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SUMMARY 
The incorporat ion of starch hydrolysates in phenolic resins of the 

novolak and resol type via intermediate acid catalyzed dehydration to 5- 
hydroxymethylfurfural (HMF) has been invest igated. The course of react ion 
was monitored by carbon-13-NMR and IR spectroscopy. Due to the formation 
of HMF/phenol condensates, savings of up to 40 % phenol and 50 % formalde- 
hyde (by weight) are possible in comparison to commercial resins. Besides 
maintenance of essential property p ro f i l es ,  addit ional benefi ts may be 
achieved with respect to fas ter  curing and lower amounts of free monomers. 

INTRODUCTION 
Increasing importance is being attached by the chemical industry to 

the use of renewable raw materials under the spec i f i c  aspects of ava i lab i -  
l i t y  and environmental protect ion (1,2) .  The natural polymer starch may, 
through conversion and modi f icat ion,  be adapted in a most ve rsa t i l e  way 
to the requirements imposed on a raw material or intermediate product for  
biotechnical or chemical syntheses (3-5). 

The incorporation of starch hydrolysates in phenolic resins seems to 
be rather fascinat ing because the natural product is not used as a f i l l e r  
but as a chemical bui ld ing block (6-9).  Under the acid condit ions pre- 
va i l ing  in resin manufacture, 5-hydroxymethylfurfural (HMF) is formed as 
an intermediate, replacing not only part of  the formaldehyde - which has 
recent ly come under heavy attack - but also phenol. I t  has been the aim of 
our invest igat ions to bet ter  understand th is  incorporat ion of starchy 
products in phenolic resins and to f ind out how essential propert ies of 
phenolic resins are inf luenced. 

FORMATION AND REACTIONS OF HMF 
Figure I shows schematically how starch is hydrolyzed under acid 

condit ions to reducing glucose units which, fo l lowing the pattern of the 
browning react ion,  are then dehydrated in a mult i -stage reaction to 5- 
hydroxymethylfurfural (HMF), a s tar t ing  compound for  fu r ther  reaction with 
phenol but also for  selfcondensation and decomposition (10). 

Very important for  an incorporat ion of HMF in phenolic resins is that 
se l f  condensation into water- insoluble,  humin-like polymers and decom- 
posit ion into l evu l i n i c  acid and formic acid are largely avoided. This is 
achieved by l e t t i ng  the formation of HMF take place already in the pre- 
sence of phenol. In th is respect the use of starch hydrolysates with 
varying molecular weight d i s t r i bu t ion  may o f fe r  an advantage over pure 
glucose because the dehydratable monosaccharide units are then formed 
successively. This allows another form of var ia t ion .  

HMF, unl ike formaldehyde, shows a methylol funct ion in addit ion to the 
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Fig. 2: Possible react ions between phenol and HMF 
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aldehyde function so that condensation reactions with the phenol may take 
place via the aldehyde as well as the methylol group. Mudde (6,7) claims 
that condensation with as much as three phenol nuclei is possible, but 
from the findings so far made this seems f a i r l y  improbable. 

When studying phenol conversion in relat ion to time, i t  is noted that,  
when starch hydrolysates are included, mainly phenol and formaldehyde tend 
to condensate f i r s t  before further condensation with HMF derived from the 
hydrolysate takes place. 

SPECTROSCOPIC INVESTIGATIONS 
Carbon-13-NMR V~luable clues to the hydrolysis of oligomeric starch 
hydrolysates and the incorporation of furan units in phenolic resins are 
provided by carbon-13-NMR spectra (Figure 3). Starch hydrolysates show 
character ist ic  signals of the C-I within a range from 92 to 103 ppm, The 
signals of the bridged C-I and of the C-I featuring free OH groups in the 
~- and B-form are c lear ly v is ib le ,  and so maltooligomers may be shown in 
addition to glucose (11). 
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d) 

Fig. 3: C-I signals of carbohydrates in carbon-13-NMR spectra of s~arch 
hydrolysate-modified novolak;oa) pure hydrolysate; b)o110 C 
reaction temperature; c) 130 C; d) end product (150 C), 

In the end product the signals of the anomeric C-I have disappeared, which 
means that there is no free glucose present any more (confirmed by GPC). 
At the same time new signals appear, with those at 107-111 ppm being 
at t r ibutable to the CH groups of furan structures that have developed (12). 

Another circumstance favourable to the use of carbon-13-NMR spectra 
was that in the range from 149 to 158 ppm the subst i tut ion patterns of 
phenol nuclei are v is ib le  without interference from carbohydrate signals. 
Using the C-I of the phenol nuclei i t  is possible to c lear ly dist inguish 
between o-and p-subst i tut ion as well as between double and t r i p l e  subst i tu- 
t ion (13). 

In Figure 4 the spectra of two novolaks, made without and with starch 
hydrolysate, are compared. 

I f  hydrolysate is included, p-subst i tut ion is observed more frequently 
and double and t r i p l e  subst i tut ions less frequently than with conventional 
novolaks. I f  condensation takes place solely between phenol and hydrolysat~ 
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Fig. 4: C-I signals of phenolic rings in carbon-13-NMR spectra of 
conventional and of starch hydrolysate-modified novolaks; a) with 
hydrolysate; b) without hydrolysate. 

p-subst i tu t ion and the absence of mult ip le subst i tut ions are observed 
almost exc lus ive ly ,  

IR spectra When monitoring the reaction between phenol and starch 
hydrolysates by means of IR spectra, there are no hints obtained that would 
point to cross-l inkages being produced by 3 HMF molecules combining with 
one phenol nucleus. Where condensation takes place exclusively between 
phenol and starch hydrolysate, IR bands in the 900 cm-1 range are lacking. 
This coincides with the absence of C-I signals at 150.2 ppm in the carbon- 
13-NMR spectra, which are character is t ic  of t r i p l e  subst i tuted phenol 
nuclei .  

The relevant IR spectra (Figure 5) also furnish clues to the in te r -  
mediary occurrence and disappearance of HMF. At a reaction temperature of 
125 ~ one ~ay already discern what is c lear ly  v is ib le  at 140 oc as a band 
at 1645 cm - t .  This band is to be a t t r ibu ted to the fur fura l  s t ruc ture,  
which means that condensation with phenol takes place at lea~t par t ly  via 
the methylol group. In the end product th is  band at 1645 cm- has disappea- 
red again, as may be expected considering the high reac t i v i t y  of the alde- 
hyde group. 

The addit ional band in the end product at 1710 cm - i  points to the 
presence of l evu l in i c  acid, a HMF consecutive product. 

APPLICABILITY ASPECTS 
The change in resin composition and degree of condensation leads to a 

number of functional propert ies among which free phenol and formaldehyde 
contents , rheological behaviour and reac t i v i t y  are the most important ones. 
The rheological propert ies of novolaks are determined by melt v iscos i t ies  
and f low times while the reac t i v i t y  is determined by cross- l ink ing time 
(B-time) and flow distances. 

On aqueous resols,  v iscos i ty  is measured and reac t i v i t y  determined by 
means of B-time. Other character iz ing c r i t e r i a  are wa te r -d i l u t ab i l i t y  and 
water-resistance. 

By sui table select ing reaction condit ions, the molar ra t io  of starch 
hydrolysates, and the i r  molecular composition, i t  is possible to produce 
resins which in t he i r  essential propert ies are ident ical  to nonmodified 
resins. Moreover, starch hydrolysates permit individual properties of 
phenolic resins to be changed se lec t i ve ly .  
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Fig. 5: IR spectra of starKh hydrolys~te-modified novolak (course of 
reaction); a) 125 vC; b) 140 C; c) end product. 
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Fig. 6: Influence of nature and amount of starch hydrolysate on flow 
distances of novolaks; (0) 44 DE hydrolysate; (0) 73 DE 
hydrolysate; (0) 94 DE hydrolysate with more than 20 % fructose 
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React iv i ty  of phenolic resins In Figure 6 the f low distances of novo- 
laks are plotted to show the inf luence of varying formaldehyde replacement 
levels and of hydrolysate composition. While low molar proportions of 
hydrolysate i n i t i a l l y  lead to larger f low distances, there are lower f low 
times and higher reac t i v i t i es  of the modified novolaks observed when 
cer ta in hydrolysate levels are exceeded. The maximum of f low distance 
coincides with the maximum measured for  B-time. As f low distances become 
shorter ,  B-times become shorter,  too. The same analogy applies to the 
minima for  flow times and melting points. 

As may be seen from Figure 7, the d i s t i n c t l y  higher reac t i v i t y  of 
resols may very simply be i l l us t ra ted  by the i r  curing behaviour as related 
to time. For th is purpose paper tubes impregnated with resol are heated 
for  d i f f e ren t  periods whereupon the cured resin port ion is determined by 
extract ion with acetone. Starch hydrolysates lead to much shorter curing 
times at equal temperature. This e f fec t  is even greater than the increase 
in r eac t i v i t y  which in nonmodified resols can be brought about by higher 
reaction temperatures. The sequence of curing speeds corresponds to the 
B-times of the resols, 
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Fig, 7: Influence of starch hydrolysate on curing behaviour Rf resols;  
(~) P:F:H = 1:2,5:0; 65 ~ (0) P:F:H = 1:2,5:0; 80 vC, 
(0) P,F,H = 1:2:0,5; 65 ~ 

This means that starch products allow faster  curing of both novolaks and 
resols and so are apt to accelerate technical processing. 

Residual amounts of free monomers The residual contents of free phenol 
and especia l ly  of free ~ormaldehyde are very important c r i t e r i a  in phenolic 
resins. In carbohydrate-modified novolaks the free phenol content is 
comparable to that of conventional products while the free formaldehyde 
level was always found to be on the detection l im i t .  

Resols modified with starch hydrolysates present an even more 
favorable p ic ture.  At a 20 % molar formaldehyde replacement level and a 
condensation temperature of 65 ~ residual monomer contents are, under 
otherwise ident ical  reaction condit ions, lowered by the factor  2-3, which 
is more than what would be proportionate to the replacement level 
(Figure 8). For phenol the e f fec t  is s imi lar  to theoone that would be 
achieved with higher condensation temperatures (80 C). For formaldehye i t  
is much greater,  which means that a higher molar proportion of starch 
hydrolysates is much more suited for  lowering the free formaldehyde content 
than a increase of temperature. This is a very important f inding 
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considering the potent ial  hazard connected with formaldehyde. 
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Fig. 8: Inf luence of starch hydrolysate on the free monomer content of 
modified resols;  a lka l ine cata lys t :  3 % NaOH. 

By lowering condensation temperatures and at the same time reducing the 
content of free formaldehyde i t  is also possible to improve wate r -d i lu tab i -  
l i t y .  

ECONOMIC ASPECTS 
The invest igat ions so far  undertaken and reported here have shown 

that i t  is possible to replace up to 35 % of the formaldehyde commonly 
used in the manufacture of phenolic resins. This l im i t  is set by the very 
high v iscos i t ies  and cross- l ink ing speeds that occur at replacement levels 
above 35 %. 

Since HMF has a much higher molecular weight (M = 126) than formalde- 
hyde (M = 30), savings up to 50 % (by weight) formaldehyde are possible 
for  novolaks and resols as well as savings of 25 % phenol for  novolaks and 
40 % for  resols. 

Another advantage in connect ionwi th  novolaks is derived from the 
fact  that smaller amounts of water have to be evaporated because starch 
hydrolysates show a higher sol ids content than formaldehyde solut ions.  

While the use of starch hydrolysates in novolaks does not cal l  for  a 
change in process condit ions, carbohydrate-modified resols require a two- 
step process. F i rs t  a HMF phenol precondensate is produced in acid 
cata lys is ,  which a f te r  a lka l i za t ion  is then reacted in the usual manner 
with formaldehyde. I t  is assumed that the precondensate is methylolated 
as i t  happens in conventional resol manufacture. 

RESUME 
The invest igat ions described here o f fe r  the chance of making broader 

use of nonfossi l ,  renewable resources. I t  should be noted, however, that 
a wide use of th is  potent ia l  is impeded presently by the agropo l i t i ca l  
environment which today s t i l l  governs the manufacture and use of starch 
products in the EEC. 
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