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Determination of the electronic state and concentration of nickel
in NiSAPO catalysts by magnetic measurements
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A method to determine the electronic state and concentration of Ni in Ni-loaded silicoaluminophosphate (NiSAPO-n) where n
denotes the structure type (n = 47, 18, 34, 44, 56 and 17) is presented. The method involves measurements and analysis of the
magnetization M versus magnetic field H (up to 55 kOe at 2 K) and M versus temperature (7" = 2-300 K) data. The analysis yields
spin S = 1/2 corresponding to Ni(I) state for lightly doped samples, whereas for higher doping, both Ni(I) and Ni(0) are indicated.
The concentration of Ni determined from these studies varies between the minimum of 0.2 wt% for the n = 47 sample to maximum

of 1.75% for the n = 17 sample.
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Molecular sieve catalysts based on silicoalumino-
phosphate (SAPO-n) and aluminophosphate (AIPO-n)
have been of considerable interest in recent years [1].
However, incorporation of transition metal ions such
as Co, Ni, Mn etc. into the framework of SAPO-n in
order to develop reaction-specific catalysts is not
straightforward. So far, three different techniques viz.
impregnation, ion-exchange, and the isomorphous
substitution have been found successful for incorpo-
rating the transition metal ions [2]. Catalytic activity of
the doped catalysts depends upon the valence state,
location, dispersion and concentration of the metal
species. Such information is often difficult to obtain
when the concentration of the metal ion is less than
1%. The use of several techniques viz. electron mag-
netic resonance (EMR), electron spin echo modulation
(ESEM) spectroscopy, and X-ray absorption fine
structure (EXAFS) has been reported to characterized
Ni in SAPO-n structures [3-5]. In this paper, we
present the use of a different technique viz. magnetom-
etry, to determine the concentration and electronic
states and of Ni in SAPO-n catalysts which involves
the analysis of the magnetization (M) data as a
function of magnetic field H and temperature 7.
Details are given below.

SAPO and NiSAPO molecular sieves were synthe-
sized by hydrothermal crystallization under autoge-
neous pressure using various organic templates. The
following chemicals were used: orthophosphoric acid
(85 wt%), aluminum isopropoxide (98+ %), pseud-
oboehmite (Catapal-B, 70 wt% Al,O3), fumed silica
(99.8 wt%, 380 m?/g), colloidal silica (Ludox LS,
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30 wt%), nickel acetate tetra hydrate (99.98 wt%),
cyclohexylamine (99 + wt%), N,N-diisopropylethyl-
amine (99 wt%), morpholine (99+ wt%), tetraethyl-
ammonium hydroxide (30 wt% in water),
methylbutylamine (96 wt%), N,N,N’,N’-tetramethyl-
hexane 1,6-diamine (99 wt%). All the chemicals except
pseudoboehmite were from Aldrich. Pseudoboehmite
was from Vista. Syntheses were carried out in a 120 c¢m?
stainless steel autoclave lined with Teflon. Table 1 lists
the molar compositions and crystallization conditions
for the NiSAPO molecular sieves. The individual
compositions and crystallization conditions were opti-
mized by trial and error and based on literature reports
on corresponding materials [1,6,7-15]. For brevity, we
give below the detailed procedure for SAPO-17 and
NiSAPO-17 only, with the other preparations being
similar.

Cyclohexylamine was the organic template used for
the synthesis of SAPO-17. In a typical synthesis 27.79 g
aluminum isopropoxide was slurried in 45 g water and
stirred for 30 min. Then 15.38 g phosphoric acid was
added dropwise to this slurry followed by 20 g of water.
The mixture was stirred for 2 h before adding 0.8 g of
fumed silica and 4.7 g of water. The mixture was then
stirred for 1 h before adding dropwise 6.68 g cyclohex-
ylamine. The final mixture was stirred for 2 h to make
the gel homogeneous. Then about 200 mg of AIPO4-17
seed crystals were added to this gel and stirred for
another 30 min. The pH of the gel was around 7.0.
About 80 mL of the gel was loaded into a 120 mL
autoclave and kept at 200 °C for 42 h. The product
appeared as a fine powder and was separated from the
mother liquor by centrifugation. It was then washed
with water by repeated centrifugation, followed by
drying at 70 °C overnight.
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Table 1
Gel compositions and the crystallization conditions for NiSAPO-n molecular sieves

Structure Template Molar gel composition Temperature Time
(R) (°C) (h)
NiSAPO-17 Cyclohexylamine 0.03NiO : 0.98 Al,0O5 : 1.0 P,Os : 0.1 SiO; : 1.0 R : 60 H,O 200 42
NiSAPO-18 N,N-diisopropyl-ethylamine 0.03NiO : 0.98 Al,O3 : 0.92 P,Os : 0.3 SiO, : 1.6 R:50H,O 165 184
NiSAPO-34 Morpholine 0.03NiO : 0.98 Al,0O5 : 1.0 P,Os : 0.6 SiO; : 2.0 R : 60 H,O 200 49
NiSAPO-44 Cyclohexylamine 0.03NiO : 0.98 Al,0O3 : 1.0 P,O5 : 0.6 SiO, : 1.9 R : 60 H,O 190 48
NiSAPO-47 Methylbutylamine 0.03NiO : 0.98 Al,0O5 : 1.0 P,O5 : 0.3 SiO; : 2.0 R : 60 H,O 200 110
NiSAPO-56 N,N,N’,N’ -tetramethyl-hexane 0.03NiO : 1.0 Al,O53 : 1.0 P,O5: 0.3 SiO, : 1.0 R : 40 H,O 200 111
1,6 diamine
Synthesis of the NiSAPO-17 was achieved by follow- og{ T~ T T T T T T T T
ing the same procedure except that nickel acetate was A n-47 T=2K >
first mixed with the phosphoric acid and the resulting 0.7 - * n-18 > .
solution was added to the alumina slurry. Product v n-34 > .
recovery was same as SAPO-17. 064 <on-44 N S ]
All the SAPO materials in their as-synthesized form ; :?g o e ° o ©
contain organic templates occluded in the channels and 0.5 4 ° o S v Y
cages. The organic templates were removed by slowly Py o <v> v
heating to 550 °C in air and kept at this temperature for E 0.4 4 . S/ i
12 h. This calcination process effectively converts the & o Y
SAPO materials into their corresponding H-SAPO = 3 s M i
form. Based on the Ni content in the gel mixtures in S v
table 1, the wt% Ni in the calcined catalysts would have 0.2 4 33 &£ s w % FT
an expected nominal value of around 0.7 wt%. | f v . * |
The magnetic data are presented on six different 01 4 ’999' * A A A A 4 s
structure types for n = 17, 18, 34, 44, 47 and 56. All the ] Qﬁﬁxxﬁ”i s *
samples were characterized and identified to be pure 0.0 &‘ -

SAPO phases by room temperature X-ray diffraction
(XRD) using a Rigaku diffractometer with CuK,, radia-
tion. However, XRD did not provide any information on
Ni -loading partly because of low levels of Ni loading.
Measurements of the magnetization M as a function of
temperature (7 = 2-300 K) and magnetic field H up to
55 kOe were carried out on a commercial superconduct-
ing quantum interference device (SQUID) magnetome-
ter. The samples were tightly packed into a white plastic
drinking straw as the sample holder. The data presented
here are corrected for the background diamagnetic
susceptibility of the sample holder, which is independent
of Tand H and has the magnitude y = — 3x 10 ~® emu/
Oe.

Two sets of data are reported here: First, the
variation of M with H at the lowest experimental
T = 2 K with H up to 55 kOe and second the variation
of M versus T from 2-300 K at a fixed H = 100 Oe. The
variations of M versus H at 2 K for the six samples are
shown in figure 1. For a paramagnet with unpaired spin
S, the variation of M versus H is expected to follow the
Brillouin function By(x) given by [16]

28 +1 1 X
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Figure 1. Plots of the magnetization M versus field H at T=2 K for
all samples.

where x = gugSH/kgT, with ug being the Bohr magne-
ton, kg the Boltzmann constant and g the g-value of the
paramagnetic ion. In equation (1), M, is the saturation
magnetization which can be estimated from the value of
M in the limit 1/H — 0.

Theoretically, M, is given by [16]

My = NgugS 2)
with N being the concentration of paramagnetic ions.
The fitting of the data of figure 1 to equations (1) and
(2) can in principle determine both S and N. Fits to
equation (1) for four samples are shown in figure 2 and
the remaining two samples in figure 3 with magnitudes
of My and N given in table 2. In the figures 2 and 3, we
have also shown the theoretical curves for Bg(x) for
S=1/2, 1 and 3/2 . The data for the samples with
structure type n = 18, 34, 44, and 47 fits very well with
S =1/2 in figure 2, whereas in figure 3 theoretical fits
for the samples with n» = 17 and 56 with any S value is
quite poor. As we shall see later, for these two samples,
some of the Ni is precipitated out as Ni(0) nanoparticles
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Figure 2. Plots of the normalized magnetization M/M, against H at
2 K for the samples NiSAPO-18, NiSAPO-34, NiSAPO-44, NiSAPO-
47. The theoretical curves are equation (1) for spin 1/2, 1, 3/2.
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Figure 3. Same plots as figure 2 for the samples NiSAPO-17,

making the fitting to Bs(x) quite questionable. Also,
because of the small magnitude of gS = 0.6 for Ni(0)
state, the experimental values of M/M, even lower than
the predicted S = 1/2 is quite understandable.

To determine the concentration of N of paramagnetic
spins using equation (2), we use g = 2.23 for Ni ions and
S=1/2 determined above. This yields wt%
Ni = 0.942 M, using the molecular weight of SAPO as
122. In table 2, we list the wt% Ni so calculated for the
six samples. These results are discussed later.

A second procedure for the calculation of N is
possible by fitting the magnetic susceptibility (y) data
against 7 to the Curie—Weiss law:

C

L=2X + T—0 (3)
where g is the high temperature y in the limit 1/7 — 0
and includes contribution from the host SAPO-n and
van Vleck contribution from the Nickel ions [17].
The magnitudes of y, was determined by plotting y
versus 1/7 and taking the limit 1/77 — 0. These
magnitudes are listed in table 2. To determine the
Curie constant C and the Weiss temperature 6, 1/
(% — 70) 1s then plotted against T, the slope yields 1/C
and the intercept 0. The magnitudes of C and 0 are
also listed in table 2. The results of these fits are shown
in figure 4 and figure 5 in the plots of y versus 7 on a
semilog scale in order to detail the behavior at lower 7.
For the four samples with n = 18, 34, 47 and 48, the
data fit equation (3) quite well, whereas for the other
two samples in figure 5, the data show a peak in y near
Tg =5 K below which the data for the zero-field
cooled (ZFC) and the field-cooled (FC) cases bifurcate.
This bifurcation below the blocking temperature Ty is
characteristic of nanoparticle magnetism [18] as we will
discuss later. However for T > Ty, the data can be
fitted to equation (3) quite well and the constants C
and 6 are also listed in table 2.

The Curie constant is C = N g2ug”S(S+ 1)/3kg [16].
Again using g =2.23 and S = 1/2, the wt% of Ni is
calculated to = 1.257 x 10* C. The results of these
calculations are also listed in table 2. The Weiss-tem-
perature 6 is a measure of exchange interaction between
paramagnetic spins; a positive (negative) 6 represents
ferromagnetic (antiferromagnetic) interaction. The small
magnitudes of 0 indicate weak interaction because of

NiSAPO-56. low loadings of Ni.
Table 2
Experimental parameters for all six NiSAPO samples
Structure %0 (1077) C (107%) 0 Ni wt% calculated M, Ni wt% calculated  Ni-nano
emu/g Oe emu K/g Oe (K) from C (emu/g) from M, particles
NiSAPO-18 6.3 2.0 0 0.25% 0.2215 0.21% No
NiSAPO-34 93 6.0 -2 0.75% 0.5414 0.51% No
NiSAPO-44 4.6 6.1 0 0.77% 0.5585 0.53% No
NiSAPO-47 18.6 1.5 -1 0.19% 0.1218 0.11% No
NiSAPO-56 6.4 8.9 +4 1.11% 0.7321 0.69% Yes
NiSAPO-17 5.2 14.0 +4 1.75% 0.9125 0.86% Yes
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Figure 4. Temperature variation of the magnetic susceptibility y = M/
H at H =100 Oe for the samples NiSAPO-18, NiSAPO-34, NiSAPO-
44, NiSAPO-47. The solid lines are fit to the Curie-Weiss law (equation
(3)) with fitting parameters shown in table 2.
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Figure 5. Temperature dependence of y for the ZFC and the field
cooled (FC) cases for samples NiSAPO-17, NiSAPO-56. The solid
lines are fits to equation (3) for 7 > T = 5 K, with parameters given
in table 2.

An examination of the wt% Ni in table 2, calculated
by the two methods shows that the magnitudes calcu-
lated from C tend to be higher by as much as 50%

compared to those calculated from M. This is not yet
completely understood. The other issue requiring dis-
cussion is the magnitude of S = 1/2 determined from the
fit to equation (1) in figure 2. For Ni(II) such as in NiO,
S =1 is expected, although because of large zero-point
spin deviations, the measured experimental value of
S = 0.8 [17]. On the other hand, for Ni(I), S = 1/2 is the
expected value [16], indicating that at least for NiSAPO-n
with n =18, 34, 44, and 47, Ni(I) electronic state is
present. For the other two samples with n = 17 and 56
where Tp is observed, at least part of the Ni is in the
Ni(0) state. Azuma and Kevan [4] have reported detailed
studies of the ESR sensitive nickel-based species in
SAPO samples. These studies show that Ni(IT) in SAPO
is ESR silent, Ni(I) species are observed only after
prolonged dehydration of the samples at higher tem-
peratures with g =2.22 and Ni(0) gives a very broad
signal. We checked for ESR signals at 9.28 GHz in the
samples of table 2 at temperatures down to 5 K, but
without evacuation or thermal treatment of the samples.
No signal could be observed. The absence of ESR signal
in our experiments is however completely consistent
with the presence of Ni(I) and Ni(0) states as discussed
above.

In summary, the results presented here have shown
that analysis of M versus H and M versus T data in
NiSAPO-n samples yield the electronic state of Ni as
Ni(I) for light doping and Ni(I) and Ni(0) for higher
dopings. This analysis is useful even when the concen-
trations of Ni are <1%. Similar analysis should be
equally effective for other paramagnetic ions (e.g. Mn,
Fe, Co and Cu). However, if more than one paramag-
netic ion is present in a sample, the analysis will be more
difficult because M measures the effects of all magnetic
species in a sample.
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