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This dissertation presents results of R&D effootsiévelop a thin, low pressure drop,
high efficiency zinc oxide based sorbent using gl@isrous media as carrier to remove
gaseous sulfur compounds from reformates for lmgBBEM fuel cell power systems.
The glass fibrous entrapped sorbents (GFES) coainl.% glass fibrous media, 22
vol.% particles (100~20Qm) and 75 vol.% voidage. Therefore, GFES yieldatim
lower pressure drops than packed beds at the ssshednditions. In thin bed tests,
GFES demonstrated exceptional desulfurization agdmeration performance, compared
with the packed beds of ZnO extrudates (1 mm) aamtigles of similar size (80~100

mesh) at equivalent reactor volume. Fundamentatid studies were conducted to



investigate the improvements observed using GFH®e experimental results at 400 °C
indicated that the desulfurization process using@/&i10, and GFES sorbents was
controlled by the external mass transfer ratefatea velocity less than 11 cm/s, while the
process using ZnO extrudates suffered from sewdra-particle mass transfer resistance.
A modified Amundson model was applied to describe telationship between the
apparent rate constank, and the sharpness (lump&d of a breakthrough curve.
Based on this model, the influences of microfibronedia and high voidage were
discussed. The sorbent was also evaluated fasrs@linoval from realistic reformates.
The effects of CO, COand water on the desulfurization performance veswmined for
ZnO based sorbents at 400 °C. Water and CO centiermine the $¥$ and COS
breakthrough respectively, therefore total sulfueaikthrough. The homogenous and
heterogeneous COS formation pathways were reveadpdrimentally. Moreover, the
low temperature performance of ZnO/giénd GFES was also studied. It was found
that the addition of copper dopant to ZnO/Siduld significantly improve the sulfur
capacity and regenerability for the desulfurizatimpplications at stack temperatures.
Due to the high sulfur removal efficiency and lom@ density, the GFES can be
employed as desulfurizer for 8 removal at extremely low concentrations or as
polishing layers in composite beds (packed beddovield by polishing layers

downstream) to improve the overall breakthroughacép.
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CHAPTER I.

INTRODUCTION AND LITERATURE REVIEW

I.1. Identification of Problem and Significance

Modern societies demand clean fuels. Clean fuelsampulsory for environment
protections. Increasingly stringent restrictioasdr been proposed regarding the quality
of transportation fuels (Song and Ma, 2004). Tbecentration of sulfur in the fuels is
an important control factor because the emissiosubiiur leads to SOx air pollution.
Governments of numerous countries in the world hawmplemented new stringent
regulations that aim at drastically reducing subumission using fuels with lower sulfur
content, ca. 50 parts per million (ppm) or les2b@5; 15 ppm or less by 2010 (Song and
Ma, 2004). However, according to the current mfyintechnologies, the sulfur content
in liquid fuel is typically around 300-500 partsrprillion by weight (ppmw) (Song and
Ma, 2004; Vargas-Talet al, 2005). Novel desulfurization technologies agquired.
Besides these environmental issues, desulfurizagi@iso necessary for modern power
technologies. For example, the integrated gasificacombined cycle (IGCC) and
coal-to-electricity in power generation processegdhto be operated at low sulfur

concentrations. With efficient desulfurizationgtpower generation processes can be



improved significantly (Ben-Slimane and Hepworth994; Lew et al, 1989;
Gasper-Galviret al, 1998).

Desulfurization is also required for fuel cell sysis that use hydrocarbon fuels, such
as natural gas, liquefied petroleum gas (LPG), lgasoto protect the precious metal
catalysts in fuel processors and the anode maitartake fuel cells from sulfur poisoning
(Fukunageet al, 2003; Zhengt al, 2004; Luet al, 2005). Desulfurization is crucial in
logistic fuel cell systems, especially these follitarly applications, where the sulfur
content varies greatly from several hundred to é\tkBousand ppmw due to the different
sources of fuels.

In a typical logistic fuel cell power system, wagard fuels such as jet fuels, gasoline
and diesel are fed to a reformer. In the reforriguid hydrocarbons are converted to
reformates containing 41 C,-C3 hydrocarbons, CO and GQOsulfur compounds are
converted to hydrogen sulfide {8)), due to the highly reducing environment in the
reformer. In following clean up procedures; G hydrocarbons, CO, Gand HS are
either converted to Hor removed from reformate stream (ktal, 2005), as shown in
Figure I-1. Deep HS removal is one of the key steps because of €lj¢ed to prevent
downstream catalysts (mainly made of precious mefabm sulfur poisoning, (2) the
requirement to protect the anode materials in tedls, especially the proton exchange
membrane fuel cells (PEMFCs), and (3) the needdwgnt turbines from corrosion (Lu
et al, 2005; Song, 2003). For most PEMFCs, an acckptalet concentration of 6

2



is typically less than one parts per million bywwole (ppmv), some even require as low
as 0.1 ppmv. An increasing attention has beenskxtion developing novel methods

and/or materials for efficient gas phase desul&tian for logistic fuel cell applications.
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Figure I-1. A typical setup for logistic fuel to ;tonversion.

No matter which type of approach adopted to remswiur, there are common
developmental questions and issues for logisticdek applications, including:

1. Achieving high levels of sulfur removal. Theayher level sulfur removal (lower
breakthrough concentration), the larger reacta sizhe same flow conditions is. Most
logistic desulfurization units use packed bed m&ct They typically have large reactor
size, due to the channeling, severe intra-paniidss/heat transfer.

2. Minimization in mass, volume and complexity bétdesulfurizer and the overall

system to promote rapid system and stack startup.
3



3. High sulfur removal capacity in the whole seeviife of a catalyst or sorbent (e.qg.
a disposable sorbent with very high sulfur capaatya regenerable sorbent with low
capacity);

4. Regenerability of the sorbent: temperature, ggneequirements, gas atmosphere
needed, disposal/purging of effluent, safety camgemeed for additional valving,
pumping and/or other components and utilities;

5. Matching the thermal/energy requirements, teatpee limits, and required
desulfurization levels of the system (e.g., a lemperature sorbent at ca. 400 °C may be
a good match to a reformer and cleanup units iBMFC system);

6. Manufacturability, cost, and near term avaii@pibf the sorbent technology or

technologies selected, compatibility with the @she system.

|.2. Literature Review

I.2.1. Desulfurization Technologies

In order to obtain clean fuel gases to power fedlsctwo different approaches have
been undergoing extensive research and developmg&he first one is the pre-reformer
sulfur removal, which removes sulfur-containing gmunds from liquid fuels and yields
sulfur-free fuels to feed reformer. In this apmtoacatalysts in reformers are not

necessarily to be sulfur tolerant angSHemoval units in reformates cleanup process (as

4



shown inFigure I-1) may not be required. Organic sulfur compounds lea removed
via catalytic reactions. Catalysts convert orgasidfur compounds to 4% in the
presence of kHand yield ultra-clean liquid fuels. Hydrodesuibation (HDS) is such a
kind of process widely used in modern refinerie€urrent HDS is able to reduce the
sulfur content to several hundred ppmw as in cororakegasoline and diesels. With the
most advanced catalysts, sulfur content can behdurreduced to several ppmv,
depending on the composition of crude oil (Song da 2004). Disadvantages of
HDS, however, are the ;Hequirement, high pressure, and increasing reasmar for

deep desulfurization, as shownHigure |-2.
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Figure I-2. Simulated HDS for diesel to meet 15 and 0.1 pprfuslg¢vels based on a
conventional single-stage reactor, assuming 1.@0v8. in feed. Figure adopted from
reference of Song and Ma (2004).



Organic sulfur compounds can also be removed byprbdats. Several research
groups reported that some zeolite based adsortsemsessfully reduced the sulfur
content in liquid fuels to sub-ppmw levels (Hernemdaldonadoet al, 2003;
Hernandez-Maldonadoet al, 2004; Hernandez-Maldonado and Yang, 2004a;
Hernandez-Maldonado and Yang, 2004b; Hernandez-dvaldbet al 2005; Yanget al.,
2001; Jayaramaet al, 2001; Takahastst al, 2002; Veluet al, 2003; Veluet al,, 2005).
Some typical adsorbents are listedTable I-1. However, the adsorbents usually have
very low saturation sulfur capacities (<20 mg Sdsabent), therefore a large reactor
size is required to achieve sub-ppm level sulfaraeal. This major drawback of liquid
phase desulfurization by adsorbents limits thepliaptions in logistic applications.

The second approach is the post-reformer sulfurovai which mainly involves
with gas phase desulfurization, especialpSHby sorbents. It applies various sorbents
to remove sulfur compounds mainly$ifrom gasified fuels or reformates generated in
reformers. The operational temperatures of gaselasulfurization by sorbents can
range from below 400 °C to over 900 °C depending(bnthe thermal stability of the
active metal or metal oxide phase responsibledtiusadsorption, and/or (2) the level of
sulfur removal desired versus the correspondinglibgum relationship between 1$
and HO over the sorbents in question. Sorbents forpi@se desulfurization usually
have high sulfur capacities, compared with thejuill phase counterparts, as shown in
Table I-2, and therefore require small reactors to remowe slime amount of sulfur,
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which is an advantage for logistic fuel cell apations. However, the post-reformer

sulfur removal requires the catalysts in reformerscrackers to have good sulfur

tolerance.

Table I-1. Typical adsorbents for liquid phase sulfur removal

Sulf
Breakthrough L .
. removal |Regeneratior]_.
Sorbent capacity . i Disadvantage Reference
efficiency| condition
(mg S/g)
(PPMW)
10 at H, (>70%) [High purity H,
S-Zorb - 343-413°Cat 343-413°¢ is required Song, 2003
7-21latm | 7-21atm | continuously|
Mercaptor] H, is requirec
let t
TReND - compiee - 0. remO\{e Song, 2003
removed 3 thiophenic
426-535°C sulfur
12.6(b. at 350°C in ai
Cu(l)-Y 1p;§m)a <1 the:ln ar SelectivityanqHernandeavialdonadd
- ambient i Regn. issue et al,2005
(Tecomplex) | o313 (s) N1 450°C in He| oM S
7.3 (b. at
Ni(Ih)-Y ( L Hernandeavialdonadq
comple Lppm) <1 350°C inair ) et al,2005
(Tecomplex) | 4t 200c X
Ag(D)-Y L . Yanget al,
1.3(b. at 1ppm <1 350°C in air| Low capacit
(Tecomplex) ( PP pacty 2001
3.5at Oxidation
>10 230°C followed Velu et al
Ni/SiO,-Al ,O - ’
Zriees (b. at 30ppm ) ambient | reduction at 2005
pressure|  500°C
Ce(lln-yY Veluet al,
>10 (s) at 80°C <1 - -
(nonatcomplex (s) 2003

(b) indicates breakthrough capacity; (s) indica@&siration capacity
Challenge fuel: JP-8 (364.1 ppmw Sulfur)



Table I-2. The capacities and required reactor sizes for diquinase desulfurization
adsorbents and gas phase desulfurization sorbents.

Liquid Phase Gas Phase
Sorbent Desulfurization Desulfurization
Adsorbent Sorbent

Sulfur Content (ppmw) 3000
Fuel Flow Rate (kg/h) 2.8
Bench Test Time (h) 500

Saturation Sulfur Capacity (mg/g) 23 2642

Adsorbent Density (g/ml) 0.6 1

Reactor Volume (L) 283 16

Data were calculated for a 10KW fuel cell systerthvain overall efficiency of 30 %
1 best value found in the references;
2. 60 % of ZnO stoichiometric capacity, an expentakdata for 3/16” extrudates.

Gas phase desulfurization can be performed usingrdechnologies. The Claus
process is the most significant gas desulfurizagipstess (Gary and Handwerk, 1984).
In this process, 8 is oxidized by combustion in oxygen (air) to gate SQ, which
reacts catalytically with k5 to form elemental sulfur. This process is widahyployed
to remove HS at high concentration ca. 25 vol.% in tail gamegated in HDS in
refineries. However, since combustion in the preseof air is employed, this process is
not applicable for reformate desulfurization due ttee presence of Hat high
concentrations and sulfur at ppm levels. Hydrogaliide (HS) was also removed
from gas streams by adsorption using sulfur-scndpbquid (Stavorinus, 1910; Desgrez,
1926; Gluud and Schonfelder, 1927; Smith and Pry@86). The scrubbing liquids
were mainly basic solutions e.g.;R0O; (Rosebaugh, 1938), amines (Gluud and

Schonfelder, 1927), or slurries containing traositmetal oxides (Desgrez, 1926) or



hydroxides (Stavorinus, 1910). The early dry desization for S by using solid
sorbents was conducted by Huff and Logan in 193&heir sorbent composed of Cu-Cr
and Cu-V with magnesite-clay as a binder, was abtemove the b5 and organic sulfur
compounds from gases up to 1100 °C, and the spebérsts could be regenerated in
oxygen containing gases(Huff and Logan, 1936). famed with wet desulfurization
processes, dry desulfurization processes are oslyionwore convenient (Wood and Storrs,
1938). Therefore, the gas phase desulfurization by usiolid sreactive sorbents

attracted more and more research interests fostiogipplications.

[.2.2. Metal Oxide Sorbents

1.2.2.1. Sorbents Screening

Most sorbents used in dry gas phase desulfurizatienmetal oxides. In 1967, iron
oxide was employed to remove sulfur from coal ogas at 400 °C (Westmoreland and
Harrison, 1976); in 1970, zinc oxide was reportedaasorbent to remove,8 from
hydrocarbon feedstocks for ammonia synthesis (Wagtiand and Harrison, 1976). In
1976, Westmoreland and Harrison conducted the ¢ostparative study on 28 solids,
primarily metal oxides. Based on the equilibriuonstants and Gibbs free energies,
they pointed out that eleven metal oxides of iréer)( zinc (Zn), molybdenum (Mo),
manganese (Mn), vanadium (V), calcium (Ca), sttont{Sr), barium (Ba) , cobalt (Co),

copper (Cu) and tungsten (W) had thermodynamicildgi&g for desulfurization for
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low-Btu gases. From this study, the metal oxides be divided into two groups
according to their operational temperatures: (&) ifgh temperature (T>600 °C) group
including Ba, Ca, Cu, Mn, Mo, Sr, W; (2) the lowmeerature (300-550°C) group
including Co, Fe, V, and Zn. In their followingusly, Westmorelandet al. (1977)
compared initial reaction rates betweenSHand MnO, CaO, ZnO and,®; in a
thermal-balance reactor with a temperature rangen fB00 °C to 800 °C. They
indicated that the relative magnitude of initizhcgon rate dropped in the order of MNnO>
CaC=Zn0O>V,0s.

Ayala and Abbasian conducted another evaluatiometal oxide sorbents for low
temperature b5 removal from fuel gases (Slimane and Abbasia@02p In their study,
they added several criteria: (i) favorable thermmaiyic equilibria in the temperature
range, (i) minimization of undesired reactionsvietn the sorbents and components in
fuel gas during desulfurization, such as oxide c¢#dn, carbonyls and carbides
formation and chlorides formation, (iii) feasibjlitand ease of regeneration and (iv)
minimization of undesired reaction in regenerationditions, such as sulfate formations.
Based on these criteria, several oxides, such & BaO, SrO and X¥D; are moved out
from Westmoreland’s list because of their high idalion or regeneration temperatures.
Therefore, oxides of Co, Cu, Fe, Mn, Mo, W and @mained in the candidates list.

Based on a report of Elseviers and Verelst (1988jh molybdenum (Mo) and
tungsten (W) oxides have high desulfurization ptédn however, metal carbides
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formation at moderate temperatures was observedbalCoxide and copper oxide are
ready to be reduced to metallic in highly reducigas atmosphere like reformates;
moreover, the performance of cobalt or copper besotass efficient with increasing
temperature (Westmoreland and Harrison, 1976). d¥ew cobalt sulfide requires a
higher regeneration temperature than copper sutfwks (Elseviers and Verelst, 1999).
Therefore, Co Mo and W are removed from the listvah and the possible candidates for
low temperature desulfurization are oxides basedCan Fe, Mn and Zn. Sorbents
based on these metals oxides, some sorbents widety/in industry such as CaO/CaO
and some novel sorbents based on rare earth madasathat were not in the initial list

of Westmoreland, are discussed alphabeticallyigwtiork.

[.2.2.2. Calcium Oxide Based Sorbents

Calcium oxide (CaO), sorbent widely used in botiolatorial and industrial scale, is
able to remove most acid gases, e.g2,GDS and S@ even at low temperatures. In
most cases, CaO based sorbents are treated gmaatike sorbents, because of their high
regeneration temperatures, which are normally alid@® °C. Compared with low cost
of CaO, the regeneration is not costly applicablBecause of its high equilibrium
constants, as shown ifable I-3, high theoretical capacity (0.61 g$ig of CaO), fast
reaction kinetics (Westmorelamd al 1977) and low cost , it has attracted lot of aesle

attentions in gas phase desulfurization since 198ib& and Hrncir, 1979; Squires, 1971;
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Yang and Chen, 1979; Freund, 1981; Fenouil and L$884; Fenouil and Lynn, 1995a,
1995b, 1995c; Yrjas, 1996; Adezet al, 1998). In those reports limestones (CgCO
and dolomites (CaCé&MgCQO;) were pre-mixed with coal and added to gasifiers

maintained at a temperature that MgGDd CaCQ@are ready to decompose rapidly.

Table I-3. The equilibrium constants of the reactions betw€a® and KHS, CaO and
CO,. Data were generated using HSC 3 Software.

T K
(C°) CaO-HS  CaO-CQ
0 2.84<10"  6.34X107
100  2.57%10°  4.65x10°
200 456<10° 2.59x10*
300 3.31X10° 1.02x168
400 5.22x10°  4.30x16
500 1.3 10" 7.66x10
600 4.5710° 3.52x16
700 1.96<10°  3.11x10
800 9.76x10°  4.41x10
900 5.4710° 8.88x10%
1000 3.35x10° 2.34x10%

At a temperature less than 500 °C, CaO demonstnabes affinity to CQ rather
than HS, seeTable I-3. Therefore, C@®concentration determines the desulfurization
performance of CaO. Since CagC@ecomposes at 800 °C, Cafi® considered to be
the effective sorbent at temperatures below 808AG,CaO, at temperatures above 800°C
(Fenouil and Lynn, 1995b, Adezet al, 1998), in the environments (e.g., reformates)
that CQ partial pressure is much larger than that gSHas shown irFigure I-3.

Figure I-3 suggests that the,8 equilibrium concentration is controlled by dashed at
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temperatures below 800 °C; at temperatures abo®e€@Qit is controlled by solid line.
Data were generated using HSC 3 Software. Thexefbis clear that CaO/CaG@s
not a good sorbent to reduce thgSHoncentration to sub-ppm levels in the presemce o
reformates containing 20-30 vol.% &O The desulfurization reactions of CaO and
CaCQ are given by reaction 1 and reaction 2 respegtivel

CaCQ+H,S=CaS+C@+H,0 1)

CaO+HS=CaS+HO (2)

700. 000
600. 000 r . *

500. 000

400.000 F ---o--- CaCo3 "‘\ y

300.000
200 ppmv —

200.000 | /ﬂ

100.000 - |:|

0 200 400 600 800 1000 1200

H2S Equilibrium Concentration
(ppmv)

Temperature (°C)

Figure 1-3. H,S equilibrium concentrations in the desulfurizatifom reformates (20
vol.% H,0-20 vol.% CQ-10 vol.% CO-9 vol.% ¢Cs-41 vol.% H) using CaO and
CaCQsorbents at various temperatures. Data were gedenatng HSC 3 Software.

Fenouil and Lynn (1995c) discussed the kinetic#Hg adsorption by uncalcined
limestones (CaCg), and pointed out that the reaction between Ca@@ HS was a
first order reaction with respect to theSHpartial pressure in the temperature range of

560-660 °C, and the adsorption process was coatkdly chemical reaction. In the
13



temperature range of 660 to 710 °C, the reactiderancreased to 1.5 with respect to
H,S partial pressure. In the 710-860 °C, the adsmrppirocess was under diffusion
control in the spent sorbent (CaS) layers. Cheukl (2000) used CaO powder to
remove HS from coal gas at high pressures in the temperaturge of 650-90€C, and
found the high initial surface area and high poodume helped the CaO sulfidation.
They also pointed out that the kinetics of CaO idatfon at high pressures was
controlled by solid-state diffusion and simulatedadby a modified grain model matched
the experimental data reasonably well.

Recently, most research efforts focused on thegdesfi new calcium based sorbents
with high desulfurization performance. These éffoincluded preparation of novel
calcium sorbents from various precursors, such asiun acetate (Nimmo, 1999;
Adinez, 1999), bio-oil (Sotirchos and Smith, 2004klstvaste (Hamanat al, 2004),
and mixed oxide sorbent such as calcium ferriten@¢met al, 2005). Calcium ferrite
is the mixture of F€3; and CaO calcined at high temperature and suppaoredhar.
This sorbent demonstrated almost 100% of the stwiodiric amount of loaded metal

species for the desulfurization at 500 °C.

1.2.2.3. Copper Oxides Based Sorbents

Copper oxide (CuO) has been widely used to remop&dthd S@ Copper oxides

including cupric oxide (CuO) and cuprous oxide {Q) both are excellent sulfur
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sorbents. The reactions betweepSHand copper oxides at low temperatures were
described by Patrickt al (1989), see reaction 3 and reaction 4. Equilirconstants
are listed inTable I-4. They are both able to reduce thgSHtoncentration down to less
than 0.1 ppm in the presence of 20 vol.% stearsha&n inFigure 1-4.
2CUO+HS+H,=Ctp,S+2H0 (3)
Cuw,O+H,S=CuypS+H,0 (4)

The theoretical capacities are 0.21 g5SHg Sorbent for CuO, and 0.24 gSfAy of
Sorbent for CeO, which are only one third of CaO sulfur capacityp0% of ZnO sulfur
capacity. Moreover, copper oxides are not theletabhighly reducing gases, such as
reformates, they are prone to be reduced to metaipper even at low temperatures via
reactions 5 and 6. They both are rapid reactiodsnaetallic copper becomes the active

sorbent for HS removal according to reaction 7 (Kamhandtaal, 1986).

CuO+H=Cu+H,0 (5)
CuwO+H,=2Cu+H,0 (6)
2Cu+H,S=CuyS+H; (7)

Although, metallic copper is also a good desulfatitn sorbent, its sulfidation
equilibrium constant is much inferior to these opper oxides at the same temperature
(Kamhankaret al, 1986), as shown ifable I-4. Moreover, metallic copper is ready to
form metallic agglomeration accompanied with sewendace area loss and poor kinetics.
Besides oxide reduction, another shortcoming opeopxide, according to Kyotast al.
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(1989) is that the product of sulfidation, Sy tends to form a dense solid film blocking

the mass transfer.

Table I-4. Equilibrium constants andGs of reactions 3, 4, and 7. Data were generated
by HSC 3 Software

T Reaction 3 Reaction 4 Reaction 7
AG AG AG
°C
) K () K () K
0 252  1.51x10* -133.7 3.69x10® -53.8 1.94x10%
100 259  1.88x10°%® -134.5 6.72x10*® 515 1.60x10’
200 267  3.23x10%° -136.8 1.27x10*® -50.9 4.21x10°
300 276  1.30x10%® -139.7 5.36x10*? -51.2  4.68x10%
400 284  1.05x10%? 142.8 1.22x10% -52.1  1.10x10%
500 292  528x10'° -146.3 7.63x10° -53.4 4.05x10°
600 -300 8.76x10Y7 -149.8 9.19x10® -55.0 1.95x10°
700 -308  3.28x10'® -153.4 1.71x10® -56.8 1.12x10°
800 -315  2.21x10*® -156.9 4.35x10° -58.6 7.16x10°
900 -323  2.32x10*  -160.4 1.39x10° -60.6  4.99x10°
1000 -330  3.39x10%® 163.8 5.26x10° -62.6 3.69x10°
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Figure 1-4. H,S equilibrium concentrations in the desulfurizatifmm reformates (20
vol.% H,0-20 vol.% CQ-10 vol.% CO-9 vol.% ¢&Cs-41 vol.% H) using the sorbents
of CuO, CuO and Cu at various temperatures. Data were geukenmasing HSC 3
Software.
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In order to retain copper at the oxidative statést® or +1, copper oxides are
commonly supported on or stabilized by inert matsrifor instant, zeolite (Kyotaet al.
1989; Atimatayet al,, 1993; Gasper-Galviet al, 1998), silica (Kyotanet al 1989) and
alumina (Kamhankaet al, 1986; Gasper-Galviet al, 1998; Wang and Lin, 1998; Kai
al., 2005), or mixed with other metal oxides to foanmulti-component sorbent system,
such as Cu-Ce-O (Akyurtlu and Akyurtlu, 1999; LidaRlyzani-Stephanopoulos, 1997),
Cu-Cr-O (Li and Flyzani-Stephanopoulos, 1997; Amret al, 2000; Slimane and
Abbasian, 2000b), Cu-Fe-O (Tamhanledral 1986), Cu-Mn-O (Atimatat al, 1993;
Gasper-Galviret al, 1998; Alonseet al, 2000; Desagt al, 1990; Slimane and Abbasian,
2000b), Cu-Fe-Al-O (Gangwait al, 1988; Patriclet al, 1989; Kamhankagt al, 1986),
Cu-Mo-Al-O (Gasper-Galvinet al, 1998). Kyotaniet al (1989) compared the
desulfurization performances of pure copper oxalgported copper oxide on silica and
zeolite, and silica diluted copper oxide. They rfduthat supported copper oxide
sorbents exhibited the better desulfurization perénce than pure oxide, and physical
dilution also improved the desulfurization perfomoa. In 1993, Atimatagt al (1993)
discussed performance of zeolite-supported sorbfartsegenerable applications in
IGCC system. Patriclet al (1989) obtained the detailed mechanism and izt
kinetic information about sulfidation and regenignatof the binary CuO-AD; sorbents.
They found that CuAD, formation occurred at 900 °C by X-ray diffractiamalysis.
The reduction of copper oxide supported on alumnaa one order of magnitude slower
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than the CuO in mixture form, because of the assioci of CuO with AJOs;. It was
recognized that copper was stabilized at oxide stdtor +1 by alumina supports. Like
pure copper oxide, the supported sorbents weredftmibe able to achieve sub-ppraSH
breakthrough levels at a temperature as high aC0fepending on the reducibility of
fuel gases. However, it was also found theQAlsupported sorbents exhibited slower
sulfidation rate and AO; accelerated the formation of sulfate during sorben
regeneration (Patrickt al, 1989).

Besides the sorbent of CuO supported on alumimer aupported CuO sorbents and
mixed metal oxide sorbents with CuO have also b#eveloped. As for Cu-Mn-O
systems, the NaOH co-precipitated Cu-Mn-O tendsfaion CuMnQ, which was
considered to stabilize Cu in oxide states. Fi€@aMnO, demonstrated capability to
remove HS to sub-ppm level at 500; however, the regenerated CuMn& 650-750
°C demonstrated poor desulfurization performanceh wat pre-breakthrough A8
concentration at 30 ppmv. CuMa@repared by calcination of CuO and MnO at 960
was tested at 600C for H,S desulfurization and the results suggested MnOndid
stabilize CuO and CuO did not prevent the sulfatenation of MNnO (Alonscet al,
2000). Similarly, iron oxide in copper ferrite (€@-O) was not found to stabilize the
Cu at its oxide state (Kamhankatral, 1986). Tamhankaet al. (1986) suggested that a
sorbent (2CuO-F©s-Al,03) had a superior sulfidation performance to Cu@24land
CuO-Fe0O; at temperatures as high as 680 Li and Flytzani-Stephanopoulos (1998)
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prepared and tested novel copper oxide sorbent®-@QrO3; and CuO-Ce@ They
found that the first binary-oxide sorbent, like BlyO3, can form copper chromite, which
demonstrated the lowest reducibility of all coppgide-containing compounds reported
in literature. They noticed that Ce@nd CuO were immiscible, and Ce@ade CuO
well dispersed and maintained CuO/Cu as small@lusther than retaining its oxidative

states. Both sorbents demonstrated nice deswdtiotzperformance for hot fuel gases.

[.2.2.4. Iron Oxides Based Sorbents

Iron oxides, one of the best metal oxides candsdéde HS removal, have been
studied extensively in 1970s and 1980s. CompargdZmO, iron oxides though do not
have favorable sulfidation thermodynamics, as showiable I-5; they excel ZnO from
the cost point of view (Sasaoket al, 1992). FgO; is not stable in reducing
environments; the stable form of iron oxides inlfgases is either FeO or &,
depending on the reducing power of the fuel gas #mel temperatures. The
desulfurization performance of FeO is showikrigure I-5. The sulfidation reactions of
iron oxides are following:

FeO+HS=FeS+HO (8)
Fe;04+3H,S+H,=3FeS+4HO 9)
According to reactions 8 and 9, FeO has a capati®/47 g HS/g sorbent; F©,,

0.44, compared with 0.42 of ZnO. Foeltal (1988) indicated that iron oxides such as
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Fe;O, were more reactive than Fe metal. Therefore, oxides are suitable for fuel

gases with low reducibility. Moreover, iron oxideased sorbents require much lower
temperatures for both sulfidation and regenerati@am most other metal oxides. These
properties make iron oxide based sorbents be tstechadidate for the desulfurization in

the temperature range of 350-550 °C (Slimane arxhsian, 2000a).

Table I-5. Equilibrium constants of the sulfidaions of FeQ anO at various reaction
temperatures. Data were generated using HSC 3aeftw

T FeO ZnO
(°C) K K
0 8.25x10  5.32x18°

100 1.17x16  1.03x10°
200 3.20x10  7.60x10
300 3.45x16  3.15x16
400 7.57x16  3.39x10
500 2.48x16  6.50x10
600 1.05x16  1.82x1¢
700 5.24x10  6.64x10
800 2.98x16  2.92x16
900 1.86x16  1.48x18
1000 1.24x1%  8.30x16

Iron ores have been practically used as desulfisizaorbents since 1988 (Sasaoka
et al, 1992). Sasaokat al. (1993) indicated that the iron ores were suitdblea
H,O-lean and/or ktrich coal gases and they optimized the manufagjumethods for
iron ore based sorbents in 1993. Pham-ldtual (1998) developed a supported iron
sorbent: iron oxide on high surface arg&iC. The sorbent showed an excellent

desulfurization performance at 400 °C. They alsseoved a dramatic loss in sorbent
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area during sulfidation. In the same year, Whittal (1998) developed a novel process
to removal HS from fuel gas by an iron oxide based sorbent@G@C applications, with

elemental sulfur production during sorbent regeinana
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Figure 1-5. H,S equilibrium concentrations in the desulfurizatifom reformates (20
vol.% H,O-20 vol.% CQ-10 vol.% CO-9 vol.% ¢Cs-41 vol.% H) using FeO sorbent
at various temperatures. Data were generated ukhig)3 Software.

However, iron oxide based sorbents have some diksbiar practical use. The
sulfur capacity drops severely in the presence daitery and equilibrium 5
concentrations are much higher than the threshoREMFC applications, as shown in
Figure 1-5. In highly reducing gases containing large fracttadf H, or CO, such as
reformates and coal gas, iron oxides become urstatadl reduced to metallic iron. For
example, at 700 °C, k@, was found to be reduced to FeO in presence ofgamlwhich
showed detrimental effects on sulfidation readfivifFocht et al, 1988). At

temperatures above 500 °C, the excess iron reduatid iron carbide formation lead to
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severe sorbent decrepitation (Foefital, 1988; Ayala and Marsh, 1991; Gumhal,
1992). Another drawback is high temperatures,868.°C, are required to regenerate
FeS without sulfate formation (Woodsal, 1991).

Besides being used as sulfur sorbent, iron oxidesvadely used as a component in
mixed oxides to form metal ferrites, such as caicfarrite (Kenagat al, 2005), copper
ferrite (Kamhankaret al, 1986), zinc ferrite. Zinc ferrite was study ensively in

1980s and 1990s. It is discussed in sedt®2.8.

1.2.2.5. Manganese Oxide Based Sorbents

Among all manganese oxides, MnO is the stable oxihase in reducing
atmospheres, including the highly reducing envirenta and slightly reducing
environments. MnO maintains this feature even igh htemperatures (T>750 °C)
(Gasper-Galvin,et al, 1998; Westmoreland and Harrison, 1976; Ben-Sienand
Hepworth, 1994a). Therefore, manganese basedrdsraee exceptionally suitable for
desulfurization of highly reducing gases at higmperatures. The sulfidation of MnO
is described by reaction 10.

MnO+H,S=MnS+HO (10)

Another advantage of manganese based sorbentt ihéhmanganese sulfide can be

regenerated at temperatures above 750 °C to vtfatesdormation, which means both

sulfidation and regeneration of MnO sorbents cardreducted at the same temperature
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(Ben-Slimane and Hepworth, 1994b). Such an arraegé in desulfurization and
regeneration is quite cost effective and time s@vinCompared with copper oxides or
zinc oxide based sorbent, MnO has a slightly higHg® capacity of 0.48 g i$/g
Sorbents, however, manganese oxide based desatfanizsorbents including MnO are
not thermodynamically favorable for ;8 removal. The equilibrium constant of
manganese oxide is much smaller than those of capees or zinc oxide. As a result,
the sulfur outlet concentrations therefore are muigher using MnO as sorbents. This
drawback becomes significantly remarkable at ebVé@mperatures, as showrHigure
I-6. The performance of MNO may not meet the requareishfor PEMFC applications,
but it may find applications for solid oxide fuelc(SOFC) systems, which have higher
sulfur tolerance. Another possible disadvantageMofO is the effect of CQat a

temperature below 400 due to MnCQ@formation (Westmoreland and Harrison, 1976).
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Figure 1-6. H,S equilibrium concentrations in the desulfurizatifom reformates (20
vol.% HO-20 vol.% CQ-10 vol.% CO-9 vol.% ¢Cs-41 vol.% H) using MnO sorbent
at various temperatures. Data were generated W49 3 Software.
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In 1970s, manganese oxides were investigated ferfeasibility to remove the
hydrogen sulfide from reducing gases. Turkdogam &isson (1978) prepared
manganese pellets by mixing manganese ore andrawvith a 3:1 weight ratio. The
pellets demonstrated high structural integrity armgbid reaction Kkinetics at high
temperatures. They found the pellets successfaltyoved the b5 from H-H,S hot
gas at 800 °C, and the sorbents can be regenénade@dor multicycles applications. In
1994, Ben-Slimance and Hepworth (1994a, 1994b)asegbanother kind of manganese
oxide based sorbent. The sorbent made of highypmmanganese carbonate, alundum
and bentonite as binder exhibited highly effectige sulfur removal in a temperature
range of 800-1000 °C. This sorbent was able tadgenerated in air or oxygen-
deficient air. An interesting phenomenon they obse is the increasing capacity and
improved kinetics after 5 regeneration-adsorptigules. They believed these were
possibly due to the cracks developed in the pellets

Manganese oxide based sorbents have been studieédolfurization at moderate
temperatures. Wakkeat al (1993) prepared mixed oxide supported sorbentsh as
manganese aluminate, for evaluation in the temperatange of 400-800 °C. The
supported sorbents demonstrated low sulfur capacitalthough they successfully
reduced the sulfur concentration down to 20 ppn408&t°C, for multi-cycle applications.
Among the supported sorbents, Ka al (2005) indicated that manganese oxide
supportedn y-Al,0O3 exhibited the better desulfurization ability thidwose supported on
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silica and titania. Bakkeet al (2003) tested manganese oxide supporteg-AhO;
monoliths, cordierite monoliths with about 25 wt94Al,0O; wash-coated layer and
particles, by wet impregnation, for high temperatdesulfurization. They developed a
sorbent with layered structure: the bottom layes Wwalk MnALO,, the middle layer was
amorphous MnAIO,, and the top was discrete MnO grains. The bulkraffered high
sulfur capacity; the middle, good performance; thye, the efficient hydrogen sulfide
removal in presence of 8. The sorbent was able to reduce the sulfur curat#on
down to below 100 ppmv from dried coal gas contajr.4-2.0 vol.% KHO. Moreover,
the sorbent was quite stable, at least good forcytles, and the sulfur uptake capacity
was 20 wt.% of sulfur as they claimed. The mostrasting part of their design is that
SO, instead of air or oxygen in most other cases ve&sl in regeneration with element
sulfur production. The sorbent also demonstratgt ltapacities for HCI and HF in
coal gas. Zhanget al (2003) developed a regenerable MnO based sorbent:
Mn-Fe-Znk-Al,O; (Mn/Fe/Zn=2:1:0.2) for multicycle applications. néther

successfully developed sorbent was Zn doped Mn@ldryso and Palacios (2002).

[.2.2.6. Rare Earth Metal Oxide Based Sorbents

Rare earth metals have been widely used in casalgstl they also have found many
applications in gas phase desulfurization (Kundakaeand Flytzani-Stephanopoulos,

2002). Rare earth metal oxides such as ceriumeofdeénget al, 1999; Zenget al,
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2000; Kobayashi and Flytzani-Stephanopoulos, 20@2jthanum oxide (Rajagopalan
and Amiridis, 1998) have been developed fg&tHemoval from hot fuel gases.

Cerium oxide, or ceria (Cef) is typically used as a promoter in three-waylyeasts
(TWC), because it can stabilize the surface aredumhina and interact with noble metals
such as Rh, Pt and Pd (Akyurtlu and Akyurtlu, 199Ceria is also known for its high
oxygen storage capacity (Akyurtlu and Akyurtlu, 299 Kundakovic and
Flytzani-Stephanopoulos, 2002; Zeegal, 2000). Ceria is not active to sulfur, while
reduced cerium oxide (@83) is an active desulfurizer. In gas desulfurizatioerium
was used firstly in fluorite-type oxide, namely daped Ce@ as a support for CuO,
which was the active chemical for,$l removal. It was found that Ce©@an keep Cu
well dispersed and the reduced cerium oxide@gewas found to be a superion$
capturer (Zenget al, 2000). Zenget al (1999, 2000) designed a process in which bulk
cerium oxide was used as regenerabi8 Bbrbent to produce elemental sulfur with high
yield. Although the equilibrium data from HSC chetry 3 data station show a
magnificent HS removal performance at high temperatures in reglicing atmosphere
in the presence of water, the performance of redl@sQ was far from the equilibrium
data (Zenget al, 2000). The possible explanation for this ddfere is that reduced
CeQ was oxidized by water at high temperatures. bty of reduced ceria in
reformates with steam is an obvious drawback, wlatdo explains the low sulfur
capacity of ceria based sorbent (Zeni@l, 2000). Flytzani-Stephanopoulos and Wang
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(2004) evaluated various doped cerium oxide sosbefdr high temperature
desulfurization, and found that the addition of maintained the high surface area of
ceria at high temperatures while addition of Cueterated the sulfidation kinetics.
Another possible reason for effect of dopant is the addition of L& creates more
oxygen vacancies in the CeQattice and therefore accelerates the reactiowdmt
oxygen or sulfur anion and CeO The sulfidation of reduced ceria is given by
Ce053+H,S—~ Ce0,S+H,0 (12)

Compared with cerium oxide, lanthanum did not attranuch attention in
desulfurization. Actually, lanthanum has a strafftnity to sulfur atoms, and La metal
is used as an additive to remove the sulfur froguitl steel by reducing FeS to Fe.
Rajagopalan and Amiridis (1999) reported that lanttm based perovskite-type sorbent
such as LaMng) LaCoQ, LaFeQ and LaCuQ, demonstrated high initial capacities
(0.15-0.34 g of KS/g of Sorbent) but poor regenerability due to shgmificant surface
area loss in regeneration.

The rare earth metal oxide basegSHsorbents normally do not have high capacities,
however, their sulfidation is thermodynamically da&d. For example, at 800 °C, with
20 vol.% of water, reduced cerium oxide is ableettuce the b5 concentration down to
34 ppmv, compared with 77 ppmv of zinc titanateslaswn inFigure 1-7. Because of
their high performance at elevated temperatures, rdre earth metal oxides based
sorbents are the best desulfurization candidateS@d-C applications.
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Figure 1-7. H,S equilibrium concentrations in the desulfurizatifom reformates (20
vol.% H,0O-20 vol.% CQ-10 vol.% CO-9 vol.% ¢Cs-41 vol.% H) using CeO; sorbent
at various temperatures. Data were generated ukhig)3 Software.

[.2.2.7. Zinc Oxide Based Sorbents

Zinc oxide has been employed fogSHremoval since 1970s. It was first used as a
non-regenerable sorbent in “guard bed” protectaiglgst beds from sulfur poisoning in
ammonia synthesis (Westmoreland and Harrison, 197Bhe sulfidation reaction of
ZnO (reaction 12) is thermodynamically favorabldat temperatures (T<508C), as
shown inTable I-5, yielding outlet HHS concentration at several ppmv or sub-ppm levels
depending on gas composition. The performancen@f 5 shown irFigure |-8.

ZnO+H,S=ZnS+HO (12)
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Pure ZnO has a high stoichiometric capacity of @4&,S/g ZnO, in practice the
saturation sulfur capacity of commercial ZnO exéte$ can reach > 60% of the
stoichiometric value depending on the process teatpe, flow conditions and sorbent
properties. ZnO is an excellent desulfurizatiorbsat in the low temperature range of
300-550 °C (Newbyet al, 2001). At high temperatures (T>550 °C), zinssldn
reducing fuel gases becomes significant (Westmodetand Harrison, 1976). In a lower
temperature range (from room temperature to 200¥eral studies have demonstrated
the feasibility of modified zinc oxide based sorbenSeveral ZnO based sorbents that
were doped with first-row transition metal oxidesach as CgD,, CuO, FgO3; and NiO,
were prepared and evaluated by Bagtdal (1992) and Davisoet al (1995). They

found that iron dopant did not significantly affestlfur uptake at 200 °C, while copper
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and cobalt doped ZnO sorbents resulted in a rerhrkahancement. The main role of
transition metals was considered to increase th&l Burface area available on the
sorbents (Bairakt al, 1992) and reduce the grain size in order ok@b< Pd <Ni< Cu

< Ca (Davisoret al, 1995). Another interesting result in their stusl that the reaction
between HS and metal oxide was confined in a very thin sigflayer (0.6 monolayer on
average). It means that the ZnO beneath one mgmrolaas inaccessible to .8l
molecule, due to the limited mass transfer (soaiffiision) at 200 °C. Bairét al (1995)
doped Co-Zn oxide mixture with Aland found Al* did not improve the sulfur capacity
at all. Bairdet al (1999) studied the Co doped ZnO again and poioteédhat ZnCgO,
spinel structure was formed in the doped sorbemdssalfur uptake was proportional to
surface area of sorbents. They also observedcaudaucture of Co doped ZnO was
reconstructed during the sulfidation due to thé'@eduction (Baircet al, 1999). Xue
et al (2003) doped ZnO micro-crystals with Fe, Ni, G, Cu, Al, Ti and Zr, and found
Cu doped and Ti-Zr doped ZnO had high saturatidfuisoapacities. They pointed out

that ZnO with hexagonal structure showed high suépacity at room temperature.

1.2.2.7.1. Reaction Schemes

In most cases of heterogeneous reactions betwgemhtl sorbents are controlled by
pore and/or lattice diffusion. In the pore diffusj the reaction rate is controlled by
diffusion rate of HS in the pores to the fresh oxide. On the surt#c&nO sorbent,
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according to Bairakt al (1999), the BS is dissociated into Hand HS.  HS reacts with
ZnO at the oxide surface and the sulfide surfagepenished by the migration of oxide
and water to the surface. In the lattice diffusitire rate is controlled by the diffusion
rate of HSinto the oxide/sulfide lattice and migration ofidx and water to the surface.
The inert sulfide formed in the reaction will ines® the diffusion resistance.

The reactions between ZnO/ZnS and compounds presembst reformates such as
H,, CO,, CO, G-C4 hydrocarbons, pD, H,S, are quite complicated. Sasaoka (1994b)
described the detailed reaction scheme, as showigure 1-9. It was found that 6
tended to decompose into elemental sulfur in theemate of other reactive gases. At
high temperatures (T>500 °C); ldccelerated the sulfidation reaction while infaditat
low temperatures (T<400 °C). A possible reasontiasZnO was reduced to Zn vapor
at high temperatures inyHich environment, and Zn vapor has a faster safifoeh rate.
It was observed that water inhibited the sulfidatioeaction (Sasaoka, 1994b;
Novochinskiiet al, 2004), so did CO with a less effect. CO inl@ithe sulfidation
reaction and formed COS when Was absent from the system; ZnO was reducedsby H
and/or CO at 500 °C and followed by zinc vapormativhen HO and/or CQ were
absent. In a later study, they found ZnS catalyhedconversion of COS to,H in the
presence of bD and H (Sasaokat al, 1995). They also found that the concentration
of COS was controlled by the equilibrium of reantlB given enough residence time.
2H,S+CO+CQ=2C0OS+H+H,0 (13)
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Figure 1-9. The reaction scheme of ZnO sulfidation, ZnS regaien and Zn formation.
Adopted from the reference of Sasaoka (1994b).

Sasaokat al. (1995) pointed out that a long ZnS zone in thekpd bed reactor will
keep reaction 13 under equilibrium control. Moreo\their results hint that the sorbent
with high reactivity to HS is the most important factor to keep system frlo@S
formation, since the equilibrium of reaction 13 Ivghift to left side at very low b
concentrations.

During regeneration, the spent ZnO sorbents armaildy regenerated in oxidative
atmospheres, such as air (Foehtal, 1989), oxygen-lean air (for example 2 or 3 vol.%
02 in Ny) (Lew et al, 1989), and steam (Fockt al, 1989). If regenerations are
conducted at a low temperature (around 500 °C),ottygen-lean air with high face

velocities could be applied to avoid S@bsorption and sulfate formation; for
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regenerations at high temperatures (T>600 °Cyraifor steam are applicable since zinc
sulfate is unstable at such high temperatures é\893). The regeneration reactions
can be described as:
ZnS+/,0,=Zn0O+SQ (14)
ZnS+2H0=Zn0+SQ+H, (15)

The role of HO in oxidative regeneration of ZnO at high tempemed was studied
by Sasaokat al (2000) using temperature programmed reaction fTtBéhnology and

H,*0.

[.2.2.7.2. Drawbacks of ZnO Sorbents

ZnO is an excellent sorbent for low temperatureutieszation applications. The
main drawbacks of ZnO are mainly related to thenabal and physical properties of Zn
metallic and ZnO. Zinc loss in highly reducing #omment is the critical drawback
that limits its applications at high temperatures high temperature fuel gases, ZnO is
partially reduced to elemental zinc. Metal zincisex as micron-sized or even
nano-sized clusters whose melting points are mesh than that of bulk zinc (407 °C)
(Westmoreland and Harrison, 1976; Letval, 1989; Wood<st al, 1990; Lewet al,
1992; Sasaoka, 1994a). Therefore, elemental sinolatile at elevated temperatures.
Although it is believed that zinc vapor can readhwH,S faster than ZnO, significant

zinc loss was also observed at temperatures alfifyé® (Lewet al, 1989; Woodet al.,
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1990). The reduction rate of zinc is acceleratgtHppartial pressure and depressed by
H,O (Sasaoka, 1994b). For the gas with tiny amobiiki,® ca. 6 vol.%, the zinc loss
rate was found negligible till 650 °C. In the abse of HO, this temperature dropped
to 550 °C. CO and COdemonstrated similar but weaker effects tp ahd HO,
respectively. From the discussion of Sasaokaamti HO, CO and C@had the same
effects on the zinc loss rate. Zinc loss rate igh temperatures (T>500 °C) was
controlled by equilibria of two reactions (Sasaaka94b):

ZnO(s)+H(9)=2Zn(9)+HO(9) (16)
ZnO(s)+CO(g)=2Zn(g)+Cela) (17)

Because of the zinc loss, several modified zinetaorbents, such as zinc ferrite
and zinc titanate, have been developed to medtigiietemperature needs.

Another drawback of zinc oxide based sorbents B high equilibrium HS
concentrations at high temperatures, especialthenpresence of #0. At 400 °C, the
equilibrium HS concentration using ZnO as sorbent is 0.6 ppiienpresence of 20
vol.% water, as shown iRigures 1-8. This HS concentration is higher than the sulfur
tolerances of some PEMFCs, ca. 0.1 ppm. At tenwy@s above 400 °C, the
performance of ZnO in the presence of high waterceatrations becomes inapplicable
for PEMFC application. In these cases, a secondasylfurization unit is required.
Other metal oxides, such as copper-based sortamdslow temperature desulfurization
processes may be used as alternatives to reaghtd® concentration.
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[.2.2.8. Zinc Ferrite

Since both pure zinc oxide and iron oxide have fable thermodynamics at low
temperatures (300-500 °C), and both have limitatiahhigh temperatures due to oxides
reduction, Grindley and Steinfield (1981), at Marggavn Energy Technology Center of
DOE, combined these two metal oxides and made al savbent, zinc ferrite, trying to
overcome the drawbacks of both. Gangefhl (1989) and Guptat al (1992) also
prepared zinc ferrite.  Zinc ferrite was teste838 °C for fifty cycles and the result was
promising (Ayala and Marsh, 1991). The overallctea describing the absorption of
H,S from coal gas by Znk®, is given by
ZNFe04+3H,S+H=2ZnS+2FeS + 440 (18)
and the regeneration of sulfides by oxygen is gie
ZnS+2FeS+56-ZnFe04+3S0G, (19)

Zinc ferrite has a slightly higher capacity thamczioxide and at the same time
maintains the good thermodynamic properties as Ah@oderate high temperatures
(550-650°C).  Fochtet al (1988) found that zinc ferrite (formulation L-12Mlost its
pore volume when reduced at 749 °C and subseqouenbdf reactivity during sulfidation.
The formulation was further refined to overcomestlimitation. Bentonite, as an
inorganic binder, was added into zinc ferrite (fafation T-2465) (Woodet al, 1991).
The capacity of zinc ferrite was maintained at 76P4resh sorbents capacity, and test

results at 550 °C suggested that no Zn loss orlmedaction was observed (Kobayashi
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et al, 2002a). It was found that the maximum operatargperature of zinc ferrite was
about 649 °C for multicycle applications, and 53D for multicycle applications in
fluidized beds due to the severe chemical attrinbmigher temperatures (Gupa al
1992). The working temperature of zinc ferrite wstdl not high enough for the
targeted hot gas desulfurization at around 850 %milar to zinc based sorbents, zinc
loss is still an issue that persists for zinc ferri Both components in zinc ferrite, ZnO
and FgO3 are prone to be reduced at high temperaturegyimyhreducing gases (Leat
al., 1992; Guptaet al. 1992). Recently, research efforts on zinc femwere focused on
the design of novel metal oxide doped (Pinedaal, 1997) or supported sorbents

(Kobayashiet al, 2002b, Ikenaget al., 2004).

[.2.2.9. Zinc Titanate

Besides zinc ferrite, another well-known modifiedQ@ sorbent is ZnO-Ti@or zinc
titanate (Ahmedaet al, 2000; Harrison and Jothimurugesan, 1990). Zi@-mixed
oxide systems have been of great interest in pignmestustry. Zinc titanates are
prepared by mixing zinc oxide and titanium dioxaled calcined at high temperatures.
ZnO-TiO, system contains three commonly found compoundy, éine zinc orthotitanate
(Zn,TiOy), zinc metatitanate (ZnTKp, and ZnTisOs (Lew et al, 1989). Zinc
orthotitanate (ZliO,) is the only stable phase at high temperature8q82C), and it is

also the only stable oxide phase after long tinleirtation (>12 hour) at temperatures
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above 700 °C (Lewt al, 1989). In short time calcination at a tempematass than 800
°C, zinc titanates of three phases may be precentdt al, 1989).

Zinc titanate (ZgTiO,4) was first used in hydrodesulfurization (HDS) irpatent of
Farha and Gardner (1982). In that work, zinc dithoate (ZaTiO4) was promoted by
different metals, such as ruthenium, rhodium, p&lia, silver, tungsten, iridium,
platinum, and it functioned as a HDS catalyst paatial sulfide form. It was also used
as a regenerable sorbent to captug8 ldt low temperatures (205-538 °C). In 1980s,
TiO, was used as additives to stabilized ZnO from redn@nd subsequent zinc loss at
high temperature, by Lewt al (1989, 1992) and Woodst al (1990). From the
available thermodynamic data, zinc orthotitanate, (¥0,4) has a sulfidation equilibrium
constant, which is inferior to those of ZnO and &iF; but superior to those of any
other zinc compounds, such as zinc aluminate ard«iicate (Lewet al, 1992).

The addition of TiQ to ZnO improves the performance of ZnO sorbenhigh
temperatures. According to Leet al, 1992, the reduction of Zn-Ti-O was 3.6 times
lower than ZnO in the temperature range of 600-700 At 800 °C, no evident zinc
loss or zinc vapor were observed for Zn-Ti-O; nerofcal attrition nor pellet cracking
was observer either, though all the phenomena oreedi above were observed for pure
zinc based sorbent under the same test conditiohs.870 °C, Woodset al. (1990)
observed that approximately 3.5 % weight loss aecufor Zn-Ti-O (Zn/Ti=1.5) during
30 minute reduction period in a model coal gas. usTht was considered that Zn-Ti-O
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(Zinc titanate) can work very well in the temperatuange of 650-760 °C (Wooeés al.,
1990), which is almost 100 °C higher than thatin€ Zerrite.

Although the addition of Ti@stabilizes the ZnO at its oxide form, it also lgsn
some side effects on desulfurization performanogeds Since the Ti@is inert to HS,
unlike iron oxide in zinc ferrite, the addition ®fO, decreases the capacity of sorbents.
The stoichiometric capacity of zinc titanate is1@2g HS /g of Sorbent (Zn/Ti=1),
compared with 0.422 of zinc ferrite and 0.419 ofoZn Moreover, the addition of T¥O
to ZnO reduces the equilibrium sulfidation reactiand yields higher equilibrium J8
concentrations than ZnO does, as showrkigure [-10. The addition of Ti@ also
affects the intrinsic sulfidation kinetics. Leet al (1989, 1992) found that Zn-Ti-O
sorbent had similar sulfur removal efficiency asOZat 650 °C. At the temperatures
between 400-700 °C, similar activation energied@%cal / mol) were found for both
ZnO and Zn-Ti-O sorbents, but lower frequency fextawere measured for ZnO-TiO

sorbents (The sulfidation reaction rate constamt ba expressed by an Arrhenius

. E . L :
equation ask =k, exp(- Rf‘r), where E, is the activation energy,oks the frequency

factor.). Lewet al (1989, 1992) found that the sulfidation of Zn@7ihad the same
mechanism as ZnO but with less active sites. Tdditian of TiO, only eliminated
certain amount of reaction sites but not all, simereasing in TiQ content above 25

mol.% did not lead to any further drop in Zn-Ti-@duency factors.
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Figure 1-10. H,S equilibrium concentration in the desulfurizatifor reformates (20
vol.% HO-20 vol.% CQ-10 vol.% CO-9 vol.% ¢Cs-41 vol.% H) using zinc titanate
sorbent at various temperatures. Data were geweuateg HSC 3 Software.

The Ti/Zn atomic ratio affects the physical propertof prepared sorbents. Hatori
et al (2001) found that the addition of Ti®@hanged the surface area and pore volume of
prepared sorbents. The addition of small amounTi®f, demonstrated the greatest
effect. With a Zn/Ti=9, both the surface area aonde volume reached the maximum
values, compared with pure ZnO, surface area isexké times; pore volume 2.5 times.
Possible explanation is that Ti@isperses ZnO particles and prevents them fromwigro
However, a further addition of Tglecreased both surface area and pore volume slowly
(Jothimurugesan and Gangwal, 1998).

According to Woodset al (1990) and Lewet al (1992), the spent ZnO-TiO

sorbents can be regenerated indiluted air with 2-10 vol.% @at temperatures from
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675-760 °C. Under these conditions, no zinc slfZnSQ) formation was observed,
because the regeneration temperature of 675 °Cededezinc sulfate decomposition
temperature. Woodst al. (1990) found that the regeneration time was reduby
increasing the regeneration temperature. At 7600ty 170 min was required to
achieve complete regeneration; at 720 °C, 200 atir§75 °C, 200 min was not long
enough (Woodset al, 1990). A high oxygen concentration also acedés the
regeneration process too. For example, they fotimat the regeneration was
approximately 8 times faster in 8 vol.% of @an that in 1 vol.% © However, the
pellet temperature was found to increase dramétiedlhigh Q concentrations during
regeneration because of the exothermic nature lbfiswxidation (Woodset al, 1990).
Hatoriet al (2001) discussed the role of TiOn sorbent regeneration and they suggested
that TiO, was able to accelerate the ZnS regeneration iprésence of water and/op.0
Recent researches related to zinc titanates focosedodifying ZnO-TiQ system
by addition various transition metals to improve tkactivity, regenerability and stability.
In 1998, Research Triangle Institute in North Camlmodified the zinc titanate sorbents
by adding 5 wt.% Ni and 5 wt.% Co in co-precipivati which effectively reduced the
regeneration temperature by at least 100 °C (Jotnigesan and Gangwal, 1998). The
addition of 5 wt.% Cu demonstrated the same etiadresh sorbent as 5 wt.% Ni and 5
wt.% Co, however the performance of Cu-added saorkdopped after several
sulfidation-regeneration cycles. Sasaa@haal (1999) studied Zr@as a stabilizer in
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ZnO based sorbents, and they reported that, Zmn@d similar effect as TiDon
stabilization of ZnO, and the addition of Z+r6&-10 mol.% to ZnO-Ti@greatly improved
the reactivity and regenerability. Pined#a al. (2000) reported that Cu doped zinc
titanate improved reactivity and yielded lowepSHoutlet concentrations. Jwat al
(2002) suggested the addition of iron to zinc atanhelped to separate ZnO in a spinel

structure and improved the regenerability of ZnS.

[.2.3. Common Issues for Metal Oxide Sorbents

[.2.3.1. Oxide Reduction

Metal oxides have been used as sorbents in sw@fooval for about 70 years, and
they share some common issues, including the isgl&®d to their intrinsic properties
and the issues related to their properties of thgistence. The first issue is oxide

reduction in fuel gases containing &hd/or CO, which could be described as:

MO+ yH,=MOy.y+yH,O  (y=X) (20)
and/or
MO+ yCO=MQy+yCO,  (Y=X) (22)

It is very possible for the metal ion @) in MO, to be reduced to any low oxide
states or metallic, depending on the reducibilityuel gases. Reduced metal oxides or

metallic normally have lower sulfur capacity thdrese in high oxidative states. For
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example, pure F©®; has a stoichiometric capacity of 0.6 g S/ g Sarbesile FeO,
0.444 g S/ g Sorbent. Another worse effect is that reduction makes the sorbent
structure collapse in some cases. Moreover, stifid kinetics decreased slightly after
the reduction of metal oxides. Sometime, the redon®f metal oxides to metallics may
cause detrimental effects on sulfidation, becaustlfits have much lower equilibrium
constants than metal oxides, and they cannot rerHgSedo very low levels, e.g. copper
oxides, iron oxide. The third drawback for metalis the formation and growth of
metal clusters. Metallics tend to grow into lajesters thus decrease the surface area
or block the pores, making active sorbent inacbéssi For example, Co and Cu are
ready to reduce by coal gas (Gasper-Gattiral, 1998; Westmoreland and Harrison,
1976). Moreover, for some volatile metals, i.enczand lead, the formation of metallic

is a disaster for sorbents. It causes metal vagtioh and subsequent metal loss.

1.2.3.2. Equilibrium Constant at High Temperatures

Another intrinsic phenomenon of metal oxides isrtliegrading equilibria at high
temperatures. For most metal oxides, the equilibrconstants of sulfidation decrease
with temperature increases as shownHgure I-5. The decrease in equilibrium
constant means the increase in equilibriup® ldoncentration. For example, although
MnO sorbent can remove,H to 1 ppmv at 300 °C, it becomes impossible at Q0

Therefore, metal oxides with low equilibrium comdta are not favorable for deep
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desulfurization at high temperatures. Sorbent dase rare earth metals, such as
Lanthanum oxide (L#3) and cerium oxide (Cef) demonstrated potential to remove
sulfur to extremely low concentration even at higmperatures (>800 °C), though their

sulfur capacities need further improvements focfcal applications.

[.2.3.3. Surface Area Loss

It is critical to maintain high surface area andrepatructure of the sorbents
especially for multi-cycle applications. At lownt@eratures, e.g. room temperature,
only the active chemicals in the first monolayen d¢ee accessed by,H. The more
active chemicals in this monolayer (Bagtal, 1992), the larger capacity the sorbent has.
It means that a sorbent with high surface area egitainly have a high capacity and
breakthrough capacity (or dynamic capacity) for Itemperature applications. The
sorbents of active chemical supported on inertigast with high surface area will
performance at least as well as the sorbent magarefactive chemical in the respect of
sulfur capacity at low temperatures. The high aeefarea is not as important for
desulfurization at a high temperature as it isoat temperatures, because more active
chemical can be accessed due to the faster massetrat high temperatures. However,
the high specific surface area is still a helpfulenhance the breakthrough capacities.
The more specific surface area the sorbents hagdaster the intrinsic reaction rate can

be reached.
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However, it is almost impossible to maintain theghhispecific surface area of
regenerable sorbents during multi-cycles. Actyalyface area loss is a very common
phenomenon during spent sorbent regeneration dtietgrowth of grains (Slimane and
Abbasian, 2000a; Patrickt al, 1989; Kamhankaet al, 1986; Junet al, 2002).
Companying with the surface area loss, the lospdre volume is another widely
observed phenomenon during high temperature demafion or regeneration (Slimane
and Abbasian, 2000a; Pinednaal, 2000; Mojtahedi, 1995; Juwat al, 2002; Roset al,
2003). The reduction in porosity significantly ieases the pore diffusion resistance
and severely decelerates the reaction rate. Tdreretio maintain the high surface area
and high porosity become critical for successfubeat and/or catalyst designs.

In order to maintain the surface area and porasitgorbents, the active sorbent
substances are mixed with other oxides. The firsted oxide scheme is to support
active chemicals on a secondary oxide support. sdBecondary compounds are mainly
inert to sulfur, such as AD; (Gasper-Galviret al, 1998; Wang, and Lin, 1998; K al,
2005; Wakkeret al, 1993; Zhanget al, 2003; Flytani-Stephanopoulas al, 1998),
monolith (Bakkeret al, 2003), SiQ (Kyotani et al, 1989; Koet al, 2005), TiQ (Ko et
al., 2005), zeolite (Kyotaret al 1989; Atimatayet al, 1993; Gasper-Galviet al., 1998),
and the functions of supports are: (1) to providmad structure stability for the sorbent
(Atimatay et al, 1993; Wang and Lin, 1998); (2) to hold the saotbgrains in the
micropores and prevent increase in grain size amwlomeration (Li and
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Flyzani-Stephanopoulos, 1997; Goyette and Keen@@7)1 therefore maintain the high
surface area, high porosity and high sorbent capé@€labundeet al, 2004; Wang and
Lin, 1998); (3) to stabilize the active metal ox&bent from reduction and vaporization
(Flytani-Stephanopoulost al, 1998). The supported sorbent design may alsbtéde
the incorporation of sorbent into systems, suclthasmonolith supported metal oxide
sorbents designed by Engelhard (Ruettingeal, 2002). Due to the advantages of
using supports, the sorbents provides stable pedioce with extended service life
(Kyotaniet al, 1989).

Another mixed oxide scheme is to diluted activebsat compounds by secondary
metal oxides, such as A); (Kamhankaet al, 1986; Flytani-Stephanopoulesal, 1998;
Schubert, 1993), CeQAkyurtlu and Akyurtlu, 1999; Li and Flyzani-Stegiopoulos,
1997), CpOs (Li and Flyzani-Stephanopoulos, 1997),G¢ (Kamhankaret al, 1986;
Woodset al, 1991; Grindleyet al, 1981; Gangwatt al, 1989; Guptat al, 1992), SiQ
(Kyotani et al, 1989; Schubert, 1991; Khaet al, 2002), Sn®@ (Babich and Moulijn,
2003), TIQ (Lew et al 1989, 1992; Keet al, 2005; Woodst al, 1990; Harrison and
Jothimurugesan, 1990; Faha and Gardner, 1982; iHztat, 2001; Jothimurugesan and
Gangwal, 1998; Sasaokd al, 1999; Pinedat al, 2000; Mojtahedi, 1995; Juet al,
2002), in which AdO3, Ce and GiOs are usually used to stabilize CuO from reductton,
disperse and reduce CuO grain sizejdzeand TiQ are widely employed to stabilize
ZnO from reductions.
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[.2.3.4. Attrition

For industrial applications, metal oxide sorbents gpically prepared in form of
pellets, widely used in fixed- and moving beds. rif®at pellets mainly consist of
primary active metal oxides, secondary metal oxigesmoter), stabilizers and binders.
For example, in zinc titanate sorbent, zinc oxgléhe primary activate metal oxide; Mo,
Ni based oxides are secondary oxides used to ireptiog performance in sulfidation
and/or regeneration; TiOis the main stabilizer used to keep Zn at oxidatstate;
beninate is a inorganic binder used to enhancesthength of pellets. The issues
discussed here are mostly related to pellets.

One consideration for industrial application isiitin in fluidized bed. Guptat al
(1992) at Morgantown found that the sorbents foidized beds with acceptable sulfur
capacity prepared by crushing the zinc ferritegieland screening underwent excessive
attrition during multiple-cycle of adsorption andgeneration. They applied several
different techniques, such as spray drying, impatign, crushing and screening of
pellets, granulation, to build sorbents with robaigtition-resistant structure for fluidized
bed reactors. The results indicated that sigmficrbent weakening due to chemical
attrition occurred at 625 °C, and sorbents preparadg granulation technique showed
good attrition resistance and maintained acceptabléur capacities (Harrison and

Jothimurugesan, 1990).
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Attrition is also related to sorbents pellets irlged beds. After several sulfidation-
regeneration cycles, sorbent pellets in fixed e&ttor are cracked and even broken into
small pieces. Several factors account for thisroom phenomenon. The first one is
thermal attrition. Because of the non-uniform temspure profile in pellets, the
different thermal extension rate will gradually roduce cracks. Another reason is
chemical attrition. In the sulfidation, sulfur ais diffuse into the lattice and substitute
oxygen atoms, which are smaller than sulfur atothsyefore, the lattice structure
expands; in regeneration, sulfur atoms are movedrom the lattice and substituted by
oxygen atoms, and the lattice structure shrinkshe @racks develop when sulfur atoms
move into and out from the lattice. Because ofs¢heeasons, active sorbents are
commonly diluted by stabilizers and strengthenedinglers, which are usually AD;
and SiQ, to reduce chemical attrition and enhance theepéfitegrity (Babich and

Moulijn, 2003).

[.2.4. Mathematical Models

The adsorption of b8 by sorbents in fixed beds is a complicated udstesiate
problem. Most desulfurization processes are opdrat low face velocities, ca. 2~10
cm/s (Newby et al., 2001). Therefore, the extemass transfer, internal mass transfer
(including pore diffusion and solid oxide diffusipmand intrinsic heterogeneous reactions

are all possibly involved in these processes. Marathematical models have been
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proposed to characterize these dynamic proces3émse models can be classified into

two groups: single pellets models and servicentitalels.

1.2.4.1. Single Pellet Models

Several mathematical models, such as the shrirdong model (SCM), the uniform
conversion model (UCM), the grain pellet model (GPMe cracking model (CCM), the
changing voidage model (CVM), the thermal decompmsimodel (TDM), and the
phase change model (PCM) (Levenspiel, 2002) haen lestablished to describe the
changes of solid particles during heterogeneoudiors. Most kinetic studies on ZnO
based sorbents, especially zinc ferrites (Kobayagthil, 2002) and zinc titanate
(Ozdemir and Bardakci, 1999; Konttinenal, 1997a, 1997b), took a singlet pellet as the
research subject. In these kinetic studies, eatemass transfer resistance was
minimized and neglected at high face velocities] #me intra-particle mass transfer
characteristics and intrinsic reaction rate cortstamere of the research interests.
Conversion curves of sorbent pellets-t( plot) were typically obtained via thermal
gravity analysis (TGA), and used to determine thaction and diffusion parameters.
Unreacted shrinking core model (USC) (Levenspi€l72, 2002; Fogler, 1999) was
widely applied for the kinetic study of single @l For the systems with more than one
rate controlling mechanism, Sohn (1978) proposes riodified 7 called “additive

reaction times”.
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USC was developed by Levenspiel (1972) and becamkassic part in reaction
engineering textbooks. USC is always applied asfitist approximation to investigate
the reaction mechanism in heterogeneous reacti@tersg. A rate determining
mechanism can be distinguished by extrapolatingctimeversion X)-time ) plot of the
solid reactant. For example, if a reaction such as
A@+bBs=Rg)tSe) (22)

is controlled by the film diffusion. The conversiof the solid reactant BXg) is
—=X; (I-1)

wheret is the time to reach conversi®g, and7is the time for 100% conversion under a

single control mechanism, it can be estimated by

r=_ PR (1-2)
30k,C,

wherep, is the molar density of B in sorbent particless radius of the sphere of &, is

the gas film coefficient for mass transfer. Foamyple, for highReandScsystems,
k.d
—L° = Sh=2+06 Re’2 S8 (1-3)
Xg is always a function of radius of comg)( since

r 3
Xg :1—(—F°J (1-4)

If the reaction is controlled by the diffusion thgh the ash layer, then
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;=1—3<1— X,) 7 +20- X,) (I-5)

in which
2
r=_ PR (1-6)
6bDeCAg

whereDe is the effective diffusion coefficient & through the ash layer. Similarly, in a

reaction controlling system

1T=1— L-X,)" (1-7)
where

_ PR )
r= bk C,0 (I-8)

in which ks is the intrinsic surface area based reaction raf@r other non-spherical
particles, the equations listed above are writteslightly different forms, as shown in
Table I-6 (Levenspiel, 2002).

De is an important diffusion parameter especially wtienash layer diffusion is the
controlling step. However, it is a variable detared by the properties the challenge
gas components and the ash layer, and it cannsinfy@dy predicted using mathematical
equations. It has to be extrapolated by matchihg USC and experimental
conversion-time curves. In a word, single pelleddels are good at analyzing the
control mechanism of reaction processes; it isaliffy to be applied to describe the

unsteady state processes of adsorption in a pdigckd
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Table 1-6. The conversion-time expressions for various shagesolids (Levenspiel,
2002).

Shape Film Diffusion Ash Layer Diffusion Reaction
P Control Control Control
t t t
—=X —=X; —=X
Flat plate r ° r ° r °
| 2
xB=1—I e ro_ Pl e
bk,C 20D,C,, bk,Ca,
i l = 1 = + —_ I —_ l =1- —_ %
Cylinder - Xg . Xg+@-Xg)In(d-Xy) . 1-@1-Xp)
2
r
Xz =1—[—°j r= PR r= PR r= PR
R 20K,C, 4bD,C,,, bk.Cp,
t t ot
Sphere —=Xq ?=1—3(1—x8)%+2(1—xst ?=1—(1—x8)%
3
Xg = —[r—cj r= PR r= PR r= PR
R 30K,C, 60D,C,, bk.C,,

[.2.4.2. Service Life Models

Most of service life models were originally createm predict service times or
breakthrough curves of charcoal respirator carésdg These models treat an entire
packed bed as the research subject. The flow tonslifor respirator applications are
quite different from the classical mass transfadis for fluidized bed. In most cases,
the external mass transfer played an importantth@e internal mass transfer, which can
be found in most of the explicit expressions ofsthenodels. Among all the models,
three models are widely used; they are MecklenModel, Yoon Model, Wheeler Model.

These three models and Amundson’s Model will bediuced in this section.
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Mecklenburg Model

The Mecklenburg Model can be found in an importaatly work “Adsorption
Wave” of Irving M. Klotz (1946). In this work, Kia derived a general breakthrough
time equation based on the Mecklenburg equatiortfEdoncept of critical bed depth.

Using Mecklenburg equation, the mass balance o$peeies captured by the packed

bed can be expressed as
t,VCa = NoA(Z - 2,) (1-9)

wherety, is the breakthrough time of packed bkds the flow rate of challenge gaSio
is the challenge gas concentration. The groumld®ao is the amount of challenge
species captured in the packed bed, if the poxiothe challenge gas species that has
penetrated the bed before breakthrough is neglectédglis the capacity of the packed
bed sorbent per unit volumaA,is the cross section area of the bew, the bed depth and
Z is the minimum bed depth required to yield theaktkrough concentratio@, and is
called critical bed depth of the bed at the flowmdition.

For fast reactions, the critical bed depth undetergal mass transfer control,

according to Gamsoet al. (Klotz, 1946) can be expressed as

T
a /’1 mv Cb

and breakthrough timaypjcan be written as
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t, = FéAlz_i[D;G) (p/é j n{%}] (-11)
A0 v b

Equation I-10 is the well-known Mecklenburg modeMecklenburg Model can
predict the shape of breakthrough curves by diyedo#erting the flow parameters. Its
application is not limited for physical adsorptioncartridges alone; it is applicable to
most unsteady state reactions taking place in fized reactors under external mass
transfer rate control. Moreover, the assumpticedus Equation I-9 that the portion of
the challenge gas species has penetrated the bwe beeakthrough is negligible makes

the Mecklenburg model good only for low breakthrdowgncentration analysis.

Amundson’s Model

Similarly, Amundson derived another equation foe thdsorption in packed bed
(Amundson, 1948). If the reaction between gas amapts like HS (A) and solid
particle likes ZnO (B) is considered to be secorteoreaction, the reaction rate based on

volume of a packed bed can be written as follows:
-r =k,C,C, (I-12)

whereC, is HS concentration an@g is amount of accessibE remaining in the packed

bed in moles per unit volume of bed. For frestbentsCg is equal to the saturation

capacity densityr. (Cg— o att—0, p, = %) of the sorbents in the packed bed under the

z
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experimental conditions. Then, the outlefSHconcentration exiting at the end of the

packed bed can be predicted using Amundson’s eguas shown in equation 1-13.

% =1+ [eXF(_ #K1C )] [EGX[{%) - 1} (1-13)

Wheeler Model

Wheeler model could be simply expressed as (Yodn-aeison, 1984):

t, =My PP [ Cao (1-14)
CAOF kv Cb

where

k, =144x107° xV,"?d %> (1-15)

In equations 1-15 and 13, is the adsorption rate constant (inV; is the
superficial velocity across the particle (cm/mimda\, is the weight of active carbon.

Wheeler Model is specified for adsorption in chataarbon only.

Yoon’s Model

Yoon and Helson (1984) derived new model for theoggation in packed beds using

the concept of possibility of breakthrough. Thisdal can be expressed as:

t, =r+iln _ % (I-16)
K (Cy-C,
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or

In(% —1} =K(r-t) (1-17)

A

whereK is the pseudo-reaction rate constant arsgdusually defined as

C (-18)

Comments on Service Life Models

Yoon and Helson (1984) compared the Yoon's Mode&ckienburg Model and
Wheeler Model and found that all the simulated kite@ugh curves using these three
models matched well with the experimental datahm low Ca/Cpp region. However,
only Yoon’s model matched the experimental datthenhighCa/Cao region. They also
compared the expressions of Yoon’s Model, Mecklegpbdodel and Wheeler Model;
they suggested that these three models could lbemim one general form as:
t= A+B'C’ (I-19)

The detailed comparison is shownTable I-6. The main difference between these

) o C
three models is the terr®’. In Yoon's model, it |sln(—bj rather than
A0~ “~Db

C L .
In(—bj. This difference makes simulated breakthrouglvewf Yoon’s model and
A0

experimental data match very well even at h@iCao. However, the pseudo reaction
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rate constant in Yoon’s modeK, has not been correlated with reaction constant at
experimental conditions. Yoon and Hels@®84) tried to employ the expression in

Mecklenburg Model to correlate theusing the similarity of these three models.

Table I-7. Comparison between service life models (Yoon aatséh, 1984).

Term  Yoon's Model Wheeler Model Mecklenburg Model
A W, WW, W_AZn p,
CF CF CF
B’ W, WP, An (d_G) 041 nl ) 067 %
kCF k,C a, 1 p.,D”  CF

|n(&j
CAO

Amundson’s model can be written in the form of Ysomnodel. For most

casesexp{wmaﬁj >>1, so Amundson’s model can be reduced and rearraged

ln(& —1j = plk,C,, (T -t) (1-20)

CA

where

r = P& (-21)
UC,,

Equation 1-20 suggests that Amundson model hasithéar expression as Yoon's

model, and includes the reaction rate constant. rebieer, Amundson model is tailorable
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for different systems. Amundson model can be egguao predicate the service life
for all heterogeneous reaction systems given tlpgession of reaction rate, not matter
what is the controlling step. For instance, if eerl mass transfer controls the
desulfurization process, the reaction rate (apparesn be expressed explicitly using
mass transfer correlations, as did in Mecklenbuogleh However, Amundson’s model
is based on the second order reaction. The heteeogs reactions like the one between
ZnO and HS are considered to be zero order with respeatlid keactants. Therefore,
further modifications to Amundson’s equation argquieed before it can be applied to

these reactions.

1.2.5. Microfibrous Entrapped Catalysts and Sorbens

Microfibrous technology developed at the Center Microfibrous Materials
Manufacturing (CM) at Auburn University (Tatarchuk, 1992a, 1992btafehuket al,
1992, 1994; Overbeekt al, 2001; Cahela and Tatarchuk, 2001; Caletlal, 2004;
Marrion et al, 1994; Kohleret al, 1990; Ahn and Tatarchuk, 1997; Meffert, 1998; Lu
and Tatarchuk, 2003; Chang and Tatarchuk, 2003gtLal, 2005) provides a novel
approach for a versatile design of small, efficieanhd lightweight fuel processors.
Microfibrous media carrier can be used, with lasgeface to volume ratios, to entrap
micro-sized sorbent and/or catalyst particulatedemkithstanding considerable vibration

and avoiding bypassing. This generic approach aao enhance heat/mass transfer,
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improve contacting efficiency, and promote regebidityg (Cahela and Tatarchuk, 2001;
Meffert, 1998). The fabrication of the microfibmedia is based on reliable, proven,
high-speed, roll-to-roll, papermaking and sintenmigcesses, which substantially reduces
the production costs and improves the product tyualiMicrofibrous entrapped 16%
Ni/Al ;O3 catalysts for toluene hydrogenation in a trickésl heactor have demonstrated
2-6 times higher specific activities than the cartianal packed bed catalysts on a
gravimetric basis, while volumetric activities o #0l.% composite catalysts were 80%
higher than conventional extrudates (Meffert, 1998Microfibrous entrapped 1%
Pt-M/AI,O3 for PrOx CO provided 3-fold higher or more bedizaition than the packed
beds of 2-3 mm (dia.) pellets (Chang and TatarcBQR3) at the same CO conversion.

Microfibrous matrix can be manufactured by wet laymaper-making/sintering
process. The void volume in these media can bestat] from 35 vol.% of typical
packed beds up to 98 vol.% of the microfibrous mealone (Cahela and Tatarchuk,
2001). The size of the fibers employed in the mednges 2 to 2(m, and the size of
particles that can be entrapped varies from 10®8n. Several types of microfibers
were chosen to make the matrix and the typicaksiras of these media are shown in
Figures I-11 and I-12. These materials can be employed as carriercdtalyst or
sorbent (Chang and Tatarchuk, 2003; Karanjétaal, 2004; Luet al, 2005), applied in
electrochemical cells (Ahn and Tatarchuk, 1997)d also used as HEPA filters
(Karanjikar, 200%
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Figure I-11. y-Al,O3 particles entrapped in the matrix ofp#n Ni fibers. SEM was
provided by CM,

Figure 1-12. Activated carbon particles in the matrix ofuér polymer fibers. SEM was
provided by CM,
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CM? has also developed microfibrous entrapped sorl®tES) for desulfurization
applications. They are Ni fibers entrapped ZnO4S{060-250 um) and ZnO/ACP
(150-250um) sorbents. The first one was designed and eraglégr the regenerable
use to scavenge bulk.8 from reformate streams in a continuous batch nada=. 400
°C. Itis used in the primary desulfurization uniznO/ACP was designed to remove
the trace amount of 4$ (< 1 ppmv) to below the threshold of some PEMF2s,0.1
ppmv, it is a last protection at stack temperaturds also protects fuel cells during
unsteady state operations of fuel cleanup processegs startup. Composite beds
consisting of packed beds of 1-2 mm (dia.) comna¢rektrudates followed by high
contacting efficiency microfibrous entrapped palighsorbents were also demonstrated.
The detail performances of these sorbents wereridedcby Lu et al. (2005) and are

demonstrated in the following sections.

1.2.5.1. Characteristics of Microfibrous EntrappedZnO/SiO, and ZnO/Carbon

The composition and physical properties of Ni MES shown inTable 1-8.

Table 1-8. Composition, physic properties of Ni microfibroastrapped sorbents.

Microfibrous ZnO Support Ni fiber \Voidage
Entrapped Sorbent wt.% wt.% vol.% wt% vol% (%)
ZnO/SiG 18917.3 43 25 39 2 73
ZnO/Carbon 1918.68 44 28 37 2 70
ZnON-AI 03 18 43 24 39 2 74

2 calculated by mass balan®etCP-AES analysis results, carried out on a Thermo
Jarrell Ash ICAP 61 Simultaneous Spectrometer.

60



SEM images inFigure 1-13 show the microstructures of the thin microfibrous
entrapped ZnO/Si© and ZnO/Carbon sorbents for,$ absorption, respectively.
ZnO/support particulates of 150-25@m were uniformly entrapped into a well
sinter-locked network of 8 and 4m nickel fibers. The use of small particulate can
significantly enhance the external mass transfex aad reduce intra-particle diffusion
resistance. The porosities of ZnO/gi@d Sud-Chemie G-72E are 64 % (as shown in
Appendix F) and 53 % (Newbgt al, 2001) respectively. The high porosity of the
ZnO/SiQy sorbent particles will further reduce the porefudifon resistance. XRD
patterns of the ZnO/Support sorbents, the suppmdsthe mixture of ZnO (Sud-Chemie)
and supports with comparable composition of theesponding ZnO/support sorbents
are shown inFigure 1-14. It is clear that the mixtures of ZnO and supports
demonstrated the strong and narrow peaks assigiadge ZnO grains. The calculated
size of ZnO grains in Sud-Chemie extrudates usiebye-Scherrer equation is 17 nm.
Both ZnO/Carbon and ZnO/Sj@ntrapped materials yielded very broad XRD pedks o
ZnO. Zinc oxide grain sizes for both Si@nd Carbon-supported sorbents were
determined to be <5 nm, only 1/3 of that for Sud:@ie extrudates. This reduction in

ZnO crystal size can enhance the lattice diffusaia.
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Microfibrous Entrapped
ZnO/Si02

Microfibrous Entrapped
ZnO/Carbon

Figure 1-13. SEM images of microfibrous entrapped ZnO/supporants.
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Figure 1-14. XRD patterns of microfibrous entrapped ZnO/g&dd ZnO/Carbon.

1.2.5.2. Desulfurization Performance at 400 °C

The Ni Microfibrous entrapped sorbent demonstrageedellent desulfurization
performance. The desulfurization performance carspa between Ni fiber entrapped
ZnO/SiQ; and Sud-Chemie ZnO sorbent particles of variomsssiested with 2 vol.%
H,S-H, at 400°C is shown inFigure 1-15. At equivalent ZnO loading (0.02 g), the
small Sud-Chemie ZnO particles (60-80 mesh) yiel@ds times longer breakthrough
time, sharper breakthrough curves and 2.5 timdsehnignO utilization than the one with
larger particle size (~1mm), due to the enhancenreeixternal mass transfer rate and
intra-particle diffusion rate. Compared with 1586@m Sud-Chemie ZnO particles,

microfibrous entrapped 150-28 ZnO/SiQ sorbents demonstrated longer
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breakthrough time and higher ZnO utilization. Rassreasons provided by Let al.

(2005) are the improved mass transfer rate andgbef Ni microfibrous media.

1.0 -

+ Microfibrous entrapped ZnO/SiO2 L4
0.9 ~ N |
08 m Sud-Chemie exrudates, 150-250um . IAA
0'7 | A Sud-Chemie extrudates, ~1mm Af‘
0.6 - A“A“ s
2 [
<05 - -
< [ o
04 7 f ¢
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Figure 1-15. H,S pulse reaction results of microfibrous entrappgd/SiQ; and
Sud-Chemie ZnO extrudates at 400°C.

The difference between the performance of Ni mibrotis entrapped sorbent and
Sud-Chemie was more significant at low3Hchallenge concentration in the presence of
water. The desulfurization performance of Ni mittwus entrapped ZnO/SiCand
1-2mm Sud-Chemie ZnO extrudates fopSHremoval from model reformates was
compared with equivalent bed volume (0.29mL, 11ldim x 3mm thick ),at 400°C
and face velocity of 3.9 cm/s in 30%,®l The Ni fiber entrapped ZnO/SiO
demonstrated 2 times longer breakthrough time tBad-Chemie extrudates. The

weight (including microfibrous media) of sorbenadied in the reactor of Ni microfibrous
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entrapped ZnO/SiQsorbent was only 40 % of that in Sud-Chemie teShe ZnO
utilization of Ni MFES is 13 higher than that indChemie test. These results are just

as expected from earlier discussion.

Table 1-9. Comparison between microfibrous entrapped ZnO/&it@ Sud-Chemie ZnO
extrudates for k5 removal from model reformates at 400 °C in thesence of 30 vol.%
H.,O.*

Sorbent Microfibrous . Sud-Chemie
entrapped ZnO/SiO, extrudates (1-2mm)
Weight (g) 0.12 0.30
Volume (cn?) 0.29 0.29
Bed thickness (mm) 3 3
Breakthrough time
@1ppmv ( h) 12 4.5
ZnO Utilization (%) 57 4

* Face velocity:3.9 cm/s@50 ppmw$Hin model reformates (40%,H10% CO, 20%
CO,, 30% N); dry gas flow rate: 100 mL(STP)/min.

1.2.5.3. Regenerability of Ni Microfibrous Entrapped ZnO/SiO, Sorbents

ZnO usually can be regenerated at a temperatuneead@® °C (Ayala, 1993). The
nano-dispersed nature of the ZnO combined withutee of small Si@ particulates in
MFES should also facilitate the regeneration in aExperimental data ifable [-10
confirmed this. Compared with ZnO extrudates, ofibrous entrapped sorbents could
be recovered with considerable capacity. HowewerSud-Chemie extrudates can only

recover 1/3 capacity of fresh sorbent at high tenatpees.
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Table 1-10. Comparison between regenerability of microfibronsapped ZnO/Si@and
Sud-Chemie ZnO extrudatés.

ZnO Utilization, %
Microfibrous Sud-Chemie

Sorbent
entrapped extrudates
ZnO/SiG (1-2 mm)
Fresh 67 31
3h@600°C in air 60 21
1h@600°C in air 57 13
3h@550°C in air 44 4

a Bed configuration: 0.9mL, 7mm(dia.)x15mm(thickpS absorption was carried out
at face velocity of 1.2cm/s@2%8/98%H (dry gas flow rate: 30mL(STP)/min) at
400°C; * particle size 150-250m; ** Regeneration conditions

25000 25000
Regeneration Conditions: Regeneration Conditions:
- 500°C for 3h in air flow 600 °C for 1h in air flow
E 20000 - < 20000 -
% —&—fresh g_ —e—fresh
= —&—Cyclel & —&—Cyclel
T — T —_—
‘= 15000 | Cyeles T 15000 | Cycle 3
c ——Cyclel0 P —»— Cycle5
g —¥—Cyclel5 % —%— Cycle7
g —e—Cycle20 £ —e—Cycle10
S 10000 - e 10000
= g
S O
o %)
% 5000 | T 5000
0 A 0 -
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time on Stream (min) Time on Stream (min)

Figure 1-16. Absorption/regeneration cycle test results usingrafibrous entrapped
ZnO/SiQG; sorbent. Adsorption with % was carried out at 400°C at a face velocity of

1.2cm/s of 2 vol.% kB-H,.

Ni microfibrous entrapped ZnO/SjOsorbent is also regenerableFigure 1-16

shows the cyclic test results over microfibrousragmped ZnO/Si@at 400 °C and at a

66



face velocity of 1.2 cm/s. The sorbents maintaigedd performance for 10 cycles at
regeneration temperature of 600 °C, and in 20 eyaté&00 °C. However, it was found
that oxidation of nickel fibrous networks in air lgher temperatures is a problem for

regenerable use.

1.2.5.4. Microfibrous Entrapped ZnO/Carbon at Stack Temperatures

Ni microfibrous entrapped ZnO/Carbon sorbent wagehbped for HS removal at
stack temperatures (R.T. to 100°C)lable I-11 shows the performance of microfibrous
entrapped ZnO/Carbon for trace,31 absorption from model reformates at stack
temperatures and face velocity of 1.7 cm/s in thesgnce of different ¥ content.
Considering the poor intra-particle mass transésrstance, the ZnO utilization achieved

by these sorbent is significant.

Table I-11. Performance of microfibrous entrapped ZnO/Carlwor+£S absorption from
model reformates at R.T. to 100°C in the preseht¢&,0.*

ZnO Utilization

Sorbent Breakthrough Time ( h) (%)
9.5@100°C in 5%bkD 39

Ni fiber entrapped ZnO/Carbon8.7@70°C in 5%kO 36
(11mm diax 3mm thick) 7.8@25°C in 5%k 30
8.0@70°C in 30%kD 32

* Face velocity:1.7cm/s@50ppmw&iin model reformates (40%HL0%CO, 20%CQ
30%N,); dry gas flow rate: 100mL(STP)/min. Tested witbnstant bed volume of
0.29mL (11mm(dia®3mm(thick) disc sorbent).
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9 Carbon-based sorbents taken from SOA respiratory ceridge
MSA: 2-3mm, 0.65g/ml, 7.8wt% 4O (by ICP-AES)

8 WA 3M: 2-3mm, 0.52g/ml
“‘{.n.':» Scott: 2-3mm, 0.62g/ml
7 hts - Willson: 2-3mm, 0.65g/ml
OFed Sud-Chemie 1-2mm, 1.2g/ml, 90Wt%ZnO
6 Y ZnO/Carbon Entrappment: 150-25@ m, 0.5g/ml, 19wt%ZnO
i

4 a "':.’J \

+#. . |Bed Thickness: 3mm |

[Bed Thickness: 6mm |

B.T. @ 1ppm H ,S breakthrough (h)

—

- e 5
2| / Pl \ \
1 :;;, ‘4‘.; -
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Microfibrous Sud-Chemie MSA 3M Willson Scott
entrapped ZnO

ZnO/Carbon extrudate
Sorbent

Figure 1-17. Comparison of microfibrous entrapped ZnO/Carborith wseveral
commercially available sorbent particulates forcapson with 50ppmv kS challenge in

a model reformates in 30% at 70 and face velocity of 1.7cm/s (100mL(STP)/min)..
Sorbent tested at equivalent bed volume of 0.29rhiym(dia.x3mm(thick).

Figure 1-17 compares microfibrous entrapped ZnO/Carbon witleis¢ commercial
sorbents. Ni microfibrous entrapped ZnO/Carbon0{25Qum ) sorbent provided 3
times longer breakthrough times than Sud-Chemierudates (1-2mm), the
high-temperature sorbent, with a 67% reductionoobent loading. Four carbon-based
sorbents (2-3mm) for respiratory cartridges takemfdifferent manufacturers were also
evaluated versus the low-temperature sorbent, Becdney made low temperatureH
absorption. In those cases, ZnO/Carbon entrappatérials provided about 3-fold
longer breakthrough times for,8 compared with the packed beds of those four

carbon-based 2-3 mm sorbents, even though theithigdhess was doubled.
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1.2.5.5. Comments on Ni Fiber Entrapped Sorbents

The Ni microfibrous entrapped ZnO based sorbentsodstrated excellent 49
capacity for targeted applications. Ni microfibsomedia are flexible and can be cut or
folded in any shape to match the reactors. Howethay were not successfully
developed for multiple regenerable applicationshe Ni microfibrous network cannot
stand up the highly oxidative environment (in tegence of air) during regenerations at
a temperatures ca. 550 °C. Ni fiber itself carcredth H,;S to form NiS. This side
reaction offers extra #$ capacity, however it make the sintered networse ldats
structural integrity. Moreover, Ni also may reagith CO to form complex in the
presence of reformates. Therefore, Ni may nothieebest choice for desulfurization at
moderate temperature range (300-500 °C). Novetafiicous media, inert in air and
reformates in the temperature range, are highlgrio.

Ni microfibrous entrapped ZnO/Carbon is a good epthat stack temperatures.
Carbon also offers significant,B capacity. Therefore ZnO and carbon should be a
good combination. However, the carbon supporte® & a non-regenerable sorbent
due to the use of carbon. Other combinations ageml extensive investigation for
multiple applications. A combination of sorbentdasupport that have high sulfur
capacity, low regeneration temperature (<200 °d) e preferred, because it can be
entrapped in Ni or other metal based microfibrousdia to achieve regenerable

applications.
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[.2.6. Summary

Based on the discussion above, the metal oxidedlssbents and their performance

are summarized imable 1-12.

Table [-12. Metal oxide sorbents (reactive) and mixed oxidebsots for high
temperature b5 removal.
Saturation | Equilibrium H ,S

Regeneration

sorbent | Capacity Conc. (ppmv) N Advantage Disadvantage
condition
(mg H2S/9)| 400°C | 800°C
poor low-T
) Low Cost
CaO/CaC@ 600/320 | 3.29x10° 181 air T>1000C ] . performance
High capacity .
very high reg. T.
. Low Cost high equil. conc.
FeO 472 26.4 382 air 850 °C _ i ) i
High capacity | reduction at high T|
. no oxide reduction poor performance
MnO 478 13.7 394 air, 800-1000°C

Desul. T= Regn. T with water present

diluted air or wate good low-T

Zn0O 419 0.59 68.5 zinc loss at T>556C
500-750°C performance
. improved moderal Zn loss at T>650C
ZnO*Fe,04 423 0.59 68.5 air T >75C .
T performance Fe0; reduction
i Diluted air improved high T low capacity
Zn,TiO, 264 1.52 165
T>475°C performance | Zn loss at T>800C
Diluted air extremely high low capacity
CuO 214 0 0 . .
T>650°C equilibrium conc| CuO reduction
Diluted air extremely high low capacity
Cu,0 238 0 0.005 o )
T>650°C equilibrium Conc| Cu,0 reduction
Diluted air extremely high low capacity
CuO*Al,Os 93.7 0 0 . .
T>750°C equilibrium conc| CuO reduction
diluted air high equilibrium low capacity
CuO*Cr,0s| 734 0 0 )
650-85C°C constant. CuO reduction
diluted air extremely high low capacity
CuO*CeQ 67.6 0 0 . )
650-850°C equilibrium conc.| sulfate formation
extremely high | very low capacit
Ce0s 104 0 0 S@at 600°C y g Y pactty

equilibrium conc| unstable with steam
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Among the oxides of Ca, Cu, Fe, rare earth metadd, Zn, zinc oxide is the best
candidate for gas desulfurization at a temperdess than 500C. Zinc oxide based
sorbents have been investigated extensively. dtehdigh desulfurization equilibrium
constant, a high capacity, and good regenerabilifyhe issue of zinc loss in this
temperature range is not significant, especiallyhi@ presence of water. Moreover, it
can be mitigated by addition of stabilizers, sushiran oxide and titania. The zinc
oxide based sorbents are versatile because thérmpance can be tailored for specified
applications by adding dopants. The low tempeeaparformance of ZnO can also be
promoted by adding other transition metal compousdsh as copper, silver and cobalt.
At high temperatures, external mass transfer oa4particle mass transfer resistance may
control the process. In these cases, the ovegdibppnance of ZnO based sorbents can
be further improved using microfibrous entrappedalnZnO grains. For low
temperature applications, the design approach usedi microfibrous entrapped
ZnO/Carbon sorbents gave an important hint to aehklégh sulfur capacity, though it
was not designed for regenerable use. At low teatpees, sorbent particles with high
surface area, larger porosity, small particle anthlk grain size will be essential to
achieve high capacity because lattice diffusion nb&y the controlling step. The
microfiborous media are good candidates to emplogseéhsmall particles without

generating penalties.
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1.3. Objectives of Research

Based on the literature review, ZnO based sorbeete chosen for the gas phase
desulfurization from room temperature to 400 °Che ©bjectives of this research are:

(1) To design novel sorbents to achieve multi-log reah@i H,S with thin layers at
400 °C,;

(2) To design novel sorbents to achieve multi-log reatoef H,S at room
temperature;

(3) To withstand multiple adsorption/regeneratiorithaut losing activity and
contacting efficiency;

(4) To build mathematic model to predict breaktlylogurves;

(5) To miniaturize the p$ removal unit.

Notations

a particle external surface area per unit bed volume cnf/icm®

A cross section area of the bed Zem

b reaction equation constant

Ca gas specie density molftm
Cag bulk gas concentration mol/Em
Cao challenge gas concentration moffcm
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G

Cs

De

ky

ko

ky

ks

M,

No

le

breakthrough concentration

molar concentration of solid spedie

particle size

effective diffusivity

flow rate

mass flow rate of gas

the integration constant used in Yoon’s model
first order reaction rate

second order reaction rate

external mass transfer rate

adsorption rate

lumped K opseudo reaction rate constant (Yoon’ Model)

surface reaction rate

the distance from the plate surface

plate thickness

molecular weight

number of cartridge

capacity of the packed bed sorbent per unit velum
core diameter

diameter
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to

We

We

W

X

Z

breakthrough time

face velocity

volume flow rate of challenge gas
mass of the sorbent in the bed
saturation capacity of the bed
sorbent saturation capacity
ZnO utilization

conversion speciB

ZnO weight per gram of sorbent
bed depth

the critical bed depth to yield,

bed length

Greek letters

IS

LS

void fraction of packed bed
viscosity
gas density

capacity density

bulk density of sorbent in the packed bed

characteristic time to achieve 100% conversion
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CHAPTER II.

EXPERIMENTAL

[1.1. Sorbent Evaluation

Sorbent design in this study focuses on improving $orbent utilization, sulfur
capacity and structural reliability, and reducirg tregeneration temperature and the
preparation cost. The prepared sorbents were a&ealifor gas phase desulfurization.
Two evaluations, integral reactor evaluation anfedintial reactor evaluation, were
conducted using difference challenge gases, suchH#&H, of various HS

concentrations and model reformates with CO,,GDdifference test conditions.

[1.1.1. Integral Reactor Evaluation

Integral reactor evaluation was employed to ingesé the reactivity and capacity of
the sorbents prepared. The simplest integral ee@staluation was carried out using 2
vol.% H,S-H, or 321 ppmv HS-H, mixtures as challenge gases under various reaction
conditions. The outlet ¥ concentrations were calculated from gas chromajpdbry
data, and the breakthrough curves/Gy~time plot) were then established. The

breakthrough timetf) and the saturation timer)(were then read from breakthrough
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curves and were used to calculate the correspordliligr capacities. The equation to

calculate the breakthrough capacitiég)(is

— M ZVCAOtb

W
b m

(II-1)

Equation 1I-1 is only applicable to estimate capacat low breakthrough
concentration, caCp<0.01 Co. For high breakthrough concentration applications
manual integration is required. This method wdldescribed in Chapter IV.  Similarly,
the saturation capacity should be estimated basdtieomanual integration. However,
due to the symmetry of gas phase breakthrough suni® very close to the time to reach
the 50% inlet KIS concentrationt{;), which can be read from a breakthrough curve, as

shown in Chapter V. The saturation capaditi)(can be estimated using equation II-2.

- M VCuolyo
m

W,

S

(II-2)

The integral reactor evaluation was used to ingestithe breakthrough behaviors of
the packed beds, such as kinetics, breakthroughitiimation, for further reactor and
process design. The sharpness of a breakthrougk,atharacterized using lumpé&d
in Yoon’s model, was used as an index for the agygareaction rate. For the sorbents
tested in the same conditions, the sharper breakghr curves indicate the fast reaction

kinetics. The further interpretation on lumpgeds discussed in Chapter V.
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[1.1.2. Differential Reactor Evaluation

In this study, differential reactor evaluation wamployed to estimate the kinetic
parameters in the desulfurization process. The plooutlet HS concentrationvs.
onsite time (C~t plot) was established in the eatduwn. This plot is similar to
breakthrough curves mentioned in integral reactwaluation. However, due to tiny
amount of sorbent loaded in the differential regdtee initial HS outlet concentration is
high enough to be detected by GC accurately. Tisen®t breakthrough concentration
defined in this type of evaluation. The outlet centration at time approaching zero is
extrapolated by extending tl&~t plot. Therefore, the apparent reaction rate @st
(void volume based) can be evaluated using equéti®n

In(coj
C

k, =0 (II-3)

av
tr

where residence tintgcan be calculated as

r

_oy ]
L= (II-4)

Besides the apparent reaction rate constant, eliffed reactor study can also be
employed to establish ZnO conversimtime (-t plot). Then kinetic parameters, such
as effective diffusivity, effectiveness factor, cae estimated using the mathematic

models described in Chapter I. The detailed proeets shown in Chapter IV.
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II.2. Experimental Setup and Analytic Methods

[1.2.1. Desulfurization Setup

The experimental setup is shown kigure II-1. It consisted of a gas supply
system, a reaction system and an analyzing uniitnotl otherwise addressed, all the
gases were purchased from Airgas South Inc. Insgpply system, +5-H, cylinders
with 2 vol.% and 321 ppmv 4% supplied HS for the reaction. Hof ultra-high purity
(UHP) was employed to dilute the,&l challenge gas to lower concentration and to
stabilize the temperature profile in the reactofol® challenge gas passed through.
Househood air was used to regenerate the spendngsrb Helium (UHP) was applied
to eliminate the oxygen from the reactor befoseoHH,S pass through the reactor. CO
(Sigma-Aldrich, >99.5 vol.%) and/or GQUHP) may be added to the challenging gases
to investigate the carbonyl sulfide formation. Apwerizer provided the gas stream
saturated steams at various controlled temperatonesestigate the water effects.

The reaction system mainly consisted of a quarke treactor in a tube furnace.
The detailed dimension of the tube reactor is shbiwgnre II-2. The reactor diameter
varied, but the length of the reactor was fixe8@&tm. The sorbents were loaded at 18
cm from the bottom. Two flat layers of glass wobl8 um were put on the top and at
the bottom of the packed sorbents. These laystsldited the gas follow and kept the
sorbent particles from moving. Ceramic rings, Whigere inert to KBS, H, and Q to a

temperature above 600 °C, supported the bed asd thve® wool layers.
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Figure 1I-1. Experimental setup for gas phase desulfurization.

In the setup, a gas chromatography (GC) was emgldge analyze the gas
concentrations. After the gas stream left thetorad passed through a tiny moisture
trap made of phosphorous pentaoxideOgp powder. Gas sample was injected to a

thermal conductivity detector (TCD) by a 6-port walevery minute after experiment
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started. All the tubing connecting the reactor dne valves was 1/8” TEFLON or
Stainless Steel tubing. At this tubing size amvflconditions, the pressure drop over
the setup was negligible. A packed column (Haye®ep30/100 8'x1/8” SS) was
employed with TCD and the column oven temperatuas get at 80 °C. The TCD used
H, (UHP) as the carrier gas. The filament tempeeatuas set at 350 °C. At these
configurations, the GC can detect CO (>40 ppm), ¢GQ0 ppm), COS (>20 ppm) and

H,S (>200 ppm). The detailed method is shown in AppeG1.

/ Quartz tube
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| ™ T Sorbents
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o
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=
(&)
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o
-
O . .
e Packing material
]
y

Figure 11-2. Reactor employed in desulfurization.

All the low H,S desulfurization (<300 ppmv) were analyzed by aavaGC 3800

equipped with a pulse flame photometric detectdfP[P) working at sulfur mode.
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Every sample of 25QL was collected right after the reactor, and irgdatnanually to the
PFPD. The detailed PFPD method is shown in Appeedl. With this method, the

sulfur concentrations above 20 ppb can be detected.

[1.2.2. Setup for Pressure Drop Test

The pressure drops over various fixed beds wertedesith the setup shown in
Figure 11-3. It is simplified from the desulfurization setupnd consisted of a H
cylinder, a mass controller, the same tube reaatdiigure 1lI-1 and a pressure gauge

which was able to detect the pressure drop fromifetZs of water.

Mass flow controller

'

Pressure gauge

/
—

Glass wool

11

Particles or
Microfibrous Meidia

Release

Figure 11-3. Experimental setup for pressure drop test at rmmnperature.
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[1.2.3. Flow Rate Control

Mass flow controllers (Omega FMA 2400 series) wesed to control the gas flow
rates. All of them were calibrated carefully befaxperiments, especially the mass
flow controller for K, H,S, CO and C@ The calibrations for pure gases as well as air
were carried out by a digital flow check (Alltechgi2al Flow Check 1108), which had
been calibrated by the manufacturer, see the appefiod detail. However, the
calibration for mixture such as,B-H, cannot be calibrated by the digital flow check
because of the significant difference in the madl@cweights of Hand HS. Therefore,
the flow rate of HS-H, mixture was calibrated specially with a soap babirieter.
Although the HS may be adsorbed by the soap solution, the expstah error
introduced by this calibration method should bes I#san 2% since only 2 vol.% was

occupied by HS.  All the calibration curves are shown in Appergi

[1.2.4. GC Calibration

The TCD and PFPD detectors were also calibratethioHS response. The TCD
response peak area should be proportional to thegacentration, as shown kigure
lI-4. The low HS concentrations (<321 ppmv) were calibrated foPPFand the
square root of PFPD response area should be ltoedne HS concentration. The

calibration curve of PFPF is shownkigure II-5.
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Figure 11-4. Relationship between the TCD peak area a8l ¢bncentration. Samples
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Figure II-5. Relationship between the square root of PFPD peela and HS
concentration. Samples were injected manually wi@60uL syringe. Split ratio was
set to be 200.
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[1.2.5. Steam Table

In this study, the water was introduced to reacsgatem in form of steam. As
shown inFigure 1I-1, the gases with extremely low solubility in waserch as CO, He
and H passed through the vaporizer and carried the atatlirsteam into reactor. In
order to keep the water in vapor phase, the tubioigp the vaporizer was wrapped in
heating tapes. The amount of water in gas wasated by changing the temperature
of vaporizer. Using the steam table shownFigure A9 in the Appendix C, an

appropriate temperature was set to achieve theediesiater content.

[1.3. Sorbent Preparation

[1.3.1. Sorbents for Packed Beds

Sorbents in the research were prepared by incipigihess impregnation. For
example, a zinc nitrate aqueous solution (2 muoldys slowly added to 20 g dried SiO
particles, which were kept well stirred, till tharpicles became wet. The products were
subsequently dried naturally overnight. Then iswlaed at 100 °C for 1 hour, and then
calcined for 1 hour at the appointed temperature4&8 °C to form supported-ZnO
sorbents.

Supported-ZnO sorbents were also prepared by e@usipregnation method, i.e., a

sorbent collected from the above prepared samgldstastep product with ZnO loading
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of 15-30 wt.% was added again into appointed amofiat ZnO sol-gel. As-prepared
sorbent was dried at 80 °C, and calcined for 3b8& °C to form a final sample with
ZnO loading of 30-45 wt.%. ZnO sol-gel was preparg adding 52 ml N§IH-0, 43 g

(NH4)2CO;3, and 20-40 g ZnC&in series into 56ml water under vigorously stigrin

11.3.2. Sorbents Entrapped in Microfibrous Media

Sintered glass fiber entrapped 150-35@ (dia.) SiQ (300nf/g, Grace Davison)
support particulates were fabricated by regular Water paper-making/sintering
procedure. For example, 6 g of S-2 glass fibepshi{@um dia.x6mm length, Advanced
Glassfiber Yarns LLC), and 0.7 g of 30-ffn (dia.) cellulose (100-1000m in length)
were added into 2.5 L water and stirred vigorowhp0 Hz for 2 min. The produced
suspension and 18 g Si(xan be increased up to 36 g) were added int@addox of the
six-inch (dia.) circular sheet former and stirr@da uniform suspension. The 6-inch
circular preform was then formed by draining, pimgst ~ 400kNrit, and drying in air
at ~110 °C. The as-prepared preform was direatiersed in air for 30 min at 925 °C
while burning off the celluloses.

To place the ZnO onto the support, the as-preparetofibrous entrapped SO
sheet was immersed into the sol-gel (or the zitratel solution) for 10 min. The paper
was subsequently removed from the ZnO sol-gelnddhunder vacuum, and calcined in

air for 20 min at selected temperatures (80, 1@0, 140, 160, and 180 °C). If zinc
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nitrate was used in the impregnation, then drying ealcinations procedure can simply
follow the procedure for packed bed sorbents. flie@ composite sorbent has a ZnO

loading of 13~17 wt.% (including the mass of thasglfibers).

II.4. Characterization Technology

XRD

Powder X-ray Diffraction (XRD) patterns were reed on Rigaku instrument using
a scanning speed of 4 °/min and an acceleratingg®lof 40kV, unless stated otherwise.

SEM

Scanning Electron Microscopy (SEM) of the sorbemtravobtained using a Zeiss
DSM 940 instrument.

ICP

The ZnO loading (wt.%) was calculated by mass lw@aand was characterized by
Inductively Coupled Plasma (ICP) carried out on laerino Jarrell Ash ICAP 61
Simultaneous Spectrometer.

BET

The surface areas of sorbents were measuregBEN. BET stands for Brunauer,

Emmett, and Teller, who published the theory in8.93
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Notation

Co

Co

Cao

Kav

Ms

m

t12

t;

Wy

W

initial H,S concentration

H,S breakthrough concentration
initial H>S concentration
apparent reaction rate (void based)
molecular weight of K5

mass of sorbents

onsite time

time to reach 0.5 €

residence time

face velocity

flow rate

bed thickness

breakthrough capacity

saturation capacity

Greek symbols

4

void fraction of packed bed
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CHAPTER III.
GLASS FIBER ENTRAPPED SORBENT FOR GAS PHASE

DESULFURIZATION IN LOGISTIC PEM FUEL CELL SYSTEMS

Abstract:

Glass fiber entrapped ZnO/Si®Gorbent (GFES) was designed and optimized for gas
phase desulfurization for logistic PEM fuel celsegms. Due to the use of microfibrous
media and supported sorbent design, GFES dematstratiperior desulfurization
performance. In the thin bed test, at equivalemD Zoading, the GFES yielded two
times longer breakthrough time than the ZnO/S$0rbent; at equivalent bed volumes,
GFES provided 2-fold longer breakthrough time (watl67% reduction in ZnO loading)
than packed beds of 1-2 mm commercial extrudatésve-log reduction in bS5
concentration with up to 75% ZnO utilization at dkthrough was achieved. ,8
concentrations from 60 to 20,000 ppmv were reduoedéss than 1 ppmv at 400 °C in
the presence of 30 vol.%,8 at face velocities of 3.9 cm/s for layers as #snl.0 mm.
GFES demonstrated significant improvement in regerlty compared with the
commercial extrudates. During 50 regenerationMi@szation cycles, GFES

maintained its structural integrity. Furthermarezomposite bed consisting of a packed
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bed of large extrudates followed by a polishingelapf GFES demonstrated a great
extension in gas life and overall bed utilizatior.his approach synergistically combines
the high volume loading of packed beds and theadlveontacting efficiency of small

particulates.

Key Words: Glass Fiber, ZnO, % removal, Sorbent, Fuel Cell

[11.1. Introduction

High efficiency desulfurization is critical to kedpe activities of fuel processing
catalysts and high-value membrane electrode asssmnbi logistic PEM fuel cell
systems (O'Hayret al, 2005; Song, 2002; Let al, 2005; Heinzekt al, 2006). Metal
oxides can be used to remove sulfur species from gjgeams (Westmoreland and
Harrison, 1976; Sasaolat al, 1992; Ben-Slimane and Hepworth, 1994; Baidal.,,
1992; Gupteet al, 1992; Lewet al, 1989; Slimane and Abbasian, 2000a; Aloasal,
2000; Kundakovicet al, 1998). Among them, zinc oxide (ZnO) based subere
widely applied in gas phase desulfurization to reensulfur species such as3ifrom
fuel gases because of its high sulfur capacityfandrable sulfidation thermodynamics at
moderate temperatures (Sasaoka, 1994b). Traditipagked bed reactors can
successfully remove sulfur compounds from sevdrausand ppm to sub-ppm levels
using metal oxide based sorbents given enougharagtume (Song, 2002). In packed

beds, catalysts and/or sorbents of big particleessta. 1-5 mm are widely used and
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normally demonstrate low sorbent utilization andpoegenerability because of low
contacting efficiency and intra-particle and latidiffusion limits (Twigg, 1989). As a
result, packed beds with huge reactor sizes arallystequired to achieve low 49
concentrations.  In order to improve sulfur remostiiciency, different approaches
have been proposed. Rare metals and catalystx@ashhave been used to avoid one
or more of these problems (McCreedy, 2000; Sriramas al, 1997; Watanabet al,
2001; Wuet al, 2001), but surface areas per unit reactor voltie need further
improvements. However, in logistical fuel cell ®ms, the overall system weights and
volumes are critical concerns. Therefore, the hewebent and/or reactor designs with
high sorbent utilization, high capacity and minr&ed reactors are definitely favored.
Microfibrous media developed at Center for Microfibs Materials Manufacturing
(CM?) at Auburn University have demonstrated signiftcemprovements in heat/mass
transfer, contacting efficiency and regenerabili@verbeeket al, 2001; Tatarchuk,
1992a, 1992b; Cahela and Tatarchuk, 2001; Mareioal, 1994; Kohleret al, 1990;
Ahn and Tatarchuk, 1997; Meffert, 1998; Harris, 200 This generic approach utilizes
micro-sized fibers to entrap sorbent and/or catalyarticulates into sinter-locked
microfibrous structures with a high voidage. Withproved contacting efficiency,
these materials can reduce both the reactor waightvolume. As for b6 removal, Ni
microfibrous entrapped sorbents were prepared amwhodstrated 3 times longer
breakthrough time than a commercial ZnO extrudate €t al, 2005). However, Ni
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fiber cannot stand up to the high oxidizing atm@&phduring sorbent regeneration.
Therefore, new microfibrous entrapped sorbents wwiibrofibrous structures that are
able to work in both reducing and oxidizing enviments were demanded. In this
study, glass fiber entrapped micro-sized suppafied- sorbent particulates were
prepared and optimized for regenerable desulfuozapplications in fuel processing for

logistic PEM fuel cell power systems.

l1l.2. Experimental

[11.2.1. Sorbents Preparation and Characterization

A series of supported-ZnO sorbents were preparaddiyient-wetness impregnation
methods, using SiD(300nf/g, mean pore size of 15nm, Grace Davisiopfpl,0s
(150nf/g, mean pore size of 7 nm, Alpha) as supports.tivaed carbon is not
regenerable during ZnO sorbent regeneration, therétf was not employed in this study.

Detailed procedure for glass fiber entrapped sdgbeésm described in a sample
preparation: 6 g of S2 glass fiberyg dia. x 6 mm length), 2 g of cellulose were added
into water and stirred vigorously to produce a amf suspension. The suspension and
18 g SiQ particles (150-25@m) were added into the headbox of the 1°MitK sheet
former under aeration. The preform (%) fivas then formed by vacuum filtration
followed by drying on a heated drum. The glassrfiéheet was pre-oxidized in airflow

for 30 min at 500 °C followed by sintering for 1haahigh temperature, ca. 900 °C. The
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prepared microfibrous entrapped %i@as immersed into the zinc nitrate solution (2
mol/L) for 10min, and subsequently vacuum drained aatural dried overnight. Then
it was calcined in air for 1 hour at 450 °C.

Powder XRD patterns were recorded on Rigaku instnt using a scanning speed of
4°/min and an accelerating voltage of 40kV, unleasest otherwise. SEM micrographs
of the GFE ZnO/Si@sorbent were obtained by a Zeiss DSM 940 instramehhe ZnO
loading on support was analyzed by ICP-AES, camigidon a Thermo Jarrell Ash ICAP
61 Simultaneous Spectrometer. The surface areasodfents were measured by

No-BET.

[11.2.2. Gas and Sample Analysis

All gases in this work were purchased from Airgas.| Two challenge gases were
employed in this paper: 2 vol.%,8-H,, and 60 ppm kB in a model reformate stream
(40%CQ, 10%CO, 9%C1-C3 hydrocarbon, balangg. H The outlet HS concentrations
were analyzed by a Gow-Mac 550 GC equipped witlC® Tetector (K as carrier gas)
which was able to measure theSHoncentration down to 200 ppmv. Gas samples were
injected to the GC every one minute by a 6-portreakith a sampling loop of 5(L.
The whole sampling system was connected by 1/8hgytand the pressure drop of this
sampling system was negligible at the experimentalditions. The concentration

below 200 ppmv was measured by a Varian 3800GCppqdi with a pulse flame
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photometric detector (PFPD) which was able to a®lhS concentration to sub-ppmv
levels. Gas samples (2pQ) in low concentration tests were collected at dldlet of

the reactor and injected manually.

[11.3. Result and Discussion

111.3.1. Commercial Sorbent Evaluation and Supportel Sorbents Design

In a preliminary experiment, a packed bed of conumérextrudates (3/16” or 4.7
mm, 16.50 g) containing 90 wt.% ZnO was tested \BBO ppmv HS in H, at a face
velocity of 20.3 cm/s at 400C. The packed bed size was 2.14 cm diamet@d cm
thickness. The test result, as shownFigure Ill-1, suggests that 70% ZnO in
extrudates was accessible at 400 °C. Under thecteslitions inFigure 1lI-1, the
packed bed failed to yield a8 concentration below 1 ppmv. For a higher
breakthrough concentration at 50 ppmv (1% of iklg® concentration), the breakthrough
time read from the breakthrough curve was 40 msjutéhich suggests only 8 % ZnO
reacted with HS at the breakthrough under the test conditions.further analysis
showed that only the ZnO in a layer of fgfth (average) from the outer surface was
accessed prior the breakthrough. Therefore, Zn@cles with a size less than 1Qn
should be fully utilized under the test conditi@msl the breakthrough concentration. In
a similar experiment done by Soagal (2002), only 3 %, ZnO was utilized at 0.1 ppmv

breakthrough in the presence of 20 % water, andatrer thickness was calculated to be
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0.2um. In this case, only the ZnO particles than @ could be fully utilized at the

specified desulfurization application.
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Figure 1lI-1. Desulfurization performance of a commercial Zn@bsat.

It is well known that small particle size can redube intra-particle mass transfer
resistance and enhance the external mass traasger rFurther tests for the commercial
sorbent of various particle sizes were performedlO@t°C at a low face velocity, and the
result is shown inFigure 1lI-2. The saturation capacity of the commercial sarben
increased with the decrease in particle size, aedkthrough capacity followed the same

trend but not significantly.
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Figure I11-2. Breakthrough curves of commercial ZnO sorbentslifiérent sizes, and
breakthrough curve of ZnO/Sj@orbent.

Based on the results froRigures Il -1 and2, the nanosized particles would achieve
complete utilization during desulfurization. Alingh the use of small particles
promotes the mass transfer, it also introduces Ipigissure drop and channeling in
packed beds, and sorbent particles with size Ihas 100Oum are practically not
applicable in packed beds, let alone nanosizedestsb As a compromised design,
nanosized ZnO particles or grains could be loadedlifferent inert support particles
which can be used in packed beds or entrapped d¢rofiirous media. The supports
with high porosity and high surface area will bediged due to the reduced pore diffusion
resistance and high intrinsic reaction rate. Sujeplosorbent also have several other
functions. The supports can stabilize the ZnO pk&eO highly dispersed, retard the

grain growth, and thus yield stable performanceextdnded the service life.
95



[11.3.2. Supported ZnO Sorbents

[11.3.2.1. Support Screening

The supports with high pore volume and surface amea preferred due to the
possible enhancement in mass transfer rate anidsictrreaction rate. Three typical
supports, Si@Q Al,O; and activated carbon particle (ACP), are widelyplyed in
industry. Among them, ACP will react with oxygenmriohg the regeneration of ZnO
based sorbent. Therefore, only &i@0-60 mesh) ang-Al,O; (40-60 mesh) were
chosen as supports for supported-ZnO sorbentsS adsorption performance was found
to be strongly dependent on the types of suppaor, @alcination temperatures (see
Figure 111-3). An earlier experiment suggested thaSHadsorption capacities of these
two neat supports at 40C were negligible.

Figure IlI-3 suggests Si® and AbO3; supported ZnO sorbents demonstrated
comparable sulfur capacities at a calcination teatpee of 300 °C. However, the
results at the calcination temperature of 500 “€cite different. After calcination at
500°C for 60 minutes, #¥b saturation capacity of Sj@upported ZnO sorbent almost
remained unchanged, but that @fAl,Os-supported ZnO demonstrated a dramatic
reduction. It is well known that the surfaceyel,O; is quite reactive, but that of SIO
very inert. As a result, strong interaction evehdsreaction between ZnO ayeAl 03
took place at a temperature above ®)@vhile SiQ remained inert to ZnO. Meanwhile,

the formation of inactive "ZnAD,-like" compound via the solid reaction was mostly
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accelerated with increase in calcination tempeeatuiThis is the possible reason for the
deactivation of y-Al,Os-supported ZnO sorbent at high calcination tempeest

Because ZnO based sorbents are usually regeneatt@demperature above 500 °C,
Figure 111-3 hints that the AIO; supported ZnO sorbent will not maintain its

performance after regeneration. Therefore,,$¥@s chosen as the appropriate support.

14

033wt% ZnO/Si02

@ 33wt% ZnO/AI203
12 +

10 A

Saturation Capacity (g H ,S/100g Sorbent)

300 500
Calcination Temperature ( °C)

Figure 111-3 . Support screening.

The calcination temperature should also affectgedormance of Si@supported
ZnO sorbent (ZnO/Sig), because ZnO grains grows with the calcinatiomperature and
regeneration temperature, as shownTable Ill-1. Therefore, it concludes that the
calcination temperature determines the performasfcéhe sorbent. Therefore, low

calcination and regeneration temperatures are alwesferred to retard the grain growth.
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Table IlI-1. Calculated grain sizes at different calcinatiormperatures using
Debye-Scherrer Equation. Calcination time was Ir.hou

Calcination T (0C) Grain Size (nm)
350 1.25
450 2.90
600 2.98
752 3.60

[11.3.2.2. ZnO Loading Effects

ZnO/SiQG; sorbents with different ZnO loading were prepawnsthg zinc nitrate as
precursor. The & adsorption performances were displayeBigure IlI-4 . It shows
that HS adsorption capacity increased obviously with Za@ding up to 33 wt.% and
then dropped dramatically with ZnO loading up tovid®o. ZnO utilization decreased
sharply from 93% to 24% with the increase in Zn@ding from 25 to 50 wt.%. The
above results indicate that optimal ZnO loadingZafO/SiG, for high HS adsorption
capacity is ~33 wt.% when zinc nitrate is used wcyrsor. The sorbents with high
capacity and the sorbents with high ZnO utilizaticen be employed for different
applications. For the stoichiometric adsorptioacten between 6 and ZnO, however,
high ZnO content in the sorbent inventory with highO utilization was pursued to
achieve a long breakthrough time over per unit We{g@r volume) of sorbent (i.e. high

breakthrough b5 capacity).
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Figure 1lI-4. ZnO loading ratio effects

111.3.2.3. Glass Fiber Screening

As stated earlier, Ni fiber entrapped sorbents detmated 2- to 3- fold longer
breakthrough time for & removal with a 67 % reduction in sorbent loadcmgnpared
with 1-2 mm commercial extrudates. However, Nefilwas oxidized in regeneration
conditions in the presence of oxygen, and sintekdd networking collapsed after 10
adsorption/regeneration cycles (Let al, 2005). Therefore, other microfibrous
materials that can stand the highly reducing anidiinrg environment and the high
temperatures (T>600C) will be considered as alternatives for Ni fibersGlass fibers
may be the right choices. Here are several tygeglass/ceramic fibers, and their
properties and chemical compositions are listethinle 111-2 .
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Table I1I-2. Properties of several glass fibers. Courtesy oe@wCorning (Hartmast
al., 1994).

A-type C-type | D-type E-type | ECR-type | S-type | AR-type | R-type
Densit
Yl 244 2,52 2.11 258 2.72 2.46 2.7 254
(g/cc)
Softenin
] g 705 750 771 846 882 1056 773 952
Point (°C)
Annealin
) g 588 521 657 810
Point (°C)
Strain
i 552 477 615 760
Point (°C)

Based on the thermal properties and availabilityakd S-type glass fibers were
chosen as the materials to prepare microfibrousanedPreliminary test result suggested
that, S2 fiber, one S type of glass fibepf8 diax 6mm length, Advanced Glassfiber
Yarns Inc.) was able to be sintered above 9D0 The sinter-locked structure is shown

in Figure 1lI-5. E glass fiber (1@um diax 6mm length, Owens Corning ) was able to

sintered around 80TC.

[11.3.2.4. Properties of Sorbents

Sorbents were characterized by x-ray diffractiorR[D¥ and scanning electron
microscopy (SEM). The SEM images of S2-glass filretrapped ZnO/SiOshown in
Figure 111-5 suggest that the glass fibers partially meltedndusintering and formed a
sinter-locked fiber network, which was like cagedrapping SiQ particulates. This
network held the particles and kept them from beiagied away by the gas flow. The
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XRD patterns of glass fiber entrapped sorbents An@/SiQ; sorbents and ZnO
extrudates are shown iRigure IlI-6 for comparison. The XRD pattern of ZnO
extrudate (pattern c iRigure I11-6 ) demonstrates strong ZnO peaks@values of 31.2°,
34° and 35.8°, which means that crystal ZnO graiitk large grain size existed in the
sorbents. While those of glass fiber entrappedbesdr and ZnO/Si® sorbents only
show three humps at correspondeédpdsitions, which suggests the ZnO in these two
sorbents may not have good crystallinity, provitteel ZnO grains are in very small size.
The grain sizes of ZnO extrudates and glass fihgapped ZnO/Si@sorbent calculated

by Debye-Scherrer equation were estimated to baxdi@nd 5 nm, respectively.

Table 111-3. Properties of glass fiber entrapped ZnO/Grbent.

Component Wt.% Vol.%
Zn0O 12 N.A.*
SIO, 66 22*
Fiber 22 3
\Void N.A. 75

* ZnO was supported in the pore of $j@ did not change the size of SIO

Other physical properties of glass fiber entrappe®/SiG, sorbents were calculated
and are shown iffable 1lI-3. It clearly suggests that the glass fibers oadiminly 3
vol.%. While glass fiber entrapped ZnO/gi€brbents had a high void fraction at 75
vol.%, which is about 2-2.5 times higher than tbiaa typical packed bed. As a result,
the ZnO loading in the sorbents was 12 wt.% whimuch lower than that of ZnO
extrudate at 90-95 wt.%.
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Figure I1lI-5. Morphologies of S2 glass fiber entrapped ZnOSiO
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Figure 111-6. XRD patterns of (a) GFE SO(b) GFE ZnO/Si@ and (c) commercial
extrudates.

[11.3.3. Pressure Drop Test

Zinc oxide extrudates were crushed and sifted dgesired sizes. The ZnO particles
of each size range were loaded in a quartz reét@mm dia.) and made a packed bed
with bed thicknessL( of 5 cm. Then the pure;Hbassed through the packed bed, and
the total pressure dropgR;) at various face velocities were measured. Thesqure

drops introduced by the setup including the packmragerials 4Ps) were also measured
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at the same velocities. The pressure drops intedlby the packed bedF) wereAP;
minus4Ps. The pressure drop per unit bed thickne#i?/l() of packed bed at various
face velocities were then calculated as plottedFigure 1lI-7. The glass fiber
entrapped sorbent (GFES) was tested at the sandgiioos and the data are also shown

for comparison.

12
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O 6-
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0 waeri-a-i ettt - w W W W W /250'400 pm
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Figure 111-7. Pressure drop per unit bed thickness at diffefa@re velocities for several
desulfurization sorbents. Tested at room tempezatsing H as challenge gas.

As shown inFigure III-7, the pressure drop increased with the increastaad
velocity for every packed bed and the packed besnudller particles yielded a higher
pressure drop. For example, the pressure droprmebed length over 100-140 mesh
(105-149um) particles was over 30 times larger than thahefparticles of 40-60 mesh

(250-400pum). The pressure drop of GFES (100-200 SiG, particles in 41m matrix)
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was two times larger than 40-60 mesh (250-400 particles. It is only 1/3 of that of
60-80 mesh (177-25Aam) particles at the same face velocity, thoughsdizes of both
SiO, particle and fiber were smaller than the part&iee in the packed bed of 60-80

mesh particles. It is a natural result since 1t ®@f the GFES was occupied by void.

[11.3.4. Desulfurization Test

[11.3.4.1. High Sulfur Concentration Test

In this study, all the ZnO/Sisorbents were tested at 400 °C with the challgyage
of 2 vol.% HS-H,. In the experiment “m:v”, 0.1 g of prepared Zn@gSsorbent was
loaded in the reactor with a bed thickness of 2 @na, gas face velocity of 1.2 cm/s. In
the flowing experiments, the amount of sorbent émhdnd face velocity were doubled at
the same time till the sorbent loading reachedgla®d face velocity reached 9.9 cm/s.
All the packed beds in this set of tests had tmeestheoretical saturation tinre(or t/,)
of 12 minutes, and the same residence time of 0978HSV=8100 H). The
breakthrough curves are shownhigure IlI-8. GFES containing 0.1 g of ZnO/SIO
sorbent particles was also tested at the face mglo€ 1.2 cm/s. The breakthrough

sulfur capacities at 1 %, breakthrough for all experiments are showfigure 111-9 .
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Figure I11-8. Breakthrough curves of ZnO/SiGorbent tested with 2 vol.%,8-H,
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Figure 11I-9 . Breakthrough capacity of ZnO/SiGsorbent tested at different face
velocities at 400 °C.
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As shown inFigure 1lI-9, all the breakthrough curves pass around the ganm,
which indicates the consistency of the theorettaglacity. It is a clear trend that the
breakthrough curves become sharper with the inergaface velocity of challenge gas.
The breakthrough capacity of sorbents in each é@xget was calculated and is shown in
Figure 11I-9. The capacity at breakthrough increased sigmflgain the low face
velocity range. While, after the face velocity aead 5 cm/s, the capacity slowly
approached 0.37 g-8/g ZnO, about 90% of the theoretical capacity,chtguggests that
the unutilized ZnO was less than 10% at breakthraugl a further increase in challenge
gas face velocity was not necessary at this GHSWe breakthrough capacity of GFES
was about 50% higher than that of ZnO/gSgacked bed in the experiment “m:v”, where
the same type of sorbent (ZnO/%)jQvith the same amount of ZnO had been loaded.
The only explanations for this improvement couldtte enhancement due to the use of

glass fiber media.

[11.3.4.2. Low Sulfur Concentration Test

Similar test was performed at a low3challenge concentration. The absorption
with a H:S challenge of 60 ppmv in the model reformatesp@® HS-10 vol.% CO-40
vol.% CGO-9 vol.% G-C3; and B balance) with 30 vol.% steam added at 20Qwas

studied over GFES, 1-2 mm commercial extrudated, ZrO sorbent particles (80-100
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mesh) prepared by crushing the commercial extrgdatéhe face velocity was 3.9 cm/s
(GHSV= 27500 H based on dry gas). The results are summariz@dhte IlI-4. At
equivalent bed volume, GFES provided 3 times lorgeakthrough time with a 67%
reduction of the sorbent loading, compared to padied of the commercial extrudates;
1.5 times, compared with ZnO particles at a sinsiae to the Si@particles in GFES.
ZnO utilization was 75% for ZnO/Sientrapped materials, 14-fold higher than that of

1-2 mm commercial extrudates.

Table 11I-4. Comparison between GFE and commercial ZnO sorlfents

Sorbent GFE ZnO/Si© 80-100 mesh ZnO 1-2mm ZnO
Total Weight, g 0.2 0.55 0.55
ZnO Content, mg 34 495 495
Breakthrough tim® min 540 350 180
ZnO Utilization at BT, % 74.1 3.3 1.7

a. tested at equivalent bed volume of 0.53;dm Breakthrough Time at 1ppmv.$i
breakthrough; c. BT: breakthrough.

XRD patterns of GFES and the commercial extrudatespresented iRigure 111-6
(fresh sorbents) anéigure 11I-10 (spent sorbents).Figure 111-10 suggests no ZnO
crystal existed in the spent sorbent of GFES amg# completely converted to ZnS. In
extrudates, ZnO grains had an average size of 1#umich is 3 times larger than those
in GFES. In addition, commercial extrudate samipdel a N-BET surface area of
~25nf/g, 1/10 of that of GFES. This suggests that rda€ crystals were buried inside
the bulk, and ZnO in GFES was highly dispersednensurface of Si@ The size of the

extrudates was around 1 mm, 6 times larger tha@Znl@SiQ particle in GFES. These
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differences suggest the mass transfer resistanegtindates due to lattice diffusion and
pore diffusion was much higher than that in GFES.waAs a result, ZnO grains in ZnO
extrudates were not completely accessible48,lnd ZnO still existed and demonstrated
strong ZnO peaks irFigure 111-10. In addition, the glass fibrous media enhanced
external mass transfer for GFES. These benefx@erties of GFES therefore create

high ZnO utilization and high bed utilization efBacy as shown iffable I1I-4.

[11.3.5. Regeneration Test

[11.3.5.1. Single Cycle Test

Nano-dispersed nature of the ZnO and the use ofll sso@port particulates
significantly improved the desulfurization perfomeca; they should also improve the
regenerability of GFES as well. Good regenerabdiivays means high capacity that
can be recovered after regeneration, and shorheeggon time. Table 1lI-5 compares
the regenerability of the GFES with the 1-2mm comuiad ZnO extrudates. From the
breakthrough time (capacity) recovery percentage GHE ZnO/SiQ at different
regeneration conditions, it is safe to draw the ctgsion that higher regeneration
temperature and longer regeneration time yieldbdrigecovery percentage. It is also
true for the commercial ZnO extrudates. Undersidu@e regeneration conditions (in air
at 500 °C for 1 hour), GFES, as expected, proviteédimes higher reactivity recovery

percentage compared to the packed bed of 1-2mm eocrahextrudates. Under these
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conditions, ZnO particles (80-100 mesh) also dertnatex a good performance, with
~60% capacity recovered. However, the breakthrdimgés of these particles were only
50% of these of GFES tested under the same conslitio

Regeneration time is an important concern for geakesign, especially for a system
consisting of several reactors: one in desulfuidzaand the rests in regeneration. The
shorter regeneration time, the fewer reactors a@&guired. For example, if the
breakthrough time of a fixed bed desulfurizatiomcter is 1 hour, then 4 identical
reactors are required given the regeneration tioreefich reactor is 3 hour. If the
regeneration can be reduced to 1 hour, then ombagtors are required if the transient
time is negligible. From the regeneration experitaeof GFES, the best regeneration
condition for the ZnO/Si@sorbents was regenerated at 600 °C for 1 houryielided a
good balance between regeneration time and reconstey Therefore, GFES were

regenerated at this condition for multicycle test.

Table 11I-5. Capacity recovered percentage of sorbents afj@nezation in ait.

GFE zZnO/SiQ 80-100 mesh ZnO 1-2mm ZnO
Sorbent B.T" C.R.C B.T" C.RS® B.T" CR.°
Min %° min %° min %
Fresh 540 -- 350 -- 180 --
1h Regn.@60T 400 74 220 63 100 56
3h Regn.@50 410 76 210 60 80 44
1h Regn.@50 300 56 60 17 10 55

a. Absorption experiment was carried out at 400af@ 3.9 cm/s face velocity in the
present of 30% steam, using 60ppmySHchallenge in a model reformates; b.
Breakthrough Time at 1ppmv,H; c percentage of capacity recovered, defined as:
(breakthrough time of regenerated sample/Breakdirdume of fresh sample)x100%.
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Figure 111-10. XRD patterns of GFE ZnO/Sand commercial extrudates. (a) spent,
after regeneration in air at (b) 6for 1h and (c) 50 for 3h.
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To reveal the nature of this significant differerineregenerability, XRD analyses
were carried out on spent samples before and edtggneration at 500-60C in air.
The spent samples were collected when the oudt ddncentration reached 60 ppmv
(the same as inlet concentration). As showfigure IlI-10, cubic ZnS was the only
detectable phase on the spent GFES. After regémera 600C for 1h and at 50C
for 3h in air, the ZnS phase completely disappeareite the ZnO phase appeared again.
While in the case of ZnO extrudate, ZnO was thel@m@nant phase for the spent 1-2mm
commercial extrudates, and the ZnS phase wasdstiéictable after 1h regeneration at
600°C in air (confirmed by XRD using a scanning spe&€d.d®min and a sampling
interval of 0.01 min). The above results strorglpported the conclusion drawn earlier.
In Figure I1I-10, the regenerated GFES demonstrated a sharp Zn® wih a
corresponding grain size of 12 nm. Compared witingsize (5nm) in fresh sorbent, it

is a significant increase.

[11.3.5.2. Multiple Cycle Test

Figure 1lI-11 shows the desulfurization/regeneration cyclic tesstults over the
GFES. All the desulfurization tests were conductad400 °C using the same
experimental condition as describedTiable I1I-6 ; all regenerations were carried out at

600 °C for 1h in air. Figure Ill-11 suggests that a significant breakthrough time

112



(capacity) drop occurred after the first regenergtiand then breakthrough times
(capacity) remained almost unchanged through 50orpben/regeneration cycles.
Grain sizes of ZnO were calculated from XRD patesind are shown iRigure 111-12 .
The grain size increased drastically from 5 nm2min after the first regeneration, and
then increase slowly to 15 nm during the rest 48esy It is not a significant change
compared with 12 nm after first cycle. This pheeown is quite common for most
sorbents that regenerated at high temperaturess also well known that the grain size
increase significantly after the first regeneratiofhe ZnO grains did not grow above
15 nm possibly due to the small pores in the,S0pport confined ZnO grains from
growing and made them highly dispersed. This n&ayhle main reason accounting for
the stabilized breakthrough time of GFE ZnO/Siduring these multiple-cycle tests.
Moreover, SEM image inFigure 1lI-13 shows that the sinter-locked micro-glass
structure of the microfibrous sorbent remained sbvbwithout any rupture after 50
regeneration cycles. This suggests that the dilass media yielded good thermal and
structural stability during regeneration at 600 ifCair. Undoubtedly, the significant
increase in ZnO grain size after first regeneratigole resulted more lattice diffusion
resistance, which in turn decreased the ZnO utitinaas observed in the reduction in
breakthrough time of GFE ZnO/SiGven though ZnS phase was mot detected after

regeneration at 600 °C for 1h as well as®&0fbr 3h.
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Figure 11I-12. XRD patterns of (a) GFE Sparriers and GFE ZnO/SiGorbents: (b)
fresh, and after (c)*Lregeneration cycle and (d) B@egeneration cycle. Regeneration
was carried out in air at 680 for 1h in each cycle.
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Figure 111-13. Structure integrity after 50 cycles (SEM image).

111.3.6. Composite Bed and Reactor Design

Although microfibrous entrapped sorbents, as noeetl earlier, demonstrate higher
ZnO utilization and improve contact efficiency, yhao not have high ZnO loading. As
a result, their sulfur capacity is low and they mmat be directly applicable for high
concentration b5 removal, but their high contact efficiency allothem to be applied in
low concentration b5 removals, as shown in the section of low sulurcentration test.
Moreover, they can be applied as polishers to re@ntoace HS from gas streams off

packed beds. This unique approach offers oppdmesrior higher absorption capacity
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design by incorporating microfibrous entrapped eotlbas a polishing sorbent layer to

back up a packed bed that is called a compositedseshown idrigure 111-14 .

Composite Bed

Follow direction

L

Follow direction

L

Packed bed Polisher

Figure 1lI-14 . A composite bed.

The desulfurization performance of a packed bedaacdrresponding composite bed

is shown inFigure 111-15.
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Figure I11-15. Breakthrough curves of a 2” thick packed bed of Zsirudates and a
composite bed (the packed bed followed by a 5 mistpog layer).
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The tests were conducted in a quartz tube readtar 2.14 cm) with 5000 ppmv
H,S-H, as challenge gas at face velocity of 10 cm/s @t°40) The polishing layer was
made of glass fiber entrapped ZnO/5(0.9 g) at a thickness of 5 mm with ZnO loading
at 13 wt.%. The packed bed made of 3/16” commeeriudates (11 g) with a bed
thickness of 2.2 cm. Therefore, the compositel@stian overall thickness of 2.7 cm.

As shown inFigure IlI-15, the ZnO extrudate yielded broad breakthrough esirv
and a breakthrough time about 33 minutes at 1 ppmakthrough as indicated kigure
l1I-16 . After adding the polishing layer at the endlef packed bed, the composite bed
yielded a breakthrough time around 185 minutes ppriiv breakthrough, which means
that the breakthrough time increased 6 times byngdthe thin polishing layer at 25
vol.% of the packed bed. Another interesting pimeeiwon is the shape of breakthrough
curves. The breakthrough curves of the packed aretl composite bed had similar
shape at high outlet 48 concentrations, while at low ,8 concentrations, the
breakthrough curve of the composite bed is muchpghdhan that of the packed bed. It
is obvious that microfibrous entrapped sorbentsnotiradd 6 times higher saturation
capacity to the packed bed due to their low ZnOgiveloading. However, they can
further reduce the #$ concentration in the gas flow from the packed, lwenich was
much less than 5000 ppmv, to lower concentratitess (than 1 ppmv). The polishing
layer did not capture more sulfur than the packed, but it was able to capture theSH
at low concentration more efficiently than extrietat Adding another layer of
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extrudates can also increase the breakthrough tirHewever, because of the poor
contact efficiency of big extrudates, a large antairextrudates (big volume) is required,
which is a penalty in logistic power systems. Histcase, the thin polishing layer with
high contact efficiency is the best choice to iasee the breakthrough time (capacity)
without significant increase in the reactor volumdhis design synergistically takes the
advantages of both the packed bed and polishingr:ldygh saturation capacity of the

packed bed and high contacting efficiency of thiesper.
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Figure 111-16. Breakthrough curves of the packed bed and the oeitgp bed in
logarithmic scale.

The polishing layer can improve more significantiyoreakthrough time (capacity)

if the breakthrough curve of the packed bed is deoa@r the breakthrough concentration
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is lower, e.g., the desulfurization for reformatesywhich CO, CQ and water yield broad
breakthrough curves. As shownhigure 111-16, if the breakthrough is defined as 1%
of challenge HS concentration (50 ppm), the breakthrough timetierpacked bed and
composite bed are 150 min and 220 min, respectiveBhis is not a significant
improvement in breakthrough time, compared with @httmes improvement at 1 ppm
breakthrough. This phenomenon can be explainesebyice time equation (Yoon and

Helson, 1984).

In(%—ljz K (7 -1) (1-1)

. . . : . C C
According to service time equation, at very IowSI—boncentratlon,(E‘)— jz[g‘)j

and theCy can be expressed as
In(C)=1In(C,) - K(r -1) (111-2)

Equation 1lI-2 suggests the plot of Gy vs.t in low H,S concentration region
should have good linearity. Extending the lindrdCo)-t plot to lower concentrations
(ca. 0.1 ppmv), yields a breakthrough time at a hweakthrough concentration, as
shown in Figure 1lI-16. Figure 1lI-16 predicts the improvements by adding a
polishing layer (5 mm thickness) at the end of ekpd bed of ZnO extrudate (2.2 cm
thickness) are 200 minutes, 152 minutes and 70 tesnior 0.1 ppmyv, 1 ppmv and 50

ppmv breakthrough, respectively.
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[11.4. Conclusion

Glass microfibrous entrapped ZnO/%i®orbents were successfully prepared and
optimized to substitute Ni microfibrous entrappedbents. It consists of 3 vol.% glass
fibers, 22 vol.% entrapped 150-2aM ZnO/SiQ sorbent particulates and 75 vol.% void.
The microfibrous media made it possible to employalé sorbent particulates in the
desulfurization without high pressure drop and deding. ZnO was nano-dispersed on
the high surface area Si®upport. This combination made the ZnO easy tadoessed
during the desulfurization process and it alsoliftated the regeneration of spent sorbent
(ZnS/SiQ) at 500~600 °C. Glass fiber solved the regermmaissues of Ni fiber
entrapped ZnO/Si© The glass fiber matrix was inert to most redgcamd oxidizing
environments and demonstrated nice structural iityegafter 50 cycles of
desulfurization/regeneration.

Due to the low ZnO loading in microfibrous entragpp2nO/SiQ, it can work
independently for low concentration,$ removal. It also can be applied as a polisher
used in composite bed design approach. The commdinaf high sulfur capacity of
extrudates in packed bed and high contacting effy of microfibrous entrapped
sorbents demonstrated significant improvements ha overall bed capacity and
efficiency, compared with the packed beds alonehis @pproach provided a solution to

minimize the volume of reactors in logistic fuell@plications.
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CHAPTER IV.
KINETIC STUDY AND MASS TRANSFER CONTROL MECHANISM F OR THE

DESULFURIZATION PROCESS USING ZnO/SILICA AND GFES

Abstract

In this paper, breakthrough curves were utilizedralyze the kinetic behavior of the
desulfurization process using ZnO/Sisbrbent by converting the breakthrough curves to
ZnO conversion curves. The effective diffusivityHyS in ZnO grain, and the intrinsic
reaction rate constant for the reaction between/an@® and HS at various temperatures
were estimated using differential reactor studiasd then corresponding Arrhenius
equations were established. The different comtigoll mechanism involved in
heterogeneous solid-gas reactions were charadeusiag the unreacted shrinking core
model. It was found that the ZnO/Si®orbent had a high intrinsic rate constant of
3039 & at 400 °C. The nano-sized grains in this sorbeittimized the diffusion
resistance in grains, while the high porosity anlé particle size of the SiOsupports
demonstrated negligible pore diffusion resistanc&.comparative study suggests that
desulfurization process using ZnO/Siat a face velocity less than 11 cm/s was mainly

controlled by external mass transfer rate, whitg tising Sud-Chemie extrudate suffered

122



from severe pore and lattice diffusion. The cosidns on ZnO/Si@sorbent are also

applicable to glass fiber entrapped ZnO/S$0rbent.

Key word: Sorbent, Kinetics, Mass Transfer, DifferentiabiRer

[V.1.Introduction

Efficiency in hydrogen sulfide removal is criticéb protect the catalysts and
electrolytes made of precious metals in logistiel ftell systems. Some fuel cells have
low sulfur tolerance, i.e. 0.1 ppmv sulfur for PE®K- and 10 ppmv for SOFCs.
However, the sulfur concentration in reformatesesafrom several parts per million by
volume (ppmv) to 100 ppmv. ZnO is widely usedemove HS from gas flow at low
temperatures (T<500 °C) because of its high equilib constant and high sulfur
capacity (Sasaoka, 1994b; ket al, 2005; Slimane and Abbasian, 2000a; Tamhaskar
al., 1986; Westmoreland and Harrison, 1976; Ba&tdal, 1992; Novochinskiet al,
2004). Commercial ZnO extrudates such as G-72Ehae high porosity and high
surface area demonstrated good desulfurizationopesaince (Newbyet al 2001).
However, the performance is influenced by severadiparticle mass transfer resistances
due to the use of large particle/grain size. N@reD based sorbents such as ZnO4SiO
and microfibrous entrapped ZnO/SiGave been designed and prepared at Center for
Microfibrous Materials Manufacturing. A thin layef these sorbents can removeSH

from reformates containing CO, GCH, and HO to sub-ppmv level at 400 °C. The
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high H,S removal efficiency of these sorbents makes theod gandidates for logistic
fuel cell systems. Gas phase desulfurization igllg operated a low face velocities
ranging from few centimeters per second (Newdtyal, 2001) to around 20 cm/s
(Novochinskiiet al 2004). Under these conditions, external magsstea resistance
and/or intra-particle diffusion resistance may cohthe desulfurization process. In this
paper, the rate limiting step that determines theakthrough in the desulfurization

process using ZnO/Sp3100~200um) was investigated by differential reactor analysi

IV.2.Theory

IV.2.1. Grain Pellet Model (Levenspiel, 2002)

Several kinetic models have been established fmt-gas heterogeneous reactions.
They are the unreacted shrinking core model, thioum conversion model, the grain
pellet model, the cracking model, the changing agel model and the thermal
decomposition model. Among them, the grain peteidel is the best match for the
ZnO/SiQ; sorbents that containing ZnO grains in pores @,Sine particles. This
model assumes that every grain has the same graimsd reacts with gas according to
the unreacted shrinking core model. There arepessible intra-particle mass transfer
control steps in grain pellet model: pore diffusioontrol and grain (lattice) diffusion
control. Both steps can be described by usingaoted shrinking core model. For the

reaction between ZnO and,&l according to the shrinking core model and graadel,
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as shown inFigure IV-1, there are four possible rate-limiting steps in eserin the

desulfurization process using ZnO/Sisbrbent:

(1) diffusion of HBS through the gas film surrounding the sorbentigart
(2) diffusion of HS in pores;

(3) diffusion of HS through the ash layer of ZnS of solid grain;

(4) reaction at the unreacted core of solid grains.

“Ash” film

Unreacted core

ZnO grain

CAc

ZnO grain

ZnSs layer

Figure IV-1. The grains model and,H concentration profile in the sorbent particle.

Under the film diffusion control, the timé) (equired to reach a conversigrcan be

expressed as a functionxoés described by equation IV-1.
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oG =x (IV-1)
T

whereris the time for complete conversion, anchn be calculated by

T = LR (|V_2)
3k, C g
Similarly for ash diffusion control or lattice dif§ion control,
t_ _ %
—=P(x) =1-31-x)"% +2(1-X) (IV-3)
r
and
2
L (IV-4)
6D.C,,
for reaction controlled systems
LR =1-@-%% (IV-5)
r
and
T = 'OLR (|V_6)
ksCAg

D¢ is an essential parameter to evaluate the raiédgrstep. In thd>(x)~tplot, the
slope is 1t, and D¢ is calculated using equation IV-4. TGA is widedynployed to
establish the conversiars. time plot k-t plot) andP(x)-t plot. As all kinetic variables
are known, the effectiveness factprcan be calculated using Thiele modulus for first

order reactiong (Fogler, 1992).

K
D

ep

@ =R (IV-7)
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n= % (@ cothg —1) (IV-8)

where k"" is intrinsic reaction rate per unit volume of sorbeatalyst particle. It has
the relationship with other intrinsic reaction ratnstants as described in equation V-9
k=Kp, =k'S,0, =k"@=K""(1-¢) (IV-9)

in whichkis the reaction rate per unit reactor (bed) volukhés the reaction rate per unit

m

catalyst weightk” is the reaction rate per unit sorbent/catalystaser area;k” is the
reaction rate per unit void volume"" is the reaction rate per unit particle volume.

Rearrangement of equation V-4 yields

2
D, = PnR" (IV-10)
61C,,

Insertion of equation IV-10 into equation V-7 ydsl

GZ_C k" n
q= " (IV-11)

P
Equations IV-10 and IV-11 suggd3t value is dependent on the characteristic Bize
@ is independent t® becauser is estimated fronP(x)}-t plot. DifferentR values will
yield differentD, values, but will reach the sang. Therefore,a can be calculated
directly from experimental data witho& value. This result is very useful especially
when the characteristic size is not available. #a same sorbent and at the same

temperatureq@ values for two different grain sizes can be catad by equation IV-12.
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@R (IV-12)
4, R

It should be noted thap is independent t€ay as described by equation IV-7. In
equation IV-11, 7 is reversely proportional to th€,y for the first order reaction,
according to the definition of

The above noted method has been widely used atytiatheterogeneous reactions.
In packed bed for the unsteady state heterogeneaasion with sorbent consumption,
the intra-particle diffusion will eventually be thmate-limiting step. This work focuses
on a moving active layer in a packed bed, whictvedl represented by a thin bed with

Z=z;, because this layer determines the shape of daktiirough curve.

IV.2.2.Establishing x-t Plot using Breakthrough Curves

Instead of using TGA, breakthrough curves can bésapplied to establiskit plots
using a simple mass balance. The challenge uptgerbents can be calculated from
the numeric integration over the area above thalktineough curves, as shownkigure
IV-2. The product of the integrated area and molaw ftate is the moles of 13
captured by ZnO, which is also the moles of ZnQ thas converted; therefore thet
plot could be established. Sevexat plots are shown ifrigure IV-3. Given thex-t
plot, most reaction kinetic analysis can be conellicising the well-established methods.
However, it is should be noted that the plot established using this methods is actually

the conversion for the whole packed bed. In otdegxtrapolate the x-t plot correctly
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using grain pellet model, a very thin bed is regdir In the thin bed, all the particles

could be considered to experience the same charngesynversion rate.

IV.2.3. Kinetic Constant Measurement

In order to analyze the intrinsic kinetic behavjasigh face velocity is preferred to
remove the external mass transfer resistance. tHeoisorbents that may suffer from
intra-particle mass transfer resistance, the reactite at-+0 is essential for the kinetic

analysis since the sorbent is fresh and the ldiffosion is negligible.

0.2

CIC,

0.1 -

0 20 40 60 80 100 120
Time (min)

0

Figure IV-2. Calculation of HS uptake using breakthrough curve.

At t—0, all of the sorbent in a packed bed can be censitifresh, and the reaction
between ZnO and 4% can be treated as a catalytic reaction. Theetol}S

concentration is determined only by the apparemttien rate by equation IV-13.
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In(%j =k, (IV-13)

t-0

. . . . K, . .
where k', volumetric (void) apparent reaction rate constanéqual to—= in whichk,
@

is volumetric (reactor volume based) apparent r@actate constant, artdis the resident
time of gas flow in the packed bed. The apparatat constarik, is expressed as:

C
k, = e (IV-14)

r

Apparent rate constaif can be expressed in terms of intrinsic rate congkx and
external mass transfer rate)(as shown in Equation IV-15. When the externaksna
transfer rate is extremely large, e.g., at a vagh face velocity, thek, is approaching to

k (Fogler, 1992

i = i + 1 (IV-15)
k, ka Kk

Rearrangement of V-15 yields
k=K'S. p, =—Kaked (IV-16)

al’b —W

k can be estimated experimentally using equatioid@Vand can be employed to

calculate k" if S, is available. Withoug,, the value ok can also be used to calculate
the value of k" to estimate Thiele modulugs. The values ofk at various

temperatures also can be used to establish thewiu plot.
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IV.3. Experimental

ZnO/SiO, sorbent preparation: ZnO/SIQG; is the sorbent employed in this study, it
contains 17 wt.% of ZnO supported on $i(A00-200 um fine particles). It was
prepared by incipient wet impregnation at room terafure, using Zn(N)2 (2 mol/L
solution) as precursor, followed by natural dryergd calcination at 450 °C. The ZnO
loading was quantified by both mass balance and #@GRlysis. Detailed sorbent
preparation procedure was described elsewheret(al, 2005).

Experimental setup and procedure:The experiment setup is showkigure II-1.

All gas flows were controlled by mass flow contesf. HS source gas (ca. 321 ppmv
H,S-H, or 2 vol.% HS-H,, Airgas Inc.) was introduced to reactor by 1/8flde tubing.
Other gases were introduced to reactor in stairdess tubing. The reactor employed
was a quartz tube (0.99 cm I.D.). After loading thorbents, air (100 ml/min) was
passed through the reactor before the temperatached the set point of 400 °C, i.e..
Then helium (100 mi/min) flowed through the readtmr10 minutes to eliminate oxygen
in the reactor, which may introduce side reactisnsh as sulfide oxidation. Therp H
passed through the reactor for another 10 minuwestabilize the temperature profile
along the reactor. Finally, the challenge gasgmh#isrough the reactor at the same flow
rate as H, and the experimental record commenced.

The outlet HS concentrations (>200 ppmv) were analyzed by aaNa&GC-3800

with a TCD detector (kas carrier gas) which was able to detect th® €bncentration
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down to 200 ppmv. Gas samples were injected to Gl every 1 minute by a
programmed 6-port-valve with a sampling loop of EQ after commencing the
experiment. Pulse flame photometric detector (PRR&s employed to analyze the3H
at low concentrations (<300 ppmv). A gas sample wallected using a sampling
syringe (250uL) and injected manually to PFPD. The detailedlgitamethods are

shown in Appendix G.

IV.4. Results and Discussion

IV.4.1. Gas Diffusivity Calculation
The diffusivity of HS-H, system was calculated using Fuller equation (Naid

Ferron, 1972), which can be expressed as

_ 0.0014F (/M #1/M )2

D12_ 1/3 1/3
PO vi) 2+ O v,)?)

whereD;» is the binary diffusion coefficient (cis), T is temperature (K)P is pressure

(IV-16)

(atm), M; is the molecular weight of specie iv; is the empirical diffusion volume of

atomj in specid. The diffusivity of HS-H;, is calculated as

~ 0.001437(27315+ 400" 0(1/201+ 1/3408)"'?
10 (612 + (2752"3)

D,, = 2.8 cni/s

IV.4.2. Viscosity Calculation
The viscosity of single gas component and gas mestican be calculated using

equations IV-17, 18 and 19 (Bird, 2002).
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U = 2.6693x 10‘5( (IV-17)

JW]

2
o°Q,
where g is in unit of g cit s*, M is molecular weight,o is the Lennard-Jones

characteristic diameter of molecule, &gis the parameter for viscosity. The viscosity

of H,S-H, mixture can be calculated using the semi-empifmahula of Wilke.

:Umix :Zn: n XiIUi (IV-18)
i:1zxi¢'1
in which
0, =L M) (o [y My (v-20)
ij V8 M; M M,

The calculated value of Hand HS are 0.000153 and 0.000272 g/cm s. The

viscosity of 2 vol.% HS-H, mixture is 0.000168 g/cm s.

IV.4.3. Density Calculation

The density of gas mixture was calculated usingligaa law

PV =nRT (IV-19)
_m_m _
Py =R (IV-20)

P

The density of 2 vol.% ¥B-H, at 400 °C was calculated to be 4.81%HicnT, and

the density of 321 ppmv43-H, at 400 °C, 3.64xIDg/cnt.
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IV.4.4. Packed Bed Performance

One gram of Sud-Chemie sorbent (40-60 mesh, 90 wh@) Zvas tested at various
temperatures. The breakthrough curves are showigure IV-3, and the extrapolated
x-t plots in FigurelV-4. In Figure V-3, breakthrough curves shifted to the right side
with the increase in temperature. This indicated thore ZnO became accessible
because of the improved mass transfer rate. Thssrexaealed irFigure 1V-4 too. At
beginning, all thex-t plots overlapped with each other on a straight lin€his straight
line, or the ideak-t plot of gas film controlled process, passes thhotige origin and
(119, 1) point in thex-t plane, where 119 min is the saturation tinmedf the sorbent
loaded in packed beds. As the reaction took plaess-t plots were separated from this
straight line. The-t plot at a low temperature separated from the igdgblot earlier
than that at a high temperature, and reached a loavarersion plateau, due to the high
intra-particle resistance at low temperatures.

However, thesa-t plots demonstrated an averaged ZnO conversionheydcinnot
be used to estimate the kinetic parameters. Ti$eddncentration and ZnO conversion
were not uniform for the particles in the pack bedsloreover, the b5 concentrations at
t—0 were too low to be practically measurable becafigbeouse of integral reactors.
Very thin beds (differential reactors), where thenarsion of ZnO can be considered
uniform, are required to investigate the reactiomtol mechanisms, using the single

pellet models, i.e., unreacted shrinking core model
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Figure IV-3. Breakthrough curves of packed beds made of Sud-@&hsonbent particles
(40-60 mesh, containing 0.9 g ZnO) at various tewrtpees. Tested with 2 vol.%,8-H,
at 110 ml/min in a quartz reactor (0.99 cm dia.).
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Figure IV-4. Conversion of ZnO in the packed beds of sorbentigkes (40-60 mesh,
containing 0.9 g ZnO) at various temperatures.
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IV.4.5. Control Mechanism Discussion

IV.4.5.1. Intrinsic Reaction Rate

The reaction between ZnO andSdwas considered as a first order reaction with
respect to KIS (Westmoreland and Harrison, 1976; Letaal, 1992; Turtoret al, 2004).
However, there were different opinions on the reaatiater of ZnO. Lewet al (1992),
Konttinenet al (1997), and Turtoret al (2004) assumed it was a zero-order reaction
with respect to ZnO while Westmoreland and Harrisory§l%nd Garciat al (1997)
considered it was first order. This paper treagsia zero order reaction with respect to

ZnO. The rate constants available in the literatare shown ifable IV-1.

Table IV-1. Intrinsic reaction rate constants of the reactietwieen ZnO and 5.

Activation  Frequency K

Reference: chS;Ir::g(ta f:]‘as Energy (Ea) Factor ko) actn:lj)so ¢
(kJ/mol) cm/s
Turtonet al (2004) Zn0O, HS-N, 314 0.333 0.00122
Lew et al (1992) Zn0O, HS-H-N, 43.1 1.31 0.000593
Zn,TiyOxs2y,
Lew et al (1992) H,S-Hy-N, 38.9 0.40 0.000383
Westmoreland (1976) Zn0,8-H, 30.3 0.110* 0.004912

* Converted from the second order frequency fadtgrmultiplying with the molar
density of ZnO in the packed bed.

It is interesting to notice that the Arrhenius cans$ vary significantly in the cited
works. The possible reason described by ke¢wal, (1992) is the different crystallinity
in the ZnO samples prepared by different researchéreerefore, it is necessary to

calibrate the intrinsic reaction rate for the sothaf ZnO/SiQ prepared in this study.
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In a series of differential reactor studies, 0.0&f @nO/SiQ sorbent (ZnO 17 wt.%)
was tested with 321 ppmv,B-H, at various temperatures at a flow rate of 2006/rin
STP. The outlet k& concentrations were analyzed by PFPD, and initgh
concentrations were extrapolated from the “breakitpo curves”. The apparent
reaction rate constants were then calculated wejogtion 1V-14. The test results after
modification using equation IV-16, in which the was calculated usingy correlation

(Levenspiel, 2002) are shownkingure 1V-5.

11.2 -3
10.2 - L
In(K") = -4374.9/T +0.3315

9.2 - R®=0.998 -5
X 82 - +6 X
£ In(K ) = -4374.9/T +14.519 £

R?=0.998

7.2 - 15

6.2 - + -8

52 T T T T '9

0 05 1 1.5 2 2.5

1000/T (K™

Figure IV-5. Arrhenius plot for intrinsic rate constant.

The calculated reaction rate constant (surfacelzasad) can be expressed as:
k" = 139exp- 36373 R,T) (IV-21)

where k" has the unit of cm/s. The activation energy éselto those from Turton and
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Westmoreland. The intrinsic rate constant at 400vas estimated to be 0.0021 cm/s.
This value is in the range covered by the intrimate constants listed ifable IV-1. It
should be noted that the effective surface &eaf ZnO/SiQ should be smaller than the
value used to calculat&”, therefore, the effectivk” is higher than the estimated.
The intrinsic rate constant (bed volume bas&d)calculated fronFigure 1V-5 is 3039
s*: the particle volume based rate constdfit is 5065 &. As stated earliek, and

K™ is independent t&,.

IV.4.5.2. Diffusion through the Pores

The diffusivity of HS in the pores D,,) can be estimated using equation 1V-22

(Fogler, 1992).

D, o
D, =—2°P (IV-22)

ep

T
whereDs, is the HS diffusivity in H,; @&, is the pellets porosity, which is 0.64 for the
ZnO/SiG; sorbent particlesy is the constriction factor, which is around 0.8; is the
tortuosity of the pores, which is around 3.0 as showtie reference. The calculated
Depis 0.46 crfVs for ZnO/SiQ.

The Thiele modulus for the first order reactiop) (for ZnO/SiQ particles was
calculated by inserting characteristic radiRs(R=0.0075 cm or 75um), andDe, and
k"" into equation IV-7. The calculateg is 0.84 for ZnO/Si@ and the effectiveness
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factor n7 is calculated to be 0.95 using equation IV-8. r€fme, the pore diffusion is
negligible for ZnO/SiQ sorbent at test conditions, and thgSHtoncentration at the center
of the sorbent particle is very close to the cotregion on the particle surface. The
mass transfer resistance could be lattice diffuaina/or external mass transfer resistance.
This result also confirms that intrinsic rate camstby the method in this work is valid.

A similar calculation was performed for Sud-ChemimeOZextrudates based on the
properties shown in Appendix E. The estimalzkgis 0.38 cni/s. The k""of ZnO
extrudates was estimated to be 1760 sThe calculated effectiveness factpis 0.32 for
2 mm extrudates, and 0.90 for 3t ZnO particles. These results suggest that the
pore diffusion resistance in Sud-Chemie ZnO extesld2 mm) is severe, and it is

negligible for particles with size less than 3980.

IV.4.5.3. Diffusion in Grains

In this section, the effective diffusivity of,8 in sorbent grain is measured. In
experiments, a high challenge flow rate (219%cnn at room temperature, the face
velocity is 11.3 cm/s at 400 °C) was applied to oediwhe external mass transfer
resistance, and 321 ppmy$tH, was used as challenge gas to capture the breagthrou
curves at in the differential reactor tested. Tés& results are shown Figure IV-6.

In Figure IV-6, the breakthrough curves at low temperatures laagpsr than those at

high temperatures. The ZnO in 0.04 g ZnO/S{Q@.9 mm bed thickness) loaded are
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exact the amount to yield detectible sulfur peakis-€0. Using the integration method
described earlier, the ZnO conversion curves wemEkshed and are shown kigure
IV-7. This figure suggests that the ZnO/gi€brbents tested at higher temperatures
required less time to achieve the same conversian those tested at low temperatures.
In these tests, the external mass transfer resstaas minimized and the diffusion in the
pores was negligible. The process was under th&eataof diffusion in ZnO grains.
According to the shrinking core model, the conversamd time can be related using
equation IV-3 and V-4 for the systems controlledl&itice diffusion. Thd>(x)~t plots

were established, the one tested at 300 °C is shofigure 1V-8 as an example.

350
300 -
W
250 ~
=
g_ 200 —e—450C
R —=—400 T
%) 150 - —4—350<C
T —x—300 T
100 - —o0—250<C
50 +
0 < T T T T T
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Figure IV-6. Breakthrough curves of differential reactors (0c@®® ID) containing 0.04 g
ZnO/SiQ, sorbents tested with 321 ppmy3HH, (219 ml/min STP) at various reaction
temperatures.
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Figure IV-7. ZnO conversion curves of ZnO/Si®Gorbent tested with 321 ppmvy$iH,

(219 ml/min, STP) at various reaction temperatures.

y =0.0102x - 0.1027
R? =0.9979

-0.1 1 1 1
0 20 40 60 80

Time (min)

Figure IV-8. P(x)~t plot of ZnO/Si@sorbent loaded in a tube reactor (0.99 cm dial) an
tested at 300 °C with 321 ppriisS-H, (219 ml/min, STP).
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In equation IV-4,0,4, the ZnO molar density in grains, is 0.069 moffcR the ZnO
grain radius, is 2.5x10cm (2.5 nm) calculated using XRDDgg is HpS diffusivity in
ZnO grain. Cpp here is close to the,8 concentration in bulk floWac.

The slope of P{~t plot is 7! (seeFigure IV-7) and Deg can be calculated easily
from equation IV-10. The calculatdd.y values at various temperatures are shown in
Table IV-2. The calculated values Bfq have an order of -11, which is pretty close to
the values in literatures (Ozdemir and Bardakci,91%onttinen,et al, 1997). The
Arrhenius plot ofDeg is shown inFigure V-8.  The activation energy @eqis 25 kJ/mol,

and theD.g at different temperatures can be calculated usieg\rrhenius equation:

D., = 334x10”° exp(-25146 RT) (IV-23)

Recall the equation IV-7 and calculate the Thietelolusg for the BS diffusion in
grains using the intrinsic rate constant (508bat 400 °C, the values & (2.5x10" cm)
and Dey (3.55x10" cnf/s). The calculatedy is 2.9, ands, is 0.68. Further
calculation suggests that the outside layer withilmiekness of 1.1 nm is free from lattice
diffusion (/79'>O.9). This layer contains 84% ZnO. At ZnO utilipatiof 84%, the
corresponding b6 concentration in breakthrough curve at 400 °€2i3 ppmw, or 0.70
Co. These results indicate that the lattice diffasia the ZnO grain in ZnO/SKO
sorbent particles is virtually negligible @Cy<0.70, which is the range widely used to
extrapolate lumpedK from breakthrough curves. Therefore, the extermahsfer

determines the breakthrough characteristics of Zit)/Beds at low face velocities.
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Table IV-2. The calculation table for the effective diffusigg Oeg) of H.S through the

ZnS layer at various temperatures.

(K) (K™Y (min)  (min) (mollcn®)  (cn/s) €
523.15 1.91 159  0.0065 7.38xA0 1.04x10% -25.3
572.15 1.75 98 0.0110 6.75%10 1.93x10" -24.7
621.15 1.61 77 0.0138 6.21x10 2.63x10" -24.4
672.15 1.49 58 0.0178 5.74X10 3.67x10% -24.0
720.15 1.39 43 0.0235 5.36X10 5.20x10% -23.7

200 -23.0
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Figure IV-9. Arrhenius plot 0Deg

Similarly, the g and 74 for 17 nm gains (a value estimated from XRD patterdn)
Sud-Chemie extrudates 19.8 are 0.14 respectivélyfurther calculation suggested that
Sud-Chemie grains can reach 18% conversion, whethitieness of ZnS layer is 1.1 nm,
without suffering from significant penalty in laidiffusion resistance. However, the

actual effectiveness factor for Sud-Chemie sorbeaty be much lower than 0.14,
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because ZnO grain in extrudates, unlike ZnO4Sade not well dispersed by supporters
and they usually form agglomerates larger thansike obtained from XRD analysis.
Therefore, the intra-particle mass transfer deteesiithe breakthrough characteristics

using Sud-Chemie extrudates.

IV.5.Conclusions

In this paper, breakthrough curves have been eraglay analyze kinetic parameters,
such as intrinsic reaction rate constants and @efeedliffusivities. The Arrhenius plot
for intrinsic reaction constant for,H removal using packed beds of ZnO/Sg0rbent
particles (100-20Qum) was established by differential reactor analysishe calculated
activation energyea for the reaction between ZnO and3Hwas close to the values cited
in literatures. The conversion-time-{) plots of ZnO/SiQ sorbent bed were established
using mass balance, and kinetics parameters wedrapelated fromx-t plots. The
effective diffusivities for HS in grains were calculated and plotted in Arrheriars.
Based on the kinetic parameters, tiydor the pore diffusion and that for lattice diffos
at C/Cy <70%, using ZnO/Si@sorbent, are above 0.9, under typical desulfudnat
conditions, i.e. at 400 °C and a face velocity Iéisan 11 cm/s. Therefore, the
intra-particle mass transfer resistance for ZnO4§SMas negligible, and external mass
transfer resistance controlled the desulfurizaticraction rate and breakthrough

characteristics at experimental conditions, betbesoutlet concentration reaches 70% of
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Cao- Since the ZnO/SiQ particles are the same as the particles in miorodis
entrapped ZnO/SiOsorbents, the intra-particle mass transfer resistacan also be

ignored for microfibrous entrapped sorbents atetkgerimental conditions.
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Notations

Ci inlet LS concentration ppmv
Co outlet HS concentration ppmv
Cag  bulk H:S concentration in gas flow mol/tm
Cas H,S concentration on the surface of the particle mol/cnt
Cac H,S concentration at the core of the particle /oot
d characteristic size cm
D1,  gas diffusion of binary gas mixture Tm
De effective diffusivity chits

k intrinsic reaction rate constant (reactor or beldme based) 5

k' intrinsic reaction rate constant (particle weighsed) chilg s
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k m

k" n

t;

Ui

Zc

intrinsic reaction rate constant (surface aresetn
intrinsic reaction rate constant (void volumedts
intrinsic reaction rate constant (particle volubased)

apparent reaction rate (reactor or bed volunsed)a

mass transfer coefficient

mass

molecular weight

pressure

characteristic radius

ideal gas constant, 8.314
surface area per unit mass of particles
residence time

temperature

interstitial velocity

empirical diffusion volume

molar fraction of gas component
bed depth

critical bed depth
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cm/s

cm/s

g/mol

atm

cm
J/mol K

’lgm

cm/s

cm

cm



Greek letters

a external particle surface area per unit bed velum cnilcm®
@ void fraction of packed beds

@a Thiele modulus for the first order reaction

D, pore fraction the sorbent particles

n effectiveness factor

M viscosity g/lcms
O gasdensity g/ct
Om molardensity of solid mol/ctn
o Lennard-Jones characteristic diameter of molecule

Oc constrict factor

r time required to achieve complete conversion n mi
T tortuosity

Qu the parameter for viscosity

Subscriptions
g grain
p particle volume based

v void volume based
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CHAPTER V.
A STUDY OF KINETIC EFFECTS DUE TO USING MICROFIBROU S
ENTRAPPED ZINC OXIDE SORBENTS FOR HYDROGEN SULFIDE

REMOVAL FROM MODEL REFORMATES

Abstract

A modified Amundson model has been proposed to cteriae breakthrough curves
of fixed bed reactors during gas phase desulfuozatsing two variables: saturation time
(7) and shape factor (lumpé&d. The lumpedK depends on the inlet,8 concentration,
capacity density of the packed bed and the appaeaction rate constant. This model
has been verified experimentally at 400 °C. THeémces of high void volume and
microfibrous entrapment of ZnO sorbents (MFES) als discussed. Utilization of
nano-crystallite ZnO sorbent supported on ;S{C00-200um) minimizes intra-particle
diffusion resistance resulting in a saturation cédpanear the theoretical value.
Entrapment in microfibers enhances the externalsmemnsfer rate of the entrapped
particles. High void volume increases the residdirne and reduces the capacity density
resulting in increased overall lumped rate constamte microfibrous entrapped sorbent

demonstrated longer sulfur breakthrough time thar© Zextrudates with a sharper
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breakthrough curve and higher ZnO utilization. TimapedK value of MFES was 34
times larger than that of commercial ZnO extrudated 1.3 times larger than that of
ZnO/SiG, sorbent. MFES is optimally used as a polishiygrat the downstream end of

a packed bed to maximize the overall desulfurizgierformance.

Keywords: Kinetics; Desulfurization; Breakthrough curve; Sarhe Mathematical

Modeling; Zinc oxide

V.1. Introduction

Logistic power systems based on on-board Protorh&ge Membrane Fuel Cells
(PEMFCs) have been studied extensively. PEMFCsimeduigh purity hydrogen as
fuel to generate electricity. Hydrocarbon reforgiis considered the best means to
supply hydrogen for logistic PEMFC. A challengetivese applications is to remove
sulfur compounds, especially hydrogen sulfideS} from reformates in a reactor with
minimized size. In order to protect the precioustahcatalysts used in fuel processing
and the high-value membrane electrode assemblies, gritical to reduce the 43
concentration to less than 0.1 parts per millionvblume (ppmv) (Novochinskiet al,
2004). Most gas phase desulfurization units appétal oxides, such as zinc oxide
(ZnO) and copper oxide (CuO), as active sorbents ttWaeland and Harrison,1976;
Tamhankaret al, 1986; Slimane and Abbasian,2000a). Among thenmD 4: a

well-known sorbent used to capturgSHfrom fuel gas stream in moderate temperature
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ranges (300-500 °C) (Novochinslat al, 2004; Tamhankaet al, 1986; Bairdet al,
1992; Sasaoka,1994b). The sulfidation reactionwéeh ZnO and b§ is
thermodynamically favorable in moderate temperatmmeges, so the outlet .8
concentration can be reduced to several ppmv on dewer depending on gas

composition.

Normally, packed beds of large ZnO sorbent extrudaids high sorbent inventory
are widely used to scavenge3ifrom reformates streams for fuel cell applicagion
However, because of low contacting efficiency, changeland intra-particle and lattice
diffusion limitations, ZnO utilization and regeneildlp are usually very poor (Let al,
2005) Reactors based on conventional technolopigdlty require large amounts of
sorbent with correspondingly large reactor size ¢bieve multi-log sulfur removal,
which may not be applicable for logistical applioas. Microfibrous entrapped
catalysts and sorbents (MFES) developed at the eCdot Microfibrous Materials
Manufacturing (CM) at Auburn University provide a novel approach fareneffective
design of small, efficient, and lightweight fuel pessors (Cahelat al, 2004).
Microfibrous entrapped sorbents demonstrate extelperformance in heterogeneous
reactions such as,8 removal (Luet al, 2005) and CO oxidation (Chaseg al, 2006).
For H,S removal, microfibrous entrapped sorbents dematestrlower pressure drop,
reduced critical bed depth, improved ZnO utilizati@ase of regeneration and high

dynamic capacity compared with packed bed counterghu et al, 2003). Since the
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active component is ZnO in both MFES and extrudattes, difference is due to the
apparent kinetic behavior of the materials. Iis thork, the basic relationships between
breakthrough curves and the kinetic behaviors>@ddibed reactors have been revealed,

and the function of microfibrous media is discussed

V.2. Theory

V.2.1. Mathematic Model

Several mathematical models such as Mecklenburgh{#dbtz, 1946), Amundson
model (Amundson, 1948), Wheeler model (Wheeler amibeR, 1969; Jonas and
Rehrmann, 1973) and Yoon model (Yoon and Nelson41®8ve been developed to
predict the breakthrough time of charcoal cartridgeln this paper, Amundson’s model
is adapted and modified to understand the kinegicakior of ZnO/Si@ sorbent and

microfibrous entrapped ZnO/Sj@orbent.

In this model, the reaction between3H(A) and ZnO (B) is considered as a second

order reaction and the reaction rate can be wrissiollows:
-r =k,C,C, (V-1)
whereCa is H:S concentration an@g is amount of accessible ZnO remaining in the packed

bed in moles per unit volume of bed. For frestbentsCg is equal to the saturation

capacity densitys, p, = XI\BZO =

) of the sorbents in the packed bed under the ewpatal

z
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condition. Then, the outlet)8 concentration exiting at the end of the packetldam be

predicted using Amundson’s equation as shown intequs(-2.
% =1+ [exp(- g,tC . )] EEexp{%j —1} (V-2)
A

The time to saturate the be) is as follows:

_ Pt (V-3)
UC,,
Then equation V-2 can be written as:
2 =L exd- gt Hexplok,Co) 1) V-4
c +exp— &,tC,, ) Uexpgk,C o7 (V-4)

A

For most casesexp(gk,C ,,7) >>1, so equation V-2 can be reduced and rearranged as:

|n(%\° —1) = gk,C (7 —t) (V-5)

A

In the low face velocity ranges, like the casehis paper, the reaction is controlled by
external mass transfer rate, and the reactiorceatde expressed in terms of apparent rate

constank, as shown in equation V-6.
-r=k,C, (V-6)
Comparison between equation V-1 and equation V-@yiel

k,C,Cpz =-1 =k,C, (V-7)
Cg—pc att—0 (V-8)
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Rearrangement of equation V-7 yields

k2 =2 (V-9)

Insertion of equation V-9 into equation V-5 yields

C K
Inl =22 -1|=¢g—2C, (Tt V-10
(C j v, wol7-1) (V-10)

A c

Equation V-10 suggests thdm(% —-1) should have a linear relationship with onsite
A

. C . .
timet. If the absolute value of the slope hn‘(c—AO —1) vs.t curve is defined as the shape
A

factor, lumpedK, then equation V-10 can be reduced to

In(% -1 =K(7 1) (V-11)

A

Equation V-11 is the well-known bed depth servigaetiequation proposed by Yoon

(Yoon and Nelson, 1984). Based on the derivatiov@damped should be expressed as

K =k g% (V-12)
p.

LumpedK is an important parameter to characterize breautiir curves, it can also
be employed to calculate the ZnO utilization andicai bed depth, the minimum bed
thickness to reduce the,8l concentration below a breakthrough concentrati@y), @s

seen in equation V-13
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z. = In(ﬁ—l)—UCAO

V-13
&0 (V-13)

c

Equation V-13 shows tha is independent of the bed thickness and it deeseatth
the increase in the lumpddvalue. It can also be applied to calculate Zn@zation of

sorbents in a fixed bed reactor. A simple masarza yields that
X=1-= (V-14)

whereX is the ZnO utilization of all the accessible parthee breakthrough concentration
Cp. Equation V-14 indicates that for packed beds llaae the same critical bed depth,
e.g. two packed beds made of the same sorbent atetltat the same temperature,
pressure and face velocity, the one has largethiekiness yields higher ZnO utilization.
Equations V-13 and 14 suggest that a fixed bed withrgerK value will have higher
ZnO utilization and smaller critical bed depth thihe one with loweK value at the same

test conditions such & Cao andC,,

V.2.2. Mass Transfer Correlation

Apparent rate constalt can be calculated using classic mass transfeeletions.
In low face velocity region, the reaction falls intike external mass transfer control

region and
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k =

a

lea (V-15)
¢

whereaq is the external surface area of sorbent partjpéeainit bed volume

_6(1-¢)
d

p

a

(V-16)

and k; is external mass transfer coefficient, which canchkulated using following

equation:
— DAB
k. = Shd— (V-17)
p

whereShis Sherwood number. It can be calculated by eguatil8
Sh=J, ReSc’? (V-18)

Jqis the well-known mass transfer factor. It can bewated using different mass
transfer correlations, as seen in a comprehensikiew on mass transfer correlations for
different systems conducted by Upadhyay and TripétBir5). In that review, mass
transfer correlations for the gas-particle systatm®w ReynoldsRe numbers and low
Schmidt §9 numbers can be expressed in termB@f the surface area based Reynolds

number, as shown in equation V-19.
J, =C,Re'™= (V-19)

where G and G are dimensionless constant€; varies from 0.6 to 2.25 an@, from

0.3 to 0.5. In this paper, the;@nd G are arbitrarily chosen to be 1.24 and 0.39
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respectively from the Colquhoum-Lee’s expressionadhyay and Tripathi, 1975) to

estimate the external mass transfer coefficient.

Inserting equations V-16, 17, 18 and 19 into equati-15 yields

139 061
= 7a4ii= 97 (G ) T D
9 H d

Insertion of equation V-20 into equation V-12 yeld
d 061
K = 7.44[(a_¢)139(r)_pu] Scs D_A;Bh
U d, o
Insertion of equation V-21 into equation V-13 yild
-061 2

z. O |n(%\°)(1— ¢)‘139(OI‘%UJ st Loy

b AB

(V-20)

(V-21)

(V-22)

In the case of microfibrous entrapped sorbents, ldinger external surface area

introduced by the microfibers dominates the flowdfie The effect of fibers on mass

transfer should be taken into account. A new patanﬁ , a surface area average

diameter should be applied to substitutedpm the expression of Reynolds number for

sorbents entrapped in microfiborous media. Sinyjafbr the calculation ok; using

equation V-17, the external surface area deterntimesliffusional film thickness at the

low Re number region, therefored_S should be used again in the expressiorShf

Expressions for the apparent reaction rate constampedK and critical bed depth for

MFES are as follows:
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Kk, = 7aa =9 (dspu j 5% Dee (V-23)

@ H dd,
dou)” y D, C
_ 139 s AB A0
k( —--7!111[¢L_'¢» (-——;;——'j ESC}Q.?E;};:_;S;_ (\/'2‘1)
Cho -139 d_SpU > -5 d_sd P

In equations V-23, 24 and 25:1_S is can be estimated by the following equation

(Harriset al,, 2001):

4.d,  4.d (v-20)

1._
d,
whereg¢: and @, in equation V-26 are 1.5 and 1 respectively.

Ratio of mass transfer coefficient for MFES verpacked bed is obtained by

comparing equation V-20 and equation V-23 as foltows

d 039 _ 139
I e I (v-27)
d 1-9,) %

S

and similarly for lumped:

039 139
Ko (o) (12| (Lo (V-28)
K, d, 1-g, Pem

In this study, the validity of equations V-11 ar®ivill be verified and applied to

explain the performance of packed beds and MFES.
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V.3. Experimental

All gases in this work were purchased from Airgasith Inc. The sources of,H
were 2 vol.% (20000 ppmv)43 in H, and 321 ppmv 6 in H,.  Other HS challenge
gas concentrations, (i.e. 1 vol.% and 5000 ppmwleyed in this study were produced
by diluting 2 vol.% HS with ultra-high purity hydrogen. The outlet¥concentrations
were analyzed by a Gow-Mac 550 GC equipped withC® Tetector (K carrier gas)
which detects b5 concentrations down to 200 ppmv. Gas samples wmgcted into
the GC every minute using a 6-port-valve with a giamy loop of 50uL. The sampling
system was connected by 1/8” tubing, and the pressop of this system was negligible
at all experimental conditions. ConcentrationsobeP00 ppmv were measured by a
Varian 3800GC equipped with a pulse flame photoimetietector (PFPD) which
measures p§ concentrations to sub-ppmv levels. Gas sam®&€ (IL) in low

concentration tests were collected and injectedualan

Three sorbents were investigated in this study.eyTtvere a commercial ZnO
sorbent (90 wt.% of ZnO, 3/16” extrudate), ZnO suped on SiQ (ZnO/SIG ,17 wt.%
of ZnO, 100-20Qum fine particles) and glass fiber entrapped ZnO4FEFES, 12 wt.%
of ZnO, 100-20Qum fine particles entrapped in glass fiber medidwifiber diameter of
8 um). The last two sorbents were prepared by pséumpient wetness impregnation
at room temperature, using zinc nitrate (ZnghDsolutions of various concentrations,

followed by drying and calcination. ZnO loadingsmguantified by both mass balance
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and ICP analysis. In GFES, ZnO loading is 17 wa86n ZnO/SiQ if the weight of
glass fibrous media is neglected. Detailed premaraprocedures were described
elsewhere (Lwet al, 2005). The microfibrous entrapped sorbents whegacterized by

scanning electron microscopy (SEM) using a ZeisM@30 instrument.

J(_‘ Alr vent J(_
" thermal

2 controller

400°C
o ® ©o

furnace

moisture trap

Legend
o valve

J:L Mass flow controller
data collection

Gas cylinder

Figure V-1. Experimental setup for43$ removal.

The reactor employed was a quartz tube (0.99 cm), liDnot otherwise noted.
After loading the sorbents, air (100 ml/min) wassged through the reactor until the

temperature reached the set point of 400 °C. Thelym (100 ml/min) was passed
159



through the reactor for ten minutes to eliminatgg®n from the reactor, which may
introduce side reactions such as sulfide oxidatiothen H was passed through the
reactor for another 10 minutes to stabilize the perature profile along the reactor.
Finally, the challenge gas of variougSHconcentrations was passed through the reactor at
the same flow rate as,H The 6-port-valve, as shown Figure V-1, was switched
every minute starting at 1 minute after commendtimggexperiment to inject samples into

the GC.

V.4. Results and Discussion

V.4.1. Microfibrous Entrapped Catalysts/Sorbents

Three different types of microfibrous media (MFMivie been developed at Cit
Auburn University. They are metal fiber media,sgldiber media and polymer fiber
media. All of these media utilize micron-sizededib to interlock catalyst or sorbent

particles (30~30@um) into sintered networks, as showrHigure V-2.

Only 2-3 % of total volume is occupied by microfibeand the MFM is 70~98 vol.%
void, which is a unique feature of microfibrous rapped sorbents. A comparison
between microfibrous entrapped sorbents and twaguhbeds is shown ifiable V-1.
The glass fiber entrapped ZnO/SQi€brbent has a high void fraction of about 75 vol.%
about twice that of a typical packed bed. Therefanicrofibrous entrapped catalyst or

sorbents could be treated as highly diluted padiests, diluted by void rather than inert
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particles, and the amount of active catalyst obaor is only one-third of that in the

packed bed of ZnO/Si&orbents.

Figure V-2. Morphologies of several microfibrous entrappedsats. (a) AIO; particles
in Ni fiber media; (b) Si@particles in glass fiber media.

Table V-1. Comparison between microfibrous entrapped ZnO/Sabent (MFE),
packed bed composed of ZnO/Sigarticles (PB) and packed bed of commercial
sorbents (PBC).

Wt.% Vol.%
Component
MFE PB PBC MFE PB PBC
ZnO 13 17 100 N.AY N.A. 60
SIO, 66 84 N.A. 22 60 N.A.
Fiber 22 N.A. NA 3 N.A.  N.A
Void N.A.  N.A. 0 75 40 40

* The commercial sorbent contains 90 wt.% ZnO abavl.% AlLO3 as binder

+ ZnO was loaded in the pores of Siarticles
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V.4.2. Model Evaluation

1 8
09 -
0.8 —=— Breakthrough curve 16
| = Ln(Cy/C-1)~t
0.7 + 14
o 06 I Ln(CO/C-1) = -0.2157t + 26.619 —~
Q R? = 0.9971 12 8
O =
05 + S
@ Q
T 04 - — 0 =
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02 -
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Time (min)

Figure V-3. Evaluation of service time equation.

Equation V-11 was evaluated in this section forekice study. The commercial
sorbent was crushed and sifted into 60-80 mesh,lanof the crushed sorbent particles
was loaded into the reactor. It was tested withllehge gas concentration of 2 vol.%

H,S in H, and flow rate of 100 ml/min STP, at 400 °C. la tbw concentration region,

In(C—AO—l) demonstrates a good linear relationship with ensihet, as predicted by
A

. . . . C
equations V-10 and 11, shownFHigure V-3. From the straight line ofn( CAO -1) ~t,
A

K and 7 were calculated from linear regression, and theesobtained were 0.216 rifin
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(0.0036 &) and 123.6 min respectively. Because of the symmnué most breakthrough
curves, T is equal to thei, when the outlet & concentration reaches 50% of inlet
concentratiorCao. For exampler andt;,, of the breakthrough ifigure V-3 are 123.6
min and 123.8 min respectively. Therefotg; was used to calculate the saturation
capacities in this work. The amount of ZnO in ptked and the flow conditions

determiner value, which in turn determines the position & breakthrough curve, since

it passes through the point of (@)pin the (%—1)% plane. These results suggest

A

equation V-11 can be applied to analyze the he&regus reaction between ZnO and
H,S. As suggested by equation V-11, the lumpeéddetermines the shape of a

breakthrough curve. The larger value Kfis, the sharper the breakthrough curve

C . . . .
becomes. Theln(C—AO—l) ~t plot will not always be linear. IRigure V-3, aftert is
A

. C e
increased past, the slope ofIn(C—AO —-1)~t curve decreases gradually, indicating a new
A

reaction control mechanism is dominating the precesn this case, the intra-particle

mass transfer rate becomes the dominant factdreagaction progresses.

V.4.3. Particle Size Effects

In this section, the commercial ZnO sorbent extreslavere crushed and sieved into

desired particle sizes. The comparison betweempéhirmance of ZnO/Siand ZnO
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particles is shown irFigure V-4. In each experiment, reactor temperature and face
velocity were maintained at 40Q and 1.2 cm/s respectively, and the packed bed
contained 0.18 g of ZnO. The only factor changed the particle size. Breakthrough
curve of GFES tested at equivalent conditions o athownin Figure V-4 for
comparison. For convenience, the breakthroughdeéised at the point that the outlet

concentration reached 1% inlet concentratiog). (

09 r
—%—2Zn0O 1.5 mm
0.8 r —e— 7n0 40-60 mesh
0.7 | ——7Zn0O 60-80 mesh
—a— Zn0O 80-100 mesh
S 0.6 —o— Zn0O 100-140 mesh
O 05 | —a—7Zn0/Si02
%] —o—GFES
I

0.4

0.3

0.2

0.1

120 140

Time (min)
Figure V-4. Breakthrough curves of the commercial ZnO sorbantigdes with different
particle sizes, and breakthrough curve of ZnO§Ss0Grbent and glass fiber entrapped
sorbent (GFES).

The results show the breakthrough curves shifth right with the decrease in
particle size. This demonstrates an improvemensarbent capacity by reducing

sorbent particle size. For example, a simple ¢afion suggests the ZnO particles of 1
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mm average size demonstrated a saturation capati®28 g HS/g sorbent and a
breakthrough capacity of 0.042 g$4g sorbent; the particles of 100~140 mesh (105~149
pum) , 0.31 and 0.26 g 49/g sorbent respectively. It is well known thatngssmall
particles can reduce pore diffusion resistance iaotease the external surface area,
making more ZnO accessible during the desulfurati Therefore, for the same type of
sorbent, the saturation capacity increases withrédection in particle size. Similarly,
small grain size can reduce the resistance of gidinsion. Grain diffusion is very
slow especially at low temperatures. For instaategpom temperature,,8 can only
access the ZnO on the outside layer with a 0.6 tagaothickness (Bairét al, 1992).
If the sorbent particles are small enough and iselé ZnO grains can be controlled at
several nanometers, then theoretically all ZnO a¢do¢ consumed by 43, and the
breakthrough curve would appear as a step functtotine theoretical saturation time.
Although the nanosized ZnO particulates cannot dq@ied directly in the packed bed,
the particulates could be supported on other pestiof a reasonable size. This concept
is used in this paper to reduce the intra-partobess transfer resistance that occurs in
pellets of solid adsorbents used in packed bedstuatly, through the impregnation
process, nano-sized ZnO was dispersed on the piidecles to form ZnO/SiPsorbent
particles (Luet al, 2005).

Particle size also affects the shape of breakthrocgyves because the external
surface areaq, and apparent rate constakt, increase with the decrease in particle size
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at an order of 1.39, as indicated by equations Vi¥éand 20. As shown Figure V-4,
when the particle size decreases from 1 mm to H@0+hesh (105~14%um), the
breakthrough curves become sharper, and the ctddulampedK value increases from
0.0003 &to 0.0054 . By using nanosized ZnO grains impregnated onlls8i®,
support particulates, ZnO/Si@nd GFES significantly reduce the external maasster
resistance, pore diffusion resistance and lattifkusibn resistance. Therefore, the
breakthrough curves for the ZnO/Si@nd GFES shifted to the farthermost right side and
demonstrated the sharpest breakthrough ci&w8.0167 and 0.0215'sespectively) and
highest breakthrough capacity (0.35 g5y sorbent), which is 1.5 times higher than the
commercial ZnO particles with similar size (80-1®@sh). Figure V-4 also suggests
that ZnO on the ZnO/SiOand GFES demonstrated a utilization of Znp gt 1% Cy
breakthrough above 93%.

Particle size dp) is also essential to the critical bed deptf). ( Equation V-22
reveals that critical bed depth decreases withigbarsize at an order of 1.39. It is
obvious that small particles will have less critibad depth, and higher ZnO utilization
(equation V-14). For example, if the particle sgeeduced to 1/10 of original size, the
critical bed depth will drop to 4 % of the origindepth. In these experiments, the
particle size was reduced from 40-60 mesh (250p40Pto 100-140 mesh (105-14n),
and the calculated critical bed depth drops frorh dam to 0.38 mm at 1%,
breakthrough. In logistic fuel processing unike tritical depth is usually much higher
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than the values determined in this paper becauseegbresence of CGO, and water,
large sorbent particle sizes, high face velocioy Ibreakthrough concentration, and
severe channeling.

Small particle size can enhance the mass tranaferand reduce the critical bed
depth. However, small particles, like the 100-1ésh particles, may be too small to
be applied directly to packed bed reactors dubddigh pressure drop and attrition; thus
extrudates of larger sizes are widely used in ntastitional approaches. A unique
feature of microfibrous entrapped sorbent is thiitaldo utilize small particles. In
microfibrous materials, particles between 30~3Qth can be entrapped in the
sinter-locked microfibrous media . In this studi}, the particles used were ZnO/SiO
sorbent particles (100-200 mm), which were alsalusemicrofibrous entrapped sorbents
as shown irFigure V-2b. The microfibrous technology offers the opportynio utilize
high efficiency catalyst/sorbent particles of snsitles without introducing penalties that

would be present in conventional approaches.

V.4.4. Face Velocity Effects

In this study, all the ZnO/Sisorbents were tested at 400 °C with challengefas
vol.% H,S-H,. In the experiment “m:v”, 0.1 g of prepared Zn@gssorbent was loaded
in the reactor with a bed thickness of 2.2 mm, gasiface velocity of 1.2 cm/s. In the

following experiments, the amount of sorbent arwk feelocity were doubled at the same
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time until the sorbent loading reached 0.8 g amé feelocity reached 9.9 cm/s. All of
the packed beds in this set of tests had the damoedtical saturation time(or ty;) of 12
minutes, and the same residence time of 0.075 ke bfeakthrough curves are shown in
Figure V-5. Glass fiber entrapped sorbent containing 0.1 gr®/Si0O, sorbent was
also tested at the velocity of 1.2 cm/s. The sudhpacities at 1 % breakthrough for all

experiments are shown gure V-6.

H2S C/Co

0 5 10 15 20 25 30 35

Time (min)

Figure V-5. Breakthrough curves of ZnO/Sj@t different face velocities.

All the breakthrough curves pass around the samat,pwhich supports the
consistency of the theoretical capacity. Cleathge breakthrough curves become
sharper as the face velocity of challenge gas @seased. For convenience, the
breakthrough point was defined at 1% of inlet comiaion Co. As shown inFigure

V-6, the capacity at breakthrough increases signifigan the low face velocity range.
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After the face velocity reaches 5 cm/s, the capatdwly approached 0.36 g8/g ZnO,
about 90% of the theoretical capacity, which sutgésat the unutilized ZnO before
breakthrough was less than 10% and a further iser@achallenge gas face velocity is
not necessary for these thin bed tests. The aeemgtion rate followed the same trend
as capacity. This could be explained using egnati¢-14 and 22. Equation V-22
suggests that the critical bed depth increasestivihincrease in face velocity at an order
of 0.39. The experimental data confirmed this. Figure V-5, the critical bed depth
for ZnO/SIQ sorbent particles ai=1.2 cm/s was calculated to be 0.14 cm; the one for
same practices aftét increased 8 times was 0.27 cm. These resultsatelthe ZnO
utilization (X) will decrease with the increase in face velodftgthe bed depthz is
maintained constant. This phenomenon was obsdryeNovochinskiiet al (2004).
However, in this papeg was set to be proportional tbtherefore unutilized ZnO of the
accessible part (X) at breakthrough is proportional t%°! as predicated by equation

V-22. As aresult, the breakthrough capacity iases with face velocity in the tests.

The breakthrough curve of glass fiber entrappedests shows the capacity at
breakthrough increases about 50 % compared witkxperiment “m:V”, though in both
cases, the same type of sorbent (ZnOfpildth the same amount of ZnO was loaded.
The only explanations for this improvement couldtibe enhancement of the glass fiber

media.
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Figure V-6. Breakthrough capacities of ZnO/SiQorbent at different face velocities.
Tested at 400 °C with the challenge gas of 2 véif5 in H.
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Figure V-7. Relationship between lumpéd and face velocity. Tested at 400°C with
challenge gas of 2 vol.%.8 in H.
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LumpedK values at different face velocities were obtaimednf breakthrough curves
and are shown ifigure V-7. A linear regression suggests that lumfgedcreases with
U at an order of about two thirds. MFES tested whthface velocity of 1.2 cm/s at 400
°C is also shown inFigure V-7 for comparison. Compared with its packed bed
counterpart at the same test conditions, microfibrentrapped sorbents (GFES)
demonstrated a sharper breakthrough curve ®itB.022 &. The test result is 32 %
higher than th& in packed bed of ZnO/SO Apparent rate constantk,) calculated
from differential reactor analysis are listed Table V-2. The relationship between
lumpedK and apparent rate constdqtfor packed beds is shown Figure V-8. The

linear relationship betweeK and k, providesfurther support for equation V-12. The

CAO

slope ofK~k,curve is around 1.17xT9and the calculated value {fqo j Is 1.18X

c

10*. These two values show exceptional agreementcalBe of this relationship, it is
safe to conclude th#g also increases with face velocltiyat an order around two-thirds.
This result is close to the predication by equaftibB0. According to classic mass
transfer theory, the reactions in all the experitaeém this section were controlled by the

external mass transfer rate.
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Table V-2. Apparent rate constants at different face velaitie

U K ka
(cm/s) (8 (sh
1.2 0.016 135
2.5 0.026 217
3.7 0.035 296
5.0 0.043 370
7.5 0.057 488
9.9 0.067 562
0.09
0.08 4
0.07 +
0081 K=1.17x10"k,
H.Z 0.05 - R%=0.996
v 0.04 -
0.03 4
0.02 4
0.01 4
0 T T T T T T
0 100 200 300 400 500 600 700

Apparent rate constant  k (s'l)

Figure V-8. Relationship between apparent rate conskarénd lumpedK. Tested at

400°C.

V.4.5. Dilution Effects

A series of experiments (series A) was carried touinvestigate the effects of

capacity density 4). In these experiments, sorbents were prepared BEm(NGs),

solutions of different concentrations.

For examdier the experiment “2M”, the
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sorbent was prepared by impregnation of S{@00~20@m) in 2 mol/L Zn(NQ).
solution. After impregnation, ZnO was calcinedpimduce a uniform dispersion on
every particle in the packed beds. The detailhe$e sorbents are listedTiable V-3.
The packed beds in this series had different capdensities &), but they contained the
same amount of ZnO (0.034 g). Every packed bedtesied with 2vol.% kB-H, at a
face velocity of 1.2 cm/s at 400 °C. The breaktigio curves of the experiments are
shown in Figure V-9 and theK~1/o. plot is shown inFigure V-11, line A. The
breakthrough curves in this series have differdrdpss; the one with less capacity
density has a sharper breakthrough curvé=1/o. plot suggests that lumped is
inversely proportional to the capacity density cfaabent bed. The lower the capacity
density, the largeK is. As the g, approaches zerdK tends to infinity and the
breakthrough curve becomes a step, which is exadlexpected. The good linear
relationship betweerkK~1/o. confirms the validity of equation V-12. The slopé
K~1/p. curve is 2.0X 10° and the calculated slopgk{Cao) in equation 12 is 1.9510°

(in this calculationks value of 135 $was used-the apparent rate constant at face welocit
of 1.2 cm/s inTable V-2). These two values are very close and this sugges validity

of equations V-11 and 12. Equations V-12 and Iggest thatz. remains constant at
various capacity densities if the ZnO is uniforrdigpersed on SiQsupport particles and
tested at the same conditions, as it was durirggsthiies of tests. Howevey,increases
after dilution. As a result, the ZnO utilizatiamcreases after the uniform dilution.
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Table V-3. Several sorbents prepared at different Zn{Goncentrations.

[zn*]  znO Po P
Test 3 3
(mol/L) wt.%  (g/cnT) (mol/cm®)
2M 2 17.0 0.58 0.00123
1.5M 15 13.3 0.57 0.000931
1M 1 9.28 0.55 0.000626
0.5M 0.5 4.87 0.52 0.000315
1
0.9 T
0.8 T
0.7 +
1 —— 2\
S 0.0 —a—1.5M
o 0.5+ —— 1
< ol ——0. 5M
0.3 T
0.2 T
0.1+
0 } } A—l } }
0 5 10 15 20 25 30
Time (min)

Figure V-9. Breakthrough curves of ZnO/SiGorbents (100-20Qim) at various ZnO
loadings. Tested with 2 vol.%,8-H, at a face velocity of 1.2 cm/s at 400°C.
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Figure V-10. Breakthrough curves of beds made of ZnO/S#0rbents (100-20um)
and diluted by inert SiPparticles of the same size.Tested with 2 vol.36H, at a face
velocity of 1.2 cm/s at 400°C.
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Figure V-11. Relationship between lumpddand molar capacity density of (A) packed
beds of ZnO/SiQ sorbents (100-20@um) with various ZnO loadings and (B) diluted
packed beds of the ZnO/SiGorbents.
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Another series of experiments (series B) has beeducted to discuss the effect of
dilution by inert particles at same face velocitydaemperature as in series A. The
experiments in this series demonstrate that resluaii axial dispersion effects on the
fixed bed adsorbent performance. In the followlh@xperiments, every packed bed
contained 0.2 g ZnO/SgJwith 0.034 g ZnO) sorbent, which is exactly tlebent used
in the earlier experiment named “2M”. The ZnO waano-dispersed on the SIO
particles (dia. 100-20Am). In the first experiment “1”, the packed beditzoned only
the sorbent particle; for the rest of the experitsetine sorbent particles were well mixed
with inert particles (SiQ dia. 100-200um). For example, 1M3 contained 1 volume
part of sorbent particles and 3 volume parts ofrtingarticles. In this series of
experiments, ZnO/Si©Oparticles were well mixed with SPO The breakthrough curves
of all the experiments are shownRigure V-10 and theK~1/o. curve is shown ifrigure
V-11. Figures V-10and11 clearly indicate that all the breakthrough curliase similar
shapes and lumped& values, which means the addition of inert parsicland
corresponding increase in the bed Peclet numbereshattion of axial dispersion, did
not significantly change the performance of thekpdcbed. The effects of dilution by
inert particles could be explained using equatieh2y After dilution thek, (actually
a andks=k:a) andp. dropped by a factor aof, and theK value should remain unchanged.
However, a slow incensement in tkevalue in the experiments was observed. It may
result from the non-ideality of mixing and inerteesf SiQ particles. Si@ particles
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with high surface area employed in the study maybeoideally inert, especially since a
large amount of Si@was utilized in the diluted packed beds. Thespesrents
demonstrate that a diluted packed bed has the shape breakthrough curve as that of a
SiO, packed bed, showing that dispersion effects ategasponsible for the improved

values.

V.4.6. Concentration Effects

In this section, the effects of inlet ;8 concentration Gp) are discussed.
Breakthrough tests were conducted on a packed bed@ g ZnO/SiQ (17.0 wt.% ZnO)
at inlet challenge concentrati@y of 20000, 9800, and 4950 ppmv respectively. For a
low concentration test at 321 ppm, 0.24 g of ZnO4Svas loaded and tested at the same
experiment conditions. In this test;$was analyzed by the Varian 3800GC equipped
with a pulse flame photometric detector with awufflter (PFPD-S). All breakthrough

curves, except the one tested at 321 ppmv are shokigure V-12.

In Figure V-12, the breakthrough curves become sharper at highallenge
concentrations, while the saturation time beconhester. K values were calculated for
all the tests and the relationship between lumfeohd inlet challenge gas concentration
Cao is demonstrated iRigure V-13. The linear relationship indicat&sis proportional

to the challenge gas concentrati©xy, which is predicted by the model presented earlier
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The slope oK~Cxg curve is 118843 and the calculated sloﬁé%c ) in equation V-12
is 120766 (In this calculatiok, value of 370 $was used-the apparent rate constant at
face velocity of 5.0 cm/s iMable V-2). These two values are very close and this
suggests the validity of equations V-11 and 12. udfign V-12 suggests that lumpkd
decreases wheR,o decreases. Lower capacity density is requiredn#ntain the

sharpness of a breakthrough curve at low challengeentrations.

0.9 -
08 - [
07 -
0.6 K1=2.60 K,=1.21 K4=0.67

H2S C/Co

—e— C0=20000ppmv
—a— C0=9800 ppmv
—a— C0=4950 ppmv

0 10 20 30 40 50 60 70 80 90 100

Time (min)

Figure V-12. Breakthrough curves of packed beds tested at diffeinlet HBS
concentrations. Each bed contained 0.8 g ZnQ/S@bent (100-20@um) and was
tested at a face velocity of 5.0 cm/s at 400 °C.
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Figure V-13. The relationship between lump&dand challenging gas concentration. In
each experiment, 0.8 g ZnO/Si@as tested at a face velocity of 5.0 cm/s at 400°C

V.4.7. Void Fraction and Microfibrous Media Effects

In the earlier discussion, equations V-11 and Iehaeen verified experimentally.
Using equation V-12, most phenomena associated wiitrofibrous media can be
explained clearly. Microfibrous entrapped sorhes two unique features: micro-sized
fibers and high void fraction. The desulfurizatigrerformance of microfibrous

entrapped sorbent will be discussed in detail basetthese two features.

Equations V-23-28 are applied to discuss the effetwoid and microfibrous media.
A comparison between a packed bed of ZnO4fSi@bents, a void diluted packed bed of

ZnO/SiG sorbents and glass fiber entrapped sorbent isrsioWable V-4.
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Table V-4.Influence of void fractiorpand microfibrous media.

Packed bed Packed bed Microfibrous
(void diluted) entrapped sorbents

) 0.4 0.75 0.75

2. (mol/cnt) 0.0012 0.00042 0.00042
dp (UM) 150 150 150
ds(um) 150 150 63
K/Kep 1 0.30 0.42
Ka/Kap 1 0.16 0.22
K/K, 1 0.81 1.13
K/K, (experimental) 1 - 1.32

If influence of micro-fibers is ignored, microfikue entrapped sorbent could be
treated as a packed bed with high voidage. Sinegacked bed and the void-diluted
packed bed are made of the same sorbent partiblessomparison between these two
will reveal the effect of void fraction. Equatidi20 suggests the apparent rate constant
ka drops with the increase g¢f Table V-4 reveals that thk, in the void-diluted packed
bed (@=0.75) is only 16 % of that of the packed bed(.4). However, due to the low
capacity densityo. in the diluted bed, the lumpdd value reaches 81% of that of the

packed bed.

Since thegand p. are the same in the void-diluted packed bed aratofibrous
entrapped sorbents, the comparison between theseetwals the effects of microfibrous
media.  In microfibrous entrapped sorbents, and a, are 0.12 and 0.88

respectively. Therefore, thes is 63 pm for microfibrous entrapped sorbents. The
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comparative results ifable V-4 suggesk, andK of microfibrous entrapped sorbents is
40% higher than for the void-diluted packed bedictwhndicates the microfibrous media
improved mass transfer rate due to the reduced rdilmeality. HoweverTable V-4
also shows that it&, is still lower than that of the packed bed, duehe high void
fraction in it. The lumped is 1.13 times larger than that of the packed kethbse of
the low capacity density. in the microfibrous entrapped sorbent. This vahidess
than the experimental value of 1.32 /K, Another influence of the microfibers is
to promote plug flow through the MFES. The fibeesluce the dimensionality in the
bulk of the bed resulting in decreased axial disiperin MFES compared to packed beds
containing particles of the same size. Howevas, itifluence has not been included in
this simple model. The discussion above may beal ueeexplain improvement of
microfiborous media. However, the functions of rofdirous media are not fully
revealed yet; other research efforts are being ntadenderstand microfibrous media

from different points of view (Duggiralet al, 2006; Kalluriet al, 2006).

V.4.8. Composite Bed and Multi-stage Reactor Design

One application of the microfibrous entrapped sotl®to use it as a polishing layer
to extend the service time of a packed bed witlhuced reactor size. In this section, a
thin polishing layer of microfibrous entrapped snts was put at the downstream end of

a thick packed bed made of extrudates to form aposite bed. The reactor was a
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quartz tube with a diameter of 2.1 cm. Detailetbrimation of the polishing layer,
packed bed and composite bed is listedable V-5, and the breakthrough curves are

shown inFigure V-14.

Table V-5. Configuration and performance of the polishing fayeacked bed and
composite bed at different breakthrough concermnati

Bed Sorbent Breakthrough Breakthrough capacity
Test thickness  \weight Zno Time (min.) (g S/ g sorbent)
(cm) ©) © @1lppm @1%G @1lppm @1%G
Polishing layer 0.4 1 0.2 ~9.5 11 0.046 0.054
Packed bed 2.2 10.6 9.5 94 156 0.043 0.071
Composite bed 2.6 11.6 9.7 299 305 0.125 0.128

0.9 +

0.8

0.7 +

H>S C/Co
o
a1
I

—a— Polishing layer
—a— Packed bed
—s— Composite bed

0.4
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Figure V-14. Breakthrough curves of the polishing layer, packed and composite bed,
tested at 400 °C with a challenge gas of 4815 pgfvH, at a face velocity of 8.1 cm/s.
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As expected, the polishing layer had a very shagakihrough curve, while the
packed bed had a shorter breakthrough time thancdmeposite bed. It was also
observed that the breakthrough curve of the congdsd initially was almost as sharp
as that of the polishing layer. The calculatedaappt rate constants also confirmed this,
seeTable V-6. The lumpedK values of packed bed and polishing layer are 4.08x
and1.39x1G s?, respectively. The microfibrous entrapped ZnO destrated 34 times
higherK value than the packed bed made of ZnO extrudateite the initial lumped
of composite bed is 4.02x%@& which is comparable to that of polishing layer @&@&d0
times larger than that of the packed bed. As #mwction took place, ZnO in the
polishing layer was exhausted and the breakthraughe of the composite bed began to
take the shape of the packed bed. The critical deguth ) for each breakthrough
curve was calculated and is shownTable V-6. The comparison of; shows that the
polishing layer made of MFES had the smaligsis expected, and composite bed design
significantly reduced; especially at low breakthrough concentrations. r éxample, the
critical bed depths for the packed bed and the csitgbed at 0.1 ppm breakthrough are
4.03 cm and 2.17 cm receptively. Therefore, udiigeS as polishing layer can
improve the ZnO sorbent utilization especially feactors with small size (small reactor

lengthz) according to equation V-14.
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Table V-6. Calculated values of lumped K andbr the polishing layer, packed bed and
composite bed.

K (s%) r (min.) z.(cm)
Test — . — .
initial final initial  final (1 ppmv) (0.1 ppmv)*
Polishing layer 1 33x1@? - 18.3 - 0.149 0.189
Packed bed 4.08x10% 1.10x10* 370 630 1.84 4.03
Composite bed 4.03x10° 1.15x10* 327 595 1.36 2.17

* predicated by extrapolating the breakthrough eansing equation V-10.

The composite bed is functionally an integrated-stage reactor. The first stage is
usually a packed bed of extrudates which is ablereduce bulk HS to a low
concentration. The packed bed may not meet tha@resgents of fuel cell applications,
but it functions as a sulfur reservoir. The secatabe is the polishing layer, which
usually applies to specialized sorbents. The eradiscussion suggests that the second
stage in a composite bed, made of highly efficiemtbent, determines overall kinetic
behavior of the bed before breakthrough. The sasbenthis stage are not required to
have a very high capacity; however, it should hiaigh efficiency to remove 6 from
the gas stream from the first stage to a lower eomation to meet the fuel cell
requirements. Because microfibrous entrapped atslieve extremely high efficiency
(large K value) and low capacity, they are the promisingdadates employed in the
second stage to miniaturize the desulfurizationsuss well as other fuel clean-up units in

logistic fuel cell system.
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V.5. Conclusions

The modified Amundson model was successfully usedharacterize the shape of
breakthrough curves at various desulfurization g¢ants. This model suggests that the
shape of a breakthrough curve can be charactenzesims of lumped. LumpedK in
turn is determined by the characteristics of thekpd bed (such as void fraction and
capacity density), process dynamics such as appast@ constant and initial 28
concentration. Lumpe& is an index of the contacting efficiency and diesidation
performance of sorbents. A lar¢fe value means a sharp breakthrough curve, a small
critical bed depth and a high ZnO utilization aé t)ame test conditions. Fast mass
transfer rates and low sorbent loadings are critccaeduce the k& concentration to ppm
or sub-ppm levels. Because of the severe intréeflamass transfer resistance and high
capacity density, packed beds made of traditiornlidates usually require large reactor
sizes to achieve sub-ppm level breakthrough. InFBlEthe microfibers dominate the
flow field reducing the mass transfer film thickegand enhance the external mass transfer
rate. The high void fractiowin MEFS results in a lower apparent transfer katend
yields a low capacity densityaf). These characteristics improve the lumpedalue and
make the overall performance of MFES much bettan #xtrudates for low concentration
H,S removal. Besides low concentration application&grofibrous entrapped sorbents
can also be applied as polishing layers in com@dgtls or other two-stage reactor designs.

For applications requiring low breakthrough thrdgdhpthe addition of MFES polishing
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layers can significantly improve the overall cotitag efficiency and service time of the

packed bed.
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Notation

a solid volumetric percentage

A cross section area m

Ci dimensionless constant

C dimensionless constant

Co initial H,S concentration ppmv
Ca H,S concentration in challenge gas mof/cm
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Cao initial challenge HS molar concentration mol/ém

Co breakthrough concentration ppmv
o fiber diameter pum

dp particle size pm

d_S average characteristic size pm

Dag  diffusivity crii's

Jd Colburn J mass transfer factor

ko second order reaction rate constant *rool s
Ka apparent reaction rate (void volume based) 1os

ke external mass transfer rate cm/s
K lumped shape factor of breakthrough curve 15

My total mole of accessible ZnO in packed bed mol
Mz molecular weight of ZnO g/mol

n dilution factor

Re particle Reynolds number Rezd"%aU

Re particle Reynolds number (surface area based)= 6£ and Re"= (1?2)

for spherical particles
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Sa

Sc

Sh

specific interfacial area of entire bed

Schmidt number SC:( H j
paDAB
k. [d
Sherwood number Sh= P
AB
onsite time

face velocity

interstitial gas phase velocity

overall ZnO utilization

ZnO utilization of the accessible ZnO

ZnO loading of the sorbent

distance into the bed

critical bed depth

bed depth

depth of inactive layer

Greek letters

a

4

specific surface area of sorbent particles pérad volume

void fraction
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¢ shape factor

7 gasviscosity g/cm min
yoX gas density g/ ém
Jo packing density of packed bed gfcm
JoX molar capacity density mol obSfcn? packed bed
r saturation time min

Subscript for, K, ks, @,¢, yando.

m microfibrous entrapped sorbent

p packed bed
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CHAPTER VL.
CHARACTERIZATION OF THE REACTIONS BETWEEN ZINC OXID E AND

REFORMATES USING HIGH CONTACTING EFFICIENCY SORBENT S

Abstract

A novel ZnO based sorbent with minimized mass fean®sistance was applied to
investigate the intrinsic behavior of the reactidoetween ZnO and reformates. The
influences of gases such as CO,,Gind BO on HS removal and COS formation were
examined. Both CO and GQeact with HS to form carbonyl sulfide (COS). The
mechanisms of COS formation via two different patligvare discussed. CO reacted
with H,S to form COS homogeneously while £f@acted with HS heterogeneously on
the surface of ZnS. The COS formation by CO and, @@s suppressed by the
presence of Hand water. Water also severely hindered the imatietween ZnO and
H,S, and HS breakthrough time was significantly decreased.t aAlow water
concentration, the homogeneous COS formation datesrthe total sulfur breakthrough
time. At high water concentrations, total sulfuedkthrough time was controlled by

H,S breakthrough. Capacity loss due to COS formadioth adsorption of water was
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observed. Novel sorbents designs and processndesige required to improve the

effectiveness of the desulfurization processes.

Keyword: H,S, ZnO, COS, reformates, desulfurization, breaktgho

VI.1. Introduction

Logistic fuel cell power systems receive increasttgntion due to their high energy
efficiency. A potential drawback to the systemsthe use of precious metals as
electrodes and catalysts, which are easy to bempeids Thus, it is necessary to develop
high efficiency fuel clean-up technologies to remeulfur compounds from liquid or gas
fuel streams. Current technologies can succegsfelinove sulfur compounds from
several thousand ppm to sub-ppm levels @tual, 2005; Novochinskiet al, 2004;
Slimane and Abbasian, 2000a; Westmoreland and 4dauril976; Tamhankat al, 1986;
Sasaoka, 1994b) using metal oxide based sorbebise to the high sulfur capacity and
favorable sulfidation thermodynamics at moderateperatures, zinc oxide (ZnO) based
sorbents are widely applied in gas phase desudtioiz to remove sulfur species such as
H.S from gas streams. ZnO can also be stabilizeatdition of FeO3; (Gangwalet al,
1989; Guptaet al, 1992) or TiQ (Lew et al, 1989; Woodset al, 1990) for the
applications at elevated temperatures.

The gas streams (reformates) from reformers uswalhtain H, CO, CQ, water,

low molecular weigh hydrocarbons, and sulfur spea@ach as p and COS. The
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reactions between ZnO and reformates has complicasuch as the reaction between
ZnO and HS, water gas shift reaction (WGS), COS formatiothm presence of CO and
CO,, and ZnO reduction. The reactions between ZnO &b in the
H,S-H,-CO-H,O—-CQO-N, system were characterized by Sasaekal in 1994. The
sorbents utilized in their study were ZnO pellatsuad 1 mm with a surface area of 3.2
m?/g. The gas face velocity through the reactor &&scm/s at 500 °C. Under these
test conditions, the reaction process may be ddeinlay external and/or intra-particles
mass transfer resistance; therefore, their expetaheesults may not reveal the intrinsic
behavior of these reactions. They found that C@S mot as active as,8l to react with
ZnO (Sasaokat al, 1996). They also observed that ZnS had catalttivity to
convert COS to kB according to the following reaction (Sasaekal, 1995):

2COS+hH+H,0= 2H,S+CO+ CQ (2)

The Center for Microfibrous Material Manufacturig@M®) at Auburn University
has developed supported ZnO sorbent (ZnOJ/Sior PEM fuel cell applications.
These sorbents containing supported nano-sizedgfai@s in the pores of SiGupport
particulates (100-20Qum) have high BET surface areas and high porositidfiese
characteristics of the sorbent literally eliminttte intra-particle mass transfer resistance
including pore diffusion and lattice diffusion. As result, the sorbents are able to
achieve multi-log sulfur removal within a thin, &d bed of several millimeters thickness
while achieving an overall ZnO utilization above?®@Lu et al, 2005). In this study,
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the intrinsic behavior of the reactions taking plac the desulfurization for reformates
(H2S-H-H,0O-CO-CQ system) was investigated by analyzing the breaktin curves of

packed beds of ZnO/SBorbents at 400 °C.

VI.2. Experimental

Chemicals: If not otherwise stated, all gases in this work ev@urchased from
Airgas Inc. The sources of,H were 2 vol.% b5-H, and pure KS. Other challenge
gases at various 8 concentrations, i.e., 4000 ppmv and 1.3 vol.%ewbluted from
these two HS sources by adding other gases such as CO (>60%,\Sigma-Aldrich),
CO, H, and He. Reformates containing 40 vol.%), CQ (~20 vol.%), CO (10
vol.%) and water (~30 vol.%) was prepared by mixgigyle gas compounds together.

ZnO/SiO; sorbent preparation: ZnO/SiG, contains 17 wt.% of ZnO supported on
Si0O, (100-200um) fine particles. The sorbent was prepared bypient wetness
impregnation at room temperature using Zn(N® (Fisher Scientific, Reagent grade
purity >98%) solution (2 mol/L) as precursor folled/by natural drying and calcination
at 450 °C. The ZnO loading was quantified by botass balance and ICP analysis.
Detailed sorbents preparation procedures were ibesicelsewhere (Lat al, 2005).

Experimental setup and procedure:The experiment setup is showsgure VI-1.

All gas flows were controlled by mass flow contesf. HS source gas was introduced
to reactor by 1/8” Teflon tubing. Other gases wateoduced to the reactor in stainless
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steel tubing. Water was introduced to the gas thgwpassing He, Hor CO through a
vaporizer with temperature controller, and wasiedrin a 1/8” stainless steel tubing
wrapped with a heating tape. The water in the xiapo was pre-distilled and was

heated to 100 °C to remove oxygen.

TEFLON 1/8' T

vent
vent
SS18 ~_ Heating
_QJ thermal
vaporizer controller
400°C
o (o]
furnace
moisture trap
Legend
I>T<1 valve
. J:L Mass flow controller
data collection
H. carrier gas .
Gas cylinder

Figure VI-1. Experimental setup.

The reactor employed was a quartz tube (0.99 cn).l.DAfter loading the sorbents,

air (100 ml/min) was passed through the reactooreethe temperature reached the set
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point of 400 °C. Next, helium (100 ml/min) flowéldrough the reactor for ten minutes
to eliminate oxygen in the reactor, which may idtroe side reactions such as sulfide
oxidation. Then, Kkl passed through the reactor for another 10 mintesabilize the
temperature profile along the reactor. Finallghallenge of various #$ concentration
passed through the reactor at the same flow raté&.asThe outlet HS concentrations
were analyzed by a Varian GC-3800 with a TCD dete(itl, as carrier gas). The gas
chromatograph (GC) was able to measure th8 Ebncentration down to 200 ppmv
precisely; COS, 20 ppmv. Gas samples were injaatecthe GC every 3 minutes by a
programmed 6-port-valve with a sampling loop of EQ after commencing the
experiment. In this paper, breakthrough conceotravas defined at 40 ppmv, which
corresponds to 1 % of initial challenge gas comreg¢ion. The breakthrough times were
read from the breakthrough curves.

In this study, each individual compounds in refom@sawere investigated first,
followed by multi-compound systems. ;-C3 hydrocarbons were considered inert and
thus not investigated. Unless otherwise stategdh eaxperiment challenged 0.5 g
ZnO/SiQ, with 4000 ppmv HS at 9.9 cm/s (GHSV=13900'h at 400 °C. The
stoichiometric saturation time of the packed beds walculated to be 31.6 minutes.

The equilibrium constants of reversible reactiomsercalculated using HSC 3 software.
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VI.3. Results and Discussion

The sharpness of breakthrough curves can be useuh asdex of the apparent
reaction rate (Amundson, 1948; Klotz, 194@on and Nelson, 1984) given constant
challenge gas concentration tested with the sam®gbat the same amount. For the
sorbents containing the same amount of ZnO/Si@bent tested in different challenge
gases , it is easy to reach a conclusion that mieevoth shaper breakthrough curve and
longer breakthrough time should have a faster i@adtinetic, or vice-versa. For
example, if the addition of a gas compound sigaifity broadens 6 breakthrough

curve, then it must decelerate the reaction betv@éh and HS.

VI.3.1. H;S-H, system

Hydrogen is the main component in reformates, Wguathe range of 40~60 vol.%.
According to Sasaoka (1994b); hhay inhibit the reaction between ZnO angSHat low
temperatures and accelerate it at high temperaturies this study, desulfurization
performances of ZnO/Siat various H concentrations are shownkigure VI-2. The
experimental results are different from the obs#oma of Sasaoka. Figure VI-2
suggests that Hat low concentrations has little effects on thesuleirization
performance of ZnO/Si© All breakthrough curves at,Honcentrations in the range of
20~60 vol.% are overlapped with each other. Thmamy desulfurization reaction, the

reaction between ZnO ang$| takes place according to reaction 2.
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ZnO+H,S=ZnS+HO 2

However, the sorbent demonstrates a sharper break curve and less capacity
at 80 vol.% H than at low H concentrations, which means Biccelerates the reaction 2.
The first possible reason is the ZnO reductionigi i, concentrations. According to
Sasaoka (1994a, 1994b), zinc especially zinc vapemerated in ZnO reduction
accelerates desulfurization reaction (reaction 3).

Zn+H,S=ZnS+hH 3)

Sasaoka (1994b) observed the similar phenomen&3@tC in the tests on bulk
ZnO sorbents. In ZnO/S3orbent, the grain size of ZnO is around 5 nm. this size,
the ZnO was easy to be reduced and vaporized timenirz bulk form; therefore, the
desulfurization reaction was accelerated. The gag@or may introduce Zn loss under
the test conditions. However, no zinc metal depmsiwas observed in this study.

Another possible reason for capacity lose is thgh ltoncentration Htends to
prevent HS from decomposing. In the other tests at loscbhcentrations, yellowish
rings of sulfur deposited on the walls of quartkzetwere observed. This phenomenon
was not observed at 80 vol.%,.H As a result, the breakthrough curves at low H
concentrations demonstrated larger capacities thainat 80 vol.% kK due to element
sulfur formation

As shown inFigure VI-2, the BS breakthrough time in the test of 4000 ppmv
H,S-20 vol.% H-He was 28 min; the saturation time based onjjheoncept (the time to
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reaches the 50% of the inlet concentration) wa$ 8iin. These results suggest the
ZnO in ZnO/SiQ was completely accessible and ZnO utilization v&3%6 at

breakthrough. Further increase in face velocitlf have little effects on the shape of
breakthrough curves. Thus, the breakthrough behadescribed in this study could be

considered as close approximations to intrinsictrea characteristics.

4000
>
g_ 3000 —+
£ 4000 ppmv H,S in
IS —8-20% H,-He
© 2000 + —B- 40% H,-He
§ —A- 60% H,-He
S —% 80% H,-He
© 1000 +
a
T
O I I I
0 10 20 30 40

Time (min)

Figure VI-2. Effects of H on H:S breakthrough curves.

V1.3.2. H,S-CO-H, system

CO has strong influences on the reaction betwe&h aimd HS according to Sasaoka
(1994b). It also reacts with,8 to form COS according to reaction 4.
CO+H,S=COS+H (4)
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Considering the similarity between sulfur and oxygéoms, reaction 4 is analogous

to the well-known water gas shift reaction (WGShlioed in reaction 5.
CO+H,0=COs+H, (5)

Reaction 4 is a reversible reaction with an equiiitn constant of 0.0363 at 400 °C.
Although this equilibrium constant is much loweaththat of WGS (12.4), it is still
critical for sulfur species requirements for fuell@pplications such as PEM fuel cells.

COS can also be captured by ZnO according to maéti

COS+Zn0=ZnS+CO (6)
Reaction 6 is the secondary desulfurization readtidhis study. According to Sasaoka

et al (1996), it is a slow reaction.

4000

3000 -~
> 4000 ppmv H,S in
% —- 20% H2—He
82000 - o j0ucos00H e
% —- 20 % CO-20 % H,-He

1000 —A— 20 % CO-40 % Hy-He

0
0 10 20 30 40 0

Time (min)

Figure VI-3. Effects of CO on k5 breakthrough curves in the presence of H
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Figure VI-4. Effects of CO on COS formation in the presence of H
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Figure VI-5. Effects of CO on total sulfur breakthrough in gresence of K
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Figure VI-3 shows that the addition of CO to,$tH,-He system did not
significantly change the shape of,$ breakthrough curves. The result therefore
suggests CO has little effects on reaction 2 at400 The addition of CO also shifted
the HS breakthrough curves to the right side and madesaluration k5 concentration
of the breakthrough curves (plateau concentratiower than the initial concentration
(4000 ppmv). Unlike kicase, the shift of breakthrough curves to thet isgle does not
mean an increase in sulfur capacity of sorbentstdube COS formation in the case of
CO. This can be seenligure VI-4. The total sulfur breakthrough curves (as shown
in Figure VI-5) also confirmed this.

Figures VI-3 and4 suggest the breakthrough of COS took place edHgar that of
H,S in presence of CO. With 10% CO, COS broke atnid and reached a peak
concentration of 1000 ppmv. In terms ofSHsaturation time, the sulfur capacity was
31.5 min under test conditions. This result implitat around 50% of ZnO was
unutilized at COS breakthrough, however, this amairznO was able to successfully
remove HS but not COS from the gas stream. The differé@teeen the breakthrough
of H,S and COS implies that COS may be generated homogsly, and/or it is be
hardly captured by the ZnO sorbent bed (Sasabké, 1996).

Figure VI-4 also suggests that COS concentration increasédtieatincrease in CO
concentration as predicted by reaction 4. Theeb@lOS concentrations were higher
than the calculated equilibrium values of 142 afidp@mv in the presence of 20 and 10
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vol.% CO, respectively. After reaching the highestues, the COS concentrations
dropped gradually. This phenomenon is contradjctorthe result predicated by the
homogeneous reaction hypothesig&igure VI-4 also demonstrates that bhhibited the
formation of COS. With the increase in Eoncentration, the COS breakthrough was
postponed and the plateau COS concentration decea3he breakthrough of COS in
the presence of 40 vol.%;Htarted 5 minutes later and achieved a lower curat#on
plateau than that in the presence of 20 vol £ H

Figure VI-5 demonstrates the breakthrough curves for totdlisw@oncentration
including both HS and COS. The addition of CO dramatically broadethe total
sulfur breakthrough curves, therefore it deceleraite reaction between ZnO and sulfur
species, mainly due to the formation of COS andvsiegaction between COS and ZnO
(reaction 6). Figure VI-5 indicates that COS breakthrough time determinedtdital
sulfur breakthrough time. As shownHigure VI-5, the total sulfur broke at 14 min in
the presence of 20 vol.% CO and at 28 min withoOt CThe sulfur capacity and bed
utilization at total sulfur breakthrough dropped38£46 due to the presence of CO.

During the experiments, GQvas detected and its concentration decreasediwieh
as shown irFigure VI-4. CG, concentration demonstrated a different profilenfr6OS.
Its initial concentration reached a peak conceioinabf 800 ppmv before dropping
gradually. In the experimental conditions, ther@tavo possible pathways to form €O
The first one is CO oxidation by ZnO and the secen@O oxidation by kO generated
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in the reaction between ZnO and3d Considering the equilibrium constants of these
two reactions (2.64x10Dand 12.4 for the two reactions respectively) ahd €Q
concentration observed, the most possible pathwdalye second one. The presence of
CO, complicates the system because COS may also leeaged by different pathways in
the presence of C{as shown by reactions 7 and 8:

CO,+H,S=COS+HO ()

CO+ZNS=COS+Zn0O (8)

VI1.3.3. H,S-CO,-H; system

Like CO, CQ has influences on the reaction 2 and it can inicedCOS formation
according to reaction 7 homogeneously or heteragesig  If heterogeneously, reaction
7 should be separated into two heterogeneous oeaddiand 2. Reaction 7 is reversible
with an equilibrium constant of 0.00293 at 400 °C.

H,S breakthrough curves tested with 4000 ppm®%-20 vol.% H-He challenge
gases with various Groncentrations are shown kigure VI-6. Unlike the results of
H,S-CO-H system, H demonstrated little effects on desulfurizationf@enance in the
presence of C® The shape of 6 and total sulfur breakthrough curves and the COS
concentration at various;Htoncentrations are almost the same. Like CO; i@ not
significantly change the shape of,3 breakthrough curves, and it shifted the
breakthrough curves right at low @€@oncentration.
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Figure VI-6. Effects of CQ on H:S breakthrough curves in the presence of H

COS was also detected and COS the breakthroughesuat various CO
concentrations are shown kgure VI-7. In this figure, the COS breakthrough took
place 7 minutes earlier than thgSHoreakthrough. The COS breakthrough times varied
slightly with the change in concentration of £&hd H in the challenge gas. Similar to
CO, CQ inhibited the desulfurization kinetics as showrFigure VI-8. With a higher
CO, concentration, the total sulfur breakthrough tidiminished slightly. However,
CO; is not as active as CO in terms of COS formatidfor instance, the total sulfur
breakthrough took place at 22 minutes in the praseh 20 vol.% C@and at 14 minutes
in 20 vol.% CO. The plateau COS concentrationthen H,S-CG-H, challenge gases

was also lower than those observed ¥+ O-H challenge gases.
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Figure VI-7. Effects of CQ on COS formation in the presence of H

In the presence of GQand H, the WGS reaction took place and CO was detected.
COS was also detected and the concentration pdiierarious C@concentrations are
shown inFigure VI-7. Therefore, there are two pathways for COS foionain the
presence of CO The first one is direct COS formation by reaatio The second is a
two-step reaction where G@ converted to a CO intermediate by WGS beformiiog
COS by reaction 4. IRigure VI-7, COS plateau concentration was proportional to the
CO, concentration present in challenge gas streamHarfthd no significant effect on
COS plateau concentration. Moreoves, islinvolved in reaction 4 but not in reactions
7. Therefore, these results hint that the dir€@BGormation via reaction 7 is dominant

in the presence of CQvhen the bed is close to saturation.
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When the bed was close to saturation, CO was @etett3500 ppmv in the presence
of 20 vol.% H due to the WGS reaction. This is far below theiildzyium CO
concentration of WGS in the reaction conditionshe presence of CO also implies that
an equal amount of 4 (3500 ppmv) was generated due to WGS reactionfurther
calculation for the challenge gas containing 20%0CQ, 20 vol.% H, 4000 ppmv HS,
and 3500 ppmv pO indicated an equilibrium COS concentration of i, close to
the experimental value of 434 ppmv. This resuggasts the COS formation via €O
(reaction 7) was a fast reaction, and the plate@® Concentration was controlled by the
equilibrium of reaction 7 when the sorbent bed wlase to saturation. This assumption
can explain the linear relationship between thdepla COS concentration and €0

concentration observed in Figure VI-7.
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g 30007 4000 ppmv H;S in
% —— 20% H,-He
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Figure VI-8. Effects of CQ on total sulfur breakthrough curves in the presesfd,.
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Hydrogen did not significantly inhibit the COS faation in the presence of GO
which is different from the results in the presemfeCO. H is a reactant in the
reversible reaction 4. It directly affects COSnfiation by changing the equilibrium of
reaction 4, and therefore significantly inhibitsetl€OS formations and extend the
breakthrough time of total sulfur concentrationn the presence GOH, indirectly
affects the COS formation via WGS reaction. In WG3 and water both are
generated. CO is more active than,C&hd accelerates the COS formation, while water
inhabits COS formation by changing the equilibrimhreaction 7. As a result, the

overall influence of Hon COS formation in the presence of 4®negligible.

V1.3.4. H,S-H,O-H; system

Water is a key component in the desulfurizationrefbrmates using ZnO based
sorbents, because of its involvement in most reastsuch as the reactions between ZnO
and HS, CQ and HS, ZnO and H (ZnO reduction), the WGS reaction. Addition of
water will change the equilibrium concentrationstloése reactions. The reactions in
H,S-H,O-H, challenge gases are much simpler than in the pecesef CO and/or C§£)
because there is no COS formation. The desulfimizgperformance of ZnO/SiO
sorbent beds were tested with 4000 ppm$-H0 vol.% H-He challenge gases with

various water contents. The breakthrough curveé$,8fare shown ifrigure VI-9.
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Figure VI-9. Effects of water on k8§ breakthrough curves.

Unlike CO and C@ water demonstrated very strong influence on ttegse of HS
breakthrough curves. Water of 2 vol.% significarithttened the breakthrough curves.
As water concentration increased thgSHbreakthrough took place sooner. In the
presence of 20 vol.% water in gas stream, the bmeakgh time was only 19 minutes
(2/3 of that tested without water). All the reswuggest water dramatically decelerates
the reaction between,B and ZnO. A possible reason is that water wasrbbd on
ZnO and blocked the access gfHmolecules to the ZnO grains.

Water also reduced the sulfur capacity of ZnO baseldents. In the presence of 20
vol.% of water, the breakthrough curve was shittlby 1 minute, indicating 3 % of ZnO

stoichiometric capacity loss in the presence ofhigater contents. Under the test
208



conditions, no zinc loss was observed, becausbeoptesence of water, which tends to
keep zinc at its oxide state, and the low desw#iidon temperature. Moreover, the
equilibrium HS concentration was 0.6 ppmv, a negligible amowmpared with the
initial H,S concentration at 4000 ppmv. The equilibrium dimt affect the sulfur
capacity. The only explanation for lose in capaarnder the experimental conditions is
the adsorption of water on ZnO. In a word, waktednines equilibrium of reactions 2,
5 and 7, significantly decelerates the reactior,rahd slight reduces the;$l capacity

due to water adsorption on the surface or ZnO sisbe

4000
4000 ppmv H,S in
3000 +  _4 20%H,-He
=% 20% H,-20% H,O-He
—8- 30% H,-20% H,0-He
2000 +

—& 40% H,-20% H,O-He

1000 ~

H2S concentration (ppmv)

0 10 20 30 40 50

Time (min)

Figure VI-10. Effects of H on H,S breakthrough curves in the presence of water.

The addition of various concentrations of té the challenge gases containing 20

vol.% HO did not demonstrate significant effects on thapghof breakthrough curves,
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as shown irFigure VI-10. The breakthrough curves at variousddncentrations in the
presence of 20 vol.% J@ are similar to each other. The same results vadse
observed in Heffect tests in the absence of additional wateshown inFigure VI-2, in
which the changes in Htoncentration did not affect the shape of breakigh curves
significantly. These observations are differertnirthe one observed at 500 °C by
Sasaokat al. The difference is the reaction of ZnO reductiaa@tion 9). Under the
tests conditions at 400 °C, reaction 9 can be evri#s:
ZnO(s)+H(9)=2n(s)+H0O(g) (9)
and at 500 °C, reaction 9 can be written as
ZnO(s)+H(9)=2Zn(9)+HO(9) (97

The equilibrium constant for reaction 9’ was caétetl to be 2.14x1Dat 400 °C
using HSC 3 software, which means water at a cdratgn above 2.14 ppm is able to
convert Zn metal to ZnO. Even the nanosized nabtfirénO in ZnO/SiQ sorbent is
helpful for ZnO reduction due to liquid Zn and zimapor formation, K at low
concentrations cannot easily reduce ZnO underas$ieconditions of a thousands ppm of
water at 400 °C as it does at 500 °C. Thus, utitetest conditions, Hlemonstrates
little effects on ZnO/Si@performance. In a word, hydrogen of low concditrs does
not have a strong effect on the reaction betweed @nd HS under the test conditions,

especially in the presence of water.
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V1.3.5. HS-CO-H,-H,0 system

ZnO/SiG, sorbent (0.5 g) was tested with challenges coimigid000 ppmv HS
with various CO and D concentrations at 400 °C. The test results hadésults of
the experiments in which CO or,@ was absent were shown kigures VI-11, 12and

13 for comparison.
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Figure VI-11. Effects of CO on kb5 breakthrough curves in the presence of water.

As indicated in these three figures, water hasraidant influence on the shape of
the breakthrough curves. IRigure VI-11, the HS breakthrough curves can be
classified in two groups according to the watertenth  All experiments performed in
the absence of water posses a breakthrough cucagetb at the right side with a steep

slope. The tests involving 20 vol.% water havevearthat are displaced to the left side
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with lower capacities and broader breakthrough esirv This result suggests water
significantly hinders the reaction betweenSHand ZnO in the presence of CO. A
possible reason as mentioned earlier is the adsorpf water by ZnO. InFigure
VI-12, it should be noted that the addition of 20 vol@ater drastically reduced the
plateau COS concentrations from 400 to 600 ppmthénabsence of water to less than
100 ppm. Since water is not involved in the COS formatioa keaction 5, a reasonable
explanation to this phenomenon is that COS conagotr is primarily controlled by
reaction 7 in which both water and €@re involved. The hypothesis is supported by
the detection of C&generated by WGS during the experiments.
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Figure VI-12. Effects of CO on COS formation in the presenceatier.

CO has little effects on the reaction betweess Hhind ZnO (reaction 2) in the

presence of 20 vol.% water (as shownFigure VI-11). This is different from the
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results of Sasaoka (1994b) at 500 °C. However,c6ahges the breakthrough time of
COS and total sulfur significantly. The breakthgbutimes of HS and total sulfur
decreased with the increase in CO concentratialiuasrated inFigures VI-12 and 13
As for COS formation, it is obvious that a high @0@ncentration will generate more
COS, as shown ifigure VI-12. The COS breakthrough time decreased slightli wit
the increase in CO concentration, which is reaslendélthe reaction between ZnO and
COS takes place very slowly. The breakthrough the,S also drastically decreased
with the increase in water content. At high watmntent, ca. 20 vol.%, the
breakthrough time of % was, though still larger than, very close to hfaCOS. As a
result, the total sulfur breakthrough time was deteed by COS breakthrough time in
the presence of 20% CO and 20% water, as shoviigure VI-13. At higher water
and lower CO concentrations, theS3Hbreakthrough time will be less than that of COS.
In this case, the breakthrough time of total suifuequal to that of & and, in turn, is
determined by water concentration. Due to COS #&bion and hindering effects of
water, the bed utilization in the presence of 20@&dhd 20% water was less than 40%.

It should be noted that the COS formation was otlett by different reactions
during reformates desulfurization. Before breastigh COS formation was determined
by the reaction between,8 and CO (reaction 4), while plateau COS conceotratas
significantly affected by water and GQeaction 7). This transition in COS formation
is not clear yet.
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Figure VI-13. Effects of CO on total sulfur breakthrough curirethe presence of water.

V1.3.6. H;S-CO»-H,-H>0 system

A series of similar experiments was performed foballenge gases containing 20
vol.% water and various concentrations ofCOThus, the water generated by reaction 2
and WGS reaction was negligible. The test resutsshown irFigures VI-14, 15,and
16. Several experiments tested without water ai@ stiewn for comparison.

The HS, total sulfur, and the COS breakthrough curvesvary similar to those
discussed in the 43-CO-HO section. From the two sets of experiments,; @ CO
demonstrated similar influences on the desulfuerareactions and COS formation;
however, the plateau COS concentrations in th8-GQ-H,O tests were lower than

these in HS-CO-HO tests.
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As mentioned in the }¥$-CO-HO section, the plateau COS concentration was not
controlled by the equilibrium of reaction 5, whi0O, and water were involved in the
controlling steps. The equilibrium concentrationGOS for the challenge gas (4000
ppmv HS-20 vol.%CQ-20 vol.% H-20 vol.% HO-He) at 400 °C was calculated to be
12 ppmv, which is very close to the experimentdu@aca. 20 ppmv. Moreover, the
plateau COS concentration was proportional to ¢eelihg CQ concentration, as shown
in Figure VI-15. These results suggest the reaction betweena@®HS was fast and
the COS concentration was determined by the equitib of reaction 7, which
consistently supports the earlier discussiorfagures VI-12 and 15 also implies that

high water contents can be applied to reduce thieg@l COS concentration.
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Figure VI-14. Effects of CQ on H,S breakthrough curves in the presence of water.
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Figure VI-15. Effects of CQ on COS formation in the presence of water.
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Figure VI-16. Effects of CQ on total sulfur breakthrough curves in the preseat
water.
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VI.3.7. H,S-CO-CO, system

The ZnO/SiQ sorbent was tested with several challenge gasgainong 4000 ppmv
of H,S and CO and Cfat various concentrations. The sorbent was testet)0 °C
and a face velocity of 9.9 cm/s. The results &i@vs in Figures VI-17, 18 and19.
There is no significant difference betweenSHbreakthrough curves at these various
challenge gas systems, suggesting the CO andg@©Omixture does not have significant
influences on the reaction between ZnO an&.H However, the COS breakthrough
curves and total sulfur breakthrough curves areeglifferent from each other.Figures
VI-18 and 19suggest that CO concentration determined the tvemlgh pattern of total
sulfur. CQ did not demonstrate significant effect on theltstdfur breakthrough time
and COS initial formation rate. This result imgligtnat CO is more active than €@
terms of COS formation before COS breakthroughctvhs consistent with the earlier
observances. Because thgStbreakthrough times in these tests were larger tihase
of COS, and the total sulfur breakthrough time determined by the COS breakthrough,
which was in turn determined by CO concentration.

It is should be noticed that GQs the dominant factor for the plateau COS
concentration in the presence of CO and,.COr'he addition of 10 vol.% of CO to the 20
vol.% CQO-20 vol.% H-He did not change the plateau COS concentratiecause the
COS formation when the packed bed was saturated coasolled by the reaction

between C@and HS.
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A sulfur capacity loss in the presence of £&hd CO was also observed. As
shown inFigure VI-19, the area above a total sulfur breakthrough cigywoportional
to the saturation sulfur capacity of the packed.be#dl simple manual integration
suggests that the addition of 10 vol.% CO and 20w &0, reduced the saturation sulfur
capacity of ZnO/Si@by 7% of the stoichiometric capacity. This capatoss is due to
the formation of COS, which is hard be capturedZmD/SiQ sorbent. Therefore,
sulfur capacity can be improved by converting COSHtS that can be adsorbed by
ZnO/SiQG; sorbent at a high sulfur capacity, or by modifythg sorbent to make it more

active to COS.
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Figure VI-17. H,S breakthrough curves in the presence of CO and CO
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Figure VI-18. COS formation in the presence of CO and,CO
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Figure VI-19. Total sulfur breakthrough curves in the preserice@ and CQ.
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The addition of H to the challenge gas of 4000 ppmyS-LO vol.% CO-20 vol.%
C0O»-20 vol.% H-He significantly shifted the ¥ breakthrough curve left by 4 minutes
and delayed the COS breakthrough by 4 minutesh@srsinFigure VI-20. As for the
total sulfur breakthrough, Hlemonstrated the same effect as it did in eadisaussions.

It oppressed the COS formation (mainly via CO) amxtended the total sulfur
breakthrough time as shownHigure VI-21.

Figure VI-20 also indicates that the addition of kb the challenge gas containing
CO and CQ did not change the plateau COS concentration wherpacked bed was
close to saturation. This phenomenon is diffefeorh the observations in43-CO-H
section, and it is similar to these In$HCQO-H, section, where Hdemonstrated little
effects on plateau COS concentration. Based odidueissions earlier, this result hints
that COS concentration was controlled by the eguilim of reaction 7, though COS was
also generated via reaction 4 under the desultimizaonditions.

The addition of HO to the challenge gases containing CO and €@nged the %
breakthrough curves and COS formation as showirigures VI-22 and 23. The
addition of 20 vol.% HO to the challenge gas of 4000 ppmaSHLO vol.% CO-20 vol.%
C0Ox-20 vol.% H-He drastically broadened.B breakthrough curves and reduced the
plateau COS concentration, as it was discussedrireesections. The addition of water
also demonstrated a 3-minute increase in the C@8kthrough time and total sulfur
breakthrough time. Both water and éppressed the COS formation and extended total
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sulfur breakthrough time, but they functioned iffedent ways. H affects the reaction
4 directly. The addition of Hwill accelerate the reverse reaction rate of react as
described in earlier discussion. Water affectsilbguwm of the WGS and reaction 7.
The addition of HO to the challenge gas of 4000 ppmySHLO vol.% CO-20 vol.%
CO,-20 vol.% H-He reduced the CO concentration which is morevadtnan CQ in
COS formation before COS breakthrough. The additibwater also reduced the COS
formation via reaction 7. Therefore, the £1© more stable in the presence of high
water concentrations. As a result, the additionvater will generate less COS and

therefore extend the COS breakthrough time and gattur breakthrough time as well.
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3000 —e— 20%H,-He
’g —o— 10%CO-20%C0,-20%H,-He
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8 —o— 10%CO-20%C0,-40%H,-He
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T
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0
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Figure VI-20. Effects of H on S and COS breakthrough curves in the presence of CO
and CQ.
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Figure VI-21. Effects of H on total sulfur breakthrough curves in the presensicCO
and CQ.
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Figure VI-22. Effects of HO on HS and COS breakthrough curves in the presence of
CO and CQ.
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Figure VI-23. Effects of HO on total sulfur breakthrough curve in the preseotCO
and CQ.

VI1.3.8. Desulfurization for Model Reformates

The following research focused on the desulfurratperformance of ZnO/SiO
sorbents. In this section, water effect on desizifion for reformates was discussed
specially. A dry reformates containing 4000 ppm&H.0 vol.% CO-20 vol.% C&40
vol.% H,-He and wet reformates containing 4000 ppmp5H0 vol.% CO-20 vol.%
C0O»-40 vol.% H-30 vol.% H were tested with ZnO/SiOsorbent (0.5 g) at 400 °C.

The test results were shownkigures VI-24, 25and26 for comparison.
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Figure VI-24. Effects of HO on HS breakthrough curves in the presence of reformates
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Figure VI-25. Effects of HO on HS breakthrough curves in the presence of reformates
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Figure VI-26. Effects of HO on total sulfur breakthrough curves in the preseaf
reformates.

Figure VI-24 suggests water reduced thgStbreakthrough time from 28 minutes
(H2S-Hx-He system) or 25 minutes §8-CO-CQ-H,-He system) to only 13 minutes. It
did not reduce the saturation time basedigrsignificantly. The wet reformates had a
ty2 of 27 min., which is very close to with thg,tof 28 minutes for dry reformates
(H2S-CO-CQ-H2-He). Figures VI-24 and26 suggest KIS breakthrough determines the
total sulfur breakthrough at high water content,3tavol.%.

Figure VI-25 indicates the reduction of COS concentration enghesence of water.
The COS concentration was reduced from 700 ppm&{EIO-CQ-H,-He system) to
below 200 ppmv. The total sulfur breakthrough eum Figure VI-26 suggests the

addition of water to reformates decelerated thdusukemoval rate. The lumpel
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(shape factor in Yoon's model) in the presence afewis only 0.24 mih. It is only
half of the dry reformates test (0.44 Mjnand one third of that of the,8-H,-He system
(0.741 min"). Figures VI 24 and 26 indicate the desulfurization of reformates in the
presence of water is usually running at low efficie The efficiency of traditional
sorbents with severe mass transfer resistance suffer more. Figure VI-26
demonstrated a sulfur capacity loss around 10%tofation capacity in the test with this
challenge gas. The adsorption of water accouried% capacity loss and the COS
formation accounted for the remaining 7%. By cating COS to HS, the sulfur
capacity can be increasedFigure VI-26 also suggests a low ZnO utilization at 30%
during the desulfurization for reformates.

Since the experimental results reveal the intrib&hbavior of the reactions between
ZnO and reformates, further changes in the facecitglwill not significantly affect the
performance at this gas composition. Novel prockssgns to change water content
and/or CO content are favored to improve the capaciZnO based sorbents and reduce
the reactor sizes at a high water content30 vol.%). At a low water content (< 30
vol.%) where the total sulfur breakthrough timedistermined by COS formation via
reaction 5, sorbents that have high COS capacity meercome this intrinsic
ineffectiveness. For the sorbents with severe rtrassfer resistance, the performance

will be much worse than the one described above.
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V1.3.9. Mechanism of COS Formation

The COS is generated when CO and/or,Cfe present in the gas phase
desulfurization process; however, the mechanisn€CO formation is not clear yet.
The results in earlier discussion suggest CO wa® ractive than C@in terms of COS
formation, and CO and t+had strong influences on the breakthrough of C@&iaitial
COS formation. When the packed bed was saturamsever, CQ and HO became
the controlling factors for the COS concentratioifhe controlling mechanism changed
during the desulfurization process; therefore, svexperiments were designed to reveal

the possible pathways of COS formation.

VI1.3.9.1.Homogeneous Tests

Two experiments were conducted in a clean, quadzrtor filled with ultra-high
purity He and without any sorbent particles or pagkmaterials. In the first experiment,
the challenge gas containing 13000 ppm$ H25 vol.% CO and He passed through the
reactor and the COS (around 200~300 ppmv) wererdedoas seen ikigure VI-27.

This result suggests that the reaction between QDHsS took place homogeneously in
the tube reactor. Figure VI-27 shows COS generated at a concentration much lower
than the equilibrium concentration. This indicatleat the homogeneous reaction was
slow. Since COS formation via the homogeneoustiadoes not require the ZnS,

COS breakthrough in the presence of CO can be readler than the one without CO.
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The equivalent COS concentration for the test donimg 4000 ppmv KHS was estimated
to be 70~100 ppmv. This value is very close toglageau COS concentration tested at

high water content, where COS formation via,@@s literarily negligible.

16000
) 000 | W‘
>
g_ Gas flow switched to —o— HS
2 reactor at t=10 min -0~ COS
» 8000 |
O _____________________________________________________________________________
% Equilibrium COS concentration
T 4000 |

0 10 20 30 40

Time(min)

Figure VI-27. Homogeneous COS formation by the reaction betv@@rand HS at 400
°C. Tested with 13000 ppmv,B-25 vol.% CO-He challenge gas at a face velodi§.®

cm/s.

The second experiment was conducted using theectyal gas of COH,S-He,
which was switched to pass through the empty tebetor at t=12 min, and the.$land
COS concentrations were recorded as showirigure VI-28. The result is quite
different from that of CO case. No COS was detkaaring the test, although the
equilibrium concentration was 3000 ppmv at the testditions. These results suggest

COS formation via homogeneous reaction between &@ HS was negligible at the

test conditions.
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Figure VI-28. Homogeneous COS formation by the reaction betwe®n and HS at
400 °C. Tested with 13000 ppmw$t25 vol.% CQG-He challenge gas at a face velocity

of 9.9 cm/s

V1.3.9.2.Heterogeneous Tests
Since COS was detected in the packed bed in tiseipce of C@Qand COS was not
generated by the homogeneous reaction betweep &@ HS, they must react
heterogeneously. Besides the homogeneous rea€iOnmay also react with 49
heterogeneously in the presence of sorbents. isnsdction, heterogeneous reaction
pathways were verified experimentally using padieds of spent sorbent (ZnS/$)O
In the spent sorbent tests, a bed of ZnO4Sg0rbent particles (0.5g) were
pre-saturated by 13000 ppmy$iHe challenge gas at a face velocity of 9.9 crnADa

°C for 30 minutes. The theoretical saturation tioighe bed is 7 minutes. Then the
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H,S-He was substituted by the challenge gas of 13pdv HS-25 vol.% CO-He, and
the experimental record commenced as showfigare VI-29. The spent sorbent bed
yielded a stable COS concentration, ca. 190 ppniclwclosely resembled the COS
concentration generated via homogeneous reactidht=46 min, the HS was removed
from gas flow and only CO-He was fed to the react@ks shown inFigure VI-29, the
COS concentration dropped drastically to belowdbtection limit. These phenomena
suggest that COS formation via reaction 10 is \&oy or negligible. Therefore, it is
safe to draw the conclusion that COS formationti@reaction between CO andS3His
unlikely heterogeneous, and the homogeneous reatwiween CO and 43 is the

dominant reaction between CO angbH

ZnS+CO=Zn+COS (10)
400
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\

remove H,S from
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0 |
0 20 40 60 80
Time (min)

Figure VI-29. COS formation in the spent sorbent bed. Tested %8000 ppm E5-25
vol.% CO-He challenge gas at 400 °C
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Figure VI-30. COS formation in the spent sorbent bed. Tested 8000 ppm bE5-25
vol.% CQx-He challenge gas at 400 °C

A similar spent sorbent experiment was conductetiénpresence of GQas shown

in Figure VI-30. The results were different from those observethe presence of CO.

In this spent sorbent test, COS concentration rametl above 400 ppmv, which was
twice of the CO test. After 4 was removed from gas flow, the COS concentration
dropped as it did in CO test; however, the COS eptration remained at 30~80 ppmv.
Under this test conditions, the only sulfur soun@es ZnS; therefore the presence of COS
suggests that the reaction between ZnS anglt@dk place heterogeneously according to
reaction 8. The test results also indicate tha® Zehaves as a catalyst in COS
formation via the heterogeneous reaction betweghatd CQ. The reaction 7 actually

consists of two heterogeneous reactions:
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ZnO+H,S(g)=ZnS+HO(9) (2)
ZnS+CQ(g)=ZnO+COS(g) (8)

Sasaoka et al. (1995) also observed the catalgticityg of ZnS. However, they
included the homogeneous reaction between CO a8drHtheir reaction expression for
COS formation. Although their result may also leet for the plateau COS
concentration, because the homogeneous COS formateo CO and BS may be
controlled by its equilibrium at a higher temperatuca. 500 °C, their result cannot
explain the COS breakthrough behaviors.

These two different reaction pathways for COS fdroma explain most COS
related phenomena observed earlier. For exammpehdmogeneous reaction between
CO and HS does not require ZnS, therefore, at very eardgetCOS formation is
depended on CO and;loncentrations in the reformates. Therefore tleakihrough
of COS takes much earlier than,3Hand the homogeneous COS formation is barely
affected by water contents. As the reactions tdliee, more ZnS is generated and the
heterogeneous reaction between,@@d HS gradually becomes the major contribution
for COS formation in the absence of high water eot The COS concentration
increases and becomes controlled by, @@ HO concentrations. If COs absent in
challenge gas, e.g.,.B-H,-CO-He, the water gas shift reaction takes plack @6 is
generated. As ZnO is consumed, less water ang i€@enerated, and in turn COS
concentration will drop gradually to and approatie fevel that the homogeneous
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reaction between CO and,$l can support. In the presence of ,G@d CO, the high
water content will virtually eliminate the heterogeus COS formation allowing the
homogeneous COS formation to dominate.

Although the COS generation via the homogeneoustiozabetween k5 and CO
significantly reduces the total sulfur breakthroughe, its homogeneous characteristic
can be utilized to mitigate the homogeneous CO®dtion by employing low reaction
temperatures because homogeneous reactions ukaaltyhigh activation energies and

they are more sensitive to temperature changestieameterogeneous reactions.

VI.4. Conclusions

The reactions involved in the desulfurization pohae of reformates are
complicated. Desulfurization, water gas shift, Zr€duction, and COS formation are
all involved in the reaction systems. The reactobraracteristics of each compound
were investigated by using high efficiency ZnO smris tested at a high face velocity.

The experimental results suggest the sulfur remeffadiency for reformates was
much worse than that for ;B-H, or H,S-He challenge gases. This inefficiency is
intrinsic because of the presence of water, CO, &@. They impair the
desulfurization performances of ZnO sorbents ifedgint ways. CO and GQlo not
affect the reaction between ZnO angbtat 400 °C, but they produce COS, which is hard

to be captured by ZnO, and therefore reduce thalfdegation efficiency. Although
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water does not produce COS, it significantly deedés the reaction between ZnO and
H,S and reduces the,H breakthrough time.

The total sulfur breakthrough time is determinedthg smaller one of the ;8
breakthrough time and COS breakthrough time. énaiisence of high concentration of
water, the total sulfur breakthrough is determibgdhe homogeneous COS formation.
After the ZnO in the bed is converted to ZnS, t@SCformation in the packed bed is
controlled by the heterogeneous COS formation. tHe presence of high water
concentration such as those encountered in refesntte COS formation in the packed
bed is determined by homogeneous COS formatione rEaction between J8 and
ZnO is hindered significantly and yields shortert&6 breakthrough time. The total
sulfur breakthrough time in the presence of refaemacontaining 30% water is
determined by BB breakthrough. The desulfurization performancesubstantially
impaired due to the influences of CO, £@nd HO. In the reformates test,
breakthrough sulfur capacity is below 30% of theicstiometric value, a 7% loss of
stoichiometric capacity due to COS formation wasenbed.

This study outlined the intrinsic characteristi¢slesulfurization using ZnO based
sorbent. In practice, the desulfurization perfamoe is usually worse than these
described in this study and huge reactor sizesisually required. In order to improve
the intrinsic reaction characteristics, novel satlesigns and process designs are highly
favored. For example, the use of sorbents thataatwe to COS, such as rare earth
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metal oxide based sorbents, CuO and@\fased sorbents, will increase the total sulfur
capacity and reduce the reactor size. The low éeatpre processes may be another
choice to reduced the homogeneous COS formatiotause homogeneous reactions
usually have high active energies and are sensitiveemperature. In addition, the
reduction of CO, C@and HO concentrations in reformates before the desaHtion is

a viable alternative.
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CHAPTER VIL.
NOVEL TRANSITION METAL DOPED ZINC OXIDE SORBENTS FO R
REGENERABLE DESULFURIZATION APPLICATIONS AT LOW

TEMPATURES

Abstract

Zinc oxide (ZnO) is a widely used sorbent fofSHemoval at moderate temperatures.
In this study, nine different transition metal ddp2nO sorbents were prepared and
supported on Si@ particles (100-20Qum) by incipient wetness impregnation. The
results of desulfurization tests on these sorbahtsoom temperature indicate that a
copper doped ZnO/SigZorbent (Cu-ZnO/Sig) has the highest saturation sulfur capacity
of 0.213 g sulfur/g ZnO (54% of the theoretical @aeipy) which is twice that of ZnO/SO
sorbent. Compared with ZnO/SiOcopper doped sorbent was more sensitive to
temperature changes at low temperatures, ca. >1008QGomparative study suggests
that Cu-ZnO/SiQis highly regenerable even at a low regeneragomperature, ca., 300
°C, which is 300 °C lower than the typical regetieratemperature of commercial ZnO
sorbents. After ten cycles of regeneration/sulitdg the sorbent maintained its sulfur

capacity. Experimental results at 200 °C sugghat Cu-ZnO/SiQ had a higher
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capacity than ZnO/Sifsorbent and there was no carbonyl sulfide (CO8h&tion. In
the tests at 400°C, the Cu-ZnO/Si@monstrated lower capacity than ZnO/S#0rbent
due to the severe COS formation. The spent Cu-Zi/catalyzed the reaction

between C@and HS, and this reaction kinetics fell into the equilii; control regime.

Key word: Doped ZnO, Low temperature desulfurization, Refates, Fuel cell.

VII.1. Introduction

Precious metals are widely used as catalysts tupehigh purity hydrogen in fuel
processing systems via such processes as: catafgrening, water gas shift (WGS), and
preferential oxidation of carbon monoxide (PrOxYhey are also used as electrode
materials in fuel cells. These metals have loviusublerance, e.g., 0.1 ppmv sulfur for
PEMFC and 10 ppmv for SOFC. Typical sulfur concaiins in logistic fuels may be
as high as 3000 ppmw. Metal oxide based sorbents) as zinc oxide (ZnO), iron
oxide (ROs3), and copper oxide (CuO), have been developeermve sulfur species,
mainly H,S, from gaseous fuels and reformates (Slimane dnthgian, 2000a). ZnO is
widely used to remove 33 from gas streams at low temperatures (<500 °Cause of
its high equilibrium constant and high sulfur capac However, ZnO cannot remove
H,S below 0.6 ppmv at 400°C in the presence of 30%valater, due to equilibrium
limitations. Additional desulfurization units op¢ed at lower temperatures (room

temperature to 100 °C) is required to remove sudfwwn to 0.1 ppmv to meet the sulfur
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requirements of some PEM fuel cells. Moreover,irdurcold startup of a fuel cell
system, the fuel processing units experience a demyre transient from room
temperature to several hundred Celsius. Thereforprotective sorbent bed may be
necessary to remove8l residuals from the primary desulfurization umtdse it reaches
steady state. However, the reaction betwegh &hd a metal oxide sorbent at fuel cell
stack temperatures are confined to the outer lafghe solid sorbent particles (e.g.,
Zn0). Therefore the sulfur removal capacity atdowemperatures is limited by solid
state diffusion and it is much lower than that ighkr temperatures (Baiet al, 1992).
The desulfurization performance of metal oxide das@rbents at low temperatures must
be enhanced in order to protect fuel cells aggieshanent deactivation.

In order to improve desulfurization performancerbsmt with high porosity and
small grain sizes are preferred. Therefore, mixeetal oxide sorbents, such as
supported sorbents, sorbents mixed with inertyacbrbent mixtures, are widely used.
In the supported sorbents, active sorbent substaareesupported on secondary oxides to
form high surface area and high porosity sorbenigh@s/extrudates. These secondary
compounds are mainly inert to sulfur, such agQAlparticulates (Gasper-Galvit al,
1998; Wang, and Lin, 1998; Ket al, 2005; Wakkert al, 1993; Zhanget al, 2003;
Flytani-Stephanopoulast al, 1998), monolith (Bakkest al, 2003), SiQ (Kyotaniet al.,
1989; Koet al, 2005), TiQ (Ko et al, 2005), zeolite (Kyotaret al 1989; Atimatayet
al., 1993; Gasper-Galviet al, 1998), etc. In other instances, the above notatdrials
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may be used as high surface area supports to embiamstructural stability for the active
sorbent (Wang and Lin, 1998; Atimatagt al,1993) and to adhere/hold the ZnO
crystallites within the micropores of the suppartthe absence of grain size growth and
particle agglomeration (Wang and Lin,1998; Li antlzEni-Stephanopoulos,1997;
Goyette and Keenan, 1997; Klabureteal, 2004). Supports also serve to stabilize the
active components against chemical reduction apadnzation (Flytani-Stephanopoulos
et al, 1998). The supported sorbent design also faiEk the incorporation of the
sorbent into process system hardware, such as itten@Ruettinger and Farrauto, 2002).
Due to the above noted advantages provided by stggb®orbents, the supported
sorbents provide stable performance with extendedce lives (Kyotanet al, 1989).
Another mixed oxide scheme is to dilute active satbcompounds by secondary
metal oxides, such as A); (Kamhankaet al, 1986; Flytani-Stephanopoulesal, 1998;
Schubert, 1993), CeQAkyurtlu and Akyurtlu, 1999; Li and Flyzani-Stegiopoulos,
1997), CpOs (Li and Flyzani-Stephanopoulos, 1997),B¢ (Kamhankaret al, 1986;
Woodset al, 1991; Grindley et al, 1981; Gangwaet al, 1989; Gupteet al, 1992),
SiO, (Kyotani et al, 1989; Schubert, 1991; Khaet al, 2002), Sn®@ (Babich and
Moulijn, 2003), TiIQ (Lew et al 1989, 1992; Koet al, 2005; Woodset al, 1990;
Harrison and Jothimurugesan, 1990; Faha and Gard®&2; Hatoriet al, 2001;
Jothimurugesan and Gangwal, 1998; Sasatle, 1999; Pinedet al, 2000; Mojtahedi,
1995; Juret al, 2002), in which AlO3;, Ce and GIO3 are usually used to stabilize CuO
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from reduction, to disperse and reduce CuO graze;skFeOz; and TiQ are widely
employed to stabilize ZnO from reductions. Thadsstate reactions between the active
components and secondary metal oxides usually falkee during the sorbent
preparations.

Besides mixing with inert metal oxides, the actbegbents can also be mixed with
other active metal oxides, e.g. ZnO-CuO. ZnO amD Gare the two most favored
sorbents. ZnO has higher sulfur capacity than @u@ducing environments, while
CuO has an extremely high equilibrium sulfidatioonstant. CuO can thus yield
extremely low equilibrium b5 concentrations even at high steam contents ahdylat
temperatures. The mixed metal oxides of Zn anch&@te been studied extensively as
mentioned earlier. Simanek al (1976) found Cu mixed with ZnO could minimize the
formation of SQ@ and S in the presence of oxygen. Dantdigl (1988) studied the
Cu-ZnO mixed oxide sorbent, and found that Cu S&icgmtly enhanced the
decomposition of b5 before chemisorption. Gangwetlal (1988) doped zinc titanate
with Cu to achieve extremely low outleb$i concentrations (<1 ppm) in the presence of
water at 600 °C. Bair@t al (1992) found that Cu and Co dopants reduced ti@ Z
grain size and enhanced the surface area, thusowaphe sulfur capacity at room
temperature. Pinedat al (2000) performed cyclic sulfidation/regenerattests on Cu
doped ZnO and found the degradation in desulfudmgberformance due to severe loss
in porosity. Chenet al (2002) studied Cu-Zn oxide mixtures, and foundt tiCu
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additives suppressed the cracking of hydrocarbosie et al. (2003) found that ZnO
mixed with Cu, Mn and Co demonstrated significanpiovements in reactivity. The
discussion above suggests that Cu-ZnO is a stramppest candidate for gas
desulfurization, even at low temperatures. It nte@we limitations such as oxide
reduction, HS oxidation and loss in porosity. Some of theseitditions such as
porosity loss can be solved by using a supportdaesbd design as noted above.

In some cases, addition of transition metals cgnifstantly change desulfurization
performance. The function of these transition indtgpants are to: (i) increase the
surface area (Bairdt al, 1992) and reduce the grain size (Davidsoral, 1995); (ii)
catalyze the desulfurization reaction by functignas sulfur atom transporter (Sughrue,
2004; Gupteet al, 1993; Babich and Moulijn, 2003); (iii) generatwre crystal defects
such as oxygen vacancies in the e.g., ZnO hostatiitess. ZnO itself is a transition
metal oxide, and oxygen vacancies are the majactiefn the ZnO crystallite (Barsoum,
2002). Oxygen vacancies are acceptors for oxygdrsalfur, and the active centers for
chemical reactions, such as hydrogenation and matioa (Borcheret al,, 1992; Cheng
and Kung 1981). These defects/vacancies incréasenbbility of oxygen and sulfur
atoms. At room temperature, a higher concentratiooxygen vacancy on the surface
of ZnO grain will accelerate the sulfidation reaoti Based on the above noted
rationale, this study demonstrates that transii@tal oxides can be fortuitously used to
introduce high levels of oxygen vacancies into Ztii@reby providing desirable
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desulfurization performance. Since Zn is at ardexstate of +2 in ZnO, metal atoms
with similar size to Zn atoms may replace Zn atamgnO lattice. Atoms have higher
oxide state than Zn will generate Zn vacancies aods have lower oxides state will
generate oxygen vacancies. Therefore, the matalSroup 1B, such as copper and
silver, should be the right candidates to genematggen vacancies to facilitate the
desulfurization reaction. The simplified mechanisrshown inFigure VII-1.

Ag AgM O Ag Ag]M O

T T T ¢ ¢ g

Zn Zn O O Zn Zn O O

ZnZn O O Zn Zn O O

ZnZn O O Zn Zn O O

Figure VII-1. Addition of Ag,O in ZnO creates oxygen vacancies on the anion
sublattice| Y is the oxygen vacancy.

The Center for Microfibrous Materials Manufacturi@M?) at Auburn University
has developed several microfibrous entrapped Zn®edasorbents for gas phase
desulfurization at various temperatures. Amongmnth&li fiber entrapped ZnO/ACP
prepared by incipient wetness impregnation dematestr 3-fold longer breakthrough
times during HS removal compared to packed beds of several cdrhsed sorbents
obtained from MSA, 3M, Willson and Scott with doetllbed thickness. However, the
Ni microfibrous entrapped ZnO/ACP was not regenlerdiiecause activated carbon

particles were used as the support éiwal, 2005). In this study, nine transition metal
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doped ZnO based sorbents were evaluated $8r idmoval in the presence of CO, £O
and water at room temperature, low temperature {2)@nd moderate temperature (400
°C). The supported sorbent design was employe/oid the loss in surface area and
porosity and therefore maintain fast mass transée for regenerable applications.

Moreover, microfibrous entrapped doped sorbent®séo tested at room temperature.

VII.2. Experimental

ZnO and dopants were supported on Sp@rticulates (100-20Qum) by incipient
wetness impregnation. The dopants were coppe&ersiterium, copper and lanthanum
mixture, lanthanum, magnesium, nickel, cobalt. Ab#tal oxide precursors were metal
nitrates (ACS certified) purchased from Fisher Bifie. The molar ratio of dopant
metal to ZnO was fixed at 1:19. The impregnated, iarticles were calcined in open
air at 500 °C for 1 hour. The sorbents can be rie=t using a general formula of
Mo.05ZNno.050/SiG,.  The total metal oxide loading on the $MZas 1.98 mmol/g sorbent,
and the saturation sulfur capacity based on puf@ ¥as 63 mg sulfur/g sorbent. The
sulfur source gas was 2 vol.%%$tH, (Airgas). In the capacity analysis, the challenge
gas employed was the,8 source gas without any dilution. Other challeggses at
low H,S concentrations were prepared by adding BO and CQ@ at various
concentrations to the )8 source gas. All the flow rates of,HH,S-H,, CO, and CO

were well controlled by mass flow controllers.
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All tests were carried out in a quartz tube rea¢®®9 cm in diameter). After
loading the sorbents, air (100 ml/min) passed thinothe reactor until the temperature
reached the set pointi.e. 400 °C. Then heliun® (20'min) flowed through the reactor
for ten minutes to eliminate oxygen from the regotdich may introduces side reactions
such as sulfide oxidation. Then Bassed through the reactor for another 10 mirtotes
stabilize the temperature profile along the reactdrinally, a challenge gas passed
through the reactor at the same flow rate as H

The outlet HS concentrations were measured by a Varian 380@daipped with a
thermal conductivity detector (TCD). The samplemravinjected in the GC every one
(three minutes for challenge gas containing ;C@y a programmed automatic

6-port-valve after experimental recording commenced

VII1.3. Results and Discussion

VII.3.1. Desulfurization Evaluation at Room Temperaure

Nine transition metal doped ZnO/SiGorbents (doped metal(s): Zn=1:19) with a
general formula of MosZhoosO and ZnO/SiQ were tested at room temperature, i.e.,
20°C. In each test, the packed bed containedflsgrbent. The breakthrough curves

and calculated capacities are showkigure VII-2 andTable VII-1, respectively.
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Figure VII-2. The breakthrough curves of transition metal doge® sorbent tested
with 2 vol.% HS-H, at room temperature.

Compared with ZnO/Sig most doped ZnO sorbents demonstrated improvenrents
both saturation capacity and breakthrough capaciynong all the doped sorbents,
copper doped ZnO/SiBorbents (Cu-ZnO/SiKp showed highest saturation capacity and
breakthrough capacity of 0.213 g sulfur/g ZnO antb® g sulfur/g ZnO respectively,
which were twice those of neat ZnO/Siéx 0.113 g sulfur/g ZnO and 0.081 g sulfur/g
ZnO respectively. The saturation capacity of sildeped ZnO/Si@ (Ag-ZnO/SiQ)
was 0.189 g sulfur/g ZnO, and ranked second at rieomperature. Other metal dopants,
such as Ni, Co, and Mn, which have oxide states2pfdid not demonstrate significant

improvement in sulfur capacity.
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Table VII-1. Sulfur capacities of several doped ZnO/gg0rbents.

Saturation Capacity Breakthrough

Dopant Capacity*

(g S/g ZnO)| % of theor? (g Slg ZnO)
CuO (1<x<2) 0.213 54 0.163
Ag.0 0.189 48 0.163
Ce 0.177 45 0.142
CuO-La03 0.161 41 0.122
LayO3 0.140 35 0.122
MnOy (1<x<1.5) 0.132 33 0.102
NiO 0.113 29 0.102
CoOx (1<x<1.5) 0.113 29 0.081
Zn0O 0.113 29 0.081

1. Sulfur capacity calculated base gadoncept. Assume the sorbents are pure ZnO;
2. % of theoretical saturation capacity=capacigdtietical saturation capacity x100%
Note: adiabatic temperature rise at the test cmmdis 38 °C.

The addition of F& (Davidsonet al, 1995) did not demonstrate positive effects on
the sulfur capacity and reaction rate. The additid AI** (Xue et al, 2003) even
showed a negative effect on sulfur capacity. Mwegocopper dopants actually did not
show significant decrease in the ZnO grain sizar{Bet al, 1992), and the addition of
copper may even increase it (Xee al, 2003). Therefore, the above noted results
confirmed the proposed oxygen vacancy theory thetddition of copper or silver may
introduce more oxygen vacancies and therefore edldhthe oxygen mobility. The
addition of copper yields a smaller crystal sizeZzofO and exposes more ZnO to the
challenge gases than the addition of silver, bexailger atoms are much larger than
copper atoms. Therefore, Cu-Zn/Si@emonstrated better performance than Ag-ZnO.

The effect of cerium doped ZnO demonstrated thel thighest capacity. The function
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of cerium may be different from Ag and Cu. Ceriomy reduce the particle size and
makes ZnO well dispersed on the support, as it doe€uO based sorbents (Li and
Flyzani-Stephanopoulos, 1997). Reduced ceria®jCmay also introduce oxygen

vacancies in the oxide matrix.

VII.3.2. Effects of Water, CO and CQ, at Room Temperature

Water, CO and C®have strong effects on the desulfurization peréoroe at low
temperatures. In this section, the effects of w&@® and C@at room temperature (20
°C) are investigated. In the test of water, 3%olater was introduced to the packed
bed by passing H(60 mil/min) through a vaporizer at 30 °C. In tests for CO and
CO,, 30 vol.% CO/CQ (30 ml/min STP) was added to the flow consistif@® vol.%
H,S-H, (40 ml/min STP) and 30 vol.%,H30 ml/min STP). In each the test, the total
gas flow rate was maintained at 100%tmin STP (dry basis) and the.$i concentration
was maintained at 8000 ppmv. The breakthroughesuare shown ifrigure VII-3.
The breakthrough curve tested withS4H, is shown for comparison. The outletSH
concentrations in all the tests broke at almoststimae time. This suggests that water,
CO and CQ had no significant effects on the breakthroughetiand desulfurization
performance at room temperature. No COS formatias detected in the presence of

CO and CQ. Water did not show any hindering effect on diesidation performance.
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Figure VII-3. Breakthrough curves of Cu-ZnO/Si@ested at room temperature in the
presence of water, CO or GOn each experiment, 0.5 g of Cu-ZnO/gMas loaded and
tested with 8000 ppmv 43 at a face velocity of 2.3 cm/s.

VII.3.3. Temperature Effects

The breakthrough curves of Cu-ZnO/gi@nd ZnO/SiQ at different temperatures
are shown inFigures VII-4 and 5, and the breakthrough capacities at various
temperatures are shownkigure VII-6.

Figures VII-4 and6 suggest the breakthrough sulfur capacity (timeJwfZnO/SiQ
at temperatures below 100 °C was stable, increabegte 100 °C and became stable
again at temperatures above 300 °C. The brealghrdime/saturation timevs.
temperaturetf/ts~T plot) of two sorbents shared some charactesisticcommon. At

low temperatures, a decrease in capacity was oddefor both sorbents as the
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temperature increased at low temperatures (T<150 °The increase in temperature
reduced the absorption of,8l on the sorbent, but it did not significantly cparthe
apparent reaction rate at low temperatures, therd¢fe breakthrough capacity dropped.
The increase in breakthrough capacity (time) wetinperature is shown kigure VII-6 .
Compared with the ZnO/SiD at the same desulfurization temperature, Cu-Zit®/S
demonstrated larger breakthrough capacity (timeAt lower temperatures, the
difference between these two was more significafor example, the breakthrough time
(capacity) of Cu-ZnO/Si@was twice that of ZnO/Siat a temperature below 150 °C.
Thety/ts~T plot shows that ZnO capacity started to respoimsdemperature change at a
temperature around 200 °C, which is higher thahdah&u-ZnO/SiQ, ca. 150 °C. This
is reasonable, because ZnO needs a higher temmeratuachieve enough oxygen
mobility to continue the sulfidation reaction. Hewer, at higher temperatures i.e.
300-400 °C, the oxygen mobility is fast enough eiwethe undoped ZnO, therefore the
difference in the desulfurization performance @& two sorbents became less distinct.
Another phenomena noted in the shape of breakthrougves is the step curb, this
shape was not observed in all ZnO/gi@@sts nor in the Cu-ZnO/SjOtests at
temperatures above 300 °C. Those suggest newiaeatiechanisms such as CuO
reduction and grain cracking, were involved in tthesulfurization reaction at low

temperatures.
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Figure VII-4. Breakthrough curves of Cu-ZnO at various desulatrin temperatures.
In each experiment, 0.5 g of Cu-ZnO/$ias tested with 8000 ppmw& at a flow rate
of 100 cmi/min STP.
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Figure VII-5. Breakthrough curves of ZnO/Si@t various desulfurization temperatures.
In each experiment, 0.5 g of ZnO/Si@as tested with 8000 ppmw.§&l at a flow rate of
100 cm/min STP.
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Figure VII-6. Breakthrough time/theoretical saturation time ohQZSiG and
Cu-ZnO/SiQ at various desulfurization temperatures.

VII.3.4. Regeneration Test

VII.3.4.1. Single Cycle Test

Sud-Chemie ZnO, ZnO/Sisorbents were tested for regenerable applicatamd,
the breakthrough curves are shownFigures VII-7, 8, and 9 respectively. Figure
VII-7 suggests that ZnO particle (0.5 g) prepared bghing ZnO extrudate was a good
sorbent at room temperature, which yielded a bheakgh time of 14 min, higher than
that of Cu-ZnO/SiQ sorbent. However, it was barely regenerated aRdrour
regeneration at 550 °C. Therefore, Sud-Chemie estrbwas considered a

non-regenerable sorbent for the desulfurizatioriegioon at room temperature.
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Figure VII-7. Breakthrough curves of fresh and regenerated Swni® ZnO particles
(0.5 g, 105-25Qum, 25 nf/g). Tested at room temperature with 8000 ppm8-H, at a
face velocity of 2.3 cm/s.

Compared with Sud-Chemie, ZnO/Si€orbent demonstrated good regenerability as
shown inFigure VII-8. The sulfur capacity can be recovered using &meation
temperature above 550 °C for 1 hour. At low terapee, it cannot be fully recovered,
but it retained longer breakthrough time (capaditygn Sud-Chemie as described above.
Similar results were also observed in the regemeraitf Cu-ZnO/SiQ sorbent as shown
in Figure VII-9. The regeneration characteristic patterns ofdwgported sorbents are
shown inFigure VII-10. InFigure VII-10, the recovery rate was defined as the ratio of
a breakthrough time of a sorbent after regeneratiahat of the breakthrough time of the

sorbent when it was fresh.
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Figure VII-8. Breakthrough curves of regenerated ZnO/Si(0.5 g) at various
regeneration temperatures for 1 hour. Sorbentdedteoom temperature with 8000 ppmv
H,S at a face velocity of 2.3 cm/s.
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Figure VII-9. Breakthrough curves of regenerated Cu-ZnO4S{@5 g) at various
regeneration temperatures for 1 hour. Sorbentdedteoom temperature with 8000 ppmv
H,S at a face velocity of 2.3 cm/s.
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Figure VII-10. Regeneration characteristics of ZnO/gi@hd Cu-ZnO/Si@ sorbents.
Sorbents were tested at room temperature. The eegorate is defined as the
breakthrough time of regenerated sorbent/breakgfiréime of the fresh sorbent.

As shown inFigure VII-10, the two regenerated sorbents yielded the same
breakthrough time at a regeneration temperatu@00f°C. The breakthrough times of
both regenerated sorbents increased as the refenereemperature increased.
Cu-ZnO/SiQ was more sensitive to regeneration temperature Zn®/SiQ sorbents in
a low temperature range, ca., 200~400 °C, simdathe desulfurization tests. Since
anionic vacancies accelerate the desulfurizatiactien (sulfur ions substitute oxygen
ions), they should accelerate the regeneratiorticeaoxygen ions substitute sulfur ions)
as well. Comparison shown kgures VII-6 andVII-10 confirms this. As shown in
these figures, the capacity of regenerated Cu-Zi@Q/®as sensitive to the regeneration

temperature, and it was also sensitive to the flesdtion temperature.
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A comparison between ZnO/Si@nd Cu-ZnO/Si@Qwith ZnO extrudates, shown in
Table VII-2, suggests that the dispersion of ZnO on inert suppvith high surface area
and high porosity is critical to maintain the désukation performance for multicycle

applications, and the dopants can further impraeesulfur capacity.

Table VII-2. Saturation capacities of commercial ZnO sorbenhO/BIQ, and
Cu-ZnO/SiQ after ' regeneration at 550°C.

Saturation Capacity
(mg S/g ZnO) (mg S/g sorbent) (mg S’dped)
Fresh Regn. Fresh Regn. Fresh Regn.
ZnO 37.8 4.73 34.1 4.26 37.5 4.68
ZnO/SiG 113 93.1 19.2 14.9 11.5 8.94
Cu-ZnO/SiQ 213 146 36.2 23.4 21.7 14.0

Sorbent

VII.3.4.2.Multiple Cycle Test on Cu-ZnO/SIiG,

The Cu-ZnO/Si@ sorbent is highly regenerable. Cu-ZnO/g(0 g) was tested for
H.S removal and the breakthrough curves for multgasorption/desulfurization cycles
are shown irFigures VII-11 and12  All the desulfurization tests were carried outhe
same conditions. In these multiple cycle testgyriRe2 and 3 were regenerated at 400
°C for 1 hour, and Regn 4 at 400°C for 3 hour. dplént sorbents in the other tests were
regenerated at 550°C for 1 hour. Breakthroughepatof Cu-ZnO/Si@after ten cycles
and fresh Cu-ZnO/SiOwere almost the sameFigure VII-11 also indicates that the
Cu-ZnO/SiQ had high regenerability for multiple cycle apptioas, and the best

regeneration condition for spent Cu-ZnO/gi®at 550 °C for 1 hour.
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Figure VII-11. Breakthrough curves of multiple adsorption/desigftion cyclic tests.
Cu-ZnO/SiQ sorbent (1 g) was tested with 2 vol.%3-H, at a face velocity of 3 cm/s at
20 °C.
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Figure VII-12. Breakthrough curves of multiple adsorption/desudfation cyclic tests.
Cu-ZnO/SiQ sorbent (0.5 g) was tested at 20°C with 8000 ppte8-H, at a face
velocity of 2.3 cm/s. Sorbent was regenerated @t°80for 1 hour.
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Due to the addition of copper, Cu-ZnO/Si®orbent can be regenerated at low
temperatures. Further cyclic tests of Cu-ZnO/Si@re carried out, in which the spent
Cu-ZnO/SiQ were regenerated at 300 °C for 1 hour. The degi@d in sorbent
capacity was observed during the first few regdrmréadsorption cycles, and the
breakthrough time (capacity) was finally stabilizzdund 6 minutes (79.8 mg S/g ZnO) ,

which is 20 % of theoretical saturation time (capacas shown irFigure VII-12.

VII.3.5. Aging Effects

The Cu-ZnO/Si@ sorbent employed in the earlier discussion wasde days after
calcination. The “fresh” sorbent, which here iradé&s the sorbent available right after
sorbent preparation, demonstrated very high suépacity and breakthrough time, as
shown inFigure VII-13. The ZnO utilization of this “fresh” sorbent wabout 90 %.
The presence of Hslightly benefited the & removal, while HO had slight negative
effects. However, this outstanding sulfur capaeitgs not stable, even the sorbent
particles were stored in sealed bottles. Afteensgation, the sorbent just behaved like
the aged sorbents as used in earlier discussione séme tests were performed after
aging the sorbents for 1 day and 7 days, as showigure VII-13. The aging effects
on the Cu-ZnO/Si@show a consistent permanent loss of about 50%egbrtapacity.

Further research efforts such as surface modifinatiay maintain this high capacity.
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Figure VII-13. Aging effect of Cu-ZnO sorbent. Cu-ZnO/Si®orbent (0.5 g) was
tested with 8000 ppmv 43-H, at a face velocity of 2.3 cm/s at room temperature

VI11.3.6. Desulfurization at 200 °C in the Presencef CO or CO,

ZnO/SiG, and Cu-Zn/SiQ sorbents were tested at 200 °C in the two chadlayases
of 1.4 vol.% HS-32 vol.% CO/C@66.6 vol.% H. The COS equilibrium
concentrations were calculated to be 330 ppmv f@-H;S-H,, and 970 ppmv for
COx-H,S-H,.  The experimental results are shownFigures VII-14 and15. In the
desulfurization test for CO-#$-H,, COS was detected in the gas stream off the Zii%/Si
sorbent bed. Its concentration decreased gradisefigro after reaching a peak value of
270 ppmv. During the test for Cu-Zn/Si@o COS was detected. Possible reasons are
(i) COS was converted to Gy sulfide Cu-ZnO/Si@ sorbent (ii) Cu-ZnO/SiQwas

more active and has a higher capacity to COS thad/2iG. As shown inFigure
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VII-14, the breakthrough curve @fu-Zn/SiQ sorbent is sharper than that of ZnO/giO
sorbent, which suggests faster apparent reactioetiks in Cu-Zn/SiQ sorbents.

Moreover, the breakthrough time of Cu-ZnO/gi®also higher than that of ZnO/SIiO

14

—A— HS Cu-ZnO/Si®
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Figure VII-14. Outlet concentrations of COS and3Hin the tests of ZnO/S{1 g) and
Cu-Zn/SiQ (1 g) at reactor temperature of 200 °C. Challegge was 1.4 vol.%
H,S-32 vol.% CO-66.6 vol.% Fhat a face velocity of 4.6 cm/s.

In the experiments for C£H,S-H,, no COS was detected for both ZnO/g&nhd
Cu-ZnO/SiQ. It suggests that CQvas less active than CO in the formation of COS at
low temperatures. The breakthrough time of Cu-Zi10/ was twice that of ZnO/SiO
Figures VII-14 and 15 demonstrate breakthrough curves of different shapdhis
difference may result from the temperatures intii@ series of experiments. It should
be noted that the reactions between CO a8l BO and KO are an exothermic reaction,

while the reactions between ¢@nd HS, CQ and H are endothermic. The actual

temperatures in the G@xperiments should be lower than those in CO exets.
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Figure VII-15. Outlet concentrations of COS and3Hin the tests of ZnO/S{1 g) and
Cu-Zn/SiQ (1 g) at reactor temperature of 200 °C. Challeggg was 1.4 vol.% $$-32
vol.% CQ-66.6 vol.% H at a face velocity of 4.6 cm/s.

VII.3.7. Desulfurization at 400 °C in the Presencef CO or CO,

Similar experiments were conducted at 400 °C for both sasbe The test results
are shown inFigures VII-16 and 17. The experiment results on CO at 400°C are
different from those tested at 200 °C. COS wasealetl in the both tests of
Cu-ZnO/SiQ and ZnO/SiQ sorbents and the breakthrough curve of Cu-ZnQ/3i&s
not as sharp as that of ZnO/%iO Moreover, certain amount of G@<0.1 vol.%) with
decreasing concentration was detected during tipergments on both sorbents. The
CO, may be generated via the water gas shift reaeti@®0 °C in the presence of water
generated from the reaction betweepSHand Cu-ZnO. As Cu-ZnO converted to

Cu-ZnS, less water was generated, therefore idgtelower CQ concentrations.
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Figure VII-16. Outlet concentrations of COS and3Hin the tests of ZnO/S{1 g) and
Cu-Zn/SiQ (1 g) at 400 °C. Challenge gas was 1.4 vol.96432 vol.% CO-66.6 vol.%
H, at a face velocity of 6.62 cm/s
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Figure VII-17. Outlet concentrations of COS and3Hin the tests of ZnO/S{1 g) and
Cu-Zn/SiQ (1 g) at 400 °C. Challenge gas was 1.4 vol.96-82 vol.% CQ@-66.6 vol.%
H, at a face velocity of 6.62 cm/s.
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The experiments on CEH,S-H, challenge gas demonstrated different patterns.
The HS breakthrough and COS formation occurred muchieear the experiment of
Cu-ZnO/SiQ sorbents than those in ZnO/Sisbrbent.  The outlet concentration ofSH
and COS maintained steady around their equilibruatues of 1 vol.% b5 and 0.31
vol.% COS, as shown ikigure VII-17. The Cu-ZnO/Si@ behaved as a catalyst to
accelerate the COS formation. The ZnO/Si€dbrbent demonstrated a very sharp
breakthrough curve and generated trace amountsQf, Gvhose concentration was
steadily increasing slowly throughout the testsesn inFigure VII-18. This difference
may result from the different water contents geteetaia WGS at high fconcentration

in these two systems, and catalytic activity of spent sorbents.
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Figure VII-18. Outlet COS and k% concentrations in the test for spent ZnO4SiO

sorbent (1 g) at 400 °C. Tested with 1.4 vol.%5+32 vol.% CQR-66.6 vol.% H at a face
velocity of 6.62 cm/s.
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VI1.3.8. Microfibrous Entrapment

Microfibrous entrapped Cu-ZnO/SjQvas tested at room temperature. A packed
bed containing the same amount of Cu-ZnO4&i@bent was also tested for comparison.

The experimental results are showrFigure VII-19.
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Figure VII-19. Comparison between E-glass fiber (@ dia.) entrapped Cu-ZnO/SiO
and Cu-ZnO/Si@tested with 8000 ppmv 43-H, at a face velocity of 2.3 cm/s at room
temperature.

In microfibrous entrapped sorbent test, three pade glass fiber (§im) entrapped
Cu-ZnO/SiQ sorbent with a total weight of 0.466 g sorbennfaming 0.065 g Cu-ZnO,
ZnO loading: 14 wt.%) was loaded in the quartz trésector. In the packed bed, 0.38 g

sorbent (containing 0.065g of Cu-ZnO) had a ZnOdilbg of 17 wt.%. InFigure
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VII-19, there is no significant difference in breakthrougpacity or the sharpness of the
two breakthrough curves.

In order to understand the results above, a baseti& analysis was conducted, as
shown inTables VII-3 and4. In Table VII-3, the intrinsic reaction rate (reaction rate
for fresh sorbent) constant was calculated for @@®/5iQ, sorbent at room temperature.
It suggests that the intrinsic reaction rate igearthan the external mass transfer rate.
External mass transfer may be the rate-limiting.steHowever, the further investigation
on two effectiveness factors for pore diffusion adin diffusion are shown imable
VIl-4. These two values suggest that pore diffusiorstasce is negligible and grain
diffusion resistance is severe. Therefore the ofilmrous media did not show a
significant improvement in breakthrough capacityr@m temperature, compared the

results at 400 °C.

Table VII-3. Kinetic parameters of the packed bed of Cu-ZnO/Si

Zt Za Ui tr Ci Co ka* kc(XD Ki
(cm) (cm) (cm/s)  (s)  (ppmv) (ppmv) (s (sh (sh
117 0181 564 0032 8000 43 65 118 409

* estimated based on the data in Chapter V.

Table VII-4. Effectiveness factor calculation.*

Ki d De

(s-1) (cm) cm/s @ d
Pore diffusion 409 0.015 0.108 0.6 0.97
Grain diffusion 409  5.0xI0 1.10x10"®  16.9 0.16

*Calculation based on the data in Chapter IV.
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VIl.4. Conclusions

Several transition metal doped ZnO/g&arbents (M osZno.o50/Si0,) were prepared.
The dopants of group IB metals, such as Cu andirAgroved the desulfurization and
regeneration performance of ZnO/3i@ignificantly. The copper doped ZnO/SiO
(Cu-ZnO/SiQ) demonstrated a high sulfur capacity of 14 mgwstdft® bed, which is
twice that of ZnO/Si@and 3 times larger than the commercial ZnO sorbethe same
particle size. Cu-ZnO/S¥Drequires a lower regeneration temperature than the
commercial ZnO sorbents and ZnO/%iQorbent do. The sorbent can be well
regenerated at a temperature above 300 °C for aydie applications. Further
reduction in regeneration temperature of Cu-ZnO43i€eds more research efforts. The
mass transfer study suggests that the desulfwizgatiocess using Cu-ZnO/Si®orbents
was controlled by grain diffusion at room temperatu A further reduction in ZnO grain
size will yield an improved performance. The “MEsCu-ZnO/SiQ sorbent
demonstrated even higher capacity than the aged offee modification of the surface
and structure properties may enhance the perforenanfcthis sorbents. Moreover,
Cu-ZnO/SiQ did not introduce COS formation in the presenceC@f and CQ at a
temperature below 200 °C. At moderate temperatua@s400 °C, copper significantly
accelerated the reaction between ,Cfdd HS, the COS formation was equilibrium
controlled. Therefore, Cu-ZnO/Si@ a strong choice for the reformate desulfuraati

at low temperatures (T<200 °C).
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The desulfurization at room temperature was matolytrolled by lattice diffusion,
future sorbent design should aim at reduction &rgsize or improve the ionic mobility
in the grain. However, due to the severe intrdiglar mass transfer resistance, the
microfibrous entrapment did not significantly impeothe desulfurization performance,
microfibrous entrapment makes the small sized CQ/3i0, particulates applicable in
logistic fuel procession units with reduced readae. For example, microfibrous
entrapped Cu-ZnO/Silcan be used as inline gas filters at stack tenwerdor fuel

cells and protection filters during a fuel cell ®ym startup.
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Notation
Ci inlet LS concentration ppmv
Co outlet HS concentration ppmv
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De

Ka

ke

Ki

ks

t

Ui

Z

Za

characteristic size cm
effective diffusivity Chts
apparent reaction rate 1s
mass transfer coefficient cm/s

Ki=ksS,pp intrinsic reaction rate constant (reactor voluraeds) &

intrinsic reaction rate constant (surface aresth cm/s
residence time S

interstitial velocity cm/s
the bed length cm
the thickness of active layer cm

Greek letters

a external particle area per unit bed volume m?/em®

@ Thiele modulus

n effectiveness factor
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CHAPTER VIII.

CONCLUSIONS AND FUTURE WORK

For the desulfurization units in these logistic PEMI cell systems, the sorbents
with high sulfur capacity, high regenerability ahadyh sulfur removal efficiency, are
extremely favored. Zinc oxide is a promising sotbeandidate for low temperature
reformate desulfurization due to its high sulfupaeaty (0.42 g HS /g ZnO), low
regeneration temperature and high desulfurizagaction equilibrium constant (3.4x10
at 400 °C). In this work, the glass fiber entrap@@O/SiQ sorbent (GFES) has been
developed to improve the desulfurization efficierafyZnO sorbent with miniaturized
reactors. Glass fibrous media solved the regeparassues of Ni fiber entrapped
ZnO/SiG sorbent and maintained the same performance atidns of Ni fiber media.
Glass fibrous media demonstrated excellent chensizdility in highly reducing and
highly oxidative environments while maintaining teeuctural integrity after 50 cycles
of regeneration/ desulfurization. The sorbent banemployed for low concentration
sulfur removal; it can also be applied in a comgobed for high concentration sulfur
removal.

The rest of this study focused on (i) understandimg relationship between the

characteristics of GFES and its performance; @stihg the sorbent performance at
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realistic conditions where CO, G@nd water are present; (iii) extending the appbca
of the sorbent to lower temperatures.

The outstanding desulfurization performance of GBEBSefited from the nano-sized
ZnO grains, high porosity of SpOsupport and the use of microfibrous media, which
removes the lattice diffusion resistance, mitigaties pore diffusion resistance and
improves external mass transfer rate, respectivelfthese results outlined the
importance of using small support particles witg porosity and nanao-sized grains in
sorbent design. The relationship between the appareaction ratekf) and the
sharpness of a breakthrough curve (lumpgdhas been established using modified
Amundson equation. This relationship was emplageithvestigate the performance of
microfibrous media. The microfibers enhanced thereal mass transfer rate. The
low ZnO loading in GFES improved the ZnO utilizati@nd the sharpness of the
breakthrough curves. Moreover, the high voidagkiced the pressure drop over the
glass fibrous media. As a result, microfibrousa&mped ZnO/SiQwas able to achieve
multi-log H,S removal with few millimeter thickness and highCzatilization.

The negative influences of CO, g@nd HO on the HS removal rate and COS
formation were observed. Both CO and Lf@act with HS to form COS. The
mechanisms of COS formation via two different patligsvwere revealed. CO reacted
with H,S to form COS homogeneously while £f@acted with HS heterogeneously on
the surface of ZnS. The COS formation by CO and @@s suppressed by,+nd
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water. Water severely hindered the reaction betw&aO and HS, and HS
breakthrough time was significantly diminished.

Low temperatures may mitigate the COS formation @ahlice the equilibrium 4$
concentration, however, they also decelerates #wulflirization kinetics and ZnO
utilization. Therefore, it is critical to maintathe sorbent activity at low temperatures.
Chapter VIl reported that Cu-ZnO/Si@emonstrated highest saturation capacity at room
temperature. The addition of copper or silver dopt 5 atomic% level doubled the
sulfur capacity, compared with ZnO/SiOsorbent.  The doped sorbents also
demonstrated improved regenerability even at lomperatures, ca. 300 °C. The
microfibrous entrapped Cu-ZnO/Si@s a good candidate to be used as an inline fuel
filter working at stack temperatures.

Besides the success in the design of microfibrousapped ZnO based sorbents,
some issues, such as COS formation and channatinlgeoreactor wall, have also been
observed. In order to solve the new issues, skweiggestions on future research
activities listed as follows.

(1) Novel sorbent or process design to mitigate @$38e

COS formation is a critical issue in the reformdesulfurization, especially in the

presence of high concentration 034 The equilibrium COS concentrations in the
presence of a typical model reformates containi@@03ppmv HS are calculated at
various temperatures, as showrFigure VIII-1 . For instance, in the presence of 30
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vol.% CQ and 20 vol.% water, the COS concentration is ab@uppmv, much higher
than the sulfur thresholds of most PEM fuel cellt.is known that COS is hard to be
captured by ZnO sorbent. Therefore, if COS foromatis oppressed and/or COS is

removed efficiently, the service life of the packet can be extended consequentially.

500 300

Steam Content

250 4
400 in Feed Gas

L
—e—no H20 200 +
300 1 —=— 5wl.%
—a— 10 wl.%
—o—20 wl.%

—e— COS Concentration

150 4

200 4
100 -

100 - 50 |

Equilibrium COS Concentration (ppm)
Equilibrium COS Concentration (ppm)

0 l T T T o T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (C) Temperature (C)
HS+CQ=H,O0+COS B+CO=H+COS
3000 ppmv k5-30 % CQ-H,O-H, (balance) 3000 ppmvw:H+30%CO-H (balance)

Figure VIII-1. COS equilibrium concentrations at various tempees. Data generated
by HSC software.

Due to homogeneous COS formation by CO an®,Hand low COS capacity of
typical sorbents, COS breakthrough typically tak#ace much earlier than .8,
especially in the absence of high concentrationsvater. Water serves to lower the
equilibrium concentration of COS as showrfigure VIII-1 . At high temperatures, ca.
600 °C, the COS concentration (around 50 ppmv)oaistrolled by the homogeneous
reaction between CO and&l At a lower temperatures ca. 400 °C, homogen€aS
formation is slow, and COS concentration (aroungpfv in the presence of 20 vol.%

water) is controlled by the heterogeneous readigiween CQand HS.
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The heterogeneous COS formation in a bed can heeddusing high water content.
However, the homogeneous COS formation cannot lmepletely removed. Novel
sorbents with high COS capacities are strong ckdmelow temperature sulfur removal.
Silver, copper and rear earth metal oxides basdibsts that have a stronger affinity to
sulfur atom than ZnO does, may have good activiies capacities with respect to COS,
as shown irFigure VIII-2 . These oxides can be mixed with ZnO to form nevbants
or physically mixed with ZnO sorbent in a packed.beThe mixed sorbent or bed may
eventually alleviate the COS issues. These oxtdasalso be placed at the downstream

end of the reactors or in another reactor operattéolver temperatures.

1.0E+50 -+
1.0E+45 -
1.0E+40 -

1.0E+35 - —e—Ag20
1.0E+30 | cu20
’ y —a— Cu20*AI203

1.0E+25 —e—7n0

1.0E+20

Equilibrium constant

1.0E+15 -
1.0E+10 -
1.0E+05 -

1.0E+00 T T T T T
0 200 400 600 800 1000 1200

Temperature (C)

Figure VIII-2. Equilibrium constants for different COS sorbenis. generalized
desulfurization reaction is described as: COSOMCO,+M,S. Data were generated
using HSC software.
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If possible, even lower desulfurization temperagufea. 200 °C) are desirable to
mitigate homogeneous COS formation and extenddhace life of packed beds. The
COS issues may also be solved using novel proasgrs. As shown in Chapter VII,
the desulfurization at lower temperature ca. 200 yi€lded COS at negligible
concentrations. The desulfurization temperaturedaefurther optimization for the
balance between sulfur capacity and the temperatgu@rement of the entire specified

fuel cleanup process.

(2) Novel sorbent and process for low temperatestiurization

Based on the results in this work, low temperatiggulfurization is favored to reduce
the equilibrium HS concentration and to mitigate the COS formatespecially the
homogeneous COS formation desulfurization. MoreoV@w temperature systems
usually have fast cold-startup characteristics.th@dgh low temperature fuel cleanup
processes are attractive, there are several chalian this direction.

The first challenge is the severe mass transfesteexe at low temperatures. The
effective diffusivities through the pores and/omotigh the sorbent layer at low
temperatures (i.e. <200 °C) are much smaller thaset at high temperatures. (ca. > 400
°C) Therefore, the mass transfer rate is contldile either by lattice diffusion and pore
diffusion, at low process temperatures. Even ie fthesulfurization test using
Cu-ZnO/SiqQ, the lattice diffusion was found to be the rataHing step, and the ZnO
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utilization was only ~ 20% for ZnO/SiOat room temperature, compared with the
utilization of 80% of ZnO pellets at 400 °C. Thecend challenge is the regeneration
temperature of metal oxide sorbents. Metal oxidebents can work at low
temperatures, though at low efficiency. They usuare regenerated at high
temperature, ca. > 500 °C. Therefore, the desaétion and regeneration are operated
at two temperatures with significant difference. xtdhsive heating and cooling is
necessary. In a word, low temperature desulfudmatising low conventional metal
oxide sorbent is less efficient compared with ighhitemperature counterpart

These two challenges are closely related with tneent design.  Actually, the sulfur
capacity and efficiency of sorbent at room tempggatan be improved by novel sorbent
design. Due to the supported sorbent design, ti@/FiQ, and glass fiber entrapped
ZnO have improved mass transfer rate and high Zni2ation compared with bulk ZnO
sorbent. Because of inert support and severe rrassfer resistance, these two
sorbents have low saturation sulfur capacities. thaAlgh dopants enhance ZnO
utilization, the accessible ZnO is still confinexd ~2 monolayers. Further increase in
sorbent capacity at low temperatures may be rehlimefollowing directions: (i) to
enhance the surface area of ZnO using,®iOother similar supports with high surface
areas and small pore, and improve the dispersi@mn@fon the surface on the support by
modify the surface properties of supports. The Ay covered a small amount of
SiO, support, and grain growth during regeneration fuitther decrease the surface area.
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Therefore, some high surface area supports withl smeropores may hold ZnO grains
and keep them from growth. (ii) to further optimizhe sorbent composition.
Cuo.05ZNp.o50/SiC; is only a preliminary example to demonstrate tfiece of dopants.
Its performance should be improved by carefully agang the Cu/ZnO and/or adding
other promoters.  Further research efforts urttedirection of reasonable theories and
assumptions are required to optimize the sorbembposition. (iii)) to use active
supports. The low capacities of supported sorbamsypically introduced by the using
of inert supports. If the supports are active ubius, the sulfur capacity of supported
sorbent will increase. For example, copper iorkexged Y type zeolite (Cu-Y)
demonstrated good sulfur capacity to organic sudeumpounds in liquid fuels, as well as
gaseous sulfur compounds. The hydrophobic natdresomme zeolites may pose
potential challenges in the presence of water.

The third challenge of using low temperature desidétion is related to the
systematic desulfurization unit design. Typicalllge desulfurization temperature is
between the reformer temperature and the WGS tatyserin PEM systems or the cell
temperature of SOFC, in order to avoid the useeatt exchangers. The conventional
reforming, WGS and SOFC are usually operated apéeatures above 200 °C or even
higher. The high operational temperatures make ldlae temperature post-reformer
desulfurization become costly less effective. Daoethese reasons, the current low
temperature desulfurization sorbents are desigoedhke using as inline fuel filter to
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protect PEM fuel cells, a secondary desulfurizatimit. The application as primary

desulfurization unit is depended on the desigrefdrmate cleanup process.

(3) Improvement of GFES

One direction is to optimize the void fraction oFES. As discussed in Chapter V,
the high voidage has strong negative effects omthss transfer coefficient and sulfur
capacity, though it may be necessary to reducetessure drop over the bed made of
fine particles. Therefore, the void fraction ofetlylass fibrous media should be
optimized for the balance between desulfurizatieriggmance and pressure drops.

The other direction is to modulize the glass filmtrapped sorbents. GFES
successfully demonstrated excellent desulfurizag@nformance and extremely high
structural stability during desulfurization and eegration. However, the glass fiber
media is fragile and rigid especially after sintgti  They may not match the tubing well
very well due to different shape and/or differdmtrimal expansion, thus the channeling
may take place. GFES modules with special joihtg tan well connect with metal
tubing and strengthen the glass fiber media shioeldeveloped.

A proposed module structure is showrfFigure VIII-3 . The thickness and diameter
of graphite O-ring are initially larger than thoseé GFES disk. When the Swagelok
fittings is tightened up, the graphite O-ring i®thcompressed and block the channels
between O-ring and screen, O-ring and wall. At shene time, the O-ring diameter

reduces, and it will be embedded slightly in theESF The design can also be used for
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metal and polymer fibrous entrapped sorbents. héise cases, the graphite O-ring and

screen may not be necessary.

Graphite O-ring

=
—

\ Screen with

GFES ] solid brim

<\\
Swagelok Space for packed bed
fittings
\

Figure VIII-3. Glass fibrous entrapped sorbents (GFES) modulagusnodified
Swagelok fittings and graphite O-rings.

(4) Preferential oxidation of sulfur compounds

Similar to preferential oxidation of CO, sulfur cpounds, such as,8, COS and
CS;, may be converted to elemental sulfur or othefusldompounds by air or oxygen.
In Claus process, the,H is oxidized by S©®and the elemental sulfur is produced. The
oxidation of the possible sulfur containing compasinn reformates such as$ COS
and C$S oxidation is thermodynamically favored, as showm Rigure VIII-4 .
Theoretically, the addition of 1 vol.%,@o the reformates containing 30 vol.%and
20 vol.% CQ can reduce the 48 concentration to 4.7x1® ppmv and COS

concentration to 3.1x1¥ ppmv, at 300 °C.
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Figure VIII-4. Equilibrium constant for different desulfurizatioreactions of HS
(H25(9)+0.5Q(9)=H:0(9)+S(l)), COS (COS(9)+0.5@)=CCx(g)+S(l)) and C&
(CS(g)+Ox(g)=COx(g)+2S(l)). Data were generated using HSC software

The kinetic data of preliminary results confirmée feasibility of oxidation of sulfur
containing compounds. In homogeneous reactionrarpats, the KIS challenge gas (2
vol.% H,S) at 100 cc/min and household air at 10 cc/mirevpeemixed before entering
the clean quartz tube reactor without any packiagenmals at 300 °C. The hot zone was
measured to be around 10 cm. The outlet sulfuceamation was found to be 0.5
vol.%. Another similar experiment was run at 3&0&nd the outlet concentration was
0.3 vol.%. In these two experiments, yellow rifigemental sulfur) on the cold quartz
wall downstream were observed. HowevegSHvas not reduced to the equilibrium

concentrations. These results suggest that #& dtidation was kinetically slow at
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300~350 °C and the oxidation process was contrddieceaction kinetics. As a result,
the sulfur removal by oxidation needs a large i@atct reduce the sulfur concentration to
below the breakthrough concentration. For examplMas estimated that a reactor of
55 cm long (or residence time of 12 s) was ableetiuce the sulfur concentration to less
than 1 ppm at the experimental conditions, i.e. 300and 100 cfimin. The same
concentration can be reached easily using a pas#e@df commercial ZnO sorbent with
bed thickness of several centimeters. Howeversthfir “capacity” of oxidation can
be considered as infinity, if elemental sulfur cae removed from the reactor
continuously. Moreover, there are no regeneraseunes with this process. Similar to
the composite bed design, the oxidation reactorbmacombined with a packed bed of
sorbents (mainly copper oxide based sorbents tnat high capacity to # and SQ) to
achieve multi-log sulfur removal with high efficienand high capacity.

The challenge in this direction is the @anagement. Oxygen will introduce the
formation of SQ@ and water especially in the presence of exces®,0f Moreover,
excess @in anode side also has negative influences offiuttlecell performance. The
addition of Q at sub-stoichiometric levels is preferred. If e&gary, catalysts that can

accelerate the preferentia$oxidation can also be applied to the process.
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APPENDICES

Appendix A. Pressure Drop of Reactor without Sorben
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Figure Al. Pressure drop of reactor without sorbent loaded.
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Appendix B. Calibration of Mass Flow Controllers
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Figure A2. Calibration curve of Bimass flow controller
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Figure A3. Calibration curve of CO mass flow controller
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Figure A4. Calibration curve of C&mass flow controller
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Figure A5. Calibration curve of the air mass flow controller
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Figure A6. Calibration curve of the He mass flow controller
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Figure A7. Calibration curve of the $$ challenge gas flow rate on a mass flow

controller specified for K
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Figure A8. Calibration curve of the #$ challenge gas flow rate read on the Alltech
Digital Flow Check at pure Hnode.
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Appendix C. Steam Table
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Figure A9. Saturation steam table (Moran and Shapiro, 1999).
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Appendix D. Mesh Micron Conversion Chart*

Mesh | inches| micronsmillimeters
4 0.187 4760 4.76
5 0.157 4000 4
6 0.132 3360 3.36
7 0.111 2830 2.83
8 0.0937| 2380 2.38
10 0.0787| 2000 2

12 0.0661 1680 1.68
14 0.0555 1410 1.41
16 0.0469 1190 1.19
18 0.0394| 1000 1
20 0.0331 841 0.841
25 0.028 707 0.707
30 0.0232 595 0.595
35 0.0197 500 0.5
40 0.0165 400 0.4
45 0.0138 354 0.354
50 0.0117 297 0.297
60 0.0098 250 0.25
70 0.0083 210 0.21
80 0.007 177 0.177

100 0.0059 149 0.149

120 0.0049 125 0.125

140 0.0041 105 0.105

170 0.0035 88 0.088

200 0.0029 74 0.074

230 0.0024 63 0.063

270 0.0021 53 0.053

325 0.0017 44 0.044

400 0.0015 37 0.037

*http://www.fluideng.com/FE/meshmicron.html
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Appendix E. Sorbent Characteristics

Table Al. Characteristics of Sikpel

Particle size Pore size* N2-BET area (rf/g)

(um) A

Claimed Measured

SiIO, 100-200 60 500-600 560

*provided by manufacture

Table A2. \oid fraction of packed bed of ZnO

bulk density solid volume  porosity* pore volume void

(g/ml) (ml/ml) (g/ml) (ml/ml) (ml/ml)
G-72E 1.18 0.244 0.232
SiO, 0.49 0.204 0.80 0.392 0.404

* provided by manufacture

Table A3. Porosity of ZnO/Si@sorbent particles*
packed bed particle

bulk density V of Solid V void

voidage density
(g/ml) (g/ml) (ml/ml) ml/ml
ZnO/SiG, 0.59 0.4 0.96 0.37 0.64

* Assume the ZnO loading did not change the vaédtion of packed bed

Table A4. Composition of Sud-Chemie (G-72E) (Newsyal,, 2001).

Al>,O3 CaO Zn0O
Wt.% 7.9 1.6 90
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Table A5. Characteristics of Sud-Chemie (G-72E) (Nevebwal, 2001).

Hg Skeletal Hg BET N, Median Average
- Hg Bulk Hg Pore )
Particle ) He Porosity Surface Surface Pore Pore
) Density ) \Volume . .
Density Density 3 (%) Area Area Diam Diam
(g/cnT) (cn/g) ) ) ) .
(g/ent) (g/ent) (m7g)  (mfg) (A) (A)
2.28 151 4.83 0.232 52.8 47.75 40.3 223 382
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Appendix F. Surface Area Evaluation

Table A6. Surface area evaluation

grain size  weight  Weight of ZnO Density of ZnGsurface area

nm g g g/cm3 g sorbent
0.1 1 0.17 5.606 1819
0.2 1 0.17 5.606 910
0.3 1 0.17 5.606 606
0.4 1 0.17 5.606 455
0.5 1 0.17 5.606 364
0.6 1 0.17 5.606 303
0.7 1 0.17 5.606 260
0.8 1 0.17 5.606 227
0.9 1 0.17 5.606 202
1 1 0.17 5.606 182
2 1 0.17 5.606 91
3 1 0.17 5.606 61
4 1 0.17 5.606 45
5% 1 0.17 5.606 36
6 1 0.17 5.606 30

Assume ZnO grains are spheres.

*the grain size calculated by Debye-Sheer Equation

The ZnO grains have an average size less than amirthey contribute a surface area higher than 36
m?/g sorbent
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Appendix G. Gas Chromatography Analytic Methods

G.1. TCD Analysis Methods

= Column HayeSep Q, 80/100 8'x1/8” SS
= Oven Temperature (°C) 80

= Injector Temperature (°C) 80

= Detector Temperature (°C) 175

= Bridge Current for Gow-mac GC (mA) 200

» Filament Temperature for Vaian GC(°C) 375

» Reference Gas Flow Rate (¥min) 60

= Carrier gas H

= Carrier Gas Flow Rate (ctimin) 60

= 6-port valve is switched to “inject” mode at therwéeginning of every minute

and switched back to “fill” mode after 2 second®rinjection.
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G.2. PFPD Analysis Method

Gas Chromatographic Model Varian 3800
= Column Restek XTI-5 (30mx0.25mmx Q)
= QOven Temperature Program: keep at 60 °C for 1 ragjuamp to 90°C at a rate

of 20 °C/min, and stay at 90 °C for 3.5 minute.alotin time 6 minutes

= Injector Temperature (°C) 80
= Capillary Flow Rate (cfiimin) 1.2
= Air 1 Flow Rate (criymin) 17
» H, Flow Rate (criymin) 13
= Air 2 Flow Rate (criymin) 10

= Splite Ratio program: initial split ratio=200; &0t75 min split ratio=20

= Tube Voltage (V) 510
= Trigger Level (mA) 200
= Sample Delay (ms) 4

=  Sample Width (ms) 10

= Gain Factor 2

= Syring size 250L
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