Accepted Manuscript

POLYMER
TESTING

Statistical evaluation of the effect of urea-formaldehyde resins synthesis parameters
on particleboard properties

ROGER BROWN
C. Gongalves, J. Pereira, N.T. Paiva, J.M. Ferra, J. Martins, F. Magalhaes, A. Barros-
Timmons, L. Carvalho

PII: S0142-9418(17)31806-8
DOI: 10.1016/j.polymertesting.2018.04.007
Reference: POTE 5412

To appearin:  Polymer Testing

Received Date: 11 December 2017
Revised Date: 29 March 2018
Accepted Date: 9 April 2018

Please cite this article as: C. Gongalves, J. Pereira, N.T. Paiva, J.M. Ferra, J. Martins, F. Magalhaes,
A. Barros-Timmons, L. Carvalho, Statistical evaluation of the effect of urea-formaldehyde

resins synthesis parameters on particleboard properties, Polymer Testing (2018), doi: 10.1016/
j-polymertesting.2018.04.007.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.polymertesting.2018.04.007

Statistical evaluation of the effect of urea-formalehyde resins synthesis

parameters on particleboard properties

C. Gongcalved®, J. Pereird®, N. T. Paivd, J. M. Ferra®, J. Martins®?, F. Magalhde$, A. Barros-
Timmons®, L. Carvalho®®”

8_EPABE - Faculdade de Engenharia, UniversidadeattoPRua Dr. Roberto Frias s/n 4200-465, Portotugal
PARCP - Associacdo Rede de Competéncia em PolimRresDr. Julio de Matos 828/882, Porto, Portugal
°EuroResinas Industrias Quimicas SA, 7520-195, Sines, Portugal

YDEMad - Departamento da Engenharia de Madeirasp@sfRolitécnico de Repeses 3504-510, Viseu, Pdrtuga
*CICECO - Aveiro Institute of Materials and Departnto de Quimica, Universidade de Aveiro, 3810-29&iro,
Portugal

*Corresponding author: LEPABE — Faculdade de EngeahUniversidade do Porto, Porto, Portugal

E-mail address: lhora@fe.up.pt (L. Carvalho).

Abstract

This work discusses the optimisation of differgnithesis parameters for a low emitting urea-
formaldehyde (UF) resin. Industrially, this resinswsynthesised using the alkaline-acid procesalijak
methylolation and acidic condensation) at diffenaadties of pH, temperature and final viscosity and
characterised according to different analyticalhmds. Particleboards were produced using different
pressing times and characterised according totéimelard tests. A statistical analysis (ANOVA) was
performed, and the main conclusion is that smalhgles on the synthesis of resins parameters do not

affect the performance of particleboards.
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1. Introduction
In 2016, Portugal produced 1,400,000and exported 240 million euros (850 milliof)rof wood-based
panels [1,2]. Among these, the best known are dhentercially available particleboard (PB), medium
density fibreboard (MDF), oriented strand board Bp&nd plywood (PW). For all these types of panels,
the use of a synthetic adhesive is required. Anibagvide range of adhesives/resins employed in the
wood industry, the most important are the aminineed hese include urea-formaldehyde (UF) resins,
melamine-formaldehyde (MF) resins and melamine-fweaaldehyde (MUF) resins. Their widespread
use is due mainly to low cost and good performamhbese resins are thermosetting polymers normally
used in the production of wood-based panels, Ismargd high and low pressure laminates. UF reses ar
commonly used in the manufacture of wood prodwspecially PB and MDF, due to their high
reactivity, low cost and excellent adhesion to w{g#jdThe major disadvantages are the low moisture
resistance and formaldehyde emission during théymtion and lifetime of the panels. Although theefr
formaldehyde levels of these resins have beennileglover the past decades, the re-classification o

formaldehyde as "carcinogenic to humans" in 206d,the consequent emergence of more restrictive
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legislation, forced resin producers to developwa generation of resins that lead to a decrease in
formaldehyde emissions to the levels of naturaldvi@}. Several strategies have been explored for
reducing the formaldehyde release including thetadof formaldehyde scavengers directly to th&nme
or wood particles, the treatment of final wood gané@th scavengers or impermeable coatings and the
improvement of improved resin formulations [5-9].

The industrial production of UF follows the alkadkacid process which is performed in three steps:
alkaline methylolation, followed by an acidic condation, neutralization and finally the last adudfitpf
urea [10]. There is also an alternative proceskedatrongly acidic process, in which the condénsa
and methylolation steps are carried out under i3t beav pH. This process leads to panels with low
formaldehyde emissions without modifying physiaadl anechanical properties, but it requires strict
control of reagents supply and a high capacityingaystem [11].

The most important parameters that influence tbhegmnties of the resins are the molar ratio of
formaldehyde/urea (F/U), temperature, reaction time pH during the condensation step. However, the
reversibility and the occurrence of intramolecukactions leads to the formation of a great vardty
chemical structures such as methylene bridges,yheeth ether, methylols and even cyclic amide
derivative groups, which makes the prediction efphoperties of these resins a complex task [11#%. T
impact of the formulation of these resins in thegenance of wood products was the subject of sdver
studies, some of which used statistical tools tingpe the resins synthesis parameters in order to
produce panels with maximum internal strength amdmum formaldehyde emissions [5,6,9,13-18].
Several authors have described the synthesis graoeisstudied different parameters for the propedf
the resins. Six different categories of UF resieseamanufactured by Sheikh et al., using differatios

of formaldehyde to urea, acid-catalyst, reactioretand reaction temperature. The optimum UF resin
was obtained using F/U = 1.5, NaOH as base anddaoid as acid catalyst [9]. Ferra et al. (2010)
described the optimisation of an alkaline-acid pss; focusing mainly on the condensation step.€Thre
parameters (number of urea additions, time spamdagt urea additions, and pH of condensation
reaction) were optimised. The optimum operatingditions that produced the minimum formaldehyde
emission were: 4 for the number of urea additionthé condensation step; 13 s the value for tira@ sp
between urea additions in the condensation steg dniir the pH of the condensation step. They
concluded that pH and time interval between cornserurea additions in the condensation step have a
strong influence on the analysed properties [5ik Baal. (2013) investigated UF resins with diffier
formaldehyde/urea (F/U) mole ratios, trying to urstiend the hydrolytic degradation of cured UF resin
responsible for formaldehyde emission. The reshitsved that as the F/U mole ratio decreased frém 1.
to 1.0, the average distance between domains @dduF resins decreased while the crystallite size
increased. The presence of these crystallitesredcduF resins of low F/U mole ratio was found to be
correlated to improved hydrolytic stability of thared resins [19]. The competitive condensatiorth®f

methylolureas at alkaline condition were studiedgslifferent temperatures and F/U molar ratiose Th



methylene ether bridges were exclusively formedeurdnditions of 80 and 90 °C with F/U = 2. At 80
°C with F/U = 1, the linear methylene bridge betgaoompete with ether bridges. At 90 °C with F/W,=
the methylene bridges were found to be much mongpetitive. For the purpose of minimizing ether
bridges, the initial F/U molar ratio of 2.0 (or h&r) may not be a good choice [20]. Park and his co
workers (2017) studied the crystallinity in liquitF resins using two different F/U molar ratios (La&hd
1.10) as a function of hardener level and curinges at room temperature. The results showed tlat th
liquid UF resin with a low F/U mole ratio had a héy degree of crystallinity than the one prepagdgu
a high F/U mole ratio. The results of this workwied the importance of controlling the subtle intayp
between crosslinking and formulation for the prdaucand control of the size, quantity and morphglo
of crystals in UF resins [21].

The main objective of the present research wagtimse different parameters related to resins
synthesis, trying to better understand their impacivood-based panels properties, in particular on
particleboards. In an initial approach, an indastlF resin was synthesised at different valuga-of
temperature and final viscosity. The particleboavdge pressed using four different pressing tirmes.
resins properties were measured using straightforgpaality control methods and advanced
physicochemical characterisation techniques. An XR@nalysis was also done. The purpose of this
study is to identify the main synthesis processup@ters and how changes in these can influence the

particleboards properties.

2. Experimental

2.1 Materials
Formaldehyde (55 wt.% solution), urea, melaminenamum sulphate, sodium hydroxide (50 wt.%
solution) and acetic acid (25 wt.% solution) werevided by Euroresinas — Industrias Quimicas, S.A.
(Sines — Portugal). A commercial resin (called wdf also provided by Euroresinas — Industrias
Quimicas, S.A. (Sines — Portugal). Wood partictes garaffin (industrial paraffin E515), for the

production of particleboards, were supplied by ®ofieauco (Oliveira do Hospital — Portugal).

2.2 Resins production and characterisation
The synthesis of the resins was carried out ir.2diund bottom reactor, equipped with mechanical
stirring and thermometer. A heating mantle heated¢actor and the temperature was controlled avith
thermometer. The pH and viscosity measurements pgrfermed offline on samples taken from the
reaction mixture (and re-added after). All resirey@vproduced according to the alkaline-acid process
[11]. These resins were divided in three seriesir®dn the first series (Resin A, B, C, D, E, [ &)
were produced under different pH. The resins imsdseries (Resin H, I, J and K) were produced unde
different temperature. Finally, the resins in théaties (Resins L, M and N) were produced with a

different stopping viscosity, between 300 and 6Gam



Table 1 presents the parameters that were vandtddifferent resin synthesis. Resin C is a steshd
resin, produced in laboratory following the samenrfolation as the commercial (Ind), so all the value

related to other resins are compared to this resin.

Table 1. Summary of different resins and parameters of process synthesis.

Parameter /

. A B C D E F G H I J K L M | N
Resin
Methylolation | | -75 | +7.5 | pHw
pH % %
Condensation pHc 75 | +7.5 | pHc
pH % %
Methylolation Il | pH 7.5
pH y PHmn -7.5% ;—A) pH Ml
Methylolation Tw 75 | 475 | Tum
Tmax % %
Condensation | T¢ 75 | +75 | T¢
Tmax % | %
S.toppling 500 600 | 400| 300
VisSCcosity

Common characterisation methods involved the détertion of physical and chemical properties that
are related to the resin performance, such assitg¢csolids content, gel time and pH. However,
advanced methods, such as chromatography techr(i@eé®ermeation Chromatography/Size Exclusion
Chromatography - GPC/SEC and High-Performance Hi@hiromatography - HPLC) were also carried
out in order to provide a more specific and dethifdormation of the structure and subsequent
performance of the resins.

The resin pH was measured using a combined glass@de. pH values for UF resins are usually
between 7.5 and 9.5. The viscosity (mPa-s) value gaough indication of the degree of polymerazati
of the resin. Viscosity was measured using a Brietiki/iscometer at a constant temperature of 25 °C.
The resin density (kg-f is usually determined based on the weight/voluatie and it can be measured
using a hydrometer. The solids content (%) wasrdeted by drying two grams of resin to constant
weight. Generally, this corresponds to three hatid20 °C. Gel time (s) is the time needed fordsin
gelification, after addition of a latent harderieor this measurement, 100 g of a sample (dilutégD86
solids content before weighing) was weighed inakbewith 3 mL of a 30% latent hardener. In a test
tube 0.250 mL of the previous solution was addatlibwwas immersed in boiling water. A glass rod was
used for stirring the solution until resin gelifian. GPC/SEC was used as a support techniquédor t
characterisation of the polymer, essentially ofgblmer structure and hydrodynamic volume [22,23].
The mechanical and bonding properties of the adbesie strongly dependent on its hydrodynamic
volume [3]. A GPC/SEC equipped with a Knauer Reg&tr 2300 and a Knauer injector with ai 20

was used. The column used was Gram-Pore size 3dAaticle size 1(um, conditioned at 60 °C using
an external oven. The flow rate was 1 mL-frémd dimethylformamide (DMF) was used as the mobile

phase. Samples for analysis were prepared by disga small amount of resin (100 mg) in



dimethylsulfoxide (DMSO), followed by vigorous stirg during 1 minute. Subsequently, the sample was
left to rest (10 minutes), filtered through a OB nylon filter and then the sample was injectece Th
calibration was done with polystyrene standard2 266000 Da). HPLC is a chromatographic technique
that allows separation of a mixture of differentlesmlar weight compounds. This method is very
effective in identifying low molecular weights [226]. The use of this technique in the analysis Bf U
resins allows the separation and identificationrfeacted urea (U), monomethylolurea (MMU) and
dimethylolurea (DMU). A HPLC JASCO system equippégth a refractive index detector, JASCO IR-
2031 Plus was used. The high-pressure pump used W&SCO PU-2080 Plus pump. The column used
was an YMC Polyamine Il, conditioned at 30 °C usangexternal oven JASCO PU-2067 Plus. The flow
rate was 1.5 mL-mihand acetonitrile/water (ACNA®D) was used as the mobile phase. The samples were
prepared by dissolving 75 to 80 mg of resin in LohIDMF, and after stirring for 1 minute, the mixgu

was diluted in 2 mL of 90% of ACN and 10%® When the mobile phase was added, flocculation
occurred. The sample was then left to rest (10 tes)ufiltered and then injected. The calibraticasw

performed using urea and dimethylolurea standards.

2.3 Particleboards production and characterisation
The standard mix of wood particles included 30%itimae pine, 15% eucalypt, 25% pine sawdust and
30% recycled wood. Wood particles were blended vasiins, paraffin (1 wt.%) and catalyst in a
laboratory glue bender. Surface and core layers Wended separately. The amount of resin in both
surface and core layers was 7 wt.% (solid resirdpewood particles). The catalyst amount in theeco
layer was 3 wt.% (dry catalyst per solid resin)tééhlayers particleboards were hand formed in argqu
aluminium deformable container with 210 x 210 xc8®ic millimetres. The surface and core layers
differ in particle size distribution, determined &yalytical sieve shaker (size of particles in ateflayer
between 0.5 mm and 1.0 mm; size of particles ie tayer between 1.4 mm and 4.0 mm) and moisture
content (surface and core layer 2-3% before gluifigé upper surface layer had a mass of 20%, ttee co
layer 62% and the bottom surface layer 18% (themifice between layers is explained by the tendency
of small particles to fall between the larger des). The mat was pressed at 190 °C to producara b
with a target density between 650-67Mkgand thickness of 16 mm. The pressing schedule of a
continuous press was transposed to a batch cyale@mputer controlled laboratory press equippdld wi
a linear variable displacement transducer (LVDTpressure transducer and thermocouples. For all
series, eight boards (2 x 4 pressing times) weavdymed using four different pressing times (12@, 15
180, 210 s).
The boards were tested according to the Europeadastds for density (D) (EN 323), moisture content
(MC) (EN 322), internal bond strength (IB) (EN 3E3)d thickness swelling (TS) (EN 317).

2.4 Experimental design and Statistical analysis
As mentioned before, different parameters relata@sins synthesis were studied (Table 2). Insa fir
approach, a commercial UF resin was synthesisdabaitatory, at different values of pH, temperature
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and final viscosity. The process interval for pHloé first methylolation is between 8.0-10.0, theqgd
condensation is between 5.5-6.5, and the pH aof¢lcend methylolation between 7.0-9.0. The
methylolation temperature is between 60-80 °C hadtondensation temperature between 70-90THe.
pH and temperature values were varied +/- 7.5%lation to the reference values commonly useden th
synthesis. In addition, different values of stogpunscosities (which are the reference for termngathe
condensation step) were tested: 300, 400, 500 @ddn®zs. The commercial resin (Ind), synthesised at

the company, was also analysed for comparison.

Table 2. Parameters and levelsfor statistical analysis.

Parameter Unit Level

Methylolation | pH -7.5% 8] +7.5%
Condensation pH -7.5% pH +7.5%

Methylolation Il pH -7.5% Pl +7.5%

Methylolation temperature °C -7.5% MT +7.5%
Condensation temperature °C -7.5% c T +7.5%

Stopping viscosity mPa-s 300 400 500 600
Pressing time S 120 150 180 210

The results were analysed using JMP Statisticalv&oé after the characterisation of resins and
particleboards. An analysis of variance (ANOVA) vpasformed to evaluate the significance level ef th
effects of the different parameters (p-value agdificance level (*5%, **1%, ***0.1%)). The
formaldehyde content or emission could also berarpeter, however in this study was not considesed a
an optimisation parameter. Nevertheless, it isi¢el to include formaldehyde emission in a future
study.

The analysis of results was performed in two laygrips: resins synthesis and wood-based panels
preparation. Regarding the synthesis, the follovgagameters and responses were studied: pH and fina
viscosity, pH and viscosity one day later, solidatent, gel time, stability, percentage of unredciea

(% U), unreacted dimethylolurea (% DMU) and unredanonomethylolurea (% MMU) (note that the
GPC results were not here used for statisticalyaigl In the case of the panels preparation,dohe
pressing time (120, 150, 180 and 210 s) the folgwiroperties were measured: internal bond (IB),
density (D), thickness swelling (TS) and moistunatent (MC).

To simplify the explanation of the study, five sutngps were defined:

« Reaction parameters (methylolation/condensatiénpethylolation/condensation T, stopping
viscosity);

« Resin quality measurement (viscosity and fina) piscosity and pH day after, gel time, stability);

* Resin properties (solids content, % U, % MMU, % D);

* Panel quality measurement (IB and TS);

* Press parameter (time).



The goals of statistical analysis were defineceimts of maximizing the IB of the panels and mininugz

TS, with the aim of finding optimal synthesis pasders and consequently obtain an optimal resin.
3. Results and discussion

3.1 Characteristics of the UF resins produced
Table 3 summarises the general properties meagurat the UF resins produced in this work, namely
final viscosity and pH, gel time and solids conténis important to note that final pH and visdgsare
related to the synthesis parameters. Accordingagwalues in Table 1 the viscosity and pH fulfiltbe
specifications for commercial resins. The gel tims values between 58-84 s and the solids content
present values in the range expected. The comrhegsia (Ind) and the laboratory productions are

similar.

Table 1. Characteristics of UF resins produced in the lab and a commercial resin (Ind).

Resin | Final viscosity (10 mBa | Final pH (25 °C) (£0.20) Gel time (3 s)| Solids content
(£0.4%)
A 140 9.07 77 64.4
B 250 8.97 64 64.7
C 150 9.06 64 63.4
D 205 8.99 72 64.1
E 225 8.92 84 65.5
F 170 8.99 77 64.6
G 155 9.48 71 64.6
H 120 9.70 62 64.2
I 200 9.01 78 68.1
J 180 9.49 63 65.3
K 130 9.03 70 64.8
L 240 9.09 76 66.7
M 170 9.21 58 64.3
N 110 9.03 62 64.1
Ind 180 8.13 57 63.0

All resins were analysed by GPC/SEC a day afteth&gis, to evaluate the fraction of insoluble
molecular aggregates. Figure 1 shows a typicalnstogram for a UF resins synthesised in this work.
The peak with higher retention volume correspondsde urea, methylolureas and oligomers. The
leftmost portion of the chromatogram correspondsaigmer with high molecular weight.

The analysis of unreacted urea and methylolureasp&egormed using HPLC and the results were rather
similar except for the resin prepared at commeieia| (Ind). This difference between the labonator

and industrial results (Figure 2) can be explaimgthe mix of resins that sometimes happen insgide t
reactor at industrial level; and also, the sampéparation for HPLC (described above) at industera|

and at laboratory level can be different, causiuliffarent result from HPLC analysis. For all pasters

studied, the value of U, MMU and DMU are betweenititervals presented in Table 4. The final



percentage of urea and methylolureas are relatégttamount of urea added in the final and the free

formaldehyde present in the final condensation &8&p

Table 2. Values of unreacted urea and methylolureas for the produced resins and commercial resin (Ind).

Resin U (%) MMU (%) DMU (%)
All (average) 7010 125 G2
Ind 53 31 4

3.2 Particleboards properties
According to the standards specifications, the mium value for type P2 board (NP EN 312) for IB
strength is 0.35 N-mf As it is possible to observe, just two resinsareof the limit for panels pressed
for 180 s. Therefore, all particleboards propentvese also measured and the results obtained are
presented in Table 5 for pressing times of 18@sdensity, the values are between 630-6901kgnd
moisture content between 4.5-6.5%. The valueshiokness swelling are high, however it is not a

specification for type P2 boards.

Table 3. Experimental results for panel characterisation at a pressing time of 180 s.

Resin IB (Nmm®) D (kgm®) TS (%) MC (%)

A 0.42+0.02 676+1 62.6+4.4 5.3+0.0
B 0.360.01 675+9 62.2+1.8 6.6+0.0
C 0.40+0.03 645+6 49.1+0.6 4.9+0.1
D 0.42+0.03 635+4 41.7+4.3 4.9+0.1
E 0.42+0.05 657+1 43.1+0.1 5.0+0.0
F 0.39+0.02 635+1 43.4+0.4 4.620.1
G 0.43+0.04 676+1 48.5+2.4 4.5+0.0
H 0.41+0.04 650+2 46.4+4.1 5.5+0.1
| 0.34+0.01 686+12 54.3+0.2 5.9+0.2
J 0.23+0.04 67313 55.6+0.6 5.9+0.0
K 0.38+0.07 670+2 48.5+2.9 5.5+0.4
L 0.24+0.01 6430 64.1+0.4 5.3+0.1
M 0.37+0.04 661+3 45.3+2.7 5.60.1
N 0.38+0.01 669+8 52.3+2.9 5.5+0.4
Ind 0.37+0.01 681+8 44.145.3 5.9+0.4

3.3 Statistical analysis
The statistical analysis starts with the study leetwthe results obtained for the particleboardsofding
to ANOVA results, the internal bond is significanéffected by pressing time (p-value < 0.0001***).
Thickness swelling also varies with pressing tihmyever there are other factors that affect this
parameter (p-value = 0.0085**). IB increases witbreasing press time, as expected [27-30]. An
increase in the pressing time causes an incredssattransferred into the mattress, either by cotmoh
from the press plates or by convection due to mastvaporation, which will promote polymerizatioin
the resin in the inner layers of the panels, allgAdor an increase in IB. However, a significamrease

in pressing time can lead to over-curing, which rieag to a decrease in IB. This over-curing cad tea



significant differences in stiffness along the glegsulting in more brittle and hence more susbkpto
breakage of bonds. This causes an increase im#sskswelling with pressing time.

A relationship between panel quality and resin proes is presented in Figure 3. It can be concude
that the % DMU significantly influences IB (p-vale€).0046**), which is not affected by other
parameters. The % MMU and % DMU significantly irdhce TS (p-value = 0.0495* and < 0.0001***,
respectively). As the goal is to maximize IB, theD¥U was chosen as a control measurement.
Therefore, according to these results, it is dbkirto have the highest % DMU, since IB increase%a
DMU increases. Indeed, it has been suggested ilitéhature that an UF resin should incorporate low
molecular weight species, to allow penetration imtmd, and higher molecular weight species that
contribute for cohesive adhesion of the particldsis, polymers with higher molecular weight should
lead to an increase in the internal bond of thes|sqj25,31].

Figure 4 shows the influence of resin propertiesemms quality measurement. It is possible to nlese
that the gel time is significantly affected by dslicontent (p-value < 0.0001***) and % U (p-value <
0.0001***), By analysing the results, it is possiltb conclude that higher solids content corresponc
less reactive resin [27,32,33].

The final viscosity and the next day viscosity mfienced by solids content (p-value = 0.0071*tan
0.0144**) and % U (p-value = 0.0009*** and 0.0018*The higher the solids the higher the viscosity,
and the higher the % U the lower the viscosity. thersame amount of solids, the viscosity increases
with an increase in the proportion of the condensauctures. In the same way, the proportion of
molecules with high molecular weights increases witreasing degree of condensation.

The stability, being related to viscosity, depesiggificantly on solids content (p-value = 0.017@fd

% U (p-value = 0.0018**). Indeed, the stability demses with the increase in solids content aneéases
with % U [25]. With this analysis, it seems thagith is a relationship between the lower molecular
weight species and the stability of the resin. filn@ pH and the next day pH are influenced byetiht
factors. The final pH is significantly influenceg bolids content and % DMU (p-value = 0.0073** and
0.0014**). The next day pH is significantly influeed by % U and % DMU (p-value = 0.0209* and
0.0241*). The next day pH decreases with the irm@ed % U and % DMU.

From the previous analysis and relating the IEh®o% DMU, it is concluded that a higher % DMU i th
resin yielded an increase of the IB in the finalglaThus, analysing the reaction parameters \uith t
properties of the resins and maximizing the valii @MU, the optimal solution can be obtained for
this set of results and for the resins under stlitiyough the statistical analysis performed, ddserted
that the % DMU is significantly influenced by thegping viscosity (p-value < 0.0001***). This facto
may be related to the fact that the stopping visg@srelated to the condensation step and timabge
condensed polymer will have a larger number of isgewith higher molecular weight. The solids cohten
and % MMU are influenced by several synthesis facsolid content for pH condensation p-value =
0.0047**, T methylolation p-value < 0.0001***, Stpymg viscosity p-value < 0.0001***; % MMU for



pH methylolation | p-value = 0.0302*, pH methylatat Il p-value = 0.0038**, T methylolation p-value
< 0.0001** T condensation p-value < 0.0001*** astbpping viscosity p-value = 0.0038**) and will
not be considered in this analysis. The % U isigriced by T methylolation (p-value = 0.0354*),
increasing as this temperature increases. Figpredents, the influence of synthesis parametersn
properties.

After the statistical analysis, the optimal resiasveynthesised in laboratory using the synthesis

parameters that gave the best result — maximiBranid minimizing TS (Table 6).

Table 6. Optimal resin obtained from the statistical analysis.

Resin pH pH pH T T Stopping
methylolation || condensation | methylolation | methylolation | condens | viscosity
Il ation
Optimal | -7.5% -7.5% +7.5% +7.5% -7.5% 300

Table 7 shows the properties of the optimal reBime results obtained for the characterisation isf th
resin are similar to those presented in Table 3i(lReA to N), being the final viscosity the modfetient
value obtained. With regard to GPC/SEC, the chrogratn is similar to that shown in Figure 1, with
high molecular weights associated with retentiolwes between 8 and 12 mL and higher retention
volume corresponds to free urea, methylolureasoligdmers. HPLC values are within the range of
values presented in Table 4 (unreacted U 71%, ate@édMMU 13% and unreacted DMU 8%). The
similarity between the results can also be obsefmethe panel characterisation (Table 5 comparigd w
Table 8), regarding IB and TS values. Thereforeait be concluded that in the ranges considertidsin

study the synthesis parameters do not affect tia firoperties of the particleboards.

Table 7. Characteristics of the optimal resin produced in the lab.

Resin Final Final pH | Gel time (3| Solids U (%) MMU (%) | DMU (%)
viscosity (25°C) |9) content
(10 mPas) | +0.20 (£0.4%)
Optimal | 100 9.08 68 64.6 71 13 8
Table 8. Experimental results for panel characterisation at a pressing time of 180 s.
Resin IB (Nmmi®) D (kgm®) TS (%) MC (%)
Optimal 0.38+0.02 668+16 49.7£1.2 5.4+0.1

4. Conclusions
This work allowed to study the effect of synthgssameters on particleboards properties using a
statistical analysis approach. The main goal waspsove internal bond and decrease the thickness
swelling of particleboards. The results obtainesrfthe ANOVA analysis indicate that:
- The gel time is significantly affected by solidstent and % U,
- The final viscosity and the next day viscosity mfeuenced by solids content and % U;

- 9% DMU is significantly influenced by the stoppinigeosity;
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- % DMU is statistically significant for the internbbnd.

However, the results obtained for the optimal resiabled to conclude that when small changes @sich
those presented in this article) are applied irsimghesis parameters, there is no significantetia the
final properties of particleboards. This shows thét type of formulation is robust, so that small
deviations in the synthesis, inherent to an indalgtrocess, will not have a significant impacttba

performance of the resin and consequently on pabbards properties.
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Figure 1. Adjusted RI (refractive index) for a tyai UF resin.

Figure 2. Peak areas of urea (U), monomethylol(iv#dU) and dimethylolurea (DMU) for three
different parameters and commercial resin (Ind).

Figure 3. Effect of factor levels (resin properfiea panel quality (internal bond and thicknesslkug).
Figure 4. Effect of factor levels (resin properfien resins quality.

Figure 5. Effect of factor levels (synthesis parters) on resin properties
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Highlights: Gel timeis significantly affected by solids content and % U; % DMU is significantly
influenced by the stopping viscosity; % DMU is statistically significant for the internal bond; this

type of formulation is robust



