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Abstract—A nickel-strontium phosphate catalyst was recently reported to exhibit high activity and selectivity in partial
oxidation of methane (POM). Further characterizations have been performed in the present work in order to better
understand the characteristics of this catalyst. TEM showed that very fine nickel particles of a few nanometers of the
size were present in the needle shape in the sample after the reaction. TPR showed the presence of three nickel species,
confirming that the nickel in the strontium hydroxyapatite and phosphate structures comes out as fine particles and is
reduced during the reaction. As the calcination time during the preparation increased, the total re-oxidation temperature
became higher. This is considered due to larger titgstize owing to the longer calcination, which results in a smaller
amount of nickel coming out of the matrix to the surface.
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INTRODUCTION solid phase crystallization, such ag MTIO; (A: Ca, Sr or Ba),
shows good activity and selectivity as well as very low coke for-

Catalytic partial oxidation of methane (POM) for synthesis gasmation. They explained that this would be due to highly dispersed
production has been an active subject in recent years. The proceasd stable Ni metal particles on the perovskite, where the nickel
arouses renewed interest as a promising alternative to the steam mpecies thermally evolve during the reaction from the cations ho-
forming of methane [Au and Wang, 1997; Chen et al., 2000; Choudmogeneously distributed in an inert perovskite matrix as the pre-
hary et al., 1997; Diskin and Ormerod, 2000; Dissanayake et algursor. Takehira [2002] also reported that a Ni/Al-Mg oxide cata-
1991, 1993; Hayakawa et al., 1997; Liu et al., 2000; Takehira et allyst prepared by the solid phase crystallization had very fine Ni par-
2000; Torniainen et al., 1994; van Looij and Geus, 1997]. Com-ticles and showed high activity, selectivity and stability. Such stud-
pared with highly endothermic steam reforming, POM is mildly ies suggest that high dispersion of metal species and/or use of al-
exothermic and does not require high operating pressures, and herkaline earth metals may be beneficial to improve the catalytic per-
is more energy efficient. The reaction can be carried out with loweformance for the POM. Liu et al. [2002a, b] have recently reported
investment and will produce a smaller amount of.dR&cently, that Ni/Ce-ZrQ/6-Al,O; shows high activity and stability and that
POM has been of particular interest in fuel processing applications protective layer of Ce-Zy@uppresses the formation of inactive
such as in fuel cells for start-up from cold, owing to its exothermic NiAl ,O,.
nature [Torniainen et al., 1994; Diskin and Ormerod, 2000]. From the work in our laboratory, it has recently been reported

There have been numerous studies on POM over various mettthat another type of new catalyst, nickel-strontium phosphate, ex-
catalysts. Rh is known to be the most active for POM [Torniainenhibits high activity and selectivity in POM [Lee and Yoon, 2001,
et al., 1994]. However, Ni is the most extensively studied catalyst_ee et al., 2002]. Over this catalyst, methane conversion and H
because it is effective as well as cheap. Ni is usually supported oand CO concentrations close to or sometimes in excess of those
alumina and silica, but it is susceptible to the formation of inactive predicted by the thermodynamic equilibrium were observed. No
nickel aluminate and silicate. Sintering of metallic nickel and coke refractory oxide support is used in this catalyst. It is considered that
formation are other problems that cause catalyst deactivation. Severtile presence of Srimparts some alkalinity to the catalyst and might
attempts have been reported to overcome these problems. Chouoke beneficial for the suppression of coke formation. However, many
hary et al. [1997] have shown that in supported Ni catalysts prestill remain to resolve for the characteristics of this catalyst. The
pared by depositing NiO on alumina and silica precoated with MgO presence of fine nickel particles, which were evolved from the stron-
chemical interactions of NiO with the support could be preventedtium phosphate or the strontium hydroxyapatite structure, was sug-
by providing a stable protective layer of magnesium aluminate andjested but no direct evidence was given. Another question is that
silicate. Hayakawa et al. [1997] and Takehira et al. [2000] have reunder what conditions the nickel evolves from the structure. This
ported that Ni supported on perovskite-type oxides prepared by thevork is a continuation of the previous work to better understand

the characteristics of the catalyst. Transmission electron micros-

To whom correspondence should be addressed. copy (TEM) will give the direct evidence of the presence of fine
E-mail: kijyoon@skku.edu particles. Temperature programmed reduction (TPR), X-ray dif-
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fraction (XRD) and variation of calcinations time will give some by only the reaction gas mixture at 823-873 K without hydrogen

more information of coming-out and reduction of the nickel. treatment usually employed for the activation of Ni catalysts. After
the activation the third phase disappeared. In addition, the apatite
EXPERIMENTAL almost disappeared and the phosphate became the dominant con-

stituent. Therefore, it was suggested that the Ni in the third phase

The catalysts were prepared from nearly saturated aqueous soloame out of the apatite and/or the phosphate structure under reduc-
tions of strontium nitrate, nickel nitrate and dibasic ammonium phosding environment and was transformed to metallic Ni. Contrary to
phate. The solutions were mixed with vigorous stirring and the mix-the expectation, NiO and metallic Ni as well as nickel phosphate
ture was dried at 383 K overnight and finally calcined in air at 1,073phases were not observed by XRD in either the fresh or the used
K for 2, 15 and 24 h to obtain the catalyst. The molar ratios of Sr/
PO, and Ni/lPQ were 9/6 and 1/6, respectively, since this had been
found to be the optimum composition in the previous work [Lee et
al., 2002]. The Ni content in this catalyst is about 4 wt%. The cat-
alyst was designated to be SrNiA(10/t)-f or u, where t denotes th
calcination time in hour and f and u denote fresh (before-reaction
and used (after-reaction) catalyst, respectively.

The catalyst performance was tested by a conventional metho
using an 8 mm ID quartz-tube flow reactor. The reaction tempera:
ture was measured by a thermocouple directly contacting the ca
alyst particles and controlled by an electric furnace. Unless speci
fied otherwise, the following experimental conditions were employed.
The catalyst charge was 1.0 g. The partial pressures of methane a
oxygen were 16.2 and 8.1 kPa (0.16 and 0.08 atm), respectivel
Ar was used as the diluent gas and the total flow rate was 100 cn
(NTP)/min. The product gas was analyzed by two gas chromato
graphs using Carboxen 1004 columns (Supelco); one used Ar ¢
the carrier gas and the other used He. The latter was needed es
cially when the concentration of GProduced was too low to de-
tect by using the Ar carrier gas. The first reaction experiment for
each catalyst was carried out at 1,023 K by flowing the reactior
gas mixture only, since this temperature was sufficiently high for the
activation of the catalyst [Lee and Yoon, 2001; Lee et al., 2002].

The catalysts were characterized with XRD by using Ni-filtered
Cu-Ka (M18xHF-SRA, Mao Science) and high-resolution trans-
mission electron microscopy (HRTEM, JEM3011, JEOL). The TPR
was carried out by using 5%/Ar with the total flow rate of 100
cm?/min for 1.0 g of the catalyst and the ramp rate of 10 K/min.

RESULTS AND DISCUSSION

Let us begin with the summary of the previous work on SrNiA
(10/2) [Lee et al., 2002]. For the fresh SINIA(10/2), three crystalline
phases were observed. The two were identified as strontium pho:
phate [S{(PQ,),: this will be called as the phosphate hereafter] and
strontium hydroxyapatite [SPQ,),(OH),: this will be called as the
apatite hereafter]. The third phase could not be identified from the
JCPDS powder diffraction files, but it was suggested to b@Er
(PQ),, a part of the 3r(ionic radius: 126 pm) being substituted
with Ni?* (ionic radius: 69 pm), since the contraction of d spacing
for the major peaks was about 3-4 pm when compared with the
spacing for the major peaks of strontium phosphate. This sugge:
tion could be strongly supported by a recent work on strontium iror
phosphate [Belik et al., 2001]. Belik et al. also showed that Ni, Co,
Cu, Zn, Mn and Cd could substitute th&.Sthe third phase, how- ' ()
ever, disappeared after the reaction experiment, and it was cot
firmed that the third phase also disappeared after hydrogen treagig. 1. TEM pictures for SrNIA(10/2).
ment. Another conclusion was that the catalyst could be activated (a) fresh catalyst, (b) used catalyst
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catalyst.
1. TEM Results

Fig. 1 shows the TEM pictures for SINIA(10/2)-f and SrNIA(10/ SINIA(10/24) - u

2)-u. In the fresh catalyst, round particles of 5-20 nm size were ob s e e 4 0
served. These particles were identified as NiO by energy-disper SINIA(10/24) - f
sive X-ray spectroscopy (EDS) equipped in the TEM apparatus e so o ®

since the major elements in the particles, when irradiated with abot
10 nm size beam, were found to be Ni and O. At the other part o
the catalyst, the major elements were Sr, P and O, together with _
small amount of Ni. In the used catalyst, very fine particles Wereg
observed; they had not been seen in the fresh catalyst. Many of the’>
were needle shaped, with a width of about 1 nm and length of se\’é

SrNiA(10/15) - u
*® . *

eral nm. Round particles of a few nm diameters were also observe 2 * e STNIA110115) -1

For these particles a major element was found to be Ni by EDS™

Therefore, it is certain that these are Ni particles, and the sugge:

tion in the previous work that the Ni comes out of the matrix dur-

ing the activation is pertinent. This phenomenon for the Ni coming

out from the matrix appears similar to the solid phase crystalliza: SrNIA(10/2) - u

tion mentioned in the introduction. e 2
Failure of observation of NiO and Ni phases by XRD can be elu- SINIA(10/2) -

cidated from these outcomes. One reason is surely that the partic . oo =

size was too small to detect by XRD. Another reason may be du : ‘ —— .

to the small amount of Ni, amounting to less than a few wt %. 20 30 40 50 60 70 80

2. TPR Results 26
Fig. 2 shows the TPR result for SNIA(10/2). Hydrogen con- Fig 3. XRD patterns of fresh and used SrNIA(LO/) catalysts¥:
sumption started at around 560 K and there appeared at least four  the apatite [Sty(PO,){(OH),+Stio-,Ni,(PO.)(OH),]; ®:
peaks (the fast decrease up to about 550 K for SrNiA(10/2) is the Sr,(PO,),; O: Sr,  Ni(PO,),).
baseline drifting).
For SrNiA(10/2), the first peak at 645 K is considered due to re-
duction of free NiO, according to earlier works [Dong et al., 2002; at around 690 and 765 K are attributable to nickel species that are
Liu et al., 2002b; Roh et al., 2001a, b]. The second and third pealdess easily reducible than the above NiO. One might think that the
second peak would be attributable to very fine NiO particles that
have a stronger interaction with the substrate (strontium hydroxya-
patite and strontium phosphate) than the larger NiO particles. How-
ever, since the presence of very fine particles of a few nanometers,
especially of needle shape, in the fresh sample was not observed
by HRTEM, this is not considered to be the case. Instead, they may
be assigned to the nickel ions substitutirfg iSithe strontium hy-
droxyapatite and phosphate structures. Although presence of a stron-
tium nickel hydroxyapatite phase, in which a part éf\8as sub-
stituted with Ni*, could not be identified by XRD (Fig. 3), this does
not necessarily rule out its presence if the XRD patterns of stron-
tium hydroxyapatite and strontium nickel hydroxyapatite are almost
the same (note: there are no diffraction files for strontium nickel
hydroxyapatite in JCPDS). Rather, the presence of strontium nickel
phosphate strongly supports the possible presence of the strontium
nickel hydroxyapatite because the substituting chemistry would be
the same (Sr and Ni have the same oxidation number of +2) [Belik
et al., 2001]. Therefore, it would be more accurate to consider that
: the apatite phase actually consists of strontium hydroxyapatite and
! constant strontium nickel hydroxyapatite. The OH-Ni-O-P®tructure in
iat1073K the apatite is considered to be chemically less stable than the -PO
IS ! O-Ni-O-PQ- structure in the phosphate when comparing the OH-
00  e00 800 1000 Ni- and -PQO-Ni- structures, and hence the second peak is attrib-
utable to the Ni in the former structure. The amount of the nickel
in the apatite structure is at least two times larger than that in the
Fig. 2. TPR patterns for (a) SrNiA(10/2) and (b) SrNiA(10/24). phosphate structure. This seems to be in agreement with the disap-

H, Consumption (a.u.)
1

Temperature (K)
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pearance of the apatite phase after the POM reaction, since the ir 0.6
tial amount of the apatite appears larger than that of the strontiur e SINIA(101) - f
nickel phosphate as seen by the XRD results [Fig. 3, for SrINIA(10. —o— SrNiA (10/t) - u

2)]. Hence, this strongly supports the above suggestion that the fir 051
nickel particles are formed from the Ni species coming out of the
apatite and phosphate structures.

When only methane and oxygen were flowing, the catalyst acti-
vation temperature was around 850 K [Lee et al., 2002]. When con—
sidering the difference in the reducing ability between hydrogen+_
and methane-oxygen, this activation temperature is not considere=
to be so higher than those reduction temperatures observed in t—"
TPR.

The peak at 1,073 K is attributed surely to a species that is muc
more difficult to reduce. One plausible explanation is that this is
due to reduction of phosphate, for instance transformation of orthc
phopshate (PD) to pyrophopshate {8;, or PQ-O-PQ), or re-
duction of SrO.

3. Effect of Calcination Time

Fig. 2 also shows the TPR result for SrNiA(10/24), which expe-
rienced a longer calcination time. The first peak became broade
and its highest point appeared at around 660 K, which was abolFig. 4. Relative peak intensities of Sr,Ni(PO,), with respect to
15 degrees higher than the corresponding one for SrNiA(10/2). This the sum of Sg(PO,), and the apatite phases in the fresh and
peak is also due to the reduction of free NiO. The reason for the used catalysts with different calcination time.
higher temperature and broader peak is considered to be because
of the enlarged patrticles (or sintering) owing to the longer calcina-almost entirely disappeared in SrNiA(10/2)-u. In SrNIA(10/15)-u
tion. That is, it will take more time for the larger particles, espe-and SrNiA(10/24)-u, however, significant amounts of this phase
cially NiO in the core, to be reduced completely. There might be avere still remaining, and the amount in the latter sample was larger
stronger interaction between NiO and the substrate owing to thé¢han that in the former sample. The same trend was observed for
longer calcination, but it did not seem to happen because the intethe apatite phase. These results indicate that the amounts of the stron-
action would instead be weakened if the particle size increased. It ilum nickel phosphate and the apatite become larger with the cal-
noteworthy that the second and third peaks became much smalleination time or the grain size of the crystallites becomes larger or
and appeared at the temperatures higher by 35 and 15 degrees, tiee crystallization is achieved to a greater extent. As a consequence,
spectively, than the corresponding ones for SINIA(10/2). This reflectehe Ni ions in the matrix of larger or more crystalline crystallites
that the crystallites of strontium nickel hydroxyapatite and phosphate
would have become larger or more crystalline due to the longer cal
cination. This argument will be further discussed and verified below 100
by employing the XRD and reaction results. The larger amount ol

0.4 1

0 5 10 15 20 25
t(h)

what was reduced at around 1,073 K is consistent with the sugge: - gfm?ﬁ(:gﬁzj
tion in the above paragraph. That is, due to the longer calcinatior | | —a— S:N:AE10/24§

more phosphate (including the apatite) would have been crystal | |- Equilibrium
lized, or more SrO would have been formed (note: when strontiur _
nickel phosphate is formed, there may be surplus Sr which is ncsX
combined with the phosphate group). _
Fig. 3 shows the XRD patterns of SrNiA(10/t) catalysts pre-
pared with different calcination time t. It is certain that the apatite £
phase is transformed, to a more or less extent depending on the c©, 40 -
cination time, to strontium phosphate under reducing environmeng
during the reaction. Fig. 4 compares the relative amount of the thir
phase, Sr,Ni,(PQ),, in the three SrNIA(10/) catalysts. The rela-

60

onversion

tive amount was presented by the ratio of the intensity of the mos 201
intense XRD peak of the strontium nickel phosphate phafe [|
(015) plane] to the intensity sum of the most intense peaks of thi
hosphate and the apatite phasgfl (015) plane+lfor (211 0 i , i .
posp P phasgfofl (015) p dfor (211) 600 700 800 900 1000 1100

plane].
The strontium nickel phosphate phase was present in all the fres

catalysts. The relative amount of this phase became larger as thgy. 5. CH, conversion vs. temperature over SrNiA(10/) catalysts
calcination time increased. After the POM reaction, the third phase with different calcination time t.

Temperature (K)
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100 needle and round shapes were present in the used sample while they
CO H, ) were not observed in the fresh sample. As the calcination time in-
-e- -O- SINIA (10/2) creased, the crystallite size or the extent of crystallization seemed
80| o gm:ﬁgggi; to become greater, resulting in a smaller amount of Ni at the sur-
O (R Equilibrium face and thus poorer catalytic performance, that is, higher total re-
5 oxidation temperature.
[}
*o 60 REFERENCES
T
o3
-*E' Au, C. T. and Wang, H. Y., “Mechanistic Studies of Methane Partial Oxi-
‘g 40 dation to Syngas over SiSupported Rhodium Catalysts;'Catal,
o 167, 337 (1997).
o) Belik, A. A., Lazoryak, B. 1., Pokholok, K. V., Terekhina, T. P., Leonidov,
o 20 I. A., Mitberg, E. B., Karelina, V. V. and Kellerman, D. G., “Synthe-
sis and Characterization of New Strontium Iron (Il) Phosphates,
SrFe(PQ,), and SyFe (PQ,),; J. Solid State Cheml62 113
(2001).
06’00 200 800 9(')0 10'00 1100 Chen, Y., Hu, C., Gong, M., Chen, Y. and Tian, A., “Partial Oxidation

and Chemisorption of Methane over Ni@| Catalysts;Stud. Surf.

Sci. Catal, 130 2543 (2000).

Fig. 6. CO selectivity (closed symbols) and Hield (open symbols) Choudhary, V. R., Uphade, B. S. and Mamman, A. S., “Oxidative Con-
vs. temperature over SrNIA(10/t) catalysts with different version of Methane to Syngas over Nickel Supported on Commer-
calcination time. cial Low Surface Area Porous Catalyst Carriers Precoated with Al-

kaline and Rare Earth Oxide$, Catal, 172 281 (1997).

will have a greater difficulty in coming out of the matrix, at least Diskin, A. M. and Ormerod, R. M., “Partial Oxidation of Methane over

due to the physical reason. Hence, it is expected that the amount of Supported Nickel CatalystStud. Surf. Sci. Catall3Q 3519

Ni at the surface of the catalyst becomes smaller as the calcination (2000).

time increases. Dissanayake, D., Rosynek, M. P, Kharas, K. C. C. and Lunsford, J. H.,

Figs. 5 and 6 show the results of the POM reaction experiments. “Partial Oxidation of Methane to Carbon Monoxide and Hydrogen

The CO selectivity is defined here as (moles of CO produced)/(moles over Ni/ALO; Catalysts;J. Catal, 132 117 (1991).

of CH, consumed). The Hyield is defined as (moles of, igro- Dissanayake, D., Rosynek, M. P. and Lunsford, J. H., “Are the Equilib-

duced)/[2x(moles of CHed)]. Above 873 K, the differences be- rium Concentration of CO and, lExceeded during the Oxidation

tween the catalysts were negligible or quite small because the values of CH, over a Ni/'YRO, Catalyst?)J. Phys. Cheryf7, 3644 (1993).

were close to the equilibrium values. However, the temperature aong, W.-S., Jun, K.-W., Roh, H.-S,, Liu, Z.-W. and Park, S.-E., “Com-

which the activity dropped abruptly became higher as the calcina- parative Study on Partial Oxidation of Methane over NijZMNd/

tion time increased. The abrupt decrease is due to total re-oxidation CeQ and Ni/Ce-ZrQ Catalysts/Catal. Lett, 78, 215 (2002).

of metallic Ni surfaces, resulting in loss of POM selectivity and only Hayakawa, T., Harihara, H., Anderson, A. G., Suzuki, K., Yasuda, H.,

the complete oxidation occurring. This has been observed in the Tsunoda, T., Hamakawa, S., York, A.P.E., Yoon, Y.S., Shimizu,

previous work [Lee et al., 2002] as well as by several investigators M. and Takehira, K., “Sustainable Ni{G8r,TiO, Catalyst Prepared

[Dissanayake et al., 1991, 1993; van Looij and Geus, 1997]. The in situ for the Partial Oxidation of Methane to Synthesis Gpg}.

reason why the total re-oxidation temperature becomes higher with Catal. A 149 391 (1997).

the calcination time is certainly because the amount of Ni at the surkee, S.-H. and Yoon, K. J., “Oxidative Coupling of Methane over Tran-

face becomes smaller with the calcination time. This again proves sition-Metal-Substituted Strontium Hydroxyapat@iirean J. Chem.

Temperature (K)

that the discussion in the above paragraph is valid. Eng, 18, 228 (2001).
Lee, S.J., Jun, J.H,, Lee, S.-H., Yoon, K. J., Lim, T. H., Nam, S.-W. and
CONCLUSIONS Hong, S.-A., “Partial Oxidation of Methane over Nickel-Added

Strontium Phosphatelppl. Catal. A230, 61 (2002).

Ni-strontium phosphate exhibited excellent activity and selectiv-Liu, S., Xiong, G., Dong, H., Yang, W., Sheng, S., Chu, W. and Yu, Z.,
ity in POM. Likewise to the presence of both the strontium phos- “Sustainable Ni Catalyst for Partial oxidation of bl Syngas at
phate and strontium nickel phosphate phases, the hydroxyapatite High TemperatureStud. Surf. Sci. Catall30 3567 (2000).
phase in the fresh sample was considered to consist of strontiuiriu, Z.-W., Jun, K.-W., Roh, H.-S., Park, S.-E. and Oh, Y.-S., “Partial
hydroxyapatite and strontium nickel hydroxyapatite. The catalytic =~ Oxidation of Methane over Nickel Catalysts Supported on Various
activity was attributed to the fine Ni metal particles, which were  Aluminas;Korean J. Chem. Engl9, 735 (2002a).
formed from the Ni ions coming out of the strontium nickel phos- Liu, Z.-W., Roh, H.-S., Jun, K.-W., Park, S.-E. and Song, T.-Y., “Partial
phate and strontium nickel hydroxyapatite and being reduced dur- Oxidation of Methane over Ni/Ce-Z#B-Al ,O,; Korean J. Chem.
ing the reaction. TEM, TPR and XRD results verified this conclu- Eng, 19, 742 (2002b).
sion. TEM showed that many fine particles of a few nanometers irRoh, H.-S., Jun, K.-W., Dong, W.--S., Park, S.-E. and Baek, Y-S., “Highly

Korean J. Chem. Eng.(Vol. 20, No. 5)



834 J.H. Jun et al.

Stable Ni Catalyst Supported Ce-Zifor Oxy-Steam Reforming K., Hamakawa, S. and Hayakawa, T., “Partial Oxidation qfi@bl

of Methane;Catal. Lett, 74, 31 (2001a). Synthesis Gas on Ni/Perovskite Catalysts Prepared by SPC Meth-
Roh, H.-S., Jun, K.-W,, Dong, W--S., Park, S.-E. and Joe, Y-I., “Partial  od; Stud. Surf. Sci. Catall30 3525 (2000).

Oxidation of Methane over NHAILO, Catalysts;Chem. Lett 666 Torniainen, P. M., Chu, X. and Schmidt, L. D., “Comparison of Mono-

(2001b). lith-Supported Metals for the Direct Oxidation of Methane to Syn-
Takehira, K., “Development of a Catalyst for Fuel-Cell Hydrogen Man-  gas;J. Catal, 146 1 (1994).

ufacture; from AISTI, Sinotech, Information on New Technology, van Looij, F. and Geus, J. W., “Nature of the Active Phase of a Nickel

http://mww.mri.co.kr(Oct. 2002). Catalyst during the Partial Oxidation of Methane to Synthesis Gas;
Takehira, K., Shishido, T., Kondo, M., Furukawa, R., Tanabe, E., Ito, J. Catal, 168 154 (1997).

September, 2003



	Characterization of a Nickel-Strontium Phosphate Catalyst for Partial Oxidation of Methane
	Jin Hyuk Jun, Sang Jin Lee, Seung-Hwan Lee, Tae-Jin Lee*, Sang Jun Kong**, Tae Hoon Lim**, Suk-Wo...
	Department of Chemical Engineering, Sungkyunkwan University, Suwon 440-746, Korea *School of Chem...
	Abstract�-�A nickel-strontium phosphate catalyst was recently reported to exhibit high activity a...
	Key words:�Calcination, Nickel, Partial Oxidation of Methane, Strontium Nickel Hydroxyapatite, St...
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES






