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One of the greéxtesf. environmenta'l_-drives in the synthei:ic
resins field has been to decrease the formaldehyde
enission from cured urea formaldehyde (UF) resins,
without. adver-ely affecting their excellent technical
performance. The effect of modifying a UF res:l.n was
J.nvest:.gated »y producing two series of res:l.n (a and B).
‘where the addition of urea tc a existing resin was$ ddne
« - in one sihgle step (a) and = in multiple steps (B).
,,Particleboards made irom the resins were tested for I. B.
- {Internal Bona&) strength and formaldehyde emission. The
cured and liguid resins were investigated by I.R. and B
NMR' spectroscopy and X-ray diffraction. A relationship
between the analysis of liquid resin by cC NMR“and the
physical propertlas of the particleboard was ohtai’ned.
Predictions can therefore be made about I. B. atrml;th and
. the formaldehyde emission from a board for a specif.l.c_:
homologous series of resins by considering the Bc NMR
peak ratio of certain species in the liquid resin. The UF
resins performance can be improved by increasing the
number of urea additions during the resins synthesis.
Also, the performance can improve by adding a small
amount of formaldehyde to the resin during the last step

of resin synthesis. .
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. ‘¢hapter 1.
;:_l'.t-:l.. Introanction

The :Eo::-mat:l.on of largye synthet:n.c mqllecnlar units by the
: comhlﬁation of smaller units has reVolutiom.zed material
.. jpcience at the turn of the century.. With the introduction

ch thegs, new matei;ials, a need deveﬂ.oped for specialized
analytical techm.quea to gtudy t:heir properties and
‘structures, Through changing struci:u.ral characteristics,
-i-speciala.zed mechanical and chema.cal properties can be

L

‘obtained. - : A
; . . 4 ) |

fThe analytical techniques in polymeﬂ:' studies are limited
+o0 nondestructive technigues hec‘ause the structural
Anformation reguired is often of the bulk mater:l.al. In -
analysis, it is important to make distinction between _ 1
homopolymers, copolymers, linear, branched and “cross- :
linked polymers, and limitations pextaining to thermoset !

and thermoplastic polymers.

@

The developments of analytical techniques in polymer
science are discussed by various authors’. Meyers [1]
discussed many analytical techniques in studying urea
fornialdehyde systems. IR, NMR and X-ray diffraction were
some of the analytical techniques used to investigate the /-
properties and structures of urea-formaldehyde resins. ( _
\

R
4

! various authors and their books covering the subject in
a greater detail are shown in the bibliography. _

1
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1.5; Background and theory of urea~formaldehyde resins.

Urea~formaldehyde (UF) resins are widely used in the :
field of wood binders, especlally in the production of
paxricicleboards. particleboards were commercialized in the
19558, 25 years after the chemical. formulation and
manafacturing of UF resins started. Today, UF resins
constitute about 5% of the worlds .total resins.
Formaldehyde emission from UF bonded wood products has
bean recognized as a source for indoor air pollution.

1.2.1. Resin

UF resins are relatively inexpensive and versatile in
their“sgplication, making them one of the wost common
synthetic binders. They are difficult to understand and
to analyze the compléx=raaction nechanism and structures
involved.

The advantages of amino resins are:

The%x initial water solubility making them suitable for
bulk‘and relative inexpensive production; a hard thermo-
- set plastic after curing; nonflammability; good thermal
properties; colourless; and adaptable for a variety of
curing conditions. The grestest disadvantage of the resin
is its chemical bond deterioration caused by water after
curing. '

UF resin chemistry consists of a step-wise addition of
urea and formaldehyde. The reaction between wurea and
formaldehyde can be divided into two stages.

a) The formation of mono-, di-, and trimethylolureas
during alkaline condensation. o 7
b) Formation of soluble and insoluble linear and cross-'
linked compounds during the acid condensation ‘of the
methylolureas formed dquring the first stage. |

2



The formation of mono~ and dimethylolureas in the
presence of an alkaline catalyst can be schematically
represented as follows. |

' NHCH,OH NHGH,0H . NHGHROH
o=c’-’m=+ CH,0 0=¢ -+ o=c + o=c<
ey, S, NHOH,OH AGHLOH)
A N R N
o:c\ b /c= 0:(;\ /c..o
NHCH, 0= HyCH N NHCHy O - H,CHN
NHCH,OH MHCH,0H NCHOH), .. NHCHOH
o0z¢” =0 o=¢” - ' =0
\mctg-om,cn N . -_ \u-lc:-i,-o—l-!.,m "

The following scheme shows how the higher branched

methylene-ureas are formed by the methylolureas
copolymerizing under acidic cenditions.

0=c | — GHaNH—~CO—RH, + Hy0

<NH,-co-m ~CH,

+
H,G — NH— GO — NH — G~ (NH~ G0 ~ NH — CHy), - NH — CO— NH;

A number of other pr_o&ucté are formed at lower concen-
trations. These include cyclic products such as uron,
monomethyloluron, dimethyloltirpn. In the presence of

excess formaldehyde, methylurea could dimerize to form
diureamethyl ethers. '
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: a numher of important factdors control the properties and

p&rformance. of the final l:'esin. Factors relating to the
gluing properties of J_nd:xdidual species to wood will be
dn.scussed 1ater. : ;

Propertz.es such as resin vmcosz.ty and the amount of
certain species depends on useveral factors including:

1) The purity and 1ii) - t.he nolar proporticms of the

reactants, iii)} the pH conﬁrol, and iv} the temperature

and time of the reactions. These properties are discussed

. n
f

in more deta:u.l below. _
_ | %

i] T a'l'purity of the reactqiints. ff

Commercial ures is almost;;' 29% pur'e,( and can be used.

Formalin solutions cantain up to 12% methanol for

stabilization and 30-40% }‘;iotal‘ formaldehyde. UF resins

are nore stable wi'!').h less méthanol Methivlated UF reﬂins,

‘on curing remain unchanged, and are water goluble, This

problem is usually avoided by d:l.stllllng off the methanol
from the commercial formaldehyde solutions before use.
The aqueous solution is made up of methylene glycol,
polyoxymethylene glycol , formaldehyde hemiformal, poly-
oxymethylene hemiformal, trioxane and. paraformaldehyde.
Investigation of the available formalin solutions with ¥c
NMR showed the various species present:' {see spectrum 18).
On the  other hand, commercial paraformaldehyde is

'relatively pure if used guickly before decomposition (see

spectrumn 19). Para-formaldshyde proved to be .more

‘sensitive to reaction conditions than formalin solqtir,m. "

ii) The molar proporticons of the reactants. —

The degree of condensation and the hydrogen bonding
ability of the finished resin are important factors
relating +o the durability of +the resin.  Higher
formaldehyde content resins have been shown to have
excellent gluing capabilities {2]. Resins of a molar

4



ratio 1:1,8 to 1:2 exhibit slower bond deterioration
under accelerated aging conditlons than raf.'ina in the
range 1:1.4 to 1:1.6 {31. An example of the variation of
properties between partlcleboard -manufactured with
different molar ratio resins is shown in table 1 {4].

Table 1. A comparison between particleboards prepared
with different UF molar ratios.

e : S e
U/F molar |Approx. Internal {% water |{% HCHO
ratio Density bond swelling {released”
(g.cm®) | {MPa) (2Hr)

1:1.4~1.5 _ 0,680 0.:7'-'0.3' - 4 ' 0,08-0,10
1:1.3-1.35[0.680 0.6-0.7 | 4-5 - |0.04~0.05

J I -

t N )
1:1.25.<25;0.680 0.45-0.55 | 5 0.025~0,035

* Perforator method

iii) pH control.
‘The pHE level during and after the resin synthesis plays
an important role. The commercial formalin often containg
formic mcid that acts as a catalyst in the irreversible
curing of the resin. If warm formaldehyde solutions are
exposed to air, the formaldehyde slowly oxidizes to |
formic acid bY the Cannizzaro reaction:
> 2HCOOH

The Cannizzaro reaction could also occur in alkaline
solutions: '

2CH,0 + NaOH ————> HCOONa + CH;OH

The reaction of wurea and forlﬁaldehyde ococurs in two
steps:

a) Zddition U + F ————> U~CH,0H

b} Condensation U + U~CH,0H ~————> U~CH,~U +H,0 ,

The first reaction is often called methylolation and is

5



catalysgd by both acid and base. The condensatiuh.is only

catalysed by acid. The reaction rate is shown in flgure
- 1 [5].

g k {rel) _ _ : .
‘ \\ //Addiﬁon
- 3 : Condensation
5 ] : 1 1 { e
0 2 4 6 8 10 12 14
_ oH _

Figure 1. pH dependence of the reactlon rates for the
: inltlal UF steps.

The pHE has to be carefully' contrelled during the
reaction, to produce the desired amounts of condensation
and methylolation products.

iv) The temperature and time of reactions.

When we look at the temperature and time required for the
formation of the resin, we must consider the formation
(reaction) rates of individual species. For example: The
initial formation of monomethylolureas in a weak alkaline
aquecus solution is very fast followed by a slower bi-
molecular reaction. The reaction rates of individual
species is discussed in more detail by G. Grove and C.
‘Lynch {6]. Temperature and duration of synthesis change
for different manufactures. Resins are usually cooked at
95°C to aliow rapid formation of the product$#



Controlling factors such as the turbidity point and the
water toleranée point of the resin are used to detersine
the limits of certain size species to be formed during
synthesis. -0 "
UF resins are usually manufactured. in //lt:WO forms. The
spray-dried résin and agueous resin contéining between 3%
to 80% resin solid. The dry resin ‘has the advantage of
lower shipping ‘cost and better storage stability. But
~with a disadvantage in the price. UF-resins z*2 not water
soluble they are colloidal dispersions. Waté:j__’_‘:*toleraticm
depends on their composition, age, temperature and many
other factors. '

UF resins are almost always modified before their final
uge to improve the performance and decrease the expense.
The unmodified resins are often brittle and crack due to
some trapped water during board manufacture. The addition
of aleohols increases the formadiion of ethers and esters
. thereby reducing crosslinking. This has the advantage
that there are more longer chain polymer groups
increasing its plaéticity.' Scheiber {7] gave an excellent
summary of results obtained by final resin modifications.

Horicka et al [8] demonstrated that the addition of a
second amount of urea during the preparation reaction
improves adhesion gstrength. Urea is also often added
before application and acts as a formaldehyde scavenger
_ by reacting with the resip. In some cases solid formalde-
hyde 1is added to secufe the curing of the resin. The
addition of multiple steps of urea to a commercial resin'
was reported by D. Levendis, A. Pizzi and E. Ferg [9].

Some applications for UF resins are listed below.
Japan uses UF foams in soundpreofing and heat insulating
panels [10]. UF feoams are also used as insulation in

T i b



ships [11], electrical insulators [12], oil absorbers
[13], medical applications [14] ahd in agricultural uses
{15]. Beat Meyer [16] covers a wide range.bf application
which include ceatings, paper, construction materials,
binders for metal casting and waste treatment only. The
application of UF resins as a wood binder for particle
boards will he considered,

1.2.2. Particleboards

UF make up 6-10% wt of the particleboard; The main
advantage of particleboards over soclid wood boards are

their production versatility, the ability of using wasts.

raw materials and the more pronounced isomorphism of the
final product. The bpard can be made according to the
users specifications. oOther advantages include the
production of large size boards which are relatively
lighter than solid wood planks. Solid wood planks are

often susceptible to brittle failure at the highér stress

points due to natural defects such as knots and cracks.
The boards are usually manufactured from planer shavings,
sawdust, or plywood trimmings. S8olid logs are sometimes
chipped exclusively for the use in particle board manu-
facture. The most common wood types used in South Africa
are pine and eucalyptus.

Certain parameters and properties in particle board

manufacturing have teo be taken into consideration.
Chemical bon@inq in wood chemistry could be defined as
the process for joining two or more pieces of wood via a
direct chain of covalent bonds between adjacent surfaces.
The different types of ﬁonding included are mechanical
entanglement, adsorption (specific adhesion}, electro-
static (donor-acceptor interactions) direct chemical
bonding and cohesion. Adhesion involves chemical,

physical and mechanical principles. The bond formation

8
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and bond performancAUare twe factors thatrgre vital in |
considering adhesion. An adhesiye must perform equally .
well at all points betweer the pure, bulk glue line and -
the surface contact between wood and giue, The links in
the adhesive bond between wcad surfaces is shown in the

dlagram bBIOW-[17].

’ ' . . 1) the adhesive film,
' “—2) and 3) Intra-
adhesive Boundary
Layer,
4) and 5) Adhesive-
Adherent Interface
(site of adhesign
- forces},
6) and 7) Adherent
- Surfage, partially °
fractared during
' preparation for *
bonding,
8) “and -9) Adherent
Bulk.

Pigure 2. Links in the Adhesive
' Bond between Waod
Surfaces

s
b

UF resins have several intringic properties that are
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essential for matching the multitudes of demands in wood

bonding. The UF resin contains a mixture of chemical

fradtions with different molecular weights that provides
an almost ideal spectrum of bonds. Each of which reacts
~and pafforms' differently. The higher molecular fractions
coalesce and form the main bulk of the glue line. The
lower weight methylol functional group fractions readily
diffuse through the wood and establish surface contact
with the hydroxyl groups in H-bonded cellulose. Inter-
mediate species (such. as ethers and esters) establish
other less important links. If ahy of the conditions are
slightly wrong the resin would almost fail completely
with a very small margin for error. " '

Wood adhashqives must also be flexible and soft to allow
for swelling of the wood and shrinking during drying. The
following factors have been shown to play important roles
:f.n' the final properties of the resin in relation tec the
wood glue strength [18, 19].

1. The bond strength increases’ with the degree of
condensation.

2. The adhesion strength appears to be at its highest at
a relatively low average molecular weight. D:.methylol—

ureas are the main components governing the adhesive

forces between the glue and wood.

3. The higher molecular weight (higher resin viscos:.ties) .

result in a more durable glue-wood bond. Higher molecular
weight specles govern the cohesive forces.

The final boards physical strength such as bending,
tensile and compressive strengths, the rate of . water
absorption and equilibrium moisture content depend on the
final boards density. The standard density of particle-
boards is about 0.7 gem''. The pressing cycle of the board
(the sequence of temperature and pressure applied)
produces a gradient of density through the thickness of

10
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{ue board causing nonuniform properties to exist.

The aligmient of the particles should "be completely
random, giving the board :_'L'ts isomorphous properties. But
in the manufacturing,‘r’ a slight preferred aiigmment is
usually achieVed. This is due to the type of spreading
and size of the particles. Formation of particlé
alignment causes the board to increase its physical
properties in the particular direction but to the expense
of the other d:l.rect:l.ons.

During the pressing of the particle boards, the moisture
content becomes important. High moisture content causes
delaye in adhesive curing, and excessive flow causes the
resin to be soaked inte the wood causing glue line
starvation. A tos low moisture content could cause poor
adhegsive flow and moiﬁ;ﬁura absorption stresses in the

- final board. . ’i‘he amount of moisture depends largely on

the size of the wood particles used. The final molsture
content of the boards ghould be between 7 and 8% for the
core, and 10 to 12% for the surface. Most manufactureis
add water to the resin to decrease the viscosity to
-facilitate_ spraying.. .
Other components are added to the resin before
application, *to increase the physical #trength and
durability of the final board. Insecticides

emulsions and fire retarding agents (ammonium phosy) ates)
are often added. Several tests are performed on the
particleboards for durab:l.lity and guality deterpinations.
Cold and boiling weier ' swelling, water absoxption,
strength test, bending tests, torsion tests, nail and
screw holding tests /)surface abrasiveness, formaldehyde
enission and others. standards for the manufacturing of
particleboards have been introduced, and some of them are

summparized in table 2.

11
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Table 2. Classification and properties of particlektards,

based on data compiled by Forest FProducts laboratory- .

United sStates Department of Agriculture [20].

v a0 TG -
Particlzboard Thickng}‘;:s Density Modulus of
{cm) (g.cm™) Rapture
1 . (=pa)

Low Density 6.64-1.91 {0.40-0.80 |2.76-27.58

bﬁ,‘T'n==_——_—.-=:l = — — e - - = = — e —_ .
. ’ - 51

Particle-|Tensile Strength|[Tensile Strength|Water Abs.

board parallel to . [|perpendicular to|24hr .
gurface (m; surfice  (MPa) immersion
D o $/weight -
Low 0.69-9.31 0.62-2.76 5-50 ‘
Density
High 2.07-17.24 1.90~2.76 15-40
Density

T e
= . . P,

Lo

1.2.3 Formaldehyde release

Over the last 15 years, res in chemists have attempted to
decre&ase the formaldehyde content of the final resin GQue
to environmental concerns. Formaldehyde has a pungent
odouxr and could cause irritation of the e es and the
micous membranes of the , respiratory tram? Detsited

information on the subjg/,t can be found /cﬁ the original .

literature punllshed by ‘Vvarious authors such as Wittmann
[21], Roffael [22] and Meyer {23]. This formaldeljyde
reiease can occur for years. This is eépecially evident
in humid climatic regions of North America and Euraope

12
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since the Qombinétion of humidity and temperaturﬁ
directly affects the emission rate. Formaldehyde release
is especially evident in closed furniture cabinets that
‘are built from particleboards.

"Normal cured UF resin products are almost odour iree.
Chroniec odour is a sign of incomplete cured resin, bad
'formﬁlated, or resin decay. cured cesin that is euxposed
to water leads to hydrolysis. The susceptibility to
moisture differs for the different components found in UF
resins. Table 3 shows the stability of the various resin
components. The weakest link being the cellulose-resin
link, the hemiacetals, ethers, and methylc 3. The oxygen
free methylene linkages are most resistant [247.

Table 3. The relative stability of bonds in cured UF-
resins {in order of increasing stability).

e e ]
. Bond Type _ Structure
C=0 in cellulose to resin | R-O-CH,NHCONH-
c-0 in methylene ether | ~NHCONHCH,~OCH,NHCONH-
N~C in amido methylol ~NHCONH~CH,OH
c~0 in"polyformal -4ﬂnxnnuﬂgo—
| cH,0CH,NHCONH~-
 c-N in primary amide —~NHCONHCH,NHC~NH,
c-N in secondary amide | ~NHCONHCH,NH-CNH-
C-N in tertiary amide ~NHCONHCH,NCONH= ; =CH,~
| ; ~NHCH,NCONH-

In 1977 the West German Federal Health Board introduced
requlations for the emission Wf formaldehyde from
particleboards (see table 4), The Hazardous Compounds Act
of Germany recommended a value of 0.1 ppm for all
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pwellings [25]. Emission' classes and technigues for
detecting formaldehyde emission were introduced and are
used for standardizing the production of particleboards:

Table ‘4. Weét German Regulation for Formaldehyde
emission from particleboards used in buildings.

Emission Class = |Formaldehyde Perforator value
concentration ' EN 120

(ppm)” (mg/100g board)

* Determined in a 40 n® test chamber.

Numerous methods are available for the determination of
formaldehyde emission from p__articlebbards. The 'sanipling
of formaldehyde from particleboards could be categorized
as follows. a) Ambient air concentration of formaldehyde
above the source,  b) total free formaldehyde in the
gource, or ¢) the release of formaldehyde into the air

~ space per time and surface area. Roffael [26] 'pr‘e’sented

a careful comparison of several sampling methods and some
of them are discussed below.

The perforator method determines the amount of £ree
formaldehyde present in the 'particleboard. The value -is
usually slightly low, because it does not consider the
formaldehyde enitted due to hydrolysis. The method relies
on large and complicated egquipment and the use of toluene
could create a potential health and fire hazavd [48].

The chamber test is a more accurate representation of the

formaldehyde released by particleboards. The method

14



relies on a room wéit_h a volume of 34 w, cdntaining' 40 m*
of board at 20°C and 45% humidity [49]. But reguires
large amount of simple and cumbersome e'quipgzent,

A technigue similar to the Japanese desiccator method |
[50] was used by the auther. The method was .modified to
allow the use of smaller amounts of particleboard
samples., 'The- technlqua determines the release of
fomaldehyde into the air space per time and surface
area. Fuji [51] showed that there is a linear relation-
ship between the formaldehyde released from the sample
surface and that collected in the water for the 24 hour
Japanese desiccator test. The technique is discussed in
more detail in chapter 4 (Experimental). '

7

. Numerous methods for the determination of formédldehyde in
water was discussed in detail by Marutzky [52]. The one
found most suited was the finorometric acetylacetone“
method based on the Hantzsch reaction developad by s.
Belman and Bisbaard et al respéctively (53, 54].:The
sanpling medium was water®and therefore most suitable for
stationary sampling. 5 : |

ir
3, 5-diacetyl-1,4-dihydrolutidine (DDL) which Flouresces
- is formed from formaldehf&é, anmonia and acetylacetone.

9 Q o
2HyG — L=~ UH;— G—CHy + NH + HCHO

Standards with different formaldehydé ‘concentrations were
prepared by dissolving a known anount ¢f paraformaldehyde
in water. A standard curve wds determined by the linear

15



'~ regression using the relaticnship .
- T <[HCHO]

The results. were plotted on a graph and used ‘as a

standard for <the dJdetermination of the formaldehyde

absorbed by the water in the desiccator_method._

The above d351ccat0r method was standardized to the WKI
method described by E. Roffael and L. Mehlhurn [85].

The follcwing reasons are why the desiccator methéd was

- used instead of the WKI method for the analysis.

" 1. In the WKI method the particle boarcis are auspended
directly above the water. Pieces of thé board could fall
into the water and introduce error.

2, The final concentration of the. fomaldehyde solut:.oﬁ
from the WKI method was very high, and had to be diluted
to be used for the acetylacetone method of analysis. Thus
increasing the error of the final results.

3. The bottle and sample had to be moved in and out of
* the oven. Whereas the desiccator would remain stationary
“throughout the analysz.s period, decreasing possible
eyror, ‘ | |
4. The high temperature of the WKI method could cause
unnecessary hydrolysis of the sample koards and result in
higher formaldehyde emission. |
5., Due to the higher release of formaldehyc’ie by the
particleboard at elevated temperature, _qquillbrium
between formaldehyde absorbed by the water and emitted by
the board could be reached sooner.

6. There was a higher temperature fluctuation during the
24 hour testing period for the WKI method than for the
desiccator method.



1.3. ﬁechniques available for analysis
1.3.1 Infra-red Spectroscopy

" The most common analytical techniques used in polymer
science are spectroscopic technigues. Techniques such as
mass spectgascapy have been used on a Limited scals due
to its destructiveness. In general, spectroscopic
techniques are applicable only for short range phenomena,
whereas crystallographic techniques deal with long range
order. i o

IR spectrosgopy is one of _the most commonly used
analytical techniqués in polymer studies. It is used to
provide inforhation about chemical structures, crystal-
linity and.tactibity. The techhique'is relativelf cheap,-
and can be used to analyze solid or liquid samples with
ease., Infra-red spectroscopy does not indicate “all
vibrations theoretically possible in - polymers. Each
molecule has 3n-6 fundamental vibrations where n is the
number of atoms forming the molecule. Polymers should
have a nearly infinite number of vibrational bands and no
useful information could then be obktained from the
spectra. This is often trﬁé for amorphous polymels whose
vibrational spectra cannot be distinguished f£rom
corresponding spectra of mnonomeric model compounds.
Various carbonyl and amine functional groups in UF
samples were identified by various authors [27, 28, 29].
IR assignments cited in the literature are summarised in
table 13.

1.3.2. ﬁHR Bpeatrosdapj

NMR spectroscopy is based on the spin resonance of
salected atoms. In Spin Regonance Spe. troscopy the
absorption is of low energy (microwave and radio
frequency). Effects such as magnetic dipole interaction,
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chemical shift and the nuclear spin-spin coupling'nf
molecules are important vhen considering chemical
applications. '

NMR is a useful analytical tool to study and identify
functional groups in 1liquid UF resins. Proton NMR

spectroscopy was used by a number of authors [3&,231] to-

study UF resins. Measurements of UF resins in DMSO-d6
solution has wmade the determination of -NHa anﬁ =NH
groups possible. This method seemed ineffective for: ‘the
determlnatxon of methylol groups because of the intar—
ference fr¢ hydrogen bonding and water. Chemical

treatment of the sample would be required hefare

analysis.

L

"-Watar doaes not play an interfering rele in the analysis

cof UF resins by “C NME spectroscopy. It was found that
ligquid "¢ NMR provided more useful results, especially
in investigating various synthesis parameters of- the
resin where small variatjons within individual species
' occur. The signals due- ﬁa various carbonyl groups of UF
resins could be easily isolated and identified. Various
authors {32, 33] have isolated the signals by comparing

the chemical shifts to those of synthesized standard

derivatives. Table 16 summarizes the signals assigned by
some authors. Solid State ¢ NMR was used to study cured
UF resins samples [34). The authors used cross-
polarization and magic-angle spinning to obtain
reasonable spectra. The scanning times are usually very
long, and peak deconvelution would be required to
interpret the broad spectra cbtained. '
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 %.3.3. X-ray diffraction
X—fay diffraction technigues looks at long range
phencmenon. Polymer type materials exhibit structures
that cover the entire range from total amorphous to
crystalline. Data obtained from X-ray diffraction
analysis of cfystalline polymers can give information
about: - " ' '
1) The identification of the material, 2) its crystal-
iinity, 3) the geometry of the'cryatallites and 4) the
pDSSiblénrelatiVE positions of the atoms in the crystal-
lites.

The crystallite sizes contétined in an amorphous matrii of
a polymer could be determined from the broadening of the
diffraction pattern. The broadening of the diffraction
pattern could be influenced by other factors such as:
a) Broadening due to imperfect or very small crystals.
b) Broadening contributed by the apparatus (instrumental
broadening) . ’

If one assumes that the broadening of the observed
diffraction peak is not due to any of the above
phenopmenon, and that the crystallite is a cube of edge
lengtﬁ ﬁéNa, then the following Scherrer formuala could be
used. Scherrer and Bragg [35] gave the following approxi-
mation based on the Laue diffraction function for the
broadening of diffraction,

f=KA /tcosh

where A=the wavelength, f=the Bragg angle, K=the Scherrer
constant and B=the half width of the diffraction.

For the half-breadth 8, K=0,9

For the integral breadth 8 (general) K=1.05

The above equation is for an ideal situation. Often,

19



there is a distribution of crystallite sizes in a
specimen. The broadening of the diffraction profile
results from the contributions of the profiles due to the

various crystallite siges and the anaiysis becomes nore
difficult.

The crystallinity of a polymer can be determined from the
anr;lysis of the diffraction profile' obtained from X-ray
analysis_. Azsuning a constant X-ray intensity, then the
total intensity of the «oherent scattering from a
scattering body of fixed mass should be constant. The
crystallinity of a polymer X, is defined as the ratio of
the respective masses of the crystalline (M,) and
amorphous (M,.) regions to the total mass. - |

Xep = M /M ‘where M+ K, =M

The ratic of the scattering intensities due to the
- crystalline and amorphous regions is nearly equal to the
density of the two types of regions. If one assumes that
the masses of the two regions are approximately equal to
~their respective densities, then the following relation
could be considered. |

Ter/ Tan Moo/ Mo ”
This is the basis of the crystallinity measurements in
general use.

There are two types of cases: :

1} Where completely amorphous or completely crystalline
specimens cannot be obtained, and 2) where combletely
amorphous or completely crystalline specimens can be
obtained. '

1) A smooth curve is drawn to connect the minima between

20



the crystalline peaks (fig 3) and the assumption is made
that the intensity above is the contribution by the
crystalline region and below by the amorphous regipn.

Intensity

Dnﬁ‘ractxon angie, 29

Figure 3. X~ray diffraction trace of a polymer show:.ng
+the centribution due to amorphous and crystalline regions
respective y [36]. ’

This method gives a high value for the amorphous region.
The reasens for error being: ' '

1) The fitted smooth cmrve could incorporate weak
crystalline diffractions and transfer their contribution
to the amorphous scatter:.ng. - -
ii) The strong crystalline peaks are usually superimposed .
on the maxima of the amorphous halos, and the base of the
c:rystall:.ne peak is included in I

iii) Diffuse scattering due to crystal 1a'l:t.ice.
imperfections and background scattering due to lattice
distortions cannot e properly distingulshad from the
amorphous halo.

2) It is possible to determine the amorphous fr_actj,on of
a semi-crystalline poiymer by comparing the intensity of
the diffraction halo for a completely amorphous sample to
that of the unknown specimen under identical conditions.
‘The problem being that there are few so-called pure
crystalline or pure amorphous polymers obtainable. It is
customary to use specimens that are nearly amorphous as
possible. The amorphous halo could change in shape with
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temperature and is dependant on the method of synthesis
for the polymer.

Koutsky t37] suggested that UF resins with low F:U ratio
have a degree of crystallinity present within its
structure. In the higher F:U ratio resins, there is a
high degree of crosslinking, making it amorphous.
Suggestions made for the 'crystallinity_ was that a high
amount of meéthylene linkages are present [37]. Koutsky
also showed that crystals are formed in the incipient
stages of cure and that the crystallinity is considerably
reduced in the presence of water.

" There is however no guarantee that the crystallinity
observed by the resin cured by itself will be evident
when cured with wood chips. Previous studies [9)
suggested that the crystallin_ity of the resin breaks down

- when reacted with wood chips.

X-ray diffraction patterns of various UF standard
derivatives have been studied [38, 39, 40) and are also
available from the international ASTM data base [41].
Traces of some of the most common derivatives are shown
in Traces 1 to 8. ' i '
Aim

There are a variety of controlling factors in the
synhthesis of UP resins. It would be impossible to
consider all possible variations in the synthesis, and
how th;;% resultant resins influence the final
particlebeards properties. The aim of the project would
consider only one variable in the synthesis of the resin,
and see how it influences the final particleboards
preperties. The analytical techniques available would aid
in relating the resins structural and physical properties
+0 the use in its final application.
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Chapter 2. Discussion .
2.1. Resin

A low formaldehyde emission UF resin with good glueing
properties is known [9]. The formulation relied on
. subsequent additions of urea to a high F to U ratio
resin. The results produced a resin with good gluing
properties and low formaldehyde emission. The effect of
the subsequent additions were noﬁ;.__ fully understood. .

:
L.

0'Neill and Steiger [43] described a 4 stage UF resin
synthesis, with the third stage being a form&ldehyde
increase and the fourth stage an addition of 10% urea.
Brunnmiiller et al [44] described a continvous process for
making UF resins with backmixing.
The effect of an extra addition of urea to a resin was
inveii,j_tigated as follows. A starting commercial resin
synt/flesized according to' a commercial UF resin (see
experimentz;l for the formulation). The percent solid was
calculated to be 61.3%. The U:F molar ratio was 1:1.8.

The percent solid was detaminee‘! by heating a known
amount of resin for 1 hour at 140°C. This is not a true
reflection of the active solid content of the resin,
since about 14% of the active resin is converted to water
during heating. For the above resin, a 75% active content
was considered, and the subsequent additions of urea was
calculated accordiﬁg"to the active content.

The approach used would demonstrat_,g, to iwhat extent extra
urea addition has on the final resin properties. 'I'Ims,'
two sets of resin were prepared with similar U:F mclar
ratios, but with different synthesis approaches.
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1:1,8 >1:1.5
_1:}).8 v22111.34A
- 1:1.8————>1:1.12

1:1.8————>1:0.7A]

' Urez -
1:%.8——>131.5——>1:1.3B
’ Urea
i:1.8——>1:1,. 5~———>1:1,3~—>>111.1B
o ' " Urea .
i:i1.8——>»1¢1.%~——>»11:1.3%———>1:1. 1—>130.98

The _..affect of back addition of formaldehyde was
investigated by preparing thé following resin.

: : Urea = Formaldehyde
1:i.8—>1t1. 1———-———>1:1-‘. 11

Thae results for the differer{'t resing VlECOBltY and %
selid determinatmns are preséanted in table 5.

As the amount of urea added to the resin increased,..-so a
génera.l increase in the % solid content and a decrease in
the final viscosity was noted. Reasons for the phenomena
was that the solid urea added increased the solid content
of the resin. The decrease of viscosity could be ascribed
to the fact that *the urea reacted with ~the free
formaldehyde to form low molecular weight species. Hence,
a shift downwards in the degree of polymerization (D.P.)
of the resin. The viscosity for the step add:.tion of urea
(1:1.35, 1:1.1B and 1:0.9B) were slightly h:.gher than for
the single step addition of urea (1:1. 3A 1:1.1a and
1:0.97) for the sane UF ratios. The dlfference cnuld be
due to the fact that the multiple step drea addition.

resins had undergone longer periods of cooking than the
_ T

.,.\.

1 1:0.7 ratio resin was synthesised but solidified after one
day. The resin proved to be unsuitable for application and
ana1y51s, and was only considered for X-ray d:l.ffraction analysis:
in the cured solid form.
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single step urea addition resins. )_.Ezjence, “the possibility
of forming larger molecular species during the ‘multiple
step urea addition. Tha increase in 1ow rolecular weight”
species is greater for the single—step urea addition than .
for the multiple step urea addition, resulting in a
greater downward sgt in the D.P., d:.stribution, hence a
lower viscosity. The Aover viscosi‘ty for the 51nglc. step
urea addition could also be ascribed partly to the fact

‘that the % solid content for the multiple step urea

addition is slightly higher for the 1:1.1 and 1:0.9
respsective ratio resins (table 5.). '

2.2. Particleboards

The peésults for the tensile strength tests perpendicular

to the surface of the boards (made from the above resins) .

are shown in figure 4. The tabulated results are shown in
table 6. The average densz.tz.ea are. in g.con 3 and the
pre;maratlon conditions -for the b&ards are describz& in

- more detail’ in chapter 2 (expermental} The prep&‘;rata.on

c'cmdz.tmns for the dlffarent boards were kept the sane.

The strength test results cf a board with the same resin

yiffer with c.hange in “the bbards density. There was no
slgnj.flcant degrease in the boards average sirangth for

the boards prepared with the different resins from 1:1.8
to 1:1.3B. The strength then started to decrease s'lightly
until the boards prepared with the 1:0.9 (& and B) resins
were considerably weaker. The results compared favourably
with the United@ States Department of Agriculture (table™
2} standards for tha.manufacturing of particleboards. The
standards suggested a: tensile strength perpendicular to
the surface for a low density board (density between 0.40

to 0.80 g.ocn™) to be between 0.62 to 2.76 MPa.



I1.B. 8trength (KPa}

0,657
2.8 0,685
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1:0.9!5“0.98 1:1.12 t:1.1B 111.171:1.3% 1:1.38‘131.5 Li11.8

U:¥ MHolar Ratis

Figure 4. Internal Bond (I. B.)8trength test results
for board strengths with the ranges of board densities
in g/om®, prepared with the different modified resins.

The I.B. strength results of the boards in Ffigure 4 can
be interpreted by fitting an approximate non-linear
mualti-variable regression equat bn, 1linking I.B.
strength, density and U:F molar ratio of the resin used.

A multivariable equation was obtained by using the
Levenkerg-Marquardt modelling., The eguation that fitted
the experimental data the best for the A and B series
resins, is shown below. )

For the A =eries (sing;e urea addition steﬁ).

I=-2,810+2,897U~0.9626U%2, 456D14%

The estimated standard deviation =0.058 for an I.B. range

between 0.274 and 0.825 MPa (sce table 6)

26



&

For the B series (multiple urea addition).
I=~3,478+3,6110-1.2170%2.483D"%8 -

The estimated standard deviation =0.052 for an I.B. range
as above. . ' '

Where I=I.B., Strength (Mpa)
‘U=U:F molar ratio
D-Densx Ly (g/ch)

. The surface representing the equation,ror the A series is
shown iﬁ figure 4a. Figure 4b shows a different viawp01nt
of the same surface, with the closeness of f£it to the
experimental points. Figure 4 ¢ and d show the respective
surfaces for the B series boards. _
For simplicity,; the I.B. strength results of the above
boards could alsce be interpreted by fitting an
approximate non-linear regression equation, linking only
the "I.B. strength of a board te the U:F molar ratio of
the resin used. The I.B. strengths corresponding to ‘an
approximate density £ 0. 630g/cm3 for each board was
;ronsidered. :
For the A series rQSLns _ N

) lan—O 73840, nglnﬂ r=0,689

For the B series resins | 4/
' InI=-0, 71140, 7811lnUu r=0.687

Where

' I=I.B, Strength (¥pa)
U=U:F molar ratio
and r =the correlation coefficient defined in
chapter 5,4.
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Figure 4e and £ show the fit of the equations to the
experimental data for A and B series boards respectively.
It can be seen from the above that the phenomena can at
best be explained to about 70% accuracy by a power
regression equaﬂlon. On the other hand, the phenomena
could be hetter explained by a polynomlal equation, as
shown below.

¥Yor the A serie$ resins
T#-1.823+3.482U~1.166U% r=0,972

For the B serie# resins
Te~1.692+3.2730-1.0840%7 1r=0.942

Where :
I=I.B. Strength‘(MPa)
U=U:F molayr ratio

A correlation factor greater than 0.9 is considered to be
acceptable. But the polynomial £it is often not a true
reflection of the phenomena, sinde fFfitting polynomial
equat&ans "y the tendency is to adjust, to include all the
experlmental,polnts and does not consider deviations that
could be due to experimental error. B

An increase in the final tensile strength of the 1:1.5
and 1:1.3B boards when compared to the 1:1.8 board was
observed. B. Tomita and S. Hatono [32] described an
equation that used "C NMR resulits to give some indication
of the possible degree of cross-linking present in the
resin after curing (see later for detailed discussion of
the equation). The results showed that there was only a
small decrease in the amount of possible cross-linking
between the 1:1.8 and the 1:1.5 and 1:1.3A resins (fig
16). 'The ‘3(.’ NMR results comparing the methylene to
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methylol species rvatios (see later for more detailed
discussion) showed that the 1:1.5 and 1:1.3A resins had
considerably more methylol species present than the 1:1.8
resin (fig 17). An increase in methylol spacles would
increase the adhesion properties of the resin.
Considerable amounts of free urea and free formaldehyde
was observed by C NMR to be present in the 1:1.5 and
1:1.3A resins (see figs 14 and 21 respectively and are
discussed in more detail later). On curing, the free
formaldehyde could react with the urea to form low
’ mdlecular m_gsfg fractions that contribute to the adbhesion
to the adherent surface and adherent bulk at the resin-
wood interface (fig 2). The I.B. strength tests for the
boards made from the 1:0.9 (A and B) resins were
considerably weaker and thus could be explained as
follows. The “C NMR reésults for the respective liguid
resins showed that the methylene to methylol ratin was
very high (fig 17) .mdicating that proportionatea.y ‘much
fewer reactive groyns exz_st in this resing moe.tly oh
lower molecular mass fracts.ons, Hence, decreas:.nq the
adhesive strength of the wood-resin interface. The degree
of possible cross-iinking for the resins was ‘,._ﬁVery low
(fig 16) causing a lower cohesion of the resin as well as
lower glue~line bhonds. The above resins had a very high
concentration of free urea in the resin, which on curing
could have remained unreacted.

The increase in the I.B. strength for the boards made
with the 1:1.3B resin (multiple~step urea addition)
compared to the 1:1.3A (single—stgp urea additic:"n) 'hc:Wed
that the mult__(;{;iple' addition of urea to the resin increases
the adhesive"propertias of the resin. This could also be
seen by comparing the strength test results for 1:1.1A to
1:1,1B and 1:0.93 to 1:0.9B respectively. The 1:1.1B
board did not perform as well as expected. The reasons
for this could be seen from the ¢ NMR results. That
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showed that the resin had a large ambunt of free

unreacted urea present (fig 14) affect;ng the nnmber of
methylol groups present,” and finally contributing
adversely to the cross-linking. vn curing, not all of the
free urea would react, hence, decrea51ng the final boards
strength,

]y
o]

There was no significant change in the strength for the

. board prepared with the 1:1.11 UF resin (back addition

with formaldehyde) when conpared to the boards of 1:1.1

(A and B) réspectivgly. The back addition of formaldehyde
to a 1:1.1 UF resin does not influence the final tensile.
strength of tha board to a great extent. However, the “C
~ NMR results~ showed' that there are ~considerable

diffprences in the species content of the final resins of
1:1.11 and 1:1.1 (A and B} respectively. The fallow1ng
differences were observed (the NMR results will be
discussed in more detail iater). An- increase in the
possible cross~linking capabilities (fig 14c) and an
increase in methylene species for thé 1:1.11 resin (fig
17¢c). The resin showed to have good croés*linking
capabilities, but factors such the presenae of free urea

(£ig 14c) and a high methylene to'metbylol species ratio,

could have adversely influenced the wood-glue line
properties, resulting in a boaxd with lower ihternal bond

strength. The lower methylol content and the higher free .

urea, means that there are propcrtionﬁte;y fewer reactive
sites, adyersely affecting‘the adhesion properties of the
resin. ; '
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2.3. Formaldehyde emission

A comparison between the different technigques - for
determining formaldehyde emission and relating them to
the emis?ion classes defined previouslly [25] is discussed
below. ‘I"he results are summarized in table 7.

: . . . I
1} The comparison between the perfor&torh and air chamber
method. _
The data were obtained from Barghoorn [49], and are shown
in figure 5. See takle 8 for the tabulated results.

o i

The equation for the straight line graph of Barghoorn's
data was determined by the author to be as follows: '

P=23.86A+8.12 T r=0.998
whare _
P= Perforator (mg F/100g Board)
A= Air Chamber {ppm F)

If extrapolating the above straight line to the air
chamber method of a value of 0 ppm formaldehyde, the
perforator method should theoretically show a value of
8.12 mg F/i00g of board. The discrepancy could be
explained by considering the fact that the perforator

g method determines a higher formaldehyde content, since it

considered all free formaldehyde and the break down of
ethers to formaldehyde present in the bhoard. The air
chamber method on the other hand is time dependent
whereas the perforitor method 1s not, and would only
measure the slow formaldehyde release due to free
formaldehyde and resin decomposition. Though, the

“to the formaldehyde emission due to resin
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decomposition is very little. The value of 8.12 mg F/100g"

of board may be to high due to _extrapblati_on. But,
considering the fact that noc values in the El range were
determined, increasing the possibility of error in the
small range.

2) The comparisdn between the perforator and WKI method.
The results were obtained fram Roffael"[55] | and
independent studies and are shown in figure 6. (See table
9 for tabulated results). '

The equation for the above straight line graph is:

W=0.92P42.79 ; r= 0.978
wheré '
W= WKI (mg F/100g board)

P= Perforator (mg F/100g board)

The WKI method determines the formaldehyde in the air
&pbve the sample and is time dependant. Hence, it would
consider the formaldehyde due to free formaldehyde and
- formaldehyde due to-hyd@olyais from the board released
over a certain period of time. Greater possibility of
resin decomposition could occur in using the WKI method
because the samples are kept in a high hunidity container
al elevated temperature. The perforator method would

consider all the free formaldehyde and due to the- ethers’

decomposing to formaldehyde in the Tbeard. If
- extrapolating the above equation of the perforator method
to a value of 0 mg F/100g of board, the WKI method would
have a value of 2,7 mg F/100g of board. This discrepanqy
‘could be due to the fact that a lot more species in the
cured resin decomposes due to hydrolysis at elevated
temperatures, resulting in a  slightly higher

" formaldehyde. emission when compared to the perforator

method. o
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3) The comparison between the WKI method and “the
desiccator method. _ a

The desiccator method is similar to the Japanese htandard
desiccator method [50], with a sllght.modlflcaylon to
allow for smaller bhoard samples.

: ' 7 _
The resultsd were obtained from independent studies and
are shown in figure 7 (See table 10 for the tabulated
results.)

The equation for the above straight line graph is as
follows.

D=0.24W-0.85 1=0,998 .
where ' = '
D= Desiccator {(mg F/100g of board)

- W= WKI {(mg F/100y of haard)-

[ =, _ : :

The formaldehyde emlssion measured by the WKI method is
higher than those for the desiccator method. The r@asone
being: . : ;

a) The experimental temperature for the WKI was hlqher
than for the desiccataor methed Henpe, higher emlssion of
formaldehyde is expected.

b) The volume of air in the sample chamber for tne WKI
method was smaller than that for the desiccator method.-
Hence, for the sane period of time, the formaldehyde
concentration in a smaller space of air is hlgher.

¢} The water sample used to absork the_fcrmaldehyde wvas
less for the WKI wethod than for the desiccator method.
A water sample with higher formaldehyde: concentratu:m for
the WKI method could be expected. '

4) A comparison between the desiccator and air chamber
method. A graphical representation between thesk two
techniques was done for comparison purposes. It was of

33



interest to relate the desiccator method te a well known
internationally acceptable technique for formaldehyde
emission determination such as the air chamber method.
The graph is shown in figure 8 and the values were
obtained from table 7.

The equation for the above straight line graph is:
D=5.22A+1.77 r=0.999 ’
where |
D=Desiccator (mg F/lOGg of board)
A=pir Chamber (mg F)

A summary of tib above results are shown in table 7, and
~could be used as a standard for comparing formaldehyde
emission techniques in particleboards.

rabla 7. Comparison between different formaldehyde.
emission determlnatlon techniques.

Emiesion:Perforator WEKI : {air Chamber |Desiccator
Class mg F/300g ing F/100g (ppm ' ng F/100g
f25]°  |of board  [of board  jof board

El - {ow10 0#11.8 = [0#0.1 02,21
E2 10430 . |11.8430 0.140.9 2.2196.61
E3 j30460 . [30e57.3  |p.ge2.2 6.61+13.2

2 o =

For the analysis of the boards prepare& with the
differeat modified resins, and the standardisging of the
desiccator method ﬁariant, standard = solutions were
prepared using paraformaldehyde dissolved in distilleq
water. The fluorescence of the standards were determined
and their results were plotted on a graph with a best
curve fit (see figure % and table 11 for the tabulated
results). The graph obeyed Beers law at low formaldehyde
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concentrations, but deviated from 1linearity at higher
concentrations. This was due to self absorption of the
sample in thefhigh.cqncentrated solutions.gln determining
the formaldehyde concentration of the solutions obtained
from the desiccator and WKI method with high formaldehyde
concentrations, the sclutions were first diiuted to
decrease the'error due to the deviation from Beers law.

v

A best fit polynomial equation for the graph for figure

9 was obtained and is shown below.

¥=111.385+303.696X-44.430X%+2.878%X5~0.0707%* r=0.989
- Where

Y= Fluorescence Int.

X=”Forma1dehyde conc. (mg/l)
The boards prepared with the modified resins were cured
with NH,C1 only. No accelerators or formaldehyde catchers
were used, The boards prepared were "core only"™ boards.
The formaldehyde emission from "core only" boards are
usually much higher than the normal three layer

£

commercial boards.

u

The formaldehyde emigsion of the boards prepared with the

‘different resﬁns Weré determined by using the desiccatox

method. The.*hoards ‘were tested two weeks after -
manufacturing. Selected boards were tested three months
after manufacturing, and their results compared to the
previous ones. Figure 10 shows the resulte of the

~emission tests and the tabulated results are shown in

table 12.
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Figure 1o0. Form&'ldehyde emission from particleboards
~ prepared with the different modified resins.
S
The dependence of formaldehyde emission to the U:F molar.
ratio, for the A-type resins {(modified ¥resins with a
single addition of urea), appears  te follow an
exponential regression curve, of equation.
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lnFa~1'2|_\.126+3.37§U . r=0‘\.956 : o p /,;é'
while the B-type resins (modified resins with mulg;‘:{fle
‘urea add.j’tﬁions) follow an almost similax matl;ep&%ical
relationship. . p e :

. InF=-2.22343.3400  r=0.950
where o . |
U= U.P. molar ratio -,
F= formaldehyde emission (;nq Fj100g of bca.rd)
_ B _ Jx
As it can be seen, the eq;;atlon explain the phenomena =
- well., The graph and expgrimental data point are shown in.

iy

figure 102 and 10b -rg,sfiectively. N
The boards with free ...ormaldehyde in the :r:es‘;n have very o
high emission even after two weeks (1:1.8 and 1: i\n) Be

NMR results showed free formaldehyde present n the
ligquid resin of 1:1.8 and 1:1.5 (see spectrum 20 and 21-
respectively in which the free formaldehyde peak is at ,

- 84.7 ppm). The Y“c MMR alsc showed that these two resins

had relatively high @oncentratf,m*s of amido methylol
species (see spectrum 4 and 5 respectively in which the
amido methylol species peak is at 88.7 ppm). Amido
methylol qpecles are known to exist in the follow::.ng
eun.l:Ler.um

-CH,OH « Urea -+ Formaldehyde,

and could contribute to the high formaldehyde emission of

- the boards. The presence of these species are not evident :
~from the NMMR studies of the other U:F modified resins, .
therefore c¢an @ be ‘assumed -to . be 'of very low
concentrations. -

[l
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1:0.9A4 boarda with little free fomaldehyde in the resin :
{ see spectruw 106 and 11 raspactz.vely in which xo free
fmalfﬂahyde peak could be seen at-84.7 ppm)- " showed
little difference between the two' waeks and threegmonths
tests. Marutzky [47] suggested that the f/prma} elxyde
enission straight after pressing is high, drop%%‘ ‘£ and
levels to a constant rate after about two weeks‘ !éhls is

: only true if the free formaldehyde content of the final
_resin is very low. (Hence, the free formaldehyde and
species that: hydrolyse eas:c.ly play an important role in
the final formaldehyde emisgion of the boards, and ..

decreases considerably with time. Thus, for the 1:1.5
resin, one could relate the d.‘l fference observed between

the 2 weeks and 3 months emi ssion purely to the free

formaldehyde present in the ' resin. Hence, from the

‘results of the formaldehyde tests between the 2 week test
‘and 3 month test , the rate of forwaldehyde emission Gue

to free formaldehyde could be abobut 1.07 mg rf week (4 29

._ 'f[‘ha 1:1.5 board showed a - considerable decrease in
formaldehyde enission after three months. The 1:1.1B and

mng F/ month) This rate decreases significantly with tlﬁle -

as the free formaldehyde content of the board decreases,
and emission is then primary due to hydrolysis or
decomposition of some species present in the board.

o

_ A& lower formaldehyde gnission was obtained for the boards

prepared w:Lth the multiple-step urea addition to the
single-step urea add:u.t:l.on (compare 1:1.3& to 1:1.3B and
1:1.1A to 1:1.1B re5pect1vely) The reason for this coul;rf

be that there was initially less free fomaldehyde in the.

resins prepared by the multiple step urea addition than
the single step urea addition (see fi;_:,ifure 21 for the NMR
results of free Formaldehyde to methylene species ratio).

Tid modification by multiple step addition of urea to the

B

resin could also deorease the stéozes that hydrolyae “3\

i,

R

easily.
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The addition of formaldehyde in the final step (see
results for 1:1.11) increases the formaldehyde emission
of the board. The ™C NMR showed free formaldehyde in the
resin {see spectrum 13 in where the free fbrmaldehyde
peak is at 84,7 ppm). But the increase in the final
formaqu_yde emission for.the board (1:1.11) was not as
high as when“ﬁamparad te the -boards that also had free
formalfiehyde in the resin (1:1.8 and 1:1.5). This
suggests that the free formaldehyde in the 1:1.11 resin
had almost all reacted with either the free urea or other
species present during cure. The 31:1.11 resin has
slightly higher formaldehyde content when compared to the
1:1.1A type resin. But their respective final emission
were almost the same. This is significant when
considering the fact that the final internal strength of
the 1:1.11 board was slightly higher than the 1:1.1A.
‘Henge, a board with reasonable internal bond strength can
be made with a class E2 formaldehyde emission by simple
back addition of a very small amount of formaldehyde in
the last step of the synthesis. The species composition
in the liguid resin before cure and a possible relation
to phe above phenomena, will be'discusséd later.

Various manufactures of particleboards include catchers
or accelerators in the resin before use. A common catcher
comprises of a low condensation with about 1:0. 4_U F
molar ratio mix. This acts as an formaldehy&e scavenger
during cure. Accelerators are usually UF mixture with a
. UtF molar ratio of 1:2. Gooﬁ E2 bocfds were made with the
1:1.1 molar ratio resins! If formaldehyde catchers and
accelerators were used in the production of the bhoards,
~the boards would have been guite likely_in an El emission
class. The 1:0.9 resins are clearly in an El1 emission
olass, but their final internal bond = 1angths were a lot
weaker. '
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The IR computer software used did not provide the

2.4. IR spectroscopy

8, Jada [27] suggested freeze-drying of the samples priar

to analysis. He showed that a more defined spectra could
be obtained, especially in the region of 3600-2600 o',
The freeze~dr1ed technique was not used’ for the res;n
samples in gquestion because the IR spectrometer did not
allow the use of a holder for freeze-dried samples, and

a ¢hange in the resins compos;tian was suspected'when the

sample dehydrates. ;
" El 'I:>

Due to thé complexity of the resin strﬂcturesgpclymaric

state, and the presence of byproducts such as water and .
formaldehyde; the transmli}r'_i;.tancg frequencies are generally
very broad and overlap. The table of band wavelengths and
the spectra for the different ligquid and UF modified
resins cured - with 3% NHCl are sbown in table 14
respectively..

O

opportunity.of determining theqpeay areas of bands in a
spectrum. Therefore the % transmittance of certain bands
was used for quantlflcatlon. Qy considering the change in
the intensity ratio& of ceq&%in bands, a changa in the
concentration of the regpective species present in the
resin could be done. A detailed analysis of each FR band
assignments is described in chapter 5. The change in some
of the band heights were compared to a band height that
remsined relathely constant over the range of samples
analyzed. The band at .1653 cm1 for Amide I remained
relatively constant. The ratiu 'of certaln bands to the
amide I band was obtaified and are summarised in table. 15.

Figure 11 shows the ratio % transmittance of the amide.II
band (1558~1548 cm™’) to the amide I band for the liguid
and cured resins. The ratio does not change significantly
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for the different modified resine.

The bands at 1470-1452 om™ and 1155-1131 om™' show the
anount of -CH,- groups (methyleﬁe bridges) ﬁresent in a
UF resin (fig 12a and 12b respedtively). These groups are
important as regards to the degree of polymerisation (DP)
of the resin and when considering the strength of thtaO
glue-line and the possible cross-linking in the final
board. Hence, a possible measure of the cohesion ip' the
glus-line of the particieboards. The 1470-1452 cm' bands
were ascribed to the -CH,~ bending mode of the -CHy-N
groups. The bands at 1155-1131 cw™’ was ascribed to the
asmetrlc stretching of =N-CH, -N= groups by S.- Jada
[27]. Meyers [28] ascribed the band to the C-0 stretch of
aliphatic methylene ethers. The ratios of both bands in
~ relation to the amide I band behaved in a very similar
(see fig «12a and 12b respectively). An initial
increase in ~CH,~ groups; followed by a large decfaase at
the 1:1.3B resin. The resins prepared with the multiple-
step urea addition had a lower ratio than those resins
synthesised with a single step urea addition. Hence, an
overall lower amount of . ~CH,~ 'groups present in the
. liguid resins. From the results and behaviour of the
graph, the band at 1155-1131 cm”’ would be aseribed to
that suggested by S. Jada [27]. The error involved in
considerlng anly band heights is 1arge, and therefore no
clear concliusions about the relai"ive behaviouy betwaen
the different modified resins can'be done. Also, no clear
values for the 1470-1452 cm’’ region from the cured resins
of lowsr U:F ratio resins could be obtained..

Gther important bands are the 1385-1351 cm™' describing
‘the CH,0OH groups. A general trend could be seen showing
the decrease in the CH,0H groups a& the amorunt of urea
added increased. But no significant trend could be seen
when compared to the amide I band (fig 13). The graphs
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behavad very 51m11ar1y to those graphs asslgned to the
~CHy~ groups.

The techniqua is not effecﬁive in studying small changes
in modified resine, and will not be used further for
quantitative analysis of tbe modified resins. The
advantage of the technlque is that one can analyze Liguid

and cured resins.

2.5, NMR spsctroscopy

The 13’(: NMR spectra of UF resins can be split up into four
main areas.
1) The substituted and unsubstituted urea carbonyl groups
with signals from 160-170 ppm, _
2) Methylene groups with signals from 45-60 ‘ppm,
'3) Methylol groups with signals.from 65-72 ppm and
4} Methyléne—Ether groups with slgnals £rom 69-90 ppm.
There are also less important species present at much
lower concentrations such as the methylene glycols, put’
these will not be considered.

_ 5
Wquuantitatlve results can be obtained directly from the
raw. spectra. By considering peak ratios of ‘certain
chemical species -and grouplngs differences betWEen the
‘various synthesis parameters and the final resin's
properties could however be deduced and sone quantitative
considerations derived. See table 18 for the ‘tabulated
Pesults of peak ratios discussed below.

Ureaf (ClL+C2)

The peak arising at 165 ppm is due to the carbonyl group
of free urea. This peak was not evident in the unmodified
coumercial resin (1:1.8) (see spectrum 20). Increases in
free urea was noted in the modified resins as more urea

e
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was added during the synthesis éteps.'This can be seen
when considering the intensity ratios of free urea to the
sum of the total intensities of the other carbonyl groups
(urea[{é1+czj) (iig 14}. The peak §t 163.,6 ppm was
assigned to the methylol carbonyl group‘i NH,CONHCH,0H (C1}.

The peak at 162.0 ppm was assigned t& general carbonyl
groups where the ~NH groups next to thu -C=0 groups has
more than one substitution and are present in larger
molecular species, ie. =NCON= groups (C2). B.Tomita and
8. Hatono [32] suggested that the peak at 162.0 ppm is an
overlap of various carbonyl groups that have“vg;y small

differences in chemical shifts. ' H e

Figure 14 ‘shows that the multiple step addition of urea
from 1:1.8 to 1:1.3B and 1:0.98 respectively produces
resins with lower free urea that resins with the same UF
ratic but with the urea added in one stép (compare 1:1.33
to 1:1.3B apd 1:0.9A . and 1:0.9B respectively).
discontinvity was observed with the 1:1.1A and 1:1.1B
resins, The free urea for 1:1.1B was higher than for
1:1.1a. The &ifference could be due to the 1owgﬁ%\
concentration of the other carbonyl groups (C1+C2) in the |
1:1.1B resin than in the 1:1.1A resin. Figure l4a and 14b
show that a relationship can be opbtained between the
amcunt of urea added to a prepared resin under the same
synthesis conditions to the'urea/(01+02) ratio present in
the final resin. Predictions about the urea/(C1+C2} ratio
in the final resin could be done by considering the
amount of urea.to be added, and keeping the synthesis
conditions the same. A decrease in formaldehyde content
due to the addition of urea to a resin would almost
double the increase in the urea/{01+czy ratio of the-
final resin. For the single-step urea addition type
resine (A series), an exponential relationship would be
represented by the regression equation (fig 14a)
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1nY=3.596-3.962U r=0.940 |
A reasonable relationship can be bbservéd for the step-
wise urea addition resins (B series). Thus, an
exponential regression equation conld also describe the
phenomena for the muitiple-urea addition;;esins,{fig.14b)

- 1n¥=3.213-3.6660 r=0.937
Where o
Y= Peak ratio (urea/(Cl+02))G
U= U:F molar ratio
The increase in urea/(Cl+C2) ratio to a decrease in the
formuldehyde content due to addition of urea is lower for
the multiple step addition than for the single-step urea
addition. Hence, more urea reacted during the multiple-~
step urea addition than the single step add%tion.

A hidgh urea/(C1+C2) ratio for the 1:1.11 resin was
observed (fig 14c). Formaldehyde was added to the resin
during the last step of the resins modifications. This
could have caused the formaldehyde to react preferably

with the carbonyl species than with- ufea. Hence,

decreasing the final (01+CZ)-concentration;

c1/C2
The ratio ¢1/c2 for the different resins is shown in
figure 15.

A large drop in the methylol carbbnyl group (C1)
concentration from the initial 1:1.8 UF resin was
observed. No significant change in the ratio (C1/C2) was
seen for the suhseqhéht modified resins. The urea reacted
with the free formaldehyde and other components to
increase the carbonyl groups that do not have a
terminéting'methylol group. The free urea could have alsc
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reacted with the methylol carbonyl groups, and. decrea51nq

its concentration. But this is not as evident, since the

NMR spectra do not show a large decrease in the amount of .
Cl species after the urea was added (see spectra 11 and .

12 for the 1:0.9 A and B resins respectively) .

Regression eguations expiaining the phenf*»meha relating
the NMR peak ratios for the Cl/C2 to the urea content are

“as follows:
For the A-type resine (single..rea addz.t:ion) the aurve__

i
could be interpreted by an exponential fit (fig 15a)

Vo

!

In¥Y==1,790+1.7%90 r=0.831

Similar, the B-type resins (multiple-urea addition) could
also be explained using an exponential £it (fig 15b)

1nY=-2. 62942, 4% r=0.937

Y= Peak Ratio (C1/C2)
U= U:F molar ratio. a5

No ;?.ignificant change was observed in the c1/c2 ratio for

the modified resin where formaldehyde was added in the
final step (see 1:1.11 in figure 15c¢). Hence, the

addition of formaldehyde in the f:mal step does not ‘seem
to influence the ci/¢2 ratio. :
Cross-linking '
B. Tomita and §. Hatono [32] formulated an eguation that
considered the peak intensities of the methylene species
in the 1iqliid resin. The equatioﬁ would give sone
indication to the degree of cross-linking preaent after
curing.

1
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Degree of cross~linking = (C+2E) / (A+C+R) ‘where
A==NHCH,NH~ ;- c/;ﬁ-mcnz-) CH,NH~ and E=-N(CH,~) CH,N (CH,~) ~.
7. _ : '

Hethylehe species are important contributors to the fin__aJJ; W
cross-linking capabilities of the resin in. the cured

 state and to the final internal bond strength of the

board. The comparison between the possible créss—linkinq'
for the different modified- resn.ns to the U:PF ratioc is
shown in figure 16. ' '

An overall decrease of possible crosslinking a_&s predicted
by the equation, was ohsefved from the unmodiiﬁied {i: ....8)?
resin to the 1:0.9 ratio resins. The aubsequent addition
of urea to UF resins decreases the cross—linkf:mg capac:ityr
of the resins. A higher proportlon of cross~1iﬁk1ng wad
observed for the modified resins with the multiple-step -
uress addition than for the single step urea addltion;
' (compare 1:1.3a to 1:1.3B and 1:1.12 to 1:1.1B). There isg
a relationship between the possible cross~linking in en
resin to the amount of urea added to the resin. This can
be expressed by the following power regression equations
for the A and B series resins respectively (fig 16a and
~ 16b) ) -
For'the_A~t§pe resins

'- . 1n¥=-0.621+0.4661nU r=0.832

For the B-type resins :
o InY=-0,595+0. 5431nU r=0.889
wﬁefe{” C
1 ¥¥Y= Peak Ratio (possible crosss-link:.ng)
« U= U:F molar ratio :

An increase of about 12% in the cross-—linking
capabilities for a resin modified by a multiple-step ¥ ‘ea
addition to that by direct urea addition was observed.

The addition of urea increases the ~NHCH,NH~ groups, and
: e
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seem to react with the branch{:pd grcmj{bs -N(CH,~) CH,NH~ and
~N(CH,~} GHN (CH,~) ~ preferentiirlly.
 Comparison between the predi&ted cr@ss—linking from NMR
" studies and 1.B. strangth te&ts results could be done?.
For the B-type resins, a good llnear relatlonship could
be obtalned as follows (flg lbd)

. IB=1.492Y~0,335 : r=0.919

Where T

IB= I.B. strength {MPa) ]| ' |

*  ¥= Peak Ratio (possiblel cross-llnklng)

'I'he_A type resins did not follﬁ:m the Esame trend as the B
type resins. Note, that the last po:l.nt (1:0.92) .was

omitted due to the large erroq '

. 'n :

But a tent/a}:ive eguation _couldi:g be fo:é‘mulated as follows
{7 R DA |
1=0.157¥+0.602 |  r=0.449

L
An interesting point to note i‘s that the slope for the
twp curves are very different. k;ence, the B series resins
are_far more influenced by the possible cross-linking
factors than the A-series res:Lps. Thus, at least for a
homologous series of resins, su&h as the B-series regins,
a direct mathematical relationship between the predicted
board strength and molar standardised conditions can be
‘derived. This relationship wcd;gld of course differ for
. other types of homologous resifs. The relationship will
also be different for instance ;if mare resin is used and
other standard conditions of i'app1,’{1::&3.1::&(.11: are varied.

Nonetheless the important prJ.nc:i pl}\ rem?ins that there is
b l\ ya
:J -

’The I.B. strength values used Had an average density of
0.680 g.ocm™, _
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an excellent: relationship bei;'v(een crcss-—l:.nklng measured
by RMR and actual I.B. strength of boards manufactured
under the same conditions. As a conseguence, one can
gubstitute the equation obtained by B. Tomita and S.
Hatono [32] as follows

I.B. Strength = a{(C+2E)/(A+C+E)} + b

Where the coefficients a and b can vary according to the
homologous series of boards and resins with the
standardised conditions chosen. The equation relating
I.B. strength to the NMR measurements can be taken
further by considering the ratios of other species. This

will be done at a later stage. -

N,
A significant increase in cross-linking isi? cbserved for

the 1:1.11 UF modified resin when compared to the 1:1.13
" and 1:1.1B UF resins respectively (fig 16c). The extra
addition of formaldehyde in the final step seems to
increase the cross-linking capabilities of the resin
considerably. Hence, an increase in the branched species.

-N(CH,;-) CH,NH~ and =N (CH,~) CH,N(CH,~)~-.

Me/Me

The ratic of total methylene (Me) to total methylol (Mo)
groups in UF resins is ‘also an important factor to
consider. %Figure 17 shows the relationship between the
calculated ratios .for the different modified resins.
There was an initial decrease in the ratio for the first
two modified resins (1:1.5 and 1:1.33), followed by an
increase for the remaining resins (1:1.3B to 1:0.9B). The
addition of urea increases the methylene content of the
resin whereas the first two modified resins showed an
increase in methylol species. This can be an indication
that the urea 1imnitially reacted w:.th the free
formaldehyde that was present'. in the lnltlb.l resin to
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form methylol species. Considering the resins that were
modified by a single addition of urea (1:1.5, 1:1.33,
1:TT1A and 1:0.9A) respectively, a polynomial curve could
be cbtained that shows the change in UF ratio of a resin
by addition of urea iI:.c‘:_ the Me/Mo ratios content of the
resin (fig 17a). '

¥=0.2290°-0.6310+0.615, r=0.996

A similar relationship could be obtained when

considering only the modified resins with the multiple-

step - urea addition (1:1.3B, 1:1.1B and = 1:0.9B
respectively} {fig 17b).

: LR
¥=0.2220%-0.6320+0.640 ' r=0.808,
Where : '
Y= Peak ratio (Me/Ho)

. U= U:F molar ratio . . \\ .

The significance is that a minimom in the Me}\'ﬁo ratio can

by mulﬁiple—st'ep urea addition than with a fr_xgle urea
addition. This is important when considering the adhesive

' be obtained by a higher U:F ratio resin with '?iif.ication

properties of a resin in relation to the comimnants

present. ie. Methylene spécies play an important part in
the cohesive performance of the glue-line. Whafa_as '
methylol ‘species on the other hand might play an
important part in- the adhesion at the wood-adhesive’
boundary and also contribute to the cohesion properties .
in the cured state. Properties such as water uptake and
hydrolysis are influenced by the amaﬁnt of these species
present in the resin. An optimized ratio between these
two species should be obtuined to produce a resin whose -
total adhesive properties are being used. |

5
Figure 17c shows the ME/MO ratic obtained by back~-
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addition with formaldehyde. The bac:k-adélition with '
formaldahyde produces a considerable higher ME/MO species
ratio, than with the simple urea modification (c:ompare'
~values for 1:1.11 to 1:1.1A and 1:1.1B respectively).
higher methiylane content improves the glue~line strength
conéiderahlyf But a decrease in the overall Ilower
molecular ﬁeight ‘methylol species can adversely affect
the adhesion properties of the wood-adhesive boundary. A
good balance between these two species would be regquired
to coptimise the resins pérformance. "

m/na

The contribution of ether species to the final properties
of the resin are less l:l.gnif:.cant, but can be cons:.dered.
' The ratics of the branched and wnybranched methyl
methylene ethers for the different modified resins are
shown in figﬁre 18 (E1/E2)

where El=-NHCH,0CH, and E2=-N(CH,-)CH,0CH;. oo

A large decrease of the unbranched methyl methylene ether .
(E1) was observed in the addition of urea to the 1:1.8
commercial resin. An increase in branched methyl
methylene ethere {E2) was cbserved for the multiple-step
urea addition when compared ‘to the single-step urea
addition resin synthesis (compare 1:1.3A to 1:1.3B,
1:1.1A to 1:1.1B and 1:0.9A td \i:O.QB). The modified
resins with the single ursa addition (1:1.5, 1:1.3A,
1:1.1A and 1:£.94) has ‘about 10% hz.gher E1 conten.»- :._,_.sm
those modified with the step wise urea addition (1:'i:o8,
1:1.1B and 1:0.9B). The higher concentrations for
‘branched methyl methylene ethers bridges {E2j content for
the multiple-step urea addition might be ascribed to the
longer synthesis time that has to be used and might be an
important characteristic to the performance of the final
resin. The following non-linear regression eqguations can
pe fitted to the two series of resins to desc’i'ibe the
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- and for the B-series resins .

L

”ihenomena. For the A series resins (fig 28a)

1n¥=0.414+0.784U r=0.784 ,

it

Similar for the B %eries resins (fig 18b)

"

1nY=-0.756+1, 494U r=0.922

' Y= Peak Ratio (E1/E2)
" U= UWF molar ratio

Oon the other hard, the above phenomena cculd hé better
éxplained by a polynomial equation, as shown below.

=y

Al

For the A-series resins | .
¥=19.350-27.716U+11.8150°  r=0.996

oy
r re

¥=12.494-20. 3 JU+9.7650° r=0.974

o

:A considerable increase in the Elez_ratio‘was cbserved
for the 1:1.11 UF resin when ccmpared to the 1:1.1 (A and
B) resins {fig 18c). An extra addition of formaldehyde in

the £inal step increases the unbranched methyl methylene

ethers content. Hence, the addition of formaldehyde in
the last step could break up the branching ethe:s.%%he
extent of the contribution of the branched and uﬁbr};;;ﬁhed
methyl methylene ethers to the final performance Bélthe

resin is not well known. But the following apéculations“

about the influence of unbranched specieslhas on the D.P.
- can be done. Less branching of a species would igfer that

there are less sites for branching and fcnmiﬂ& cro§#a_ﬂg

1inkéd spegies cen curing. This woyld influence the-D.ﬁﬁ
distribugibn, even slightly. Ether can deconpose in the
liguid and after curing, to emit formsldehyde. For

51
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example. . A
Urea-CHz-o—CHa—Urea e Urea-CHz-Urea + Formaldehyde |

He:ice, the ethers could play a role in the cverall
Formaldehyde em1551on of a part;cleboard.

_(EI+EQ)I(32+E=} ]
Other ether ratios wera al-so cons:.dered {(fig 19). The
‘ratios of methyl methylene ethers to the methylene ether
- bridges ((E1+Ez)f(E4+Es ) =“an& ' the ratios of
 (BLi+E4).f{E2+ES5) respectively. Where E4=*—m1gHzOgHzN - and
5= - (Chy) CH,OCH, N |
- i o

A ;_,_.rapid decrense for both ratios from the unmodified
“resin (1:1.8) to the 1:0.9 UF resins was observed. The
radd:!.tlon of wrea decreases the methyl methylene ether
' cﬂq*‘ltent of thﬂ- resins considerably from the unmodified .

- res;:l.n. Hance, the urea c¢ould react with the end methylol

end groups formlng longer ether, chains. Regression
equatlona can be obtained for the two resins types (A and
B). Although, the correlation coefficlent is low. |
For the A.. type reains (fig 19a)

- 1nY=-0.1955+0,746U . r=p.811
‘rj I . ‘..l-‘"l'a .

i 8imilar for the B type resins (f£ig 19b)
In¥=-0. 949%1.1960 r=0.913

¥= Peak Ratio ((E1+w4/(Ez+Es))
U= U:F molar ratio

The modified resins with formaldehyde back addition
1:1.11 is shown fig 19c. A slight increase in the ratio
is noted for this resin when compared to the other 1:1,1
resins. Hence, the extra addition of formaldehyde in the



b

last step causes an increase in the methyl methylene
ether species in the resin. ;
. _ _ [
(nx+nz)[(na+ns; ' . ] -
The ratio of unbranched ether species to the branched
ether species ((El+E2)f(E4+E5)) has the same trend as
obseryed for the above (fig 20). The addition of urea
increases the total amount of branched ether species.
Regr3591on eguations can be obtained to express the ﬂ%ove
phenomena for the two types of r951n. - .
For the A type resin (£ig 20a) A _ °_ (

i

0  1nY=-0,437+0.88920 = r=0.,752
Similar for the B type resins (£ig 20b)

1nY=-1.143+1.32§ﬁm ‘r=0.886
where -
¥= Peak Ratio ((E1+P2)/(E4+ESJ)
"U= U:F molar ratic
An increase in the ratios was observed for the 1:1.11 UF
ratio resin. The addition of formaldehyde in the last

step finfluenges the rakios considerably} .Hence, the

addition of formaldehyde produces more unbranched ether
species and methyl methyléne ethers (fig 20c).

ﬁ"“‘-& P T

P

The above phend@ena cogfg be eyplained ith a better
correlation faotérhhnvé polynomial type of] eguation as
follows. For the A-series resing 4

Y=12.482-18.578U+7. 78412 r=1.,000
Similar for the B-series resine

Y=8.339-13.1260+6, 02107 r=0,950
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The ratio of free formaldehydie to the tot;;‘mpthylene_
‘content of the modified resins could give some indication
to what extent the influence of the extra urea addition
has on the free formaldehyde content of the resins. The
ratio is not a true representation since the methylene
content is not conatant for all the resins. The free
formaldehyde could not be observed by Bc NMR for the
resins that are below 1:1.1A UF ratio. The resin where
formaldehyde was added in the final step showed a small
increase in free formaldehyde (fig 21c). Figure 21 shows
how the free formaldehyde content decreases rapidly with
the addition of urea to the resin. Regression equations
for the A series ({fig 2ia}

1n¥==5,956+3.376Y - r=0,932
Similar for the B series resins (flg 21b}

InY=-6,894+3.908U | r=0.948
wWhere '

= Peak Ratio {free F/Me)
U:F molar ratio

¥

It is of importance to relate the ratios and equations
obtained by Pc NMR studies to the physical properties of
the final boards. The species ratio ure related to the UF
molar ratio. Hence, being able to speculate about the
physical properties of a UF particle board by considering
only the B¢ NMR studies of the particular resin before
use,

Firastly, one would have to conesider which species and to
what extent does each species influence the respective

physical property. There are a number of  physical
properties of a particle board that conld be related to
the species ratio in the initial resin. For example, I.B.
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strength, formaldehyde emission, water soiubility,
thermai conductivity, - aging and related bond
deterioration with time and cthers. '

The I.B. strength and formaldehyde emission of the boards
will be considered in relation to NMR species ratio, The
approach taken to investigate the NMR'ratic studies of
species present in the liquid resin to that of, say I.B.

streﬁgth was done as follows. |

The results of each one of the above eighf.ratios studied
were taken in turn and comparel to the I.B. strength
results for the particular series (A and B) respectively.
If the .species ratio correlated reasonably well with the
I.B. strength results, the species cogld be .considered.
Also, the literature mentioned that certain species play
more of an important role than other in the final
'ﬂtrength of a board. ﬁenca? taking the above mentioned ;|

factors into con51derat10n, the following deductlons and

effuations were obtained.

Table 19 shows the NMR species ratio corrélation to I.B.
strength for the respective series of resgins. As.can be
seen frﬁm the results of the table, only certain specles
ratio correlate with I.B. strength. It can alsc further
be deduced from literature studies that ratios such as
Me/Mc are likely to play an important role in the final
I.B. strength of a board. As discussed previously, the
equation by B. Tomita and 8. Hatono for possible:cross-
linking can also be considered. From the .correlation
studies, the urea/(C1+C2) ratio could also play a role in
the strength. This makes sense, since an increase in free
urea content of a resin should adversely affect the
boards periformance. The other species (ethers) do not
correlate as well, and there final contribution to the
I.B. strength of a board would be low, and from the
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literature, ‘their importance is not clear. But since
ethers . decompose, and enit formaidehyde, they play an
important role 1n the final formaldehyde emlssxnn from
partlcleboarda, and wiil be considered later. -

| ' E .:_ - '\‘.\ _
Theréfore the three discussed specieg Entia can be

‘related to the I.B. strength by takida the\respactlve';
ﬁexparlmental data and obtain the *uaiowbng equaﬁion for

the 2 series resins. ﬁ

57 | :.: ;'*ﬁx'

IB=0.4275Y,-0.3623Y,+2.389Y;

with an estimated standard deviation = 0.204

Sipilarly for the B-series resins

IB=1.077Y¥,~0.1130¥,-0.1424Y;
with an estimated standard deviation = 0.115
where s 3 '
IB= I.B. Strength {(MPa)
Y= ureaj (C1+C2) peak ratio )
Y= possible cross-linkinyg peak ratio from the ,

_ ‘Tomita eguation [32] =
¥Y.= Me/Mo peak ratio R 3

It mast hbweyer be remerbered that the equation
coefficients are unique for each specific homologous
resin. The equation would change for resins synthesized
and boards made under different conditions, and this can
be seen by the féllowing example.

Consider the “c NMR species ratlo resalts (table 18) and
I.8. strength (table 6) for ihe lwl 11 ratlo resin. A
resin synthaslsed by a 51ngle addltion of urea to obktain

L
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a 1:1.1 UF'regin, followed by a addition of formaldehyde
to obtain a final U:F resin 1:1.11 (see the experimentél
chapter for more detail on the synthesis). The resins
synthesis and respective particlebeoard manufacture were
very similar to the A~series resins. Therefore the
equation obtained for the A-series resins can be used to
predict the I.B. strength of the board by simply
considering NMR species ratic. The following table show
the results obtained from predictions and experiment,

Table 21. Comparing the pebdlcted ‘and experlmental I.B.
strength for the 1:1.11 UF ratio resin.

Predlcted I.B. Experimental Measured I.B.
strength (MPa)®  [density (g.cm cm3 strength (MPaJ

_A—Seriés equ:
B~Series equ:

“B. S ength at an average density of O. 680“g o

Considering the f ct that the density of the board was
higher, and the sﬁnthe51s scheme slightly diffarent, the
predicted I.B. strength, using the A series egquation,
correlates closely with the measured I.B. strength of the
particleboard. The predicted I.B. strength using the B
series egquation does differ considerably to the
experimental results. Hence, this does show that the
equations are uniqﬁe for a homologous set of resins, and
variations in synthesis schemes does play an important
role.

But an important fact can be deduced from the above, that

_ the physical property (I.B. strength) can be related to

the species ratio present in the resin before cure. There

‘are also other species ratios that could be considered,

but their significance would be low. Species such as the
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ethers contribute very little to the I.B.. strength. They
tend to decompose under humidic conditions, and emit free
formaldehyde. Species such the free F/M& ratio seem to
correlate, but only due to the type of experimental
setup, where the formaldehyde content was decreased
sequentially by the addition of urea. This is true in
wmost industrial applications, but for resins synthesised
by Emele 'first urea addition, the.relatlonshlp‘WOuld not
hold. :

'Hence, a general eguation can be obtained relattg;rg I.8B.
etrength to the NMR peak ratio studies of certain
spec:.ee.

Thus. Strength={ (C+2E) / (A+C+E) }{urea/ (C1+C2) }+{Me/Ma}
and therefore for the I.B. strength _ /;//

IB-—a{ (C+2E) / (A+C+E) }-i-b{urea/ (C1+c2) }+c{1€e/Mo}
where”

a, b, and ¢ are independent variablee for the un:Lque _

homologous UF resin series.

. A= -NHCHNH- (pesk at 48.8 ppm)

| C= ~N(CH,~)CH,NH- (peak at 55:5 ppm)

_ E= -N(CH,~)CHN(CH,~)~ (peak at 61.6 ppm)

“.ql< NH,CONHCH,0H (peak at 162.0 ppm)

C2= larger molecular species ie. =NOON= groups (peak at
162.0 ppm) :

urea= free urea (peak at 165 ppm)

Me= A+C+E, total methylene specles (peak from 45-60 ppm)

Mo= total methylol species (peak from 65-72 ppm)

A similar approach can be taken for relating NMR peak
ratio species to the formaldehyde emission. Table 20

shows the NMR sp’écies ratio correlation to formaldehyde: "

emission for the respective series of resins.
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where

A lot of the species ratio seem to correlate with the
fformaldehyde emission. Logically and clearly, the free
- F/Me ratio correlates excellently with the formaldehyde

emissicn from pa“tia.e boards. The effect of the other

¥ species such as the C1/C2 have on the final emission of
- formaldehyde from thé board is not clear. An eguation
" relating only the free F/Me ratio to the formaldehyde

emission can be obtained for the A series resins (fig
22).

F=2.927+37.11Y, x=0.996

Similar for the B'series resins (fig 23)
| F=2.847+3si35¥5 r=0.997

¥= formaldehyde emission (mg F/ 100 g of board)
¥Yy= free F/Me l

The above \correlation rcould only be applicable fof :

shorter periods of time., Since, it was shown that the

formaldehyde emission from boards*ﬁizé with a resin that
" initially contained high amounts of free formaldehyde in
the liquid resin (1:1.5), showed a considerable decrease

in emission when tested again after three months.

The correlations of formaldehyde to the other species NMR
peak ratios were reasonably _goé‘d, ‘and the following
species ratio could also be considered to play a role in
the formaldehyde emission of particleboards and be
inciuded in a final equation ‘that expresses the
formaldehyde emisslon of a board to the BPEC1EB ramio
present in the liquid resin.

Uraaf(C1462) (Y1) ratio should laqlcally belong to the
equation. Since, the presence of free urea in the systen
would affect the final formaldehyde emission by possibly
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" capturmg“ free formaldehyde durmg the czur:l.ng stages of
the resin.

The correla . J "of the €1/C2 ratio seems to be very good.
But there contrlbutlon to the final formaldehyde emission
of a board 1is not clear. Since, the carbonyl ratlos have
been 1nd1rectly considered by the Urea/( c1+c2) ratioc, the

ratio could be redundant.

It is clear that the cross-linking ratio {¥4} should have
son‘atl% ‘influence on the formaldehyde emission of a
particleboard. This is especially true for boards that
are used for long periods of time and are exposed to hitjh
humidity conditions. Since, with time, most of the other
species (free formaldehyde)} that influence the emission
considerably have almost all disappeared, the presence of
=CH,- groups then play a role. Herace, an Zncrease in
cross~linking of a res:m means that there is a higher
concentration of -CH,~ groups present, that with time can
hydrolyse and emit formaldehyde. | '
The following speciés ratio to consider are the ethers.
The correlation of all three species ratio (¥3, ¥6 and
Y'?) are respectively good. But only one of "_i:he ratios was
congidered and the reasons for rejecting the others is as
follows. ' |
' One has to look at the chemistry of each of the ethers
present, and consider which of them would contribute to
the formaldehyde emission. The E1/E2 ratio where
E3=-NHCH,0CH; and E2=-N{CH,~)CH,0CH; would not infiuence
the emission. Since, the species would only decompose and
emit a methylol rather than formaldehyde. The
(E1+E2) / {E4+E5) species ratio was considered to
contribute to the fomal'dehyde emission over the
(E1+E4)/ (E2+ﬁ5) species ratio. Even though that the
correlation of the second ratio was slightly better.

Where E4=-NHCH,OCHNH- and E5= -N(CH,-)CH,OCH,NH-. The E4
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and EB5 species ‘can Edecompose and emit fomalda'hyde as
follows % . o -
/. ~NHCH,OCH,NH~ ———-——3> -NHCENH- + formaldshyde

‘The ES species would decompose similarly, since the
Ppresence of the extra (CH,~) group would not influience
+the emissicn. Hence, a decrease in the (E4+E5) species

would decrease the. enission of férmaldehyde.

From the literature, speciés such as the decomposition of
amido methylol play a minor role in the formaldehyde
emission. Table 3" shows that the amido methylol (E3)
species also contribute to the formﬁldehyﬁe emissicn of
particle—boards . Unf ortunately the NMR technique used was
not sensitive enough to detect the lo -traces of the
partlcular species in most of the res:.nt: analyzed {table
17 where t%é amido methylol spec:l.es is at 88.7 ppm), and
was only observed jin the 1:1.8 and 1:1.5 UF liquid

 resins. Hence, their contribution to these speclfic sek

of resins would be low, and will only be considered in
the geéneral eguation and not the speci@%\c equations for
the A and B series resins respectively.

An equaﬁ}ion ‘san be obtained that is unique for the
specific set of homologons resz_n*s. Almd um.que for the
particular formaldehyde emission determ:l.nat;.on method
(desiccator). A general equation linking the specles

. ratio of free F/Me, (amide methylol) /Me, Urea/{Cl+C2),
Possible cross—-linking, (E1+E2)/(E4+ES),and E3/Me to the

formaldehyde emission of a board can be expressed as

follows.

F=a{fxree F/Me}+b{(C+2E)/(A+C+E)}+c{urea/(C1l+C2)}
+d{ (E1+E2) / (E4+ES5) }+e{E3/Me}

where

a, b, ¢, d, and e are independent variables for the

unigue homologous UF resin series,

£1
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free F=ﬂ= Free fnmaldehyde {paak at 84. 'J ppm)
Me= Sum of all Methylene \\ﬁroups

T A= —NHQIizNH- (peak at 48.8 ppm)

C= -N(CHj-)CHNH< (peak at 55.5 ppm) o
-N(PHZ-)CHZHI(CH?_-)- {peak at 61.6 :ppm)
Ci= Nm,ggomcazcﬁn (peak at 162.0 ppm)

162.0 ppmj
urea= free uréa (peak at 165 ppm) |
E1=—ungnzocn3 [I(peak at 7314 ppm) | ) Ne

E2=-N(£"Hz JER)OCH, (peak at 88.7.ppm)
--NH_QHZO_(;HZy - (;mak at 70.3 ppm)"-

5= -N:[CHZ-)CLHzOCHzNH~ (peak at 75.0) .
E:_3= -NHCHZOCRIZOH (peak at 88.7 ppm)

Therefore the discussed species ratio can be related to
the fomaldehyde emission for the specific series of

‘resins by taking the respective experimental data and

obtain the follmring‘ equation for the A series resins.

I
[¥]

F=19.18Y,~11.66Y¥,+7.166Y,+4.126Y,
with an estimated standarc% devn.atmn—- 0.389

W

Y, Similarly for the B-series resins

)

| F=21.71Y,~6.086Y,+2.389Y,+4.346Y,
with an estimated standard deviation= 2.013

A e
where & , .
F= Forma.dehyde emission (mg F/100g of Board)
¥,= ureaf(Cl+C2) peak ratio - ﬁ
¥,= possible cross-linking peak . f‘cjr from the
Tomita equation [32) ' '
¥z= Free ¥/Me peak ratio

Y/~ (E1+E2)/(E4+E5) peak ratio

C 82

’ C2= 1air:ger mo]}ecular species ie. —-NQON—- groups (peak at
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similarly one can use the ©C NMR species ratio and
formaldehyde emission results for the 1:3,11 ratio resin

and apply the akbove equations?: Henice, the resin synthesis

and formaldehyde emission method ﬂfi\re very similar to the

A series resins. The following {é%ble show the results
obtained from the comparison. =

Table 22. " Compaz_'ing the predicted and experimental
formaldehyde emission for the 1:1.11 UF ratld resin.

— - —

Predicted F. enission - |Measured F. emission
Lfmg'Fyluog board) (ng F/100g board)

- pm—— i 1.

B-Series equ: 11.90

The measured formaldehyde emission is considerably lower

than the predicted values. The formaldehyde emission

equations seem to be a lot more semsitive to the Spgqﬂil.fic
series of resins. Formaldehyde was added in the last step

“during the above resins synthesis, and free formaldehyde

is a crucia:l contributing factor to the formaldehyde
emission f£r !}n the boards. Errar in the prediction could
be expected. But still, it can be seen that the
predictions with the A series equation was slightly lower
than the prediction with the B series equations. Since
the synthesis of the A series resins were slightly
similar to'the 1:1.1% U:F resin.

Hence, the above sets of equations can be used in

predicting some of the physical properties by studying
the ¥C NMR peak ratio of certain species.
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2.6. X-ray d_iffraction ¢

Samples of - the ‘series ‘of modified resins 1 1.8 to
10, m) ware\&ured with 3 and 9% HH&CI at 140° °c for-1
hour [ \‘vact.wel Traces 14 and. 15 ‘show how the.
'crystalfin’ity changes from an almost amorphous mﬂtera.al
" (1:1.8) to a seml-crystalllne ;1 $0.77) . The two .hathods
of synthesis hag no apparent effect on the final cured
resins crystallln%ty {see trac:e 15 and compare the
gifferént resins (%fhthesised by a multiple-step urea
addition (B) and the single urea addition- step (A))

Resins 1:1.8, 1:1.5, 1:1.33, 1:1.13, 1:0.93 and 1:0.7A
will oniy be considered for crystallite size a‘p&h %
crystallinity calculations. '

Trace 16'_mh6ws the respective resins cured w11:11 .Q%C NH,C1.
A number of sharp peaks appear for the higher UF resins.
These peaks arise due to crystalline NE.C] salt which did _
not dissolve completely during cure. The samples cured
with 3% Nﬂécl were only censidered for further analysis.

Previotw studies [9], showed that the cz*gs*allimty of UF
resins breaks down when cured with wood cn:[ps as well ag
some previocus theoretical considerations for this have
_been reported [42]. Wood comprises of about 30-35%
native crystalline celluiose. The X-ray diffraction
pattern of native cellulose and the reference ASTM
" pattern are shown in trace 9. It was of interaest to see
‘how the crystallinity of the UF resins change when
reacted with pure native cellulose. Mixtures of native o
cellulose with the high crystalline zesin (1:0.%4} were
‘prepared by curing the resin with 3% NHCL and 9:1 and
i:1 cellulose respectively at 1206°C for 45 minutes.

- Traces 10 and 11 show the X~ray diffraction traces of a
resinicellulose mixture of 9:1 supern.mposed m.ta"i the
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traces of native cellulose and pure cured resin 1:0.9A
respectively. The crystallihity of the mixture did not
change much with respect to the pure cured resin. The
crystalllne cellulose concentration was to low to have
any significant affect on the crystall:.nity of the cured
resin. a '
) N W

'I'rac:es 12 and 13 show the dlffraczt.;on traces of a 1:1
resin:cellulose mixture superimposed with the traces of -
native cellulose and pure cured vresin 1:0.9A
‘respectively. The crystallinity of the resin has
virtvually disappeared. The dominant peak of the pure
resin at 21.7° (20) was superimposed by the strong
cellulose peakli in the same region. A slight shoulder
could be seeniz‘:__at 24.5° (20) for the cellulose./résin
mixture trace. This shoulder could be from the broad
crystalline pea,k of the pure resin in tha reg:l.on. From
the above results, it can be seen that the e:rystall:.nlty
of e resin decreased considerably when reacted with
pure’cellulose of higher doncentration. Also, the overall
erystallinity of the cellulose decreased considerably.
Hence, it can not be assamed that the crystallinity of
the resin observed in a pure cured state, would exist’
when cured with wood. ' |

Nabiev (381 studied the X-ray diffraction traces of
various standard derivativés ( sée traces 6, 7, and 8
respectively). Trace 17 and 18 show the trace of 1:0.93
cured resin superimposed with -that of trimethylene-
tetraurea and urea reepectively. The most intense 26 peak
for both trimethylenetetraurea (trace 8) and urea (trécn
1) almost coincide with the most intense peak of the
resin. The slight shift in the peaks could pe ascribed to
the amorphous matrix influencz.ng the crystalline regions
of the resins. Hence, the resin had similar d-spacing to
that of the urea and trimethyleﬁetetraurea. The other
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standard derivatives do not show any clear resemblance to
that of the resin (traces 2~7). Since urea and
trimethylenetetraurea corﬁprise largely ,of wmethylene
species, from thHe literature [37] and the above results,
it could be assumed that‘the crystalline regions in cured
UF samples are aliso '1argely due to methylene species.
This could be an indication that %he species that are
present in the high v:¥ ratio resins. comprise. largely of
linear wolecules in an amorphous wmatrix. Hence, tri-
dimensional branching occurring between the resin species
decreases as the U:F fatio increases. This makes sense,
since studies and predictions from C NMR studies usjng
the .B. Tomita and S. Hatono {32} eguation for possible
cross~linking in the 1iquid resin decreased as the UtP
ratia increased.

The x—ray digfraction pattern of some of the cured 1:0.9A
resin was done at 170°C. No apparent change in the
diffraction trace was observed from its room temperature

- trace. This suggests that the crystallite regions of the

resin are not separate from the bulk a:ribrphogs ragion but
rather consists of small regions were crystalline order .

 is formed by sections of the molecules (see figure 22).

Amorphous

> Paracrystulline

t  Crystalline
b .
_  Pargerystalline

Amorphons S J

- Figure 22. Semz.-—crystallme region part o*’ theC amorphoua

,z?’
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The Philips Diffractom-ter Software was used to calculate
a best peak fit for the different diffraction traces
obtained from the resins. KNo uni:_{ua peak fits could be
obtained for the 1:1.8, 1:1.5 and 1:1.3A cured resin
traces (see traces 19 , 20, and 21 respectively). Best
peak £its were obtained for the 1:3.1A, 1:6.9A and 1:0.72
cured resin traces (see traces 22, 23 and 24
respectively) (The results from the peak fitting are
summarized in table 24). Assuming an average crystallite
' size distribution, the crystallite sizes for these three
sanples was determined by considering the peak width ang
using the Scherrer formula (see introduction).

The crystallite sizes were determined from the peak
s Widths of the most intense peak (20=21. 6“\ The average
crystallite sizes for the 1:1.,1A, 1:0.9A a \ 1:0.7A cured

resins was ss,zgl, 72.6A and 115.2A respectively (see

‘chapter 4 for thé calculations) (table 25).

The above set of po’ats could be explained by a power
regression eguation, but considering the fact that there
are to few point to make any meaningful contripution (fig
23). =

1nCr=5, 3§2-0.9501nU r=0,953
where ' '
Cr= crystallite size
U= U:F molar ratio

Previous studies [9] éug'gested' that the UF commercial
1:1.8 resin was amorphous, and comprised of large random
tridimentiocnal moiecular networks. '

Rammon ]:33] suggested that the organ'i-'ation prest"i!nt in
the liquid was carried over to the solid state. He stated
that the ordered structure is present in the resin
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solution as a liguid gryétal and is maintained into the
cured state. It was therefore of interest to investigate
this phenomenon further. Some of the 1:0.7 synthesised

* resin was placed in a Lindemann tube. The sample was

analyzed by the Debye-Scherrer method for 6 hours. No
diffraction pattern of the proposed liquid crystalline
state was observed. This suggested that there was no
ordered structure in the liquid form.

The % crystallinity for the different cured resins was
determined by considering the bast smooth curve drawn to

copnegt ‘the minima between the crystalline peaks. The
a’ssumiﬂtion is made that the intensity above is <the

" econtribution by the crystalline region and below by the

amorphous region [38} (see introduction for more detatl)
(see traces 25-z8). The traces were smoothed by a factor
of 5 to allow for simpler area determination of the
respective regionsi The crystallinity was determined by
considering the area of ‘the peaks due to the crystalline
region to that of the total area. The proportion of
crystallinity of the respective resins alone is
sum?arized as follows. )

A
& -

: Increase in Urea

_ - —_—
__ 1:%.87 1:1.5;°1:1.3A; 1:1,1A; 1:0,5A 1:0,7A%
Crystallinity 17% 21% - 24% = 43% 47% 74%

See f:igui'a 23 for the graphic | representation of the
results, | : ' '
The following regression equation represents the above
pliencnena

lnC%=5,183~1,1881nU - r=0.946
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Where T

C$= % crystallinity

- U= U:F molar ratio

Taking thé fact into consideration that there are only
three experimental paints for the cdrystallite size
determination. Similarities between the change in
crystallite size and change in crystallinity can be seen
from thera respective graphs. This is to be expected. If
", the % crystallinity of a material increases, then the
 ngg1on of crystallites should increase proportionately.

Ehe %lcrysta11inity can als fbe related ta the species
ratios cbtained from NMR studies. This is of interest to

see which species influeﬂ&g t&e crystaliinity of the.
cured resin. The approach was similar to that done for
the correlation betwaen the physical propert;es of the
particle bd&rd and NMR species ratio. Table 23 shows the
NMR species ratio with its faspectlve corrélation to %

cryatallinity. '

Only certain species seem to inflpence the %
crystallinity. The'possible cross-linking ratio.piéys an
impo:tant role because, it can be understood that if the
tridimentional cross-linking . in the cured resin
decreases, so the % crystallinity increases. Hence, the
concentration of linear species increases, allowing for
a higher degree of ordered packing to take place.
Similar, the urea/(C1+C2) ratic. As the urea content of
a resin increases, so does the % crystaliinity. The
following equation can be obtained relating the %
crystallinity of the cured res;n to the NMR 'ratio of
species present before cure. '

1
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c=25. 7521+4n 64y,
with an estimated standard deviation~ ") 6.85 .
-where S _ o
C= % crystallinity of cured resin
¥,= urea/(Ci+C2} peak ratio
¥,= possible crossg-1linking peak ratio according to

‘the Tomita eguation [32]

.o

The error in the above eqguation appears to be on the high

side. This could be explained by the fact that not all

possible factors that could contribute to the

' crystallinity has been cansidered d.ue to the limited '

amount of experimental data.

Pm?sible correlation between the I.B. strength and %

o~

‘considered in the I.B. strength equation are present in
the % crystall inity equa.t:.on, ne good correlat:l.on was
obtained. So, the two terms (I.B. stréngth and %
crystallinity) seem to mfluence one another, but are not
.r:eally correlated [9].
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fchapter;a. Conclusion
- ? _

It was possible to investigate two series of resins with
similar U:¥ ratios- that were modified by changing the
subsequent additions of urea te a known starting
commercial resin. The first series of resins were
prepared by adding a single addition of urea to a
commercial 1:1.8 resin (series‘A) to obtain the required
series.'The second series of resins were preparéd by
nultiple additions of urea to a commercial 1:1.8 resin
(series B) to obtain the required series. An. overall
increase in the % solid content and a decrease in the
modified resins viscosity was observed. - Further
investigations of resins wmodification was done;. by

~considering the effect of back addition of formaldeﬁyde

to a high U:F ratio resin., The liquid resins were
analyzed by I.R. and C NMR spectroscopy respectively,
where NMR proved to be the'most informative of the two:
methods. The respective modified resins were cured with
NH,Cl and analyzed again by I.R. spectroscopy and X-ray
diffraction that considered any long range phencomena.

. Again, the I.R. spectroscopic technique proved to be

ineffective when considering only small changes from one
modified resin to another.

L3

The % crystallinity of the cured resin was determined,

- and depended on the respegtive U:F ratio of a resin and

not on the method of synthesis. Crystallite sizes of some
of the modified cured resins were determined, and the
trend showed to behave in a verf similar way to the
respective % crystallinity of the cured resin. This
showed that the % crystallinity-*of a cured resin
increased proportionately to the crystallite sizes.

Investigation on the possible structural properties
between the cured resin and pure cellulose was done and
L

ta
i

LN
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showed that the crystalline phenomena found in pufe cured
resin breaks down when cured with native cellulosd. This
is consistent with the theoretical results obtained by A.
Pizzi [42] which indicated that when on wood in a covered
glue line, UF resins cannot exist in a crystalline form.
ie. A resin with possible low cross-linking, could still
be amorphous on wood.

‘X-ray diffraction traces of various standard UF
derivatives were compared to the crystalline UF cured
resins. The traces of urea and trff":%thylengtetraurea
compared favourably, suggesting ‘that the c&:‘ystalline
regions in UF resins comprise largely of linear methylene
species arranged in an amorphous matrix. |

Particleboards were made from the modified resins,

followed by respective I.B. strength tests and
formaldehyde emission test. It was clearly shown that
boards manufactured from the B-series resins (multiple’
addition resins) performed better than boards made with
the A-series resins (single urea addition). ie. The I.B.

strength and formaldehyde emission of the respective B-
series boards were better. The board made with the resin
that was modified with the back addition of formaldehyde
in the last step (1:1.11), perforned reasonably well when
compared to the other 1:i.1 U:F molar ratio boards.

Hence, a good E2 formaldehyde emission board can be made
with a U:F ratio resin of 1:1.11 by simple back addition
with some formaldehyde. | ' '

A technique similar to the Japanese Desiccator method
[50] was developed for determining the formaldehyde
emission from particleboards. A number of methods used
for emission testing were compared, and standardized to
known emission classes, [25] (table 7).
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B NMR spectroscopy proved to be a useful technique in
the study of ligquid U:® resins. It was pogsible to
correilate species ratio from the respective NMR spectra
to the I.B. strengths and formaldekyde emission for the
speclfic series of resins. Hence, predictions about the
respective I.B. strength and formaldehyde emission for a
specific homélogcus series of resins can be done by just
considering the ¢ MMR peak ratic of certain species.

The specific equations for the homologous series of
regins studied are as follows: '
- I.B, strengtn for the A series resins.

. IB=0.4275Y,-0.3623Y,+2,389Y, e
with an estimated standard deviation= 0. 204

' Similarly for the B~series resins

5 IB=1.077Y,~0.1130¥,-0.1424Y,
with an estimated standard deviation= 0.115

Formaldehyde emission for. the A-series of resins.

F=19,18Y,~11.66Y,+7.166Y,+4.126Y,
with an estiwmated standard deviation= 0.389

Similarly for the B-series resins

| F=21.71Yg—6.086Y,+2.389Y,+4.346Y,
with an estimated standard deviation= 2.013

where
I8= I.B. Strength (MPa)
F= Formaldehyde emission (mg F/100g of Board)
¥,= urea/(Ci+C2) peak ratioc
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fif possx}le cross-linking peak ~ya*l::.o frém the
Tomita eg‘uatlon £32}

¥y~ Free F/Me peak ratio

Y~ (EL+E2)/(E4+E5) peak ratio

¥s= Me/Mo peak ratic

-' These equations were successfully used to predict the

performance of a resin (1:1.I1) that was synthesised
similarly to that of the A-series resin. Showing that the
equations are unique for -tire homologous series of resins

and that they could be used for resins that are similar _.

in synthesis and application.

General equations relating the physical properties (T.B.
strength and formaldehyde emission) to the Nb‘.lR peak ratio
studies of certain species was obtained.

For I.B. strength of particleboards
IB-a{{C+2E)[(A+C+E}}+b{urea/(ﬂ1+C2)}+c{ME/MD}
where ‘

b and ¢ are independent varlables for the unigue
horaologous UF resin series.

For formaldehyde emission from particleboards

F=a{free F/Me}+b{(C+2E)/ (A+C+E)}+c{uea/(Cl+C2)}

+d{ (E1+E2) / (E4+E5) }+e{E3 /Me}

where : _ __

a, b, ¢, d and e are independent variables for the unigue
homologous UF resin series.

and where

free F= Free formaldehyde (peak at B84.7 ppm)

Me= A+C+E, total methylene species (peak from 45- 69 ppm)
Mo= total methylol spec.tes (peak from 65~72 ppm)

= ~NHCH,NH~ (peak at 48.% ppm)

C= -N{CH,~)CH,NH- (peak at 55.5 ppm)
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i . = M . .
E= ~N(CH,-)CHN(CH,~)~ (peak at 61.6 ppm) B
C1= ‘NH,CONHCH,OH (peak at 162.0 ppm) : //ff":’“

C2= larger molecular species ie. =NCON= groups (peak at '

162.0 ppm) A
urea= free urea {(peak at 165 ppm)
El=-NH§&&OCH§ {peak at 73.4 ppm)
E2=-N(CH,~) CH,0CH; {peak at 88.7 ppm) '
E4=-NHCH,0CH;NH~ (peak at 70.3 ppm) f/x
E5=. ~N({CH,~) CH,OCH,NH~ {(peak at 75.0) f'f
E3= -NHCH,OCH,OH (peak at 88.7 ppm)
. S P
A sinmilar approach  was taken in relating the %
crystallinity obtained from thg cured U:F resins to the

NMR species ratio.
B

i

Hence, ft;r i:he specific set of resins:

C=25.75Y,+40.64Y,
with an estlmated standard deviation= 6.85

where

T

It

o= % crystalllnlty of cured resin
Y1- urea/ (czgl-cz) peak ratio

= possible é).\ass-linklng peak ratio according to |

the Tomikta equation [32]

Therefore it is possible to correlate physical properties
and the application of cured UF resins to liquid Pc NMRr
studies. The study of species present in the liguid resin

- befere cure and application by NMR techniques can give

some tentative information about the performance of che
final particleboard made wit UF resins.

Further, UF resins performance can be improved by
increasing the number of urea additions during a resin
synthesis. Hence, using UF resins that have more than
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extra addition o%ﬁﬂ;;a during the synthesis. It was also
shown that an addition of a small amount of formaldehyde

in the last step of the synthesis improves the resins
performance during application.,
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Chapter 4. Experimental o o

4.1. Resin

The formulation t’éﬂ:‘ the commercial resin is as follows:
2.2 moles of formaldehyda is dlssclved in water and
heated to 50°C. The:-pH is increased to 8.5 using NaCH
solution. Addition of the first urea. 1 mole urea is
added obtain a U:P ratio of 1:2.2 molar, The temperature
is increased to 95°C, and kept there for 15 minutes. ™
er'ormz.c acid is added to. decrgstgg the pH to 5.2. 'The
solution is cooked for a further )‘:‘-—20 minutes at 95°C
before NaOH is added to increase the pH to 6.5. The
solution is cooled to 60°C and the second urea is added
“to have a final ¥:F ratio of 1:1.8. The final product is
kept at 60°C for 20 minutes, before being cooled to room
temperature. ks

The effect of an extra addition of urea to a resin was
investigated by starting with the commercial resin. The
percent sclid was calculated to be 61. 3%.‘ The U:F molar
ratio was 1: 1 8.

P -

The percent solid L't-}é;s determined by heating a ‘known
amount of resin for 1 hour at 140°C. This is not a true
reflection of the active so0lid content oi'l the resin,
since abont 14% of the active resin is converted to water
during hea'li’ing. For the above resin, a 75% active content
was considered, and the subsequent additions -Qf urea was

calculated according to the active content.

\"i

The required amount of urea was added to the 1:1.8
commercial resin active content at 60°C to make up the
modified resins. The resin was kept at that temperature
for 45 minutes, then coole@ and left for 24 hours %o
mature before analysis and application. A waiting period
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of 24 hours was allowed during the synthesis of the
multiple-step addition resins before the next addition of
urea.

Two sets of rasin were prepared with similar U:F molar
ratios, but with different gynthesis steps.

Xg of urea was added ta 203y of regin and stirred
continually at 60°C for 45 minutes. The mixture was
cooled and left for 24 hours to mature before application
and analysis.

- Where ¥= 15.78g for the 1:;1.8———>1:1.5 UF resin

X= 306.28g 1:1.8————>7 "1.3A

X= 50.18g _ C1il.8———>1:1.12 _

%= 78.90g 131.8———>13;0,9A P
K= 124.109 1:1.8———>1:0.7A o \

The hultiple-step urea addition resins were prepared in
a gimilar way as above. A waiting period of 24 hours was
alloved before the next step of urea addition was donet

—_—

i

For example:

1:1.8———>121.5———>1:1.3B

15.78g of urea was added to 200g of resin and stirred
continually at 60°C for 45 minutes. The nixture was
cooled and left for 24 hours to mature before the 14.50g
of urea was added again at 60°C, stirred continually for
4% minutes, cooled and left standlng for another 24 hours
before application and analysis.

The following two resins were done with a similar
approach.

V11007 rat:Lo resin was synthesised but solidified after one
day. The resin proved to be unsuitable for applicatlon and
analysis, and was only considered for X-ray diffraction analysis
of the =molid cired form.
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: - 24 hours 24 ‘hours 24 hours

1 1 8-————>1:1 f——>irl,.3———>1:1,1B
\, 15. 78g U 14.50g U 19.90g U :
L\ _

24 hours 24 hours | 24 houws 24 hours
1:1.a——'~—--—->1:1.5—-_—->1:1.3_—-—-—.->1:1.1-_----——->1:0'.9B
15.78g U 14.50g9 U 19.90g U 28.72g U

The hack addition of formaldehyde was investigated by
preparing the following resin:
Urea Formaldehyde
—>18l l——>13:1.11

1:1.8

50,18y urea was added to 200g of resin at 60°C, stirred
continually for 15 minutes before 0.2g9 of formaldehyde
was added. The paraformaldehyde was digsolved in water
before use, The mixture was stirred continually at &0°C
for a further 30 minutes. The mixture was cooled and left

standing to mat\p':e for 24 hours before application and

analysis.,

A small scale rejictor vessel was puilt to simulate the
- synthesig condit.‘q"ons for the industrial manufacture of UF

!
resing. This aljowed a uniform heating of the resin

during synthesis' and better control over the reaction
temperature and pH. A schematic reprasentation of the
reactor setup is shown in figqures 26 and 27.

The solid content of the modified resins was determined
by heating a known amount of sample at 140°C for I hour.

The v:.scos:l.ty of the resins in centipoise (wPa. a) was

determined by using a Broakfleld viscometer.
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Fagure 26. Reactor vessel for the manufacture of GF
resins. . _
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Figure 27. achematic rapresentatlon of the reactor
setup.
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4.2, particle boards

Particlekboards were made from the modified resins. The
following set of conditions were kept the same for each
of the boards prepared. -

Wood used: Pine chips ranging in sirz from imm to 25mm.
Glue used: 7% of the solid content.

Hardener used: 2% NH,C1 of solid glue.

A moisture content of 12-15% was obtainea by adding the
required amount of water to the liguid resin before
application. The wood chips were spread evenly in a
wooden frame ¢giving a partlcleboard sice of

26 x 21 x 1 em, : -

A particleboard hot press was used. : e
Fressure time for each bonard was 4.5 minutes- L
1 minute at 23.5 kg/cm® T

1.5 minutes at 11.7 kg/cn?

2 minutes at 3 kg/cm?

The temperature~during pressing was 190°%C.

The boards were left standing in a well venteg rocm for

“

Strength tests of the particle boards were done by
subjecting small blocks of the boards (50mm X 50mm X
thickness) to an Internal Bond (I.B.} tensile strength
test using a Hounsfield tensiometer. The tension was
subjected perpendicular to the boars sufface, giving a
readfng in Newtons. The results in MPa were compared to
the American standarad speczfications for interior grade
partlcleboard. '
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4,3, Formaldehyde Releage.

Results from independent studies and from the literature
for different technigues in measuring formaldehyde

_ releases from particleboards were compared and guantified

according to the emission classes [25].

The desiccator method was used to determine the
formaldehyde enission of the particleboards prepared with
the modified resins.

| 1 |
The desiccator method used a 2 litre desiccator (see
figure 28), in which a 200 ml glass dish filled with
100ml of distilled water was placed. The particle bourd

. specimens were cut (25mm X Z5mm X thickness), weighed and

suspended over the water by a porcélain desiccator plate.
The desiccators were kept at 25 # 1°C for 24 hours. An
average of 6 samples per board were analyzed.

Particle board sample
~Porcelain Plate

Desiccator -
Glass—dish with 100m! water

Figure 28. Desiccator Method.

The wmethod most suited for the determination of
formaldehyde in water was fourd to be the fluorometric
acetylacetone method baged on the Hantzsch reaction
developed by &. Belman and Bisbaard et al respectively
[53, 54]. The sampling medium was water and therefore

i .
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most suitgble for stationary sampling.

The Hantzsch reagent consisted of:
0.4nl acetylacetone {BDH),

0.6ml acetic acid (Merck) and
30.8¢ ammonium acetate (Analar).

The components were dissolved in distilled water and
diluted to 200ml. This reagent was prepared daily as
requirdd. Prior to analysis, 10 ml of the standard or
samplé solutions were mz.xecfi with 10 ml .of the Hantzsch
reagent respectively. Thes;f solutions were heated to 60°C

or 15 minutes. The react Wp is complete in the pH-range

f 5.5 to 6.5. After cot ,[ ng, the fluorescence (I;) of

i

~tihe solutions was measy (&d using a Perkin Elmer LS-5

eter. The fluorescence of DDL
solution at A =510nm. The
maximum at A,=410nm.

minescence Spectropho}
wals measured in aqueof .:
molecular extinction ha &14

The lstandards with@j._ffexzﬁﬁ formaldehyde concentrations
wera| pfepared by‘--""*di-ssolving a known amount of para-

- formgldehyde in water and diluted to the required

concéptrations (see table‘\ 11 for the concentrations and
respe{sta.ve fluorescence) s \

l'L e o //[

=

The abhva deaiccator method was standardized to the WKI

‘method described by E. Roffael and L. Mehlhorn [55]. A

number - of  boards ' with different formaldehyde
concentrations were used. Some board samples were sent to
J. Valenzuela, Conception, Chile for independent
formaldehyde emission studies using the WKI method. Some
low formaldehyde emission boards were analyzed by the
a&uthor using the WKI method.

The WKI method relied on two pieces of particle board
(25mm x 25mm x thickness each)} being suspended over 50ml
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distilled water in_a 500ml bottle. The .-_?"'éé;nples ‘were
supported by a'lasté_ré bands and;string. ’I‘hé hottles were
then kept ‘at 40 #3°C for 24 hours. The samples were
cooled in ice water for half an hour befgre analysis by
the acetylacetone method. A schematic representation of
the WKI method is shown in figure 29. '

=

/ Two samples tied with

an elastic band

|~ 500ml bottle

% 50ml distilled water

 Figure 29. WKI method according to Roffael [55]

4.4. Infra Red Bpectroscopy.

The analysis of the spectra were done between 700 and
3500cm™. The bands above and below this region were very
weak and the literature assigned bands pertaining to this
region only {zee table 13) [28, 27].

Emission spectra were obtained between 400 and 4000 cn”?
on a Bruker FT-IR CS5-03 spectrometer with OPUS Verl.2
s,pectrésscopia Software using 20 sample and reference beam
scans. Analysis of the liquid resin was done by spreading
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a thin film of the resin between two NaCl plates. KBr
pellets were prepared for the analysis of the cured
resins. For accurate guantitative analysis, peak area

determination would have been ideal. But unfortufately -

the software did not provide such a facility. Relative
peak transmittance heights were considered. Tables of the
band spectra and wavelengths are in table 1i4.

4.5. B¢ MR spectroscopy.

Proton NMR was not considered due to the time reguired
for collecting the spectra, and the large interference
that would be present due to water. B¢ NMR spectra were
obtained on a Bruker AC 200 spectrometer, Chemical shift
was calculated relative +to deuterium oxide for NMR
control. About 0.iml of liquid resin sample was placéd in
a NMR tube and diluted with water. About 0,4ml Deuterium
oxide was added directly to sample. A knowledge of the
spin-lattice relaxation time of C is an important factor
in setting the pulse intervals. B. Tomita and S. Hatono
[32] suggested a pulse interval of 5 seconds was heeded
to obtain a reliable spectrum. No direct quantitative
results could be obtained from  the spedtra. But by
considering certain peak ratios, ‘some information was
obtained about the behaviocur of certain species. ¢ solid
state NMR was done on the cured resins with 3% NH,C1l, but
the results proved to be uninformative for qualitative or
quantitative analysis of the different resins. ¢ solid
- state NMR was not considered for further studies.

4.6, X-ray Crystallography.

X-ray diffraction patterns of the cured resins were
collected on an Automated Philips Powder Diffractometer
PW1830/00 that recordea the intensity of the X-rays
diffracted by the sample ag a function of the Bragg angle
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using, the Phillips computer software. Cu radiation
(A=1.5405A) was used with a nickel filter and a graphite
monochromator. The scan speed was 0.02 (°28/s) with a
0.02 (“28) step. The differentscured resins “were ground
to a particle size of about 2-10pm using a mortal and
pestle and packed tightly on an aluminium sample holder.
A best possible curve fitting was done with the computer
software provided. No unigue curve fit could be obtained
 for the dured UF resins of molar ratio 1:1.8, 1:1.5 and’
‘1:1.3A (see traces 19, 20 and 21 respecﬁively). Assuming
an ovetrall broad amorphous peak to be present in all the
samples, peak assignments for the 1:1.332 (not unigue),
1:1.1A, 1:0.9A and 1:0.7A was done and the results are
shown in table 249 (see traces 21, 22, 23 and 24
respectively). =

The crystallite sizes were determined for the 1:1.1a,
1:0.9A and 1:0.7A UF ratio resins. The Scherrer formula

' © was used for the first most intense 28 peak only. The
" results are summarized in table 25, L

' The percentage crystallinity for the different cured
resins was detdrmined by cohsidering the areas for the
crystalline region to that of the total area. A best
curve was drawn under the crystalline region to represent
the amorphous regions. The results are shown in traces 25
to 30. Figure 25 shows the graphical representation of
the % crystallinity and arystalllte size determination
for the dlfferent modified resins.
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Chapter 5. Results

7 15.1. Resin

The percent solid content and viscosity was deﬁérmined

for each of the 'modlfled commercial r93¢hs and the
rasults are tabulated in table 5. 4

5.2. Particleboards
5.2.1. Btrength Test

Two sets of boards with;slightly different densities were
made with each of the modified resins. The strength test
in MPa of 6 samples for each of the boards wera
determined and averaged. The averaged results are
tabulated in table 6, Figure 4 shows a graphical
representation of the results with the respective hoards
dengities. '

5.2.2. ¥Formaldehyde Releasa

The 'fluorescence_ and concentration results for the
standard solutions are tabulated in table 11 and a
graphical representation is shown in figure 9.

Six samples from each of the first boards (I) prepared
were analyzed by the desiccator method after two weeks of
preparing the boards. Some selected boards were again
analyzed for formaldehyde emissiagﬁgfter three months of
preparation. The average results are tabulated in table
12gand the graphical representation in figure 10.
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5.3, Infra Red Spectroscopy

The band wavelengths and spectra for the differafit liqu_id

and cured with 3% NH,Cl UF modified resins ‘are shown in’

table 14 (spectra 1-15).

A detailed analysis of the bands obtained by IR
spectroscopy for the different resins is as follows:

3500-2500 cn’' Region £

V)
1
1
v f

Very little information was obtained in this region due

to the strong band of OH stretching of watex. §. 8. Jada

[27] reported that freeze-dried UF polymers /{?showed

distinct bands at 3340 cm™ indicating (_tha NH stretching .
g E .

modes ‘0of free NH,.

The slight shoulder bands between 3238-3223 cm’! and 3122~
3097 om’! could be assigned to -NH stretching of the

bonded ~NH group. As the urea con%:ent of the modified_

resing increases from the 1:1.8 UF to the 1:0.9 UF
modified resin, the relative "intensity of the shoulders
increased. The cured resins showed a slight  but not
significant change in this area of the sp‘ectrumf. '

The respective peaks between 2962-2958 cm’! were assigned
to the sy CH mode of CH, of ether, CH,OH and NCH,. ‘There
. was no signifivant change in the relative intensity for
the different liquid UF resin"' samples. An initial
decrease in pﬁaak intensity was observed in this region
for the lower cured UF ratio resins. Hence, lower amount
of CH, of ethers, CH,OH and NCH, in cured resin.

Peaks between 2912~2892 cm™' were assigned to the asy-CH
mode of -CH,0OH. Peaks between 2848-2811 cm ' were not
assigned in the literature. Considering the IR spectra of
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some of the prepolymers, the bands were assigned to the
N-CH; stretching. There are no significant changes in
their relative intensities for the different resins,

1664-1620 cm™' Region

The strong bands between 1664-1653 cm™' were largely
ascribed to the =0 stretching mode generally texrmed as
Anide I, A single abscrption band at the wavelength
indicated a high conversion of the NH, group. Foxr the
liguid UF samples 1:0.9, a douklet was observed in the
1624 cw’! region. This could be ascribed to contribution
of the NH mode of the free NH, groups. This shows that
there is a considerable amount of free urea in the
resins. The doublet in this region become more evident
for the cured resins. This showed that there were more
NH, terminating groups in the cured 1:0.9 (A and B}
resins than for the lower UF resins. )

1558~1548 cm’ ' Region

The strong bands between 1558-1548 cm™' were ascribed to
the amide II band. This band was usually -strong in
uncured UF polymera that contained secondary amides. The
anide II bhand chserved was estimated to arise from 6i%
(c—N) and 30% (N-H) [45]. The ratio of amide I to Amide
II does not change significantly for the different liguid
and cured resins.,

Two bands occurred in this region for the cured resins
with lower UF ratio (1:1.8; 1:1.5 and 1:1.3). Myers {28]
suggested a shift in the secondary amide band for cured
samples, because the secondary amide is in. an enviromment
where H bonding is repressed due to steric ‘constraints,
and the secondary amides were converted to tertiary

amides. The two bands could therefore be ascribed to the
4
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conversion of secondary and primary démides respectively.

[x)

1470~1452 on Regxon

The relative weak bands in this region for all UF samples
‘were ascrlbecuiue to the CHZ bending mode of the ~CH,-N
group. The intepsity for this peak increises from the
1:1.8 to the 1:0.7 medified liquid resins, showing an
increase "of the =N-CH,-N= groups. There was a decrease in
band intensity for the. respective cured resins wihen
dompared ;zo“‘th\e\liquid {almost no CH, in the cured 1:1.8,
1:1.% and 1:1.3\‘}:esins).

1389-1351 cr’! Region

All UF samples sl}owea a medium band in the region of

138‘9-1335 cm! with a shoulder band between 1365-1351 cm’
, ‘pbeconing stronger for the lower UF ratio resins. The

 band 1385-1385 cm”’ was assigned to the CE stretcking oft’
the CHyOH group. The band st 1365-1351 cm™! wag/ attributed
£ the C-N stretching. The relative intensities were an
indication of the amount of -CH,OH and the C-N present in

the res:ms. There was a small change in band (CH,0H)

intens:.ty for the 1cwe.r UF ratio resins. No significaat

difference between the cured and liquid samples.
1255-1253 om”! Regien

A strong broad band was observed at 1255-1253 zm' with

a slight shoulder at about 1300 cm™’ for all UF resin .

samples. The shoulder band were ascribed to the -OH
deformation of CH,0H. Ih3 okher band were ascribed to the
secondary amide IIT . band, The potential = energy
distribution of amide IIT in dimethylol urea showed that
it consisted of 52% (N-~H) and 24% (C-N) [46]. No

significant changes between the cured and liguid s=wples

/ L.

v Fat
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was ob&erved.

1195__-—1131’ cm’! Region

_ .
Medium Bands at 1191-1195 cm™ are only observed for the
low UF (1:1.8) ratio resins. This band becomes a weak
shoulder in the latter resins. A possible assignment of
the band according to Myers [28] was to the methyl group.
The band at 1155-1131 cm’! was ascribed to the asymmetric

' stretching of =N-CH,-N= by S. Jada {27]. But Myers [28]

ascribes it to the (-0 stretch of aliphatic ether.
1016~1014 cm’! Region

No clear assigrment for the band can be cbhtained from the
literature. Pshenitsyna et al [45] ascribed it to CI-Iaoﬂ
in UF prepolymers. Others authors observed two bands in
the r ;ion 1060 and 1020 cmw™!, assigning them to ether and

methylol groups respectively.

908-778 cm’ ' Region

The band at 902-908 cm’! hav( not been assigned in the
literature. The band at B49-841 cm’! were ascribed to
symmetric ~C-0-C~ stretch for cyclic model compounds. S,
Jada [27] assigned the 720-700 cm™! band to C-N of NH-CH,-
NH group. The band 778-781 cm™' of the UF samples are
h\‘:igher in wavenuxler, tperefc:re no ¢lear assignment could
bqk made, _
.\ . . ]

From the above ass:.gnments and the change in relative
intensities from sample to sample, it can be seen that
only certain bands; could be used for qualitative analysis
of the resins. .

21
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5.4, NMR spectroscopy

The peak assignment for the different modified liquid

- resins are shown in table 17. Tabulated results for the

peak ratio analysis are in table 18.

The correlation between the NMR species ratio and the
physical properties (I.B. strength, formaldehyde emizsion
and % crystalllnity) are summarised in table 19, 20 and
23 raspact;vely.

b

Tha correlation was done by considering a linear
regresslon of the species ratxo to the physlcal
properties in question: VY=MX+B, and obtaining  a
correlation coefficient r where |

} re(nIxy-ExBy) /N{nDx’- (£X) % (nZv2- (DY) %

5.5. X~ray diffra.atibnm

The X—ray diffraction traces for the different modified
resins cured with 3% and 9% NH,Cl are shown in traces 14,
15 and 16 respectively.

The crystallite sizes were dﬁﬁermined for 1:1.13a, 1:0.93,
and 1:0.7A cured UF resins using the Scherrer and Bragg

. formula [(35].

B=KA/tcose

Hence, t (crystallite size in A} can be determined

t=Ki fBcose

92 . x:',‘-
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where 6= half of 29 (angle of the first most intense

diffracted peak)

A= 1. 541nmffcr cu radiation

K= 0.9 fov'the determination at 0.5 8

B= peak width at half height, and has to be in

4

@ radians. :
The results are:summarised in table 25.

S
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'Tablas

Table 1. A comparison between partlcleboards prepared
' . With different UF molar ratios.

|U/F molar

Approx.

Internal

% walter

% HCHO

jratio Density kond swelling Jreleased

- {g.om7) _|(MPa)  1(2HC) | .
l1:1,4~1.5 Jo.680 0.7-0.8 | 4 0.08-0.10
f1:1.3-1.35]0.680 0.6~0.7 | 4-5 0.04-0.05
El;l.g:é.zs 0.680  |0.45-0.55] 5. 0.025-0.035

> pevforator method

Table 2, c}.assification and properties of particleboards,
based on data compiled by Forest Products Laboratory-

—rParticleboard

L]

Thickness

Unlted states Department oE Agrlculture f20].

Modulus of
Rapture

% |0.25=-0.95

0.80<1.12

Tensile Strength|Tensile Strengsh

A

-

parallel to °
surface (MPa)

perpendicular to
gurface (MPa)

0.62-2.76

2.07-i§.24

1.90-2.76 .
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Table 3. The relative stability of bonds in cured UF-
resini (in order of increasing stability).

[
Structure
cellulose to resin | R-0-CH,NHCONH-
C-0 in methylene ether ~NHCONHCH. ~OCH,NHCONH-
N~C in amido methylol =NHCONH~-CH,OH
C-0 in polyformal ~NHCONHCH,O~
CH,OCH,NHCONH~
C-N in primary amide | ~NHCONHCH,NHC-NH,
C-N in secondary amide | ~NHCONHCH,NH-CNH-
C-N in tertiary pmide | ~NHCONHCH,NCONH-;-CH,~
S | s-wecENncdNm-

Table 4. West German Regulation for Formaldehyde
emiszion from particleboards used in buildings.

Enission Class Formaldehyde Perforator value
: conceptration EN 120
{ppm) " - (mg/100g board)
3 >1.0-2.2 >30-60
i E2 >0,1-0.9 >10~-30 .
El <0.1 | <10

* petermined in a 40 m® test chamber.

A

Tabla 5. % Solid content and viscosity determinations for
the different modified resins.

Modified Cummercial Resin |1:1.8 |1:1,.5]|1:1.3Aa]1:1.3B

% Solid Content |l61.3 le3.5 |66.3 [66.2
llviscosity at 23°% in cps [2460 |i1000 lsso 1330

Modified Commercial Resin {1:1.1A|1:1.1B}1:0.92]1:0.9B

% Solid Content | 67.9 |70.7 |es.5 {72.0
viscozity at 23° in cps 610 {800 388 [660
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. Resin . _ Hbdified commercial resin J4

Table 6. The averaged results for the strength test of
particleboarﬂs prepared Wlbh the modified resins.

Surface
- Area (cm __ . :
‘f1:1.8 (x)  [27.6 | 0.550 - {1.63 ° [0.392
f1:1.8 (11) |26.3 » lo.704  J1.93 lo.733
§1=i.5 (1) 27.5 |o.685 2.1¢  0.776
41:1.5 (1) |26.3  lole7e  Ji.94 0.737
li:9:38 (1) [27.2 0.695 11,63 lo.s0u> |
11:1.38 (IT) 56.5 0.665 = |1.92 = [0.724 LEJ
E1:1,3B (I} ﬁ;;.4 ' 0.687 2.27 \"0.825 ¥
1:1.3B (IT} |26.5 0.685 rz.os'-;'ﬁ;dl?s4
11:1.1a (1) |27.5 | 0.665 _ |1.74 _ lo.s20
1:1.1A (IT) [26.5 0.684  [1.77 5655
1:1.18B (I} [27.6 ° 0.666  |1.43 . 10,520 “
1:1.1B (IT) [26,7 10,704 11,74 Jo.651
E%:o,sa (x) |27.6 7=ofbas 9,76 0.274 |
1:0.9& (IT) |26.5 0.669 . |0.89 0,336
%;:0.93 {I} |[27.56 0.650 1.12 10.405
1:0.98 (11) [26.5 l0.667 0.95 0.358
-§1=1.11 (x) |25.4 " 10.694 1472 0.676
la:1.13 (z7) [26.2 0.693 1.76  |0.671 I
Lo
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rable 7. €

emnigsion d

parison between . differant formaldehyde:'
rmination technigues.
o

iz

T

Perforator [WKL . Air Chamber Desiécator{
ng F/100g yiitrd F/lOOg rpm mg F/LO0g { _
of board of board cf board %
0+11.8 :
10+30 11.8+«30 . 0.1*_:30.9 2.2196.61
30v60 30+57.3 0.9v2.2 i6.61413.2
. o ~ = :
N . "%?7 .
Table 8. Comparison between the perfof&cor and air
chamber techm.?'ues for fcmaldghyde emis'51on according to
Barghoorn [49F _ _
: _ i : -
| Alr Chamber Technique. Perforatq Technlque : 5
j“ppm formaldehyde my formal ehyde/lOOg boarsd' f
by ; e
3 0.1 16 _ f =
| 0.5 20 _ﬂ ‘
1.3 49 i . [
R -
1.8 P - 50 " |
R 60 \
2.6 70
3!_0 ' P 80 . . ot o
3.2 84 _ "
3.4 | 90 "
3 e ] i
RER @
) h) ::'
N f w1
*3‘51 {
N



_ Table 9. CQmparison.between the perforator and WKI method
for formaldehyde emission,

——

Perforator
ng ¥/100g
board

WK1
ng F/lDOg
board :

| wr?
ng F/100g
board :

P - ——

board

20 16.7
22 24.5
23 _19.3 |
29 28,9 !

31 o] 29.3° '

35 33,7 -
40 Q_4é.5 RuE
a1 42,5 b
47 45.9 . '\

canception, Chile (19%52).

L Uhpuhlished results by A. Pizzi and J, Valenzuelax

? Roffael [5B]
Unpublished results by J.

'q._

CBronel, Conaeption, chile r1992) B

2
P
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=i

‘Chile.

o . B WA o :
Table ‘10. Comparison betwdén the WKI and Dealccator .

- method for formaldehyde emission.

1 Studies done by the author

Independent studies done by J. Valenzuela, Conception,

- *
L=

Table ii Formalﬁehyde concentration and fluorescence

intensity for the standard SOlﬂthnS.

Formaldeh?de uoncentration Fluorescence Intensity|

.4:_-.

J



- H#

= / " .
'I‘abla i2. Avaraqe results for the formaldehyde emissmn
frum the part:.c.lebnards nsing the dESiucath method.

"Board
semp1e |(a)

i

ﬂl:l.s*. 1,53 l69s>  le.a2 - . ls.e7 ||
||1:'1.3A 5.15 1640 . 1 5.18 10.06 ﬁ
f1:1.38 s.80 [612® | a.66 | 8,03
1:1.3a |5.50 |s28® Y 3.32 | 6.04°
fi:1.18 i5.36 {613 . 2,33 <! 4.35
1:1.1B" {4, 73 '510' ‘1.54  13.26
5. 29 {405 1,05 }1.98 .
4.78 [375 0.97 2.03
5.59 |445 1.2% <« | 2.20
1 P Y . j 1
* Sample tested after three. moﬁths :
piluted by 1/8 Diluted by 1/4 \3Dilutad by 1/2
‘\'\I
)\
'\_5\
Y Bt
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Table 13_,;.
Literature,

-Tabl?y of band assignments cited in the

W T

_3440-3445
| : free NH,
3340-3345 lstrong NH mode of
bonded NH,
3015-3020 Maedium to [asy CH mode
weak of the -~
. CH, ~0=CH,~
: 7 2
2960-2970 # Strong asy CH mode
P |ethexr, CH,OH,
s G and N-CH,
4
2900~2910 ’ Weak - asy CH mode
_ / 7 lof
_ S CH,OH
T
1670~1650 [very rfi"weak Ama.de I, ,
{ lprmarily )!]
A\, Cc=0 stretch &
) and NH “
\  Jdeformation
1660~1630 > ery strong Amide I
iz, fin all mainly due to
0 prepolymers |C=0
stretching
-l;.slo-szsoo Very weak or amide II, NH, -
absent from m‘teformat:.on
imOBt polymer |[for primary
spectra, lamide .
{probably '
masked by
other bands o
1500-1550 ! Strong in |[Amide IT,
- lall _ mixture of (-
polymers N and NH def; |
the
contribution ||
of NH def. is
" lh;i.gher 4

107
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" lis60-1550[strong in

Assignment

of IR Bands

o

cited in

Amide II,

Freqluency Comments Assignmént Comments Aasignment {|
(o) - ' 8 I 5.2 S| I N L) SR

: literature

uncured combined C~N j}
polymer stretch and
|spectra |NH
_ _ deformation
#1520-1510[Usually awide II,
absent from |due to
[ancured linear or
polymer jcyelic
spectra, tertiary
appedrs amide and
during cure [possibly
and can [gecandary
become stronglamide in.a
on extendied |constrained,
cure Inonhydrogen
bonded
_ _ environaent I _
1470-1460{Very Weak to [most likely Most likely
Weak CH bending due to CH
: in NCHN, bending in
0 and CH, of NCH
) nmoo-lagoiw.:ak CH modé in CH of CH,OH
' : ICH, and CH; :
iE3.3'?0-1:36_{) C-N mode
1305-1300 JOoH def of
B i |eH,0H
1300-1290 [Weak in most |OH
« {UF polymers, |[deformation |
i becones more |in CH,OH plus
: distinct upon contribution '
cura, from cyclic
o amide IIT _
1260-1265Medium amide III Amide TTII,
s bond for _ {(
© jsecondary v
amide,
combined CN
and NH :
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Ly
=

absent to
mad inm

b~ H i
etuHCY'Comments Assignment 100mments Assigiment
TE _ — __[28] o t27] t

Unknown

e

1iterature

i

adium

(1150-1130 Fbsent to

aliphatic
ether {(C-0O
stretch)
pius C-N
stretch in
secondary
amide

T
1
|

1060"1065

iVery strong‘

¢-0 of ether

1000-1005

C=-0 stretch

in methglol_

Verf?strong

OH def of

H

HBOG-?BO

Madium

o of ~C~O-C-—

Synm cyclic c-|

Table 14. I.R. Spectra of modified U.F. liquid resin in

wavenumber om .

VS=Very Strong; s--strong; M=pMedium; W=weak; VW-—Very Weak;
VVW=Very Very Weak '

3325 vs,broad 3333 |vS, Broad '3339 Vs,broad 3339 Vs,b_road
3106 [VW, 3097 |vvW, 3120  [VVW, 3122  |vvw,
2960 |M,sharp (2958 |w, 2061 [w, 2960 I, :
2908 |vw, 2912 |vvw 2904 _[vvW,: 2907 [vvw

2844 [VVW, 2848 |vVW, | | -
1653 {VS,sharp |1653 |[VS,sharp |1653 Vs,shﬁrp 1653 VS, sharp
1558 |VS,sharp [1552 |VS,sharp |1554 vs,_suairp 1558 _|VS,sharp
1464 |VW, 1461 |vw, 1454 W, 1457 |w, |
1387 [W,Sharp (1386 [W, 1386 (W, 1387 (W,

109



1358 -

VW,

110

2958 W, 2060 W, 2062 W, 2061 W, .

2900  [vvW, 2897 |vw, 2895 |vW, 2892 lww, |’

2836 |vvW, 2816 |VVW, 2820 [|vvW, l2g11  |vw, ¢
lisso  [ve) _|1653 lvs, 1664 |vS,broad |1653° |vs, f
B | 1624 lvw, 1623 vvw,f

1548 |vs,  |1s58 |vs, 1550 |vs,broad [1550 |vs, |
1a53_ |, 156 W, 1452 o, 1453 I, |
2385 |ww, 1387 |, 1386 W, 1389 |w, ﬁ

1357  |vvw, 1354 W, 1355 |, 1351 W, !
ﬂzst W, 1253 M, i2ss 1253 |,
ﬂlias Iw, 1136 IM_, 1165 iu, 1137 M,
"1015 ls, 1014 S, | 1014 I8, 1014 I8,

! oo0 lww, 902 VW, 903 |VW, 202 [WW,

| sa2  |uw, 841 VW, g4l VW, 841 __|VW,

[ 770 1w, _ 779 |W, 781 _[W, 780 fW,




I.R. Spectra of modified U.F, resins cured with 3%

B
i
.

NH,CL

13338 Vs,broad 3349 VS_,broad 3350 vs,b;,oaa 334¢ vs,broad
ﬂslos VVH, ' 3095 |VVW,
"2964 VYW, 2960 |vVW, 2961  [VVW, 2958 |vw,
1653 VS, sharp (1653 [VS, 1656 |V8, [1653 (vs,
1539 |g,sharp |1558 s, 1547 Vs, 1588 s,
1505 |s,sharp [1505 |s, 1503 |8, liso7  |ww,
11384 w, 1384 |M, 1385 M, 1387 I,
{1297 b, 1204 M, 1300 [vw, 1298 lvvw,
1253 Im, 1241 |M, 1244 M,
1175 W, 1178 |, 1188 |VW, 1174  |{YVW,
1136 [VH, 1130 |W, 1134 |w, “l1136 M,
1003 [M,broad |1036 |, 1036  |M, 1037 M,
802 . M, 502  W; 803 {VVH, |

i 2824 |yvw,  |2854  [vvw, 2849  |vw,
1653 |vs, 1653 |s, 1653 s, 1653 |s,
1603 |vW, 1602 |{VVW, 1603  |VW,
lasss s, 1558 s, 1558 |8, 1560 |S, |
1438 |W, 1438 W, 1438 |w, 1438 |w,
1389  |m, 1388 M, 1389  |M, 1389 |M,
1357 0w, 1357 VW,
1242 i85, 1240 s, 1246 M, 1245 |M,
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b

1:1.1A{Comment. j1:1. 18 {Comment

1:0.92 |Comment -

1:0.9B [Comment ||

n .

Table 15. Tabulated results of certain band ratios

1464 [0.506 [1461 |0.591 {1454 [0.750 [1457 |o.587 “

1387 jo.612 [1386 Jo.621 [1386 l0.729 [1387 |0.565

1131 {1133 |o.530 [1137 {0.656¢ |1135 lo.s500
o I :

1548 10.916 |1558 [0.933 |1550 10.863 1550 |0.890
1453 _0.675 1456 lo.57s |1452  [0.674 1453 [0.626
1385 10.602 [1387 |0.494 |1386 [0.705 l1389  |0.473
1138 |0.553 1136 0.483 j1155 0.653 |1137 |0.484

1iz2

1137 . 1136 M, {1137 M, 11137 ,

1037 Iy, 1036 M, 1036 |, - 1036 M, 1

o 1002 |vW, 1003w, 1002 |w, !
780 |W, 779 W, 779 W, 779 ' W, H



Rt

1558 0,978 [1558

0.975 |[1558

1560 |0.980 §

11438 -[0.811 |1438 |0.800 [1438 [0.753 [1438 J0.786 ﬁ
Eisag 0.867 [1388 10.850 1389 |0.860 [1389 |0.867
]|113:: 0.833 {1136 |0.800 [1137 10.796 (1137 [0.857 g
) " st - - :

Table 16. Table of Band Ass:i.gnments cited in the

Literature for C NMR,.

.

Functional Group ' NMR signall NMR 5ignal
{ppm) [32] (ppm) [33]
Carbonyl grbup_ | |
H CONHCH,OH 161.9
=NCON= 160.2
Methylene group _ 3
~NHCH,NH~ 47,7 47.2
ﬂ-N(CH,-)gH,NH- | 53.8 53.5.
~N (CH,~) CH,N (CH,~) - 60.0 N
Methylol group _
| ~NHCH,OH 65.1 64.8 _ |
-N (CH,0H) , 71.6 I
—-N (CH,~) CH,0H 71.7
Ether _
~NHEH,0CH, 73.2
~N (CH,-) CH,OCH, 79.7
 ~NHCH,0CH,0H 87.1
=NHCH,OCH,NH~ 69.4 69.6
~N (CH,~) CH,0CH, NH~ 76.0 76.2
Methoxy group |
H—NHCH;@;% § 55.6
H Methylehe glycol
species
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| Fu nctional Group NMR Signal 1 NMR Slgnal

[ | (ppm) [32] (ppm) [33]

d HOCE OCHZOH : 83.1 _|s2.9
___EI;]Z CH OH 1] 8B6.6: 86.3

 HOCH,0CH, : 90.7 __ 90.5

HOCH,OCH,CCH,0H 86.8

H (OCH,) OCH,OCH, 95.0

Methanol CH,O0H 50.0

Urea NH,CONH 163.6

Table 17, Table of ¥C NMR Peak Assignment for the
different UF Resins.

Functional Group _ 1:1.3A
(ppm) '

Carbon"l group {C}

CONHCH,OH (163.6) |23.7 [52.5 {42.1 |s8.8 [10.7
Y
{c1} ._ X :

=NCON= (162 o) {cz} 4.0 “J27.7 §37.3 |14.0 J]is.5

Methylene group

B
{Me} ; S
|-moHwi- (s8.8) 2.4 Jb.o [7.3 _
~N (CH,~) CH,NH~- 3.5 9.6 6.2 3.1 4.9
(55.5)

~N (CH,~) CH,N (CH,~} - feo 2.7 1.0 1.2 (0.9
(61.6 I _

[Methylol group {Mo}

~NHCH,OH (66.6) 126.3 [101.5 |68.0 [31.0 |[28.2
{Mol} _

~N(CH,~)CH,0H {71.0) [5.3 |18.4 {i2.2 |6.9_  [7.4
{Mo2}

Iether {E}

~NHCH,0C(; (73.4) 10.2 l1z.9 |6.5 |2.8 |7.5
{E1} -

~N (CH,~) CH,0CH, 11.3 3.2 1.9 1.2 1.2

H(77.7) {2}
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(Functional Group

r
4 ~NHCH,OCH,OH (58. 7)
{E3}H2 e

2.0

—

1:1.38

-NHCH,OCHNH~ (790, 3) - 3.7 |2.5 1.5 1.0

{E4} '

=N (CH,~) CH,OCH,NH- 1.7 a9 [3.1 2.0 2.0

(75.0) {ES5}

Methanol CH,OH 1.3 (3.5 |i.8 - -

{51.7)} ' _
-H%%ee Formaldehdya 7.9 9.4 2.4 1.3 1.3

(84.7)

Urea Nﬁggnug

(165.

IPanctional Grbup (ppm;=
—— —— oo —

Carbonyl group {C}

WH,CONHCH,OH (163.6)
{C1}

58.8

131.4

|=NCoN= (162.0) {C2}

- 154.2

26.5

i5.0

|Methylene group {mMe}

~NECH.NH- (48.8)

14.0

2.9

A

12.2

2.3

—N (CH,—) CH.NH- (55.5)
~M (CH,~) CH,N (CH,) -

{6%.6

1.3

j1.0

Methylol group {Mo}

-NHCH,OH (66.6) {Mol}

115.9

28.7

67.1

25.3

~N(CH,~)CH,0H (71.0)
{Mo2}

21.3

T

11.9

6.1

{|Ether (E}

W-m{.gn,ocn,, (73.4) {El}

1.9

-N{CH,~) CH,0 (77.7)
{EZCH2 CHé s

0'7

-NHCH,OCH,0H (88.7)
{E3}

~NHCH,OCH,NH~ (70. 3)
P PNH

0.9

w&.




Y e e e— et ———— -

—

i 1,18 151

: Ilgécrgs-){%usz?cgzm* 5.2 9.9 v (3.2 _1.3 ﬁ\ .
[Methanor emon (s1.7y |- - - T. -
|Free Formaldehdye 3.3 |- | - -
(84.7) | - .

Jurea & ONHZ (165 4) |s5.5 23.5 29,7 2&1_17'

Table 18. Certain NMR peak ratics o u

: Hi 1snlo IR | \‘ 23 lo. eq = - -

1:1.120.49 1.1 3.39 fo.a9  [0.20 {9.12[1.60 1.
1:-1.13#0.5\;.:-3 lo.88 [2.71 [4.60 lo. 19 ’o' 1,52 g2

=
-
0]

1:0.0a00.92 41.2  13.83 0.57 J0.23 Jo 297" .07
“t1:0.9Blo.78 j0.76_'12.00 |0.49 0.26 lo 2.23_ 1.23

ﬂl:l.ugo.go |o 578 |5.36 lo.68  [o.28 Jo.13b.50 [2.97 |

) e T . !
[ . [
. T /” - [
- &{/ '
4 - {?
i ) " W
I|i i f
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- Tabls 19, Table correlatlng the NMR species ratio to the
I.8. sfrength

HMR Specles
Ratio- D

Urea/ {C14+C2) 10.588

vz, leijgz  lo.228
¥3 Eljzz‘i_ L [0.145
Y4 Cross-iinking " lo.410
vs |i#e/Mo —__lo.780

ve |(mLvs) s (R2vES) _lo.139
{E1+E2) / (B4+E5) |0.063
lza fFree F/He  [p.422

Wuhla 20. Table carrelating the NMR species ratio to the
formaldehyde emisalon

-
. InMB species Correlation for|Correlatiem for
-Ratiol_ : 3 series resins|B series resins_:
| Ureaj(C1+C2) l0.805 0.786 '
le2 lc1/ea -_ __lo.osa _lo,573
Iya |ei/Ez - © lo.927 _{0.986
4va i lcrops-linking 0.844 .705
vs Me/Mo _lo.ogs < " 1o,1s3 i
lxe |(E1+E4)/(B2+E5) [0.939 - lo.985
g Y7 *(E1+EZYZ(E4+ES)_m 0.909 0.966
! va lprde #/me  {0.996 lo.997

b,

Table 21. Comparing the predicted and exnarimental I B.
strength for the 1:1. . UF ratioc resin.

| Predicted I. B, Experimental ' -Measured I.B.
Lg;rength {HPaj jdensity (g.am } etrength (MPa)

T B ———

A-Zeries equ: 0.634 o, 694
B--Series equi 0.375

5 rangfﬁ at an average E nsity of 0.680 q.cm
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Takle 22. Comparing the pred;cted and experimental
formaldehyde emisaion for the 1:1.11 UF ratio resin‘

'Predicted ¥. emission  |Measured ¥, ission .
(mg ¥/100gy board) {mg F/lOOg board) .

i A-Series equ:

;B—Series equs

Table 23. Table gorrelating the NMR speciés ratio to the
% crystallinity ' C

e e e o cem—————med. i sl mi———

P 41 Urgaj(c1+cz) - loJ94l
i dvz |eisez 0.621
¥3 {E1/E2 0,569 .
¥4 |cross-iinking 0,800 .
Y5 [Me/Mo 0.439
¥6 |[(E1+E4) /(E2+E5). [0.631 _ _g
§¥7_ [(BE1+E2)/(E4+E5) |0.542 N : _H
les  |rree F/Me 0.759 ' “

Table 24. Peak Assignments for three Samples of the
Modified cured UF Resins,

" e e e

| 29 width Helght Total Area

1 =2.39 1' 67.2 277.2

[11.51  j191.8  [3412.3
1.60 36,6 | 101.1 .
6.48 39.3 435.9
13.22  68.6 1395,3
7.18 | 12.4 113.7

re
1y
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=

Total Area

28 Width [Height
: {Counts) {Counts)
1 | 21.6 2.69 . | 334.0 1554.9
2 : | 24.5 2.26 211.8 827.5 u
3 t | 28.4 17.89 79.3 2056.7
| Vol 31.2 2.10 112.4 407.9 _H
5 Vol a0.a 3.63 '95.0 593.6
& ‘1 ad.9 4,10 34,8 | 242.6
" 7 £0,6 5,10 19.4 150.7
: s
Sample 2% 20 width [Height {Total Area
1:0.92 Position _ {Counts) (Counts) :
ny 21.7 2.23 382.5 1476.1°
B 24.5 2.14 216.2 .802.9
3 25.8 13.85 87.0 1851.7
4 31.4 2.80 106.2 '513.2
5 40.4 5.07 103.0 - 893.7
6 45.3 3.14 30,6 165.0
“ 7 50.4 8.27 23.1 227.5
: = - T
.- T -
Sample 2°9 20 Width [Height Total Area
 lPosition (Counts) |(Counts)

1 21.9 1.38 533.4 1276.0
2 24.6 1.24 264.7 569.5 |
3 25.1 8.79 121.3 1773.1 |
4 31.2 2,09 171.9 620.4
5 37.5 6.20 65.5 695.3
6 41.0 | 2.81 72.7 353.1
7 44.9 2.97 59.1 302.1
8 50.9 3.43 24.5 138.8 ﬂ
- =
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Table 25. Crystallite’ Size determinations for the UF

cured

ns 1;1:1A,

{0.9A and 1:0.7A respectively.

| 1:0.9a [ 1:0.72 _1

8 (%) 10.80 10.85 10.95 |
“ A {nm) - 1.541 1.541 1.541
| K 0.9 0.9 . | . 2.8
| B (20) 2,69 2.23 1.38
ﬂ" B (Rad) | 0.02347 0.01946 0,01204
Eﬂu t- (A) 60.2  [72.6 115.2
il
’
y
/

B3 . 1]
woo ¥

120



R

|
!

-4

Figqures |

—a=iF

,-olog k {refy il :f{, ;-

C \ ' ' Addi_tion : |

' oo ol L : ! i .
0 2 4 - 6 8 10 12 14
.- I\' pH . -

Fi_ e 1. pH dependence of the reaction rates for the
ST inltial UF, steps.

T

b}



L3 i ’
A

 pigure 2. Links ;ﬂ%khe Adhesive y

Bond between Wood
- Surfaces

Intensity

Diffraction angle, 2¢

Figure 3. X~ray diffraction trace of a polymer"showing
the contribution due to amcrphous and cryatalline regions

respeﬂtively [36].
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Figure 4. Internal Bond (I.B.) strength test’ reaults :
for board strengths with the ranges of board déensities s
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‘¥igure 4a. Surface representing the 3 variables I.B.
Etrength, density and U:F molar ratio for the boards

modified with the A series resins. The points
representing the experimental values.
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Figure 4b.
Strength,
modified with the A series resins.

the 'axis and the points representing the experimental
values. sﬁ! i .

surface reprssenting the -3 variables I.B.
density and U:F molar ratio for the boards

Viewed along one of

1.B. Strength (lMPa)

. 2

Figure 4¢. Surface representing the 3 variables I.B.
"Strength, density and U:F molar ratio for the
modified with +the B series vresins. The points
representing the experimental values. ' .
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¥igure 4d. Surface representing the 3 varlahles I.B.
Strength,. density ‘and U:F molar ratio for the boards
nodified with the B series resins. Viewed along one of

. the axis antg, the points xepresenting the expermental
values. )

_ -/

‘I,.B, Strength 14Pa)

g:® Molar Ratie "

Figure 4e. I.B. strength test results for boards made
with the A series resins.
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T.3. Strength (M¥a)

U F Nolaz Ratiol
Figure 4f. I. B. strength test results for boards made
with the B series resins.
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Figure 5. Comparison between the perforator and air
chanber methods for formaldehyde emisgsion.
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Figure 6. Comparison between the perfaratar and WKI
- method for formaldehyde emission.

+ Uhpubllshed results by A. Pizzi and J. Valenzuala,
Conception, Chile (1992)..
* Roffael [55)

s Unpublished results by J. Valenzuela, Quimicos

Coronel, .Conception, Chile £1992) s
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!'ig'ure 7. Comparison between the WKI and the des-ccator
method for formaldehyde emission.

+ Studies done by the Author. R 'ai'""“
] Independent studies done by J. Valenzuela, Lonception
“Chile
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Figure 8. Conparison bketween the- desiccator and air
chamber method for formaldehyde emission.
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Figure $. Graph relating the fluorescence and the
formaldehyde concentration for the standard solutions.
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Figura “10&., Foxmaldehyde emlasion for series A resins.
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Figure 10b. Formaldehyde emissipn for B series resine.
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170.5A 120,95 112,24 201,18 11334 132,98 515 1:1.8

T:F Molar Ratio

Liquid’FCu:ad

‘Figure 11. IR peak ratio\for the bands 1558 cm’ (amlde -
1IX) and the constant amzl.de I of 1:|.quid and cured UF
resins. 4

3 Peak Ratle

o T t T I| T T T r
110,44 110,588 1:1,1% 151,38 %:1,.5A 131,38 1:1.5 113,98

U:1F Molmr Ratio

“Liguid Feured

Figure 12a. IR peak ratio of band 1461 em' (-CH,~) to
the constant amide I band for liguid and cured UF
resins.
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Figure 12b. IR peak ratio of the 1131 cm' (~CH,~) band
" to the amide I band f(("a'r liguid and cured UF ¥esins.
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26,94 250,08 1:1.13 At2.1B 1:1.33 1:51.38 391.5 L:rl.%

V:F Molar Ratio

“”Liqnid‘PcunedHW

Figure 13. IR band zatio of ban§ 1385 cm'' (-CH,0H) to.
thei constant amide I bhand for/ liquid and ¢ured UF
rasins., . '
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Peak Ratio
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1:0.911:n.snzai.ui:1.1,31;1.3”;4{‘51.33 t:1.5 1:1.8

P Ha}};ﬁizgiu

*UreafCLsC2

Figure,i4. ¢ NMR peak ratics £ *'ee urea {165 ppm)
- to the sum of the other carbonyl oups. -

Poak Batie

U:¥ Hular Ratio

Uzeal(c1+ﬂzl

Figure 14a. ’C NMR peak ratic For free urea (165 ppm )
to the sum of the other carbonyl groups for the . A
series resins.
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Figure 14d. B¢ HMR peak ratios for free urea (165ppm)
to thqﬁsum of the other carbonyl groups for the B

seriét resins. -
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Figurse 14c. *C NMR peak rativ for free urea (165 ppm)
to the sum of the other carbonyl groups.
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Peak Ratio

0 T T T T T 1 T T

1:0.931:0.9B2: L 1A%, 29832, 3A2:1,3B 2:1,5 1:1.8

O:¥ Mcolar Ratie

™e1/cz

Figure 15 B¢ NMR peak ratio for the carbonyl groups
(C1/c2) .

Pedk Ratio

0 T T T T L ]
0 0.2 0.4 0.4 0.8 1 152 1.4 1.6 1,8 2

T:7 Ratis

™erfe2

Figure 15a. C NMR peak ratio of the carbanyl groups
(c1/cz) for the A series resins.
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U:F Moalar Ratls

™ ci1/fc2

Figure 15 'C NMR peak ratio for the carbonyl groups
(ci/C2).

Pask Ratio

U:¥ Ratioe

"eirfez2

Figure 1i5a. PC NMR peak ratio of the carbonyl. groups
(C1/C2) for the A series resins.

-137



s
i

Psak Ratio

10

TrP Ratio

T eifea

Figqure 15b. c NMR peak ratio of'the“carbonxl groups

(C1/C2) for the B series resins. '
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Figure i5c¢. 3C NMR peak ratio for the carbeonyl groups

(c1/c2).

1:1,11 S 141,13 1y1.1B

U:F Ratio

~ct/ez

138



Poak Ratio : ' e
i

&

4.4 I i T T T 1 T T
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“*gzoag Lizking

Figure 16. Degree of cross-linking for the different
modified resins from B. Tomita and &. Hatono's

Peak Ratlo

0,4

U:F Ratio

~Cross linking

Figure 16a. Degree of cross-linking for the A series
nodified resins according to B. Tomita and S. Hatono's
equation. _ :
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Figure 15b. Degree of cross-linking for thé B series
modified resins accordlng to B. Tomita and S. HatoyﬂJs
equation. . - Lo
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Figure 16c¢. Degree of cross-linking for the different
resins according to B. Tomita and S. Hatono's
equations. -
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I.B. Strength (MPa) : e
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'] - 1 T T 7 H T T T 1 ¥ 7 ¥
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HME Dogree of Croas-lisking

Figure i6d4. Relating the degree of crOES—llnking to the
1.B. Strength of the B series modified resins.
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Figure 16e. Relating the degree of cross-linking to the
I.B. strength of the boards for the A series resins..
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DilF Holar Ratie
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Figqure 17. ¥c NMR peak ratio for the total methylene
speciea to the total methylol species in the resins.

?sak Ratio j)
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- Figure 17a. C NMR peak ratio for the total methylene

- species to the total methylel species in the A series
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Figure 17b. 13C NMR peak ratio for the total methylene
species to the total methylol specieg in the B series
resins.
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Pigure 17¢. C NMR peak ratio for the total methylene
ppecies to the total methylol species in some resins.
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rigure 18. “C NMR peak ratio for the methylene ether
speclea (EL/E2). .
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« FPigure 18a. NMR peak ratic for the methylene ether

species (£1/B2) of the A series resins.
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Figure 18b, NMR peak ratio for the methylena ether.
spacies (E1/E2) for the B series resins. .
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Figure 18c. NMR peak ratio for the methylene ether
species (E1/E2).
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Figure 19b. NMR peak ratio for the different ether
species for the B series: resins.
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Figure 19%c. NMR peak ratio for some different ether
species. ‘
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Figure 20. NMR peak ratio of different ether species
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Figure 20a. NMR peak ratio for ather species for the A
type resins.
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¥igure 20¢. NMR peak ratic for the different ethers.
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¥igure 21, NMR peak ratio of free formaldehyde to the
total methylene species for the modified resins.
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¥igura 21&. NMR peak ratic of free formaldehyde to: the
totla methylene species for the A serles resins.
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Figure 21b. NMR peak ratic of free formaldehyde to the
total methylene species for the B series resins.
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‘Figure 2le. NMR peak ratio of free formaldehyde to the
total methylene species for some of the medifiled
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151



peak ratic

“fFa.2 T T T T T T T |
o 5 10 18 T 29 25 30 5 40 45

P enigpior (ng P/lidg beoard)

Zfree FiMej~

Figure 22. Relating the NMR species ratic of free F/Me
to the formaldehyde emi551on fronm boards made with the
A geries resins.
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Figure 23. Relating the NMR species ratio of free F/Me
to the formaldehyde emission from boards made with tha
B series resins. :
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~Particle l:;bard samiple
Porcelain Plate |

Desiccator
Glass—dish with 100m! water

Figure 28. Desiccator Method.

- —
‘I~ Twp samples tiad with |
/ ' p ’ p - o
_— ] on elastic band

| 500ml bottle

50mi distilled water

Pigurs 29.‘ﬁKI method according to Roffael [55]
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Spaatr#t Spectra of liquid and cured UF resins.
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®C NMR spectra of the 1iguid resins.
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