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Abstract

Amorphous sulfated zirconium hydroxide was promoted with iron or manganese via the incipient wetness technique, to give 0.5-3.5 weight%
promoter in the final catalyst. An exothermic reaction during the calcination temperature ramp (to 823 or 923 K) leads to a rapid overheating
(“glow”) of the sample. XRD shows that crystallization starts before and progresses during the overheating. The surface area shrinks during the
glow, and its final size (85-120 m>g™") and the porosity appear to be largely determined by the glow event. Manganese and iron ions prevent the
coalescence of particles and lead to high surface areas. Variation of the batch volume (2.2, 8.4, or 17.1 ml) for calcination produced different
catalysts from the same precursor. For both promoters, samples calcined in large batches exhibited the highest surface areas, interconnected
mesopores (2.2-3.8 nm), and the highest maximum rate in n-butane isomerization (338 K, 1 kPa n-butane). Long term performance was inde-
pendent of surface area and morphology. The concentration of the active sites depended on the calcination batch size, indicating that the active
phase is formed in kinetically controlled reactions during the rapid overheating. The catalytic and textural properties of sulfated zirconia catalysts
can be reproduced through controlling the batch size used for calcination.

Keywords: promoted sulfated zirconia, iron, manganese, preparation, calcination, butane isomerization, morphology,

in situ XRD

1. Introduction

Sulfated zirconia catalysts [1]have attracted interest
because they are capable of isomerizing light alkanes such
as butane at room temperature, where branched alkanes are
thermodynamically favored [2]. Many attempts have been
made to correlate the catalytic performance of sulfated zir-
conia to any of its other properties. Because the product
distribution obtained in the conversion of alkanes [3,4] sug-
gests acid catalysis, acid sites were a focus. Superacidic sites
were inferred from the Hammett indicator method [5] but
could not be found by adsorbing other probe molecules
[6,7]. Some correlations turned out to be not simple, e.g. the
tetragonal zirconia phase was long believed necessary for an
active material [8], but newer results show activity also for
the monoclinic phase [9] and for sulfated zirconia consisting
of a mesoporous framework with amorphous walls [10].

The complexity of the analytical problem increased
when it was discovered that the activity of sulfated zirconia

can be improved by 1-2 orders of magnitude through addi-
tion of first row transition metal cations [11]. Besides an
ongoing debate as to which promoter is best [12,13], their
exact function is even more controversial. Initially these
promoters were believed to boost the acidity [14]but the
evidence did not hold [15-17]. It has been proposed that a
redox functionality is introduced with the promoters, and
alkanes might be activated via oxidative dehydrogenation
[18] but corresponding reduction of the promoter is not al-
ways detected [19-22]. In a recent publication [23] we dem-
onstrated that iron or manganese cations are incorporated
into the zirconia lattice and thus might act as structural pro-
moters by stabilizing the tetragonal phase, and as electronic
promoters through their lower valence in comparison to
Zr(IV) and the defects that are generated in effect.
Establishing relationships between preparation pa-
rameters and material’s properties or between structure and
activity for sulfated zirconia catalysts has been hampered by
two facts. 1) The reproducibility of the materials has so far
been poor, e.g. Keogh et al. [24] found for different batches
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of the same sulfated zirconia preparation an average hexa-
decane conversion of 76.2% and a lowest measured conver-
sion of 30.2%. Reports on the state and dispersion of the
promoters differ greatly for preparations of different labora-
tories [23 and references therein]. 2) Some important sample
properties are interdependent, e.g. if the sulfate content is
changed, surface area and phase composition will be af-
fected.

A successful synthesis route for these catalysts starts
from X-ray amorphous zirconium hydroxide, which is
treated with sulfate-containing solutions (e.g. ammonium
sulfate, sulfuric acid) and optionally with solutions contain-
ing promoter cations [2,11]. Thermal treatment at 773—
973 K in air (calcination) is the last preparation step. Impor-
tant catalyst properties like sulfur content, surface area,
phase composition, and activity have been correlated to the
applied maximum temperature [2,25,26]. However, already
while the raw material is heated to the calcination tempera-
ture many processes occur, such as water loss, decomposi-
tion of precursor species (ammonium, nitrates),
crystallization, and sintering. Differential thermal analysis
profiles, e.g. for pure zirconium hydroxide, show a sharp
exothermic peak at around 725 K [2,27]. This “glow phe-
nomenon” is not unique to zirconia; it has been observed for
hydroxides of iron, chromium, and titanium [28-31] and is
of general importance for the preparation of many catalysts.
Tatsumi et al. correlated the catalytic activity of sulfated
zirconia for n-pentane isomerization with the exotherm pro-
file [32]. In a previous communication [33], we monitored
the exotherm during calcination on preparative scale. Differ-
ently sized batches (2.2, 8.4, or 17.1 ml) of the same precur-
sor material generated and experienced a different
overheating effect during the exothermic reaction phase. For
promoted sulfated zirconia, the n-butane isomerization activ-
ity increased strongly with increasing batch size used for
calcination.

In this paper, we extend the work presented in [33]
and aim (i) to demonstrate that the reproducibility of sul-
fated zirconia catalysts can be improved by controlling batch
size and shape during calcination, (ii) to understand the cal-
cination chemistry, and (iii) to identify which properties are
affected by variations of the batch size and how they relate
to catalytic performance.

2. Experimental
Catalyst preparation and thermal treatment

Amorphous zirconium hydroxide (ZH) and amorphous sul-
fated zirconium hydroxide with 5-6 wt% SO; (SZH) from
MEL Chemicals (both white in color) were used as starting
materials. After pre-drying for 21 h at 383 K and cooling in
a desiccator, SZH-batches of 10.9 g were promoted by drop-
wise addition of appropriate amounts of aqueous solutions
of Fe(NOs); . 9H,0 or Mn(NOs3), . 4H,0 (both Merck p.a.)
under vigorous stirring (incipient wetness method) [12] fol-
lowed by drying at room temperature, to give XFeSZH and

XMnSZH (x = promoter content after calcination in wt%
metal). After impregnation the powders were dried at room
temperature because SEM-EDX measurements revealed that
drying at 380 K causes segregation of promoters to crust-
edges. To avoid up-scaling effects during this step, always
10.9 g SZH were impregnated; larger amounts were ob-
tained through mixing the dried powders thoroughly, but
gently. Each mixture, obtained usually in one day, consti-
tutes a precursor and is distinguished from other prepara-
tions of the same composition by its precursor number.
Calcination was carried out in quartz boats [33] sized 2.2,
8.4 and 17.1 ml for ca. 3.5, 12, and 26 g of promoted precur-
sor material. The smaller boats had the shape of semi-
cylinders; the large boat enclosed the sample to > 50%. Sin-
gle boats were placed in a 29 mm i.d. quartz tube in a hori-
zontally mounted tubular furnace (Heraeus RO 4/25) with
PID control. The quartz tube was purged with 200 ml-min”'
synthetic air and the oven was heated at 3 K-min™ to 923 K
(ZH, SZH: 823 K), held for 3h at 923 K, a temperature
recommended for best activity of promoted sulfated zirconia
[26], and then cooled to room temperature. Some samples
were thermally treated in argon or pure oxygen (250 ml-min’
1. To monitor the actual sample temperature during calcina-
tion, an additional thermocouple was placed in the center of
the sample bed. Thin (0.5 mm o.d.) sheath thermocouples
(Thermocoax) were used for fast response and to minimize
heat-sink effects. Analysis of the gas phase at the exhaust
side of the calcination tube was performed with a Balzers
gas inlet system GES 010 and a Balzers Prisma 200 quadru-
pole mass spectrometer (MS). The promoter content after
calcination in selected samples was verified with atomic
absorption spectroscopy and found to match the desired
values without any measurable effect of the calcination in
differently sized batches. Samples were named after their
precursor number and the batch size (small, medium, large)
used for calcination, e.g. 2.0MnSZ-1-S means 2.0MnSZ
from precursor preparation number one, calcined in the
small boat.

X-ray diffraction (XRD)

For ex-situ XRD measurements a STOE STADI P dif-
fractometer and Cu Ko, radiation were used. Samples were
mixed 50:50 by weight with corundum as internal standard.
Diffractograms were recorded in Debye-Scherrer geometry
with a primary monochromator and a curved position-
sensitive detector with an internal resolution of 0.03° 26. In-
situ XRD measurements were conducted using a STOE
Bragg-Brentano diffractometer equipped with a secondary
monochromator (Cu Ko radiation) and a scintillation
counter. The precursor was dispersed on the resistively
heated stainless steel band of a Biihler HDK S1 high-
temperature cell mounted on the goniometer of the diffrac-
tometer. The cell was purged with 50 ml'min™ of 21% O, in
He. The average heating rate was 2.2 K-min™'. Between 570
and 870 K, the sample was heated in 9 K steps with an 18
K-min™ heating rate and 2.5 min isothermal periods between
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heating steps. During the isothermal periods, diffractograms
were measured from 30 to 30.72° 20 with a 0.06° step size
and a 10 s integration time.

Catalysis experiments

Samples were tested unpressed, since mechanical
treatment (pelletization) has been shown to affect structure
and reactivity of the catalysts [34]. Five hundred mg of sam-
ple were supported on a porous frit in a 13 mm i.d. once-
through downward plug-flow fixed-bed glass reactor. After
30 min of activation at 723 K in flowing dry nitrogen, isom-
erization of n-butane (Linde 3.5) was carried out at 338 K
and atmospheric pressure. Using mass flow controllers,
80 ml‘min”' of 1% n-butane in nitrogen were fed to the reac-
tor. Analysis was performed by on-line gas chromatography,
using a Varian 3800 GC equipped with a Chrompack plot
fused silica 60 m capillary column (0.32 mm i.d.) and flame
ionization detection.

Scanning electron microscopy (SEM)

Scanning electron micrographs and energy dispersive
X-ray analysis (EDX) data were recorded with acceleration
voltages of 5 or 15 kV on a Hitachi S-4000 SEM with a field
emission gun and EDAX DX4. The different acceleration
voltages resulted in EDX information depths of about
250 nm or 600 nm. The analyzed area was ~1.75 um’.

Surface area and porosity

Adsorption and desorption isotherms were acquired
using a Micromeritics TriStar 3000 at 77 K with N, as ad-
sorbate. The samples were outgassed under vacuum at
473 K for ~24 h before starting the measurements. For some
samples, the conditions were varied between 423—623 K and
0.5-28 h to ensure that outgassing was complete while sam-
ple integrity was preserved. Data were processed with TriS-
tar 3000 V3.00 software.

3. Results
Thermal treatment

Fig. la shows the bed vs. oven set temperature for
0.5MnSZH-1-L, 0.5FeSZH-1-L, 2.0FeSZH-1-L,
2.0MnSZH-1-L, and 3.5MnSZH-1-L. Because, during most
of the calcination, the sample is being heated by the oven,
the sample temperature (center of bed) lagged the oven set
temperature. Beginning at an oven temperature of 480 K, a
negative deviation from the set heating rate was observed for
all samples. The deviation from the linear ramp reached a

maximum of ca. -60 K at an oven temperature of =580 K;

the return to a nearly linear increase occurred at 600—650 K.
Water signals (mass charge ratios = 17, 18) were detected by
MS during this phase, indicating that volatilization of water
as a heat-consuming process causes the temperature lag. The
deviation from the ramp was most pronounced for samples
with 0.5 wt% promoter, consistent with an increasing frac-
tion of water with decreasing promoter content in the room-
temperature dried precursors. The mass/charge ratios 12, 43,
and 44 were observed during the extended temperature lag
for all samples, indicating desorption of CO,, and possibly
decomposition and combustion of hydrocarbon contami-
nants.

For some samples, small peaks in the sample tempera-
ture were observed at the end of the broad endotherm, e.g. at
600 K oven set temperature for 2.0MnSZH-1-L and at 650 K
for 0.5FeSZH-1-L (see arrows in Fig. la). 0.5MnSZ-1-L did
not produce such a peak, suggesting the slight overheating is
not caused by a temperature control problem but by an exo-
thermic reaction. Coupled thermogravimetric and MS analy-
sis of such samples in 21% O,/He flow show that the
exothermic formation of N, is a possible explanation for
these peaks. Continuing to heat past 600-650 K, the actual
sample temperature followed the linear rate for a while. In
this phase of the calcination, mass/charge ratio 30 (NO) was
observed, indicating nitrate decomposition.

Between 750 K and 900 K, a rapid overheating (glow
phenomenon) was observed for all samples. The onset
shifted to higher temperatures with increasing promoter
content. Small Mn contents were without significant effect,
e.g. 0.5MnSZH-1-L glowed beginning at 760 K, which is
near the oven temperature at which SZH started to glow [see
33]. At promoter contents of 2 wt% and higher, the shift of
the onset towards higher temperatures with increasing pro-
moter content was more pronounced for Mn than for Fe. The
measured overshoot approached values of up to 200 K for
these samples calcined in large batches; the measured
maximum temperature was 970 K. Heating rates reached
values up to 1700 K'min™. Because the thermocouple is
large in diameter in comparison to the particles (0.5 mm vs.
15 um) and relative to the sample a good thermal conductor,
actual heating rates and temperatures will be higher than
those measured. The m/g-ratios of 48 and 64 for SO, were
not detected during the whole calcination procedure.

Fig. 1b shows the bed temperature vs. oven set tem-
perature of 2.0FeSZH-1 with the batch size as parameter.
The onset temperature for the glow was lowest in the large
batch, followed by the medium and the small batch. In most
cases, calcinations in larger batches produced also larger
glow peaks. The measured temperatures in the large batch
(2.0FeSZH-1-L) during the glow exceeded the highest pro-
grammed oven temperature of 923 K. For 2 wt% Mn-
promoted samples, the same trend was shown with variation
of the batch size, but the glow onset temperatures were
higher than those of the corresponding Fe-promoted samples
[33]. A special behavior of the 2.0FeSZH samples is seen at
an oven temperature of about 800 K: the profiles in the small
and medium batch exhibit an =10 K step-increase of the
sample temperature at =10 K before the beginning of the full
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glow. This behavior was absent for samples with lower Fe-
content or Mn-promotion. This effect is not observed in the
large batch, presumably because it is overwhelmed by the
earlier rapid temperature rise. Variations of the glow curves
obtained for different precursors at equal batch size were
smaller for Mn- than for Fe-promoted samples.
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Figure 1: a) Sample bed temperature versus nominal oven
temperature in 17.1 ml batches during thermal treatment of
Mn and Fe-promoted samples; heating rate 3 K-min™, 200
ml'min™' air flow. b) Sample bed temperature versus nomi-
nal oven temperature during thermal treatment of a 2 wt%
Fe-promoted sample (2.0FeSZH-1) in differently sized
batches with 2.2, 8.4 or 17.1 ml volume, heating rate 3
K-min”, 200 mlI'min™" air flow. ¢) Sample bed temperature
versus nominal oven temperature during thermal treatment
of 2 wt% Fe-promoted sample in an 8.4 ml batch, heating
rate 3 K'min', 200 ml'min air flow (2.0FeSZH-2) or 250
ml'min” flow of Ar or O, (2.0FeSZH-3).

The effect of different atmospheres on the glow peak
of 2.0FeSZH samples during thermal treatment in a me-
dium-sized batch is presented in Fig. lc. The onset-
temperature varied by 5 K, but there was no correlation with
the O, content or thermal conductivity of the gas in the
group Ar, air, and O,. The extent of the glow and the general
shape also were not affected in a significant way.

The color of Fe-promoted samples changed during
calcination from ochre to rust-colored, that of Mn-promoted
samples from beige-pink to light bluish-gray or darker gray.
The intensity of the colors increased with increasing pro-
moter content.

Bulk structural changes during the glow

In order to identify the events during the glow the
simplest system, i.e. zirconium hydroxide, was calcined in a
medium batch to a set temperature of either 663 K or 713 K,
held there for 1 min, and cooled with a 3 K'min" pro-
grammed ramp. The glow onset for this sample—batch size
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Figure 2: a) X-ray diffractograms of zirconium hydroxide
previously calcined in an 8.4 ml batch with a holding time of
1 min at 663 K (“before” glow) or 713 K (“after” glow).
Narrow reflections from internal standard a-Al,O5 (50:50 by
weight). Intensity normalized to 20 = 43.3° reflection of the
standard. Main reflections of tetragonal (T) and monoclinic
(M) phases indicated.b) X-ray diffractograms of 2 wt% Fe-
promoted sample FeSZH-1 recorded in situ in a flow of 21%
0, in He; heating rate 18 K-min™ with isothermal periods
during data acquisition (average rate 3 K-min™). Inset: area
of (101) reflection vs. temperature.
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combination is found at =690 K and hence, one sample un-
derwent the glow (evidenced by the temperature measure-
ment during calcination, denoted as “after”), while the other
did not (“before”). Fig. 2a shows the corresponding X-ray
diffractograms. To assess the fraction of non-crystalline
material, an internal standard was added. The diffractogram
of the sample “before” the glow shows, although ill-defined,
reflections of both the tetragonal and the monoclinic phases.
From comparison of the zirconia reflections in the “before”
and “after” samples with internal standard reflections it be-
comes evident that conversion to the tetragonal and mono-
clinic phases progresses further during the glow. Significant
was the reduction of the BET surface area of this sample
from 244 m* g “before” to 122 m*g" “after” the glow.
Furthermore, pores generating an H2-type N, adsorption
hysteresis develop during the glow.

In-situ XRD data obtained during the heating of
FeSZH-1 are presented in Fig. 2b. The amount used for such
an experiment is about 30 mg and is spread over an area of
approximately 1 cm? on a stainless steel heating band. The
most intense reflection (101) of the tetragonal phase be-
comes first discernable at about 730 K. The reflection begins
to grow rapidly at about 760 K and by 810 K it reaches 89%
of the maximum area, which is achieved at 923 K. The onset
of crystallization is at a lower temperature than the sample
temperature at the onset of the glow for all three batch sizes.

n-Butane isomerization

For a large number of samples with promoter contents
of Fe or Mn in the range of 0.5-3.5 wt%, the n-butane isom-
erization activity increased with increasing calcination batch
size. Independent of this trend, three different types of be-
havior can be distinguished.

Fig. 3a shows the 2.0FeSZ-1 set, together with
2.0FeSZ-2-L for determination of the reproducibility. All
samples exhibited a fast increase in conversion, which
reached almost 20% for the large-batch samples, followed
by deactivation. After 8 h, the conversion level corre-
sponded to =20% of the respective maximum activity. This
long-term activity is approximately one order of magnitude
higher than that of unpromoted sulfated zirconia.

In Fig. 3b, the conversion to isobutane with time on
stream is plotted for the 2.0MnSZ-1 set and 2.0MnSZ-2-L.
The conversion increased and declined more rapidly com-
pared to the Fe-promoted samples, while the maximum con-
version was similar. The remaining activity after 8 h
corresponded to about 2% of the maximum conversion, and
the rates are slightly higher, but in principle comparable to
those obtainable with sulfated zirconia.

Fig. 3¢ shows the performance of the 0.5MnSZ-1 set.
The conversion increased more slowly than for the samples
with higher promoter content. The catalysts deactivated only
gradually and at 8 h on stream, the conversion was still at
~50% of the maximum conversion. The long-term activity
(8 h) was comparable to those of the 2.0FeSZ set, or even
higher.
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Figure 3: Conversion to isobutane vs. time on stream; 500
mg catalyst, reaction temperature 338 K, 1 kPa n-butane in
N,, total flow 80 ml'min’'. a) 2 wt% Fe-promoted sulfated
zirconia, calcination in differently sized batches, 2.0FeSZ-1
(squares) and 2.0FeSZ-2-L (stars). b) 2 wt% Mn-promoted
sulfated zirconia, calcination in differently sized batches,
2.0MnSZ-1 (squares) and 2.0MnSZ-2-L (stars). €) 0.5 wt%
Mn-promoted sulfated zirconia, calcination in differently
sized batches, 0.5MnSZ-1. d) 2 wt% Fe-promoted sulfated
zirconia, thermal treatment in different atmospheres, batch
size 8.4 ml, 2.0FeSZ-3 (solid symbols) and 2.0FeSZ-2-L
(open symbols).
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In Fig. 3d, the performance of the 2.0FeSZ samples
heat-treated in a medium size batch in different atmospheres
is depicted. The maximum and also the long term isomeriza-
tion rates show a clear trend O, > air > Ar.

Scanning electron microscopy

SEM micrographs of 2.0FeSZ-2 samples, calcined in large
or small batches, reveal a particle size around 15 um, equal
to that of the sulfated zirconium hydroxide precursor.
Roughness varied among different particles; the smallest

Figure 4: SEM images of a) 2 wt% Fe-promoted sulfated
zirconia, calcined in 2.2 ml batch, 2.0FeSZ-2-S. b) 2 wt%
Mn-promoted sulfated zirconia, calcined in 2.2 ml batch,
2.0MnSZ-1-S.

variations were observed in 2.0FeSZ-2-L. EDX measure-
ments of 2.0FeSZ-2-S (Fig. 4a) at Point A (rough) gave
~3.5 wt% Fe and a barely discernable S signal. Apparently,
in rough areas Fe is enriched near the surface. No S signal
could be detected at Point B (smooth), and only using the
more deeply penetrating 15 keV electrons about 2 wt% Fe
was detected. In catalytically inactive 2.0FeSZ samples (not
shown here) Fe was always accompanied by S, suggesting
that failed preparations had produced iron sulfate.

Table 1: BET surface areas, BET constants ¢, and BJH cu-
mulative pore areas

Sample BET surface BET BJH Adsorption
area / ng'1 constant  cum. pore area*
c / m’g!

2.0FeSZ-1-S 106 56 80
2.0FeSZ-1-M 112 54 100
2.0FeSZ-1-L 120 57 137
2.0FeSZ-2-L 113 72 125
2.0MnSZ-1-S 86 57 70
2.0MnSZ-1-M 89 56 72
2.0MnSZ-1-L 109 68 121
2.0MnSZ-2-L 117 56 137
0.5MnSZ-1-S 92 58 68
0.5MnSZ-1-M 96 72 112
0.5MnSZ-1-L 106 76 131

*calculated from adsorption branch after the BJH
method [54] (calculation from desorption branch would lead
to erroneous results with this type of hysteresis)

In addition to particles resembling those of the
2.0FeSZ-2 series, 0.5MnSZ-1 and 2.0MnSZ-1 samples con-
tained slightly smaller particles with a smoother appearance,
possibly because fewer fine particles adhere to their surfaces
than in the Fe-promoted samples. For Mn-promoted samples
calcined in a small batch, these smooth areas showed a sub-
structure, indicating individual smaller particles of roundish
shape and a size of 2-3 pum, see Fig. 4b. Neither Mn nor S
could be detected using EDX.

Surface area and porosity

An overview of BET surface areas is given in Table 1.
In general, surface areas increased with increasing calcina-
tion batch size, e.g. 86 to 109 m*g™' for the 2.0MnSZ series.
Differences between Mn- and Fe-promoted samples with 2
wt% promoter content were slight for large batch calcina-
tions; Mn-doped samples calcined in a medium or small
batch tended to have a lower surface area than the corre-
sponding Fe-containing samples.
Examples of nitrogen adsorption isotherms are shown in
Fig. 5a (2.0FeSZ-1 series and of 2.0FeSZ-2-L) and Fig. 5b
(0.5MnSZ-1). All isotherms can be classified as type IV,
which implies mesoporosity. Isotherms of samples calcined
in small batches expressed nearly no hysteresis loops, while
those of samples from large batches showed H2-type loops.
The isotherm shapes indicate a transition from open, wedge-
or cone-shaped pores to a porous network of interconnected
channels with different diameters [35] upon increase of
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Figure 5: Adsorption and desorption branches of nitrogen
adsorption isotherms at 77 K. a) 2 wt% Fe-promoted sul-
fated zirconia: 2.0FeSZ-1 (squares) and 2.0FeSZ-2-L (stars).
b) 0.5 wt% Mn-promoted sulfated zirconia: 0.5MnSZ-1
(squares).

batch size. Samples promoted with 2 wt% Fe or Mn showed
comparable isotherm shapes for the same calcination batch
sizes. The isotherms of the samples with low Mn content,
0.5MnSZ-1-M and 0.5MnSZ-1-L, were characterized by
very distinctive H2-loops. Analysis of the adsorption
branches of the various catalysts with the BJH method gave
unimodal pore size distributions with maximum pore vol-
ume at 2.2-3.8 nm and FHWMs of 1-2 nm.

4. Discussion
Events during thermal treatment

An influence of the batch size on the calcination can
be envisioned in two ways, namely (i) mass transfer limita-
tions of gas phase species into or out of the powder bed, and
(ii) heat transfer limitations. The differences between the
samples calcined in differently sized batches are proof of the
relevance of such limitations in the calcination chemistry.
During the calcination, hydroxide is converted into crystal-
line zirconium oxide. Norman et al. [36] divided this trans-
formation into three stages, which we converted into a
graphical representation (Scheme 1):

1.) Dehydration and loss of terminal hydroxyl groups,

2)) Oxolation of OH bridges and formation of oxide
nuclei,

3) Growth of the nuclei.

!
T 7
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zZr -H,0
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formation of cus Zr#*
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Scheme 1: Crystallization of zirconia from zirconium hydroxide according to description in reference [36].
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In the first two steps, heat and mass transfer can al-
ready play a role because the produced water needs to be
evaporated (endothermic) and transported through the bed.
The sample temperature curves (Fig. l1a) indicate a more
prominent temperature lag in the larger batches, and water
is evaporated more slowly. Retention of water vapor in the
tightly packed bed in the larger batches may, via local equi-
librium limitation, not only delay dehydration but also de-
hydroxylation. Norman [36] proposed that at high water
vapor pressure, water loss through oxolation would be un-
favorable and fewer oxide nuclei would be formed. Ac-
cording to Murase and Kato [37], water vapor increases
surface diffusion and markedly accelerates crystallite
growth. MS data show most of the water evaporates early
and should affect nucleation but not growth. We find a
higher surface area with increasing batch size (Table 1),
consistent with finer particles. Hence, there was no reten-
tion of water vapor in the larger batches and no promotion
of crystallite growth through humidity.

The different glow onset temperatures (Fig. 1b) may
imply that, already at this stage of the calcination proce-
dure, the materials in differently sized batches are no longer
identical and must have undergone e.g. oxolation reactions
of different extent. However, the glow event is probably
governed by heat transfer limitations. The glow curves
indicate explosion kinetics; heat cannot be dissipated as fast
as it is produced. This reaction runaway occurs at lower
temperature in the large quartz boat with its restricted heat
transfer due small surface-to-volume ratio and more com-
plete enclosure of the bed [33].

Norman et al. [36] thought that the three above-listed
stages overlap, particularly because they observed a con-
tinuous mass loss in thermogravimetry experiments.
Chadwick et al. [38] pointed out that dehydroxylation is not
complete before crystallization. Djuricic et al. [39] report
formation of the tetragonal phase at 573 K without distinct
exotherm (separate thermal analysis and XRD experi-
ments). A sharp exotherm at 683—693 K was not accompa-
nied by any sudden change of lattice parameters and was
attributed to loss of internal surface hydroxyl groups. Srini-
vasan and Davis [31] support the idea of separate events
and suggest the exotherm to be a result of coalescence of
small particles to larger ones, which, for pure zirconium
hydroxide, happens to coincide with crystallization. Sorren-
tino et al. [29] studied a number of other oxides and con-
cluded that coalescence of particles is responsible for the
glow. On the other hand Keshavaraja et al. [27] and Livage
et al. [40] associate the glow exotherm with crystallization.
In summary, the literature does not clearly identify the
reaction providing the heat for the glow.

To estimate which of the reactions may produce the
measured temperature overshoot, heats of reaction and the
specific heat capacity (of the material at the glow onset)
need to be known. The glow occurs so rapidly that quasi-
adiabatic conditions can be assumed. The heat evolution
from surface area loss can be derived from calculated sur-
face energies [41], which approximate the surface enthalpy
[42]. For t-ZrO,, values between 1.107 and 1.453 J m? are

reported for different surfaces. A loss of 122 m*g' as
found in the zirconia sample would produce 16.5-21.8
kJ-mol”. Values reported for the specific heat capacity
range from 0.4 to 0.67 J-g"-K™' depending on composition
and temperature [43-46] . Based on these data, the loss of
122 m*g”! surface area would result in a temperature rise of
200-443 K, which compares well to the observed over-
shoots. As for measured heats of reaction, neither the initial
nor the final state is usually exactly defined in a thermody-
namic sense with known composition, fraction of crystal-
line material, and particle or crystallite size. Molodetsky et
al. [47] have tried to distinguish surface area from crystalli-
zation effects. They report an increase in surface energy for
the transition from amorphous to tetragonal zirconia, spe-
cifically 14.6 kJ-mol™ for a material with 100 m*-g" surface
area, and an enthalpy of crystallization of tetragonal zirco-
nia of -53 kJ'mol. According to these and other data
[27,40] crystallization also generates enough heat to ex-
plain the dramatic temperature overshoot.

We found that the calcination atmosphere does not
affect the extent of the glow and shifts the onset tempera-
ture only marginally (Fig. 1c). Also, no hydrocarbon oxida-
tion products were detected by MS during the glow so that
combustion of contaminants can be ruled out as a source of
heat.

The diffractogram of a zirconium hydroxide sample
subjected to the heating program until just before the glow
(Fig. 2a) reveals reflections of the tetragonal and the mono-
clinic phase. Partial crystallization appears to occur before
the glow, consistent with the observations by Djuricic et al.
[39]. The crystallization of zirconia progresses further dur-
ing the glow as diffractograms recorded after the tempera-
ture overshoot (Fig. 2a) demonstrate. The BET surface area
drops by 122m’g" during the glow and pores appear.
Hence, for pure zirconium hydroxide the crystallization
extends over some time (temperature) while surface area
loss and pore formation appear linked to the glow event.
The in situ XRD experiment with 2 wt% Fe-promoted sul-
fated zirconium hydroxide confirms that also for promoted
materials crystallization starts before the glow. The crystal-
lization process as reflected in the diffractogram is finished
to 90% at 810 K. It can be seen in Fig. 1b that at this bed
temperature the glow in the small or medium batch has not
yet started. During a controlled and slow heat-up (3 K-min®
1, there is a substantial degree of crystallization before the
glow, and this reaction can in principle supply enough heat
to afford the observed overshoot. Crystallization thus initi-
ates a series of events, but the main process during the glow
is surface area loss. The sequence of events is summarized
in Scheme 2.

The question arises whether sample properties are
determined by the events during the heat-up phase includ-
ing the glow or by what is usually reported, and assumed to
be the core of the calcination program, i.e. the holding pe-
riod at high temperature. Chadwick et al. [38] found that
zirconia crystallization and crystallite growth do not pro-
gress further after 2 h at 773 K or higher temperatures, and
Rush et al. [48] showed that oxygen in amorphous sur
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Scheme 2:Course of events during calcination. Tempera-
ture ranges approximate and depending on sample and
heating conditions. Events may also overlap.

1000

900+

Surface area loss— Major features established,

! defect states quenched
/Crystallization

Decomposition of nitrates,
ammonium?

Main water loss

800+

Temperature / K
[«2]
o
o

""" heating program

0 50 100 150 200 250 300 350 400
Time / min

roundings and hydroxyls disappear upon calcination at
temperatures from 773 K to 973 K. These observations
suggest that in order to determine the final state, the reach-
ing of a certain temperature and a certain holding time are
essential. Our data reveal a different picture. The nitrogen
adsorption measurement and diffractogram of the zirconia
sample that was cooled down directly after the glow largely
correspond to those of zirconia samples that underwent the
complete heating program. Phase composition and surface
area are already established directly after the glow. The
subsequent three hour long thermal treatment at 823 K (923
K) does not equalize differences that develop in the early
phase of the calcination procedure. During the glow, the
maximum programmed temperature is exceeded, which
allows for a chemistry that is not possible within the
planned temperature program. This includes enhanced ion
mobility within the forming solid but also volatilization and
re-anchoring with restructuring of surface species. Through
the fairly rapid cool-down after the glow non-equilibrium
states such as defects in the bulk are quenched. The holding
temperature is obviously not high enough to afford anneal-
ing of defects generated during the glow. It follows that
important sample characteristics, including activity, depend
on the extrinsic parameters that rule the events during the
heat-up phase such as bed size and packing.

Effect of promoters on sample temperature
curve during calcination

The temperature lag caused by the endothermic
evaporation of water is less pronounced with increasing
promoter content (Fig. 1a); altered by the incipient wetness
process, the surface releases less water. In part, the evolv-
ing water must have been adsorbed, but it also originates
from oxolation (step 2 above, see also Scheme 1). Nitrate
or promoter cations may have substituted OH groups or
protons on the surface and oxolation will be hindered be-
cause water can no longer be cleaved out. Olation and
oxolation reactions can also occur between groups located
on different particles and can be seen as a pre-stage to coa-

lescence, and the suppression of these reactions explains
the higher surface area of the promoted samples. The pro-
moters thus have an influence on the zirconium hydroxide
matrix transformation during an early stage of the calcina-
tion program. The addition of promoters also influences the
redox chemistry during calcination. Nitrate is available as
an oxidant. The ratio of nitrate to ammonium varies with
the promoter content. The ratio also differs for the promot-
ers Mn and Fe due to the initial valences Mn(II) and Fe(III)
and can in principle account for differences between the
correspondingly promoted catalysts.

As shown previously, any additive will shift the glow
onset to higher temperatures; besides for sulfate [33,49],
Mn [27,33], and Fe [33,50] this effect has been reported for
hafnium [31] and yttrium [51]. In our sulfated samples, Mn
exerts a stronger effect than Fe. No local accumulation of
Mn is found by SEM-EDX in the calcined samples. The
10 K step in sample temperature before the glow (Figs. 1b,
1d), which may be caused by a fraction of material with
lower promoter content, appears for Fe- but not Mn-
promotion. These observations suggest a better dispersion
of Mn in comparison to Fe, possibly because of stronger
interaction with the hydroxide matrix. Consistently, a
higher fraction of Mn than Fe is present in the form of a
solid solution in zirconia in the calcined material [23].

Morphology of calcined materials

For Fe-promoted samples, there seems to be a corre-
lation between Fe distribution and morphology. Analysis
with SEM-EDX reveals higher Fe concentrations on rough
surfaces. Such an elemental distribution could be a conse-
quence of the incipient wetness method. A rough appear-
ance may indicate small particles with a high surface area,
and a droplet of impregnation solution may be completely
absorbed in the (rough) outer layer. Mn is evenly distrib-
uted, indicating a higher mobility of Mn cations in the ma-
trix during the impregnation and calcination procedures. As
discussed before, high promoter surface concentrations
may hinder the coalescence of particles, which explains the
higher surface areas of Fe-promoted in comparison to Mn-
promoted samples.

Variation of the calcination batch size affects the
morphology. Aggregates of smooth spherical subunits were
most obvious for Mn-promoted samples calcined in small
batches. These samples experience the longest heat-up
period before the glow, leaving time for particles to coa-
lesce and resulting in the smallest surface areas of all pro-
moted samples (Table 1). The porosity varies strongly
depending on the calcination batch size. The samples from
the large batches are characterized by a system of intercon-
nected mesopores, which lead to the pronounced hysteresis
loops in the nitrogen adsorption isotherms. The size of
these pores is 2.2-3.8 nm, which is large relative to the
kinetic diameter of n-butane (0.43 nm). However, since
according to the manufacturer, the zirconium hydroxide
precursor is microporous [52], the question arises as to
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whether micropores are also present in the calcined sam-
ples. It was recently reported that neither the isotherm
shape nor the de Boer t-plot alone gives reliable evidence
for micropores [53]. Further specifics of our data are not in
favor of microporosity. First, adsorption and desorption
branches coincide perfectly for small values of p/py in all
measurements. BET-plots were strictly linear up to p/py =
0.2, and the c values (54-76, Table 1) were in the range
typical of non-microporous solids. The BJH adsorption
cumulative pore area agreed with the BET surface area
within 20%, a deviation that is considered normal [54]. The
fact that samples calcined in small batches systematically
showed larger BET than BJH surfaces is a possible indica-
tion of microporosity but it can be explained by limitations
of the oversimplified BJH model, which assumes cylindri-
cal pores. For all sets of isotherms, the evolution of the
H2 hysteresis and therefore the change of pore shape coin-
cide with the jump in the BJH cumulative pore area (Fig. 5,
Table 1). On the basis of this concurrent behavior, signifi-
cant amounts of micropores can be excluded.

Isomerization activity

The activity of samples calcined using the same
batch size differs much less than those of samples calcined
in differently sized batches (Figs. 3a and 3b), the same is
true for the characterization data (Table 1 and Fig. 5a).
Variations in activity that we still observe for samples cal-
cined using the same batch size are much smaller than
those reported for repeated preparations in the literature
[24] even though we compared samples from different
precursor batches, i.e. the remaining variations will in part
be due to the manually conducted impregnation. Hence,
attention to the calcination batch size and shape allows the
reproducible synthesis of sulfated zirconia catalysts.

It has been inferred that a certain calcination tem-
perature is necessary to generate active sulfate species. For
unpromoted sulfated zirconia, the isomerization activity
increases with the calcination temperatures until about
923 K, then sulfur loss, surface area reduction and phase
transformation lead to a decrease in activity [2,25,55]. The
flash-like rise to high temperatures during the glow may
generate active sulfur species without the negative side
effects. Sulfur species may not be volatilized during the
brief overheating or may be re-adsorbed upon cool-down,
particularly in the larger and thus deeper beds. No sulfur is
detected in the effluent gases during the entire calcination.
The restricted time at high temperature also limits particle
growth and annealing.

Within each sample set of three, maximum conver-
sion, BET surface area and pore volume increase with in-
creasing calcination batch size. When comparing samples
from different sets at equal batch size the maximum con-
versions also follow the trend of the surface areas. In other
words, independent of promoter type or content, the con-
versions reflect the trends in surface area and porosity.
However, the maximum butane conversion increases more

than linearly with the corresponding BET surface areas as
can be seen from Fig. 6. This becomes more obvious when
considering that towards smaller surface areas (< 85 m*g
1, the activity will probably not approach zero.
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Figure 6: Conversion versus BET surface areas for Fe-
promoted (circles) and Mn-promoted (diamonds) sulfated
zirconia. Conversion data see Fig. 3; surface areas see Ta-
ble 1.

The long-term activity is more difficult to evaluate
because we do not yet know if and how it is affected by the
events at early times on stream; e.g. high conversions may
favor deactivation. However, all of the three considered
sets deactivate in a different manner but with the same
outcome: there is no proportionality between the long-term
butane isomerization rate and BET surface areas (Fig. 6) or
porosity. This is most obvious when relating the isotherms
of 0.5MnSZ-1 (Fig. 5b), which deactivates very little, with
the respective conversion data (Fig. 3¢). The largest differ-
ence in surface area and porosity is between the samples
from small and medium batch calcinations, but there is no
comparable step in the long-term activity.

There is no simple linear correlation between conver-
sion and surface area, neither for short nor for long times
on stream. The number of active sites on these catalysts is
small [56] and only a fraction of the sulfate is active. The
site concentration thus does not have to scale with the sur-
face area and also depends on structural and chemical
properties. Time-on-stream profiles are a function of pro-
moter type and content and not of the calcination batch
size, indicating that variation of the batch size affects
mainly the number but not the nature of sites.

The redox chemistry during the thermal treatment
may also play a role, and it will be more complex if the raw
material is promoted. The exothermic formation of N, can
be ascribed to comproportionation of ammonium and ni-
trate from the sulfate and promoter precursors. The ratio of
ammonium and nitrate varies with the promoter content,
and hence the net oxidizing or reducing power. We have
evidence that redox reactions during thermal treatment
affect the catalytic performance: Fe-promoted catalysts
experience very similar glow curves (Fig. 1c) in different
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atmospheres but the short- and long-term activities de-
crease in the sequence oxygen > air > argon (Fig. 3d). It is
evident that samples with truly identical thermal history
need not be identical. Heat treatment conditions that pro-
duce a suitable temperature profile are only a necessary but
not a sufficient requirement for good isomerization per-
formance. We do not yet know what the key effect of the
variation in oxygen partial pressure might be; obviously Fe,
S or Zr valences could be affected. Reduced surface species
would diminish the ability of the catalyst to initiate the
reaction via oxidative dehydrogenation, which is one of the
proposed mechanisms [18]. On the other hand, partially
reduced cations in the zirconia bulk, Zr and also Fe, which
is known to be incorporated into the zirconia lattice [23]
would increase the number of oxygen vacancies in the zir-
conia lattice. Anion vacancies in sulfated zirconia [57] and
promoted sulfated zirconia [23] have been suspected to
assist in the n-butane isomerization.

Comparison of the rate data with published data is
only possible for 323 K and under the assumption of a 1*
order reaction in n-butane. The maximum isomerization
rates obtained for the samples calcined in large batches at
323 K (not shown) are 400 (Mn) — 435 (Fe) pumol-g'-h™" at
1 kPa n-butane; reported rates reach 1800 pmol-g™h!
(mixed Fe + Mn promotion) at 10 kPa n-butane [58].
Hence, with respect to the maximum rate, extraordinarily
active catalysts can be obtained via calcination in large
batches.

5. Conclusions

The properties of sulfated zirconia catalysts become
reproducible through controlling the batch size and shape
during calcination. These parameters as well as tempera-
ture, holding time, heating rates, and gas flows should be
reported. In turn, without altering the precursor composi-
tion or the heating program for calcination, the morpho-
logical and catalytic properties of sulfated zirconia
materials can be tuned through variation of the batch size.
Samples sets obtained in this manner provide a unique op-
portunity to identify structure-activity relationships because
many preparation parameters are identical and accordingly,
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