


The Catalyst Review                               April 2020 1

Technical & Commercial Progress in the Global Catalytic Process Industries

Industry Perspectives: Sustainability by Decarbonization and Other Green Technologies

April  2020    A Publication of The Catalyst Group Resources, Inc.       Volume 33, Issue 4
THE CATALYST REVIEW

Design of Reaction Kinetic  
Models for Scale Up

This Month's Special Feature



The Catalyst Review                April 20202

Copyright ©2020 by The Catalyst Group Resources, Inc.  All rights reserved. Words in all capital letters are either tradenames or acronyms for company names. 
Readers are advised that tradenames are registered marks protected by applicable law. Reproduction and copying in any form without written permission is 
prohibited. Subscribers may quote one or two articles per issue if the publisher is notified in writing and the source is cited. Information of this subscription is 
provided as a service. Subscribers agree that the use of this information is solely at their own discretion. No warranty or guarantee is provided by the publishers. 
Subscribers agree to indemnify and hold harmless the publishers on any use including loss or damages. The publisher’s sole responsibility is to publish corrections 
upon notification.

More than 33 years ago The Catalyst Review was launched to fill an industry 
void: a highly-dense, digest-style publication aimed directly at corporate,  
R&D, academic and research science leaders in the $31 billion catalyst 
industry. It continues to accomplish this through its hand-selected 
experimental abstracts, in-depth company interviews, original “Special 

The Catalyst Review 

Feature” articles, expert perspectives, industry rumors, webinars and media reviews. This 
reinforces the purpose of The Catalyst Review, which is to provide fresh news and research 
in a timely, easy-to-digest format. For more information, please call The Catalyst Group 
Resources (TCGR) at +1-215-628-4447, or email thecatalystreview@catalystgrp.com.

CONTENTS

In This Issue
Industry Perspectives
Sustainability by Decarbonization and Other Green Technologies. ........................1

Commercial
A Push For ‘Green’ Crackers ................................................................................... 2

Aramco in Talks to Raise $10-billion Loan to Help Finance Sabic Acquisition ........2

U.S., Saudi Arabia, Russia Lead Pact for Record Cuts in Oil Output ........................2

BASF Forms Partnership with China's Shandong INOV Polyurethane ....................3

Gazprom Neft Builds Large Refinery Catalysts Plant in Russia ................................3

Nacero Selects Topsoe’s TIGAS™ Technology for USD 3 Billion Natural Gas-to- 
Gasoline Plant......................................................................................................... 3

Oil-to-Chemicals: New Approaches from Resid and VGOs .....................................4

BASF Introduces Fourtune™ Fluidized Catalytic Cracking (FCC) Catalyst to  
Deliver More Butylenes for Refiners ...................................................................... 4

Process
Scientists Fit Two Co-Catalysts on One Nanosheet for Better Water  
Purification ............................................................................................................. 5
Going Small Yields Big Results ................................................................................ 5
Chiyoda Looks to Double Propylene Yield, Cut Energy Consumption with New 
Catalytic Cracking Process for Naphtha .................................................................. 5
Acridine Radical Acts as a Powerful Photoreductant..............................................5
Special Feature
Design of Reaction Kinetic Models for Scale Up .....................................................8
Experimental
B-MWW Zeolite: The Case Against Single-Site Catalysis ........................................14

Decarbonylative Olefination of Aldehydes to Alkenes ...........................................14

Hierarchically Ordered Porous Carbon with Atomically Dispersed FeN4 for  
Ultra-efficient Oxygen Reduction Reaction in Proton-Exchange Membrane  
Fuel Cells ................................................................................................................ 15

Enhancement of the Yield of Ammonia by Hydrogen-Sink Effect During  
Plasma Catalysis ..................................................................................................... 16

Movers and Shakers
John R. (JR) Regalbuto, PhD .................................................................................... 18

THE CATALYST REVIEW  (ISSN 0898-3089) 
April 2020, Volume 33, Number 4 
Published by The Catalyst Group  
Resources, Inc., 750 Bethlehem Pike, 
Lower Gwynedd, PA 19002, USA
+1-215-628-4447 Fax +1-215-628-2267 
thecatalystreview@catalystgrp.com

POSTMASTER: Send address changes to:  
The Catalyst Group Resources, Inc.
750 Bethlehem Pike 
Lower Gwynedd, PA 19002, USA

Copyright 2020 The Catalyst Group  
Resources, Inc. All rights reserved. Legal  
Disclaimer. Copyright Clearance Center.

The Catalyst Group Resources, Inc. is a division of 
The Catalyst Group, Inc., a worldwide technical & 
commercial consultancy specializing in chemical 
process-driven change. The Catalyst Group Resources, 
Inc. is dedicated to helping clients understand the 
business impacts of technology change.  

CEO
Clyde F. Payn
PRESIDENT 

John J. Murphy
MANAGING EDITOR 

Mark V. Wiley
PRODUCTION EDITOR 

Meedah Spence
CONTRIBUTORS

Nick Barnette, MS
Calvin Bartholomew, PhD

Frits Dautzenberg, PhD
Eugene F. McInerney, PhD

John R. Regalbuto, PhD
BOARD OF ADVISORS

Salvatore Ali, PhD
Michele Aresta, PhD

Miguel A. Banares, PhD
Vijay Bhise, EngScD

Carlos A. Cabrera, MBA
Gabriele Centi, PhD
Avelino Corma, PhD

Frits Dautzenberg, PhD
Burtron Davis, PhD

Jayant D. Divey, PhD
George Huber, PhD
Brian Kneale, PhD

Warren S. Letzsch, MS
Michelle Lynch, PhD

Vishwas Pangarkar, PhD
Joseph Porcelli, DEngSc

Stephanie Romanow
Gadi Rothenberg, PhD
Stefan Weiland, PhD

ADVERTISING
For information about advertising  

in The Catalyst Review, contact  
+1 215-628-4447 or  

thecatalystreview@catalystgrp.com

The Catalyst Review provides busy executives, 
researchers, and production managers with a timely 
update on catalysis and process advances in the 
petroleum, petrochemical, environmental, and 
specialty chemical industries.



The Catalyst Review                               April 2020 1

reforestation and reducing food waste)  
accounting together for about 60%. 

Further CO2 reductions may be realized by electrical cars 
for transportation, improved building maintenance and 
reductions in industry as indicated in Figure 1. Carbon capturing 
technology, mineralization and bio-char production are 
incorporated in “other reductions” for about 20 Gigaton of CO2. 

Other scenarios are described in the literature (Shell n.d.; 
Moore 2019). All scenarios will require important political and 
global cooperation. Furthermore, significant financial resources 
will be necessary.

INDUSTRY PERSPECTIVES
The views expressed are those of the individual author and may not reflect those of The Catalyst Review or TCGR

 Continue on page 13

Sustainability by Decarbonization and Other Green Technologies

Humans have been on earth for millions of years experiencing average global temperatures (Te) of more than 200C and a low Te of 
130C allowing a world with polar ice caps6. The quest of what can be done about global warming is a very significant topic at this 
time. At any giving moment, about two thirds of the earth is covered by clouds that play an important role in the world’s climate. The 
Te has been recorded at 13.60C in 1850 while at present the Te is 15.10C1. The Te is related to the amount of water in the atmosphere, 

Table 1. Specific coefficients for H2O and CO2.

  Table 2. Thermodynamic calculations* of a and b coefficients.

Table 3. Global temperatures (Te) plus H2O and CO2 atmospheric concentrations.

Figure 1. CO2 reductions in Gigatons.

largely controlled by solar irradiation and added CO2 through 
anthropogenic activities. 

This is in line with GHG measurements showing that CO2 is 
approximately responsible for 30% of the earth’s temperature 
while water in the atmosphere causes 70%9. Based on Te, CO2 
and water measurements during the 1970s and 2018, specific 
coefficients have been calculated for water (a) and CO2 (b) (see 
Table 1). 

These a and b coefficients are in-line with thermodynamic 
calculations as shown in Table 2. The a and b coefficients provide 
a new powerful tool to analyze past, current and future Te, as 
well as CO2 and atmospheric water data. Table 
3 shows specific examples including data for 
past times 250 million years ago and for 1900. 
In addition, CO2, H2O and Te data are shown 
for 2019 and for 2050.

In 2018, the total anthropogenic CO2 
emissions has been estimated at 35.5 Gigaton. 
By 2050, the Te may increase to 15.40C, 
following business as usual. The Te in 2050 is 
due to water in the atmosphere at 3968 ppm 
plus CO2 at 445 ppm. By applying a reasonable 
green technology activity scenario based on 
the work of Cuffe and Vimeux (2001) and 
Lam (2007), and assisted by new catalyst 
developments in various areas, the Te may be 
reduced to about 14.30C by 2050 (or later), 
allowing the recreation of polar ice caps again. 

This proposed scenario includes CO2 
reductions of about 450 Gigaton from 2020 
to 2050. These reductions are mainly related 
to electricity generation (solar and wind etc.) 
and improved agriculture activities (including 

H2O data based on ref. 2   CO2 data see ref. 1 and 3

*Thermodynamic data in ref. 4 and 5   

*250 million years ago – see ref. 6 

Adaption by author to ref. 10 
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SPECIAL FEATURE I

Using Artificial Intelligence and Machine Learning for Catalyst Selection 
By Nick Barnette

Artificial Intelligence (AI) first crossed the technology threshold to become officially recognised in the mid-1950s, although machine 
learning as a concept had been brewing in the background many years earlier, driven by visionaries such as Alan Turing and John 
McCarthy. Turing is the author of Computing Machinery and Intelligence, in which he predicted the 21st Century emergence of 
machines with human-like thought processes (Turing 1950).

Over the next quarter century, expectations ran ahead of the performance delivered by AI technologies, leading to potentially 
promising research programs being cancelled in the late 1980s — the so-called “Winter of AI.” Artificial Intelligence was partly a 
victim of its own hype. However, towards the end of the century, Turing’s predicted sophistication in machine thinking began to be 
realized. In his 1950 essay, he suggests that progress could be tested with an abstract activity such as the playing of chess. As early as 
1997, IBM’s Deep Blue computer did in fact win a game of chess against a human opponent, Gary Kasparov.

The 21st Century has seen an entire revolution unfold with an exponential pace of development across the whole field of AI, robotics, 
sophisticated big data analysis and machine learning. Analysts at PricewaterhouseCoopers (PWC) predict that AI will provide a boost 
of up to 26% to the GDP of national economies, and that the overall contribution to the economy is forecast to reach $15.7 trillion by 
2030, about the same as the entire field of catalysis currently. PwC have documented at least 300 separate use cases across different 
sectors in their AI Impact Index (Rao and Verweij 2017). Much of the stated benefit in manufacturing relates to AI’s capabilities in 
“self-learning monitoring” and subsequent autocorrection. The overall impact score (2.2/5) is somewhat lower for manufacturing 
than for other sectors (e.g., 3.7/5 for healthcare and automotive). However, what is not fully covered is the key role that AI and 
machine learning are playing in scientific development at much earlier technology readiness levels (TRL) — i.e., from the laboratory 
and in progressive scale-up stages before full commercialization. There are many examples emerging, including design of new 
chemicals, pharmaceuticals and catalytic materials and in optimizing reactors, plant engineering design and wider systems controls.

In the last decade, AI has started to win over the sceptics by generating visible and tangible benefits in scientific sectors. Healthcare 
provides many examples where AI and associated techniques have become embedded in R&D processes, including broadly:

• Speeding up the time taken to identify new drug candidates and to match existing candidates to new uses.
• Detection of cancerous cells more accurately than human epidemiologists.
• Advanced prediction of hypoglycaemic events in diabetics.
• Identification of diabetic retinopathy in retinal images.

Meanwhile, in the chemical world, a quiet revolution is going on in the area of reaction optimization and catalyst development. New 
catalyst development has seen three stages: 

1. Educated guesswork, guided by experience and experiment.
2. Computer-intensive processing, allowing greater throughput of reaction data and reagent modelling.
3. Predictive modelling, in which generic algorithms can access comprehensive databases to model reactions and  

automatically search for the best catalysts, given a set of constraints which (for example) may include reaction time,  
by-products and cost. 

This third stage, the AI stage, is best evidenced by highlighting a few examples of the progress being made. Firstly, as an aid to the 
mere-mortal, catalytic chemist, a brief and basic description is provided of the machine-learning process. Machine learning is not 
always appropriate, and some might argue that it is an over-engineered solution to a simple problem. In order to decide whether it is 
necessary, the task must be defined in terms of complexity, amount of data and variables, and whether there is already a satisfactory 
working method for obtaining accurate answers. Real-world examples stem from areas where classical mathematics is not sufficiently 
good at describing a problem. For example, in facial recognition or where the rules of a task and data patterns change rapidly, such 
as in financial fraud and consumer behavior. Reactions at the catalytic surface are no less challenging and it has taken years and 
many millions of dollars to come to a meaningful and accurate understanding of what happens at the molecular level. With existing 
challenges and new modes of catalysis coming into play, machine learning is perfectly suited to the task of catalyst development.
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Case Study 1: Non-ab-Initio Descriptors for CO Binding in the CO2 Reduction Reaction (CO2RR)

The energy kinetics related to forming and breaking bonds in surface reactions of solid materials is central to heterogeneous 
catalysis. According to Sabatier’s Principle 1, adsorption energies on catalyst surfaces must be “just right” in order to maximize 
catalytic activity. If the binding energy is a little too weak, there will be insufficient reactant activation; a little too strong and there 
may be product desorption difficulties after the reaction.

Use of a method known as “d-band theory,” which looks to understand chemical adsorption (chemisorption) states based just on the 
electronic d-band characteristics of a metal surface, rather than the entire density of states (DoS), has allowed improved prediction 
of adsorption energies and catalytic activity. However, these “energetic descriptors” have seen limitations in practical terms and 
have fallen short of explaining catalytic activity in several systems without introducing further modelling complexity. They generally 
also require time-consuming and costly density functional theory (DFT) ab initio calculations which must be solved to screen a large 
number of materials.

SPECIAL FEATURE I

Machine learning breaks down into two techniques. The first is unsupervised learning, 
which clusters and interprets input data and uses it to look for hidden patterns or 
intrinsic structures. Typical applications are found in gene sequence analysis, market 
research and object recognition. The second technique is supervised learning, in which 
input, and output data is known, and the model learns with the intention of predicting 
future outputs based on new data. Such predictive modelling utilizes two main 
techniques – classification and regression.

Classification gives a discrete “A or B” (good/bad) response, such as: are emails genuine 
or spam and are human cells benign or cancerous? Regression, meanwhile, predicts 
changes e.g., in energy demand or trading patterns, or the likelihood of an adverse 
cardiac event in a patient (MathWorks 2016).

The first challenge for experimental design in machine learning is choosing an 
algorithm. This depends very much on the amount and type of data and the desired 
outcome. Figure 1 shows some of the common types of algorithm. As described in 
the following case studies, neural networks are a key part of the toolkit for chemical 
reaction modelling, as are training algorithms and regression analysis. Machine 
learning is a fascinating and evolving topic and one where many chemists are finding 
gainful employment, especially in start-up companies where their research and 
development efforts can have a real impact on commercial activities in a relatively 
short timeframe.

Figure 1. Supervised and unsupervised machine-
learning processes and algorithm selection 

Source: MathWorks.

Figure 2. Machine-learning catalyst discovery 
framework. A model selects candidates using 
self-consistent DFT and adds them to a training 
set, in an iterative active-learning process.  

Source: Li et al, 2018.

Taking an example reaction — the CO2 reduction reaction (CO2RR) — researchers at the 
Korea Advanced Institute of Science and Technology (KAIST) have employed a work-
around method which avoids the need for use of these energy descriptors. Instead 
they employed a method based on “generalized co-ordination numbers,” which has 
been used before, but this time applied to more complex alloy systems, rather than 
single metals (Noh et al. 2017). The researchers employed d-band width within linear 
muffin-tin orbital (LMTO) theory and electronegativity as their descriptors, allied with 
machine learning methods – the MATLAB R2015b as the artificial neural network 
(ANN) with Parallel Computing Toolbox, a Levenberg-Marquardt training algorithm and 
kernel ridge regression (KRR). In a set of 263 alloy systems, the CO adsorption energy 
was predicted with only a small deviation error (0.05 eV), almost a third of the error 
made when using descriptors which included d-band centre calculations (0.13 eV). 
As a practical application a Cu3Y@Cu alloy was identified as having the optimal CO 
binding energy and as a highly active, commercially viable CO2 reduction catalyst which 
can produce CO with an over-potential 0.37 V lower than with known gold catalyst 
systems. Considering the increasing move towards electrolysis and other “Power-To-X” 
modalities for catalysis, this ability to rapidly screen for materials which will reduce 
electronic overpotential could be expected to find extensive future application and 
benefit in fuel cell, electrolyser and other electrochemical cell systems.
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Oil-to-Chemicals: New Approaches from Resid and VGOs
By John J. Murphy and Clyde F. Payn

Crude Oil-to-Chemicals (COTC) continues to be a powerful industry driver, and a strong trend of high interest to all integrated 
refineries and chemicals producers in Asia/Pacific, China, the Middle East and Eastern Europe! This is reinforced by many factors, 
most notably the forecasts which predict a slowing of transportation fuels growth approaching 2040 (with hybrids and EVs), while the 
growth in chemicals is expected to increase as the population and middleclass wealth continues to rise, leading to increasing demand 
for packaging, consumer goods and automobiles.

Are you aware that more than 12 corporations have committed over $315 billion to date to reconfigure their assets to produce more 
petrochemicals than transportation fuels, as revamps as well as to build new grassroots refineries during the next 5-6 years! Based 
on announcements to date, we anticipate in the next five years that another $300+ BIL, or more, will also be announced as refiners 
and chemical companies all reassess their positions, knowing that the longer-term outlook for transportation fuels from crude oil is 
expected to plateau and then decline. All players are taking this trend seriously and therefore you should also!

There is considerable flexibility being offered by petrochemical licensors, in particular petrochemical Resid and VGO FCC 
upgrading units today. These are global changes including deep catalytic cracking (DCC) from Sinopec, as well as Western leaders 
such as TOTAL’s R2R modifications, and Axens’ high-severity FCC (HSFCC) with Saudi Aramco. Technologies do not stand still. 
Advances in catalytic visbreaking may also be important in the future, when looking into advanced lower cost alternatives and we 
have examined these R&D pipelines.

Already a large number of companies are closely examining their own responses and investments, bearing in mind each of these 
investment objectives will be site specific, influenced by feedstock choices, product slates/markets, energy/utility balances, 
capital/operating efficiencies, and health, safety and environmental (HSE) performance. It is clear from public domain information 
(e.g., the ongoing announcements by ADNOC, MOL and others) to see the progress in differentiation that is already underway. 

Figure 1. Energy efficiency gains are expected to nearly double by 2040, while carbon 
emissions are projected to increase by a modest 10% .

Source: ExxonMobil 2018 Outlook for Energy.

SPECIAL FEATURE

Of the two main interests of producers, are: 1) 
to decrease the capital intensity through scale, 
simplicity and location; and 2) expand/maximize 
flexibility towards use of current (heavier) feedstocks 
in considering the “oil-to-chemicals” approach. 
The idea that better utilizing assets from within an 
integrated refinery site means that most likely you 
are already dealing at 10x, plus, the size of a world-
scale petrochemical plant. Although scale counts, it 
is also only one of the many factors. New advanced 
configurations will now start to incorporate the 
planning of improved efficiency gains and reduced 
CO2 emissions, as well. ExxonMobil, in its 2018 
Outlook for Energy, forecast that by 2040, while 
energy efficiency gains are expected to nearly 
double, carbon emissions are only projected to 
increase by a modest 10%. BP statistics, along with 
Chevron forecasts, IEA and EIA, also show similar 
trends (see Figure 1).

Regarding competitive crude-oil-to-chemicals (COTC) developments, in addition to Saudi Aramco/SABIC announcements, we are 
already seeing ongoing investments from others. In a more recent example (Hydrocarbon Processing, 2018), private chemical 
producers Hengli and Rongshengin China are back-integrating their chemical plants to add over 9 MIL mt/yr of paraxylene (PX) 
capacity by 2021. This is expected to reduce PX imports by 4 MIL mt/yr, with plans to yield up to 45 wt% of chemicals processing 
heavy crudes, which will tighten medium to heavy crude markets while also adding a 40% surplus to distillates and gasoline 
markets.
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One of the most difficult components has been to understand that all licensors need to prioritize their own businesses. Therefore, 
they will prefer greenfield investments to revamps—even if these can be accomplished at lower ISBL and OSBL costs. This is not 
a criticism but rather a statement in fact based on desired business focus. Moreover, one of the understandings is to appreciate 
how existing and new configurations can be tailored towards either aromatics or olefins—but this may not be the best measure 
if indeed your goal is towards more olefins. In this regard, assuming you have an existing steam cracker, your revamp approach 
maybe quite different. 

Advances to Heavy Oil Processes

In focusing on the processes by which the higher molecular weight constituents of petroleum (the heavy ends) can be converted to 
products that are suitable for use of feedstocks to the petrochemical section of the refinery, the assessments are broken into groups 
to include carbon rejection and hydrogen addition approaches along with process combinations and new configurations.

1. Carbon Rejection
2. Hydrogen Addition
3. Combining Processes and Treatment of Intermediates
4. Configuration Issues and Advances
5. New Processes Likely to be Deployed During the Next Five Years 

Highlights addressing potential deployment of technology advances, including combinations and configurations include:

• For decades, propane has been the mainstay used extensively in deasphalting heavy feedstocks, especially in the preparation 
of high-quality lubricating oils and feedstocks for catalytic cracking units. Future units, which may well be derived from the 
ROSETM process, will use solvent systems that will allow operation at elevated temperatures relative to conventional propane 
deasphalting temperatures, thereby permitting easy heat exchange. This will require changes to the solvent composition and 
the inclusion of solvents not usually considered to be deasphalting solvents. Other areas of future process modification will be 
in the extractor tower internals, studies with higher molecular weight solvent, accurate estimation of physical properties of mix 
stream, studies in combination with other processes and firming up design tools for supercritical solvent recovery configuration.  

• For the heavy feedstocks, which will increase in amounts in terms hydrocracking feedstocks, reactor designs will continue to 
focus on online catalyst addition and withdrawal. Fixed bed designs have suffered from (i) mechanical inadequacy when used 
for the heavier feedstocks and (ii) short catalyst lives – six months or less – even though large catalyst volumes are used (LHSV 
typically of 0.5 - 1.5). Refiners will attempt to overcome these short-comings by innovative designs, allowing better feedstock 
flow and catalyst utilization or online catalyst removal. For example, the OCR process, in which a lead, moving bed reactor is 
used to demetallize the heavy feedstock ahead of the fixed bed hydrocracking reactors has seen some success. But whether this 
will be adequate for continuous hydrocracking heavy feedstock remains a question.  

• Catalyst development will be key in the modification of processes and the development of new ones to make environmentally 
acceptable distillable liquids. Although crude oil conversion is expected to remain the principal future source of petrochemicals, 
natural gas reserves are emerging, and will continue to emerge, as a major hydrocarbon resource. This trend has already 
started to result in a shift toward use of natural gas (methane) as a significant feedstock for chemicals. As a result, deployment 
of technology for direct and indirect conversion of methane will probably displace much of the current production of liquefied 
natural gas.  

• The detrimental effects of coke are a reduction of support porosity, leading to diffusional limitations, and finally blocked access 
to active sites. Nevertheless, moving bed or ebullated bed processes alone or in combination with fixed bed reactor technology 
and/or also coupled with thermal processes employing suitable catalyst with metal retention capacity represent the most 
efficient way of handling petroleum bottoms and other heavy hydrocarbons for upgrading. The features of the resulting process 
configuration will be high liquid yields, high removal of contaminants, and reliable operation. 

Holistic Economics and Approaches to Complexes

From a comprehensive or holistic perspective, the following approaches have been assessed as commercially viable or considered to 
become commercially viable in specific situations.

1. New Pipeline Technology Considerations
2. Advances in New Configurations
3. New Catalyst Approaches
4. Economics of Different Catalysts and Process Improvements
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Polymerization Activators, Stereo-Regulators and Supports
By Salvatore Ali, PhD

 
Over the past 70 years or so, the plastics industry has built an impressive and relatively consistent record of growth accomplishment. 
Synthetic polymers are an industry with a worldwide production of about 425 million tons in 2018 (PlasticsEurope, 2019), composed 
of functional and structural polymers, elastomers/rubbers and synthetic fibers (Textile World, 2015). The plastics industry is a key 
enabler of innovation of many downstream sectors of the economy such as healthcare, energy generation, aerospace, automotive, 
construction, electronics, packaging or textile. None of these sectors would innovate and grow as much as they do without plastic 
materials and solutions; the unique characteristics of plastics allow them to make a strong contribution to a more sustainable and 
resource efficient world. The major market needs that revolve around plastics improvements and innovation are: 

• Stronger materials that enable down gauging (lightweighting)
• Materials with rheological features that make it possible to increase fabrication rates (faster)
• Materials with less catalyst residuals, lower volatile organic compounds content, lower taste and odor by avoiding peroxide 

cracking and non-phthalate-based catalysts (cleaner)
• Materials with higher transparency (clearer) 

These themes together with sustainability are the dominant innovation drivers. Market drivers are a key part of the innovation 
process, but catalyst technology capability is critical to being able to provide solutions that enable polymer producers, converters 
and brand owners to cope with market needs. In general, the catalyst function is to activate and accelerate the polymerization 
reaction enabling the economical scale-up of the related polymer production process from the lab to the industrial plant.  
The catalyst productivity or yield is a key driver of the polymer process efficiency and product quality (a high yield makes the 
catalyst residues negligibly low producing high purity polymers). The catalyst controls the polymer microstructure, the polymer 
molecular weight (MW) and the polymer macrostructure (i.e., morphology, content and phase distribution of co-monomers); the 
catalyst therefore effectively determines which polymers can be produced and how efficiently they can be produced (Ali, 2015). 
Coordination catalysts as Ziegler-Natta (ZN) and chromium oxide systems must be used in the polymerization together with co-
catalysts activators (aluminum alkyls) that destroy catalyst poisons and increase catalytic productivity. For isotactic polypropylene 
(PP), also stereo-regulators, internal (e.g., phthalates, others) and external (e.g., silanes) electron donors, have to be added to the 
system for tuning the polymer chain stereo-regularity, the molecular mass distribution and the co-monomer incorporation. 

With the advent of metallocene and single site catalysts (SSC), new and more complex types of activators such as aluminoxanes 
(MAO), fluorinated boron compounds and similar complex structures are used. Even though a few processes for ethylene 
polymerization use homogeneous catalysts in solution reactors, most olefin polymerization processes operate with heterogeneous 
catalysts in two-phase or three-phase reactors. Commercial heterogeneous catalysts are then supported, i.e. bound to a solid with 
a high surface area. The support in the majority of the ZN catalysts is MgCl2, one of the reactant species of ZN catalyst system. 
Another popular support for most catalysts is micro-porous spheres of amorphous silica. In special polymerization cases (i.e., PP 

Figure 1: PP Catalyst System Components Influence 
Product/Process Capability

Source: Author

nano-composites), also clay microspheres are used as special catalyst support. 
Coordination catalyst systems (ZN, Chromium oxide, SSC and metallocene) enable 
the production of large polymer families as linear polyethylene − PE (including 
high density PE or HDPE, linear low density PE or LLDPE), PP and some rubbers 
(ethylene propylene rubber or EPR/EPDM, polybutadiene rubber or BR and so on). 
As seen, the catalyst really is a catalytic system comprising different components 
as activators, stereo-regulators and supports. The selection of the catalyst 
components has a substantial influence on polymer products that can be made 
(in terms of molecular flow rate or MFR, molecular weight distribution or MWD, 
isotactic index or II for PP, copolymer distribution, rubber content and so on) and 
on the operability and the cost in use of the polymer-manufacturing units. See in 
Figure 1 a summary of such various catalyst components and their influence. The 
catalyst key performances, affecting polymer properties, offer advantages to all the 
related resin industry stakeholders (resin producers, converters, brands and end-
use consumers), having however each its own diverse objectives, as follows:

• Producers want to optimize the production efficiency, polymer capability to universal application as well as efficient use of raw 
materials like catalysts. 

• Converters emphasize optimum polymer processability as well as ever-increasing production efficiency and polymer property 
advantages. 
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• Brand owners and consumers are more concerned with the aesthetics, the goods durability, health and sustainability/safety 
issues and the environmental impact. 

Catalysts can be assembled to address the commodity markets and/or differentiated spaces. Among the catalysts system 
components, the internal donor captures much of the attention of research groups in academia and industry. It is certainly a key 
element of the ZN technology, but other elements (activators, external donors and supports) are also critical to providing the desired 
performance (Rego 2017).

The author has recently written some articles titled “Polymerization Catalysts: Technology Advances and Market” (Ali, 2019) and 
“Polyolefin Catalyst Technology Overview” (Ali, 2015). These articles analyzed the polymerization catalyst technology and market. In 
this article the author, focuses his analysis particularly on the catalyst system components (activators, stereoregulators and supports) 
and their influence on on product/process performances. Find in section 2 the main features, role and contribution of activators, 
stereo-regulators and supports to the recent technology advances of most used coordination catalyst technologies as ZN, chromium 
oxide, and SSC (metallocene and post-metallocene catalysts). Find in section 3 a review of the catalyst components market dynamics 
and major suppliers.

Catalyst System Components Technology Advances/Cycles

The catalysts currently used for polyolefin production can be classified according to the type of polymer they produce (PP, HDPE, 
LLDPE), the basis catalyst family (ZN, chromium oxide or SSC/metallocene), the polymerization process/reactor type where they are 
used (slurry, bulk, solution or gas phase, fluidized bed/loop/agitated vessel reactor). The precise compositions and characteristics 
of the hundreds of catalyst grades currently in commercial use to produce the above resins are not available in the public domain; 
in the following, some exemplary supported catalyst compositions related to certain widely used process technology are reviewed 
on the basis of public technical literature/patent. See in Table 1 a summary of such technologies and typical catalyst productivity 
related to polyolefins. See also in Table 2 the major licensed PE/PP process technology, their main features (type and number of 

Table 1: Exemplary polyolefins using supported catalyst technologies.

Source: Ali 2015

Table 2: Major PE/PP licensed process technology.

Source: Author

polymerization reactors) and licensors. 
ZN PP catalysts supported mainly 
on magnesium chloride (MgCl2) 
are used for the production of PP 
homopolymers, random and impact 
copolymers using the commercial bulk 
and gas phase process technologies. 
Really, these technologies produce PP 
homopolymers and random copolymers 
in a first stage that could use both bulk 
loop (BL) or gas phase fluidized bed 
reactors (GP) and impact copolymers 
in a second stage for the 
copolymerization of ethylene 
that is always GP. In particular, 
Novolen and Innovene PP 
process technologies utilize 
respectively gas phase vertical 
or horizontal stirred reactors. 
While there are many routes 
to the production of these 
supported catalysts, most 
of these catalysts are based 
upon the preparation of a 
magnesium chloride ethanolate (MgCl2:EtOH) support and the deposition of titanium tetrachloride (TiCl4) on the high surface area of 
the MgCl2 support. A carefully selected Lewis bases as di-iso butyl-phthalate (DIBP) internal donor, is added to the catalyst system to 
improve conveniently the catalyst stereo-specificity. During the polymerization an aluminum alkyl activator, usually triethyl aluminum 
(TEAL), and an external donor (e.g. silanes) are added. 

Ziegler PE silica supported catalysts are used for the production of about 40% of global capacity of linear PE (HD/MDPE, LLDPE, and 
other PE-based copolymers) with a reduced hexane extractable content in GP process (e.g., Unipol PE single GP reactor licensed 
by Univation). According to a patent assigned to Union Carbide (Jorgensen Patent, 1994), the basic catalyst used in this process is 
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The Catalyst Review asked Dr. Wieland to share his insights on catalyst geometries and their influence 
on performance.
The understanding of catalytically active sites, chemistry, and accessibility are key parameters in the design of catalysts. Porosity, pore 
structure, and the geometry of catalysts exert a profound influence on performance in various forms of fixed-bed operations in the chemical 
industry. In diffusion-limited reactions, only a thin outer shell of the catalyst mass is used. Heat transfer occurs mainly through convection 
and can be improved by higher flow rate. High total space velocity and smaller catalyst particles increase productivity but at the downside of 
higher pressure drop which is also related to void fraction. 

Technologies used for shaping catalyst geometries include tableting, extrusion, pelletization, and grinding. To maximize the geometric (and 
therefore total/BET) surface area of the catalyst per reactor volume, new technologies are emerging—for example, 3D-printing has been 
used for zeolite forming (Lefevere et al., Materials & Design (2017), 134, 331ff). Moreover, foam structures derived either via direct foaming 
or via polymer foam replication can be employed (Garcia-Moreno et al., Material (2016), 9(2), 85ff). Materials include pure metals, various 
metal alloys, ceramics (IFAM 2020, www.ifam.fraunhofer.de). For catalytic applications, open-cell foams—more precisely called open-cell 
sponges—are required.

Open-cell foams currently available provide a geometric surface area of 6m2/l, i.e., 4m2/l reactor volume when randomly packed as small 
cubes (4mm x 4mm x 2mm) compared to only 2.5m2/l reactor volume for packed cylindrical extrudates (d=1.2mm) or even lower values for 
larger spheres. Typical void volumes for open-cell foams are 90% at a pore width of 800µm.  Void volume can increase to 95% if small pieces 
are used in packed beds compared to only 35-38% for conventional packed beds. Therefore, pressure drop can be reduced a minimum of 
4-10 times using foams. In diffusion-limited reactions with a typical used catalytic layer thickness of 30µm, the respectively coated foams 
provide a 3-to-5-fold higher accessible catalytic surface area per reactor volume.

High geometric surface particles are drop-in solutions for replacing conventional catalyst geometries. Catalyst loading and unloading is easy 
and works with the same traditional methods. The use of larger blocks or monolithic structures typically would require a reactor re-design. 
Such structures may either be coated with catalytically active material or may already consist of catalytically active material or surface. The 
manufacture of surface alloy metal foams (Alantum 2016, US 9,346,240) as well as catalytic applications are described (Walther et al. 2017, 
“Applications of Metal Foam as Catalyst Carrier,” conference paper EuroPM, Milano) by IFAM and Alantum.

Recent publications describe the use of foam structures in large scale applications: Shell describes the use of slurry coated metal foam 
particles (Shell 2018, WO 2018/078069) in Fischer-Tropsch synthesis. The higher surface per volume provides higher activity and conversion 
rates, better temperature control, and selectivity. Application in selective oxidation is described (Evonik 2014, US 8,841,481). Heat and mass 
transfer properties are reported in a recent publication (Gancarczyk et al., Catalysts 2019; 9, 587ff). Evonik has reported the use of Activated 
Nickel Foam catalysts manufactured under license from Alantum Europe GmbH to produce butanediol, sugar hydrogenation, and oxo-
applications (Evonik 2019, WO2019158456). (Wynter et al., (2020) “A Novel Nickel Foam Fixed-bed Catalyst for Hydrogenation Reactions" 
to be presented at 28th ORCS Meeting).

It is therefore evident that employing high geometric surface configurations as carriers or catalysts represents a simple way to performance 
improvements given the availability of foams and the variation of 3D printed structures currently under development.
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