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ARTICLE INFO ABSTRACT

Keywords: Dual Function Materials (DFM) capture CO, from flue gas followed by catalytic conversion to methane all at
COcapture 320 °C using renewable H,. DFM is composed of a catalytic metal intimately in contact with alkaline metal
Catalytic methanation oxides supported on high surface area carriers. The catalyst is required to methanate the adsorbed CO, after the
R“th‘f“ium capture step is carried out in an O,-and steam-containing flue gas. Ruthenium, Rhodium and Nickel are known
Ilfl}ilc‘iillu m CO, methanation catalysts provided they are in the reduced state. Ni is a preferred methanation catalyst based
0, impact on price and activity, however, its inability to be reduced to its active state during the DFM process (capture and
Alkaline adsorbents hydrogenation at 320 °C) was compared with Ru and Rh as methanation candidates. The performance of a
Carriers variety of alkaline adsorbents was also studied and the strengths and weaknesses of candidate catalysts and

adsorbents were evaluated. All samples were tested in a fixed bed reactor to quantify the extent and rate of
methane generation.

Complementing fixed bed testing, thermogravimetric analysis (TGA) was used to evaluate the extent of CO,
adsorption and rate of catalytic methanation. Pre-reduced (at 650 °C) Ni-containing DFM is highly active for CO,
methanation. However, the hydrogenation with 15% H,/N, is completely inactive after exposure to O, and
steam, in a flue gas simulation, during the CO, capture step at 320 °C. Rh and Ru DFMs were effective metha-
nation catalysts with Ru being superior based on capture capacity, hydrogenation rate and price. In contrast to
Ni - containing DFM, Ru remained active towards methanation even after exposure to flue gas simulation.
Alkaline adsorbents (“Na,0”, CaO, “K,0” and MgO) in combination with reduced Ru were tested for adsorption
and methanation. Ru - “Nay0”/Al,03 DFMs showed the highest rates for methanation although CaO is also a
reasonable candidate. To date, we have demonstrated that y-Al,O3 is the most suitable carrier for DFM appli-
cation relative to other materials studied.

1. Introduction

Despite the rise in renewable power generation, the world’s primary
energy source is still based on combusting fossil fuels. According to the
2017 Global Energy and CO, Status report by the International Energy
Agency (IEA) the global energy demand increased 2.1% in 2017 and
almost three quarters (75%) of the rise was contributed by fossil fuels
and a historically high 25% was provided by renewable sources. Global
CO,, emissions saw an overall increase of 1.4% but many countries like
the United States saw a decline due to higher deployment of renewable
energy sources and greater industrial conservation and efficiency. Of
the fossil fuels, natural gas demand grew by 3% due to its availability
and relatively low cost of supply. While most of it is used in the power
sector, there is an increasing demand for its use in the industrial and
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construction sectors. Coal had shown a declining trend over the last two
years, mainly due to the high availability of natural gas, but in 2017
that trend was reversed mainly due to an increase in coal fired power
plants now operating in Asia [1].

According to the Intergovernmental Panel on Climate Change
(IPCC) 2015 Synthesis Report Summary Chapter [2], sustained green-
house gas emissions have caused impacts on the atmospheric and
oceans systems. Increase of greenhouse gas emissions, linked with fossil
fuel usage, will likely cause severe, long lasting and irreversible effects
on the environment, ecosystems and humankind. It is therefore, ne-
cessary to implement immediate actions to continuously limit and re-
verse greenhouse gas emissions to minimize any further climate change.
Different scenarios are modeled to measure the costs of implementing
low carbon technologies to reach CO, atmospheric concentration
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targets for this century (2015-2100) and in all scenarios Carbon Cap-
ture and Storage (CCS) technologies will play a crucial role in curbing
greenhouse gas emissions at the lowest mitigation costs.

In 2015 our research group Catalysis for a sustainable environment
presented Dual Function Materials (DFM) as an alternative to current
carbon capture and sequestration (CCS) processes that rely on corrosive
amines and energy intensive CO, capture and purification processes
[3]. The steps required to transport the captured CO, to sequestration
sites or to be used as feedstock in other reactions (to produce higher
value products) makes the overall process economically and logistically
unattractive [4,5].

Dual Function Materials overcome the previously stated limitations
by utilizing a high surface area supported solid adsorbent (capture step)
in intimate contact with a catalyst which utilizes excess renewable
energy to produce hydrogen (via water electrolysis but it is also possible
to envision waste H, as a source for methanation) for production of
synthetic natural gas (methane —CH,) in an isothermal cyclic process.
In our first DFM paper [6] we demonstrated that a physical mixture of
10%Ru/Al,05 catalyst + 10% CaO/Al,O3 adsorbent (on separate Al,O3
particles) was far less effective for DFM than when the Ru and ad-
sorbent were on the same carrier particle. The sample with Ru and
adsorbent on the same Al,O3 particle (intimate mixture) produced 4
times as much methane compared to the sample where the adsorbent
and catalysts were on separate Al,0O3 particles. This demonstrates the
importance of having the alkaline adsorbent and the catalyst supported
in close proximity, consistent with the spillover mechanism proposed.

The energy requirements of the process can be met by making use of
the sensible heat of the power plant flue gas since DFM has proven to
have excellent carbon dioxide capture at 320 °C which is a thermo-
dynamically and kinetically favorable temperature for production of
synthetic natural gas (methanation) using catalysts. The produced CH4
is envisioned to be recycled to the plant inlet. This would close the
carbon cycle and reduce the net input of natural gas extracted from the
ground. We envision the implementation of the DFM with at least two
parallel reactors working in swing operation in the flue gas exhaust. In
order to be functional in a real industrial application, the CO, capture
and hydrogenation steps should have similar rates for continuous op-
eration.

Fig. 1 presents the thermogravimetric and calorimetric profiles of
the effect of catalyzed vs non-catalyzed CO, adsorption and hydro-
genation/CO, desorption rates (The experimental conditions are ex-
plained in detail in Section 2.4). A weight gain is noted at the initiation
of CO, adsorption on 6.1% “Na,0”/Al,03 (blue profile top half of
Fig. 1) with an exothermic event (blue peak at t = 0 lower profile in
Fig. 1).This is consistent with thermodynamics of adsorption processes
and previous studies [7]. The amount of CO, adsorbed (blue profile in
Fig. 1) is less than when combined with reduced Ru which also adsorbs
CO,, (top red curve with the associated exotherm lower half of Fig. 1).

Upon the addition of H,, the adsorbent alone (in blue) produces no
CH,4 (verified by the lack of exotherm associated with hydrogenation
and external product analysis) but shows a very slow weight loss in-
dicative of the desorption of chemisorbed CO,. The slow desorption
(blue profile in Fig. 1) is complete after 360 min. In contrast, the rate of
hydrogenation to CH, (as noted by the weight loss for the Ru catalyzed
DFM), was considerably faster and complete in 36 min (red profile in
Fig. 1) and corroborated by the exothermic peak and analysis in fixed
bed reactor tests. The reaction produces 1 mol of CH4 and 2 mol of H,O
(1) leaving empty Ru sites free to accept CO, which spills over from the
adsorbent to the Ru sites allowing for methanation. This postulated
scheme is shown in Egs. (1), (2) and (3). Eq. (3) is a repeat of Eq. (1).
This mechanism has been furtherly corroborated by our in-situ DRIFTS
studies. We report that CO, adsorbs onto Al—O—Na™* (as bicarbonates
and bidentate carbonates) with subsequent spill over to Ru sites for
methanation upon the addition of H,. Formate species were found to be
the main reaction intermediates in methanation [8].
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Ru ———CO;, + 4H; —CH4 + 2H0 + Ru (€D)]
“Nay0”——CO, + Ru =Ru——CO; + “Nay0” 2)
Ru ——CO, + 4H; —CH4 + 2H;0 + Ru 3)

Our previous published work explored the Ru-CaO/Al,03 system for
maximum CO, capture and methanation capacity [6] and also estab-
lished the stability of the system in cycle tests in a simulated flue gas
[9]. Different precious metal (Ru, Rh, Pt and Pd) as well as base metal
catalysts (Ni and Co) were tested at stoichiometric conditions for me-
thanation activity (4:1 H, to CO, ratio) over a temperature range of
(250-350 °C) [10]. Our early studies showed that Ru, Rh and Ni were
the best methanation catalysts consistent with commercial literature
[10-26]. From an economical point of view, the screening of these
metals also offers relevant information since we can compare the cat-
alytic activity of expensive Rh ($79.1 USD/g)', moderately priced Ru
($8.68 USD/g)* and inexpensive Ni ($0.01 USD/g)";. Ni is clearly the
most preferred metal from an economical point of view provided it has
acceptable performance.

Previously, we reported the CO, capture capacity of different dis-
persed alkali adsorbents (CaO/Al,03, reduced NayCO3/Al,03, reduced
K>CO3/Al,03 and MgO/Al,03) [10]. The dispersed carbonates, in the
presence of a catalyst, are hydrogenated (producing CH,4) to what we
assume are “Na;O” /Al,03 and “K,0”/ Al,Os, respectively [6-8]. These
dispersed adsorbents are acceptable for DFM applications since they
reversibly chemisorb CO, at moderate temperatures (200-400 °C) al-
lowing for catalytic methanation [27-40].

In the current paper we evaluated catalytic metals (Ru, Rh and Ni)
and adsorbents (CaO, “Na,0”, “K>0” and MgO) intimately supported on
Al,03. CO, capture capacity and hydrogenation kinetics of the adsorbed
CO,, were studied as the variables of interest. We also studied various
carriers for the adsorbents and catalysts.

2. Experimental
2.1. Material synthesis

“Na,0”, CaO, “K»0” and MgO adsorbents were prepared by in-
cipient wetness impregnation using aqueous precursor solutions of
Na,CO3 (Sigma Aldrich, USA), Ca(NOs3), (Sigma Aldrich, USA), K,CO5
(Sigma Aldrich, USA) and Mg(NO3), (Sigma Aldrich, USA) respectively
impregnated on y-Al,O3; (SBA-150, BASF, USA) powder. Adsorbents
were then dried at 140 °C for 2h and calcined in air at 400 °C for 4 h.
After calcination and H, reduction, the achieved loadings of adsorbents
were 6.1% “Nay0”/Al,03, 7.1% “K,0”/Al,03, 10% CaO/Al,O3 and
10%MgO0/Al,05.

Catalyst precursor salts were impregnated onto the adsorbents
supported on y-Al,03 or other carrier candidates (see supplemental
section for details on different carriers), to achieve the desired metal
loading (by weight) of 5%Ru, 0.5%Rh and 10% Ni. Samples were
prepared using Ruthenium (III) nitrosyl nitrate (Alfa Aesar, USA),
Rhodium (III) nitrate (BASF, USA) and Nickel (II) nitrate (Alfa Aesar,
USA) respectively. All DFM materials were dried in air at 120 °C for 2h
and calcined in air at 500 °C for 2h except for Ru DFM materials that
were calcined in air at 250 °C for 2 h. The pre-reduction step (explained
in detail in Sections 2.2, 2.3 and 2.4) was performed in situ at 320 °C
with 10-15% H,/N, to generate the active catalytic metal and convert
any remaining carbonates and nitrates to their respective oxides.
However, for oxides of Ni it was necessary to pre-reduce at 650 °C with
10-15% H, to generate active Ni metal.

L4 Price as of 1/11/19
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Fig. 1. Catalyzed vs. non-catalyzed effect on CO, adsorption
and hydrogenation/CO, desorption rates. Bottom 2 profiles
are the DSC signals while the two top profiles are the mass
profiles for 5%Ru-6.1% “Na,0”/Al,0; (red) and 6.1%
“Nap0”/Al,03 (blue). Adsorption feed gas was 6.6%CO,/Ny
with hydrogenation initiated upon exposure to 13.26% H»/No,
both at 320 °C.
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2.2. Fixed bed reactor tests type 1: Ni containing samples tested on plug flow
reactor

All Ni-containing samples were tested in the following way: the
samples in powder form (1 g) were placed in a packed bed (plug flow)
reactor made of a standard quartz tube (O.D.= 12.75mm,
LD. = 10.5mm, length = 500 mm). A microthermal furnace was
placed outside the reactor tube with temperature feedback control from
a K-type thermocouple at the inlet of the DFM. Compressed gases were
mixed at designed flow rates with mass flow controllers. Water was
injected into the feed gases with a syringe pump and pre heated at
125 °C inside a reactor feed tube wrapped with heating tape. An ice
bath was placed at the exit of the reactor to condense the steam from
the feed or that produced during methanation. The dry gas composition
was analyzed in an Enerac 700. The Ru sample was pre-reduced at
320 °C for 150 min with 15%H,/N, at a total flow rate of 200 ml/min
(GHSV: 8000 h™'). Ni-containing samples were reduced at 650 °C
under similar flow rate conditions. After pre-reduction the samples
were tested in isothermal cycles at 320 °C. The 320 °C temperature was
necessary to simulate the continuous operation of the DFM with O,
containing flue gas. The cycles included the following steps:

1) CO, adsorption in ideal (7.5% CO,/N,) or simulated real flue gas
conditions (7.5% CO,, 4.5% O,, 15% H,0O and balance N,) for
20 min at a total flow rate of 100 ml/min (GHSV: 4000 h™1)

2) 4 min N, purge at 150 ml/min (GHSV: 6000 h™hH

3) Methanation for 1 h with 15%H,/N, at 200 ml/min (GHSV: 8000
h™h.

The 4-min N, purge is needed both before and after CO, adsorption
and methanation to avoid contact of H, and O,. Each sample was tested
for 3 consecutive cycles of CO, capture + N, purge + methanation
with the averaged results presented in this study.

2.3. Fixed bed reactor tests type 2: Ru and Rh containing samples screening
on Quantachrome

The samples (100mg of powder) were placed in a fixed bed
ChemBET Pulsar TPR/TPD unit (Quantachrome) to test for CO,

350

400

capture, followed by methanation upon hydrogen introduction. The
samples were first reduced overnight (12h+) at 320 °C in 10% H,/N,
(flow rate of 30 ml/min). This ensured that all the precursor salts de-
composed to their reduced and active form. Only the Ru and Rh DFMs
could be tested on the Quantachrome unit since the mantle that con-
trols the temperature inside the reactor cell is limited to 400 °C. The
NiO catalysts that require a pre-reduction temperature of > 500 °C in
H, [9-11] were evaluated in our fixed bed plug flow reactor.

Each sample was then exposed to a 10% CO5/N, mixture (30 ml/
min) at 320 °C for 40 min for the CO, capture step. The methanation
step followed, with 10% H, /N5 (30 ml/min) introduction for 1 h. Three
consecutive cycles (CO, capture + purge + methanation) were per-
formed and the results averaged. Gas compositions at the exit of the
reactor were monitored using an Enerac portable emissions analyzer,
capable of continuously monitoring CO,, CH4 and CO concentrations
(1 s sampling time). Its measurement accuracy is stated as 96%. No CO
was detected in any tests. A blank test was performed with an empty
reactor cell to record the carbon dioxide and methane baseline signals
for accurate subsequent CO, and CH4 measurements.

2.4. Thermal gravimetric analysis (TGA)

2.4.1. Hydrogenation rates and CO2 capture capacity measurements

50 mg of powder DFM materials were placed in an alumina crucible
and underwent a cycle of CO, adsorption/hydrogenation in a Netzsch
TGA-Libra instrument. All samples received in-situ pre-reduction at
320°C in 13.26% H,/N, (60 ml/min) for 6 h. Each sample underwent
CO,, adsorption at 320 °C with 6.66% CO,/N, (60 ml/min) for 30 min.
The weight increase is the amount of CO, adsorbed. This was followed
by a 10 min N, purge, and then a catalytic hydrogenation step using
13.26% H,/N, (60 ml/min) for 6h at 320°C. The weight decrease
(removal of adsorbed CO,) after the addition of H, gives a relative
measure of weight loss associated with CO, converted to CHy4 or simply
desorbed unreacted. Confirmation of the products was determined in
fixed bed reactor tests using the Enerac analyzer.

2.4.2. Oxidation and reducibility capacity measurement
30 mg of powder 10%Ni/Al,O3 was placed in an alumina crucible
and underwent a cycle of oxidation/reduction using a Netzsch TGA-
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Libra instrument. The initial sample was pre-reduced at 650 °C in 15%
H,/N, (60 ml/min) for 6 h. The sample was exposed to 4.5% O,/N,
(60 ml/min) at 320 °C simulating the flue gas capture for 20 min. The
weight increase is the extent of oxidation. This was followed by a
10 min N, purge (20 ml/min), followed by the addition of 15% H,/N,
(60 ml/min) for 6h at 320 °C. The weight decrease gives a relative
measure of the extent of reduction of the oxidized sample.

2.5. Hj chemisorption

H, chemisorption tests were performed using a ChemBET Pulsar
TPR/TPD unit (Quantachrome) with fresh DFM powder samples.
Ruthenium and rhodium metal dispersions were obtained at room
temperature upon reduction in situ in 10% H,/N, at 320 °C and 30 ml/
min for 12h. It was assumed that stoichiometry for chemisorption is
one H atom per Ru or Rh site.

3. Results and discussion

3.1. Limitations of Ni based DFMs under simulated flue gas CO, capture
and conversion

3.1.1. Type 1 fixed bed plug flow reactor tests for Ni-containing DFM
samples

Ni based DFMs were tested with 7.5%C0O,/N, and with a simulated
flue gas composition (7.5%CO»/N5 4.5% O,, 15% H>0 balance N») for
the CO, capture step. Fig. 2 and Table 1 summarizes the averaged
performance (over 3 cycles) of the 10%Ni - 6.1% “Nay0”/Al,03 sam-
ples. The first sample on the left, is Al,O3 supported Ni° + adsorbent
samples pre-treated at 650 °C with 15%H,/N5. The CO, capture capa-
city is 9.55ml under 7.5% CO,/N,. This high CO, capture capacity is
attributed both to the “Na,0”/Al,03 adsorbent and Ni being fully re-
duced at 650 °C and active towards CO, adsorption. Its hydrogenation
generated 6.74 ml of CH,4. He et al. have also reported the benefits of
supporting Ni catalysts on high surface area carriers with basic sites
[41]. In contrast the middle sample, also pre-reduced at 650 °C, but
exposed to O, and H,0 during the capture step, adsorbed only 2.70 ml
of CO,. However, no methane was formed due to the partial oxidation
of the Ni during the capture step at 320 °C. The final sample (extreme
right of Fig. 3) was 5% Ru - 6.1% “Na0”/Al,03 pre-reduced at 320 °C
and it was included as the reference material. It adsorbed 9.43 ml of
CO,, after exposure to O, and steam at 320 °C in the capture step.
7.11 ml of CH4 were formed with a 75% conversion, (the difference due
to CO, desorbed during the N, purge) and with no CO, detected after
H, addition substantiating the value of Ru as the catalyst for DFM under
simulated flue gas conditions. This latter result is to be directly com-
pared to the Ni sample (reduced at 650 °C) and exposed to O, and steam
at 320°C (sample with 2.70ml of CO, captured) with no methane
production.

Reduced 10%Ni - 6.1% “Na»0”/Al;03 only produces CH, when the
capture step is carried out under O,-free conditions, but the moles of

10.00 9.55
9.00
8.00
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4.00
3.00
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methane generated (276.2 mmol/kg, in Table 1) is about Y2 that of 5%
Ru - 6.1% “Na,0”/Al,03; DFM (614.4 mmol/kg) under similar O, free
conditions (See Table 2). The conversion for the Ni based DFM reached
only 71% (Table 1) compared to 96% for the Ru sample (See Table 2).
The low carbon balance for the Ni — containing DFM (92%) can likely
be attributed to CO, retained in the sample. It is possible that higher H,
partial pressure may complete the reaction. Infrared studies of CO,
adsorption on supported Ni catalysts have shown that inactive carbo-
nate species can form on the Ni surface when Ni catalyzes a CO, re-
action with surface oxygen species present in the carrier [42]. The
formation of carbonate species on the surface of Ni DFMs can result in
unreacted adsorbed CO, that cannot be hydrogenated at 320 °C. It re-
quires at least 800 °C for decomposition [42]. Another explanation for
the incomplete carbon balance is the formation of bulk NiO on the
surface of the Ni catalyst by the adsorption of CO, in the absence of H,
[43,44]. According to experiments performed by Mutz et al. these
oxidized species can be partially reduced at T > 400 °C, but not to the
original reduced state (6% NiO remains in the surface even after 20 min
of H, exposure) and the activity of the catalyst decreased over time,
likely due to sintering.

In industrial processes Ni is a preferred catalyst because it is reduced
at high temperature and never sees O,. Furthermore, the process is
operated close to stoichiometric conditions at high pressure [45]. We
have shown that Ni is not viable under realistic flue gas conditions (O,
present) for DFM at 320 °C. We have reported that 15%H, is adequate
to rapidly reduce the RuO,, formed from the O, present in the flue gas
during CO, capture [46] substantiating that Ru is the best catalyst for
the DFM application, although reductions in its metal loading is de-
sired.

3.1.2. Thermogravimetric analysis of the oxidation and reducibility of 10%
Ni-6.1% “Na,0”/Al;03 samples

To better understand the oxidation and reducibility of the Ni-con-
taining samples we studied the thermogravimetric profile of 10%Ni/
Al,03 when exposed to 4.5% O,/N, (at 320 °C) which is the typical
oxygen concentration in flue gas from natural gas combustion. The
exposure time was 20 min, followed by a 10 min N, purge (to avoid
dangerous O, and H, mixture in the thermogravimetric chamber). 15%
H,/N, was introduced to simulate the packed bed plug flow reactor
conditions previously presented. Fig. 3 presents the thermogravimetric
profile of 10%Ni/Al,03 where the reduced (at 650 °C) sample is oxi-
dized at 320 °C when exposed to 4.5%0,/N,. Upon the introduction of
hydrogen, it is not completely reduced as evidenced by the residual
weight in the profile, after 6 h of 15%H,/N, exposure at 320 °C. This is
consistent with the reactor test results that show no methane being
formed when the Ni-containing samples are exposed to O, as the Ni
atoms cannot be rapidly reduced to an active metallic state under hy-
drogen exposure at 320 °C. This has been previously reported in the
literature [44].

Fig. 2. Averaged CO, adsorption, desorption and CH,4 pro-
duced over 3 cycles on 10% Ni - 6.1% “Na;0”/Al,03 with and
without O, present in the CO, feed. 5%Ru - 6.1% “Na,0”/
Al,03 included as reference. Ni samples were pre-reduced at
650 °C while Ru samples at 320 °C, both at 8000 h~! with 15%
H,/N, for 2.5h. Operation conditions: 20 min of CO, adsorp-
tion at 4000 h ™! of either 7.5%C0,/N, or 7.5%CO5, 4.5% O,
15% H,O balance N,. Hydrogenation of adsorbed CO, at
8000 h ! with 15% H,/N, for 1h. N, purge before and after
CO, adsorption and methanation, 6000 h~! for 4min. All ad-
sorption and hydrogenation cycles performed at 320 °C and

650°C Pre-reduction. With air + steam
10%Ni - 6.1% "Na20"/A1203

650°C Pre-reduction. No air, no steam
10%Ni - 6.1% "Na20"/A203
€02 desorbed [N2 purge] (mL)

€02 desorbed [hydrogenation] (mL) CH4 produced (mL)

320°C Pre-reduction. With air + steam
S5%Ru- 6.1% "Na20"/AI203 (ref.)

146

1 atm with 1 g of sample.

€02 adsorbed (mL)
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Table 1
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. Summary of fixed bed reactor tests on 10% Ni — 6.1% “Na,0”/Al,03. 5%Ru — 6.1% “Na,0”/Al,03 included as reference. Operational conditions described in Fig. 2.
Standard error of CO, adsorbed, CH, produced, CO, desorbed during hydrogenation and during N, purge in parenthesis.

Row Sample Pre-reduction Air + Steam? CO, CH,4 CO, desorbed CO, mmol mmol Carbon Conv (%)
Temp (°C) adsorbed produced [hydrogenation] (mL)  desorbed CO,/kg- CHa/kg- balance (%)
(mL) (mL) [N, purge] DFM DFM
(mL)
1 10%Ni- 650 No 9.55 6.74 1.04 0.99 398.2 276.2 92% 71%
6.1%“Na,0”/ (£0.1) (£ 0.05) (£0.2) (x£0.2)
2 Al,03 650 Yes 2.70 0 0.53 1.27 112.6 0 67% 0%
(=0.1) (£0.04) (x0.1)
3 5%Ru-6.1% 320 Yes 9.43 7.11 0 2.06 393.5 291.1 97% 75%
“Nay0”/Al,03 (+0.2) (+£0.1) (%=0.01)
4.5% 0,/N, 15% Hy/N,
introduced introduced
0.35
03
0.25
w
E
o 0.2
g Reduction at 320°C
F
o015
&
=
0.1 N,
purge
0.05 | oyidation
320°C
0
0 50 100 150 200 250 300 350 400
Time (min)

Fig. 3. Oxidation (4.5%0,/N5 exposure) and reducibility (upon exposure to 15%H,/N5) of 10%Ni/Al,03.Thermogravimetric profiles at 320 °C and 1 atm. Sample

initially pre-reduced with 15%H,/N, at 650 °C for 6 h.

Table 2

Average methanation capacity of the adsorbed CO, on Ru and Rh DFMs supported on 6.1% “Na;0”/Al,03. CO, adsorption for 30 min using 30 ml/min of 10%CO,/
N, at 320 °C. Hydrogenation of adsorbed CO, with 30 ml/min, 10% H,/N, for 1h at 320 °C. Standard error of CO, adsorbed and CH, produced in parenthesis.

Row Sample CO; ads (ml) CH, (ml) CO, des (ml) mmol COy/ mmol Conv. efficiency C Balance (%)
kg-DFM CH,/ kg-DFM (%)

1 5%Ru — 6.1% "Na,0"/Al,05 1.56 ( = 0.07) 1.50 ( % 0.01) 0 650.7 614.4 96% 96%
2 0.5%Rh — 6.1% "Na0"/Al,03 1.50 ( + 0.06) 1.03 ( = 0.02) 0 625.7 421.9 69% 69%

o4 3.2. Catalyst studies comparing Ru and Rh on “Na,0”/Al,03

035

o 5%RuU - 6.1%Na;0"/A1;03 (1.50 mL) 3.2.1. Type 2 fixed bed reactor tests as a preliminary screening tool to
=, 0.5%Rh - 6.1%"Na;0"/AL,0; (1.03 mL) quantify the methanation of the adsorbed CO, on Ru and Rh containing
30 samples
% 65 The Ruthenium and Rhodium-based DFMs, were tested for 3 cycles
‘g of CO, adsorption and hydrogenation. The loading of 5%Ru and 0.5%
e Rh were chosen to compare similarly priced catalysts (Rh price is ~ 10x
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Fig. 4. Averaged methane signal during hydrogenation step (30 ml/min, 10%
H,/N, at 320 °C and 1 atm) for the 5%Ru and 0.5%Rh with 6.1% “Na,O” based
DFMs.

the price of Ru). Fig. 4 presents the averaged CH, signals. A fast and
sharp methane peak is observed for the 5%Ru-6.1% “Na,0”/Al,03. CH,
detection occurs upon hydrogen exposure and all adsorbed CO, is
methanated within 25 min. In contrast the 0.5% Rh- 6.1% “Na,O” DFM
sample shows a broad methane signal with reaction proceeding for an
additional 10 min compared to the Ru DFM. This demonstrates that the
Ru DFMs have a faster rate of methanation than Rh DMFs. The amount
of adsorbed CO, is similar for both 5%Ru and 0.5%Rh samples (1.56
and 1.5 ml respectively) but the Ru DFM converts ~100% to methane
(1.50 ml of CH,4) while the Rh DFM converts only 69% of the adsorbed
CO, to CH,4 (1.03 ml).

Table 2 presents a summary of the CO, capture and methanation
capacity (both expressed in mmol /kg of DFM) for the Ru and Rh
supported on 6.1% “Na,0”/Al,03 DFMs. 0.5%Rh DFM showed a
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Fig. 5. Different catalysts (5%Ru and 0.5%Rh) co dispersed with 6.1% “Na,0”/Al,03. CO, capture (6.6%CO»/N, exposure) and hydrogenation of adsorbed CO,
(upon exposure to 13.26%H,/N,) thermogravimetric profiles at 320 °C and 1 atm.

Table 3

. Ru and Rh dispersion and average crystallite size derived from H, chemisorption for fresh DFM samples. *Obtained from Wang, et al. [46].

Row Sample Metal dispersion (%) Average crystallite size (nm)
1 5%Ru - 6.1% "Na0"/Al,03 3.9%* 13.9%
0.5%Rh - 6.1% "Na,0"/Al,03 149.2% 0.246
Table 4

. Thermogravimetric analysis data for Ru and Rh catalytic metals used for DFMs supported on 6.1% “Na,0”/Al,03. All samples pre-reduced in situ at 320 °C with

13.26%H,/N, for 6h.

Row Sample CO,, ads Rate of hydrogenation (mg/min) Relative rate of hydrogenation Time to complete hydrogenation (min)
(mmol CO,/
kg sample)

1 5%Ru - 6.1% "Na,0"/Al,03 381.4 —0.1031 2.4 36

2 0.5%Rh — 6.1% "Na,0"/Al,O3 382.8 —0.0434 1 48

04

035

5%Ru — 6.1%"Na,0"/Al,0; (1.50 mL)
5%Ru - 10%CaO/Al,0; (1.49 mL)
5%Ru - 7.01%K,0/Al,0; (1.14 mL)

5%Ru - 10%MgO/Al1,0; (0.52 mL)

CH4 produced (mUmin)
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Fig. 6. Averaged methane signal during hydrogenation step (30 ml/min, 10%

H,/N, at 320 °C and 1 atm) for 5%Ru on different adsorbents (10%Ca0O/Al,03,
6.1% “Nay0”/Al,03, 7.10% “K>0”/Al1,03 and 10%MgO/Al,03) DFMs.

Table 5

similar carbon capture capacity as 5%Ru but the methanation activity
was poor with less CH4 produced per kg of material (421.9 mmol of
CH,4/kg vs. 614.4 mmol of CH,/kg).

3.2.2. TGA data: influence of catalytic metals: Ru and Rh supported on
6.1% “Nazo”/Algo_g

Fig. 5 reports TGA weight changes for 6.1% “Na,O” on Al,O3, in
combination with 5% Ru (red), or 0.5% Rh (light blue). Ru and Rh
containing-samples have about the same CO, adsorbed/kg (~380) but
different weight loss rates indicative of the hydrogenation rates
(Ru = 0.1 and Rh = 0.04). Table 4 summarizes all the data. The cal-
culated rates of hydrogenation confirm the fixed bed reactor results that
Ru catalyzes the fastest hydrogenation, likely due to the availability of
more catalytic sites at a higher loading. We can also confirm that for the
Rh DFM all the adsorbed CO, is removed (as CH,4 or unreacted CO,)
upon hydrogen exposure.

The relative amount of CO, captured can be expressed as: 0.5%Rh
~ 5%Ru. This phenomenon can be explained by the known promoting

Average methanation capacity of the adsorbed CO, on different Dual Function Materials supported on Al,03. CO, adsorption for 30 min using 30 ml/min of 10%CO,/
N, at 320 °C. Hydrogenation of adsorbed CO, with 30 ml/min, 10% H,/N, for 1 h at 320 °C. Standard error of CO, adsorbed and CH, produced in parenthesis.

Row Sample CO, ads (ml) CH,4 CO, des (ml) mmol COy/ mmol Conv. efficiency C Balance (%)
(ml) kg-DFM CHy4/ kg-DFM (%)

1 5%Ru - 6.1% "Na,0"/Al,O3 1.56 ( = 0.07) 1.50 ( = 0.01) 0 650.7 614.4 96% 96%

2 5%Ru - 7.01% "K»0"/Al,03 1.19 ( £ 0.09) 1.14 (£ 0.03) 0 496.4 466.9 96% 96%

3 5%Ru — 10% CaO/Al;03 1.63 ( = 0.05) 1.49 ( * 0.02) 0 681.5 610.3 91% 91%

4 5%Ru - 10% MgO/Al,03 0.57 (= 0.05) 0.52 (= 0.05) 0 237.8 213.0 91% 91%
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Fig. 7. 5%Ru in combination with various adsorbents (10%Ca0O/Al;03, 6.1% “Nay0”/Al,03, 7.10% “K,0” /Al,03 and 10%MgO/Al,03) DFMs. CO, capture
(6.6%C0,/N, exposure) and hydrogenation of adsorbed CO, (upon exposure to 13.26%H,/N,) thermogravimetric profiles at 320 °C and 1 atm.

Table 6
. Summary of thermogravimetric profiles of alkaline adsorbents with 5% Ru supported on Al,Os.

Row Sample CO; ads Rate of hydrogenation (mg/min) Relative rate of hydrogenation Time to complete hydrogenation (min)
(mmol CO,/
kg sample)

1 5%Ru — 6.1% "Na0'"/Al,O03 381.4 —0.1031 2.74 36

2 5%Ru - 7.01% "K,0"/Al,03 357.7 —0.0856 2.28 100

3 5%Ru — 10% CaO/Al,O3 425.2 —0.1300 3.48 335

4 5%Ru — 10% MgO/Al,03 154 —0.0376 1 74

effect alkaline metal oxides have on methanation activity [47,48] as
well as the enhanced adsorption (multiple CO adsorbed per Rh sites
may also apply to CO, adsorption) of highly dispersed Rh samples with
metal loadings lower than 1% by weight [49]. We have also corrobo-
rated these findings with H, chemisorption data (Table 3) that show
that the 0.5%Rh containing sample has a dispersion of 149.2% with an
average crystallite size of 0.246 nm which are significantly smaller than
the 5%Ru containing samples with a dispersion of 3.9% and an average
crystallite size of 13.9nm [46]. This is in accordance to Drault et al.
reporting a highly dispersed Rh catalyst with a stoichiometry of H atom
adsorption/metal atom higher than 1 [50].

All samples were pre-reduced at 320 °C for 6 h with 13.26% H,/Ns.
These pretreatment conditions are adequate to reduce Ru and Rh but
not for DFMs with NiO since it is only reduced at higher temperatures
(> 500°C) [9-11]. The 320 °C represents the temperature all catalytic
metals will experience in repeated cycles during DFM operations. In
conclusion, Ru is the preferred catalyst for its fast methanation kinetics
and its unique redox chemistry that allows it to be rapidly reduced upon
hydrogen exposure after being exposed to O,-containing simulated flue
gas during the CO, capture step. Rhodium did not present any ad-
vantage over Ru and its high price makes it an unattractive candidate in
a real industrial application.

3.3. Variation of alkaline adsorbents: oxides of Na, K, Ca and Mg with 5%
Ru supported on Al,O3

3.3.1. Type 2 fixed bed reactor tests as a means to quantify the methanation
of the adsorbed CO, on Ru and various adsorbents (Na,O, CaO, K,0 and
MgO) supported on Al,O3

We have chosen 5%Ru as our standard catalyst, based on the data
presented in Section 3.2. It was therefore used to test different
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adsorbents in DFM, the results of which are shown in Fig. 6. The me-
thane profile is similar for all samples with a sharp and rapid peak
observed. Based on the amount of CO, adsorbed (Table 5) the best
adsorbents were Al,O3 dispersed “Na,0” and CaO followed by “K,0”
and MgO. The carbon capture capacity of the calcium oxide system is
higher than that of sodium-based adsorbents, but the same amount of
methane was generated for both DFMs, so we can only conclude that
both adsorbents perform similarly under the studied conditions.

Table 5 presents a summary of the data generated for the Al,03
supported DFMs with Ru/adsorbent variations. For all samples, ~91%
of adsorbed CO, was converted to methane (with a carbon balance
~100%) with CaO and “Na,O” showing similar methanation perfor-
mance.

3.3.2. TGA data: influence of different alkaline adsorbents: “Na,0”, CaO,
K50 and MgO with Ru supported on Al,O3

Fig. 7 presents TGA data and Table 6 presents a summary comparing
different alkaline adsorbents in combination with 5%Ru supported on
Al,O3. The adsorbent with the highest CO, capture capacity is 10%CaO
with 425.2mmol of CO,/kg of DFM, however, its complete hydro-
genation rate is much slower (335min) than Ru - “Na,O” (36 min)
DFM. “KO” also provides a reasonably high CO, capacity but its hy-
drogenation rate is lower (-0.086 mg/min) compared to Ru “Na,O”
DFM (-0.103 mg/min). MgO is clearly the most inferior candidate and
thus is not considered a viable adsorbent.

Fast hydrogenation can be attributed to weakly chemisorbed CO, on
CaO (CO,-Ca0) that can be easily spilled over to Ru sites to be con-
verted to CH4 while the slow hydrogenation can be attributed to the
formation of more strongly bound CO,-CaO [51]. Both “Na,O” and
“K,0” adsorbents are very similar in behavior, however, “Na,O” has a
slightly better CO, adsorption capacity and better kinetics for
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hydrogenation, making it the preferred material. Infrared studies on
CO, adsorption on “Na;0”/Al,03 have shown that doping Al,O; with
Na promotes the formation of ionic Al-O~ sites allowing more hydroxyl
sites to be accessed for CO, adsorption with “Na,0”/Al,03 sorbents
forming reversible bidentate and polydentate carbonates [28,52]. On
the other hand, MgO showed the least CO, adsorption capacity with
only 0.1540 mol of CO,/kg of sample. Infrared studies have shown that
MgO/Al,03 is a more suitable adsorbent at lower temperatures
(< 150°C) since the major CO,-MgO/Al,03; bonds (bicarbonate and
bidentate carbonates) are decomposed at temperatures as low as 300 °C
and only the unidentate carbonate sites remain active at temperatures
higher than 300 °C [53].

Alternative candidate carrier materials (other than Al,Os3) for the
DFM application have also been studied. Materials such as CeO, (HSA:
high surface area and LSA: low surface area), CeO,/ZrO, (CZO), Na-
Zeolite-X (Na-X-Z), H-Mordenite Zeolite (H-M-Z), SiC, SiO, and zirco-
nium oxide-yttria stabilized (ZrO,-Y) were investigated as possible al-
ternatives to alumina as a DFM carrier. The detailed data can be found
in the supplemental material, but the conclusion was that even though
CeO, and Ceria-Zirconia (CZO) carriers show promise they do not
promote the rapid conversion of the adsorbed CO, to CH, when ex-
posed to hydrogen. They also face the disadvantage that the CeO,
component (Ce™) can be reduced to Ce;05 (Ce ™) [54,55] which is an
undesirable hydrogen consuming reaction.

4. Conclusions

Ruthenium, Rhodium and Nickel incorporated into the DFM (in
combination with 6.1% “Na;0”/Al,03) have been evaluated in simu-
lated O, and steam-containing flue gas for hydrogenation rate and
quantity of methane production in the DFM process at 320 °C and at-
mospheric pressure. 5% Ruthenium showed the fastest rate with the
shortest time for complete methanation. Rhodium was second best for
methanation, but its higher cost requires a reduction in metal loading
that leads to fewer catalytic sites and lower reaction rates relative to Ru.
The Nickel-containing catalysts need to be pre-treated at 650 °C with
15%H, to reduce NiO to active Ni°. This produces a very active catalyst,
however, methanation could not be achieved at 320 °C after O, ex-
posure in the capture step, consistent with the capture and conversion
steps of DFM, making it unsuitable for the DFM application.

Several alkaline adsorbents (“Na,0”, CaO, “K,0” and MgO) were
dispersed on Al,O3; and tested in combination with 5%Ru. Dispersed
“Na,0” and CaO adsorbents showed the best adsorption capacity but
“Nay0” in concert with Ru, showed the fastest kinetics towards CH,4
production making it the preferred combination. Even though several
carriers show a high CO, capture capacity, they suffer from poor rates
of hydrogenation to CH4. Al;O3 appears to be a suitable DFM carrier
when used to support 5%Ru-6.1% “Na,O”.
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