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-~ o PREFACE

, Lignin is the natural binder Gf fiving trees.

Spent sulfite liqppr (SSL3 is aLwaste; polluting proéuct
from éapér-mills‘which contains over 60% lignin derivative:
Use of ‘spent sulfite liquof\asra thermosetting resin binder
for wood is in the proéesé of commercialization. ‘The poiy—
jherization of lignosulfonates has'beeﬁ extensively studied
with liﬁited sucéessp- Thé aim of this thésiS'is-to identify
the fﬁnqﬁional gréups and reactive species respons;ble fdr
.- : - the polymerization of. spent sulfite liquor and fufther-studf

the mechanism of polymerization. | ot
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ABSTRACT e - -

Ammoﬂium-base_Spent sulfite liquor. (NH,SSL) was
separated into frections having differenp'ﬁoleculer weigﬁt |
ranges by ultrafiltratidn.using the thin;channel sfstem, The ..

fiﬁsfr constltuents of NH,SSL, namely llgnln and reduczng .
sugars were analyzed for each fractlon._ This recent method
.successfully‘provlded 80-90%-pure fractrons of lignOSuifonates
possessing a narrow moiecular weighr disﬁribution as wedl es
‘NH,SSL fractlons contalnlng a large concentration of low
molecular welght reduc1ng sugars. Contrary to: the expected
results, 1t was found that highly purlfled llgnosulfonate
fractlons of dlfferent molecular weight ranges falled to
‘thermoset while a purified reducing sugar frectlon did poly-
merize under severe treetment of heat and-pressure. ‘Ligno-l
sulfonate is-howere{_spntributing,te the'earbohydrage poly-
merization since the optimum reactivity of the NH.SSL was ~
obtained byladjustieg tﬁe carbohydrate-to-lignin ratio by
ultrariltratien or by simple additien of carbohydrate to the
crude ldquor.' - .

‘The findings of this thesis cast serious doubts on
current theory which suggests that it is furaldehyde'derivatdves
alone which are the active ingredient .in the carbohydrere _
poiyherizarion. An elternative interpretation of the role-of
the rgrious carbohydrates'in'the tﬁerhosetting process is as
follows: Under a combination of heat_and pressure'fﬁe_

carbohydrates partially dehydrate ro reactivge acyclic



unsaturated aldehyde intermediates which can réadily polymerize.
This type of sugar condensation is sensitive .to the carbohydrate

chain lengths, the moisture content, and to catalysis by acids.

Lignosulfonic acid is not a stable intermediate in the

desulfoﬂation of armonium lignosulfonate. The ammonium ligno-
sulfonate itself is a weak acid which can catalyze the dehydra-
tion of carbohydrates. The unsaturated aldehyde QerivatiQe

may homopolymerize and may also crosslink lignin with partici-

paﬁion of both aldehyde Qroups and carbon-carbon double bonds.

e



INTRODUCTION .

Wood in a simplified description consists of fibers

of cellﬁlose cemented together with lignin.__Othe; lesser
constituents are hemicelluloses and inorganics. The
cellulose forms 50 to 60% of the wo&d, the liénin 20 to
30% and the hemicelluloses 10 to 25% (by weight) varying
with theVSPecies. Inorganics are géner#lly present.in
amounts of leés than 1% (lj.

Cellulose is a.carbohydrate polvmer of thé sugar
glucose; the glucose units within cellulosé éré linked
in 8-D fashion. Hemicelluloses are constituted of oligo-
saccharides and poiysaccharides_both soluble in aqueous

alkali, and which contain sugar units such as arabinose,
:f'ﬁfibsé; mgﬁnose or galactose in addition tqwglucbsé:‘
'-Lignin is also a higﬁ polymer consisting of

ali?hatic and aromatic portions.' Its basic phggylpropane
.units are interconnected in a large yafiety oE?ﬁays by
carbon - carbon or ether bondg; giving lignin 2 éomplex
crbss-linked structure. |

The manufacture of paper involvé; removal of lignin
%rom the wood. Thg sulfite process consists of cooking

wood chips under heat and pressure, solubilizing the lignin

by converting it to salts of lignosulfonic acid.

at Lol .



During the pulping process most‘of'the cellulose
reﬁains unchanged and is separated for use in the manufacture
of paper. 'However} some of the polysaccharides break dowp
to farm wood sugars and other water—soluble substances.,
These alsoc enter solution and are recovered in the raw
cooking liguor along with soluble lignosuiphonates; In
general, spent sulfite liguor (SSL) contains approximately
60% llgnln, 30% reducing sugars., and 10s% 1norgan1c materlals.
The Canadlan pulp malls produce everv year about 2 million

_ tons of dehydrated SSL and only one mill in Canada is using
/”ﬂ/;a;tﬁog\this raw llquor for commerCLal appllcatlon.

The fact that lignin materlals are natural ‘bonding
agents for wood and_that pulped lignin is of bakelite-
like appearance has‘ehcouraged scientists around the world
for the last 70 vears to.develop the use of this waste
material as a bonding agent. If this were achieved
the resultant economic advantages would be EnoTMous.,
Worldwide there are more than 3,000 patents covering uses
of lignins. Most of these, however, are not exploited.

A few years ago, it was found that calcium based
spent sulfite liquor (CassSL) may be utilized as a binder
for wood compesite when treated with sulfuric acid (2).
More recently, it was also found that ammonium based spent

sulfite ligquor (NH,SSL) may also be used as a thermosettlng



.binder for wood products without prior acidification with

sulfuric acid‘(3). The théféal polymerization without
acidifiéation occurred only with ammonium based SSL. It
seems (2,3) that lignosuifonic acid is released from
ca}cium based SSL by adding sulfuric acid or by heating
ammonifum 1ignbsu1fohate. In both cases, the lignosulfonic
acid, under heat and preséure, would then condense and
polymerize -into an inscluble state simiiar to the conden-
sation reaction of.conventional thermosétting binders.
However, no sefiops attempt was made to understand the

mechanism of polymerization of the sulfite liguor.

—
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REVIEW OF THE CURRENT KNOWLEDGE

-

The formation of lignosulfonic acid from lignin-

model compounds has been studied in detail and a mechanism

of reaction has been proposed to describe the formation of

-hydroxy—a-[2—hvdroxy-l (o—methoxyphenoxv) ethyl] 3=

methoxy-a-toluenesulfonic acid (4,5)

OCH,
H.COH
HC — O
HCOH
OCH,
~ OH
Scheme 1.

(Scheme 1) :
(
OCH, OCH,
H,COH H,COH
HC — O HC — ‘o
B |
HC HC
@ +H°
—-—1-'—- —
o -
OCH, QCH,
OH 0
OCH,
H,COH
o HC — O
©®9— 5 —o0nH HESOH
—
Pu—
OCH,
OH

Sulfonation and

model compound.

desulfonation process of lignin
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' The‘thermalldesuifonaéioﬂ of lignosulfonic acid
in aquebus solution or‘in,ﬁhe dry state'is also known to
.occur ‘and the same unstable.intermediatés were'préposed to
descriﬁe the desulfongtion process (6,7f8) (Scheme_l)._
_The'éulfonfl and hydroxylrgroups ;ocgted in the”
benzylic posiﬁions‘of lignin are both good leaving groups, ~
thus the poiymerization of lignin and of'lignosulfonig acid

are very similar and need not be differentiated, the sulfogic

acid acting as a catalyst for the condensation of lignin. .

1. CARBONIUM ION POLYMERIZATION

A

Lignin contains benzyl élcohol, cinnamyl alcohol
and cinnamaldehyde groups‘whiéh are readily converted to
resonancerétabilizea carbonium ibns {(R+) (7,9,10,11). 'Sincé
many of the ardﬁatic groups of lignin are strongly aétivated
by alkoxyl and ﬁydrOxyl substitugnts, electrophilic sub-
stitution can occur in ortho and pafa positions leading
to the formation of a high polymer. This reaction'is anal&gous

td’the well known condensation of phenol and formaldehyde.

A H &

OCH, RO OCH,

OR QCH, OR
=) ’ :

Scheme 2. Electreophilic substitution.



2. VINYL POLYMERIZATION

. Lignin contains cinnamyl alcohol and tinnamalde-
A

-hyde‘eﬁd-groﬁpswhich may condens€ as described in scheme 3

according to Freudenberg:and Glennie,le,lS)L

CEOH“‘ CH,OH

o CH, | "maou\

mo ]l —— ] | |
HG =————1— CH CH,OH
| | | |
G, - GHy R ¢
) | |
GH, cH

\ o’
. m l
GH,

.
Scheme 3. End - Group Polymerization

These types of allyllc alcohols are very reactlve,
conlferyl alcohol for example is unstable and polymerlzes at
room temperature under mild acidic conditions.

This type of polymerization may also occur from
lignin repeating unit deéulfonation (7) as illustrated in

»

scheme 4.

|
\
A

a\



Scheme 4. .Répeating,Unit éolymerizatioﬁ
’ OCH, ’ * OCH, h OCH, .
H,:[:ou . ' H,r]:ou H,TQH ;o
L) | 4 .
HCSO,H 7 " ne®  He ®
. 5 ;
-] ——= POLYMER
-H S0P .
OCH, OCH, OCH,
OH OH OH
5. LIGNIN FORMALDEHYDE - POLYMERIZATION

Lignin polymerizes during the course of the bi-
sulphite cooking. Prolonged heating leads to formation of
an unsoluble polymer, |

Spent sulfite liquor (SSL) contains other organic
materials such as monosaccharides and formaldehyde. It has

been suggested by Alder (14) that lignosulfonate reacts with
.formaldehyde by electrophlllc addltlon and further condenses
to provide a phenol-formaldehyde type of condensation Teaction

(séheme 5).

: CHy
© cH,0H
‘ oH
cH.0 . .
H CH,OH CH,0
CH; CH,
~
OH OH oM
‘Scheme 5. Phenol-formaldehyde Condqnéiﬁ}on
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S 4. LIGNIN—FURALDEHYbE POLYMERIZATION

It has aiso-beeh suggested that in the bieuiphiﬁe
cocking process, monosgecharidee are transformed to furalde-
hyde ﬁerivates which react with'iignin and lead to an insoluﬁle
polvmer (15). .

However, the recent work of Stehlund and assocxates
(16) tends to demonstrate that ne}ther formaldehyde nor fur-
fural can explaln the polymerlzatlon,of llgnosulfonate.

Their ciaims rests on ?he &esults of an experiment in which’
bisulphite cooking of wood‘was carried out ie the presence o
of radloqlabeled formaldehyde or tylose. After the usual

processmng the resultlng lignosulphonate displayed no radlo-

activity.

5. LIGNIN HYDROLYSIS

In 1879, Herrick and his group (17}, using ultra-
filtration to purify the lignin and gel permeation chromato-—
graphy to measure its molecular weight, reported that even
if the viscosity of acidic SSL increases, when heat treéted the
actua£ molecular weight of lignin decreases. The increase of
viscosity was related to functional group changes in the

lignin polymer which leads to molecular associations.

1Y



AIM OF THE RESEARCH

*

Spent sulfite liquor (lignosulfonate, SSL) was
. used successfully‘as thermosetting resin binder for w&od
| products. Tﬁere have been numefous attempts éo identify the
reactive species in the spent gulfite“liquor'polymerization
reaction and numerous mechanisms‘of polymerization have‘ﬁeen
suggested to describe the condensation of lignosulfonic to
insoluble maEerials, However, noné of these have been able to
explain entirely the empirical results. | ..

This project was aimed at identifying the funcgional
groups and reacﬁive speéies‘responsible_for the polymerizétion
and insolubilization of the SSL by studying its mechanism of

polymerization.

e t—
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~ APPROACH o : lﬂ

~

ngnosulfonate represents approximately 60% of
dehvdrated SSL by welght In the pulplng operatlon
to make lignin soluble, 1ts network is broken by chemlcal
treatment to yield fraqments of varlous sizes sulfonated to
dlfferent extents. For example, these lignin fragments have
been reported (18] to contain phenolic compounds with mole-
cular weights as low as a few hundred or as high as several
hundred thousand.

The sulfite also contains approximately 30% car-
bohydratgs which are degraded mainly into héxoses and pentoses
and also about 10% organic salts. It is ev1dent that given
the complexlty of the SSL system, a limited amount of informa-
tlon would be obtained through the usual methods of analysis
such as infrared spectrosc0py, mass sSpectroscopy or nuclear
magnetic resonance spectroscopy.

While most of the research on lignosulfonate poly-
merization ha§ been .carried out on model compounas (7, iO,

12, 14) or on monomeric degradation products isolated from

SSL (13, 19) a few studies involving crude SSL have -also been

made [(8, 9, 16) but little work involving purified SSL as
starting material is reported (6, 17).

-~
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- Our approach is to achieve the purif}cation of
lignosulfonates asla prerequisipe to furthé; study.  The
‘lignosquOnate and carbohydrate %racéions would be separated
and the pu;ified lignosulfonate further fractionated to différent
ﬁolecular'wéight ranges. It.should fheh.be possible to establish.

some correlation between the reactivity of each fraction and

its chemical composition.

METHODS~OF PURIFICATION

" The separation of spent sulfite liquor in its
components has been studied extensively and mény techniques
‘have been used for purification and fractionation of SSL.

Gordon and Mason (20) reported the diaiysis_of SSL.
and its fractionation by successive conversion into basic
salts and precipitation with efhanol. Jensen et al. (21}
suggested ion exclusion and gel filtration methods to fraction-
ate the waste liquor. Ferm and Nilsom (22) preferred thin
layer chromatography. Other methods of fractionation involviﬁg
the precipitation and the differential solubility of various
amino salts have also been used (23, 24, 25).

Ultrafiltration is a relatively new technique
employed to fractionate polymeric materials.based on their

molecular size and configuration. It arises from the
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'developmént of anisotrqpic mémbfanes with high hydraulic' .
permeability made from a variefy of syq}hetic polymers (26).
The mémbranes are pefﬁeaﬁle to low molecular welght solvents
but retain solutes thch havé.molecula; dimensionsslarger
than a Eritjcal size corresponding to the "cut off level"

of the membfane. Ultrafiltration has been used successfully
t6 obtain sugar-rich fractions from waste sulfite liquor

for fermentation to produce alcohoi (27, 28, 29).

Wore recently Trivedil et al. used ultrafiltration
to fractlonate SSL to different molecular weight range and
obtain "pure" hiéh molecular weight lignosulfonates (30).

For our purposes an ultrafiltration-techﬁique
using a thin-channel system TCSE from Amicon Corp. with
Diaflo membranes of different pore sizes was used éo
fractionate SSL into different molecular weight ranges.
Figﬁre 1 shows the Diafiltration unit.

[

METHOD OF EVALUATION OF SSL

SSL 1is ﬁ-complex polymer and even after
purification and fractionation to a very narrow molecular
weight range, no clear picture of its macromolecular structure
can be obtained through the usual methods'of‘characterization
of organic compounds. Thus, a different method of evalua-

tion of this polymer is required.

-
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Figure 1. Thin - Channel Systems
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SSL is a heat hardening resin. A common way to
investigate the rate of curing of a thermosetting resin is
to subject the resin to different thermal treatments and

measure its change of molecular weight (17) or its rate

of insolubilization (6) . Unfortunately methods to determine

_molecular weight of lignosulfonate using viscosity, vapor

pressure or gel permeation (31, 32, 33, 34) are limiﬁed

in application since lignosulfonic'aéid insolubilizes

aunder mild heat treatment. Measure of the rate of in-

solubilization is also useless since the insolubilization of
lignosulfonic acid occurs not only because of extensive'
pol&merization but also by elimination of its éulfonic
acid group.

| Another simple method to investigate the rate of
curing of a thermoseﬁting resin is to,qompress the resin in
a mold and heat it until it reaches the crésslinked,insoluble,
infusible staée. The timé required, at a given temperature,
to obtéin the crosslinked stage is related to the reactivity
of the material being studied. Reactive materials will cross-
link easily and extensively while lesé reactive or unreactive
materials méy produce only a few crosslinks or none at all.
Since the bqndigg/property of a material is related to its
ability to crosslink, an indirect measurement of the extent

of crosslinking (or reactivity) can be obtained from an

£2s
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evaluation of the mechanical Torsion Shear_(f;s.) strengﬁh

of an object in which ?Eg_ggperial_being—evaluated"ié_nggd_égﬂ
binder. This~tﬁ€§§;’;eing written in the context of the
study'of adhesives for wood products; éll torsion shear teéts

were performed on a molded wood disc of standard dimensions

o .

in which the adhesion was obtained by thermal crosslinking
of the various substances being investigated. In practice
(see experimental section) wood particles. were coated with a

few percent of the substance being investigated ("resin binder")

-

‘and a solid disc was molded using heat and pressure to set

-the resin binder. The disc was then immersed in boiling

water to eliminate any uncured resin binder and the wet

.tOrsion shear (T.S.) strength of the "boil proof" disc was

measured.

Figure 2 shoys the h&draulic molding press designed
for this study. The)Toréue~shear Test (T.S.) is also
illustrated in Figure 3.

It is understood that at a given resin content:
press temperature, time and T.S. are interrelated. At low
temperature a longer press time is required to cure the resin
and the reverse occurs at high temperature. Different resin
binders are evaluated by comparing their'T.S. at fixed
temperature and time. The T.S. test is very useful in that

it is related to other physical properties of wood composites
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Figure 2, Molding Press
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Figure 3. Torque-Shear Test

Torque-Shear Test on a 25 x 25 mm specimen with

the hottom socket clamped in the vise and the top
fitted to a 22.6 ¥m torque wrench. A 25 x 25 mm
specimen 1s positioned with half its thickness inside
both top and bottom socfets.



such as their modulus of rupture (MOR) (35). 1In this study,

it was estimated that a T.S.’of 5.7 'Nm corresponds

approximately.to a MOR of 68.9 MPa.
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RESULTS & DISCUSSION

PART I. CHOICE OF LIGNIN THERMOSETTING STANDARD

The Torsion-shear (T.S.) test on molded discs is
a valuable technique to study the rate of curing of both
calcium based spent sulfite liduor (CaSSL) and anmmonium

based spent sulfite ligquor (NH,SSL). It is reproduclble

and requires only a small sample of chemical:, about 2 g

o

of resin binder was required for each test, ,
In the case of CassL, addltlon "bf an acid "catalyst"
~is required for the polymerization to occur. Acidification
results in- the formation of lignosulfonic acid as shown in -

scheme 6.

Scheme 6. CaSSL Acidification
b
Molded discs were made using 10% SSL contents made
with various levels of acidity and pressed at 210°C with a
pressure of 68.9 MPa for 10 minutes. The test results

illustrated in figure 4 indicates that thermosetting occurs



'Figufe 4. ,Effeéﬁ of Lignosulfonic Acid Content on

,' T.S. Molding Disc Pressed at 210°C 10 min
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as a function of‘acidity, The degree of crosélinking.of~
 the resin, as measured'by the physical T.S. strength of a
molded 25 x 25 mm specimen, increased with the sulfonic

‘acid and its maximum strength coincides with the

of all the available lignosulfonic acid from its salt,

Figure 5 compares,the rate of curing of ammonium
‘iignbsulfonate and lignosulfonic acid at different press
temperatures. LignosﬁlfoniC'acia wés obtained by ion -

' exchahge df.CaSSp. Ié can be obsefved that NH.SSL cures
'slowér than lignosulfonic acid, however similar T.S. strength
was obtained if a higher préss'temperéture of 240°C wés'used.

NH.SSL is easier to handle than CaSSL as it cures without
additionvéf an exte;nal acid catalyst: therefore it will be
used in the following fractionation study. Preliminary results
indicated that lignin may homopolymerize with ﬁarticipation
of acid, however SSL contains many other coﬁstituents whichr
may also parﬁicipate in SSL polyﬁerization (15,16) and

purification of SSL is a prerequisite to further study.

NE.SSL FRACTIONATION

The ultrafiltratidn technique is a convenient
method to separate lignosulfonate fractions from ammonium
spent sulfite liguor (NH.SSL). A multi-stage ultrafiltration

was carried out using a series of membranes of decreasing pore
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size according to‘the scheme given ih figure.ﬁ. 'Four

SSL fractiogg'of different molecular weight ranges were
isolated and their chemical analysis along with teét results
are set out in Tabie 1.

In agreement with previous findings (30) the ligno-
sulfonates shows a large spread of molecular weight® 36% of the
solids had a molecular weight above 30,000 and 25% under 5,000.
Using the diafiltration system (figure 1& which allows addition
of solvent to the solution being ultrafiltered,'QO%.pure -
high Qoleculgr weight lignosulfonate was‘bbtéined. A fraction
rich in sugar (0% of’soliq) was aisb obtained from the
filtrate of the UM5 membrane.

The molding discs were prepared with each ﬁHQSSL_
fraction and pressed'under identical conditions. Surpriéingly-
the purified lignosulfonate with moleculaf weight over 5,000
did not thermosét under severe heat treatment. The fraction
containing a higher proportion of low molecular weight
materials is more reactive than the fraction containing high
molecular weight materials.

It should be noted that the current trend is to Y
use high molecular weight SSL as advocated by Haron (36),

Goss (37) and Papova et al,.(38). 1In contrasﬁ, the results
reported in this thesis show conclusively that for ammonium
based SSL, low molecula; weight fractions cure faster than

their high molecular weight counterparts,

LS
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Unfractigﬂated Sample
o l\iembiane PM 36
Filtrate » Retentate (M.W. 30,000 and up)
— — = .~ __ Membrane UM 10
Filtrate = >Retent;te(M.W. 10,000‘— 30,000)
S —. Membrane DM 5

> Retentate (M.W. 5,000 - 10,000)

Filtrate (M.W. 0 - 5,000)

LS

Multistage Ultrafiltration of NHSSL
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As can be seen in Table 1, the low molecular weight
NH,SSL fraction (0-5,000 MW) contains a high cohcentration of
“highly sulfonated éhenolics since the sulfur and nitrogen
contenﬁs increase with dedreasing mpleculaf weight of the
fraction. The same low molecﬁlar weight fraétion also:
contains a higher proportion. of reducing sugars and salts.
Further fractionation is required to identify whether one or
all of these species are responsxble for the binding properties
.0f low molecular weight SSL.

. Complete fractionation of the low molecular weight
SSL into sugafs and phenolic cdhstituéﬁts was not sliccessful.
- However some addiéional fractionation was obtained when the
low molecular weight SSL was passed through a column filled

— )

with a strongly acidic ion exchange resin and a fraction
‘enriched in reducing sugars could be isoclated by this process.
As cah be seen in table 2 2 clear‘trend to higher'Torsion-
shear values with higher concentrations of reducing sugars
in the SSL fractions .is observed. This suggests that the
.carbohydrate components make a critical and peéhaps essential

contribution to the polymerization of SSL.

CARBOHYDRATE ADDITION TO SSL

An alternative to ultrafiltration was obtained by

adding an exterior source of carbbhydréte to lignosulfonate.

Jr“r——’
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As shown in Table 3, addltlon of glucose to high molecular
welght NH, SSL produced a good resin Binder. Table 4 further

demonstrates that the mixture wielded a better resin binder

'than either carbohydrate or lignosulfonate used separately;

The best formulation, that proéducing maximum torsion-shear
strength, was obtained 2t a carbohydrate-to-lignin ratio of

55'40 This is a clear indicatien that both 11gnosulfonate

and carbohydrate are contrlbutlng to the polymerlaatlon of

SSL. It is also interesting to note that the fast curing

binder was obtained with sugar as the major Ingredient.
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PART IT
CARBOHYDRATE AS THERMOSETTING' RESIN

The*thermo;etting and binding propérties of SSL have
commonly been considered to be a lignin polymerization reaction
(36-41). 'Little consideration wés attaéhed to the carbohydrates
which are minor constituents of the SSL (20 - 30% on solid).

'Industrial preparations of furaldehyde derivatives by the
thermal degradation of pentoses or hexoses in acidic‘::nditions
are well known (42). Also it is generally accepted that carbo-
hydrates polymerize under neutral or acidic conditions in both
the dry state or in- aqueous solutlons through formation of
~ furan compounds whlch-chndense to produce insoluble and in-
fusible humin (43-45). Recent.studies by Heyns (46), Shafizadeh,
(47), and Prey (48) support the assumption that carbohydrates
polymerlze through formation of furan compounds (Scheme 7).

Scheme’™ 7,

Pentose polymerization

-

-H H

| | |
HO— cl: —(I: —OH =340 CHO A.. HUMIN
HE . O
CH, CH—CHO : . .
|| ' | -

OH OH



A monosaccharide can be converted to a furan
derivative using a heat treatment and an acid catalyst,
The reactive furan derivative is then used as a thermosetting
resin (49). The results of our work on thermal polvymerization
of carbohydrates caét serious doubts on the assumption that
carbohydrates polvmerize through the formation of furan
compounds and suggest that under the action of heat and
pressure, the cérbohydrates readily dehydrate with formationm
of highly reactive unsaturated acyclic aldehydes #hich can

condense to a cross-linked polymer without requiring the,

prior formation of furan intermediates,

CARBOHYDRATE'S REACTIVE SPECIES

A series of carbohydrate degradation products or
related polyfunctional molecules were selected and their
ability to-polgperize under a combination of heat and pressure
to produce a "boil proof" molding disc was evaluated.

A serious technical problem was encountered in the

‘comparison of the various compounds which were tested (Table 5)

_due to the fact that some of them had a low boiling point (50)

and may escape the press before polymerization temperature is
reached. Thus, to accelerate their polymerization 1% sulfuric

acid was added as shown in Table 5.
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TABLE 5. CARBONYDRATE DEGRADATION PRODUCTS AND RELATED t}
POLYFUNCTIONAL MOLECULES AS WOOD BINDERS. ' ’
CONPOUND PORMSUCLA AT | souveNT -
‘m:ﬂl DRY NN
1. £
D-aLUCOsE m_C”TE]_C N HO °

' . &0 .
DOLUCOSE ¢ . HO 1
OH |,
GLUCITOL M—{EJ‘M 400 KO 1

: o
13-DEHYDROXY-1-PROPANE It : .- KO !

2FURALDERYDE Q—cﬁ B m.' CHOH 1 ‘
. ‘ :

2-FURALDEHYDE™ Q_‘;&o 1% cHoH 2
. \H \

2FURYL HYDROXYMETHYL Q_lcl - CHOK ] o
, Mm é""=°"_c<o =2 CHom ! s
CINNAMALDEHYDE NN 2 290 Mo 1 28

® Bampis g - 1TIC water 153 M) or 18R .
"n-——-nn.--;dmwl—ndmmumn-m. . N
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The resulgs summarized in Table 5 show that thelalde—<
hyde'functional g&bup é51,52)-és.wel}ﬁés certain structural
feaﬁuies are essential to pfoduce bonéing since neither
glﬁéitol or gluconic acid, nor 1,3-dihydroxy-l-propanone were
capable of bonding. . All the substances showing adhesive
propérties possess either a c0mbinatioh of alcohol-aldehvde
or ene-aldeﬁyde functionalities (Table 5). D—élucose under
'high press teémperature and long press time ﬁroduced a "boil
proof" molded disc without the need for an acid catalyst.
Addition of acid increases its reactiﬁity’and although its ultimate
| value of T.S. appearing in Table 5 is not affected, similar
results could be obtained at a lower (210°C) temperature with
an acid catalyst..f
| Surprisinély,all the furaldehyde derivativeg tested
were farlless ;eactive than D-glucose. The opposiﬁé'was
expected since they are generally accepted as "active species”
in the carbohydrate polymerization process (46, 47, 48). A
sample of 2-furaldehyde after treatment at 27.6 MPa provided
by compressed nitrogen and 175°C for 16 h was still soiuble
in acetone and failed to’ thermoset under press conditions. The 2-
furaldehyde was capable of bonding wood only when catalysed
with 2% sulfuric acid and when the disc was compressed at a
dessity of 0.96 g/cm’ instead of 0.80 g/cm® as generally used

elsewhere in this study}



An alternative to polymerization through formation of a’
furaldehyde intermediate wa; evidenced with use of acrolein or
cinnamaldehyde with respective boiling.pointsadf 52°C and 250°C
which both succeeded in producing a "boil proéf molded disc” in
the p:esénce of a small quantity of acid. These results suggest
that carbohydrates may also polymerize through formation of-
an ééyclic unsaturated aldehyde. To gain further evidence
regarding this possibility ; number of additional carbohydrates
of varying structures were examined as described in the followiﬁg

ages.

It should be noted that a positive result was obtained
with cinnamaldehydg, a compound which possesées structural
features commdnly found in lignin end groups_such as

coniferaldehyde.

CARBOHYDRATE POLYMERIZATION CAPABILITIES

A series of carbohydrates of different chain léngths
(including glycolaldehyde) were used to make molded discs
under simillar pressing conditions. The disc¢s were made using
" an excess of each chemical as well as high temperature and
long prﬁss time to obtain an optimized curing and strength
. from each compound. The relation between the carbon content

and the bonding'éfficiency is illustrated in figure 7. Heynes
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Figure 7. Effect of Carbohydrate's Chain
Length on T.S. .
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and Klier (53) have reported that glyceraldehyde decomposes in
a different manner than.higher-molecular welght sugars under
similar heat treatment. By contrast our study shows that heat
in combination with Pressure caused sugars with carbon content
from C; to.Cs to prodﬁce similar polymers as evidenced-by a
comparison of their infrared spectra (I.R.) and their ability
to bond wood as iilustrated in figures 7, 8 and 9 respectively.
As expected, a large drop in T.S. strength occufred from
glyceraldehyde to glvcolaldehyde. However, it is surprising
to find that even a 2 carboh "sugar like structure" provided
some bonding. It may be assumed that an aldol condensation
occurs with formation of .2 sugar with higher carbon content

(scheme 8):

H H H H

MO~ . __H °x | °x | | |
H__,_t't.._.C___‘_OH + C—C—H—> C—C—C —C—H

w | R N

OH ' OH OH OH

Scheme 8. Aldol condensation



. "BdW 8°¢T PUR Dgp0EZ 3¢ "UTW QT uoTiezTaoud10d
1913y pue 21039y (o2st(q ‘agx) o?:_o_:w.ﬁouhﬂct_awo vailoedy peavajuj g 4unoId

: (1W2) HIGWNNIAYM
1’

ooy 009 008 0001 00¢l1 QO 0091 0081 T 0002 006 000e oose 000%
0 T T T T T T T |

] .. . ._ T ; 0
g [ \ . | |
2

=)
«
NOISSINSNVHL %

_ -]
oe - 52
{wrl) HIONITIAYM

sz 0 13 - oL 06 0@ 0L 09 o5 oy



t
: "Bl 8'¢T PUv Do0fz 'uTW QT .
:o.mnwmn..nhQE%HOn— 19211y pue 9.10j49yY ﬁUmwQ .h.mv: osoonio-d Ho ﬂh‘uummm paJleajuy 6 HMNOIAd
| o |
” . .. . : . (1-Wwo) YIANNIAYM W
_ L - 00F 008 008 000k 00U 00¥ 009 008t 0002 0052 000€ 00SE  /000¥ “
_ . _ un 0 L T S | T T ” T T ¥ T T T T T 0 ®»
. | - . _ . j
. . § oz _ - oz § |
. ~ . . . : ”
- ]
W
0, . |
[1g] ;
o
i
H
|
i
| h .
i — _ .
_ g2 OZ 1 , - O 08 08 oL 09 o9 or 73 92
(W) HIONTTIAVM
-— L]

s e e A



This prodﬁct could dehydrafe to a furan derivative'which-woﬁla

polyme'ri'z‘e further. Howe;r thiS'is uniikely as seen
| &

in Table 5, furan compoun are less reactive than monosaccharldes.
More probably. an acrolein type product .of dehydratlon leads

to the cross- llnked polymer.

POLYMERTZATION OF GEYCERALDEHYDE

Small amounté of DL~g1ycera1dehyde, D-glucose and
5- (hydroxymethyl)-2-furaldehyde were respectlvely polymer17ed
between two teflon sheets u51ng a combination-of heat and
pressure similar to the condltlons used for the-formatlon |
of molded discs,

| Figures 8 and 9 present the;respective I.R, spectra of

DL-glyceraldehyde and D-glucose géfpre andrafte; polymerization,
iO min. at 200°C and 13.8 MPa showing fhe appearance of a band
at 1730 cm?llchafacteristic of carbohyd;ate polymers
obtained by thermal polymerization (54). The similérity of the
two I.R. spectra after polymerization, ascertain the similarity
of the two polymers. ' ‘ ' ' ~ |

In contrast, figure 10 presents the I,R. spectra of
5-(hydroxymethyl)-2~fura1dehydg taken after 20 and 120 min of

similar heat treatment. The I.R. spectra of the original

material was included as reference. Even after 20 minutes in the
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press, the furan derivative failed tbhinsolubilize and itst.R.
‘spectrum did not show any significant changes. After 120 .
minutes of that severe heat treatment the furan'wéﬁ insolubilizéd,
but its I.R. spéctrum still showed the-largé carbonyl band at~‘
1650 cm ! and was different from the I.R. spectra'of the other
polymerized carbohydrates.

The elemental analysis of DL-glyceraldehyde and its
polymer presented on Table 6 indicates that glfberaldehyde
polymerized through elimination of water. The polymer was
resistant to hydrolysis by aqueous acid, pefhaps due to the absence
of hemiaeetal or glycosidic bonds.

‘It has been reportea-that under action of heat alone,
glyceraldehyde gifes acetaldehyde as the largest pfoduct of
degradation (53). The folldﬁing_mechanism of degradation was

proposed by Fleury (55) and Shafizadeh (56):

o o 0
/4 /4 /7
HC HC HC Cco
! l | +
HCOH CoH ¢=o0 ‘ cHO
| [ |
CH,OH CH, CH, CH,

Scheme 9. Glyceraldehyde degradation.

e L.A«M\L'-?.J.‘Bm
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_ Under‘the action of heat and pressure,.glycergldehyde
cah dehydrate éith formation ofihighly reactive o,f unsaturated
aldehyde which would'readily polymerize Eo the infusible stage.
The polymerization ¢can occur with.participation of both un- .
saturated and ‘aldehyde function. ﬁethylglfoxai is also very N

reactive and was reported to polymerize at 72°C (57).



LIGNOSULFONATE ~-CARBOH¥DRATE-POLYMERIZATION

. " The thermal polvmeriéation of SSL proéeeds with
contrlbutlons from both llgnosulfonate and carbohydrate,

Pure anhvdrous carbohvdrate‘ban be used as binder, provided
high temperature and long press time are used. A fast curing

' resin was obtained by mixing carbohydrate and NEYSSL in the

-

ratio of 55;46.
It is known that NH,SSL decomposes &t high i
temperature with release of S0, (8). It was suggested
that lignosulfonic, acid is the intermediate in desulfonation
of NH,SSL (3) the streng sulfonic acid would catalyse the
dehydration of sugar and furthef polymerization of SSL. -
Recently Taamanen (58) has made some thermoanalytical studies
on lignosulfonate and suggested that NHkSSL dehvdrates with
formation of llgnosulfonamlde; in accordance with the

following eguation.

A

- LIGN=SO,NH, S ———— LIGN=S0,=NH, + H,0
Scheme 10. NHRSSL_Dehydration

To gain further insight into carbohydrate -
lignosulfonate polymerization, the effect of acid catalysis
on carbohydrate polymerization, and lignosulfonic

acid formation from NH,SSL was studied. -
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A serles of molded dlscswere made using glucose
4as'resin blnder in the presence of . several dlfferent catalysts.
The test results are summarized in Table 7. It is evident
that addigg acid'caralyzes thelcuring of carbohydrate. 2
-rough correlation cen_be observed between the.scrength
of ‘the added acids ana;their catalytic effect on the curing
rate. -, ' ‘ X
Q,SO‘ ~ P= TOLUENE SULPHONIC ACID > NH LHSO,

. |
> H;NCH,CH,COOH

Qualitatively, similar results were obtained by

Houminer and Patai (59) who studled the welght loss on

' thermal decomp051tlon of D-glucose in the presence of

" various acids and salts. The sensitivity of the res;n's

curing rate to moisture further confirms that water isa

product of the reaction. These results also suggest that

~ammonium lignosulfonate would not decompose through formation

~of sulfonamide since P-toluene sulfonamide did not catalvze

polymerization of glucose while adding P-toluene ammonium
sulfonate did catalyvze the pol?merization of.D—glucose to
some extent. However when NH.SSL was mildly pyrolyzed.
(200°C, 10 minutes) no trace of lignosulfonic acid was
detected'and as shown on Table 8 NH,SSL decomposed

with the loss of-sslfur and .nitrogen in a 1:1 molar ratio.

Addition of glucose to NH,SSL increased the weight loss on
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TABLE 7., D-GLUGOSE CONDENSATION CATALYST

4
.CATALYST
' . %
CATALYST- DRY D-GLUCOSE PRESS T.S.,Nm
’ o AT40% H.0 |TEMPERATURE
SOLUTION | c
NIL 0 230 5.1
NIL® 0 230" 0
HEXAMETHYLENETETRAMINE | - 5 220 0
(NH,), CO, 5 220 0
cr—g—@—so,mn—t2 : 5 220 0
CH,_—©—so,NH. 5 220 21,
H,NCH,CH,COOH 5 220 0
@ NH,H SO, : 5 220 2.8
@—-SO,H 2 210 8.5
<
H,S0, 2 210 8.6
* 10% Moisture content, all others were anhydrous.
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pyrolysis because of sugar dehydration. The amount of
nitrogen o?_sulfur lost wés-not'affected.' These resulté
suggests Ehat lignoéulfbnic-acid formation is not required
to catalyze the dehydration of the carbohvdrates and
further SSL polymerization.‘ |

It should be noted that the pProtons needed ,
for the polymerization of SSL may be provided either by

organic acids formed in the degradation process or by the

"acidic" ammonium salt itself, or both:
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. and copolymerize with lignosulfonate and desulfonated lignin . : i
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CONCLUSION

These experiments.clearly demonstrate that
carbohydraﬁe and sulfonated groups can both contribute
to the polymerization‘of SSL. behgdration of the
carbohvdrates is catalyzed by ammonium lignosulfdnaﬁe or
lignosulfonic acid which are bqth acid catalyéts, Under a
combination of héat and pressure an intermediate, presumably

the acyclic unsaturated aldehyde,can readily homopolymerize

via participation of both aldehyde .and carbon-carbon double
bond functionalities. Since the exact mechanism of
carbohvdrate - lignin condensation is unknown, further

studies on SSL polymerization are required.
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EXPERIMENTAL

METHOD OF ANALYSIS

l‘

Solids content was determined by TAPPI
Standard Method TM 629M-53. Weight instead

of volume was used for calculation., -

Amount of redu;iﬁg sugars was determined by the
Swedish Method cca-11 sﬁggested by Yorston
{60-61).

" Hydrolysis of polymerized élyceraldehyde was

carried out in 0.5N #,S0, at 1000 for

" 20 hours. Glucose was used as control (62).

Lignin was determined in aqueous solutions
based on their absorbance at 280mm, using

a Pye Unicam U.V. spectrophotometer model

. SPG-400. A calibration curve was made using

a pure sample of spruce lignosulfonate (RAS II)
supplied by Dr. W.Q. Yean (63).

ﬁitrogen was analyzed by the Dumas method in

a Coleman Nitrogen analyzer Model 29.

Su%fur ﬁas analyzed by TAPPI SténdardrMethod

TM -629 M-53,

Methoxyl, carbon and hydrogen.analyses were
performed by Galbraith Laboratories, Knoxville,

-

Tennessee,

N



.

i1}

lo.

Dl

Lignosulfonic acid was determined by conductometfic

titration of a solution containing 1.000 g'of the .

'SSL resin at 259C with 0.1N N4OH through a method

similar to that of Kvyogolsu and Hachihama (6)

(Figure llj.

Ash content was det%;mined on SSL powder .
ignited in a.crucibizﬁat 800°C for 16 h.
The calcium content of CasSL powdef was
éetermined according to the official,metﬁbd

of analysis of the Association of the Analytical

Chemists (64).
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-Figure 11 | L. . -
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RESIN. ORIGIN

Two SSL llquors were obtalned, from two dlfferent
‘Canadlan mllls., CaSSL ‘was. supplied by Reed Ltd., Quebec
City,; Quebec. NHQSSL was: drained off from’ the digester of
a mill owned by the Canadian International Paper C§mpany
at Hawkesbury, Ontario. Carbohydrates and derivatives
were obtained from chemical suppliers.

RESIN EVALUATION

The resin was evaluated in liquid or powder form,

with or without catalvst by productlon and evaluatlon of
a molded disc.

§
Excludlng the reSLn formulatlon and the press

condltlons which may varv the same general procedure was.

used.

RESIN -~ WOOD BLENDING

. A binder was used for both powdered or ligquid
resins at 10% of dry weight of wood particles, Poplér
wood particles of average_dimensionf 11.0 x 1.0 x 0.3 mm,
were obtained by hammermiliing veneers and dried to zero
percent moisture. Powder resin was added to wood particles
at 10 percent of wood dried weight ahd mixed with a rotary

blender. Where liquid resins were used, the liguid was
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Sprayed-on wood during blending, the solvent 'if any

was. removed later with a stream of preheated air at 80°c.

—

PRESSING OF- RESIN COATED PARTICLE

Resin coated particies (22, 7 g) were‘introduced’
into a cylindral mold (56 mm diameter) preheated at 210 to
240°C as desired and the press, illustrated on flgure 2,
was then closed to stop (11 mm) fer 10 minutes using a
hydraulic pressure of 68.9 MPa. Only-one disc size (56 mm
diameter by 11 mm) and one density O.SQg/cﬁf was'ueed in this

study.

RESIN TESTING

| The internal strength of the disc or the degree
of curing of the resin, was evaluated by means of a Torsion-
shear technique'as illustrated ip figure 3. A specimen of
25 x 25 x 11 mm  cut from the center of fhe disc was
immersed in boiling Qater 30 minutes. ~ The specimen was -
cooled 30 minptesrin water at 20°C and its mechanical
strehgth measured with a standard torque wrench equipped
with 25 mm wrench sockets. For every binder formulation,-
3 dlSCS were made and all the data appearlng in this

study is the average of three T.S5. measurements.
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RESIN FORMULATION
Poﬁder

All the powder was obtained by spray- drylng
or freeze- -drying SSL or was dlrectly purchased from
chemical suppllers. These were ground with motar
and pestle to pass a. 100 mesh Tyler sieve before being
mixed with wood in a rota}y‘blender.

The glucose - SSL mixture was also mixed un1form1y§ E
with a mortar and pestle, to pass through a 100 mesh Tyler

sieve.

Liquid

‘ "Liquid formulation was used for studies

described in Table 5 and 7 because some binders or additives
were 11qu1d at room temperature. The preparaplon of the
soléglon was straightforward. The binder was dissolved

in water or methanol at 40% sblid content an& the

desired quantity.-of catalyst (calculated on the binder

weight) was added to the solution while stirring,

CALCIUM SPENT SULFITE LIQUOR- {CaSSL3 ACEDEFICATEQE

A - Four batches of CaSSL were acidified
respectively with 2,4,6 and 8% of concentrated sulfuric
acid, based on SSL solids, to convert ca1c1um llgnosulfonate

to llgnosulfonlc acid and calc;um sulfate. Calcium sulfate



.
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could be removed readily by fi}tratién.,.The filtrates, ‘ //
;cbntd;ning mainly lignosulfonic.acid, were dried to-pdwdef,(

A laborato;y &nzavadryer-tBONEN No BEQLQSII; at a feed rate

\ -

‘100_m17min and a tempefatufe of 1359C at inlet and 959C at \\

outlet,.was used to produce the SSL powder in this study. - \¥__
The ligndsulfonic acid content ﬁ;; aetermingﬁ on the powder
by conductometric titration. -
B--"A contfol was made usiné ion-ethange Tesin
to reléase all the available lignosulfqnic acid from caldium
spént_sulfite liquor. A 400-ml pertion éf CaSSL at: 25 ﬁercent
Soli&-was'elutgd’With water through 800 ml of Rexyn-101-H.
'(FiéhQ¢ Scientific Co.) (Réxyn bed capacity of 2.1 meq/mlj}
- Th; resin was contained in a 3.5 cm x 150 cm vertic%l PYTEX
‘ giéss column. The elutéd lignosulfonic salution (HSSL)
was pfénSfofmed'in;o 65-g of powder by spray drying.

Ash Content 0.02%

Calcium Content 0.,11%

NH\‘S‘SL\F@GTI@?.@EN ) |
A - tﬂE'NHuSSLlliquor was fractionated with a thin-
channei'gitrafilt%ation system TCSE from Amicon (Figure 1)
using successively Diaflo Membrane PM-30, UM-10 and DM-5 with
_Trespective nominal molecular weight cut-offs of,S0,0Qb, 1b,boo
and 5,000 (Figure 6). < g - L 4

A"
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Thus NH, SSL [20 kgl at 10% concentration" )

’was dlaflltrated and washed w1th 60. kg of dlstllled water
-through a PM-30 membrane. . The retentate C20 kg) having
a nom;nal molecuiar weight over 30,000 was concentrated at  _
- 50% solids. The permeate, (60 kg) Was concentrated at 103
concentrétion and diafiltrated'with.three volumes of water
through UM-10 membrané. The retentate having a nominal
molecular weEght between 10,000 to 30,000 was. concentrated
~at SO% solids.' The-permeate (60 kg) was concentrated at
10% soli&s and agaih diafiltrated with three volumeg of water
through DM-5 membrane. The retehtﬁte~and-permeate-having
respectively nominal molecular weight'S;OOO to 10,000 and
0 to 5 dOO were concentrated to 50% solids with a vacuum
_ ‘rotary .evaporator at 65°C and 5 mm of mercury. The fourth

f' fraction was further transformed into powder by spray-drying.

B - Low molecular weight NHuSSL with nominal

molecular weight 0 - 5,000, was further fractionated b&
_elﬁtion through éon-éxchange resins, A sample of ammﬁniﬁm
lignosulfonate of- 400, g at 25% solids was eluted with
dlstllled water through 800 ml of Rexyn - 101-H (Flsher
' Sc1ent1€1c Co.) in its acid form (Rexyn bed capac1ty of
2.1 meq/ml). The solution was then neutralized to pH 5

with ammonium hydroxide and freeze dried., A sample of



- NH,SSL of 42 g $olid containing 62% reducing sugar

was obtained.

GLYCERALDEHYDE POLYMERIZATION

A portion of 5.0 g -of DL-glyceraldehyde was
intrcduced at the center and in the middle of two teflon
sheets with a size of 60 x 60 cm. The teflon sheets kere
placed between two p1Yweod sheets size 60 x 60‘x.0.6 cm
and pressed at 240°C for 10 minutes- under. a pressure -of.
20.7 MPa with a press of the same dimension. A glyceraldehyde
condensation product of 2.6 g was recovered. Elemental
analysis, acid hydrolysis and reducing sugar content was
performed on the residual polymer .and on the starting
material and their wrespective I.R. spectra were recorded.
The same treecment was given co D¥gluccse and S-
(hfdroxymethyl)-Z-fdraldehyde excepted thats the furaldehyde
derivative was pressed for 20 and ‘120 minutes. Infrared
Spectra of residual polymers andmstartlng materials were

recorded.

2 -FURALDEHYDE HEAT AND PRESSURE TREATMENT

In a 400 ;1 pressure reactor, a portlon of 20 g

of 2-furaldehyde was pressurlzed at 24.1 MPa with compressed

nitrogen and immersed in a bath of oil at 175°C for

16 hours. The sample was still soluble in acetone

-y ._’,‘.‘ .
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after treatment and was used to make discs.

PYROLYSIS _ _

L Purified NH.SSL of nominal molecular weight of
50,000 was dried in a vacuum oven at 60°C and 5 mm mercury
to constant weight. A known'Qeight of 0,0600 g of the dried
-sample was placed in the combustion boat which in turn was
-placea in a pyrolysis unit (Lindberg HVI-Duty S,B.) preheated
af the selected temperature. The saﬁple was heated at 210°C
- for 10 minutes, its weight loss was\reﬁorded and_eiemental.
analysis was performéd'oh-the residual pdwder. Every dafa-
appearing iﬁ the study=is an gverage of three experimental
measurement. Pyrolysis of anhydrous D-glucose and pyrolysis
of a mixture of purified NHQSSL'CM.W.> 30,000} and D-glucosé

(50:50) was also performed under identical conditions,

e

R
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CLAIMS TO ORIGINAIL WORK

NH,SSL was purified and different fractions
of known molecular weight wereé examined.

Fractions containing highly purified

lignosulfonate of narrow molecular weight

range as well as fractions contalnlng a
large concentratlon of carbohydrate were
obtalned ‘

The major constituents of the NHa. SSL liguor
(lignin, reducing sugar) were analyzed for
each fraction.

The thermosetﬁing and'binding properties‘
of each SSL fraction were evaluated using
molded disc and Torsion-shear Test Methods.
Highly purified lignosulfonate of different
molecu;gr weight ranges did nét thermoset
under action of heat and pressure.

Pure anhydrous carbohvdrate was dehydrated and

produced a resin binder without use of a

catalyst,
Addition of pure ammonium ligngsulfonate
to a carbohydrate increased the rate of -

poiymerizafion of the carbohydrate.



e

10.

11.

A fast curing bifider was prodnced by adjusting
the carbohydrate to lignin ratio by both.ultra-
filtration or simple addition of a carbohydrate

The relation between monqsaccﬁaride éarbon

length, functional group, stfuctnre, and abiliﬁy

to polymerize.wés examined, ‘k'\_
Glyceraldehyde was polyme;ized under action of

heat and pressure and the polymer was characterized.
-Q

A direct relation between acid strength of

catalyst and rate of curing of carbohydrate was

shown to exist,.

A mechanism of polymerization of carbohydrates
through acyclic unsaturated aldehyde condensation
was proposed.

Ammonium lignosulfonate is transformed into its polymer

 without the formation of lignosulfonic acid as a

stable intermediate.
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