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PREFACE 
 

 

This compilation opens with a study on the catalytic conversion of 

methanol to olefins, mainly SAPO-34 and ZSM-5, as well as the synthesis, 

properties, applications. 

A description of phenylalanine ammonia-lyase is presented in relation 

to structure, localization, expression, regulation, assay methods and the 

factors influencing phenylalanine ammonia-lyase activity, as well as its 

importance to the phenylpropanoid pathway for plant growth and 

development. 

The authors critically analyze the development of molecular 

nanocatalysts based on organochalcogenligands and their applications in the 

transfer of hydrogenation. 

Following this, the progress in applications of dimensional analysis and 

similarity theory in electrochemical kinetics and electrochemical 

engineering is discussed. The use of dimensionless groups in problems of 

current density distribution and electrochemical mass transfer is described 

and the similarity criteria involved are considered. 

The authors focus on various solvent-minimized sample pre-treatment 

procedures which are inexpensive and offer minimal exposure to toxic 

organic solvents during sample analysis. 

The concluding chapter explores bis-azides, i.e., organic compounds 

presenting two azido groups in their structures. Their utility in synthetic 
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James C. Taylor viii 

group transformation is covered, as well as in polymer chemistry, the 

preparation of bioactive compounds, click chemistry, and in the synthesis of 

cross-linked DNA. 

Chapter 1 - Methanol is a major chemical building block used to 

manufacture formaldehyde, MTBE, acetic acid and a wide range of other 

chemical products. The slowdown in MTBE demand, mainly due to the 

decision taken by California and later by other states in the US to eliminate 

its use in the gasoline, is causing some of the producers in the world to 

explore alternate utilization of their existing methanol plants. One such 

utilization is the conversion of methanol to olefins (MTO). The production 

of light olefins from methanol was first realized around 1977, during the 

development of Mobil’s methanol to gasoline (MTG) process. In the MTG 

process, where ZSM-5 is used as a catalyst, methanol is first dehydrated to 

dimethyl ether (DME). The equilibrium mixture of methanol, DME and 

water is then converted to light olefins. Here in this research the authors 

study catalytic conversion of MTO, mainly SAPO-34 and ZSM-5, 

synthesized, properties, applications. 

Chapter 2 - Phenylalanine ammonia-lyase (PAL) (E.C. 4.3.1.5) is a key 

and regulatory enzyme of the biosynthesis pathway of the phenylpropanoids 

and their derivatives. PAL catalyzes the transformation by the non-oxidative 

deamination of the amino acid L-phenylalanine in trans-cinnamic acid, 

without the requirement of cofactors; this is the first step for the biosynthesis 

of phenylpropanoid-derived compounds. The produced cinnamic acid is the 

direct precursor of several phenolic compounds, such as tannins, flavonoids, 

lignans, coumarins and lignins, which play an important role in plant growth 

and development. Studies with transgenic plants have shown that the activity 

of this enzyme is one of the main control points in the regulation of the 

phenylpropanoid route. Phenylalanine ammonia-lyase may be isolated from 

various sources, and its presence may be observed in a wide variety of higher 

plants and in some yeasts, fungi and bacteria. Immunocytochemical methods 

have shown that in plants, the synthesis of this enzyme can occur in the 

cytoplasm and chloroplasts. In many plants, a small multi-gene family 

encodes PAL and the expression of the PAL gene is regulated by several 

factors, such as mechanical injury, infections and plant development. The 
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PAL levels may fluctuate significantly at relatively short intervals in 

response to a wide variety of stimuli, and the concomitant increase in the 

phenylalanine ammonia-lyase and phenolic compounds levels has been 

demonstrated in plant tissues. PAL activity may be regulated by abiotic and 

biotic factors, such as light, wounding, temperature, UV irradiation, nutrient 

deficiency, herbivory, growth regulators, mechanical injuries, metal ions, 

insect attack, fungal and viral infections, as well as the stage of plant 

development and the degree of cell and tissue differentiation. In some 

species, elicitors induce PAL transcriptionally and enzymatically. This 

chapter will present a description of phenylalanine ammonia-lyase, in 

relation to structure, localization, expression, regulation, assay methods and 

the factors influencing PAL activity, as well as its importance to the 

phenylpropanoid pathway for plant growth and development. 

Chapter 3 - Organochalcogen compounds have been used as the building 

blocks for the development of a variety of catalysts for several chemical 

transformations including transfer hydrogenation, which has been 

thoroughly studied during last two decades. Transfer hydrogenation, a 

reaction in which carbonyl compounds are reduced to the corresponding 

alcohols, is extremely important as it avoids the requirement and use of 

inflammable hydrogen gas and equipment associated to handle it. 

Organochalcogen ligands (with or without co-ligands) in combination with 

a metal salt have been used as a catalyst for this reaction. Such catalysts 

include both transition metal complexes as well as nano-catalysts. The 

catalysts, developed using organochalcogen compounds, have been reported 

to be less moisture- and air-sensitive. In addition, they are equally efficient 

as that of phosphorous based catalytic systems and, sometimes more 

efficient than the phosphorous counterpart. A critical analysis of the the 

development of molecular as well as nanocatalysts based on 

organochalcogen ligands and their application in the transfer hydrogenation 

is presented in this chapter. In addition to covering the synthesis of 

chalcogen ligands, their metal complexes and nanoparticles (NPs), emphasis 

has also been laid down on the catalytic potential and mechanisms of 

catalysis. It also includes the tools used for characterization as well as future 

scope of this area. 
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Chapter 4 - The progress in the application of dimensional analysis and 

similarity theory in electrochemical kinetics and electrochemical 

engineering is discussed. The use of dimensionless groups in problems of 

current density distribution and electrochemical mass transfer is described 

and the similarity criteria involved are considered. It is shown that 

dimensional analysis and similarity theory can be successfully used for 

studying the kinetics of different electrode processes, including the 

consideration of electrochemical charge transfer. The proper dimensionless 

quantities (i.e., similarity criteria) are generalized and the approximating 

relationships between them are analyzed. The results of numerical 

simulation of the kinetics of a two-stage electrochemical reaction with a 

partial transfer of intermediates between the electrode surface and the bulk 

solution are considered in the light of the concept of dimensional analysis 

and similarity theory. The main advantages of the application of dimensional 

analysis and similarity theory in pure and applied electrochemistry are 

summarized in this chapter. 

Chapter 5 - Sample pretreatment involving extraction, pre-concentration 

and clean-up has become a bottleneck in the method development and 

sample analysis. Thus in this chapter the authors focus on various solvent-

minimized sample pre-treatment procedure which are inexpensive and since 

a very little solvent is used in these techniques, there is minimal exposure to 

toxic organic solvents during sample analysis. A comparative discussion on 

the various advantages and limitations of each technique has also been 

discussed. Emphasis has been towards the selection of a method which can 

be used for routine analysis of drugs or environmental pollutants based on 

recent analytical techniques such as HPLC and GC. The effects of several 

variables on the method performance has been also detailed the technique of 

Microextraction has several advantages over traditional methods such as 

simple operation, miniaturization of technique and minimization of organic 

solvents used in sample preparation. These techniques are rapid, sensitive 

and virtually solvent free. Motive is towards selection of a green sample 

preparation techniques over traditional extraction methods in routine 

laboratory. 
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Chapter 6 - Organic azides are an important and versatile class of 

chemical compounds. They present industrial, academic, and biological 

applications. In addition, they can be obtained from a variety of synthetic 

methods. The present book chapter will focus specifically on bis-azides, i.e., 

organic compounds presenting two azido (-N3) groups in their structures. 

The utility of them is going to be covered in synthetic group transformation, 

polymer chemistry, in the preparation of bioactive compounds, in click 

chemistry, and in the synthesis of cross-linked DNA. 
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A REVIEW ON THE PRODUCTION  

OF LIGHT OLEFINS FROM HYDROCARBONS 

CRACKING AND METHANOL CONVERSION 
 

 

Ehsan Kianfar* and Mahmoud Salimi 

Department of Chemical Engineering, Arak Branch,  

Islamic Azad University, Arak, Iran 

 

 

ABSTRACT 

 

Methanol is a major chemical building block used to manufacture 

formaldehyde, MTBE, acetic acid and a wide range of other chemical 

products. The slowdown in MTBE demand, mainly due to the  

decision taken by California and later by other states in the US to  

eliminate its use in the gasoline, is causing some of the producers  

in the world to explore alternate utilization of their existing methanol 

plants. One such utilization is the conversion of methanol to olefins 

(MTO). The production of light olefins from methanol was first  

realized around 1977, during the development of Mobil’s methanol to 

                                                           
* Corresponding Author’s Email: e-kianfar94@iau-arak.ac.ir; ehsan_kianfar2010@yahoo.com. 
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gasoline (MTG) process. In the MTG process, where ZSM-5 is used  

as a catalyst, methanol is first dehydrated to dimethyl ether (DME).  

The equilibrium mixture of methanol, DME and water is then converted  

to light olefins. Here in this research we study catalytic conversion  

of MTO, mainly SAPO-34 and ZSM-5, synthesized, properties, 

applications. 

 

Keywords: methanol to dimethyl ether process, fossil fuels, fixed-bed 

reactor, ZSM, catalyst, olefin 

 

 

ABBREVIATIONS 

 

MTG Methanol to Gasoline 

DME Dimethyl ether 

FCC Fluid Catalytic Cracking 

MTO Methanol to olefins 

HC Hydrocarbon 

NOx Nitrogen oxides 

PM Particle matter 

CO carbon monoxides 

CO2 carbon dioxide 

WHSV Weigh hourly space velocity 

GHG Greenhouse gas 

MTBE Methyl t-butyl ether 

MTA Metric tons annually 

HM H-Mordenite 

MTP Methanol to propylene 

SAPO silica-alumina-phosphates 

RGA Refinery Gas Analyser 
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A Review on the Production of Light Olefins … 3 

1. INTRODUCTION 

 

1.1. The U.S. Methanol Market 

 

During the 1980’s and 1990’s the United States was the largest methanol 

consuming and producing country in the world. Now that distinction goes to 

China with approximately 26 million tons of methanol production in 2012. 

But the US is making a comeback in methanol production. The methanol 

industry is becoming a significant player again in US natural gas 

consumption [1-3]. Prior to the sharp increases in natural gas prices in the 

late 1990’s and early 2000’s, the US had approximately 10 million metric 

tons of methanol capacity, consuming about 0.9 bcf/d of natural gas. By the 

end of 2005, US methanol capacity had been reduced to approximately 785 

thousand tons per year, about 8 percent of its former peak. The US demand 

for methanol was met from imports. That’s about to change. If all of the 

planned methanol capacity growth in the US materializes, we could see more 

than 16 million metric tons of new methanol capacity, which would consume 

an incremental volume of more than 1.4 bcf/d of natural gas. Methanol is a 

basic building block for many chemicals with formaldehyde, acetic acid and 

MTBE (for export) the three major consumers of methanol in the US. 

Methanol has also become a major feedstock for olefins production in China 

and more than 7 million metric tons per year of methanol is blended into 

gasoline each year in China. Small volumes are used as high performance 

race car fuel. It is well-known in the methanol industry that a number of new, 

relocated and restarts of methanol plants in the US have been announced. 

There are also a number of projects under evaluation that have not been 

announced publicly. The list might be surprising to some, but below are the 

projects that are underway, announced or unannounced. Capacities are 

nameplate and may not be the exact production capability [4-6]. The first 

table includes the OCI integrated methanol and ammonia plant which re-

started last year and others that are on our highly probable list. Lyondell 

applied for permitting last year and current plans are to have the plant 

operational in early Q4 of this year. The G2X Energy plant in the Table 1 is 
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beginning construction immediately with completion planned for Q2, 2014 

[7, 221]. 

 

Table 1. North America Methanol Expansion Forecast 2012-2016 [221] 

 

Name Location Ownership Capacity Timing 

New Projects and Re-Starts with High Probability  

OCI-Beaumont Beaumont, TX OCI 750 Q3 2012 

Lyondell  LyondellBasell 740 Q4 2013 

Former Coastel Plant Pampa, TX G2X Energy 65 Late 2014 

Methanex Geismar, LA Methanex 1000 Q4 2014 

Celanese Clear Lake, TX Celanese 1300 Q3 2015 

Total 3855  

Jim Jordan & Associates, LP 

 

 

1.2. Global Marketing and Production 

 

Methanol is a global commodity and our earnings are significantly 

affected by fluctuations in the price of methanol, which is directly impacted 

by changes in methanol supply and demand. Demand for methanol is driven 

primarily by levels of industrial production, energy prices and the strength 

of the global economy. Demand for methanol grew by 5% in 2012, leading 

to global demand of approximately 51 million tones, excluding demand from 

integrated methanol-to-olefins facilities. The increase in demand was driven 

by both traditional derivatives and energy-related applications in Asia, 

particularly in China. Industry supply additions outside of China in 2012 

consisted primarily of the restart of second Motunui facility in New Zealand, 

which added 0.7 million tones to the site’s annual operating capacity, and 

the restart of a 0.7 million tone facility in Beaumont, Texas [8-10, 222]. New 

production from supply additions inside China was consumed in that country 

and China continued to be a significant net importer of methanol. Overall, 

industry conditions were balanced in 2012 and this led to a relatively stable 

methanol pricing environment. Our average realized price for 2012 was 

$382 per tones compared with $374 per tones in 2011. The outlook for 
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methanol demand growth continues to be strong. The wide disparity between 

the price of crude oil and that of natural gas and coal has resulted in an 

increased use of methanol in energy-related applications, such as direct 

methanol blending into gasoline and DME and biodiesel production. Growth 

of direct methanol blending into gasoline in China has been particularly 

strong and we believe that future growth in this application is supported by 

numerous provincial and national fuel-blending standards, such as M15 or 

M85 (15% methanol and 85% methanol, respectively) [11-13, 222]. China 

is also leading the commercialization of methanol’s use as a feedstock to 

manufacture olefins. The use of methanol to produce olefins, at current 

energy prices, is proving to be cost competitive relative to the traditional 

production of olefins from naphtha. There are now five methanol-to-olefins 

(MTO) plants operating in China, with the capacity to consume 

approximately seven million tons of methanol annually. Three of these 

projects were not expected to impact the merchant methanol market as they 

are integrated projects – coal to methanol to olefins. However, over the past 

two years, these plants have purchased methanol to supplement their own 

methanol production. The two non-integrated plants (representing over 2 

million tons of methanol demand annually) are dependent on merchant 

methanol supply. Several other integrated and non-integrated projects are 

currently under construction in China and the demand for methanol as a 

feedstock for producing olefins is anticipated to continue to grow. While 

methanol demand in energy-related applications is strongest in China, there 

are an increasing number of countries around the world that have projects in 

place or are considering adopting these applications on a wider scale. Direct 

methanol blending into gasoline is being used in small quantities in the 

United Kingdom, Netherlands and Iceland, and other countries, including 

Australia and Israel, are conducting fuel-blending trials. DME is being 

produced and DME projects are under development in various countries 

including Japan, Taiwan, Turkey, the United States, Trinidad, India and 

Indonesia. We believe demand potential into energy-related applications and 

olefins production will continue to grow [14-17, 221]. We increased our 

operating capacity in 2012 and anticipate further increases over the next few 

years. We recently announced our commitment to add a further 0.7 million 
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tons of operating capacity to our New Zealand site through the restart of the 

Waitara Valley facility and a debottlenecking project at the Motunui site. 

We are relocating one of our idle Chile facilities to Geismar, Louisiana and 

the plant is expected to commence operations by the end of 2014. We are 

also considering the relocation of a second facility to the Geismar site and 

expect to make a decision on this project by mid-2013. Beyond our own 

capacity additions, there is a modest level of new capacity expected to come 

on stream over the next few years outside of China. There is a 0.8 million 

tone plant expected to restart in Channelview, Texas in 2013 and a 0.7 

million tone plant expected to start up in Azerbaijan in 2013. We expect that 

production from new capacity in China will be consumed in that country and 

that higher-cost production capacity in China will need to operate in order 

to satisfy demand growth. Entering 2013, methanol demand has continued 

to be healthy, supported by a higher energy price environment. With few 

industry capacity additions expected over the next few years relative to 

expected demand growth, we believe we are well positioned with several of 

our own initiatives to increase operating capacity. As production from these 

initiatives comes on line, we believe our leadership position in the industry 

will be strengthened and we will have significant upside potential to cash 

flows and earnings. The methanol price will ultimately depend on the 

strength of the global economy, industry operating rates, global energy 

prices, new supply additions and the strength of global demand. We believe 

that our financial position and financial flexibility, outstanding global supply 

network and competitive cost position will provide a sound basis for 

Methanex to continue to be the leader in the methanol industry [18-20, 222]. 

 

 

1.3. Methanol Manufacturing in Iran 

 

Methanol demand in Iran made up for nearly 20% of the overall demand 

in the Middle-East and African region in the year 2011. Like in Saudi 

Arabia, increases in oil prices have boosted growth in many industries in 

Iran. The availability of relatively cheap feedstock, combined with the 

healthy methanol demand from Asian countries, supported the growth of 
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Iran’s economy during the last decade. Further capacity additions are 

planned in the region in the coming decade to meet the expected increase in 

domestic demand and the anticipated rise in export demand from Asian 

countries. Iran’s methanol demand was mainly driven by the acetic acid 

sector. MTBE and DMT were the two other major methanol end-use 

markets. The major sector, acetic acid, is expected to witness significant 

growth in coming years [21-23, 222-223]. Methanol is produced naturally 

in the anaerobic metabolism of many varieties of bacteria, and is ubiquitous 

in the environment. As a result, there is a small fraction of methanol vapor 

in the atmosphere. Over the course of several days, atmospheric methanol is 

oxidized with the help of sunlight to carbon dioxide and water. Currently, 

Iran has achieved 10% of the world’s share in methanol production and its 

industrial exports are available in markets of 159 countries, mainly in Iraq, 

China, the UAE, India and South Korea. The National Petrochemical 

Company, Kaveh Glass Industry Group and Public Joint Stock Company are 

the biggest players in the Iranian industry. Trading of Iranian petrochemical 

products such as polymers had ceased in Japan and South Korea, but some 

chemicals that are considered a necessity still had to be imported from Iran. 

Iran has the second-largest petrochemical output in the Middle East, next to 

Saudi Arabia. One important Petrochemical Complex which is a great 

methanol supplier in Iran is Zagros Petrochemical Co. The second unit of 

methanol production in the Zagros complex was put into operation, so Iran 

produces 12% of the whole methanol production of the world. This complex 

is the world biggest methanol production center. Due to enjoying sufficient 

natural gas source as well as prosperous international market of ethanol, the 

second unit was constructed by the first. Elaborating on the unit technical 

features for this facility is 875,000 Euros as well as 1,038 bn Rials [24-26, 

222-223]. Was invested on this project. Utilizing auto-thermal reactor in 

reforming unit to break natural gas hydro carbora and it’s changing to 

synthesized gas, making use of gas-cooled reactor in methanol synthesizing 

unit, fixing cooling towers instead of sea water, are some of the project 

particular and unique features. These features were applied in constructing 

a petrochemical unit in Assaluyeh for the first time and it proved a success. 

Natural gas and oxygen are the unit ingredients. Provided by South Pars 
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phase one and two, the required natur^#,^#al gas volume of the project is 

about 188,000 cm an hour. Supplied by Mobin Petrochemical Unit, the 

required oxygen for the project is 84,500 cm [27, 224]. 

 

 

2. OLEFINS GLOBAL MARKETING 

 

Light olefins such as ethylene, propylene and butylenes are important 

intermediates for the petrochemical industry. Global consumption of 

ethylene, mainly for the production of polyethylene, is expected to increase 

to 114 million metric tons by 2005 from 80.5 million tons in 1998 [223-224]. 

Total annual market represents $300 billion marketing for Olefin 

components in 2011. Table 2 shows provides detailed information for each 

of these molecules. 

 

Table 2. Olefins Global Production and Marketing  

from 2012-13 [224] 

 

Component Volume 

(MT) 

Price 

($/Kg) 

Market 

(b$) 

Main Applications 

Ethylene 115 1.25 144 Polyethylene 

Propylene 83 1.20 100 Polypropylene 

Linear Butenes 37 1-2 37-74 Co-monomers in various plastics 

Isobutene 15 1.7-2 25-30 Tires, Organic glass, PET, Fuels 

Butadiene 10.6 1.8 19 Tires, Nylon, Coated Polymers 

Isopropene 1 2 2 Tires Adhesives 

 

 

2.1. Global Propylene Production and Marketing 

 

The global propylene and derivative markets are in the midst of a major 

transition with repercussions for both the supply and demand side. The 

impact of the global shift to lighter feedstocks among steam cracker 

operators has set in motion developments that affect the type and location of 
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new investment, regional pricing levels and profitability of propylene and 

derivative producers. The reduction of propylene supplies from steam 

crackers and refineries together with the resulting higher price levels are 

supporting investments in on-purpose production, mainly propane-

dehydrogenation and in China also coal-based processes. Higher propylene 

prices are also driving downstream portfolio changes as many large 

producers increasingly focus on higher value derivatives, particularly in 

North America and West Europe. Despite some consolidation, 

polypropylene will remain by far the largest propylene derivative well into 

the future [28-30, 224]. The US propylene market has seen prices rise in July 

and August, largely on the back of higher feedstock naphtha and propane 

costs. A recent spate of cracker issues has lent some tightness to supply. 

However, sources say buyers are starting to build their inventories before 

retreating to the sidelines in an effort to drive down prices. European 

propylene producers hold bullish price ideas for the near term, if upstream 

costs remain firm, and because of upcoming cracker turnarounds. Demand 

has been healthy in August, despite the summer holidays in Europe, because 

of reduced production and forthcoming plant turnarounds. Buying activity 

was driven by the strong performance of the upstream sectors and 

expectations of higher contract prices in September [31-33, 225]. In Asia, 

propylene prices have been supported by new downstream capacities and a 

series of shutdowns at crackers and propylene units. However, Chinese and 

Taiwanese buyers expect their import demand to weaken when new 

domestic capacities come on stream between August and the fourth quarter 

of 2013.A partial list of the propylene products and derivatives (capacity and 

propylene consumption data only) covered includes[225]: 

 

 Propylene (Refinery grade; PG/CG, Total Propylene) 

 Acrylic Acid 

 Acrylonitrile 

 Normal Butanol 

 Cumene 

 Epichlorohydrin 

 2-Ethylhexanol 
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 Isopropanol 

 Oligomers 

 Polypropylene 

 Propylene Oxide 

 FCC 

 

 

2.2. Ethylene Global Marketing and Production 

 

Major changes in the global ethylene markets are projected to take place 

over the next several years primarily driven by feedstock cost trends and 

sharply diverging consumption growth between geographic regions. China 

will continue to play a dominant role for both supply and demand growth as 

the country strives to achieve self-sufficiency at the ethylene derivative 

level. Investments in coal-based ethylene are in the take-off stage and will 

contribute about half of all announced capacity additions in China. 

Abundant, low cost ethane supplies from shale gas in the US are supporting 

a revival of investments in large integrated cracker projects, while the 

capacity wave in the Middle East has been abating with sharply reduced 

availability of new ethane supplies. Producers in the Middle East and Asia 

will be focusing increasingly on integrated steam cracker and refinery 

projects as well as higher value-added products often through diversification 

of product slates. In contrast, producers in Europe and developed Asian 

countries, such as Japan, will not only be exposed to the growing 

international competition, but also weak demand environment at home 

which may necessitate further rationalizations [34-36, 225]. The European 

ethylene market remains balanced, as output constraints, both planned and a 

few ongoing and new unplanned issues, are being offset by sizeable import 

volumes ex-Asia and ex-US, which have already been booked. Consumption 

is satisfactory, but not exceptional. There is some talk that polymer demand 

is weaker when compared with the non-polymer sector, although one player 

in the non-polymer sector suggested that its demand was also slightly less 

when compared with the same period last year [37-39, 225]. Ethylene 
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derivative players continue to struggle with the high prices, with European 

ethylene the highest out of all the regions, which is proving even more 

challenging amid the ongoing fragile economic climate, of which some 

downstream sectors are more resilient than others. In terms of MCP 

discussions for March, it is deemed too early in the month to have any 

precise indications, as players continue to monitor feedstock and olefin 

supply/demand developments. The general expectation is that producers are 

likely to push for an increase on the March contract price, based on higher 

production costs and the need to recoup losses for cracker margins, along 

with output constraints – both planned and unplanned. Precise targets were 

not yet forthcoming, although one producer suggested that the increase 

target would not be limited in magnitude. One buyer said it reluctantly 

acknowledged that a price increase would be likely if upstream costs were 

to remain high based on contract margin recovery [40-42, 225]. It is 

concerned that if the European ethylene contract price were to go up 

significantly over the next few months, it could further jeopardize 

downstream demand which remains modest. Spot margins (naphtha) slipped 

by €14/ton mainly due to the higher feedstock costs. Spot co-product credits 

rose by 3.2% following gains in all constituent chemicals. Euro-

denominated spot ethylene values rose on the strengthening of the dollar, 

although spot prices in dollar terms were unchanged. Contract margins based 

on liquefied petroleum gas (LPG) softened by €35/ton due to a 2.8% gain in 

LPG costs. LPG prices rose by $5/ton but the effect was compounded by the 

stronger dollar. LPG margins retain the advantage over naphtha margins, at 

€43/ton [43-45, 225]. Average cracker run rates continue to be pegged 

around 80-85%, although a few cracker operartors said they were running 

closer to 90% and even above, depending on derivative portfolio and 

location. There is no further update on the status of the Naphtachimie cracker 

at the Lavera site, in France – which is a joint venture operation between 

INEOS and Total.  
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Table 3. List of recent European planned and Unplanned Ethylene 

Manufacturers [225] 

 

Company Cracker location Timing Planned or Unplanned 

Shell Moerdijk, the 

Netherlands 

mid-March to end 

April, 6 weeks 

Planned (not confirmed) 

LBI Munchmunster, 

Germany 

mid March for around 

25 days 

Unplanned (not 

confirmed) 

Versalis Dunkirk, France 2H of February one 

week 

Unplanned (not 

confirmed) 

BASF Antwerp, Belgium 26 April-24 June Planned (not confirmed) 

Total Carling, France April-May Planned (not confirmed) 

BPRP Gelsenkirchen No.3, 

Germany 

end May-early July Planned (not confirmed) 

Versalis Priolo, Italy August-September 6 

weeks 

Planned (not confirmed) 

SABIC Olefins No4, Geleen, 

Netherlands 

15 September-20 

October 

Planned (not confirmed) 

INEOS Grangemouth, UK end Q3 Planned (not confirmed) 

INEOS Cologne No 5, 

Germany 

September-October Planned (not confirmed) 

ExxonMobil Mossmorran, UK Q3-2 weeks Planned (not confimed) 

Repsol Tarragona, Spain October-November Planned (not confirmed) 

Repsol Sines, Portugal December 2012 tbc Temporarily idled 

 

INEOS had previously said in a statement on 25 January that the unit was 

expected to restart in the first half of March and that repair work was well 

underway, following damage, which occurred on 22 December 2012. It 

added that once the unit would resume output, its operating rates were likely 

to be reduced for a period of time until the repair work is fully completed. 

The companies in question were not available to provide further comment at 

the time of writing. Repsol’s cracker at Sines, in Portugal has not yet 

resumed output, according to the company, who declined to provide any 

further information. Previous reports suggested that the cracker could restart 

during February, according to market sources the cracker was taken down in 

December 2012, thought to be because of poor cracker economics, although 

the reason for the downtime was not officially confirmed. LyondellBasell’s 

cracker at Muenchmuenster, in Germany is experiencing technical 
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problems, which is expected to lead to an unplanned outage in mid-March, 

which is likely to last for around 25 days, according to market sources. The 

company declined to comment on this in line with their policy. Maintenance 

is due to take place at Versalis’cracker at Dunkirk, in France next week for 

around 5-7days, in order to address some current technical problems [47-49, 

225]. Table 3 shows List of recent European planned and Unplanned 

Ethylene Manufacturers. 

 

 

2.3. OLEFINS Production Processes (Olefins Production 

Overview) 

 

2.3.1. Steam Cracking 

Steam cracking (also known as pyrolysis) of hydrocarbon feedstocks is 

the main source of olefins production. Virtually all ethylene and around 70% 

of world propylene are produced by steam cracking. 4 Hydrocarbon 

feedstocks most often include ethane, naphtha, and gas oil, although propane 

and other hydrocarbons may be used [50-51, 226]. The same process is used 

regardless of the feedstock employed, although capital and energy 

requirements will differ depending on both the feedstock and the desired 

product slate. While there are a number of configurations available to 

accomplish pyrolysis, essentially all begin with the introduction of 

hydrocarbon feed and steam into a tubular pyrolysis furnace. In the pyrolysis 

furnace the feed and steam are heated to a cracking temperature of about 

(800-900°C). Temperature requirements for cracking ethane will be higher 

than for heavier feedstocks. The distribution of the products highly depends 

on the feed stock used. While lower molecular weight feedstock (e.g., 

ethane) will give a high percentage of ethylene (see Table 4); yields of 

propylene will increase with higher molecular weight feedstock (e.g., 

naphtha). Although steam-crackers represent the most important source, 

propylene supply is very limited due to the low propylene yield. During the 

last decade, new technologies have been developed for the purpose of 

enhancing the propylene output of steam crackers [52-55, 226]. These 

technologies include Olefins Conversion Technology (OCT) by ABB 
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Lummus 6, Superflex Technology by Kellogg Brown & Root 7, and 

Propylur Technology by Lurgi. 8 OCT is based on the metathesis reaction 

which converts one mole of ethylene and one mole of butylenes to form two 

moles of propylene. When integrated with steam cracking unit, OCT is 

claimed to boost the propylene to ethylene ratio from 0.65 (with SC alone) 

up to 1.0. On the other hand, Superflex and Propylur technologies can handle 

wider range of hydrocarbon feeds, generally in the range of C4-C8 and can 

be designed to produce P/E ratios of about 0.8. 

 

Table 4. Wt% of Products from Cracking Various Feedstocks [226] 

 

 Ethane Propane Naphta Gas Oil 

Ethylene 76 42 31 23 

Propylene 3 16 16 14 

C4 2 5 9 9 

Hydrogen 9 2 2 1 

Methane 6 28 17 11 

 

2.3.2. Fluidized Catalytic Cracking (FCC) 

Currently, 31.2 million tons per year or 28% of the world propylene 

production is being produced in the Fluid Catalytic Cracking (FCC) units. 

In FCC, heavy (vacuum) gas oils from refineries are cracked into lighter 

fractions. The most important product is gasoline with light olefins regarded 

as byproducts. Recently, a new catalytic cracking technology was 

developed, the so-called Deep Catalytic Cracking process (DCC) [56-57]. 

This process was developed on the basis of a normal riser-cracking process 

by a Chinese research institute. DCC produces light olefins from heavy 

feedstocks with high yields. Two distinct modes of DCC operations are 

reported, maximum propylene and maximum iso-olefins. The key to these 

processes relies on a highly selective catalysts and appropriate reaction 

conditions. Table 5 shows a comparison between the DCC and the 

conventional FCC units. A substantial increase in the light olefins yields 

is observed with the new DCC technology. Propane dehydrogenation 
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technology has gained importance in recent years due to the increase in 

consumption of propylene for the production of polypropylene. There are 

four technologies that can be licensed for propane dehydrogenation. These 

are CATOFIN from ABB Lummus, Oleflex from UOP, Fluidized Bed 

Dehydrogenation (FBD) from Snamprogetti, and Steam Active Reforming 

(STAR) from Phillips Petroleum.A similar technology can be applied to 

ethane dehydrogenation, but an economically attractive commercial reactor 

has not been built [58-59, 227]. The main drawback of the dehydrogenation 

technology is that it is equilibrium limited and hence requires high 

temperatures. The low conversion necessitates a large separation step to 

recover products and recycle large volume of unreacted paraffin. To 

overcome these problems, researchers are focusing in two directions: i) 

using membrane systems to obtain high conversion at low temperature by 

separating the hydrogen and shifting the process equilibrium; ii) oxidative 

dehydrogenation to overcome the equilibrium limitation and to operate at 

low temperatures [60-62, 228]. However, despite some progress made 

in the membrane area and in the oxidative dehydrogenation area, 

no commercial plants are believed to be currently operational, 

although pilot or demonstration plants have been built and 

operated. 

 

Table 5. DCC & FCC Technologies: Yield Comparison [227-228] 

 

Overall Yields, wt% 

 DCC FCC 

C2- 11.9 3.5 

C3-C4 42.2 17.6 

C5+ naphtha 26.6 54.8 

Light cycle oil 6.6 10.2 

Decanted oil 6.1 9.3 

Coke 6.0 4.3 
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Loss 0.6 0.3 

Total 100.0 100.0 

Olefins Yields, wt% 

Ethylene 6.1 0.8 

Propylene 21.0 4.9 

Isobutylene 5.1 1.9 

Total butylenes 14.3 8.1 

2.3.3. Oxidative Coupling of Methane 

A break-through in the area of methane chemistry occurred in 1982 with 

the publication of a paper by Keller and Bhasin 15 of Union Carbide (UC), 

which demonstrated that two molecules of methane could be coupled 

oxidatively to produce ethane and ethylene: 

 

2CH4+0.5O2 →C2H6+H2O  (1) 

 

2CH4+O2 →C2H4+2H2O  (2) 

 

The initial work showed that the reaction was best carried out in a cyclic 

mode in which the catalyst was first oxidized and the oxidized material was 

then exposed to the methane, producing ethane and ethylene. Later, results 

obtained by Hinsen et al. [63-66, 229] have shown that a co-feed mode could 

be used in which both methane and oxygen was fed simultaneously to the 

catalyst. One year later, Lunsford and co-workers published an important 

paper describing the use of Li doped MgO catalysts for the reaction under 

co-feed conditions, demonstrating that this catalyst has high activity for 

converting methane to C2+ compounds in the presence of O2. 17 On the 

other hand, the introduction of chlorine into the reactants stream has shown 

to have a very positive effect on the yield of ethylene [67-70, 230]. During 

the last decade, a large amount of research in the MOC field has been carried 

out by the oil and gas companies and other large organizations. Such 

companies include UC, Arco, BP, Amoco, Mobil, British Gas, Standard Oil 

Co. and Philips Petroleum. 10 A specific example of catalyst reported by the 

above include a BP-type catalyst NaCl/MnOx/SiO2 prepared by the co-gel 
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method 19, which is reported to give a C2+ yield of 30% compared to 11.7% 

for the same catalyst prepared by the traditional route of impregnation. 

Despite the huge amount of research done on the oxidative coupling of 

methane, the process still suffers from some drawbacks that need to be 

solved before it can be commercialized [71]. These drawbacks include 

limited selectivity to C2 and high exothermicity of the reaction which 

requires special reactor design. Additionally, this is complicated by the fact 

that metals normally used for construction of reactors catalyze the total 

combustion of methane [72]. 

 

2.3.4. The Methanol to Olefins Process 

Methanol is a major chemical building block used to manufacture 

formaldehyde, MTBE, acetic acid and a wide range of other chemical 

products. The slowdown in MTBE demand, mainly due to the decision taken 

by California and later by other states in the US to eliminate its use in the 

gasoline, is causing some of the producers in the world to explore alternate 

utilization of their existing methanol plants [73-74]. One such utilization is 

the conversion of methanol to olefins (MTO). The production of light olefins 

from methanol was first realized around 1977, during the development of 

Mobil’s methanol to gasoline (MTG) process. In the MTG process, where 

ZSM-5 is used as a catalyst, methanol is first dehydrated to dimethyl ether 

(DME). The equilibrium mixture of methanol, DME and water is then 

converted to light olefins. A final reaction step leads to a mixture of higher 

olefins, n/iso-parrafins, aromatics and naphthenes [231]: 

 

2𝐶𝐻3𝑂𝐻 ⇋−𝐻2𝑂
+𝐻2𝑂⇋ 𝐶𝐻3𝑂𝐶𝐻3

− 𝐻2𝑂 
→    𝐶2

= − 𝐶5
=  → N/iso-paraffins, 

aromatics, C6
+ olefins (3) 

 

Because they are intermediate in the MTG process, an interruption of 

the reaction leads to production of light olefins instead of gasoline. An 

appropriate process for this purpose was developed later by Mobil. Since 

then several attempts were made to selectively produce light olefins from 

methanol on zeolite catalysts, not only on medium-pore zeolites but also on 
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small-pore zeolites and to a lesser extent, on large-pore zeolites. Among all 

the investigated zeolites, ZSM-5 and SAPO-34 have received a lot of 

attention due to their excellent catalytic performance for the MTO reaction. 

Unfortunately the use of ZSM-5 zeolite results in a wide range of products, 

in particular aromatics and paraffins. In order to improve the selectivity to 

light alkenes several approaches have been proposed including operating the 

reactor at high space velocity and low methanol conversion and introducing 

some modifications on the catalyst [75-76]. The first solution introduces  

the need to recycle and results in a rapid catalyst deactivation. On the other 

hand considerable effort has been made to modify the ZSM-5 catalyst for 

the purpose of increasing its selectivity to light olefins. An extensive  

review of the literature concerning this has been given by Chang. In all cases 

the production of aromatics could not be avoided at high methanol 

conversion. The use of small pore zeolites and in particular SAPO-34 

permits the selective formation of light olefins even at 100% methanol 

conversion. This performance has been attributed to the cage structure of 

SAPO-34, as compared to the channel structure in ZSM-5, and to the 

intermediate acidity. Currently, two MTO process technologies are available 

namely Mobil’s MTO process and UOP/Hydro MTO process. Mobil’s MTO 

process was demonstrated in a 100 BPD fluid bed facility in Germany. The 

process was originally designed for gasoline production and later extended 

to demonstrate the MTO process. The plant was operated at a pressure 

between 2.2 and 3.5 bar and a temperature of about 500°C [77-79, 232]. The 

catalyst used was a modified ZSM-5 zeolite type catalyst. At steady state 

conditions the olefin yield was more than 60%. On the other hand, UOP and 

Norsk Hydro have jointly developed and demonstrated an improved 

methanol to olefins process which has been ready for license since 1996. 

The process, schematically shown in Figure 1, offers a high selectivity to 

light olefins. 80% of the carbon in the methanol feed is converted into 

ethylene and propylene and 10% to butylenes giving a total light olefins 

yield of about 90%. By adjusting the operating conditions, ethylene to 

propylene product weight ratio can be changed from 1.5 to 0.75. 30 The 

catalyst employed is a modified silicoaluminophosphate (SAPO-34) 

originally discovered by Union Carbide in the 1980s. Although 
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thermodynamically favored, C5+ hydrocarbons are produced at substantially 

lower level with SAPO-34 than with the ZSM-5 catalyst. Figure 1 shows 

UOP/Hydro MTO process. 

 

 

 

 

 

Figure 1. UOP/Hydro MTO process. 

 

2.4. Olefin Productions: Processes Detailed Review 

 

2.4.1. Ethylene Production Licenses 

 

2.4.1.1. China Petrochemical Technology Co 

The CBL cracking technology is a steam cracking technology developed 

by SINOPEC. The steam-cracking furnace for ethylene production can be 

designed with this technology. This technology provides processing 

flexibility for ethylene cracking operations and can handle feedstocks from 

ethane to heavy vacuum gasoil (HVGO). The CBL technology is a state-of-

the art technology with low-investment cost of building new furnaces or 
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revamping old furnaces [80, 233]. CBL furnace is applicable to many 

feedstocks such as ethane, light hydrocarbons, natural gas liquids (NGLs), 

naphtha, light gasoline oil and HVGO. Different feedstocks can be cracked 

in the same furnace with varying operating condition; two feedstocks (for 

example, naph-tha and ethane) can also be cracked by different coils in one 

furnace. For heavy feedstocks in particular, the CBL technology shows 

special advantages—long run lengths (50 days to 70 days) and high 

ethylene/ propylene yields. For liquid and gas feedstocks, the characteristics 

of CBL technology are [233]: 

 

 Liquid feed: 

 Coil configurations. Two-pass, high-selectivity coil 

configurations (2-1, 2/1-1, 4-1, etc.) are possible furnace 

designs. The first pass has a small diameter with a large specific 

surface area, which leads to a quick temperature increase. The 

second pass has a large diameter, which leads to a lower 

pressure drop and lower hydrocarbon partial pressure. 

 

Appropriate coils are chosen based on different feeds and capacity 

requirements. The coil configura-tion of this technology combines the 

features of higher temperature, shorter residence time and lower 

hydrocarbon partial pressure and leads to the advantages of high cracking 

selectivity, long run length and larger capacity of a single coil. 

 

 Transfer line exchanger (TLE). First stage or second stage options 

available. 

 Dilution steam Injection. First stage (light feed) or second stage 

(heavy feed). By using this technique, coke formation from heavy 

oil in convection section coils can be minimized. 

 Heat supply. Using a combination heat supply from hearth and 

sidewall allows temperature distribution of the hearth, and the heat 

transfer of the coil is uniform. 

 High thermal efficiency. Up to 93%-94%. 

Complimentary Contributor Copy



A Review on the Production of Light Olefins … 21 

 Variable frequency speed control driving motor can be adopted for 

induced draft fan. 

 

 Gas feed: 

˗ For gas feed, the four-pass coil configuration (2-1-1-1) with 

residence time between 0.4 to 0.8 second is adopted. Linear or 

U type TLE is directly coupled with the outlet tube of one group 

of 2-1-1-1 coils. The TLE can be one stage, two stages or three 

stages. For ethane- cracking furnace, the running cycle is longer 

than 100 days. CBL technology was first commercialized in 

1984, with a total of 44 units, including recently built units and 

revamps. To-tal processing capacity of more than 3.56 million 

metric tpy has been licensed. 

 

2.4.1.2. Lummus Technology 

To produce polymer-grade ethylene (99.95 vol%). Major byproducts are 

propylene (chemical or polymer-grade), a butadiene-rich C7 stream, C6 to C8 

aromatics-rich pyrolysis gasoline and high-purity hydrogen [81, 233]. 

Hydrocarbon feedstock is preheated and cracked in the presence of steam in 

tubular SRT (short residence time) pyrolysis furnaces (1). This approach 

features extremely high olefin yields, long runlength and mechanical 

integrity. The products exit the furnace at 1,500°F to 1,600°F and are rapidly 

quenched in the transfer line exchangers (2) that generate super high-

pressure (SHP) steam. The latest generation furnace design is the SRT VII. 

Furnace effluent, after quench, flows to the gasoline fractionator (3) where 

the heavy oil fraction is removed from the gasoline and lighter fraction 

(liquids cracking only) [82-83, 233]. Further cooling of furnace effluents is 

accomplished by a direct water quench in the quench tower (4). Raw gas 

from the quench tower is compressed in a multistage centrifugal compressor 

(5) to greater than 500 psig. The compressed gas is then dried (6) and chilled. 

Hydrogen is recovered in the chilling train (7), which feeds the demethanizer 

(8). The demethanizer operates at about 100 psia, providing increased 

energy efficiency. The bottoms from the demethanizer go to the deethanizer 

(9). Acetylene in the deethanizer overhead is hydrogenated (10) or 
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recovered. The ethylene-ethane stream is fractionated (11) and 

polymer- grade ethylene is recovered. Ethane leaving the bottom of the 

ethylene fractionator is recycled and cracked to extinction. The deethanizer 

bottoms and condensate stripper bottoms from the charge compression 

system are depropanized (12). Methylacetylene and propadiene are 

hydrogenated in the depropanizer using CDHydro catalytic distillation 

hydrogenation technology. The depropanizer bottoms is separated into 

mixed C6 and light gasoline streams (14). Polymer-grade propylene is 

recovered in a propylene fractionator (13).A revised flow scheme eliminates 

-25% of the equipment from this conventional flowsheet. It uses CDHydro 

hydrogenation for the selective hydrogenation of C2 through C, acetylenes 

and dienes in a single tower; reduces the cracked-gas discharge pressure to 

250 psig; uses a single refrigeration system to replace the three separate 

systems; and applies metathesis to produce up to 1/3 of the propylene 

product catalytically rather than by thermal cracking, thereby lowering 

energy consumption by 15%. Energy consumptions are 3,300 kcal/kg of 

ethylene produced for ethane cracking and 5,000 kcal/kg of ethylene for 

naphtha feedstocks. Energy consumption can be as low as 4,000 kcal/kg of 

ethylene for naphtha feedstocks with gas turbine integration. As noted 

above, the new flow scheme reduces energy consumption by 14%. 

Approximately 40% of the world’s ethylene plants use Lummus’ ethylene 

technology. Many existing units have been significantly expanded (above 

150% of nameplate) using Lummus’ MCET (maximum capacity expansion 

technology) approach. Figure 2 shows PFD of Ethylene Production Unit 

under license of Lummus Technology Co [84-88, 233]. 
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Figure 2. PFD of Ethylene Production Unit under license of Lummus Technology Co. 

2.4.1.3. Linde Technology 

To produce polymer-grade ethylene and propylene by thermal cracking 

of hydrocarbon fractions-from ethane through naphtha up to hydrocracker 

residue. Byproducts are a butadiene-rich C4, stream, a C6–C8 gasoline stream 

rich in aromatics and fuel oil. Fresh feedstock and recycle streams are 

preheated and cracked in the presence of dilution steam in highly selective 

Pyro Crack furnaces (1). PyroCrack furnaces are optimized with respect to 

residence time, temperature and pressure profiles for the actual feedstock 

and the required feedstock flexibility, thus achieving the highest olefin 

yields. Furnace effluent is cooled in transfer line exchangers (2), generating 

HP steam, and by direct quenching with oil for liquid feedstocks[89-90, 

233]. The cracked gas stream is cooled and purified in the primary 

fractionator (3) and quench water tower (5). Waste heat is recovered by a 

circulating oil cycle, generating dilution steam (4) and by a water cycle (5) 

to provide heat to reboilers and process heaters. The cracked gas from the 

quench tower is compressed (6) in a 4- or 5-stage compressor and dried in 

gas and liquid adsorbers (8). CO2 and H2S are removed in a caustic-wash 

system located before the final compressor stage. The compressed cracked 

gas is further cooled (9) and fed to the recovery section: front-end 

deethanizer (10), isothermal front-end C2 hydrogenation (11), cold train (12), 

demethanizer (13) and the heat pumped low-pressure ethylene fractionatior 
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(14), which is integrated with the ethylene refrigeration cycle[91-93, 233]. 

This well-proven Linde process is highly optimized, resulting in high 

flexibility, easy operation, low energy consumption, low investment costs 

and long intervals between major turnarounds (typically five years). The C3 

from the deethanizer bottoms (10) is depropanized (15), hydrogenated (16) 

to remove methyl acetylene and propadiene (16) and fractionated to recover 

polymer grade propylene. C4 components are separated from heavier 

components in the debutanizer (18) to recover a C4 product and a C5 stream. 

The C5, together with the hydrocarbon condensates from rich gasoline 

product.  Ethylene yields vary between 25%, 35%, 45% and 83% for gas 

oils, naphtha, LPG and ethane respectively. The related specific energy 

consumption range is 6,000/5,400/4,600 and 3,800 kcal/kg ethylene. Typical 

installation costs for a world-scale ISBL gas (naphtha) cracker are 800 

(1,100) US$/ton installed ethylene capacity. Over 20 million tons of 

ethylene are produced in more than 50 plants worldwide. Many plants have 

been expanded in capacity up to 50% and more. Recent awards for world-

scale ethylene plants include Borouge 2 and 3 (1.5 million metric ton/y each) 

in Abu Dhabi [94-96, 233].  Figure 3 shows PFD of Ethylene Production 

Unit under license of Lynde Technology Co. 

 

 

Figure 3. PFD of Ethylene Production Unit under license of Lynde Technology Co. 
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2.4.1.4. The Shaw Group Technology 

To produce polymer-grade ethylene and propylene by thermally 

cracking hydrocarbon feedstocks (ethane through hydro-cracked residue). 

Shaw’s key process technologies are[97-100, 233]: 

 

 Ultra-selective cracking (USC) furnaces-Selective pyrolysis with 

proprietary quench exchanger systems 

 Ripple tray and vapor flute-High capacity with fouling minimization 

for quench oil and quench water towers 

 Advanced recovery system with heat-integrated rectifier 

(ARS/HRS) - Energy efficient cold fractionation. 

 

The following description and diagram are given for liquid feedstock 

steam cracking. Fresh liquid feed as well as recovered ethane and propane 

are sent to USC furnaces (1). Contaminant removal may be installed on the 

fresh feed if required. A portion of the cracking heat may be supplied by gas 

turbine exhaust as preheated combustion air. Pyrolysis occurs at 

temperatures and residence time requirements specific to the feedstock and 

product requirements. The USC technology utilizes a number of radiant coil 

designs for the cracking furnaces to reduce residence time and coil pressure 

drop and to maximize ethylene yield. Rapid quenching preserves olefin 

yields and the heat of quenching is used to generate high-pressure steam. 

Lower temperature heat is recovered for the production of dilution steam. 

Pyrolysis fuel oil and gasoline by-products are recovered in the quench oil 

and quench water systems (2). Cracked gas (C4 and lighter) is compressed 

(3), scrubbed with caustic to remove acid gases and dried prior to 

fractionation. C3 and lighter components are separated from the C4 and 

heavier components in the low fouling front-end dual pressure depropanizer 

(4). Overhead vapor of the high-pressure depropanizer is hydrogenated to 

remove acetylene, methyl acetylene and propadiene (5) and then routed to 

the HRS and demethanizer systems (6). The demethanization system 

includes a turbo-expander for energy efficiency and greater hydrogen 

recovery. Alternatively, the acetylene can be extracted as a high-purity 

product (8). The ARS minimizes refrigeration energy by using distributed 
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distillation and simultaneous heat and mass transfer in the HRS system. Two 

C2 streams of varying composition are produced within the ARS/ HRS. The 

heavier C2/C3 stream is deethanized (7) and the C2 overhead stream is fed 

directly to a low-pressure ethylene-ethane fractionator (9), which is 

integrated with the C2 refrigeration system (9). Polymer-grade ethylene 

product is taken from the overhead from the ethylene-ethane fractionator.C3s 

from the dual pressure depropanizer system are combined and may require 

further hydrogenation to remove methyl acetylene and propadiene (10). 

Either polymer-grade or chemical-grade propylene can be produced 

overhead from a propylene-propane fractionator. The propylene-propane 

fractionator can either be a high-pressure system that is condensed by 

cooling water or a low-pressure system that utilizes a heat pump (11).C4 and 

heavier byproducts are further separated in a sequence of distillation steps. 

Ethane and propane are typically recycled to pyrolysis. Refrigeration is 

typically supplied by a cascade ethylene/propylene refrigeration system. 

Advantages of ARS technology are [101-104, 233]: 

 Reduced chilling train refrigeration requirements due to chilling/ 

pre-fractionation in the HRS system. 

 Reduced methane content in feed to the demethanizer, which 

reduces the demethanizer condenser duty and refrigeration loads. 

 The dual feed ethylene fractionator (lower reflux ratio) reduces 

refrigeration loads and energy consumption. 

 Reduced refrigeration demand via the use of an integrated heat 

pump on the ethylene-ethane fractionator. 
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Figure 4. PFD of Ethylene Production Unit under licensed by Shaw Group 

Technology. 

Once-through pyrolysis yields range from 57 wt% (ethane, high 

conversion) to 28 wt% (heavy hydrogenated gasoils) ethylene. Ultimate 

yields for ethylene of 85% from ethane feedstock and 32% from liquid 

feedstock are achieved. The ethylene plants with USC furnaces and an 

ARS/HRS recovery section are known for high reliability, low energy 

consumption, short startup time and environmental compliance. Shaw has 

designed and/or built 120 ethylene units. Expansion techniques based on 

ARS/HRS technology have increased original capacities by more than 100 

percent. Shaw ethylene plants are now commonly integrated with refinery 

related processes such as FCC offgas recovery. Figure 4 shows PFD of 

Ethylene Production Unit under licensed by Shaw Group Technology. 

 

2.4.1.5. The Technip (I) Technology 

Produce polymer-grade ethylene and propylene, a butadiene-rich C4 cut, 

an aromatic C6-C8 rich raw pyrolysis gasoline and a high-purity hydrogen 

by steam pyrolysis of hydrocarbons ranging from ethane to vacuum gasoils 

(VG0s). Progressive separation applied for concept in the fields either front-

end or back-end hydrogenation is used in steam cracking. For either gaseous 
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(ethane/propane) or liquid (C/naphtha/gasoil) feeds, this technology is based 

on Technip’s proprietary pyrolysis furnaces and progressive separation 

[105-110, 233]. This allows processing of olefins at low energy consumption 

with a particularly low environmental impact. The progressive separation 

concept is applied for either front-end hyddrogenation or back-end 

hydrogenation [233]. 

 

 The front-end hydrogenation corresponds to a front-end deethanizer 

for an ethane cracker or a front-end depropanizer for the heavier 

feedstocks both are placed at the third-stage discharge of the 

cracked-gas compressor. 

 The back-end hydrogenation corresponds to a front end; the tower 

is placed at fifth-stage discharge. 

 

Hydrocarbon feedstocks are preheated (also to recover heat) and then 

cracked by combining with steam in a tubular pyrolysis furnace at an outlet 

temperature ranging from 1,500°F to 1,600°F. The furnace technology can 

be either an SMK type (for gas cracking) or GK6 type (for liquid cracking). 

The GK6 type design can be oriented to a high olefins yield with very 

flexible propylene/ethylene ratios, or to a high BTX production. This 

specific approach allows long run length, excellent mechanical integrity and 

attractive economics. The hydrocarbon mixture at the furnace outlet is 

quenched rapidly in the transfer line exchangers (TLEs) or selective line 

exchangers (SLEs), generating high-pressure steam. In liquid crackers, 

cracked gas flows to a primary fractionator, after direct quench with oil, 

where fuel oil is separated from gasoline and lighter components, and then 

sent to a quench water tower for water recovery (to be used as dilution steam) 

and heavy gasoline production (end-point control)[111-115, 233]. In a gas 

cracker, cracked gas flows to a quench water tower for water recovery and 

removal of tars. A caustic scrubber placed at the third-stage discharge of the 

cracked-gas compressor removes acid gases. The compressed gas at 450 psig 

is dried and then chilled. For an ethane cracker, a single demethanizing 

stripping system operating at medium pressure is implemented; the overhead 

is recycled back to the cracked gas compressor. For a liquid cracker, a double 
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demethanizing stripping system operating at medium pressure and rebolled 

by cracked gas, minimizes the refrigeration required (heat integration) as 

well as the investment forseparating methane (top) and C2+ cut (bottoms). 

A dual column concept (absorber concept: Technip’s patent) is applied 

between the secondary demethanizer overheads, and the chilled cracked gas 

minimizes ethylene losses with a low-energy requirement [116-117, 233]. 

The high-purity hydrogen is produced in a cold box. The bottoms from the 

demethanizers are sent to the C2 cut treatment for ethylene purification. The 

C2 splitter is operating as a heat pump. The tower can be arranged as open 

heat pump integrated with the ethylene refrigerant when the front-end 

hydrogenation system or closed heat pump operating with the propylene 

refrigerant for the back-end hydrogenation scheme. The residual ethane 

from the C2 splitter is recycled for further cracking. Polymer-grade 

propylene is separated from propane in a C4 splitter. The residual propane is 

either recycled for further cracking or exported.C4s and light gasoline are 

separated in a debutanizer. Gas expansion (heat recovery) and external 

cascade using ethylene and propylene systems supply refrigeration. The 

main features of Technip’s patented technology are [118-120, 233]: 

 

 Optimization of olefins yields and selection of feedstocks 

 Reduced external refrigeration in the separation sections 

 Auto-stable process, heat integration acts as feed forward system 

 Simple process control; large usage of stripper/absorber towers 

(single specification) instead of distillation towers (antagonistic top 

and bottom specifications). 
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Figure 5. Progressive separation applied in Back-end hydrogenation for an ethane 

cracker. 

Ultimate range of ethylene yields vary from 83% (ethane) to around 

25% (VG0s), 35% for intermediate full-range naphtha. These correspond to 

the respective total olefins yields (ethylene and propylene) from 84% 

(ethane) to 38% (VG0s), and 49% for intermediate full-range naphtha. The 

specific energy consumption range is 3,100 kcal/kg ethylene (ethane) to 

5,500 kcal/kg ethylene (GO) and 4,700 Kcal/Kg ethylene for an intermediate 

full-range naphtha. Since 2001, six grassroots ethylene plants have been 

awarded to Technip, out of which four have a capacity of over 1 million tpy 

of ethylene. In the same period, 148 furnaces using Technip’s proprietary 

coils technology have been awarded to Technip as new furnaces or 

upgrading of existing facilities. More than 20 ethylene plants based on 

Technip’s technology are in operation worldwide [121-123]. The 

progressive separation is also applied for plant expansions over the nominal 

capacity, with up to an 80% capacity increase. Figures 5-6 shows 

Progressive separation applied in Back-end hydrogenation for an 

ethane cracker and Progressive separation applied in Front-end 

hydrogenation for an ethane cracker. 

 

Front-end 
hydrogenation 

Chill
ers 

-0— 
Deethanizer 

Tail gas 

Ethylene 

C2 

split

ter 

Dr
yer 

Hydrogenation 

 
reac

tor 

4  ____  

Demethani
zer 

Cold 
box 

expander 

C2R level @ -98°C 
cancelled 

C2R level @ -35°C cancelled 

Complimentary Contributor Copy



A Review on the Production of Light Olefins … 31 

 

Figure 6. Progressive separation applied in Front-end hydrogenation for an ethane 

cracker. 

2.4.1.6. The Technip (II) Technology 
It is defined as Thermal cracking of a wide range of feedstocks into light 

olefins (mainly ethylene and propylene) and aromatics using proprietary 

cracking coils [124-126, 233]. 

 

Feedstocks: Ethane, propane through liquid feeds up to heavy gasoil or 

up to 600°C EP 

Products: Cracked gas rich in Ethylene, propylene, butadiene and BTX 

(benzene, toluene and xylene). 

 

Thermal cracking occurs in the presence of steam at high temperature in 

cracking coils located centrally in the firebox. Coil outlet temperature varies 

from 800°C up to 880°C depending on feed quality and cracking severity. 

The recent proprietary coils are GK6 and SMK coils used, respectively, for 

liquid and gas cracking. They feature high selectivity to ethylene, propylene, 

together with low coking rates (longer run length). Technip has also 

developed recently new patents (GK7 and Swirl Flow Tubes) to enhance 

both capacity and run length at lower investment cost. Cracked gases from 
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the furnaces coils pass through a transfer line exchanger (TLE) system, 

where heat is recovered to generate high-pressure steam [127-130, 233]. The 

primary TLEs are special S&T or linear types that ensure low to very low 

fouling rates and, thus, extending run lengths. Heat from the flue gases is 

recovered in the convection section to preheat feed and process steam, and 

to superheat the generated VHP. The technology is also applied to retrofit 

furnaces. The furnaces performances are optimized by using Technip’s 

proprietary software SPYRO. Depending on the regulations various, options 

of NO abatement are incorporated. Once-through ethylene yields depend on 

feed characteristics and severity, and range from 58% for ethane to 36% for 

liquid feeds. Commercial plants: Over 550 cracking furnaces since mid-

1960s have been implemented using Technip’s technology. Since 2000, the 

SMK technology has been applied in 77 furnaces, and GK6 technology in 

71 furnaces. Figure 7 shows PFD of Ethylene Production Unit under 

licensed by Technip Technology (II) [131-133, 233]. 

 

 

Figure 7. PFD of Ethylene Production Unit under licensed by Technip Technology (II). 

 

2.4.1.7. The UOP LLC- Honeywell Co. Technology 

The MaxEne process increases the ethylene yield from naphtha crackers 

by raising the concentration of normal paraffins (n-paraffins) in the naphtha-
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cracker feed. The MaxEne process is the newest application of UOP’s 

Sorbex technology. The process uses adsorptive separation to separate C5-

C11 naphtha into a n-paraffins rich stream and a stream depleted of n-

paraffins[134-137, 234]. 

Description: The separation takes place in an adsorption chamber (2) 

that is divided into a number of beds. Each bed contains proprietary shape-

selective adsorbent. Also, each bed in the chamber is connected to a rotary 

valve (1). The rotary valve is used along with the shape-selective adsorbent 

to simulate a counter-current moving bed adsorptive separation. Four 

streams are distributed by the rotary valve to and from the adsorbent 

chamber. The streams are as follows [138-141, 233-234]: 

 

 Feed: The naphtha feed contains a mixture of hydrocarbons. 

 Extract: This stream contains n-paraffin and a liquid desorbent. 

Naphtha, rich in n-paraffin, is recovered by fractionation (3) and is 

sent to the naphtha cracker. 

 Raffinate: This stream contains non-normal paraffin and a liquid 

desorbent. Naphtha, depleted in n-paraffins, is recovered by 

fractionation (4) and is sent to a refinery or an aromatics complex. 

 Desorbent: This stream contains a liquid desorbent that is recycled 

from the fractionation section to the chamber. The rotary valve is 

used to periodically switch the position of the liquid feed and 

withdrawal points in the adsorbent chamber. The process operates 

in a continuous mode at low temperatures in a liquid phase [142-

145, 233-235]. 

 

Ethylene yields from a naphtha cracker can be increased by over 30% 

using MaxEne extract as feedstock and the MaxEne raffinate can provide a 

6% increase in octane-barrels from a refiner’s catalytic naphtha reforming 

unit. Capital costs and economics depend on feed composition as well as the 

desired increase in ethylene and propylene production in the steam cracker. 

UOP’s Sorbex technology is widely used in refining and petrochemical 

plants. The first commercial MaxEne unit is being installed in China. Figure 
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8 shows PFD of Ethylene Production Unit under licensed by UOP-

Honeywell Co [146-150, 233-236]. 

 

 

Figure 8. PFD of Ethylene Production Unit under licensed by UOP-Honeywell Co. 

 

3. PROPYLENE PRODUCTION 

 

3.1. Axens Technology (I) 

 

The worldwide demand for gasoline, diesel and petrochemicals is 

shifting toward a greater emphasis on diesel and propylene,and flexibility to 

meet changing demands will be vital for refinery profitability[151-153]. 

Axens has developed the new FlexEne technology to expand thecapabilities 

of the fluid catalytic cracking (FCC) process, which is the main refinery 

conversion unit traditionally oriented to maximize gasoline and at times 

propylene. FlexEne relies on the integration of an FCC and an 

oligomerization unit called Polynaphtha to process light FCC olefins and to 

deliver good molecules back to the FCC and to provide product flexibility 

required by the marketplace. By adjusting the catalyst formulation and 

operating conditions, the FCC process is able to operate in different modes: 
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maxi distillate, maxi gasoline and high propylene. The combination with 

Polynaphtha delivers the flexibility expected by the market. In a maxi 

gasoline environment, the olefin-rich C4 FCC cut is usually sent to an 

alkylation unit to produce alkylate and to increase the overall gasoline yield. 

In most recent max gasoline production schemes, alkylation has been 

advantageously substituted by Polynaphtha, which delivers high-quality 

gasoline at a much lower cost. For greater distillate production, Polynaphtha 

technology may be operated at higher severity to produce distillates from C4 

olefins. Additional diesel production may be supplied by operating the FCC 

unit in the maxi distillate mode. For greater propylene production, 

Axens/IFP R&D has shown that either the Polynaphtha gasoline or distillate 

fractions can easily crack in the FCC unit to produce Propylene. 

Consequently, depending uponmarket conditions, gasoline or diesel can be 

recycled to the FCC to produce high-value propylene and C4 olefins. Thanks 

to optimized combination of FCC and oligomerization, Flex-Ene delivers 

the largest market product flexibility when targeting production of propylene 

and/or gasoline and/or distillates [154-160]. Two FlexEne units have been 

licensed for new R2R/Polynaphtha projects. Figure 9 shows PFD of 

Propylene Production Unit under licensed by Axens Co. (I). 

 

 

Figure 9. PFD of Propylene Production Unit under licensed by Axens Co. (I). 
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3.2. The Axens Technology (II) 

 

When the process objective is maximum propylene production, specific 

technology features must be added to the fluid catalytic cracking 

(FCC)/resid FCC (RFCC) unit. The challenge is particularly greatwhen the 

feedstock contains residue. ZSM-5 additive is able to crack only C7 to C10 

olefins to LPG. Consequently, most of the C5 and C6 cut are not converted 

by ZSM-5 in the main riser. To convert this cut, it has been published by IFP 

and others that the optimum catalytic system is a recycle in a separate riser 

operating under more severe conditions-a PetroRiser. Indeed, recycling with 

the feed does not allow converting this light naphtha since the temperature 

is too low in the main riser[161-165, 237-240]. If the naphtha recycle is 

injected before the feed zone where the catalyst temperature is above 700°C, 

production of fuel gas is very high due to thermal cracking as well as 

detrimental side reactions specific to this thermal level. In addition, injecting 

light naphtha below the main feed alters the riser conditions at the point of 

injection of the main resid feed resulting in less than optimum performance. 

The conclusion of the R&D work is that recycling light naphtha to a separate 

riser at a temperature higher than the main riser allows cracking C5 and C6 

olefins and also enables paraffins to produce more LPG and less C5-70°C 

naphtha. An additional feedstock for propylene production is the indirect 

recycle of C4 olefins. As with light naphtha, the C4 olefins will not crack in 

the main riser, and a simple recycle to the PetroRiser will result in 

nonselective conversion of C4 olefins. The easiest and most selective way to 

recycle crack the C4 olefins into propylene is to use the benefit of a C4 

oligomerization unit (Polynaphtha) to produce longer olefins (C8 and C12 

olefins). These longer chain olefins will crack very selectively in the 

PetroRiser, thus producing more propylene as well as good quality gasoline 

[166-170, 237-242]. This integration is called FlexEne and presented in 

more details in a dedicated paragraph of the handbook. PetroRiser has  

been licensed in Abu Dhabi for the largest RFCC unit (127, 000 bpsd). 

Figure 10 shows PFD of Propylene Production Unit under licensed by  

Axens Co. (II). 
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Figure 10. PFD of Propylene Production Unit under licensed by Axens Co. (II). 

 

3.3. China Petrochemical Technology Co. 

 

Deep-catalytic cracking (DCC) is a catalytic conversion technology that 

uses heavy hydrocarbon feedstocks, such as vacuum gasoil (VGO), vacuum 

resid (VR) or VG0 blended with deasphalted oil (DAO) to produce light 

olefins (ethylene, propylene and butylenes), LPG, gasoline, middle 

distillates, etc. The technology targets maximizing propylene production 

(DCC-1) and maximizing iso-olefins production (DCC-II). The DCC 

process overcame the limitations of conventional fluid catalytic cracking 

(FCC) processes [171-174]. The propylene yield of DCC is 3-5 times that of 

conventional FCC processes. The processing scheme of DCC is similar to 

that of a conventional FCC unit consisting of reaction-regeneration, 

fractionation and gas concentration sections. The feedstock, dispersed with 

steam, is fed to the system and contacted with the hot regenerated catalyst 
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either in a riser-plus fluidized dense-bed reactor (for DCC-I) or in a riser 

reactor (for DCC-II). The feed is catalytically cracked. Reactor effluent 

proceeds to the fractionation and gas concentration sections for stream 

separation and further recovery. The coke-deposited catalyst is stripped with 

steam and transferred to a regenerator where air is introduced and coke on 

the catalyst is removed by combustion. The hot regenerated catalyst is 

returned to the reactor at a controlled circulation rate to achieve the heat 

balance for the system [175-178]. The DCC has two reactor operating 

modes: DC C-1 (Riser-plus fluidized dense-bed reactor, maximum 

propylene mode) and DCC-II (Riser reactor, maximum iso-olefins mode). 

The DCC can process different heavy feeds VG°, DAO, coker gasoil, 

atmospheric residue, VR, etc. Paraffinic feedstocks are the best feeds for 

DCC. In DCC maximum propylene operation mode, over 20 wt% propylene 

yield can be obtained from paraffinic feedstocks. The naphtha and middle 

distillates streams from the DCC unit can be used as blending components 

for high-octane, commercial gasoline and fuel oil, respectively. Using a 

specially designed and patented zeolite catalysts, the reaction temperature in 

the DCC process is higher than that of conventional FCC, but much lower 

than that of steam cracking. Other processing benefits include [179-181]: 

 

 Flexibility of process operation. Easy to obtain the shift of DCC 

operation modes by regulating the operating conditions and catalyst 

formulations. 

 Easy separation and recovery of product streams through a similar 

absorption/fractionation of conventional FCC. Cryogenic separation 

for separating and recovering DCC product stream is not necessary. 

 Contaminants found in the hydrocarbons are at trace levels in DCC 

lighter olefin products; thus, hydrotreating is not needed. 

Commercial plants: The first commercial DCC unit came onstream 

in 1990, and 10 DCC units have been licensed. The largest unit is 

4.50 million tpy facility. It is estimated that a total of 13 units will 

be fully operational by the end of 2010. 
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3.4. The Kellogg Brown & Root LLC Technology 

 

The application of this license is to produce propylene and ethylene from 

low-value, light (C4 to C1) hydrocarbon olefins-containing streams from 

ethylene plants and refineries. Suitable feeds include C4/C6 streams from a 

steam cracker, light cat-cracker C4s and naphtha and coker gasolines. The 

SUPERFLEX process is a proprietary technology patented by ARCO 

Chemical Technology, Inc. (now LyondellBasell) and exclusively offered 

worldwide for license by KBR. It uses a fluidized catalytic reactor system 

with a proprietary catalyst to convert low-value feedstocks to predominantly 

propylene and ethylene products. The catalyst is very robust; thus, no feed 

pretreatment is required for typical contaminants such as sulfur, water, 

oxygenates or nitrogen [182-185]. Attractive feedstocks include C4 and C5 

olefin-rich streams from ethylene plants, FCC naphthas or C4s, thermally 

cracked naphthas from visbreakers or cokers, BTX or MTBE raffinates, C5 

olefin-rich streams removed from motor gasolines, and Fischer-Tropsch 

light liquids. The fluidized reactor system is similar to a refinery FCC unit 

and consists of a fluidized reactor/regenerator vessel, air compression, 

catalyst handling, flue-gas handling, and feed and effluent heat recovery. 

Using this reactor system with continuous catalyst regeneration allows 

higher operating temperatures than with competing fixed-bed reactors so 

that a substantial portion of the paraffins, as well as olefins, are converted. 

This allows for flexibility in the amounts of paraffins in the feeds to 

SUPERFLEX and the ability to recycle unconverted feed to extinction. 

Because this is a catalytic process, the CO2 footprint per ton of product is 

lower than conventional steam cracking. The cooled reactor effluent can be 

processed for the ultimate production of polymer-grade olefins. Several 

design options are available, including fully dedicated recovery facilities; 

recovery in a nearby, existing ethylene plant recovery section to minimize 

capital investment; or processing in a partial recovery unit to recover recycle 

streams and concentrate olefin-rich streams for further processing in nearby 

plants. Depending on the final use of the ethylene byproduct, the recovery 

section costs may be reduced via use of an absorption process to produce 

dilute ethylene product rather than polymer grade. The technology produces 
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50 wt%-60 wt% propylene plus ethylene, with a propylene yield about twice 

that of ethylene, from typical C4 and C5 raffinate streams [186-190]. Some 

typical yields are. Table 6 shows Product Distribution for different 

feedstocks in Kellogg Process and Figure 11 shows PFD of Propylene 

Production Unit licensed by Kellog Brown & Root LLC. 

 

 

Figure 11. PFD of Propylene Production Unit licensed by Kellog Brown & Root LLC. 

Table 6. Product Distribution for different feedstocks in Kellogg 

Process 

 

Feedstock Olefin rich 

C4s 

Olefin-rich 

C5s 

FCC 

LCN 

Coker 

LN 

Fuel gas 7.2 12 13.6 11.6 

Ethylene 22.5 22.1 20.0 19.8 

Propylene 48.2 43.8 40.1 38.7 

Propane 5.3 6.5 6.6 7.0 

C6+ gasoline 16.8 15.6 19.7 22.9 

 

 

3.5. The Lummus Technology 

 

Technology for dehydrogenation of propane to make high-purity 

propylene. The CATOFIN process uses specially formulated proprietary 

catalyst from Sud-Chemie. The CATOFIN reaction system consists of 

parallel fixed-bed reactors and a regeneration air system. The reactors are 
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cycled through a sequence consisting of reaction, regeneration and 

evacuation/purge steps. Multiple reactors are used so that the reactor 

feed/product systern and regeneration air system operate in a continuous 

manner [191-194]. Fresh propane feed is combined with recycle feed from 

the bottom of the product splitter (6). The total propane feed is then 

vaporized and raised to reaction temperature in a charge heater (1) and fed 

to the reactors (2). Reaction takes place at vacuum conditions to maximize 

feed conversion and olefin selectivity. A purge stream, taken from the total 

propane feed, is passed through a deoiler (8) to remove C4 and heavier 

components. After cooling, the reactor effluent gas is compressed (3) and 

sent to the recovery section (4), where inert gases, hydrogen, and light 

hydrocarbons are separated from the compressed reactor effluent. The 

ethane, propane and propylene components are then sent to the product 

purification section deethanizer (5) and product splitter (6), where propylene 

product is separated from unreacted propane. The propane is recycled to the 

reactors. After a suitable period of onstream operation, feed to an individual 

reactor is discontinued and the reactor is reheated/regenerated. 

Reheat/regeneration air heated in the regeneration air heater (7) is passed 

through the reactors. The regeneration air serves to restore the temperature 

profile of the bed to its initial onstream condition in addition to burning coke 

off the catalyst. When reheat/regeneration is completed, the reactor is re-

evacuated for the next onstream period. The low operating pressure and 

temperature of the CATOFIN reactors, along with the robust Sud-Chemie 

catalyst, allows the CATOFIN technology to process propane feedstock 

from a variety of sources [195-200]. The simple reactor construction, with 

its simple internals, results in a very high onstream factor. Yields and 

product quality: Propylene produced by the CATOFIN process is typically 

used for the production of polypropylene, where purity demands are the 

most stringent (>99.5%). The consumption of propane (100%) is 1.17 metric 

ton (mt) per mt of propylene product. Where a large amount of low value 

LPG is available, the CATOFIN process is the most economical way to 

convert it to high value product. The large single-train capacity possible with 

CATOFIN units (the largest to date is for 650,000 metric tpy propylene) 

minimizes the investment cost/mt of product. Currently eight CATOFIN 
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dehydrogenation plants are on stream producing over 1,800,000 metric tpy 

of isobutylene and 1,160,000 metric tpy of propylene. There are now two 

CATOFIN propane dehydrogenation units in operation with a design 

capacity of 455,000 metric tpy propylene. These are the world’s largest 

single-train units [201-204]. Both plants have successfully met their 

guarantees and continue to operate well above design capacity. Figure 12 

shows PFD of Propylene Production Unit licensed by Lummus Technology. 

 

 

Figure 12. PFD of Propylene Production Unit licensed by Lummus Technology. 

 

3.6. The UOP LLC, Honeywell Technlogy 

 

 

Figure 13. PFD of Propylene Production Unit licensed by UOP LLC, Honeywell 

Technology (I). 
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The Oleflex process is used to produce polymer-grade propylene from 

propane. The complex consists of a reactor section, continuous catalyst 

regeneration (CCR) section, product separation section and fractionation 

section [205-210]. Four radial-flow reactors (1) are used to achieve optimum 

conversion and selectivity for the endothermic reaction. Catalyst activity is 

maintained by continuously regenerating catalyst (2). Reactor effluent is 

compressed (3), dried (4) and sent to a cryogenic separation system (5). A 

net hydrogen stream is recovered at approximately 90 mol°/0 hydrogen 

purity [211]. The olefin product is sent to a selective hydrogenation process 

(6) where dienes and acetylenes are removed. The propylene stream goes to 

a deethanizer (7) where light-ends are removed prior to the propane-

propylene splitter (8). Unconverted feedstock is recycled back to the 

depropanizer (9) where it combines with fresh feed before being sent back 

to the reactor section. Propylene yield from propane is approximately 85 

wt% of fresh feed. Hydrogen yield is about 3.6 wt% of fresh feed. The US 

Gulf Coast inside battery limits investment for the production of a 450,000 

tpy polymer-grade propylene facility is approxi mately $600/tpy. Thirteen 

Oleflex units are in operation to produce propylene and isobutylene. Eight 

of these units produce propylene. These units represent 2.1 million metric 

tpy of propylene production. Three additional Oleflex units for propylene 

production are in design or under construction [212-215]. Figure 13 shows 

PFD of Propylene Production Unit licensed by UOP LLC, Honeywell 

Technology (I). 

 

 

3.7. The Lummus Technology (II) 

 

The Total Petrochemicals/UOP Olefin Cracking Process (OCP) is used 

to primarily produce propylene from C4 to C8 olefins supplied by steam 

crackers, refineries and/or methanol-to-olefins (MTO) plants. The Olefin 

Cracking Process was jointly developed by Total Petrochemicals (formerly 

ATOFINA) and UOP to convert low-value C4 to C8 olefins to propylene and 

ethylene. The process features fixed-bed reactors operating at temperatures 

between 500°C and 600°C and pressures between 1 and 5 bars gauge. This 
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process uses a proprietary zeolitic catalyst and provides high yields of 

propylene. Usage of this catalyst minimizes reactor size and operating costs 

by allowing operation at high-space velocities, and high conversions and 

selectivities without requiring an inert diluent stream [216-218]. A swing-

reactor system is used for catalyst regeneration. Separation facilities depend 

on how the unit is integrated into the processing system. The process is 

designed to utilize olefin feedstock’s from steam crackers, refinery FCC and 

coker units, and MTO units, with typical C4 to C8 olefin and paraffin 

compositions. The catalyst exhibits little sensitivity to common impurities 

such as dienes, oxygenates, sulfur compounds and nitrogen compounds. 

Economics: Capital and operating costs depend on how the process is 

integrated with steam cracking, refinery or other facilities. Product yields 

are dependent on feedstock composition [219-221]. The process provides 

propylene/ethylene production at ratios of nearly 4:1. Case studies of olefin 

cracking integration with naphtha crackers have shown 30% higher 

propylene production compared to conventional naphtha-cracker 

processing. Petrochemicals operate a demonstration unit that was installed 

in an affiliated refinery in Belgium in 1998. Total installed a second 

demonstration unit in 2009 that is integrated with a semi-commercial 

MTO/OCP process demonstration unit [222-225]. Figure 14 shows PFD of 

Propylene Production Unit licensed by UOP LLC, Honeywell Technology 

(II). 

 

 

Figure 14. PFD of Propylene Production Unit licensed by UOP LLC, Honeywell 

Technology (II). 
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4. FUNDAMENTAL TO ZEOLITS 

 

Microporous materials with regular pore architectures comprise 

wonderfully complex structures and compositions. Their fascinating 

properties, such as ion-exchange, separation, catalysis, and their roles as 

hosts in nanocomposite materials, are essentially determined by their unique 

structural characters, such as the size of the pore window, the accessible void 

space, the dimensionality of the channel system, and the numbers and sites 

of cations, etc. [189, 226, 49-51]. Zeolites constitute the most important 

family in microporous materials. Traditionally, the term ‘zeolite’ refers to a 

crystalline alumina silicate or silica polymorph based on corner-sharing TO4 

(T¼Si and Al) tetrahedral forming a three-dimensional four connected 

framework with uniformly sized pores of molecular dimensions. Nowadays, 

the term ‘zeolite framework’ generally refers to a corner sharing network of 

tetrahedral coordinated atoms. The 5th Edition of the Atlas of Zeolite 

Framework Types published by Baerlocher, Meier, and Olson on behalf of 

the Structure Commission of the International Zeolite Association in 2001 

comprised 133 zeolite structure types. Up to October 2006, the number of 

entries had risen to 167[189, 52-54]. Each framework type is assigned a 

three-capital-letter code in alphabetical order. The codes are generally 

derived from the names of the type materials. They only describe and define 

the network of corner sharing tetrahedral coordinated framework atoms. 

Framework types do not depend on composition, distribution of the T-atoms 

(Si, Al, P, Ga, Ge, B, Be, etc.), cell dimensions, or symmetry [189, 227-228, 

55]. 

 

 

4.1. Zeolite Materials: A Definition 

 

Today the Structure Commission of the International Zeolite 

Association (IZA) has accepted 176 different framework types of different 

zeolite structures or topologies [190, 186-187] with discrete acronyms 

[191, 56-60]. They will be given in brackets when referring to zeolite 

samples. Each of the different framework topologies with distinct pore size 
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and architecture can vary in chemical composition, as each framework type 

can be viewed as a tridimensional silicate in which Si–O4 tetrahedral have 

common apices, several elements may be fully or partly substituted for Si 

and give rise to discrete materials encompassing a range of different 

hydrophilicity/hydrophobicity ratios, framework charge densities and 

framework compositions yielding different strengths of Brønsted/Lewis acid 

sites and redox properties[192, 61-64]. The definition for catalytic purposes 

of a “zeolite” reads as follows: a crystalline material with microspores and 

cation-exchange capacity that is insoluble in water and common organic 

solvents and has sufficient thermal stability that allows removal of all pore-

filling agents present in the as- synthesized materials. This definition is 

narrower than that of the IZA Constitution, which includes mesoporous 

solids, metal organic frameworks (MOFs), cationic and anionic clays [192, 

65-67]. An inspection of the industrial use of zeolites as catalysts shows, 

however, that only a rather limited number of zeolite topologies are currently 

used in major industrial processes. Among the more important ones are 

ultra-stable Y (USY) (FAU), rare-earth-exchanged faujasite-type (X, Y) 

(FAU) and ZSM-5-type (MFI) zeolites in fluid catalytic cracking (FCC) of 

oil fractions; noble-metal loaded USY for hydro isomerization and 

hydrocracking of naphtha feedstock’s; mordent (MOR) and zeolite Omega 

(MAZ) -based catalysts for C4-C6 alkane isomerization; zeolites ZSM-23 

(MTT), ZSM-35 (FER), ZSM-5 for selective oil dewaxing; ZSM-5, silica 

lite (MFI), MCM-22 (MWW), Betatype (BEA) zeolites for aromatics 

alkylation to yield ethylbenzene, p-xylene, cumin, p-ethyl toluene; zeolites 

ZSM-5, SAPO-34 (CHA) for methanol to olefins and/or larger 

hydrocarbons; transition-metal-exchanged faujasite for catalytic combustion 

of volatile organic chemicals (VOCs); Fe, Cu, Cr, V, Ce-containing 

mordent, ZSM-5, and faujasite-type zeolites for NOx reduction with 

ammonia; Beta-type zeolites in Frieda–Crafts catalysis, viz. acetylation of 

anisole; ZSM-5-type zeolites for synthesis of pyridines from acetaldehyde, 

formaldehyde, and ammonia; TS-1 (MFI) for liquid-phase oxygenation, viz. 

of phenol, propene, and oximes; Fe-ZSM-5 for benzene oxygenation 

conversion to phenol with nitrous oxide [193, 229-230, 67-70].; Zeolite 
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RHO for dimethylamine from methanol and ammonia; and ZSM-22 (TON) 

and ZSM-23 for propene trimerization [194, 71]. 

 

 

4.2. Brønsted Acidity in Metallo Silicate Zeolites 

 

 

Figure 15. Brønsted acid sites in zeolites represented as a resonance hybrid between 

two extreme structures I and II. 

Whereas in zeolites Si4+ is substituted for M3+ elements, viz. Al, Ga, 

B, or Fe, the majority of the work on isomorphic substitution refers to 

aluminosilicates. The substitution is governed by Loewenstein’s rule, stating 

that only Si–O–Si and Si–O–Al bonds are stable, excluding formation of Al–

O–Al bonds [195, 72-73, 243-250]. The resulting negative framework 

charges, if compensated by H+, are at the basis of formation of a solid 

Brønsted acid, with zeolite-specific bridging hydroxyl groups. Such bridged 

silanol groups used for catalyst-activity-type relationships and catalytic-

activity rationalizations, are viewed as resonance hybrids between two 

extreme structures (Figure 15), viz. “a fully bridged oxygen with a weakly 

bound proton,” and “a silanol group with a weak Lewis acid interaction of 

the hydroxyl oxygen with Al” [195, 74-75]. The latter structure would 

represent the site in amorphous silica-alumina in which no stabilization by 

long-range symmetry exists. Parameters affecting the zeolite acidity 

spectrum are shown in Figure 15. Acid zeolites compared to their amorphous 

compositional counterparts often show several orders of magnitude 

enhanced intrinsic activity. Parameters invoked to rationalize this behavior 

are the higher concentration of AlIV in the respective matrices, the higher 

intrinsic turnovers of each of such sites, as well as the enhanced reactant 
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concentration in the intracrystalline voids, favoring intermolecular hydrogen 

transfer [195-196, 76]. The latter effect is more pronounced in 

monodimensional tubular channels compared to cages, viz. in mordenite or 

mazzite compared to faujasite, suggesting that enhanced activity due to 

enhancement of bimolecular reaction rates contains a geometric component 

[195-196, 77-79]. 

 

 

4.3. Brønsted Acidity in Aluminophosphates 

 

 

Figure 16. 2-Dimensional grid representation of possible T-atom configurations in an 

SiAlPO4-n framework obtained by substitution of P (ISP, circles; top left), of both one 

P and one Al atom(ISAl,P, rectangles, top right), via recurrent replacement of Al, P 

couples (n ISAl,P,bottom right), and via a combination of both pathways (bottom left). 

Si–P represent unstable chemical bonds. 

Isomorphic substitution in microporous aluminophosphates (AlPO4-n) 

is more complex than in traditional M3+-containing metallosilicate zeolites. 

Crystalline microporous aluminophosphates, showing alternation between 

P4+ and Al3+ T-atoms in tetrahedrally arranged frameworks, do not show 

residual negative framework charges and do not contain Brønsted acidity. 
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Al-OHgroups present in AlPO4-hydrates, AlPO4-hydroxides, and AlPO4-

fluorides [197, 80-81]. show insufficient acid strength and/or stability for 

vapor-phase catalysis. No attempts are reported for use of such materials in 

liquid-phase low-temperature catalysis. The framework charges generated 

by substitution in a M, Al, P-containing synthesis gel, are neutralized by a 

template to allow crystallization of a four-coordinated MAlPO4-n 

framework. The size of and charge density on a template molecule, often 

protonated amines or tetraalkylammonium ions, will determine the degree 

of substitution. The concept of template/framework stoichiometry, that is, 

the maximum framework charge that can be balanced by a template 

molecule, dictates the substitution limit. When this ratio is exceeded, viz. 

with low-valent ions, the substituting ions are accommodated in charge-

compensating cation positions. With Co2+, Fe2+, and Mn2+, charge 

compensation occurs already at low substitution degrees [198, 82-85]. Si 

substitution in AlPO4-n is complex and even for a given topology can yield 

a whole family of SiAlPO4 (SAPOs) with a variety of acid properties 

(Figure 16). Via pathway ISP a neutral framework is obtained with Si(4Al) 

environments. The ISAl,P path yields thermodynamically unstable Si–O–P 

bonds and is only hypothetical. The recurrent application of substitution 

mechanism ISAl,P starting from the crystal rim circumvents this problem, 

yielding a neutral AlPO4-n framework with a topotactic siliceous overlayer. 

At the boundary between the two domains electroneutral environments, viz. 

Si(3Si,1Al) and Si(1Al, 3Si), appear[199, 86-87]. When Si substitution 

occurs via a combination of both pathways, the formation of Si-O-P bonds 

is avoided, resulting in the formation of silicon patches with AlPO4-n 

topology. In the majority of SAPO4-n materials, isolated Si is first 

accommodated in P sites, often significantly before the stoichiometric ratio 

is obtained. Further on, simultaneous substitution by the two mechanisms 

results in extensive silica patch formation. Zeolitic acidity is then generated 

via Al incorporation in the silica islands. It is clear that correlations between 

Brønsted acidity and degree of overall substitution will be complex. All 

synthesis parameters such as degree of substitution, nature of the organic 

template, crystallization temperature, and time, which may affect the relative 

importance of the substitution mechanisms, influence the Brønsted acid 
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spectrum of the resulting materials [200, 88-90]. Discrimination among rival 

substitution mechanisms has been attempted for several SAPO4-n 

topologies. In SAPO-5 up to 25% of the T atoms was replaced by large 

siliceous patches, concentrating at the crystals surface. During SAPO-11 

crystallization, the ISP mechanism dominates with dipropylamine as 

template, while with diisopropylamine both ISp mechanisms occur [201, 

90]. SAPO-34 synthesized with fluoride containing triethylamine also 

showed evidence for substitution via both mechanisms. Unfortunately, the 

relative importance of formation of patches versus silica overlayers and 

Brønsted acid sites formation in each of them is not known. 

 

 

4.4. Zeolite Selection for Processes 

 

Catalytic sites associated with a zeolite often affect reaction selectivity. 

A number of classical concepts are useful to the catalyst designer for their 

rationalizing and even predicting power. Molecules can be excluded from 

chemical activation at intracrystalline active sites, depending on the size, 

shape of the pores, and the reactant. To all such phenomena the concept of 

reactant shape selectivity (RSS) was coined. From a mixture of product 

molecules desorbing from the intracrystalline active sites the faster-diffusing 

“slimmer” molecules will be abundantly present, generating a 

pseudothermodynamic equilibrium in the bulk. The phenomena are 

described as product diffusion shape selectivity (PDSS). Geometric 

restrictions near the active site can inhibit formation of some transition states 

and affect product selectivity. The phenomena are known as transition-state 

shape selectivity (TSSS). Whereas for RSS and PDSS crystallite 

encapsulated sites are needed, TSSS may occur in half-open cages at crystal 

terminating locations as well. Although such effects were mainly reported 

for hydrocarbons and alkylaromatics in medium-pore zeolites with 10-

membered rings (10-MRs) of lattice atoms, viz. MFI, MEL, TON, the 

concepts are applicable to functionalized organics and other topologies as 

well. The nature of the sites is also not limited to Brønsted acid sites, but 

also applies to metal and redox sites. The area has been reviewed thoroughly 
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[201, 91-93]. The use of the concepts implies compositional homogeneity 

across the crystals and the existence of only intracrystalline sites that all 

show identical selectivity. Initially, it was proposed that pore size and 

tortuosity, as well as pore architecture determined by the zeolite topology, 

were influencing intrazeolitic fields and field gradients, thus affecting 

differently the relative rates of primary and secondary reactions and overall 

selectivity. Recently, effects of confinement on various kinetic and even 

thermodynamic effects were shown that provide an understanding of the 

confinement effect on adsorption and diffusion [202, 94-96]. 

Configurational-bias Monte Carlo techniques allowed simulation of slowly 

diffusing molecules, trapped in cages or at adsorption sites in zeolite 

topologies. This approach consisting of mapping the free-energy landscape 

in the intracrystalline space, ignores effects of local differences in site 

architecture, or concentration on reaction selectivity. To a number of 

unexpected shape-selectivity phenomena with long alkane hydroconversion 

the term inverse shape selectivity was coined. In zeolite pore widths of 0.65–

0.74 nm, the opposite was encountered, as expected from mere geometric 

effects, that is, preferential formation of branched over linear hydrocarbons, 

viz. the formation of high yields of dibranched from n-alkanes over 10-MR 

zeolites like AFI (SAPO-5), the phenomenon being confirmed by adsorption 

experiments [203, 97]. The molecular basis of such effects has been 

attributed to a purely entropic effect in monodimensional pores at high 

pressures expelling larger molecules by smaller ones [203, 98]. Several 

shape-selective phenomena were attributed to topology-dependent structural 

sites. Such nest effects were the result of tuning of the curved catalyst surface 

to the configuration of adsorbed species, entropic effects governing the 

fitting. A distinction between two types of extra-framework catalysis mainly 

in ZSM-22 (TON), was made using the terms of pore mouth and keylock 

selective catalysis (Figure 16). Apparently, it is possible for alkanes via 

hydro conversion to be transformed in a selective way into products that are 

unable to be formed in or desorb from the zeolite. The abundant formation 

of some molecules, viz. 2-methylbranched alkanes from n-alkanes, was 

assigned to transformation in a single pore mouth. Others, viz. 2,4-

dimethyloctane from n-decane, happened to be formed at neighboring pore 
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mouths, as their selectivity was chain length as well as topology dependent 

[203, 99]. 

 

 

4.5. Structures of Commercially Significant Zeolites 

 

Commercially signifi cant zeolites include the synthetic zeolites type A 

(LTA), X (FAU), Y (FAU), L (LTL), mordenite (MOR), ZSM-5 (MFI), beta 

(BEA/BEC), MCM - 22 (MTW), zeolites F (EDI) and W (MER) and the 

natural zeolites mordenite (MOR), chabazite (CHA), erionite (ERI) and 

clinoptilolite (HEU). Details of the structures of some of these are given in 

this section. Tables in each section lists the type material (the common name 

for the material for which the three letter code was established), the chemical 

formula representative of the unit cell contents for the type material, the 

space group and lattice parameters, the pore structure and known mineral 

and synthetic forms[204-205, 100-101]. 

 

 

4.6. ZSM - 5 (MFI) 

 

 

Figure 17. MFI framework views: (a) down the straight ten - ring channel system, (b) 

down the zig-zag ten-ring channel system. 
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Table 7. MFI structure type 

 

Type material ZSM-5 

Chemical formula |𝑁𝑎𝑛
+(𝐻2𝑂)16|[𝐴𝑙𝑛𝑆𝑖96−𝑛𝑂192] − 𝑀𝐹𝐼, 𝑛 < 27  

Space group Orthorhombic, Pnma, a = 20.07 Å, b = 19.92 Å, c = 13.42 Å 

Pore structure Three - dimensional ten - ring 

Mineral forms Encilite, mutinaite 

Synthetic forms AMS-1B, AZ-1, Bor-C, Boralite C, FZ-1, LZ-105, NU-4, 

NU-5, Silicalite, TS-1, TSZ, TSZ-III, TZ-01, USC-4, USI-

108, ZBH, ZKQ-1B, ZMQ-TB, ZSM-5 

 

 

Figure 18. Cation sites in MFI. Site 1 is in near the intersection of the two ten - ring 

channel systems. Site 2 is in the straight ten - ring channel. Site 3 is in the zigzag ten - 

ring channel 

The MFI framework (Table 7, Figure 17) can be built from five - rings 

and contains cavities interconnected by a straight ten - ring channel systems 

and a zigzag ten - ring channel system. Primary cation sites (Figure 18). Are 

site 1 near the intersection of the two ten - ring channel systems, site 2 in the 

straight ten - ring channel, and site 3 in the zigzag ten - ring channel [218, 

109]. MFI-type zeolites are highly siliceous with Si/Al ratios from about 10 

to infinity; generally, the higher the Si/Al ratio the easier the synthesis. MFI 

zeolites are reported to be hydrophobic and organophilic and for that reason 

useful for removing organics from water streams and stable for separations 

and catalysis in the presence of water. Since MFI zeolites are highly 
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siliceous the number of cations is small. However, since all the cation sites 

are in the MFI channels, all changes to cation number and type can affect 

the adsorption properties. The adsorption capacity of alkanes in MFI has 

been shown to increase with decreasing non-framework cation density 

(increasing Si/Al ratio) [219, 110-111]. and the linear/branched separation 

selectivity increases with increasing non-framework cation density. 

 

 

CONCLUSION 

 

In catalytic cracking processes, several catalysts have been investigated 

so that the studies mostly have been conducted due to the suitable 

performance of the zeolites in hydrocarbons cracking reactions on the zeolite 

catalysts. In mentioned studies, such diverse zeolites as SAPO-11, HZSM-5 

have been used. Also, in order to enhance catalytic performance and increase 

the stability of the catalyst, such metal types as soil alkaline metals, 

transition metals, rare soil metal, etc. have been used. The catalytic cracking 

process is still in the research phase and faces some problems to be 

industrialized. Production of diverse hydrocarbons and coke during the 

process is one of the most important disadvantages of this process. Given 

the importance of light olefins and such issues as high energy consumption, 

greenhouse gases emission and environmental problems in the conventional 

thermal cracking process, it makes sense to conduct more studies on the 

catalytic cracking process and its catalyst performance improvement. 
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ABSTRACT 

 

Phenylalanine ammonia-lyase (PAL) (E.C. 4.3.1.5) is a key and 

regulatory enzyme of the biosynthesis pathway of the phenylpropanoids 

and their derivatives. PAL catalyzes the transformation by the non-

oxidative deamination of the amino acid L-phenylalanine in trans-

cinnamic acid, without the requirement of cofactors; this is the first step 

for the biosynthesis of phenylpropanoid-derived compounds. The 

produced cinnamic acid is the direct precursor of several phenolic 

                                                           
* Corresponding Author’s Email: acastro@ufsj.edu.br. 

Complimentary Contributor Copy



Ana Hortência Fonseca Castro, Mairon César Coimbra et al. 84 

compounds, such as tannins, flavonoids, lignans, coumarins and lignins, 

which play an important role in plant growth and development. Studies 

with transgenic plants have shown that the activity of this enzyme is one 

of the main control points in the regulation of the phenylpropanoid route. 

Phenylalanine ammonia-lyase may be isolated from various sources, and 

its presence may be observed in a wide variety of higher plants and in some 

yeasts, fungi and bacteria. Immunocytochemical methods have shown that 

in plants, the synthesis of this enzyme can occur in the cytoplasm and 

chloroplasts. In many plants, a small multi-gene family encodes PAL and 

the expression of the PAL gene is regulated by several factors, such as 

mechanical injury, infections and plant development. The PAL levels may 

fluctuate significantly at relatively short intervals in response to a wide 

variety of stimuli, and the concomitant increase in the phenylalanine 

ammonia-lyase and phenolic compounds levels has been demonstrated in 

plant tissues. PAL activity may be regulated by abiotic and biotic factors, 

such as light, wounding, temperature, UV irradiation, nutrient deficiency, 

herbivory, growth regulators, mechanical injuries, metal ions, insect attack, 

fungal and viral infections, as well as the stage of plant development and 

the degree of cell and tissue differentiation. In some species, elicitors 

induce PAL transcriptionally and enzymatically. This chapter will present 

a description of phenylalanine ammonia-lyase, in relation to structure, 

localization, expression, regulation, assay methods and the factors 

influencing PAL activity, as well as its importance to the phenylpropanoid 

pathway for plant growth and development. 

 

Keywords: PAL, phenylpropanoid pathway, plant development 

 

 

1. INTRODUCTION 

 

The discovery of phenylalanine ammonia-lyase (PAL) started in 1955, 

when the Canadian plant physiologists Brown and Neish attempted to 

understand the chemical basis of lignin, a structural component of the plant 

cell wall. Lignin is an aromatic biopolymer constructed via the oxidative 

coupling of a number of simple phenylpropanoid alcohols to form a sturdy 

polymer (Renault, Werck-Reichhart and Weng 2019). Lignin is involved in 

maintaining the rigidity of plants since it confers essential mechanical 

properties to the cells required for water transport and structural support 

(Tobimatsu and Schuetz 2019). Brown and Neish (1955a, 1955b) identified 

L-phenylalanine, cinnamic acid and shikimic acid (C6, C3 monomers) as 
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precursors in lignin biosynthesis in higher plants, and they suggested that 

the presence of a specific enzyme system may promote lignin formation 

from these elements (Brown and Neish 1956). Later, McCalla and Neish 

(1959) and Levy and Zucker (1960) found additional evidence that the key 

element in the synthesis of lignin was an enzyme that converts L-

phenylalanine into trans-cinnamic acid and ammonia (posteriorly known as 

phenylalanine ammonia-lyase or PAL). Koukol and Conn (1961) described 

the isolation, partial purification, and characterization of PAL from barley 

seedlings (Hordeum vulgare L. var. Sravat). 

Phenylalanine ammonia-lyase (PAL, E.C. 4.3.1.5) is a member of the 

lyase family and the first key enzyme of the phenylpropanoid pathway, a 

secondary metabolism pathway (Jones 1984). According to Cui et al. (2014), 

recently, this class has been designated as EC 4.3.1.24 (phenylalanine 

ammonia lyases), EC 4.3.1.25 (tyrosine ammonia lyases) and EC 4.3.1.26 

(phenylalanine/tyrosine ammonia lyases). Rösler et al. (1997) reported that 

PAL from monocotyledonous plants can use tyrosine as a substrate and it 

also has tyrosine ammonia-lyase (TAL); PAL from dicotyledonous plants 

only utilizes phenylalanine efficiently (Kyndt et al. 2002). PAL acts as a 

linkage between primary and secondary metabolism, because this enzyme 

supplies precursors for different kinds of secondary metabolites through the 

phenylpropanoid pathway, by controlling the carbon flux (Vogt 2010; Hsieh 

et al. 2011; Rahmatabadi et al. 2019). PAL catalyzes the transformation by 

the non-oxidative deamination of the amino acid L-phenylalanine in trans-

cinnamic acid and a free ammonium ion, without the requirement of 

cofactors; this is the first step for the biosynthesis of phenylpropanoid-

derived compounds (Santiago, Louro and Oliveira 2000; Assis et al. 2001; 

Cui et al. 2014). The produced cinnamic acid is the direct precursor of 

physiologically important phenolic compounds such as tannins, flavonoids, 

lignans, coumarins, stilbenes and lignin (Khakdan, Alizadeh and Ranjbar 

2018; Rahmatabadi et al. 2019; Tobimatsu and Schuetz 2019). 

Phenylpropanoid-derived compounds play an important role in plant growth 

and development, including establishing mechanical support, signaling 

molecules mediating plant-microbe interactions, antioxidant systems or UV-

absorbing compounds, pigments attracting pollinators and disease resistance 
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(Dixon and Paiva 1995; Dixon et al. 2002; Lau et al. 2007; Zhang and Liu 

2015). 

A small multi-gene family with two to four copies in the haploid genome 

encodes the PAL genes, so it presents as multiple isoforms with various 

expression patterns in different tissues (Liu et al. 2006; Zhang and Liu 2015; 

Khakdan, Alizadeh and Ranjbar 2018). PAL may be isolated from various 

sources; its presence may be observed in a wide variety of higher or not 

plants and in a few yeasts, fungi and bacteria, but not in animals (Camm and 

Towers 1973; Fritz, Hodgins and Abell 1976; Xiang and Moore 2005; Cui 

et al. 2014; Zhang and Liu 2015).  

PAL activity varies greatly depending on the stage of development, 

plant species and environmental conditions (Kováčik and Klejdus 2012). 

The levels of PAL may fluctuate significantly in response to the 

photoperiod, pathogenic attacks, wounding, UV irradiation, heavy metals, 

low levels of nitrogen and phosphate, low temperatures and signaling 

molecules, including jasmonic acid (JA), salicylic acid (SA), and abscisic 

acid (ABA) (Dixon and Paiva 1995; Weisshaar and Jenkins 1998; Janas et 

al. 2010; Shang, Li and Dong 2012; Zhang and Liu 2015). Nagai et al. (1988) 

reported that kinetin induces PAL in tobacco. PAL is highly controlled at 

the transcription level, reflecting a complex and sophisticated regulatory 

control mechanism during plant development (Zhang and Liu 2015; 

Khakdan, Alizadeh and Ranjbar 2018).  

This chapter will present a description of phenylalanine ammonia-lyase 

related to its structure, localization, expression, regulation, assay methods 

and the biotic and abiotic factors influencing PAL activity, as well as its 

importance for the phenylpropanoid pathway and plant growth and 

development. 

 

 

2. STRUCTURE, LOCALIZATION AND KINETICS 

 

Depending on the species, PAL has a variable molecular mass, with the 

most reported PAL range in size being between 300 and 340 kDa (Hyun et 

al. 2011); some exceptions have been observed, such as sizes of 280 kDa in 
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Pinus taeda (Whetten and Sederoff 1992) and 152 kDa in Ocimum basilicum 

(Hao et al. 1996), for example. The dimensions of PAL are 95.72x145.09Å 

based in its X-ray structure (Calabrese et al. 2004; Macdonald and D’Cunha 

2007). PAL can be purified by several sources; however, Hyun et al. (2011) 

reported difficulties in its purification, due to the low abundance of PAL in 

cells and changes in its size and properties during purification. PAL 

developed from histidine ammonia-lyase (HAL), when fungi and plants 

diverged from other kingdoms, so their structure is similar to HAL folding 

(Ritter and Schulz 2004; Macdonald and D’Cunha 2007). 

PAL is normally a tetrameric protein with four identical subunits, a 

characteristic that can be found in homotetrameric protein (Hsieh et al. 2010; 

Hyun et al. 2011; Cui et al. 2014). Pairs of monomers form a protomer with 

a single active site (Camm and Towers 1973). In parsley (Petroselinum 

crispum), the molecular architecture of PAL is a predominantly helical 

protein, with 52% of residues in 23 α-helices and only 5% of residues in 8 

β-chains (Ritter and Schulz 2004). According to Macdonald and D’Cunha 

(2007), PAL also has a central core of parallel helices of different lengths. 

Besides that, there is only one section of β sheet with more than three 

residues, 231–237 and 240–246, residing in the funnel region leading to the 

active site. 

PAL and their isoforms are soluble proteins; therefore, they do not have 

any membrane anchor or membrane-spanning domains (Achnine et al. 

2004). PAL is localized mainly in the cytosol, but some isoforms have a 

differential subcellular localization and are located partially in the 

endoplasmic reticulum and microsomes, as is shown in tobacco (Nicotiana 

tabacum) plants (Rasmussen and Dixon 1999; Santiago, Louro and Oliveira 

2000; Achnine et al. 2004).  

The proposed mechanism of PAL catalysis involves a post-translational 

modification that occurs autocatalytically by the cyclization and dehydration 

of three amino acid residues, alanine, serine and glycine, leading to the 

formation of a prosthetic electrophile in the active site of PAL, named 4-

methylideneimidazole-5-one (MIO) (Schwede, Retey and Schulz 1999; 

Calabrese et al. 2004; Macdonald and D’Cunha 2007; Turner 2011). 

Currently, two mechanisms have been proposed for the MIO-dependent 
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reactions catalyzed by PAL. The first mechanism involves the stabilization 

of the intermediate carbanion, causing an electrophilic attack of the MIO 

group on the amine group of the substrate. The second mechanism, named 

Friedel–Crafts, leads to the activation and hence abstraction of the β-proton 

followed by the elimination of ammonia and the regeneration of the MIO 

group (Macdonald and D’Cunha 2007; Cooke, Christianson and Bruner 

2009; Turner 2011). Macdonald and D’Cunha (2007) and Turner (2011) 

verified details about PAL reaction catalysis.  

The kinetics of PAL are complex, controversial, highly source 

dependent and not completely understood (Macdonald and D’Cunha 2007). 

Whetten and Sederoff (1992) reported the enzymatic kinetics of PAL in 

loblolly pine (Pinus taeda); the isoelectric point was estimated to be 5.8 and 

the purified enzyme follows Michaelis–Menten kinetics, with a Km of 27 

µM for L-phenylalanine. According to Jones (1984), the enzyme is 

commonly described as showing negative cooperativity. Williams and 

Hiroms (1967) described the basic catalysis reaction of PAL, in which trans-

cinnamic acid was released before ammonia. 

 

 

3. PAL GENES AND DIFFERENTIAL REGULATION 

 

Usually, a small multi-gene family with two to four copies in the haploid 

genome encodes PAL genes (Cramer et al. 1989; Khakdan, Alizadeh and 

Ranjbar 2018), which have multiple isoforms, as demonstrated for the first 

time by Bolwell et al. (1985) in Phaseolus vulgaris. Zhang and Liu (2015) 

suggested that PAL isoforms might have distinct, but redundant functions in 

plant growth, development, and plant-environment interactions, since PAL 

isogenes often exhibit a unique but overlapping spatial and temporal 

expression pattern. PAL genes have been identified and cloned in many 

different types of plants, such as Salvia miltiorrhiza (Song and Wang 2008), 

Dendrobium candidum (Jin et al. 2013), Ginkgo biloba (Zhang, Gou and Liu 

2014), Carthamus tinctorius (Dehghan et al. 2014) and Ocimum basilicum 

(Khakdan, Alizadeh and Ranjbar 2018). Song and Wang (2008) described a 

PAL gene designated as SmPAL1 whose transcription pattern analysis 
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indicated expression in all examined tissues, but more highly in the leaf. 

SmPAL1 was found to be induced by various treatments, including ABA, 

wounding, and dehydration.  

PAL activity is modulated in plants during development in different 

tissues, and in response to environmental signals (Wanner et al. 1995). 

Zhang and Liu (2015) provide a good review of PAL regulation. According 

to these authors, PAL activity regulation can occur through several 

mechanisms, such as product inhibition, transcriptional and translational 

regulation, post-translational inactivation and proteolysis, enzyme 

organization/subcellular compartmentation, and metabolite feedback 

regulation (Zhang and Liu 2015). Olsen et al. (2008) reported an example of 

the transcriptional regulation of PAL. Nitrogen depletion particularly 

induces the expression of PAL1 and PAL2 and the downstream 

phenylpropanoid–flavonoid biosynthetic genes; it increases the 

accumulation of flavonoids (kaempferol and quercetin), anthocyanins, and 

sinapic acid. Therefore, studies have revealed that environmental factors 

might temporarily increase the cellular level of PAL (Jones, 1984). Thus, 

after the initial increase, PAL often decreases rapidly to near basal levels, 

considered a post-translational event (Jones 1984; Zhang, Gou and Liu 

2014).  

 

 

4. PAL ASSAY 

 

PAL activity is determined by the observation and measurement of the 

amount of the L-phenylalanine that reacts or the trans-cinnamic acid that is 

formed at the end of the reaction (Macdonald and D’Cunha 2007). PAL 

activity has been assayed by spectrophotometry in a wide variety of samples, 

such as shoots (Kováčik and Klejdus 2012), hypocotyls and cotyledons 

(Sreelakshmi and Sharma 2008), oil flesh (Machado et al. 2013), leaves 

(Astaneh et al. 2018), fruits (Assis et al. 2001), roots (Marchand et al. 2010) 

and leaf rosettes (Olsen et al., 2008). Fresh samples or acetone powder may 

be used for PAL extraction using sodium borate buffer (pH 8.8), phosphate 

buffer (pH 7.0) or Tris-HCl buffer (pH 8.0), containing ß-mercaptoethanol, 
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EDTA and/or polyvinylpolypyrrolidine (Cheng and Breen 1991; Assis et al. 

2001; Sreelakshmi and Sharma 2008; Kováčik and Klejdus 2012; Astaneh 

et al. 2018). The reaction mixture normally contains buffer, L-phenylalanine, 

and crude extract (Cheng and Breen 1991; Assis et al. 2001). The reaction 

is carried out for 60 to 90 min at 30 to 40°C and the absorbance change is 

recorded at 290 nm (Zucker 1965). The rate of the formation of trans-

cinnamic acid is taken as a measure of enzyme activity, using an increase in 

0.01 A at 290 nm as the formation of 3.09 nmol of trans-cinnamic acid 

(Saunders and McClure 1975).  

Spectrophotometry is the most commonly used method to assay PAL 

activity due to its low cost and time-saving characteristics (Kováčik and 

Klejdus 2012). However, in some cases, due to the low activity of this 

enzyme, spectrophotometric methods used for the detection of t-cinnamate 

are not satisfactory and results differ (Ferrarese, Rodrigues and Ferrarese-

Filho 2000). In addition, the presence of numerous UV-absorbing 

compounds in the plant tissue may interfere in this assay, as well as the 

composition of blank (with or without phenylalanine) (Kováčik and Klejdus 

2012).  

High performance liquid chromatography (HPLC) analysis is an 

additional tool for PAL activity assays. This method requires relatively 

expensive equipment, but allows for the analysis of numerous samples, low 

activities of PAL and the unambiguous detection of cinnamic acid due to 

separation through an HPLC column (Scott et al. 1992; Kováčik and Klejdus 

2012). According to Ferrarese, Rodrigues and Ferrarese-Filho (2000), 

HPLC reduces the analysis time and eliminates the purification steps.  

 

 

5. PHENYLPROPANOIDS 

 

The pheylpropanoids constitute a group of secondary metabolites that 

contain a phenyl group attached to a side chain of three carbons in their 

chemical structure, named phenylpropane (C6, C3) (Le Roy et al. 2016). This 

basic structure forms several compounds with different biological activities.  
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Phenylpropanoid biosynthesis starts through the shikimate pathway 

(Vogt 2010), a metabolic route for the biosynthesis of aromatic amino acids, 

such as phenylalanine, tyrosine, and tryptophan (Zabalza et al. 2017). After 

this, PAL catalyzes the transformation by the non-oxidative deamination of 

L-phenylalanine in trans-cinnamic acid and a free ammonium ion, without 

the requirement of cofactors (Vanholme, El Houari and Boerjan 2019). 

Trans-cinnamic acid is converted into p-coumaroyl CoA (Figure 1), a central 

metabolite that is the direct precursor for flavonoid or lignin biosynthesis 

and an indirect precursor for coumarins, lignans and condensed tannins 

(Vogt 2010). 

Phenylpropanoids act as mediators of various processes related to the 

growth and development of plants, such as reproduction, resistance against 

pathogens and herbivory, UV radiation protection, indicators of stressful 

situations (such as light and nutrient variation) and cell wall components 

(Vogt 2010; Liu, Osbourn and Ma 2015). Therapeutically, 

phenylpropanoids have antioxidant, anticancer, antihypertensive, 

antimicrobial and anti-inflammatory activities (Vogt 2010; Liu, Osbourn 

and Ma 2015; Salehi et al., 2019; Vanholme, El Houari and Boerjan 2019). 

 

 

Figure 1. General biosynthetic phenylpropanoids pathway. 

 

5.1. Flavonoids 

 

Known as substances that are responsible for plant color, the chemical 

structure of flavonoids was identified at the end of the 19th century. The 
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initial studies focused on the production of pigmentation, and their medical 

potential was only explored in the 1930s (Perez-Vizcaino and Fraga 2018).  

Flavonoids constitute the larger and more diverse group of phenolic 

compounds (Nabavi et al. 2018), derived from the condensation of two or 

more phenyl propane units that have a basic skeleton of diphenylpropanes 

(C6-C3-C6) (Alu’datt et al. 2017). The different types of substitutions in their 

chemical structure, the degree of oxidation and the pattern of carbon ring 

hydroxylation form some subclasses: flavones, isoflavones, flavonones, 

flavonols, flavanols and anthocyanins (Figure 2) (Bakoyiannis et al. 2019; 

Nagula and Wairkar 2019).  

Flavonoids biosynthesis occurs by two routes: the shikimate and the 

acetate pathways. In the shikimate pathway, L-phenylalanine form the p-

coumaroyl CoA and this binds to three malonyl-CoA molecules derived 

from the acetate pathway (Raffa et al. 2017; Nabavi et al. 2018). About 7,000 

flavonoids are already known and all have the same biosynthesis route. 

Flavonoids have several biological activities, such as antioxidant, 

antiallergic, anti-inflammatory, antiplatelet agent, chemoprotective, 

anticancer, chelator, antimicrobial, antimutagenic and vasodilator activities 

(Raffa et al. 2017; Nabavi et al. 2018; Nagula and Wairkar 2019). In plants, 

they are responsible for pigmentation and act as visual attractors, 

photoreceptors, antioxidants and antimicrobials (Nabavi et al. 2018).  

 

 

Figure 2. The most common subclasses of flavonoids. 
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5.2. Lignin 

 

Lignin is a structural component of the plant cell wall and the most 

abundant aromatic polymer in nature (Xu et al. 2018; Chio, Sain and Qin 

2019). Lignin is an aromatic biopolymer constructed via the oxidative 

coupling of a number of simple phenylpropanoid alcohols to form a sturdy 

polymer (Renault, Werck-Reichhart and Weng 2019). It is involved in 

maintaining the rigidity of plants since lignin confers the essential 

mechanical properties to the cells required for water transport and structural 

support (Tobimatsu and Schuetz 2019). The chemical structure of lignin is 

complex and diverse (Chio, Sain and Qin 2019; Vanholme et al. 2019) and 

it varies according to origin (Xu et al., 2018), plant species, tissue, cell and 

wall layers, being influenced by internal and external factors (Vanholme et 

al. 2019).  

The main precursors for lignin polymerization are three 

hydroxycinnamyl alcohols, p-coumaryl alcohol, coniferyl alcohol and 

sinapyl alcohol (Figure 3), through radical coupling, to origin p-

hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin units, respectively 

(Chio, Sain and Qin 2019; Renault, Werck-Reichhart and Weng 2019). 

However, other diverse monomers have already been discovered (Renault, 

Werck-Reichhart and Weng 2019). Lignin can bind to hemicellulose and 

cellulose, forming the lignocellulose polymer. The lignocellulose 

compositions on xylem varying by 40 – 55% of cellulose, 24 – 40% of 

hemicellulose and 18 – 35% of lignin, depending on the wood type (Chio, 

Sain and Qin 2019).  

 

 

Figure 3. Basic monomers in lignin molecule. 
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According to the variation of its composition, lignin has several 

physical-chemical characteristics and biological activities (Renault, Werck-

Reichhart and Weng 2019). Lignin is part of the plant cell wall (Guo et al. 

2018) and provides hardness to the plant fibers and xylem cells. In addition, 

lignification confers resistance against animals and microorganisms, being 

considered a chemical and physical barrier (Renault, Werck-Reichhart and 

Weng 2019). 

 

 

5.3. Coumarins 

 

Coumarins are phenolic compounds of the molecular formula C9H6O2 

and 2H-1-benzopyran-2-one core structure (Matern, Lüer and Kreusch 

1999; Garrard 2014; Sui et al. 2019). Currently, there are more than 1,300 

known coumarins widely distributed in the Apiaceae, Fabaceae, Rosaceae, 

Rubiaceae, Rutaceae, Saxifragaceae and Solanaceae families (Sui et al. 

2019). Derived from the phenylpropanoid pathway, coumarins resulting 

from trans-cinnamic acids cyclization can be divided into four main 

categories: furanocoumarins (e.g., psoralen), simple coumarins (e.g., 

aesculetin, umbelliferone and scopoletin), pyranocoumarins (e.g., seselin) 

and pyrone-substituted coumarins (e.g., warfarin) (Figure 4) (Matern, Lüer 

and Kreusch 1999; Lin et al. 2013). 

 

 

Figure 4. Different categories of coumarins and examples. 
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Coumarins have many biological activities and industrial uses. Whereas 

the cosmetics industry uses it in perfumes, coumarins are important for 

producing anticoagulants in the pharmaceutical industry, such as synthetic 

warfarin (Lin et al. 2013; Revankar et al. 2017). Coumarins have many 

known biological activities, such as antifungal (Xu et al. 2019), antiviral 

(Hwu et al. 2019), antitumor (Dai et al. 2019), anti-inflammatory (Chen et 

al. 2017) and antithrombotic effects (Kasperkiewicz, Ponczek and Budzisz 

2018), and can also regulate plant growth (Abenavoli et al. 2006).  

 

 

5.4. Tannins 

 

Bate-Smith and Swain (1962) defined tannins as “naturally occurring 

water soluble polyphenolic compounds having a molecular weight between 

500 and 3000, capable of precipitating alkaloids as well as gelatin and other 

proteins from aqueous solutions”. Tannins are compounds that are widely 

distributed in nature, and found in plants utilized as food (grains, fruits, wine 

and tea) and feed (forage) that exhibit diverse structures (Chung et al. 1998; 

Huang et al. 2018; Hoyos-Martínez et al. 2019). Its distribution depends of 

the species and parts of plants being more abundant in barks, seeds, leaves, 

roots and rhizomes, as well depending on external factors (e.g., temperature, 

water, light) (Hoyos-Martínez et al. 2019).  

Usually, tannins are classified into two major groups: hydrolysable and 

condensed tannins (also referred to as proanthocyanidin) (Huang et al. 

2018). According to Chung et al. (1998), hydrolysable tannins contain a 

central core of polyhydric alcohol (mainly glucose), and hydroxyl groups 

esterified by gallic acid or hexahydroxydiphenic acid, yielding gallotannins 

and ellagitannins, respectively. After hydrolysis, gallotannins produce gallic 

acids and ellagitannins produce hexahydroxydiphenic acid that, by 

lactonization, yield ellagic acid. Condensed tannins are formed by the 

polymerization of flavonoids molecules, mainly flavan-3-ols and flavan-3,4-

diols, or a mixture of the two (Figure 5) (Chung et al. 1998; Huang et al. 

2018; Hoyos-Martínez et al. 2019).  
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In plants, the role of tannins includes protection against UV light and 

chemical defense against animals, insects, fungi and bacteria (Tondi et al. 

2013). Tannins are widely used in the pharmaceutical and food industry 

(Hoyos-Martínez et al. 2019). They are responsible for the astringency of 

fruits, juices and wines (Chung et al. 1998). Several biological activities are 

reported for these compounds, including antioxidant (Arina and Harisun 

2019), anti-inflammatory (Maryam et al. 2019), wounding health (Su et al. 

2017), and antimicrobial properties (Santos et al. 2017), as well as effects 

against some vascular complications of diabetes (Laddha and Kulkarni 

2019). 

 

 

Figure 5. Basic units of hydrolysable and condensed tannins. 

 

5.5. Lignans 

 

Lignans are phenolic compounds that consist of phenylpropanoids 

dimers formed by monomers, with the basic structure composed of C6-C3 

units (Landete 2012; Dar and Arumugam 2013; Kiyama 2016; Markulin et 

al. 2019). Its basic units are linked by the C8 central carbon of their propyl 

side chains (Umezawa 2003; Dar and Arumugam 2013). These dimers are 
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divided into three different groups: lignans, neolignans and hybrid lignans 

(Kumar, Silakari and Kaur 2012). Further, according to the carbon skeleton, 

oxygen presence and cyclization pattern, these groups are also subdivided 

into other subgroups: furofuran, furan, dibenzylbutane, 

dibenzylbutyrolactone, aryltetralin, arylnaphthalene, dibenzocyclooctadiene 

and dibenzylbutyrolactol (Umezawa 2003; Suzuki and Umezawa 2007). 

Like other compounds derived from phenylpropanoids, lignans are 

biosynthesized from L-phenylalanine by the phenylpropanoids pathway 

(Dar and Arumugam 2013; Kiyama 2016). 

Lignans can be found in a wide variety of foods and medicinal sources; 

sesame seeds and flax seeds contain high amounts of lignans (Satake, Ono 

and Murata 2013; Kiyama 2016). The availability of plant lignans is 

frequently limited because of the high cost of production and extraction, 

poor cultivation systems, a long growth phase, and low lignan content 

(Satake, Ono and Murata 2013). Podophyllotoxin and sesamin are two 

examples of important lignans that have been extensively investigated 

(Figure 6) (Chaurasia et al. 2012; Satake, Ono and Murata 2013). Several 

biological activities have been attributed to lignans, such as antioxidant 

(Landete 2012; Dar and Arumugam 2013), anticancer (Rauf et al. 2018), 

anti-estrogenic and estrogenic (Landete 2012; Kiyama 2016), analgesic 

(Borsato et al. 2000), liver protector (Fukumitsu et al. 2010) and anti-

inflammatory activities (During et al. 2012). 

 

 

Figure 6. Podophyllotoxin (A) and sesamin (B). 
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6. FACTORS INFLUENCING PAL ACTIVITY 

 

PAL is considered a key enzyme in the regulation of the biosynthetic 

phenylpropanoids pathway, which are precursors of an extensive number of 

phenolic compounds with many functions in plants (MacDonald and 

D’Cunha 2007; Huang et al. 2010). These compounds play important roles 

in a number of different pathways and can act as a defense against pathogens, 

protection against abiotic stresses, signal transduction and communication 

with other organisms, and also act as regulatory molecules (Wanner et al. 

1995; Kim and Hwang 2014). Thus, the evolutionary emergence of the 

phenylpropanoids pathway in plants is an important adaptation that allows 

for its defense against abiotic and biotic stresses (Kim and Hwang 2014), 

and causes PAL to be recognized as a marker of environmental stress in 

different plant species (MacDonald and D’Cunha 2007).  

In any given tissue, PAL levels may fluctuate significantly at relatively 

short intervals of time and in response to a wide variety of stimuli. These 

variations do not depend exclusively on their genotype, but also on the age, 

development, organ and even plant tissue (Camm and Towers 1973).  

Mechanisms that regulate PAL activity include allosteric effects, 

inactivation by specific proteases and the inhibition of the final product 

(Tena, López-Valbuena and Jorrin 1984). There is evidence that trans-

cinnamic acid also plays an important role in the down regulation of the 

phenylpropanoid pathway by the inhibition of PAL mRNA transcription 

(Edwards, Mavanad and Dixon 1990). Numerous reports of variations in 

levels of PAL activity in plants have already been recorded; some are 

described below. 

 

 

6.1. Intrinsic Factors 

 

The levels of PAL activity vary according to the stage of development, 

differentiation, cell type or tissue, as well as exposure to different stimuli 

(Jones 1984; Lois et al. 1989; Shufflebottom et al. 1993). PAL levels can be 

affected during the germination process. Generally, at the beginning of the 
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germination, the levels of this enzyme are very low or absent, then increase 

vertiginously, and then decline (Camm and Towers 1973). However, the 

pattern of these events can vary considerably, as described for brown rice, 

where PAL activity increased during the first two days of germination, but 

decreased thereafter (Cho and Lim 2018). Stages of intense cell division may 

also interfere with PAL levels, as described for Brassica oleracea anthers, 

in which immature anthers about 2 mm in length exhibited higher PAL 

activity compared to mature anthers or those less than 2 mm long (Kishitani 

et al. 1993). 

 

 

6.2. Infections Caused by Pathogens and Insect Attack 

 

Metabolic disorders and the impairment of PAL activity were verified 

in Capsicum annuum plants that had the gene responsible for the expression 

of the silenced PAL during infection by Xanthomonas campestris. In 

contrast, overexpression of this gene conferred an increase in PAL activity 

in healthy leaves infected with Pseudomonas syringae, compared to wild-

type Arabidopsis (Kim and Hwang 2014). 

The defensive reaction of an apple cultivar (Malus domestica Borkh.) 

was studied after inoculation with three different pathogens (Penicillium 

expansum, Monilinia fructigena and Gloeosporium spp.). PAL activity 

varied at the site of the fungal attack, in the tissues around the rotten zone 

and in the healthy part. The response to infection was different in the fruit 

peel and pulp. There was also a good correlation between PAL activity and 

total phenolic content (Schovánková and Opatová 2011). 

The activity of PAL in yellow grapefruit peel was inhibited by 

inoculating the fruit with Penicillium digitatum, not only in a place close to 

the infection, but also in areas further away from it. The degree of inhibition 

was related to the distance of the fungus from the analyzed region. Other 

tested fungi, such as P. digitatum, P. italicum and Geotrichum candidum, 

had a similar effect (Lisker et al. 1983). 

Hu et al. (2009) reported a defensive response in poplar plants after the 

herbivory of insects (Clostera anachoreta). The results showed that the 
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increased PAL activities were found not only in leaves damaged by C. 

anachoreta larvae, but also in their systemic upper leaves, indicating that the 

phenylpropanoids pathway was activated and the defense response was 

systemically stimulated. 

 

6.3. Wounding 

 

One of the main causes of the loss of quality in products of a vegetal 

origin is the darkening caused by the oxidation of phenolic compounds 

(Lopez-Galvez, Saltveit and Cantwell 1996). Wounds in the tissues of the 

midrib of lettuce may increase up to three-times the PAL activity when these 

are stored at 15°C, reducing the size of the central vein from 2.5 × 15 to 0.5 

× 1 cm. The wound generally induced maximum levels of enzyme activity 

within three days at 5°C and 1 day at 15°C (Lopez-Galvez, Saltveit and 

Cantwell 1996). Martínez-Téllez and Lafuente (1997) also associated the 

increase in damage caused by Citrus peel to an increase in PAL activity.  

The significance of glycosylation and the immunolocalization of 

enzymatic subunits of PAL-induced wounds on potato discs were studied by 

Shaw, Bolwell and Smith (1990). The results of this study indicate that 

tunicamycin inhibits the glycosylation of PAL, which, in turn, results in an 

imperfect folding of the enzymatic protein. The orientation of the active site 

is altered such that the affinity of the enzyme for its substrate is not affected, 

while the catalytic activity of the enzyme is reduced.  

 

 

6.4. Light 

 

It is known that light intensity plays an important role in the production 

and accumulation of phenolic compounds; therefore, it directly interferes 

with PAL activity (Rosa et al. 2019). A study conducted on lettuce leaves 

showed that a mixed blue and red radiation from LEDs increased the activity 

of PAL by 200%, compared to the control and other light treatments. This 

significant increase in PAL activity is strongly associated with anthocyanin 

production in the studied species (Heo et al. 2012). In contrast, the constant 
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absence of light does not stimulate the production and accumulation of PAL, 

but rather its inactivation system in apples (Tan 1980). Similar results were 

observed by Roubelakis-Angelakis and Kliewer (1986), who verified the 

maximum PAL activity in grapes was related to the presence of light, 

whereas in the fruits kept in the dark, the activity decreased during the 

experimental period. 

 

 

6.5. Ethylene 

 

Ethylene can induce PAL activity (Lisker et al. 1983). It has been shown 

that ethylene participates in plant defensive responses against stress  

(Yang and Hoffman 1984), but it is also involved in the induction of areas 

of necrotic tissue in commercialized plants (Hyodo, Kuroda and Yang 

1978). In a citrus cultivar (Citrus clementina Hort. Ex Tanaka x Citrus  

reticulata Blanco) kept under refrigeration, PAL activity increased in 

response to stress caused by cold, and was also higher in fruits kept under 

the action of ethylene, compared to those maintained only under cold air for 

the entire storage period (Lafuente, Sala and Zacharias 2004). 

It has been shown that the treatment of swede and parsnip roots with low 

levels of ethylene leads to increased respiration and a large increase in PAL 

activity. The increase in PAL activity is very sensitive to the level of 

ethylene; 1 ppm of ethylene is sufficient to induce half of the maximum 

response. The use of indole-3-acetic acid at 10-4 M also stimulates an 

increase in the endogenous production of ethylene in the studied plants and 

an increase in PAL activity, but this increase is small in relation to that 

induced by the saturation of the ethylene levels (Rhodes and Wooltorton 

1971). 

 

 

6.6. Carbohydrates 

 

The association of carbohydrates with PAL activity has been reported 

for maize and potato enzymes (Havir 1979; Shaw, Bolwell and Smith, 
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1990). The amount of carbohydrates associated with corn PAL was 

appreciable. However, removal of the polysaccharide (composed of 

arabinose and galactose) is accompanied by large decreases of PAL activity. 

It appears that the in vivo localization of the enzyme may depend on its 

ability to bind to specific polysaccharides (Havir 1979). In potato disks, as 

in maize, PAL activity is closely related to the presence of sugars. When in 

the presence of a protein glycosylation inhibitor, potato disks incubated with 

sucrose, the activity of PAL is reduced (Shaw, Bolwell and Smith, 1990). 

This behavior is not different in grapefruit, in which the presence of sucrose 

is a determinant for the increase in PAL activity (Roubelakis-Angelakis and 

Kliewer 1986).  

 

 

6.7. Methyl Jasmonate 

 

Methyl jasmonate (MeJA) is a compound that naturally occurs in plants 

and plays important roles in growth and development, fruit ripening and 

responses to environmental stresses (Creelman and Mullet 1997). MeJA 

treatment significantly reduces post-harvest peach diseases by increasing 

PAL activity (in addition to other enzymes), culminating in the high 

synthesis of phenolic compounds (Jin et al. 2009). 

The effect of MeJA on in vitro cultured cells was also studied. The 

addition of MeJA to the culture medium induced PAL activity in tobacco 

cell cultures. Complementary experiments showed that the increase in PAL 

activity was preceded by the accumulation of PAL mRNA. However, PAL 

was transcriptionally and enzymatically induced faster in cultures treated 

with Fusarium solani extract, compared to the cells treated with MeJA 

(Sharan et al. 1998). Similar behavior was observed by Gutiérrez-Carbajal 

et al. (2010), with the addition of 500 μM of MeJA to the cell cultures of 

Capsicum chinense. 
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6.8. Salinity 

 

The response of plants to salinity is different between the different plant 

species; this variation can classify these plants as tolerant or sensitive species 

(Ayers and Westcot 1994). Studies carried out by Astaneh et al. (2018) 

showed that PAL activity was significantly affected by the application of 

NaCl and selenium. With increasing selenium concentration in non-saline 

conditions, the activity of PAL decreases significantly. Under salinity levels 

(30, 60 and 90 mM NaCl) without the application of selenium, PAL activity 

increases significantly in garlic leaves. In this study, increased PAL activity 

may be related to a response to cellular damage caused by higher 

concentrations of NaCl. A similar result was found for Salvia species, in 

which saline stress can increase PAL activity by 42 – 45% (Valifard et al. 

2015). 

 

 

6.9. Temperature 

 

The literature reports an increase in PAL activity in response to low 

temperatures in different species (Tan 1980; Graham and Patterson 1982; 

Leyva et al. 1995; Lafuente, Sala and Zacharias 2004; Jeong et al. 2012). 

This behavior was also verified by Martinez-Téllez and Lafuente (1995), 

since the reduction in cold-induced injuries promoted by the packing of 

citrus fruits at a slightly higher temperature (10°C) may reduce PAL activity. 

 

 

6.10. Mineral Deficiency 

 

Tan (1980) reports that nitrogen and potassium deficiency increases the 

accumulation of PAL and decreases the accumulation of the PAL 

inactivation system in the leaves from apple trees grown in greenhouses. In 

Matricaria chamomilla, PAL activity was significantly higher in nitrogen-

deficient foliar rosettes after 4 and 8 days (61% and 23%, respectively), but 

decreased to the control level at the end of the experiment. Thus, the 
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mechanism of tolerance to nitrogen deficiency due to the increased activity 

of PAL is temporally limited (Kováčik et al. 2007). Ibrahim and Jaafar 

(2011) also showed that as the nitrogen concentration increases, the levels 

of PAL decrease significantly in Labisia pumila. 

 

 

6.11. UV Radiation 

 

Prolonged exposure to UV-B light can result in decreased biomass, 

photosynthetic efficiency and plant growth rate (He, Huang and Whitecross 

1994). However, plants have a variety of mechanisms to bypass the damage 

caused by UV light, such as: a) stimulation of the synthesis of compounds 

that absorb UV-B (Li et al. 1993); b) the increased metabolism of 

phenylpropanoids and some flavonoids (Kubasek et al. 1992); and c) 

morphological changes, such as a decrease in plant height and leaf area, and 

an increase in leaf thickness (Sisson and Caldwell 1976). In the exposure of 

rice seedlings to UV-B radiation, there was a four-fold increase in PAL 

activity (Sarma and Sharma 1999). Similar behavior was observed in 

cucumber plants irradiated with UV-B, 15 days from sowing, for 6 hours per 

day, in which a 27 – 78% increase in PAL activity was observed (Krizek et 

al. 1993). 

 

 

CONCLUSION 
 

PAL is a key enzyme for plant development that connects the carbon 

flux from primary metabolism with the phenylpropanoids pathway, an 

economically important metabolic pathway producing secondary 

metabolites, such as flavonoids, lignans, tannins, coumarins and lignin. 

Many of these aromatic compounds have high economic value for health 

human and also for plant growth, development and plant-environment 

interactions. Advances in studies about the complex regulatory mechanisms 

of the phenylpropanoid pathway, specially related to PAL, will allow for a 

deeper understanding of the other roles of these compounds in higher plants. 
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ABSTRACT 

 

Organochalcogen compounds have been used as the building blocks 

for the development of a variety of catalysts for several chemical 

transformations including transfer hydrogenation, which has been 

thoroughly studied during last two decades. Transfer hydrogenation, a 

reaction in which carbonyl compounds are reduced to the corresponding 

alcohols, is extremely important as it avoids the requirement and use of 

inflammable hydrogen gas and equipment associated to handle it. 

Organochalcogen ligands (with or without co-ligands) in combination with 

a metal salt have been used as a catalyst for this reaction. Such catalysts 

include both transition metal complexes as well as nano-catalysts. The 

catalysts, developed using organochalcogen compounds, have been 

reported to be less moisture- and air-sensitive. In addition, they are equally 

efficient as that of phosphorous based catalytic systems and, sometimes 

more efficient than the phosphorous counterpart. A critical analysis of the 

the development of molecular as well as nanocatalysts based on 

organochalcogen ligands and their application in the transfer 

hydrogenation is presented in this chapter. In addition to covering the 

synthesis of chalcogen ligands, their metal complexes and nanoparticles 

(NPs), emphasis has also been laid down on the catalytic potential and 

mechanisms of catalysis. It also includes the tools used for characterization 

as well as future scope of this area. 

 

Keywords: Coordination, piano-stool, chalcogen, DFT, transfer 

hydrogenation 

 

 

INTRODUCTION 

 

The catalytically important transition metal complexes of 

organochalcogen ligands were firstly synthesized and structurally 

characterized in the year 1980 [1, 2]. Such complexes have emerged as a 

new class of efficient, air-stable and moisture insensitive catalysts during 

last two decades [1, 2]. Their application in catalysis was reported in year 

1998 for the first time when Rutherford and co-workers used a fluorous 

aliphatic analog of Wilkinson catalyst in catalyzing hydrogenation of 

alkenes [3]. Subsequently, Yao and co-workers reported a very interesting 

example of such complexes in year 2004. They used palladium complex of 
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an organoselenium ligand as a catalyst for the Heck coupling reaction [4]. 

In this case, the selenium ligated palladium complex was reported to be more 

efficient than its sulphur and phosphorous counterparts [4]. However, such 

complexes were not explored as catalysts for transfer hydrogenation reaction 

at all during the first decade of 20th century. In 2010, Singh and co-workers 

have designed bidentate and tridentate organochalcogen ligated transition 

metal complexes, and explored their efficiency for various catalytic 

reactions such as transfer hydrogenation of ketones and oxidation of 

alcohols [5]. Transfer hydrogenation holds an important place among all 

chemical transformations. It involves the reduction of carbonyl compounds 

(aldehydes and ketones) to yield primary and secondary alcohols [6]. These 

products have wide applications ranging from pharmaceutical to 

agrochemical industry. This type of reactions have an edge over other 

hydrogenation reactions since the carbonyl groups can be conveniently 

reduced to their respective alcohols without using flammable hydrogen gas 

and sophisticated experimental setup [7]. The common sources for hydrogen 

in transfer hydrogenation reactions are solvents like 2-propanol [7], solution 

of sodium formate, sodium formate-formic acid mixture, glycerol [8], etc. 

which have easy availability and handling in comparision to the hazardous 

pressurized hydrogen gas. 

 

 

Figure 1. Transfer hydrogenation of aldehydes and ketones. 

Over the last two decades, a variety of organochalcogen ligands 

including (i) pincer type, (ii) chalcogenated Schiff bases and (iii) 

chalcogenated ethers, have been used for the development of catalysts for 

transfer hydrogenation as well as other important chemical transformations 

[5, 7, 9−45]. In addition to stability towards air and moisture, the other 

advantage associated with the organochalcogen ligands and their metal 

complexes is the ease in their handling as they do not require inert 
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atmosphere to carry our air insensitive reaction [44, 46]. The presence of 

soft donor (S/Se/Te) along with hard donor (N, O−) in ligands framework 

allows them to chelate with variety of transition metals like Pd(II), Ru(II), 

Rh(III), Ir(III), etc. [9−45]. Such metal complexes have also been reported 

to show an efficient catalytic property. It is due to the easy oxidative addition 

as chalcogen-metal bond length is longer in comparison to that of 

phosphorus to metal bond. 

 

 

CHALCOGEN LIGATED METAL COMPLEXES 

 

Organochalcogen Ligands with Chalcogenoether Functionality 

 

Transition metal complexes of chalcogenoether ligands (ArEAr; E = 

S/Se/Te) have diverse applications because they serve as scaffolds for 

biological activity [47], single-source precursors for metal chalcogenide 

materials [48] and catalysts [13-18]. Their supramolecular chemistry with s, 

p and d block elements has also received considerable attention [49]. Some 

interesting reports exist on their exploration as catalysts in chemical 

transformation such as transfer hydrogenation of aldehydes and ketones. 

Chalcogen ligated half-sandwich complexes of Ru(II), Rh(III) and Ir(III) 

have been explored for transfer hydrogenation reactions [5, 9−19]. Ligands 

L1−L3 with chalcogenoether functionality have been synthesized by 

reducing their corresponding Schiff base analogs with NaBH4 [5]. Half 

sandwich Ru(II) complexes 1−3 have been prepared (Scheme 1) by treating 

these ligands with a suitable Ru(II) precursor [5]. In addition to 1H and 13C 

NMR spectroscopy, 77Se and 125Te NMR spectroscopic techniques have also 

been used to characterize the ligands and metal complexes. The signal in 
77Se NMR shows a deshielding of 73.3 ppm with respect to the free ligand 

L2 upon formation of complex 2, indicating the coordination of Se to Ru(II) 

center. A similar trend has also been observed in 125Te NMR spectrum of 

L3. The 125Te signal in case of complex 3 showed a deshielding of 258.5 

ppm with respect to the free ligand L3. Single crystal diffraction studies 

indicate a (S, N, E) tri-coordination and benzene occupying an axial position 
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resulting in the formation of three-legged piano-stool geometry (Scheme 1). 

These complexes (1−3) have been explored for the transfer hydrogen of 

ketones at 80ºC with 0.001 mol% of catalyst loading. Acetophenone gave 

the most efficient conversion with all the three complexes while with 

aliphatic secondary ketones (such as cyclopentanone, cyclohexanone, 2-

penatnone, 2-butanone), around 90% conversion was obtained under 

optimal reaction conditions. The catalyst efficiency was found to be 

perturbed by the nature of the chalcogen donor atom. Organotellurium 

ligated Ru(II) complex 3 was found to be the most efficient followed by 

selenium analog (2). The organosulphur ligated Ru(II) complex 1 showed 

least reactivity. This is the same order in which softness of the donor site 

decreases. The possibility of further increase in the softness of “Te” has been 

attributed due to the presence of electron releasing methoxy group para to 

tellurium which in turn resulted in the higher efficiency of the 

organotellurium ligated Ru(II) complex 3 [5].  

 

 

Scheme 1. Preparation of ligands L1−L3 and their Ru(II) complexes 1−3. 

Unsymmetric bidentate 1-benzyl-3-phenylchalcogenylmethyl-1,3-

dihydrobenzo imidazole-2-chalcogenone ligands (L4−L7) having a unique 

combination of thione and selone donor sites have been reported (Scheme 

2) [9]. The reaction of 1 H-benzoimidazole with benzyl bromide, PhECH2Cl 

followed by addition of elemental S or Se led to the formation of ligands 

L4−L7 (Scheme 2). Half sandwich ruthenium complexes 4−7, have been 

synthesized by reacting appropriate ligand with [(ƞ6-C6H6)RuCl(μ-Cl)]2. 

The corresponding Ru(II) complexes were precipitated as their PF6
− salt by 
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reacting them with NH4PF6 at room temperature [9]. 77Se NMR 

spectroscopic technique has been used to understand the change after 

complexation. The 77Se signal of selenoether functionality in complexes 4 

and 5 appears to be deshielded by 13.4 and 112.0 ppm respectively with 

respect to that of the corresponding ligands. The peak due to selone group 

in complex 6 in 77Se NMR showed a shielding of 103.8 ppm. Such a peak 

was not observed for complex 4 due to broadening of the signal. It has been 

reported that relaxation time of Se increases when Ru coordinates with 

selone Se, which in turn results in signal broadening. The crystal structure 

of complexes exhibited the pseudo-octahedral half sandwich “piano-stool” 

geometry. Complexes 4−7 have been explored for their catalytic efficiency 

in transfer hydrogenation of aldehydes and ketones using various sources of 

hydrogen. Of all the sources screened, 2-propanol and glycerol showed 

promising results. The higher amount of catalysts was required when 

glycerol is used as a hydrogen source as compared to 2-propanol. Complex 

6 showed maximum efficiency, which has been further corroborated by DFT 

results as the HOMO−LUMO energy gap was found to be minimum in case 

of 6 when compared to other complexes. The catalytic pathway involves 

lengthening or breaking of Ru-Cl bond in order to generate a vacant site for 

the coordination resulting in the formation of Ru-H intermediate [9]. It is 

also supported by the appearance of a signal in 77Se NMR for complex 6. 

The 77Se NMR signal was found to be shifted to higher frequency by 17 

ppm.  

Two chalcogen containing ligands L8 and L9 have been synthesized 

(Scheme 3) via the reaction of 1,2-bromomethyl benzene with a suitable 

sulphur/selenium precursor [10]. The L8 was utilized in the preparation of 

two half sandwich Rh(III) complexes 8 and 9 (Scheme 3). Ligand L9 was 

used for the preparation of Ir(III) complexes 10 and 11 (Scheme 3). 

Multinuclei NMR spectroscopic techniques have been used for the purpose 

of characterization. 77Se NMR signal was found to be shifted downfield by 

9.0 ppm in case of Rh(III) complex 9 with respect to ligand L9, whereas a 

higher deshielding of 20 ppm was observed in case of complex 11 with 

respect to corresponding ligand L9. All the four complexes exhibited nearly 

similar molecular structure.  
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Scheme 2. Synthesis of Ru(II) complexes 4−7. 

The cations of these complexes showed pseudo-octahedral half sandwich 

“piano-stool” geometry around the metal center. CH·F secondary 

interactions due to involvement of the CH of benzene and F of PF6
− anion 

resulted in the formation of chain like structures. All the four complexes 

have been explored for transfer hydrogenation of carbonyl compounds at 

120ºC. It was observed that catalysts 9 and 11 took shorter reaction time 

when compared with N-heterocyclic carbene based Ir(III) complexes [50]. 

In terms of shorter reaction time, required for the formation of products in 

significant yields, the complexes 8−11 have been found to be more efficient 

than some specific Ru(II) precursors such as Ru(p-cymene)Cl2, 

RuCl2(TPPS)3 and [Ru(η6-arene)-(NHC)CO3] reported by various 

researchers [51]. These precursors have also been tested for catalyzing the 

transfer hydrogenation of carbonyl compounds in glycerol [51]. It was also 

observed that the selenium analogs were superior to their sulfur congeners. 

It may be attributed to the fact that selenium is a better sigma donor as 

compared to sulfur in analogous derivatives. Higher sigma donor ability of 

Se promotes the formation of hydride, which in turn results in higher 

catalytic efficiencies for selenium ligated metal complexes. The catalytic 

efficiencies of Rh(III) catalysts 8 and 9 were found to be better than that of 

Ir(III) catalysts. DFT calculations also corroborated this result as the 
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HOMO−LUMO energy gap in case of Rh(III) catalysts was found to be 

lower than Ir(III) catalysts [10]. 

 

 

Scheme 3. Synthetic strategy for the preparation of Rh(III) and Ir(III) complexes. 

Three bidentate (E,E') chalcogenoether ligands have been reported 

(Scheme 4) along with their Rh(III) (12−14) and Ir(III) (15−17) complexes 

by Singh and co-workers [11]. During NMR spectroscopic characterization, 

a deshielding of ~65 ppm was observed in the 77Se NMR of complexes 13, 

14, 16 and 17 with respect to that of corresponding free ligands. 

Interestingly, the formation of diastereomers occurs in 14 and 17, leading to 

emergence of two signals in their 77Se NMR spectra. The structure 

elucidation revealed the “piano stool” arrangement of donor atoms around 

Rh/Ir in these complexes. The metal complexes were explored for transfer 

hydrogenation of ketones in iso-propanol at 0.01 mol% of catalyst loading. 

The most efficient conversion was observed when acetophenone was used 

as a substrate. The other aliphatic ketones such as cyclopentanone, 

cyclohexanone, and propiophenone, showed a conversion of >90% in 5 

hours of reaction time while in case of 2-octanone and 2-pentanone, a 

conversion of 85% and 88% have been obtained. In these cases, an average 

TON of 8000-9000 was observed. A maximum TON of 95000 has been 

achieved using catalyst 14 for transfer hydrogenation of benzophenone. The 

nature of chalcogen donor showed a marginal effect on the catalytic potential 
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of the complex as the compounds containing (Se,Se) donor atom were 

slightly better in catalyzing the reaction than those containing (Se,S) and 

(S,S) donor groups. The 77Se NMR spectrum of reaction mixture was also 

recorded in order to gain insight into the catalytic process. A deshielding of 

20-25 ppm was observed which may be attributed to the breaking of M−Cl 

bond and formation of M−H intermediate [11]. 

 

 

Scheme 4. Synthesis of complexes 12−17. 

 

Organochalcogen Ligands with Triazole Core 

 

Organochalcogen ligands (L13−L16) having a triazole core (Scheme 5) 

have also emerged as promising building blocks for catalytic systems. Their 

peculiar feature is the presence of two different types of N donors [N(2) and 

N(3)] in the framework of the same triazole unit [11]. Click reaction between 

azidomethyl benzene and phenyl propargyl suphide/selenide have been used 

to prepare such ligands (Scheme 5). Their half sandwich Ru(II) complexes 
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18−21 have also been synthesized (Scheme 5) [12]. The interesting fact 

about click chemistry is the simplicity, easy handling and reliability involved 

in the synthetic procedure (Scheme 5). The structure elucidation of the 

Ru(II) complexes revealed that one of the benzene rings occupies one face 

of the octahedron in all the four complexes. The coordination sphere is 

completed by the chelation of the nitrogen, sulfur and chlorine atom with the 

metal center. It was also observed that all four complexes 18−21 exhibit 

overall three-legged piano stool conformation. All the four complexes have 

shown good to excellent conversions in the reduction of carbonyl 

compounds to their respective alcohols in just 3 hours. Complexes 20 and 

21 that show involvement of N(2) of triazole in the coordination with the 

metal were found to be more efficient than the other two complexes (18, 19) 

where N(3) of triazole ring is involved in coordination with metal center. 

Theoretical calculations are in line with the experimental results as 

HOMO−LUMO energy gaps are higher for 18 and 19 in comparison to 20 

and 21. When attempts were made to gain insights into the mechanistic 

aspects, 77Se NMR spectroscopy was used to monitor the reactions under 

catalysis with complexes 19 and 21. A spectral shift of 17−20 ppm was 

observed, which indicated the weakening of M−Cl bond in order to create 

vacant coordination site for M−H bond formation. Thus, it was suggested 

that reaction proceeded via the formation of the metal hydride intermediate 

[12]. 

 

 

Scheme 5. Synthesis of Ru(II) complexes 18−21 with triazole core. 
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Scheme 6. Preparation of Rh(III) and Ir(III) complexes 22−29. 

Triazole based organochalcogen ligands L13−L16 have also been 

utilized for the synthesis of Rh(III) and Ir(III) complexes (22−29) (Scheme 

6) [13]. Such complexes have also been investigated for the reduction of 

carbonyl compounds. The 77Se NMR signals of the metal complexes 23, 25 

and 27 have been found to be deshielded by 65.5, 8.9 and 38.4 ppm 

respectively in comparision to the corresponding ligands. However, 

complex 29 showed a shielding of 10.6 ppm with respect to the free ligand 

in 77Se NMR spectrum. These complexes have been utilized as catalysts for 

transfer hydrogen reactions using potassium hydroxide as a base at 80 ºC in 

iso-propanol. The reactions have been carried out at moderate temperature 

using 0.01-0.001 mol% of catalyst, and good to excellent conversions were 

observed. The effect of chalcogen donor atom was also evident as selenium 

ligated complexes were marginally more efficient than their sulfur 

counterparts. Moreover, Rh(III) analogs were superior in terms of efficiency 

in comparison to Ir(III) complexes since 0.001 mol % of the former was 

sufficient to catalyze the reactions in 3h at 80ºC. Transfer hydrogen reactions 

catalyzed by 23 and 29 have been monitored by 77Se NMR technique to 
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gather information about the reaction mechanism. A higher shift in the 

frequency by 20-25 ppm was observed, and also interpreted as an indication 

of the dissociation of M−Cl bond and the formation of M−H intermediate. 

A loss of cyclopentadienyl ring occurred in case of both Rh(III) and Ir(III) 

complexes, which led to the formation of catalytically active species [13].  

Another set of triazole based organochalcogen ligands L17 and L18 has 

been designed (Scheme 7) by Singh and co-workers [14]. The ligands were 

utilized in the synthesis of Ru(II) complexes 30 and 31 using [Ru(η6-

benzene)RuCl(μ-Cl)]2 as a ruthenium source (Scheme 7). In addition to 1H 

and 13C NMR, the ligands and Ru(II) complexes have also been 

characterized by the 77Se NMR technique. The 77Se signal shifted 

downfield by 85.2 ppm in case of 31 with respect to the corresponding free 

ligand L2. The structures of the metal complexes were also authenticated 

using single-crystal X-ray crystallography. The metal complexes were 

explored for the transfer hydrogenation of carbonyl compounds using 

glycerol as a hydrogen source at 110ºC. Various substrates were explored 

and it was observed that complex 31 showed better efficiency in catalyzing 

this reaction in comparison to 30. Conversions >70% have been obtained 

when complex 31 was used with a maximum conversion of 99%, obtained 

in the case of acetophenone. The catalytic efficiencies of complexes 30 and 

31 were found to be better than those of some Ru(II) precursors. It has been 

attributed to the strong ligating properties of the chalcogen donor ligands 

and the steric hindrance on N-arene ring. The nature of catalysis was also 

investigated using Hg and PPh3 poisoning tests. As Hg/PPh3 does not 

significantly inhibit the yield of the product, the possibility of heterogeneous 

catalysis may be ruled out [14]. 

 

 

Scheme 7. Synthetic strategy for the synthesis of L17−L18 and 30−31. 
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Singh and co-workers have also reported the Ru(II) complexes 32−35 

of 1,4-bis(phenylthio/selenomethyl)-1,2,3-triazoles L19−L22 synthesized 

(Scheme 8) via click reaction of sulphated/selenite azide and 

sulphated/selenated alkyne [15]. The 1H, 13C and 77Se NMR spectra 

showed a shift in the signal(s) towards higher frequency after the ligation of 

the metal due the significant change in the distribution of electron density. 

Single crystal X-ray studies revealed a sheet-like structure for all the four 

complexes resulted due to the secondary interactions of C−H of arene of 

cationic complex with the F of PF6
− anion. These complexes have been 

explored for transfer hydrogen reaction using 0.01 and 0.5 mol % of Ru(II) 

catalyst in iso-propanol and glycerol, respectively. The maximum 

conversion was achieved in 3 hours when either of the hydrogen sources 

used. In addition, 0.2 mol% and 0.5 mol% of catalyst loading were reported 

to be optimum in iso-propanol and glycerol respectively. The mechanistic 

study revealed that reaction proceeded via homogeneous catalytic pathway 

[15]. 

 

 

Scheme 8. Ru(II) complexes 32−35. 

 

Organochalcogen Ligands with Pyridine Framework 

 

Substituted pyridine-organochalcogen derivatives have been reported 

(Scheme 9) to serve as attractive ligands in the designing of catalysts for 
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transfer hydrogenation reactions [52]. (2-Arylchalcogenomethyl) pyridine 

[L = L23–L25] and bis(2-pyridylmethyl)chalcogenide [L = L26–L27] 

(chalcogen = S, Se; Ar = Ph/2-pyridyl for S, Ph for Se) are the examples of 

such ligands [16]. Though several Ru(II) complexes of pyridine substituted 

ligands had been reported [53], their utilization as catalysts for transfer 

hydrogenation is limited. The reactions between (2-arylchalcogenomethyl) 

pyridine [L23–L25] and [(η6-C6H6)RuCl2]2, followed by anion exchange 

with NH4PF6 [16], have been used to prepare the half sandwich Ru(II) 

complexes (36–38) with a general formula [(η6-C6H6)Ru(L)Cl][PF6] 

(Scheme 9). Similar methodology has been adopted to synthesize Ru(II) 

complexes (39 and 40) with a general formula [(η6-C6H6)Ru(L)Cl][PF6] 

(Scheme 9) by reacting bis(2-pyridylmethyl)chalcogenide [L = L26–L27] 

with [(η6-C6H6)RuCl2]2, followed by anion exchange with NH4PF6 [16]. 

NMR spectroscopic characterization shows that a deshielding of 25 ppm in 

the 77Se NMR spectral signal of complex 37 with respect to free ligand L24. 

However, complex 40 showed a shielding of 32 ppm with respect to 

corresponding ligand L27 in 77Se NMR spectrum. This may be attributed 

to the strong binding and shorter bond lengths of Ru−Se in case of 40 in 

comparison to 37. The crystal structures of Ru(II) complexes showed the 

coordination of Se with metal center which was also confirmed by 77Se 

NMR studies. Ru(II) complexes bearing pyridine-based tridentate ligands 

and 2-(aminomethyl)pyridine showed good conversions as lower reaction 

time is required at a catalyst loading of 0.1–1.0 mol%. Several other Ru-

complexes have been reported for catalysis of transfer hydrogenation but in 

comparison with 37, either they require higher catalyst loading or longer 

reaction time. High TON of the order of 102−103 has been achieved with the 

highest value of 9.9 × 103. The selenium ligated Ru complexes have shown 

better catalytic efficiencies than that of Ru–S complexes. Bidentate 

complexes have been found to show higher activity as compare to tridentate 

complexes. The results have also been supported by DFT calculations on the 

basis of HOMO-LUMO energy gaps [16]. 

A new class of water-soluble half-sandwich complexes 41−43 (Scheme 

10) of type [(ƞ5-Cp*/ƞ6-benzene)M(L)Cl][PF6] have also been reported [17]. 

In such complexes, the ligand (L28) is 2-(pyridine-2-ylmethylsulfanyl)-
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benzoic acid. Syntheses 41−43 involve the reaction of L28 with [(ƞ5-Cp*/ƞ6-

benzene)MCl(μ-Cl)]2, (benzene, M = Ru; Cp*, M = Rh, Ir) followed by anion 

exchange with NH4PF6. These complexes showed water solubility due to the 

presence of uncoordinated–COOH groups (Scheme 10). Complexes 41−43 

have been explored for the transfer hydrogenation of carbonyl compounds 

in water with glycerol as hydrogen donor and showed good efficiency. 

Catalytic efficiency for 42 was found to be maximum. The reasons for its 

high efficiency have also been supported by DFT studies. The 

HOMO−LUMO energy gap was calculated for complexes 41−43. This 

energy gap was found to be minimum for rhodium complex 42, indicating 

its maximum reactivity as observed experimentally [17]. 

 

 

Scheme 9. Ru(II) complexes 36−40 with pyridine scaffold. 
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Scheme 10. Synthesis of 41−43. 

 

Organochalcogen Ligands with Imine Functionality 

 

 

Scheme 11. Synthesis of Ir(III) complexes with anthracene core. 

Schiff bases constitute to be an important category of ligands because of 

their easy preparation and handling. A combination of the soft donor 

(S/Se/Te) and a hard donor (Nimine) can easily be introduced in their 

frameworks which can further tune their ligation properties [54]. 

Chalcogenated Schiff base ligands L29 and L30 have been synthesized 

(Scheme 11) by condensation of anthracene-9-carbaldehyde with 2-

(phenylthio/seleno)ethylamine [18]. Further the reaction of ligands L29 and 

L30 with [(ƞ5-Cp*)IrCl(μ-Cl)]2 in presence of CH3COONa resulted in the 

formation of iridacycles, 44 and 45. When the same reaction was performed 
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in absence of CH3COONa, it resulted in the formation of iridium complexes 

46 and 47, in which metal center is ligated with L29 and L30 in bidentate 

manner (Scheme 11). During ligation, the formation of Ir−Se bond is 

confirmed by a shift of the order of 103-105 ppm in the signal in the 77Se 

NMR spectra of 45 and 47 with respect to that of ligand. Complexes 44−47 

have been used for catalyzing transfer hydrogenation of aldehydes and 

ketones in 2-propanol at a low catalyst loading of 0.1−0.5 mol%. Out of 

complexes 44−47, complex 46 displayed maximum efficiency for this 

reaction. It is attributed to the fact that it can easily give the coordinatively 

unsaturated species, which led to the formation of final product. There are 

only few reports available on base free transfer hydrogenation reactions and 

those required a high catalyst loading of 1.0 mol %. However, complexes 

44−47 have been found to be efficient for base free transfer hydrogenation 

as they catalyze this reaction in the absence of a base at 0.1−0.5 mol % 

catalyst loading only [18]. 

 

 

Scheme 12. Preparation of different Pd(II), Ru(II) and Rh(III) complexes. 

Palladium (II), ruthenium (II) and rhodium (III) complexes of the 

ligands L29 and L30 (Scheme 12) have also been reported [19]. The ligands 

L29 and L30 have been synthesized by known methods in which the 
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condensation of anthracene-9-carbaldehyde is carried out with 2-

(phenylthio/seleno)ethyl amine. For the syntheses of palladium (II) 

complexes 48 and 49, L29 and L30 have been reacted with Na2PdCl4 in the 

acetone-water mixture. The L29 and L30 behave as (C−, N, E) donor pincer 

ligands. The reaction of chloro bridge Ru precursors [(ƞ5-C6H6)RuCl(μ-Cl)]2 

and [(ƞ5-C6H6)RhCl(μ-Cl)]2 with L29 and L30 at room temperature yielded 

complexes 50,51 and 54, 55, respectively. For the synthesis of rhodium 

metalacycles, 52 and 53, L29 and L30 have been reacted with [(ƞ5-

C6H6)RhCl(μ-Cl)]2 in presence of sodium acetate (Scheme 12). A 

deshielding of 56.4, 159.1 and 114.8 ppm was observed in 77Se NMR spectra 

of 49, 51 and 53 with respect to corresponding free ligand, indicating the 

formation of M−Se bond. All complexes 48−55 were air and moisture 

insensitive and thermally stable. Palladium (48−49) and rhodium (52−55) 

complexes were explored for the transfer hydrogenation reactions at a 

catalyst loading of 0.05−0.2 mol % for 48−49 and 0.2-0.5 mol % for 52−55. 

These complexes showed maximum efficiency in catalyzing these reactions 

under base free conditions. Complex 54 has displayed maximum efficiency 

for the catalytic transfer hydrogenation reactions. Mercury poisoning test 

revealed the homogenous nature of catalysis [19].  

 

 

Scheme 13. Ru(II) complexes 56−58. 
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Singh and co-workers reported three Ru(II) complexes 56-58 (Scheme 

13) of type fac-[(η6-C6H6)Ru(L)].2PF6
 [5]. Such complexes have been 

synthesized by the reaction between 2-MeSC6H4CH=NCH2CH2E-C6H4-4-R 

and [{(η6-C6H6)RuCl(μ-Cl)}2] followed by anion exchange with NH4PF6 

(Scheme 13). During the metalation reaction, similar trend in the change of 

signal of 77Se and 125Te NMR spectra of ligands was observed. The signal in 
77Se and 125Te NMR spectra becomes desheilded by 103.2 and 253.7 ppm 

upon formation of 57 and 58 respectively from corresponding ligands. The 

catalysts were investigated for transfer hydrogenation of various ketones in 

2-propanol at 0.001 mol % of catalyst loading. The Ru(II) complex 

containing organotellurium moiety served as the most efficient catalyst 

among the three. In terms of efficiency, if these Ru(II) complexes containing 

Schiff bases functionality are compared with the Ru(II) complexes of 

corresponding secondary amines, it may be observed that there is an 

insignificant difference among the six complexes. Therefore, it can be 

concluded that catalytic reaction proceeds through a classical mechanism 

[5]. 

 

 

COMPARISON AMONG CATALYTIC EFFICIENCY  

 

Among all the complexes, 1−58, investigated for transfer hydrogenation 

reaction, the best catalytic efficiency has been observed with 

organotellurium ligated Ru(II) complex 3 (Scheme 1) with a turn over 

number of 98,000 for the conversion of acetophenone to 1-phenylethanol [5] 

followed by organotellurium ligated Ru(II) complex 58 [5] bearing an imine 

functionality (TON = 97,000) [5]. The catalytic efficiency of 

organoselenium ligated Ru(II) complexes 2 (Scheme 1) and 57 (Scheme 13) 

is also very high and value of TON (95000) achieved [5] using these 

complexes is slightly lower than that of the best catalysts i.e., 3 and 58. 

Among the Rhodium complexes, the highest TON of 78,000 has been shown 

by Rh(III) complex 25 bearing two selenium atoms in the framework [13]. 

A high TON value of 9,800 has also been observed with Ir(III) complex 17 
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[11]. The lowest TON reported for Ru(II), Rh(III) and Ir(III) complexes 41, 

8, 10 are 180 [17], 60 [10] and 55 [10] respectively. The least catalytic 

potential has been reported for Ir(III) complex 10 [10]. It can also be 

concluded that Ru(II) complexes are more efficient in catalyzing transfer 

hydrogenation reaction in comparison to Rh(III) and Ir(III) complexes  

[9-19]. The effect of the ligation properties of chalcogen donor atom was 

also evident as tellurium ligated metal complexes were most efficient among 

all [5].  

 

 

NANOCATALYSTS STABILIZED  

WITH ORGANOCHALCOGEN LIGANDS 

 

Nanocatalysts have gained significant attention in the recent past. The 

high surface area to volume ratio of nanoparticles has a great influence on 

their properties. The high catalytic activity at low concentration makes them 

significant in catalysis [55]. Recyclability in combination with high 

selectivity under mild reaction conditions widens their scope [56]. The major 

drawback associated with them is their tendency to agglomerate in the 

absence of good stabilizer or in the presence of a poor stabilizing agent. 

Agglomeration reduces the catalytic activity of nanoparticles (NPs). Thus, 

NPs have to be stabilized with suitable protecting agents to prevent 

agglomeration without hampering their catalytic activity [32]. The  

role of the protecting ligands is to determine the size, dispersion and  

shape of the nanoparticles. The strong ligation properties of carboxyl,  

amine and hydroxyl groups stabilize nanoparticles efficiently but inhibit 

their use as a catalyst [57, 58]. In order to develop the catalytically recyclable 

nanoparticles, ligands must be strong enough to stabilize them through 

ligation without comprmising with their catalytic activity [32]. 

Organochalcogen ligands, in this regard, have proven to be efficient 

stabilizing ligands. A variety of organochalcogen ligands such as 

selenoether (didocosyl selenide) [32], thioother (didocosyl sulphide) [59] 

etc. have been utilized in stabilizing Pd(0) nanoparticles. The nano-catalysts 
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stabilized with such ligands have shown efficient catalytic potential in  

C−C coupling reactions [29, 30, 32, 59]. In addition, organochalcogen 

ligands bearing amine functionality have also been explored in the 

stabilization of nanocatalysts [29, 30]. It has observed that nanoparticles 

stabilized with such ligands are recyclable upto five reaction cycles  

with a conversion rate >90% [29]. For the same reason, anchoring of 

nanocatalyst on several inert solid supports such as silica, magnetite, 

graphene, and graphene oxide had been envisaged, and accordingly the  

work was done. Amongst all the solid support, graphene oxide was chosen 

in the study reported by Singh and co-workers [20] due to its mechanical 

strength and chemically inert nature in many reaction media. Graphene 

oxide was immobilized with (Se, N) donor sites, thereby giving it a  

character of chelating (Se, N) ligand. It has been synthesized by treating 

graphene oxide with ClCH2COOH and SOCl2 [20], which results in 

increasing −COCl groups on graphene oxide required to bind selenated 

ethylamine on its surface. The presence of functional groups and defects on 

graphene oxide helps in the easy immobilization of NPs on the surface. 

Further, this graphene oxide with −COCl groups was treated with  

2-(phenylselenyl) ethylamine resulted in the functionalization of  

graphene oxide with selenated ethylamine molecules [20]. Subsequent 

reaction of this (Se, N) grafted graphene oxide with NaOH and  

Na2PdCl4 resulted in the development and immobilization of Pd(0) 

nanaoparticles on graphene oxide (Scheme 14). The TEM studies  

revealed the uniform distribution and 1−3 nm size of the nanoparticles. 

These nanoparticles were investigated for the transfer hydrogenation 

reactions of carbonyl compounds (aldehydes and ketones)[20]. It has  

been found that this GO−Se−Pd was more efficient for conversion of 

aldehydes than ketones. Reusability of GO−Se−Pd has also been explored, 

and it was found that GO−Se−Pd can give significant yields upto six  

cycles [20]. 
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Scheme 14. Immobilization of Pd(0) on functionalized graphene oxide. 

 

SUMMARY OF INSIGHTS OF CATALYTIC PROCESSES OF 

TRANSFER HYDROGENATION 

 

Catalytic insights of various chemical transformations such as Suzuki 

Miyaura, Heck coupling are known to proceed via homogeneous as well as 

heterogenous pathway. The molecular Pd(II) complexes known to catalyze 

these transformation either act as true catalyst and catalyze the reaction or 

act as pre-catalyst to dispense Pd(0) during the course of the reaction. Some 

interesting observations have also been reported in case of catalysis of 

coupling reactions by some chalcogen ligated Pd(II) complexes [23, 44, 46]. 

There are several nanosized palladium chalcogenide species that are 

dispensed insitu from Pd(II) complexes such as Pd16S7 [23], Pd4S, Pd5S2 

[60], Pd17Se15 [25], PdSe [60], Pd3Te2 [61] and PdTe [62], etc. However, it 

has been undisputed so far that regardless of the catalyst being used, Pd(0)-

Pd(II) cycle remains intact. Interestingly, similar observations have not been 

made in the case of catalysis of transfer hydrogen reactions by chalcogen 
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ligated complexes (1−58). Generation of Ru(0), Rh(0), Ir(0) or 

chalcogenides of these metals have not been investigated during the course 

of catalysis. A very limited study has been reported about insights of 

catalytic process of transfer hydrogenation till the date. Generally, it has 

been observed that molecular Ru(II), Rh(III) or Ir(III) complexes behave as 

pre-catalysts. The reaction proceeds mainly via homogeneous pathway in 

which the cleavage of M−Cl bond occurs and the formation of metal hydride 

intermediate takes place. Monitoring the catalytic reactions with 77Se and 
125Te NMR spectroscopy has corroborated the formation of such an 

intermediate species. As a result, bidentate ligands have been found to be 

more efficient than tridentate ligands because the cleavage of M−Cl bond 

facilitates the catalysis and leads to the formation of M−H intermediate 

[9−19]. In chalcogenoether ligated metal complexes, the absence of −NH 

group in the framework suggests that the conventional method involving the 

development of alkoxide is the most favorable mechanism [63]. In case of 

triazole functionalized organochalcogen ligated Rh(III) or Ir(III) complexes, 

it has been further suggested that a loss of cyclopentadienyl ring lead to the 

formation of catalytically active species [M(L−H)]+ responsible for 

catalysis. However, it is not the case with iridacycle or rhodacycle. The 

catalytically active intermediate, generated in situ in this case, is 

[Cp*ML)]2+. Thus, transfer hydrogenation generally occurs via 

homogeneous pathway [64]. 

 

 

CONCLUSION AND FUTURE SCOPE 

 

Organosulphur/selenium ligated molecular Ru(II), Pd(II), Rh(III) and 

Ir(III) complexes have been explored as efficient catalysts for various 

chemical transformations such as coupling reactions, oxidation of alcohols, 

cyclotrimerization reaction, silylation reaction, borylation reactions, 

allylation of aldehydes, polymerization of norbornane, etc. [23]. After the 

year 2010, significant development has taken place in the exploration of 

application of such complexes in catalysis of transfer hydrogenation 

reactions. Maximum reports include the development and use of S or Se 
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ligated metal complexes. Te ligated metal complexes are rarely explored. 

Much work is yet to be done on the development and use of such complexes. 

Ease in syntheses and handling, air stability and moisture insensitivity are 

the attractive features of the catalysts of such type reported so far. So far, 

mechanistic insights into the catalytic processes have also not been gained 

fully. Hence, an extensive investigation about the mechanism of the catalytic 

pathway is yet to be studied. In addition, nanocatalysts, stabilized with 

organochalcogen-ligands, have also not been explored to a significant 

extent. Metal chalcogenide nanoparticles, developed via single source 

precursor methods, are also not yet explored in transfer hydrogenation 

reactions. It is further envisaged that such metal chalcogenide nanoparticles 

may prove to be efficient catalysts and maybe recyclable upto multiple 

reaction cycles. 
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ABSTRACT 
 

The progress in the application of dimensional analysis and similarity 

theory in electrochemical kinetics and electrochemical engineering is 

discussed. The use of dimensionless groups in problems of current density 

distribution and electrochemical mass transfer is described and the 

similarity criteria involved are considered. It is shown that dimensional 

analysis and similarity theory can be successfully used for studying the 

kinetics of different electrode processes, including the consideration of 

electrochemical charge transfer. The proper dimensionless quantities (i.e., 

similarity criteria) are generalized and the approximating relationships 

between them are analyzed. The results of numerical simulation of the 

kinetics of a two-stage electrochemical reaction with a partial transfer of 

intermediates between the electrode surface and the bulk solution are 

considered in the light of the concept of dimensional analysis and similarity 

theory. The main advantages of the application of dimensional analysis and 
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similarity theory in pure and applied electrochemistry are summarized in 

this chapter. 

 

Keywords: dimensional analysis, similarity theory, similarity criteria, 

electrochemical process, charge transfer, electrolysis 

 

 

INTRODUCTION 

 

Electrochemical processes commonly involve a great number of 

different physicochemical stages, which are described by complex 

mathematical expressions containing numerous variables and parameters. 

For instance, the kinetic equations of consecutive charge transfer processes 

include various parameters characterizing the kinetic features of both 

individual electrochemical stages and transport processes in the solution and 

the near-electrode layer [1–7]. Thus, the analysis of the kinetics of these 

electrochemical processes causes difficulties, and, as a rule, one has either 

to use numerical simulation or to consider some simplified particular cases. 

Owing to these causes, the clarity of the data presentation may be lost and 

the universality of the conclusions disappears. 

In this context, it seems that the application of dimensional analysis and 

similarity theory is a promising and effective way to examine the behavior 

of complex and multifactorial electrochemical processes. To emphasize the 

generalized character of the analysis, these two theories (dimensional 

analysis and similarity theory) are sometimes considered under the name 

“the theory of generalized variables” [8]. It is known that the use of 

dimensionless quantities, derived by means of approaches developed in 

dimensional analysis and similarity theory, allows decreasing the number of 

the analyzed variables and simplifying the structure of the equations and 

relationships that reflect the essence of the mathematical models involved 

[9]. 

Dimensional analysis and similarity theory are commonly used in such 

scientific and technical fields as heat exchange, mass transfer, continuum 

mechanics, designing of various machines and aggregates, etc. As far as the 
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use of dimensional analysis for studying physicochemical processes is 

concerned, the first attempt in that direction was made by D'yakonov [10]. 

In order to investigate the thermodynamic and kinetic characteristics of 

chemical processes, D'yakonov not only utilized “common” similarity 

criteria (such as Péclet number, Grashof number, Reynolds number, etc.) but 

also introduced some new similarity criteria associated with the specific 

features of chemical reactions (i.e., the criteria of chemical transformation 

and chemical similarity). 

An electrochemical process can be considered as a particular case of a 

chemical transformation involving the electric charge transfer through the 

interface “electrode/electrolyte.” Thus, the behavior of complex 

electrochemical systems is usually described by a great number of diverse 

parameters and variables. Evidently, the application of the techniques 

developed in dimensional analysis and similarity theory may be very fruitful 

and productive to achieve a deeper understanding of the performance of 

electrochemical systems and generate new ideas both in pure and in applied 

electrochemistry [11]. This chapter is devoted to a brief review of the 

literature data on the use of dimensional analysis and similarity theory in 

electrochemical kinetics and electrochemical engineering. 

 

 

ELECTROCHEMICAL SIMILARITY CRITERION 

CHARACTERIZING THE UNIFORMITY OF  

CURRENT DISTRIBUTION 

 

It is known that the local current density in a real electrochemical cell 

changes from point to point on the surface of an electrode. A non-uniform 

current distribution is caused by a number of different factors. These factors 

are as follows: (i) non-regular geometry of the systems (including complex 

shape and size of the electrodes and their relative position in an electrolyzer); 

(ii) low electrical conductivities of the electrolyte and the electrodes; (iii) the 

appearance of overpotential of electrochemical processes; and (iv) non-

uniform hydrodynamic conditions in an electrochemical cell [12, 13]. 
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An actual current distribution strongly affects the performance of an 

electrochemical system. For instance, the variation of current density over 

the electrode surface results in the changes of the thickness, morphology and 

properties of the electrodeposited metal layers, which is highly undesirable. 

Hence, it is very important to develop a simple mathematical tool that could 

provide reliable information about the current distribution in real 

electrochemical systems of various sizes, especially for the design of large-

scale electrolytic or galvanic cells. 

A scale-up criterion of electrochemical similarity, the so-called Wagner 

number, is often used to this end [12, 14]. This criterion may be given as 

follows: 

 

0Li

E
Wa







  (1) 

 

where  is the conductivity of the electrolyte; 
i

E



  is the polarizability of the 

electrode; and L0 is the characteristic size of the system (for instance, the 

length of the electrode). 

The polarizability of the electrode, 
i

E



 , corresponds to the local slope 

of the polarization curve. The polarizability reflects the specific polarization 

resistance caused by the electrochemical reaction. This value is determined 

by the kinetics and mechanism of a given electrode process. 

It is obvious that the Wagner number is dimensionless; it gives the ratio 

of the surface polarization resistance to the ohmic resistance of an electrolyte 

(reciprocal conductivity). Thus, this criterion summarizes the influence of 

the main geometrical and electrochemical parameters on the uniformity of 

current distribution in a given electrochemical bath. The higher the Wagner 

number, the more even is the current density distribution. Equation (1) 

shows that a decrease in the characteristic size of an electrochemical system 

and an increase in both the conductivity and the polarization resistance 

promote better current density distribution. 
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Further, we will give several examples of the use of Wagner number in 

electrochemistry. This similarity criterion was numerically simulated and 

quantified with regard to the process of copper electrodeposition in a rotating 

cylinder Hull cell [15]. Stricker et al. [16] developed an analytical model 

that allows calculating the distribution of current density and the values of 

Wagner number for the electrochemical cell with a small height and with 

coplanar thin electrodes. The Wagner numbers were used to estimate the 

current distributions in electrochemical systems that involve gradual 

changes in electrodes shape and size (electroplating or electrochemical 

machining) [17]. The calculation of Wagner numbers was successfully used 

to design redox flow batteries and predict their operational performance 

[18]. The application of some dimensionless numbers, including Wagner 

number, was considered to characterize the behavior of scalable reactor 

systems for different bioelectrochemical processes [19]. 

 

 

DIMENSIONAL ANALYSIS OF ELECTROCHEMICAL MASS 

TRANSFER PROBLEMS 

 

It was Ibl [20] who first suggested the application of dimensional 

analysis and similarity theory to solve electrochemical mass transfer 

problems. It is known that the transport of the reagents between the bulk 

electrolyte and the surface of the electrodes is a key factor determining the 

concentrations at the interface and hence influencing the rate of an 

electrochemical reaction. The limiting current density at which the 

concentration of an initial product at the electrode surface approaches zero 

and which corresponds to the maximum achievable rate of an 

electrochemical process is also depends on the characteristics of mass 

transfer. 

Let us consider some basic assumptions and conclusions given in the 

work by Ibl [20]. It should be observed that the mass transfer of the reagents 

during the electrolysis is provided by diffusion, charge migration and 
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convection. In a first approximation, the flux (Ni) of the ith electroactive 

ionic species can be expressed by the following equation: 

 

VCgrad
RT

CFDz
CgradDN i

iii
iii    (2) 

 

where Di is the diffusion coefficient of the species involved; Ci is its 

concentration; zi is the valency of the ionic species; V is the velocity vector 

of a hydrodynamic flow;  is the electric potential; F, R and T are the 

Faraday's constant, the universal gas constant and the thermodynamic 

temperature, respectively. 

It was evident that the first, second and third terms on the right hand side 

of Eq. (2) are associated with the mass transfer by diffusion, migration and 

convection, respectively. After transforming Eq. (2), the following formula 

can be obtained that expresses the conservation of mass for the ith species: 
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
 (3) 

 

Close examination of Eq. (3) reveals that it reflects the time change of 

concentration in an elementary electrolyte volume of an incompressible 

liquid. Thus, Eq. (3), the Navier-Stokes equation and the hydrodynamic 

continuity equation constitute three basic differential equations describing 

convective mass transfer in a given electrochemical system [20]. To 

calculate the limiting current density and (or) the concentrations of the 

reagents on the electrode surface, one has to integrate simultaneously these 

three equations. 

However, the number of variables that are used to characterize 

convective mass transfer is commonly large enough, which causes serious 

mathematical difficulties. At the same time, data analysis can be appreciably 

simplified by the grouping of the variables to form some new dimensionless 

variables (i.e., similarity criteria), the number of them being less than that of 

the original dimensional variables [8, 9, 11, 20]. 
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A well-known Buckingham's  theorem [21], which is a key theorem in 

dimensional analysis, opens the door to the establishment of the sets of 

dimensionless parameters from given variables, even if the exact form of the 

equations that couple these variables is still unknown. It should be noted that 

the similarity criteria could be used for the analysis even under very intricate 

flow conditions (when the integration of the fundamental differential 

equations is difficult or impossible). 

Ibl considered the application of dimensionless groups (similarity 

criteria) to electrochemical mass transfer problems giving some concrete 

examples [20]. A first example was associated with the steady-state mass 

transfer rate in the course of the electrochemical deposition of a metal 

coating on a flat electrode along which the electrolyte is flowing. In this 

case, the following expression can be written for the value of limiting current 

density: 

 

 lVCDfj ,,,,   (4) 

 

where j is the steady-state rate of mass transfer during metal 

electrodeposition; C is the difference between the concentrations of metal 

ions on the electrode surface and in the bulk (this difference should be 

considered as a driving force of diffusion transfer); V is the flow velocity of 

the solution;  is the kinematic viscosity; and l is the length of the electrode 

in the direction of the liquid flow. 

The transformation of Eq. (4) by using the Buckingham's  theorem 

yields the following expression: 

 

 ReScFNu ,  (5) 

 

where 
CD

jl
Nu


  is the Nusselt number; 

D
Sc


  is the Schmidt number; and 



Vl
Re  is the Reynolds number. 

It is clear that six initial dimensional variables have been converted into 

three dimensionless variables: Nu, Sc, and Re. In addition, the initial 
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differential equation system has been replaced by an algebraic equation. 

Evidently, this simplifies the problem analysis even for highly complicated 

special cases. Seemingly, there is no need to go into details on the physical 

interpretations of the derived similarity criteria, since they are widely used 

in the fields of hydrodynamics, heat exchange, mass transfer, continuum 

mechanics, and so on. 

Another example considered by Ibl [20] was connected with the steady-

state rate of mass transfer during the electrodeposition of a metal on a plane 

vertical cathode in an electrolyte without any forced agitation. In such a case, 

buoyancy force acts on the fluid and causes a hydrodynamic flow along the 

electrode. Then, we get the following equation: 

 









 lgCDfj ,,,,




  (6) 

 

where g is the acceleration of gravity;  is the density of the bulk solution; 

 is the density difference between interface and bulk; and other variables 

are explained above. 

It was found that only three similarity criteria exhaustively reflected the 

problem under discussion. Two of these criteria, Nu and Sc, are 

characterized above. The third criterion, that is usually introduced to 

describe natural convection, is the Grashof number 
2

3

2

3







 Clglg
Gr   

(here  is the densification coefficient). 

Ibl showed [20] that Sc and Gr should not be considered separately 

under the conditions of high Schmidt numbers, which is typical of 

“common” electrolysis. Then, we can obtain: 

 

   RaFGrScFNu   (7) 

 

Here, the product ScGr is the so-called Rayleigh number (Ra). The 

results reported in literature were analyzed by means of dimensionless forms 

using Eq. (7) [20]. Evidently, such a presentation of experimental data seems 
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to be simple, intuitive and intelligible, whereas a representation of 

experimental findings through the initial (i.e., dimensional) parameters is 

appreciably more intricate. 

A number of publications reported the application of dimensional 

analysis and similarity theory to study the generation of electrostatic 

streaming currents that appeared during the flow of a liquid [22–24]. The 

initial dimensional parameters characterizing the process concerned were 

transformed into non-dimensional similarity criteria and the physical 

significance of them was examined in those works. The main equation was 

used in the following form [22]: 

 

  
 




CCCED m 



 2  (8) 

 

where  is the charge density; E is the electric field;  is the dielectric 

constant;  is the electrical conductivity; Cm is the concentration of 

molecular species;  is the dissociation coefficient; and  is the 

recombination coefficient. The signs () refer to the cations and anions, 

respectively. 

In addition, the Poisson equation (9) and the summation of charge 

density (10) should be taken into account. 

 

 E   (9) 

 

    (10) 

 

Two equations (8) (for cations and anions, respectively) together with 

Eqs. (9) and (10) constitute a set of differential equations reflecting the 

processes under consideration. The five following dimensionless similarity 

criteria were derived [22]: 

 

24

2

lU

is


, 

l

U

0

 , 
2

0l

D



 , 


Ul , 





D

D  (11) 
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where is is the streaming current;  is the density of a liquid; U is the velocity 

of a reference liquid; l is the characteristic length; 0 is the electrical 

conductivity at  = 0;  is the viscosity of a liquid; and 2D = D+ + D–. 

It was stated that the behavior of the electrochemical system under study 

could be definitely described by the relationships between the similarity 

criteria (11). It is interesting to characterize the physical meaning of them. 

The first non-dimensional criterion, 
24

2

lU

is


, shows the ratio between the 

field force of a fluid and the fluid inertia force. The second criterion, 
l

U

0


, 

characterizes the ratio between the convection current and the conduction 

current. The third criterion, 
2

0l

D




, displays the ratio between the diffusion 

current and the conduction current. The fourth criterion, 


Ul , is the 

Reynolds number. Finally, the fifth criterion, 





D

D
, is the so-called Knudsen 

number. 

 

 

DIMENSIONAL ANALYSIS OF CHARGE  

TRANSFER PROCESSES 

 

Charge transfer at the interface “electrode/electrolyte” is known to be a 

specific step of any electrochemical reaction. A number of papers [25–27] 

reported the application of dimensional analysis and similarity theory to the 

interpretation of kinetic equations concerning the processes of 

electrochemical charge transfer. 

Thus, a one-stage electrochemical reaction was considered that obeys 

the following equation of the slow discharge theory [25]: 
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F
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F
ii 10
0 exp

1
expexp

  (12) 

 

where i is the cathode current density of a reaction O + e–  R; 


ROs CCFki  1

0
 is the exchange current density;  = (E0 – E) is the value of 

cathode polarization;  is the transfer coefficient; ks is the heterogeneous 

rate constant; CO and CR are the concentrations of oxidized and reduced 

species, respectively; zO is the electric charge of species O; and 1 is the 

electric potential at the point where the reacting particles are situated prior 

to the charge transfer (according to the Frumkin's theory of the influence of 

the electric double layer on the electrochemical kinetics). 

It was shown [25] that four dimensionless complexes can be derived if 

Eq. (12) is valid. These complexes are presented as follows: 

 

0

1
i

i
 , 

RT

F
 2

, 
RT

FzO 1
3


  , 

RT

F 1
4


   (13) 

 

The complex 1 reflects the ratio of the current density to the exchange 

current density; hence it gives a relative (i.e., dimensionless) rate of the 

electrochemical reaction. The second complex 2 shows the relationship 

between the electric work consumed in charge transfer due to polarization 

(F) and the thermal motion energy (RT). In such a case, the complex 2 

expresses the dimensionless form of electrode polarization and is a measure 

of the driving force of an electrochemical process. 

The mathematical structures of the complexes 3 and 4 are similar. 

Obviously, these complexes allow one to compare the thermal motion 

energy with the works of an electric field relating to the transfer of particles 

O (3) and the electron (4) to the plane in an electric double layer where an 

activated complex is situated. These two similarity criteria characterize a 

relative intensity of two effects that are associated with the influence of the 

electric double layer upon the discharge rate. 
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It is interesting that the transfer coefficient () turned out to be a specific 

electrochemical similarity criterion [25]. Indeed, any simple electrochemical 

reaction obeys the Brønsted relation in the following form: 

 

 FGΔG  

0
 (14) 

 

where 

0G  and ΔG  are the free energies of activation at an equilibrium 

potential and at a specified value of polarization (), respectively. 

After a simple transformation of Eq. (14), we can obtain: 

 






F

GΔG  
 0  (15) 

 

Equation (15) explicitly shows that the transfer coefficient is the ratio 

between the free activation energy due to the electrode polarization and the 

electric work of the electron transfer induced by polarization. 

At the same time, it is well known that each similarity criterion 

quantitatively characterizes a balance between the intensities of the action 

of two physical effects that are crucial to the process under study [8]. Hence, 

the transfer coefficient is a peculiar similarity criterion; it should be 

considered as the fifth similarity criterion together with those expressed by 

Eq. (13). 

The transformation of Eq. (12) by means of the methods of dimensional 

analysis and similarity concept yields the following universal expression of 

the slow discharge theory in terms of dimensionless similarity criteria [25]: 

 

         54352521 expexp1expexp    (16) 

 

Analysis of Eq. (16) showed [25] that this expression can be somewhat 

simplified for some important individual cases. Thus, the presence of an 

excess of a supporting electrolyte ensures that 1 = 0. In other words, the 

electric double layer will not influence on the electrochemical kinetics. Then 

we obtain 3 = 4 = 0 and Eq. (16) is transformed into the following form: 
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     1expexp 52521    (17) 

 

Figure 1 shows the dependence plotted according to Eq. (17) for a wide 

range of 2. One can see that the dependence ln 1 vs. ln 2 is changed into 

a straight-line function if 2 < 1 (i.e., at small deviations from an equilibrium 

state). It is important that the slope of this linear section is equal to unity, 

irrespective of the value of 5. 

 

 

Figure 1. Dependences ln 1 vs. ln 2 at different values of 5: (1) 0.7, (2) 0.5, and (3) 

0.3. (Reprinted from [25] by permission of Springer Nature, Copyright 2005). 

When 2 > 1 (at larger deviations from an equilibrium state), the 

dependence under consideration is curved and its location depends on the 

value of 5. The higher the value of 5, the greater is the value of 1. 

The presentation of the calculation data in terms of dimensionless 

complexes allows expressing the main idea of the slow discharge theory in 

a very clear and explicit form. Indeed, let us consider the case when the 

electric double layer has no effect on the rate of an electrochemical process 

(i.e., 3 = 4 = 0). Then the relative rate of the charge transfer (1) is equal 

to the dimensionless form of the electrode polarization (2) if 2 < 1. 
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However, the value of 1 increases proportionally to the exponent of the 

product 25, provided that 2 > 1. 

It should be observed that the theory of slow discharge involves the 

concept developed by Butler and Volmer [28]. This model is considered 

empirical, and it cannot explain the effects of the features of molecular 

structures of the reagents and the medium as well as the nature of the 

electrode on the rate of the charge transfer. Meanwhile, the theory developed 

by Marcus [29] allows for all these effects. The Marcus theory is based on 

the idea of the energy of reorganization. The reorganization energy is an 

energy that is required to change the atomic configurations of the reacting 

molecules and their solvation shells into those typical of the equilibrium 

state of the products, provided the electron transfer had not happened [28, 

29]. 

Chidsey further improved the Marcus theory and derived the following 

expression for the rate constant of an electrochemical reaction [28, 30]: 

 

   
 0,ΛI
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0
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  (18) 

 

where  
RT

EEF 0
 ; E0 is the standard electrode potential; k0 is the standard 

rate constant (at E = E0), 
RT

Λ


 ;  is the reorganization energy; 
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 is an improper integral which can be calculated only 

by means of numerical techniques. 

Based on the concept developed by Chidsey, Protsenko and Danilov 

[27] obtained three following dimensionless complexes: 
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The value 6 characterizes the ratio between the electric work of the 

electron transfer and the thermal motion energy. This means that the 

similarity criterion 6 is a dimensionless form of the electrode polarization 

(i.e., the driving force of an electrochemical process). 

The value of 7 reflects the ratio of the reorganization energy to the 

thermal motion energy. Evidently, this value is a reduced form of the 

reorganization energy. 

Finally, the value 8 shows the ratio between the rate constant at a given 

electrode potential and the rate constant at the standard electrode potential. 

Hence, this criterion exhibits the relative normalized rate of the charge 

transfer. 

In terms of dimensional analysis, the electron transfer process, which is 

described by Eq. (18), should obey the following criterion equation [27]: 

 

 768 ,ππfπ   (20) 

 

The calculated data plotted as a 3D surface are shown in Figure 2. The 

following equation of correlation between dimensionless complexes 6, 7 

and 6 was reported [27]: 
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The use of mathematical tools developed in dimensional analysis and 

similarity theory opens some new possibilities for the rational and simple 

interpretation of both experimental and theoretical results. Indeed, these 

methods allow decreasing the number of parameters and variables, which is 

very important when examining the performance of complex and 

multifactorial electrochemical systems. 

 

Complimentary Contributor Copy



Vyacheslav Protsenko 168 

 

Figure 2. Plot in coordinates 8 = f(6, 7). (Reprinted from [27], Copyright 2012, 

with permission from Elsevier). 

In addition, the influence of various physical and physicochemical 

factors on the behavior of a system is reflected via dimensionless quantities 

in their combined interactions. As a result, internal relationships in the 

system appear clearer and more definite. This means that the mathematical 

formalism of dimensional analysis allows not only diminishing the number 

of values under consideration but also systematizing them rationally. For 

instance, the results reported in work [27] revealed that the effects of the 

reorganization energy and the thermal motion energy upon the rate of an 

electrochemical reaction should not be examined separately and 

independently but only in their mutual combination, which is reflected via 

the similarity criterion 6. 

It must be noted that any point in the 3D surface shown in Figure 2 

corresponds to the infinity of different combinations of the parameters 

characterizing the charge transfer process (electrode overpotential, 

temperature, reorganization energy and the rate of the process). This 

indicates that the application of dimensional analysis and similarity theory 

enables considering generalized cases rather than the infinite number of 

individual special cases. Therefore, the mathematical treatment performed 
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by means of dimensional analysis imparts a generalized character to the 

interpretation of experimental and theoretical data. 

 

 

DIMENSIONAL ANALYSIS OF ELECTROCHEMICAL 

PROCESSES INVOLVING CONSECUTIVE  

CHARGE TRANSFER 

 

The advantages of dimensional analysis and similarity theory become 

especially apparent in the investigation of the performance of multistage 

electrochemical processes [7, 26]. 

Further, we will consider a consecutive electrochemical reaction of the 

following type [7]: 

 

B
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P
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
  (22) 

 

where A, P and B are the initial reactant, the intermediate and the target 

product, respectively. 

Fick's law is valid for non-steady-state linear diffusion with respect to 

the species A and P: 
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The initial and boundary conditions can be expressed in the following 

way: 

 

P00P,τA00A,τ C,  CCC  
 

F

i

F

i

x

C
, D

F

i

x

C
D 12

0x

P
P

1

0x

A
A 




























   (24) 

P0P,xA0A,x C,  CCC  
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where i1 and i2 are the current densities of the first and second stages in the 

reaction scheme (22), respectively. 

The set of differential equations (23) can be solved together with the 

above initial and boundary conditions using common tabular integration [7]. 

However, the analysis of the obtained data involves difficulties since these 

formulae contain fourteen variables and parameters. The problem can be 

sufficiently simplified if the methods of dimensional analysis and similarity 

concept are used [7]. In this case, the number of the analyzed values is 

reduced and only eight following dimensionless complexes completely 

reflect the behavior of the electrochemical process under consideration: 
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The dimensionless value X1 involves current time (), thus being a 

dimensionless characteristic of time. The complex Y1 is a dimensionless 

representation of the rate of an electrochemical reaction (i.e., the current 

density of the first stage in the consecutive process (22)). The dimensionless 

parameter Y2 shows the ratio of the current density in the second stage of the 

reaction (22) to the current density in the first stage of the process involved, 

thus expressing the relationship between the rates of these stages. 

As follows from the Buckingham's  theorem, the investigation of the 

consecutive electrochemical reaction (22) in terms of dimensional analysis 

and similarity theory implies the examination of only two criterion equations 

[7]: 

 

 109321111 ;;,,; PPPXfY   (26) 

 109321122 ;;,,; PPPXfY   (27) 
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Figure 3. Plots of ln Y1 vs. ln X1. (P1 = 1, P2 = 1, P3 = 0). (1) 9 = 3.89, 10 = –3.89; 

0; and 3.89; (2) 9 = 0, 10 = 3.89; (3) 9 = 0, 10 = 0; (4) 9 = 0, 10 = –3.89; (5) 9 

= –3.89, 10 = 3.89; (6) 9 = –3.89, 10 = 0; (7) 9 = –3.89, 10 = –3.89. (Reprinted 

from [7] by permission of Springer Nature, Copyright 2005). 
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Figure 4. Plots of ln Y2 vs. ln X1. (P1 = 1, P2 = 1, P3 = 0). (1) 9 = 3.89, 10 = 3.89; 

(2) 9 = –3.89, 10 = 3.89; (3) 9 = 0, 10 = 3.89; (4) 9 = 3.89, 10 = 0; (5) 9 = –

3.89, 10 = 0; (6) 9 = 0, 10 = 0; (7) 9 = –3.89, 10 = –3.89; (8) 9 = 3.89, 10 = –

3.89; (9) 9 = 0, 10 = –3.89. (Reprinted from [7] by permission of Springer Nature, 

Copyright 2005). 

A thorough investigation of the criterion functions (26) and (27) reveals 

a number of characteristic features of the electrochemical process (22) [7]. 

For instance, the obtained results suggest that an increase in the 

dimensionless polarization 9 in the first stage of the reaction (22) leads to 

an increase in the value of Y1. The value of Y1 is affected by the changes in 

the dimensionless polarization 10 (i.e., in the driving force of the second 
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stage of the electrode process under study) only if the complex 9 is negative 

(Figure 3). It is important that a quasi-steady-state diffusion mass transfer 

can be observed only if two following conditions are satisfied: 9  0 and 

10 > 0. 

The plots Y2 vs. X1 in in the logarithmic coordinates show linear 

dependences (Figure 4). It is clear that the value of Y2 gradually increases 

with time (i.e., with an increase in X1) and tends to a limit 
1lim 2

1



Y

X . The 

location and slope of the lnY2 vs. lnX1 dependences are determined by the 

value of 10; however, they are practically independent of the complex 9. 

In general, the examination of the criterion dependences reveals both the 

influence of different factors on the rate of individual stages in the 

consecutive electrochemical process (22) and the conditions that are 

required for the realization of a quasi-steady-state regime [7]. 

Protsenko et al. [31] reported the application of similarity theory and 

dimensional analysis to obtain a universal system of similarity criteria that 

characterize the kinetics of a metal electrodeposition process occurring on a 

rotating disc electrode. The developed model considers possible 

participation of some relatively stable intermediates in the course of an 

electrochemical reaction. Fourteen dimensionless complexes were derived 

and their physical meanings were discussed. 

It was shown that a modified Reynolds number could be written in the 

following way: 

 



2r
Re   (28) 

 

where r is the radius of a disc electrode; ω = 2f is the rotation electrode 

angular velocity (here  = 3.14 and f is the disc rotation velocity); and  is 

the kinematic viscosity of an electrolyte. 

In addition, a modified Stanton diffusion criterion was introduced to 

estimate the ratio between the flux of the initial reagent transferred by 

convection and the total mass transfer in the heterogeneous reaction: 

 

Complimentary Contributor Copy



Vyacheslav Protsenko 174 





i

fC
St 1  (29) 

 

where C1 is the concentration of the depositing metal ions; i is the current 

density on a rotating disc electrode; and  is the electrochemical equivalent 

of the electrodeposited metal in an electrochemical reaction under 

consideration. 

Evidently, any electrochemical reaction can be considered as a non-

linear resistive element of an electrical circuit. To evaluate the behavior of 

such a resistive element, the following dimensionless complex was 

suggested: 

 

m
i

i

i
















ln

ln
11

             (30) 

 

Here 
i

  is the polarization resistance at the electrode/electrolyte 

interface. The value of 
i

  varies with the electrode polarization (in other 

words, with the applied current density). If we conditionally accept that the 

relationship between the current density (i) and the electrode polarization 

() obeys the following simplified non-linear equation: i = constm (where 

m is some dimensionless value that may depend on ), then we can conclude 

that the complex 11 = m characterizes the degree of non-linearity of a given 

electrochemical reaction [31]. If m = 1, then the current density vs. 

polarization dependence is linear (for instance, when a deviation from the 

equilibrium is slight). It is clear that the value m = 0 corresponds to the 

limiting current density. 

The developed mathematical model was successfully used for the 

interpretation of experimental data on the multistage process of chromium 

electroplating from oxalate and formate Cr(III) electrolytes on a rotating disc 

cathode [31]. It was stressed that the mathematical tools of dimensional 

analysis opens the way for an effective and theoretically grounded approach 
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to the planning of an electrochemical experiment and careful consideration 

of the obtained results. 

 

 

DIMENSIONAL ANALYSIS IN  

APPLIED ELECTROCHEMISTRY 

 

The dimensional analysis and similarity theory are fruitfully used in 

electrochemical engineering. Thus, Kreysa [32] reported the similarity 

criteria (the so-called “performance criteria” or “figures of merit”) which 

characterize the behavior of different electrochemical cells and processes 

with regard to technical and economic aspects. By way of illustration, only 

several criteria from those described in work [32] will be further considered. 

 

1. Current efficiency. This value can be served as a "yield of charge" of 

any electrochemical reaction. The current efficiency is a dimensionless 

parameter that is written as follows: 

 

Q

iQ
CE   (31) 

 

where CE is the current efficiency; Qi is the electric charge consumed in a 

given electrochemical reaction; and Q is the total electric charge passed 

through the electrode. 

Obviously, current efficiency as an implicit similarity factor is very 

often used in pure and applied electrochemistry. 

 

2. Fractional conversion. This value is determined by the following 

equation: 

 

0
1

n

n
X   (32) 
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where X is the fractional conversion; n0 is the initial molar amount of a 

reagent; and n is the final molar amount of a reagent. 

 

3. Energy yield. It characterizes the efficiency of energy consumption in 

an electrochemical reaction and is defined as: 

 

cU

CEU 
 0  (33) 

 

where  is the energy yield; U0 is the reversible cell voltage; and UC is the 

current cell voltage. 

There are a number of some other studies that report the application of 

dimensional analysis to simulate different electrochemical systems, thereby 

effectively analyzing and optimizing their performance. Some examples 

include redox flow batteries [18], bioelectrochemical processes [19], metal 

electrodeposition processes [31], polymer electrolyte membranes for fuel 

cells [33], electromembrane reactors for recycling and resource recovery of 

flue gas desulfurization residuals [34], electrochemical pitting corrosion 

[35], transport-limited electrolysis in the electric-field-enhanced smelting 

and refining process (Fe/FeO system) [36], microelectrodes or microscale 

resistors for the use in microtechnique processes [37], and proton exchange 

membranes in fuel cells [38]. 

 

 

CONCLUSION 

 

The data given in literature testify that dimensional analysis and 

similarity theory is a powerful tool for the simulation and characterization 

of various electrochemical processes and systems. Thus, the use of 

dimensional analysis in pure and applied electrochemistry offers the 

following main advantages: 
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1) There is a possibility to reduce the number of quantitative 

characteristics and parameters that are involved in analysis. This can 

appreciably simplify solving the problems. 

2) The effects of various factors on the performance of the system 

under consideration are reflected in their close interactions. 

Therefore, the quantitative relationships become more definite and 

informative. 

3) The methods of dimensional analysis and similarity theory can be 

used to assess the performance of new electrochemical systems and 

processes based on the features of the existing similar ones. 

4) The use of dimensional analysis and similarity theory imparts a 

generalized character to the investigation and designing, because 

analysis is carried out not for some individual cases but for an 

infinite number of the combinations of various numerical 

characteristics of an electrochemical system. 
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ABSTRACT 

 

Sample pretreatment involving extraction, pre-concentration and 

clean-up has become a bottleneck in the method development and sample 

analysis. Thus in this chapter we focus on various solvent-minimized 

sample pre-treatment procedure which are inexpensive and since a very 

little solvent is used in these techniques, there is minimal exposure to toxic 

organic solvents during sample analysis. A comparative discussion on the 

various advantages and limitations of each technique has also been 

discussed. Emphasis has been towards the selection of a method which can 

be used for routine analysis of drugs or environmental pollutants based on 

recent analytical techniques such as HPLC and GC. The effects of several 

variables on the method performance has been also detailed the technique 

of Microextraction has several advantages over traditional methods such 

as simple operation, miniaturization of technique and minimization of 

organic solvents used in sample preparation. These techniques are rapid, 
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sensitive and virtually solvent free. Motive is towards selection of a green 

sample preparation techniques over traditional extraction methods in 

routine laboratory. 

 

 

INTRODUCTION 

 

Sample pretreatment involving extraction, pre-concentration and clean-

up has become a bottleneck in the method development and sample analysis 

because most of the analytical instruments cannot directly handle the sample 

matrix [1-4] (S.Pedersen et al. 2000), (A. Khraiwesh et al. 2011), (B. N. Patel 

et al. 2011) and (C. Frahnert et al. 2003) also, sample preparation prior to 

instrumental analysis of biological samples is required to improve the 

sensitivity and specificity of the assay by removing majority of interference 

while concentrating analytes. Thus, sample preparation aims at reducing and 

eliminating the interferences originally present in the sample to facilitate 

their determination even at low concentrations. Clinical monitoring of 

therapeutic drugs is achieved using immunoassay methods but this method 

can be sometimes problematic such as for antidepressant drugs because of 

their cross-reactivity and thus creating complications when monitoring 

patients treated with more than one such drugs at a time and also during 

transition between medication periods [5, 6] (A. S. Yasdi and A. Amiri 

2010), (Y. He and H. K. Lee 1997). Current analytical sample pretreatment 

methods are dependent on procedures which are fast, simple, inexpensive, 

requires little solvent and produces little waste thus leading to minimization 

of organic solvents and simplification of the technique. Various sample 

pretreatment methods or, extraction methods available today are Head space 

solid phase micro-extraction (HS-SDME), liquid phase micro-extraction 

(LPME), single drop micro-extraction (SDME) and liquid-liquid micro-

extraction (LLME) etc. 
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TYPES OF SAMPLE PREPARATION TECHNIQUES 

 

Liquid-Liquid Extraction (LLE)/Liquid Phase  

Micro-Extraction (LPME) 

 

It is one of the oldest sample preparation method and has the advantages 

of simplicity, acceptable extraction efficiency and extensive sample clean-

up for human plasma samples but this technique is at the same time tedious 

and time consuming and leads to cross-talks with compounds which 

produces fragments with similar masses in Liquid chromatography-mass 

spectroscopy (LC-MS). Recent research trends involve miniaturization of 

the traditional liquid-liquid extraction (LLE) principle by greatly reducing 

the acceptor-to-donor phase ratio as in the case of LPME which reduces the 

analyte enrichment problems of LLE from small biological samples and also 

eliminates the compatibility problems with different analytical instruments 

like capillary electrophoresis (CE) [7, 8] (J. Zhang et al. 2005) and (J. F. Liu 

et al. 2003), gas chromatography (GC) and high performance liquid 

chromatography (HPLC). Here a few micro-litre (µL) of solvents are used, 

has minimal exposure to toxic organic solvents and produces minimal 

wastes, also this method combines extraction, enrichment, clean-up and 

sample introduction into a single step prior to chromatographic process, 

however there is no information currently available on LPME of highly 

hydrophobic drugs. Various LPME techniques can be effectively utilized for 

extraction of target analytes from various sample solutions. In LPME target 

analytes are separated and pre-concentrated into micro-amount of organic 

solvents from sample solution, the principle involves the distribution of 

analyte between extracting solvent (acceptor-phase) and aqueous phase 

(donar phase). The main advantage of miniaturized techniques are their high 

efficiency and environment friendly operation because of use of minimal 

solvents. 
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CLASSIFICATION OF LPME 

 

 Single drop micro-extraction (SDME): 

 

It was developed as a solvent-minimized sample pre-treatment 

procedure which is inexpensive and since a very little solvent is used there 

is minimal exposure to toxic organic solvents, also no preconditioning is 

required unlike SPME. They are of basically two types: 

 

 Headspace SDME 

 Direct immersion SDME 

 

 Hollow fiber liquid phase micro-extraction (HF-LPME): 

 Dispersive liquid –liquid micro-extraction (DLLME): 

 

 

Single Drop Micro-Extraction (SDME) 

 

Head Space Hanging-Drop Micro-Extraction (HS-HDME) 

Here a micro-drop of a water immiscible organic solvent with a fixed 

amount of internal standard is left suspended at the end of a Teflon rod as 

suggested by Jeannot and Cantwell or, directly in a micro-syringe. Dasgupta 

and liu [9-11] (Y. He at al. 2007), (A. Sarafraz et al. 2007) and (M. A. 

Jeannot et al. 2010) were the first to introduce this technique where the 

micro-syringe is pre-rinsed more than 10 times with the same solvent and is 

immersed in a stirred aqueous solution containing solvent to extract volatile 

analytes. Here the analytes are distributed among three phases (water 

sample, head space and the organic drop). After extraction the organic phase 

is retracted back into the syringe and is injected into a detector system for 

further analysis. 

HS-SDME has the advantage of being suitable for a wider varities of 

solvents to choose from [12] (H. Chen et al. 2007) which also enhances the 
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range of extractable analytes. There are two modes of LPME procedures 

known a). Static LPME b). Dynamic LPME 

In case of Dynamic LPME as suggested by He and Lee extraction occurs 

in the thin organic film formed in the micro-syringe needle and barrel, by 

withdrawing aqueous sample into a micro-syringe already containing 

solvent [13] (D. A. Lambrropoulou 2004). The aqueous phase is then pushed 

out of the syringe and process is repeated several times for better extraction, 

finally the remaining solvent is injected into the detector for further analysis. 

Dynamic LPME provides higher enrichment within a short interval of time. 

Zhang et al. introduced a modified environmental friendly techniques of 

head space water based LPME which used water instead of high boiling 

organic solvents for the extraction of analytes, and is thus totally free from 

the use of organic solvents [14] (L. Xu et al. 2007). 

Liu et al. used ionic liquids (ILs) as extraction solvents due to their low 

vapor pressure, high boiling point, high viscosity, good thermal stability and 

miscibility with water and organic solvents but suffers the disadvantage of 

blocking the GC columns because of its high viscosity. This process 

basically uses water immiscible solvents for the analysis of the extracts [15] 

(M.A. Jeannot et al. 2010). 

Also SDME is more suited for the volatile and semi-volatile analytes 

which are of more hydrophobic nature thus necessitating the use of 

immiscible extracting solvents and thus disqualifying the use of HPLC from 

being considered for analysis. Moreover HPLC required an additional step 

of solvent exchange and also limits the choice of solvents. 

HS-SDME is similar to traditional headspace sampling in which 

volatiles are sampled from the vapors above the sample thus, avoiding 

interferences from the sample matrix. An alternative technique HS- SPME, 

has the further advantage of improved directivity, which results from the use 

of a coated fiber chosen for its selectivity for the analyte. In HS-SDME, the 

fiber used in SPME is replaced by a liquid micro-drop that can also be 

chosen for its selectivity as shown in Figure 1. (http://www.chromacademy. 

com/lms/sco61/images/P1-figure-1.jpg).  
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Figure 1. A µL droplet of extracting solvent on the tip of a microsyringe. 

The International Conference on Harmonization (ICH), formed in 1997 

to create worldwide uniformity of policy in the pharmaceutical industry, 

identified fourclasses of residual solvents that must be monitored in 

pharmaceutical formulations.Class 1 solvents have unacceptable toxicity 

and are to be avoided during Pharmaceutical manufacture. They are not 

routinely analysed, although confirmation of their absence could be part of 

the development process. Class 2 solvents are less toxic, Class 3 are of lower 

risk to human health, and Class 4 solvents are those for which no adequate 

toxicological data were found. These last three classes of solvents are the 

ones most commonly analysed. Parameters that have been considered for 

SDME include the following: size of drop; shape of needle tip; temperature 

of sampling; equilibration time; sampling (extraction) time; effect of stirring 

and ratio of headspace volume to sample volume Figure 2 (http://www. 

chromacademy.com/lms/sco61/images/P2-figure-2.jpg). 

The parameters influencing the HSME procedure, including the nature 

of solvent used as extractant, stirring speed, volume of the micro-drop, 

temperature of bulk analyte solution and micro-drop, volume of analyte 

solution, extraction time, and the ionic strength and pH of analyte solution. 

There is no need for a delicate and expensive apparatus for the proposed 

method. Water based solvents can also be used for amphetamines and 

methamphetamines [16] (K. Shrivas and H. F. Wu 2007).  
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Figure 2. Schematic diagram of the HSME apparatus. 

Although the precision and accuracy are still not ideal, the extreme 

simplicity and cost effectiveness of HSME make it quite attractive when 

compared with the SPME and other labor intensive methods such as LLE or, 

solid-phase extraction (SPE). Two basic TCAs amitryptyline and 

nortryptyline were extracted from 2.5 ml of aqueous sample, adjusted to pH 

12 into 10 µL of toluene and delivered to the vortex of the stirred sample 

solution, finally after certain time a portion of the extract was withdrawn and 

injected into GC-FID (gas chromatography-flame ionization detection) [17] 

(J. M. Kokosa et al. 2009). 

 

Direct Immersion SDME 

In DI-SDME, a drop of a water-immiscible solvent is suspended directly 

from the tip of a micro syringe needle immersed in the aqueous sample, here, 

the needle of a 10µL syringe containing 1-5 µL of water immiscible organic 

solvent is penetrated through the septum of the vial until the tip reaches the 

level below the surface of the sample solution as shown in Figure 3 

(http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeConte

nt.ImageService.svc/ImageService/Articleimage/2013/AY/c2ay26560e/c2a

y26560e-f1.gif). 
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Figure 3. Diagram for DI-SDME. 

The plunger of the syringe is pushed to cause the solvent to form a drop 

inside the sample solution, once the equilibrium is reached the drop is 

retracted back into the syringe and subjected to further instrumental analysis. 

Agitation of the sample reduces the time required to attain the equilibrium 

and hence better extraction can be achieved [18] (C. Yao et al. 2009) 

however stirring at higher speed causes formation of air bubbles and solvent 

drop dislodgement and is generally not recommended in this method, [19, 

20] (L. Vidal et al. 2010) and (C. D. Stalikas and Y. C. Fiamegos 2008). 

Extraction increases with drop volume but usually 1-3 µL solvent drop is 

used because larger drops are more prone to fall and also it increases the 

time required to attain equilibrium, although diffusion coefficient increases 

with temperature and equilibrium is attained faster but sometimes leads to 

drop dissolution and hence the time of extraction must be properly 

optimized, this method is applicable to only liquid samples containing non-

polar or, moderately polar analytes and makes use of water immiscible 

organic solvents thus GC is the accepted method for final analysis [21, 22] 

(L. Xu et al. 2009) and (A. A. Nuhu et al. 2011). Use of methyl tri-Octyl 

ammonium chloride and SDME in the analysis of amitryptyline, 

nortryptyline, quinine, imipramine and trimerazine salts in human urine has 
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also been reported [23] (R. Sekar and H. F. Wu 2006). Derivatization using 

DI-SDME has been used to enhance extraction, chromatographic separation 

and detection of analytes providing higher extraction recoveries and 

excellent sample clean up in short possible time. DI-SDME along with GC-

FID has been used to detect amitryptyline and nortriptyline in urine and 

plasma samples using 1µL of iso-octane as extracting solvent. For DI-

SDME ionic liquids have been proposed as alternative to organic solution 

due to low vapor pressure and high viscosity and final analysis by HPLC 

[24, 25] (T.G. Halvorsen et al. 2001) and (S. Pedersen et al. 1999). Here we 

conclude that the agitation of sample enhances mass transfer and hence its 

extraction efficiency. Derivatization along with DI-SDME has been used to 

improve extraction, chromatographic separation and detection of analytes 

[26-28] (K. E. Rasmussen et al. 2004), (K. Tapadia et al. 2011) and (A. Jain 

and K. K. Verma 2011) also direct combination of DI-SDME with MS 

without using chromatographic separation is suitable with AP-MALDI-MS 

for drugs [29] (Y. C. Fiamgos and C. D. Stalikas 2007). 

 

 

Hollow Fiber Liquid Phase Micro-Extraction (HF-LPME) 

 

Pedersen-Bjergaard and Rasmussen introduced HF-LPME [30] (H. 

Kataoka 2010) technique which uses a supported liquid membrane such as 

polypropylene hollow fiber membrane. It is used as a sample preparation 

technique with the objective to isolate and concentrate the analytes of 

interest such as drugs and their metabolites from biological samples such as 

urine, blood and hair for their analytical quantitation. Before its first use, all 

SPME fibers were re-conditioned in order to remove contaminants by 

warming in the heated injection port of a gas chromatograph at a particular 

temperature for specific time interval. All extractions were performed in 10 

ml glass vials sealed with PTFE (poly tetrafluroethylene) faced septum caps. 

Prior to extraction, the analysed sample (0.5 g) was transferred into the 

sampling vial and preheated at the extraction temperature for some 10-20 

min. The appropriate SPME fiber 50/30 μm DVB (di-vinyl benzene) /CAR 

(carboxene) /PDMS (poly di-methyl siloxane) was exposed to the headspace 
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above the dried sample. After preliminary optimization experiments, the 

exposure time and temperature were selected as the suitable extraction 

conditions. After extraction, the SPME fiber was removed from the sample 

vial and immediately inserted into the GC injection port where the thermal 

desorption was carried out. 

HF-LPME is performed directly on a PDMS/DVB coated fiber with 

appropriate stirring rate, pH and temperature adjustments, then the drug 

desorption is carried out by exposing the fiber to mobile phase using lab-

made SPME-LC interface and for chromatographic analysis RP-18 columns 

can be used. 

 

 

RESULTS AND DISCUSSION 

 

The major extraction parameters that significantly control the extraction 

of analyte from the sample solution into the acceptor phase include the 

selection of organic solvent, extraction time, exposure volume of solvent, 

pH and salt concentration. Therefore these parameters were optimized. 

Extraction efficiency of the antidepressants from sample solution was 

evaluated from average peak area of three successive GC injections. 

The disposable nature of hollow fiber eliminates the possibility of 

sample carry over and ensures high reproducibility and the small pore size 

prevents the large molecules present in the donar phase and particles from 

entering into the acceptor phase leading to very clean extracts. HF-LPME 

has been found to be very useful for extracting drugs and analytes from 

biological matrices with simultaneous clean up of the extracts. HF-LPME of 

citalopram and its metabolite N-desmethylcitalopram has been reported [31] 

(K. Shrivas and H. F. Wu 2007) and has the advantage of high sample clean 

up because salts, proteins and majority of endogenic substances were unable 

to penetrate the hexyl ether layer and the aqueous extracts can be directly 

injected to CE instrument and this has also shown the possibility of LPME 

of hydrophobic drugs prior to CE. 
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Hollow Fiber Drop to Drop Microextraction: (HF-DDME) 

 

It is a simple, effective and virtually solvent free sample preparation 

technique and indicated to be a good alternative for traditional LLE, it makes 

use of a micro-syringe (usually 10 micrometer volume) with blunt tip and 

porous polypropylene hollow fiber containing extracting solvent for 

extraction and pre-concentration of ADs from sample solution [32, 33]  

(K. Shrivas and D. K. Patel 2011) and (K. Agrawal and H. F. Wu 2007). 

Here a segment of hollow fiber usually of 1.0 cm is cut and one end of 

it is heat sealed using hot nipper to prevent the flow of solvent from it, the 

fiber is sonicated using acetone to remove contaminants from fiber and 

solvent is finally allowed to evaporate completely. Then the micro-syringe 

is filled with appropriate amount of organic acceptor phase and was inserted 

into the hollow fiber followed by introduction of acceptor phase into the 

hollow fiber for separation and pre-concentration of analyte from the 

samples Figure 4 (http://pubs.rsc.org/services/images/RSCpubs.ePlatform. 

Service.FreeContent.ImageService.svc/ImageService/Articleimage/2013/A

Y/c2ay26560e/c2ay26560e-f1.gif). 

Finally the enriched acceptor phase with analytes was withdrawn from 

hollow fiber and it was discarded, this drug enriched acceptor phase was 

then used for further analytical procedure of AD. 

 

 

Figure 4. Schematic diagram for HF-DDSME. 
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Various parameters that significantly affects the extraction of AD from 

sample solution into acceptor phase includes [34] (M. Rezaee et al. 2006): 

 

 Selection of organic solvent: it is one of the critical step for efficient 

extraction of drugs, various solvents used are toluene, o-xylene and 

n-hexane. The solvents should have properties of low solubility in 

aqueous medium, high distribution coefficient for analyte and low 

vapor pressure, and good chromatographic behavior, most 

commonly toluene is used because of having higher extraction 

efficiency. 

 Extraction time: extraction efficiency increases with extraction time 

up-to certain limit beyond which there was a gradual decline which 

may be due to loss of solvent and formation of air bubbles occurring 

on the surface of hollow fiber which causes poor extraction of 

analytes from samples, longer periods causes depletion of solvent 

and decreased extraction efficiency [35] (H. Xu et al. 2009). 

 Exposure volume of organic phase: in order to study the effect of 

exposure volume of organic phase different volumes of it for fixed 

time and a particular pH was checked and it was found that 

extraction efficiency increases with increase in exposure volume of 

acceptor phase upto only certain extent however further increase of 

exposure volume of acceptor phase into hollow fiber doesn’t 

increase the extraction of analyte possibly due to attainment of 

equilibrium of analyte between the two phases. 

 Effect of salt: addition of salt like NaCl to sample solution increases 

extraction efficiency of target analytes from sample through salting 

out effect also sometimes it may have an adverse effect when there 

is decrease in extraction efficiency of analyte from sample solution 

into the organic solvent which may be due to addition of salt which 

leads to changes in the physical properties of extraction film thus 

reducing diffusion rates of analytes into organic phase. 

 Effect of pH: the effect of pH is studied by the addition of HCl and 

NaOH using fixed amount of exposure volume of organic phase at 

room temperature. But it is important here that the pH of the solution 
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should be higher than the pKa value of the analytes because at this 

condition the analytes were easily transferred from donar to acceptor 

phase. Also it has been found that the extraction efficiency increases 

with the increase in the pH and beyond a certain pH there was no 

significant increase in the extraction efficiency. 

 

This technique has been extensively used for the determination of ADs 

in very small amounts of human blood, serum,saliva and plasma samples of 

psychiatric patients here the calibration curve obtained from the analysis is 

used to calculate concentration of a particular drug thus acting as a 

separating and pre-concentrating probe and excludes problems of 

interferences from biological samples because each time new piece of fiber 

is used, thus it has got unique value in situations where the sample volume 

available is very small such as in determination of drug concentration [36] 

(C. Alves et al. 2007). 

It has been applied in the pharmacokinetic studies of trimeprazine 

involving extraction in 0.6 µL of toluene from 8 µL of urine and blood 

samples of rats and analysis of extract by GC-MS. Extraction of caffeine in 

beverages and food samples using chloroform as solvent and its further 

analysis by GC-MS [37] (C.G. Zambonin 2003) and also in determination 

of nicotine in nightshades vegetables and commercial food products using 

appropriate mixture of aqueous solution and toluene as extraction solvents. 

DDSME along with MALDI-MS is used for the determination of β-blockers 

agents in human serum [38] (G. Vas and K. Vekey 2004) and nicotinic acid 

in urine samples. Along with GC-MS it has been used in the detection of 

concentration of trimeprazine in urine and blood samples using 0.6 µL of 

toluene as extracting solvent [39] (J. Pawliszyn 1997). 

 

 

Dispersive Liquid-Liquid Micro-Extraction (DLLME) 

 

This technique was introduced by Assadi and coworkers [40] (H. Lord and 

J. Pawliszyn 2000). It makes use of microliter volumes of extraction solvent 

along with a few ml of dispersive solvents (in appropriate concentration) 
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such as acetone, methanol, ethanol, acetonitrile and Tetrahydrofuran which 

when injected into an aqueous sample containing the analytes of interest 

forms a cloudy solution. In this method the hydrophobic solvent is dispersed 

into the bulk aqueous phase followed by its centrifugation and the analytes 

in the settled phase can be determined by various analytical techniques  

like GC-MS, LC-MS and HPLC. This method leads to a better mass  

transfer of analytes from the aqueous phase to organic phase which enhances 

the extraction efficiency and reduces the time taken for extraction of 

analytes.  

DLLME has the advantage of being simple, rapid, and low cost. The 

method has high recovery, high enrichment factor and short extraction time 

and is thus used in ultra trace analysis. Later Feng et al. demonstrated a new 

DLLME method based on solidifying floating organic droplet method 

(DLLME-SFO) which has twice the enrichment factor as that of traditional 

LPME method [41] (G.A. Mills and V. Walker 2000). The main 

disadvantage of DLLME is that it is not a selective extraction technique 

however interferences from matrix co-extractives are often present and 

moreover it requires the use of third component (disperser solvent) for 

extraction process. 

Also DLLME can also be combined with SPE and LLE to improve the 

selectivity of sample preparation process and/or to reduce the LOQs (Limit 

of quantitation) achieved for complex matrices. DLLME can also be 

combined with EME (electro membrane extraction) followed by GC-FID for 

the trace analysis of drugs in untreated biological samples such as human 

plasma and urine samples. This technique not only provides high sample 

clean up and sensitivities but also improves incompatibility problems of 

EME with GC-FID. This technique has the advantage of short analysis time, 

low cost, extraction clean up in urine and plasma samples [42] (S. Ulrich 

2000). Various steps of DLLME has been shown in Figure 5 

(http://www.chrom-china.com/fileup/PIC/20131031195159.jpg). 
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Figure 5. Different steps of DLLME. 

 

Solid Phase Microextraction(SPME) 

 

It is basically solid phase miniaturized extraction technique introduced 

by Pawliszyn and group in the year 1990 [43] (T. Kumazawa 2003) which 

doesn’t uses any solvent for extraction so solvent disposal problem is 

eliminated. SPME integrates sampling, extraction, pre-concentration and 

sample introduction into a single step. SPME applications uses either 

sorption via exposure of the sample to a thin layer of sorbent coated on the 

outer surface of fiber or, on the internal surface of the capillary tube as 

shown in Figure 6 (http://www.chrom-china.com/fileup/PIC/201203 

02102325.jpg). The various fibers used are PDMS/DVB which is a multiple 

component bipolar sorbent coating commercially available in film thickness 

of 65 micrometer, here DVB is suspended in the PDMS phase or, PDMS a 

single component, non polar liquid adsorbent phase coated on fused silica 

commercially available in film thickness of 30 and 100 micrometers and can 

be used in combination with GC and HPLC or, DVB/CAR/PDMS multiple 

component bipolar phase that contains a combination of DVB-PDMS 

layered over CAR-PDMS thus expanding the analyte molecular weight 

range. In this method the polarity of the sorbent coating should match the 

polarity of the analyte of interest and the coating should be pH and 
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temperature resistant also they should lack the affinity for interfering 

compounds, SPME is different from SPE in that here exhaustive extraction 

of the analyte from the sample matrix is not achieved, samples are analyzed 

after equilibrium is reached or, at specific time prior to achieving 

equilibrium. 

The distribution constant Kfs between the coated fiber SPME sorbent and 

aqueous sample matrix is given by: 

 

Kfs= Cf/Cs 

 

Where Cf = concentration of analyte in the fiber sorbent and 

Cs = concentration of analyte in the aqueous sample. 

 

Thus higher the Kfs higher the sensitivity of the analytical procedure. 

 

 

Figure 6. Steps of the SPME technique. 

Complimentary Contributor Copy



Micro Extraction 203 

The two primary approaches for carrying out SPME procedures are 

either with sorbents coated fibers or, with the sorbent coated on the internal 

surface of capillary tube. In the fiber design, a fused silica core fiber is coated 

with a thin film (7-100 micrometer) of liquid polymer or, a solid sorbent in 

combination with a liquid polymer, fiber length is generally 1 cm. 

The in–tube designs for the SPME uses 0.25 micrometer ID-capillary 

tube with about 0.1µL of coating of sorbent on the internal surface of the 

tube. Here basically thin polymeric layer coated on fused fiber is exposed 

into the sample or, its head space. During exposure the analyte present in the 

sample matrix and with chemical affinity for SPME fiber coating are sorbed 

and retained on fiber [44-49] (N.H. Snow 2000), (Q. Costa 2004), (C. Alves 

et al. 2007), (L.F. Gram 1984), (P.J. Goodnick 1994) and (B.B. Rasmussen 

and K. Brosen 2000). The dimensions of the fused silica fiber are accurately 

known so that the volume of the fused silica core can be subtracted from the 

total volume of the fiber to yield the phase volume of the sorbent. 

The general SPME process consists of two steps: 

 

1. The sorbent either an externally coated fiber or, an internally coated 

tube is exposed to the sample for a specified period of time. 

2. The sorbent is transferred to a device that interfaces with an 

analytical instrument for thermal decomposition using GC or, for 

solvent desorption using HPLC. 

 

In the fiber mode the sorbent coated fiber is housed in a micro-syringe 

like protective holder, the needle is used to pierce the septum of the sample 

vial then the plunger is depressed to expose the sorbent coated fiber to the 

sample as shown in Figure 7 (http://www.chem.sc.edu/analytical/chem 

621/lab/images/RGFig1.JPG) and after the specified time the fiber is 

retracted into the micro-syringe and the needle is withdrawn from the sample 

finally, the sorbent is interfaced with different analytical instruments. 
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Figure 7. SPME Apparatus. 

Whereas in the in-tube mode a sample aliquot is repeatedly aspirated 

and depressed into an internally coated capillary and finally an organic 

solvent desorbs into the analyte and sweeps it into the injection. SPME has 

the advantage of being the most attractive sample pretreatment technique in 

forensic, clinical and pharmaceutical analysis of complex matrices system 

prior to chromatographic and CE process, other advantages includes low 

operating costs, ease of operation, speed, also it pose no environmental harm 

as it is solvent-less sample preparation procedure and can be easily 

automated it also facilitates unique investigations such as investigations 

from very small samples. 

Despite of various advantages short fiber life, high cost and matrix effect 

can be major disadvantage of SPME process also SPME can be used to 

extract analytes from only clean samples as the extraction from dirtier 

matrices is more difficult. 

Analysis of antidepressants (Tricyclic) in plasma samples using SPME 

along with LC-MS has been reported where factorial design approach was 

used to optimize MS parameters and lab-made SPME interface combines 

SPME to LC-MS [50] (P. Baumann 1996). 
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CONCLUSION 

 

This chapter focuses on various micro-extraction techniques over other 

classical sample pretreatment procedures because of its several advantages 

viz. miniaturization, minimization, automation, time efficiency and onsite 

analysis. LPME is basically a solvent minimized sample pretreatment 

process over LLE, it is simple, rapid, sensitive and virtually solvent free 

green procedure and is also compatible with various analytical instruments 

like GC, HPLC and CE. SDME has got excellent application range from 

trace organic to inorganic analysis, here the nature of analyte basically 

determines the separation and detection technique to be used for analysis 

and this finally dictates the choice of sample preparation method. SDME 

produces better LODs than SPME also derivatization process is critical to 

obtain sufficiently good chromatographic separations with increasing 

volatility, detector sensitivity and selectivity. SPME uses an appropriate 

stationary phase (sorbent) coated either on fibers or, on the inner surface of 

the capillary tube and is attractive over other techniques as is used even for 

sample pretreatment of complex sample matrices and hence finds extensive 

application in forensic, clinical and pharmaceutical analysis. Thus, micro-

extraction exhibits many advantages such as its simplicity, low cost, short 

extraction time and minimum requirement of solution and solvent for 

separation and pre-concentration processes. 
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ABSTRACT 

 

Organic azides are an important and versatile class of chemical 

compounds. They present industrial, academic, and biological 

applications. In addition, they can be obtained from a variety of synthetic 

methods. The present book chapter will focus specifically on bis-azides, 

i.e., organic compounds presenting two azido (-N3) groups in their 

structures. The utility of them is going to be covered in synthetic group 

transformation, polymer chemistry, in the preparation of bioactive 

compounds, in click chemistry, and in the synthesis of cross-linked DNA. 

 

Keywords: Azides, Organic Azides, Bis-Azides 

 

 

INTRODUCTION 

 

Organic azides are an important and versatile class of chemical 

compounds [1]. They present industrial applications [2], are biologically 

active substances [3], and have great synthetic utility in conjunction with 

their easy accessibility via several synthetic routes [3-5]. 

The history of organic azides goes back to 1864 when the German 

chemist Peter Griss, who first prepared the diazonium salts [6, 7], obtained 

aryl azides from the reaction of arenediazonium perbromides with ammonia 

[8]. Later on, Theodor Curtius found that the treatment of benzoyl hydrazine 

with nitrous acid afforded benzoyl azide. Alkaline hydrolysis of benzoyl 

azide gave sodium azide which, in turn, by acidification resulted in the 

formation of hydrazoic acid (HN3). In Curtius´ laboratory, a procedure was 

also developed for the preparation of alkyl azides via the treatment of alkyl 

iodides with AgN3. He also discovered that the reaction of benzoyl azide 

with hot ethanol gave rise to N-phenylcarbamate [8]. The coversion of acyl 

azides to the corresponding carbamates is known as The Curtius 

Rearrangement and it is one step involved in the general method that 

converts carboxylic acids to amines [9]. Since these initial studies, azides 

have attracted the attention of several researchers. 
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The present book chapter will focus specifically on bis-azides, i.e., 

organic compounds presenting two azido (-N3) groups in their structures. It 

is going to be covered the utility of them in polymer chemistry, synthetic 

group transformation, in the preparation of bioactive compounds, in click 

chemistry, and in the synthesis of cross-linked DNA. It is not our intention 

to make an exhaustive description of all aspects related to bis-azides.  

 

 

FUNCTIONAL INTERCONVERSION EMPLOYING  

BIS-AZIDES 

 

The esterification is an important process in organic chemistry. Esters 

can be prepared using mineral acids, a variety of activating agents, and 

several catalysts [10]. Ponnuswam and co-authors found that the 

combination of bis-azides with trialkyl phosphites or triphenyl phosphine is 

an alternative method for the preparation of esters [11]. Thus, treatment of 

carboxylic acids with 1,3-diazidopropane (1) in the presence of triethyl 

phosphite or trimethyl phosphite afforded methyl or ethyl esters (2-23) in 

good yields (Scheme 1). Reactions were carried out at room temperature and 

under solvent free condition. 

The proposed mechanism for this reaction is depicted in Scheme 2 [11]. 

The inconvenience of the aforementioned method is that the phosphites 

must be prepared before running the esterification. Considering this, it was 

hypothesized that the trialkyphosphites could be replaced by 

triphenylphospine. In fact, the reaction of bis-azide (1) with carboxylic acids 

in the presence of triphenylphospine and an alcohol afforded esters with 

good yields, as shown in Scheme 3.  

The proposed mechanism for the formation of esters (24)-(36) is 

presented in Scheme 4 [11]. 

The chemistry of 3,3-diazidoenones (38) has been recently investigated 

[12]. These compounds can be prepared from the corresponding 3,3-

dichlorovinyl ketones (37) which, in turn, can be made from 1,1-

dichloroethene and acyl chlorides (Scheme 5). 
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Scheme 1. Preparation of esters from bis-azide (1) and trimethyl or triethyl phosphites. 

Reaction conditions: 1,3-diazidopropane (1) (0.5 mmol), trimethyl phospite/triethyl 

phosphite (1.0 mmol) and carboxylic acid (1.0 mmol) were stirred at room temperature 

for 20 min. 
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Scheme 2. Proposed mechanism for the esterification using triakylphosphites. 

 

Scheme 3. Preparation of esters (24)-(36). Reaction conditions: To a mixture of 

triphenylphosphine (1.0 mmol), 2-phenylethanol/cinnamyl alcohol (1.0 mmol) and 

carboxylic acid (1.0 mmol), 1,3-diazidopropane (1) (0.5 mmol) was added slowly in a 

drop wise manner (to avoid accumulation of azide) and the mixture was stirred at room 

temperature for 10 min.  
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Scheme 4. Proposed mechanism of the formation of esters from azides using 

triphenylphospine. 

 

Scheme 5. Preparation of 3,3-diazidoenones (38). 
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The formation of 3,3-diazidoenones (38) was evidencied by NMR 

spectroscopy. It was found that these compounds can undergo cyclization to 

afford azido isoxazoles (39). This process can be understood considering the 

nucleophilic attack of carbonyl oxygen on the nitrogen atom accompanied 

by N2 release. For dichlorovinyl ketones with aromatic portions, the 

azidoisoxazoles were obtained in yields ranging from 52%-62%. (Table 1). 

The reactions were carried out at room temperature in acetonitrile. The 

fastest conversion of (37d) was associated with the presence of the electron 

withdrawing group (-NO2) in the aromatic ring [12]. 

The conversion of 3,3-diazidovinyl ketones in azidoisoxazoles were also 

performed in ionic liquids. This was done in order to find more 

environmentally friendly alternatives to the traditional organic solvents. As 

can be seen in Table 2, the azidoisoxazoles were obtained in good yields and 

the best ones were prepared running the reactions in [emin]+[OTf]-. 

The formation of azidoixosazoles from dichlorovinyl ketones with 

aliphatic portions was also investigated and the results are depicted in Table 

3.  

 

Table 1. Formation of azidoisoxazoles (39a-d) 

 

 

Starting ketone Ar 

Time for the 

conversion of (37a-d) 

to (38a-d), h 

Yield of (39) 

(%) 

37a  4-Br-C6H4 2.5 (38a) 62 (39a) 

37b  4-Cl-C6H4 3.0 (38b) 56 (39b) 

37c  Ph 4.0 (38c) 52 (39c) 

37d  3-NO2-C6H4 1.5 (38d) 61 (39d) 
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Table 2. Formation of azidoisoxazoles in ionic liquids 

 

 

Compound 
Yield of compounds (39a-c) 

[bmin]+[BF4]- [emin]+[OTf]- [hmin]+[PF3(C2F5)3]
- [bmpyrr]+[PF3(C2F5)3]

- 

39a 70 74 62 57 

39b 67 74 63 58 

39c 65 75 N/A N/A 

 

Table 3. Preparation of azidoisoxazoles (41e-h) 

 

 

Starting ketone R 
Time for the conversion 

of (40) to (41), h 

Yield of 

(41) (%) 

37e  CH3CH2CH2 36.0 (40e) 30 (41e) 

37f  CH3CH2CH2CH2 40.0 (40f) 36 (41f) 

38g  (CH3)2CBr  1.5 (40g) 36 (41g) 

39h  CF3  1.0 (40h) 40 (41h) 

 

The yields of the azidoisoxazoles (41e-h) were lower compared to the 

compounds (39a-d). This fact was ascribed to side reaction to form 

oligomeric products. It is likely that enolization of the ketones is responsible 

for this behavior. Another possibility is the high volatily of compounds (41e-

h) that have low molecular weight. This fact made the isolation of 

azidoisoxales (41e-h) in pure form a difficulty task. In fact, it was not 

possible to isolate compound (41h) with good purity. Its formation was 

confirmed by trapping the azidoisoxazole, via strain promoted alkyne-azide 

cicloaddition (SPAAC) [13, 14], with cyclooctyne resulting in the formation 

of adduct (42) (Scheme 6). 

 

Complimentary Contributor Copy



Bis-Azides 219 

 

Scheme 6. Trapping reaction of compound (41h) with cyclooctyne. 

The 3,3-diazidoenones can also react with cyclooctyne to afford 1,2,3-

triazoles as exemplified in Scheme 7 for the reaction of divinyl ketone (38a) 

resulting in the bis-1,2,3-triazole (43) in 88% yield. When the reaction was 

warmed to promote the converstion of (38a) in azidoisoxazole (39a), 

subsequent addition of cyclooctine resulted in the formation of (44) in 93% 

yield [12]. 

 

 

Scheme 7. Preparation of 1,2,3-triazoles from 3,3-diazidoenone (38a). 

The azidoisoxazoles are synthetically useful compounds. They can be 

converted in 1,2,3-triazoles via CuAAC reactions (vide infra for a more 

detailed discussion regarding this reaction) as exemplified in Scheme 8 for 

the conversion of (39b) in compound (45). Compound (39b) was also 
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converted in 1,4,5-tribustituted-1,2,3-triazole (46) by reacting it with 

malodinitrile and sodium etoxide. 

 

 

Scheme 8. Conversion of isoxazole (39b) into compounds (45) and (46). 

To further demonstrate their synthetic utility, azidoisoxazoles (39a-c) 

were converted in the phosphorous and nitrogen derivatives shown in 

Scheme 9. 

 

 

Scheme 9. Conversion of azidoisoxazoles in nitrogen and phosphorus derivatives. 
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BIS-AZIDES AND CUAAC REACTION 

 

Azides have been widely used in the Copper(I)-catalyzed Alkyne-Azide 

Cycloaddition (CuAAC), also known as click reaction [15-18]. In this 

transformation, an alkyne and an azide react to afford 1,4-disubstituted-

1,2,3-triazole derivatives. The process is catalyzed by copper(I) species 

(Scheme 10). 

 

 

Scheme 10. General scheme of the CuAAC reaction. 

This important transformation has found applications in the preparation 

of pharmaceuticals, agrochemicals, in material science, in carbohydrate 

chemistry, among others [19-28]. 

As expected, bis-azides can be engaged in CuAAC chemistry. The 

review by Abu-Orabi [29] shows several examples of the use of bis-azides 

in click chemistry. 

More recently, Freitas and co-workers [30] synthesized a series of novel 

symmetric 1,4-disubstituted-1,2,3-triazoles via double CuAAC from 

aliphatic bis-azides (52a-d) and a tetraethylene glycol bis-azide derivative 

(52e). The eighteen derivatives (53a-53r) were obtained with good to 

excellent yields (Scheme 11) and had their cytotoxicity evaluated in vitro 

against human breast adenocarcinoma (MDA-MB 231) and ovarian 

adenocarcinoma (TOV-21G).  
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Scheme 11. Synthesis of symmetrical 1,4-dissubstituted-1,2,3-triazoles (53a-53r). 

The MTT cytotoxic assay revealed that the most active compounds were 

(53j) and (53q). The latter was more active against MDA-MB 231 cell line 

compared to the standard drug doxorubicin (used as positive control). It is 

important to mention that both compounds exhibited better selectivity index 

than the positive control (Table 4). The Selectivity Index (SI) of cytotoxicity 

was calculated based on the IC50 values obtained for each compound as 

follows: 

 

SI = IC50 Y/ IC50 X, 

 

where IC50 X is the IC50 value obtained for the MDA-MB 231 and TOV-

21G cell lines and IC50 Y is the IC50 value obtained for WI-26VA4, the 

human non-tumor cell line used as a reference. 
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Table 4. Results of the cytotoxicity evaluation of compounds (53j) and 

(53q) against MDA-MB231 (human breast adenocarcinoma),  

TOV-21G (ovarian adenocarcinoma), and WI-26VA  

(non-tumor human cell line) 

 

 IC50 (µmol L-1) ± SD 
Selective Index (SI) 

MDA-

MB 231 
TOV-21G 

Compound MDA-MB 231 TOV-21G WI-26VA 

53j 28.83 ± 14.20 
7.29 ± 

3.63 

69.36 ± 

15.76 
2.41 9.51 

53q 5.07 ± 1.75 
31.64 ± 

9.40 
24.03 ± 6.78 4.74 0.76 

Doxorrubicine 7.22 ± 0.77 
3.68 ± 

2.78 
1.67 ± 1.73 0.23 0.45 

IC50 = the compound concentration that reduced cell viability by 50%. 

SD = standard deviation. 

 

These compounds induced apoptosis in both tested cell lines, as  

assessed by BrdU assay. The findings suggested that these  

structurally simple compounds may be promising prototypes for antitumoral 

agents. 

The synthetic strategy used for the preparation of compounds (53a-53r) 

has also been recently utilized by other researchers [31]. 

The synthesis of unsymmetrical bis-triazoles via organoclick- 

click sequence was examined by Bressy and co-workers [32].  

The organoclick step combined a ketone and an unsymmetrical  

bis-azide in the presence of proline as the organocatalyst as  

shown in Scheme 12. This approach afforded the monotriazoles  

in moderate to good yields. It was noticed the formation of azidoanilines 

resulting from a selective reduction of the aromatic azide function  

and the obtained yields for them are shown between parentheses in Scheme 

12. 
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Scheme 12. Organoclick step of the organoclick-click sequence reported by Bressy and 

co-workers [32]. 
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With the compounds (56a-i) in hands, they were submitted to CuAAC 

reaction (click chemistry) with different alkynes giving rise to the bis-

triazoles (Scheme 13). 

 

 

Scheme 13. Click step of the organoclick-click sequence reported by Bressy and co-

workers [32]. 
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A one-pot procedure was also developed. In this case, the monoazide 

intermediate was not isolated (Scheme 14). 

 

 

Scheme 14. One pot procedure for the preparation of bis-1,2-3-triazoles. 

 

SYNTHESIS OF FUNCTIONALIZED MACROCYCLES 

 

Macrocycles bis-iminophosphoranes can be efficiently synthesized via 

Staundinger reaction between bis-azides and bis-phosphines as shown in 

Scheme 15 [33]. Thus, the bis-azide (59a) was converted in cyclic compound 

(60a) in 79% yield. The incorporation of heteroatoms in the chain 

connecting the aromatic rings did not decrease the yield of the cyclic 

products (preparation of compounds 60b-60d).  

 

 

Scheme 15. Synthesis of functionalized macrocyles by means of reaction of bis-azides 

and bis-phosphines [33]. 
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Variations of this reaction were developed (Scheme 16). Starting from 

aldehydes (61a-b), the imines (62a-b) were obtained and treated with 

bisphosphines affording the macrocyles (63a-c) with moderate yields. 

 

 

Scheme 16. Synthesis of macrocycles (63a-c) via imine formation followed by 

Staundinger reaction [33]. 
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USE OF BIS-AZIDES IN POLYMER CHEMISTRY 

 

Poly(1-trimethylsilyl-1-propyne) [PTMSP] is a high free volume glassy 

polymer and presents extraordinary gas permeability. Cross-linkable  

films of PTMSP were obtained from toluene solutions composed of  

PTMSP and either 4,4-diazidobenzophenone (64) or 4,4´-

(hexafluoroisopropylidene)diphenyl azide (65). The preparation of these 

bis-azides was accomplished via diazotization followed by treatment of the 

diazonium salt with sodium azide as shown in Scheme 17. 

 

 

Scheme 17. Synthesis of bis-azides (64) and (65). 

The films were cross-linked via UV-irradiation at room temperature or 

thermal annealing at 180 oC. The formation of the films can be understood 

considering that photoirradiation or thermal treatment of azides leads to the 

loss of nitrogen and the formation of nitrene. This, in turn, can add to double 

bonds of PTMSP (66) do give aziridines or insert into C-H bonds to give 

amines (Scheme 18).  

The cross-linked films were tested for the N2 and O2 gas permeability. 

It was found that the cross-linked polymers were less permeable than 

PTMSP (66) [34]. 

 

 

PREPARATION OF CROSS-LINKED DNA  
 

In this last section, it is pointed out that heterodimeric interstrand cross-

linked DNA was obtained by Xiong and Seella [35]. Their approache 
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involved a double-click reaction between preformed oligonucleotide 

duplexes and the bis azide (67) (Scheme 19).  

 

 

Scheme 18. Formation of the cross-linked PTMSP films. 

 

 

Scheme 19. Construction of heterodimeric interstrand cross-linked DNA via double-

click reaction. 
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Scheme 20. Alkynylated nucleotides utilized in the preparation of oligonucleotide 

duplexes. 

The structures of alkynylated nucleotides (68-73), used in the 

preparation of oligonucleotide duplexes, which were utilized in the double 

click-reaction, are shown in Scheme 20.  

It was found that the stability of cross-linked DNA depends on the linker 

length and the site of modification. It was worth to mention that cross-linked 

DNA may be helpful in cancer therapy [36]. 

 

 

CONCLUDING REMARKS 

 

This book chapter covered several reports showing the utility of bis-

azides. The usefulness of this class of compounds was demonstrated in 

functional group interconversion, in polymer chemistry, in the preparation 

of macrocycles, and in the formation of biomolecules. So far, the bis-azides 

have been mainly applied in the CuAAC reaction (also known as click 

chemistry). There are other reports in the literature related to the use of bis-

azides. However, as previously mentioned, it was not our intention to make 

an exhaustive discussion concerning bis-azides. Finally, it is possible to 
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antecipate that many other applications of this class of versatile compounds 

will be described in the future. 
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