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Development of Non-Nickel Additives
for Reducing Hydrogen Suificle Emissions
from Three-Way Catalysts

Jeffery S. Rleck, Wlison Suarez and Joseph E. Kubsh

ABSTRACT

Under certain operating conditions,
automotive three-way catalysts can form
hydrogen sulfide in concentrations suf-
ficient to produce an offensive odor.
Several additives from the ferrite group
of compounds (M“Fe,0, where M = Ni, Co,
%n, Cu) have been determined to effec-
tively reduce hydrogen sulfide emissions
from three~way catalyst washcoats in
laboratory tests. HNo alterations in the
chemistry of the catalyst are required,
and no detrimental effect on three-way
activity is observed.

INCREASTING ENVIRONMENTAL CONCERNS over
emissions from automobiles have focussed
attention on the durability of three-way
catalytic convertors. High levels of
rare earth oxides such as ceria and lan-
thana are incorporated into commercial
three-way catalysts to improve long term
catalyst performance and to provide more
effective ntilization of the noble metal
components (1,2}. However, increases in
rare earth levels in commercial three-way
catalysts have been accompanied by an
increase in hydrogen sulfide production
under certain transient conditions usual-
ly associated with changes in exhaust
stoichiometry between lean and rich oper-
ations (3,4).

" The mechanism for H,5 emissions
associated with odor production is due to
the storage and release of sulfur on the
surface of three-way catalysts (3,5,6).
The sulfur present in gasoline is oxi-
dized to S0, during the combustion pro-
cess. While the engine runs under lean
conditions, sulfur can be stored onthe
catalyst surface by the following mecha-
nism.

W. R. Grace & Co.
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Columbia, MD
80, + 1/20; --> 503 (1)
5035 + Ce0; ~~> CedS50, (2)

In the presence of platinum and other no-
ble metals, reactions (1) and (2) are ki-
netically and thermodynamically favored
for typical catalyst operating tempera-
tures. Other rare earth oxides and alu-
mina can contribute to the storage of
sulfur by reaction (2).

Following a change in exhaust com-
position to a rich stoichiometry, the
stored sulfur can be reduced to H;S by
the following reactions.

Ce0SQ, --> Ce0; + SO; (3)

50, + reducing agent --> H,S {4}
The reduction of the stored sulfur is
catalyzed by noble metals (7). The re-
ducing agent may be hydrogen, CO, or hy-
drocarbons present in the rich exhaust.
While this process is shown as a two-step
reaction, the surface sulfates may decom-
pose directly into H,S.

Several approaches have been devel-
oped to counter H,8 production by thrée-
way catalysts. Deactivation of the sup-
port material by thermal treatments has
some utility in decreasing the amount of
sulfur stored (7). Sulfur storage may
also be inhibited by incorporating addi-
tives such as phosphorus which poison the
sites for sulfur storage (5,7). However,
these approaches may have some drawbacks
in terms of detrimentally affecting
three-way catalyst performance. In addi-
tion, a technique for reducing H;S emis-
sions which necessitates an alteration of
the catalyst support reduces flexibility
in the development of new catalyst formu-
lations,

An alternate approach is to incorp-
porate an additive into the washcoat
which reacts with H;S under rich con-
ditions to form a stable surface sulfide.
The surface sulfide must then decompose
under lean conditions to produce S50,,



Table 1: ILoadings of Catalyst Components
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{a}

Substrate Pt Rh Rare Earths'® H,S additives

M-metal 0.587 0.118 34.8 6.2
C~cordierite 1.47 0.294 17.7 14.4
C*-cordierite 1.47 0.294 34.8 14.4

(a) Loadings are given in g/liter.
(b) Rare earth loadings are sum of Lay0; and CeQ,.

Table 2: Catalyst H.S Additives

Sample Substrate H.5 Additive
C* cordierite none
Cci1 cordierite none
cz cordierite NiO
Cc3 cordierite NiFe,0,
C4 cordierite CoFea0,
Ccs cordierite ZnFeg0,
ce cordierite CuFe,0,
c7 cordierite NiAl,O,
cs cordierite CoAl;0,
M1 metal none
M2 metal Nig
M3 metal NiFes0,
M4 metal

CoFenQ,

thereby regenerating the additive with-
out the release of H;S. Nickel oxide is
an effective }QS scavenger by this pro-
cess (3} and is widely use in many com-
mercial three-~way washcoats. However,
health concerns over nickel emissions
from automotive catalysts have focussed
attention on finding alternative addi-
tives that have similar performance to
NiQ0 but are environmentally benign. We
have determined in our 1aboratory tests
that certain ferrites (MaFeyh) reduce H,S
emissions from three-way catalysts with
the same utility as nickel. In addition,
these materials have no effect on the
activity of three-way catalysts.

EXPERIMENTAL

CATALYST PREPARATION - Pt/Rh three-
way catalysts were prepared by washcoat-
ing cordierite and metal monolith sub-
strates (62 and 50 cells/cmz, respective~
1y} with a lanthana-stabilized, ¥ -alu~
mina-based washcoat. The noble metal and
rare earth contents of the coated mono-
liths are given in Table 1. The cata-
lysts in Table 1 include base case Pt/Rh
washcoats and Pt/Rh washcoats incorpora-
ting Ni and ferrite additives. The Ni and
ferrite additives were added to the wash-
coat as bulk oxides. *The levels of these
additives in the coated monoliths are
also included in Table 1. The catalysts
will be referred to according to the sam-
ple numbers given in Table 2.

H,S5 EMISSIONS TESTING - H;S emissions

Table 3: ILaboratory H>3 Test Conditions

Lean Rich
Component Condition Condition
CO 0.45 5.00
H, 0.15 1.67
C3H, 0.03 0.03
C3Hg 0.01 0.01
0, 0.35 0.00
CO; 14.5 14.5
Ho0 13 13
S0, 0.0020 0.002
NO 0.185% 0.185
N balance balance
Temperature, C 550 550
Time, minutes 15 10
Catalyst Charge, cm® B.5

Gas Flow Rate, NTP Liter/min 2.83
GHSV 20,000

were measured using a laboratory reactor
sy;tem developed by Ernest (8). A 8.5
cm catalyst sample was heated to 550 C
and exposed to a lean simulated exhaust
for 15 min. The catalyst was then ex-
posed to a rich simulated exhaust for 10
min during which H;S emissions were moni-
tored using a Tracor Atlas Model 825RD
analyzer. Up to four lean/rich cycles
were performed until a reproducible quan-
tity of H;8 was formed during the rich
cycle. The H;S test conditions are given
in Table 3. H;S emissions were deter-
mined for both fresh and laboratory aged
catalysts described in Table 1.

ACTIVITY TESTING - Three-way activi-
ties were measured in the laboratory
using a cycling reactor (9). In this
test, conversions of hydrocarbons (HC),
€0, and NO were measured over catalyst
samples exposed to a simulated exhaust
stream in which the concentrations of the
oxidizing and reducing components were
oscillated about a set point in order to
simulate the cyclic behavior of real
automobile exhaust streams, Catalyst
activities were measured for several
inlet gas compositions ranging from net
oxidizing to net reducing. The composi-
tion of the simulated exhaust and other
test conditions have been given elsewhere
(9).

CATALYST AGING -« Catalysts were sub-
jected to two laboratory aging procedures
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prior to testing for H;S emissions and
three-way activity. In the first aging
protocol, catalysts were calcined in air
for 4 hours at 980 C to simulate a high
temperature exposure to an oxygen-rich
exhaust strean. The second aging pro-
cedure simulated catalyst poisoning using
a pulsated~flame aging system described
elsewhere (9). In this pulsator test, a
combustion stream formed by burning n-
hexane doped with 800 ppm S, 70 ppm Pb,
112 ppm P, and 70 ppm Zn was passed over
the catalyst. During this exposure, the
catalyst temperature was cycled between
640 C for 90 minutes and 855 C for 15 min-
utes. This test is designed to approx-
imate 80,000 km of vehicle service with
90 hours of pulsator aging.

RESULTS ANP DISCUSSION

H,S EMISSIONS: WASHCOATS CONTAINING
NO ADDITIVES - Data showing the concen-~
tration of H,S in the reactor effluent as
a function of time during a rich cycle
for the test protocol described in Table
3 are given in Figure 1 for fresh cata-
lysts C* and €1, which contain no HS
additives. Fellowing the switch from lean
to rich conditions, a large H;S peak ap-
pears which decays to a steady-state value
of approximately 20 ppm. This large peak
results from the rapid release of sulfur
stored on the catalyst surface during the
lean portien of the test and its
subsequent reduction to H;S. The steady-
state H;S concentration of ca. 20 ppn
results from the reduction of the 20 ppm
of S0, present in the simulated exhaust
feed. The H,3 odor produced by automotive
catalysts under actual lean-rich cycling
conditions should be closely related to
the peak concentration of HS in the
reactor effluent, and this peak
concentration is the criterion by which
we judge the effectiveness of HyS addi-
tives.

H 160 -
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Figure 1: Effect of rare earth loading on
hydrogen sulfide emissions.
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As noted previously, high H;S emis-
sions have been linked to the high levels
of rare earths in washcoats. The effect
of rare earth loading on H;S production
from fresh catalysts containing no H;S
additive is shown in Figure 1. The peak
H.S concentration produced by sample C*,
which contains 34.8 g/liter of rare earth
oxides, is 157 ppm while the H;S emission
spectrum of sample C1, which contains-17.7
g/liter of rare earth oxides, reaches a
peak of 106 ppm. This demonstrates that
high rare earth levels are at least
partially responsible for high H;8 emis-
sions.
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Figure 2: Effect of catalyst aging on
hydrogen sulfide emissions.

As part of ocur effort to understand
the factors governing H;S production from
three-~way catalysts, an investigation of
the effects of catalyst aging on HpS emis-
sions was undertaken. Figure 2 compares
the H,S emissions during a rich cycle from
a fresh sample of catalyst Cl1 with that
measured during a rich cycle for samples
of catalyst €1 thermaliy-aged and
pulsator-aged according to the protocols
described previously. Following thermal
aging, no HpS peak is present. However,
the thermally-aged sample still produces
20 ppm of H;S at steady-state. This
indicates that the absence of the H;S peak
is due to a decrease in the quantity of
stored sulfur. Since the surface area and
morphology of the lanthana-stabilized
alumina support (l351¥/g) is not affected
by this particular thermal treatment, it
is unlikely that the lower quantity of
sulfur stored is due to a decrease in the
number of sites for sulfur adsorption.
However, thermal aging decreases the noble
metal dispersion of this catalyst as
measured by CO chemisorption from 80% to
9%. Therefore, the absence of the H,8
peak for the thermally-aged sample is
thought to result from a decrease in the
activity for S50, oxidation due to noble
metal sintering.



Figure 2 demonstrates that poisoning
the catalyst surface by pulsator aging
for 4 hours (equivalent to ca. 3300 km of
operation) decreases the height of the
H,S peak from 106 ppm to 46 ppm. This
agrees with the published observations
that H,S emissions from catalytic conver-
tors diminish with increasing time on-
stream or increasing levels of typical
poisons present on the catalyst (4,5,7).
This decrease in HpS preduction is due to
a decrease in the amount of sulfur stored
on the support due to blockage of sites
for sulfur adsorption by the poisons in
the exhaust stream.

The results of these aging studies
show that H;S production can be strongly
influenced by alterations of either the
noble metal dispersion or the chemistry
of the support. However, these altera-
tions alsco affect the three~way activity
of the catalyst. Therefore, our approach
has been to identify additives which re-
duce HpS8 emissions without changes to the
chemical nature of the catalyst itself.

H;S EMISSIONS: H,S ADDITIVES -
Ferrites (M Feg%. M = Ni, Co, etc.) have
been evaluated as adsorbents for the re-
moval of H;$ from high temperature gas
streams (10). Studies have shown that a
metal ferrite has the same capacity for
sulfide adsorption as the pure metal
oxide and that ferrites may redenerate
more readily in oxidizing atmospheres to
produce S0; than the metal oxide itself.
Based on these results, we investigated
the effectiveness of several ferrites in-
cluding NiFey0,, CoFep0,, 2ZnFey0,, and
CuFe,0, as H,S scavengers in three-way
catalyst formulations versus the com-
mercial Nio additive.

Figure 3 compares the HpS emissions
fellowing a rich cycle in our test pro-
tocol for fresh catalysts €1 through C6.
As expected and consistent with data from
other laboratories, the catalyst contain-
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Figure 3: Effect of additives on hydrogen
sulfide emissions; cordierite substrate.
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ing Ni0o {C2) produces no H,S peak. TFor
the ferrite~containing washcoats, a range
in reductions in H,S peak emissions is
exhibited in Flgure 3 dependent on the
nature of the cation present in the
ferrite matrix. Zn¥Fe;0, (C5) exhibits
only limited reductions in peak H,5 con-~
centrations versus the base case three-
way catalyst, Cl. The NiFe,0, additive
(C3) shows H;S emissions intermediate
between the Ni0 system and the base case
catalyst. However, it is important to
note that catalyst €3 contains only 30%
as many Ni atoms as contained in €2 due
to the dilution of nickel by iron in the
ferrite matrix. The CoFep0, (C2) and
CuFey0, (C6) additive systems exhibit H,S
emission levels similar to that of the
Nio-containing catalyst. Both CoFep0,-
and CuFey0,-containing washcoats produce
significant reductions in peak H;S emis-
sions versus the base case three-way cat-
alyst.

Samples of catalysts €1 through ¢4
were also tested for HS emissions fol-
lowing the two aging protocols described
previously. Table 4 gives the H,8 peak
heights for these catalysts for fresh,
thermally-aged, and 4 hour pulsator-aged
samples. These results demonstrate that
catalyst aging does not affect the H,S
removal efficiency of the ferrite-con-
taining washcoats.

In addition to ferrites, aluminates
(MzAlg%) have also been demonstrated to
be effective adsorbents for H,S (10). To
develop a better understanding of the
ability of sulfur adsorbers to control
H;S emissions in automotive environments,
three-way catalysts containing NiAl,0,
(C7) and CoAl;0, (c8) additives were
tested for H,S8 emissions. The results
for these catalysts are included in Table
4. Unlike their ferrite counterparts,
neither NiAl.0, ner CoAl;0, have any effect
on the production of H;S from three-way
catalysts during our lean/rich laboratory
cycles. The observed H;S behavior of
these aluminates parallels other data on
the catalytic oxidation characteristics
of aluminates versus their corresponding
bulk oxides. For example, nickel oxide
has significant oxidation activity for CO
or hydrocarbons while NiAl,0, has been
shown to have little or no oxidation ac-
tivity (11). Reasons for this observed
activity difference are not well under-
stood, bhut it would not be unreasonable
to expect that similar matrix effects
would be important in the ablllty of a
divalent cations such as Ni¥ to form a
stable surface sulfide in the presence of
H,5. The ferrite matrix appears to pro-
vide a local electronic and/or structural
environment that facilitates the forma-
tion of this surface sulfide while the
aluminate matrix does not.
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Table 4:

H>8 Emissiong from Specified Catalyst Washcoat

H.S Peak Emissions (ppm)

Sanples aged
at 980 C for
4 hours in air

Catalyst Fresh Sample

Samples aged in
the presence of
exhaust poisons
for 4 hours

ci 106 25 46
c2 26 17 21
C3 44 17 20
c4 30 18 18
c7 9%
cg 118

The observed lack of H;$S gettering
ability of the aluminates tested here
also points out the need for minimizing
interactions between the additive and the
alumina-based active catalyst. Interac-
tions could lead not only to losses in
catalyst activity but also in the addi-
tive's ablility to effectively scavenge
HpS produced during rich transients due
to the formation of aluminates at higher
operating temperatures.

As touched upon above, the divalent
cation, M®, present in the ferrite matrix
is thought to be the site in the ferrite
which forms the stable surface sulfide in
the presence of H;S. The trend observed
in Figure 3 for the ferrite-containing
catalysts may be related to the relatlve
stability of the sulfide and sulfate o
surface complexes that form under rich
and lean stoichiometries, respectively.
For example, in comparing the thermodyna-
mic stabilities of bulk sulfides and sul-
fates of Zn, Ni, Cu, and Co, one finds
that the trend is Zn > Ni > Co = Cu.
This is consistent with the observations
of Figure 3 in which Zn¥Fe,0, is the least
effective H;S getter followed by NiFe,0,,
CoFe0,, and then CuFey0,. The formation
of relatively stable surface sulfates un~
der lean conditions or relatively stable
surface sulfides under rich condlt;ons
may limit the ability of the M* cation to
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Figure 4; Effect of additives on hydrogen
sulfide emissions; metal substrate.

effectively remove H;S under cyclic con-
ditions, where a surface sulfide must be
both formed and released to regenerate
the active getter site.

Foliowing these investigations of
ferrite additives, additional samples
were prepared on a metal monolith sub-
strate (M1 through M4) with a 60% reduc-
tion in the level of the ferrite additive
and twice the amount of rare earth oxides
contained in the cordierite samples of
Table 1. As shown in Figure 4, the fer-
rite additives are still effective at
decreasing H;S production at these higher
ratios of rare earth components to fer-
rite additives.

ACTIVITY TESTING - TIn order to
identify any detrimental effects of the
ferrite additives on catalyst perfor-
mance, catalysts Cl through C4 were
tested in the laboratory for three-way
activity following thermal aging and 90
hours of pulsator aging. The results are
shown in Table 5 along with activity data
for fresh catalyst samples. These data
show that the catalysts containing the
ferrite additives CoFe;0, and NiFe,0, have
essentially equivalent aged three-way
performance in comparison to the base-
case Pt/Rh washcoat.

CONCLUSIONS

The results presented allow the fol-
lowing conclusions to be reached.

Increasing the loading of rare earth
oxides in three—way catalysts contributes
to an increase in the quantity of H,S
produced during oxygen deficient +tran-
sients by providing more sites for sulfur
storage on the catalyst surface,

Sintering of the noble metals on
three-way catalysts reduces H,S emis-
sions, presumably by decreasing the ac-
tivity of the catalyst for 50, oxidation
and thereby decreasing the quantity of
sulfur stored.

Poisoning of the catalyst with p,
Pb, and Zn decreases the quantity of Hﬁs
produced by blocking sites on the support
for sulfur storage.

Ferrite additives such as NiFe;0,,
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Table 5: Three-~way Catalyst Activities (% conversions)
A= 1.006 A= 0,969 h= 0.993

Sample HC CO NO HC CO_ NO HC €O NO
Fresh

cl 85 93 81 83 89 S4 93 82 85

cz2 93 93 82 93 89 95 93 81 86

C3 96 83 80 g2 87 93 92 81 85

Cc4 95 93 82 83 87 93 93 82 85
980 C, 4 h in air aged

cA g2 72 &7 79 63 72 75 B4 74

cz 75 71 &7 7C 66 71 62 be 76

C3 81 71 63 77 65 68 72 58 71

C4 ge 71 &7 82 62 71 76 B2 74
90 h pulsator aged

Cl : 80 68 &3 77 65 71 71 51 66

c2 81 63 63 73 63 70 69 50 85

c3 80 68 64 80 70 66 74 56 73

Cc4- 80 67 62 76 63 67 71 58 72

CbFegh, and CuFe;0, are as effective as REFERENCES

Nio at reducing H;S emissions from three-
way catalysts containing significant
levels of rare earth promoters. Reduc-
tions in peak HyS emissions during a rich
transient are maintained for ferrite-con-
taining washcoats subjected to typical
laboratory aging protocols. Three-way
activity of washcoats containing NiFeu0,
and CoFe0, is on a par with Pt/Rh wash-
coats containing no H;S additives. These
ferrite additives have alsc been shown to
be ecually effective on both cordierite
and metal foil substrates. '
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