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INTRODUCTION

Nickel is easily poisoned by sulfur even when the
ambient stream contains very low levels of sulfur. Fer
example, a study (1] shows that the hydrogen stream
containing only 1 ppb of H,S readily forms a
monolayer of nickel sulfide on the surface at 390°C.
Mary studies therefore have been made of the sulfur
effects on the catalytic properties of nickel [2,3] and of
the methods to protect nickel from sulfur poisoning
(41

The sulfur-poisoned nickel, however, is very dif-
ficult to regenerate. Thus, few works have been
reported on the catalyst regeneration at least in the
open literature. A common method to regenerate poi-
soned metal catalysts is to treat them in reactive gas
streams such as H, [5] and O, [6]. But, this method has
not been efficient in regenerating the sulfur-poisoned
nickel.

Regeneration in H, has been unsuccessful because
the surface nickel sulfides are relatively stable under
the reducing atmosphere. McCarty and Wise [7] have
indicated that the H, stream in equilibrium with the
sulfur-covered nickel surface, at 89% saturation cover-
age, contains only 4.4 ppb of H,S at 350°C. This
means that regeneration of poisoned nickel even with
extremely pure H, would take a very long time, and
therefore the regeneration method is impractical.

Regeneration in O, is acceptable only when care is
taken of the reaction conditions. That is, the O, partial
pressure in the gas stream is maintained extremely
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low, e.g., between 1.4 x 107 and 7 x 10~° Torrs [6].
The reason for using such low O, pressures is
explained as follows [8].

During the O, treatment, two competing reactions
occur on the catalyst surface: oxidation of sulfur to SO,
and nickel to nickel oxide. At low O, pressures, the
nickel oxidation is relatively slow and sulfur is oxi-
dized to 50, to be removed from the surface at com-
parable rates. At high O, pressures, however, nickel
oxide formation is very fast and the catalyst surface is
almost completely covered with the nickel oxide
layers. The surface sulfur is then buried below the
nickel oxide layers becoming inaccessible to the
regenerative O, stream. In fact, it has been observed
that the competition between sulfur removal and
nickel oxide formation depends on the O, partiai pres-
sure and the reaction temperature {1].

This communication is to report the results of our
TPSR (Temperature-Programmed Surface Reaction)
study of the sulfur-poisoned nickel catalyst, which
seem to support the above observations by previous
workers.

EXPERIMENTAL

The sample, sulfur-poisoned nickel catalyst has
been obtained from the benzene hydrogenation unit of
Yukong, Litd. The catalyst, which is supported on
alumina, contains 23.8 wt% of nickel and 0.52 wt% of
sulfur according to analyses by atomic absorption.

Shimadzu GC-8APFP has been modified for the
TPSR experiments so that the separation column in
the GC oven is replaced by a micro-reactor. The sulfur
compounds liberated by the TPSR have been detected
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Fig. 1. TPSR spectra obtained by treating sulfur-
poisoned Ni/Al,0; catalyst in sequential gas
streams: A) in air, B) in Hy, C) in air.

by FPD(Flame Photometric Detector) installed in the
GC.

Since the quartz reactor, quartz wool used to sup-
port the catalyst in the reactor, and the gas flow lines
are already contaminated with trace amounts of sulfur,
the whole reaction unit without catalyst has been
baked in flowing air at 550°C before the TPSR experi-
ments until no sulfur is detected in the effluent strean.
The reactor is then filled with 0.7g of the sample
catalyst, and heated linearly at 10°C/min either in H,
or in air with the outcoming sulfur detected.

RESULTS AND DISCUSSION
Fig. 1 and 2 show two series of spectra obtained

when the TPSR runs are made in two different se-
quences of reactive gases. The followings are noted in
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Fig. 2. TPSR spectra obtained by treating sulfur-
poisoned Ni/Al,O; catalyst in sequential gas
streams: A) in H,, B) in air, C) in H,.

the spectra.

1. The spectra show two peaks during the initial
TPSR run irrespective of the reactive gases.

2. The low temperature peak appearing below
400°C is not observed from the second run.

3. The peak above 400°C appears at higher tem-
peratures in H, than in air.

4. The peaks are smaller in air than in H,.

The sample catalyst seems to contain two types of
sulfur of different reactivity. One is relatively aclive
being removed almost completely at low tempera-
tures, below 400°C, during the initial TPSR run. The
other is not so active but reacts slowly so that it
remains on the catalyst even after a few TPSR runs.
Existence of the two types of sulfur is a characteristic
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property of the sample used catalyst.

The sulfur reacts more easily with O, than with H,
in accordance with the previous arguments [1,8]. This
is supported by the fact that the peaks above 400°C
appear at relatively low temperatures when the ambi-
ent gas is switched from H, to air.

During the oxidation process, however, the sulfur
seems to be covered with nickel oxide as proposed by
others [8] because the peaks become smaller in air
than in H,. The smaller peaks in air is not due to the
sensitivity change of the detector because the FPD re-
sponds almost identically either to SO, or H,S.

Furthermore, the sample treated initially with air
consistently shows smaller peaks than one treated ini-
tially with hydrogen. This suggests that the sample
experiences severer encapsulation of the sulfur by
nickel oxide during the initial oxidation process. The
encapsulated sulfur is not removed easily even by sub-
sequent treatment in hydrogen. On the other hand,
when the sample is initially treated in hydrogen, a
large amount of sulfur accumulates on the catalyst sur-
face. The sulfur is then removed considerably by the
subsequent gas treatments, showing relatively large
TPSR peaks.

Accordingly, our TPSR results seem to support the
previous observation that surfur has lower reactivity
with H, than with O,, and also the notion that the
sulfur is buried by nickel oxide during oxidation pro-
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cess. We admit that the TPSR provides only an indirect
evidence of the above issues. Particularly, the phe-
nomenon of sulfur burial could be proved by a director
evidence, e.g., by in-situ XPS analysis of the catalyst
surface in different reactive gases. Unfortunately, such
an apparatus for in-situ experiments is not available in
Korea at the moment.
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