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Abstract: Reaction performance of the sorption enhanced reforming (SER) process for the production of hydrogen was studied using
commercial dolomite as inexpensive solid CO, absorbent. The combined reforming, shift, and CO, separation reactions were studied using
a laboratory-scale fixed-bed reactor as a function of temperature, feed gas composition, dolomite type, and dolomite and catalyst particle
sizes. Reactor was loaded with a mixture of calcined dolomite (= 23g) and a commercial reforming catalyst (NiO/AL,0;, = 10g). Tempera-
ture was varied from 550 to 650°C at 15 atm. Feed gas composition was varied from 6 to 20% CHy/balance N, and steam, with a feed
H,0/CH, ratio = 4. Two sources of dolomite were used; Rockwell and Stonelite. Particle sizes of dolomite and catalyst were 75>dp>150
um and 300>dp>425 um, respectively and were inversely varied. Results show that at 550°C Ca(OH), formation is possible, thus reducing
the available CaO for carbonation, negatively affecting the performance of the SER system, while 650°C reached the SER thermodynamic
equilibrium (TE). The use of dolomite approached the TE of the feed gas compositions studied, disregarding of its source. Kinetic effects
observed in the tests suggest that small dolomite and large catalyst particles favor the decrease of CO; diffusion effects.
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1. INTRODUCTION

Steam methane reforming (SMR) is the most conventional and
used route to industrially produce hydrogen nowadays. This proc-
ess is composed by the following chemical reactions:

CH, + H,0 < CO + 3H, AHjg = 206.2 kJ/mol (1
CH4 + 2H20 And C02 + 4H2 AHzgg =164.9 kJ/mol (2)
CO +H,0 « CO, +H, AHaog = —41.1kJ/mol  (3)

Reforming reactions (1) and (2) are highly endothermic and
thermodynamically favored at high temperatures and low pres-
sures. Otherwise, the water gas shift (WGS) reaction (3) is favored
at low temperature with pressure having a negligible effect on this.
SMR industrial operation is commonly performed at 750-900°C;
this is because of the strong endothermic nature of the reforming
reactions [1]. Even though high temperature is critical in order to
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ensure large methane conversions this also adversely promotes the
reverse WGS reaction thus producing a gas product with 8-10%
CO (dry basis) content. Therefore, it is convenient to feed this gas
to a second stage WGS reactor operating as low as 300—400°C to
produce more H, and reduce the amount of unreacted CO. Finally,
to obtain the hydrogen product the effluent of the second WGS
reactor is conventionally fed to a pressure swing adsorption unit
(PSA) where the H, purity can reach up to 99% [2].

During the industrial operation, CO, is released as a greenhouse
gas with potential to significantly contribute to global warming. In
hydrogen production the in-situ capture of CO, within the SMR
reaction system has two main advantages; first by providing the
opportunity to sequester a greenhouse gas (CO,) instead of its
release to the atmosphere and second to improve the overall proc-
ess by enhancing the methane conversion and hydrogen yield at
significantly lower operational temperatures, overcoming system
equilibrium limitations.

Several studies related to enhancing the SMR and WGS reac-
tions through in-situ separation of CO,, employing chemical absor-
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bents are available in the literature. The use of dolomite as CO,
absorbent, mixed with a Ni-based catalyst in a fluidized bed reactor
was first proposed by Brun-Tsekhovoi et al. [3] that reported an
enhancement of CH4 conversion towards higher H, production.
Han and Harrison [4] and Escobedo et. al., [5] studied the H, pro-
duction via the WGS reaction using dolomite as a CO, absorbent in
the temperature range of 500-600°C. They reported carbon oxides
concentrations as low as 50 ppm in the product gas. This reaction
concept was called sorption enhanced reaction (SER) by Sicar and
co-workers (Carvill et al., [6]; Hufton et al., [1]; Waldron et al.,
[7]). However they used CO, adsorbents such as hydrotyalcites,
which are limited by their relatively low CO, capture capacity and
operational temperatures (i. e. 400°C). The use of CaO as a CO,
absorbent in a SMR fixed bed reactor was reported by Balasubra-
manian et al. [8], showing that hydrogen can be produced with a
purity of more than 95% in a single step SMR process at 650°C and
above. In this case in addition to the SMR and WGS reactions
(equations (1) — (3)); the non catalytic highly exothermic carbona-
tion reaction (equation (4)) was included in SER system:

Ca0 + CO, <> CaCO;  AHaos = —178 kJ/mol ()

The advantages of combining steam reforming with in situ CO,
capture were examined by Balasubramanian et al. [8] in their ther-
modynamic analysis of the SER reaction system. In that study, the
equilibrium hydrogen concentration (dry-basis) as a function of
reaction temperature at 15 atm and with an S/C (steam to carbon)
ratio equal to 4 was performed using the HSC equilibrium software
[9]. Based on this analysis they conclude that the use of CaO en-
ables both lower reaction temperatures, which may reduce catalyst
coking and sintering, and the consequent use of less expensive
reactor wall materials. Furthermore, heat released by the exother-
mic carbonation reaction supplies most of the heat required by the
endothermic reforming reactions.

For a process using a calcium oxide absorbent, the typical oper-
ating temperatures are about 500—-650°C (not considering the possi-
ble adverse formation of Ca(OH),). However, a great amount of
energy is required to regenerate the absorbent back to its oxide
form by the energy intensive calcination reaction (reverse of equa-
tion (4)). Although many authors have reported that the energy
required for the regeneration process is less than 20-25% the sup-
plementary energy required for traditional SMR.

In another study, Lopez-Ortiz and Harrison [10] reported the use
of calcined dolomite (instead of CaO) and a commercial Ni-based
reforming catalyst in a fixed bed reactor (650°C, 15 atm) to exam-
ine the effect of regeneration conditions of the spent dolomite as a
function of temperature and regeneration gas composition in a mul-
ticycle scheme. The absorbent showed only moderate activity loss
under most of the regeneration conditions employed. In recent ex-
periments performed by Ishida et al., [11] SMR was carried out
using a fluidized bed reactor and dolomite as the CO, absorbent.
Tests were carried out at 5 bars and 580°C. In all the experiments
the total flow through the catalyst/absorbent bed was 300 ml
(STP)/min, which was found to be well above the minimum fluidi-
zation condition in the bubbling regime giving minimal attrition.

Johnsen et al. [12] conducted a similar experimental study in a
fluidized bed and demonstrated that hydrogen concentration re-
mained at 98-99 vol % after four cycles. They used two bubbling
beds because it was found that this fluidization scheme resulted in

better performance towards hydrogen production than the fast flu-
idization regime (riser reactor). These results were confirmed by
Jakobsen and Halmey [13], who performed a reactor modeling of
the of sorption enhanced steam methane reforming comparing the
fast fluidization with the bubbling regimes using dolomite as absor-
bent. The agreement between the model and the experimental data
was satisfactory. They found that the addition of dolomite has a
rather small effect on the enhancement of the SMR process, with a
hydrogen yield of 79.3% for a riser length of 15 m. The residence
time of the particles in the riser reactor was too short for dolomite
in order to influence the reaction equilibrium significantly. Simula-
tions of the reformer as a bubbling bed reactor showed that bub-
bling fluidization was much more suitable flow regime than the fast
fluidization. Carrying out the reforming in a bubbling bed resulted
in hydrogen yields up to 99.9% depending on the gas velocity and
solids residence time. It was found that the bubbling bed reactor is
the best configuration of the two studied configurations when using
dolomite as the absorbent. These results were attributed to the fact
that longer residence times were needed to obtain higher methane
conversions and these were related to the dolomite slow absorption
kinetics especially towards the end of complete carbonation.

Recently, Ryu et. al., [14] studied reactor configurations for the
sorption-enhanced steam methane reforming and agreed that the
best configuration was the bubbling regime. They pointed out that
this mode is usually applied when two reactions are slow and
longer contact time between gas and solid is favorable (as is the
case for dolomite). However, this mode is difficult to operate be-
cause maintaining the pressure balance for two fluidized beds and
loopseals is complex, and a back flow of solid is the main problem.
Indeed, this mode requires much solid inventory in loopseals and
many gas injection ports of at least five. In this mode it is also diffi-
cult to maintain the pressure balance for two fluidized beds and
loopseals (or other non-mechanical valves) and they concluded that
the complexity and huge system volume are the main disadvan-
tages for this system to be successfully applied. Also, they sug-
gested that fixed moving beds configuration, even tough are diffi-
cult to operate, are becoming a feasible option for SER applications
as modeling results reported by Reijers et al., also suggested [15].
Hence, there is renewed interest within the scientific community to
study sorption enhanced reforming using dolomite within a fixed-
bed reactor configuration. Therefore, the present research is aimed
to establish the fixed-bed reactor performance of the steam methane
reforming (SMR) using commercial dolomite as inexpensive solid
CO, absorbent as a function of temperature, feed gas composition,
dolomite type, and dolomite and catalyst particle sizes leading to
the sorption enhanced reforming (SER) process for the production
of hydrogen.

2. EXPERIMENTAL

A scheme of the bench scale fixed-bed reactor is presented in
Figure 1. In the hydrogen production step, methane and nitrogen
(balance) were acquired from high-purity gas cylinders; each flow
rate was feed through mass flow controllers (MFC).

Water was introduced to the system as a liquid using a high-
pressure syringe pump. Feed lines were heat-traced, and N, balance
was used in most runs to ensure complete vaporization of water.
The combined feed gases enter the reactor and contacted a mixture
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Figure 1. Bench scale fixed-bed reactor system
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ders with two particle size ranges, 75<dp<150 um and 300<dp<425
um, were chosen for testing.

Test conditions used in the reaction were temperatures of 550
and 650°C, 15 atm and a feed gas composition was varied from 6 to
20% CHy/balance N, and steam, with a feed H,O/CH, ratio = 4 at
200 (STP) cm’/min total flowrate. Pretreatment of the commercial
dolomite to remove sulfur was necessary to avoid sulfur release
during reaction with consequent catalyst poisoning. Further details
of the sulfur removal pretreatment can be found in Lopez-Ortiz and
Harrison [10]. Two sources of dolomite were used; Rockwell and
Stonelite. Particle sizes of dolomite and catalyst were 75>dp>150
pum and 300>dp>425 um, respectively and were inversely varied.

3. RESULTS AND DISCUSSION

3.1. Temperature Effect
Reaction tests were performed aimed to compare results using

Time (minutes)

Figure 2. Temperature effect in a SER tests using calcined dolo-
mite

pretreated dolomite with respect to the high purity CaO tests re-
ported previously in the literature [8]. Based on the thermodynamic
analysis from Balasubramanian et al. [8], experimental tests were
made at 550 and 650°C. Runs ROCK 19A and ROCK 19B were
carried out using a feed concentration of 64% H,0, 16% CH, and
20% N, and a flowrate of 200 (STP)/cm’min. The reactor was
loaded with 29.9¢g of pretreated Rockwell dolomite with particle
size of 300<dp<425 pm and 11 g of catalyst having a particle size
of 75<dp<150. Figure 2 shows hydrogen concentration (dry basis)
and absorbent conversion versus time. The three horizontal lines in
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Figure 3. SER tests using different CH,4 feed gas concentrations

the first steady state hydrogen region represent, from top to bottom,
the equilibrium concentration at 650°C (where no Ca(OH), is
formed), 550°C with only CaCO; formation permitted, and 550°C
with both Ca(OH), and CaCO; formation allowed. Prebreakthrough
hydrogen concentration at 650°C was 71.6% H, (dry basis) only
0.2% below equilibrium, compared to 66.6% H, (dry basis) at
550°C. The 550°C experimental value was between the equilibrium
of CaCO; (71.3%) and CaCO; plus Ca(OH), (61.8%). Therefore,
the 66.6% H, (dry basis) at 550°C suggests the possibility of partial
formation of Ca(OH), together with CaCO;. This behavior could
also be due to slower kinetics at 550°C.

Prebreakthrough and postbreakthrough regions were not clearly
defined at 550°C. The maximum of 66.6% H, (dry basis) was be-
tween the equilibrium lines corresponding to CaCO; only and
CaCO; plus Ca(OH),. The breakthrough time was unusually pro-
longed with the H, concentration slowly reduced over a period of
time from 120 minutes to about 455 minutes, producing a break-
through time of about 335 minutes, compared to only 77 minutes at
650°C. This long breakthrough time reflects the complexity of the
overall reaction rate in which the reforming, water-gas shift, car-
bonation and calcium hydroxide reactions occur simultaneously.

Absorbent conversion at the beginning of breakthrough was only
28.2% at 550°C compared to 62.8% at 650°C. Absorbent conver-
sions at the end of the breakthrough were similar with 94.6% at
650°C compared to 96.1% at 550°C. The postbreakthrough mini-
mum H, concentration at 550°C was 33.9%, only 0.1% below the
postbreakthrough equilibrium value of 34.0%. 650°C produced a
postbreakthrough H, concentration of 46.1% H,(dry basis), only
0.4% below the equilibrium value of 46.5% H, (dry basis).

It was not possible to analyze for the presence of Ca(OH), in the
550°C solid product due to the fact that Ca(OH), would decompose
when a N, purge was introduced. These results are in agreement
with recent experiments from Hildenbrand et al., [16] who studied
the sorbent enhanced steam reforming using dolomite in a fluidized
bed reactor at temperatures below 600°C and 5 atm. They found
that after XRD examination of the catalyst/absorbent powder at
different times CaO of the calcined dolomite reacted with water
vapor to form Ca(OH), through:
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Figure 4. SER tests dolomite type effect

H,0 + Ca0 «> Ca(OH),

and that initially CaO reacts partly with water forming hydroxide
and partly with carbon dioxide forming carbonate. They suggested
that at initial reaction times the formation of Ca(OH), would lead to
a lower H,O/CH4 (S/C) ratio within the system and that after a
certain time the formation of Ca(OH), would reached equilibrium
leading to a higher H,O/CH,4 ratio and thus higher conversion of
methane. They estimated the reduction of the S/C ratio from 2 to a
value of 1.5. However, this is only partially true, because the influ-
ence of a lower reaction temperature over the formation of
Ca(OH), is a determinant factor as predicted by thermodynamic
studies reported in the literature [8]. This temperature effect is pre-
sumably more important than the reduction of the S/C ratio be-
cause, even if a greater S/C ratio is employed, as in the case of the
present study (S/C = 4) where a reduction in methane conversion is
observed. This reduction is not due to a S/C ratio reduction since
there is excess steam in the system, but to a lower temperature
effect leading to a reduced H, concentration at 550°C as shown in
Figure 2. On the basis of these results, all subsequent reaction tests
were performed at 650°C and 15 atm to avoid the formation of
Ca(OH),.

AHzgg = —109 kJ/mol (5)

3.2. Feed Gas Composition

Figure 3 presents the effect of feed gas composition on the pre-
breakthrough and postbreakthrough H, content using both Rock-
well and Stonelite dolomite. In this Figure, H, product concentra-
tion (dry basis) is plotted against CHy4 feed concentration. The solid
and dashed lines represent the H, content at equilibrium for the
prebreakthrough and postbreakthrough periods, respectively.

Discrete points represent experimental results for the series of
tests performed at 650°C and 15 atm, at a constant steam-to-carbon
(S/C) ratio of 4. The superiority of the SMR process using a solid
absorbent (dolomite) is evident. The prebreakthrough H, concentra-
tion ranged from 24% when the feed contained 6% CH,4 to 96%
when the feed contained 20% CHj,. In contrast, during postbreak-
through, which corresponds to absence of dolomite, the hydrogen
concentration ranged from about 16% to 65% (dry basis). The addi-
tion of the CO, absorbent increased the H, concentration by about
50%.
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3.3. Dolomite Type

Figure 4 presents the results of two runs (STNDL29A and
ROCKI17A) using Stonelite and Rockwell dolomites, respectively,
and performed under feed concentrations of 48% H,0, 12% CHy,
and 40% N, 500 (STP)cm®/min, 650°C, and 15 atm. The same
dolomite and catalyst particle size ranges of 75<dp<150 and
300<dp<425 pm, respectively, were used.

Prebreakthrough and postbreakthrough hydrogen concentrations
were almost equal to the equilibrium values of 51.0% and 32.8%
(dry basis), respectively. Experimental prebreakthrough and post-
breakthrough H, (dry basis) concentrations of 51.0% and 51.0%,
and 32.6% and 32.7%, were measured for Rockwell and Stonelite
dolomites, respectively. Absorbent conversion at the start of break-
through was almost the same for both runs 73.9% and 74.2% for
the Rockwell and Stonelite dolomites, respectively. At the end of
breakthrough a sorbent conversion of 83.3% was achieved with
Rockwell dolomite, compared to 85.6% using Stonelite dolomite.
Breakthrough time was only 5 minutes greater using Stonelite dolo-
mite than with Rockwell dolomite, 20 minutes compared to 15.
Therefore, from these results it can be concluded that the reaction
behavior of Stonelite and Rockwell dolomites is effectively equal
when exposed to the same reaction conditions. This behavior to-
wards the hydrogen production through the SER reaction system of
inexpensive pretreated dolomite is comparable to that of reagent
grade CaCO; used in previous studies by Balasubramanian et al.

[8].

3.4. Dolomite and Catalyst Particle Sizes

The effects of dolomite and catalyst particle sizes on H, concen-
tration and acceptor conversion are presented in Figure 5. Both
tests used Rockwell dolomite with a feed concentration of 48%
H,0, 12% CH, and 40% N, 500 (STP) cm’/min, 650°C and 15
atm. ROCK24A test used dolomite and catalyst particle sizes in the
range of 300<dp<425 pum and 75<dp<150 pm, respectively, while
run ROCK17A used the opposite, with dolomite and catalyst parti-
cle sizes in the range of 75<dp<150 pum 300<dp<425 pm, respec-
tively. Run ROCK24A used 23.2g of pretreated Rockwell dolomite
and 10.6g of catalyst, while run ROCK17A used 22.2g of pre-
treated Rockwell dolomite and 10.4g of catalyst.

Prebreakthrough and postbreakthrough hydrogen concentrations

were effectively equal in both runs and agreed with the equilibrium
values of 51.0% and 32.8% (dry basis), respectively. Absorbent
conversion at the start of breakthrough was lower using the larger
dolomite particle size; ROCK17A had an absorbent conversion of
73.8% compared to 55.6% in run ROCK24A. The absorbent con-
versions were almost equal at the end of breakthrough, with 83.3%
conversion for ROCK24A and 80.6% for ROCKI17A. Break-
through time was 31 minutes longer using large dolomite and small
catalyst particles with values of 46 and 15 minutes for runs
ROCK24A and ROCK17A, respectively. These results suggest that
the resistance associated with diffusion of CO, into the interior of
the large dolomite particles may be significant. This is in agree-
ment with results obtained by Gallucci et al [17], that studied and
modeled the CO, capture of dolomite based on TGA-DTA and
SEM data and concluded that at small dolomite particle sizes
(particles less than 200 pum), calcium oxide is converted to calcium
carbonate over few time intervals rather than with larger particles
(1-2 mm). Therefore, intraparticle diffusion becomes important at
large dolomite size particles. This behavior is worsen at the grain
scale, once the overall grain surface is converted to CaCO; and the
only possibility for CO, to reach the un-reacted CaO core is by
diffusing through the shell of the reaction product, a much slower
mechanism than percolation through particle pores. On the other
hand, according to Hou and Hughes [18] who compared the per-
formance of a commercial reforming catalyst for hydrogen produc-
tion under several particle sizes, concluded that there are no signifi-
cant changes in values of the methane conversion as both the in-
traparticle diffusion limitation and film resistance is negligible for
particles of 0.15 mm or less. Then, based on results of the present
research the two catalyst particle sizes tested had no significant
effects over the overall kinetics of the SER system. Finally, from
kinetic effects observed in these tests suggest that the combination
of small dolomite and large catalyst particles favor the decrease of
CO, diffusion effects.

4. CONCLUSIONS

At reaction conditions of the present study, (15 atm) tempera-
tures of 550°C and lower, produce Ca(OH),along with CaCOs, as
predicted by thermodynamics, which leads to the reduction of the
H, production. Greater temperatures than 600°C and a S/C = 4
prevents the formation of Ca(OH),. The reaction behavior of
Stonelite and Rockwell dolomites was effectively equal when ex-
posed to the same reaction conditions. > 95% H, (dry basis) can be
produced in a single reaction step using inexpensive dolomite, and
combined reaction equilibrium can be closely approached over the
range of reaction conditions of interest in this study (6% to 20%
CH, feed gas composition). The addition of the CO, absorbent
increased the H, concentration by about 50%. Dolomite and cata-
lyst particle size variation results suggest that the resistance associ-
ated with diffusion of CO, into the interior of the large dolomite
particles is presumably significant with small dolomite and large
catalyst particles favoring the decrease of CO, diffusion effects. A
key factor for the feasibility of this reaction system is of great con-
cern and deals with the durability of the solid acceptor and catalyst.
Catalyst and dolomite must retain activity through many reaction-
regeneration cycles (multicycle operation) for the process to be
economically attractive. Even though multicycle tests addressed in
the past concerning this durability issue were very promising, more
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data is necessary to be generated in order to evaluate this fixed bed
SER reaction system in a moving bed operation scheme.
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