
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Double aberration-corrected TEM/STEM of tungstated zirconia nanocatalysts for
the synthesis of paracetamol

Yoshida, K.; Shiju, N.R.; Brown, D.R.; Boyes, E.D.; Gai, P.L.
DOI
10.1088/1742-6596/241/1/012035
Publication date
2010
Document Version
Final published version
Published in
Journal of Physics. Conference Series

Link to publication

Citation for published version (APA):
Yoshida, K., Shiju, N. R., Brown, D. R., Boyes, E. D., & Gai, P. L. (2010). Double aberration-
corrected TEM/STEM of tungstated zirconia nanocatalysts for the synthesis of paracetamol.
Journal of Physics. Conference Series, 241, 012035. https://doi.org/10.1088/1742-
6596/241/1/012035

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://doi.org/10.1088/1742-6596/241/1/012035
https://dare.uva.nl/personal/pure/en/publications/double-aberrationcorrected-temstem-of-tungstated-zirconia-nanocatalysts-for-the-synthesis-of-paracetamol(701decc2-26ef-4163-bab5-0d61000d321a).html
https://doi.org/10.1088/1742-6596/241/1/012035
https://doi.org/10.1088/1742-6596/241/1/012035


Double aberration-corrected TEM/STEM of tungstated zirconia nanocatalysts for the synthesis

of paracetamol

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2010 J. Phys.: Conf. Ser. 241 012035

(http://iopscience.iop.org/1742-6596/241/1/012035)

Download details:

IP Address: 145.18.109.182

The article was downloaded on 18/02/2011 at 11:15

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1742-6596/241/1
http://iopscience.iop.org/1742-6596
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


Double Aberration-corrected TEM/STEM of tungstated
zirconia nanocatalysts for the synthesis of paracetamol

K Yoshida 1,5, NR Shiju2, DR Brown2, ED Boyes 1,3,4 and PL Gai 1, 3, 5
1 The York JEOL Nanocentre, 3 Department of Physics, 4Department of Electronics,
5 Department of Chemistry, University of York, Heslington, York, YO10 5DD.
2 Department of Chemical and Biological Sciences, University of Huddersfield,
Huddersfield, HD1 3DH.

E-mail: pgb500@york.ac.uk

Abstract. We report highly active tungstated zirconia nanocatalysts for the synthesis of
paracetamol by Beckmann rearrangement of 4-hydroxyacetophenone oxime. Double
aberration-corrected (2AC)-TEM/STEM studies were performed in a JEOL 2200FS FEG
TEM/STEM at the 1 Angstrom (1 Å = 0.1 nanometer) level. Observations at close to zero
defocus were carried out using the AC-TEM as well as AC-STEM including high angle
annular dark field (HAADF) imaging, from the same areas of the catalyst crystallites. The
studies from the same areas have revealed the location and the nanostructure of the
polytungstate species (clusters) and the nanograins of zirconia. The AC (S)TEM was crucial to
observe the nanostructure and location of polytungstate clusters on the zirconia grains.
Polytungstate clusters as small as 0.5 nm have been identified using the HAADF-STEM. The
nanostructures of the catalyst and the W surface density have been correlated with paracetamol
reaction studies. The results demonstrate the nature of active sites and high activity of the
tungstated zirconia nanocatalyst, which is an environmentally clean alternative to the current
homogeneous process.

1. Introduction
Paracetamol (N-acetyl-p-aminophenol) is one of the most widely used analgesics. The rearrangement
of ketoximes to amides or lactams in the presence of acid catalysts is commonly known as Beckmann
rearrangement, relevant to the synthesis of paracetamol. The most prominent example for this reaction

cyclohexanone oxime [1-3]. Similar to the case of cyclohexanone oxime rearrangement, the use of
solid acid catalysts offers significant advantages over homogeneous acid catalysts. However, much
less work has been reported on solid catalysts which is compounded by the difficulty in identifying
active surface sites in the reaction. When liquid sulphuric acid is used as a catalyst, including with
promoters, N-acetyl-p-aminophenol is recovered from the reaction mixture by neutralization of oleum
with aqueous ammonia, resulting in the formation of a large amount of ammonium sulfate.
Rearrangement using an ion exchange resin as catalyst and acetic acid as a solvent under an inert
atmosphere is reported as well as thionyl chloride in liquid sulphur dioxide [4]. However, sulphuric
acid is toxic, corrosive and environmentally unsafe and the use of liquid phase requires special
equipment. The use of an insoluble acid catalyst will allow easy separation workup (no neutralization
step is required), catalyst recycling and will avoid equipment corrosion and contaminant wastes.
Though this has been largely attempted for the Beckmann rearrangement of cyclohexanone oxime to
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caprolactam, very few reports are published for the rearrangement of 4-hydroxyacetophenone oxime
to paracetamol.
In this study, we have investigated tungstated zirconia catalysts for liquid-phase Beckmann
rearrangement of 4-hydroxyacetophenone oxime to N-acetyl-p-aminophenol. Although zirconia-
supported oxoanions have been examined as solid acid catalysts recently in industrial isomerization
and alkylation processes instead of the highly corrosive and pollutant liquid acid, insights into the
nanostructure and optimisation of the catalysts have remained a challenge. Tungstated zirconia
possess some advantages such as higher stability under high-temperature treatments and reductive
atmospheres, lower deactivation rates, and easier regeneration. Here we report nanostructures of novel
tungstated zirconia (WZ) nanocatalysts for the liquid-phase Beckmann rearrangement for clean
synthesis of paracetamol /acetaminophen.

2. Experimental Procedure
Tungstated zirconia nanocatalysts were synthesised with different W loadings from 5wt% to 35 wt%
(hereafter referred to as 35%WZ). X ray-diffraction (XRD) data of the samples calcined at 973 K
have shown that zirconia exists as a tetragonal phase. Double aberration-corrected (2AC)-JEOL
2200FS (S)TEM, configured to have a larger gap (HRP) objective lens polepiece [5] to enable tilting
of the sample for alignment into a zone axis orientation as well as heating, was used for nanostructural
studies.

3. Results and discussion
Figure 1a shows an AC-TEM image of 15%WZ, illustrating overlapping zirconia nanocrystals with
random crystallographic orientations. The crystallite size of the larger nanocrystals in the image was
more than 10 nm. The optical diffractogram obtained from the nanocrystals could be indexed based
on the tetragonal zirconia structure with a = 0.3607 nm and c = 0.5175 nm. Many of the nanocrystals
were observed to be in [001] zone axis orientation as indicated by the selected area FFT/ optical
diffractogram in figure 1a, and a few in <110> orientation. Because the nanocrystallinity plays a key
role in catalysis, we used dark-field STEM to determine the nanocrystal sizes. Figure 2(a) and Figure
2(b) are STEM images of 15%WZ and 35%WZ. These images revealed crystallites less than 5 nm in
diameter constituting the larger zirconia nanocrystals. Average size of the ZrO2 crystallites was
estimated as 2.6nm (with sample variance 2 =0.334 nm2). Figure 1b shows the same crystal as in
Figure 1a, slightly defocused, revealing the presence of nanometer scale polytungsate clusters (dark
clusters indicated by arrows and identified by tungsten oxide clusters by lattice imaging and
nanoanalysis), uniformly distributed throughout the zirconia nanocrystals. Careful examination
revealed that the majority clusters were segregated to the zirconia nanocrystal boundaries, as indicated
in the schematic in Figure 1(c). Ultra high-resolution TEM (1.2M) clarified the 15%WZ nanocrystals
are mosaic crystals with low angle grain boungary. A typical case of = 182.14 degree are presented
in Figure 3. The correlation with catalytic activity has shown that the clusters form active Brønsted
sites leading to high activity of the tungstaed zirconia nanocatalyst. Z-contrast analysis [6,7] using
aberration corrected- HAADF STEM further illustrates lattice images of tungstated zirconia particles,
shown in figure 4(a-d). The areas shown by squares in (a) are enlarged in (b), (c) and (d). Small dots
(indicating bright contrast) of less than 1 nm are observed on single crystalline zirconia particle and
are identified as tungsten oxide clusters. Their concentration is found to be higher at the surface
observed in the profile imaging in (c). In contrast, the 35% WZ catalyst sample showed much larger
polytungstate domains and zirconia grain sizes.

4. Concluding remarks
The nanostructures of the tungstated zirconia catalysts for clean synthesis of paracetamol have shown
clusters of active tungsten trioxide clusters located at the boundaries of zirconia nano-grains. This
heterogeneous process is an environmentally clean alternative to the current homogeneous process.
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Figure 1. (a) Cs corrected HRTEM and
selected area FFT patterns of 15 wt% WZ
catalyst. (b) a 30nm under focused
transmission electron micrograph of 15
wt% WZ catalyst. (c) Schematic diagram
of deposition mechanism.

Figure 2. STEM images of WZ catalysts. W
concentrations were analysed as (a) 15wt% and (b)
35wt%. Average size of the ZrO2 crystallites were
estimated as (a) 2.6nm and (b) 15.5nm.

5nm
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Figure 4. Spherical aberration corrected- HAADF STEM images of 15 wt% WZ
catalyst. The areas shown by squares in (a) are enlarged in (b), (c) and (d).

Acknowledgments
We thank the University of York, JEOL and Yorkshire Forward / European Regional Development
fund (ERDF) for sponsoring the Nanocentre. KY thanks the JSPS/JFCC for a Visiting Fellowship.

References
[1] Bellussi G and Perego C 2000 CATTECH 4 4
[2] Dahlhoff G, Niederer J P M and Hoelderich W F 2001 Catal. Rev. 43 381 and references therein
[3] Ichihashi H et al.2003 Catal. Surv. Asia 7 261 and references therein
[4] Davenport K G and Hilton C B, US Patent 4524217 (1985) to Celanese Corp
[5] Gai P L and Boyes E D 2009 Microsc. Res.Tech. 72 153
[6] Isaacson M and Crewe A V 1977 Proc. Natl. Acad. Sci. 74 1802
[7] Howie A 1979 J. Microc. 117 11

Figure 3. Spherical aberration corrected-TEM studies of 15 wt% WZ mosaic crystals
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