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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.' XPSb SIMSc 

3 45 13 
4 9 10 

' See Table I1 for sample descriptions. Ratio of surface weight 
percent (XPS) to bulk weight percent (AAS). CRatio of surface 
and interior zoePb+ intensities normalized to the steady state 40Ca2+ 
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 P b  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. 

Acknowledgments  

We thank Sabrina Hettinger and Michele Dube at  the 
University of New Hampshire for their assistance in the 
preparation and bulk characterization of the calcite sam- 
ples. 

Registry No. CaC03, 13397-26-7; Pb, 7439-92-1. 

Literature Cited 

1979, 51, 844. 
(1) Tessier, A.; Campbell, P. G. C.; Bisson, M. Anal. Chem. 

(2) Kheboian, C.; Bauer, C. F. Anal. Chem. 1987, 59, 1417. 
(3) Linton, R. W.; Loh, A.; Natusch, D. F. S.; Evans, C. A., Jr. 

(4) Cox, X. B.; Bryan, S. R.; Linton, R. W.; Griffis, D. P. Anal. 

(5) Farmer, M. E.; Linton, R. W. Environ. Sci. Technol. 1984, 

(6)  Harvey, D. T.; Linton, R. W. Colloids Surf. 1984, 11,  81. 
(7) Riggs, M. W.; Parker, M. J. in Methods of Surface Analysis; 

Czanderna, A. W., Ed.; Elsevier: Amsterdam, 1975; pp 

Science (Washington, D.C.) 1976, 191, 852. 

Chem. 1987,59, 2018. 

18, 319. 

103-158. 
(8) Lepareur, J. Rev. Tech. Thomson-CSF 1980,12, 225. 
(9) Blaise, G. Surf. Sci. 1976, 60, 65. 

(10) Wagner, C. D.; Davis, L. E.; Zeller, M. V.; Raymond, R. H.; 
Gale, L. H. SIA, Surf. Interface Anal. 1981, 3, 211. 

(11) Turnbull, A. G. Geochim. Cosmochim. Acta 1973,37,1593. 
(12) Seah, M. P.; Dench, W. A. SIA, Surf. Interface Anal. 1979, 

(13) Pederson, L. R. J. Electron Spectrosc. Relat. Phenom. 1982, 

(14) Davis, J. A.; Fuller, C. C.; Cook, A. D. Geochim. Cosmochim. 

1, 2. 

28, 203. 

Acta 1987,51, 1477. 

Received for review December 8,1986. Accepted October 26,1987. 
This work was supported in part by the National Science 
Foundation (XPS Instrumentation Grant). Support for the ion 
microscope was provided in part by a grant from the National 
Science Foundation (DMR-8107499) and by matching funds from 
the Microelectronics Center of North Carolina, North Carolina 
State University, and the University of North Carolina-Chapel 
Hill. Additional support was provided by the Ion Microscope 
Laboratory (NCSU) and the donors of the Petroleum Research 
Fund, administered by the American Chemical Society. 

NOTES 

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 (H2 and H20 content) are discussed. 
It is found that hydrogen sulfide is chemisorbed reversibly 
on a nonstoichiometric vanadium oxide. Bulk sulfide is 
not formed. 

Introduct ibn 
In efforts to develop a process for the removal of H2S 

from coal-derived fuel gas a t  high temperatures (500-800 

'Present address: The BOC Group, Technical Center, Murray 

t Present address: Department of Chemical Engineering, MIT, 
Hill, NJ 07974. 

Cambridge, MA 02139. 

"C), various transition metal oxides have been considered 
as potential sorbents. Comparative evaluation of various 
oxide sorbents have been published in US. Department 
of Energy reports (1) 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 H2S. Thus, in general, the reactions can be repre- 
sented as 

MOy + Y H ~ S  + MS, + yH2O (2) 

The level of H2S in the purified gas and the sulfur loading 
of the sorbent a t  H2S breakthrough are governed by the 
kinetic as well as the thermodynamic parameters of these 
reactions. In the case of V205, thermodynamic data 
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Table I. Properties of Supported Vanadium Oxides 

property UCI alumina NV1 NV2 

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

bulk density 40 

pore vol, cm3/g 0.6-0.7* 
vanadium, wt 70 2.24 1.88 

particle size, mesh -35+45 -35+45 -35+45 
surface area, m2/g 85" 93 93 

" After stabilization process. Manufacturer data. 

[JANAF tables (411 predict reduction to Vz03, which has 
been considered to react according to 

v203 -k 3H2S - vzs3 + 3H20 (3) 
This reaction was regarded as thermodynamically favor- 
able ( I ,  5 )  in the temperature range of interest resulting 
in equilibrium H2S levels of less than 10 parts per million 
(ppm). In view of the presumed favorable thermodynamics 
of reaction 3, V206 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 Vz05 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 
V2S3 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 V2S3 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 H2S uptake by various vanadium 
oxide sorbents. To explain this finding, Jalan et al. (8) 
postulated formation of a surface complex V(HS)3, which, 
however, was not substantiated by direct means. In this 
study, simple packed-bed flow experiments were used to 
show that a t  650-700 "C, H2S 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 H2S on Mo03-Ti02 was reported 
by Matsuda et al. (9). 

Experimental Section 
Sorbent Preparation. A high surface area alumina 

(7-A1203) support in the form of 1/8 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 m2/g was reduced to 85 m2/g. After 
being cooled, the alumina was washed a few times in 
concentrated NH40H to remove fines and then dried 
slowly to 200 "C. After this treatment, the surface area 
remained unchanged. 

The stabilized alumina was impregnated with a solution 
of ammonium meta-vanadate in concentrated NH40H. 
The impregnated particles were quickly washed, slowly 
dried, and then calcined at  350 "C to obtain VzOb sup- 
ported on alumina (V205/A1203). The sorbent properties 
are listed in Table I. 

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 
H2 was performed. A small sample of NV1 was heated in 
a thermogravimetric analyzer, and when the temperature 
reached 700 "C, flow of 9% of H2 in Nz was introduced. 
A rapid weight loss occurred within the first minute, ap- 
proximately equivalent to the removal of one atom of 
oxygen from each Vz05 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 V203,76 is 
acting as substrate for H2S 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 cm id.) concentric 
to the reactor, as described elsewhere (IO). 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%), HzS 
(150-2000 ppm), and N2 (balance). Desorption was carried 
out by a N2 purge, while regeneration was carried out with 
a N2-air mixture (02, 1-5%). 

The product gas was passed through ice traps to con- 
dense any elemental sulfur formed and was analyzed for 
H,S and SO2 by a gas chromatograph equipped with a 
flame photometric detector. The column was Teflon 
tubing 6 ft  long and lla in. 0.d. packed with Chromosil310 
(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 H2S adsorption. An 
absorber loop containing iodine solution in the exit line 
from the gas-sampling valve was used to analyze total 
sulfur gases (His, SO2) 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 
Cl-C6 with N2 purge and/or regeneration by air between 
succesive adsorptions. The results are presented in Figure 
1 in the form of plots of outlet H2S concentration versus 
time. In the first two adsorption periods, C1 and C2, the 
breakthrough of H2S takes place at about 6 min. Beyond 
the breakthrough, H2S continued to be partially retained 
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Flgure 2. Breakthrough curves In successive sulfidation cycles of NV2 
sorbent and UCI alumina. 

in the bed as indicated by the slow rise in H2S 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, H2S and elemental sulfur 
were detected at  the bed outlet. The amount of H2S 
collected in the iodine absorbers together with the sulfur 
captured in the trap was equivalent, within experimental 
error, to the amount of H2S retained in the bed during the 
sulfidation step. The amount of H2S retained per mol of 
Vz05 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 H2S/mol of V2O5 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 SO2 were detected during this pe- 
riod. This provides clear evidence that no bulk sulfide is 
being formed and that H2S 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 nitrogen- 
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 H2S 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 V205 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 V205 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% H2 
concentration and 5000 ppm of H2S. The amount retained 
was 80 X lo4 mol/m2 compared with values of lo4 mol/m2 
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 H2S retained in the bed de- 
sorbed as elemental sulfur and was collected at the bed 
outlet. Since H2 is not present in the purging gas, de- 
composition of H2S takes place and, as reported by Fukuda 
et al. ( I I ) ,  is catalyzed by the solid substrate. The amount 
of elemental sulfur collected was lower than the equilib- 
rium amount corresponding to the measured HzS con- 
centration at  the reactor outlet. 

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

adsorption 
V20, + H2S -+ V2OY*H2S (5) 

desorption 
2 V2OY*H2S - VzO, + (1 - z ) H ~ S  + z H ~  + sS2 (6) 

regeneration 

(7) 

An additional reaction that is important in the absence 
of H2 from the input gas is the direct reduction of V205 
by H2S: 

(5 - Y) 
SO2 + - -H2 V205 + - H2S - VZO, + - (5 - Y) (5 - Y) 

2 2 :: 
(8) 

In the presence of H2, reaction 8 is ineffective since Vz05 
is reduced ahead of the sulfidation front. Nevertheless at 
the beginning of sulfidation of fresh or regenerated sor- 
bents, SOz in amounts of 1-5 ppm levels was observed. 
These small peaks of SOz, which are not shown in the 
figures, fade away as sulfidation proceeds, evidently due 
to the conversion of V205 to a lower oxide by reduction 
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with H,. When sulfidation was carried out in the absence 
of H2, as in period C6 (Figure l), H2S consumption was 
much higher and SO2 was formed in larger amounts. The 
constant level of SO2 observed before breakthrough is an 
indication that reduction of V205 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 H20 on the in- 
teraction of H2S with V205 or the reduced vanadium oxides 
present. In sulfidation period C3 in the above batch of 
experiments, 7 mol% H 2 0  was added to the reaction gas. 
The resulting H2S retention was found to be much lower 
(Figure 1) and the breakthrough sharper, suggesting that 
H20 and H2S 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. I t  could be of some utility for de- 
sulfurization of fuel gas of very low water content. 

Registry No. H2S, 7783-06-4; VzOs, 1314-62-1; V203,7s, 
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) 

Sharad Thakkar and Milton Manes” 
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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, a t  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. 

Introduct ion 
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 (I , 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. 

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 (1) described the application of 
adsorptive displacement to the simultaneous determination 
of some 25 base-neutral priority pollutants a t  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  Sect ion 
Except as noted, the materials and experimental con- 

ditions were essentially the same as in the previous paper 
(I), 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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