terminal hydroxyl groups was highly
related to the SO, removal performance. As shown in Figure VIL5, the capacity increased
almost linearly with increasing ratio of hydroxyl groups (determined by XPS). For TiO,,

the electrons can be excited upon UV irradiation.
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Figure VIL.5 XRD SO, adsorption capacity as a function of terminal hydroxyl groups’.

More importantly, surface terminal hydroxyl groups (or called isolated hydroxyl
groups) can be generated after the pretreatment of UV irradiation. Baltrusaitis et al.

revealed that UV/vis irradiation upon TiO; nanoparticles (primarily anatase) during sulfur
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dioxide adsorption did lead to an enhancement in the amount of adsorbed sulfur species® .
They proposed that the adsorbed sulfur increase was caused by the surface hydroxyl groups

and molecularly adsorbed water layer.

VIIL.3.2 Hypothesis

The surface hydroxyl groups are potential active sites for SO, removal. The greater the
amount of hydroxyl groups on the sorbent surface, the higher SO, capacity can be achieved.
By introducing UV source onto TiO; based sorbents, the surface hydroxyl groups can be

excited observably.

VIIL.3.3 Experimental

In order to confirm the hypothesis described above, prior to the breakthrough test, the
adsorbents can be in situ heated up to 400 °C in UHP nitrogen atmosphere for 2 h. After
that, the sample is cooled naturally with the nitrogen flow until reaches the desired
temperature. Low heating ramp should be applied to avoid significant surface area loss

during the thermal treatment. Then, the breakthrough test starts as described in Chapter II.

During the adsorbent preparation process, according to the XPS results, some other
surface functional groups might be introduced, such as -C=0 and —COOH, which might
also interact with the SO, molecules during the adsorption process. Nonetheless,
considering the adsorbent composition, contribution of these surface functional groups was
negligible (BE=533.9 eV). By conducting this experiment, it can help us to understand the

role of surface active sites in SO, adsorption.
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Figure VIIL.6 High-resolution O,, XPS spectra of Swt.% Mn supported on Al,O, and ZrO,

(Both of the sorbents were calcined at 550 °C).

FTIR is a frequently used characterization technique to study the surface hydroxyl
groups. It was reported that the IR peaks centered at around 3100-3400 cm™' can be ascribed
to the —OH stretching vibrations of perturbed surface hydroxyls'*. The peaks around 3500-
3750 cm™ may ascribe to the —OH stretching vibrations. The preliminary IR spectra of
5MnAl, 5MnSi, SMnZr, and SMnTi were demonstrated in Fig. VIL.7. In the region between
3100-3750 cm™, there was no —OH stretching vibration for 5MnSi. However, it is difficult

to quantify the amount of hydroxyl groups from FTIR.
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Figure VIL7 IR spectra (transmission mode) of 5 wt.% Mn doped on various supports.

Furthermore, XPS can be used to characterize the actual composition of our adsorbents.
As shown in Table VII.1, the binding energy difference of lattice oxygen and surface
hydroxyl groups is usually above 1.0 eV, which can be easily discerned under high-
resolution XPS spectra. With the help of peak deconvolution software, different oxygen
species can be identified and their relative surface concentration can be determined.

Furthermore, XPS is a very effective technique in surface atoms determination.
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Some preliminary data were shown in Figure VIL5 and Table VIL.6. All the high
resolution scans were operated with pass energy of 20 eV, dwell time of 1000 ms. Figure
VILS illustrated the Oy spectra for 5 wt.% Mn on Al,O; and ZrO,, respectively. Both of
the samples were calcined at 550 °C. The peak centered at 530.2-530.3 eV is ascribed to
the lattice oxygen (O,). In addition, the peak at 531.7-531.8 eV is attributed to the terminal
hydroxyl groups. The peak parameters were listed in Table VII.2. As discussed in the
previous chapter, the surface hydroxyl groups and lattice oxygen are potentially important

o - .1 22.83,117,119-122
active sites for SO, adsorption on metal oxides™™*!'"

. Furthermore, the ratios of
surface hydroxyl groups of SMnAl and SMnZr were 18.8 % and 15.9 %, respectively.
Higher ratios implied more —OH groups existed on the surface of the adsorbents. Thus,
there are more possibilities for the SO, molecule to interact with the surface hydroxyl

groups. This XPS results are in agreement with the previous SO, breakthrough

performance.
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Table VII.1 Ols Binding Energy Assignment of Various Adsorbents.

Binding energy of assigned species (eV)

Literature cited

0, 0p°
530.6 532.1 Jonas Baltrusaitis et al.*
530.2 5323 Esteban J. Romano et al.*?
529.7 531.5 Greory W Peterson et al.”""
531.0 532.4 J. van den Brand et al.'”®
529.5 531.3 Maria Roxana Morales et al.>*
530.5 532.0 Jagdeep Singh et al.'”’
529.6 531.6 Mira Skaf et al.'”®
529.9 531.8 Sang Chai Kim et al.®’

a. Ogdenotes the lattice oxygen.

b. Og denotes the surface hydroxyl group.
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Table VII.2 The XPS results of 5wt.% Mn supported on Al,O; and ZrO,.

Binding Energy (eV) FWHM (eV) Op/( O, +Op)
Sorbent
0, 0p° 0O, Op (%)
SMnAl 530.3 531.8 2.5 24 18.8
SMnZr 530.2 531.7 2.5 24 15.9

a. Ogdenotes the lattice oxygen.

b. Og denotes the surface hydroxyl group.

\/\z/\/ —_—)
H0/\/\/\

Figure VIL.8 Interaction of SO, and zirconia polymorphs.

VIL.4 Manganese Oxide sorbents for DeSO, Process under Wide
Temperature Range

Since SOFC is a high temperature fuel cell, during operation, the fuel cell system might
generate a great amount of heat. Moreover, high operating temperature will result in a much
longer start-up time (> 30 min) than other fuel cells. During the cold start-up of SOFC
system, the cathode material might experience a temperature transient from room

179

temperature to several hundred Celsius . If the structure of sorbent is not robust at high
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temperature, there might be a significant surface area loss and porosity degradation, which
is not beneficial for SO, adsorption. Therefore, the sorbent bed needs to possess a good

thermal stability.

Manganese oxide can remove SO, very efficiently at high temperatures (e.g. T > 650
°C) based on the thermodynamic calculation. Its equilibrium concentration is in sub ppm
level, which means that MnOy is still able to remove the SO, in high temperature air stream.
There are mainly two strategies to improve desulfurization performance: one is supported
sorbents, the other is to dilute active sorbent compounds by metal oxides. For supported
sorbents, the active species are supported on secondary oxides to form a structure of high
surface area and high porosity. For SOFC application, the secondary oxides need also to
possess excellent thermos-stability. Alumina and zirconia are the primary choice for

industrial application.
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APPENDICES

Appendix A Phase Diagram of MnO, under Various Temperature and P,

T (°C)
727 394 227 127 60 Mn0,/Mn; 03 equilibrium
5 1 1 1
—— this work
........ Otto (1965)

Mn; 0 3/Mn304 equilibrium

—— this work

---- Robie and Hemingway (1985)
—rmcmime Schmahl and Stemmler (1965)
——— Hahn and Muan (1960)

log (P2, atm.)

Mn304/MnO equilibrium
~——— this work
..... Keller and Dieckmann (1991)
-——-  Schwerdtfeger and Muan (1967)
_ ————— Charette and Flengas (1968)
1.0 1.5 2.0 2.5 3.0 — Hahnand Muan (1960)

13T (K1)

Figure Al. Phase diagram of MnO,-Mn,03-Mn304-MnO (po; given in atm)'*
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Appendix B Physical Properties of Gas Mixture

Appendix B.1 Viscosity Calculation
The viscosity of gas mixtures in this work can be calculated using the equations B-1,

B-2, and B-3.

p = 2.6693x107°

B-1
>, (B-1)
Where M is gas molecular weight, o is collision diameter or called Lennard-Jones

diameter of molecule, £, is a dimensionless parameter varying with kT /¢.

The calculated values of O, and N, are 2.0293x10™* and 1.7156 x10™* g (cms)”,
respectively. Since the concentration of SO, is very low compared to O and N, the
contribution of SO, can be considered as negligible. The viscosity of gas mixture can be

calculated using semi-empirical formula as follows:

xaﬂa
Ui = E B-2
mix Zﬁ xﬁq)aﬁ ( )

Where the dimensionless quantities @ are

b, = 1 1 1/2 1/2 1/4
aﬁ_?(‘l'_) [1+( ) ( ) 17 (B-3)

The viscosity of O, (12 vol.%) and N; (88 vol.%) mixture is 1.753 x10™* g (cm's)™.

Appendix B.2 Gas Diffusivity Calculation

The diffusivity of SO,-Air system was calculated using Fuller’s equation as follows:
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—371.75, 1 1.1
1073775 (g7 + 772
D,, = T A T B (B-4)
P[(V)3 + (Vp)3]?

Where D,,, is the molecular diffusivity (cm?/s), the molecular weight of SO, (M, =
64.07 g mol™), the molecular weight of air (Mz = 28.97 g mol™), the diffusion volume
of SO, V, = 41.1 ecm’ mol™, the diffusion volume of air V5 = 20.1 cm’ mol™". Therefore,

the calculated molecular diffusivity D,,, is 0.122 cm” 5™

Appendix B.3 Particle Reynolds Number (Re;,) and Schmidt Number (Sc)

The particle Reynolds number can be calculated as follows:

d,pU
Re = —F—— B-5
W -2 ()
Where the gas mixture density is 1184.6 g m™, face velocity U=1.33 ms™, and gas
mixture viscosity g = 1.753 X1072 g (m-s)”, as calculated in Appendix B.1. So the

Reynolds number is 13.57.

Schmidt number can be obtained as follows:

Sc = K (B-6)

Where u = 1.753 x10™* g (cm-s)’, p, = 1184.6 gm™, D,,, = 0.122 cm® s™". So the

calculated Schmidt number is 1.213.
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Appendix B.4 Mear’s Criterion for External Diffusion

We use Mear’s criterion to check if the external mass transfer from the bulk gas phase

164

to the catalyst surface can be considered as negligible . If the reaction is a first order

reaction, Mears proposed that as follows

—rpp(dp/2)
kcCao

If <0.15 (B-7)

The external mass transfer effects can be neglected.

In our case,
—r = 1.386x10"7 kmol kg™' s7! (B-8)
pp =7579 kgm™3 (B-9)
d, =151 x10~*m (B-10)
Sh = —(15_ 2 per/2sciss = 6.9 B0
o _ ShDm _ 69x0122x107 (B-12)
¢~ D, 1.51x10-*
Cao = 4.40x10~7kmol m™3 (B-13)
Combining (B-7) ~ (B-13),
e~ 0.0324 < 0.15

Therefore, according to Mear’s criterion, the external mass transfer coefficient can be

neglected when u=1.33 ms™'. The same conclusion can be drawn when u>0.66 m s™.
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Appendix B.5 Axial Dispersion Effect
By using the equation mentioned in Chapter IV (the condition is listed in Table A1),

we can obtain

1 03 N 0.5
Pey,  ReSc 3.8 (B-14)
P 1+ ReSc
Pey, =236

Ud
Dz= —2 =591x10"5 m2s~1
edp

To check if axial dispersion can be neglected or not, Finlayson’s correlation can be

employed as criterion as follows

—rppd, Usd, (IV-20)
K
UOCAO Da
where D, = L
Pe
In this work, —22% — 00271, and 2% = 2.362
UoCa0 Dq
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Table A1 Physical Properties of SO, Adsorption

U(@ms") 1.33

d, (m) 1.51x10*
£ 0.206

T (°C) 20

L (m) 5.25x1073
Cao (Mol m™3) 4.40x10™*

Appendix B.6 Effect of Internal Diffusion

The effective diffusivity of SO, in the pores (De) can be calculated using equation (I'V-

21)

D, e0

De = (B-16)

T

where ¢ is bed void fraction, which is 0.43 in this work; o is constriction factor, which
is assumed to be 0.5; 7 is the surface tortuosity factor, for gamma alumina, assuming 7= 4.

Hence, according to Weisz-Prater criterion for internal diffusion,

dp 2
= _rpb(T) (B-17)
DeCAS

where C4s=C,0, assuming the external mass transfer resistance can be neglected.

The internal effectiveness factor can be calculated as follows:
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3 (B-19)

n = —(®;cothd, — 1)
q)l

The C,, value, Thiele modulus, and internal effectiveness factor are summarized in
Table IV.1.

Table A2 Internal Diffusion Parameters for Various Particle Size of Sorbents

Particle size Log mean Thiele modulus  Internal effectiveness
CWP
(um) (um) (¢1) factor (17)
250~420 328 9.79 4.26 0.54
180~250 213 4.13 2.33 0.76
149~180 164 2.45 1.70 0.85
125~149 137 1.71 1.38 0.89
88~125 105 1.00 1.03 0.94

So there is certain internal mass transfer resistance in this adsorption system.

In this work, CWP = 2.07.d, = 1.542,n = 0.871
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Appendix C Matlab code for Mathematical Model

function [z,t,CA]=deactivation
Partical Differential Equations:
D(C)/D(t)=-uo/e*D(C)/D(z)+Dz*D"2(C)/D(z
if no internal diffusion, eta ~=
GAMMA = ul/e
e=0.206,GAMMA=6.46;
DAB=Dz; DAB=8.5e-5;
In this case, according to the standard expression of PDE
m=0,
f(x,t,u,dudx)= -GAMMA*CA+ Dz*D(CA)/D(z),
c=1,
s(x,t,u,dudx)
I.C. CA(z,0)=
B.C.
lefe side: CA(0,t)-CA0O=0; so, pl=CA(0,t)-CAO, (p1l=CA1-CAO;), gl=0
right side: D(CA)/D(z) | (z=L)=0; that is, GAMMA/Dz*CA+
1/Dz* (-GAMMA*CA+Dz* (D(CA) /D(z)))=0
so, pr=GAMMA/DAB*CAr;qr=1/DAB;

o

o©

) "2-eta*ks*rho* (1-e) *C
1

o0 0 A o° o° d° o° o°

o

= —-KO*exp (-KD*t) *CA; [a=exp (-KD*t) ]
0, z>0

o° o o° o° o

o©

global DAB CAO GAMMA KO KD
CAO=4.4e-4;

L=5.2e-3;

DAB=1.95e-4;

KO=24477.8;

KD=6.75e-4;

GAMMA=1.86; % uo/epsilon
h=10800;

t=1linspace (0,h,100);
z=linspace (0,L,100);

m=0;
sol=pdepe (m, @deactivationpdefunb, @deactivationic, @deactivationbc,z,t);
CA=sol(:,:,1);
for i=l:length(t)
[CA i,dCAdz i]=pdeval (m,z,CA(i,:),0);
NAz (1) =-dCAdz_ i*DAB;
end

o)

% Generate 3D plot
surf(z,t/ (60),CA/CAO)
title('Model 1")
xlabel ('Bed Depth(m) ")
ylabel ('Time (min) ")
zlabel ('S0O2 (C/Co)")
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$PDE function

function [c, f,s]=deactivationpdefunb(z,t,CA,dCAdz)
global DAB GAMMA KO KD

c=1;

f=-GAMMA*CA+DAB*dCAdz;

s=-KO*exp (-KD*t) *CA;

%intial condition
function CA i=deactivationic(z)
CA 1=0;

%$boundary condition
function [pl,qgl,pr,gr]l=deactivationbc(zl,CAl,zr,CAr,t)
global DAB CAO GAMMA

pl=CAOQO;

gl=0.538; $gl=epsilon/uo
pr=GAMMA/DAB*CAr;

qr=1/DAB;
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