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Abstract: Oxygen carrier materials based on LayO,5S0, and promoted by small amounts (1% wt.) of
transition metals, namely Co, Mn and Cu, have been synthesized and characterized by means of X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET), Temperature-programmed reduction/oxidation
(TPR/TPO) and thermogravimetry-mass-Fourier transform infrared spectrometry (TG-MS-FTIR)
experiments under alternating feeds in order to investigate their potential use for the Chemical
Looping Combustion process using either hydrogen or methane as the fuel. The chemical looping
reactivity is based on the reversible redox cycle of sulfur from S* in Lay0,S04 to S2~ in La,0,S
and entails a large oxygen storage capacity, but it generally requires high temperatures to proceed,
challenging material stability and durability. Herein we demonstrate a remarkable improvement of
lattice oxygen availability and activity during the reduction step obtained by cost-effective metal
doping in the order Co > Mn > Cu. Notably, the addition of Co or Mn has shown a significant
beneficial effect to prevent the decomposition of the oxysulfate releasing SO,, which is identified as
the main cause of progressive deactivation for the unpromoted Lay;O;SO;.

Keywords: oxygen storage capacity; thermal stability; cyclic operation; deactivation; oxysulfate; oxysulfide

1. Introduction

Chemical Looping Combustion (CLC) represents one of the most investigated approaches for
clean combustion of fossil fuels because it provides an easy CO; capture [1-3] by splitting the process
into two cyclic half-steps. The same two-step technology has been also proposed for Chemical Looping
Reforming [1-3].

Large oxygen storage capacity (OSC), fast oxidation and reduction kinetics and high stability of
the oxygen carrier (OC) are crucial parameters for process development [4]. A large variety of OCs
have been proposed, most of them based on transition metals (Cu, Ni, Fe, Mn, Co) as bulk or supported
simple oxides or as more complex oxides such as perovskite-like materials [3,5,6]. Perovskites show a
better thermal stability and adjustable properties related to the partial or total substitution of A and B
metal cations in their ABOj structure [6].

Recently, Miccio et al. [7,8] have dispersed iron and iron/manganese oxides into a geopolymer
matrix to provide low density materials with good resistance to mechanical stresses that can be suitable
for fluidized bed reactors.

Additionally, CaSOy4 has been investigated due to its potentially higher oxygen transport capacity
compared to transition metal oxides, deriving from the redox cycle of sulfur [3,9,10]. Nevertheless,
a significant sulfur release due to decomposition at high temperature represents an unsolved issue for
CaSOy, in addition to agglomeration and sintering that are typical of metal oxides (MeOx). An attempt
to face the loss of efficiency has been proposed by adding elemental iron [9].
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Machida and co-workers [11-16] have deeply investigated rare earths based oxysulfates
(LnpOy50y) as stable, durable, and high performing oxygen storage materials in three ways catalysts
for automotive emission control. Sulfur can undergo a complete reduction from S®* in the oxysulfate
to >~ in the oxysulfide structure by reaction with a reducing agent and it can be reversibly re-oxidized
to S®* by reaction with molecular oxygen, provided that a suitable temperature is chosen for the two
processes. Indeed, both the Ln;O,504 and its corresponding reduced compound Ln;O,S crystallize
in a similar structure consisting of alternating layers of LnyO,%* and SO4%~ or S*~ anions. The phase
transformation is therefore regarded as the removal or insertion of O>~ surrounding sulfur [13].
The thermal stability of LnyO,SO4 decreases with increasing the atomic number of Ln [11,17].
Accordingly, it has been reported that LupO,SO4 cannot be reduced to the corresponding oxysulfide,
since it transforms directly into LuyO3 and SO, under reducing atmosphere [16]. Furthermore,
Machida et al. [12-14] found that among other Ln-oxysulfates, ProO,SOy is able to operate the redox
cycles at the lowest temperatures, due to the beneficial effect of the existence of Pr®*/Pr#* surface
species on the redox of sulfur. They also reported that sulfate reduction becomes easier with increasing
distortion of the tetragonal SO, unit in the oxysulfate, as evidenced in Pr,O,SO4 structure [13].
However, due to the high cost and scarce availability of praseodymium, substitution of the more
common lanthanum is difficult to pursue [13]. In conclusion, the oxygen storage properties of
Lny;0,SO4 can be enhanced (i) by introducing redox species and/or (ii) by increasing distortion
of the SO4 unit as in the case of the partial substitution of Ce for La in (Laj_xCey)20,504 [14] and/or
(iii) by the addition of noble metals on the surface (1% wt. Pd or Pt), likely promoting the redox cycle
of Lny 0,504 by hydrogen/oxygen spillover effect [11-14].

The cost-effective addition of small quantities of Cu [10] or Na and Fe [18] to LapO;SO4, as well
as Ni to PrpO,504 [19] has been recently reported to enhance oxygen storage capability (OSC) and
storage/release reaction rates, in agreement with the distortion of the SOy unit [13,15], thus allowing
operation at lower temperatures than with parent oxysulfates. It can be argued that cations with
different dimensions can alter the lattice to a different extent, thus affecting the OSC and stability
of materials.

In this paper, we set out to investigate the effect of the addition of a low amount (1% wt.) of three
different transition metals (Cu, Mn, Co) on the OSC as well as on stability /durability of a LayO,504
oxygen carrier. Chemical looping reaction experiments have been performed under alternating feed
conditions at a fixed temperature in the range 700-900 °C, using either hydrogen or methane as the
fuel (i.e., reducing agent). The emission of sulfur compounds under repeated redox cycles has been
investigated to provide a detailed analysis of conditions promoting the undesired decomposition of
the oxygen carrier.

2. Results

In Table 1 the list of metal-promoted OCs is reported with the corresponding values of
Brunauer-Emmett-Teller (BET) surface area. The original surface area of the as-prepared Lay;O,SOy is
rather low (2.7 m?/g), in agreement with previous results reported for the simple preparation method
based on the thermal decomposition of bulk lanthanum sulfate at 1027 °C under inert flow [20,21].
The further addition of 1% wt. of transition metals followed by heat treatment at 900 °C does not
significantly alter the specific surface area of the materials.

In Figure 1a X-ray diffraction (XRD) patterns of fresh LapO,50, and transition metal-promoted
Lay OS50y are reported. All spectra show the characteristic lines of monoclinic lanthanum oxysulfate
(JCPDS 085-1535). The presence of the transition metals causes a decrease of crystallinity, as shown
by the lower intensity of XRD peaks, which is particularly evident for the case of Co-Lay0;504.
As mentioned in the Introduction, the structure of LayO,SO; consists of alternating stacks of LayO,%*
layers and layers of anions SO42~ [12,15], therefore the possible inclusion of the transition metal into
the lattice can generate a distortion since the radius of the transition metal ion differs from that of
La3* (1.03 A). Notably, for the same oxidation state (including the metallic state), cobalt shows the
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smallest dimensions. In particular, the ionic radius of Me>", supposed to substitute La3* in the lattice,
is 0.60 A for cobalt and 0.70 A for manganese. Copper, which is generally in the +2 oxidation state,
has a ionic radius as Cu?* similar to Mn®* (0.73A). That could explain the lowest crystallinity of the
Co-Lay 0,504 material.

Table 1. List of oxygen carriers and corresponding values of Brunauer—-Emmett-Teller (BET)
surface area.

Oxygen Carrier BET Area (m?/g)

La202504 2.7
Cu-La202504 2.7
Mn—LaZOZSO4 24
Co—La202804 2.4
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Figure 1. X-ray diffraction (XRD) patterns of (a) as prepared and (b) used (15 cycles at 900°C) La,O;SO4
and metal (Cu, Mn, Co) promoted LayO,SO;.

The effect of metal doping on the thermal stability of LayO,50,; has been studied by
thermogravimetry-mass spectrometry (TG-MS) experiments ramping up to 1300 °C at 10 °C/min
under N, flow: the corresponding derivative weight loss plots (Figure 2a) are superimposed and flat
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for all materials, indicating an almost constant weight up to ca. 1050 °C. Above this temperature,
which corresponds well to the decomposition temperature previously reported for La oxysulfate [21],
all materials experience a significant weight loss, at similar increasing rates up to 1300 °C, where the
process is not yet completed (during 10 min under isothermal conditions). Accordingly, the MS traces
for SOy (m/z = 64), Oy (m/z = 32) and CO, (m/z = 48) in the evolved gas display similar trends for
undoped Lay 0,504 (Figure 2b) as well as for metal- doped materials (exemplified in Figure 2c for the
case of Mn-Lay0,S0y). In particular, a limited CO; release can be observed in the temperature range of
250-500 °C corresponding to the decomposition of same superficial La- carbonates. A rather small SO,
peak in the range of 800-950 °C suggests the decomposition of some residual La sulfates. Eventually,
a large SO, release begins at temperatures around 1050 °C, which is accompanied by the evolution
of Oy, thus suggesting the occurrence of La oxysulfate decomposition to La;O3. Poston et al. [21]
detected (by XRD analysis) the simultaneous formation of La,O3 and La;O,S phases during thermal
treatment of LayO;504 at T > 1050 °C in air. According to our results, the oxygen release never occurs
independently from SO,. Therefore, it can be concluded that under N, flow none of the doped or
undoped La oxysulfates is able to release oxygen and turns spontaneously into the corresponding
oxysulfide without decomposing.
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Figure 2. (a) dTG curves for LaO,50,4 and metal (Cu, Mn, Co) promoted La;0,SO4 during heating
under a N flow. Heating rate: 10 °C min~!. Corresponding MS temporal profiles for O, (m/z = 32),
CO, (m/z =44), and SO, (m/z = 64) concentration in the evolved gas relevant to (b) La0,SO4 and
(c) Mn-LayO,SOy.
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Sequential Hy-TPR/O,-TPO analysis have been performed to compare the redox behavior of the
carriers and results are reported in Figure 3a,b.

Co-La,0,S0O,

Mn-La,0,SO,
Cu-La)\OQSO4
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Figure 3. (a) Hy-TPR profiles of LayO,SO4 and metal (Cu, Mn, Co) promoted Lay;O,SOy; (b) O,-TPO
profiles recorded during the subsequent re-oxidation of OC materials. Heating 10°C/min from room
temperature up to 1030 °C.

The main H, consumption event starts for all materials (promoted or not) at ca. 630 °C, and the
total H, uptake accounts for the complete transformation of La,O,SO; into the LayO,S [10]. However,
Co-LayO,50y4 is most easily reduced among others, as testified by the clear shift towards lower
temperatures of its H, consumption peak showing a maximum at ca. 810 °C. Notably, Cu- and
Mn-promoted Lay;O,SO4 samples show their peaks respectively at 855 °C and 890 °C, whereas the
undoped La oxysulfate requires as much as 925 °C. Furthermore, Cu- and Co-promoted OCs display
additional small peaks in the low temperature region that can be assigned respectively to the reduction
of some segregated /supported CuO and CozOy4 [22]. In the case of Mn-La;O,SOy a very small peak
at ca. 560 °C could be related to the reduction of some Mn;QO3 [23], whereas the eventual presence
of Mn3O4 could not be detected since its reduction requires higher temperatures [23] and would,
therefore, be masked by the onset of reduction of LayO,SO;.

The same trend is confirmed by the results of the TG-MS experiments carried out in the
thermo-balance under a 2%H;/N; flow: Figure 4a and Table 2 show all samples experience a
similar weight loss (ca. 15.2%), which approaches the theoretical value (15.8%) estimated from
the reduction reaction:

La202804 +4H,; — LaZOQS + 4H20 (1)
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Table 2. Weight loss with onset, inflection, and final temperatures for the reduction of La;O,SO4 and
metal (Cu, Mn, Co) promoted Lay 0,504 under a flow of 2% Hy /Ny; amount of SO, emitted below
950 °C.

Am Tin Tinﬂ Tf SOZ Emitted

% wt. °C % wt.

Lay 0,504 15.2 635 874 972 0.060
Cu-Lay 0,504 15.1 625 817 910 0.065
Mn-Lay0,SOy4 15.2 625 784 862 0.009
Co-La,0,S0, 151 600 690 770 0.009

Small differences are due to some impurities, such as carbonates, which are present in the original
samples (Figure 2b,c). In contrast, the complete transformation of La,0,SO; into La;O3 would account
for a weight loss as large as 19.8%. The onset temperature of weight loss associated with the reduction
of Lay07504 (ca.630 °C) is not affected by doping with Cu or Mn, whereas Co addition lowers it by
30 °C (Table 2). However, all transition metal (oxides) dopants act as a catalyst to facilitate the surface
reaction with the reducing gas, confirming the order of activity is Cu < Mn < Co.

In particular, as shown in Table 2, Co-doping lowers the temperature required to complete the
transformation of LayO,50, into LayO,S by as much as 200 °C. In the case of Pd- and Pt-promoted
Lay 0,504 or Pry0,504 [11,14] it was inferred that the easier reducibility at lower temperatures is
caused by the higher reactivity of atomic hydrogen produced via H; spillover from noble metal
nanoparticles with respect to molecular Hy. On the contrary, Me-promoted La;O,SO, materials show
similar onset temperatures but, thereafter, reduction proceeds at a significantly faster rate, suggesting
this effect could be rather a consequence of distortion of the oxysulfate lattice.
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Figure 4. (a) TG curves for La;0,SO4 and metal (Cu, Mn, Co) promoted LapO,50O,4 during reduction
under a flow of 2% H;/N,. Heating rate: 10 °C min~1; (b) Corresponding MS profiles for SO,
(m/z = 64) in the evolved gas.
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A serious issue for the durability of La oxysulfates comes from their irreversible decomposition [14]
while reacting under a reducing atmosphere. Figure 4b presents the MS profiles for SO, emission
recorded during TG experiments under Hy /N, flow. In fact, besides the H, consumption and the
corresponding emission of water deriving from its oxidation (not shown), a small SO, emission is
observed for each material, peaking at the same temperature of the inflection point of the corresponding
TG curve (Table 2). Osseni et al. [17] observed by XRD the bulk formation of LuyO3 during Luy 0,504
reduction with H; at 650, 690 and 800 °C via reaction (2), which possibly occurs to a limited extent also
when Ln = La:

Ln, 0,504 + Hy — Ln, O3 + SO, + H,O (2)

In the present case the amount of SO, emitted, estimated by peak area after specific calibration,
is always rather small: it accounts for ca. 0.06% of the original weight for the case of the undoped and
Cu-doped LayO,504, whereas it drops down to 0.009% for Co- and Mn-doped materials, possibly due
to their faster oxygen mobility and lower temperature level required to complete reduction.

Moreover, a second SO, emission starts from 925-945 °C for all OCs. In fact, the two SO, emission
peaks are partly overlapped for the unpromoted La;O,504. It can be argued that the second SO,
emission corresponds to the decomposition of some residual lanthanum oxysulfate [19]; however, the
reaction of La-oxysulfide with residual water [19] present in the chamber cannot be ruled out

LaQOQS + ZHzo — La203 + SOZ + 2H2 (3)

Therefore, present results suggest that a faster oxygen mobility in the OC enables operation under
conditions far from those leading to a significant and irreversible decomposition.

As shown in Figure 3b, during TPO the undoped LayO,S starts to be reoxidized at ca. 700 °C
displaying a broad peak centered at 850 °C, with an estimated oxygen consumption corresponding
to the theoretical value needed for the restoration of LayO,S504 [10]. All metal promoted OCs in
their oxysulfide form display similar onset temperatures for reoxidation, although the associated O,
consumption peak is somehow broader than for the undoped material and its maximum occurs at
around 900 °C. Unresolved signals also appear in the low-mid temperature region of the TPO profiles
of metal-doped OC materials that are related to the reoxidation of Cu or MeOx phases [10].

The oxygen storage performance has been next evaluated at constant temperature under alternating
feed stream conditions, where reducing (fuel) and oxidizing (air) gases are cycled. Figure 5 shows
the weight changes recorded for doped and undoped OC materials at 800 °C during three cycles
obtained alternating 5% H;/N; and air flows. During the first reduction step, all metal-promoted
materials undergo a weight loss of ca. 15%, which is compatible with an almost complete reduction
of LapO0,504 to LapO,S. However, the unpromoted La;O,SO4 material shows a larger weight loss
that slightly exceeds the value expected for the transformation into the corresponding oxysulfide.
Moreover, LayO,S04 needs ca. 40 min to complete its weight loss, whereas all metal promoted samples
require a shorter time: the rate of reaction increases in the order Cu < Mn < Co.

Re-oxidation to lanthanum oxysulfate occurs immediately after the exposure to air flow for the
three metal promoted materials (showing superimposed TG traces in Figure 5), whilst it takes about
20 min for the unpromoted sample. In fact, the larger weight loss displayed by LayO,SO4 during its
first reduction step is irreversible, as confirmed by the incomplete recovery of its original weight after
reoxidation. The second and the third cycles show similar qualitative features, Co-LayO,SO4 quickly
turning into Co-LayO,S and Cu- and Mn-promoted carriers taking few more minutes. On the contrary,
the reduction of pure LaO,SO4 appears even harder than in the first cycle, since the weight loss is
not completed within the time allowed for this step. Slowing down of the reduction rate of LayO;504
after the first reduction/reoxidation cycle was already observed [10] during cyclic H,-TPR/O,-TPO
experiments with maximum temperatures of 1027 °C. Therefore, a progressive loss of the initial redox
properties of LayO,SOy4 occurs also when the chemical looping process is operated at a fixed and
relatively moderate temperature level.
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Figure 5. Weight changes during chemical looping reactions under cycled feed stream of 5% CH4/N;
and air at 800 °C over LayO,50,4 and metal (Cu, Mn, Co) promoted LayO,SO;.

Lowering the reaction temperature mainly affects the time required to complete the reduction
step with Hp, which indeed represents the limiting step, whereas reoxidation in air results always very
fast. In fact, due to its intrinsically easier reducibility, only Co-La;0,SO; is able to complete full redox
cycles at 700 °C (not shown) within the given time (45 min).

In order to extend this investigation to a more common fuel, chemical looping combustion in the
flow microbalance has been performed using methane (5% vol. in Njy) as the reducing agent. Due to
its much lower reactivity with respect to Hy, the operating temperature has been preliminarily set at
900 °C. The oxygen storage performance of the carriers has been verified during 15 cycles (Figure 6),
which also allows testing their thermo-chemical stability.
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Figure 6. Reducing (under CH,)/oxidation cycles of La;0,SO, and metal (Cu, Mn, Co) promoted
LapOyS0y carried out at 900 °C (15 cycles).
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All OCs, except the unpromoted one, initially display the typical weight loss of ca. 15%, suggesting
the transformation of LayO,SOy into LayO;S can occur also by reaction with methane. Judging by the
slope of the weight loss profile, the reaction rate increases in the order Cu < Mn < Co, thus following
the same trend of reactivity found with H; as fuel. On the contrary, the weight loss of Lay;O,SOy is
not yet completed after 45 min under CHy flow. Thereafter, reoxidation by air does not completely
restore the original weight of samples, particularly for those less reactive materials. In fact, the OSC
of the undoped La;0,S0; is progressively reduced in the subsequent cycles and vanishes after the
10th cycle.

Doping by copper has a modest beneficial effect on the residual OSC, but the weight of the sample
progressively approaches a stable level compatible with the irreversible transformation into LayOs.
On the other hand, the promoting effect of manganese and particularly that of cobalt is evident both in
terms of reaction rates as well as residual oxygen storage capacity, which is still ca. 45% of its initial
value for Co-Lay 0,50, during the last cycle.

Figure 7 shows the infrared (IR) spectra of evolved gas collected at three times (initial, middle,
end) during the 7th reducing step for Co-LapO,;SO4. The band around 2340 cm~ s assigned to
CO; formed by the reaction between CH, and lattice oxygen from the material (Equation (4)). CO,
is the only product detected during the initial phase of reaction over Co- and Mn-doped materials,
which promote the deep oxidation of methane with 100% selectivity.

La202804 + CH4 — LaZOSS + C02 + ZHQO (4)

LayO,504 + 2CHy — LapOsS + 2CO + 4H,0 (5)

Thereafter, the intensity of the CO, signal declines, as a consequence of a reduction in the lattice oxygen
mobility /availability and, therefore, in the overall reaction rate. Notably, the appearance of a weak
doublet band at 2170-2115 cm ! (insert of Figure 7) indicates the formation of only small amounts
of CO in addition to CO, via the partial oxidation of methane (Equation (5)), while the characteristic
band centered at 3020 cm~! is associated to increasing amounts of unconverted methane. As expected,
a comparison of IR spectra of all OCs (not shown) highlights that the order of deep oxidation rate of
methane follows the same trend of lattice oxygen mobility/availability in the OC materials.

CH,

zoom 30x

YA
VAN

end phase

middle phase

Absorbance, a.u.

‘2200 2100
initial phase

3200 3000 2800 2600 2400 2200 2000
Wavenumber, cm”

ullle il

Figure 7. Fourier transform infrared (FTIR) spectra of the evolved gas leaving the TG at three times
during the reduction step (under CH, flow) of Co-LayO,SO4 at 900 °C (7th cycle of Figure 6). The inset
shows a magnification (30x) of the region of typical CO absorption bands.
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XRD patterns of Lap0,S0O, and metal-promoted La;O,SOy at the end of 15 cycles are presented
in Figure 1b. The low intensity of signals compared to the corresponding ones in Figure 1a is due to
the small amount of each material (12-16 mg) available after the experiments in the flow microbalance.
All samples show quite complex patterns suggesting the presence of two or more crystalline phases.
In particular they all show a well detectable peak at ca. 13° that can be assigned to lanthanum
hydroxide (JCPDS 36-1481) produced by hydration of LayO3. This confirms the loss of oxygen storage
capacity is caused by the irreversible decomposition of Lay0,SO, with formation of lanthanum oxide.
While most of the signals in the XRD patters of La;O,SO, and Cu-LayO,SOy can be attributed to
La(OH)3;, Mn- and Co-promoted carriers still show well detectable peaks at 25°, 28°, 36.9°, 44.9°
characteristic of La,O,S; phase. Therefore, the addition of Mn and Co can prevent to some extent the
decomposition of lanthanum oxysulfate/oxysulfide. This represents an interesting result considering
that the enhancement of oxygen mobility is probably associated with a higher distortion of SO4 units
caused by inclusion of cobalt or manganese ions into the oxysulfate/oxysulfide structure. Therefore,
the better crystallized, un-promoted La;O,SO4 is more prone to loose sulfate units than the more
amorphous Co-LayO;SO;.

In order to get further insights into the possible reactions occurring during cycled anaerobic
oxidation of methane over the best performing Co-LayO,50;, further TG experiments have been
carried out analyzing evolved gases with the mass spectrometer. Figure 8 shows the weight change
and the corresponding mass signals for the main gaseous products (m/z = 2, 18, 44, 64) as recorded
at 900 °C by alternating reducing and oxidizing flows (40min), separated by a N, purge (30 min) in
between. As soon as exposed to methane, Co-Lay 0,50y is quickly and completely reduced according
to equation (4), giving HyO and CO; as primary products, as confirmed by the sharp and simultaneous
MS peaks recorded in the effluent gas. After the expected weight loss (ca. 15.5%) is completed, a small
weight increase is observed, that is probably related to some coke deposition on the sample deriving
from CHy4 decomposition catalyzed by Co [24]. Accordingly, a sudden emission of Hy shows up after
the production of CO, and water has stopped, and it continues during the purge phase, as long as
some methane is still available in the reacting chamber. While the lattice oxygen from the OC material
is consumed to oxidize methane, an evident peak of SO, emission appears that ends when the OC is
fully reduced. Notably, the maximum SO, concentration is ca. two orders of magnitude lower than
CO,. This phenomenon resembles what observed during H,-TPR experiments (Figure 4), and indicates
a limited decomposition of LayO,SO4 can occur also by reaction with methane leading to SO, and the
products of methane partial oxidation (Equation (6)):

L3202804 + CH4 — La203 + SOZ +2 H2 + CO (6)

However, the formation of CO (1m/z = 28) cannot be easily detected because of the use of N; as the
carrier gas.

Due to the formation of some Lay;O3, the OC material cannot fully recover its original weight
during the fast oxidation occurring as soon as it is exposed to air flow. During this phase, a small
CO, peak appears, caused by the oxidation of coke deposits previously formed on the material.
The stepwise increase in the signal of H,O is assigned to humidity contained in the air flow. Moreover,
a new but rather small emission of SO; is detected during the reoxidation, therefore the occurrence of
reaction (7) should be also considered:

La,O,S + 3/2 O, — La203 + SO, (7)

During the subsequent cycles, the temporal profiles of the gaseous species are repeatable.
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Figure 8. Weight change and gas concentration profiles during chemical looping reactions under cycled
feed stream of 5% CHy /N> and air at 900 °C over Co-Lay0,S0;.

Considering the high oxygen mobility in Co-LayO;SOy, the cyclic anaerobic oxidation of methane
has been tested also at 800 °C and 750 °C in order to verify if the adverse impact of decomposition
reactions (Equations (6) and (7)) could be limited. Results are shown in Figures 9 and 10, respectively.
As expected, at 800 °C the reduction of the oxysulfate takes place at a slower rate but the corresponding
weight loss is completed within ca. 30 min under CHy flow. Accordingly, water and CO, are produced
during the whole reduction phase, resulting in wider emission peaks than at 900 °C. Some H; appears
only at the end of this step, but is not accompanied by any detectable weight increase. It is inferred that
CH, decomposition does not significantly proceed at 800 °C, whereas some methane partial oxidation
can occur when lattice oxygen from the OC is almost completely exploited. The SO, emission during
the reduction step at 800 °C is at least one order of magnitude lower than at 900 °C, confirming the
hypothesis on the beneficial effect of a lower reaction temperature to limit the decomposition of the
oxysulfate into the corresponding oxide. Re-oxidation under air at 800 °C is still very rapid, and the
weight recovery is almost complete. However, the second (and third) reduction step is slower than
the first one so that the transformation into the oxysulfide phase ends only during the purging step.
As a consequence, CO, and H,O profiles show broader peaks with similar area but lower maxima
with respect to the first cycle and shifted towards the end of the period. The SO; emission during
reoxidation remains quite low. The results of the third cycle are repeatable.

As shown on the top of Figure 10, when operating at 750 °C the duration of the reduction step has
been prolonged up to 90 min. The slower rate of reduction of the OC material limits its final weight
loss to 15.3%, indicating that the transformation into the oxysulfide phase is not yet completed and
ca. 96.5% of the total OSC has been consumed. The corresponding production of water and CO, by
methane oxidation with lattice oxygen is characterized by the presence of two emission peaks: the first
one is sharp and located at the beginning of the exposure to CHy4, whereas the second peak is broad
and centered at ca. 45 min. It can be argued that the initial formation of an outer shell of La;O,S may
slow down the reaction due to the increase of diffusional limitations (in the solid state). H, formation
is initially low and increases towards the end of the period, testifying an increase of process selectivity
towards the products of partial oxidation of methane due to the slow oxygen availability from the
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OC material. However, no SO, emission can be detected (sub-ppm level) during operation at 750 °C.
The subsequent reoxidation by air is still fast. As already observed at 800 °C, the second reduction
step is slower than the first one: based on the final weight of the OC, ca. 80% of its total OSC has been
utilized. Moreover, the fraction of Lay;O,S displays a lower attitude to be fully re-oxidized, since the
sample does not completely recover its previous weight. The results of the third cycle are repeatable,
confirming that the partial reduction of the OS performance is not related to material stability issues
(decomposition) but rather to an incomplete transformation between La;0,SO,4 and Lay;O,S phases
due to the reduced oxygen mobility.

100
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Figure 9. Weight change and gas concentration profiles during chemical looping reactions under cycled
feed stream of 5% CHy/Nj and air at 800 °C over Co-Lay0,S0y.

Overall the results indicate that the Co-promoted Lay;O,SO4/Lay;O;,S couple can be favorably
operated at 800 °C in the chemical looping combustion of methane: it shows a high oxygen mobility
that promotes complete oxidation of methane and full exploitation of its outstanding OS capacity, and a
remarkable stability /durability during cyclic operation. Notably, the stability of the LapO,50,/LayO0,5
system could be strongly enhanced in the presence of even small contents of S-bearing compounds [14],
commonly found in the fuel stream. On the other hand, further studies should address the possibility to
enhance lattice oxygen mobility and overall reactivity at lower temperatures, by increasing the specific
surface area of the OC [18], and by varying the content of transition metal (oxide) dopant which could
effectively work as an intermediate oxygen gateway [16] apart from its role as structural promoter.
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Figure 10. Weight change and gas concentration profiles during chemical looping reactions under
cycled feed stream of 5% CHy4 /N, and air at 750 °C over Co-LayO,504.

3. Materials and Methods

3.1. Preparation of Oxygen Carriers

Lanthanum oxysulfate (Lap0,504) was obtained starting from Lay(SO4)3 (Sigma-Aldrich, 99.99%
purity, St. Louis, MO, USA) by heating it at 1027 °C for 5 h under helium flow [10,20]. Different fractions
of Lay0,S0,4 powder were impregnated with water solutions of Cu(NOs3),-2.5H,0O (Sigma-Aldrich,
purity > 98%, St. Louis, MO, USA), Mn(NO3),-4H,0 (Sigma-Aldrich, purity > 97%, St. Louis, MO,
USA) and Co(NO3),-6H,O (Sigma-Aldrich, purity > 98%, St. Louis, MO, USA) to obtain samples with
a nominal 1wt% metal loading. After impregnation, samples were dried for 12 h at 120 °C in a stove
and eventually heat treated at 900 °C for 2 h under He.

3.2. Physical and Chemical Characterization

The surface area was evaluated according to the BET method by N, adsorption at 77K with a
Quantachrome Autosorb 1-C analyzer (Quantachrome Instruments, Boynton Beach, FL, USA).

Powder X-ray diffraction (XRD) analysis was performed with a Bruker D2 Phaser diffractometer
(Bruker, Billerica, MA, USA) operated at diffraction angles ranging between 10 and 80° 26 with a scan
rate of 0.02° 20 s~ 1.

Temperature Programmed Reduction (TPR) and Oxidation (TPO) experiments were carried
out with a Micromeritics Autochem II TPD/TPR instrument (Micromeritics, Norcross, GA, USA)
equipped with a TC detector. The samples (20-30 mg) were first reduced under a flow of 2% Hj in Ar
(50 Nem® /min) by heating up to 1027 °C at 10 °C/min; thereafter, they were reoxidized under a flow
of 0.5% O, in He (50 Ncm?/min) using the same temperature ramp.

TG analysis were performed in a Setaram Labsys Evo TGA-DTA-DSC 1600 (Setaram Instrumentation,
Caluire, France) flow microbalance loading 15-25 mg of sample in an alumina crucible and ramping the
temperature at 10 °C/min up to 1300 °C or 1150 °C, respectively under a flow (100 cc/min) of pure N or
2% H, in N.
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3.3. Chemical Looping Reaction

Cyclic isothermal reduction/oxidation tests were carried out in the same Setaram Labsys Evo
flow microbalance at 700, 750, 800 and 900 °C, by switching alternatively the flow between 5% Hj
(or CHy) in N, and air, at a fixed total flow rate of 100 cc/min. If not otherwise stated, the duration of
the reduction phase was 45 min, whilst that of oxidation phase was 30 min, with an intermediate purge
by pure N (2-30 min). The evolved gases, leaving the flow microbalance through two independent
heated capillaries, were analyzed by a Pfeiffer Thermostar G mass spectrometer and a Perkin Elmer
Spectrum GX spectrometer in order to detect all IR-active gaseous species. In this last case, IR spectra
were rationed against a background spectrum of pure N, and were collected every 1-10 min depending
on the duration of the experiment.

4. Conclusions

Oxygen carrier materials based on LayO,504 promoted by small amounts (1% wt.) of transition
metals such as Co, Mn and Cu have been synthesized and characterized by means of XRD, BET,
TPR/TPO and TG-MS-FTIR experiments in order to investigate their potential use in the Chemical
Looping Combustion process with either hydrogen or methane as fuel. Results demonstrate that
doping the parent La;O,S04 with transition metals can promote lattice oxygen mobility in the
temperature range 700-900 °C following the order Cu < Mn < Co, catalyzing the complete reduction of
Lay 0,504 to form LayO,S by reaction with either Hy and CHy. On the other hand, the reoxidation of
LayO,S by molecular oxygen to restore the LayO,50, phase requires temperatures >700 °C to proceed
quickly and is poorly affected by the addition of those transition metals.

Notably, the addition of Co or Mn has shown a marked beneficial effect to limit or inhibit the
decomposition of the oxysulfate that releases some SO;. Such undesired side reaction proceeds to
some extent together with the main reduction of the LayO,504 by either H, or CH, and it causes a
progressive and irreversible loss of the original oxygen storage capacity through the formation of the
stable La;O3 phase. Eventually, metal doping does not affect the thermal decomposition of Lay0,SO4
occurring above ca. 1030 °C under inert flow, nor it promotes any spontaneous reduction of the
lanthanum oxysulfate to oxysulfide.

The enhanced performance of the Co-promoted carrier can be assigned to Hy /CHy activation
on metal sites and to the higher distortion of SOy units in the oxysulfate lattice caused by the partial
inclusion of Co3* ion, much smaller than La*, which enhances oxygen mobility.

TG-MS-FTIR experiments of CLC with alternating feeds have shown that Co-La;0,SOy is able to
oxidize CHy at 800 °C producing CO, and water with reasonable rates and high selectivity, avoiding
the deterioration of performance related to a progressive decomposition. At higher temperatures,
the oxygen storage performance is progressively lost due to the irreversible formation of some LayOj3,
that occurs as a side reaction during the reducing step of the OC material by the fuel and is accompanied
by the release of SO,. At lower temperatures, the mobility of lattice oxygen becomes the limiting
factor that can preclude the complete exploitation of the OSC within a reasonable contact time with
the fuel stream.
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