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Abstract

Alumina modified by MgO as the catalyst support loading Co;0, for the N,O decomposition were investigated. It was found
that MgAl,O, was formed over the alumina surface by the MgO reacting with Al,Oj; after calcination at 900 °C and using
the composited support containing 30 wt% MgO loading Co;0, can effectively suppress undesired CoAl,O, formation under
700 °C. In the 20Co/30Mg—Al catalyst, it was found that about half of the cobalt is present as (Co,Mg)O solid solution and
the rest exists as Co;0,, as characterized by Raman spectroscopy and H,-TPR. The catalyst exhibited much higher and stable
activity for the N,O decomposition compared with the 20Co/Al without MgO modification.
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1 Introduction

Nitrous oxide (N,O) is the third most significant anthropo-
genic greenhouse gas and the largest stratospheric-ozone-
depleting substance [1, 2]. Nitric and adipic acids plants are
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To eliminate the N,O emitted from nitric acid plants in
this approach, a large number of catalysts have been inves-
tigated, such as simple and mixed oxides [4-7], spinels
[8-10], perovskites [11, 12], zeolites [13, 14] as well as sup-
ported oxides [15-19]. In recent years, spinel-type oxides
with the chemical formula AB,0, (where A=Mg, Ca,
Mn, Co, Ni, Cu, Cr, Fe, Zn and B =Cr, Fe, Co) as the N,O
decomposition catalyst have attracted increasing interest,
due to their adequate thermal stability and catalytic activity
[20]. Among the spinel-type oxides, cobalt spinels are the
most promising generic materials for catalyzing the reac-
tion [8]. Russo et al. [20] found that the spinels, MgCo,0,,
ZnCo,0, and Co;0,, with Co at the B sites exhibit high
catalytic activity. Stelmachowski et al. [21] explored the
impact arisen from the replacement of both the Co®" cation
at the tetrahedral A site and the Co™" cations at the octahe-
dral B sites in Co;0, by non-redox Mg>* and AI** cations
by means of experimental and theoretical studies, further
proposed that the N,O decomposition is primarily catalyzed
by the octahedral Co®* ions, whereas the tetrahedral Co®*
ion is essentially less active to the reaction.

Despite the high catalytic activity, the Co;0, in the bulk
form is limited for practical applications due to its insuf-
ficient mechanical stability and high cost. These drawbacks
may be overcome by the dispersion of the spinel over a
cheap and mechanically robust carrier. In this regard, there
are several investigations in literature concerning the disper-
sion of the cobalt spinel on alumina [15], zirconia [16], ceria
[17] or even on metallic monoliths [19].

Although alumina was widely known to be one of the
industrial catalysts supports due to its easy availability,
large surface, advantageous mechanical properties, facile
processing and shaping [22], its strong interaction with the
cobalt oxides is much undesirable. As the interaction at
high temperature leads to Co ions occupying the inactive
A sites i.e. results in the formation of CoAl,O, [23] that is
less active for the N,O decomposition, how to maintain the
active state of Co;0, on the alumina support become a chal-
lenging topic. Jongsomyjit et al. found that co-impregnation
of ruthenium and cobalt on Al,O5 could inhibit the interac-
tion of cobalt oxide with alumina [24], and zirconia is more
effective for blocking the cobalt aluminate formation [25].
Based on the studies with and without BaO in the CoO,/
Al,0,-BaO catalysts, Liotta et al. reported that BaO has the
function of stabilizing the y-Al,O5 phase and suppressing
solid state diffusion of Co** ions into alumina bulk phase
[26, 27]. Grzybek et al. have found that Co(NO;), precursor
is more favorable than CoCl, for the cobalt maintaining the
active state, Co;O,4, when supported on alumina and calcined
at 600 °C [28]. They have also found that for the cobalt
oxide, using a-Al,O5 as support is beneficial to maintain
its active state, though the alumina in other phases (y-, 8-
and 6-Al,0;) give rise to high dispersion of the cobalt [22].

However, in the case of a-Al,O5 loading cobalt oxide, the
catalyst surface is greatly sacrificed.

The problem that the strong interaction between active
species and the support made the activity of the catalyst
largely decrease is also exist in the case of alumina load-
ing other transitional oxides. For instance, the NiO/y-Al,0;
catalyst used for methane combustion is suffered from the
inactive NiAl,O, formation. Gayan found that when y-Al,0O;
support was coated with MgO and calcined at 800 °C, a
stable MgAl,0, spinel layer can be produced on the sup-
port surface. Using the composited support loading NiO, can
effectively minimize the interaction of NiO with the support
[29]. In light of this report, we suppose that the MgAl,O,
spinel layer on Al,O; support would be able to protect the
active Co;0, from the strong interaction with support.
Hence, this paper investigates the physical and chemical
structure as well as the catalytic activity of the Co/Mg—Al
catalyst for N,O decomposition, so as to develop a possible
industrial meaning catalyst working at higher temperature.

2 Experimental
2.1 Catalyst Preparation

Al(OH); was prepared by adding NH;-H,O to
Al(NO3);-9H,0 aqueous solution under drastic stirring,
washing the precipitate with distilled water and drying the
gel at 110 °C overnight. Based on the AI(OH);, the fol-
lowing different materials that were used as supports for
loading cobalt oxide were respectively obtained. Alumina
was obtained by calcining the AI(OH); in air at 900 °C for
3 h. The bimetal oxide xMgO-Al,0O;, which is denoted as
xMg-Al with MgO weight percent x%, were prepared by
adding NH;-H,O in dropwise into AI(OH); slurry that con-
taining desired amount of Mg(NO3),-6H,0 under stirring
at 30 °C until the pH of mother liquor reached about 11.
The resulting material was then aged for 1 h, washed, dried,
and calcined in the same way as that for obtaining the alu-
mina. For a purpose of comparison, magnesium aluminate
spinel (MgAl,O,) was prepared by adding NH;-H,O into
an aqueous solution containing stoichiometric amount of
Mg(NO5),-6H,0 and AI(NO;);-9H,0, washing, drying and
calcining the resulted material in the same way.
Co;0,/Al,05, Co;0,/Mg0-Al,0; and Co;0,/MgO cata-
lysts with desired Co;0, weight percent (y%) were respec-
tively prepared by impregnating Co(NO;),-6H,0 on the
above mentioned alumina, xMgO-Al,O; and a commercial
MgO (purchased from Dunhuang chemical plant) at room
temperature for 24 h, drying and calcining the resulted mate-
rial respectively at 110 °C overnight and 700 °C for 3 h. The
obtained catalysts were represented as yCo/Al, yCo/xMg—Al
and yCo/Mg respectively. For instance, the 3Co/10Mg—Al
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denotes the catalyst prepared by loading 3 wt% Co;0, on the
10 wt%MgO-Al,0; support. For comparision, pure Co;0,
was prepared by precipitation method and calcined at 700 °C
for 3 h, according to our previous work [8].

2.2 Catalyst Characterization

X-ray powder diffraction (XRD) of the catalysts was carried
out on a Rigaku Smartlab 9 X-ray diffractometer with Cu Ka
radiation (A=1.5406 IOA) at 45 kV and 200 mA. The diffracto-
grams were recorded with step of 0.02° and a speed of 8°/min.
BET surface area of each sample was measured on Micromerit-
ics ASAP 2020 through the nitrogen adsorption at — 196 °C.
Before the measurement, the sample was degassed at 300 °C
under vacuum for 10 h. Micro-Raman spectra of the samples
were recorded at room temperature using a Thermo Fisher
DXR Microscope Raman spectrometer with an excitation
wavelength of 532 nm. Diffuse reflectance UV—vis spectra of
the samples were recorded on a JASCO V-550 spectrophotom-
eter using BaSO, as a reference in ambient conditions. Tem-
perature programmed reduction (H,-TPR) was performed on a
ChemBET TPR/TPD Chemisorption Analyzer. 0.050 g sample
(with the sieve fraction of 40—60 mesh) was pretreated in 30
vol% O,/Ar flow at 500 °C for 10 min and cooled to 100 °C.
After that, the H,-TPR profiles were recorded in the 5 vol% H,/
Ar flow of 100 mL/min at temperature ramp 10 °C/min.

2.3 N,0 Decomposition Tests

N,O decomposition were conducted in a fixed-bed quartz flow
reactor loading 0.200 g of catalyst (40-60 mesh). The catalyst
was pretreated in Ar at 700 °C for 30 min and then the gas mix-
ture composed of 2000 ppmv N,O, O, (5 vol%, when present),
H,O (2 vol. when present), NO (100 ppmyv, when present) in
Ar was fed into the reactor with a total flow rate of 50 mL/min.
The gas composition was analyzed by gas chromatography
equipped with porapak Q column (4 m in length and 3 mm
in inner diameter) using TCD as detector. Steady-state activ-
ity data were recorded at each temperature descending from
700 to 450 °C or at a constant temperature (for measuring the
catalyst durability). N,O conversion was calculated according
to the equation

c(N,0);, — cN;0)oy,

Conv.% =
ONnv.7% C(NZO)M

X 100%

3 Results and Discussion

3.1 Alumina Modified with Different Amount
of Magnesium Oxide

Figure 1 shows XRD patterns of the Al,O;, the bimetal
oxide 10Mg—Al and 30Mg-Al calcined at 900 °C for 3 h.
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For the Al,O3, which give a small specific surface area of
18.06 m?/g, it exhibited sharp peaks due to a-Al,O; and
lower peaks arisen from 08-Al,0;. Whereas, in the case of
10Mg—Al, which gave a specific surface area of 50.79 m?/g,
no peaks ascribed to a-Al,O; could be observed. Instead,
strong peaks due to MgAl,O, phase (JCPDS 21-1152)
appeared on the sample. Clearly, it is the MgAl,O, forma-
tion which suppressed the phase transformation from 6- to
a-Al,O;, though the atomic ratio of Mg/Al is about 0.14 that
is much less than the stoichiometric ratio (0.5) of MgAl,O,.
On the 30Mg-Al, the diffraction of MgAl,O, became more
intensive and besides which some diffraction peaks belong
to MgO (JCPDS 43-1022) were appeared. It means that 30
wt% of MgO is enough to produce MgAl,O, covering the
Al,O; surface.

3.2 Chemical State of Cobalt in the 3Co/xMg-Al
Influenced by the Magnesium Oxide Amount

Figure 2 shows Raman spectra of 3Co/Al, 3Co/10Mg-Al
and 3Co/30Mg-Al in comparison with that of Co;0,. On
the Co;0,, five Raman peaks at 189, 467, 511, 609 and
672 cm™' corresponding to the E,, 3xF,, and A, vibrational
modes of the crystalline [30] appeared. On the 3Co/Al,
although the first three peaks belong to the Co;0, crystalline
with a slight blue shift could be confirmed, a splitting band
of A,, at about 690 cm™! being associated with the AI** sub-
stituting octahedral Co* in the spinel structure [28] clearly
appeared. It indicates that both of Co,0, and CoAl,O, exist
in the 3Co/Al. Unexpectedly, the band splitting is more evi-
dent for the 3Co/10Mg—Al compared with that of the 3Co/
Al, which indicates that the transformation of the Co;0,
to CoAl,O, due to the calcination is even more severe for
the 3Co/10Mg—Al compared with the 3Co/Al. The same

*
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¢ MgALO, ® MgO

30Mg-Al o
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Fig.1 XRD patterns of the different supports (the data at the brackets
corresponding to the BET surface areas)
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Fig.2 Raman spectra of the MgAl,O, (a), Co;0, (b), 3Co/Al (c),
3Co/10Mg—Al (d) and 3Co/30Mg-Al (e)

conclusion could be obtained from optical diffuse reflectance
spectra of the two samples. As shown in the Fig. 3, the char-
acteristic triplet absorption at 1.97, 2.13 and 2.28 eV due
to the spin-forbidden 4A2(F) — 2TI(G), ’E(G), spin-allowed
*A,(F) —*T(P), and spin-forbidden *A,(F) — 2T,(G) tran-
sitions for the tetracoordinated Co?* [31] is more remark-
able for the 3Co/10Mg—Al compared with that of the 3Co/
Al, indicating that there are more CoAl,O, existing in the
3Co/10Mg-Al with respect to the 3Co/Al. The more 6-Al,0;
phase of the 10Mg—Al compared with the Al,O5 should be
responsible for the undesired results. In the case of the Al,O;
loading Co;0, after the calcination, as discussed in the
Sect. 3.1, as the alumina primarily exists as a-Al,O3, it prop-
erly inhibited the transformation of the Co;0, to CoAl,O,

1.97 2.113

3Co/Al

Absorbance

3Co/10Mg-Al

T T T T T T T T T T T T T T
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
hvleV

Fig.3 The optical diffuse reflectance spectra of the 3Co/Al and
3Co/10Mg-Al

[22]. Considering that although all of magnesium in the
10Mg-Al exist as MgAl,O,, it could not effectively protect
the cobalt from transforming to the CoAl,O,, 30Mg—Al was
investigated as the support to load cobalt oxide. As shown
in the Fig. 2, no Raman bands belong to either CoAl,O, or
Co;0, were observed on the 3Co/30Mg-Al, and instead,
two broad absorption bands respectively appeared at about
398 cm™! and 594 cm™!. The former band can be ascribed to
that of MgAl,O,, because the MgAl,O, gave the same band
at 398 cm™' (a, in Fig. 2). Furthermore, it is strongly sup-
ported by the literature [32]. For the band at about 594 cm™,
it can be ascribed to solid solution of (Co,Mg)O, which will
be discussed in details below.

It has been reported that the solid solution (Co,Mg)O
(JCPDS 02-1201) can be formed from solid-state reaction
of cobalt oxide with magnesium oxide [33]. It was confirmed
by the XRD of the MgO and 20Co/Mg samples, as shown
in the Fig. 4. On the 20Co/Mg, the diffraction peaks arisen
from MgO (or composite metal oxides) clearly shifted to
lower angles compared with that of the pure MgO (refer
to the insert). For instance, the strongest peak arising from
the (2 0 0) reflection for the pure MgO at 42.90° shifted to
42.83° for the 20Co/Mg, corresponding to the Co** with
larger radius (74 pm) replacing the Mg>* with smaller radius
(65 pm). Figure 5 shows the Raman spectra of the 3Co/
Mg and 20Co/Mg samples. It can be seen that the broad
band similar to that of the 3Co/30Mg—Al but centered at
579 cm™! appeared on the both samples and that the inten-
sity of the peak increased with the Co content increasing.
These results clearly confirmed that the broad band at about
579 cm™! is characteristic of the cobalt in the (Co,Mg)O
phase. Hence, the broad band at about 594 cm™! observed on
the 3Co/30Mg—Al can be reasonably assigned to the cobalt
in (Co,Mg)O solid solution.

| (m) MgO and/or (Co,Mg)O

Intensity

T

AN

A

T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80
2 Theta/degree

Fig.4 XRD patterns of the MgO and 20Co/Mg. The insert magnifies
the most intensive diffraction peak of the two samples
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Fig. 5 Raman spectra of the 3Co/Mg and 20Co/Mg

The catalytic activities of the 3Co/xMg—Al (x=0,
10, 20, 30) with the same cobalt loading amount (3 wt%
Co;0,) are compared (Fig. 6). It generates the activity order
3Co/30Mg-Al>3Co/20Mg-Al > 3Co/Al > 3Co/10Mg—Al.
Clearly, the order can be interpreted well by the primary
chemical state of cobalt in the catalysts. The small amount
(10 wt%) of MgO addition to the Al,O5 support led to
marked decrease of the activity, which is associated with
the more inactive CoAl,O, formation in the 3Co/10Mg—AL
Interestingly, 30 wt% of MgO addition to the Al,O; sup-
port made the activity of the corresponding catalyst signifi-
cantly increased. It is in line with the formation of (Co,Mg)
O instead of that of CoAl,O, in the catalyst, as discussed
afore (in Raman spectroscopy). No further activity increas-
ing was observed when the more MgO was used for modi-
fying the Al,O; support, which may be resulted from the
large surface area losing of the corresponding catalysts.

100

80

N,O conversion/%

500 550 600 650 700
Temperature/°C

Fig.6 N,O conversion over the 3Co/xMg—Al: (multiple sign) x=0,
(open triangle) x=10, (open square) x =20, (open circle) x=30
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Herein, a recent report given by Klegova et al. [18] should
be noticed, who compared 70%Mg0O/30%A1,05 and
30%MgO/70%A1,0; loading definite amount of Co;0,
(25.2 wt% accounted in Co), in which the Al,O; was used
as binder to benefit the support shaping, and found that the
Co;0,/70%Mg0/30%Al,0; catalyst is more active than the
counterpart for the N,O decomposition. Their results also
significantly indicate that the cobalt on the MgO surface is
more active than that on the Al,O; surface.

3.3 Impact of the Magnesium Oxide on the Activity
of the 20Co/30Mg-Al

Figure 7a shows the activity variation of the catalysts
with the Co;0, loading amount change on the 30Mg—Al.
With the Co;0, loading amount increase in the range of
3-20 wt%, the N,O conversion over the catalysts at each
reaction temperature greatly increased. However, no sig-
nificant increase in the N,O conversion could be observed
when the Co;0, loading amount was further increased to
30 wt%, which may be resulted from the surface area los-
ing of the 30Co/30Mg-Al (42.75 m?/g) with respect to
the 20Co/30Mg-Al (52.93 m?/g). Based on the results,
specific reaction rates of the N,O decomposition over the

100

80 [

60 [

40 t

N,O conversion/%

20 &~

450 500 550 600 650 700
Temperature/°C

¥co (HmOI'SJ .gCoJ)

0 10 20 30
Co0304 content (wt.%)

Fig.7 a N,O conversion over the yCo/30Mg—Al: (plus sign) y=3,
(open circle) y=7, (open triangle) y=10, (open square) y=15, (open
diamond) y=20, (filled triangle) y=30; b The specific reaction rates
of the N,O decomposition over the yCo/30Mg—Al catalysts at 550 °C
in unit amount of Co (r¢,)
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yCo/30Mg—Al catalysts at 550 °C in unit amount of Co were
calculated (Fig. 7b), from which it is can be known that the
20Co/30Mg—Al gives an outstanding large N,O decomposi-
tion specific reaction rate in the unit amount of Co among
the catalysts with different Co;0, loadings. It indicates that
the cobalt component in the 20Co/30Mg—Al works in the
highest effectiveness for catalyzing the reaction among
the catalysts. From the Raman spectrum (Fig. 8), it can be
known that part of cobalt exists as (Co,Mg)O solid solution,
as discussed in the Sect. 3.2, and the rest exists as Co30,
phase in the 20Co/30Mg—Al. Thus, for the yCo/30Mg-Al
catalysts, the N,O decomposition specific reaction rates
over them changed with the Co;0, loading amount could be
explained as follows. When the cobalt oxide loading amount
increased in the yCo/30Mg—Al in the percent y=3-10, the
cobalt is primarily present in (Co,Mg)O solid solution, and
the average depth of the cobalt location in the solid solution
increases, which negatively influences the specific reac-
tion rate. Whereas, when the Co;0, loading amount fur-
ther increased, for instance, from 10 wt% to 20 wt%, the
Co;0, species that is more active than the (Co,Mg)O for
the reaction begins to be produced, which interprets why
the 20Co/30Mg—Al gives the much higher specific reaction
rate compared to the yCo/30Mg—Al with lower Co;0, load-
ing amounts. Based on the above discussion, the chemical
structure of the 20Co/30Mg—Al can be schematically rep-
resented in Fig. 9.

Figure 10 shows H,-TPR profiles of the 20Co/30Mg-Al
comparing with those of 20Co/Al and the bulk Co;0, sam-
ple. Two hydrogen consumption peaks at 401 and 440 °C
appeared on the bulk Co;0, sample, which could be respec-
tively ascribed to the reduction of Co** to Co?* and Co?*
to Co® [17]. However, on the 20Co/Al, the peaks markedly

20Co/Al

C03O4

Intensity

20%

W
w
— 3%
100 200 300 400 500 600 700 800
wavunumber/cm’

Fig.8 Raman spectra of the yCo/30Mg—Al (y=3-20), 20Co/Al and
Co;0,

shifted to about 486 and 563 °C and the hydrogen consump-
tion below 440 °C was almost negligible. It reveals that the
cobalt in the 20Co/Al is predominantly present as CoAl,O,
[23], which is in agreement with that measured by Raman
spectroscopy (Fig. 8). Interestingly, it can be found from the
figure, that the primary hydrogen consumption peak over the
20Co/30Mg—Al appeared at 395 °C that is even lower than
those on the bulk Co;0, sample. The result indicates that
the oxygen ions of the Co;0, species in the 20Co/30Mg-Al
are more active towards reduction, i.e. Co—O bond in the
Co;0, species is weaker in somewhat compared with that in
the bulk Co;0, sample. For the transitional based catalysts,
it has been documented that their active sites regeneration
concerning the Co—O bond rupture controls N,O decompo-
sition over the catalysts [2]. Thus, the activity of the active
sites must be reflected by temperature of the reduction peak
in the H,-TPR. In Fig. 10, it can be also found that the area
of the reduction peak for the 20Co/30Mg-Al below 470 °C
is about half of the bulk Co;0,. The results indicate that
the corresponding portion of the cobalt is present as Co;0,
species in the 20Co/30Mg—Al while the rest exists in the
state that hardly reduced by H,, which is in good consistent
with that measured by Raman spectroscopy (Fig. 8) and sup-
ports the chemical structure of the 20Co/30Mg—Al catalyst
illustrated in Fig. 9.

MgA1204
0-AL,0;

Fig.9 The scheme of the chemical structure of the 20Co/30Mg—Al
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Fig. 10 H,-TPR profiles of the 20Co/30Mg—Al, 20Co/Al and Co;0,
(calcined at 700 °C) normalized in cobalt amount
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As expected, the 20Co/30Mg—Al exhibited much higher
activity at each reaction temperature compared with the
20Co/Al (Fig. 11). For instance, the 20Co/30Mg-Al at
550 °C gave the N,O conversion of 76% that is about 5
times as high as that of the 20Co/Al under the same reac-
tion conditions.

3.4 Catalytic Performance of the 20Co/30Mg-Al

Figure 12 shows the N,O decomposition results of 2000
ppmv N,O in the presence of some impurities over the
20Co/30Mg—Al catalyst. For the 2000 ppmv N,O in Ar, the
N,O was completely decomposed at 600 °C. 100 ppmv NO
and 5% O, existing in the gas stream just made the tempera-
ture for the complete N,O decomposition over the catalyst

100

80

60

40

N,O conversion/%

20

450 500 550 600 650 700
Temperature/°C

Fig. 12 N,O conversion over the 20Co/30Mg-Al for the feed gas
2000 ppmv N,O/Ar (multiple sign) in the presence of 100 ppmv NO
(open triangle), 5 vol% O, (plus sign), 100 ppmv NO+5 vol% O,
(open square), 2 vol% H,O (open diamond), 2 vol% H,0+5 vol% O,
(open circle) or 2 vol% H,0+ 100 ppmv NO+5 vol% O, (filled tri-
angle)
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with time on stream of 2000 ppmv N,O/Ar

shifted from 600 to 650 °C. In the figure, it can be found that,
the impurity gas giving the largest impact on the catalytic
activity among the 100 ppmv NO, 5 vol% O, and 2 vol%
H,0 is the 2 vol% H,O. Nevertheless, the 20Co/30Mg-Al
catalyst still completely eliminated the N,O at 700 °C under
the most severe condition of the three impurity gases coex-
isting in the gas stream.

To estimate the industrial potential of using the
20Co0/30Mg—Al catalyst processes the N,O by decomposi-
tion, the durability of the catalyst was tested at 550 °C. As
shown in Fig. 13, there was no obvious evidence of catalytic
activity lost in the time on stream of 22 h for the catalyst in
the 2000 ppmv N,O/Ar, thereby demonstrated that the cata-
lyst has stable catalytic activity for the N,O decomposition.

4 Conclusions

Using the support of alumina modified with MgO to load
Co;0,, can effectively avoid undesired CoAl,O, forma-
tion at high temperature (700 °C) as long as the adequate
amount of MgO (ca. 30 wt%) was used in the modification.
The modification was realized by depositing Mg(OH), on
Al(OH); and calcining the resulted material at 900 °C. For
the 20Co/30Mg—Al catalyst, which was prepared by modify-
ing alumina with 30 wt% MgO and loading 20 wt% Co050,
on the composited support, about half of the cobalt exists as
(Co,Mg)O solid solution and the rest exists as Co;0, in the
catalyst. Almost no CoAl,O, was produced even though the
catalyst had been subjected to the calcination at 700 °C for
3 h. Hence, the catalyst has much higher and stable activ-
ity for the N,O decomposition compared with the 20Co/
Al that contains the same amount of cobalt with that of the
20Co/30Mg—Al but without MgO modifying the alumina.
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