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Abstraet—The interaction of 5O, with a well-outgassed active carbon surface has been
studied over the temperature range 50-650°C, SO, (0.5 volume 9,) in He was passed through
a packed bed of carbon, the outlet gas stream being monitored by a thermal conductivity cell
and a mass spectrometer. Chemisorption of SO, andjor its dissociation products, between
50 and 300°C was small, amounting to about 1% of the total surface area. Essentially complete
regeneration of the carbon could be achieved by heating at 950°C in flowing He. At 650°C,
S0, reacted with the carbon rapidly forming CO, CO,, and elemental sulfiir. Significant
amounts of the sulfur left the bed and deposited in cooler parts of the reactor. Under these
cenditions, active carbon is most efficient at removing SO,

1L INTRODUCTION

PrevenTion of the contamination of the atmos-
phere by SO, is one ol our most important air
pollution problems. One of the possible ways of
removing SO, from off-gases produced in power
and smelter plants is either o adsorb it on active
carbon or to react it with Q, and water over
active carbon to produce H,50, which is
adsorbed. In any case, more information is
required on the interaction of 8O, with carbon
surfaces.

The sorption of SO, on carbon has been
studied by several workers who have shown that
the presence of oxygen in the system markedly
affects the amount of gas adsorbed and the type
of adsorption, that is, physical or chemical.
Beene and DeLo observed that SO, sorption
at 0°C an carbon is appreciably enhanced by the
presence of surface oxygen and is accompanied
by high heats of adsorption at low SO, coverage,
12-15 keal/mole. They concluded, nevertheless,
that only physical adsorption  oceurred.
Davryar and OveHmNsixova®® studied the
simultancous adsorption of S5O, and O, on
carbon at 20°C and detected both physical and
chemical adsorption; further some SO, was

a7

oxidized to 8O,. Chemisorption of 50, was not
found if O, was first chemisorbed onto the car-
bon and SO, subsequently adsorbed in the
absence of gascous O,. Brunge™ investigated
the adsorption of SO, at 70 and 100°C! in a fow
system using a simulated flue gas, The presence
of (O, resulted in surface oxidation of the 8O, to
50, and also somewhat increased the sorption
capacity of the carbon. However, as previcusly
noted by Davryan and Ovemnnigova®# the
greatest enhancement of SO, sorption occurred
in the presence of O, and water vapor.

For the chemisorption ol SO, at room tem-
perature, Davrvan and OvoHINNIROVA® D
concluded that this only involves surface oxides
very weakly bonded to the carbon surface and
in equilibrium with gaseous Q.. They could be
quickly removed by evacuationat 20°C, However,
at higher temperatures it might be expected that
chemisorption procecds somewhat differendy.
Thus, we have examined SO, interaction with
carbon between 50 and 650°C, initially in the
absence of O, or any other gas, to study the
eflfect of inferaction temperature on carbon
capacity and the subsequent ease of carbon
regeneration at higher temperatures.
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2. EXPERTMENTAL

This study was made in a flow system using
a medium activated coconut shell charcoal:
4% 10 mesh particle size, 1100 m%g surface
arca, 0.6 gjcm® apparent density and 1.6%, ash.
The carbon, [3-14 g, was packed in a bed 8-9
em high and approximately 2.5 cm diameter,
The bed was contained in a column which could
be attached to a vacuum line for baking and
outgassing and then transferred to the flow
system without exposing the charcoal to the
atmosphere. A small tube furnace surrounded
the column and maintained the bed at the
desired temperature during a sorption experi-
ment. Gas flow through the bed was 200 cm?/
min {(NTP). With a bed porosity of ca 31%, the
cffective linear flow was 153 cmjmin. The
average residence time in the bed was 3.5 sec,
The gas stream fowing into the bed was 0.5%,
50, in He (equivalent to 4.5 X 1072 g moles of
50./min). Removal of SO, [rom the stream was
monitoredd by a thermal conductivity cell
coupled to a recorder. The feed and exit gases
were sampled for subsequent analysis by mass
spectrometry. BEach sorption experiment was
continued until the 50, concentration in the
cifluent gas equalled that in the feed stream.
SQ, retained by the bed was determined by
weighing. Physically adsorbed 50O, was removed
by evacuation at the sorption temperature or, if
necessary, by purging with He at 200°C. A
value was then obtained for chemisorbed SO,.*

All the sorption experiments to be discussed
were carried out on the same initial sample,
except for the runs at 600 and 650°C. For the
first experiment the bed was prepared by out-
gassing to a pressure of I107° torr at 950°C.
Subscquent experiments were made after the
charcoal had been regenerated in flowing He

*1t is important to appreciate that when we refer
to chemisorhed SO, throughout the paper we are not
necessarily implying that the undissociated SO,
molecule has chemisorbed on the carbon, Teo a
greater or less extent, dependent upon the interaction
conditions, SO, may be dissociating at the carbon
surface and its products chemisorbing.
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(200 cm®/min at 760 torr pressure) at 950°C
or any other desired temperature. A typical
regeneration time at 950°C was 90 min.

3. RESULTS

Inidally, several sorption experiments were
carried out at 150°C to determine how com-
pletely the capacity of the bed could be restored
following heat treatment in He at 930°C. These
results are summarized in Table 1. Regenera-
tion of the charcoal activity was essentially
complete, Runs were then made at temperatures
between 50 and 300°C, The charcoal was
regenerated at 950°C following each adsorption
run, unless otherwise indicated. Results of these
experiments are also summarized in Table 1.
The main points to be noted are:

{I) An oxygen-frce carbon surface has limited
total SO, sorption capacity. Further,
chemisorbed SO, occupies an area of]
roughly, only 1%, of the BET area, assum-
ing that one SO, molecule occupies one
carbon site in the prismatic plane of a
graphite-like crystallite.

Between 50 and 300°C, the amount of 8O,
chemisorbed is not appreciably affected by
temperature,

Physical adsorption decreases sharply with
increasing temperature between 50 and
150°C from 3% to 0.39%. Above 230°C,
physical adsorption is negligible.

(2)

Typical weight losses accompanying the re-
generation of the charcoal after SO, chemisorp-
tion are shown in Table 2. Samples were held
at each temperature until the desorption of
gaseous products was insignificant, Weight
losses occurred mainly above 600°C. Over the
cntire temperature range, the only gases evolved
were oxides of carbon, Trace amounts began
appearing at about 300°C. Whether CO or CO,
appearcd first seemed to depend upon the
amount of sulfur present on the carbon, as will
be discussed later. Between 600 and 700°C GO
and CQO, were present in significant amounts,
but at 800°C CO, had practically disappeared.
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Tasre 1. VARIATION OF SOE SORPTION WITH TEMPERATURE AND REGENERATIVE WEIGHT LOSS

Sorption temperature
and details of
charcoal preparation

Experiment
Nao,

Sorption-wt?%, of
outgassed carbon

% Wt loss
regeneration
at

Total Cherm. Phys. 950° C

%o % %o

1A 50, sorption at 150° C
on charcoal outgassed
at 950° C
2A 50, sorption at 150° G
on A charcoal after
regeneration at 950° G
3A 50, sorption at 150° C
on 2A charcoal after
regencration at 950° G
5A S50, sorption at 150° C
on 3A charcoal afier
regeneration at 930° G
6A SO, sorption at 150° C
on 5A charcoal after
regeneration at 650° C
7A 80, sorption at 150° C
on 6A charceal after
regencration at 500° C
8A S0, sorption at 300° C
on 7A charcoal after
regeneration at 950° C
9A 80, sorption at 250° G
on 8A charcoal after
regeneration at 950° C
SO, sorption at 100°C
on 9A charcoal after
regeneration at 950° C
80, sorption at 50°C
on 10A charcoal after
regeneration at 950° G

10A

HA

[-04 6.78

§-83
0.81

1.18 0-82

1.08 0-82 0.33#

0.93 072 0.21 0.15%

0.36 6-29 0.1 1.08
108 1-08 nil
1.05 1-05 nil
0.79

1.78 0-59

4.13 0-93

* Regeneration at 650° C.
+ Regeneration at 500° C.

Sulfur compounds were not detected at any
temperature. It is interesting to compare this
regeneration behavior with that where 850,
sorption has occurred from a sirnulated flue gas,
containing water and Q. In this case, the 80,
was almost completely recovered as such in the
range 300 to 400°C.©®

Additional regeneration experiments (sum-
marized in Table 1) indicated that roughly 839,
of the initial sorption capacity of the charcoal
was restored by heat treatment (HT) at 650°C,
With a further decrease in HT temperature,
restoration efficiency fell off rapidly; that is, at
500°C only 309, restoration was cffected. In a



920

TapLe 2,
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REGENERATION OF CiHARCOAL SATURATED WITH

CHEMISORBED SO, ATt 150° C

Regeneration Cumulative
Femp, (°C) Wt. Loss, %
300 0.00
400 0.00
500 0.12
600 0.30
700 0.40
800 6.52
900 0.73
950 0.81

Taner 3. SULTUR CONTENT OF CHARCOAL FOLLOWING SORFTION ANB REGENERATION AT
VARIOUS TEMPERATURES

Regeneration
Sulfur
Time Temperature  content
Sample history (min) (°C) (%)
S50, sarption at 150° C —_ mn 0.68
Regeneration 90 400 0.62
Regeneration 90 600 0.56
10 hr of continuous and complete - — 3.80
50, removal at 650° C from the gas
stream
Outgassed at 950° C followed by SO, 90 950 2.03

sorption at 300, 400, and 450° C,

After cach sorption the sample was
regenerated at 950° C for 90 min and
alter the final regeneration the sulfur
content of the charcoal was deter-
mined

subsequent SO, sorption experiment at 650°C,
uptake of 80, was continuous (complete re-
moval from the He stream for at least 7 hr was
found). Concurrently, the appearance of elemen-
tal sulfur on the cooler parts of the column was
noted. From these observations, it was con-
cluded that regencration of the charcoal after
SO, saturation at lower temperatures, 50-300°C,
was cssentially through the reduetion of

chemisorbed S0, to clemental sulfur, which
condensed on the column and escaped detection,
However, analysis showed that the regenerated
charcoal still contained significant sulfur. Listed
in Table 3 are the sulfur contents of three char-
coal samples following 3Q, sorption and re-
generation as described. From the results, it is
obvious that initial restoration of the sorption
capacity after 50, saturation at 50-450°C
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Tig. 1. Recorder trace of breakthrough curves for SO, removal on medium activated coconut shell
charecoal between 100 and 300°C.

cannot be attributed to sulfur release from the
carbon but is due to either {a} surface migration
of sulfur from the original adsorption sites or ()
the creation of new sites as a result of CO and
CO, evolution,

Although the amount of SO, chemisorption
between 50 and 300°C is temperature indepen-
dent, at 250 and 300°C slight chemical reaction
was observed. In IMig. 1 recorder traces are
reproduced of the breakthrough curves at
different temperatures. At 100 and 150°C the
trace intensity remained on zero, until break-
through some 40 to 60 min later, indicating
complete removal of SO, and the absence of any
gaseous reaction products during this period.
Following breakthrough, the trace intensity
quickly increased to a value equivalent to that
produced by the inlet concentration of 8O.. At
250 and 300°C, a diflerent type of trace was
obtained. Shortly after the start of the runs the
trace intensity increased gradually for ca 33 min
and 42 min at 250 and 300°C, respectively.
Analysis of the exit gases during this period
showed the complete absence of S0, and,
instead, the presence of CO. For example, at
300°C about 1.B x 10~%g moles of SO, were
held up by the active carbon during this period

and 8,32 x 10-? g moles of GO appeared in the
exit gas. At the end of this period, breakthrough
of 80O, commenced at both 250 and 300°C.
At 250°C, CO evolution ceased following
saturation of the bed with 80.. However, at
300°C, for the run shown, some SO, was still
being removed by the bed at the end of the run
and CO evolution was continuing,

At higher temperatures, 500 and 650°C, CO
and CO, were almost immediately ohserved in
the exit gas, CO, being the major constituent.
At 600°C, breakthrough of SO, occurred after
ca 2.5 hr. At 650°C, breakthrough did not occur
during the duration of the experiment, namely
7hr; and at the end of this time, elemental
sulfur had freely accumulated on the cooler
surfzces of the adsorption colummn. Upon re-
moving and weighing the charcoal, it is esti-
mated that roughly 409 of the total sulfur
deposited on the cooler surfaces; the remainder
was held in the charcoal.

4. DISCUSSION
As found previously, -9 the capacity of active
carbon to retain SO, in the absence of oxygen
and water is small. It is uncertain whether 50,
chemisorption at temperatures up to 150°C is
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dissociative or not. Certainly, however, the
appearance of significant amounts of CO in the
exit gas at 250 and 300°C indicates that chemi-
sorption is now at least partly dissociative.
LepsoE 7 concludes that the reduction of 530,
by carbon is expressed satisfactorily by the
consecutive reactions

SO, + C = CO, + 1/2 S, M

CO, +C=2CO o))

The appearance of CO as a product at 250-
300°C (and, in fact, up to about 700°C) cannot
be attributed to this reaction sequence, however,
since the rate of reaction {2) will be insignificant
at these temperatures,® Rather it is suggested
that an oxygen-transfer reaction takes place
between 8O, and carbon, analogous to the well-
known reaction in the case of CO, and carbon.®
An intermediate reactive oxygen complex is
formed, which can either desorb as an oxide of
carbon or convert to a more stable oxygen
complex.' Curiously, at 300°C the only oxide
of carbon recovered is GO; CO, is recovered
along with CO only at 600-650°C, This is in
direct contrast to the COJCO,; product ratio in
the C-0, reaction, where the ratio increases in
value with increasing temperature, @

We have shown previously that both GO and
COQ, are formed {rom atomic intermediates in
the C-O, reaction ¥ and suggest that they are
derived from oxygen complexes in carbonyl and
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lactone structures, respectively. SwTH and co-
workers"?? have shown, using infrared absorp-
tion, that these structures are formed when
carbon is exposed to oxygen at room tempera-
ture but that upon heating to higher tempera-
tures in vacuo, more CO, is produced first and
the concentration of the lactone structure
decreases more rapidly than the carbonyi
structure. In the present studies, when the
charcoal was regenerated following adsorption
of 80, at 150°C (run 2A, see Table 1}, CO, did
appear first and then GO appeared at about
800°C. However, during regeneration following
adsorption of SO, at 150° in subsequent runs
{runs 3A and 5A), GO appeared first and CO,
did not appear until about 500°C. It is known
that the sulfur content of the active carbon
increased as the number of regenerations
increased. Thus, one is tempted to suggest that
the presence of sulfur on the carbon surface is
either affecting the relative availability of
peripheral carben sites which can form car-
bonyl andfor lactone structures or the relative
thermal stability of these complexes once they
are formed. The fact that only CO is evolved
above B00°C during regeneration we attribute
to the significant rate of reaction (2),

Lersor,™ among others, suggested that CO,
can also be produced by the reaction

SO, +2CO =2C0, + 128 (3

TABLE 4. MATERIAL BALANCES ON REACTION 8ysTEMs SO,~C anp 50,-C0O-C

Time
product
Gaseous reactants, moles X 10-%min sample Gaseous products, moles X 107%/min
taken
Terp. SO, GO Min 50, coO Co, cos

(°C)
650 +.5 nil 420 nil i.g 3.8 nil
600 +.5 nil 130 nil 0.5 1.8 nil
550 4.5 17.0 15 0.4 8.9 3.6 0.2
550 4.5 17.0 195 0.4 8.2 7.7 0.4
500 4.5 17.0 240 nit 6.6 106 1.2
350 4.5 17.0 330 nii 4.6 9.6 34
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We studied this reaction briefly over our char-
coal bed at 550, 500, and 350°C. A mixture of
80, (0.5%) and CO (2%,) in He was passed
through the bed at 200 ¢cm®/min commencing
at 550°C. After 195 min the temperature was
lowered to 500°C; after an additional 45 min it
was lowered to 350°C.. The experiment was
finally discontinued following an additional
45 min at 350°C. Comparison of the results
obtained on the two systems, that is, SO~ and
SO,-CO-C (Table 4), shows that the presence
of CO considerably modified the mechanism by
which sulfur was produced, The major results
can be summarized as follows:

(1) The mass balance for the system 50,-CO-G
indicates no net loss of carbon from the bed.
For the system 80,~C at 600°C after more
than 2 hr (when SO, still had not broken
through the bed) more than 50%, of the
oxygen associated with the SO, was still
being retained by the bhed, However, at
550°C in the system SO~CO-C, with the
same bed weight and SO, flow rate, essen-
tially no oxygen was being retained by the
bed. Apparently, CO completely inhibited
oxygen complex formation on the carbon
surface.

At 550°C, the ratio of CO/SO, reacting was
ca 2. This suggests that reaction (3) was
taking place. However, when the tempera-
ture was decreased to 350°C, the ratio of
CO to SO, reacting increased to 2.8; and
75%, of the sulfur from the SO, that was
reacting was found in the product COS.
This suggests that GO was reacting with a
sulfur-oxygen surface complex.

(2)

In conclusion, it is obvious that low tempera-
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ture chemisorption of 8Q, on active carbon (in
the absence of O, and water) is an impractical
method of retention, One possibility for its
removal is to operate at temperatures sufliciently
high for SO, to not only dissociate at the carbon
surface but also for most of the products formed,
that is sulfur and oxygen complexes, to either
leave the carbon hed or at least migrate to less
active sites. In this manner, active sites will
continue to be produced and be available for
further reaction with SO,.
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