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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 wt%
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. X-Ray diffraction shows that crystallization starts before and progresses during the overheating. The surface area shrink
during the glow, and its final size (85-12C%gi 1) 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 calcinatior
produced different catalysts from the same precursor. For both promoters, samples calcined in large batches exhibited the highest surface are
interconnected mesopores (2.2-3.8 nm), and the highest maximum#zabeiane isomerization (338 K, 1 kRebutane). Long-term performance
was independent of surface area and morphology. The concentration of the active sites depended on the calcination batch size, indicating that 1
active phase is formed in kinetically controlled reactions during the rapid overheating. The catalytic and textural properties of sulfated zirconi
catalysts can be reproduced by controlling the batch size used for calcination.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction and for sulfated zirconia consisting of a mesoporous framework
with amorphous wall§10].

Sulfated zirconia catalysf&] have attracted interest because  The complexity of the analytical problem increased when it
they are capable of isomerizing light alkanes such as butangas discovered that the activity of sulfated zirconia can be im-
at room temperature, in which branched alkanes are therm@roved by 1-2 orders of magnitude through the addition of first-
dynamically favored2]. Many attempts have been made to row transition metal cationd 1]. Besides an ongoing debate as
correlate the catalytic performance of sulfated zirconia withto which promoter is begt.2,13], their exact function is even
any of its other properties. Because the product distributiomore controversial. Initially these promoters were believed to
obtained in the conversion of alkan@4] suggests acid catal- boost acidity{14], but the evidence did not ho[d5-17} It has
ysis, acid sites were a focus. Superacidic sites were inferrefleen proposed that a redox functionality is introduced with the
from the Hammett indicator methd#] but could not be found  promoters and that alkanes may be activated via oxidative dehy-
by adsorbing other probe moleculi&7]. Some correlations  drogenatior{18], but corresponding reduction of the promoter
turned out to be not simple; for example, the tetragonal zircojg not always detecteld9-22] In a recent publicatiof23] we
nia phase was long believed necessary for an active md@ial gemonstrated that iron or manganese cations are incorporated
but newer results show activity also for the monoclinic ptise  jnto the zirconia lattice and thus may act as structural promoters

by stabilizing the tetragonal phase and as electronic promoters
* Corresponding author. Fax: +49 30 8413 4693. through their lower valence in comparison with Zr(IV) and the
E-mail address: jentoft@fhi-berlin.mpg.d¢F.C. Jentoft). defects that are generated in effect.
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For sulfated zirconia catalysts, establishing relationships bematerials. After predrying for 21 h at 383 K and cooling in
tween preparation parameters and a material’s properties ardesiccator, SZH batches of 10.9 g were promoted by drop-
between structure and activity has been hampered by two prolvise addition of appropriate amounts of aqueous solutions of
lems: Fe(NGs)3-9H20 or Mn(NQG;)2-4H,0 (both Merck p.a.) under

vigorous stirring (incipient wetness methddp], followed by
1. Reproducibility of the materials has been poor so far. Fodrying at room temperature, to giveceSZH andxMnSZH
example, Keogh et a[24] found an average hexadecane (x = promoter content after calcination in wt% metal). After
conversion of 76.2% and a lowest measured conversioimpregnation, the powders were dried at room temperature, be-
of 30.2% for different batches of the same sulfated zirco-cause SEM-EDX measurements revealed that drying at 380 K
nia preparation. Reports on the state and dispersion of theauses segregation of promoters to crust edges. To avoid up-
promoters differ greatly for preparations of different labo- scaling effects during this step, 10.9 g of SZH was always
ratories[23, and references therein] impregnated; larger amounts were obtained by mixing the dried
2. Some important sample properties are interdependent. Fpowders thoroughly, but gently. Each mixture, obtained usually
example, if the sulfate content is changed, surface area and one day, constitutes a precursor and is distinguished from
phase composition will be affected. other preparations of the same composition by its precursor
number. Calcination was carried out in 2.2, 8.4, and 17.1 ml

A successful synthesis route for these catalysts starts fromuartz boat433] for ca. 3.5, 12, and 26 g of promoted pre-
X-ray amorphous zirconium hydroxide, which is treated withcursor material. The smaller boats had a semicylindrical shape;
sulfate-containing solutions (e.g., ammonium sulfate, sulfuridhe large boat enclosed the sample-t80%. Single boats were
acid) and optionally with solutions containing promoter cationsplaced in a 29-mm i.d. quartz tube in a horizontally mounted
[2,11]. Thermal treatment at 773—973 K in air (calcination) istubular furnace (Heraeus RO 4/25) with PID control. The quartz
the final preparation step. Important catalyst properties, suctube was purged with 200 ml mi synthetic air, and the oven
as sulfur content, surface area, phase composition, and actiwas heated at 3 Kmirt to 923 K (ZH, SZH: 823 K), held
ity, have been correlated with the applied maximum temperfor 3 h at 923 K (the temperature recommended for optimal
ature[2,25,26] However, many processes are already occuractivity of promoted sulfated zirconig6]), and then cooled
ring while the raw material is being heated to the calcinatiorto room temperature. Some samples were thermally treated in
temperature, including water loss, decomposition of precurargon or pure oxygen (250 mlmif). To monitor the actual
sor species (ammonium, nitrates), crystallization, and sinteringsample temperature during calcination, an additional thermo-
Differential thermal analysis profiles (for, e.g., pure zirconiumcouple was placed in the center of the sample bed. Thin (0.5 mm
hydroxide) show a sharp exothermic peak at around 725 K.d.) sheath thermocouples (Thermocoax) were used to ensure
[2,27]. This “glow phenomenon” is not unique to zirconia; it rapid response and to minimize heat-sink effects. Analysis of
has also been observed for hydroxides of iron, chromium, anthe gas phase at the exhaust side of the calcination tube was per-
titanium [28-31] and is of general importance for the prepa- formed with a Balzers gas inlet system GES 010 and a Balzers
ration of many catalysts. Tatsumi et al. correlated the catalyti®risma 200 quadrupole mass spectrometer (MS). The promoter
activity of sulfated zirconia fon-pentane isomerization with content after calcination in selected samples was verified with
the exotherm profilé32]. In a previous study33], we mon-  atomic absorption spectroscopy and was found to match the de-
itored the exotherm during calcination on a preparative scalesired values without any measurable effect of the calcination in
Different-size batches (2.2, 8.4, and 17.1 ml) of the same predifferent-size batches. Samples were named after their precur-
cursor material generated and experienced different overheator number and the batch size (small, medium, large) used for
ing effects during the exothermic reaction phase. For promotedalcination; for example, 2.0MnSZ-1-S means 2.0 MnSZ from
sulfated zirconia, the-butane isomerization activity increased precursor preparation number 1, calcined in the small boat.
significantly with increasing batch size used for calcination.

In this paper, we extend the work presented eafl8] 2.2. X-Ray diffraction (XRD)
and aim (i) to demonstrate that the reproducibility of sulfated
zirconia catalysts can be improved by controlling batch size Ex situ XRD measurements were obtained using a STOE
and shape during calcination, (ii) to understand the calcinatio®TADI P diffractometer and Cu-}{ radiation. Samples were
chemistry, and (iii) to identify which properties are affected by mixed 50:50 by weight with corundum (as internal standard).
variations of the batch size and how they relate to catalytic peDiffractograms were recorded in Debye—Scherrer geometry

formance. with a primary monochromator and a curved position-sensitive
detector with an internal resolution of 0034. In situ XRD

2. Experimental measurements were conducted using a STOE Bragg—Brentano
diffractometer equipped with a secondary monochromator (Cu-

2.1. Catalyst preparation and thermal treatment K, radiation) and a scintillation counter. The precursor was

dispersed on the resistively heated stainless steel band of a Bih-
Amorphous zirconium hydroxide (ZH) and amorphous sul-ler HDK S1 high-temperature cell mounted on the goniometer
fated zirconium hydroxide with 5-6 wt% SQ(SZH) from  of the diffractometer. The cell was purged with 50 mlmin
MEL Chemicals (both white in color) were used as startingof 21% G in He. The average heating rate was 2.2 Kndin
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Between 570 and 870 K, the sample was heated in 9-K steps 1328 A T T

with an 18 K mirr ! heating rate and 2.5 min isothermal periods 900 ) ;

between heating steps. During the isothermal periods, diffrac- 850+ LA

tograms were measured from°30 30.72 20 with a 0.06 step ?gg ] L 52

size and a 10 s integration time. 700 ,:f"ﬁ ﬁ% s §
= 0o

Sample bed temperature / K

650 F 3
2.3. Catalysis experiments o0t 3
500 F E
Samples were tested unpressed, because mechanical treat- 450 F E
ment (pelletization) has been shown to affect catalyst structure 400¢... 3
and activity[34]. A total of 500 mg of sample was supported on 359,50 5(')0 550 6(')0 Géo 760 750 3(') 8},0 900
a porous fritin a 13-mm i.d. once-through downward plug-flow Oven temperature / K
fixed-bed glass reactor. After 30 min of activation at 723 K in @
flowing dry nitrogen, isomerization af-butane (Linde 3.5) was 1000 , , , , , ,
carried out at 338 K and atmospheric pressure. Using mass flow 171 mi batch
controllers, 80 ml mint of 1% n-butane in nitrogen was fed to s 9%0F N 8.4 mibatch 1
the reactor. Analysis was performed by on-line gas chromatog- 3 |\ 77 2.2 mibateh
raphy using a Varian 3800 gas chromatograph equipped with a g 900
Chrompack plot-fused silica 60-m capillary column (0.32 mm g-
i.d.) and a flame ionization detector. g 80
T
. . 3 800
2.4. Scanning electron microscopy (SEM) ©
g 750
Scanning electron micrographs and energy-dispersive X-ray  §
analysis (EDX) data were recorded with acceleration voltages 700 . . . . . .
of 5 or 15 kV on a Hitachi S-4000 SEM with a field emission 770 780 790 800 810 820 830 840
gun and EDAX DX4. The different acceleration voltages re- Oven temperature / K
sulted in EDX information depths of about 250 nm or 600 nm. (b)
The analyzed area wasl.75 unt. Heating time / min
165 170 175 180
2.5. Surface area and porosity < 900 ‘ ' ' !
~ 8801
Adsorption and desorption isotherms were acquired using g seol
a Micromeritics TriStar 3000 at 77 K with Nas adsorbate. ‘g
The samples were outgassed under vacuum at 473 ¥2drh o 8401
before starting the measurements. For some samples, the con- & 820}
ditions were varied between 423 and 623 K and 0.5 and 28 h, E sool
to ensure that outgassing was complete while sample integrity @
was preserved. Data were processed with TriStar 3000 V3.00 £ 780 .~
software. & 760"
780 790 800 810 820 830 840
3. Results Oven temperature / K

(c)
Fig. 1. (a) Sample bed temperature versus nominal oven temperature in 17.1 ml

Fig. 1a shows the bed versus oven set emperature for 0155150 e cesmentf e romos el naung e
MnSZH-1-L, 0.5FeSZH-1-L, 2.0FeSZH-1-L, 2.0MnSZH-1-L, oven tem;;erature during therm.al treatment of a 2 wt% Fe-promoted sample
and 3.5MnSZH-1-L. Because the sample is being heated by oFeszH-1) in differently sized batches with 2.2, 8.4 or 17.1 ml volume,
the oven during most of the calcination, the sample temperareating rate 3 K mint, 200 mlmirr2 air flow. (c) Sample bed temperature ver-
ture (center of bed) lagged behind the oven set temperaturg;;n<I)emii:é‘1§|l r?\;aez trimztr:;urﬁeil:ifri]ngrjtzrr;a}it;ﬁt;)%ntrﬁfnfir\/\r/ti’/oaiFre]ZIF;:;Jmoted
Eﬁgr']ngg]r% ?:1snsgzliré:;r:perature@ﬂso K, a negative devi- éz.ogeSZH-z) or 250 ml mint flow O?Ar or O, (2.0FeSZH-3).

g rate was observed for all samples.
The deviation from the linear ramp reached a maximum of
ca. —60 K at an oven temperature ef580 K; the return to  from the ramp was most pronounced for samples with 0.5 wt%
a nearly linear increase occurred at 600—650 K. Water signalgromoter, consistent with an increasing fraction of water with
(mass/charge ratios 17 and 18) were detected by MS dur- decreasing promoter content in the room temperature-dried pre-
ing this phase, indicating that volatilization of water as a heateursors. Mass/charge ratios of 12, 43, and 44 were observed
consuming process causes the temperature lag. The deviatidaring the extended temperature lag for all samples, indicating

3.1. Thermal treatment



AH.P. Hahn et al. / Journal of Catalysis 236 (2005) 324-334 327

desorption of CQ and possibly decomposition and combustion 10r "before” |
of hydrocarbon contaminants. 2 8‘2: !
For some samples, small peaks in the sample temperature g 0.4 "’\J,"Lﬂw 1
were observed at the end of the broad endotherm, for example, £ oiz i \L—JT\LJUVKM ]
at 600 K oven set temperature for 2.0MnSZH-1-L and at 650 K 2 , , , , Ml Nttt
for 0.5FeSZH-1-L (arrows irFig. 1a). 0.5MnSZ-1-L did not 5 1op ‘after ]
. : A £ 08l N ]
produce such a peak, suggesting the slight overheating is caused § o6l M ]
not by a temperature control problem, but rather by an exother- = 0.4 ! 1
mic reaction. Coupled thermogravimetric and MS analysis of 0.2 M K»L\JL/\L%
such samples in 21% fHe flow show that the exothermic 0oL . . . .

formation of N> is a possible explanation for these peaks. Con- 20 30 40 50 60 70 8 90
tinuing to heat past 600-650 K, the actual sample temperature 2Theta (°)
followed the linear rate for a while. In this phase of the calcina- @
tion, a mass/charge ratio of 30 (NO) was observed, indicating 12000 600
nitrate decomposition. °: 500 o

Between 750 and 900 K, rapid overheating (glow phenom- 10000 ‘% 400 -
enon) was observed for all samples. The onset shifted to higher < 300

I - 8000 - S

temperatures with increasing promoter content. Small Mn con- £ statandend || & 200
tent was without significant effect; for example, 0.5MnSZH- 3 6000 [°°9 tog 100 .
1-L glowed beginning at 760 K, which is near the oven tem- 4000 | T O e
perature at which SZH started to glow (Sg8]). At pro- | R Temperature / K
moter contents of 2 wt% and higher, the shift of the onset 2000 ‘
toward higher temperatures with increasing promoter content N
was more pronounced for Mn than for Fe. The measured over- 028 30 3 31 36
shoot approached values of up to 200 K for these samples cal- 2 Theta (%)
cined in large batches; the measured maximum temperature was (b)

~970 K. Heating rates reached values up to 1700 KrhilBe- _ _ - , _ o
tl(:)|g. 2. (a) X-ray diffractograms of zirconium hydroxide previously calcined in

cause the thermocouple IS Iarge in dlamet_er In comparison an 8.4 ml batch with a holding time of 1 min at 663 K (“before” glow) or 713 K
the particles (0.5 mm vs. 15 um) a”?' relative to the sample ?‘after" glow). Narrow reflections from internal standasdAl,O3 (50:50 by
good thermal conductor, actual heating rates and temperatur@sight). Intensity normalized tof2= 43.3° reflection of the standard. Main
will be higher than those measured. The mass/charge ratios afflections of tetragonal (T) and monoclinic (M) phases indicated. (b) X-ray

48 and 64 for S@were not detected during the whole calcina- diffractograms of 2 wt% Fe-promoted sample FeSZH-1 recorded in situ in a
tion procedure flow of 21% O in He; heating rate 18 K mint with isothermal periods during

h data acquisition (average rate 2.2 Km#). Inset: area of (101) reflection vs.
Fig. 1b shows the bed temperature versus oven set tempegmperature.

ature of 2.0FeSZH-1 with the batch size as a parameter. The

onset temperature for the glow was lowest in the large batch angl ) conductivity of the gas in Ar, air, and,OThe extent of the
highest in the small batch. In most cases, calcinations in Iargetﬂow and the general shape also were not significantly affected.
batches also produced larger glow peaks. The measured tem-The color of Fe-promoted samples changed during calci-
peratures in the large batch (2.0FeSZH-1-L) during the glow,ation from ochre to rust, and that of Mn-promoted samples
exceeded the highest programmed oven temperature of 923 Bhanged from beige-pink to light bluish-gray or darker gray.

For 2 wt% Mn-promoted samples, the same trend was showfihe intensity of the colors increased with increasing promoter
with variation of the batch size, but the glow onset temperaggntent.

tures were higher than those of the corresponding Fe-promoted
samples{33]. A special behavior of the 2.0FeSZH samples 0C-3.2. Bulk structural Changes during the gloW
curred at an oven temperature of about 800 K; the profiles in
the small and medium batch exhibitedai0 K step-increase To identify the events during the glow, the simplest sys-
of the sample temperature at10 K before the beginning of tem (i.e., zirconium hydroxide) was calcined in a medium-size
the full glow. This behavior is absent for samples with lowerbatch to a set temperature of either 663 K or 713 K, held there
Fe content or Mn promotion. This effect is not observed in thefor 1 min, and cooled at a 3-K mitt programmed ramp. The
large batch, presumably because it was overwhelmed by thglow onset for this sample—batch size combination was found
earlier rapid temperature rise. Variations of the glow curves obat ~690 K; hence one sample underwent the glow (evidenced
tained for different precursors at equal batch size were smalldsy the temperature measurement during calcination, denoted
for Mn-promoted samples than for Fe-promoted samples. as “after”), whereas the other sample did not (denoted as “be-
The effect of different atmospheres on the glow peak offore”). Fig. 2a shows the corresponding X-ray diffractograms.
2.0FeSZH samples during thermal treatment in a medium-siz&n internal standard was added to assess the fraction of non-
batch is presented iRig. 1c. The onset-temperature varied by crystalline material. The diffractogram of the sample “before”
5 K, but there was no correlation with the @ontent or ther- the glow shows (although ill-defined) reflections of both the
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Fig. 3. Conversion to isobutane vs. time on stream; 500 mg catalyst, reaction temperature 338 Ky-butRae in 1, total flow 80 miminl. (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-prenecteircurtia,
calcination in differently sized batches, 2.0MnSZ-1 (squares) and 2.0MnSZ-2-L (stars). (c) 0.5 wt% Mn-promoted sulfated zirconia, calcdifimnily
sized batches, 0.5MnSZ-1. (d) 2 wt% Fe-promoted sulfated zirconia, thermal treatment in different atmospheres, batch size 8.4 ml, 2.0Fe$ZH30(splichd
2.0FeSZ-2 (open symbols).

tetragonal and the monoclinic phases. Comparing the zircd=ig. 3a shows the 2.0FeSZ-1 set, together with 2.0FeSz-2-L,
nia reflections in the “before” and “after” samples with internal for determination of reproducibility. All samples exhibited a
standard reflections indicates that conversion to the tetragonedpid increase in conversion, which reached almost 20% for the
and monoclinic phases progresses further during the glow. Tharge-batch samples, followed by deactivation. After 8 h, the
reduction in BET surface area of this sample was significantgconversion level corresponded+&®0% of the respective max-
from 244 nf g~1 “before” to 122 n¥ g~ “after” the glow. Fur-  imum activity. This long-term activity was approximately one
thermore, pores generating an H2-typeadsorption hysteresis order of magnitude higher than that of unpromoted sulfated zir-
loop developed during the glow. conia.

In situ XRD data obtained during the heating of FeSZH-1are Fig. 3 plots the conversion to isobutane with time on
presented ifrig. 2b. About 30 mg was used for this experiment, stream for the 2.0MnSZ-1 set and 2.0MnSZ-2-L. The conver-
spread over an area of approximately 12am a stainless steel sjon increased and declined more rapidly compared with the
heating band. The most intense reflection (101) of the tetragon#e-promoted samples, whereas the maximum conversion was
phase was first discernable at about 730 K. The reflection begasimilar. The remaining activity after 8 h corresponded to about
to grow rapidly at about 760 K, and by 810 K it reached 90% 0f29% of the maximum conversion, and the rates were slightly
the maximum area, which was achieved at 923 K. The onset afigher but in principle comparable with those obtainable with
crystallization occurred at a lower temperature than the sampleuifated zirconia.
temperature at the onset of the glow for all three batch sizes.  Fig. & shows the performance of the 0.5MnSZ-1 set. The

conversion increased more slowly than for the samples with
3.3. n-Butaneisomerization higher promoter content. The catalysts deactivated only grad-
ually, and at 8 h on stream the conversion was stil-&0%

For a large number of samples with Fe or Mn promoter con-of the maximum conversion. The long-term activity (8 h) was
tents of 0.5-3.5 wt%;-butane isomerization activity increased comparable with, or even greater than, that of the 2.0FeSZ set.
with increasing calcination batch size. Independent of this Fig. 3d depicts the performance of the 2.0FeSZ samples
trend, three different types of behavior can be distinguishedheat-treated in a medium-size batch in different atmospheres.
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Table 1
BET surface areas, BET constantand BJH cumulative pore areas
Sample BET surface BET constant  BJH adsorption cum.
area (Mgl c pore ared(m?g~1)
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
2.0MnSZz-1-S 86 57 70
2.0MnSZ-1-M 89 56 72
2.0MnSZ-1-L 109 68 121
2.0MnSZzZ-2-L 117 56 137
0.5MnSZz-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 metj&dd (calculation
from desorption branch would lead to erroneous results with this type of hys-
teresis).

promoted samples. For Mn-promoted samples calcined in a
small batch, these smooth areas revealed a substructure indi-
cating individual smaller (2—3 pm) particles of roundish shape
(seeFig. 4b). Neither Mn nor S could be detected using EDX.

3.5. Qurface area and porosity

An overview of BET surface areas is given irable 1

In general, surface areas increased with increasing calcination
batch size, for example, 86—10F gn 1 for the 2.0MnSZ series.
Differences between Mn- and Fe-promoted samples with 2 wt%
promoter content were slight for large-batch calcinations; Mn-
doped samples calcined in a medium or small batch tended to

(b) have a lower surface area than the corresponding Fe-containing
Fig. 4. SEM images of (a) 2 wt% Fe-promoted sulfated zirconia, calcined insamples' ; ; ; ;
2..2 mI_ batch,'2.0F'eSZ-2-S, scale bar 20 um. (b) 2 wt% Mn-promoted sulfateii__igE)S(:r(an(I)ere (S)fz_rllt;?]%ezn oia:(lssozrr.)gﬁ_r; ;Eh;%s5?;i Sszh_i\;vn In
zirconia, calcined in 2.2 ml batch, 2.0MnSZ-1-S, scale bar 10 um. : ' : : : :

All isotherms can be classified as type IV, which implies meso-

The maximum and the long-term isomerization rates show ®orosity. Isotherms of samples calcined in small batches ex-

clear trend of @ > air > Ar. pressed nearly no hysteresis loops, whereas those of sam-
ples from large batches showed H2-type loops. The isotherm
3.4. Scanning electron microscopy shapes indicate a transition from open, wedge-shaped, or cone-

shaped pores to a porous network of interconnected chan-

SEM micrographs of 2.0FeSZ-2 samples calcined in largéels with different diameterf35] with increasing batch size.
or small batches revealed a particle size around 15 um, equal fsamples promoted with 2 wt% Fe or Mn showed compara-
that of the sulfated zirconium hydroxide precursor. Roughnesble isotherm shapes for the same calcination batch sizes. The
varied among different particles; the smallest variations werdésotherms of the samples with low Mn content (0.5MnSZ-1-M
observed in 2.0FeSZ-2-L. EDX measurements of 2.0FeSZ-2-8nd 0.5MnSZ-1-L) were characterized by very distinctive H2
(Fig. 4a) at point A (rough) gave-3.5 wt% Fe and a barely dis- loops. Analysis of the adsorption branches of the various cat-
cernable S signal. Apparently, in rough areas Fe is enriched nealysts with the BJH method gave unimodal pore size distribu-
the surface. No S signal could be detected at point B (smooth§ions with a maximum pore volume of 2.2-3.8 nm and FHWMs
and only with using the more deeply penetrating 15 keV elecof 1-2 nm.
trons was about 2 wt% Fe detected. In catalytically inactive
2.0FeSZ samples (not shown here), Fe was always accompé- Discussion
nied by S, suggesting that failed preparations had produced iron
sulfate. 4.1. Eventsduring thermal treatment

In addition to particles resembling those of the 2.0FeSZ-2
series, 0.5MnSZ-1 and 2.0MnSZ-1 samples contained slightly The influence of batch size on calcination can be envisioned
smaller particles with a smoother appearance, possibly becausetwo ways: (i) mass transfer limitations of gas phase species
fewer fine particles adhere to their surfaces than in the Fento or out of the powder bed and (ii) heat transfer limitations.
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The differences between the samples calcined in different-size
batches are proof of the relevance of such limitations in the
calcination chemistry. During the calcination, hydroxide is con-
verted into crystalline zirconium oxide. Norman et [86] di-
vided this transformation into three stages, which we converted
into a graphical representatioBcheme %

1. Dehydration and loss of terminal hydroxyl groups.
2. Oxolation of OH bridges and formation of oxide nuclei.
3. Growth of the nuclei.

In the first two stages, heat and mass transfer can already
play a role, because the water produced must be evaporated
(endothermic) and transported through the bed. The sample
temperature curved-{g. 1a) indicate a more prominent tem-
perature lag in the larger batches, with water evaporated more
slowly. Retention of water vapor in the tightly packed bed in
the larger batches may delay (via local equilibrium limitation)
not only dehydration, but also dehydroxylation. Nornia6]
proposed that at high water vapor pressure, water loss through
oxolation is unfavorable and fewer oxide nuclei are formed. Ac-
cording to Murase and Ka{87], water vapor increases surface
diffusion and markedly accelerates crystallite growth. Our MS
data showed that most of the water evaporated early and should
affect nucleation but not growth. We found a higher surface area
with increasing batch siz&@ble 1), consistent with finer parti-
cles. Hence there was no retention of water vapor in the larger
batches and no promotion of crystallite growth through humid-
ity.

The different glow onset temperaturdsd. 1b) may imply
that at this stage of the calcination procedure, the materials in
differently sized batches already are no longer identical and

Fig. 5. Adsorption and desorption branches of nitrogen adsorption isotherm8lUSt have undergone, say, oxolation reactions of varying ex-
at 77 K. (a) 2 wt% Fe-promoted sulfated zirconia: 2.0FeSZ-1 (squares) antent. However, the glow event is probably governed by heat
2.0FeSZ-2-L (stars). (b) 0.5 wt% Mn-promoted sulfated zirconia: 0.5MnSZ-ltransfer limitations. The glow curves indicate explosion kinet-

(squares).
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Scheme 1. Crystallization of zirconia from zirconium hydroxide according to description ifi3@gf.
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1000

reaction runaway occurs at lower temperature in the large quartz | ? |

boat with its restricted heat transfer due to a small surface-to- 900+ .

volume ratio and more complete enclosure of the [3&d 800 Surface area loss |/ alor features estabined. ©
Norman et al[36] posited that the three foregoing stages x / o

overlap, particularly because they observed a continuous mass £ 7001 /Y Crystalization

loss in thermogravimetry experiments. Chadwick et[a8] T 600 o /Etecomposmon of ritrates

pointed out that dehydroxylation is not complete before crystal- 2 ammonium? '

lization. Djuricic et al[39] reported formation of the tetragonal 5 5004

phase at 573 K without a distinct exotherm (separate thermal = 400/ Main water loss

analysis and XRD experiments); a sharp exotherm at 683— 3001 -+~ heating program

693 K was not accompanied by any sudden change of lattice
parameters and was attributed to loss of internal surface hy-
droxyl groups. Srinivasan and Da\&l] supported the idea of
separate events and suggested that the exotherm resulted frenmeme 2. Course of events during calcination. Temperature ranges approxi-
coalescence of small particles to Iarger ones, which, for purgnate and depending on sample and heating conditions. Events may also over-
zirconium hydroxide, happens to coincide with crystallization.'ap'
Sorrentino et alf29] studied a number of other oxides and con-
cluded that coalescence of particles is responsible for the glo#ion of zirconia progresses further during the glow, as dif-
On the other hand, Keshavaraja efa¥] and Livage et alj40]  fractograms recorded after the temperature oversliagt £a)
associated the glow exotherm with crystallization. In summarydemonstrate. The BET surface area drops by 129 dur-
the literature does not clearly identify the reaction that providednd the glow, and pores appear. Hence, for pure zirconium
the heat for the glow. hydroxide, the crystallization extends over some time (temper-
To determine which reaction may produce the measuredture), and surface area loss and pore formation appear linked
temperature overshoot, heats of reaction and the specific heig the glow event. The in situ XRD experiment with 2 wt%
capacity (of the material at the glow onset) must be known. Th&e-promoted sulfated zirconium hydroxide confirms that crys-
glow occurs so rapidly that quasi-adiabatic conditions can béallization starts before the glow for promoted materials as well.
assumed. The heat evolution from surface area loss can be dEbe crystallization process as reflected in the diffractogram is
rived from calculated surface energ[d4], which approximate 90% complete at 810 K&ig. 1b shows that at this bed temper-
the surface enthalp§42]. For t-ZrO,, values between 1.107 ature, the glow has not yet started in the small or medium-size
and 1.453 Jm? are reported for different surfaces. A loss of batch. During a controlled and slow heat up (3 K miijy sub-
122 mtg~! as found in the zirconia sample would produce stantial crystallization occurs before the glow, and this reaction
16.5-21.8 kdmoil. Values reported for the specific heat ca- can in principle supply enough heat to afford the observed over-
pacity range from 0.4 to 0.67 JgK—! depending on compo- shoot. Crystallization thus initiates a series of events, but the
sition and temperatur#3—46] Based on these data, the loss main process during the glow is surface area loss. The sequence
of 122 n? g~1 surface area would result in a temperature rise oPf events is summarized tcheme 2
200-443 K, which compares well with the observed overshoots. The question arises whether sample properties are deter-
As for measured heats of reaction, neither the initial nor the fimined by the events during the heat-up phase, including the
nal state is usually exactly defined in a thermodynamic sensglow, or by what is usually reported and assumed to be the core
with known composition, fraction of crystalline material, and of the calcination program, the holding period at high temper-
particle or crystallite size. Molodetsky et 7] tried to dis-  ature. Chadwick et al38] found that zirconia crystallization
tinguish surface area from crystallization effects and reporte@nd crystallite growth progressed no further after 2h at 773 K or
an increase in surface energy for the transition from amorphousigher temperatures, and Rush e{48] showed that oxygen in
to tetragonal zirconia, specifically 14.6 kJ mbffor a material amorphous surroundings and hydroxyls disappeared on calcina-
with 100 n? g~1 surface area, and an enthalpy of crystallizationtion at 773-973 K. These observations suggest that to determine
of tetragonal zirconia of-53 kJ mot™t. According to these and the final state, a certain temperature and a certain holding time
other datg27,40], crystallization also generates sufficient heatare essential. Our data reveal a different picture. The nitrogen
to explain the dramatic temperature overshoot. adsorption measurement and diffractogram of the zirconia sam-
We found that the calcination atmosphere does not affect thple that was cooled directly after the glow largely correspond
extent of the glow and shifts the onset temperature only marto those of zirconia samples that underwent the complete heat-
ginally (Fig. 1c). Moreover, no hydrocarbon oxidation productsing program. Phase composition and surface area are already
were detected by MS during the glow; thus, combustion of conestablished directly after the glow. The subsequent 3-h thermal
taminants can be ruled out as a source of heat. treatment at 823 K (923 K) does not equalize the differences de-
The diffractogram of a zirconium hydroxide sample sub-veloping in the early phase of the calcination procedure. During
jected to the heating program until just before the glBig(2a)  the glow, the maximum programmed temperature is exceeded,
reveals reflections of the tetragonal and monoclinic phases. Pawrhich allows for a chemistry that is not possible within the
tial crystallization appears to occur before the glow, consistenplanned temperature program. This includes enhanced ion mo-
with the observations by Djuricic et d)39]. The crystalliza- bility within the forming solid, as well as volatilization and

0 50 100 150 200 250 300 350 400
Time / min
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reanchoring with restructuring of surface species. NonequilibMn cations in the matrix during the impregnation and calci-
rium states, such as defects in the bulk, are quenched througtation procedures. As discussed before, high promoter surface
the fairly rapid cool-down after the glow. The holding tempera-concentrations may hinder the coalescence of particles, explain-
ture is obviously not high enough to afford annealing of defectsng the higher surface areas of Fe-promoted samples compared
generated during the glow. It follows that important samplewith Mn-promoted samples.

characteristics, including activity, depend on the extrinsic para- Variation in the calcination batch size affects morphology.
meters that rule the events during the heat-up phase, includinggregates of smooth spherical subunits were most obvious for

bed size and packing. Mn-promoted samples calcined in small batches. These sam-
ples experience the longest heat-up period before the glow,

4.2. Effect of promoters on sample temperature curve during leaving time for particles to coalesce and resulting in the small-

calcination est surface areas of all promoted sample(e 1. The poros-

ity varies significantly depending on the calcination batch size.

The temperature lag caused by the endothermic evaporatiorhe samples from the large batches are characterized by a sys-
of water is less pronounced with increasing promoter contertem of interconnected mesopores, leading to the pronounced
(Fig. 1a); altered by the incipient wetness process, the surfackysteresis loops in the nitrogen adsorption isotherms. These
releases less water. In part, the evolving water must have beg@ores are 2.2-3.8 nm in size, large relative to the kinetic di-
adsorbed, but it also originates from oxolation (step 2 aboveameter ofi-butane (0.43 nm). However, because, according to
see alsd&dcheme ) Nitrate or promoter cations may have sub- the manufacturer, the zirconium hydroxide precursor is micro-
stituted OH groups or protons on the surface, hindering oxoporous[52], the question arises as to whether micropores are
lation because water could no longer be cleaved out. Olatioalso present in the calcined samples. It was recently reported
and oxolation reactions can also occur between groups locatédat neither the isotherm shape nor the de Beplot alone
on different particles and can be seen as a pre-stage to coalegves reliable evidence for micropors3]. Further specifics
cence; the suppression of these reactions explains the highef our data are not in favor of microporosity. First, adsorption
surface area of the promoted samples. The promoters thus haaed desorption branches coincide perfectly for small values of
an affect on the zirconium hydroxide matrix transformation dur-p/po in all measurements. BET plots were strictly linear up
ing an early stage of the calcination program. The addition ofo p/po = 0.2, and thec values (54—76Table 1 were in the
promoters also influences redox chemistry during calcinationtange typical of nonmicroporous solids. The BJH adsorption
Nitrate is available as an oxidant. The ratio of nitrate to ammo<€umulative pore area agreed with the BET surface area within
nium varies with the promoter content. The ratio also differs for20%, a deviation considered norniél]. The fact that sam-
the promoters Mn and Fe due to the initial valences Mn(ll) andpbles calcined in small batches systematically show larger BET
Fe(lll) and can in principle account for differences between thesurfaces than BJH surfaces is a possible indication of microp-
correspondingly promoted catalysts. orosity, but it can be explained by limitations of the oversim-

As shown previously, any additive will shift the glow on- plified BJH model, which assumes cylindrical pores. For all
set to higher temperatures; besides for sulf@®49] Mn  sets of isotherms, the evolution of the H2 hysteresis, and thus
[27,33], and Fe[33,50] this effect has also been reported for also the change in pore shape, coincide with the jump in the
hafnium[31] and yttrium[51]. In our sulfated samples, Mn ex- BJH cumulative pore are&ig. 5 Table 1. On the basis of this
erts a stronger effect than Fe. No local accumulation of Mn ioncurrent behavior, significant amounts of micropores can be
found by SEM-EDX in the calcined samples. The 10 K step inexcluded.
sample temperature before the glokigs. 1b and 1) which
may be caused by a fraction of material with lower promoter4.4. |1somerization activity
content, appears for Fe promotion but not for Mn promotion.
These observations suggest better dispersion of Mn than of Fe, The activity of samples calcined using the same batch size
possibly because of stronger interaction with the hydroxide madiffers much less than that of samples calcined in differently
trix. Consistently, a higher fraction of Mn than of Fe is presentsized batchesHjgs. 3a and 3b The same holds true for the
in the form of a solid solution in zirconia in the calcined mater- characterization dataléble 1 Fig. 5a). Variations in activity

ial [23]. observed for samples calcined using the same batch size are
much smaller than those reported for repeated preparations in
4.3. Morphology of calcined materials the literature[24], even though samples from different precur-

sor batches were compared. The remaining variations are due in
For Fe-promoted samples, there seems to be a correlatigrart to the manually conducted impregnation. Hence, attention
between Fe distribution and morphology. SEM-EDX analysisto the calcination batch size and shape allows the reproducible
reveals higher Fe concentrations on rough surfaces. Such agnthesis of sulfated zirconia catalysts.
elemental distribution could be a consequence of the incipi- It has been inferred that a certain calcination temperature is
ent wetness method. The rough appearance may indicate sma#cessary for generation of active sulfate species. For unpro-
particles with a high surface area, and a droplet of impregnamoted sulfated zirconia, isomerization activity increases with
tion solution may be completely absorbed in the (rough) outethe calcination temperatures until about 923 K, at which point
layer. Mn is evenly distributed, indicating higher mobility of sulfur loss, surface area reduction, and phase transformation
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251 : tion batch size, indicating that variation of the batch size affects
1 ® maximum FeSZ . .
1 | & maximum MnSZ . mainly the number, not the nature, of sites.
207 | o long-time (8 h) FeSZ ° Redox chemistry during the thermal treatment may also play
] < long-time (8 h) MnSZ . . . Jo.
s a role, and it will be more complex if the raw material is pro-
< 15 d moted. The exothermic formation obMan be ascribed to com-
: <4 ’ . . . -
.% ] proportionation of ammonium and nitrate from the sulfate and
5 104 promoter precursors. The ratio of ammonium and nitrate varies
% ¢ ® with the promoter content, and hence the net oxidizing or reduc-
O 5] o ° ing power. We have evidence that redox reactions during ther-
] . © 5 o mal treatment affect catalytic performance: Fe-promoted cata-
] MRS lysts experience very similar glow curveig. Ic) in different
060 70 80 <>§>,O 100 1:10 120 130 140 atmospheres, but the short- and long-term activities decrease
) in the sequence oxygen air > argon Fig. 3d). It is evident
Surface area/m"g that samples with truly identical thermal histories need not be

Fig. 6. Conversion versus BET surface areas for Fe- i iéientical. Heat treatment conditions that produce a suitable tem-
. 6. promoted (circles) an . e .
Mn-promoted (diamonds) sulfated zirconia. Conversion dataFape3 sur-  Perature profile are a necessary but not sufficient requirement
face areas sefable 1 for good isomerization performance. We do not yet know what
the key effect of the variation in oxygen partial pressure might

cause decreased activi2,25,55] The flash-like rise to high be; obviously, Fe, S, or Zr valences could be affected. Reduced
temperatures during the glow may generate active sulfur specigsirface species would diminish the ability of the catalyst to ini-
without the negative side effects. Sulfur species may not b#ate the reaction via oxidative dehydrogenation, which is one
volatilized during the brief overheating or readsorbed on coobf the proposed mechanisifis3]. On the other hand, partially
down, particularly in the larger, and thus deeper, beds. No sukeduced cations in the zirconia bulk, Zr and also Fe, which is
fur is detected in the effluent gases during the entire calcinatioknown to be incorporated into the zirconia latti@&3] would
stage. The restricted time at high temperature also limits partincrease the number of oxygen vacancies in the zirconia lattice.
cle growth and annealing. Anion vacancies in sulfated zircorfa/] and promoted sulfated

Within each sample set of three, maximum conversion, BETzirconia[23] have been suspected to assist in/iHeutane iso-
surface area, and pore volume increase with increasing calcingaerization.
tion batch size. When comparing samples from different sets at Comparison of the rate data with published data is possi-
equal batch size the maximum conversions also follow the trentile only for 323 K and under the assumption of a first-order
of the surface areas. In other words, independent of promotegeaction inn-butane. The maximum isomerization rates ob-
type or content, the conversions reflect the trends in surface aréained for the samples calcined in large batches at 323 K (not
and porosity. However, the maximum butane conversion inshown) are 400 (Mn)—435 (Fe) pumotyh~1 at 1 kPan-butane;
creases more than linearly with the corresponding BET surfaceeported rates reach 1800 pmofidi— (mixed Fe+ Mn pro-
areas, as shown iRig. 6. This becomes more obvious when motion) at 10 kPa:-butane[58]. Hence, with respect to the
considering that toward smaller surface areaBIn? g~1),the  maximum rate, extraordinarily active catalysts can be obtained
activity will probably not approach zero. via calcination in large batches.

Evaluating the long-term activity is more difficult, because
we do not yet know if and how it is affected by the events at5. Conclusion
early times on stream; for example, high conversions may favor
deactivation. However, all of the three considered sets deacti- The properties of sulfated zirconia catalysts become repro-
vate in a different manner but with the same outcome; theréucible by controlling the batch size and shape during calcina-
is no proportionality between the long-term butane isomerization. These parameters, as well as temperature, holding time,
tion rate and BET surface arelig. 6) or porosity. This is most heating rates, and gas flows, should be reported. In turn, with-
obvious when relating the isotherms of 0.5MnSZFlg( %),  out altering the precursor composition or the heating program
which deactivates very little, with the respective conversiorfor calcination, the morphological and catalytic properties of
data Fig. ). The largest difference in surface area and porossulfated zirconia materials can be tuned through variation of
ity is between the samples from small and medium-size batcthe batch size. Sample sets obtained in this manner provide a
calcinations, but there is no comparable step in the long-terranique opportunity to identify structure—activity relationships,
activity. because many preparation parameters are identical, and, ac-

There is no simple linear correlation between conversion andordingly, many properties will be identical and can then be
surface area for either short or long times on stream. The nuneonsidered irrelevant for differences in activity.
ber of active sites on these catalysts is snfal], and only The maximumn-butane isomerization rate of Fe- or Mn-
a fraction of the sulfate is active. The site concentration thugpromoted sulfated zirconia catalysts increases with the batch
does not have to scale with the surface area and also deperglge used for calcination. This trend is paralleled by an increase
on structural and chemical properties. Time-on-stream profiles surface areas and a growing system of interconnected meso-
are a function of promoter type and content and not of calcinapores. The long-term activity, which also increases with batch
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size unless there is complete deactivation, seems unrelated [i®] K.T. Wan, C.B. Khouw, M.E. Davis, J. Catal. 158 (1996) 311.
surface area or porosity. Hence, the concentration of the a¢l9] T. Yamamoto, T. Tanaka, S. Takenaka, S. Yoshida, T. Onari, Y. Takahashi,
tive sites must depend on structural and chemical properties, - Kosaka, S.Hasegawa, M. Kudo, J. Phys. Chem. B 103 (1999) 2385.

. . . . [20] R.E. Jentoft, A. Hahn, F.C. Jentoft, T. Ressler, Phys. Scr. T 115 (2005
The observed influence of the batch size implies that these sit s] 794 Y (2005)

must develop during the glow; that s, the active phase is formegi) r.E. Jentoft, A.H.P. Hahn, F.C. Jentoft, T. Ressler, Phys. Chem. Chem.
rapidly. Promoter concentration and type affect this chemistry.  Phys. 7 (2005) 2830.

The fact that differences generated in the heating period are n&2] J.M. Millet, M. Signoretto, P. Bonville, Catal. Lett. 64 (2000) 135.
annulled during the subsequent 3-h treatment at 823 K or 923 [€3] F-C. Jentoft, A. Hahn, J. Krohnert, G. Lorenz, R.E. Jentoft, T. Ressler,
o . U. Wild, R. Schibgl, J. Catal. 224 (2004) 124.

suggests t'hat nonequilibrium strL'Jctu'res, such as defects in t 4] RA. Keogh, R. Srinivasan, B.H. Davis, J. Catal. 151 (1995) 292.
lattice, which are generated by kinetic and not thermodynamigs) R, chen, G. Coudurier, J.-F. Joly, J.C. Védrine, J. Catal. 143 (1993) 616.
control, must constitute the active phase of these catalysts. [26] S.X. Song, R.A. Kydd, Catal. Lett. 51 (1998) 95.

Normalized to surface area, Mn-promoted catalysts aré?7] Al-gggsgag;afajay N.E. Jacob, A.V. Ramaswamy, Thermochim. Acta 254
shgh.tly more active than Fe-.promoted cat.alyﬁsg(.G), sug- 28] (L Wdiﬂer, Koll.-Zeitschr. 38 (1926) 97.
ges.’tllng thEy have a hlgher Sl,te Concenj[ratlon or §IteS of h'gh 59] M. Sorrentino, L. Steinbrecher, F. Hazel, J. Colloid Interface Sci. 31
activity. The more complete incorporation of Mn into the zir- (1969) 307.
conia lattice in comparison with irdi23], the glow curves, and [30] J.D. Carruthers, K.S.W. Sing, J. Feenerty, Nature 213 (1967) 66.
the chemical analysis all demonstrate that Mn is more highly31] R. Srinivasan, B.H. Davis, J. Colloid Interface Sci. 156 (1993) 400.
dispersed than Fe. Low concentrations of Mn are already veri2! T- Tatsumi, H. Matsuhashi, K. Arata, Bull. Chem. Soc. Jpn. 69 (1996)
effective. These observations indicate that Mn or Fe ions dis-33] Egﬁéhn’ T Ressler, R.E. Jentoft, E.C. Jentoft, J. Chem. Soc.. Chem.

tributed on the surface or in the lattice, and not a promoter oxideé ~ commun. (2001) 537, electronic support informatibtip:/ivww.rsc.org/

phase, is the cause of the promotional effect. suppdata/CC/b1/b100364j/index.sht
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