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Abstract

Hydrogen sulfide (H,S) methane (CHy) reformation (H,SMR) (2H,S + CH, = CS; + 4H,) is a potentially viable process for the removal of H,S
from sour natural gas resources or other methane containing gases. Unlike steam methane reformation that generates carbon dioxide as a by-product,
H,SMR produces carbon disulfide (CS,), a liquid under ambient temperature and pressure—a commodity chemical that is also a feedstock for the
synthesis of sulfuric acid. Pinch point analyses for H,SMR were conducted to determine the reaction conditions necessary for no carbon lay down
to occur. Calculations showed that to prevent solid carbon formation, low inlet CHy4 to H,S ratios are needed. In this paper, we analyze H,SMR
with either a cryogenic process or a membrane separation operation for production of either liquid or gaseous hydrogen. Of the three H,SMR
hydrogen production flowsheets analyzed, direct liquid hydrogen generation has higher first and second law efficiencies of exceeding 80% and
50%, respectively.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen sulfide (H,S) is a common contaminant in many  reformation : 2HoS + CHy = CS; + 4H,,
of the world’s natural gas (NG) wellls. Approximately one—thi.rd AHSgg = 232.4KJ mol™! 3)
of US NG resources can be considered as low or sub-quality
gas not suited for pipeline shipment [1]. H>S concentration in
NG varies from traces to 90% by volume [2]. In natural gas A Hjge i for Reaction (1) is calculated from the formation
processing HS is viewed as a pollutant because it corrodes  enthalpies of liquid water and gaseous hydrogen sulfide:
pipelines and deactivates metal-based catalysts used in steam . . .
methane reformation (SMR). There is a number of hydrogen 2208k = AHi208K tiquid water ~ AH208 K, gaseous hydrogen sulfide
sulfide removal processes practiced comme.rcial.ly or in bench — —285.8 +20.6 = —265.2 kJ mol~!
scale demonstrations. Based on the H, S reactions involved, these
technologies can be separated into three categories:
Kohl and Nielsen [3] summarized in detail the commercially

partial oxidation : H,S + 0.50, = S + H»O, available H, S partial oxidation processes, including Claus plants

o —1 and liquid phase oxidation processes. The first step of partial
AHpgsg = —265.2 kI mol M oxidation of H,S (Reaction (1)) is to convert S~ to S** gener-
ating sulfur dioxide (SO3) (AHI?SOLgas = —296.81 kJmol_l)
decomposition : H,S = 0.5S,+H>, as a reaction intermediate. In a Claus plant, a portion of H,S is
oxidized to form SO,, which then further oxidizes the remaining

o _ -1
AHgsx = 79.9kJ mol ) H>S to produce elemental sulfur and water as follows
H,S + 1.50, = H,O + SO, @
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Nomenclature

CE cooling energy requirement for coolers
CompE compressor energy requirement

CondE condenser energy input for distillation column
ExpE expander energy requirement

HE energy requirement for heaters

HX heat exchanger

RebE re-boiler energy input for distillation column

Greek letters
Nst first law efficiency
M2nd second law efficiency

The overall reaction is partial oxidation of H»S according to
Reaction (1). In this process only elemental sulfur and thermal
heat can be generated from H»S and no Hj is produced. The
major issue in the Claus process is the removal of SO, from
tail gas. Generation of SO» in the tail gas is due to the fact that
excess SO» is needed to complete Reaction (5). In addition to
the Claus process, partial oxidation of H,S can also be realized
via aqueous redox systems that consist of two steps: (1) HoS
scrubbing during which H;S is oxidized to elemental sulfur and
(2) oxidation of a redox pair by air or oxygen. The net reaction
products for the H,S partial oxidization are sulfur and water.
One example involving the use of Fe?*/Fe** redox system is
shown as follows

2Fe’*(aq) + HyS(g) = 2Fe’t(aq) + S(c) + 2H (aq)  (6)

2Fe*(aq) + (1/2)02(g) + H20()
= 2Fe**(aq) + 20H (aq) @)

Typical anions used above include C1~ and SO4>~ or organic
reagents, chelates, cyanide, etc.

H»S decomposition (Reaction (2)), on the other hand, is an
endothermic process that can be carried out in a variety of ways,
including direct thermal decomposition, thermochemical cycles,
electrochemical or photochemical methods. Some examples are
given below:

e High temperature pyrolysis:
H,S + heat = Hpy +(1/2)S;, T> 1500°C
e FeCl,-FeCl3-HCI system [4]:

H,S(g) + 2FeCls(aq) = 2FeCly(aq) + 2HCl(aq) + S(c)

2FeCly(aq) + 2HCl(aq) + electricity = H2(g)
+ 2FeCl3(aq)

e High temperature electrolysis [5]:
o Cathode:
HaS + 2¢” = $*7 +H»

o Anode:
S>™ = (1/2)Ss +2e~

o [7/10% system [6,7]:

1" (aq) + 3H,0 = 10°"(aq) + 3Ha(g) (pH > 13)

3H,S(aq) + 103_(aq) = 3S(s) + 3H,0 + I"(aq)

e Photochemical process [8—10]:
o Hydrogen evolution:
2HS™ 4+ 2hv= Ha(g) + S22~ (aq) (photolysis)
o Sulfur precipitation:
$2°7(aq) + HaS(aq) = S(s) + 2HS ™ (aq)

An excellent review of this topic can be found in Ref. [5].
Huang and T-Raissi [11,12] have also provided a brief review
of these technologies, with focus on using H>S methane ref-
ormation (H,SMR) (Reaction (3)) for the removal of high
concentrations of HS from low quality natural gas. It should
be noted that separation of H,S from methane (CHy) is an
energy intensive process. In a high H, S content (sour) NG, H,S
concentration can be as high as 90% making H;S separation
uneconomical. However, as with H,O in the steam methane
reformation (SMR) reaction:

2H,0 + CHy = 4Hy + COs,  AHSeg = 165.2kJ mol ™!

®)

H3S can react with methane, according to Reaction (3), pro-
ducing not only 4 mol of hydrogen, but also 1 mol of carbon
disulfide (CS;), a valuable product that is more desirable than
elemental sulfur as a feedstock for the production of sulfuric acid
(H2S0Oy4). Furthermore, CS, can be hydrogenated to produce
gasoline-range hydrocarbon liquid fuels [13] as follows

CS; +3Hy = —[CH,]- + 2H,S )

Unlike SMR, H>SMR does not generate any greenhouse
gases. As described above, one typical application of HySMR
would be to remove H)S from sub-quality natural gases
(SQNGS) containing high concentrations of H,S. Few tech-
nologies are currently available for the economical removal of
high concentration H,S from natural gas. A conceptual process
[11,12] has been proposed that consists of the following two
steps: (1) SMR in the presence of H;S and (2) H,SMR to gen-
erate hydrogen and CS;. No H;S separation from hydrocarbons
is therefore necessary in this process.

It is noted that, compared to partial oxidation and decompo-
sition of H>S (Reactions (1) and (2)), HoSMR is a less explored
process. One objective of this paper is to assess the merits of
H>SMR from thermodynamic and chemical equilibrium consid-
erations, utilizing pinch point analyses to determine conditions
needed for the zero carbon lay down. Only when no solid car-
bon is generated can HySMR be beneficial in terms of resolving
catalyst deactivation issues. In this paper, the thermodynamic
analyses of H)SMR were carried out using a Gibbs reactor
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in AspenPlus™ chemical process simulation (CPS). Another
objective of this paper is to develop flowsheets for the production
of gaseous Hy and/or liquid H> (LH,) using H;SMR. HYSYS™
CPS was employed to determine the total energy requirement
needed to calculate the overall process efficiencies. Two types of
flowsheets, membrane separation and cryogenic process includ-
ing cryogenic separation and H, liquefaction, were developed
and process efficiencies were calculated.

2. Thermodynamics of hydrogen sulfide reforming of
methane (H;SMR)

2.1. Chemical equilibrium calculations for H)SMR

H>SMR (Reaction (3)) proceeds via Hp S thermal decomposi-
tion (Reaction (2)) and methane pyrolysis according to Reaction
(10):

CHy(g) = C(s) + 2Hz(g),

Reactions (2) and (10) both require high temperatures and a
catalyst in order to increase the reaction rate. In Reaction (2)
gaseous sulfur does not normally deactivate the metal sulfide-
based catalyst used in HSMR. However, solid carbon, if formed
due to Reaction (10), will foul the catalyst surface and cause its
deactivation. Therefore, to carry out HySMR requires reaction
conditions such that no carbon lay down occurs. In this paper,
the thermodynamics and chemical equilibrium compositions of
H,SMR were carried out using a Gibbs reactor unit operation
in the AspenPlus™ CPS. The reaction temperatures and con-
centrations at which there is no carbon generated are termed as
pinch point parameters. The conversion and yields for Reactions
(2), (3) and (10) are defined as follows.

CH4 and H;3S conversions are defined by Egs. (a) and (b),
respectively:

[CH4lo — [CHy4]

AHaggx = 74.9kImol™!  (10)

_ [H:S] — [HoS]
H,S (%) = —[HZS]() x 100 (b)

where [CHy4]p and [H»>S]p denote the initial (input) concen-
trations of CHy and H»S, respectively. [CH4] and [H,S] are
equilibrium concentrations of CHy and H»S at the reactor out-
let, respectively. Yields of reaction products are defined based
on the moles of products generated divided by the total number
of moles of input reactants. Yields of Hy, CS;, S, gas and solid
carbon (soot) are given as follows

[Ha]
H> (%) = 100
2(0) = 5 CHlo + STy ©
[CSy]
CSy (%) = [CHalo x 100 (d)
_2[Sy]
Sy (%) = (H,S], x 100 (e)
c@ =1 100 ®)
[CH4lp
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Fig. 1. Methane conversion at various temperatures and CHy to H2S molar feed
ratios.
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Fig. 2. Yield of carbon as a function of temperature and CH4 to H>S molar feed
ratios (I: CHy pyrolysis; II: CH4 pyrolysis and HySMR; III: H,SMR).

where [X]o and [X] denote the initial and equilibrium molar
concentrations for species X, respectively. Chemical equilibria
based on the principle of minimization of Gibbs free energy in
the course of HySMR are depicted in Figs. 1-6. These results
provide useful data for selecting reaction conditions and con-
structing process flowsheets.

2.2. Methane conversion and yields of carbon and carbon
disulfide

The major factor influencing CHy4 conversion is temperature.
Fig. 1 shows that CHy4 conversion reaches 100% as the reaction
temperatures become greater than 800 °C for CH4 to H, S ratio, x
(defined as: [CH4]o/[H2S]o) ranging from 1 to 0.1. Fig. 2 depicts
carbon lay down as a function of temperature. It is noted that car-
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Fig. 3. Yield of carbon disulfide as a function of temperature and CH4 to H,S
molar feed ratios.
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Fig. 4. Hydrogen yields as a function of temperature and CHy4 to HoS molar feed
ratios (I: CHy pyrolysis; II: CH4 and HjS pyrolysis and H;SMR; III. H,SMR
and H» S pyrolysis).
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Fig. 5. H;S conversion as a function of temperature and CHy4 to H, S molar feed
ratios.

bon yield increases with increasing temperature until the yield
reaches a maximum value, and then drops with further increase
in the temperature. When x is lower than 0.25 no free carbon is
formed at reaction temperatures higher than a pinch point tem-
perature, which is defined as the lowest temperature at which
solid carbon is formed. According to Fig. 2, pinch point temper-
ature decreases as x values decrease. For example, at x =0.25, the
pinch point temperature is 1500 °C, while itis 1000 °C atx=0.1.
No pinch point exists if the feed ratio x is greater than 0.25,
indicating that carbon lay down cannot be avoided at any temper-
ature if the feed ratio x = [CH4]o/[H2S]p > 0.25. Thermodynamic
calculations show that in order to prevent carbon formation, a
greater than stoichiometric amount of H;S is required. In the
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Fig. 6. Yield of S, gas as a function of temperature and CHy4 to HS molar feed
ratios.

hydrogen production process excess H»S can serve as a working
fluid and can be re-circulated.

The pinch point analysis provides a tool for the optimization
of process energy as well as for the interpretation of reaction
mechanisms. Based upon the yield of carbon (Fig. 2), sulfur
(Fig. 6) and CH4 conversions (Fig. 1), the reaction mechanisms
involved in H)SMR can be interpreted. As discussed previously,
three reactions are involved in the course of H)SMR (Reactions
(2), (3) and (10)). Therefore, three temperature ranges can be
distinguished as follows:

(I Lower than the maximum carbon lay down temperature.
(Il) Between maximum carbon lay down temperature and the
pinch point temperature.
(IIT) Above the pinch point temperature.

In the first temperature range, carbon is produced by CHy
pyrolysis via Reaction (10). At these temperatures the yield of
carbon disulfide (CS;) approaches zero (Fig. 3), which can also
be explained in terms of the H, yields as depicted in Fig. 4.
For example, at x=0.5, the maximum carbon yield occurs at
800°C, at which the CS; yield approaches zero. This result
indicates that any Hp produced originates from CHy4 decom-
position. Temperature range II is a transition zone at which
both Reactions (2) and (10) occur simultaneously. However,
when the temperature is higher than the pinch point tempera-
ture (temperature range III), no free carbon is formed and the
CHy4 conversion is 100% as shown in Fig. 1, suggesting that
CHy is completely reformed by HS to Hy and CS;. Further-
more, as shown in Figs. 3 and 5, the yield of CS; and H»S
conversion increase as the temperature increases. Because there
is sulfur formed at temperature zone III (Fig. 6), the mechanism
of H,SMR in this regime must involve both H>S decomposi-
tion and reformation instead of CHy pyrolysis. Therefore, in the
temperature range III, HoSMR is accompanied by the Reac-
tion (2), that is H»S pyrolysis. Finally, it appears that H»S
decomposition cannot be avoided and increases as the x values
decrease.

2.3. Hydrogen sulfide conversion and yields of hydrogen
and S»

At any temperature, HS conversion (Fig. 5) is less than
that of CHy (Fig. 1), especially at temperatures below 1000 °C
wherein H, S conversion is less than 20%. At temperatures below
1000 °C, the feed ratio x does not affect H,S conversion signif-
icantly. H»S decomposition is the limiting step in the HySMR
process as it proceeds by the sequential reaction involving H»S
pyrolysis to form sulfur diatomic gas (S») (Reaction (2)), fol-
lowed by S; reaction with CHy to produce carbon disulfide (CS7)
and Hj (S» + CH4 =CS; +2H>). Figs. 4 and 6 depict the yield
of Hy and S», respectively. As compared with the yield of car-
bon (Fig. 2), H, yield (Fig. 4) reveals three distinct temperature
ranges similar to those shown in Fig. 2 as follows:
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(D Hy production via CHy pyrolysis that occurs at low to
intermediate temperature range (7'< 800 °C).
(II) Hj production via methane pyrolysis and H)SMR process
(800°C<T<1200°C).
(III) H, production via both H)SMR and H;S decomposition
process (7>1200°C).

In temperature range I (Fig. 4), H yield increases rapidly as
the temperature increases, implying that CHy pyrolysis is a ther-
modynamically favored reaction as the temperatures increase.
In the transition temperature range II, the mechanism by which
hydrogen is produced changes from methane decomposition to
H)SMR, resulting in a lower hydrogen yield. In the high tem-
perature range III, the rate of hydrogen production increases
but is still lower than that in the lower temperature range L.
The fact that hydrogen yield increases in range III as temper-
ature is increased indicates that higher temperatures favor the
decomposition of both HySMR and H,S. Hydrogen yields are
also a function of the methane to hydrogen sulfide feed ratio
x. As the x ratio increases, the yield of hydrogen drops signif-
icantly. Based on the results of Figs. 1-6, it can be concluded
that as the reaction temperature increases, methane pyrolysis is
the dominant reaction, giving way to HoSMR at higher tem-
peratures. At reaction temperatures exceeding 1200 °C, H,S
decomposition becomes the main mechanism by which Hj is
generated. Furthermore, comparing Figs. 2 and 6, it can be
seen that there are no pinch point temperatures for which both
the carbon and S, yields are zero, suggesting that the pro-
duction of S, cannot be avoided. For example, at feed ratio
x=[CH4]o/[H2S]p = 1/4, the temperature at which carbon lay
down is zero (pinch point temperature) is calculated to be
above 1500°C (see Fig. 2). At temperatures above 1500 °C,
Sy yield increases from 20% at 1500°C to about 35% at
2000°C. However, S, generated at high temperature is in
gaseous form, and its impact on the metal sulfide catalysts is
minimal.

2.4. H)SMR energy requirements

Under isothermal conditions, HySMR total process enthalpy
changes, shown in Fig. 7, were calculated as follows

A Hropa) = Z(A H )Products - Z(A H )Reactants (g)
i J

where the reactants are hydrogen sulfide and methane, and reac-
tion products are hydrogen, carbon disulfide, carbon, sulfur
diatomic gas and the un-reacted hydrogen sulfide and methane.
Fig. 7 shows that AHtoy is a strong function of both the
temperature and the CHy4 to H, S feed ratio, x. As discussed pre-
viously, an H)SMR process consists of three major reactions:
CHy4 decomposition, H)SMR and H;S decomposition. How-
ever, enthalpy changes of these three reactions depend upon the
isothermal temperature and x. Since the extents (or conversions)
of these reactions are different, the enthalpy changes will also
differ from the standard reaction enthalpies, A Hjge. In the
course of H)SMR, methane decomposition can be completed at
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Fig. 7. Total heat flow for the H,SMR as a function of temperature and CHy4 to
H, S molar feed ratios.

temperatures higher than 800 °C (Fig. 1). However, H,S does
not completely decompose to H, and S, even at temperatures
exceeding 2000 °C. Furthermore, H>S decomposition is insen-
sitive to x (Fig. 5). The extent of HoSMR, on the other hand,
can be measured from the yield of CS;,. As shown in Fig. 3, CS,
yields depend not only on the temperature, but also on the feed
ratio x. In short, the total enthalpy change of the HSMR process
is dependant on the type and extent of the reactions involved.

As shown in Fig. 7, the total enthalpy change of an H,SMR
process can be divided into two parts. The higher enthalpy
level refers to the energy needed to carry out both CHy4 decom-
position and H,SMR. The lower enthalpy level is mainly for
H>SMR and a small portion for the H>S decomposition due to
low H,S conversion. Note that at pinch point temperatures the
total enthalpy changes jump from the higher enthalpy level to
the lower one, at which point a major part of the overall energy
input is shifted from the combination of CH4 decomposition
and H,SMR to mostly HySMR. The reduction of total energy
requirement indicates that avoiding carbon lay down (due to
methane decomposition) is also beneficial in terms of minimiz-
ing the overall process energy requirement. As shown in Fig. 7,
H>SMR is a highly endothermic process, making it a good can-
didate for utilization of a high temperature heat source, such
as a concentrating solar furnace, for efficient hydrogen produc-
tion. Fig. 8 illustrates the pinch point temperature and thermal
energy requirement as a function of inlet H,S to CHy4 ratio, 1/x.
The results show that as x decreases, the pinch point temperature
also decreases, as does the total heat flow required for carrying
out HySMR.
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Fig. 8. Pinch point temperatures and total heat flow as a function of H,S to CHy
molar feed ratios.
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Fig. 9. Flowsheet depicting liquid hydrogen production via HySMR.

3. Process flowsheet for hydrogen production via
H,SMR

3.1. Process flowsheet

Based on the thermodynamic analyses above, three flow-
sheets (Figs. 9-11) were established for either liquid or gaseous
hydrogen production using HSMR operated at pinch point con-
ditions. The total energy requirement and material balance for
this process can be determined based on the unit operations
involved in the flow diagrams.

The flow diagram for liquid hydrogen production is shown
in Fig. 9. Hydrogen, sulfur diatomic gas and carbon disulfide
are produced within a Gibbs reactor. To avoid the formation
of solid carbon the feed stream is comprised of a mixture of
methane and hydrogen sulfide, with the feed ratio x determined
by pinch point analyses. The reaction temperature selected is
the pinch point temperature according to our previous thermo-
dynamic analyses. The gaseous mixture at the outlet of the Gibbs
reactor is cooled to knock out sulfur. The remaining gas mix-
ture is then sent to a cryogenic distillation column where it is

separated into three streams: low temperature (at —236.3 °C),
high purity gaseous hydrogen, liquid form carbon disulfide (at
45.78 °C) and a mixture of hydrogen sulfide and methane (at
—236.3 °C). After separation, cryogenic energy in the mixture
of un-reacted hydrogen sulfide and methane is recovered via heat
exchangers. The mixture is then combined with the initial feed
stream containing a mixture of hydrogen sulfide and methane.
The initial feed ratio x of methane to hydrogen sulfide is kept
constant during the process by balancing the consumption and
input gases. The gas mixture is then heated and sent back to
the Gibbs reactor to complete the cycle. As noted previously,
excess hydrogen sulfide in the process serves as a working fluid
for the cryogenic separation process so that no other working
fluid, such as nitrogen or helium, is required.

The total energy requirement for the entire process consists
of two parts: energy required to carry out HSMR, AH (calcu-
lated from a Gibbs reactor (Fig. 7)), and that needed to perform
other unit operations included in the flow diagram. The latter
can be calculated from the sum of heat exchanges HE1 and
HE2, cryogenic distillation energy requirements for condensa-
tion CondE, re-boiling RebE, and hydrogen liquefaction CE.
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Fig. 10. Flowsheet depicting gaseous hydrogen production via HySMR and membrane separation (Type I).
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Fig. 11. Flowsheet depicting gaseous hydrogen production via H)SMR and membrane separation (Type II).

Fig. 9 also shows detailed material balances, indicating that
when 0.99 mol of methane and 2.41 mol of hydrogen sulfide have
been consumed, 4.39 mol of liquid hydrogen, 0.99 mol of carbon
disulfide and 0.21 mol of sulfur have been generated. This result
shows that 0.22 mol of hydrogen are produced from decompo-
sition of hydrogen sulfide and 4.18 mol from HSMR. Because
no solid carbon is generated in this process none of the hydrogen
produced is from methane decomposition. We note that this flow
diagram incorporates the thermodynamic data from the Gibbs
reactor data in the AspenPlus into the HYSYS flowsheet. The
Gibbs reactor in the flow diagram was built as a black box with
data derived from the AspenPlus database.

Membrane separation can be used to separate gaseous hydro-
gen from a mixture. Two options for membrane separation in
H);SMR processes are shown in Fig. 10 (type I) and Fig. 11
(type II). Fig. 10 depicts the type I process, in which hydrogen
is separated from the gaseous mixture first. After quenching the
gas exiting from the Gibbs reactor, sulfur is collected and the
remaining gaseous mixture is compressed to 12 atm to allow
hydrogen permeation through the membrane. After H» is sep-
arated, the mixture containing HpS, CH4 and CS; is sent to a
distillation tower to separate CS;. Afterwards the gas is allowed
to expand to 1 atm, mixed with the feed stream, and recycled
back to the Gibbs reactor. The membrane separation efficiency
for both types is assumed to be 100%.

Type II process is shown in Fig. 11. CS; is separated from
the gaseous mixture containing H>S, CH4 and H; from a distil-
lation column. These gases are compressed to 12 atm to allow
Hj; to permeate through a membrane, while the H>S and CHy
mixed stream is expanded and recycled back to the Gibbs reac-
tor. If liquid hydrogen is required as the final product, extra
liquefaction energy is needed to liquefy the gaseous Hj to LH>.
In this case one more cryogenic cooling step must be added to
the process. Results show that the type II process is energeti-
cally more efficient than type I because the CS; compression
and separation in Fig. 10 consumes large amounts of energy.
The following energy and efficiency calculations are based on
the type II process depicted in Fig. 11.

3.2. Total process energy requirements

The total energy required for the process derives from two
contributions: (I) energy needed to carry out the HySMR reac-
tion and (II) process energy, including heating, cooling and
separation. In the case of membrane separation, compression
energy is required in order to separate hydrogen from a gaseous
mixture. Note that the energy required for separating hydro-
gen from its gas mixture is neglected in this calculation. Note
also that in the conversion of thermal heat energy to mechan-
ical energy, Carnot efficiency must be taken into account. We
assumed 50% conversion efficiency for thermal heat to elec-
trical energy used in the cryogenic separation unit operation.
Fig. 12 depicts the overall energy requirements for hydrogen
production via H)SMR for three scenarios involving gaseous or
liquid hydrogen production combined with membrane or cryo-
genic separation processes. The results show that total energy
required for LHy production via a cryogenic separation pro-
cess is the lowest at all inlet hydrogen sulfide to methane ratios
(1/x).

The cryogenic separation process (Fig. 9) integrates hydrogen
separation and liquefaction in one process. The advantages of
this approach are as follows:
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Fig. 12. Overall energy requirements for hydrogen production via HySMR.
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(1) Typical approach for LH; production using H,SMR
requires three steps: (I) gaseous Hy production, (II) purifi-
cation and (IIT) Hj liquefaction. The cryogenic separation
process illustrated in Fig. 9 combines hydrogen purification
and liquefaction by means of an integrated process that is
more efficient and has lower capital costs.

(2) The cryogenic separation process takes advantage of the
differences in relative volatility of the components in the
gas mixture. In principle, the physical separation can be
more precise and the distillation parameters can be more
easily controlled to produce the desired hydrogen purity.
Another reason for integrated LH; production and cryo-
genic separation is that most of the cryogenic energy input
to the process can be recovered via a network of heat
exchangers—minimizing the amount of energy wasted.

In the membrane separation, the energy required for the
compression cannot be fully recovered. Therefore, the overall
input energy for gaseous hydrogen production must be some-
what greater than that in a cryogenic separation process. If LHy
is required as a final product, additional cryogenic energy is
needed to liquefy the gaseous H», resulting in an even greater
energy input. In summary, the cryogenic separation process can
be more efficient than a membrane separation process when lig-
uid hydrogen is required as a final product. Detailed analyses
and flow diagrams of LH; production from methane and landfill
gas are given elsewhere [14].

3.3. Overall process efficiency

Since hydrogen sulfide in the feed stream is considered to
be a contaminant, its combustion heat is not included in the
H>SMR process efficiency calculations. The first and second
law efficiencies can then be defined by the following equations:

combustion heat for H produced + LH; cooling energy

st (%) = x 100 (h)

total combustion heat for CH4 + total process heat

useful work for Hy produced

N2nd (%) = 100 ()

total combustion heat for CH4 + total process heat *

Fig. 13 illustrates the first and second law efficiencies as func-
tions of the inlet hydrogen sulfide to methane ratios (1/x) for the
two HoSMR cases depicted in Figs. 9 and 11. These results
indicate that HSMR is an efficient process for the production
of both gaseous and liquid hydrogen, with first law and second
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Fig. 13. HoSMR process efficiencies.

law efficiencies of more than 80% and 50%, respectively. These
efficiencies decrease as the feed ratio x decreases. In addition,
H>SMR has the added benefit of converting a toxic waste (i.e.
H,S) to a useful fuel (i.e. Hy) and a commodity chemical (i.e.
CS»).

4. Conclusions

A process for the production of hydrogen from high sul-
fur gas has been described and fully analyzed. The process
involves hydrogen sulfide reformation of methane, generating
hydrogen and carbon disulfide. Since carbon lay down during
hydrogen sulfide methane reformation (H,SMR) can deactivate
the catalyst, thermodynamic analysis was carried out to iden-
tify reaction conditions under which no coking occurs. The
thermochemical equilibrium calculations reveal the existence
of pinch point temperatures at which all of the methane reacts
with hydrogen sulfide to produce hydrogen and carbon disulfide
and yielding no solid carbon by-product. At the pinch point
temperatures or higher, the total amount of energy required
by HoSMR is the lowest. The thermodynamics of HSMR
show that the process can be divided into three temperature
zones: (1) CH4 pyrolysis, (2) both CHy pyrolysis and HoSMR
and (3) HSMR plus partial HoS pyrolysis. The pinch point
temperatures are located in the transition temperature range
between zone 2 and 3. At the pinch point temperatures the
total heat requirement decreases dramatically from the high
values expected for the HSMR and CHy pyrolytic processes
to lower values associated with mainly HySMR. Results from
the chemical process simulation flowsheets indicate that the
H>SMR process can be utilized for the production of liquid
hydrogen via cryogenic separation unit operation. Compared
to membrane separation processes, the cryogenic process has
higher first and second law efficiencies exceeding 80% and 50%,
respectively.
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