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ABSTRACT

In view of outstanding properties of epoxy resins anfl their uses in many hi-tech applications, such as aerospace,
marine coating, satellite communication, etc., the modification of various resoles with such resin will definitely
provide better performance, including high temperature performance, improved toughness and flexibility and better
electrical insulation resistance, and hence would lead to the development of number of new application aress.
Therefore, in the present paper, the synthesis and characterization of resole-type phenolic resins based on phenol
and different alkyl phenols, viz., o-, p-, and m-cresoles, separately, with formaldehyde and blended these resoles,
separately, with diglycidyl ether bisphenol A (DGEBA) epoxy resin have been reviewed along with the effect of
orientation of various phenols on various physico-chemical, -thermal and -mechanical characteristics of the blend

systems. © 2007 Trade ScienceInc. - INDIA

INTRODUCTION

Phenolic resingd®? encompass a wide variety of
polymeric substances; each polymer iscomposed of a
multitude of structure and avariety of raw materials
and catalystsare used. Phenolicresinsareemployedin
awiderangeof gpplicationsfrom commodity construc-
tion materia sto high technol ogy applicationsin elec-
tronics and aerospace. Generally, but certainly not ex-
clusvely, thermosettingin nature, phenolicresinspro-
videnumerouschdlengesintheareasof synthess, char-
acterization, production, product development, and
qudity control. Thesearemainly derived from conden-
sation productsof formal dehyde and phenol or among
others, dkyl-substituted phenols, furfurd, furfura aco-
hol, etc.

Phenolicresinsareof two mgor types: novolac
and resole. Novolac resinsare prepared by reacting a

molar excessof phenol and formal dehydeunder acidic
conditions. Formal dehyde addsto the ortho- or para
pasition of phenol, forming methylenebridges. Resoles
aresynthes zed by akdinereaction of phenol andform-
adehyde, whereby theforma dehydeisusedin excess.
Formal dehyde to phenol (F/P) molar ratios between
1:1.0to3:1.0iscustomary intechnica resoles. These
aremono- or polynud ear hydroxymethyl phenolS(HMP)
which are stable at room temperature and, by applica-
tion of heet, sddom of acids, aretransformed into three-
dimensiondly cross-linked insolubleand infusiblepoly-
mers(resits) over different intermediate tages(resitals).
However, thelimited storage stability of resolesat am-
bient temperaturemust betakeninto consideration. The
resoleresnsareusudly neutrdized withan acid before
isolation and so themolecular structure of resolesde-
pends on the formal dehydeto phenol ratio, tempera
ture, pH, catalyst used and other lessimportant vari-
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ables®3,

The methylene bridgein resoleisthermodynami-
cally themost stable cross-linkage. Itisprevalentin
completely cured phenolicresins Theordticdly, 1.5mole
of formaldehydeisneeded for the compl ete three-di-
mensiond crosdinking of 1mol of phenol. A higher pro-
portion of formal dehydeisused intechnica resins. On
an average, considering all fieldsof applications, ap-
proximately 1.6 mol of formaldehydeisused. Thisex-
cessisnecessary to meet digtinct technica requirements,
for example, resin efficiency or free phenol content!.

Thestoragestability of theresoleshasbeenfoundto
be maximum at the neutral point of theresole¥. This
might be dueto theweakly acidic character of phenol
which might suggest that the neutral point of phenolic
resole would be at a pH vaue lower than 7. The
hydroxymethylation of phenol, inthe pH rangeof 1to
11, wasfound to bebimolecular'*®!. Therate of reaction
wasfoundto belowest for pH vauesintherangeof 3.6
t05.0. For pH valuesbelow 3.6 or above5.0, therate
of reactionincreaseslinearly™. Theshelf lifé“ of the
resolewasfoundto belongest with pH around 5.

Theviscosity of resolesistime dependent, and the
viscosity may increaseof an order of magnitudeeven a
room temperature over aperiod of few months. The
resolesare, therefore, stored at sub ambient tempera-
turewherethereactionisrelatively dow. The magni-
tude of changesin reaction dependson thetoragetem-
perature aswell as other important variables aready
mentioned above®™. The uncontrolledincreaseinthe
viscosity of the resole and the associated molecular
changeslead to variability among different batches of
theresinsandresult in aggravation totheend users. In
theworst Stuations, theincreaseinviscosity might even
prohibit the use of resins for applications such as
pultrusion and filament winding. Theresole polymer-
ization!¥ proceedsin three stages, viz. addition, con-
densation and curing.

Theaddition of forma dehydeto phenol corresponds
toaneectrophilicaromatic substitutioninacidicaswel
asindkdineenvironments. Itisgenerdly assumed that
thisreactiontypeinvolvestherate determining forma-
tion of an-complex followed by rapid loss of proton.
Theactud pathway of reaction, however, ismuch more
complicated with phenol sbecause of solvent interac-
tionandinter- and intra- molecular hydrogen bond for-
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mation, theabnorma and widevariationin ortho/para
ratio supportsthis. Thereection between formal dehyde
and phenal inthe akaline pH-range®® and pH above
5, bis-and tris-alcohols are formed as well as
monoal cohols and other compounds*®. Thesimplest
product isthisreaction is 2-dydroxy benzyl alcohol.
Sodium hydroxide, ammonia, and hexamethylene
tetramine (HMTA), sodium carbonate, calcium, mag-
nesium and barium hydroxideand tertiary aminesare
used ascatalystsinthedkalinehydroxymethylaionre-
action(**-16,

Heat curing, by for the most important hardening
processfor resoles, is performed at temperature be-
tween 130°C and 150°C. Since this is a polyconden-
sation reaction, themol ecular weight increase depend-
Ing on conversion showsadifferent coursein compari-
son to apolymerization reaction™3%7, Theheat curing
of resolesresultsin theformation of quinone methides
intermediates. In chemica structure, quinone methides
aresmilar toquinines, but differ inther -eectioncharge
distribution. Thus, they show ahighreactivity towards
electrophiles as well as towards nucleophiles. The
quinonemethidesplay an essentid roleat temperatures
below 180°C. This applies especidly in the case of
prepolymer formation in agueous medium. At higher
temperatures and appropriate conditions(sol vent and
water freeetc.), theformation of quinone methidesmay
result, and thiscould explain the presence of somelink-
ing groupsidentifiedin cured resing®9,

Epoxy resind®® areacl assof thermoset materids
used extensively in the formulation of adhesivesand
protective coatingsdueto their excellent attributes such
aschemical resstance, dielectric and insulation prop-
erties, low shrinkageon cure, dimensiond stability and
fatigueresistance. They ared so usedin structural and
specialty composite applicationsbecause they offer a
unique combination of propertiesthat are unattainable
with other thermoset resins. Availableinawidevariety
of physcal formsfrom low-viscosity liquidto high-melt-
ing solids, they are amenableto awide range of pro-
cessesand applications. Ingenera epoxiesoffer high
strength, low shrinkage, excellent adhesionto various
substrates, effective dectrica insulation, chemica and
solvent resistance, low cost, and low toxicity. They are
easily cured without evol ution of volatilesor by-prod-
ucts by abroad range of chemical specie. Epoxy resins
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area o chemicdly compatiblewith most substratesand
tend towet surfaceseasily, making them especialy well
suited to composites gpplications. Epoxy resing**® are
characterized by athree membered ringknown asthe
€poxXy, epoxide, oxiraneor ethoxylinegroup. Commer-
cia epoxy resinscontain aiphatic, cycloaliphatic, or
aromatic backbones. The capability of the epoxy ring
toreact with avariety of substratesimpartsversatility
totheresins. Trestment with curing agentsgivesinsoluble
and intractablethermoset polymers. In order to facili-
tate processing and modify cured resin propertiesother
congtituentsmay beincludedinthecompostion: fillers,
solvents, diluents, plasticizers, and accel erators.

Thecommercia possibilitiesfor epoxy resing?2
werefirst recognized s multaneously in Europeandin
the United Statesin the late 1930s and early 1940s.
Credit ismost often attributed to Pierre Castan of Swit-
zerland and S. O. Greenlee of the United Stateswho
investigated the reaction of bisphenol -A with epichlo-
rohydrin. Thefamiliesof epoxy resinsthat they com-
merciaized werefirst used as casting compoundsand
coatings. Thesameresinsare now commodity materi-
asthat providethebasi sfor most epoxy formulations.
About 45% of the epoxy resin production areused in
protective coatings, and theremainder in structura ap-
plications such aslaminates and composites, tooling,
molding, casting, construction, bonding and adhesives,
and otherd?>?, High chemica and corrosionresistance,
good mechanica andthermal properties, outstanding
adhesontovarioussubstrates, low shrinkageupon cure,
flexibility, good electrical properties, and ability to be
processed under avariety of conditionsare character-
isticsof epoxy resingd®,

Theoutstanding performance characteristics of the
epoxy resinsare conveyed by the bisphenol-A moiety
(toughness, rigidity), and elevated temperature perfor-
mance, the carbon-carbon and ether linkages(chemical
resistance), and the high polar hydroxyl and epoxy
groups(adhesive agents). Opti mum performance prop-
ertiesare obtained by cross-linking the epoxy resins
intoathrea-dimensiond insolubleandinsolublenetwork.
Theresinistreated with acuring agent or hardener, its
choi ce depends on processing methods, curing condi-
tions, and the physica and chemica propertiesdesired.

Curing agentsare either catalytic or coreactive. A
cataytic curing agent function asaninitiator for epoxy
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resin homopolymerization, whereasthe coreactive cur-
Ing agent actsasamonomer in the polymerization pro-
cess. The curing agent can react with the epoxy and
pendent hydroxyl group on theresin backbone by way
of either an anionic or cationic mechanism@%1, The
functional groups surrounding the epoxideresin aso
affect the curing process®!. Steric factors can influ-
ence ease of cure. Electron-withdrawing group adja
cent to the epoxidering often enhancethereactivity of
the epoxy resin to nucleophilic reagents, retarding its
reactivity toward el ectrophilic reagents?*?. Theep-
oxideringissusceptibleto attack from chemica swith
different structures. However, themaost important group
of coreactive curing agents arethosewith active hy-
drogen atoms, e.g. phenals, a cohals, thiols, primary
and secondary amines, and carboxylic acids. Catalytic
curesareinitiated by Lewisacids, e.g. borontrihaides,
and Lewishases, e.g., tertiary amines?>23,

The chemica compatibility of epoxy resnswitha
rather wide variety of polymersisasoof great signifi-
cance. A number of systemsresult from theblending of
epoxy resinsand polymeric modifierssuch asnylon,
phenolicresnsand nitrilerubbers. Thevariety of chemi-
cal, thermal and mechanica propertiesthat can beob-
tained from the combination of currently avaiba e ep-
oxy resinsand polymeric modifiersenablesformul ating
epoxy-based adhesives and coatingsto meet awide
range of specificationsand usagecriteria

Theblending of epoxy with phenolicnovolacresins
has opened to recommend theseresinsfor usein high
temperature structural and electrica laminates, mould-
ing and sealing compoundsfor el ectronic packaging,
coating and encapsul ation for eevated servicetempera
ture applicationg®4253-32 The|ow pressuremolding
compoundswith selected sliconetreated inorganicfill-
ers has been devel oped by these blendsfor themicro
eectronicfieds. They aresuperior to pureepoxieswith
diamino diphenyl or hexamethylenetetrachlorohydrin,
whendimengond stability, physico-chemicd behaviour
are considered. These systems posses the electrical
propertiesrequired by aninsulating materia and could
function satisfactorily under amospheric conditionswith-
out surfacefailure. Theseresinsareclear materia sthat
must be considered asthey possesgood el ectrica prop-
ertiescoupled with high mechanica strength, whenused
in conjunction with glassfibers. However, someim-
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provements must be madein theweathering character-
isticsand tracking propertiesof these system. It canbe
serioudy considered for outdoor insulation. Themain
advantage of using thesemodified systemsisthehigh
weight ratio together with good el ectrical performance
that enabl es equipment to be redesigned so asto ob-
tainweight and cost savings.

The epoxidized resol e resing* - show excellent
performances, such asrapid curing behaviour, high heet
resistance, good adhesive properties, outstanding
strength, solvent & chemical resistance and good ther-
mal stability. Theresinsare used in paintswhich could
ableto withstand solvent attack because of their out-
standing chemical resistance, physica properties, and
may, therefore, be used in order to reduce maintenance
and repairing cost to minimumincomparisontovinyls.
Theseresinsarea so used asflooring to cover or top-
ping ontop of asubfloor. They areclassified in number
of waysfor wearing surfaces. Theseflooringsaremost
commonly used for domestic purposes because of low
levelsof sound insulation and lack of pleasing appear-
ance. Many efforts have been made to improve the
appearance of such flooring such asincorporation of
color aggregates or spattering color on the floor sur-
facesand incorporating rubber crumbs asextendersto
improveflexibility and d so ussful toreduceimpact noise.
The blend system based on epoxy resin and resole-
typephenalicresinsisstudied®*¥ for their thermal char-
acterigtics. However, therdationship between theblend-
ing conditions, the structure and mechanical properties
has not been yet complete clarified. In view of out-
standing properties of epoxy resinsand their usesin
many hi-tech applications, such as aerospace, marine
coating, satellitecommunication, etc., themodification
of variousresoleswith suchresnwill definitely provide
better performance, including hightemperature perfor-
mance, improved toughnessand flexibility and better
electricd insulation resistance, and hencewouldlead to
the development of number of new application areas.
Therefore, in the present paper, resole— type phenolic
resinsbased on phenol and different dkyl phenolswith
formal dehyde and blended these resol es, separately,
with diglycidyl ether bisphenol A (DGEBA) epoxy resin
have been reviewed a ong with the studieson the effect
of orientation of various phenolson various physico-
chemicd, -therma and -mechanica characteristics of
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the prepared blend systems.
Synthesisand characterization of resolesand their
blendswith epoxy resin

In 1872, von Bayer®) obtained a colourless
noncrystallizing resinous product from the reaction
of phenol with formaldehyde, while hewasinvesti-
gating phenol-based dyes. The occurrence of similar
intractible materialsin an acidic medium was al so
reported by ter Mer®, Claus and Trainer®, Claisen
(43 and others. The reaction between formal dehyde
and phenol intheakalinepH rangewasfirst recorded
in 1894 by Lederer® and Manasse. Thisreaction
was generally referred to asthe Lederer-Manasse
reaction. These early investigatorsdid not perceive
any practical usefor theill-defined products. Speier
(44 and Luft!* were the first to recognize the techni-
cal significanceand practical use of curable phenolic
resins.

In 1907, Baekeland devel oped an economical
method to convert these resinsinto moldable com-
positions which could be transformed by heat and
pressure to hard and heat-resistant molded prod-
uctg*?l. Recognizing the commercial importance of
hisinvention, he concurrently disclosed in numerous
patents an extensive number of applicationsg*’ for
thisnew composition. Thefirst commercia phenolic
resin plant, Bakelite GmbH, was started on May 25,
1910 by Rutgerswerke AG at Erkner near Berlin.
Excellent review articlesand books by Hultzschi*d,
Martin®, Megson“? and others have provided a
summary of chemical research and existing pheno-
licstechnol ogy from that timeto the mid-eighties.

Klatil et a.’ prepared resoles from phenals,
bisphenols, and formal dehyde by successiveakaine
and acid condensation, where 0.01-0.5 molecular dmr
% organic and inorganic acidswith pKa1.2-4.9 were
added after the alkaline stageto adjust pH to 1-4 be-
causeapart of dkaine phenolateswasacidified dowly.
Thus, after condensation of p-tert-butylphenol 300,
bisphenol A 32, 37% aqueousforma dehyde 373, and
15% aqueous sodium hydroxide 121.2 g, the mixture
was stepwiseacidified with 15% sulphuricacid 127,
10% sulphuric acid 50, and 10% sul phuric acid 100mL
tothefinal pH 1.05.

Waitkus and Lepeskd®Y prepared resoleswith ef -
ficient use of equipment by filling areactor to 60-80%
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of itsvolumewith phenals, heating at 60-100°C/11-26
inch of Hg, and adding 35-60 agueousformal dehyde
a such arate that theamount of water added was ap-
proximatdy equd tothat removed, maintainingthevol-
umeof reaction mixtureat 60-90% of that of thereac-
tor. A 4-litre stainless steel reactor was charged with
phenol 1504, tolune 150, and 45% sodium hydroxide
31.2gand heated at 85°C/24.3 inch of Hg while 1955g
51.4% formal dehyde was added over 4h and then at
90, 70, and 65°C until the bubble viscosity was 12, 25,
and 60 s, especially, to give 2625 g resolewith viscos-
ity 55 P at 25°C, solids 72.16%, and weight-average
molecular weight 1383.

lyer and Shah!® prepared phenolic resoleresins
for useasbindersfor refractoriesor foundry moldsand
cores. The phenol feed (optionally including cresols)
was reacted with molar excess of an aldehyde (espe-
cidly formadehyde) inthe presenceof anadkdinecata
lyst (especidly at 60-90°C), until 10-90% of free alde-
hydewas|eft. Themixturewasthen acidified to pH<7,
and heated (especialy to 80-95°C) together with a
catalyst to promote formation of 0-o benzylic ether
bridgesuntil free a dehydewas <2%. Phenolicresins
were suitablefor cold hardening by an organic acid
catalyst for manufacture of sand moldsand cores.

Shadbal 5% devel oped abinder for foundry molds
and coreswas based on: (a) an alkaline phenol-alde-
hyderesoleresin having aphenol :ddehydemol ratio of
1:(2-3), and phenol:akai mal ratio of 1:(0.5-1.2); and
(b) an alkaline phenol-aldehyde resole resin having
phenol:aldehyde mol ratio 1:(1.5-1.30), and
phenol:alkai mol ratio 1:(0.5-1.2). Sodium hydroxide
was optionally used as an akaline component, and a
silane (especialy y-aminopropyltriethoxysilane) was
added at 0.05-3% to improve strength. The hardener
for the binder is an ester of C_ carboxylic acid, a
lactone, or propylene carbonate. Theresinswere pre-
pared by mixing phenol and sodium hydroxidesolution
tomol ratio 1:1, coolingto 50°C, and adding 34% for-
malin for phenol-formaldehyderatiosof 1:2.6 or 1:2.
Thewater wasdistilled off until viscosity of theresin
mixtures at 20°C reached 130 and 2160 cP, respec-
tively. Theresinsweremixed & aweight ratio 8:2. Two
portions of Chelford 60 sand 1500g each were mixed
for 1 minwith 45g of theresulting resin mixtureand
with 13.5gglyceral triacetate, respectively. Both mix-
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tureswerecombined for molding. Compresson strength
of resulting cores after 24 h was 4800-5200 kPa.

Abdé-Mohsen and Helaly™ prepared resoleres-
insfromforma dehyde-phenal withhighmolarratiowhich
had low solid content. To prepare aresolewith high
solid content and low viscosity it wasdesirableto use
1-1.1mol forma dehyde/Imol phenol. Shorter reflux time
waspreferred, followed by dehydration under vacuum
and finishing thereaction asquickly aspossibleat a
much lower temperatureto prevent overreaction. The
reaction wasfollowed by measuring therefractivein-
dex.

K ozutsumi®™ prepared phenolic resin compositions
which arecurableat temperature <100°C, resistant to
discol oration, and useful as coating materia for fiber-
reinforced phenolicresin plastics, contain (A) resole-
typephenolicresins prepared by polymerising 1-8mol
formal dehydewith 1mol bisphenol A or itsmixturewith
other phenolsin the presence of abasic catalyst and
(B) acidic phosphates and/or phosphites. Thus, 1 mol
bisphenol A and 4 mol 37% formaldehyde were re-
acted at 100°C for 1 h to obtain a resole phenolic resin;
acomposition containing 100 partsof theresinand 15
partstriphenyl phosphate was applied on afilm and
hested at 60°C for 2h, and peeled from the film to give
acured resin coating showing transparency, Y-value
87.5, x-vaue0.317, and y-va ue 0.325, which changed
t0 85.9, 0.325, and 0.341, especially, after 30 days.
Then the resulted coating was adhered with afiber-
reinforced phenolic resin plagtic to show 38kg/cn? ad-
hesion strength.

Hesse and Rauhut™ prepared resoleresinswith
lessthan 5% free phenol content, useful asbinderswith
low shrinkage with formal dehyde having trifunctional
phenolsand alkylidenepolyphenol swith the phenolic
OH inthetrifunctional phenolstothatintheakylidene
polyphenolsbeing (3-9):(1-7) and OH-formal dehyde
mol ratio being 1:(1.2-2.0). Thus, adding 121.5 parts
37% aqueous formal dehyde solution and 173.3 parts
paraformaldehydein 1 hto 282 parts phenol and 30.3
parts 33% agqueous sodium hydroxide at 60°C with
stirring, continuing thestirring for 2h, adding 228 parts
2,2-diphenylol propane, and stirring for an additional
150 mingaveaproduct with free phenol content 3.8%.

Santana et al.[* took an alternative to phenal, a
petroleum-based nonrenewabl e resource, in phenol -
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formal dehyde resinsto support thewood-based panel
industry. Tanninswerethe best substitutefor phenol in
thiscase. Tannin from black wettle, Acaciamearnsii,
could beliquefied with phenol in the presence of an
acid catdyst. Inthisstudy, tannin replaced 33% of the
phenol inthe preparation of resol e-type plywood ad-
hesives. Globaly pine (Pinus Taeda) plywood bonded
with theliquefied tannin resin had strengths and wood
falluresthat were comparableto com. phenol-formal-
dehydeadhesvesand sgnificantly better than unmodi-
fied tannin-formal dehyde adhes veswhen used to bond
southern pineunder bonding conditionscommonly em-
ployed with phenol-formal dehyderesins.

Majchrzak et d ¥ obtained reactive phendlicresin
for chemically hardening coreand mol ding compounds
by polymerizing phenol with formaldehydeinthe pres-
enceof sodium hydroxide catdyst a phenol-formade-
hyde-sodium hydroxideratio 1:1.8:0.042 at 80 + 1°C
for 110 min, followed by neutralization with p-
toluenesulfonic acid and amixture of adipic, glutaric,
and succinic acid. Theresin was subsequently mixed
with 0.5% aminosilaneA 1100 coupling agent.

Ootani and Nakamura® prepared resole phenolic
resinswith metal content 0.05% (based on solid con-
tent of resins) and fixed carbon content >40% (based
on solid content of resing) by using >1 catalyst selected
fromammonia, primary amines, secondary amines, and
tertiary amines. Thus, phenol 700, bisphenol A 300,
37% formal dehyde 1080, and 25% ammonium hydrox-
ide 10 partswerereacted at 80+1°C for 150 min, neu-
tralized with AcOH, and dehydrated to give a 70%-
nonvolatile phenolicresole(fixed carbon 51.9%, meta
0.02%). Carbon fiberswereimpregnated with there-
soleand theresulting prepregswere hot pressedto give
atest piece showing bending strength 1.2x10° kg/cm?
and flexural modulus0.9 x 10° kg/cm?.

Ogiwaraand Takada® manufactured resole phe-
nolicresinfoams, useful for for buildingwallsand ceil-
ings, by expanding and curing resolephenolicresinsin
the presence of blowing agents, foam stabilizers, and
2-60 phr mixtures of acidic curing agents containing
naphtha enesulfonic acid formain condensates (1) and
arylsulfonic acid acidic curing agentsRR’C H_SOH[II;
R, R’=(CH,)_H, H, OH; m=1-3] with I/ll(weight ra-
tio) (9/1)-(5/5). Thus, 2kg Phenol and 2.93kg 37%
aqueousformaldehydeweretreated at 80°C for 3hin
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the presence of sodium hydroxideto obtain aresole
phenolicresin. A mixture(X) containing thethusobtained
resin 100, Tween 40 4, and CH.CI, 6 parts was
blended withamixture(Y') containing 60 parts1(d.p.=4-
5) and 40 parts xylenesulfonic acid with X:Y (wei ght
ratio) 100:20, expanded, and cured at ambient tem-
peratureinamoldto give aphenolicresinfoamwith
density 24.0kg/m?.

Majchrzak et al .[®¥ manufactured formaldehyde-
phenol-urearesole resinswith good viscosity stability
during storage by heeting 1 mol phenol with 1.4-1.8mol
formaldehyde 150-240 min at 62-67°C in the pres-
enceof 0.15-0.25mol sodium hydroxide, adding form-
aldehyde at formaldehyde-phenol overal ratio (2.4-
2.6):1 and 0.4-0.5 mol sodium hydroxide/mol phenol,
heating at 72-77°C until the viscosity was 90-130mPa
s, adding 1-4% urea based on reaction mixture and
sodium hydroxide at sodium hydroxide-phenol overdl
mol ratio (0.7-0.9):1, heating at 77-83°C until the vis-
cosity was 250-800mPas, adding 6-14% ureabased
on reaction mixturein 80min, and continuing thereac-
tion until theviscosty was 250-600 mPas. Theviscos-
ity stability in storage wasimproved by dividing the
amount of sodium hydroxideinthethird step into 2
portionsat a1:(0.4-0.6) ratio, with the 1t portion added
at the beginning of step 3 and the 2nd adding after the
viscosity of the product is 250-450 mPas.

Uragami et a.%2 prepared thermosetting solid re-
soleresins, solvent-solution, storage-stable, and form-
ing heat- and water-resi stant cured mol dings, by con-
densing phenol with RCH,-p-C.H,CH,R(R=halo, OH,
C,, akoxy) to give HOCH,(CH-p-CH,CH,Z)_
CH,-p-C,H,CH,C.H,OH(l; Z=hydroxyphenylene; n
=0-100) followed by base-catayzed reactionwith an
adehyde. Reacting 4.5mol phenol with 3 mol CH,
OCH,-p-C,H,CH,OCH, inthe presence of CH_SO,H
togivel (n~34) followed by reaction with formalde-
hyde gavearesoleresin which showed gel time 125 s
at 150°C and was press-cured at 170-230°C to give a
molding having 5% weight |osstemperature423°C and
acetone-sol ution content <0.2%. A mixtureof theresin
30, glassfibers40, and wollastonite 30 partswas press-
molded at 220°C and 2.3 ton/cm? to giveamolding
with flexura strength 15.7 kg/mm? at 23°C and 8.1kg/
mm? after 312h at 270°C, flexural modulus 1710kg/
mny? a 23°C and 1300 kg/mm? after heating, and boil-

——, @ Cromolecules

Au Tudian Journal



182

Synthesis and characterization of resoles and their blends

MMAIJ, 3(4) December 2007

Mieroreview e

ing water absorption 0.11%.

Grytaet a.[63] manufactured water-solution re-
soleresinswith low content of precipitates and free
phenol, useful as bindersfor production of products
from minerd and glasswooal, by hegtinga(3.7-4):1(mol
ratio) formal dehyde-phenol mixture containing 0.3-
0.8% dkali catdyst based on mixturesof oxidesand(or)
hydroxides of Caand Mg at 60°C until 60-75% of the
phenol was converted to hydroxymethyl derivetivesand
then heated themixture at 61-662C until the content of
free phenol was <1%, with the nonactive and(or) in-
solubleimpuritiesof the catal ystsbeing removed from
thereaction mixturein each step by continuoudy pass-
ing thereaction mixture through an external heat ex-
changer having an even numbers of channels, which
acted asadecantation system.

Magjchrzak et a.® manufactured phenol-forma de-
hyderesoleresin containing phenol, formadehyde, and
sodium hydroxideina1:(1.6-2):(0.01-0.02)mol ratio
were heated 55-65 min at 79-82°C, and the product
with n 1.459-1.469 was mixed with 0.023-0.04 mol
sodium hydroxide/mol phenol and heated at 40-130min
at 79-82°C. The product with n 1.472-1.482 was
cooled to 70-75°C and mixed 0.5-1.5h with 45 g p-
toluenesulfonicacid (1)/1kg phenol, and the product was
dewatered in vacuo to #4 Ford cup viscosity 90-180s.
The dewatered resin was optionally mixed with 40g
urea/1 kg phenol, cooled to 40-50°C, mixed with 15-
30g1:1:1 adipicacid-succinic acid-glutaric acid mix-
ture/1 kg phenol to adjust the pH to 6-7.9, and modi-
fied with aminosilanes. Optionally, | wasnot added,
andtheresnwasdewatered in vacuum to#4 Ford cup
viscosity 280-450 s before adjusting the pH. There-
sulting resin had low concentrations of freeformal de-
hydeand phenol and wasuseful for moldingsandfoams.

Sun et d 1% prepared water-sol ubleresol e phenolic
resin adhesives by polymerization of al:1.4 phenol-
formal dehyde molar mixtureinthe presenceof sodium
hydroxide ascatayst at 90-92°C for 1.5h. The adhe-
sive had good water resistance, weatherability, and
chemical resistance. Theviscosity of theadhesivewas
5x10* mPa.s.

Sikorski and Amin® manufactured phenolicresole
bismaleimide useful for heat-resistant products, from
phenalicresolebigmae canhydride), usnganmonium
hydroxide and isolating aphenolic resole bisimaonic
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acid) intermediate.

Wang et a1 polymerized tert-butyl phenol (1) with
formal dehydeinthe presence of sodium hydroxide cata-
lyst. Suitablereaction conditionswere: |-formal dehyde
molar ratio 2.5, sodium hydroxide concentration 6%,
adding formaldehydeat 65°C, and reaction time 4h.
Theresolewiththemain structure of amethylenebridge
between two hydromethyl phenol had apparent viscos-
ity of 1200M Pa.s(25°C), number-average molecular
weight 365. Theresole modified with rosin hashigh
viscosity and minerd oil tolerance, and could be used
asadvanced offset ink vehicles.

Uedaet d.'® prepared resole phenalic resin mol d-
ing materid susing no solventsby polycondensing 1.2-
2.5mol formadehydewith 1mol phenol inthepresence
of dkaliestoformliquid polycondensates(A) having
number-average molecular weight (M ) 300-3000,
storing Liquid A at 50-120°C, dispersingA infillers,
and particularizing themixturesliquid formal dehyde-
phenol copolymer (1) withM 700 was prepared and
stored at 80°C and 5000g | was mixed with 3400 g
wood powder, 21009 cal cium carbonate, 8000 g cot-
ton powder, 370 g Ca(OH),, and 144g zinc stearatein
aHenschel mixer at 70°Cto giveamolding material.

Maedaet al.[*¥ manufactured epoxy resins espe-
cialy useful in copper foil-clad laminates by reacting
resoles of phenol and formal dehyde and polyhydric
phenols derived from the resoles and C.H,R R,OH
(R,, R,=H, C<4dkyl) with epiha ohydrin compounds.
Preparing aresole of phenol and formal dehyde, react-
ing theresolewith phenol, heating with epichlorohydrin
and agueous sodium hydroxide gave an epoxy resin
with epoxy equiv 188 g/equiv and softening point 53°C.
Theepoxy resin 62, bisphenol A-formaldehyde con-
densate 38, 2-ethyl-4-methylimidazole 0.2 part, and
1:1 MEK -ethyleneglycol monomethyl ether gavea60%
varnish, which was used to prepare acopper foil-clad
laminate.

Teodorczyk™ prepared modified phenol-a dehyde
resinshy reacting 0.55-0.8: 1 mixtures of ddehydesand
difunctiona phenolic compoundsin the presenceof a-
kaline catalysts, and reacting with modifiers sel ected
frommelamine, urea, and other suitablenonvol tileor-
ganic compounds. Theinventiveresinsresisted pre-
curingand wereparticularly useful inblowlineblending
procedures.
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Parks and Anderson™ prepared emulsifiable
me amine-modified phenalicresoleresnsuseful asglass
fiber bindersby preparing an dkalineresole by react-
ing formal dehydeand aphenol a forma dehydeto phe-
nol molar ratio 1:1to 6:1 a pH 8-10inthe presence of
abasic catalyst, followed by reacting resdual formal-
dehydewithmelamineat pH 8-10inthe presenceof a
polyhydroxy compound(e.g., sucrose, sorbitol, trietha:
nolamine) at unreacted forma dehyde o-melaminemo-
larratio3:1to 1:1.

Ueda and Kondo!”? manufactured resole resin
molding materia s by condensing phenol and forma de-
hydeat molar ratio F/P=1.2-2.5 (F=mol ecular number
of formal dehyde, P=molecular number of phenaol) in
the presenceof akali, dehydratingto giveliquid con-
densate, adding diglycidylanilineto the condensate un-
der stirring, dispersingintofiller, and granulating. The
process reduced the content of free phenol monomer
inthemateria. Thus, 2800 g phenol was polymerized
with 31009 47% formalin (F/P=1.63) in the presence
of 20g zinc acetate at 100-120°C for 6 h and dehy-
drated under 40 Torr at 110°C for 3h to give liquid
condensate showing viscosity(at 80°C) 40,000 cps,
which was blended with 2129 diglycidylaniline and
added tofiller composed of wood powder 2880, cal-
cium carbonate 1780, cotton powder 680, and
Ca(OH), 310gto giveamolding materia containing
<2% phenal.

Fukuzumi and Yonemoto!™ prepared resole com-
positionsinthe presence of tertiary aminesas cataysts
and ammoniawith good impregnation into base materi-
als, useful for laminateswith higheectrica insulation,
by treating phenolsand formal dehydein the presence
of <0.03 mol (vs. 1Imol phenols) tertiary aminesand
then <0.09moal (vs. phenols) ammonia. Thus, 60 parts
phenol and 40 partstung oil weretreated inthe pres-
enceof 0.5 part p-tolune sulphonic acid then the com-
positionwasneutraized with triethanolamine, polymer-
ized with 32 parts 37%-formal dehydein the presence
of 0.9 part triethylamineat 80°C for 60min, and treated
with 1.8 parts25% agueousammoniaat 80°C for 30min
togivearesole(l). Prepregs, obtained by impregnating
craft paperswith avarnish comprising 50% resole pre-
pared from 100 parts phenol and 70 parts 37%-form-
a dehydeand 50% me amine-formal dehyde copolymer,
wereimpregnated with avarnish of | thenastack of the
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thus processed prepregs was hot pressed with a cop-
per-foil to givealaminateshowing resistivity 8 x108 Q.

Maldaset al.[" prepared wood-based resoleres-
insfrom both water- and sodium hydroxide-catalyzed
liquefied phenol ated wood. The effects of variousre-
action parameters, e.g. the concentrationsof phenol and
formal dehyde, temperature, and time, on theextent of
yield, freephenol content, molecular weight aswell as
thegluability of theresoleresinshave been eva uated.
Asfar astheyidd, free phenol content, and molecular
weight are concerned, the optimum conditions of re-
soleresin preparation werefound to beaphenol -wood
weight ratio of 4.6, aformal dehyde-phenol mol ratio of
1.5:1, atemperature of 82.5°C, and time 3h. How-
ever, these optimum conditions changed when the per-
formance of the adhesi veswas considered in terms of
the adhesive bond strengths for plywood joints. The
yield, molecular weights, polydispersity, and gluability
of resoleresins prepared from water-catal yzed lique-
fied wood were lower compared with those prepared
from sodium hydroxide-catalyzed ones. In most cases,
the dry-bond strengths of the experimental plywood
jointsexceeded themin. Japan Agriculturd Sd. (JAS)
vaues. Ontheother hand, except a ahigher formalde-
hyde-phenol mal ratio (i.e., 2.0:1), the plywood joints
of al samplesdelaminated during ‘boil-dry-boil” cyclic
treatments. However, both dry- and wet-bond strengths
of the plywood joints could be improved to exceed
std. valuesby using an additional crosslinking agent,
e.g. poly(methylenepolyphenyl isocyanate) (polymeric
MDI). The adhesive performance of the wood-base
resoleresinswas explained on the basis of the adhe-
sion between wood veneersand resoleresin adhesives.

Urreiztietaet d ™ prepared agueous phenolicresin
binder for manufacture of foundry sand moldsand cores
hardened in heated pattern boxeswith theformal de-
hyde/phenol mol ratio of (1.1-2.2):1.0, and mixed with
aqueous sodium hydroxideand/or sodium hydroxide
for 45-65 weight% solids, and with an oxyanion (espe-
cidly aborate) asthe catayst. Themoldsand coresin
pattern boxes were gassed with carbon di-oxide for
rapid hardening, especidly at approximately 70°C. The
processwas suitable for manufacture of bulky molds
with ashort gassingtimeof nominaly 5s, especialyin
casting of stedl or gray cast ironwith decreased veining
defects. Foundry sand wasthen mixed with <10weight%
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of agueous phenolic resoleresin binder, and the mix
was shaped in pattern boxes and hardened with car-
bon di-oxide and optional heating at 20-100°C.?

Parks " devel oped a urea-extended phenolic re-
soleresin, comprising of phenolicresoleresin (prepared
by reacting formal dehyde (F) and phenol (P) at an F:P
moleratiointherangeof about 2:1 to 6:1 under ague-
ousakalinereaction conditions) and reacting freeform-
adehydeinthephenolicresoleresnwith ureatoform
aurea-extended phenolicresoleresin, theimprovement
comprised adding an akanolamineto the phenolicre-
soleresin, inan amount sufficient to improvethe stor-
age dability of the urea-extended phenolicresoleresin,
either prior to or contemporaneoudy withthe ureare-
actionwiththephenolicresoleresin.

Black!™ prepared aguanidine salt-modified phe-
nol-forma dehyderesoleresin by reacting forma dehyde
and phenal a aforma dehydeto phenol moleratioabove
about 1.5:1 inthe presence of an effectiveamount of an
dkdinecatadys andinthepresenceof acatd yticamount
of aguanidinesalt. Theresin wassuitablefor usein
adhesivesfor high moisture content substratessuch as
wood.

Dando et al.l”® prepared the benzylic ether phe-
nolic resoleresinsby heating phenol and anadehydein
asealed reaction vessel inthe presence of adivalent
metd catalyst without removing water generated by the
reaction until an appropriate endpoint for theresnwas
reached. Thebenzylic ether phenolicresoleresinspro-
duced by the process were preferably free or essen-
tidly freeof unreacted formal dehyde and could beused
intheresin component of phenolic-urethanefoundry
binders to make foundry cores and/or molds by the
cold-box and no-bake processes. The cores and/or
moldswere used for making metal castings.

Matsuokaand Yagi™ gave a production method
of phenolic resoleresinscomprising resoleformation
using amine catal ystscontaining primary and tertiary
aminegroups. Theresnswereuseful inlaminaes(e.g.,
with paper) which havegood silver transferability re-
sistance. Formadehydeand phenol werereacted inthe
presence of 1-aminoethyl piperazineto givearesole.

lwataand | sogai® manufactured resol esespecidly
useful for impregnation of paper for lamination with
mel amine paper of decorative pane sby reacting form-
adehydewith phenol compound inthe presence of an

Macromolecules « m——

acid catalyst inan early stage, then reactinginthe pres-
ence of abasic catalyst in the resole-forming stage
wherethe formal dehyde: phenol molecular ratio was
maintained at 0.3-1.5 and 1.1-1.5 in the early stage
and theresole-forming stage, respectively, and theav-
erage molecular weight was set to end at 120-300 and
350-450intheearly stageand theresole-forming stage,
repectively

Walisser and Johnson® prepared acurable, aka
line, meamine-modified phenol-formddehyderesnfrom
aninitial phenol-formaldehyderesoleresin containing
0.5-2.5% of freeformal dehyde by scavenging formal -
dehydewith 1-12 parts of melaminefor each 100 parts
of theinitiad resin whereinthemolar ratio of formalde-
hyde to melaminewas 0.2-1.5 mol of formaldehyde
for eech moleof melamineto reducethefreeformal de-
hydeto <70% of that intheinitia resin. Themodified
resnwasstorage-stable, contained <0.7% of freeform-
adehyde, and maintained itsstability under application
conditions. Anammoniumsalt of astrong acid and ad-
ditional water could beincorporatedintothemeamine-
modified resinto provide abinder for binder-treated
fiber glass.

Svensson’® produced asubstantially water-sol u-
tion or water-dilutable sulfonated resol e type phenolic
resin by condensing >1 phenolic compound and form-
adehyde, at phenolic compound-formal dehyde molar
ratio 1:1.5 to 1:5, the presence of >1 basic catalyst.
The condensation reection wasterminated when afree
formal dehyde content of 1-10 wel ght% was obtained,
and the condensation product was sulfonated with 1-
10 weight% pyrosulfite at 30-60°C for >15min. Thus,
11129 50% agueous formal dehyde was added over
45minto amixture of 666.5g phenol in 184g water and
379 agueous 46% sodium hydroxide (1:2.6 phenol -
forma dehyde) and the mixturereacted for 8h with con-
tinuous coolingto <60°C, giving a resole containing 5.1
wel ght% freeforma dehyde. Theresolewascooled to
40°C, 179g sodium pyrophosphite(sic) was added and
allowed to react for 60 min, giving freeformaldehyde
2.0weight%.

Doronin et al.® manufactured low-toxic resole-
type phenolicresinsinvolving thereaction of bisphenol
A and formal dehydein the presence of sodium hydrox-
ide and sodium tetraborate. The polymersprepared by
thismethod had lower toxicity and better adhesionto
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wood. Thus, bisphenol A 100 weight parts, water 50,
sodium tetraborate 3 and forma dehydel60 weight parts
weremixed and kept at 50°C for 28min. The mixture
was cooled to 30°C, sodium hydroxide(50 weight parts)
isadded, and the polymerization system was kept at
50°C for 60 min and at 94°C for 20min. The mixture
wasthen cooled to 65°C, sodium hydroxide(30 weight
parts) was added, and the polymerization system was
kept at thistemperaturefor 15min and at 80°C for 5
min.

Piotrowskaet a.® manufactured alow-viscosity
phenolicresoleresin, useful for themanufacture of mul-
tilayer compositeswith good e ectroinsul ating proper-
ties, epecidly filament wound tubes by polycondensa-
tion of phenol, nonyl phenol and formaldehydein the
presence of ammonia at molecular ratio phenol/
nonylphenol/formal dehyde/ammonia=1:(0.08-
0.3):(1.2-2):(0.035-0.08) at reflux until therefractive
index of theresin n 20D reached 1.520-1.580, pref-
erably 1.561-1.567.

Higuchi et al.’® manufactured resole resins by
polymerising phenolssubstitutedwithC , . dkylsand
formal dehyde under basi c condition, wherein alcohols
were used asthe reaction solvents. Theresins showed
high conversion of the higher alkylphenolsand good
separation of the organic phase containing theresulting
resolesfrom the agueous phasein the polymerization
process. Thus, 31.9g 2/1 mixture of o-/p-hexadecyl
phenol (prepared from phenol and hexadecene-1) in
30.5g ethyl a cohol was polymerized with 37% agque-
ousformaldehydein the presence of 4.2 g 48% ague-
oussodium hydroxideat 60°C for 5h, then the mixture
with 82.0% polymerization conversion wasneutrdized
with 13.5% HCI to show good separation between the
agueous phase and the oil phase. The separated oil
phase contained 31% dimer, 40% trimer, and 29% oli-
gomershigher than tetramer.

Shang et d .1 synthesi zed aresol e phenol-formal -
dehyderesin containinglargenumber of hydroxymethyl
groups, amold binder from phenol and agueousformal -
dehydeusing sodiumhydroxidesolutionascatayst. The
gructureof theresnwascharacterized by IR. Themass
ratio of hydroxymethyl groupintheresinwas 32.8%
and theinherent viscosity reached 2.68mL/g under the
optimum conditions. n(forma dehyde):n(phenol):n (so-
dium hydroxide)=2.5:1:0.1, and reaction at 65°C for
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3h.

Ma® prepared the phenolic resin by reacting a
mixture of >2 alkylphenols selected from p-tert-
butyl phenol, p-methyl phenol, p-tert-octyl phenol and p-
nonyl phenol with forma dehydein basetoformamixed
phenol-forma dehydephenadlicresinmodifyingwithrosn
and then esterificationreacting withapolyols. Thus, p-
tert-butyl phenol 34 and p-tert-octylphenol 100 parts
werereacted with 141 parts 37% forma dehydein 60
parts 15% caustic soda, modified with 400 partsrosin
and then reacted with 60 partsglycerol to giveamodi-
fied phenalicresnwith viscosity 6500 mpas, acid vaue
17 mg NaOH/g and n-heptanetol erance 7.2mL/2g.

Ziegler et d.®¥ produced externdly emul sified aque-
ousresoleresin dispersions by reacting phenolsand
0x0 compoundsin the presence of alkaline catalysts,
adding emulsifying agentsand preparing dispersions.
Theakalinecatalystswerelinear aliphatic, branched
or cyclictertiary C,-C,-monohydroxyamines, such as
N,N-dimethylethanolamine, N,N-diethylisopro
panolamineor 4-(dimethylamino)-1-butanol. Emulsify-
Ing agents were mixtures of protein emulsifiersand
amides, suchasurea, guanidineor melamine. Thedis-
persionswereused for production of bindersfor abra-
sives, especially supported adhesives. Thus, phenol-
formaldehyde resin was produced by polymerising
monomers in the presence of N,N-dimethylethano
lamine, followed by preparing an aqueous dispersion
by homogenizing with a mixture of casein, urea,
dimethylethanolamineand water.

Li et al.[® prepared awater sol ution phenol-form-
adehyderesinfrom phenol and forma dehydeof molar
ratio 1:3 in agueous sol ution through atwo-step dka
linecatdyticreactionat 50°C-90°C procedurally heating
up over 2h. The concentration of products was 45%
and theresidue formaldehydein theresinwas 1.2%
(wt) in contrast with 16.5% (wt) for one step catalytic
reaction product. The polymer gelled and viscosity got
2.9x104 mPax sby 0.3% approximately 1.0% poly-
acrylamide solution with 0.3%-1.1% resole added as
crosdinker at 50°C-55°C. The solid phenol-formalde-
hyderesin could beendured over 300°C after self con-
densation reaction at 100°C and be used as profile
control and water shutoff agent for high temperature.

K obayashi and Asami'® manufactured resole-type
phenalic resinsusing organophosphonic acids by treat-
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ing phenols with aldehydes in the presence of
organophasphonic acidsand then treating theresulting
novol ak-type phenolicresnswith adehydesinthepres-
enceof dkdi catdysts. Thus, phenol and forma dehyde
were treated in the presence of Ferriox 115(1-
hydroxyethylidene-1,1'-diphosphonic acid) and then
treated with formal dehydein the presence of sodium
hydroxideto give apolymer with amount of unreacted
phenol 0.5% and amount of unreacted formal dehyde
0.9%inyield 110%.

Ide et al .®Y devel oped aprocess for the manufac-
tureof nitrogen-free solid resole phenolicresnswhich
involved (i) reacting (A) phenols contai ning hydropho-
bic phenolswith solubility to water at ambient tempera:
ture ??10 with (B) aldehydesin the presence of cata-
lysts, (i) crushing the obta ned water-containing resolic
phenolicresins, and (iii) drying the obtained granules
under heat. The hydrophobic phenolsgave hydropho-
bic resins, hence dewatering and drying could be done
easily. Thus, bisphenol A (solubility. to water 0.036)
1.75, phenol 33.25, and formaldehyde 44 kg were
copolymerizedinthe presenceof triethylamineat 90°C,
treated under reduced pressure to remove liquids,
cooled at 100°C, crushed, and dried in a fluidized-bed
drier to giveatransparent resin granulewith water con-
tent 1.0% and bulk d. 0.75.

Sasakuraand Toyodd® produced aresinvarnish
for printingink by condensing phenol and formalde-
hydeinanink solvent to obtain anink solvent solution
of resoleinitia condensate, after whichtheresoleinitia
condensate and arosin ester containing 30-60 wt%
non-aromatic conjugateresn acid and 20-60 wt% aro-
matic resin acid werereacted at 100-250°C. in a sys-
tem containing ink solvent or inasystem containingink
solvent and drying oil. A high-viscosity, high-molecu-
lar-weight ink resin was produced efficiently by react-
ing, with resoleinitial condensateinink solvent, arosin
ester contai ning specified contents by percentage of
conjugate acid and aromaticresinacid. Theresinvar-
nish obtained had very few decomposition components
and nonuniformly gelled components, so it also was
suitablefor screen printing ink and | etterpress printing
ink, inadditionto offset printingink. Thus, agel varnish
was prepared by mixing 851 parts of p-octyl phenol-
formal dehyde copol ymer with 660 partsof tall rosin
glycerin ester regulated to acid value 20 and 16 parts
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Chelope EP 12 (gelling agent) in 100 parts of AF
7(naphthenicail).

Taujimoto et d . manufactured phenolicresin com-
postionsfromdry oils, phenals, triazinering-containing
compounds, and aldehydes, a 1st phenolicresinwas
prepared by reacting dry oil-modified phenolswith al-
dehydes in the presence of acidic catalysts to give
novolaks, followed with treating in the presence of ba-
sic catalyststo giveresoles, and a2nd phenolicresin
with molecular weight lower than that of the 1st phe-
nolic resinsand prepared by reacting at least phenols
with aldehydesin the presence of basic catalysts, the
triazinering-containing compoundsbeing containedin
the 1st and/or the 2nd phenolic resins. Thus, a
methyl olated melamine-phenol-formaldehyderesin
solution(M-1) wasdiluted with methyl a cohol/water
mixtureto giveavarnishfor 1stimpregnation(F-1). A
varnish(P1-1) of alst phenolic resin contained M-1
and aresole(R-1) prepared by reacting tung oil-modi-
fied phenol with formal dehydeto giveanovolak(N-1),
followed with reacting with formal dehydeinthe pres-
ence of triethylamine and agueous ammonia. A
varnish(P2-1) of a2nd phenolic resin contained aphe-
nol-formal dehyde copolymer resole(R-2) preparedin
thepresenceof triethylamineand ammonia. A resnvar-
nish for 2nd impregnation(S-1) comprised P1-1, P2-
1, (CH; O).P, and bisphenol A diglycidyl ether. A
coated paper wasimpregnated with thevarnish F-1,
dried, impregnated withthevarnish S-1, and dried to
give a prepreg, 8 pieces of which was laminated,
cladded with acopper foil, and press-moldedto givea
laminate board.

Coventry-Saylor® devel oped a process of phe-
nolic resin having higher solid content contai ning steps
of: (1) preparing an aqueous mixture contai ning phenol
and formal dehyde, (2) adding abasic polymerization
catayst, (3) maintaining the aqueous mixtureat apre-
determined temperature during the polymerization to
form thewater-solution resoleresin, (4) cooling and
adjusting pH <3, and (5) adding curing catalyst, and
phenolic resinswereused asabinder for glassfibers.

Kage et al.'® developed an acid-curable resole
resin composition containing al dehyde-phenol resole
resnwith p-/o-bondingratio >1.8, inthe phenolicresin
from phenol and 1 or 2 aldehydes phenol content is
25-50 weight% of the entireresoleresin, and the phe-
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nolic resin had number average molecular weight 300-
600, weight-average mol ecular weight 400-1100.

Samegjimaet al.[* devel oped binders containing
low-phenol -content resolesfor refractories containing
resoles manufactured from adehydes, (0.3-0.6):1 mol
a dehyde-phenol novolak copolymers, and optiona ly
phenol. Theresidual content of Phenol intheresoles
might be <1 weight%. Theresolesmight be manufac-
tured from (0.5-4.0):1 mol a dehydesand thenovolaks
with average molecular weight 500-800 at pH 4-12in
the presenceof catalysts.

Kobayashi et a.* manufactured solid resoles by
reacting phenolswith dehydesinthepresenceof acid
cataystsuntil novolakswith Mw <1500 by GPC and
unreacted phenol s content <5% were manufactured,
reacting thenovol akswith adehydesinthe presence of
dkdi catdydss, and dewatering theresulting resolesuntil
thewater content became <5%. Thus, phenol was po-
lymerized with agueousformal dehydein the presence
of Feliox 115 (1-hydroxyethylidene-1,1'-diphosphonic
acid) to giveanovolak with Mw 875 unreacted phenol
content 1.2%, which wasrefluxed with agueousform-
aldehydeinthe presenceof calcium hydroxidefor 1 h
and evaporated in vacuo to give 88% resolewith m.p.
50°C, melt viscosity 1050 Pa-s at 110°C, and water
content 1.7%.

Shimokage® manufactured fire- and heat-res stant
phosphorus-containing phenolic resnsfor laminatesby
reacting phenolswith adehydesin thepresenceof acidic
caayds neutrdizing theresulting novolak phenolicres-
ins, reacting theresinswith adehydesin the presence
of basic catalysts, and reacting theresulting resol e phe-
nolic resinswith phosphorous (P) compounds having
H-P or hd ogen-P direct bondsat 100-150°C. The lami-
nates were obtained by impregnating substrateswith
the P-containing phenolicresins, dryingtogive prepregs,
and laminating the prepregs. Thus, phenol wasreacted
with forma dehydein the presence of p-toluenesulfonic
acidtogivenovolak phenolicresin, whichwasneutra-
ized with sodium hydroxide and reacted with formal -
dehydeinthe presenceof triethylamine. Theresulting
resole phenolic resin was reacted with
dimethylhydrophosphineoxideat 120°C to give phos-
phorous-contai ning phenolic resin, whichwasused to
impregnate paper and formed to acopper-clad lami-
nate showing UL-94 fireresistance V-0 and high sol -
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der hest resistance.

Wang et d .'*¥ studied phenol formaldehyderesins
for thethermal-sensitive CTP plateswere synthes zed
and their imaging performance. Firstly, 2402 resnwas
modified by the phenol and formaldehyde. Theresult-
ing binder resinsweresolutionindil. akai aqueousand
had good imaging performance. Secondly, o-cresol, p-
cresol, p-tert-butyl phenol and their mixturereacted with
formdininthe presenceof catalysts. Then novolac and
resoleresinswhich ether groupsinthemain chainand
hydroxy-methyl groupsat theterminal of the polymer
were obtained. Theresinswith ether groups could be
used for acid-composed binder resin of positivether-
mal-sengtive CTPplates. Thepolymerswithsmall ac-
count of hydroxy-methyl groupsat theterminal might
be crosslinked and cured when they heated, and then
developed to result in negative graph with good perfor-
mance.

Sato et d 1'% devel oped the composition especidly
useful for printed circuity boardscompriseadrying oil-
modified resol e-type phenolic resin and acondensed
phosphate ester, where the phosphate ester wasincor-
porated at 20-60% based on the solids of theresin and
10-50% of which wasincorporated during the manu-
facture of theresin. Reacting tung oil 350, phenol 900,
and p-tolune sulphonic acid 0.6g at 90°C for 1h, add-
ing 400g paraf ormal dehyde, 60g agqueous ammonium
hydroxide, and 30% (on theresin solids) phosphate
ester(CR 7411), heating 2 h at 75°C, mixing this resin
with 30% CR741 and 10% VPO8K (phenoic resin),
and dilutingwith methyl d cohol gavearesole-type phe-
nolicresinvarnish. A kraft paper wasimpregnated with
10% melamine-modified phenolicresin, thenwiththis
varnish, andtheresulting prepregs (8 pieces) hot pressed
with acopper foil to givealaminate with UL 94 fire
resistance V-0, no odor, and good soldering heat resis-
tance.

Yang!*®¥ prepared thewater-sol ution resole by the
reaction between phenol and forma dehydewith molar
ratio 1:1.2-1.5inthe presence of cataystsat 80-85°C.
The catalystswere made up of akind of tertiary amine
and asmall amount of barium hydroxide. Free phenol
content and free formal dehyde content in the water-
solution resolewerenot morethan 10% and 1.4%re-
spectively. Thiswater-solution resolewaswidely used
inmany applications such as plywood and insulation
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laminate

Chen**d made a high-carbon-yield (>69%)
resol e by reacting formal dehyde and excessphenol to
an endpoint (pre-cure) and then crosslinking with
hexamethylenetetraamine HM TA. Similar high-carbon-
yield resolesresulted with addition of DBE-2, furfuryl
acohol andfurfurd diluents. Thecrosdinked polymers
were useful asrefractory binders and had high tem-
perature and oxidation resistance and viscosity 990-
5200cP.

Sato and Nakamura®® manufactured resoleres-
ins and their manufacture with no salt precipitation
containing(A) condensing R°CHO(R=H, C_-hydro-
carbon group) and (un)substituted phenol s (substituent
=akyl, aryl, dkoxy, halo; number of substituent=0-3)
inthepresenceof akali catalystsand(B) neutralizing
the reaction solutions with polycarboxylic acids
HOCO(CR'R?)(CR®.CR?) (CR*R?) COH (I, n=0-
10; m=0-5; 1+2m+n=1-10; R*® = H, akyl, alkenyl,
alkoxy, halo, carboxy, OH). Theresole resins were
useful for plastic foams. Thus, phenol and formalde-
hyde were polymerized in the presence of sodium hy-
droxide, mixed with adipic acid, and dried to give a
resoleresnwith good expandability.

Kageet al.'* manufactured theresoles(M A 100-
1000, Mw 500-3000), useful for FRP, etc., by poly-
merization of aldehydesand phenolsin the presence of
divaent metal saltsfor polynucleus content <20%and
further reaction in the presence of akaline catalysts.
Thus, phenol andformdinwerepolymerizedinthepres-
enceof Zn(OC,H,), to givearesole(polynucleus con-
tent 18%), which wasfurther reacted in the presence
of sodium hydroxideto givearesolewithM 320 and
M, 660. A mixture of theresoleand p-tolunesulphonic
acid showed pot life 60 minand cured to givea speci-
men showing flexura strength 75 MPaand flexural
modul us 2600 M Pa.

Ingram et al.[**! prepared phenol-formal dehyde
resoleresinhavinglow freeformal denydeandlow form-
aldehyde emissionsduring B- and C-stageresin pro-
cessing and curing using arelatively large quantity of
catalyst, ascompared with thequantity used for typical
laminating resins, in combination with theaddition of
oneor moreforma dehyde scavengersduring later por-
tions of theA-stage of theresin cook. Such resinwas
particularly adapted for usein manufacture of paper-
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based |aminate products.

L ubczak**® gave anew results on the method of
preparation of phenol-formal dehyde resinsfrom phe-
nol and multihydroxymethyl derivativesof someketones
were presented. Thelatter, known asthereactive sol-
ventsof melamine, were prepared by reacting acetone
and methyl ethyl ketone(M EK)) with excessof formal-
dehyde. A novel group of resole-typeresinswere ob-
tained. Thestructure of the productswas discussed and
compared to that of classical resoles. Fragments of
ketoneswerefound incorporated into the structure of
theresins.

Li et al. prepared awater soluble phenol-form-
aldehyderesin by two step dkalinecatalytic reaction
from phenol and formaldehyde of molar ratio 1:3in
aqueous sol ution through atwo-step akaline cataytic
reaction at 50°C-90°C procedurally heating up over
2h. After dewatering by decompressing, the concen-
tration of productswas 82% and theresidueformalde-
hyde and the phenol in theresin were 1.1%(wt) and
0.05%(wt) respectively

Takahashi et al ' prepared resoles which con-
tained structurd unitsderived from morethan one com-
pounds chosen from P(O)(A*OH)(A20H)(A30H),
P(O)(A*OH)(A>0H)(OH), and C H_O-P+(A’OH)
(APOH)(A°OH)(AOH) (A'-A®=C , akylene). Thus,
phenol was polymerized with formaldehyde and
tris(hydroxymethyl)phosphine oxidein the presence of
sodium hydroxideto give acomposition, which was
cured by hest to give aproduct showing good hydroly-
sisresistance. Then, kraft paper wasimpregnated with
mel amine-formal dehyde-phenol copolymer, dried, im-
pregnated with the composition, and dried to give a
prepreg, 8 sheets of which were piled, sandwiched
between copper foils, and hot-pressed to give alami-
nate.

Malhotraet al.** prepared | ow-emission water-
solution phenol-forma dehyderesoleresinsasbinders
for minera fiber insulating materials having water
dilutability 20:1 at neutral pH after storagefor three
weeks at approximately 13°C and free phenol level
<0.50%, useful for mineral fibers by reacting>1 hy-
droxy functional aromatic compound (e.g., phenol) with
>1 reactiveadehyde (e.g., formadehyde) at the pres-
enceof ahighlevd of >1 basic polymerization catalyst
(e.g., sodium hydroxide and/or sodium hydroxide) at
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50-75°C.

Kageet a.[*% prepared resole phenolic resinsby
thereaction of aldehydesand phenolsin the presence
of akali catalystsand neutralization of resdual akali
compoundswith acidswith pka<0and acidswithpKa
>1 and (B) acids. Thus, reaction of phenol and formal-
dehydein the presence of sodium hydroxide and neu-
tralization with 8:2mol p-toluenesulfonic acid (1) and
formicacid gavearesole, whichwasmixedwith | and
curedto giveatest piece showing bending strength (JIS
K 6911) 60 MPaand flexural modulus 2600 M Pa.
The compositions showed controlled pot life.

Gabrielson et al.*'Y produced aphenol-formal de-
hyde resol eresin which was combined with anammo-
ni a-based formal dehyde scavenger to produce aprod-
uct useful, for example, asabinder usedinthe produc-
tion of glassfiber insulation products. Thestartingresin
might have a free formaldehyde content 1.5-14
weight%, based on atota weight of theresin, and the
resin and scavenger might becombined at amolar ratio
intherangeof 0.1to 5. Theresulting binder might have
afree formaldehyde content of 1 weight % or less,
based on atotal weight of thereaction product. This
binder might then beapplied to aglassfiber base mate-
rid inaconventional manner.

Tsujimoto et .2 manufactured the phenolic res-
inswith Mw 1000-5000 containing > 15% mols. with
molecular weight 300-500 by primary reaction of dry-
ing oil-modified phenolswith a dehydesinthepresence
of acid catalysts so as to form novolaks and second
reaction to form resoleswith addition of phenols, alde-
hydes, and basic catalyststo the reaction system and
wereimpregnated into paper substrates and lamina-
tion-mol ded to givethelaminated boards. Thus, 30 parts
phenol was modified with 28 partstung oil in methyl
acohol inthe presenceof p-toluenesulfonicacid, trested
with 11 parts of 37% aqueousformaldehyde at 90°C
for 60min, neutrdized with triethanolamine, mixed with
phenol 30, 37% aqueous formaldehyde 53, triethy-
lamine 2, aqueous ammonia 1, and a methylolated
melamine compound solution(m-1; prepared from
melamine 130, phenol 20, 37% formal dehyde 300,
sodium hydroxide 0.3, water 70, and Methyl acohol
70 parts) 18 parts, heated to 90°C for 60 min, dehy-
drated, and mixed with 32 partsMethyl acohol togive
atung oil-modified phenolic resn withMw 1300 and
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300-500-mol ecular-weight fraction 25%. Then 60 parts
of theresin wasmixed with 15 parts (C.H,0),PO and
6 partshisphenol A diglycidyl ether, applied on kraft
paper preliminary coated with Methyl alcohol- and
water-diluted m-1, and dried at 155°C for 100 s to
giveaprepreg, then 8 of the prepregswere laminated,
covered with acopper foil viaan adhesive, and hot-
pressed to giveacopper-clad laminate showing good
heat and fireresistance and processability and insula
tionresistance>1x1010Q.

Inoueet al.[**¥ manufactured resol e-type phenolic
resinswith <1 weight% residua phenol content by re-
acting aldehydes with novolak resins of aldehydes/
phenols =0.3-0.6 molecular Thus, novolak-type
0.75:1mol formal dehyde-phenol copolymer (I) withM
610 wasreacted with formal dehydein the presence of
sodium hydroxidein methyl acohol togiveresole-type
1.20:12mol | with viscosity 200mPa-s and free phenol
content 0.01%, with which filter paper wasimpreg-
nated, dried, and cured. The amounts of evaporated
phenols and formal dehyde were 20ppm and 52ppm,
respectively.

Holopainen et d .** gave atwo-leve full factorial
experimental desgnwiththreevariables, forma dehyde-
to-phenol (F/P) molar ratio, hydroxyl-to-phenol (OH/
P) molar ratio, and condensation viscosity wasimple-
mented to determinethe effect of thevariablesonthe
structure of phenol-formaldehyderesoleresinsfor pa-
per overlay impregnation. Tenresinswereprepared with
F/P molar ratiosbetween 1.9 and 2.3, OH/P molar ra-
tios between 0.09 and 0.13, and condensation viscosi-
ties between 60 and 180 mPa’s. The effect of these
three independent variables on the chemical structure
was analyzed by *C-NM R spectroscopy, onthe mo-
lecular weight distribution by gel permeation chroma-
tography, and onthereactivity by differential scanning
caorimetry.

Tsuihiji and Yamazaki™® prepared phenolicresins
HOCH, (X)[[CH,CH, (OR) (X)], CH,CH.(OH)
(X)],.H (R=methyl, ethyl; X=H, methyl; n=0-3; m=1-
5; content of compound with n=0is<10%), useful for
curing agentsfor epoxy resinsfor semiconductor pack-
aging. Thus, 108.0 g o-cresol wastreated with 132.0g
of an aqueous 50% formal dehyde solutioninthe pres-
ence of sodium hydroxide and further treated with
126.0g methyl sulphate to give a resole having
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methoxylated hydroxy groups, whichwasfurther trested
with 282.0g phenol and 9.1g of 35% hydrochloricacid,
neutralized with aqueousammonia, and freed of free
phenal to give aphenolic resin having softening point
77°C and ICI melt viscosity 0.8 P at 150°C. A compo-
sition of 184g/equiv epoxy resin (Y X 4000), 160 g/
equiv of thephenalic resin, 3 phr triphenyl phosphate,
and 82% fused silicawastransfer-molded to giveatest
piece showing spird flow 200cm, Tg 135°C, moisture
absorption 0.25% at 85°C and humidity 85% for 168
h, adhesion to copper 8.6kg, and breaking toughness
1.1 MPa-m*2,

Christiansen et d 1% gpplied dynamic mechanical
anaysislDMA) and DSC to samples of phenol-form-
adehyderesoleresinsthat had been previoudy exposed
to dry precure conditions. The area under tan delta
curves(tan ddtaisthedimensonlessratio of lossmodu-
lusto storage modulus) during DMA isothermal scans
of such samples decreased as the degree of precure
increased; thisareawas used asan empirica measure
of therateof mechanica curefor phenolicresins. Simi-
larly, the DSC exotherm area decreased with greater
sampleprecure; thisareawasused to measuretherate
of chemicd cure. Ratesof mechanica and chemicd cure
differed for different resinsand with temperature Un-
der dry precureconditionsat 115°C and 140°C, a high
degree of mechanical curewasachieved at alow de-
greeof chemicd cure.

Follensbee et al.™7 used dynamic mechanical
andyss(DMA) tomeasurethedegreeof cureachieved
by agueousresolic phenol-HCHO resinsasaresult of
previous exposuresto varioustemperature-humidity-
timeregimes. Procedureswere devel oped that permit-
ted obtaining of datathat properly characterized and
guantified the DM A behavior of these agueous sys-
tems. Particularly important factorswere substrate se-
lection, sampl es clamping geometry, and sample hu-
midification prior toanalysis

Grenier-Loustalot et al.[*'® studied the reaction
mechanismsof formal dehyde condensationin perfectly
controlled conditions (temperature, stoichiometry, cata
lyst and pH). Theresults obtained with arange of tech-
niques, e.g. high-performanceliquid chromatography,
13C NMR and chemicad assay, show that thereaction
kineticsand the structures of the resol e end-products
depend on synthetic and operating conditions.
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Kenny et a .9 studied the polymerization of phe-
nolicresoleresin, used asamatrix for glassfiber-rein-
forced composite materia susing DSC, and akinetic
modd of thereaction wasdeve oped. Two distinguish-
able peakswere obtained in DSC and were assigned
to two independent curereactionswith different acti-
vation energies. Kinetic constants, activation energies
and reaction orders were determined for thetwo dif-
ferent kinetic equations. Both equationswereintegrated
inageneral model of the cure processthrough thein-
clusion of aweighting factor representing thefraction of
heat devel opedin each reaction.

Umemuraet a 2 investigated thecuring behavior
of agueous phenol-forma dehyde (PF) resoleresnun-
der eam+-injection heatingusing severd andyssmeth-
ods. The curing reaction of 2-hydroxybenzyl acohal,
asamodd compound, under steam-injection at 160°C
wasfollowed by rapid formation and then breakdown
of the ether group. In the case of steam-injection at
>160°C, the PF resin cured to some degree within a
few minutes; after that, it did not reach afull cure. In
resin heated by steam-injection, free water hindered
the curing reaction, and byproducts were contained.
The curing reaction under steam-injection heating at
120°C was delayed somewhat in contrast to conven-
tiona hot-platen heating.

Pushpald et al.*?! discussed the chemical charac-
teristicsof acalcium auminate-phenol resin composite
with very high flexura strength. Theflexurd strength of
the composite wasfound to be 120to 220 MPa, which
wasgresatly dependent on thefabrication method. The
best system of these compositeswasmade of calcium
monoa uminate and theresol etype of phenol resin. The
evidence of possi ble cement-resininteraction hasbeen
found experimental inroll milling, during heat curing,
andinthefind product. They discussed theevidence of
interaction of phenol moiety and calciuma uminate based
ontheobservationsin processing, experimental dataof
differential scanning calorimetry, el ectron probe mi-
croanaysis, conduction calorimetry, and X-ray diffrac-
tionanalysis. Based on their findings, they proposed a
crosdlinking mechanism assumed to occur in process-
ingand during curing.

Achary and Ramaswamy!*?? prepared and char-
acterized resole phenolic resinscontaining various p-
cresol (PC) to phenol (P) mol ratios. These phenolic
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resinswere blended with nitrilerubber (NBR) and the
measurements of adhesivejoint strength, stress-strain
properties, DSC, TGA, DMA, TEM, and SEM were
performed using a50:50 NBR/phenolicresnblend. It
was observed that the adhesivejoint strength and the
mechanicd propertiesof theblend enhanced sgnificantly
upon incorporation of p-cresol into the phenolicresin,
and the optimum p-cresol/phenol mol ratiowasinthe
vicinity of 2:1. Observation of amore continuous phase
andtheincreasein Tg of therubber regionintheblend
indicated increased reactivity and compatibilization of
NBR with phenolicresin asp-cresol wasincorporated.
Theeffect of sillicafiller onthe propertiesof thenitrile
rubber/phenalic resin blend was al so studied without
and with p-cresol modification and theresults suggest
that silicafiller take not only therole of areinforcing
filler inthenitrile-phenolic-silicacomposite, but dsoa
roleassurface compatibilizer of theblend components.

Gao et d.[*?l examined the curing behaviorsand
kinetic analysisof high-resin-content resoles prepared
by thereaction of paraformal dehyde, phenol and metal
compounds as catalyst by meansof IR and DSC. In
the curing process of resol es, hydroxymethyl groups
react to form methyleneand dimethyleneether linkages
and releasewater or other low mol. content at thesame
time. The DSC thermogramswith exothermicity of the
condensation reaction and endothermicity of small mol-
ecul esevaporation show wideand smooth peaks. Ap-
parent activation energy of theresolesis45.5 kJmoal.
It showsthat thelargeresin content resolesareeasily
curable.

Papavaet a.[**4 studied the hardening process of
resoleoligomer in diatomite-contai ning phenol -formal -
dehyde polymer compositioninisothermal conditions
invacuumandair at 120°-250°C. Mass-spectroscopic
analysis showed that water and formaldehyde were
extracted intheform of volatileproductsand diatomite
remained constant. M assreduction caused by water
and formal dehyde extraction wastaken asacriterion
of quantitative evaluation of the process.

Kaledkowski and Hetper!'®! prepared phenol-
forma dehyderesoleresinsusing tetrad kylammonium
hydroxidesascatalysts. Theactivity of these cataysts
was compared with the activity of sodium hydroxide.
Gas chromatography, thin layer chromatography, *C-
NM R spectrometry, potentiometrictitration and physi-
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cochemical methodswere used to determinethe com-
position of the resins and their properties.
Tetraa kylammonium hydroxideswere active cataysts
and theresinsobtained intheir presence showed inter-
esting properties.

Manfredi et al.'*° studied therel ationship between
the structure and the viscoel astic propertiesof resole
resns. Sx phenolicresins(resole) weresynthes zed with
different molar ratiosof formal dehydeto phenol. These
resoleswere cured by means of temperature and with-
out catalyst. Thecharacterization of theresolewasdone
by means of IR spectroscopy and chemical methods.
From theviscoel astic propertiesof fully cured resins,
characteristic propertiessuch as: storagemodulus(E”),
tan 8, width of thetan & (AT) and damping pesk (tan d)
wereobtained. The compression modulusandthevoid
content wered so determined. A maximuminthemeth-
ylenebridge and the result of the viscoel astic proper-
tiesalow usto say that theresolewith F/P between 1.3
and 1.4 hasthe highest crosslinking density.

Lenghauset d.[*? found that the quinone methides
to beinvolvedinthe curing of phenol formaldehyde
resins, producing anintractable materid whichwasre-
Sistant to conventional techniquesof chemicd anayss
Nove modelshavetherefore been used to investigate
the curing of phenol formaldehyderesins, and have
shown that ortho quinone methide hassevera unusua
properties, indudinghighstesdectivity. Severa agpects
of resole curing could beexplained intermsof thisbe-
havior.

Aierbeet al.[*?¥ studied theinfluenceof theinitia
formal dehyde/phenol molar ratio(F/P) on theforma-
tion kinetics of five resole type phenolic resin
prepolymers. Initia forma dehyde/phenol mixts. were
fixed to pH=8.0 by adding triethylamine as alkakine
catalyst. Theevolution of reactantsand first formed
addition productswerefollowed by liquid chromatog-
raphy (HPLC). *C NMR spectroscopy was applied
tofind prepolymers. The necessary amount of catalyst
toadjust theinitial pH decreased with F/P, influencing
therates of consumption and formation of the species.
Fina forma dehyde and phenol concentrations depend
ontheinitial F/Pratio and on the added amount of tri-
ethylamine. Themaximum concentrationsof first formed
addition products decreased with F/Pwhereasthe maxi-
mum concentrations reached by di- and trisubstituted
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phenolswasindependent of thisratio. Higher molecu-
lar weight compoundswereformed by joining phenolic
ringsby methylenebridgesat para, paraand ortho, para
positions. No ortho-ortho bonds were detected.

Kimand Young*?® studied theresin structure, and
themechanism and kinetics of resoleand novolak resin
formation and cure. Resin syntheseswere carried out
in alaboratory glass reactor equipped with astirrer,
thermometer, and reflux condenser. Mixture of phenol
and 37% formalin sol ution were heated up to tempera-
ture of 45°C and then the catalysts were added. FTIR
spectrometer was employed for both resin character-
ization and kinetic study based on the fact that each
chemical group in asample absorbed IR radiation of
some characteristicsfrequencies. Differentid scanning
calorimetry and thermogravimetric analysswereused
to obtain therma decomposition datafor activation en-
ergy and conversion of the adhesives. Thekinetic be-
havior based on spectraof the phenolicresin OH de-
creased due to internal reactions, which caused the
phenolicresintolink together. Theactivation energy of
thermal decompositionfor novolacresinsat therange
of 0.05-0.35wasamost constant, whilefor resole, the
activation energy decreased at initial conversionand
then kept relatively constant

Linand Chiu** prepared cocured material s based
on resole/epoxy in wt. ratios of 100/0, 50/50 and 0O/
100 by using NaOH and 4,4'-diaminodi phenylmethane
(DMA) ascuring agents. These cocured sampleswere
subjected to accelerated aging at 150°C in air for
45days. Continuousincrease of carbonyl IR absorp-
tionat 1700-1740cn* indicated therma oxidation. The
samplewith resole/epoxy =50/50 showed significantly
retarded formation of carbonyls. Mechanical property
tests of samplesduring the course of aging, including
tensile stress-strain, modul us, and impact resistance
confirmed asignificant protection of epoxy by incorpo-
rating resoleinto the epoxy viacocuring.

Sugama et al.l*3Y studied the hydrothermal
degrdation pathways of resol e-type phenolic polymer
coatingsby XPS, SEM, TGA, EDX, andACEIS. The
15-day-autoclave exposuretestsfor the coatings de-
posited onthe carbon steel demonstrated that they suf-
fered hydrothermal oxidationinalow pH (-1.6), geo-
thermal brine at temperatures >150°C. The oxidative
degradation pathway of phenolic polymer took place
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through three-step oxidation routes: first, the bridging
methylenelinkagesin the network polymer structure
werepreferentialy oxidized toform benzylhydroxy-type
linkagesin the oxidation-inductive stage; second, fur-
ther oxidationled to thesubgtitution of thebenzyl hydroxy
linkagesfor thebenzophenone-typelinkages; and third,
Incorporating more oxygen into the oxidized polymer
caused the breakage of C-C-C linkages in the ben-
zophenonederivative, thereby forming sdicylicacid as
theultimate oxidative degradation products of phenolic
polymer.

Lenghauset d.1**3 examined two resol e-type phe-
nol-forma dehyderesinswhichweresynthesizedwitha
formal dehyde to phenol (F/P) molar ratio of 1.2 and
1.8 andtheir structureon curing by *C CP-MASsolid
state NMR. The F/P=1.8 materia was considerably
morecomplex thanthe F/P=1.2 materid. Thishasbeen
interpreted as due to the formation and subsequent
cleaving of ethersinthe F/P=1.8 system. The structura
changesin each resole after heating were observed by
B3C CP-MAS NMR up to 500°C, and their surface
areas after carbonization at 1000°C were measured
using N, and CO, gas adsorption. The F/P=1.2 mate-
rial was found to possess narrower micropores than
theF/P=1.8 materid. Theseresultsweresignificant for
thoseindustrieswherethe high-temperature behavior
of phenol forma dehyde materid swasimportant.

Gabilondo et a.** investigated phenol-formalde-
hyderesoleresinsasregardstheir cure behavior using
both atmosphere and high-pressure conditions. Results
obtained using Fourier transform IR spectroscopy and
solid-gtate*C (cross-polarization/magi c angle gpinning)
NMR showed different polymerization pathwaysof the
resinintotheusudly used differentia scanning calorim-
etry pressure-resi stant cruciblesand under atmosphere
pressure. Under high-pressure conditionsacompeti-
tion between oxidation and polymerization reactions
was detected, leading to lessmethylene bridge forma-
tion and more remaining free ortho-positions, witha
consequent lower degreeof polymerization (d.p.)

Bougjilaet a.** studied the physicochemica and
Kinetic properties of resoles prepared with different
catalystfNaOH, LiOH, and Ba(OH)2] and variable
formal dehyde/phenoal ratios (2.5 or 3.5) werefollowed
to determinetheir effects on themechanismsand reac-
tion productsat afixed pH and temperature. Kinetic
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monitoring and quantification of resdua monomerswere
carried out by liquid chromatography coupled with mass
spectrometry (LC/UV/MS), by *C NMR, and by
chemical assay for formadehyde. Oligomer formation
(n>2) wasdetermined by LC/UV/MS, sizeexclusion
chromatography (SEC) and **C NMR. It wasfound
that minor compoundsform during synthesesand that
theratio R affects primarily thekineticsof formation of
hydroxymethylatedintermediatesand oligomers, incon-
trast to the catal yststhat modified reaction mechanisms.
The understanding of the structure of theresoleswas
animportant step for the determination of thefina prop-
ertiesof thematerial.

Tan et d.** studied the chel ation between borate
ionsand resol e phenol-forma dehyderesin by measure-
ment of pH of the solutionand theanaysisof IR spec-
tra. The results showed that the reaction proceeded
rapidly and completely. Thereaction took placein phe-
nolic hydroxyl groupsand hydroxymethyl groupson
the aromatic ring of theresin, and formed coordinate
bond between boron atomsof borateions and oxygen
atomson thehydroxyl groups. Thereaction could so
produce hydrogen ions and brought about the change
inthe pH of theresin solution.

AstarloaAierbe et al.** studied theinfluence of
the condensati on temperature on phenolicresoleresin
prepolymer formation by liquid chromatography and
13C NMR spectroscopy. Four resoles catalyzed with
triethylamineandwithinitia pH 8.0 and forma dehyde-
phenol ratio 1.8 were synthesized at 60°C, 80°C, and
95°C, and refluxing temperatures 98°C-102°C. On
increas ng the condensation temperature, reactant con-
sumption ratesand first formed addition productsin-
creased and condensation times decreased. Prepolymer
synthesized at refluxing temperatures showed higher
formal dehydeaddition onto ortho positionswith respect
to the other resoles. Different types of phenolic ring
connecting bondswere observed: para, paraand ortho,
parabridgesaswell asether bondswere detected. No
ortho, ortho bonds were observed for the condensa-
tion with the catalyst used. *C NMR measurements
did not show qualitative differences between
prepolymers. Residual phenol and formal dehyde con-
centrations and the amount of free unreacted orthoand
parapositionsdecreased with temperature.

Holopainen et d .*3 successfully predicted theform-
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adehyde/phenal (F/P) ratiosof resoleresinsby there-
cording of IR spectraof both calibration and anayzed
resinsand by amultivariate analysistechnique. Inthe
creation of applicable models, thebest correlating IR
spectral areaswerefound between 1800 and 700 cmr
1. Thepositive effects of theincreasing replicatesand
theomission of first-derivative preprocessing on mode
quaity were proven by systematic testing. Thecharac-
teristic satistica parameterswere acceptablewhenthe
resnwassmilar tothecalibrationresins. Although the
cdibration sampleshad narrow F/Pmolar ratios (2.00-
2.40), or a particular urea content or akyl, the best
calibration model could aso successfully predict theF/
P molar ratiosof resinswith greater F/Pratios, higher
ureacontents, and lower akyl.

Leeet d.*® investigated thetherma behavior, ther-
mal degradation kinetics, and pyrolysisof resoleand
novolac phenolicresnswith different curing conditions,
asafunction of theforma dehyde/phenol (F/P) molar
ratio (1.3, 1.9, and 2.5 for the resoleresins and 0.5,
0.7,and 0.9for thenovolac resins). Theactivation en-
ergy of thethermal reaction wasstudied with differen-
tial scanning calorimetry at fivedifferent heating rates
(2°C, 5°C, 10°C, 20°C, and 40°C/min) between 50°C
and 300°C. The activation energy of the thermal de-
composition wasinvestigated with thermogravimetric
andyssa fivedifferent heatingrates (2°C, 5°C, 10°C,
20°C, and 40°C/min) from 30°C to 800°C. The low
molar ratio resinsexhibited ahigher activation energy
than the high molar ratio resinsin the curing process.
Thismeant that |ess heat was needed to curethehigh
molar ratioresins. Therefore, thehigher themolar ratio
was, the lower the activation energy was of the reac-
tion. Asthethermal decomposition of theresoleresins
proceeded, the activation energy sharply decreased at
first and then remained amost constant Theactivation
energy of thetherma decompositionfor novolacresns
with F/P=0.50or F/P=0.7 wasamostidentical inall
regions, whereasthat for novolacresnswithF/P=0.9
gradually decreased asthe reaction proceeded.

Heet d.[**9 studied thecuring behavior of twokinds
of powdered resolephenolicresinsby differential scan-
ning calorimetry. Liquid-state *C-NM R spectroscopy
was used to adin understanding the curing behavior by
detecting the structure of powdered resins. Thereac-
tion mechanism wasinterpreted with the dependency
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of activation energy onthe degreeof conversion. The
resultsindicatethat thereare differencesinthecuring
mechani sm between coreand face phenolicresins. The
curing process of the coreresin wasfaster than that of
thefaceresin at the samereaction temperature. The
water added to the curing system played animportant
roleof plasticizer or diluent according to different cur-
ing stagesand water content. Intheinitia curing stage,
water mainly diluted the system and retarded the curing
reactions. However, at the higher degrees of conver-
sion, water played therole of plasticizer to decrease
the effect of diffusion onthe curing reactionsto make
the curing reactionsmore complete. Excessweater added
inthecuring system played theroleof diluent at amost
all stagesduring the curing process.

Bougjilaet a.** used to analyze nondestructive,
solid state physicochemicd techniquesfor thestructure
of phenolicresns, prepared with preci se synthesesand
thermd parameters Theresultsobtained with solid state
BC NMR (CP/IMAS) and FTIR were analyzed and
related to thethermal characteristics of the networks
(DSC and TGA/FTIR). Thedatawere correlated with
parametersand conditions of syntheses of resolesand
of theinitid prepolymers.

Zhou and Xul**! synthessed resol e-type phenol/
forma dehyde prepolymer at lower molar ratio of form-
adehyde/phenal (1.3:1) andinvestigated the pyrolysis
behavior of the phenolic resin thermally cured by
thermogravimetric-mass spectra(TG-M S). When the
pyrolytic temperature waslower than 350°C, mainly
thecleavageof intramol. ether linkageand theremoval
of end hydroxymethyl occurred, and somemolecules
suchasH.,0O, CO,, and CH,OH and their fragments
were detected. When the pyrolytic temperature was
between 350° and 750°C, the bond cleavage occurred
at different positions of the resin main chain, and
methyl phenol, dimethyl phenol, and trimethyl phenol and
their fragmentswere observed, implying that theim-
provement of thermal stability of phenolic main chain
might be one of thekey factorsto avoid thedefectsin
Resole-type phenolic resin-based C/C composites.

Heand Riedl2 studied the curing kinetics of re-
sol e phenol-formaldehyde (PF) resin and resin-wood
interactionsin the presence of wood substratesby dif-
ferentia scanning calorimetry (DSC) and Fourier trans-
form infra-red (FTIR) spectroscopy. The activation
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energy of cureof PFresin generally increased when PF
resnwasmixed withwood, mainly dueto thedecrease
of the pH valuesresulting from the presence of wood.
However, wood decreased the curing enthal py of PF
resin through diffusion and the change in the phase of
the curing system, which suggested that the curing re-
actionsreached alower final degree of conversionfor
the mixtures of PF resin with wood than for the PF
resin alone. Moreover, DSC curvesand the variation
of activation energy with converdon indicated that wood
accel erated the addition reactions and retarded con-
densation onesduring the curing processof PFresin
with wood. The study also revealed that almost no
chemical reactions occurred between PF resin and
wood, but the secondary forceinteractionsof hydroxyl
groups between PF resin and wood have been de-
tected. These most significant secondary forces can
catalyzethe self-condensation reactions of PF resin,
athoughtheir effect wasnot vita onthecuringkinetics
of PFredin.

Rego et al.[** synthesized different resole phenal -
forma dehyde prepolymer resnswith different Forma-
dehyde/Phenol (F/P) ratios or different catalystsand
characterized by *C NM R spectroscopy in solution. A
fast quantitative measuring protocol was proposed
based onthe use of chromium(l11)acetylacetonateasa
relaxation agent. APT (attached proton test) and
DEPT (distortionlessenhancement by polarizationtrans-
fer) spectrawere acquired to enable proper resonance
assgnments, especidly intheregionswith severesgnd
overlap. Equationswere presented in which the meth-
ylenebridges(MB), themethylol groups(MG) and the
dimethyleneether bridges DM EB) of resoleresinswere
guantity taken into account. Important structural fac-
torsdetermined quantity for resole prepolymer resins
arethe F/Pratio after reaction, thed.p. (n), thenumber
average molecular weight(Mn) and the content of free
ortho and parapositions.

Zhang et d.** prepared hydrogd S(HG) by the sol -
gd polymerization of phenolic resole, m-cresol resole
and methylolated melaminemixtureswith different reci-
pesin basic aqueous solution at 85°C for 5 days. Wa-
ter inthe HG was displaced by acetoneto obtain ac-
etonegels(AG). Organic aeroge S(OA) wereobtained
by drying of AG under supercritical carbon dioxide.
Small angle X-ray scattering(SAXS) using synchrotron
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radiation as X-ray sourcewasemployed to investigate
microstructureof HGAG and OA. Itisfound that physi-
ca crosdinking wasdominant in HG and supercritical
drying of thephysica dominant cross-linked g scaused
thefollowing microstructurechanges: (1) randomgrowth
of large scatterersthat “bury” the scattering peak; (2)
shrinking of gels; (3) deswdling of gel network and (4)
evolution of gel structurefromtangled or roughinter-
faceto smooth or flat interface.

Pugliaet al.[** reported the effects of the addition
of different epoxy resnsonthethermd stability of phe-
nolic resoles. Blends of phenolic resinswith different
compositionsof epoxy resins, cured with aminehard-
ener, were characterized by therma gravimetric analy-
sisand conecal orimetry to determinether therma sta-
bility and fireresistance. Thethermal degradation of
phenolic resol e characterized by acomplex mechanism
with at least two different processeswhichlead to the
production of astable and resistant char structure. On
the other hand, the epoxy resinsstudied, ether diphatic
or aromatic, degradein asingle step. Theresultsdem-
onstrated that the epoxy-amine content should be kept
under 15wt. % to avoid asignificant reduction of the
thermal stability of theblend. However, blendingwith
epoxy-amineswasasuitablerouteto improve the me-
chanical propertiesof phenolicresinsor to reducethe
curetemp.

Shuklaet .8 prepared blends of resoleand ep-
oxy were prepared by physica mixing, and cured with
30% polyamide based on blend resin and polyamide
and studied their degradation kinetics by dynamic
thermogravimetric andysisin nitrogen atmosphereat a
heating rate of 10°C min. The degradation of blends
of epoxy and resole having 30wt% polyamide pro-
ceeded with 0.50th order. Thisresult wasfound with
the Coats-Redfern equation using best-fit andysis, and
further confirmed by linear regressonand. Thevadlidity
of datawaschecked by t-test andlysis. Fromthisvalue
of reaction order, activation energy (E) and pre-expo-
nentia factor (Z) werecdculated. Thevaluesof activa:
tion energy increased, whereastheva ues of pre-expo-
nentid factor decreased astheresolecontent intheblend
decreased from 100 to O wt%.

Linand Chiul**" addressed thedifferencesin cur-
ing behavior by blending and cocuring of resol and ep-
oxy, usng NaOH and 4,4'-diaminodi phenylmethaneas

= Microreview

curing agents. IR band shiftsregarding the mol ecul ar
interactionswereinvestigated with FTIR. Exothermic
peak shiftsduring cocuring reactionswerestudied with
dynamic DSC. Viscosty increaseswere measured with
aBrookfield LV T viscometer at 100°C. The dynamic
mechanical propertiesof the cocured sampleswerein-
vestigated using rheometric dynamic spectroscopy
(RDS). Experimental resultsrevea ed that the mol ecu-
lar interacti ons between resole and epoxy resulted in
good competibility asshown by thesingledamping pesk
intheRDS curveandthesingleglasstranstionfor each
cocured sample. Also gpparent were accel erated cur-
ing rates, | eading to shifts of the exothermic peaksto
lower temperature and faster viscosity increases. Nev-
ertheless, enhanced gel fractionsand increased glass-
transition temps. (Tg) of the sampleswere generally
observed for this cocured system. The average mo-
lecular weight between crosslinked points cal cul ated
for the cocured material s al so showed much lessthan
thetwo components. Thesecuring behaviorswerequite
different fromthoseof theinterpenetrating polymer net-
work (IPN) materids, which usudly indicated lowered
gel fractions, decreased Tg, and higher average mo-
lecular weight between crosslinkingsthan for compo-
nents.

Linand Chiu*® prepared cocured material s based
on 100/0, 50/50 and 0/100 weight ratios of resole/ep-
oxy prepared using NaOH and 4,4'-diaminodiphenyl
methane as curing agents. Sampleswere spin-coated
on Al plates and subjected to accelerated aging at
150°C in air for 49 days. The functional group changes
during therma oxidation weremonitoredwith FTIR at
varioustimes. Spectrawere obtained using the aro-
matic absorption at 1608 cm asinternal standard. A
Kinetic study was performed, and afirst order degra-
dation wasdemonstrated.

Srivastavaand Mathur™® prepared the blends of
resolewith epoxy resin having different wt. ratios (0/
100, 25/75, 50/50, 75/25, and 100/0). These blends
werecured by adding polyamidein a60:40ratio based
on blendresinsand polyamide. The degradation kinet-
ics of these resins was studied by dynamic
thermogravimetric analyssinnitrogen atmosphereat a
heating rate of 15°C/min by using the Coats-Redfern
equation. Thedegradation of each samplefollowsfirst-
order(n=1) degradation kinetics. Thisisobtained on
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thebasisof best fit analysis, and dl the parametersare
confirmed by regression analysis. From thereaction
order value, activation energy and preexponentia fac-
tor were calcul ated by the slope and intercept of the
plot between X and 'Y, respectively.

Stachowi ak*™ compared the parformanceof anew
phenolic resol e curing agent to that of phenolicresoles
inavariety of epoxy/phenolic can coatings. The new
materid provided flexiblecoatingshaving good chemi-
ca resstanceand excellent res stanceto overbake. The
reactivity of these epoxy/phenolic systemswaseval u-
ated by monitoring the viscosity during cure. Higher
solids systemscould beformul ated by employing ep-
oxy resinswith alower molecular weight than those
normally usedin can coatings.

Yamamoto et a.**¥ devel oped acoating composi-
tionsfor inner surfacesof canswith excdlent curability
and sted adhesion comprising bisphenol A-based ep-
OXy resins, organic solvents, and phenolicresolespre-
pared by treating HCHO with phenol shaving >3 func-
tiond groupsinthepresenceof dkali catalystsand tresi-
ing the resulting methylol-containing phenolic
resing (wt.-av.mol.wt.(M, ) 500-800)] withdifunctiona
phenols. Thus, bisphenol A 1, 37% ag. HCHO 2.5,
and 25% ag. NH, 0.2 mol were heated at 65°C for 3 h
togiveaphenolicresole(M, 590, methylol concentra-
tion 0.48), which was treated with 1mol 4-(CH,),
CC,H,OH (1) at 95°C for 30min, then extracted with
iso-C,H,COCH_/cycl ohexanone/xyleneto give 30%-
solids phenolic resin solution The solution (40 parts
solids) and 60 parts Epikote 1009 were mixed, ap-
plied onatin plate, and baked at 200°C to give a coat-
ing which showed excellent resistance to S-
blackening(sic) and good punching quality(no delami-
nation of coating from tinplate) whereas coatings pre-
pared without | showed poor punching quality.

Anderson**3 prepared blends of furan-formalde-
hyderesn-phenolicresoleresn compostionscrosdink
under acidic conditions and are useful binders for
foundry sand. Thus, treatment of furanwithHCHO ina
4:1 molar ratiointhe presence of oxalicacid at 100°C
for 2h gavearesinwith viscosity approximatel y100
cpsat roomtemp. A com. availableresole (IMC Self-
Set 130) 22.5, furanresin 7.5, and 75% benzenesulfonic
acid 2.4 partsweremixed to giveasolutionwhich exo-
thermically polymerizedin 3min. to giveahard solid.
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When thecomposition contained asilaneadhesion pro-
moter it was suitable for use as abinder for foundry
sand inthe production of hardened foundry shapes.
Tumanov et a.™ prepared blends of epoxy resin
and resol e-typeaniline-forma dehyde-phenol oligomer
withimproved physicomechanica propertiesfrom lay-
ersof reinforcingfibrousfiller andimpregnating binder,
which contai ned 100 parts bisphenol A epoxy resn and
30-100 partsresol e-type aniline-forma dehyde-phenol
oligomer (8-12% methylol groups) ashardener.

CONCLUSION

The preceding review showsthat the epoxidized
resoleresinsshow excd lent performances, such asrgpid
curing behaviour, high heat res stance, good adhesive
properties, outstanding strength, solvent & chemical
res tanceand good therma stability. Theresinsareusaed
in paintswhich could ableto withstand sol vent attack
because of their outstanding chemica resistance, physi-
cal properties, and may, therefore, be used in order to
reduce maintenance and repairing cost tominimumin
comparisontovinyls. Theseresnsarea so used asfloor-
ing to cover or topping ontop of asubfloor. They are
classified innumber of waysfor wearing surfaces. These
flooringsare most commonly used for domestic pur-
poses because of low levels of sound insulation and
lack of pleasing appearance. Many effortshave been
madeto improvethe appearance of such flooring such
asincorporation of color aggregates or spattering color
on thefloor surfacesand incorporating rubber crumbs
asextenderstoimproveflexibility and also useful to
reduce impact noise. The blend system based on ep-
oxy resnand resole-typephenolicresinsislessstudied
and further modificationisneeded for their thermal char-
acterigtics.

REFERENCES

[11 SL.Gibson, J.S.Riffle;” Chemistry and Properties
of Phenalic Resins and Networks’, In Synthetic
Methods in Step-growth Polymers, M.E.Rogers,
T.E.Long (Eds.), John Wiley & Soms, Inc., 365
(2003).

[2] A.Knop,L.A.Pilato; Phenolic Resins: Chemistry,
Applications and Performance, Springer-Verlag,

Au Tudian Yourual



MMAIJ, 3(4) December 2007

[3]

[4]
[5]
[6]

[7]

[8]
]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]

Kavita Srivastava et al.

197

Berlin, Heidelberg, (1985).

A.Knop, W.Scheib; Chemistry and Applications
of Phenolic Resins, Springer-Verlag, New York,
(1979).

M.K.Gupta, G.Sallee, D.W.Hoch; Am.Chem.Soc.,
Div.Polym.Chem.Polym.Prepr., 27, 309 (1986).
R.W.Martin; ‘The Chemistry of Phenolic Resins’,
John Wiley & Sons, Inc., 1,3, (1956).
L.B.Manfredi, A.Vazquez; ‘Chemical Reactions
inLiquid and Solid Phase’, GE.Zaikov, A.Jimenez
(Eds.); Nova Science Publishers, Inc., Hauppauge,
New York, 69-18 (2003).

N.N.Prudnikova, G.A.Kutbedinova, M.P.
Yakusheva, L.P.Vin, S.S.Dmitrienko; Primen,
Fenoplastov lonoobmen.Smol., Nauchno-Issled.
Inst.Tekh.-Ekon.Issled. (NIITEKhIM), Moscow,
USSR, 56-9 (1976).

L.Lederer; J.Prakt.Chemie., 50, 223 (1894).
O.Manasse; Ber.Dtsch.Chem.Ges., 27, 2409
(1894).

A.Weller; Prog.Reaction Kinetics, 1, 187 (1961).
S.50,A.Rudin; JAppl.Polym.Sci., 41, 205 (1998).
H.C.Mdhotra, V.K.Gupta; J.Appl.Polym.Sci., 22,
343 (1978).

H.C.Malhotra, A.Kaur; J.Appl.Polym.Sci., 20,
2461 (1976).

A.Zavitsas; Am.Chem.Soc.Div.Org.Coatings and
Plastic Preprints, 26, 93 (1966).

A.Zavitsas, R.D.Beauliew; Am.Chem.Soc.Div.
Org.Coatingsand Plastic Preprints, 27, 100 (1967).
D.Park, B.Riedl; J.Appl.Polym.Sci., 77, 1284
(2000).

Vollmert; Polymer Chemistry, Springer-Verlag,
New York, (1973).

H.V.Wagner, R.Gompper; ‘Quinone Methides’, In
S.Patani (Ed.) : The Chemigtry of the Quinoid Com-
pounds, Wiley, New York, 2, Chap.18 (1964).
P.F.Bruins; Epoxy Resin Technology, Interscience
Publisher, New York, Chap. 1, (1968).

A.May, Y.Tanaka; Epoxy Resin Chemistry and
Technology, Marcel Dekker, New York, Chaps.,
1-3, (1973).

H.Lee, K.Neville; ‘Hand Book of Epoxy Resins’,
McGraw-Hill, London, Chaps., 1-2, (1957).
R.Houwink, G.Solomon; Adhesion and Adhesives,
Elsevier, Amesterdam, Chap., 1, (1965).
W.G.Potter; Epoxide Resins, Springer-Verlag,
New York, Chaps., 1-2, (1970).

Y.Ishii, S.Sakai, S.L.Regan; Ring Opening Poly-
merization, Marcel Dekker, New York, 2, Chap.,

[25]

[26]
[27]
[28]

[29]

[30]
[31]
[32]
[33]
[34]

[35]
[36]

[37]

[38]

[39]
[40]

[41]
[42]

[43]
[44]
[45]
[46]

[47]

[48]
[49]

[50]

—= M feroreview

4, (1969).

S.A.Zahir, S.Bantle; ‘Epoxy Resin Chemistry-1J°,
R.S.Baur (Ed.); Am. Chem. Soc. Ser., 221, 245
(1983).

L.Shechter, JWynstra; Industrial and Engineer-
ing Chemistry, 48, 86 (1956).

L.Shechter, JWynstra, R.P.Kurkjy; Industrial and
Engineering Chemistry, 49, 1107 (1957).
K.Banthia, J.E.McGrath; Polymer Preprints, 20,
629 (1979).

M.Sabiva, 1.Spit; ‘Epoxy Resin’, C.E.S.Knecht
(Ed.); Wiley Interscience, New York, Chap., 16
(1977).

W.D.Hawkins; Physicsof Surface Films, Reinhold,
New York, Chap. 5, (1952).

B.Alvey; JAppl.Polym.Sci., 13, 1473 (1967).
S.Bantle, W.Burchard; J.Polymer, 27, 728 (1986).
Renner, A.Heer, W.Seiz, A.Mergotte, W.
Scheneider; Ang.Macromol.Chem., 54, 91 (1976).
K.Holegawa, A.Fukuda, K.Vede; J.Polym.Sci.
Part-C.Polym.Lett., 28, 1 (1990).

K.E.J.Barett; JAppl.Polym.Sci., 11, 1617 (1967).
K.Ohachi, K.Hasegana, A.Fukuda, K.Vede;
J.Appl.Polym.Sci., 44, 419 (1992).
H.Danneberg, C.A.May; ‘Treatise on Adhesion
and Adhesives’, R.L.Peterick (Ed.), Marcel
Dekker, New York, 3, Chap., 2 (1973).
M.T.Goosey; Plastics for Electronics, Elsevier
Applied Science, London, Chap., 4 (1985).
A.May; ACS Symp.Ser., 285, 557 (1985).
A.Bayer; Ber.Dtsch.Chem.Ges., 5, 25 (1872);
Ber.Dtsch.Chem.Ges., 5, 1095 (1872).

ter Mer; Ber.Dtsch.Chem.Ges., 7, 1200 (1874).
A.Claus, E.Trainer; Ber.Dtsch.Chem.Ges., 19,
3009 (1886).

L.Claisen; Justus Liebigs.Ann.Chem., 237, 261
(1887).

A.Speier; Ger.Pat., 99, 570 (1897).

A.Luft; Ger.Pat., 140, 552 (1902).
L.H.Baekeland; U.S.Pat., 942, 699 (1907); U.S.
Pat., 949, 671 (1907).

A.Knop, W.Scheib; In ‘Chemistry and Applica-
tions of Phenolic Resins’, Springer, Berlin, 3
(1975).

K.Hultzch; In ‘Chemie der phenolharze’, Springer,
Berlin, (1950).

N.J.L.Megson; In ‘Phenolic Resin Chemistry’,
Buterworths, London, (1958).

K Klatil, O.Filip, PJarolimek, JNovotny, R.Jahnel,
A.Oswald, P.Jehlar, F.Gajdos; Czech.,

—r—,  \lBCromolecules
/447qdcmﬁowml



198

Mieroreview

[51]
[52]
[53]
[54]
[55]
[56]
[57]

[58]

[59]
[60]

[61]

[62]
[63]

[64]

[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]

[73]

Synthesis and characterization of resoles and their blends

MMAIJ, 3(4) December 2007

Czech.Pat.No. CS 240157, 5 (1986).
P.A.Waitkus, B.Lepeska; U.S.Pat.No.US
4656239, 6 (1987).

R.lyer, R.C.Shah; Eur.Pat.Appl.EP 211316, 8
(1987).

P.Shadbolt; Brit. UK Pat.Appl.GB 2177408, 6
(1987).

F.F.Abdel-Mohsen, F.M.Helaly; ActaPolymerica,
38(5), 291-3 (1987).

T.Kozutsumi; Japan Kokai Tokkyo Koho, JP
06322233, 5 (1994).

W.Hesse, K.Rauhut; Eur.Pat.Appl.EP 653450, 8
(1995).

M.A.E.Santana, M.G.D.Baumann, A.H.Conner;
Holzforschung, 49(2), 146-52 (1995).
J.Majchrzak, B.Kaledkowski, M.Gryta,
M.Szemien; Pol.Przemysl Chemiczny, 74(2), 59-
61 (1995).

S.Ootani, M.Nakamura; Japan Kokai Tokkyo
Koho, JP 07010945 (1995).

M.Ogiwara, H.Takada; Japan Kokai Tokkyo So-
dium hydroxideo, JP 07173315 (1995).
JMajchrzak, B.Kaedkowski, M.Gryta, B.Kriger,
K.Kozubski, G.Czarnecka; Polish Pat.No.PL
163628 (1995).

T.Uragami, K.Yamaguchi, T.Yamaguchi; Japan
Kokai Tokkyo Koho, JP 07048426 (1995).
M.Gryta, J. Mg chrzak, B.Ka edkowski, B.Kriger,
K.Kozubski; Polish Pat.No.PL 165546 (1995).
J.Majchrzak, M.Gryta, B.Kaledkowski, G.
Czarnecka, E.Jasinski, C.Skupnik, J.Siedlecki, S.
Wolski, M.Debski, K.Kozubski; Polish Pat.No.PL
165565, 4 Jan, 31 (1995).

S.Sun, X.Wang, Z.Yang, Y.Li; Huaxue Yu Nianhe,
3, 141-143 (1996).

R.T.Sikorski, M.Amin; Polish Pat.No.PL 169183,
3, June 28 (1996).

Z.Wang, PChen, G.Cao, X.Yu, L.Hu; Gaofenzi
Cailiao Kexue Yu Gongcheng, 12(5), 57-60 (1996).
Y.Ueda, A.Kondo; Japan Kokai Tokkyo K oho, JP
09208648, 3 Sept., 21 (1998).

K.Maeda, T.Watanabe, T.Fukuzawa; Japan K okai
Tokkyo Koho, JP 08134174, 8 (1996).
Z.Teodorczyk; U.S.Pat.No.US 5629083, 42
(1996).

C.P.Parks, K.F.Anderson; Can.Pat.Appl., CA
2143601, 18, Aug, 23 (1996).

Y.Ueda, A.Kondo; Japan Kokai Tokkyo K oho, JP
09208648, 3, Aug, 12 (1997).

H.Fukuzumi, K.Yonemoto; Japan Kokai Tokkyo

[74]

[75]
[76]
[77]

[78]

[79]
[80]
[81]
[82]

[83]

[84]

[85]
[86]
[87]
[88]
[89]
[90]
[o1]
[92]
[93]
[94]

[95]

Koho, JP 09067420, 4, March 11 (1997).
D.Maldas, N.Shiraishi, Y.Harada; Journal of Ad-
hesion Science and Technology, 11(3), 305-316
(1997).

S.P.Urreiztieta, M.A.M.Castellanos; PCT
Int.Appl., WO 9718913, 21, May 29 (1997).
C.PParks; U.S.Pat.No.US 5795934, 7, Aug, 18
(1998).

E.P.Black; U.S.Pat.No. US 5763559, 13, June, 09
(1998).

T.E.Dando, W.R.Dunnavant, R.B.Fechter, H.J.
Langer; U.S.Pat.No.US 5756640, 8, May, 26
(1998).

H.Matsuoka, S.Yagi; Japan Kokai Tokkyo Koho,
JP 10168146, 3, June 23 (1998).

T.lwata, K.Isogai; Japan Kokai Tokkyo Koho, JP
11349652, 3, Dec 21 (1999).

W.R.Walisser, C.K.Johnson ; Eur.Pat.Appl., EP
913413, 22, May 06 (1999).

A.Svensson; PCT Int.Appl., WO 9915571, 13,
April, 1 (1999).

Y.GDoronin, V.PKondrat’ev, N.D.Aleksandrova,
V.lI.Kondrashchenko; Russia, RU 2154651, No
Aug 20 (2000).

Z.Piotrowska, SWolski, E.Miasko, M.Piotrowska
Baran, Z.Janowski, H.Magierska; Pol.Pat.No.PL
178067, 3, Feb, 29 (2000).

M.Higuchi, R.Okuda, Y.Koga; Japan Kokai
Tokkyo Koho, JP 2000026563, 5, Jan, 25 (2000).
Y.Shang, X.Tan, Y.Li; Zhanjie, 22(5), 7-10(2001).
GMa, GBai, C.Hou, L.Yuan, X.Ren; Faming
Zhuanli Shenging Gongkai Shuomingshu, CN
1341673, 11, March 27 (2002).

PZiegler, R.Schaefer, A.Has, F.Scholl, J.Wonner;
Eur.Pat.Appl., EP 1264849, 7, Dec, 11 (2002).
GLi, L.Wang, B.Dai, J.Xu; Hebei Gongye Daxue
Xuebao, 31(4), 37-41 (2002).

Y.Kobayashi, M.Asami; Japan Kokai Tokkyo
Koho, JP 2002206015, 5, July, 26 (2002).

I.Ide, T.Seki, M.Nishinoue; Japan Kokai Tokkyo
Koho, JP 2002201245, 8, July, 19 (2002).
K.Sasakura, H.Toyoda; U.S.Pat.Appl.Publ., US
2003236331, 9, Dec, 25 (2003).

M. Tsujimoto, Y.Fukuhara, K.Miwa; Japan K okai
Tokkyo Koho, JP 2003306592, 9, Oct, 31 (2003).
K.H.Coventry-Saylor; U.S.Pat.Appl.Publ., US
2003224119, 6, Dec, 04 (2003).

T.Kage, T.Inoe, H.Azuma, C.Hirota, K.Ohira,
K.Mori; Japan Kokai Tokkyo Koho, JP
2003292724, 6, Oct, 15 (2003).

Macromolecules « —

Au Tudian Yourual



MMAIJ, 3(4) December 2007

[96]
[97]
[98]
[99]
[100]
[101]

[102]
[103]

[104]

[105]
[106]
[107]
[108]

[109]

[110]

[111]
[112]
[113]

[114]

[115]

[116]

[117]

[118]

Kavita Srivastava et al.

199

K.Samejima, M.Akiba, M.Yokoyama; Japan K okai
Tokkyo K oho, JP 2003292556, 6, Oct,15 (2003).
Y.Kobayashi, T.Tochimoto, M.Asami; Japan
Kokai Tokkyo Koho, 7, Oct, 15 (2003).
T.Shimokage; Japan Kokai Tokkyo Koho, JP
2003277457, 6, Oct, 02 (2003).

X.Wang, Y.Zou, S.Yu; Reguxing Shuzhi, 18(4), 1-
3 (2003).

M.Sato, Y.Narabe, K.Sakai; Japan K okai Tokkyo
Koho, JP 2003213078, 5 (2003).

G.Yang; Hangtian Daxue X uebao, 29(5), 459-462
(2003).

J.PChen; U.S.Pat.N0.US 2003135012, 25 (2003).
T.Sato, T.Nakamura; Japan Kokai Koho, JP
2003176328, 4 (2003).

T.Kage, T.Inoue, H.Azuma, C.Hirota, K.Ohira, K.
Mori; Japan Kokai Tokkyo Koho, JP2003165817,
5 (2003).

W.H.Ingram, T.M.McVay, M.Letchas; U.S.Pat.
Appl.Publ., US 2003096937, 5 (2003).
R.Lubczak; Macromole.Mat.and Engg., 288(1),
66-70 (2003).

GLi, S.Zhang, L.Hao; Zhongguo Jiaonianji, 12(1),
18-21 (2003).

K.Takahashi, |.Makinose, N.Sano; Japan Kokai
Tokkyo Koho, JP 2003040957, 12 (2003).
V.Mahotra, W.Walliser, S.GWatson, PC.Heraullt,
D.Tessari, PEspiard, S.Tetart, B.Malhieuxe;
U.S.Pat.N0.US 6646094, 32 (2003).

T.Kage, T.Inoue, H.Azuma, C.Hirota, K.Ohirg;
Japan Kokai Tokkyo Koho, JP, 2004091600, 7
(2004).

K.D.Gabridson, K.Tutin, C.R.White, D.J.Bir; U.S.
Pat.Appl.Publ., US, 2004039093, 13 (2004).

M. Tsujimoto, Y.Fukuhara, A.Miwa; Japan K okai
Tokkyo Koho, JP 2004059701, 20 (2004).
T.Inoue, H.Azuma, T.Kage, C.Hirota; Japan
Kokai Tokkyo Koho, JP, 2004059841, 9 (2004).
T.Holopainen, L.Alvila, P.Savolainen, T.T.
Pakkanen; J.Appl.Polym.Sci., 91(5), 2942-2948
(2004).

T.Tsuihiji, T.Yamazaki; Japan K okai Tokkyo K oho,
JP, 2004010700, 8 (2004).

A.W.Christiansen, R.A.Follensbee, R.L.Geimer,
J.A.Koutsky, GE.Myers; Holzforschung, 47(1),
76-82 (1993).

R.A.Follensbee, J.A.Koutsky, A.W.Christiansen,
G.E.Myers, R.L.Geimer; J.Appl.Polym.Sci.,
47(8), 1481-96 (1993).

M.F.Grenier-Loustalot, S.Larroque, P.Grenier,

[119]
[120]

[121]

[122]
[123]

[124]

[125]
[126]

[127]

[128]

[129]

[130]
[131]
[132]

[133]

[134]

[135]
[136]
[137]

[138]

—= M feroreview

J.PLeca, D.Bedel ; Polymer, 35(14), 3046-54
(1994).

J.M.Kenny, GPisaniello, F.Farina, S.Puzziello;
ThermochimicaActa, 269/270, 201-11 (1995).
K.Umemura, S.Kawai, R.Nishioka, Y.Mizuno, H.
Sasaki; Mokuzai Gakkaishi, 41(9), 828-36 (1995).
G.K.D.Pushpalal, T.Kawano, T.Kobayashi,
M .Hasegawa; Advanced Cement Based Materi-
als, 6(2), 45-52 (1997).

P.S.Achary, R.Ramaswamy; J.Appl.Polym.Sci.,
69(6), 1187-1201 (1998).

Y.Gao, Y.Li, X.Kou, H.Zheng; Gaofenzi Cailiao
Kexue Yu Gongcheng, 15(3), 45-47 (1999).
G.Papava, Z.Tabukashvili, N.Dokhturishvili, N.
Gelashvili, M.Datuashvili, M.Gurgenishvili,
M.Ramishvili; Bull.Geo.Acad.Sci., 164(2), 309-311
(2001).

B.Kaledkowski, J.Hetper; Polymer, 41(5), 1679-
1684 (1999-2000).

L.B.Manfredi, O.DelaOsa, Fernandez, N.Galego,
A .Vazquez; Polymer, 40(13), 3867-3875 (1999).
K.Lenghaus, G.Qiao, D.H.Solomon; ‘Book of
Abstracts’, 217" ACSNational Mesting, Anaheim,
Cdlif., POLY-295, American Chemical Society,
Washington, D.C, 21-25 (1999).

G.A.Aierbe, J.M.Echeverria, M.D.Martin,
A .M Etxeberria, |.Mondragon ; Polymer, 41(18),
6797-6802 (2000).

H.JKim, Y.K.Leg, ‘Proceedings of the Annual
Meeting of the Adhesion Society’, 24", 190-192
(2001).

M.S.Lin, C.C.Chiu; Polymer Degradation and Sta-
bility, 71(2), 327-329 (2001).

T.Sugama, S.Kelley, K.Gawlik; Journal of Coat-
ings Technology, 73(917), 65-71 (2001).
K.Lenghaus, G.G.Qiao, D.H.Solomon; Polymer,
42(8), 3355-3362 (2001).

N.Gabilondo, M.D.Martin, |.Mondragon,
J.M.Echeverria; High Performance Polymers,
14(4), 415-423 (2002).

J.Bougjila, G.Raffin, H.Waton, C.Sanglar,
J.O.Paisse, M.F.Grenier-Loustalot; Polymers &
Polymer Composites, 10(5), 341-359 (2002).
X.Tan, Y.Shang, Y.Li, N.Huang; Liz JiaohuanYu
Xifu, 18(1), 69-75 (2002).

GAstarloaAierbe, J.M.Echeverria, C.C.Riccardi,
I.Mondragon; Polymer, 43(8), 2239-2243 (2002).
H.Holopainen, L.Alvila, T.T.Pakkanen, J.Rainio;
J.Appl.Polym.Sci., 89(13), 3582-3586 (2003).
Y.K.Lee, D.J.Kim, H.J.Kim, T.S.Hwang, M.

—r—,  \lBCromolecules
/447qdcmﬁowml



200

Mieroreview

[139]

[140]

[141]
[142]
[143]

[144]

[145]

Synthesis and characterization of resoles and their blends

MMAIJ, 3(4) December 2007

Rafailovich, J.Sokolov; JAppl.Polym.Sci., 89(10),
2589-2596 (2003).

GHe, B.Riedl, A.Ait-Kadi; J.Appl.Polym.Sci.,
89(5), 1371-1378 (2003).

J.Bougjila, G.Raffin, H.Waton, C.Sanglar,
S.Alamercery, M.F.Grenier-Loustal ot; Polymers
& Polymer Composites, 11(4), 263-276 (2003).
F.Xu, W.Zhou; Yuhang Cailiao Gongyi, 33(1), 18-
23 (2003).

GHe, B.Riedl; Wood Science and Technology,
38(1), 69-81 (2004).

R.Rego, PJ.Adriaensens, R.A.Carleer, JM.Gelan,
Polymer, 45(1), 33-38 (2004).

R.Zhang, Y.Xu, Q.Meng, L.Zhan, K.Li, D.Wu,
L.Ling, JWang, H.Zhao, B.Dong; J.Supercrit.
Fluids, 28(2-3), 263-276 (2004).

D.Puglia, L.B.Manfredi, A.Vazquez, J.M .Kenny;
Polym.Deg.Stab., 73(3), 521-527 (2001).

[146]
[147]
[148]
[149]

[150]

[151]
[152]

[153]

S.K.Shukla, PKumar, D.Srivastava; Mat.Manuf.
Proc., 16(2), 281-289 (2001).

M.S.Lin, C.C.Chiu; J Appl.Polym.Sci., 80(7), 963
969 (2001).

M.S.Lin, C.C.Chiu; Polym.Deg.Stab., 69(2), 251-
253 (2000).

D.Srivastava, GN.Mathur; J Macromole.Sci., Pure
and Appl.Chem., A34(1), 59-66 (1997).
S.Stachowiak; ‘ Advances in Coatings Technology,
Congress Papers’Cape Town, Paper 10, 25-27
(1996).

A.Yamamoto, H.Kubota, A .Kikuchi, O.Naito; Ja-
pan Kokai Tokkyo Koho, JP, 61097371, 6 (1986).
H.C.Anderson; U.S.Pat.No.US 4083817, 5
(1978).

A.T.Tumanov, B.V.Perov, GM.Gunyaev, |.P.
Khoroshilova, T.R.Kapitonova, V.N.Tyukaev,
E.M.Serebryanaya, Gl.Tolochko, T.I.Fomina; Rus-
sian Pat.No.SU 479791U.S.S.R.(1975).

Macromolecules

Au Tudian Yourual



