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Abstract

Ni-substituted Sr-aluminates Sr, Ni Al , Nij. O (x = 0; 0.2; 0.4; 0.8)

obtained by a precipitation method and calcined at 1200°C have been
characterized by different physicochemical techniques and their catalytic
properties have been tested in steam reformation of methane. It has
been shown that substitution of AR+ and/or Sr?* by Ni?* in the aluminate
structure results in changes of phase composition, specific surface area,
and reducibility of samples. It has been established that the samples
are not completely reduced in the temperature range of 30-900°C.
The Sr, Ni Al Ni, . O, . (x =0; 0.2; 0.4) catalysts are active and stable

1x X 1124 sz 19-8
in the steam reforming of methane at 7000C: residual amount of methane

s (1.1+1.0) vol.%, while the Sr, NiAl , Nij . O, (x = 0.8) sample is
rapidly deactivated by coking.
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1. Introduction

Natural gas, specifically methane, is one of the most important
and available energy resources [1]. Catalytic steam reforming
of methane (SRM) is well-established process for converting
hydrocarbons into synthetic gas in industry. The SRM is
currently the most cost effective and highly developed method
for production of hydrogen.

CH, + H,0 = CO + 3H,; AH,..° = 206 kJ/mol

The SRM process is highly endothermic, and the reaction
requires high temperatures of 700 — 800°C [1,2]. Besides, the
reaction is always followed by the water gas shift reaction (WGS)
yielding CO, as by-product

CO +H,0=CO0, + H,; AH,.° = — 41 kd/mol

It should be noted that H,O/CH, ratio influences product
composition. In particular, an excess amount of steam prevents
coking of the catalyst surface. At the same time, high reaction
temperatures and the use of excess steam increase the amount
of energy consumed and, consequently, the hydrogen production
cost. The development of new more active steam reforming
catalysts with a high coking stability is required [3].

Supported noble metals Pd and Pt have successfully
been employed as highly active catalysts for steam reforming
of methane to synthesis gas [4]; however, their industrial
application is not reasonable due to their high price. Traditional
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supported nickel catalysts have also been reported to
be effective for this reaction, but they suffer from serious
deactivation due to carbon deposition, nickel particles sintering
and phase transformation. Therefore, it is very important to
improve the state of the Ni catalyst in order to overcome these
disadvantages [5].

Among different catalysts, nickel supported on inexpensive,
thermally stable o-alumina has been widely employed as the
conventional industrial steam reforming catalyst [6]. Alumina
is widely used as an oxide support, but its surface area
significantly decreases with the transition from metastable
v-phase into the o-phase. A high surface area is desired to
maintain high dispersion of catalytic components. Some
researchers have greatly enhanced the catalytic activity and
stability of Ni catalysts by adding some components to the
alumina support to inhibit sintering and phase transformation.
Basic oxide additives, such as CaO, MgO, La,0,, BaO, have
been reported to aid in maintaining catalytic activity and
suppressing the deactivation, owing to the interaction between
NiO and supports [3].

The use of hexaaluminates AAl O,  in the development
of high temperature catalytic systems has been of interest
primarily due to their high sintering stability [7]. Their high
thermal stability is related to the lamellar structure that consists
of Al,O,-containing spinel block, intercalated by mirror planes,
in which the large cations (Ba, Sr, La, etc.) are located (Figure 1)
[8]. The substitution of catalytically active metals into the lattice
of hexaaluminate compounds is an area of active interest of
reforming catalyst applications.
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Crystal structure: (a) magnetoplumbite, (b) B-AlO,.

One of the factors influencing activity of ANiAl,,O,, catalysts
in SRM can be precursor containing nickel as homogeneously
dispersed component in the composition. According to [9], the
reduction of such compositions results in formation of highly
dispersed metal nickel on the surface of hexaaluminates.

The main requirement for the SRM catalysts is providing a
high conversion of hydrocarbons at relatively low temperatures
[10]. Here, we used Ni-substituted strontium hexaaluminate
(SrO-6A1,0,) with high thermal stability and high surface area as
the support material. Due to the formation of a hexaaluminate
phase, heat
resistance against sintering at high temperatures. Nickel ions have

strontium hexaaluminate exhibited excellent

been introduced using mixed solution of Ni(NO,), and AI(NO,), or
mixed solution of Ni(NO,), and Sr(NO,),. The aim of the present
work is to study the influence of the substitution of strontium
and/or aluminum ions by nickel ions on phase composition,
specific surface area, reducibility of aluminates, surface and
catalytic properties of Ni-substituted Sr-hexaaluminates in SRM.

2. Experimental Procedure

2.1. Synthesis of catalysts

Hexaaluminates Sr, Ni Al , Ni . O, (x = 0; 0.2; 0.4; 0.8)
denotedas SrNi-1(SrAl,, ,Ni O, ), SrNi-2(Sr  Ni AL, ,Ni O, ),
SrNi-3 (SrO.GNiOAAIﬁ.6Ni0.4o19—d)’ SrNi-4 (Sro.zNio.sAlmowg—d)’
obtained by precipitation with NH,HCO, from the aqueous
solutions of nitrates of (Al + Ni) and Sr or Al and (Sr + Ni) at pH
7.3 — 7.5 and temperature of 70°. The slurry was aged at these
conditions for two hours. The obtained precipitate was washed
and dried in air at 110°C for 12 — 14 hours and then calcined at
700°C for 4 hours in air flow [11,12]. The subsequent calcination
of samples was carried out at 1200°C for 4 hours in a muffler.
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The Ni-containing supported catalyst (8 wt.% NiO/Mg-
Al-O, support Mg-Al-O was calcined at 1200°C) prepared
by impregnation of support by Ni(NO,), solution followed by
treatment at 500°C for 4 hours was used for comparison [13].

2.2. Catalyst characterization

Elemental analysis was performed using the inductively couple
plasma (ICP) - atomic absorption spectroscopy with an accuracy
of 0.01 - 0.03% [14].

XRD studies were carried out using a URD-63 (Germany)
diffractometer with CuK_ (A =1.5418 A) monochromatic radiation.
Diffraction profiles were recorded both in a continuous mode
and in a step-by-step scanning mode at 0.05-0.1° in 26-step
and dwell time of 20-30 sec depending on the crystallinity of a
sample. The phase identification was performed by comparison
of the measured set of the interfacial distances d, and the
corresponding intensities of the diffraction maxima |, with those
found in the database JCPDS (PCPDF Win. Ver 1.30, JCPDS
ICDD, Swarthmore, PA, USA, 1997).

The specific surface area was determined with an accuracy
of £+10% by the argon thermal desorption [15].

Temperature-programmed reduction (TPR) of samples
by hydrogen was carried out in the flow reactor. The samples
of 0.2 g with the average granule size of 0.25-0.5 mm were
previously pretreated in oxygen at 500°C for 30 minutes, and
then they were cooled to room temperature. The 10 vol.%
H,/Ar stream (40 ml/min) was passed over the sample while it
was heated from 40 to 900°C at the heating rate of 10°C/min.

Electron-microscopic investigations of samples were carried
out using transmission electron microscope JEM-2010 (JEOL)
(resolution 0.14 nm, accelerating voltage 300 kV) equipped with
energy-dispersive X-ray analysis (EDX) spectrometer (EDAX Co,



resolution 140 eV). For determination of elements concentrations
and their ratio, the samples were deposited on carbon support
fixed on copper matrix. The samples reduced by H,-TPR were
investigated by TEM. The samples after the TPR experiment
were put into TEM chamber.

X-ray photoelectron spectroscopy was applied for
characterization of the surface contents of elements. XPS
measurements were performed on a SPECS’s spectrometer
equipped with an X-ray source XR-50M with a twin Al/Ag
anode, an ellipsoidal crystal monochromator FOCUS-500, and a
hemispherical electron energy analyzer PHOIBOS-150. The core-
level spectra were typically obtained using monochromatic MgKa
radiation (hn = 1253.6 eV). The binding energy was calibrated
using the peak of C1s (Eb = 284.8 eV). The surface contents of
elements were calculated from the related XPS peak area taking
into account section of photoionization of corresponding terms
[16]. Deconvolution of the spectra on individual components
was used for detailed analysis. The shape of the lines were
fitted using Lorentz and Gauss functions and spectra were
background-subtracted using a Shirley fit algorithm [17]. The
samples calcined at 1200°C were investigated by XPS. Before
testing the samples were additionally dried at 110°C for removal
of physically adsorbed water and supported on double-sided
scotch paper.
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2.3. Catalyst activity
Catalytic properties of samples were investigated using setup
with flow reactor and chromatographic analysis of the gas
mixture. The initial catalyst was reduced at 900°C in the gas
mixture of 5%H,/He for 1.5 hours. After reduction, the reactor
was purged by argon and cooled down to 700°C. The catalytic
activity of reduced samples was tested using a mixture of
33 vol.% CH, and 66 vol.% H,O at a total flow rate 100 ml/min.
The catalyst volume was 1.0 cm?, and space velocity was 6000 h-'.
Analysis of gas composition was carried out using
chromatograph “Crystal 2000M” equipped with the thermal
conductivity detector. CH, and CO, concentrations were
determined using column with sorbent Porapak QS (length 3 m,
35°C). CO and H, concentrations were determined using column
with molecular sieves NaX (length 2 m, 35°C). The carrier gas
was argon.

3. Results and Discussion

3.1. Phase composition and specific surface area of
samples

Figure 2 and Table 1 show phase composition and specific

surface area of the Sr, Ni Al , Ni . O, (x=0;0.2;0.4;0.8)

samples calcined at 1200°C. According to XRD, the SrNi-1
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XRD patterns of the samples calcined at 1200°C.
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Phase composition and specific surface area of SrNi-catalysts calcined at 1200°C.

Sample Hypothesized distribution of introduced Ni Phase composition Sger MY/g
SrNi-1 SrNig Al , SrAlL,0,,, NiALO,, (~ 5 Bec. %) 11
SrNi-2 Sr, gNig ,Nig Al , SrAl 0 ., NiALO,, Ni,Al,.O,., NiO, a-AL,O,, 21
SrNi-3 Sr, (Nig Nig Al ¢ SrAl,0,,, NiO, Ni,Al O, 0-Al,0, 20
SrNi-4 Sry,Nig Al o Ni,AlL,O,, 45

SrAI [19] SrAl,,0,, SrALO,, 18
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sample contains, besides main phase of hexaaluminate
SrAlL,0,,, a small amount of nickel aluminate NiAl,O, with
the spinel structure (~ 5 wt.%). Cell parameters of a and c of
hexaaluminates are 5.57 A and 21.99 A respectively (Table 1), a
and ¢ being smaller than standard values of Sr hexaaluminate
{SrAl,0,: a=5.585 A, c¢=22.07 A; - ICDD, PDF-2, [00-026-
0976]}. According to [18], the decrease of the cell parameters
of hexaaluminate is observed if aluminum ions are substituted
by ions with a lower oxidation state, in this case such ions
are Ni?* ions. Hence, during synthesis of the SrNi-1 sample of
composition SrAl,, ,Ni; ,O,., the hexaaluminate phase doped by
Ni and small amount of nickel aluminate are formed.

For the Sr, Ni Al,, Ni . O, . (x=0.2; 0.4; 0.8) samples,
the increasing x value leads to appearance of additional phases:
NiO, «-Al,O,, NiAl O, and gradual decrease of amount
of hexaaluminate phase (Figure 2, Table 1). For the SrNi-4
sample new phase Ni,Al,O,, appears, the other phases are not
observed. It is hypothesized that the substitution of Sr ions by
Ni ions, up to x = 0.8, results in a change of Sr/Al ratio, which
determines structure parameters of the hexaaluminate due to
the substitution of cations with large ionic radius (Sr>*: r = 1.20 )3\)
by cations with small one (Ni¢*: r = 0.74 A) forming Ni,Al,,O,.
It can be supposed that the Sr-containing phase was not
observed by XRD since the lines corresponding to the Ni,Al O,
phase are quite broad and can be overlapped with lines of Sr-
containing phase, in particular, hexaaluminate phase.

Therefore, experimental results suggest that the incorporation
of nickel ions into spinel block of SrAl,,0,, is a more favorable
substitution preserving the hexaaluminate structure. In the
case of SrNi-1, only small (5 wt.%) amount of additional phase
is present, while introduction of cations into the mirror plane
results in destroying hexaaluminate structure and formation of
other phases (Table 1). Incorporation of nickel ions into AAI,O,g
hexaaluminate structure in Al position results in the formation of

2,2x10'6-
2,0x10°
1,8x10° ]
1,6x10’5-
1,4x10°

mol H,/g*s

1,2x10°
1,0x10°4 1

8,0x1074 =

6,0x107
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hexaaluminate phase SrAl,,0O,,. The similarity of crystal structure
between Ni-substituted and unsubstituted hexaaluminates
indicates that nickel ions enter hexaaluminate lattice of SrAl ,O,q
in basically an octahedral position. Consecutive decrease of
nickel ions content in Al position and its increase in A position
leads to the destruction of hexaaluminate structure and the
formation of new phase that can be caused by difference in
radius of Sr>* and Ni?* ions. As it was shown, diffractions peaks
of the SrAl ,O,, hexaaluminate phase overlap with those of
new formed phase of Ni,Al,,O,,, so it is difficult to interpret the
diffractogram.

Variations of the phase composition results in changes of
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the specific surface area (Table 1). When strontium ions are
substituted by nickel ions, the surface area increases from 18
(unsubstituted hexaaluminate) up to 45 m%g; when aluminum
ions are substituted by nickel ions, it decreases to 11 m%g.

3.2. Temperature-programmed reduction by hydrogen
It is known that catalytic activity in steam reforming of methane
is determined by metal nickel particles. It is assumed that
interaction between reduced metal and specific structure of
support are important for prevention of metal particles sintering.
Therefore, the reducibility of samples by hydrogen has been
investigated.

According to [20], reduction of Ni in an alumina-supported
catalyst proceeds in several steps, namely: up to 400°C -
reduction of bulk nickel oxide; 400 — 750°C - reduction of
dispersed nickel oxide interacting with the support, 750 -
1000°C - reduction of nickel aluminates.

Figure 3 shows H,-TPR profiles of the SrNi-1, SrNi-2, SrNi-4
samples. It is seen that SrNi-1 (curve 1) starts to reduce at 700°C
with the maximum at 924°C. However reduction is not finished
in the investigated temperature range. In accordance with phase
composition of the SrNi-1 sample (Table 1), it can be assumed

946°C

635°C 684°C

\ /

0 200 400

600 800 1000

Temperature, °C

TPR-profiles of the (1) SrNi-1, (2) SrNi-2, (3) SrNi-4 samples calcined at 1200°C.



that nickel which is located in two phases (NiAl,O, and SrAl ,O,)
is reduced that agrees with published results [21,22].

The reduction of the SrNi-2 sample proceeds in three steps
with the maximums at 635, 684 and 946°C (Figure 3, curve
2). Two weak peaks at 635 and 684°C can be related to the
reduction of NiO species which differ in their interaction strength
with the hexaaluminate structure. The third incomplete peak at
946°C corresponds to the reduction of NiALO,.

The reduction of the SrNi-4 sample (Figure 3, curve 3)
proceeds in two steps corresponding to reduction of NiO and,
likely, Ni Al O,,, which is present in the sample according
to XRD. At the same time reduction is not complete in the
investigated temperature range. It can be concluded that nickel
in samples is in strongly bonded state not reduced up to 900°C.
This agrees with the literature data showing that reduction of
nickel located in hexaaluminate structure proceeds at higher
temperatures [21].

There is a small but noticeable trend in the temperature at
which the reduction begins - the higher the degree of aluminum
sites substitution by Ni, the lower the temperature at which
the reduction begins. This trend suggests an increase in the
concentration of less stable Ni-O-Ni bonds relative to Al-O-Ni
bonds, producing slightly more reducible Ni sites. The oxygen
in the mirror plane has been reported to be less strongly bound
than oxygen within the spinel block which suggests that as nickel
substitution of aluminum sites increases, a somewhat greater
fraction of the nickel located in this region of the unit cell may
be in the Ni-O-Ni environment reducing at a lower temperature
than nickel present in the spinel block.

According to equation NiO + H, — Ni° + H,0, the reduction
of NiO requires 13.4 mmol H,/g. Taking into account this value,
the amount of hydrogen necessary for the reduction of nickel
oxide has been calculated. The calculation was carried out on
the basis of concentration of NiO introduced into catalyst at the
precipitation step. The amount of hydrogen consumed during
reduction of SrNi-1, SrNi-2, and SrNi-4 samples was found to be
0.76,0.91,and 0.15 mmol/gcatalyst, respectively. This is lower than
calculated values of 1.09, 1.10, 1.15 mmol/gcatalyst, the highest
and the lowest amounts corresponding to SrNi-2 and SrNi-4
samples, respectively. The observed difference can be related
to the different bonding strength of Ni in the complex oxides,
so higher temperatures are required for reduction of samples
containing strongly bound Ni cations (Figure 3).
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3.3. Surface distribution and states of various elements
in hexaaluminates.

The surface of samples with different reducibility SrNi-1
(SrNij Al ,0,0), SrNi-2  (Sr,gNi,Nij Al ,0,), and SrNi-4
(Sr,,Nij (AlL,O,) has been investigated by XPS. It has been
shown that all samples contain Sr, Ni, Al, O, and C in the surface
layer. Table 2 presents the results of quantitative analysis of
samples surface.

As can be seen, the chemical surface composition differs from
the bulk one (Table 2) as the surface of SrNi-1 and SrNi-4 samples
contains a greater amount of Sr. The surface concentration of Srin
the SrNi-2 sample is slightly lower than the bulk one. For all samples
the surface ratios of [Ni]/[Sr] and [NiJ/[Al] are lower than the bulk
ones. It can be related to segregation of Sr and Al at the surface.

The aluminum in the samples is in an oxidized state. The Al2p
binding energy is 74.0 — 74.4 eV that corresponds to AP+ (Figure 4a).
For comparison, aluminum in o-Al,O, and AIOOH is characterized
by the Al2p binding energy of 74.2 and 73.9 eV, respectively [23,24].
According to [24,25], the Al2p binding energy lies in the range 74.1-
74.8 eV for SrAl,0,, SrNIAL,O,, ., LaFeAl O, LaMnAl O, .
hexaaluminates. The formation of Sr and Ni aluminates can be
explained by monotonous increase in the Al2p binding energy with
decrease of Sr and Ni concentrations. Spectra O7s (Figure 4Db)
show single peak at 530.9 — 531.1 eV which corresponds to the
Of7s binding energy for ALLO, and SrAl, ,0,, (531.1 3B).

Figure 4c shows the Sr3d spectra of the samples. The
Sr3d spectrum shows the unresolved spin-orbit Sr3d,, -
Sr3d,,, doublet (intensity ratio 3:2 and splitting of ca. 1.79 eV).
The Sr3d spectra for the samples investigated (Figure 4c) are
described by two doublets with the Sr3d,, binding energies
of 132.8-132.9 and 133.9-134.0 eV. According to [5,24], the
binding energy of strontium ions in SrO, Sr(OH), and SrCO, is
in the range of 131.7-132.4, 132.8 and 133.4-133.8 eV [25,26],
respectively. This literature data allow assignment of the first
doublet to Sr?* in the mixed oxide Sr-Ni-Al-O and the second
one - to hydroxocarbonate phase. The C1s spectra exhibit two
peaks at 284.8 eV and 289.2-289.3 eV related to hydrocarbon
admixture and carbonate groups, respectively [27]. The relative
intensity of the doublet with the higher Sr3d,,, binding energy
and C17s peak at 289.0 eV corresponds to the molar ratio [Sr]/
[CO,] of 1.3 = 1.7. It can be supposed that Sr is predominantly
localized on the surface as SrCO,. Strontium in the SrNiAl,,O,, .
hexaaluminate phase is characterized by the Sr3d,, binding

The O1s, Al2p, Ni2p,,, and Sr3d,, binding energies (eV) and relative concentration of metals on the sample surface.

Sample [O)/[Me] [Sr/[Al] [Nil/[AIl] [Ni)/[Sr] Ois Al2p Ni2p,, Sr3d,,

SrNi-1 1.33 (1.46)' 0.29 (0.09) 0.04 (0.07) 0.15(0.8) 530.9 74.0 855.9 132.8/133.9
SrNi-2 1.68 (1.46) 0.05 (0.07) 0.03 (0.07) 0.58 (1.0) 531.1 74.3 856.1 132.9/134.0
SrNi-4 1.60 (1.46) 0.03 (0.02) 0.01 (0.08) 0.49 (4.0) 531.3 74.4 856.4 132.8/134.0

! stoichiometric values are given in the brackets
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energy of 133.9 [25]. Taking into account the above mentioned
works, the segregation of Sr and formation of SrCQO, particles on
the hexaaluminate surface during synthesis is possible.

Figure 4d shows the Ni2p spectra of samples. Due to spin-
orbit interaction, the Ni2p spectra are described by doublet
Ni2p,,-Ni2p,, Therefore, two narrow peaks at 855.9-856.4 and
873.5-873.9 eV are observed. Besides, the Ni2p spectra are

a Al2p
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characterized by additional weak shake-up satellites at 862 and
880 eV [28,29]. It is known that intensive shake-up satellites are
observed in NiO, Ni(OH),, and NiALO, spectra [29-31]. At the
same time, the satellite structure is absent in the case of Ni° and
Ni®*. The Ni2p,, binding energy for NiALO,, NiO, Ni(OH),, NiSiO,
lies in the range of 856.2-857.2, 853.8-854.6, 855.5-855.9 and
856.3-856.7 eV, respectively [23,29-31]. Chu et al. [32] believe

b

O1s
530.9

XPS Intensity [arb. un.]

i

526 528 530 532 534 536
Binding Energy [eV]

d Nizp,, Ni2p
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The Al2p (a), O1s (b), Sr3d (c), Ni2p (d) spectra of investigated samples. All spectra are normalized to the intensity of corresponding Al2p

spectra.
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Steam reforming of methane over Ni-substituted Sr
hexaaluminates.

that the Ni2p,, binding energy of 856 eV together with «shake-
up satellite» at 862 eV correspond to spinel NiALO,.

The crystal structure of Sr-hexaaluminate belongs to
magnetoplumbite, which consists of alternative stacked spinel
blocks and mirror planes [33]. Aluminum ions can be substituted
by nickel ions in spinel block. Therefore, the Ni ion modification in
the hexaaluminate is actually present in the lattices of the spinel
block such as NiAl,O, [34]. The binding energy of the Ni2p,, in
the hexaaluminate should be similar to that of Ni2p,,, in NiAl,O,.
Therefore, it is reasonable to attribute the peak at 856.4 eV to
Ni2* in spinel NiALO, and hexaaluminate SrAl O,  structures,
modified by Ni ions that is confirmed by XRD. For the SrNi-4
sample the Ni2p,, binding energy of 856.4 eV corresponds to
Ni2* in the mixed oxide.

(Sr,,Nij (AlL,O,, ) samples calcined at 1200°C were estimated in
steam reforming of methane at 700°C. Figure 5 and Table 3 show
these properties.

According to the obtained results, the gas contains residual
methane and the reaction products CO, CO,, H,, and its amount
is determined by the catalyst nature. Thus, together with SRM
side WGS reaction gives a small amount of CO, products. This
is consistent with the endothermic feature of the SRM reaction.
The SRM activity increases with temperature [35]. Besides, WGS
reaction is exothermic and reversible. The high temperature of
the catalytic test shifts equilibrium of WGS reaction to the CO
formation that leads to decrease of CO, concentration. The
equilibrium composition of exit gases from steam reforming is
determined by temperature, pressure and CH,/H,O ratio. Our
reaction conditions are following H,0/CH, = 2, p = 1.0 atm.

3.4. Catalytic activity of Ni-substituted Sr-  Thus, according to calculations, the equilibrium concentration
hexaaluminates of methane is about 1.9% at the reaction temperature of 700°C.
Catalytic properties of SrNi-1  (SrAl,, Ni O, ), SrNi-2 Figure 5 shows the time dependence of product concentration
(Sr,gNiy AL, ,Ni; O, ), SINi-3 (Sr,(Nij Al, (Ni; ,O,, ) and SrNi-4  over two samples: SrNi-2 and SrNi-4. It is seen (Figure 5a) that
18 - 110 204 e Al e 4100
. “‘e CO -/ L ] - . ] - .
R 16 — = S ®——co, =
[<} 4 —_ 4 —_—
-2 W 08 3 2 16 ——c, 180 B
= ,l’\/\ - - 5 141 =
g BT - . c ] 5
B 121 —+=0C0 {os 2 £ 124 {60 =
= ——CO il 5 =
@ 10+ CH (a) = g 104 c
= 1 @ S gl 3]
S gl W\- {04 ¢ g {40 £
[2] -— Q
& '/'/' 8 SO s
8 e " 3 ac
© 102 & & 4 {20 5
8 4 - S 2
2 U GT—— 0.0 0 0
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100
Time, min Time, min
Figure 5. Catalytic stability of the (a) SrNi-2, (b) SrNi-4 catalysts at 700°C. H,0/CH, = 2; flow rate 100 mi/min.
Table 3. Catalytic properties of the catalysts calcined at 1200°C.
700°C
c Reaction products
Residual amount CH,,
Catalyst co €O, H,
exp * Exp * exp * exp *
vol.%
SrNi-1-1200 0.8+1.0 1.1 16.0+1.0 21.2 5.1+1.0 6.8 53.5+1.0 71.0
SrNi-2-1200 0.7+1.0 0.9 15.5+1.0 19.9 7.7+1.0 9.9 54.0+1.0 69.3
SrNi-3-1200 1.1£1.0 1.4 17.0+1.0 22.0 5.2+1.0 6.7 54.0+1.0 69.9
SrNi-4-1200 99.0+1.0 - 0 - 0 - 0 -
8 wt.% NiO/(Mg-Al-O-1200) 1.9 25 16.2 21.4 6.3 8.3 51.0 67.7
Equilibrium concentration 1.9 16.1 6.8 75.2

*calculations of the gas composition in dry mixture
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in the presence of the SrNi-2 sample, the residual amount of
methane of 0.7 vol.% does not change for 160 minutes, CO and
CO, concentration is 15.5 and 7.7 vol.%, respectively. At the
same time, the amount of hydrogen formed is about 54.0 vol.%,
which is significantly higher than concentration of CO and CO.,.

The other dependence is observed for the SrNi-4 sample
(Figure 5b): at the initial moment, the residual amount of
methane is 40 vol.%. The SrNi-4 catalyst contains Ni,Al O,
phase and, likely, a small amount of Sr-containing phase,
nickel ions being located in a strongly bonded state, and are
not reduced by hydrogen up to 900°C (Figure 3). It should be
noted that the reaction was carried out to 700°C after sample
reduction, so the concentration of metal nickel on the catalyst
surface is low in SrNi-4 sample. Thus, the SrNi-4 catalyst is not
very active.

The activity of the SrNi-4 sample decreases during reaction,
and the catalyst becomes inactive after 50 minutes (the residual
amount of methane is 100%). Observed decrease in activity
is due to the relatively low amount of metal nickel (Figure 3,
curve 3), which is coked rapidly. It is known that a side reaction
proceeds with steam reforming simultaneously:

CH, - C +2H,

It can be assumed that SrNi-4 catalyst which contains
Ni,Al,,O,, phase with a high content of aluminum possesses
high acidity, which provides the cracking of hydrocarbons. The
catalytic properties of samples studied are given in Table 3.
Thus, the activity estimated by the residual amount of methane
is practically the same for the samples SrNi-1 + SrNi-3 (0.9 +
1.4 vol.% ) and is essentially higher in comparison to the SrNi-4
(99.0 vol.%.) sample. Within uncertainty of analysis (+1.0 vol.%
Table 3), conversion of methane over the first three samples
is close to equilibrium one. Hence, activity of SrNi-1 — SrNi-3
samples are indiscernible within measurement accuracy. More
detailed investigation of kinetics at shorter contact times will be
given in future publications.

At the same time it is well-known that activity of Ni-containing
catalysts in this reaction depends on particle size of metal nickel,
which is formed during reduction of the samples. Comparison of
catalyst activity in steam reformation of methane with H,-TPR
results reveals that the higher the reducibility of the catalyst, the
higher its activity. It should be noted that prior reduction of the
catalysts has been carried out at 900°C, while the reaction has
been tested at 700°C. Hence, the metal nickel particles formed
after reduction do not sinter at the reaction temperature. This
activity is higher than that of a reference sample 8 wt.% Ni/
Mg-Al-O (Table 3). It is noteworthy that the 8 wt.% Ni/Mg-Al-O
sample is given in this paper as reference sample for studying
dependence of catalytic properties of Ni-containing catalysts
in steam reforming of methane on the nature of nickel species,
supported or incorporated in the catalyst structure. According to
Roh and et al. [36], the precipitated Ni-containing catalysts are
more active than supported ones.

TEM results (Figure 6) for the reduced Ni/Mg-Al-O, and SrNi-
2 samples confirm this statement. The support particles of the
8 wt.% Ni/Mg-Al-O sample are large and well-crystallized. Their
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shape is close to spherical one and the size of support particles
ranges from 0.2 to 1 pm (Figure 62a). The size of the particles
of supported component is in the range from 5 to 200 nm.
Interplanar distances of supported particles determined by high
resolution TEM images (Figure 6a, scale bar 5 nm) correspond
to the phase of metal nickel (d,,, = 0.203 nm, d,,, = 0.176 nm,
d,,, = 0.124 nm, etc.). The Ni particles with size greater than
20 nm contain structural defects, such as twinning stripes
(Figure 6a, scale bar 20 nm).

The oxide matrix of the SrNi-2 sample contains particles
of two types: agglomerates of smaller particles of 50 nm
(Figure 6b, region 1, the scale bar is 200 nm) and big crystallized
particles of 200 nm - 1 ym (Figure 6b, region 2, the scale bar is
200 nm). The particle size of active component of this sample
ranges from 5 to 30 nm, which is smaller than that of the Ni/Mg-
Al-O sample. These particles are in the metal state. However,
the particles differing by contrast are observed in TEM images.
Figure 6b shows the portion of the sample with supported
particles (regions 1 and 2, scale bar 20 nm). EDX spectra were
taken from the regions 1 and 2 (Figure 6¢,d). It is seen that in
the case of metal particle (region 1) possessing a high contrast
the intensive line of NiL and weak line of AIK from the oxide
matrix are observed. For nickel particles with a lower contrast
(Figure 6b, region 2) the less intensive line of NiL is observed
(Figure 6d). Probably, decreased contrast and a lower ratio
of Ni/Al in EDX spectra are related to the presence of nickel
aluminate that is supported by the H,-TPR data. The reduction
is not complete at 900°C for the Ni-substituted Sr aluminate
while the 8%Ni/Mg-Al-O sample is completely reduced at
600°C (figure is not shown). The particles of metal nickel are
present on its surface.

Vedrine et al. [37] showed that reduction of Ni/Al,O, can result
in formation of two types of nickel particles: monodispersed
epitaxially bonded nickel and metallic nickel. The first type
is formed after reduction of nickel aluminate and the second
type is formed after reduction of NiO. It can be assumed that
these particles are present in the investigated catalysts, since
the samples contain NiO and NiAl,O, phases. For example, the
ratio of particle types is determined by the catalyst nature. The
strongly bonded nickel predominates in the SrNi-4 catalyst, and
the amount of metal nickel is small.

Thus, the activity of the Ni-substituted hexaaluminates
in steam reforming of methane depends on the different
phase composition. The samples with predominate phase
of hexaaluminate promoted by nickel displays a high activity
exceeding that of the sample obtained by impregnating the
support. The sample containing Ni,Al, O,, phase is not active.
Thus, catalytic properties of Ni-substituted hexaaluminates in
steam reforming of methane is determined by substitution of Sr
and/or Al by Ni.

The catalytic properties of samples do not depend on
specific surface area that increases in the order: SrNi-1 (17 m?/g)
< SrNi-2 (21 m?/g) » SrNi-3 (20 m?/g) < SrNi-4 (45 m?/g). However,
the most active catalysts are the SrNi-1 + SrNi-3 samples and
the less active - SrNi-4.
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Figure 6. TEM images of the (a) 8%Ni/MgAl,0, and (b) SrNi-2 samples. EDX data for regions 1 (c) and 2 (d) for the SrNi-2 sample.

4. Conclusions

The Ni-substituted catalysts Sr, Ni Al , Ni . O (x = 0; 0.2;
0.4; 0.8) obtained by precipitation and differing by content of
nickel substituting Al and/or Sr ions in hexaaluminate structure
have been investigated in steam reformation of methane. It has
been shown that increasing x value results in change of phase
composition. Transition from SrAl, ,Ni; ,O,, to Sr ,Nij ,AlL,O,q
promotes destruction of hexaaluminate structure and formation
of Ni,Al,,O,, phase which is not active in steam reformation of
methane. According to XPS, nickel on the sample surface is
Ni?*, and its surface concentration is much lower than volume

one that is evidence of its interaction with oxide composition.
H,-TPR data of the catalysts showed that the reduction in the
temperature range of 30 - 900°C is not complete. However, the
SrNi-2 sample possesses the highest reducibility and the SrNi-4
sample containing Ni,Al, O,, phase, the lowest one, respectively.
The high reducibility and high dispersion of the SrNi-2 catalyst
determines its high activity in the steam reforming of methane
since the active component is metal nickel and activity of the
catalyst depends on its dispersion. On the other hand, high
dispersion of metal nickel is related to the chosen object of
investigation — Ni-substituted Sr hexaaluminates. Using Sr
aluminate with the components ratio typical for hexaaluminate
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structure in which nickel ions are homogeneously dispersed after
treatment and reduction of the sample creates conditions for
formation of highly dispersed and stable metal nickel particles

on the catalyst surface. Thus the Sr, Ni Al

O, x=0;

11.2+xN|0.8—x

0.2; 0.4) catalysts are effective for steam reforming of methane.
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