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bstract

Part I of this paper analyzed sub-quality natural gas (SQNG) pyrolysis and autothermal pyrolysis. Production of hydrogen via direct thermolysis
f SQNGs produces only 2 mol of hydrogen and 1 mol of carbon per mole of methane (CH4). Steam reforming of SQNG (SRSQNG) could become
more effective approach because the processes produce two more moles of hydrogen via water splitting. A Gibbs reactor unit operation in

he AspenPlusTM chemical process simulator was employed to accomplish equilibrium calculations for the SQNG + H2O and SQNG + H2O + O2

ystems. The results indicate that water and oxygen inlet flow rates do not significantly affect the decomposition of hydrogen sulfide (H2S) at
emperatures lower than 1000 ◦C. The major co-product of the processes is carbonyl sulfide (COS) while sulfur dimer (S2) and carbon disulfide

CS2) are minor by-products within this temperature range. At higher temperatures (>1300 ◦C), CS2 and S2 become major co-products. No sulfur
ioxide (SO2) or sulfur trioxide (SO3) is formed during either SRSQNG or autothermal SRSQNG processes, indicating that no environmentally
armful acidic gases are generated.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Part (I) of this paper [1,2] reviewed in detail the potential
echnologies applicable for hydrogen production from SQNGs.
owever, none of these technologies would be cost-effective

n terms of H2 production using a purely thermal process.
wo novel approaches, SQNG pyrolysis and SQNG autother-
al pyrolysis, are herein proposed and analyzed, and the results

ndicate that no separation of H2S from hydrocarbons is required
rior to the SQNG processing. These two approaches would
otentially be cost-effective processes for utilizing SQNG as a
ew resource for the production of H2 and CS2. This conclusion
s based upon the fact that H2S can be treated as an inert gas dur-

ng the SQNG process. The objective of Part (II) of this paper
s to further explore the applicability of conventional technolo-
ies, namely steam methane reforming (SMR) and autothermal

∗ Corresponding author. Tel.: +1 321 638 1505; fax: +1 321 638 1010.
E-mail address: chuang@fsec.ucf.edu (C. Huang).
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n sulfide; Carbonyl sulfide

team reformation, for the SQNG processing. The significant
nding of this study is that, compared to natural gas pyrolysis,
RM produces two more moles of H2 through water splitting.
n addition to the increased H2 production, SMR is a highly
ndothermic process which can be used to more effectively
bsorb heat from a thermal energy source such as concentrated
olar thermal source. As in Part (I), a Gibbs reactor unit operation
n the AspenPlusTM chemical process simulator was applied as
thermodynamic analytic tool for equilibrium calculation of the
QNG + H2O and SQNG + H2O + O2 systems. Based on the sta-
ility of H2S during the SQNG pyrolysis or steam reformation of
QNG, a two-step H2 production from SQNG is proposed and
iscussed. The catalyst deactivation issue is also examined in this
iscussion.
. Steam reforming of SQNG (SRSQNG)

The compositions of SQNG applied in this paper are the
ame as in Part I (the Blackjack Creek SQNG field) with a

mailto:chuang@fsec.ucf.edu
dx.doi.org/10.1016/j.jpowsour.2006.02.082
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0% H2S concentration. The total carbon is calculated from
he total hydrocarbons in SQNG, which is 110.10 kmol h−1.
he thermodynamic analyses are conducted under isothermal
onditions, assuming that the inlet component mole flow rates
re equal to their mole fractions. The inlet water flow rates
re calculated based on the ratio of water to the total carbon
oles (110.10 kmol h−1), x (=H2O/C). The ratio x is selected

s: 0.25, 0.50, 0.75, 1.0, 1.5 and 2.0 corresponding to the mole
ow rates of 27.25, 55.05, 82.58, 110.10, 165.15 and 220.20
mol h−1.

.1. Equilibrium flow rates of methane, hydrogen and
arbon

Fig. 1 demonstrates the mole flow rates of CH4, H2 and C
ith the reforming temperatures. CH4 decomposition during
RSQNG is similar to that in SQNG pyrolysis. At tempera-

ures above 850 ◦C, since all the hydrocarbons are consumed,
he H2 outlet rate remains constant. Compared to SQNG pyrol-
sis, which produces a maximum of 200 kmol h−1 H2, the H2
roduction rate during the course of SRSQNG, because of water
plitting, increases with the water inlet flow rate, and is greater
han 200 kmol h−1. However, when x is greater than 1.0, no sig-
ificant increase in H2 production was observed. When x = 2.0,
he maximum H2 output is about 300 kmol h−1, indicating that
nly 100 kmol h−1 of H2 results from the splitting of water,
epresenting about 50% of the total water inlet. Water conver-
ion into H2 increases with the decrease of water input, and
eaches 100% when x is less than 1.0, suggesting that 1 mol of

in SQNG can only split 1 mol of water in SRSQNG for the
roduction of H2.

In order to preclude C coke production during SRSQNG,
he ratio x must be controlled. It is observed that the carbon
ow rate decreases with an increase in the water inlet flow rate.
t a lower water flow rate (x < 1.0), carbon laydown occurs

hroughout the entire temperature range. Only when x > 1.0
nd the temperature is greater than 900 ◦C does the carbon
ow rate decrease to zero, indicating that there is no carbon

roduced during the course of SRSQNG. This feature is impor-
ant to the reforming process for the prevention of catalyst
eactivation.

ig. 1. Temperature dependence of equilibrium mole flow rates of CH4, H2 and
for SRSQNG (x = H2O/C = 0.25, 0.50, 1.0, 1.5 and 2.0).
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ig. 2. Temperature dependence of equilibrium mole flow rates of H2O, CO and
O for SRSQNG (x = H2O/C = 0.25, 0.50, 1.0, 1.5 and 2.0).

.2. Equilibrium flow rates of carbon dioxide, carbon
onoxide and water

Equilibrium output flow rates of CO2, CO and H2O are
hown in Fig. 2. The CO flow rate depends heavily upon H2O
nput rate. CO flow rate reaches its maximum (∼110 kmol h−1)
hen x = 1.0, and then decreases as x increases further. Dur-

ng SRSQNG, CO2 equilibrium flow rates do not significantly
ncrease with water flow rate. Only when water flow rate is
reater than 1.0 kmol h−1 is CO2 flow rate detectable in the out-
et stream. Based on Figs. 1 and 2, the optimal H2O to C ratio,
, should be set at 1.0 during the course of SRSQNG. Note that
his number is deducted from the thermodynamic calculation
nd only presents an ideal ratio for SRSQNG.

.3. Equilibrium flow rates of hydrogen sulfide, carbon
isulfide and sulfur dimer

The equilibrium flow rates of H2S at different x ratios are
llustrated in Fig. 3. The initial mole fraction of H2S is 10.0%,
orresponding to 10.0 kmol h−1 inlet to a Gibbs reactor in the
spenPlusTM chemical simulator.
H2S conversion during SRSQNG is similar to that in SQNG

yrolysis. H S does not significantly decompose at different
2
ater input rates when temperature is lower than 1200 ◦C, indi-

ating that it is stable and can be considered an inert gas within
his temperature range. Even when temperature is as high as

ig. 3. Temperature dependence of equilibrium mole flow rates of H2S for
RSQNG (x = H2O/C = 0.25, 0.50, 1.0, 1.5 and 2.0).
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gases (SO or SO ). Two systems, SQNG + 0.0625H O + O
ig. 4. Temperature dependence of equilibrium mole flow rates of COS, CS2

nd S2 for SRSQNG (x = H2O/C = 0.25, 0.50, 1.0, 1.5 and 2.0).

600 ◦C, the decomposition increase is still less than 30%. Inter-
stingly, at temperatures greater than 1200 ◦C, water influence
n the H2S conversion can be separated into two significant
anges: when x < 1.0, H2S conversion is higher than that when
> 1.0, suggesting that higher water input favors the stability of
2S. This may be attributed to the fact that higher H2O inlet

o the reactor generates a higher volume of H2, thereby inhibit-
ng the decomposition of H2S. H2O effect on the distribution of
ulfur species is illustrated in Fig. 4.

The equilibrium flow rates of COS, CS2 and S2 are dependent
pon both temperature and input H2O flow rate and are shown
n Fig. 4. No SO2 or SO3 exists in the equilibrium mixture,
howing that SRSQNG does not produce sulfuric acid gas, and
herefore no environmental impact exists in terms of SO2 tail
as treatment. Since SRSQNG occurs at temperatures between
00 and 1000 ◦C, COS is a major byproduct at a low ppm level.
he formation of COS is similar to the water gas shift process
s indicated in the following reaction:

O + H2S → 0.5H2 + COS (1)

Since the output rate of CO depends on the input flow rate of
2O, the COS production rate depends on water concentration.
he maximum COS outlet rate occurs at x = 1.0 as a result of

he increase in CO, as shown in Fig. 2. However, the difference
n the COS production rates at various x levels is at insignifi-
antly low levels (ppm range). Significant amounts of CS2 can
e observed when temperature exceeds 1200 ◦C. Fig. 4 indicates
hat the maximum CS2 output flow rate occurs at a temperature
f 1600 ◦C and is about 1.0 kmol h−1, accounting for less than
.4% of total output gases. CS2 is produced according to H2S
ethane reforming (HSMR) analogous to SMR:

H4 + 2H2S → 4H2 + CS2 (2)

Because SMR requires less energy than does Reaction (2), as
ndicated by comparative reactions between SMR and HSMR,
he CS2 production rate is heavily dependent upon the H2O input
ate. As shown in Fig. 4, when x > 0.75, the CS output rate
2
pproaches zero. This is because that SMR becomes a major
eaction producing a higher amount of CO, which reacts with

2S to form COS (Reaction (1)).

a
g
f

ig. 5. Temperature dependence of total enthalpy for SQNGSR at different

2O/C ratios (x = H2O/C = 0.0625, 0.125, 0.25, 0.50, 1.0, 1.5 and 2.0).

S2 is produced from the decomposition of H2S based on:

2S → H2 + 0.5S2 (3)

Fig. 4 also shows that the decomposition of H2S in the course
f SRSQNG is more difficult than that in HSMR [3]. The very
ow S2 output rate at temperatures lower than 1000 ◦C indicates,
rom a different angle, the stability of H2S in SRSQNG. At low
ater inlet rates (x < 1.0) there is insignificant production of S2.
nly when x is greater than 1.0 do the rates slightly increase as
increases. The fact that S2 production is at a much lower level

han that of CS2 in the higher temperature range is an indication
hat the H2O effect on H2S decomposition is insignificant.

.4. Thermal energy requirement for SRSQNG processes

The heat requirements for SRSQNG depicted in Fig. 5 indi-
ate that SRSQNG is a highly endothermic process. When x
ncreases the total heat energy requirement increases signif-
cantly. However, when x is greater than 1.0, since no sig-
ificant amount of H2 is produced (Fig. 1), the heat require-
ents at these H2O input rates are approximately the same.
ombining the heat required for the production of H2 by
RSQNG, shown in Figs. 1 and 5, we observe that a low x
atio requires less heat for production of 1 mol of H2. The opti-
al x ratio for the heat requirement per mole of H2 produced is
= 1.0.

. Autothermal steam reforming of SQNG (autothermal
RSQNG)

As discussed above, SRSQNG is a highly endothermic pro-
ess. To reduce the heat required from an external source,
ydrocarbons in the SQNG can be burned internally to pro-
ide heat for the remaining hydrocarbon reforming. The aim of
his analysis is to better understand the underlying chemistry in
utothermal SRSQNG and to investigate the stability of H2S in
he presence of both water and oxygen. The other focus of this
nalysis is to determine if the process will produce sulfuric acid
2 3 2 2
nd SQNG + 0.25H2O + O2 are selected for investigating oxy-
en effects on autothermal SRSQNG. A low x ratio is selected
or the analysis because SRSQNG at a low x value requires less
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ing hydrocarbons which could be used for the production of
ig. 6. Temperature dependence of CH4 and H2 flow rates at different oxygen
nputs (C:H2O:O2 = 1:0.25:y).

eat to produce a given amount of H2. The results obtained may
lso be applicable to a high x system. Through analysis it was
ound that two systems (x = 0.0625 and 0.25) have similar prod-
ct equilibrium concentrations in the outlet stream. In order to
eep the paper concise only the results for the x = 0.25 system
re shown in this paper.

.1. Equilibrium flow rates of methane, carbon and
ydrogen during autothermal SRSQNG

Fig. 6 depicts equilibrium flow rates of CH4 and H2 at var-
ous inlet oxygen levels, with x = 0.25. As in the pyrolysis of
QNG, all other hydrocarbons are decomposed into H2, CH4
nd carbon within a temperature range of 300–500 ◦C. The
H4 flow rate decreases with increases of either temperature
r oxygen flow rate. On the other hand, H2 flow rates are inde-
endent of the oxygen input ratio when y (=O2/C) is less than
.375. When y increases to 0.50 the H2 flow rate decreases
lightly. The decrease is more significant at x = 0.25 than at
= 0.0625.

The temperature dependence of carbon deposition during
utothermal SRSQNG is shown in Fig. 7. At a high water input
atio (x = 0.25), carbon lay down is greatly reduced as compared
o a low ratio of x (=0.0625). At both water input rates car-
on coking remains constant when the temperature is greater

han 900 ◦C. When oxygen input flow rates increase, carbon
ay down decreases. Zero coking occurs when y is greater than
.5 for x = 0.0625 and 0.375 for x = 0.25, respectively. In other

ig. 7. Temperature dependence of carbon flow rates at different oxygen inputs
C:H2O:O2 = 1:0.25:y).

H
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ig. 8. Temperature dependence of CO and H2O flow rates at different oxygen
nputs (C:H2O:O2 = 1:0.25:y).

ords, when the H2O input flow rate increases, oxygen required
o provide a zero coking condition is decreased.

.2. Equilibrium flow rates of carbon monoxide, carbon
ioxide and water during autothermal SRSQNG

Fig. 8 demonstrates the equilibrium flow rates of CO and H2O
uring autothermal SRSQNG processes. The H2O equilibrium
ow rate increases with increasing oxygen inputs. However,

he H2O flow rate decreases as the temperature increases. At
igher temperatures, H2O reacts with CH4 to produce H2 and
O. Since CO can be shifted to H2 and CO2 through a water
as shift reaction; a higher CO output indicates more H2 pro-
uction. Combining Figs. 6 and 8 we can conclude that within
ertain water and oxygen input ranges an autothermal process
oes not reduce the H2 production rate. However, note that when
2O input is at a higher level (Fig. 8, x = 0.25), CO output at
= 0.50 is lower than that at y = 0.375. A similar result can be
bserved in the H2 production rate shown in Fig. 6, suggesting
hat there exist optimal values of x and y for the production of

2. Since the approach of an autothermal process is to oxidize
art of the hydrocarbons in SQNG to produce heat for reform-
ng the remaining CH4, the extra oxygen input results in more
ydrocarbons burned to produce CO2, thereby leading to wast-
2. The CO2 output flow rates are shown in Fig. 9. As dis-
ussed above, even though there is no significant increase in
O2 outlet in the higher temperature range, with y less than

ig. 9. Temperature dependence of CO2 flow rates at different oxygen inputs
C:H2O:O2 = 1:0.25:y).
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ig. 10. Temperature dependence of H2S flow rates at different oxygen inputs
C:H2O:O2 = 1:0.25:y).

.50, the significant increases in CO output indicate a higher
evel of CO2 generated. CO2 outputs obviously increase to a
ignificantly higher level when y is greater 0.50.

.3. Equilibrium mole flow rates of hydrogen sulfide,
arbonyl sulfide, sulfur disulfide and sulfur dimer during
utothermal SRSQNG

Equilibrium outputs of H2S at x = 0.25, with varying levels
f oxygen input are depicted in Fig. 10. The stability of H2S
uring the course of autothermal SRSQNG is similar to that in
RSQNG shown in Fig. 3. H2S is more stable at temperatures

ower than 1000 ◦C. The water input rate does not have signifi-
ant effect on its stability. On the other hand, in a lower tempera-
ure range (T < 1000 ◦C), oxygen level does not have a significant
ffect on H2S conversion, even at a higher level of y (=0.5). Inter-
stingly, when temperature is higher than 1300 ◦C, the effect of
xygen on H2S conversion increases within y = 0.0–0.25 range.
owever, H2S output is stable when y = 0.375. There is only a

light decrease in H2S concentration when y = 0.50. This obser-
ation is true for both x = 0.0625 and x = 0.25. With reference to
ig. 3 we observe that the oxygen effect on the H2S conversion

s similar to the effect of water input rate. This is due to the fact

hat oxygen reacts with hydrocarbons in SQNG to produce H2O.

Unlike the effect of H2O on COS output rates, increasing
he oxygen inlet rate results in the higher CS2 production rates
hown in Fig. 11. The effect is more significant at a low water

ig. 11. Temperature dependence of CS2, COS and S2 flow rates at various
xygen inputs (C:H2O:O2 = 1:0.25:y).
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ig. 12. Temperature dependence of total enthalpy at different oxygen inputs
C:H2O:O2 = 1:0.25:y).

nput rate. However, the effects of oxygen on output rates of
S2 and S2 are similar to the effects of water (Fig. 4). When

emperature is greater than 1100 ◦C, the CS2 production rate
ncreases as y increases. However, when y increases up to 0.375,
he CS2 production rate approaches zero. The dependence of
2 output rates on oxygen does not change significantly when y

s less than 0.375. Starting at y = 0.375, S2 outlet rates change
ignificantly with y. However, it should be noted that the S2
roducts are at a very low level, with concentrations in the ppm
ange. In the temperature range of 700–1000 ◦C COS is a major
o-product, while concentrations of CS2 and S2 approach zero.

.4. Heat requirements for autothermal SRSQNG processes

Heat requirements for the autothermal SRSQNG process are
epicted in Fig. 12 for x = 0.25. With increases in the oxygen
nlet flow rate the total thermal energy requirement decreases
ignificantly. Comparing two oxygen inlet levels (x = 0.0625 and
= 0.25) it is found that with increased water input to the sys-

em, greater oxygen inputs are required to reach a zero energy
equirement condition. When x = 0.25, the zero energy input
emperature is about 800 ◦C with y = 0.375. But when x = 0.0625
nd with the same oxygen input rate, the SRSQNG is an exother-
al process, indicating that more hydrocarbons in SQNG are

urned to recover only heating value. This results in a waste of
aluable hydrocarbons which could be H2 sources.

. Flowsheet development

It has been reported that approximately one-third of U.S.
atural gas resources are unusable SQNGs. H2 production from
QNGs remains a major challenge due to substantial levels of
mbedded H2S. Because of high costs associated with current
echnologies designed to deal only with high quality natural
ases, SQNGs cannot presently be utilized for the production
f H2 and they must remain in the ground. As fossil fuel prices
scalate SQNGs are becoming increasingly attractive as valuable
otential resources for the production of H2. As compared to
2 production from water, coal or biomass, the prospect of H2

roduction from SQNGs could have many advantages in terms
f efficiency and high H2 yield.

As has been discussed in detail, H2S in SQNG can be
reated as an inert gas during the pyrolysis of SQNG, SRSQNG
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Fig. 13. Schematic diagram of a

nd autothermal processes when temperatures are lower than
000 ◦C. Therefore, thermodynamically there is no need to sep-
rate H2S from hydrocarbons prior to SQNG processing if no
atalyst deactivation issue is involved. Using carbon-based cat-
lysts and a fluidized reactor, we propose the following two-step
rocess (Fig. 13) for H2 production from SQNG. It should be
ointed out that detailed flowsheet development is beyond the
cope of this paper. Fig. 13 demonstrates only one approach for
he production of liquid hydrogen (LH2) for space applications.
imilar processes based on different separation technologies,
uch as pressure swing adsorption and membrane separation,
an be developed based on this concept.

.1. Hydrocarbon processing (including SQNG pyrolysis,
RSQNG, autothermal pyrolysis or autothermal SRSQNG)

The mixture of SQNG and oxygen is inlet into a fluidized
eactor which contains a carbon-based catalyst. The temperature
f the autothermal process can be selected based on the previous
hermodynamic calculations. A typical temperature of 850 ◦C
s selected in this simplified flow diagram. (Fig. 13) After the
QNG autothermal process and separating the catalyst, H2 and
O are cryogenically separated from the mixture of H2S and
nreacted CH4. CO is then shifted into H2 and CO2 through a
ater gas shift reactor. By introducing a small amount of SQNG

nto the mixture of CH4 + H2S, the ratio of H2S/CH4 (or H2S/C)
an be adjusted to 2:1 in accordance with the stoichiometric
oefficient of reaction: CH4 + 2H2S → 4H2 + CS2.

.2. H2S reforming of CH4 (HSRM) [3] to efficiently
roduce H2 and CS2

In the HSRM process, an extra amount of H2S is needed to
erve two purposes: (1) as a working fluid and (2) to prevent
arbon lay down from occurring. After reforming, H2 and CS2
re separated cryogenically and the extra H2S keeps recycling in

he system without being consumed. The selection of reforming
onditions is based on the pinch points at which carbon lay
own will not occur. Note that this conceptual design is a purely
hermal process and would be highly efficient because no H2S

�

7

tep H2 production from SQNGs.

eparation is involved. The process combines H2 production,
urification and liquefaction into one process. The operations
f cryogenic separation are employed to separate H2, CO2 and
S2 from the gaseous mixtures and at the same time to liquefy

hem for the production of high purity LH2, liquid CO2 (LCO2)
nd liquid CS2 (LCS2). As is widely known, LH2 is in great
emand for use in fueling space launches and also potentially
or on board storage in vehicles. Detailed flowsheet development
nd analyses of LH2 production from natural gas and from H2S
ethane reforming can be found in Refs. [3,4].

. Discussion of catalyst deactivation

As shown in Fig. 13, the innovative approach for H2 produc-
ion via SQNG proposed in this paper includes two fundamental
teps: (1) H2 production from CH4 in SQNG in the presence
f H2S and (2) H2 production via H2S methane reforming. The
econd step has been carefully iterated in our previous paper [3].
t is therefore critical that the catalyst deactivation issue in the
rst step be solved in order to assemble a complete process. The
hallenge is to identify catalysts for hydrocarbon processing in
he presence of H2S. Conventional catalysts employed for SMR
nd/or CH4 partial oxidation are Ni, Fe and Co metal-based cat-
lysts. Some noble metal catalysts, such as Pt, Ag and Rh, are
ccasionally reported to reduce catalyst deactivation due to their
igher tolerance for coking. A detailed discussion of the sulfur
oisoning of metals can be found in reference [5]. The main
echanism of the deactivation of metal catalysts (M) used for
MR is the chemisorption of H2S onto the metal surfaces form-

ng surface metal sulfide according to the following reaction [5]:

x
y

M + H2S = 1
y

MxSy + H2 (4)

The adsorption free energy, �G◦ (kJ mol−1), can be written
s: (

PH S
)

G◦ = RT ln 2

PH2

(5)

In the typical range of reforming temperatures, namely
50–1000 ◦C, the free energy of formation for given metal sul-
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des is highly negative, indicating that the formation of these
ulfides is thermodynamically favorable. The ratios of par-
ial pressures of H2S to H2 (PH2S/PH2 ) calculated from the
ormation of free energy for metal sulfides are in the ppm
ange, suggesting a very low H2S tolerant concentration is
llowed in SRM to avoid H2S chemisorption. Elevating reac-
ion temperatures and/or H2 concentration could increase the

2S tolerance of metal catalysts, but such increase does not
o beyond the ppm range. In addition to thermodynamic con-
iderations, the formation of metal sulfides occurs as a rapid
eaction. This can result in the deactivation of metal-based
atalysts before a system temperature reaches reaction tem-
erature range. Therefore, both thermodynamically and kinet-
cally, metal-based catalysts are very sensitive to H2S con-
entration and their tolerance to H2S cannot be greater than
pm range.

With respect to Florida SQNG containing 10% H2S, any
etal catalysts mentioned above would be unsuitable. Fortu-

ately, thermodynamic analyses in this paper (Parts I and II)
eveal that elemental carbon is inert to H2S at temperatures
ess than 1500 ◦C. This can be seen from the extremely low
quilibrium composition of sulfur compounds CS2 and COS.
ccordingly, carbon-based catalysts can be used in the ther-
al pyrolysis and/or reforming of CH4 to produce C and H2

n the presence of H2S. Muradov et al. [6–10] has applied
arbon-based catalysts in CH4 pyrolysis for the production of
2 and carbon whiskers with reduced CO2 emissions. How-

ver, as is widely known, the deactivation of carbon cata-
ysts due to coking is another major difficulty. The follow-
ng are two possible approaches for increasing carbon catalyst
ifetimes.

.1. In a fixed bed reactor

Since deactivation results from carbon deposition, the reduc-
ion of coking will prolong catalyst lifetime. This can be accom-
lished by introducing oxygen to the CH4 pyrolytic process. The
esults have readily shown that the lifetime of the carbon catalyst
as been enhanced in the autothermal pyrolytic process rather
han in the pure CH4 pyrolysis. The other issue is that in the pres-
nce of H2S, carbon from CH4 pyrolysis may be contaminated
y sulfur deposition, reducing the quality and value of the car-
on product. Reviewing the thermodynamic results presented in
his paper we can observe two important facts: (1) the volume of
ulfur generated as a byproduct of SQNG pyrolysis is very low
ppm range) and (2) at temperatures between 750 and 1000 ◦C
ulfur exists in a gaseous state. Therefore, the low concentration
aseous sulfur should not cause the contamination of the carbon
roduct.

.2. In a fluidized bed reactor

A fluidized bed reactor could be utilized to resolve the car-

on catalyst deactivation issue because carbon catalyst can be
egenerated and/or recycled outside the fluidized reactor. During
he processing of SQNG, carbon produced is deposited on the
atalyst surface and can be separated from the gaseous stream as
er Sources 163 (2007) 637–644 643

product. With fresh carbon catalyst being continuously added
o the system the deactivation deadlock is automatically solved.
owever, an important issue which needs to be addressed is the

elative values of the carbon catalyst and the carbon products
enerated during the process. If the latter value is greater than
he former, then there would be no cost issues. However, if the
arbon catalyst is more expensive than the carbon produced,
hen additional measures must be taken to prolong catalyst life-
ime. These could include increasing oxygen and/or water flow
o reduce carbon deposition, catalyst regeneration, catalyst pre-
reatment, etc.

. Conclusions

SQNG could become an important resource for hydrogen
roduction. Steam reforming and autothermal steam reform-
ng can be utilized for hydrogen production via SQNG. The
hermodynamic analyses reported in this paper reveal that,
ithin the SRSQNG and autothermal SRSQNG temperature

ange of 700–1000 ◦C, H2S in SQNG is highly stable due to
he presence of a high concentration of hydrogen produced
rom hydrocarbon processing. Therefore, H2S can be treated
s an inert gas during steam methane reforming at tempera-
ures lower than 1000 ◦C. The only detectable product resulting
rom the H2S conversion is carbonyl sulfide, which is in ppm
ange. The thermodynamic analyses reveal a possibility of treat-
ng SQNG in two steps: (I) hydrocarbon processing and (II)

2S methane reforming, without requiring prior H2S separa-
ion. An autothermal process could also be used for hydrogen
roduction through SQNG with a reduced heat energy require-
ent.
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