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Table V. Comparison of Lead Surface Enrichments
Observed by XPS vs SIMS for the Adsorbed Samples

extent of lead surface

enrichment
sample no.® XPps? SIMS¢
3 45 13
4 9 10

¢ See Table II for sample descriptions. ?Ratio of surface weight
percent (XPS) to bulk weight percent (AAS). °Ratio of surface
and interior 26Pb* intensities normalized to the steady state ¥Ca?*
signals (SIMS).

estimate of the immediate surface region Pb concentration
for sample 3. A much greater fraction of the total adsorbed
Pb apparently is in the outermost surface layers of sample
3 vs sample 4 on the basis of the XPS results shown in
Table V. This again suggests that the higher concentration
adsorbed sample (sample 4) has more extensive Pb pen-
etration and adsorption in internal pores of the carbonate
particles. The higher concentration of Pb in sample 4 also
may allow for the formation and precipitation of a Pb—Ca
solid solution, as has recently been illustrated for Cd and
calcite (14). No attempt was made to distinguish between
surface precipitation and adsorption in this study.
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Hydrogen Sulfide Removal by Supported Vanadium Oxide
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@ The retention of hydrogen sulfide by alumina-supported
vanadium oxide at 650-700 °C is studied with flow reactor
experiments. The effects of sorbent prereduction and
gas-phase composition (H, and H,0 content) are discussed.
It is found that hydrogen sulfide is chemisorbed reversibly
on a nonstoichiometric vanadium oxide. Bulk sulfide is
not formed.

Introduction

In efforts to develop a process for the removal of H,S
from coal-derived fuel gas at high temperatures (500-800
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°C), various transition metal oxides have been considered
as potential sorbents. Comparative evaluation of various
oxide sorbents have been published in U.S. Department
of Energy reports (I) and in journals (2, 3).

In a fuel gas atmosphere most metal oxides are first
reduced to lower oxides or even metals, which in turn react
with H,S. Thus, in general, the reactions can be repre-
sented as

H, CO

MO, MO, y<zx (1)
MO, + yH,S = MS, + yH,0 @)

The level of H,S in the purified gas and the sulfur loading
of the sorbent at H,S breakthrough are governed by the
kinetic as well as the thermodynamic parameters of these
reactions. In the case of V,0; thermodynamic data
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Table I. Properties of Supported Vanadium Oxides

property UCI alumina NVi1 NV2

source United UCI alumina UCI alumina
Catalysts, impregnation impregnation
T-2432

bulk density 40

particle size, mesh -35+45 -35+45 -85+45

surface area, m?/g  85° 93 93

pore vol, cm®/g 0.6-0.7°

vanadium, wt % 2.24 1.88

o After stabilization process. ®Manufacturer data.

[JANAF tables (4)] predict reduction to V,03, which has
been considered to react according to

V203 + 3H28 - VzS3 + 3H20 (3)

This reaction was regarded as thermodynamically favor-
able (1, 5) in the temperature range of interest resulting
in equilibrium H,S levels of less than 10 parts per million
{(ppm). In view of the presumed favorable thermodynamics
of reaction 3, V,0; appeared to be a very promising sor-
bent. The reaction rate, however, was much slower com-
pared to sulfidation reactions of other metal oxides (3).
Moreover, even when V,0; was supported on high surface
area alumina or zeolites, the sulfur capacity was much
lower than that expected from the stoichiometry of reac-
tion 3 (5).

In the studies mentioned above, the free energy of re-
action 3 was calculated with the thermodynamic data for
V.85 published in a NBS report (6) and other conventional
sources. Subsequently, Mills (7) found these data to be
in great error. The revised values of the heat of formation
and the free energy of formation for V,S; estimated by
Mills (7) imply that reaction 3 has unfavorable equilibrium
under conditions of practical interest.

In apparent contradiction with the unfavorable equi-
librium suggested by the recent data, Jalan et al. (5) con-
sistently observed a finite H,S uptake by various vanadium
oxide sorbents. To explain this finding, Jalan et al. (8)
postulated formation of a surface complex V(HS), which,
however, was not substantiated by direct means. In this
study, simple packed-bed flow experiments were used to
show that at 650-700 °C, H,S is strongly but reversibly
adsorbed on a nonstoichiometric reduced form of vana-
dium oxide, which is being formed ahead of the sulfidation
front or during a separate prereduction step. A similar
study on adsorption of H,S on MoO;-TiO, was reported
by Matsuda et al. (9).

Experimental Section

Sorbent Preparation. A high surface area alumina
(v-Al,05) support in the form of 1/ in. pellets was obtained
from United Catalysts, Inc. (UCI). The pellets were
crushed, and a —35+45 mesh size fraction was collected.
The alumina was thermally stabilized by heating in air at
800 °C for 2-5 h. With this thermal treatment, the original
surface area of 100 m?/g was reduced to 85 m?/g. After
being cooled, the alumina was washed a few times in
concentrated NH,OH to remove fines and then dried
slowly to 200 °C. After this treatment, the surface area
remained unchanged.

The stabilized alumina was 1mpregnated with a solutlon
of ammonium meta-vanadate in concentrated NH,OH.
The impregnated particles were quickly washed, slowly
dried, and then calcined at 350 °C to obtain V,0; sup-
ported on alumina (V,05/ALO;). The sorbent properties
are listed in Table 1.

Since these experiments were conducted in a reducing
atmosphere, resembling that of fuel gas, a preliminary
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study of the reducibility of the sorbent in the presence of
H, was performed. A small sample of NV1 was heated in
a thermogravimetric analyzer, and when the temperature
reached 700 °C, flow of 9% of H, in N, was introduced.
A rapid weight loss occurred within the first minute, ap-
proximately equivalent to the removal of one atom of
oxygen from each V,05 molecule. The weight continued
to decrease slowly, and after 10 min the equivalent of an
additional 0.25 atom of oxygen was removed. At this point,
the rate of weight loss had declined to an almost unde-
tectable level, in the time range of the experiment. On the
basis of these results it is assumed that a nonstoichiometric
vanadium oxide of approximate composition V,0475 is
acting as substrate for HyS chemisorption.

Apparatus and Procedure. The experiments were
performed with a reactor consisting of a quartz tube, 1 cm
i.d. and 41 cm length, mounted vertically inside an electric
furnace and instrumented with a K-type thermocouple
moving inside a quartz thermowell (0.3 ecm i.d.) concentric
to the reactor, as described elsewhere (10). Different gases
from cylinders passed through calibrated flowmeters into
a common gas line leading to the reactor. The gas mixture
could be flown through the reactor in the upward or
downward direction, as desired. The lines leading to the
reactor were heated and insulated. Nitrogen bubbling
through water maintained at a constant temperature in
a 3-neck flask assembly was used to introduce known
amounts of water vapor into the feed gas stream. Tem-
peratures at various locations in the system were monitored
by K-type thermocouples connected to a multichannel
digital readout. In all experiments the reactor pressure
was slightly above atmospheric.

The experiments generally consisted of adsorption, de-
sorption, and regeneration periods, carried out at the same
temperature in the range 500-700 °C. Typically 3-6 g of
sorbent was loaded into the reactor, which was brought to
the desired temperature under flow of nitrogen. In ad-
sorption runs, the feed gas contained H, (0-20%), H,S
(150-2000 ppm), and N, (balance). Desorption was carried
out by a N, purge, while regeneration was carried out with
a Ny—air mixture (O, 1-5%).

The product gas was passed through ice traps to con-
dense any elemental sulfur formed and was analyzed for
H,S and SO, by a gas chromatograph equipped with a
flame photometric detector. The column was Teflon
tubing 6 ft long and !/ in. 0.d. packed with Chromosil 310
(Supelco Inc.) and was operated isothermally at 50 °C. By
using an automated valve system, samples could be ana-
lyzed every 2-3 min to provide time-resolved composition.
The tubing downstream of the reactor consisted of Tef-
lon-coated stainless steel to avoid HyS adsorption. An
absorber loop containing iodine solution in the exit line
from the gas-sampling valve was used to analyze total
sulfur gases (H,;S, SO,) eluted from the bed or produced
during any period. The amount of sulfur gases absorbed
was determined by titrating the excess iodine with a so-
lution of sodium thiosulfate. Elemental sulfur collected
in the traps was dissolved in a solution of sodium sulfite
and analyzed by a standard iodometric titration method.

Results and Discussion

The first set of experiments carried out at 700 °C with
sorbent NV1 included a sequence of six adsorption periods
C1-Cé6 with N, purge and/or regeneration by air between
succesive adsorptions. The results are presented in Figure
1 in the form of plots of outlet H,S concentration versus
time. In the first two adsorption periods, C1 and C2, the
breakthrough of H,S takes place at about 6 min. Beyond
the breakthrough, H,S continued to be partially retained
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Figure 2. Breakthrough curves in successive sulfidation cycles of NV2
sorbent and UCI alumina.

in the bed as indicated by the slow rise in HyS concen-
tration. Similar sulfidation runs shown in Figure 2 were
conducted with sorbent NV2.

A nitrogen purge followed cycles C1, C2, and C3 of
sorbent NV1, as well as all cycles done with sorbent NV2.
During those purging periods, H,S and elemental sulfur
were detected at the bed outlet. The amount of H,S
collected in the iodine absorbers together with the sulfur
captured in the trap was equivalent, within experimental
error, to the amount of H,S retained in the bed during the
sulfidation step. The amount of H,S retained per mol of
V,0; originally present varies from cycle to cycle, especially
because complete saturation of the bed was not achieved.
Values as high as 0.42 mol of Hy,S/mol of V,0; were ob-
served.

After each nitrogen purge, the sorbent was regenerated
by flow of a nitrogen-air mixture, except after cycles C2
and C3 of sorbent NV2 where this step was omitted. In
all cases only traces of SO, were detected during this pe-
riod. This provides clear evidence that no bulk sulfide is
being formed and that H,S is chemisorbed reversibly.

In the set of experiments with sorbent NV2, five con-
secutive cycles of adsorption—desorption were carried out.
The adsorption breakthrough curves are shown in Figure
2. Two parameters, viz., pretreatment with a n1trogen—
hydrogen mixture and temperature, were changed in the
adsorption cycles. The effects of these changes on the

adsorption breakthrough curves are not too significant, and
the total amount of HyS retained at the end of each cycle
did not vary greatly. However, some subtle differences are
apparent. Thus, in the first cycle, since the reduced form
of V,0; was not present from the beginning but was
formed in situ, an early breakthrough is seen. Following
adsorption periods C1, C2, and C3, the bed was not re-
generated but simply purged with nitrogen. With the bed
prereduced, the breakthrough time in C2 and C3 is
somewhat larger than in C1. The amount retained in
period C4 at 700 °C was somewhat lower than in C2 and
C3, perhaps because of less favorable equilibrium at 700
°C compared to 650 °C and the possible loss of surface area
in repeated high-temperature operation without regener-
ation. On regeneration V,0; is reformed at 700 °C, and
consequently, the adsorption performance in cycle C5 is
substantially better than in cycle C4.

To study the contribution of alumina to the sorbent
adsorption capacity a separate run was performed. A 2.0-g
sample of UCI alumina was placed inside the reactor, and
a sulfidation run was performed at 700 °C, with a 20% H,
concentration and 5000 ppm of H,S. The amount retained
was 80 X 107 mol/m? compared with values of 10 mol/m?
obtained with the vanadium-containing sorbents. The
adsorptive contribution of alumina in vanadium-containing
sorbents would be even smaller, in view of the blocking
effect of the vanadium oxide at the values of loading em-
ployed.

During the nitrogen purge following various sulfidations,
as much as 26% of the total H,S retained in the bed de-
sorbed as elemental sulfur and was collected at the bed
outlet. Since H, is not present in the purging gas, de-
composition of H,S takes place and, as reported by Fukuda
et al. (11), is catalyzed by the solid substrate. The amount
of elemental sulfur collected was lower than the equilib-
rium amount corresponding to the measured H,S con-
centration at the reactor outlet.

The above results can be described by the following
reaction sequence:

reduction
V205 + (6 - y)Hy — V5,0, + (5 — y)H,0 4
adsorption
V50, + HyS — V,0,-H,S (5)

desorption
V,0,H,8 — V,0, + (1 - 2)H,S + zH, + 282 6)

regeneration

5-y
V20y + ( )02 - V205 (7)

An additional reaction that is important in the absence
of H, from the input gas is the direct reduction of V,0;
by H,S:

5-y) G-y 5-y

Vzo + — 2 02 + — _H2
\ ®)

In the presence of Hy, reaction 8 is ineffective since V,0;
is reduced ahead of the sulfidation front. Nevertheless at
the beginning of sulfidation of fresh or regenerated sor-
bents, SO, in amounts of 1-5 ppm levels was observed.
These small peaks of SO,, which are not shown in the
figures, fade away as sulfidation proceeds, evidently due
to the conversion of V,0; to a lower oxide by reduction

Vo0; +
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with H,. When sulfidation was carried out in the absence
of H,, as in period C6 (Figure 1), H,S consumption was
much higher and SO, was formed in larger amounts. The
constant level of SO, observed before breakthrough is an
indication that reduction of V,0j is performed by means
of reaction 8.

An important aspect in relation to the desulfurization
of a coal-derived fuel gas is the effect of HyO on the in-
teraction of H,S with V,0; or the reduced vanadium oxides
present. In sulfidation period C3 in the above batch of
experiments, 7 mol% H,0 was added to the reaction gas.
The resulting H,S retention was found to be much lower
(Figure 1) and the breakthrough sharper, suggesting that
H,0 and H,S compete for the same adsorption sites.
Because of its low sulfur capacity in the presence of water
vapor, vanadium oxide is not a practical sorbent for de-
sulfurization of coal-derived fuel gas, which usually con-
tains 10-30% water. It could be of some utility for de-
sulfurization of fuel gas of very low water content.

Registry No. HZS, 7783'06'4; V205, 1314'62-1; V203'75,
12165-50-3.
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Adsorptive Displacement Analysis of Many-Component Priority Pollutants on Activated
Carbon. 2. Extension to Low Parts per Million (Based on Carbon)
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B An earlier paper described the analysis of multiple trace
contaminants on activated carbons that are extracted by
adsorptive displacement, i.e., equilibration in a solvent
(e.g., dichloromethane) containing a large excess of a
strongly adsorbing solute/displacer (e.g., benz[a]-
anthracene-7,12-dione). The method was previously ap-
plied to the simultaneous determination of 25 base-neutral
priority pollutants, including such strongly adsorbed
pollutants as benz[a]anthracene, at loadings less than 0.1
mg/g. The lower limits for detection and analysis have
been extended downward to the low-ppm range based on
carbon. The method should be applicable to the analysis
of strongly adsorbed organic impurities in water at levels
that are too low for solvent extraction methods and to the
monitoring of carbon beds in water purification plants.

Introduction

A preceding paper (1) described the simultaneous de-
termination of multiple trace contaminants on activated
carbon by the application of adsorptive displacement, a
process in which the carbon sample is equilibrated in a
good solvent (e.g., dichloromethane) with a high concen-
tration of a strongly adsorbed compound (“displacer”), e.g.,
benz[a]anthracene-7,12-dione. Under these circumstances,
many of the trace contaminants go completely into solu-
tion; most of the others exhibit isotherms that are linear,
with slopes that are mutually independent (1, 2) and with
zero intercept. The principal exceptions are phenolic
compounds, which exhibit nonlinear isotherms at low ca-
pacities (fractions of a milligram per gram); these com-

* Address correspondence to this author at.5 Bayard Road, No.
412, Pittsburgh, PA 15213.
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pounds also exhibit linear isotherms with zero intercepts
when equilibrated with phenolic displacers. For contam-
inants that are not completely extracted into the solvent,
the amount of each unextracted compound is readily
calculated from the (predetermined) slope of its isotherm
2).

The previous paper (I) described the application of
adsorptive displacement to the simultaneous determination
of some 25 base-neutral priority pollutants at loadings
down to about 0.1 mg/g carbon, even for such strongly
adsorbed (“refractory”) compounds as anthracene, phen-
anthrene, and benz[a]anthracene. Although these levels
were considered sufficiently low to suggest the potential
power of the method for the analyses of pollutants in
drinking waters at extremely low concentrations, it seemed
likely that these already low limits could be extended
downward by at least an order of magnitude by the ap-
plication of relatively simple techniques. This paper de-
scribes the improvements in sensitivity that were attained.

Experimental Section

Except as noted, the materials and experimental con-
ditions were essentially the same as in the previous paper
(1), except that the solvent here was dichloromethane
(without methanol addition).

Attempts were first made to improve the sensitivity of
the analysis by concentrating the filtered equilibrium so-
lutions by solvent evaporation under ambient conditions.
These attempts were unsatisfactory, partly because of loss
of some of the more volatile components, even at only
tenfold concentration, but also because of the appearance
of new impurity peaks with increasing concentration. The
desired improvement came about from adjustments in the
gas chromatographic technique that made it possible to
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