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Abstract

The acid properties of various sulfated and metal-promoted zirconium oxide (ZrO,) catalysts have been studied by solid-state >'P MAS NMR,
FT-IR and TPD using the adsorbed trimethylphosphine oxide (TMPO), pyridine and ammonia as the probe molecule, respectively. Sulfated
zirconia (SZ) catalysts having varied sulfur contents and metal promoter (M = Al, Ga and Fe) were prepared by sol-gel method. Effects of sulfation
and promoter on the detailed qualitative and quantitative information of acid sites, viz. types (Brgnsted versus Lewis), strengths and distributions,
on various synthesized SZ and M/SZ were examined by >'P MAS NMR of adsorbed TMPO in conjunction with elemental analyses by ICP-MS. By
comparison, pyridine-IR and NH;-TPD methods are capable of providing only qualitative information of the overall acidity. It was found that while
the parent ZrO, possesses only weak Lewis acidities, elaborated sulfation treatment leads to formation and coexistence of strong Brgnsted (B) and
Lewis (L) acid sites whose variations can readily be followed. On the other hand, incorporation of different metal promoters onto SZ, led to
simultaneous formation/elimination and variations of B- and L-sites with varied strengths and distributions. As a result, Ga/SZ was found to
possess more B- than L-sites, whereas an opposite trend was observed for Al/SZ. As for Fe/SZ, a pronounced increase in both concentration and
strength of acid sites were found. With an exception of Ga/SZ, the ‘very strong’ acid sites observed for various SZ and M/SZ catalysts were found to

be associated more to L- than B-sites.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Sulfated zirconia (SO427—Zr02; SZ) is an environmental-
friendly and practical solid acid catalyst commonly used in
industrial processes, especially those invoking low-temperature
conversion of hydrocarbons, such as hydroisomerization,
hydrocracking, alkylation, esterification, cyclization, etc. [1—
4]. However, SZ is also known as a catalyst vulnerable to rapid
deactivation. This drawback is normally circumvented by
adding suitable amount of metal promoter, such as Pt, Al, Ga,
Fe or Mn. Consequently, metal-promoted SZ (M/SZ) catalysts
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were mostly found to engender both Brgnsted and Lewis
acidities with superior acid strengths. As such, M/SZ’s are also
known as ‘superacid’ catalysts renderable for exceptional
activity and selectivity during hydrocarbon conversion reac-
tions, e.g., n-butane isomerization [5-15]. Nevertheless, the
strengths and types of acid sites of SZ deserve further
justification; while most of the existing literatures [1-18]
revealed that calcination treatment at elevated temperatures
tends to promote the co-existence of Brgnsted and Lewis acid
sites, whose acidic strengths are much higher than typical solid
acid catalysts, such as zeolites. On the other hand, some reports
[19-21] questioned the existence of ‘superacidity’ in SZ
catalysts and claimed that the strength of Brgnsted acid sites in
SZ are only comparable and, in some cases, even weaker than
typical zeolitic catalysts, such as H-X, H-Y or H-ZSM-5.
Similar arguments prevail regarding to the promoting effects of
metals on acidity of SZ [9,12—15,19-26]. Thus, the nature and
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acidic features of acid sites in SZ and M/SZ catalysts remain as
debatable issues for which this report aims to justify.

In terms of acidity characterization of solid acid catalysts,
conventional methods normally invoke either direct observa-
tion of the acidic hydroxyl OH groups by using IR and/or 'H
NMR spectroscopy or through the adsorption of suitable basic
probe molecules (mostly containing elements with unpaired
electrons, such as N, O, P, etc.) followed by analytical and/or
spectroscopic techniques, such as titration, temperature-
programmed desorption (TPD), calorimetry and infrared (IR)
or nuclear magnetic resonance (NMR) spectroscopy [27].
Nonetheless, while some of the above methods are useful in
providing qualitative information (e.g., acid types) of the acid
sites, most techniques are capable of providing only
quantitative (acid amount and/or strength) information regard-
ing to the overall acidity of solid acid catalysts. In this context,
numerous reports on acidity characterization of SZ and assorted
M/SZ catalysts can be found using the aforementioned
conventional techniques [17-26,28-42]. A novel solid-state
3p magic-angle-spinning (MAS) NMR technique developed
recently using trialkylphosphine oxides as probe molecules,
however, reveals the propensity in providing detailed acid
features, namely the types (Brgnsted versus Lewis acidity),
concentrations (distributions and amounts) and strength of acid
sites in solid acid catalysts simultaneously [27,43—45]. In
particular, when applied in conjunction with elemental analysis
(e.g., by inductively coupled plasma mass spectrometry; ICP-
MS) and with proper choices of phosphine oxide probe
molecules having varied sizes, e.g., trimethylphosphine oxide
(TMPO; kinetic diameter ca. 0.55 nm) or tributylphosphine
oxide (TBPO; size ca. 0.82 nm), additional qualitative and
quantitative information, such as the amount and location
(internal versus external) of acid sites can also be inferred by
the >'P MAS NMR spectroscopy [27], as illustrated previously
for various solid acid catalysts [45-47].

In this study, the properties and variations of acid sites on
various SZ and M/SZ catalysts with varied sulfur contents and
promoted metal (Al, Ga and Fe) loadings were investigated by
means of solid-state >'P MAS NMR of the adsorbed TMPO and
ICP-MS. The results were further compared with those
obtained from conventional pyridine-IR and ammonia tem-
perature-programmed desorption (NH;-TPD) experiments.

2. Experimental
2.1. Catalyst preparation

SZ catalysts with varied sulfur contents were prepared
according to a colloidal sol-gel method reported earlier by
Sakthivel et al. [48]. First of all, zirconium hydride Zr(OH),4
was synthesized by dissolving ca. 50 g of zirconium oxy
chloride hydride (ZrOCl,-8H,0; Acros) in 400 mL distilled
water at 343 K, followed by precipitation with ammonium
hydroxide (NH4OH; Acros) solution controlled at a pH of ca.
9.1-9.3. The precipitated Zr(OH), was repeatedly washed with
distilled water till free of chloride and ammonium ions (using
AgNOs as test reagent; Merck), dried at 373-383 K for 24 h,

then grinded into fine powder. Subsequently, ca. 1 g of Zr(OH),4
sample was treated with 15 mL of sulfuric acid (H,SO,4; Acros)
having desirable concentrations (0.5, 1.0 and 2.0N), stirred for
15-20 min, then filtered without washing. The sample was then
dried at 373 K for 12 h, followed by calcination in air at 873 K for
3 h. These samples are hereafter denoted as SZ-xN, where x = 0.5,
1.0 and 2.0 represents the concentration of sulfuric acid added
during the sulfation treatment. The Al,O5; and Ga,0O3 promoted
SZ-1.0N samples (denoted as Al/SZ and Ga/SZ, respectively)
were prepared by the aforedescribed procedures except that
during the initial step, ca. 0.91 g of aluminum (AI(NO;);-9H,0;
Merck) or 0.63 g gallium nitrate (Ga(NO3);-9H,0; Acros) was
added along with the ZrOCl,-8H,O solution [36]. On the other
hand, Fe,O5 promoted SZ-1.0N catalyst (denoted as Fe/SZ) was
prepared by adding ca. 1 g of as-prepared SZ sample into 25 mL
of iron(III) nitrate (Fe(NO3)5-9H,0; Acros) solution [49], stirred
for 0.5 h, filtered without washing, then dried at 373 K for 1 day.
Finally, the sample was calcinedinairat 873 Kfor3 h(ataheating
rate of 5 K/min).

The structural features of the parent ZrO,, SZ and M/SZ
samples were confirmed by powdered X-ray diffractometry
(XRD; PANalytical X’Pert PRO) with Cu Ko (A = 0.154 nm)
radiation and transmission Fourier-transform infrared (FT-IR;
Bruker IFS-28) spectroscopy. Whereas, their sulfur and metal
contents were determined by ICP-MS (Jarrell-Ash, ICP 9000)
elemental analyses and their BET surface areas were
determined by N, adsorption/desorption measurements (Micro-
meritics ASAP 2010) done at 77 K.

2.2. Acidity characterization

As mentioned earlier, the acid properties of the parent ZrO,,
SZ and M/SZ catalysts were characterized by different
methods, namely >'P MAS NMR of adsorbed TMPO, FT-IR
spectroscopy of adsorbed pyridine (pyidine-IR) and tempera-
ture-programmed desorption of ammonia (NH3-TPD). All 3p
MAS NMR spectra were acquired at a Larmor frequency of
202.46 MHz (Bruker MSL-500P) using a single pulse sequence
under the following conditions: pulse-width, 2 ps; recycle
delay, 10 s; sample spinning rate, 12 kHz. Aqueous 85% H;PO,
solution was used as external reference for the *'P NMR
chemical shift. Prior to the NMR experiment, each sample was
subjected to dehydration treatment at 623 K for 48 h under
vacuum (1075 Torr). Detailed procedures involved in introdu-
cing the TMPO probe molecule onto the catalyst sample can be
found elsewhere [27,45-47]. To afford quantitative determina-
tion of acid sites, each TMPO-loaded sample was also
subjected to element analysis by ICP-MS.

Supplementary acidity information was also acquired by
pyridine-IR and NH;-TPD studies. Prior to each IR experiment,
compressed sample (in form of a self-supporting wafer, ca.
6 mg/cmz) placed in the IR cell (with ZnSe windows) was first
subjected to evacuation treatment at 673 K for 3 h, followed by
saturated adsorption of pyridine at room temperature (RT;
298 K) for 1 h and subsequent removal of physisorbed pyridine
under vacuum at 423 K overnight. Each FT-IR spectra was
acquired by scanning from 4000 to 900 cm ™' (resolution of
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2cm™"); 16 repeated scans were accumulated. NH;-TPD
experiments were carried out on a chemisorption apparatus
(Micromeritics; AutoChem II 2920) equipped with a TCD
detector. Prior to the adsorption of NH3, ca. 100 mg sample was
first preheated at 383 K under flowing He for 0.5 h to remove
undesirable physisorbed species, followed by heating under He
environment at 873 K for 1h, then cooled to 393 K.
Subsequently, the sample was exposed to flowing ammonia
gas mixture (5% NHj; in He) for 1 h, then purged by He gas for
40 min to remove excessive physisorbed ammonia. All NH;-
TPD profiles were carried out by ramping the temperature from
393 to 873 K at a rate of 10 K/min.

3. Results and discussion
3.1. Structure characterization

The sulfur and metal contents obtained for various SZ-xN
(x=0.5,1.0and 2.0) and M/SZ (M = Al, Ga and Fe) samples by
ICP-MS are depicted in Table 1 along with their corresponding
BET surface areas derived from N, adsorption/desorption
measurements. Accordingly, a sulfur content of 1.4, 1.8 and
2.8 wt.% was observed for SZ-0.5N, SZ-1.0N and SZ-2.0N
sample, respectively. On the other hand, while a respective
metal loading of 1.1, 1.4 and 0.8 wt.% was found for Al/SZ, Ga/
SZ and Fe/SZ, these M/SZ samples all exhibit an expected
sulfur content of 1.8 4 0.2 wt.%, similar to their parent SZ-
1.0N. Furthermore, an apparent increase in BET surface area
was found in the modified (SZ-xN and M/SZ) samples
compared to their parent ZrO,, indicating that the elaborated
sulfation treatment leads to conspicuous changes in its physical
properties, in accordance with previous studies [50].

It is well known that pure ZrO, may have two coexisting
structurally stable phases, namely monoclinic and tetragonal
phases; whose distributions largely depend on the calcination
temperature during which the material is being prepared [3,49].
For example, Song and Sayari [3] disclosed that calcination of
pure Zr(OH), at 823 K resulted in formation of ZrO, with
coexisting tetragonal and monoclinic phases. Upon increasing
the calcination temperature, the tetragonal phase gradually
diminished while the monoclinic phase increased, whereas
when the temperature is above 923 K, only the monoclinic

Table 1
List of chemical compositions and BET surface areas for various SZ and M/SZ
samples

Sample Description Content (wt.%)" BET surface
- 270D
/
S Metal area (m/g)
710, Parent zirconia - - 36
SZ-0.5N SZ (0.5N sulfuric acid) 1.4 - 127
SZ-1.0N SZ (1IN sulfuric acid) 1.8 - 117
SZ-2.0N SZ (2N sulfuric acid) 2.8 - 110
Al/SZ Al,O; promoted SZ-1.0N 1.8 1.1 128
Ga/SZ Ga,03 promoted SZ-1.0N 2.0 1.4 124
Fe/SZ Fe,O3 promoted SZ-1.0N 1.7 0.8 115

* Data obtained from ICP-MS.
° Data obtained from N, adsorption/desorption measurements at 77 K.

phase was observed. However, the authors also revealed that,
after sulfation treatment, the SZ catalyst calcined at a
temperature range of 823-973 K exists only tetragonal phase.
It is only when the calcination temperature is above 1073 K that
the formation of monoclinic phase became more evident. Thus,
it is indicative that sulfation treatment promotes stabilized
formation of the tetragonal phase in ZrO,.

The XRD patterns of the parent ZrO,, SZ and M/SZ samples
are displayed in Fig. 1. Unlike the parent ZrO, sample, which
reveals the coexistence of monoclinic (M) and tetragonal (T)
phases (Fig. la), all SZ and M/SZ samples (which were
calcined at 873 K) exhibit characteristic peaks at 26 of 30°, 35°,
50° and 60° (Fig. 1a and b), indicating the presence of only the
tetragonal phase. Moreover, incorporation of metal promoter
does not affect the structural phase of SZ. The presence of the
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Fig. 1. XRD patterns of (a) pure ZrO, and various sulfated zirconia (SZ-xN; x,
0.5, 1.0 and 2.0) prepared with varied sulfur contents and (b) various metal-
promoted sulfated zirconia (M/SZ; M = Al, Ga and Fe).
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tetragonal phase in SZ and/or M/SZ, however, is known to
facilitate the high activity observed during catalytic reactions at
low temperature [1-3]. It is worth mentioning that our separate
experiments performed on various as-synthesized SZ and M/SZ
samples by using diffuse reflectance FT-IR (DRIFT) confirmed
the existence of IR bands (not shown) due to S—O asymmetric
and symmetric vibrations (9901285 cm™') and Zr—O vibra-
tions (415-750 cm™'). Upon further dehydration treatment
at 673 K, characteristic IR bands corresponding to Zr—OH
vibrations on ZrO, (3760 and 3660 cm ') and on SO,>~—ZrO,
(3640 cm ") [28] were observed. The above results thus verify
that the SZ and M/SZ catalysts synthesized and used herein
indeed possess the desirable structural and physical properties.

3.2. Acidity characterization by *'P MAS NMR of
adsorbed TMPO

3'P MAS NMR was invoked to characterize the acid features
of various SZ and M/SZ catalysts using the adsorbed TMPO as
the probe molecule. Accordingly, the *'P MAS NMR spectra
obtained from various TMPO-loaded samples are shown in
Figs. 2 and 3, their chemical shifts, distributions and
concentrations of acid sites derived in conjunction with
elemental analyses by ICP-MS are depicted in Table 2. As
expected, the 3P NMR chemical shifts observed for TMPO
adsorbed on Brgnsted and Lewis acid sites of various SZ and M/
SZ catalysts span over a chemical shift rage of 50-100 ppm,
which is typical for solid acid catalysts [27,43—47]. The
assignments of *'P NMR resonances, namely their chemical

(a)

ZrO;
(dehydrated)

N

Zr0;
(hydrated; 1.5 h)

ZrO,
(hydrated; 3.0 h)

150 100 50
Chemical shift (ppm)

shifts and relative distributions (i.e., their corresponding
integrated areas) in each spectrum (Figs. 2 and 3) were
achieved by simulation using the Gaussian deconvolution
method. A Win-NMR software program (Bruker Biospin)
allowed for curve fitting through appropriate choices of 3p
NMR peaks based on the observed resonance lineshape.
Consequently, when all resonance peaks, each (assuming a
Gaussian lineshape) in the proximity of a particular spectral
position corresponding to an error in chemical shift value of
£2 ppm, resulted in a simulated spectrum nearly identical to
the observed spectrum is considered a high quality fit. As such,
specific chemical shifts and corresponding integrated areas in
each spectrum can be determined with minimal ambiguities
especially under experienced simulation skills. For example,
spectral simulation of the result observed for the parent ZrO; in
Fig. 2a (top spectrum) revealed that there are four distinct
resonance peaks (as indicated by dashed curves), respectively
located at *'P NMR chemical shift of 62, 53, 41 and 34 ppm.
The latter two peaks with chemical shifts lower than 50 ppm
can be unambiguously assigned due to physisorbed TMPO and
hence are irrelevant with the acid features of the catalyst sample
being examined. The other two peaks at higher chemical shifts
(62 and 53 ppm), however, are most likely due to TMPO
adsorbed on Brgnsted (B) and/or Lewis (L) acid sites. Clearly,
this notion deserves further justifications, as will be discussed
below.

It is known that Lewis acid sites (L-sites) may easily react
with water to form Brgnsted acid sites (B-sites). On the other
hand, upon adsorption of TMPO probe molecule, the strong

(b)

SZ-1.0N

SZ-2.0N
%*
,A,N_,l‘
r T T r T 1
150 100 50 0

Chemical shift (ppm)

Fig. 2. 31p MAS NMR spectra of TMPO adsorbed on (a) dehydrated pure ZrO, before (top) and after hydration treatments for 1.5 h (middle) and 3.0 h (bottom), and
(b) dehydrated SZ-xN (x = 0.5, 1.0 and 2.0) prepared with varied sulfur contents. The dashed curves represent spectral simulation results and the asterisks denote

spinning sidebands (spinning rate 12 kHz).
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(b)
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Fig. 3. 3'p MAS NMR spectra of TMPO adsorbed on dehydrated M/SZ (M = Al, Ga and Fe) (a) before and (b) after hydration treatment (for 1 h). The dashed curves
represent spectral simulation results and the asterisks denote spinning sidebands (spinning rate 12 kHz).

hydrogen bonds between TMPO and B-sites are unlikely to be
dissociated while in the presence of H,O. Consequently, only
those *'P resonances associated with L-sites will be diminished
upon further hydration of the sample. Indeed, upon progressive
exposure of the TMPO-loaded ZrO, sample to humidity, the
peak intensities at 62 and 53 ppm decrease with increasing
water content while their chemical shifts remain practically
unchanged. Meanwhile, the peaks responsible for physisorbed
TMPO at 41 and 34 ppm are broadened and shifted toward
downfield (i.e., higher chemical shift) direction. Accordingly,
the two peaks at 62 and 53 ppm observed for the parent ZrO,
sample can hence be ascribed due to interaction of TMPO with
two different (weak; see below) L-sites. These results are in
excellent agreement with earlier reports [28,29,51] studied by
IR spectroscopy of adsorbed CO, by which two types of L-sites
exhibiting different acid concentrations, strengths and stabi-
lities were identified for pure ZrO,.

It has been shown that, upon loading the TMPO adsorbate
onto an acid catalyst, the base probe molecule tends to form
hydrogen bonding with the acid sites [27,43]. Consequently, the
density of the electron cloud surrounding the *'P nucleus
neighboring to the oxygen atom on the phosphine oxides
decreases with increasing strength of the acid sites, which in
turn causes the >'P resonance to shift towards downfield (higher
chemical shift) direction. In other words, 31p NMR resonance
having a higher chemical shift should reflect sites that possess a
higher acidic strength.

Fig. 2b displays the *'P MAS NMR spectra of TMPO
adsorbed on SZ samples prepared with different sulfur contents.
Unlike the parent ZrO, sample, the TMPO-loaded SZ-xN

(x=0.5, 1.0 and 2.0) samples all reveal four distinct 3lp
resonance peaks at 90, 87, 68 and 63 ppm (Table 2). The
abnormal sharp resonance at 90 ppm, which has never been
observed before in solid acid catalysts, demands further
justification. More discussion on the assignment (origin) of this
resonance peak will be made later. Most intriguingly, upon
incorporation of promoted metal (M = Al, Ga and Fe) onto the
source SZ-1.0N material, several new resonance peaks emerged
in the M/SZ catalysts, as shown in Fig. 3a. For examples, both
the TMPO-loaded Al/SZ and Ga/SZ samples exhibit a total of
eight *'P resonance peaks in which four of them have identical
chemical shifts with those found in their parent counterpart,
SZ-1.0N. Whereas for the Fe/SZ sample, which was prepared
by a slightly different method, up to six resonance peaks were
observed in which only three of them were existed in SZ-1.0N
(see Fig. 3a; Table 2).

Nevertheless, before going any further to explore the
explicit reasons for the observed emergence and/or collapse of
these resonance peaks, we must first clarify the natures (i.e.,
types) of acid sites involved. This, again, can be accomplished
by performing additional experiments on hydrated samples.
The *'P MAS NMR spectra obtained from TMPO-loaded
M/SZ samples after subjecting to hydration treatment (by
exposing to humility for 1 h) are shown in Fig. 3b. Accordingly,
proper assignments regarding to the genuine types of acid sites
can be made. By comparing the spectra in Fig. 3b with that
obtained from the corresponding as-synthesized (dehydrated)
M/SZ samples shown in Fig. 3a, it is clear that resonance peaks
at 99 (only for Fe/SZ sample), 90 and 73 ppm were diminished
after the hydration treatment. Thus, these peaks can be
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resonance peaks, in which four of them have identical
chemical shifts with those found in their parent SZ-1.0N
catalyst. The appearances of the extra B-sites (76 and
65 ppm) and L-sites (73 and 53 ppm), whose acid strengths
span over both medium and weak regimes, occur mostly at
the disposals of the strongest L-sites (90 ppm) and medium
B-sites (68 ppm) acid sites in SZ-1.0N. Whereas for Fe/SZ
catalyst, formations of a very strong (99 ppm) and a very
weak L-sites (53 ppm) as well as the notable increase in the
strong (87 ppm) and an additional weak (65 ppm) B-sites
were observed, mostly at the collaborative costs of the
strong (90 ppm) and weak (62 ppm) L-sites and medium
B-sites (68 ppm) of its parent SZ-1.0N sample.

(iv) In terms of the overall acidity, the following trends can be
inferred for SZ-xN (x=0.5, 1.0 and 2.0) catalysts with
different sulfur contents:

Brgnsted acidity : SZ-1.0N > SZ-2.0N
> SZ-0.5N > ZrO, (null);

Lewis acidity : SZ-1.0N > SZ-2.0N > SZ-0.5N;

B/L ratio : SZ-0.5N > SZ-1.0N
> SZ-2.0N > ZrO, (null);

Total acidity : SZ-1.0N > SZ-2.0N > SZ-0.5N.

Whereas, comparing to their source SZ-1.0N sample,
the following trends for M/SZ (M = Al, Ga and Fe)
catalysts prevail:

Brgnsted acidity : Fe/SZ > Ga/SZ > SZ-1.0N > Al/SZ;
Lewis acidity : Fe/SZ > Al/SZ > SZ-1.0N > Ga/SZ,;
B/L ratio : Ga/SZ > SZ-1.0N > Fe/SZ ~ Al/SZ,;
Total acidity : Fe/SZ > SZ-1.0N > Al/SZ > Ga/SZ.

The aforediscussed findings are mostly in accordance with
existing literature reports studied by various methods. For
example, by means of the combined IR, frequency response
(FR) and TPD techniques using NH; as the probe molecule,
Barthos et al. [19] revealed that SZ contains two types of L-
sites of distinctly different acid strengths as well as B-sites with
broad distribution of acid strengths. Davis et al. [33] performed
a series of studies on Pt/SZ and SZ catalysts by pyridine-IR,
and reported a B/L ratio of ca. 0.8—1.0 for a SZ sample prepared
by using 1N H,SO, (similar to the SZ-1.0N sample reported
herein). Furthermore, Gao et al. [14,15] disclosed that
abundant distribution of acid sites with intermediate strengths
are responsible for the remarkable activity and stability
observed for Al/SZ catalyst during n-butane isomerization
reaction. Through microcalorimetric measurements of
adsorbed NHjs, the authors further demonstrated that the acid
sites in the Al/SZ catalysts are inhomogeneously distributed.
Moreno and Poncelet [12] reported that Ga/SZ has a better
catalytic performance than Al/SZ and that these promoted
catalysts all exhibited higher fractions of tetragonal structure,
sulfate density and Brgnsted acidity with respect to SZ. The

aforementioned studies provide additional supports to the
results presented herein. Among the various M/SZ catalysts
examined in this study, the Fe/SZ sample is found to possess a
high Brgnsted, Lewis and fotal acidity. On the other hand, Ga/
SZ tends to possess more Brgnsted acid sites but less Lewis
acid sites compared to Al/SZ. Obviously, incorporation of
different metal promoters onto SZ not only resulted in
additional formation of B- and L-sites but also leads to
variations among different acid sites. In particular, formations
of extraordinary strong L-sites (at 99 ppm) and strong B-sites
(at 87 ppm) were observed for Fe/SZ catalyst compared to SZ-
1.ON and its metal-promoted counterparts. It has been
suggested that the promoted Fe metal may be associated with
a larger number of catalytic centers and high acid strength of
the acid sites compared to SZ [6].

3.3. Acidity characterization by pyridine-IR spectroscopy
and NH3;-TPD

To afford additional supports to the results obtained from *'P
MAS NMR discussed above, more experiments were carried out
to characterize the acid properties of various samples using
pyridine-IR and NH3-TPD techniques. FT-IR spectroscopy of
adsorbed pyridine is a useful technique commonly used for
discernment of Brgnsted and Lewis acid sites. The adsorbed
pyridine probe molecules tend to couple with aprotic (Lewis)
and/or protonic (Brgnsted) catalytic centers through the nitrogen
lone-pair electrons and hence can be detected by monitoring their
ring vibrations. The FT-IR spectra of pyridine adsorbed on
various SZ-xN samples in Fig. 4 reveal characteristic bands in the
range of 1400-1650 cm™'. In general, the bands at 1545 and
1455 cm™! can be assigned due to B- and L-sites, respectively,
whereas the band at 1495 cm™' is normally attributed to a
combination band associated with both B- and L-sites [29].
Obviously, the IR spectrum observed for the pure ZrO, sample
exhibits only vibrational bands associated with L-sites (at 1455
and 1607 cm_l), whereas coexistence of B-sites (at 1545 and
1640 cm™ ') and L-sites (at 1455 and 1607 cm_l) are evident for
SZ-xN samples in addition to the combination band at
1495 cm™'. This implies generation of B-sites during the
sulfation treatment of ZrO,, in excellent agreement with the
findings by *'P MAS NMR of adsorbed TMPO.

Nevertheless, acidity characterization by pyridine-IR tech-
nique is limited by the drawback in only capable of providing
qualitative information (i.e., types) of acid sites. As such, it is
normally combined with NH3-TPD study, which can provide
additional qualitative information regarding to the overall
concentration and strength of the acid sites. The NH3-TPD
profiles for various SZ and M/SZ catalysts are shown in Fig. 5.
Pure ZrO, shows one broad low-temperature (LT) desorption
peak at about 453 K which is attributed to NH;3 adsorbed on
weak L-sites, whereas samples after sulfation (SZ-xN; x = 0.5,
1.0 and 2.0) reveal the generation of broad medium-
temperature (MT) desorption signals (at the range of 473—
723 K) corresponding to NH; adsorbed on acid sites with
medium strengths and a distinct high-temperature (HT) peak at
ca. 800 K suggesting the presence of very strong acid sites
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Fig. 4. FT-IR spectra of pyridine adsorbed on pure ZrO, and SZ-xN (x = 0.5,
1.0 and 2.0) prepared with varied sulfur contents.

(Fig. 5a). It is indicative that, after the sulfation treatment, the
acid sites in SZ-xN samples are not homogeneously distributed
and hence resulting a broad distribution of acid sites with weak,
medium and high acid strengths. Nevertheless, one can still
make justifiable comment on the overall acid strengths for ZrO,
and SZ-xN samples based on the NH3-TPD results (Fig. 5a),
which appear to obey the following trend:

SZ-1.0N > SZ-2.0N > SZ-0.5N > ZrO;.

Furthermore, the overall acid amounts in various ZrO, and
SZ-xN samples can also be inferred from the relative peak areas
of the NH; desorption curves, which appear to have the same
trend for the overall acid strength above as well as that of foral
acidity observed by solid-state *'P MAS NMR of adsorbed
TMPO (derived in junction with ICP-MS results; see Section
3.2 above). It is indicative that elaborated sulfation treatment
made on pure ZrO, not only led to conspicuous changes in its
structural and physical properties, but also a significant increase
in its acidity.

By the same token, the overall acid amounts for SZ-1.0N
and M/SZ catalysts (Fig. 5b) can also be inferred, which seem
to follow the trend:

SZ-1.0N >> Al/SZ ~ Fe/SZ > Ga/SZ.

The above results based on NH3-TPD experiments indicate
that promotion of metal on to SZ resulted in a notable decrease
in overall acidity. Moreover, in terms of acid strength, while all
M/SZ samples revealed similar LT desorption peaks, they are
located at a temperature lower than that of SZ-1.0N. Similar to
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Fig. 5. NH;-TPD profiles of (a) pure ZrO, and SZ-xN (x = 0.5, 1.0 and 2.0)
prepared with varied sulfur contents and (b) SZ-1.0N and M/SZ (M = Al, Ga
and Fe).

SZ-xN samples, HT desorption peak was also observed for M/
SZ catalysts, indicating the presence of ‘very strong’ acid sites.
It is intriguing to find that the temperatures at which the HT
desorption peak occur in Al/SZ and Ga/SZ are slightly higher
than their source SZ-xN sample, however, an opposite trend
was found for Fe/SZ. These observations deserve further
verification. The above observations based on the NH5;-TPD
results are clearly against those obtained from the combined *'P
NMR and ICP-MS studies, by which a pronounced increase in
total acidity was observed for Fe/SZ compared to SZ-1.0N (see
Section 3.2 above). While the reasons responsible for such
discrepancies remain to be clarified, it is noted that the NH;-
TPD method invokes detection of acid sites through titration of
adsorbed NHj3, which may provoke couplings and/or bonding
between the N atom on the NH; probe molecule and OH groups
associated with sulfur and/or metal promoters of the SZ and M/
SZ catalysts, hence led to additional complexity in terms of
interpretation of the experimental results.

The presence of HT desorption peaks, which represents
desorption of NH3 on ‘very strong’ acid sites should be subjects
of particular interests, have been observed previously in various
SZ and sulfated mixed oxides catalysts [4,14,16,26,29,35,50,52—



W.-H. Chen et al./Catalysis Today 116 (2006) 111-120 119

54]. For example, Das et al. [26] reported a relevant study on Fe-
and Mn-promoted sulfated zirconia-titania mixed oxide catalysts
by means of temperature programmed reduction (TPR)
experiments. They observed a broad, asymmetric HT desorption
peak spanning from 773 to 1023 K on the parent SO,>/Zr0,-
TiO, catalyst that was claimed due to emergences of two
overlapped peaks; one broad peak whose onset begins at ca.
573 K with peak maximum at 948 K and another sharp peak with
peak maximum at ca. 1000 K. The authors attributed the broad
peak to relatively less stable sites and the sharp peak to more
stable surface sulfate species. Upon promoted by metal, the
sulfate reduction peaks were observed at relatively lower
temperatures, suggesting an enhancement of sulfate reduction in
presence of metal ions. Moreover, the reduction peaks observed
for Fe-promoted sample were both found to occur at
temperatures (803 and 853 K) ca. 150 K lower than that of
parent and Mn-promoted SO4> /ZrO,-TiO,. The authors
suggested that this is due to the fact that the surface sulfate
groups are less stable in presence of Fe over ZrO,-TiO, surface,
as evidenced by their results from TPR studies.

To verify the HT desorption peaks observed for SZ-xN and
M/SZ catalysts, additional experiments were performed by
preheating the SZ-2.0N catalyst from RT to 1073 K in flowing
dry He gas prior to recording of the TCD signal. The resultant
TPD profile revealed two desorption peaks at 368 and 923 K, as
shown in Fig. 6a. The former peak can be assigned due to water
desorption and the latter due to decomposition of SO4>~
Subsequently, NH3-TPD profiles of the same sample subjected
to two different preheating temperatures (1073 and 873 K) were
recorded after loading the NH; adsorbate, as shown in Fig. 6b
and c, respectively. Unlike the NH3-TPD profile of the sample
pretreated at elevated temperature (1073 K), which shows only
the LT desorption peak with very weak intensity (Fig. 6b), two
distinct peaks were observed for the same sample pretreated at
873 K. Clearly, the emergences of the LT (at 473 K) and HT (at
798 K) peaks observed in the latter sample (Fig. 6¢) are due to
NH; desorbed from weak and strong acid sites, respectively,
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Fig. 6. (a) TPD profile of SZ-2.0N sample subjected to (a) preheating from
room temperature (293 K) to 1073 K under flowing He gas and NH;-TPD
profiles of the same sample subjected to different pretreatment temperatures at
(b) 1073 K and (c) 873 K prior to NH; adsorption.

rather than dissociation of SO,>~. Previous 'H MAS NMR [17]
and theoretical calculations [29] studies suggested that the
‘very strong’ acid sites or ‘superacidity’ found in SZ and M/SZ
are mostly due to the presence of Brgnsted acid sites. In
contrast, other investigations by IR, TPD and calorimetric
studies based on varied adsorbed base probe molecules [19,54]
revealed the strongest acid sites are associated with Lewis
acidity. In this context, the fact that all SZ-xN and M/SZ
catalysts examined herein exhibit a HT desorption peak (above
ca. 800 K) in the NH3-TPD profiles (Fig. 5) and show more total
Lewis acidity than Brgnsted acidity (except for Ga/SZ) with
high acid strengths (Table 2) in the corresponding *'P MAS
NMR spectrum indicate that the ‘very strong’ acid sites induced
by the surface sulfate species with high degree of unsaturated
electrons should arise most due to Lewis acidity. An exception
is found for Ga/SZ in which more Brgnsted acidity was found
than Lewis acidity. In other words, it may be concluded that,
except for Ga/SZ, the ‘very strong’ acidities observed in
sulfated and metal-promoted zirconia oxides are mainly due to
the higher concentration of L-sites than B-sites with higher acid
strengths.

4. Conclusions

We have demonstrated that detailed acid properties and
variations of acid sites of various sulfated and metal-promoted
zirconia catalysts can be achieved by using the combined
technique invoking *>'P MAS NMR spectroscopy of adsorbed
TMPO as the probe molecule and elemental analysis by ICP-
MS. It is found that elaborated sulfation and subsequent
calcination (at 873 K) treatments of pure ZrO,, which possesses
coexistence of monoclinic and tetragonal structural phases,
tends to promote formation of sulfated zirconia (SZ) catalysts
with pure tetragonal phases and higher BET surface areas.
Moreover, while the parent ZrO, possesses only two types of
weak Lewis acid sites, coexistence of Brgnsted and Lewis acid
sites with higher acid strengths was observed for SZ-xN
catalysts prepared by using different sulfuric acid concentra-
tions (x). As a result, two types of Brgnsted acid sites with
strong and medium strengths and two types of Lewis acid sites
with strong and weak strengths were identified. Nevertheless,
the acid strengths of these acid sites were found independent of
the sulfur contents. Further incorporation of ca. 1.0 wt.% metal
promoters onto SZ resulted in additional formation of Brgnsted
and Lewis acid sites, In the case of TMPO-loaded Al/SZ and
Ga/SZ catalysts, a total of eight >'P distinct resonances
corresponding to sites with different acid strengths were
identified; those with chemical shifts at 90, 73, 62 and 53 ppm
are ascribed due to Brgnsted acidities, whereas those at 87, 76,
68 and 65 ppm are attributed to Lewis acidities. Among them,
Ga/SZ was found to possess more Brgnsted acid sites than Al/
SZ, and vice versa for Lewis acidities. On the other hand, only
three types of Brgnsted acid sites (at 99, 62 and 53 ppm) and
three types of Lewis acid sites (at 87, 68 and 65 ppm) were
identified in Fe/SZ catalyst. Among them, a type of Lewis acid
sties with very strong acid strength (at 99 ppm) was found for
the first time in solid acid catalysts. Further elemental analyses
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by ICP-MS confirmed that the total acidity obey the following
trend for M/SZ’s: Fe/SZ > Al/SZ > Ga/SZ, indicating the
variances in promotion mechanisms of the incorporated metals.
It has been shown that the ‘very strong’ acid sites observed for
SZ-xN and M/SZ in this study should be associated more with
Lewis acidity than Brgnsted acidity, except for Ga/SZ, which is
most likely dictated by the latter. Unlike conventional pyridine-
IR and NH3-TPD methods, which are only capable of providing
qualitative information on the types and/or overall concentra-
tions and strengths of acid sites, the unique combined *'P MAS
NMR and ICP-MS technique demonstrated herein not only
renders simultaneous detections of detailed qualitative and
quantitative information of acid sites but also allows for
monitoring variations in strengths and concentrations among
the corresponding acid sites upon sample sulfation and metal
promotion treatments.
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