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SCOPE
 In this report, special care has been devoted not only to summarize the most recent results 

reported in literature but also to report relevant previous achievements (ca. 700 references 
cited). 

 The main reaction classes are presented separately with special attention on mechanistic 
insights and, when possible, to the industrial applications or at least to published patents. 

 Only rare industrial applications of photocatalytic reactions are known while some 
electrocatalytic reactions already found industrial realization. 

 Perspectives and considerations on the main difficulties limiting the industrial applications of 
photocatalysis are also discussed. 

 Economic reasons and difficulties in the technological transfer from the laboratory scale to the 
industry scale are the main reasons of the actual gap between science and real production, so 
they are discussed throughout the report. 

 The above-mentioned gaps can be covered by: 1) intensifying collaboration between research 
centers and industries, and 2) by developing, along with the basic research on novel reactions and 
related mechanisms, the multi- and inter-disciplinary approaches across chemistry and 
engineering. 

This report presents the main achievements in the fields of electrocatalysis, 
photocatalysis, and photoelectrocatalysis for the synthesis of high value-added 

chemical compounds. 



DRIVERS
 Current climate changes and environmental problems require 

increasing attention to sustainable production processes. 

 Prevention of environmental problems is as important as 
environmental remediation, especially in the production of high 
value-added compounds.

 Sustainable development in chemical production must be 
realized by using the technological solutions offered by a 
“green chemistry” approach for the environmentally-friendly 
synthesis of chemicals.

 Photocatalysis has been studied for environmental 
applications, yet photocatalysis for synthetic applications 
requires more fundamental research to clarify the complex 
interplay between the various factors that can influence the 
product yield and the quantum efficiency.

 Electrocatalysis can boost the transition from the linear 
economy to a circular economy model, where energy 
production and storage, chemical electrosyntheses and 
pollutants recovery and conversion are synergistically 
integrated. 

Green Chemistry 
and Challenges: 

State of the Art

This report presents the state of the art in the fields of electrocatalysis and 
photocatalysis with special attention on their level of industrial applicability. 



THE 12 PRINCIPLES OF “GREEN CHEMISTRY” 

 Better prevent pollution than treat wastes.

 Maximize incorporation of the used materials into the final product.

 Use and generate substances possessing little or no toxicity to human health and environment.

 Use and design products preserving efficacy of function.

 Use of auxiliary substances (solvents, separation agents, etc.) should be avoided or be innocuous.

 Minimize energy requirements and work at ambient temperature and pressure.

 Raw materials should be renewable wherever possible.

 Unnecessary derivatization should be avoided if possible.

 Use catalytic reagents (as selective as possible) rather than stoichiometric reagents.

 Design chemicals so that at their life-end they do not persist in the environment.

 Develop real-time monitoring to allow for instant alert when dangerous compounds are formed.

 Select substances as to minimize potential for chemical accidents (e.g. releases, explosions, fires).

This report highlights the importance of prevention in the field of chemical synthesis. 

In their book, Green Chemistry: Theory and Practice, Anastas and Warner focus attention not only on 
the importance of reducing pollution directly generated by chemical processes but also on minimizing 
energy and mass requirements to obtain the target compound. 

The “12 Principles” can be summarized as follows:



MEETING THE 12 PRINCIPLES VIA 
PHOTOCATALYSIS AND ELECTROCATALYSIS

 Photocatalytic processes meet almost all the above-mentioned 12 Principles. 

 The driving force of the process can be renewable solar energy and generally reactions are 
catalytic and can be performed under mild operating conditions generally using water as the 
solvent. 

 Electrochemical processes, where the electron is the main reagent, can contribute in “green” 
and cost-efficient ways to industrial process development with a minimum of waste production 
and toxic material especially if combined with renewable energy sources.

 Electrocatalytic processes for chemical commodities production goes back more than a century, 
the main examples are the Chlor-Alkali process, or aluminum and copper purification. 

 The main advantages of electrochemical processes are the versatility and the scalability since 
electrochemical synthesis can be adapted to a variety of media in gases, liquids, and solids. 
Furthermore, small to large volume syntheses (from micro liters to millions of liters) and diluted 
or concentrated solutions can be easily managed, so that scale up is not a demanding issue.

This report presents a complete survey of the main examples of photocatalytic and 
electrocatalytic processes for the synthesis of chemical compounds.



FOCUS ON: 
ELECTROCATALYSIS FOR CHEMICALS PRODUCTION

This report outlines the implementation of consolidated industrial electrochemical processes and the 
development of novel electrosyntheses, which can profitably be implemented in the next 20 years. 

 Electrocatalysis is of core importance for modern life, enabling production of chemicals, such as adiponitrile, 
hydrogen peroxide, chlorine gas and sodium chlorate, needed in polymer chemistry, materials, and pharmaceuticals 
production. 

 In the transition to renewable energy sources, the importance of electrocatalysis used for electrolytic production of 
clean fuels, such as hydrogen, alkanes, and olefins is rising. 

Different kinds of electrochemical cell configuration. The feasibility of electrocatalytic processes is (and 
will be) dependent on the availability and price of 
renewable electricity, the availability and cost of raw 
materials, and the social, political, and economic 
incentives to transition to low carbon emitting 
processes.

 The development of novel industrial electrocatalytic 
processes is more tied to the investment cost for the 
electrolysis cell(s) than on the electricity consumption, 
since the energetic issue can be easily overcome by the 
adoption and growth of renewable energy technologies 
such as solar and wind and the novel conversion and 
storage systems optimized in a smart grid system. 



ELECTRODE MATERIALS & MEMBRANES

Types of Materials:

 Noble Metals as Electrodes 
 Carbon-based Electrodes
 Gas Diffusion Electrodes
 Sacrificial Anodes 

Types of Membranes:

 Cation Exchange Membranes 
 Anion Exchange Membranes 

The electrode materials to be used in cathodic and anodic applications must 
be good electronic conductors to decrease as much as possible the potential loss 
due to electrode ohmic resistance. 

They must show high mechanical and chemical stability in the adopted 
electrolyte, but the crucial point is their ability to catalyze the wanted 
electrochemical reaction and inhibit side reactions. 

Great effort has been spent on the development of electrode materials in the 
form of thin films, nanoparticles, and composite materials. 

When an electrosynthesis is carried out in an undivided cell, both reduction 
and oxidation occur in the same compartment. 

The counter electrode might affect either intermediates or products of the 
reaction of interest. 

The membrane should guarantee the passage of ions through the two cell 
compartments for assuring the charge balance, while avoiding the mixing of the 
analyte and catholyte. 



FOCUS ON:
PHOTOCATALYSIS FOR CHEMICALS PRODUCTION 

 The report presents the main mechanisms of 
photocatalysis. The electronic structure of 
inorganic and organic semiconductors is discussed 
by focusing the difference between the concepts 
of active sites in thermal catalysis and in 
photocatalysis. 

 The main mechanisms of electron transfer and 
energy transfer are described in detail. Also 
highlighted are how various physico-chemical and 
opto-electronic features of the photocatalysts can 
contribute to the efficiency of a photocatalytic 
reaction with a complex interplay. 

 These features, however, must be considered along 
with a proper choice of the operating conditions 
regarding the reactor configuration, the radiant field 
distribution, and fluid dynamic issues to afford 
optimized, reliable, and reproducible results. 

Photocatalytic-catalytic reduction of nitrotoluene.



FACTORS INFLUENCING THE
SELECTIVITY OF PHOTOCATALYTIC REACTIONS 

The factors related to the physico-chemical features of the photocatalyst are discussed in the 
report. The engineering parameters that affect the reaction system are also reported.

 Heterogeneous photocatalysis has generally been directed towards environmental 
remediation because it provides highly oxidizing species, mainly hydroxyl radicals, 
which are able to unselectively oxidize almost all organic compounds, with few 
exceptions. 

 Photocatalysis possesses both the ability to degrade toxic compounds and to disinfect 
the treated effluents, so that its use as an advanced oxidation process has been always 
considered promising. 

 However, the attempts to transfer photocatalytic treatments from the laboratory to 
industry in the last 30 years can be considered unsuccessful. 

 Nevertheless, in the last decade some highly selective photocatalytic synthetic 
processes have been reported, which include selective partial oxidations, reduction 
reactions, coupling reactions, and fuel production. 



FOCUS ON:
REDUCTION OF CO2

 Basic research is still needed before an industrial application of this interesting transformation can be proposed. 

 Notably, CO2 can also be used as building block for the synthesis of high value-added organic compounds. 

 In the report only reduction of CO2 with water as the electron donor species is considered, although some rare 
reactions of photocatalytic CO2 insertions into organic compounds are also discussed.

 A great variety of CO2 reduction products are generally obtained by using water as the scavenger, but the 
operating parameters and the features of the photocatalysts used strongly affect the product distribution. 

 Photocatalysts capable of producing electrons with highly negative potential such as some sulphides, 
phosphides, carbides and nitrides are useful because the one electron reduction of CO2 to CO2 -∙ could be 
thermodynamically possible. However, multielectron CO2 reduction (e.g., to methanol and formic acid) occurs at 
less negative potential, thus justifying the use of other semiconductors such as the oxidic ones.

CO2 photocatalytic reduction is a highly desired reaction which may open the route to efficiently mimic 
natural photosynthesis. The renewed attention to climate change has identified an increasing number of 
reports on different aspects of this reaction. However, photoctalytic CO2 activation occurs with very low 
conversions and yields in the order of micromoles of products (methane, formic acid, methanol, CO). 



FOCUS ON:
PHOTOCATALYTIC ORGANIC REACTIONS

 Carbon nitride efficiently induced polymerization of methyl methacrylate under visible light in 
the presence of a co-initiator. 

 Atom transfer radical polymerization (ATRP) can be performed photocatalytically. Notably, the 
presence of a scavenger such as methanol was required for the reaction to proceed.

 TiO2 modified with dye or with graphene oxide similarly induced polymerization of sulfopropylmethacrylate. 

The major industrial process currently available is the catalytic oxidation of alkanes to olefins, which are 
valuable raw materials for a wide range of other products such as alcohols and carbonyl compounds. 

Various types of photoreactors. 

 Selective partial oxidation of alkanes is challenging because they are 
generally inactive compounds which require drastic reaction conditions 
to be activated. Recent results are promising in terms of yield and the 
reaction could possibly compete with the currently applied synthetic  
methods.

 Photochemical polymerization processes are generally induced by 
light activation of an initiator which in turn initiates a chain reaction 
involving the monomer molecules, eventually producing the polymer 
product. 



FOCUS ON:
PHOTOCATALYTIC MEMBRANE REACTORS 

 Unlike photocatalytic degradations for environmental purposes, the separation of the 
high value-added compounds photocatalytically synthesized is a step as critical as the 
reaction itself. 

 Even if classical separation methods can be straightforwardly used, the peculiar 
features of photocatalytic syntheses make convenient the use of photocatalytic 
membrane reactors (PMRs), i.e., membrane separation units coupled with the reaction 
unit at various degrees of integration. 

 This process integration presents relevant advantages in terms of process efficiency, 
costs, and operative flexibility. According to this report, PMRs could be useful for 
possible future industrialization of photocatalytic syntheses.

 PMRs have been used for the removal of pollutants due to the synergy shown by the 
two units. In fact, photocatalysis is able to degrade molecules into smaller ones, 
providing effective elimination of contaminants (not only physical separation) and 
reduction of membrane fouling along with the frequency of cleaning procedures and costs.

Only a few photocatalytic syntheses have been reported up to now in PMRs, 
and they are reviewed in this report.

Photocatalytic reactor configuration and mode of operation have been extensively analyzed for degradation 
purposes, but literature reports on photocatalytic synthesis only rarely deal with engineering issues. This is mainly 
due to the nascent level of this photocatalytic application which still needs basic research and feasibility studies.

Photocatalytic membrane reactor for 
phenol production.



FOCUS ON:
PHOTOELECTROCATALYSIS (PEC) FOR CHEMICALS
PRODUCTION
PROS
 Photoelectrocatalysis (PEC) combines heterogeneous photocatalysis (PC) with electrocatalysis (EC) by applying

an external potential to an irradiated semiconducting layer immobilized on a conductive support. 

 The advantage of PEC is mainly related to the possibility to perform oxidation and reduction reactions in two
separated compartments. 

 This allows the effective inhibition of charge recombination, one of the main issues in photocatalytic reactions,
and contemporaneously increase the yield and sometimes the selectivity of the reactions.

CONS
 Applications of photoelectrocatalysis for synthesizing chemicals are quite rare. 

 Worthy of note are the syntheses of hydrogen peroxide and some organic reactions such as the partial oxidation of
alcohols and amination of various substrates. 

 Technological and applicative considerations on photoelectrocatalytic hydrogen production require separate 
study due to the intrinsic importance of that reaction and to the already existing large-scale applications.

 Basic research on PEC for synthetic purposes can be considered in its infancy and the choice of suitable electrodes     
for the specific target reaction is one of the main hurdles to be overcome in the current state of the art.

 Economic considerations based on cost-benefit balances must be considered. Costs for the irradiation system 
along with those related to the electricity must be carefully evaluated in this regard. 



 This report presents the main achievements in the fields of electrocatalysis, photocatalysis, and 
photoelectrocatalysis for the synthesis of high value-added chemical compounds. 

 Sustainable development in the field of chemical production must be realized by using the technological 
solutions offered by a “green chemistry” approach.

 The feasibility of electrocatalytic processes is and will be dependent on the availability and price of 
renewable electricity, the availability and cost of raw materials, and the social, political, and economic 
incentives to transition to low carbon emitting processes. 

 The development of novel industrial electrocatalytic processes is more closely tied to the investment cost 
for the electrolysis cell(s) than on the electricity consumption, since the energetic issue can be easily 
overcome by the adoption and growth of renewable energy technologies.

 Various examples of oxidation reactions are reported, including the partial oxidation of aromatic alcohols, 
which is the most studied and also the most industrially relevant. 

 Photocatalytic reductions of organics are quite rare, although the photocatalytic reduction of 
nitroaromatics to amino compounds is the most studied. Some relevant photocatalytic cyclization and 
polymerization reactions have been also presented. 

 Photocatalytic membrane reactors are a valuable tool for the industrialization of photocatalytic reactions 
due to the straightforward coupling of the two technologies and to the versatility of the coupled system 
which can also operate modularly. 

 Applications of photoelectrocatalysis for synthesizing chemicals are quite rare. Worthy of note are the 
syntheses of hydrogen peroxide and some organic reactions such as the partial oxidation of alcohols and 
amination of various substrates. 

CONCLUSIONS & RECOMMENDATIONS 



Access to Deliverables is Exclusive to CAP Members

Catalytic
Advances
Program
(CAP)

The Catalytic Advances Program (CAP) is an information resource for research and 
development organizations in the chemical, polymer, and petroleum industries.

Via their annual membership, companies that join CAP combine their resources to jointly 
explore the world’s most promising catalytic technologies. Every year, the program 
publishes three in-depth technical reports that are written by leading scientists and 
experienced industry professionals. These reports examine new process technologies and 
the very latest in technical developments with topics selected by the membership.

 REPORTS
Depending on their membership choice, either Full Member or Associate Member, CAP     
members may receive all three or just two of these reports.

 Weekly CAP COMMUNICATIONS
This bulletin, delivered via e-mail, provides the latest updates on technical    
breakthroughs, commercial advancements, noteworthy conference proceedings, and 
exclusive development opportunities.

 ANNUAL MEETINGS
Membership also includes attendance at a CAP Annual Meeting, with dates, location, 
and topics selected by the membership. It is an opportunity to see the latest work 
presented by leading scientists.



Gwynedd Office Park • P.O. Box 680 • Spring House, PA 19477 • Phone: 215-628-4447 • Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com • Web Site: www.catalystgrp.com

Contact & More Information
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https://www.catalystgrp.com/tcg-resources/member-programs/catalytic-advances-program/. 

Call +1-215-628-4447 or e-mail Chris Dziedziak cdziedziak@catalystgrp.com,
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The Catalyst Group Resources (TCGR), a member of The Catalyst Group Inc., 
is dedicated to monitoring and analyzing technical and commercial developments in catalysis as they apply to the 
global refining, petrochemical, fine/specialty chemical, pharmaceutical, polymer/elastomer and environmental 

industries.
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