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ABSTRACT

Different types of MWO, (M = Fe, Mn, Ni) were evaluated through thermodynamic analysis
and process simulation for the production of hydrogen-synthesis gas (syngas). The partial
oxidation (POX) of methane is a more efficient reaction than steam reforming (SMR).
However, currently the dominant technology in hydrogen production is through SMR. To
overcome one of the most important disadvantages of POX reaction, which deals with the
use of pure oxygen as a gas feed, a mixed metal oxide (MWOQO,, M = Fe, Mn, Ni) is
proposed as an oxygen carrier (POX-MeO). The aim of the present study is to evaluate the
feasibility of these tungstate metal oxides through the use of thermodynamic analyses and
process simulations of an arrangement of two reactors. In the first reactor POX-MeO
reactions (CH; + MWO, =H, + CO + M + W; CH; + MWO, = H, + CO, + M + W) and the
undesirable coal formation (CH; = C + 2H,) are carried out. While in the second reactor,
solid products of the first reactor are combined with steam to gasify the previously
deposited coal (C + H,O = H, + CO; C + 2H,0 = 2H, + CO,) and simultaneously
regenerate the metal oxide to produce syngas (M + W + H,O = MWOQ, + H,). Then, the
regenerated oxide is recycled back to the first reactor to make a continuous process.
Results of simulation of this process with the different MWO, oxides are presented using
Aspen Plus.

Keywords: Thermodynamicanalysis, chemical looping, tungstate oxides, hydrogen production,
syngas.

1. Introduction

Despite the current weakness of world energy markets and the sluggish Chinese
growth, demand for energy will continue to grow over the next 20 years and even later as
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the world economy expands and more energy is needed to push for greater industrial
activity. According to the 2016 BP World Energy Outlook [1], global energy demand is
expected to increase by 34% between 2014 and 2035, at an average of 1.4% per year.
This growth in demand generally includes significant changes in the composition of the
energy mix, with faster growth of low-carbon fuels than those with higher emissions as the
planet begins the transition to a future with lower carbon emissions.

Even though the fast growth in other energy sources, it is predicted that fossil fuels will
continue to be the predominant form of energy by 2035, accounting for 60% of the
expected increase in demand and almost 80% of the world's total energy supply by
2035.Natural gas will be the fastest growing fossil fuel, with an annual increase of 1.8%,
and oil will grow at a constant rate of 0.9% per year, although its share in the energy mix
will continue to decline. Coal growth is expected to decline dramatically, so that by 2035 its
share of the energy mix will be the lowest ever, being replaced by gas as the second
largest source of fuel. Furthermore, natural gas supply is growing strongly thanks to a
large increase in the production of shale gas worldwide, which is expected to grow by
5.6% annually. The share of shale gas in total gas production will increase from 10% in
2014 to almost 25% in 2035 [1].

Moreover, hydrogen has been employed as a common raw material for a wide variety of
processes, for example, in ammonia synthesis, pharmaceuticals, hydrogen peroxide
generation,electronics and petrochemical industries [2, 3]. Nowadays, hydrogen has been
considered as aclean, renewable and efficient fuel since, when used in combination with
fuel cells, hydrogen can produce heat and electricity with the only waste being pure water.
The fact that hydrogen is not a primary energy source like most common fossil fuels (coal
or natural gas) makes it an energy vector that can be produced from many traditional
energy systems (most hydrogen today is produced from natural gas). However, in order for
hydrogen to be considered as a clean fuel this must come from renewable energy sources.

Furthermore, of comparable importance to hydrogen, the mixture of hydrogen and carbon
monoxide (H, + CO), commonly called synthesis gas or syngas [4-6] is a valuable raw
material for various industrial applications.Technically, syngas can be generated from any
hydrocarbon feedstock [7]. However, in most applications, natural gas is the predominant
raw material [4].

Steam reforming of natural gas (mainly methane, SMR, reaction 1) is the main process for
the production of syngas [7-10]. However, partial oxidation of methane (POX, reaction 2)
for the production of syngas has been reported to present higher efficiencies than SMR
[11]. Furthermore, POX exhibits other benefits such as: less investment required to
produce a syngas at a molar ratio of H,/CO = 2, an inherent exothermic reaction of this
process, thus inferring substantial energy savings, fast kinetics derive in the useof small
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reactors and high methane conversions (=90%) with elevatedselectivity towards hydrogen
(94~ 99%). However, this process also presents some disadvantages such as high
operating temperatures (900~ 1000°C), and the need for an oxygen plant, which makes
this a highlycost process [11].

CH4(g) + HZO(g) = 3H2(g) + CO(g) (1)

2CH4(g) + OZ(g) = 4-H2(g) + 2C0(g 2)

In an attempt to solve these disadvantages research has been conducted in order to
reduce production costs of syngas through POX and to lower operating temperatures. A
proposed strategy is the elimination of the oxygen plant, which represents about half of the
investment [12]. An example of such achievements is the use of metal oxides as oxygen
carriers, based on a variation of the partial oxidation of methane to produce syngas and/or
hydrogen involving two steps: first, the necessary oxygen for partial oxidation is provided
by a metal oxide (MeO) containing oxygen, which is released under a reducing
atmosphere to produce syngas and the reduced metal (Me) (Reaction 3); while in the
second, the reduced metal is reoxidized with steam to produce hydrogen and the MeO
(Reaction 4).

CHy g +MeO = 2Hy ) + COg) + Me 3)

The MeO is then used again in reaction (3) to complete a full cycle, this process is called
POX-MeO or chemical looping partial oxidation (CLPO) [5, 11]. It is important to notice that
the overall reaction of this process is comparatively equal to the SMR [12]. TheCLPO
system composed of two reactors.In the first reactor, called the fuel reactor, reaction (3)
takes place, where a fuel such as methane is fed together with a fresh metal oxide (MeO).
The gaseous products from the fuel reactor may include H,, CO, CO, and H,O, while the
reduced oxygen carrier (Me) is the only solid product, which is sent to a second oxidation
reactor where a gaseous oxidant (steam) reacts with the reduced metal through reaction
(4) producing H, and the oxidized oxygen (OC) carrier (MeO), which is sent back to the
fuel reactor to complete one full cycle of the OC. Partial oxidation of methane under this
concept was first proposed by Ryden and Lyngfelt [13] and followed by Mattisson and
Lyngfelt [14, 15]. Chemical looping partial oxidation (CLPO) allows for partial oxidation of
the fuel using the metal oxide concept. In contrast, in a conventional partial oxidation only
pure oxygen is used, while autothermal reforming uses both steam and oxygen.The
reactions used in CLPO (reactions 3 and 4) are similar to conventional reforming and
partial oxidation, except the metal oxide provides oxygen to the fuel. From reaction (4) only
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a limited number of metals can be oxidized by steam, such as Fe, Co, Mn, Zn, Mo and W
among others [16].

Processes that make use of this CLPO concept include the syngas chemical looping (SCL)
process developed by Tong et al. [17] the iron-based IGCC process proposed by Cormos
[18], the one-step decarbonization process envisioned by Mizia et al. [19] and the three-
reactor scheme projected by Kang et al. [20]. Hydrogen production using steam to oxidize
reduced iron employing solar energy to reduce this metal has also been reported by
Nakamura [21]. Specifically, for the chemical looping process towards the production of
syngas (CLPO), the main metal oxides studied have been Ce, Fe, and Ni.

Because of the many limitations (thermodynamics and kinetics) of single metal oxides,
binary metal oxides have been proposed to enhance the selectivity of the oxygen carrier
for syngas production. An example of these materials are mixed oxides with spinel
structure, perovskite-type mixed oxides composed of transition metals that function not
only as lattice oxygen carriers but also as catalysts for CH, activation as reported by
Ryden et al. [22]. Mihai et al. [23] indicate that ceramic materials such as perovskite-type
complex oxides (ABO3)offer a well-defined structure and high thermal stability as oxygen
carriers for CLPO applications and have been widely studied in some important areas of
solid state chemistry, catalysis, advanced materials and physics. These researchers claim
that the cation A is responsible for the high thermal resistance, while the high valence
cations at the B site provide the catalytic activity. Therefore, both A and B cations can
influence the stability of the perovskite structure as well as the reactivity and selectivity of
lattice oxygen during the oxidation of CH,. Examples of these perovskite materials include
LaFeOg, and Lag ;Sro3FeOs.

Furthermore, some researchers have centered their efforts in the synthesis of oxygen
carrier materials for syngas production based in the so called concept of “solid diffusional
reactive barrier” in order to avoid sintering effects in the material. This concept consists in
a well-defined crystalline structure of a mixed-metal oxide that when exposed to a reducing
environment such as CH,, this changes to reduced metallic species. Then, when these
reduced metallic mixture is reoxidized using, steam, these come back to its original
crystalline structure. The reconstitution of the original crystalline structure is thought to be
responsible for the high thermal stability of these materials avoiding sintering effects,
responsible for the reduction of activity when oxygen carriers are exposed to several
reduction-oxidation cycles. Examples of these type of materials include iron-titanium metal
oxide (Fe,TiOs) proposed by Luo et al. [24] for the oxidation of methane under a CLPO
scheme. Thermodynamic simulations and experimental results have confirmed that the
CLPO chemical looping process using the Fe,TiOs oxygen carrier is capable of producing
>90% purity syngas at nearly a 2:1H,:CO ratio. Furthermore, De los Rios et. al [2, 11, 25]
proposed cobalt tungstate (CoWQ,) together with a nickel catalyst as an oxygen carrier for
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CLPO to produce high purity syngas and found that this material is very stable to cyclic
tests subjected to partial oxidation of methane to syngas production.

Between these two materials CoWOQO, is a very remarkable material, since the reduced
form of Fe,TiOs with methane is reported to lead to a mixture of Fe and FeTiOs/Fe,TiO,
[24]. Whereas, the reduction of CoWwO, produces only Co and W metallic species and
these when reoxidized with steam generate CoWO, again.

Following this innovative concept, a number of other possible tungstate species are
feasible to be considered under these moieties. For example, tungstate species having the
structure MWOQ,are expected to produce syngas during the reduction step with CH4 and be
reoxidized back again with steam according to the following reactions:

4CH, ) + MWO, — 8H, ) +4C0g) + M+ W (5)

CHy ) + MWO, — 2H,0(g) + COpp + M+ W (6)

CHygy = C + 2Hy, (7a)
2C0¢ — C + COz, (7b)
4H,0( + M+ W > MWO, + 4H,,, (8)
C + H0 (g > Hy, + COg (93)
C + 2H,0@) = 2Hyy + COyp,y (9b)

Where M = Fe, Mn or Ni. The POX-MeO-1 reaction (5) produces syngas (CO + H,)
together with M and W reduced metallic species, while POX-MeO-2 reaction (6) describes
the possible complete oxidation of methane to produce CO, and H,O. Under these oxygen
starving conditions, other reactions may arise such as coal formation reactions 7(a) and
7(b), which correspond to the methane decomposition and Boudard reactions,
respectively. The reoxidation of the metallic Co and W species with steam is described by
reaction (8) to produce the MWO, oxygen carrier and H,, while if some carbon may have
formed according to previous reactions 7(a) and 7(b), coal gasification reactions (9a) and
(9b) may occur during the reoxidation stage leading to further hydrogen production and
carbon oxide species (CO and COy).

Due to the remarkable reaction behavior of the CowO, oxygen carrier towards the
production of syngas from methane and the reoxidation of its reduced species (Co and W)
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with steam to further produce H,, makes this reaction concept very attractive to be
evaluated using other metallic tungstates such as FeWO,, MnWO, and NiWO,under a
CLPO reaction scheme. Therefore, the aim of the present study is to evaluate the
feasibility of these tungstate metal oxides through the use of thermodynamic analyses
performed by process simulations to evaluate the feasibility of these tungstate oxides to be
used under a chemical looping partial oxidation (CLPO) reaction scheme for the
production of hydrogen and/or syngas.

2. Methodology

Process Simulation

Concentration at equilibrium calculations in the CLPO for the MWO, oxygen carriers will be
performed using the RGIBBS reactor model from Aspen Plus® process simulation
software. This reactor model has been successfully employed in the simulation of several
chemical looping reaction systems [26, 27, 28 and 29]. Thisreactor model is able to
determine the equilibrium amount of all different possible product species as well as their
phases (gas, solid and liquid). For the methane partial oxidation (fuel reactor) and H,
production (steam oxidation reactor) systems the gaseous species included were: CHy,
CO, CO,, H,, and H,O, while solid species included: C, NiWO,, MnWO,, FeWOQ,, Ni, Fe,
Mn, W, WO, and WOs;. The RGIBBS module is based on the Gibbs free energy
minimization technique (also called the nonstoichiometric method), details of this method
can be found elsewhere [30, 31].

Process simulations using Aspen Plus® will concentrate in determining process material
and energy balances, as well as optimal operating conditions in both reactors and in the
entire process [1, 31].During the thermodynamic simulation work, process simulation
variables studied were: fuel reactor temperature, which varied from 100-1000 °C at 1 atm,
MWO, molar feed, which varied from 1 to 3 kmol/h, while fixing 4 kmol/h of CH,. Whereas,
in the oxidation reactor H,O molar feed rate was varied from 3 to 9 kmol/h, in a
temperature range of 200-700 °C. Other simulation conditions employed include: the use
of a thermodynamic system based on the Redlich-Kwong-Aspen equation of state (EOS)
to calculate the physical properties of the chemical species employed, which is an
adequate EOS in processes involving hydrocarbons and their mixtures with polar
components, and combinations of small and large molecules or hydrogen-rich systems at
medium and high pressures [32]. Also, the calculation basis for CH, feed to the fuel reactor
was fixed at 4 kmol/h, while calculations in the fuel reactor aimed for conditions where no
carbon formation was allowed. It is important to state that all the present simulation
calculations are based on theoretical thermodynamic considerations and these are to be
taken as a guide to further experimental evaluation of the reaction CLPO process, since no
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heat and mass diffusional limitations as well as kinetics effects were taken into account for
the conformation of the present thermodynamic and process analysis.

5 €O, H2, CO2, H20
POX-MeO REGEN
CICLON1

CH4 o— 1]

MWO4

[w]

Figure 1. Process simulation flowsheet

The CLPO process for MWO4M = Fe, Ni) OC scheme is shown in Figure 1. Here, the
reactors used (POX-MeO and REGEN) used the RGIBBS model. In the first fuel (POX-
MeO), the oxidation of methane in the presence of the tungstate oxide (MWOQ,) takes
place, while in the second (REGEN reactor) tungsten and the reduced metal reoxidation
reactions occur in the presence of steam, thus regenerating the tungstate oxide and
producing hydrogen, as well as the removal of any carbon deposits on the oxygen carrier.
A cyclone at the outlet of the first reactor (CICLON1)is used to separate the solid and
gaseous products resulting from this reactor. In the case of the first separation, the
expected resulting solids from the POX-MEO reactor (M, tungsten, and a possible small
fraction of deposited carbon) are carried out as reagents for the second reactor (REGEN)
and the separated gas (stream 4) constitutes the syngas. In the REGEN reactor, according
to reactions (8), (9a) and (9b), the solid products andthe tungstate oxide (stream 6)
constitute a hydrogen-rich product.

In order to find optimal variables of the CLPO process, several sensitivity analyzes will be
performed and these are aimed to obtain the highest yield towards syngas (CO + H,) in
the fuel reactor, while avoiding carbon formation and to produce a rich hydrogen gaseous
stream in the oxidation reactor. The first sensitivity analysis is performed in the fuel reactor
aiming to find the molar feed of MWO, to react with 4 kmol/hr of CH, to produce the
maximum amount of syngas (CO + H,), while avoiding carbon formation. Also, in the same
sensitivity analysis the temperature of this operation is varied to determine the optimal
temperature to obtain the highest yield towards syngas production. The second sensitivity
analysis is to be carried out in the steam oxidation reactor by studying the variation of the
operating temperature and the molar flow of steam feed to achieve complete regeneration
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of MWO, from the solid reaction products comingfrom the fuel reactor (M and W species)
with steam to produce a rich hydrogen gaseous stream. Once the optimal operating
variables of the simulation are determined, the resulting mass and energy balances of the

process are established.
3. Results and Discussion

Thermodynamic Analysis

Figure 2 presents results from a thermodynamic analysis consistingin the calculation of the
equilibrium amounts within the POX-MEO reactor using the RGIBBS model using a

CH.molar feed of 4 kmol/h.

o

A
H, (kmoln)”

w

Figure 2. Thermodynamic analysis of the POX-MEO reactor with FeWQ,, C (left) and H,
(right)).

In Figure 2 the carbon formation C (kmol/h) is plotted as a function of the FeWO, feed
(kmol/h) and temperature (°C). In this Figure it is evident that the null generation of
deposited carbon in the reaction products from the POX-MEO reactoris comprised in a
region from 700 °C and 1.4-3 kmol/h of FeWO, and 1000 °C and 1.2 kmol/h of FeWQ,.
Within this region according to Figure 2 the maximum hydrogen production that can be
achieved is 6.51 kmol/h of H, at 750 °C and 1.5 kmol/h of FeEWOQO,.

Otherwise, Figure 3 shows results from the thermodynamic analysis of the MNWO, oxygen
carrier in the POX-MeO reactor. Again, in this Figure the generation of deposited carbon
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and the hydrogen production is plotted as a function of MnWO, feed in kmol/h

temperature (°C).
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Figure 3. Thermodynamic analysis of the POX-MEO reactor with MNWQ,, C (left) and H,

(right)).

In this Figure it is apparent that no carbon formation within the reaction products from the
POX-MEO reactor is generated in a square small region formed at 950-1000 °C and 1.1-3
kmol/h of MNWO,. While, maximum hydrogen production within this small region is of 7.83
kmol/h of H, at 950 °C and 1.1 kmol/h of MNWO,.

Moreover, Figure 4 shows results from the thermodynamic analysis of the NiWO, oxygen
carrier in the POX-MeO reactor. In this Figure the formation of deposited carbon and the
hydrogen production is plotted as a function of NiIWO, feed in kmol/h and temperature

FN

w

o o 45

H2 (kmol/h)
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(°C).

Figure 4. Thermodynamic analysis of the POX-MEO reactor with NiIWQ,, C (left) and H,
(right)).

In Figure 4 the carbon formation C (kmol/h) is plotted as a function of the NiWOQ, feed
(kmol/h) and temperature (°C). In this Figure it is evident that no generation of deposited
carbon in the reaction products from the POX-MEO reactor is included in a region from
700°C @ 3 kmol/h of FeWO, and 650 °C@ 3 kmol/h of NiIWOQO,. Within this region
according to Figure 4 the maximum hydrogen production that can be achieved between
700°C @ 1.5 kmol/h NiWO4and650°C@ 3kmol/h NiWO, where the H2 production varies
from 5.98 to 6.62 kmol/h of H,, respectively.

According to results from Figures 2-4 maximum free-carbon hydrogen production can be
achieved by either FeWO0or NiIWO, oxygen carriers. It is important to note that even
though both oxygen carriers produce an important amount of H, within the no carbon
formation region, NiIWO, presents a wider range of operation for the production of
hydrogen. Furthermore, reduced Ni according to POX reaction (5) will produce metallic Ni,
which is a very well-known active metal catalyst for the dry as well as for the steam
reforming of methane.

Therefore, due to these previous results and convenient features, it was concluded that
NiWOQ, is the best oxygen carrier among the studied tungstate materials for the production
of H, and/or syngas based on theoretical thermodynamics point of view.

Figure 5 and 6 present other the production of CO, CO,andW and Ni, respectively based
on NiWQ, as oxygen carrier for the POX-MeO reactor.

(™)
~

CO2 (kmol/h)

Q
o
] 0
e/

Figure 5. Thermodynamic analysis of the POX-MEO reactor with NiWO,, CO (left) and
CO; (right)).
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Results of Figure 4and 5 show that a maximum of 6.8 kmol/h of hydrogen can be obtained
and combined with 2.6 kmol/h of CO at a temperature of 700 ° C and a production of 1.7
kmol/h of W and also of Ni, thus avoiding carbon generation. These results can also be
observed in Figure 6 where the production of Ni and Win the reduction reactor is shown.

W (kmolh )

Figure 6. Thermodynamic analysis of the POX-MEO reactor with NiWO,, Ni (left) and W
(right)).

Results of this analysis reveal that high temperatures promote syngas production (H, +
CO) in the product gas, while keeping the H,/CO molar ratio equal or greater than 2 as
shown in Figures 4 and 5. This is expected since at high temperatures the partial oxidation
of methane by NiWO, is an endothermic reaction, which implies that this reaction (5)
governs the thermodynamic system of gaseous species within the fuel reactor. On the
other hand, solid products from this fuel reactor as a function of temperature as shown in
Figure 6. Here, it is possible to observe that in order to avoid carbon formation, it is
necessary to raise the temperature to more than 650 ° C. Also, in Figure 6 it can be seen
that greater temperatures than 400 °C will lead to formation of Ni and W, while greater
temperatures than 675 °C will

produce greater amounts of these reduced metallic species (Ni and W).
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Figure 7. Thermodynamic analysis of the REGEN reactor with NiWQO,, H, (left) and NiWO,
(right)

Figures 7 presentsresults from a thermodynamic analysis consisting in the calculation of
the equilibrium amounts within the REGEN reactor using the RGIBBS model using H,O
(steam) as molar feed. In this Figure the production of H, and NiWO,is plotted as a
function of a range oftemperature of 100-1000 °C and a steam feed of 2-9 kmol/h.In this

reactor the solid products from thereduction reactor consisting of 1.7 kmol/h of both W and
Ni were also fed.

From this Figure it can be seen that oxidation of the reduced metals (Ni and W) to
formNiWOQO, is feasible at relatively low temperatures (even below 300 °C) and at a
maximum H, generation of 6.8kmol/h at 7 kmol/h of H,O feed. However, in order to favor
the reaction kinetics of reaction (8), it is convenient to use temperatures above 500 °C.
This condition allows a reasonable small temperature gradient between the two reactors.

According to the results shown in figure 7 it was observed that the most suitable operating
temperature for the regeneration reactor is in the range of 100-550 °C and more
specifically at 500 °C since inthis range the nickel tungstate generation is stable with a
production of 1.7 kmol/h,while a maximum production of H, of 6.8 kmol/h is obtained at a
feed of 8.5 kmol/h of water vapor. Thus, the optimum operating conditions selected for the
second reactor is 500 °C, which according to Figure 7 corresponds to a molar steam feed
flow of 6.5 kmol/hr and producing 1.7 kmol/h of NiWO, and 6.8 kmol/h of H..

331 |Pdagina



{3
Sy

ﬁz XVIl International Congress of the Mexican Hydrogen Society, 2017

S8 Wh

Therefore, it can be concluded thatin the reduction reactor (POX-MeO) for the synthesis
gas production optimal operating conditions of this reactor are as follows: a temperature of
700°C and a feed of 4 kmol/h of CH, and 1.7 kmol/h of NiWO,.The established operating
temperature of 700 °C in the first reactor, where the partial oxidation of methane occurs, is
relatively lower than those reported with other oxygen carrier materials and this represents
potential energy savings. Meanwhile in the regeneration reactor (REGEN)optimum
operating conditions are 500 °C anda feed of 1.7 kmol/h of Ni, 1.7 kmol/h of W and 8.5
kmol/h of steam to produce 1.7 kmol/h of NiWO,and 6.8 kmol/h of H..

Within the simulation, once the appropriate parameters for the entire process were
established through the sensitivity analyzes, it was possible to obtain the results shown in
Table 1.

Table 1. Simulation results according to Figure 1.

Stream 1 2 3 4 5 6 7
Temperature,
°C 25 750 0 750 0 500 25

Pressure, bars 2.026 2.026 2.026 1.013 1.013 2.026 2.026

Vapor Fraction 1 364.81 459.806 1 363.81 451.516 0

Molar Flow,

kmol/hr 4 11.803 0 11.803 0 6.5 6.5
Mass Flow,

kg/hr 64.171 160.167 0 160.167 0 30.393 117.099
Volume Flow,

m3/hr 97.692 991.167 0.045 991.143 0.024 412.518 0.118
Enthalpy

Gcal/hr -0.071 -0.168 0 -0.168 0 -0.04  -0.449
molar Flow

kmol/hr 0 3 1.5 0 3 1.645 0
H, 0 6.513 0 6.513 0 5.419 0
CO 0 3.092 0 3.092 0 0 0
Co, 0  0.809 0 0.809 0 0 0
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H,O 0 1.289 0 1.289 0 1.081 6.5
w 0 1.5 0 0 1.5  0.145 0
C 0 0 0 0 0 0 0
CH, 4 0.099 0 0.099 0 0 0
NIWO, 0 0 1.5 0 0 1.355 0
NI 0 1.5 0 0 1.5  0.145 0
Mass Flow,
kg/hr 64.171 523.977 459.806 160.167 363.81 480.909 117.099
Enthalpy,
Geal/hr -0.071 0.0019 -0.808 -0.168 0.034 -0.728 -0.449

These results show the production of synthesis gas in the first reactor of reduction of
NiWO,, whereas in the regeneration reactor a production of hydrogen results from the
oxidation of the previously reduced metals.

4. Conclusions

Different types of MWO, (M = Fe, Mn, Ni) were evaluated through thermodynamic analysis
and process simulation for the production of hydrogen-synthesis gas (syngas) using Aspen
Plus. According to the thermodynamic analysis results, it is concluded that NiWQ, is the
best oxygen carrier among the studied tungstate materials for the production of H, and/or
syngas. Simulation results found at the exit of the reduction reactor a free carbon
deposition window located between a feed range of 1.6-3 kmol/h of NiIWO, and a
temperature range of 100-1000 °C. While the working window in which no coal is produced
is at a temperature range of 700-1000 °C at a feed range of 1.7-3 kmol/h of NiWO,. Within
the reduction reactor the H,/CO molar ratio of the synthesis gas is from 2.5-2.7 kmol/h and
producing from 1.6-2 kmol/h of W, with a maximum of 1.7 kmol/h at a temperature of 700
°C. While in regeneration reactor there is a reduced range of temperatures, consisting of
100-550 °C at a feed of 6-9 kmol/h of steam and more specifically at 500 °C with a feed of
steam of 8.5 kmol/h. Finally, it is concluded that relatively moderate temperatures such as
700 °C and a NiWO, feed of 1.6-3 kmol/h are needed to generate carbon-free synthesis
gas. While in the regenerator 1.7 kmol/h of NiWO, is obtained at a temperature of 500 °C,
while producing 6.8 kmol/h of H,.
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