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ABSTRACT: This review article provides a comprehensive overview of curing processes relevant to air-drying paints. It is 
focused not only on binders derived from plant oils but also on oriental lacquers and their synthetic congeners as their 
solidification and hardening processes are driven by chemical reactions with air-oxygen. The main aim of this article is to 
bring a critical look on this subject omitting deep-seated misinterpretation and oversimplification often appearing in the 
field of paint technology. Such objective was achieved by utilization of the latest knowledge appearing in various areas of 
chemical research, e.g. organic chemistry, biochemistry, physical chemistry, computational chemistry and inorganic chem-
istry. 

Introduction 
The binders cured by action of air-oxygen have been es-

tablished as a significant group of paints used in protective 
and decorative coatings.1 In recent years, they have become 
very popular since a large part of the raw materials is avail-
able from biologically renewable feedstocks.2 Modern air-
drying paints, including high-solid (HS) and water-borne 
(WB) formulations, also fulfill ecological concerns about 
low emission of volatile organic compounds (VOC) 3,4 and 
total life cycle.2  

Air-drying process, during which a liquid paint layer 
converts to the durable film, is commonly known as autox-
idation. It usually proceeds on unsaturated hydrocarbon 
tails originating in fatty acid esters of plant oils.5 In case of 
traditional oriental lacquers and related binders, the au-
toxidation of lipid tails is preceded by enzymatically cata-
lyzed oxidative polymerization of catechol moieties.6-8 
Curing by action of air-oxygen is also evidenced on some 
purely synthetic binders 9,10 and reactive diluents used in 
paint industry.11,12 

The autoxidation is generally a very slow process. In 
practice, it has to be catalyzed by transition metal com-
pounds known as “primary driers” or enforced by elevated 
temperature. Currently used cobalt(II) carboxylates are 
very powerful primary driers and widespread in field air-
drying paints intended for industrial as well as do-it-your-
self market. Their main disadvantages involve decreasing 
activity in WB formulations upon standing 13 and poor 

through-drying of HS binders.14 Furthermore, they are un-
der deep toxicological scrutiny by Cobalt REACH Consor-
tium of European Chemical Agency as a suspect carcino-
gens,15,16 which stimulates the paint producers in a search 
for adequate alternatives. It is necessary to pointed out that 
the concept of a primary drier with negligible biological 
impact is a very ambitious goal since lipid autoxidation 
commonly proceeds in living organisms and any primary 
drier must affect it in some extent. Of course, the cobalt-
replacement is a very beneficial trend for human health but 
the nature of primary driers inevitably leads to increased 
oxidative stress in human organism, which may lead to var-
ious diseases.17  

Although the quest for cobalt replacement is ongoing for 
about two decades.18 only few cobalt-free driers are com-
mercially available and each them replaces cobalt com-
pounds only partially owing to a very specific catalytic be-
havior of cobalt(II) carboxylates. Furthermore, the replace-
ment is not a simple process as the paint additives (e.g. sec-
ondary driers and antiskinning agents) are well tried only 
in combination with cobalt compounds and introduction 
of another primary driers leads to expansive and time-con-
suming tuning of new paint formulations. The field cobalt-
free driers faces particular challenges mainly in field of eco-
logically sustainable HS and WB formulation. In both 
fields, a quest for driers with properties superior to cur-
rently used cobalt(II) carboxylates is still ongoing. The HS 
binders place strong emphasis on performance of the drier 
due to negligible effect of physical drying as the film for-



 

mation proceeds solely chemically.4 In case of WB formu-
lations, the drier have to be enough hydrolytically stable 
and sufficiently miscible with alkyd phase.2 

 

Table 1. Contents (%) of unsaturated fatty acids in the seed oils. The column headings “m:n” signify: m = 
number of carbon atoms, n = number of non-conjugated double bonds.  

Oil crop 18:1 a 18:2 b 18:3 c Other d Ref. 

Rapeseed (high-erucic variety) 13 12 8 54 e 30 

Rapeseed (low-erucic variety) f 64 18 9 0.00 e 31 

Tung 4 25 – 84 g 12 

Oiticica 9 4 – 72 h 32 

Calendula seed  5 30 – 54 i 33 

Linseed 18 16 56 – 34 

Perilla seed  18 15 55 – 35 

Safflower oil (high-linoleic variety) 13 76 – – 35 

Soybean 22 54 8 – 36 

TOFA 30 44 10 – 37 

Castor 3 4 1 89 j 38 

Jatropha seed 22 47 – – 39 

Euphorbia seed 12 20 0.5 60 k 40 

Sandalwood kernel 53 1 1 31 l 41 

a Oleic acid. b Linoleic acid. c Linolenic acid. d Unusual fatty acid specific for given plant oil. e Erucic acid. f Known as canola oil in food-industry. g α-
Eleosteatic acid. h Licanic acid. i Calendic acid. j Ricinoleic acid. k Vernolic acid. l Santalbic acid. 

For targeted design of highly active driers, a detailed 
knowledge of the autoxidation process is very necessary. 
Since several authors already provide a detailed overview 
of lipid autoxidation 19-21 and paint additives,22-24 our goal is 
to bring a critical view on mechanism of autoxidation pro-
cess relevant to paint technology covering clarification the 
role of cobalt-based driers and recent developments in 
field of cobalt replacement. 

Plant oils 
Oils, extracted from plants, have been used for decora-

tive purposes and wood protection since time immemorial. 
Domesticated form of flax (Linum usitatissimum), which is 
an important source of drying oil, appears in early Neo-
lithic Age sites in Syria and Greek dating back to 6000 
B.C.25 Oil seeds of safflower (Carthamus tinctorius) were 
evidences in early Bronze Age (3000 B.C.) sites in Syria and 
then spread to Egypt, the Aegean and south-eastern Eu-
rope.26 

Refined plant oils consist mainly of fatty acid triglycer-
ides, which composition is somewhat characteristic for 
given species (Table 1) but fatty acid pattern may vary 
widely in different oil crops due to specific climatic condi-
tions, different extraction process, another species variety 
or other factors. For example, rape (Brassica napus) breed-
ing enabled to reduce selectively content of erucic acid in 
rapeseed oil (aka canola oil), which serves demands of food 
industry (Table 1).27 Other examples, demonstrating how 
fatty acid pattern can be changed, is given by new safflower 

and sunflower (Helianthus annuus) varieties producing 
seeds with high contents of oleic acid.28,29 

Reactivity of refined oils is given by fatty acid pattern; 
mainly by degree of unsaturation, position of double bonds 
and presence of other function groups in the fatty acid 
chains. Drying properties are approached by iodine value 
(IV),42 which corresponds to degree of unsaturation and 
enables to divide them arbitrarily to following classes: non-
drying (IV < 125), semi-drying (IV = 125–140) and drying (IV 
> 140).43 The industrially important plant oils contain a 
mixture of unsaturated fatty acid esters, usually C18 (Table 
1). Larger quantities of saturated fatty acid esters occur in 
coconut oil (Cocos nucifera), palm oil (Elaeis guineensis 
and E. oleifera) and palm kernel oil.28,35  

Rapid air-drying is observed for oils with a large content 
of fatty acids with conjugated double bonds such as α-ele-
ostearic, licanic and calendic acid (Scheme 1). Among 
them, tung oil (aka Chinese wood oil) is especially com-
mercially valuable due to about 84% content of α-eleos-
tearic acid,12 which provides coatings of excellent durability 
and chemical resistance. It is used as a chief component of 
oil paints and HS binders for waterproof lacquers.44 Alkyl 
esters derived from tung oil were reported as reactive dilu-
ents.12 Tung oil is extracted from nutlike seeds of trees 
Aleurites fordii and A. montana. Relative tree A. cordata 
gives tung oil of very similar properties that is sometimes 
called Japanese wood oil.45 Trees of the genus Aleurites are 
native in Asia but there is little known about early history 
of tung oil. Very early note is by Marco Polo, who refers 



 

that Chinese ships were calked and impregnated by some 
kind of tung oil instead of using pitch as usual in Europe.46 
In western countries, its superior properties were recog-
nized at beginning of 20th century, which led to cultivation 
of A. fordii in subtropical and tropical areas of the world. 
After discontinued tung oil production in United States, 
major growing areas include China, Argentina, Paraguay 
and parts of Africa.47 

Minor production of conjugated fatty acid esters is cov-
ered by oiticica oil, which is extracted from seeds of Licania 
rigida grown in Brazil. Such oil, containing about 72% of 
licanic acid, is commonly used as an alternative or supple-
ment of tung oil.32,43 I could be noted that keto group of 
licanic acid is not utilized for modification of paint binders 
mainly owing to high reactivity of the conjugated double 
bond system.  

 
Scheme 1. Fatty acids of plant seed oils relevant to air-dry-
ing paints: a) oleic acid, b) erucic acid, c) linoleic acid, d) 
linolenic acid, e) eleostearic acid, f) licanic acid, g) calendic 
acid, h) ricinoleic acid, i) vernolic acid, j) santalbic acid. 

Conjugated fatty triglycerides are also found in seeds of 
other plants such as bitter gourd (Momordica charantia), 
pomegranate (Punica granatum), snakegourd (Trichosan-
thes kirilowii), catalpa (Catalpa bignonoides and C. ovata) 
and jacaranda (Jacaranda mimosifiola).48 Nevertheless, 
only pot marigold (Calendula officinalis) is currently under 
agronomic research,49 which could result in sustainable oil 
production and application in paint-producing industry.12 
The latest varieties of marigold give a seed oil containing 
about 55% of calendic acid (Scheme 1). 

Fatty acids triglycerides with non-conjugated double 
bonds are commonly found in many plant oils and appear 
almost exclusively in low reactive cis-configuration. They 
differ considerably in their oxidative stability depending 

on number of double bonds in the fatty acid tail. Esters of 
mono-unsaturated fatty acids are oxidative stable at room 
temperature due to absence of activated methylene groups 
surrounded by two double bonds. Such bis-allylic moiety, 
present in linoleic and linolenic acids (Scheme 1), is re-
sponsible for curing in majority of air-drying paints, which 
mechanism will be discussed in detail bellow. 

Linseed oil, obtained from flax seeds (Linum usitatissi-
mum), was used as a chief ingredient of varnishes for many 
centuries due to high content of linolenic acid. Refined oil 
is usually used in combination with primary driers provid-
ing sufficient drying time. Physical-chemical properties of 
linseed oil can be improved by various modifications.44,50 
So-called “boiled oil” is obtained when oil is heated on air 
in presence of drier. Such processing results in increased 
viscosity. It improves leveling, reduces risk of flow and 
shortens drying times. “Blown oil” is produced in similar 
manner but the autoxidation proceeds in absence of metal 
drier. The product is typically of higher viscosity but the 
drying time stays relatively long.50,51 The linseed oil can be 
modified at elevated temperature under inert atmosphere 
or under vacuum. The appearing “stand oil” gives paint 
films with increased hardness, better gloss and lighter col-
oration than aforementioned boiled or blown oils.44 Due to 
absence of air-oxygen, the oil does not undergo usual au-
toxidation but some kind of polymerization process, which 
mechanism has not been fully recognized. Although con-
cept of conjugation/Diels-Alder cyclization was widely ac-
cepted,52,53 there are many doubts about it.54 In recent 
work, Doll et al. outlined more likely radical pathway, 
which insists further experimental and theoretical evi-
dence to be approved.55 In second half of 20th century, 
modified oils were almost fully replaced by alkyd formula-
tions due to lower price and better performance. Until 
now, linseed oil is used as a binder for do-it-yourself var-
nishes for wood protection and for production of artistic 
oil paints. The main drawback of linseed oil films is yellow 
appearance and tendency to yellow when stored in dark 
(so-called “dark-yellowing”).56 This effect is reduced con-
siderably in oils with low content of linolenic acid such as 
seed oil derived from common varieties of safflower (Car-
thamus tinctorius). Due to high content of linoleic acid, 
safflower oil is a very suitable binder for white and pale-
pigmented artistic paints.57 Oil-based paints are also acces-
sible from seeds of perilla (Perilla frutescens) since their oil 
has a very similar fatty acid pattern to linseed oil (Table 
1).58 

Semi-drying oils are extensively used for production of 
synthetic air-drying binders such as alkyd resins and air-
drying epoxy esters. They form the chief ingredient for pro-
duction of various solvent-borne (SB) and WB formula-
tions. Demands of paint industry on the semi-drying oil is 
currently covered mainly by oil extracted from soybeans 
(Glycine max), due to high content of linoleic acid (Table 
1), high yield, extensive production and other economic 
reasons. Fast-drying synthetic binders are accessible from 
a distillation fraction of tall oil known as “tall oil fatty ac-
ids” (TOFA), which contains <2% of rosin acids. The crude 
tall oil, which name derives from Swedish name for pine, is 



 

a major byproduct of Kraft pulping. TOFA, unlike seed oils, 
consists of free fatty acids, which brings several benefits 
within alkyd resins production.37 Another approach giving 
fast-drying synthetic resins involves the use of aforemen-
tioned drying oils or dehydrated castor oil containing con-
jugated ricinenic acid.38 Castor oil, extracted from Ricinus 
communis, is readily available non-drying oil containing 
free hydroxyl group, which is extensively utilized to modi-
fication of synthetic resins.59 

There are several oil-bearing plants recognized as a po-
tential feedstock of semi-drying oils or oils with unusual 
function groups.60,61 Among them, Jatropha curcas is the 
most promising for industrial use as it is adapted to differ-
ent type of lands including degraded land not competing 
to food production. Although initial plantation brought ra-
ther disappointment, improved agronomic practices can 
bring valuable linoleic acid-rich oil (Table 1) 39,62 suitable 
not only for bio-diesel production 63 but also for applica-
tion in paint industry.64 

In recent years, increasing interest is given to cultivation 
of Euphorbia lagascae, which seed oil contain a large quan-
tity of epoxy fatty acid known as vernolic acid.40,65 Interest-
ing synthetic application are also supposed for Western 
Australian sandalwood (Santalum spicatum) kernel oil due 
to a high content of santalbic acid (aka ximenynic 
acid).41,61,66 

Resins modified with fatty acids 
Synthetic air-drying binders are usually based on satu-

rated polyesters modified with fatty acids; known as alkyd 
resins. They were introduced into market in 1930s and their 
brief history has been overviewed elsewhere.2 Common al-
kyd resins are produced from dicarboxylic acids, alcohols 
of higher functionality and plant oils or purified fatty acids 
using various synthetic protocols.5 Idealized structure of 
alkyd resin consists of a linear polyester backbone deco-
rated with fatty acid tails (Scheme 2). In practice, higher 
functionality of polyalcohol leads to branching but the ex-
tensive formation of three-dimensional network has to be 
avoided as it leads to undesirable gel formation. It should 
be noted that improved film-forming properties of alkyd 
resins are not at the cost of partial degradation of fatty ac-
ids as in case of aforementioned modified-oils (boiled, 
blown and stand oils). Due to polymeric character of the 
synthetic binders, solvent evaporation plays an important 
role in the film-formation process and allows the extensive 
use of semidrying oils, as lower density of crosslinking is 
needed to obtain hard polymeric films than in case of un-
treated plant oils.  

 

Scheme 2. Idealized structures of alkyd resins based on A) 
phthalic acid/glycerol/fatty acids, B) phthalic acid/pentae-
rythritol/fatty acids. R = fatty acid tail. 

Alkyd resins are characterized by fatty acid content re-
ported as oil length (OL), which is defined as mass of plant 
oil incorporated into 100 g of resin.5 The usual classification 
on resins of short (OL < 40), medium (OL = 40–60) and 
long oil length (60 < OL < 70) is arbitrary and may vary 
according authors.5 Alkyd resin based on phthalic 
acid/glycerol/C18-fatty acids can reach OL of 60.5 when 
considered idealized structure with long linear backbone 
and all hydroxyl groups esterified (Scheme 2; structure A). 
Considerably higher value could be obtained for pentae-
rythritol analogue (OL ≤ 74.9) due to higher functionality 
of the polyol (Scheme 2; structure B). Alkyd resins of oil 
length higher than 70, known as alkyd oils, usually consist 
of oligomeric species (Scheme 3). Due to lower viscosity at 
given concentration, alkyd oils are often used as the chief 
component of HS formulations.67 It could be noted that 
lower molecular weight of HS binders declines the role of 
solvent evaporation in film-formation process, which is 
usually compensated by use of fast-drying drying oils or re-
active diluents.11,12 

 
Scheme 3. One of the idealized alkyd oil components, ap-
pearing in alkyd resin based on isophthalic acid/pentae-
rythritol/fatty acids. Properties of the component: OL = 
86%, Mr = 2810 g/mol. R = fatty acid tails.67 

Beside common alkyd binders, based solely on polyes-
ters, a large variety of modified and hybrid binders were 
introduced into paint market. In hybrid binders, polysilox-
ane or phenolic resins are grafted on alkyd framework. At-
tachment of polyamide chains on alkyd resin is utilized for 
production of thixotropic paints resistant to running and 
sagging. Alkyd modification could be also done on the fatty 
acid tails. Industrially important binder are given by copol-
ymerization with styrene (styrenated alkyds) and acrylates 
(acrylated alkyds). The later modification is suitable for 
production of a large variety of WB binders (alkyd emul-
sions). So-called urethanized alkyds are obtained by partial 
replacement of dibasic acid by polyfunctional isocyanates.5 

Air-drying epoxy esters is another group of binders mod-
ified with plant oils although not belonging to the group of 
alkyd resins. Their drying is based on autoxidation of fatty 
acids attached on polymeric epoxide backbone. A simpli-
fied structure or air-drying epoxy ester binder is given in 
Scheme 4.5 

 



 

Scheme 4. Idealized structures of epoxy ester resin. R = 
fatty acid tail. 

Resins based on phenolic lipids 
Phenolic lipids are chief components of traditional ori-

ental lacquers used for decoration and protection of artis-
tic wood, porcelain and metal objects for thousands of 
years.68 There are three kinds of trees used for the oriental 
lacquer production; namely Toxicodendron vernicifluum, 
Toxicodendron succedaneum and Gluta usitata.69,70 The 
tree sap, harvested by tapping, is a latex material giving af-
ter processing a self-crosslinking resin. Curing of the ori-
ental lacquers is a very slow process and the final films are 
tough, brilliant and resistant to water, alcohol and oils but 
sensitive by UV-radiation.71 

The most highly appreciated lacquer, commonly known 
as “urushi”, originates from Toxicodendron vernicifluum, 
grown in Japan, China and Korea.6,72 Its chief component, 
responsible for crosslinking, is a phenolic lipid called uru-
shiol. It is a diverse mixture of 3-substituted catechols 
bearing predominantly C15 unsaturated aliphatic tails.73,74 
The dense crosslinking of the cured urushi films is mainly 
due to a high content of C15-triene catechol, shown in 
Scheme 5 (structure A), which contains both reactive con-
jugated double bond system and activated methylene 
group in 10-position (Scheme 5).72 In Vietnam and Taiwan, 
phenolic lacquer originating from Toxicodendron succeda-
neum have been used. The chief component of the resin is 
called laccol and contains a mixture of catechols having 
mainly C17 aliphatic side chains in 3-position. Predominate 
component, containing unsaturated triene moiety, is 
shown in Scheme 5 (structure B).73 Oriental lacquers from 
Thailand and Barma are produced from the sap of Gluta 
usitata. The composition of the chief component, called 
thitsiol, is more diverse than in the previous cases. It con-
tains not only 3- and 4-catechols bearing linear aliphatic 
side chains but also derivatives having tails terminated by 
benzene ring (Scheme 5; structures C).73,75,76 

 

Scheme 5. Structure of the key component of a) urushiol, 
b) laccol and c) thitsiol with approximate abundance in 
given phenolic lipid.73,75 

Several convenient synthetic pathways were utilized for 
preparation of “artificial urushi”, which mimics the natural 
oriental lacquers. Urushiol analogues, used as the lacquer 
precursors, usually cover cross-linkable polyphenols or 
naphthols with unsaturated side chains.7,77,78 The ap-
proaches, utilizing cashew nutshell liquid (CNSL), seems 
to be very promising for paint industry as the raw material 
is a side product of cashew nut production.7,79-81 The chief 
component of thermally treated CNSL is cardanol, which 
is a mixture of phenols having C15 aliphatic chains in 3-po-
sition (Scheme 6).82,83 CNSL was also used as a key compo-
nent of several non-classical air-drying binders.84 

 
Scheme 6. Main components of thermally treated CNSL.83 

Miscellaneous binders 
Curing by action of air-oxygen is not limited on natural 

oils, phenolic lipids and related binders. It is also responsi-
ble for curing of several synthetic binders based on liquid 
polybutadienes 9 and allyl ether functionalized polyesters.10 
For these systems, mechanism of the curing process will 
not be discussed in detail due to limited number of pub-
lished experiments. 

Autoxidation process 
Chemical curing of the oil-based paints is a complex free-

radical process including peroxidation, peroxide decompo-
sition and crosslinking reactions. The process is usually 
called “autoxidation” as it can be considered as autocata-
lytic and it involves reaction with air-oxygen. The mecha-
nism of autoxidation has been under deep scrutiny for sev-
eral decades but it is not fully understood due to its com-
plexity and number of side reactions.85  

Peroxidation 
Initial phase of autoxidation involves peroxidation of the 

unsaturated hydrocarbons. In last decade, this area exhib-
its a great development due to extensive research in field 
of lipid biochemistry.19,20,86 Peroxidation process is auto-
catalytic as produced hydroperoxides can serve as initia-
tors. At ambient temperature, it can proceed on substrates 
with activated C–H bonds such as linoleic or linolenic acid. 
Alternative, non-radical, pathway involves reaction of un-
saturated substrates with singlet oxygen. 



 

 
Scheme 7. Peroxidation of hydrocarbons with activated C–
H bond.19,86 

The radical pathway of lipid peroxidation is initiated by 
abstraction of hydrogen radical from activated C–H bond. 
The bond could be cleaved through action by heat, UV-
light or initiator.87,88 Nevertheless, commercial air-drying 
binders always contain a certain quantity of hydroperox-
ides, appearing upon synthesis, which decomposition ef-
fectively initiates the autoxidation process (Scheme 7). Ap-
pearing alkyl radical (R•) is highly reactive. It reacts with 
air-oxygen near the diffusion controlled rate to give per-
oxyl radical (ROO•).89 The key step of propagation involves 
hydrogen atom transfer from activated C–H bond of the li-
pid tail (RH) to peroxyl radical (ROO•).86,90 It should be 
noted that considerably lower reactivity of ROO•, com-
pared with RO• or HO•, ascertains sufficient selectivity of 
the peroxidation.19 Propagation of the peroxidation process 
competes with several side reactions (e.g. β-elimination 
and radical addition on conjugated double bond system) 
and with termination producing non-radical products 
(Scheme 7).91 When substrate is consumed, the autoxida-
tion could be terminated since appeared hydroperoxides 
are kinetically stable.92 Nevertheless, air-drying binders 
usually undergo peroxide decomposition due to presence 
of primary driers or harsh reaction conditions.  

In case of common air-drying binders, rate of peroxida-
tion process is determined by fatty acid pattern of modify-
ing plant oil. Reactivity of certain fatty acid correlates with 
strength of activated C–H bond as hydrogen atom transfer 
from fatty acid is a rate-limiting step of the peroxidation. 
Such correlation is well documented on series of unsatu-
rated fatty acids.90 For example, bisallylic C–H bond in me-
thyl linoleate is considerably weaker than allylic C–H 

bonds as revealed by theoretical calculations of dissocia-
tion energies (Scheme 8),93 which is in line with observed 
rate coefficients of the propagation step (kp).94 In case of 
polyunsaturated fatty acids, the value of kp well correlates 
with number of bisallylic positions.90 It should be noted 
that some other factors could influence propagation step 
of peroxidation (e.g. steric effects, triplet repulsion) but 
they play minor role in case of fatty acid esters.86,95 

Distribution of peroxide products appearing upon autox-
idation of oleic and linoleic acids esters is shown in 
Schemes 9 and 10, respectively. Oleic acid esters have two 
allylic positions with activated C–H bonds (C8 and C11). 
Hydrogen atom transfer from either of these positions 
leads to allyl radical with electron spin distributed on the 
two terminal carbons. Oxygen addition at these positions 
results in four kinetic products shown in Scheme 9. In prin-
cipal, the oxygen addition is a reversible reaction, which 
facilitates a rearrangement to thermodynamic products 
with trans-double bonds.86,96 

 
Scheme 8. C–H bond dissociation energies (in kcal/mol) 
for methyl linoleate.93 

Linoleic acid esters bear one bisallylic position (C11) with 
activated C–H bonds. The pentadienyl radical, produced 
through hydrogen atom transfer, has three positons with 
localized spin density (C9, C11, C13), which may lead to 
three kinetic products shown in Scheme 10. Peroxyl radical 
with cis,cis isolated double bonds, formed by oxygen addi-
tion to central carbon atom, is highly unstable. Its appear-
ance was evidenced using strong hydrogen radical donor 
(e.g. α-tocopherol), which serves as a very efficient radical 
trap. At ambient conditions, the radical undergoes rapid 
rearrangement to more stable cis-trans conjugated iso-
mers.97 The rearrangement to thermodynamic trans-trans 
conjugated product is also possible but it is much slower.98 

Polyunsaturated fatty acids with higher degree of unsat-
uration exhibit more complex product distribution. For ex-
ample linolenic acid esters, commonly present in plant 
oils, do not give only simple hydroperoxides, analogously 
as linoleic acid, but also diperoxides 99 and endoperox-
ides.100  

 
Scheme 9. Peroxidation of oleic acid esters.19,86 



 

 
Scheme 10. Peroxidation of linoleic acid esters.19,86 

 
Scheme 11. Peroxyl radicals formed upon autoxidation of 9-cis,11-trans-octadecadienoic acid methyl ester.103 

So far, mechanism of conjugated fatty acids curing by ac-
tion of air-oxygen has not been fully clarified. Although 
various products of autoxidation were isolated, fully con-
sistent reaction mechanism is still missing.101 It could be 
noted that often mentioned 1,4-cycloaddition of molecular 
oxygen on conjugated double bond system 24 could not 
produce endoperoxides without photochemical activation 
as it violates spin conservation rule. Recent studies on con-
jugated linoleic acid methyl esters have shown that hy-
droperoxides are probably formed as primary oxidation 
products.102,103 The peroxidation proceeds though similar 
mechanism as in case of unconjugated fatty acids. Hydro-
gen atom transfer from either of two activated methylene 
groups, shown in Scheme 11, gives pentadienyl radical. Fol-
lowing oxygen addition produces four stable peroxyl radi-
cals those could be trapped by α-tocopherol together with 
some isomerization products. 

 
Scheme 12. Photochemical peroxidation of oleic and lino-
leic acid esters.104,107 

Non-radical pathway for peroxidation of unconjugated 
and conjugated fatty acids involves reaction with molecu-
lar oxygen in the first excited singlet state (1O2) lying 22 
kcal/mol above the ground triplet state (3O2).104,105 Singlet 
oxygen is not generated by simple thermal processes. Con-
venient method involves energy transfer from the excited 
triplet states of aromatic photosensitizers such as rose ben-
gal and methylene blue. The lifetime singlet oxygen is 
highly solvent dependent and commonly used antioxi-
dants could quench it.106 

Unconjugated fatty acids undergo “ene” reaction to give 
a mixture of hydroperoxides (Scheme 12). Interestingly, the 
rate of peroxidation is proportional to number of allylic 
methylene groups in the fatty acid chain irrespective to C–
H bond dissociation energy. Therefore, photochemical pe-
roxidation of linoleates is only 1.5 times faster than ob-
served for oleates.107 It could be noted that product distri-
bution of linoleate peroxidation is very different from 
aforementioned radical pathway. Thus, appeared products 
bearing isolated double bonds can be used to distinguish 
the singlet oxygen mediated peroxidation process (Scheme 
12).104 Photochemical oxidation of conjugated fatty acids 
has not been investigated in detail. It is anticipated that 
they undergo 1,4-cycloaddition of singlet oxygen to give 
endoperoxides similarly as other conjugated dienes 
(Scheme 13).107,108  

The studies on HS alkyd formulations modified with de-
hydrated castor oil revealed considerable acceleration of 
drying process in presence of photosensitizers. The effect 



 

of singlet oxygen is pronounced at temperatures below 
10°C, where catalytic effect of primary drier, used in mix-
ture with the photosensitizer, is strongly inhibited.107 Pho-
toassisted autoxidation was also used on three-component 
systems consisting of photosensitizer, radical generator 
and primary drier.87 

 
Scheme 13. Reaction of singlet oxygen with conjugated 
dienes.108 

Peroxide decomposition and primary driers 
Hydroperoxides are kinetically stable compounds but 

they undergo homolytic cleavage of the O–O bond through 
action of heat and UV-light (Scheme 14). In air-drying 
paints, hydroperoxide decomposition is usually acceler-
ated by elevated temperature or transition metal com-
pounds, called primary driers. Formation of alkoxyl (RO•) 
and peroxyl radicals (ROO•), upon metal catalyzed decom-
position, is clarified by Haber-Weiss mechanism shown in 
Scheme 14.23 Although it is widely accepted in the academic 
sphere, recent study on cobalt(II) acetylacetonates and 
carboxylates has pointed on some anomalies in reaction ki-
netics, which cannot be clarified by single redox process.109 
It could be further noted that some authors suggest that 
particular primary driers (e.g. managanese(III) acety-
lacetonate or iron 2-ethylhexanaoate/ascorbyl palmitate) 
could directly accelerate peroxidation process.110-112 Never-
theless, such property was unambiguously proven only for 
lipoxygenase enzymes.88 In case of primary driers, the di-
rect effect on peroxidation process is not supported by rel-
evant experiments, probably, due to complications arising 
from autocatalytic properties of the process.  

 
Scheme 14. Peroxide decomposition.23,24 

Cobalt(II) carboxylates, soluble in organic solvents (e.g. 
2-ethylhexanoate aka octoate, naphthenate and neodeca-
noate aka versetate) are very powerful catalysts of hydrop-
eroxide decomposition. They are used not only as primary 
driers in paint industry but also in the Du Pont adipic acid 
synthesis as catalysts for the large-scale autoxidation of cy-
clohexane to a mixture of cyclohexanol and cyclohexanone 
(so-called K/A oil). Despite of its importance, molecular 
structure of active cobalt(II) carboxylates has not been un-
ambiguously clarified. The only relevant study dealing with 
this issue evidenced various oligomeric CoII and mixed va-
lence CoII/CoIII species by use of mass spectrometry in both 
positive and negative modes.113 Nevertheless, it is very 
likely these are in equilibrium and the active species is not 
necessary one of these but could be even monomeric. 

The catalytic activity of cobalt(II) compounds is strongly 
affected by subtle changes in the coordination sphere of 

the metal. For example, coordination of aqua or amine lig-
ands deteriorates performance of cobalt(II) carboxylates,13 
which has to be taken in account upon storage, selection 
of additives and formulation of WB paints. Lower activity 
was reported for cobalt(II) acetylacetonate but,109,114 in this 
case, the performance can be improved be combination 
with 2-ethylhexanoic acid.115 

Kinetic behavior of hydroperoxide decomposition in 
non-polar solvents catalyzed by cobalt(II) compounds is 
well described by two catalytic cycles proposed by Her-
mans et al. The classical Haber-Weiss process (Cycle I), in-
volving CoII/CoIII cycling, is accompanied with “Cycle II”, in 
which cobalt stays in formal oxidation state III (Scheme 15). 
Deactivation of cobalt(II) compounds, observed at high 
concentration, is ascribed to formation of inactive dimeric 
species, which cleavage is very slow. Postulated transition 
into the Cycle II is possible due to strong CoIII–OOR bond 
leading to competition of the bond cleavage with coordi-
nation of second hydroperoxide molecule. High activity of 
cobalt(II) carboxylates is ascribed to a strong preference of 
Cycle II, which is further driven by small ligand cone angle. 
Lower active cobalt(II) acetylacetonate remains predomi-
nantly in Cycle I.109,116 It is interesting that the key interme-
diate CoIIIOOR, involved in deperoxidation process, can be 
stabilized by N-donor ligands, which enables its isolation 
in crystalline form and detailed investigation.117 This ap-
proach has been utilized to elucidate the molecular struc-
ture of acetylacetonate derivatives.118 

 
Scheme 15. Mechanism of cobalt(II) catalyzed deperoxida-
tion.109 

In contrary to common belief,13,24 the common cobalt 
compounds, do not activate curing process photocatalyti-
cally. Negligible role of UV radiation on curing process was 
documented on alkyd formulations treated with cobalt(II) 
carboxylates.107 Singlet oxygen generation with high quan-
tum yields was reported only for cobalt(II) compounds 
bearing photoactive anthracenyl and pyrenyl moieties.119 It 
could be noted that mechanism, outlined in Scheme 15, is 
also relevant to WB formulations of air-drying paint. Alt-
hough one may suggest pathway derived from cobalt-cata-
lyzed decomposition of hydrogen peroxide, which pro-
ceeds in aqueous solution and involves predominantly co-
balt(II) species,120 the earlier approach is more relevant for 



 

WB paints as the binder autoxidation proceeds in non-po-
lar alkyd phase after water evaporation.121 

Cobalt(II) 2-ethylhexanoate, is the most extensively used 
primary drier in paint-producing industry, mainly due to 
its high catalytic power and low price. The studies dealing 
with investigation of autoxidation process or development 
of novel driers usually take cobalt(II) 2-ethylhexanoate as 
a “golden standard”. The main drawback of cobalt-based 
driers is their toxicity.15 Soluble cobalt compounds were 
found to be genotoxic and carcinogenic. They cause chem-
ical DNA damage through generation of free radicals form 

hydrogen peroxide.16,122 Less pronounced drawback of the 
cobalt(II) carboxylates is relatively high sensitivity to 
proper dosage, which is significant mainly in case of HS 
binders. Overdose effect often causes paint defects (e.g. 
wrinkling and orange peel), which originates from fast cur-
ing of the surface while the inner part of the coating stays 
intact. At concentrations lower than optimal, the drying 
time increases rapidly due to long induction times.14 In 
practice, the high-sensitivity to drier concentration is 
solved by use of additives called secondary driers (i. e. car-
boxylates of redox-inactive metals), which improve 
trough-drying of the paint coating.123 

 
Scheme 16. Structure of complexes bearing chelating ligands: A) complex isolated from the mixture manganese(II) 2-
ethylhexanoate/2,2’-bipyridine,126 B) highly-soluble complex bearing a tripodal tetradentate ligand,127 C) water-soluble di-
nuclear manganese(IV)-manganese(IV) complex.128 

Non-cobalt primary driers are usually based on carbox-
ylates or coordination compounds of manganese, iron, va-
nadium or cerium. Redox properties of these compounds 
enable to decompose hydroperoxides through Haber-
Weiss mechanism but detailed kinetic studies, excluding 
alternative catalytic cycles, are still missing.  

Commercial manganese(II) 2-ethylhexanoate and ne-
odecanoate are obvious alternatives for cobalt-based driers 
but they exhibit considerably lower activity that is further 
inhibited at high relative humidity. Another weak point of 
manganese-based driers is their dark brown color that 
shifts coloration of transparent and pale-pigmented for-
mulations.124 Improved drying properties were reported for 
formulations treated with various N,N-chelating ligands.125 
Detailed investigation of the coordination behavior of 
manganese revealed appearance of tetranuclear 
Mn2

II/Mn2
III species (Scheme 16, Structure A), which is re-

sponsible for increased activity of 2,2’-bipyridine deriva-
tive.113,126 

Promising drying activity was also reported for manga-
nese(III) acetylacetonate [Mn(acac)3] and its combinations 
with various chelating ligands.110,111,129 High reaction rates, 
observed for the systems with N,N-chelating ligands (N,NL) 
established on ethyl linoleate model system, are explained 
by facilitated reduction of MnIII to MnII producing stable 
[MnII(acac)2(N,NL)] complexes.111,130 Unfortunately, follow-
ing experiments on alkyd formulations did not prove the 
positive effect of chelating ligands, which is attributed to 
extensive β-scission side reactions producing volatile side 
products and thus lower degree of crosslinking.124 It should 
be also noted that application of [Mn(acac)3] in real paints 
is very limited by low solubility in organic solvent.  

Further experiments on model systems demonstrated 
promising catalytic activity for manganese(III) compounds 

bearing tetradentate tripodal N,N,O,O-chelating ligands. 
Potential for application was suggested for derivative bear-
ing non-polar tert-butyl groups (Scheme 16, Structure B), 
which exhibits good catalytic performance and excellent 
solubility in organic solvents.127  

Strong application potential have been recognized for 
dinuclear MnIV-MnIV complex bearing 1,4,7-trimethyl-1,4,7-
triazacyclononane (Me3TACN; Scheme 16, Structure C), 
which was originally designed as a catalyst improving 
bleaching power of peroxides at low temperature.128,131 Ini-
tial experiments on ethyl linoleate emulsions, utilized as a 
model for WB formulation, revealed considerably higher 
drying activity than reported for manganese(II) carbox-
ylates, which could be further enhanced by addition of pol-
yamine (e.g. 1,1,4,7,10,10-hexamethyltriethylenetetra-
mine).132,133 Such additive apparently facilitates phase trans-
fer and migration of the dicationic catalyst close to non-
polar fatty-acid chains where the autoxidation proceeds. 
The catalytic performance of the dinuclear species is clari-
fied by modified Haber-Weiss process shown in Scheme 17. 
It could be noted that all dimeric species given in the 
scheme have been detected by mass spectrometry.133 The 
appearance of intermediate MnIII-MnIV species was further 
evidenced by EPR spectroscopy.134 Following study on SB 
and WB formulations verified high activity at concentra-
tion level comparable to cobalt carboxylates and noted ac-
ceptable color change.135 Modified manganese species 
bearing Me3TACN ligand is currently commercially availa-
ble. It performs at considerably lower concertation level 
than cobalt(II) carboxylates and the paint films are cured 
more homogenously.136 



 

 
Scheme 17. Hydroperoxide decomposition catalyzed by di-
nuclear manganese complex.133 

Iron based driers have been deeply scrutinized since iron 
is a low-toxic metal possessing pronounced FeII/FeIII redox 
system. The initial studies on iron 2-ethylhexanoate re-
ported negligible activity at room temperature and possi-
ble application in baking emails. Following investigation 
revealed that iron 2-ethylhexanoate forms trinuclear clus-
ters with two equivalent iron(III) sites and one unique 
iron(III) site (Scheme 18).112,113 Its low activity is ascribed to 
high redox-stability of FeIII in the structure, which brakes 
Haber-Weiss cycle. The catalytic activity can be induced by 
an excess of ascorbyl fatty acid esters promoting iron(III) 
reduction.137,138 Although structure of the reduced cluster 
was not fully elucidated, it was sufficiently documented 
that only one iron site is effectively redox-active.112 Oxi-
dized ascorbyl ester is probably coordinated on active site 
of the cluster but detailed mechanism of the catalytic ac-
tion deserves further investigation. The activity of the cat-
alytic system was documented on SB formulations includ-
ing fully pigmented paint containing all necessary addi-
tives. It could be noted that simplified system iron(II) sul-
fate / ascorbic acid is not suitable even to WB formulations 
owing to limited solubility in the paint system after water 
evaporation.137 It could be further noted that high concen-
tration of ascorbic acid derivatives should be avoided in 
air-drying paints as it may lead to inhibition of the autoxi-
dation process due to their pronounced antioxidant activ-
ity.  

 
Scheme 18. Molecular structure of A) iron carboxylates 
where L is coordinated solvent molecule; B) ascorbyl car-
boxylate.112 

High drying activity is reported for iron-bispidine com-
plex shown in Scheme 19.139 The rigid framework of the 
pentadentate bispidine ligand enforces specific geometric 
constrains hardly accessible by another simple ligands. The 
unique coordination sphere of iron mimics the active site 
of lipoxygenases (Scheme 19); non-heme iron enzymes re-
sponsible for lipid oxidation in biological systems.88 Alt-
hough the species was originally developed as a catalyst for 
textile bleaching,131 later scrutiny revealed strong drying ac-

tivity in SB, WB and HS alkyd formulations at concentra-
tions about two orders of magnitude lower than commonly 
used in case of cobalt(II) carboxylates.14,136,139,140 Due to low 
solubility in common organic solvents, the commercial 
iron-bispidine complex is usually supplied as a solution in 
water or 1,2-propanediol. Recently, the solubility issue has 
been overcame by exchange of chloride 141 ligands by non-
polar 2-ethylhexanotates.141,142 It could be noted that mech-
anism of the iron-bispidon catalyzed curing has not been 
fully clarified. Beside obvious Haber-Weiss peroxide de-
composition, suggested in coating studies,141 the catalyst 
could be also responsible for acceleration of peroxidation 
process involving iron Fe(IV) intermediate.143 

 
Scheme 19. A) Molecular structure of iron-bispidine com-
plex;144 B) active site of lipoxygenase protein.88 

Ferrocene and its derivatives were subject of several 
studies dealing with air-drying paints. The initial investi-
gation on ethyl linoleate, which was taken as a model sys-
tem of alkyd paint, reports a very promising kinetics of the 
autoxidation process mainly for octamethyl and decame-
thyl derivatives.145 Although following study on commer-
cial alkyd binder revealed rather inhibitive properties of 
unmodified ferrocene, 146 it allows partial replacement of 
cobalt(II) 2-ethylhexanoate.147 Similar synergy with the co-
balt-based drier was further evidenced for various ferro-
cene derivatives.146,147 The detailed testing on alkyd binder 
modified with TOFA revealed high activity of acyl-substi-
tuted ferrocenes. These derivatives allow full cobalt re-
placement as they exhibit strong catalytic activity at simi-
lar metal concentration a commercial cobalt-based driers. 
Among them, benzoylferrocene (Scheme 20) seems to be 
the most promising for industrial application as it is readily 
available and its activity was confirmed on slower-drying 
resin modified by soybean oil.148 

It could be noted that ferrocene performs as a purely re-
dox-active drier not involving coordination of hydroperox-
ide or another component of the reaction mixture. Similar 
behavior is expected for iron-helmet-phthalocyaninate 
complex (Scheme 20), which allows only very weak solvent 
coordination. Although catalytic behavior of the iron com-
plex bearing phthalocyaninate-like ligand is known for 
decades, it was initially ascribed to another complex spe-
cies.149 The structure redetermination revealing helmet-
like ligand structure appeared very recently 150,151 and sev-
eral experiments, performed on model systems, suggest 
considerably stronger catalytic power than in case of co-
balt(II) 2-ethylhexanoate, which seems to be very promis-
ing but deserves more detailed investigation on a full alkyd 
paint.151 



 

 
Scheme 20. Molecular structure A) of benzoylferrocene;148 
B) iron-helmet-phthalocyaninate complex.151 

Oxovanadium compounds are known as the potent oxi-
dation catalysts for many decades but detailed investiga-
tion of their catalytic performance in air-drying paints be-
gan only recently. Readily available oxovanadium(IV) acet-
ylacetonate (Scheme 21) shows promising activity in SB al-
kyd paints. It performs at about one-third of concentration 
common for cobalt(II) 2-ethylhaxanoate.152 Solubility issue, 
which appears in non-polar solvents, was overcome by 
modifications of acetylacetonate ligands by alkyl substitu-
ents.153 High catalytic activity in SB binders was also re-
ported for oxovanadium(IV) 2-ethylhexanoate 154 and for 
oxovanadium(IV) complex stabilized by tetradentate mac-
rocyclic ligand (Scheme 21).155 It could be noted that oxo-
vanadium(IV) 2-ethylhexanoate has an oligomeric struc-
ture in stock solution but dissolution in alkyd resin led to 
slow splitting producing mononuclear species as evi-
denced by EPR spectroscopy.154 Performance of vanadium-
based driers could be clarified by classical Haber-Weiss 
mechanism involving VIV/VV redox system, which was elu-
cidated from electrochemical studies on oxovanadium(IV) 
acetylacetonate.152 Appearance of VIV species was observed 
also in dried alkyd films cured with oxovanadium(V) dithi-
ocarbamates (Scheme 21), which further supports the par-
ticipation of VIV/VV redox cycle.156  

 
Scheme 21. Molecular structure of A) oxovanadium(IV) 
acetylacetonate;152 B) oxovanadium(IV) complex bearing 
Geodken’s macrocycle;155 C) oxovanadium(V) dialkyldithi-
ocarbamate.156 

Crosslinking reactions and side products 
Conversion of liquid air-drying paint layer to crosslinked 

coating proceeds predominantly through radical addition 
to conjugated double bond system (Scheme 22) and radical 
recombination reactions (Scheme 23). In principle, the 
crosslinking reaction may involve all types of radicals pro-
duced upon aforementioned peroxidation and deperoxida-
tion processes (R•, RO• and ROO•). In practice, however, al-
kyl radicals (R•) do not participate on these processes due 
very low concentration caused by fast reaction with air-ox-
ygen.  

 
Scheme 22. Example of radical addition followed by oxy-
gen addition.157 

The addition mechanism considerably predominates at 
early stage of the autoxidation process when concentration 
of conjugated double bonds is high. Appeared allylic radi-
cal is highly reactive undergoing oxygen addition at nearly 
diffusion controlled rate.157 Participation of this crosslink-
ing pathway is evident from appearance of higher oligo-
mers of ethyl linoleate not available solely through radical 
recombination.158 Vibrational spectroscopy enables to fol-
low the radical addition process in alkyd resin through de-
velopments of vibration modes characteristic for conju-
gated double bond system.14,159  

 
Scheme 23. Crosslinking through radical recombination 
and selected concurrent reactions.91,109 

Self-reaction of alkoxyl radicals (RO•) plays a minor role 
in crosslinking process owing to their high reactivity. Fur-
thermore, the alkoxyl radicals undergo scission reactions 
producing volatile organic products, predominantly alde-
hydes, responsible for characteristic odor of air-drying 
paints.53 In case of linoleic acid, the β-scission of chain ends 
from oligomeric RO• species seems to be the largest con-
tributor of hexanal emission, which is considered as a ma-
jor volatile product (Scheme 24).157 Carbonyl groups at-
tached to the polymer substrate are responsible for effect 
called “dark yellowing”, which appears on aged coatings of 
air-drying binders kept in dark. Yellow chromophores are 
predominantly formed by condensation reactions with at-
mospheric nitrogen-containing pollutants (e.g. ammonia). 
Such yellowed coatings can be partially rebleached by ac-
tion of daylight. The visible-light irradiation probably de-
colorizes the chromophores through addition of RO• radi-
cals generated through homolytic cleavage of labile peroxo 
crosslinks in the cured coatings.160  



 

 
Scheme 24. Example of β-scission reaction of oligomeric 
linoleate.157 

Recombination of peroxyl radicals (ROO•) gives unstable 
tetroxide (ROOOOR), which can produce peroxo cross-
links between fatty acid chains (Scheme 23). However, the 
tetroxide decomposition is a complex process involving 
several concurrent reactions with different outcome. As 
clarified in recent computational study, the first step of the 
tetroxide decomposition involves two consecutive O–O 
bond cleavages leading to two RO• and 3O2 caged by sol-
vent. Such RO• radicals cannot recombine easily as their 
unpaired electrons have the same spin making the cross-
linking reaction spin-forbidden. Preferably, the caged RO• 
radicals undergo hydrogen atom transfer to give ketone 
and alcohol.91 Such products are formed in nearly equal 
amounts as proved experimentally. It could be noted that 
formation of ketone/alcohol mixture does not proceeds by 
widely accepted intramolecular rearrangement, known as 
Russell mechanism,161 owing to considerably high energetic 
barrier.91 The RO• radicals may, of course, escape the cage 
and recombine with another RO• or attack hydroperoxide 
(ROOH). Later pathway leads to peroxide decomposition 
as overall reaction becomes (2 ROOH  O2 + 2 ROH). At 
high radical concentration, such process can concur to 
metal-catalyzed deperoxidation (Scheme 14) 109 and could 
clarify deceleration of autoxidation observed at high drier 
concentrations. Nevertheless, the overdose effect in paint 
formulation is more often caused by skin formation decel-
erating oxygen diffusion into the film.14  

Ketone side products, mentioned above, are not formed 
exclusively within the termination step but also by hydro-
gen atom transfer from α-position to hydroperoxide group 
(Scheme 25). The decomposition of transient C-centered 
radical is accompanied by formation of highly reactive hy-
droxyl radical (HO•).162 Its appearance seems to be of par-
ticular importance as may lead to unexpected secondary 
products.  

 
Scheme 25. Mechanism of hydroxyl radical formation.162 

It could be noted that recombination of ROO• and RO• 
radicals does not produce ether crosslinks and O2, sug-
gested by several authors,24 as the process should involve 
high-energy C–O bond splitting. Furthermore, care could 
be take upon interpretation of experiments, performed on 
tertiary hydroperoxides, as they are generally more stable 
and do not possess all reaction pathways available for sec-
ondary hydroperoxides (e.g. fatty acid hydroperoxides).91 

Early-states of the crosslinking process can be followed 
by spatial resolved NMR imaging as decrease in the molec-
ular mobility is related with relaxation times.136,163 How-
ever, it could be stressed that curing of air-drying paints is 
a long-term process. Although peroxidation process, men-
tioned in previous section, is usually complete within 
hours, crosslinking and side-reactions proceed in term of 
weeks and months as documented by developments of rel-
ative hardness,152 modulus density and mass decrease.164 
Slow termination of the autoxidation process is due to im-
mobilized radicals caged in the polymeric matrix. Further-
more, the cured films contain many unstable peroxo 
bridges those can dissociate to RO• radicals by action of 
light or heat. Final stages of curing can led to embrittle-
ment and aging as the polymer degradation is based on 
some kind of autoxidation process as well.165 

In summary, curing of air-drying paints is a very complex 
process. At current stage of art, its detailed kinetics can be 
approached only by mechanistic models available by auto-
mating the process of network generation.166,167 Recent mi-
crokinetic model for the autoxidation of ethyl linoleate cat-
alyzed by cobalt(II) 2-ethylhexanoate, well reproduces the 
key reaction outcome and enables to explore effect of tem-
perature and catalyst concentration.167 

Antiskinning agents 
Autoxidation of air-drying paints has to be avoided upon 

their production and storage. The undesired curing is usu-
ally noticed as a polymeric film on surface of liquid paint, 
which is prevented by compounds known as “antiskinning 
agents”.168 Phenolic compounds (e.g. t-butylhydroquinone, 
2(3)-t-butyl-4-hydroxyanisole, 2,6-di-tert-butyl-4-
methylphenol, 4-hexylresorcinol and α-tocopherol) are 
radical-trapping antioxidants commonly used for inhibi-
tion of autoxidation processes responsible for degradation 
of polymeric materials and food products. They break pe-
roxidation process through hydrogen transfer from phe-
nolic hydroxyl producing phenoxyl radical that is stabi-
lized by resonance. It is inactive to bisallylic C–H bonds but 
readily captures second peroxyl radical as shown on exam-
ple of 2,6-di-tert-butyl-4-methylphenol in Scheme 26.169,170 

 



 

Scheme 26. Radical trapping by A) phenolic antioxidant 169 
and B) MEKO.171 

Although highly effective, phenolic antioxidants are not 
very suitable for air-drying paints, as their optimal dosage 
is hard to estimate. Hence, excess of the phenolic antioxi-
dants strongly inhibit the autoxidation process even in 
coated films, which results in considerably prolonged dry-
ing times. This drawback is overcome by volatile butanone 
oxime, known as MEKO, which is evaporated in early stage 
of drying and have only minor effects on film-formation 
process.168,171 Similarly as in case of phenolic antioxidants, 
ketoximes perform as radical-trapping antioxidants; one 
molecule of the agent deactivates two chain-carrying radi-
cals (Scheme 26).171 Less volatile cyclohexanone oxime is 
recommended for fast drying binders (e.g. tung oil based 
binders) where deceleration of curing process is beneficial 
as it helps to prevent premature film-formation and ap-
pearance of related paint defects. 

 
Scheme 27. Oxygen trapping by DEHA in aqueous me-
dia.172 

It should be noted that ketoximes are currently classified 
as a suspected carcinogens and search for less toxic alter-
natives is ongoing.173 Although various approaches pre-
venting paint skinning were suggested in patent literature, 
only N,N-diethylhydroxylamine, known as DEHA, reached 
a commercial use in paint-producing industry.174 In aque-
ous solutions, DEHA performs as oxygen scavenger pro-
ducing nitrone and hydrogen peroxide under mild condi-
tions (Scheme 27).172 In non-aqueous media, however, such 
reaction pathway is not available and DEHA probably per-
forms as volatile radical trapping agents.175 Nevertheless, 
mechanism of the action in paint systems deserves detailed 
investigation.  

Secondary driers 
Fine-tuning of autoxidation process is usually not done 

by strong antioxidants or oxygen scavengers but by metal 
carboxylates soluble in organic solvents known as second-
ary driers. Such compounds are not catalytically active 
themselves but can improve performance of primary 
drier.176 It should be noted that secondary driers are often 
sorted on “through driers” and “auxiliary driers” but this 
classification is not recommended, as mechanism of their 
action is not fully understood on the molecular level and 
could be very different among each group.23 Commonly 

used secondary driers include 2-ethylhexanoates of lith-
ium, potassium, calcium, strontium, zirconium, zinc, alu-
minum and bismuth. They do not influence only drying 
time, through drying and film hardness but can also reduce 
formation of skin and paint defects, improve coating gloss, 
durability, color-retention, pigment-wetting properties 
and performance at low temperatures and high air-humid-
ity.176 Such performance is attributed to many working 
mechanisms (e.g. co-catalysis due to Lewis acidic proper-
ties, improved oxygen uptake, crosslinking through car-
boxylic group coordination, deceleration of autoxidation 
on surface leading to better trough drying, coordination of 
pigment particle those may deactivate primary drier) but 
only few of them are supported by hard experimental 
data.24,177 

Recent investigation compared performance of popular 
drier combinations Co/Zr, Co/Ca and Co/Zr/Ca and with 
similar systems containing manganese and iron-based pri-
mary driers. It has proved that both secondary driers effec-
tively reduce induction period of the curing process, both 
on the surface and the bottom of the film. The main func-
tion of calcium 2-ethylhexanoate involves improvement of 
through drying due to increasing oxygen permeability 
while zirconium 2-ethylhexanoate enhances crosslinking 
density probably due to carboxylic group coordination.123 

Curing of oriental lacquers 
Oriental lacquers and their synthetic congeners are 

cured by action of air-oxygen but mechanism of the film-
formation differs considerably from the oil-based air-dry-
ing paints. It is due to antioxidant behavior of the phenolic 
compounds inhibiting autoxidation process on lipid 
tail.169,178 The oriental lacquers undergo enzymatically cat-
alyzed oxidative polymerization. Alternative curing proce-
dures involve thermal treatment enforced by iron(II) ace-
tate 179 and UV-curing of the lacquer solution in reactive 
solvent.71 In the first step of the polymerization, catechol 
moieties of urushiol, laccol and thitsiol are oxidized to 
semiquinone radicals. Such radical species are stabilized by 
resonance but readily attack another catechol moiety to 
give a mixture of biphenyls undergoing subsequent oxida-
tion to dibenzofuran derivatives (Scheme 28). The second 
important pathway involves attack of semiquinone radical 
on double bonds of lipid tails, which produces carbon–car-
bon and carbon–oxygen–carbon crosslinks (Scheme 
28).69,180,181 In case of thitsiol, the earlier pathway is strongly 
preferred due to low content of highly reactive conjugated 
double bonds in the side alkyl chains.182



 

 
Scheme 28. Oxidative polymerization of oriental lacquers.69,180

Although autoxidation of lipid tails is inhibited in phe-
nolic lacquers, it contributes to final properties of cured 
coatings. Hence, extensive autoxidation starts when phe-
nolic hydroxyl groups are consumed.183 The participation 
of autoxidation process on crosslinking of the phenolic res-
ins strongly depends on degree of unsaturation. Interest-
ingly, the studies on hydrogenated urushiol proved that 
the crosslinking solely through catechol coupling reactions 
is satisfactory to reach durable coating with good mechanic 
properties.184 

Oxidative polymerization of oriental lacquers is cata-
lyzed by laccase enzymes naturally occurring in the lacquer 
tree sap. Laccase of Toxicodendron vernicifluum, responsi-
ble for urushiol polymerization, contains four copper ions 
at three different sites; all of them essential for the redox 
catalysis.185 Synthetic catechol derivatives, used for prepa-
ration of artificial urushi, are curable by fungal laccase de-
rived from Pycnoporus coccineus.7,186 However, laccase cat-
alyzed oxidation polymerization does not occur in case of 
4-substituted phenols.7 Another procedure for curing of ar-
tificial urushiol analogues involves treatment by hydrogen 
peroxide in presence of iron-salen complex (Scheme 29), 
which was developed as a model system for peroxidase en-
zymes.187 The oxidation polymerization gives substituted 
polyphenylene oxide, in which unsaturated side chains 
stay untouched as evidenced on various urushiol analogues 
including CNSL. Such prepolymers seems to be very suita-
ble for formulation of air-dying paint since autoxidation 
can proceed on the side chains in presence of primary dri-
ers as evidenced on cobalt(II) naphthenate.7,78,79 Until now, 
the attempts to use other catalysts were only partially suc-
cessful as modified iron-salen compounds, transition 
metal acetylacetonates and transition metal phthalocya-
nine complexes show considerably lower activity that the 
original iron-salen complex.81 

 
Scheme 29. iron-salen complex.187 

Concluding Remarks 
Although the oil-based paints and oriental lacquers are 

extensively used for thousands of years, there is still num-
ber of questions about mechanism of their curing on mo-
lecular level even through large development was achieved 
in last few decades. This review documents substantial 
progress in the field and points out on several oversimpli-
fications and inconsistencies with current state of 
knowledge those are deep-seated in the community of 
coating technology. It also covers latest development in the 
field of catalysts used for acceleration of air-drying process 
including replacement of currently used cobalt com-
pounds with more environmentally sustainable alterna-
tives. It could be noted that several subjects related with 
air-drying paints deserve in-depth investigation. Such 
quests involve cultivation and production of new oil-giving 
plants, development of WB and HS binders with improved 
performance, replacement of cobalt-based driers and buta-
none oxime with less toxic alternatives. Additional theo-
retical and experimental studies are necessary to clarify 
mechanism of plant-oil polymerization in absence of air, 
autoxidation of conjugated fatty acid esters and activity of 
secondary driers. Furthermore, advanced kinetic models 
could be very useful for quantifying the roles of crosslink-
ing reactions, termination reactions, decomposition side 
reaction, the effects of driers, oxygen diffusion and coating 
thickness in the real paint systems.  
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This review article provides a comprehensive overview of curing processes relevant to air-drying paints.  

 

 


