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INTRODUCTION

Integrated Gasification Combined Cycle (IGCC) power systcms arc emerging as the most
promising technology to convert high sulfur coal into clectricity. lilinois Basin coal is a proven
feedstock for IGCC, e.g., the Deslec process in Terre Haute, IN. Hot gas cleanup for
desulfurization is nceded to accelcrate the successful demonstration and commercialization of
advanced coal gasilication systems worldwidc. In IGCC processes, hydrogen sulfide is removed
from the coal gas before it enters the turbine. To achieve maximum efficicncy in IGCC systems,
H,S should be removed from the fuel gas while hot. Although H,S can be removed quite
effectively by cooling the hot gascs to lemperatures less than 100°C, removal of H,S at 300-
800°C can lead to significant increases (up to 3%) in overall thermal efficiency. More cfficient
IGCC processes cxpand for markets hot gas cleanup sorbents and for high sulfur lilinois coal.

Numecrous metals and mixed metal compounds have been studied as possible desulfurization
sorbents. Current leading sorbents include zinc tilanate and Z-Sorb (a proprictary zinc-oxide-
based sorbent). However, nol only are these sorbents cxpensive (up to $7-15/1b), they arc also
pronc o chemical and/or physical degradation during cycling. Zinc titanate suffers from spalling
due o formation of sulfide and sulfate which have 2 10 3 times higher molar volume than the
oxide. Z-Sorb degrades in the prescnce of sicam present in coal gas. Both sorbents sinter during
regeneration and typically their reactivity drops by around 50 percent in just 50 cycles.

Onc may conclude by reviewing the literature on hol gas clcanup sorbents that while rescarch
on sorbent materials has been extensive, continuing efforls are important because these sorbents
arc not yet used commercially in coal gasification processes, and there is still time for the
development of improved sorbents. Another reason lo encourage rescarch in this area is thal not
all gasification systems are alike, and becausc of these differences in operating conditions and
requirements, it is likely that more than one typc of sorbent will be needed 1o satis(y the market.
Every sorbent examined 10 datc has had at least onc major deficieney that prevents its widespread
usc. The fact that there is still ample opportunity to develop new types of sorbents for hot gas
cleanup provides incentive for research on new Lypes of malerials.

Onc material that should be cxamined in more delail as a potential hot gas cleanup sorbent is
carbon. Although, the use of carbon for hot gas cleanup has significant potential, the possibility
ofl using carbon-based malerials to remove sulfur containing gases from the products of coal
gasificalion has been overlooked as other sorbents such as zinc ferrite, zine tilanate, and copper
oxides have been extcnsively studied. Carbon has scveral advantages comparcd to metal-based
hot gas cleanup sorbents: 1) the harsh coal gas environment should not affect the properties of the
carbon during operation (carbon will not gasify in a reducing atmosphere at lemperatures less
than 700°C), 2) carbon, itself, adsorbs large quantitics of H,S, meaning that it could be used as an
active support for metals such as copper and zinc which also adsorb H»S; most metal-based
sorbents have an inert support matrix, sometimes conslituting up o 60% of the mass of the
sorbent, 3) carbon will not chemically spalf unlike metal based sorbents and it is more physically
stable, since therc is littlc or no volumetric change in a carbon-based sorbent due Lo sulfur
loading, and 4) coal, which is uscd 1o make the carbon-based sorbents, is a very inexpensive
starting material,

EXPERIMENTAL PROCEDURES

Sorbent Preparation

Activated chars were produced from size-graded Illinois coal in a fluidized-bed reactor (2 in.
ID) under controtied preoxidation, pyrolysis, and activation conditions. Preoxidation of the chars
was typically performed for 2 hr at 225°C, pyrolysis for 1 hr at 425°C and activation in steam for
2-6 hr a1 825°C. Coal samples were activated until a specified carbon conversion was achieved
(10-50%). Chars were oxidized using nitric acid (45 wt. % HNOj3) to achieve oxygen
concenlrations on the chars of up o [5 wl. %. An thermal desorption treatment (200-1000°C)
was used 10 preparc chars with varying amounts of oxygen, which served as a slarting material for
the metal impregnation step. Various metals (Zn, Cu, etc.) known to chemically react with HpS
were added to the activated char using either incipient wetness or ion exchange methods.
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Fixed-Bed Breakthrough Experiments

H3S removal tests were performed on the various carbon-based sorbents produced in this
study. A simulated coal gas stream was used containing 0-50% CO,, 49-99.5% N,, and 0.5-1%
H,S at [ aim and 400-550°C. Initial H,S adsorption experiments were performed using a 1 cm
1.D. 316L stainless steel reactor, but sincc H,S reacts with stainless steel at the lemperaturcs
examined, only (otal sulfur measurements are reporled for those experiments and not
breakthrough times. The measurement technique uscd to determine the total sulfur added to the
carbon is discussed below.

A quartz. reactor with a 1.5 cm O.D. and a fritled quartz plate was uscd for the sulfidation
breakthrough tests. The fittings and tubing cntering and exiting the reactor are madc of cflon in
order o minimize the adsorption of H,S onlo anything other than the sorbent being tested.
Breakthrough curves were developed al space velocities of about 2000 hr! (200 cm¥min) for
packed-beds containing the carbon-based sorbents. H,S influent and cffluent concenlrations wcre
measured with a mass spectrometer (MS). For most experiments, breakthrough curves werc run
unlil the effluent concentration reached 200-300 ppmv. Al which lime, the expcriment was
terminated and the breakthrough curve was intcgrated (o yield the total H,S capacily and the time
(o breaktrhough. Total sulfur analysis was performcd on valid samples as a qualily assurance/
quality control (QA/QC) procedure.

Total Sulfur Measurements

After adsorplion and rcgeneration cxperiments, (otal adsorbed sulflur was dclermined by
elemental analysis of the char using a solid stalc infrarcd detector (LECO SC-32). Samples were
combusted in an oxygen atmosphere where the sulfur oxidizes lo SO, and were then measured by
a solid state infrared deteclor. The measured SO, was then converted o total percentage of sulfur.
The sulfur content of samplcs before and after H,S adsorplion experiments was measured in order
Lo calculated the total sulfur adsorbed.

RESULTS AND DISCUSSION

The best carbon-based sorbents developed for H,S removal lo dale had a breakthrough time to
200 ppmv outlet H,S concentration of over six hours and sulfidation capacities of up to 13 wt. %
were observed. Numcrous adsorplion experiments were performed (o evaluale the adsorption
capacilies and breakthrough times of various carbon-based sorbents. Aclivaled, nitric acid
oxidized, desorbed (with more active carbon siles), and melal impregnated chars were used for
adsorption experiments. Experimental conditions were altered for a few adsorption experiments
lo determine their effect on H,S adsorption. The inlet gas stream was modified Lo include only
H,S and N, in two cxperiments (Char F & G) and the reaclor temperature was lowered from 550
10 400°C for one experiment (Char I). The characleristics and total added sulfur (initial sulfur in
the sorbents was aboul | wi. %) for adsorption experiments run with the stainless steel reaclor are
shown in Table 1. The sulfur content of the chars before and after H,S adsorption was measured.

A comparison of the sullur contents of different chars produced several interesting results. As
displayed in Table 1, char E had the highest sulfur content after adsorption experiments. Char E
was oxidized with nitric acid and impregnated by ion cxchange with zinc. The nitric acid
oxidized chars (A and B) adsorbed 10.2 to 11.3 wt. % sulfur. A char desorbed of oxygen (char C)
adsorbed a significant amount of sulfur (6.5 wl. %), but did not perform as well as the oxidized or
mctal impregnated chars. This suggests that while carbon sites will ‘adsorb H,S, oxygen and
metal content are also important to achieve optimal adsorption. Char B and C differ in oxygen
content only. The oxidized char (B) adsorbed about 50% more sulfur than the desorbed char ©)
for comparable adsorplion times. It may be concluded from Table | that the presence of
chemisorbed oxygen enhances H,S adsorption on activaled char. Based upon our measurements
to date, we proposc three possible routes for H,S adsorption on carbon:

C-O +HyS --- C-S + H,0
C+HyS--»CS+H,
C-X +H,S --» C-X-S+H,
where X is an active metal

The total sulfur results in Table 1 suggest the importance of the inlet gas stream. The inlet gas
was modified to include only H,S and N, for adsorption experiments with chars Fand G. Without
CO; present in the influent gas stream, the measured adsorption capacitics were significantly
lower with CO,. This occurrence can be secn when chars F and G are compared to A and J,
respectively. Char A adsorbed about 50% more sulfur than char F for comparable adsorplion
times and char J adsorbed about 50% more sulfur than char G for a shorter adsorption time. The
only difference betwecn these experiments was the presence of CO,. This occurrence suggests
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some interaction between the carbon surface and CO,, but it is known that carbon should not
gasify in a reducing environment below 700°C. The importance of CO; in H,S adsorption
continues to be studied and more research is necessary before any type of conclusion can be
suggested.

The total sulfur results in Table 1 indicate the importance of char surface arca and reactor
temperature. By comparing the surface areas of metal impregnated chars (E, H, N, and O), it can
be seen that incipient wetness (IW) reduces surface area to a greater extent than ion exchange
(IE). The reduced surface area appears to slightly lower adsorption capacity for similar chars (H
and O). The influence of reactor temperature can be seen by comparing chars I and J in Table 1.
Char J (550°C) adsorbed significantly more sulfur than char [ (400°C) during a shorter run time.

Table 1 also displays tolal sullur content of chars aftcr adsorption experiments with the quartz.
reactor. Chars impregnated with metals (N and O) adsorbed about 10.5 wt. % sulfur before the
effluent H,S concentration reached 500 ppmv (350-390 min). An oxidized char (K) that was run
for a longer time (610 min) attained a added sulfur content of 12.7 wt. %. A steam activated char
(M), with no nitric acid oxidation, achieved a added sulfur content of 6.1 wt. %. The results show
that significant amounts of sulfur (6.1-10.6 wt. %) can be added to carbon in fairly short
adsorption times (<400 min). The sulfur contents for chars K-O (quartz reactor) are comparablc
and slightly better than those of chars A-J (stainless steel reactor). The improvements in
adsorption capacities and breakthrough times are most likely due to improved char preparation
methods.

Figure 1 displays breakthrough curves for four adsorption experiments with the quartz reactor.
Breakthrough times to 200 ppmv outlet H,S concentration for chars K, M, N, and O ranged from
4-6.5 hours. These breakthrough times were performed at 550°C, a space velocity (SV) of 1700-
2000 hr™! (200 cm®/min), and an influent concentration of 50600 ppmv H,S. The oxidized char
impregnated with zinc by ion exchangc performed the best, followed by the copper impregnated
char. The oxidized char (K) displayed a leveling off of outiet concentration at 1300-1500 ppmv
H,S which is similar to previous adsorption experiments. This may indicate that a catalytic
reaction might be occurring which converts H,S to another compound or it may mean that H,S
adsorption on carbon exhibits a two-stage breakthrough curve. An interesting discovery of the
adsorption experiments was that the steam activated char (M) had a breakthrough time (200
ppmv) that was very similar to that of the oxidized char (K).

SUMMARY AND CONCLUSIONS

Results of this project to date have shown that carbon-based sorbents are still adsorbing H,S at
sulfur loadings of 6 to 13 wt. % sulfur from a gas stream containing 0.5% hydrogen sulfide (H,S)
in CO, and N, at 550°C. Fixed-bed breakthrough curves have been obtained for several chars
using a simulated coal gas stream containing 0.5% H,S at a space velocity of 2000 hr! (200 cm’/
min). Breakthrough times to 200 ppmv efffuent H,S concentration ranged from 2 (o 6.5 hours,
depending on the char used. These breakthrough times are comparable to some metal-based
sorbents. Results of adsorption propertics are encouraging and show that carbon may be a viable
hot gas cleanup sorbent. With further research, we believe that we can increase both the
sulfidation capacity and breakthrough time of carbon-based sorbents. It remains to be determined
how the pore structure and surface chemistry of the char can be modified 1o maximize H,S
adsorption capacity. The mechanism of H,S removal by carbon is also not well understood, and
any research (o oplimize the H,S removal capabilities of carbon will inevitably lead to new
insights into H,S adsorption and conversion to elemental sulfur on the carbon surface. One
distinct advantage carbon has over metal-based is that carbon, itself, adsorbs large quantities of
H,S, meaning that it could be used as an active support for metals such as copper and zinc which
also adsorb H,S. Most metal-based sorbents have an inert support matrix, sometimes constituting
up 10 60% of the mass of the sorbent. Metal-based sorbents, such as zinc titanate and Phillips Z-
Sorb have an inert support matrix that does not participate in the H,S adsorption reaction.
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Figure 1. st Breakthrough Curves for Carbon-Based Sorbents using Quartz Reactor

Conditions: SV = 1700-2000 |Il'-l, 0.5% 112s, 49.5% Nz’ 50% C02, 550°C, 1 atm.
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