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bstract

The U.S. Department of Energy is currently working on coupling coal gasification and high temperature fuel cell to produce electrical power in a
ighly efficient manner while being emissions free. Many investigations have already investigated the effects of major coal syngas species such as
O and H2S. However coal contains many trace species and the effect of these species on solid oxide fuel cell anode is not presently known. Warm
as cleanup systems are planned to be used with these advanced power generation systems for the removal of major constituents such as H2S and
Cl but the operational parameters of such systems is not well defined at this point in time. This paper focuses on the effect of anticipated warm
as cleanup conditions has on trace specie partitioning between the vapor and condensed phase and the effects the trace vapor species have on the

OFC anode. Results show that Be, Cr, K, Na, V, and Z trace species will form condensed phases and should not effect SOFC anode performance
ince it is anticipated that the warm gas cleanup systems will have a high removal efficiency of particulate matter. Also the results show that Sb,
s, Cd, Hg, Pb, P, and Se trace species form vapor phases and the Sb, As, and P vapor phase species show the ability to form secondary Ni phases

n the SOFC anode.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Presently coal is the most economical fossil fuel in the
nited States (U.S.), and given the vast coal resources within the
.S., coal will be used for power generation for many years to

ome. With ever increasing scrutiny of coal fired power plant
missions, more efficient and cleaner power production pro-
esses are being sought. Gasification technology, along with
ew cleanup and sequestration technologies, allow for environ-
entally benign use of coal for power production. The U.S.
epartment of Energy is currently investing in the development
f both fuel cell and coal gasification technologies for use in

rojects such as FutureGen [1], which will test the abilities of
hese technologies to generate clean power and clean fuels, such
s hydrogen.

∗ Corresponding author. Tel.: +1 304 285 1332; fax: +1 304 285 0903.
E-mail address: jason.trembly@NETL.DOE.GOV (J.P. Trembly).
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Coal gasification is a process in which coal is transformed
nto a gaseous fuel containing a mixture of CO, H2, CO2, H2O,
H4, and N2. Coal is mixed with an oxidant (O2) and steam in
reactor operating between 500 and 1800 ◦C and 25 and 70 atm

o produce the gaseous mixture known as syngas [2,3]. Oxygen
lown gasification is typically used because less coal is needed
o heat the reactants to the temperature required for gasification
600–1700 K) [4]. In addition, removing N2, which acts as a
iluent, from the syngas stream also increases the options avail-
ble for adding carbon sequestration technologies and thereby
chieves a completely emissions-free plant. Three types of coal
asification systems have been used through industry (mov-
ng bed, fluidized bed, and entrained flow). Among the three
ypes of gasification technologies, entrained flow gasification
ystems have been the choice of industry for current IGCC sys-

ems, such as Tampa Electric Company’s Polk Power Station,
nd are anticipated to be used with future integrated gasification
nd fuel cell (IGFC) systems that incorporate solid oxide fuel
ell (SOFC) technology [5]. Incorporation of SOFC technology

mailto:jason.trembly@NETL.DOE.GOV
dx.doi.org/10.1016/j.jpowsour.2006.10.020
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nto future power plant systems may help reduce plant costs
ue to the high efficiency of the electrochemical system which
esults in a smaller physical plant size for a given electric power
utput [5].

Recent studies have shown the feasibility of operating SOFC
ystems with coal syngas as fuel [6,7]. While these tests are
ncouraging, it is well known that coal contains many trace
pecies which are volatilized in the reducing conditions of gasi-
cation. Cleanup technologies already exist, however, to remove
ertain of these species, such as H2S, along with other material
uch as particulates. Current IGCC plants within the U.S. such
s Wabash River, Polk Power, and DOW Chemical’s Louisiana
asification Technology Inc., use absorption systems such as

hemical or physical washes for the removal of H2S and water
crubbers for the removal of halide species [2]. Although these
resent systems are very effective in removing H2S, halide, and
articulate matter to very low levels (<1 ppm), they are not effec-
ive cleanup methods for achieving maximum system efficiency
ince these systems operate at ambient temperature thereby
emoving a significant portion of the syngas thermal energy. The
.S. DOE is currently working on the development of warm gas

leanup systems that will allow the removal of H2S, HCN, HCl,
articulate matter and alkali species from the coal syngas at
emperatures of 250–500 ◦C [2,8]. Higher operational temper-
ture systems have not been considered since alkaline species
ave been found to pass through the systems above 500 ◦C [2].
owever, removal of the trace species at higher temperatures, if
ossible, will further increase the overall efficiency of the IGFC
ystems.

Although the effect of major coal contaminant species such
s sulfur and chlorine on fuel cell performance has been recog-
ized, the effect of trace species has thus far not been considered.
oal contains trace amounts of nearly all of the naturally occur-

ing elements. The elements and their respective concentrations
ypically depend on the rank and geographic origin of the coal,
nd some of the elements are potentially toxic to the environ-
ent and human health [3]. Eleven trace elements contained in

oal are considered hazardous air pollutants (HAPs) by the 1990
lean Air Act Amendments (CAAA). The elements of greatest
oncern are As, B, Cd, Pb, Hg, Mo, Se, Cr, V, and Zn. During
oal gasification, these elements are volatilized in the reduc-
ng atmosphere and are subsequently partitioned between ash
nd gaseous stream fractions. The volatility of any trace specie
ay be used to estimate its partitioning behavior between the

as and solid phases. Hence, the trace elements contained in
oal are classified into three groups based upon their volatility:
lass I elements are the least volatile and will remain in the
sh, Class II elements are more volatile and partition between
he condensed and gaseous phases, and Class III elements are
ighly volatile and show little to no tendency to condense from
he vapor phase [2]. Many of the elements which are of con-
ern with respect to environment and human health are Class
I or III elements. Due to the difficulty in accurately measuring

he concentration of trace species and the relative newness of
GCC technology, little information is known about the fate of
hese species after the gasification reactor. Previous IGCC per-
ormance reports have shown high levels of removal for B, Be,
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d, Co, Cr, Mn, Mo, Ni, Pb, V, Zn and low levels of recovery
or As, Cd, Pb, Hg, Se [2,9–11]. However, these reported IGCC
ystems used cleanup processes such as water scrubbing for the
emoval of particulate matter and chemical or physical washes
or the removal of sulfur compounds which significantly reduces
he thermal efficiency of the process, and may not be relevant to
uture warm gas cleanup systems.

Thermodynamic simulations may be used to predict the par-
itioning behavior of trace elements in coal syngas between the
as and solid phases. Although thermodynamic calculations do
ot give the amount of time required to reach the equilibrium
oncentrations, they provide a very important first level anal-
sis of chemical systems. Many thermodynamic studies have
ocused on determining the partitioning behavior of trace ele-
ents in coal combustion and gasification systems [12–18].
rom the previously published studies, one investigation consid-
red the effects of coal syngas, with and without H2S and HCl,
arm gas cleanup temperatures (200–500 ◦C) and pressures of
–40 atm on trace elements contained in coal syngas [11]. The
uthors concluded that Se, Hg, and B are mainly present in vapor
orm and Sb, As, Cd, Pb, Zn, Ni, Cr, and V were distributed
etween the gas and condensed phases. However this study only
nvestigated the effect of system temperature, pressure, and syn-
as species (H2S and HCl) on individual trace elements, and
id not examine their interactions with each other or with the
OFC anode. In order to better design future SOFC modules

o be coupled with coal gasification technology, the form of
race coal syngas species when reacted with anode materials

ust be determined. Such information will enable designers
o consider mitigation strategies to avoid material degradation
hat reduces cell performance. This paper presents thermody-
amic investigations that take into account the effect of warm
as cleanup temperature (200–500 ◦C), SOFC operational pres-
ure (1–15 atm), and the interactions of the trace element species
n order to determine which species may travel through the gasi-
cation cleanup systems and possibly effect the operation of
OFCs.

. Theory

Thermodynamic equilibrium calculations provide a quanti-
ative method for determining the stable chemical forms of a
ystem of elements/compounds. The present work used such an
nalysis, but the analysis is separated into two parts. The first
nalysis, referred to as the cleanup stage analysis (CSA), deter-
ined the likely trace species that can form and be transported

rom the cleanup system to the SOFC anode. Here, thermody-
amic equilibrium calculations are used to determine the effect
f system operation (temperature and pressure) on the partition-
ng between the gas and condensed phases and compositional
orm of the trace coal syngas species. The assumption is that only
he gas phase species will transport to the anode, and only these
pecies will need to be considered for reaction with the anode.

he second analysis, anode reaction analysis (ARA), determined
hich of the vapor species from the CSA will likely react with

he nickel-based anode materials thereby causing degraded fuel
ell performance. Both the CSA and ARA analyzed the ideal
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Table 1
Coal syngas composition

Component Composition (vol%)

H2 29.3
CO 28.7
CO2 11.8
N2 3.0
H
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nd real thermodynamic states of any given specie using the
hermodynamic software package, FactSage (v. 5.4) [19].

Because the precise specification of the warm gas cleanup
ystem is not yet available, for the CSA, chemical equilibrium
as calculated by minimizing the total Gibb’s free energy of the

ystem over a range of system temperatures and pressures antic-
pated for warm gas cleanup (200–500 ◦C, 1–15 atm). Although
arm gas cleanup systems are already being developed for the

emoval of both sulfur and halide species, the ability of such
ystems to remove trace species from coal syngas has not been
eadily investigated. Due to this lack of information a thermo-
ynamic study of the system will provide the best evaluation of
he warm gas cleanup system at this time by only considering
he formation of condensed or vapor species as a means to esti-
ate removal efficiency. The bulk composition of the syngas

sed in the calculations was based on oxygen blown entrained
ow gasification as shown in Table 1 [4].

The trace element loadings in the coal syngas were based
n data collected from past measurements made at vari-
us entrained flow gasification systems [17,20–22]. The trace
pecies that were taken into account in the CSA equilibrium
alculations were AsH3, HCl, PH3, Sb, Cd, Be, Cr, Hg, K, Se,
a, V, Pb, and Zn. The trace element concentrations used in the

alculations and each specie’s volatility classification are shown
n Table 2.

The trace species that were found in vapor form from the

ibb’s free energy minimization calculations in concentrations
reater than 0.01% of the inputted values were then used in
he ARA to determine interactions with the Ni-YSZ cermet of

able 2
race specie concentrations

omponent Concentration (ppmv) Volatility class

sH3 0.6 II
Cl 1 III
H3 1.91 II
b 0.07 II
d 0.011 II
e 0.025 II
r 6 II
g 0.025 II

512 I
e 0.15 II
a 320 I

0.025 II
b 0.26 II
n 9 II
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SOFC. Interactions between the trace vapor species and the
hree main components of the SOFC anode (Ni, ZrO2, and Y2O3)
ere examined. The calculations were completed over the SOFC
perational temperature range of 700–900 ◦C. With this proce-
ure, possible chemical interactions with the anode cermet were
nvestigated.

. Results

.1. Gas-condensed partitioning and specie forms—CSA
tudy

The partitioning between the gas and condensed phases and
quilibrium form of the species listed in Table 2 was inves-
igated over the proposed warm gas cleanup system tempera-
ures and pressures (250–500 ◦C, 1–15 atm). The results from
hese equilibrium calculations are discussed in the following
ubsections.

.1.1. Antimony (Class II)
Antimony showed no tendency to condense over the opera-

ional temperatures and pressures of the gas cleanup system. The
revailing form of antimony over the gas cleanup system oper-
tional parameters was SbO2H2(g). The other minority form,
s3Sb(g), was found at the operational temperatures of 500 ◦C
ith Sb molar balances of 14.3, 3.8, 2.2, and 1.6% at pressures
f 1, 5, 10, and 15 atm, respectively.

.1.2. Arsenic (Class II)
Both cleanup temperature and pressure showed an effect on

he partitioning of arsenic between the gas and condensed phases
s well as the equilibrium composition formed. At 200 ◦C,
rsenic partitioned between solid and gaseous phases, with As(s)
omposing of 80.8, 96.15, 98.1, and 98.7% of available As(s)
n a molar basis at 1, 5, 10, and 15 atm, respectively. The vapor
orm of arsenic found in equilibrium with the As(s) at the oper-
tional temperature of 200 ◦C and pressures of 1, 5, 10, and
5 atm was As4(g). Arsenic was not found to partition between
he condensed and gaseous phases at higher temperatures. The
revailing vapor form of arsenic at the higher operational tem-
eratures was As4(g). However two minority arsenic species,
sH3(g) and As3Pb(g), were found to form at various gas

leanup system temperatures and pressures. AsH3(g) was found
o form at gas cleanup system temperatures of 300–500 ◦C and
ll pressures with a minimum of 0.03 molar percent of available
s at 300 ◦C and 1 atm, and a maximum of 2.5% at 500 ◦C and
5 atm. As3Sb(g) was found to form at operational temperatures
f 400 ◦C at 1 and 5 atm with As molar balance concentrations
f 0.06 and 0.02%, respectively. The maximum concentrations
f As3Sb(g) were found at 500 ◦C with molar balance concen-
rations of 4.4, 1.3, 0.08, and 0.06% at pressures of 1, 5, 10, and
5 atm, respectively.
.1.3. Beryllium (Class II)
The cleanup system temperature and pressure did not effect

he partitioning between the gas and solid phases or equilibrium
omposition of beryllium. The condensed phase form BeO(s)
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Table 3
Equilibrium forms of Pb at 500 ◦C

Pressure (atm) Pb(l) (%) PbSe(s) (%) Pb(g) (%) PbSe(g) (%)

1 75.3 0.0 7.0 17.7
5 62.0 32.5 1.3 4.2
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as found to exist over all temperatures and pressures with all
f the trace beryllium in the syngas condensing into the solid
hase. Since beryllium shows such a high tendency to condense
ut of the syngas vapor phase the trace specie is not considered
o be a potential problem for SOFC anode operation since a high
emoval efficiency is anticipated.

.1.4. Cadmium (Class II)
The gas cleanup up system pressure was shown to have an

ffect on the partitioning of cadmium in the syngas stream. At
emperatures of 200 ◦C and all investigated pressures cadmium
as found in the condensed phase in two equilibrium forms
dS(s) and CdSe(s). At 300 ◦C cadmium partitioned between the
apor phase (Cd(g)) and condensed phase (CdSe(s)) at varying
evels based upon the operational pressures. The percentage of
he condensed phase compound CdSe(s) increased from 26.7%
f the Cd at 1 atm to 92.7% at 15 atm. At temperatures of 400
nd 500 ◦C and all pressures Cd(g) was the only equilibrium
orm of cadmium found in the system.

.1.5. Chromium (Class II)
The cleanup system temperature and pressure were not found

o have an effect on the partitioning of trace chromium species
etween gas and solid phase, however the system pressure
as found to have a slight effect on the equilibrium com-
osition formed. Chromium was found to form condensed
olid phase species at all system temperatures and pressures.
t the lower operational temperatures, 200 and 300 ◦C, and
5 atm the equilibrium form of chromium was found to be
Na2O)(CrO3)(s) and the equilibrium form at higher tempera-
ures and all pressures was Cr2O3(s). Since the trace chromium
pecies in coal syngas show a high degree of removal (since fil-
ering may be used to remove condense phase species) chromium
s not expected to pose problems associated with SOFC anode
peration.

.1.6. Lead (Class II)
The gas cleanup system temperature and pressure was found

o have an impact on the partitioning between the gas and solid
hases and equilibrium composition of lead. At gas cleanup
emperatures of 200 and 300 ◦C, lead was found to form two
ondensed phases Pb(s) and PbSe(s). The partitioning between
he two compounds was effected by the temperature and pres-
ure. The percentage of lead in the form of Pb(s) at 200 and
00 ◦C was found to be 42.9 and 42.7%, respectively, at 1 atm,
nd 43.4 and 46.3%, respectively, at 15 atm. At 400 ◦C Pb(l) and
bSe(s) were found to form at equilibrium with 43.5 and 42.6%
b(l) at 1 and 15 atm, respectively. At 500 ◦C Pb vapor species
ere also formed. At 500 ◦C, four lead species (Pb(l), PbSe(s),
bSe(g), and Pb(g)) were formed. Table 3 presents the equilib-
ium partitioning percentages of Pb between the four phases at
00 ◦C.
.1.7. Mercury (Class III)
The operational temperature and pressure of the gas cleanup

ystem was not found to influence the partitioning behavior or
quilibrium form of mercury. Hg(g) was found to form over

P
5
a
5

0 56.1 41.2 0.7 2.0
5 53.5 44.7 0.4 1.4

he gas cleanup system temperatures and pressures. It may be
ssumed that all Hg present in coal will pass through the gas
leanup system and may interact with the SOFC anode.

.1.8. Phosphorous (Class II)
The operational temperature and pressure of the gas cleanup

ystem was found to have a small influence on the partition-
ng and phase equilibrium behavior of phosphorous. At a gas
leanup temperature of 200 ◦C and pressures of 5, 10, and 15 atm
he condensed phase (NH4)H2PO4(s) was found to account for
8.1, 100, and 100% of the total phosphorous in the system,
espectively. The dominant vapor phase form of phosphorous
ound in the system was (P2O3)2(g), however trace amounts of
H3(g) were also found to form at varying amounts based upon

he temperatures and pressures.

.1.9. Potassium (Class III)
The operational temperature and pressures found in a warm

as cleanup system did not effect the partitioning of potas-
ium between the gas and solid phase and were found to effect
he equilibrium composition very little. Three condensed equi-
ibrium potassium compositions were found to form: KCl(g),

2CO3(s), and KHCO3(s). K2CO3(s) was found to be the dom-
nant species formed at almost all temperatures and pressures.
race amounts of KCl(s) were found to form at nearly all tem-
erature and pressures studies except for 200 ◦C at 10 and 15 atm
nd 500 ◦C at 5, 10, and 15 atm. The third species KHCO3(s)
as found to be the only condensed potassium specie at 200 ◦C

t 1 and 5 atm. Although potassium is found with a much higher
oading compared to the other trace species shown in Table 2
t should not pose a threat to SOFC anode operation since the
ondensed solid species are predicted to have a high removal
fficiency.

.1.10. Selenium (Class II)
The gas cleanup system temperature and pressure were both

ound to effect the equilibrium partitioning of selenium. At
he lower operational temperatures of 200 and 300 ◦C sele-
ium was found only to form the condensed phases CdSe(s)
nd PbSe(s). The percentage of CdSe(s) at 200 and 300 ◦C
as found to be 1.0, 0.8, 2.0, and 7.0% at 1 and 15 atm,

espectively. At temperatures of 400 and 500 ◦C selenium was
ound to partition between the condensed and gas vapor phases.

bSe(s) was the only condensed compound found at 400 and
00 ◦C at all pressures. Table 4 presents the equilibrium forms
nd percentages of Se found at the temperatures of 400 and
00 ◦C.
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Table 4
Equilibrium forms of Se at 400 and 500 ◦C

Temperature (◦C) Pressure (atm) PbSe(s) (%) H2Se(g) (%) AsSe(g) (%) PbSe(g) (%)

400 1 97.7 1.2 1.1 0.0
400 5 99.2 0.5 0.3 0.0
400 10 99.4 0.4 0.2 0.0
400 15 99.6 0.3 0.1 0.0
500 1 0.0 42.8 26.7 30.5
5 26.7 9.7 7.2
5 19.4 5.7 3.5
5 16.0 4.2 2.3
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Table 5
Trace specie concentrations after warm gas cleanup

Component Concentration (ppmv)

Sb 0.07
As 0.6
Cd 0.011
Pb 0.26
Hg 0.025
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Because the oxidation potential changes through the anode
as fuel compounds are oxidized during operation, two anode
studies were performed—one that examined anode inlet edge

Table 6
Outlet edge syngas composition

Component Composition (vol%)

H2 4.6
00 5 56.4
00 10 71.4
00 15 77.5

.1.11. Sodium (Class III)
The operational temperature and pressure of the warm gas

leanup system did not effect the partitioning of sodium. Only
wo condensed solid sodium phases were found: Na2CO3(s)
nd (Na2O)(CrO3)(s). Na2CO3(s) was found to be the dom-
nant specie formed at all temperatures and pressures except
or 200 ◦C and 1 atm where only (Na2O)(CrO3)(s) was formed.
odium is not considered to be a threat to SOFC anode opera-

ion since the condensed phases of the element will readily be
emoved at a high level of efficiency.

.1.12. Vanadium (Class II)
The warm gas cleanup temperatures and pressures were not

ound to effect the partitioning of vanadium in coal syngas. The
race element was found to form only the condensed solid phase
pecies V2O3(s) and V3O5(s). The vanadium oxide specie was
ound to form at 200 ◦C at 5, 10, and 15 atm while V2O3(s)
as found to form at all other temperatures and pressures. The
anadium oxides should have a high degree of capture from
he coal syngas stream and will not pose a threat to SOFC
peration.

.1.13. Zinc (Class II)
Zinc is a trace element found in coal syngas at higher

evels than compared to most trace species contained in the
eformed fuel. The temperature and pressure of the warm
as cleanup system was found not to effect the partitioning
r equilibrium composition of the trace element. ZnO(s) was
ound as the favored equilibrium composition of zinc. Since
ondensed solid phase species are anticipated to have a high
emoval efficiency from the coal syngas stream zinc should
ot pose any complications towards the operation of SOFC
nodes.

.2. Vapor specie interactions with Ni-YSZ anode—ARA
tudy

The initial evaluation of the effect of warm gas cleanup tem-
eratures and pressures showed that 7 elements in 14 vapor
pecies (listed in Section 3.1) can be emitted from the cleanup
ystem and passed on to the fuel cell. Table 5 presents the

race elements and their respective concentrations that were
ound after passing through warm gas cleanup conditions. These
pecies may interact with the Ni-YSZ anode of the SOFC. These
ourteen species were evaluated to determine what interactions

C
C
N
H

1.91
e 0.15

ith the SOFC anode materials (Ni(s), ZrO2(s), and Y2O3(s))
ere possible. The analysis was performed for both the inlet and
utlet edges of the SOFC anode (the latter assuming 85% of the
uel has been utilized). These evaluations showed that As, Sb,
nd P trace vapor species found in coal syngas may react with Ni
ver the operational temperature range of 700–900 ◦C. The fol-
owing sections will review the possible interactions associated
ith these trace vapor species.

.2.1. Anode coal syngas trace specie equilibrium
alculations

Gibb’s free energy minimization calculations were first used
o determine if any interactions existed between the SOFC anode
nd the residual trace species found in the coal syngas after
assing through a warm gas cleanup system. Since the actual
perational parameters of proposed warm gas cleanup systems
ave not yet been determined the highest trace specie levels
ound from the results in Section 3.1 were used, regardless of
emperature or pressure at which they occurred. Table 5 presents
he trace specie concentrations that were used in the anode equi-
O 4.0
O2 36.5

2 3.0

2O 51.9
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Fig. 1. Ni converted to NiSb(s) at inlet edge of the

ffects, and one that analyzed anode outlet edge effects. The
ulk (major species) syngas composition used at the inlet of the
OFC anode is listed in Table 1. For the outlet edge, a syngas
omposition representing 85% fuel utilization was used with

he trace specie concentrations listed in Table 5. This outlet bulk
yngas composition is shown in Table 6.

For these two anode studies, we arbitrarily analyze thin sec-
ions at the inlet and exit edges, respectively. The SOFC anode

w
p
r
a

Fig. 2. Ni converted to NiAs(s) at inlet edge of the SOFC
at 1 atm (a), 5 atm (b), 10 atm (c), and 15 atm (d).

ections are assumed to have an area of 1 cm2, with a 0.1 cm
ength in the direction of flow. The assumed anode electrode
as made of a 50% porosity cermet with a 1:1 volume ratio of
i(s) to 8YSZ. The coal syngas volume used in the calculation

as based on an anode performance 0.5 A cm−2, operated over
eriods of 1, 100, 500, 1000, 3000, and 10,000 h. The equilib-
ium calculations were completed at temperatures of 700, 800,
nd 900 ◦C and pressures of 1, 5, 10, and 15 atm.

at 1 atm (a), 5 atm (b), 10 atm (c), and 15 atm (d).
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Based upon the equilibrium calculations it was found that
hree of the trace species may form secondary Ni phases at antic-
pated SOFC operating conditions. These three trace species
ere Sb, As, and P. The three compounds that were found to

orm were NiSb(s), NiAs(s) at both the inlet and outlet edge of
he SOFC and Ni5P2(s) at the inlet edge of the SOFC. The results
or NiSb(s) formation at the inlet edge conditions are shown in
ig. 1.

The results for NiAs(s) formation at the inlet edge conditions
re shown in Fig. 2.

From Figs. 1 and 2 it may be seen that much less Ni is
onverted to NiSb(s) than NiAs(s) which is due to the lower
oncentration of Sb trace specie in the coal derived syngas when
ompared to As trace species as shown in Table 5. However the
esults do show that NiSb(s) and NiAs(s) may form simultane-
usly during SOFC operation. As compared to the formation of
iAs(s) the formation of NiSb(s) is not as readily influenced by
perating temperature and pressure.

From Fig. 2 it may be seen that the amount of NiAs(s) formed
t the inlet edge of the SOFC increases over time at all temper-
tures and pressures. Temperature is shown to have an effect on
he amount of NiAs(s) formed at the inlet edge of the SOFC
s the amount of Ni converted to NiAs(s) decreases as sys-
em temperature increases. Pressure is also shown to have an
ffect on the amount of NiAs(s) formed at the inlet edge of
he SOFC. Although the effect of pressure is not as influen-
ial at operating temperatures of 700 and 800 ◦C it does have

clear effect at 900 ◦C as almost no NiAs(s) is formed at
atm but nearly 10% of the Ni is converted to NiAs(s) at

5 atm.

The results for Ni5P2(s) formation at the inlet edge conditions
re shown in Fig. 3.

o
c
p

Fig. 3. Ni converted to Ni5P2(s) at inlet edge of the SOFC
Sources 163 (2007) 986–996

From Fig. 3 it may be seen that Ni5P2(s) is the dominant
pecies formed at the inlet edge of the SOFC anode. The results
how that approximately 90% of the Ni contained at the inlet
dge of the SOFC is converted to Ni5P2(s). System temperature
nd pressure are also shown to effect the amount of Ni5P2(s)
hat is formed. Pressure shows the greatest influence on the total
mount of Ni(s) that is converted to Ni5P2(s) at the inlet edge
f the SOFC anode. At a system pressure of 1 atm no Ni5P2(s)
s shown to take place at 900 ◦C, however at a system pressure
f 15 atm nearly 90% of the Ni(s) contained in the anode is
onverted to Ni5P2(s) at 900 ◦C. The cause of Ni5P2(s) to be the
ominant specie formed at the inlet edge of the SOFC anode
s due to the fact that the coal derived syngas contains nearly
ppm of phosphorous trace species.

Overall the results presented in Figs. 1–3 show that nearly
ll of the Ni contained at the inlet edge of the SOFC will be
onverted to a secondary phase due to interactions with trace
pecies in the coal syngas. A system operating temperature and
ressure of 900 ◦C and 1 atm shows the least amount of Ni(s)
onversion to a secondary species. This is caused by the reduc-
ion in the amount of Ni5P2(s) formation that takes place at this
ystem operating temperature and pressure.

The thermodynamic equilibrium calculations that were com-
leted at the outlet edge conditions revealed no significant
hanges in the amount of NiAs(s) and NiSb(s) formed as com-
ared to the results presented in Figs. 1–3. However a very large
hange in the amount of Ni5P2(s) formed at the inlet edges versus
utlet edges of the SOFC was found. In fact nearly no formation
f Ni5P2(s) was found at the outlet edge of the SOFC regardless

f system temperature or pressure. These results show that the
onversion of the fuel species (H2 and CO) to their respective
roducts (H2O and CO2) does effect the interaction between

at 1 atm (a), 5 atm (b), 10 atm (c), and 15 atm (d).
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ig. 4. Equilibrium pressures of As3Sb associated with Eq. (1) over SOFC
perating conditions.

i(s) and phosphorous trace species found in the coal derived
yngas. These results also indicate that the trace species in coal
yngas will have a greater effect on the inlet edge of the SOFC
hen compared to the outlet edge of the SOFC since the maxi-
um amount of Ni(s) found to convert to a secondary phase at

he outlet edge of the SOFC was 35% after 10,000 h of opera-
ion. The following sections will review the possible reactions
esponsible for the formation of the secondary Ni phases found
n the anode and the influence of fuel utilization on the formation
f Ni5P2(s).

.2.2. Antimony trace species
One antimony trace vapor specie (As3Sb(g)) that was found to

orm over the gas cleanup system temperatures also showed the
otential to interact with the SOFC anode based upon the equilib-
ium calculations presented in Sections 3.1.1 and 3.2.1. Further
quilibrium calculations were also completed to determine the
quilibrium partial pressure of As3Sb(g) to form NiSb(s). Eq.
1) represents the Sb trace specie reaction with Ni contained in
he SOFC anode.

s3Sb(g) + Ni(s) → NiSb(s) + 0.75As4(g) (1)

The equilibrium partial pressure of As3Sb(g) was determined
y calculating the partial pressure of As3Sb while the reaction
n Eq. (1) is in equilibrium based upon an As4 concentration
f 0.15 ppmv which was determined from the calculations pre-
ented in Section 3.1.

Fig. 2 presents the equilibrium partial pressure curve for
s3Sb(g) at total system pressures of 1, 5, 10, and 15 atm.
From Fig. 4 it may be seen that the equilibrium pressure of

s3Sb increases with SOFC temperature (700–900 ◦C) and pres-
ure (1–15 atm), respectively. These results show that Sb trace
pecies may potentially pose a threat to the SOFC anode espe-
ially at lower temperature and pressure operations. As3Sb(g)
as found to account for 0.01 ppmv of the coal syngas after
assing through warm gas cleanup conditions. This concen-

ration leads to a As3Sb(g) partial pressure of 1.0 × 10−8 to
.5 × 10−7 atm in an SOFC system operating between 1 and
5 atm. At these partial pressures As3Sb(g) should react with
i(s) to form NiSb(s). Experimental testing must be completed

e
w
e
o

ig. 5. Equilibrium As4 pressures associated with Eq. (2) over SOFC operating
onditions.

o determine the kinetics associated with Eq. (1) and the effect
iSb(s) formation has on SOFC performance.

.2.3. Arsenic trace species
Four trace As vapor species, As4(g), AsH3(g), AsSe(g), and

s3Sb(g) were shown to form in the coal syngas after passing
hrough warm gas cleanup conditions. Of these trace species,
s4(g) and AsH3(g) show the potential to react with Ni contained

n the SOFC anode, i.e. the Gibb’s free energy of the reactions is
egative. Eqs. (2) and (3) represent the two As interactions that
ay take place with Ni in the SOFC anode.

.25As4(g) + Ni(s) → NiAs(s) (2)

sH3(g) + Ni(s) → NiAs(s) + 1.5H2(g) (3)

Fig. 5 presents the equilibrium concentrations (ppbv) of
s4(g) associated with Eq. (2).
From Fig. 5 it may be seen that the equilibrium pressure asso-

iated with As4(g) ranges from nearly 0 to 8.5 × 10−7 atm. From
he warm gas cleanup equilibrium calculations presented in Sec-
ion 3.1 it was found that a maximum concentration of 0.15 ppmv
f As4(g) existed in the coal syngas. This concentration of As4(g)
ccounts for a partial pressure of 1.5 × 10−7 to 2.3 × 10−6 atm
ver the operational pressure range of the SOFC, which are well
bove the equilibrium pressures of As4(g) in Fig. 3.

Fig. 6 presents the equilibrium pressures associated with Eq.
3) at the inlet (a) and outlet (b) edge of the SOFC. Two sets
f equilibrium pressure calculations had to be completed with
sH3(g) since the H2 pressure in the coal syngas dramatically

hanges as it is consumed by the SOFC anode.
From Fig. 6 it may be seen that the equilibrium pressure of

sH3(g) decreases from the SOFC inlet to outlet conditions.
his is due to the decrease in the H2 pressure caused by the
onsumption of the fuel at the electrolyte interface. The H2
onsumption shifts the reaction towards the products, there-
ore requiring less AsH3(g) to form the product NiAs(s). These
esults show that NiAs(s) formation would more likely take place
s the fuel gas in consumed across the anode of the SOFC. How-

ver since the data presented in Section 3.1.2 showed that As4(g)
as the predominant arsenic specie formed the lowering of the

quilibrium pressure of AsH3(g) associated with Eq. (3) at the
utlet edge of the SOFC should have little effect on the amount
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Fig. 6. AsH3 equilibrium pressures with Eq

f NiAs(s). Evidence of this is presented in Fig. 1 which shows
ittle change in the amount of NiAs(s) formed at the inlet and
utlet edge of the SOFC.

.2.4. Phosphorous trace species
Two trace phosphorous vapor species ((P2O3)2 and PH3) have

een shown to form in the coal syngas after passing through
arm gas cleanup conditions. Of the two trace species thermo-
ynamic calculations were used to determine that PH3(g) shows
he potential to react with Ni contained in the SOFC anode, i.e.
he Gibb’s free energy of the reaction was negative. Eq. (4) rep-
esents the phosphorous interactions that may take place with
i in the SOFC anode.

PH3(g) + 5Ni(s) → Ni5P2(s) + 3H2(g) (4)

Fig. 7 presents the equilibrium partial pressures (atm) of
H3(g) associated with Eq. (4) at the inlet (a) and outlet (b)
onditions.

From Fig. 7 it may be seen that the equilibrium concentration
ssociated with PH3(g) actually decreases with fuel utilization.
owever as the previous equilibrium calculation showed no for-
ation of Ni5P2(s) was found in the outlet edge of the SOFC

node where as Ni5P2(s) was found to be the dominant sec-
ndary Ni phase found at the inlet edge of the SOFC anode. The
ause for this change in the formation amount of Ni5P2(s) is
elated to the formation of the second phosphorous trace specie

P2O3)2(g). As the fuel is consumed at the electrolyte interface
xygen is added in the form of H2O(g) and CO2(g). The addi-
ion of these oxide species increases the partial pressure of O2(g)
n the system from approximately 1 × 10−22 to 2 × 10−19 atm.

c
t
w
w

Fig. 7. PH3 equilibrium pressures with Eq. (4) a
at SOFC inlet (a) and outlet (b) conditions.

his increase in oxygen partial pressure allows for the oxida-
ion of phosphorous to (P2O3)2(g) and inhibits the formation of
H3(g) therefore reducing the amount of Ni5P2(s) formed in the
node of the SOFC at the outlet edge.

.2.5. Trace metal species
Three trace metal species (Pb, Cd, and Hg) were found in

he vapor phase of the trace coal syngas mixtures in warm gas
leanup temperature and pressure conditions. These trace metal
apors could potentially effect the SOFC operation by oxidizing
n the anode atmosphere of the SOFC due to the oxygen available
n the system from the electrochemical oxidation of the fuel
pecies, shown as Eqs. (5)–(8).

b(g) + 0.5O2(g) → PbO(s) (5)

d(g) + 0.5O2(g) → CdO(s) (6)

g(g) + 0.5O2(g) → HgO(g) (7)

i(s) + 0.5O2(g) → NiO(g) (8)

Oxidation of the trace metal vapor species could potentially
ffect the anode in two manners. First the diffusion of gas species
hrough out the anode could potentially be inhibited if the oxi-
ized species were to deposit in the anode. Second if the trace
etal species were to deposit in their oxidized forms at the elec-

rolyte interface the electrochemical oxidation of the fuel species

ould be altered. In order to determine the potential for the oxida-
ion of these trace species the O2 partial pressure in equilibrium
ith the coal syngas that has gone through 85% fuel utilization
as calculated using the Gibb’s free energy minimization routine

t SOFC inlet (a) and outlet (b) conditions.
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Table 7
Oxygen partial pressures associated with coal syngas and Eqs. (5)–(8)

T (◦C) pO2 (syngas) pO2 (Eq. (5)) pO2 (Eq. (6)) pO2 (Eq. (7)) pO2 (Eq. (8))

700 1.60E−17 9.80E−15 8.50E−07 7.50E+15 5.42E−17
710 3.10E−17 2.70E−14 2.10E−06 1.10E+16 9.77E−17
720 5.10E−17 7.30E−14 5.10E−06 1.50E+16 1.74E−16
730 1.10E−16 1.90E−13 1.20E−05 2.10E+16 3.07E−16
740 2.00E−16 5.00E−13 2.90E−05 2.90E+16 5.34E−16
750 3.70E−16 1.30E−12 6.70E−05 4.10E+16 9.21E−16
760 6.60E−16 3.20E−12 1.50E−04 5.60E+16 1.57E−15
770 1.20E−15 7.70E−12 3.40E−04 7.70E+16 2.65E−15
780 2.10E−15 1.90E−11 7.50E−04 1.00E+17 4.42E−15
790 3.70E−15 4.40E−11 1.60E−03 1.40E+17 7.31E−15
800 6.40E−15 1.00E−10 3.50E−03 1.90E+17 1.20E−14
810 1.10E−14 2.40E−10 7.30E−03 2.50E+17 1.94E−14
820 1.90E−14 5.30E−10 1.50E−02 3.40E+17 3.13E−14
830 3.20E−14 1.20E−09 3.10E−02 4.40E+17 4.99E−14
840 5.30E−14 2.60E−09 6.30E−02 5.80E+17 7.88E−14
850 8.80E−14 5.60E−09 1.30E−01 7.60E+17 1.24E−13
860 1.50E−13 1.20E−08 2.50E−01 1.00E+18 1.92E−13
870 2.40E−13 2.50E−08 4.90E−01 1.30E+18 2.97E−13
880 3.80E−13 5.20E−08 9.40E−01 1.70E+18 4.54E−13
8
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long with the O2 partial pressures associated with Eqs. (5)–(8)
nd the maximum concentrations of the metal vapor species as
iscussed above. A fuel utilization of 85% was used as described
n the previous calculations. The results from these calculations
re shown in Table 7 below.

From Table 7 it may be seen that even at the highest required
uel utilizations for SOFC anodes all four trace metal species
how no tendency to oxidize in the anode environment. Also the
alculations showed that Ni(s) is the most readily oxidized metal
pecie in the SOFC environment and previous testing has shown
o formation of NiO(s) in the SOFC anode at 85% fuel utiliza-
ions so oxidation of trace metal species in the SOFC anode
hould not be an issue. (These calculations only consider the
ulk O2 concentrations.)

. Conclusions

Although the feasibility of operating SOFCs with a clean coal
yngas has been proven feasible the effect of trace species con-
ained in coal syngas has not been investigated. Thermodynamic
valuations were used in this paper as a first level means to pre-
ict the partitioning between the gas and condensed phase and
orm of trace species contained in coal syngas since experimental
esting of each trace specie is not feasible. The thermodynamic
nvestigations presented in this paper yielded the following con-
lusions:

1) Many of the trace species in coal syngas will not reach the
SOFC anode. In particular the elements Be, Cr, K, Na, V,
and Z all formed condensed phase species under warm gas

cleanup conditions and should be efficiently removed at high
levels. Except for potential upset conditions within the gasi-
fier and cleanup systems these elements are not considered
to pose any threat to the anode of the SOFC.

m
i
m
p

1.80E+00 2.10E+18 6.91E−13
3.40E+00 2.70E+18 1.04E−12

2) Thermodynamic evaluations showed that Sb, As, Cd, Pb,
Hg, P, and Se vapor phase forms were found in the coal
syngas at warm gas cleanup conditions and will allow these
elements to possibly form secondary phases in the SOFC
anode. Past trace specie concentration measurements from
coal syngas validate these results [17,20–22].

3) No secondary phase formations between the vapor specie
forms and oxide components (ZrO2(s) and Y2O3(s)) were
found.

4) No phase formations between Se vapor species and Ni were
found.

5) Sb, As, and P vapor phase species were shown to have the
potential to form secondary phases with Ni in the SOFC
anode even with such low trace concentrations found in the
coal syngas.

6) Oxidation of the fuel species was shown to have a large effect
on the amount of secondary Ni phases formed in the anode
of the SOFC. The increase in the oxygen partial pressure at
high fuel utilizations was found to inhibit the formation of
PH3(g) thereby reducing the amount of secondary Ni phase
formation.

7) The oxidation of the trace metal vapor species Cd, Hg, and
Pb were also investigated and shown not to be feasible.

The results presented in this paper revealed that most trace
pecies contained in coal syngas should form a condensed phase
nd have a high removal efficiency. However of particular inter-
st the Sb, As, and P vapor phase species do show the ability
o secondary phases with Ni(s) contained in the SOFC anode.
ince the thermodynamic evaluations do not yield any infor-

ation towards the kinetics or any associated electrochemical

nteractions experimental testing should be pursued to deter-
ine if the trace vapor species identified in this paper do pose a

roblem for SOFCs.
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