Highlights of Advanced Catalysis Engineering in 2010-2015
Design of hierarchical zeolites from laboratory to industrial realization
Leading the development of preparative strategies, our group has demonstrated the obtainment
of almost any zeolite in hierarchical form through low-cost and environmentally benign postsynthesis treatments (ChemSusChem 2014, 7, 753). Several of these were subsequently translated
to ton scale with an industrial partner and the resulting powders shaped with the aid of binders
into mechanically-stable geometries suitable for their technical application (ChemCatChem 2011,
3, 1731). The substantially improved mass transfer properties, which were fully preserved in
technical form (Adv. Funct. Mater. 2014, 24, 209), led to superior activity, selectivity, and lifetime in
conversions of central industrial relevance, including n-alkane hydroisomerization and methanolto-hydrocarbons (ChemSusChem 2013, 6, 421; ACS Catal. 2014, 4, 2409). Tackling the complexity of
the shaped multicomponent systems head on, we have introduced integrated microscopic
approaches to visualize important aspects of the three dimensional structural organization, such
as the pore network, phase distribution, and zeolite-additive interactions (Nat. Chem. 2012, 4,
825). The knowledge gained undoubtedly plays a crucial role in rationalizing scale-up principles in
catalyst development and ultimately in maximizing the performance in industrial reactors.
A hallmark of our work on hierarchical zeolites is the discovery of descriptors to guide their design
through the assessment of synthesis-structure-performance relations (Nat. Commun. 2015,
6:8633, doi:10.1038/ncomms9633). Notably, we were the first to introduce quantitative tools (e.g.
the hierarchy factor and accessibility index), readily derivable through accessible porous and
acidic properties, as indicators of the potential performance enhancements (Adv. Funct. Mater.
2009, 19, 3972; J. Catal. 2009, 264, 11). Recently, we demonstrated the unique value of combined
descriptors of the pore- and active-site quality to preserve the shape selectivity while improving
the accessibility of FAU-type zeolites. This enabled the attainment of catalysts, which are now in
pilot-stage trials for the replacement of homogeneous mineral acids currently used in the
synthesis of methylenedianiline, a key intermediate in PVC manufacture (ACS Catal. 2015, 5, 734).
Similarly, our group has highlighted the crucial role of pore connectivity in governing the lifetime
of hierarchically structured MFI-type catalysts in coke-forming reactions. A major achievement
was the identification of positron annihilation lifetime spectroscopy (PALS) as a powerful tool to
quantify the global connectivity of the pore network (Nat. Commun. 2014, 5:3922,
doi:10.1038/ncomms4922; Angew. Chem., Int. Ed. 2015, 54, 1591). These efforts have contributed
to a paradigm shift in the way in which zeolite catalysts are manufactured and applied that has
been recognized by both academia and industry alike.

Sustainable technologies for halogen recycling in the chemical industry
We have played a decisive role in the development of catalysts for the gas-phase oxidation of HCl
to Cl2. This longstanding reaction, discovered in 1868 by Henry Deacon, gained relevance in recent
years due to the pressing need of the rapidly-expanding polyurethane and polycarbonate
businesses for an in situ process to recycle large amounts of byproduct HCl. To solve this problem,
we opted to develop a catalytic technology to produce Cl2 in view of its superior energy efficiency
and environmental friendliness over alternative strategies such as HCl electrolysis or
neutralization. Overcoming the complexity of working with halogens in highly corrosive
environments, we have made several breakthroughs in the field in collaboration with Bayer
MaterialScience. Major challenges were to identify sufficiently active and stable catalysts and to
bring systems designed in the lab to pilot-plant and industrial scale. The rationalization of key
descriptors for activity and stability led to novel heterogeneous catalysts for HCl oxidation based
on e.g. RuO2/SnO2, CeO2/ZrO2, U3O8/ZrO2, and CuCrO2 (Energy Environ. Sci. 2011, 4, 4786; J. Catal.
2012, 285, 273; J. Catal. 2012, 286, 287; Angew. Chem. Int. Ed. 2013, 52, 9772; Chem. Sci. 2013, 4,
2209). The breadth and depth of the activities were unique, encompassing the attainment of a
molecular-level understanding of the catalytic process (Nat. Chem. 2012, 4, 739), the rational scale
up of technical catalysts coupled to pilot-plant evaluations (ChemCatChem 2013, 5, 748, Appl.
Catal., B 2013, 132-133, 123), and the development of reactor strategies permitting heat
management (Ind. Eng. Chem. Res. 2014, 53, 9067). Very recently, our studies extended to the
oxidation of HBr to Br2. Bromine recycling comprises a crucial step for the use of this halogen in
the functionalization of light alkanes (methane, ethane, propane) into a broad spectrum of fuels
and chemicals. We discovered the outstanding activity and stability of TiO2 in extrudate form for
HBr oxidation in virtue of a defect-driven mechanism (Angew. Chem., Int. Ed. 2014, 53, 8628). This
constitutes the first application with industrial perspective of pure TiO2 in heterogeneous
catalysis. The findings represent a major step forward for the sustainable manufacture of
polymers, chemicals, and fuels.

Single-atom catalysis
Designing heterogeneous catalysts in which the often-expensive metal phase is atomically
dispersed and fully utilized has long been a dream. For many commercial materials, in fact, only a
small fraction of the total active phase is available for catalysis. In an age of resource scarcity,
many academic groups have tried to realize this dream, depositing or anchoring isolated metals
on oxidic supports, but poor sintering resistance has hampered success. In collaboration with the
groups of Prof. Markus Antonietti (Max Planck Institute of Colloids and Interfaces, Germany) and
Prof. Nuria Lopez (ICIQ, Spain), we have demonstrated the first stable single-site heterogeneous
catalyst featuring isolated palladium atoms entrapped within ‘cavities’ of a carbon nitride carrier
(Angew. Chem., Int. Ed. 2015, 54, 11265). Advanced spectroscopic and microscopic evaluations as
well as Density Functional Theory calculations have demonstrated that the isolated atoms are
tenaciously attached to the nitrogen atoms of the carbon nitride. The performance was evaluated
in the selective hydrogenations of alkynes and nitroarenes, reactions of primary importance in the
chemical industry for the manufacture of building blocks for a variety of polymers, vitamins,
pharmaceuticals, fragrances, and agrochemicals. Our catalyst surpasses the activity and
selectivity of typical industrial catalysts, while maintaining an outstanding degree of product
selectivity (approaching 100%) and agglomeration resistance for several hours on stream.
Besides, as highlighted by Prof. Sir John Meurig Thomas (Nature 2015, 525, 325), this material
respects the principles of green and sustainable chemistry, since thousands of atoms for creating
a nanoparticles have been replaced by one. This work opens unforeseen avenues in the field of
heterogeneous catalysis, because of the possibility to extrapolate the easy synthetic methodology
for preparing single-site catalysts based on other metals, for a variety of reactions beyond
hydrogenations. Overall, this material is the first of a potential family of catalysts still awaiting
discovery, that could become atom-efficient formulations for tomorrow’s reactions.

Cerium oxide as hydrogenation catalyst
Ceria is an important catalyst or promoter in the stream reforming of oxygenates and in the
oxidation of hydrocarbons and mineral acids. Its success in these applications is tightly linked to
its unique oxygen storage capacity and redox properties. On the other hand, the use of ceria in
other applications was never postulated. In view of the favorable hydrogen splitting ability of this
oxide, our group envisioned that CeO2 could be used to catalyze the semi-hydrogenation of
alkynes. Aided by spectroscopic investigations and catalytic tests in flow, we rationalized key
descriptors for the hydrogenation of acetylenics in the gas (Angew. Chem. Int. Ed. 2012, 51, 8620)
and liquid (ChemCatChem 2014, 6, 1928) phase. To shed light on the structure-redox-performance
relationships, tailored synthetic methods were adopted to prepare ceria catalysts with different
morphologies (i.e., nanocubes and nanoctahedra), demonstrating the face sensitivity of
hydrogenation rate and the first example of the deterimental role of oxygen vacancies in a
reaction catalyzed by ceria (Angew. Chem., Int. Ed. 2014, 53, 12069). Density Functional Theory
calculations on the most reactive CeO2 surface were also employed to obtain an in-depth
understanding of the selective character of ceria. The calculations unraveled the role of oxygen
atoms in activating molecular hydrogen and stabilizing reactive radical species (J. Phys. Chem. C
2014, 118, 5352). Finally, we showed that the hydrogenation activity of ceria can be further
enhanced by doping this intriguing oxide with trivalent cations such as gallium and indium
(J. Catal. 2015, 324, 69). The unique combination of in situ spectroscopic analyses, molecular
modeling, and catalytic testing highlighted the role of the dopant in boosting the activation of
hydrogen. These pioneering studies have opened new pathways for the use of ceria (and other
oxides) for the hydrogenation of a variety of functionalized hydrocarbons.

Sustainable process for the conversion of glycerol into lactic acid
The identification, development, and implementation of processes to convert renewable
feedstocks into chemicals is a vibrant field of research rooted on mitigating global warming and
facing the forthcoming fossil fuel shortage. Our group has developed a novel cascade process
comprising bio- and chemocatalytic steps to valorize glycerol obtained as a waste in the
production of biodiesel by conversion into lactic acid, a platform chemical with a large and rapidly
expanding market (Energy Environ. Sci. 2015, 8, 558). The first step comprises the enzymatic
oxidation of glycerol to dihydroxyacetone and its subsequent Lewis-acid catalyzed isomerization
to lactic acid. In the later step, we designed tin-containing zeolites prepared through a facile postsynthetic method and exhibiting high activity, selectivity, and durability. Stable behavior can be
attained if methanol is used as the reaction medium instead of water, since deactivation
phenomena such as the leaching of the active metal from the catalyst and the amorphization of
the crystalline matrix are hindered (Green Chem. 2016, doi:10.1039/C5GC02147B). Through the
combination of catalyst design, process modeling, and multivariable analysis, we have
demonstrated the advantages of this new route in terms of environmental footprint (20% less CO2)
and profit (35% lower operating cost) compared to the conventional route to lactic acid based on
sugar fermentation. A further refined process has been accomplished replacing the enzymatic
oxidation of glycerol to dihydroxyacetone by a continuous chemocatalytic process using
Fe-containing zeolites with tailored iron speciation (ACS Catal. 2015, 5, 1453). These findings
highlight the importance of integrating knowledge from different scientific disciplines to facilitate
progress under the umbrella of sustainable processes and have been highlighted in ETH News,
Smithsonian magazine, Chemistry World, Chemical processing, Chimia, C&EN News.

