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Abstract
This work presents the impact of different synthesis processes for producing urea-formaldehyde (UF) resins and their roles on the physico-mechanical properties and formaldehyde (F) emissions of the resulting particleboards (PBs). Two processes were used: an alkaline-acid process and a strongly acid process. The molecular weight distribution of the resins was monitored by Gel Permeation Chromatography/ Size Exclusion Chromatography (GPC/SEC) and the shear strength of the adhesive joint was evaluated using Automated Bonding Evaluation System (ABES). The PBs produced were analyzed according to the standards for mechanical tests and F emissions. These studies showed that the resins differ in some characteristics, namely percentage of unreacted oligomers, chemical composition, viscosity, and reactivity. As regards the PBs, at a pressing time of 120 s, the results showed that the internal bond (IB) was similar for all the resins produced using the alkaline-acid process ([image: image2.png]


0.60 N.mm-2), but differed from those obtained using the strongly acid process ([image: image4.png]


0.40 N.mm-2). However, F emissions were apparently independent of the synthesis process. 
1.
Introduction
Urea-formaldehyde (UF) resins are one of the most important thermosetting adhesive systems in wood-based panel production. These resins are used for the production of particleboards (PBs), medium density fibreboard (MDF) and plywood (PW) due to their features for industrial applications. UF resins are cheap, have high reactivity and low pressing time for full curing. However, there have also some limitations such as low moisture resistance and emission of formaldehyde (F) during manufacturing, and service life [1,2]. Nowadays, due to the environmental concerns regarding F emissions from wood-based panels, the formulation of the UF resins has been adapted with a significant decrease in the molar ratio of F/U. Unfortunately, sometimes when the aim is to achieve low F content, a decrease on the panels’ mechanical properties is observed. So, it is necessary to adjust the synthesis process to optimize the synthesis of UF resins, not only to not penalise the PB’s properties, but also to make the process more energy-efficient. 

At industrial level, several processes can be used for the synthesis of UF resins [3–9]. The most common process is the alkaline-acid, nevertheless the strongly acid process is sometimes used by some companies. The alkaline-acid process is well reported [1,8,10–12] and is based on three steps: a methylolation under alkaline environment, followed by a condensation step under slightly acid pH and finally a neutralization  followed by addition of a load of U to consume free F. 

The strongly acid process was described for the first time in 1983 by Williams [5]. The aim of this process was to develop a method for the production of low emission UF resins. The process involves a shorter batch time reaction due to the simultaneous initial methylolation and condensation steps. The synthesis begins with a pH adjustment to strongly acid environment. The final pH is adjusted when the final molar ratio is achieved and the second load of U is added at the end the synthesis. Some authors reported this process as extremely exothermic and difficult to control [13,14]. Hatjiissaak et al. described the strongly acid process as extremely exothermic and difficult to scale-up to the industrial scale. Ferra et al. also described the exothermicity of the reaction and observed lower reactivity when compared to alkaline acid process. Nevertheless, some studies revealed that this process can be an alternative to the conventional alkaline-acid process and should not be disregarded [15–17]. Park et al. observed lower viscosity and lower free F concentration in UF resins produced at low pH. Costa et al. produced boards according to E1 requirements meaning that process can be an alternative to the conventional alkaline-acid process. Paiva et al. used this process to incorporate melamine (M) on UF resins, obtaining good mechanical performances in terms of internal bond (IB) strength and F emissions. 

Trying to understand which is the best process for PB applications, in this work, five resins were produced using different alkaline-acid and strongly acid processes. The final properties of the synthesis were evaluated through different methods. PBs were analyzed and the difference between the processes are presented. The research here presented allows a comparison of the most used processes for UF synthesis.
2.
Materials and Methods
2.1. 
Materials
F (55 wt.% solution), U, ammonium sulphate, sodium hydroxide (50 wt.% solution), sulfuric acid (96 wt.% solution), and acetic acid (25 wt.% solution) were provided by Euroresinas – Indústrias Químicas, S.A. (Sines – Portugal). Wood particles and paraffin for the production of PBs were supplied by Sonae Arauco (Oliveira do Hospital – Portugal).
2.2. 
Methods

2.2.1. Resins production

The production of the resins was carried out in 2.5 L round bottom reactor, equipped with mechanical stirring and thermometer. The reactor was heated with a mantle and the temperature (T) was measured with a thermometer. The pH and viscosity measurements were performed offline on samples taken from the reaction mixture (and re-added after). Resins A, B, C and D were produced according to the alkaline-acid process and resin E according to the strongly acid process. For each resin, three replicates were synthesized. All the synthesis ended with a F/U molar ratio of 1.10 and the main characteristics of the synthesis process were described in Table 1.
Table 1. Production parameters for the synthesized UF resins.

	
	Resins

	
	A
	B
	C
	D
	E

	Tmethylolation (ºC)
	<80
	>80
	<80
	>80

>80

<2.00
	<80

<80

>2.00

	Tcondensation (ºC)
	>80
	>80
	>80
	
	

	Condensation F/U Molar ratio
	<2.00
	>2.00
	>2.00
	
	

	Number of U loads additions
	3
	2
	3
	3
	2


2.2.2. Resins characterization

The resin pH was measured using a combined glass electrode at 25 ºC.  The viscosity (mPa.s) value gives a rough indication of the degree of polymerization of the resin. Viscosity was measured using a Brookfield viscometer at 25 ºC. The resin density (kg.m-3) was determined by the weight/volume ratio as well as using a hydrometer. The solid content (%) was determined by evaporation of volatiles in two grams of resin up to weight constant (three hours at 120 ºC). Gel time (s) is the time needed for the resin gelification after addition of a latent hardener. For this measurement, 100 g of a sample (diluted to 50% solid content) was weighted in a beaker with 3 mL of a 30% latent hardener. In a test tube 0.250 mL of the previous solution was added and it was immersed in boiling water. A rod was used for stirring the solution until resin gelification. A Gel Permeation Chromatography/Size Exclusion Chromatography (GPC/SEC) equipped with a Knauer RI detector 2300 and a Knauer injector with a 20 µL was used. The column used was Polarsil size 100 Å and particle size 5 µm, conditioned at 60 ºC using an external oven. The flow rate was 1 mL.min-1 and dimethylformamide (DMF) was used as the mobile phase. Samples for analysis were prepared by dissolving a small amount of resin (100 mg) in dimethylsulfoxide (DMSO), followed by vigorous stirring during 1 minute. Subsequently, the sample was left to rest (10 minutes), filtered through a 0.45 µm PTFE filter and then the sample was injected. The calibration was done using polystyrene standards (162 – 66000 Da). For Automated Bonding Evaluation System (ABES), beech veneers were previously conditioned at a given relative humidity (RH) and temperature conditions (20 ºC, 65% RH), in order to stabilize them and attain equilibrium moisture content (EMC) between 8 and 11% (dry basis). Subsequently, the veneers were cut into strips using a pneumatically driven precision sample-cutting device supplied by Adhesive Evaluation System Inc. Each veneer strip had 0.5 mm thickness, 20 mm wide and 117 mm long. Adherent pairs were mounted in the system with an overlapping area of 100 mm2 (20 x 5 mm). In each test, 10 mg of adhesive system was used, the press was set to a temperature of 105 ºC and the pressing times ranging between 25 and 600 seconds. ABES allowed to obtain a characteristic curve by plotting the shear strength as a function of time.
2.2.3. PBs production and characterization

Wood particles were blended with resins, paraffin (1 wt.%) and catalyst in a laboratory glue blender. Surface and core layers were blended separately. The catalyst amount in the core layer was 3 wt.% and in the surface layers was 1 wt.% (dry catalyst per solid resin). Three layers PBs were hand formed in a square aluminium deformable container with 210 x 210 x 80 mm3. Surface and core layer differ in particle size distribution, determined by analytical sieve shaker (size of particles in surface layer between 0.5 mm and 1.0 mm; size of particles in core layer between 1.4 mm and 4.0 mm) and moisture content (surface and core layer 2-3% before gluing). The upper surface layer had a mass of 20%, the core layer 62% and the bottom surface layer 18%. The press used was a laboratory batch press equipped with two heated plates and blocks with 16 mm of height for panels with a final thickness of 16 mm. The mat was pressed at 190 ºC to produce a board with a target density between 650-670 kg.m-3. For each resins, three boards were produced using a pressing time of 120 s.

The boards were tested according to the European standards for density (D) (EN 323), moisture content (MC) (EN 322), IB (EN 319) and thickness swelling (TS) (EN 317). The F content of all samples was determined according to the perforator method (EN 12460-5).

3. Results and discussion

3.1. Characteristics of the UF resins produced

In Table 2, the results obtained for the five resins produced in this work are presented. Usually, the viscosity of UF resins for PBs applications is between 150-300 mPa.s. The values obtained are within the parameters, except for Resin E synthesized according strongly acid process. This result was expected because Resin E was synthesized using the strongly acid process and it is difficult to control the growth of the polymer and the stop viscosity. The viscosity is an important requirement, since lower viscosities cause an excessive penetration of the resin in wood, and higher viscosity can cause spreading problems. The pH ranged are between 7.5 and 9.0, so all the values are according to the specifications. The pH is an important characteristic because it is related to resin stability. A high pH value (greater than 9.0) presents resins with reduced stability. The gel time indicates that the alkaline-acid process is faster than strongly acid process, with Resin C curing faster than all the other resins and having a gel time of 45 s. Resin A, Resin B and Resin D have similar curing time between 62 and 69 s. Resin E presents longer gel time (79 s) which is in agreement with Gu et al. and Costa et al. who have described in one of their works that resins produced under strongly acid process were less reactive due to the uron structures formed during the strongly acid process. According to these authors, a higher amount of urons implies lower reactivity. Density values are similar for all resins and the solids content are between a range of about 62 and 63%. 
Table 2. Standard characterization of synthesized UF resins.

	
	Viscosity (±10 mPa.s)
	pH (±0.20)
	Gel time (±3 s)
	Density (kg.m-3)
	Solids Content (±0.4 %)

	Resin A
	160
	7.89
	62
	1270
1266

1267
	63.0
63.3

63.1

	Resin B
	150
	7.86
	63
	
	

	Resin C
	260
	9.00
	45
	
	

	Resin D
	290
	7.92
	69
	1265
	63.4

	Resin E
	70
	8.74
	79
	1265
	61.6


GPC/SEC analyses were performed for all resins (Fig. 1).  GPC/SEC was used as a support technique for the characterization of the polymer, essentially of the polymer structure and hydrodynamic volume [18,19]. The mechanical and bonding properties of the adhesive are strongly dependent on its hydrodynamic volume [20]. A chromatogram for this type of resins presents two regions: one for larger retention volumes (9 to 13 mL) that can be assigned to free U, methylolureas, oligomers and polymers with an intermediate molecular weight and another for smaller retention volumes (4 to 7 mL) corresponds to polymers with high molecular weight. According to Fig. 1, it is possible to observe the two different regions for the resins produced, with notable differences between the chromatograms, especially in the higher molecular weight range. In this region (4 to 7 mL), the chromatograms are notoriously different although some similarities for resin C and D can observed. This similarity can be explained by the higher viscosity compared to the other resins. The degree of condensation was higher in these resins, forming higher molecular weight polymer. Resin E prepared via strongly acid process presents a lower degree of condensation (viscosity 70 mPa.s), so the chromatogram for GPC/SEC presents a smaller fraction of polymer with high molecular weight. Resin A and B have similar chromatograms, however Resin A seems to have less polymer with high molecular weight than Resin B. For the region of low molecular weights (9 to 13 mL), the chromatograms are similar with a difference for Resin E. Resin E presents more polymer with intermediate molecular weight and also smaller oligomers than the other resins. Once again the behaviour for Resin E may be related to the condensation step and the lower viscosity presented for this process [13]. 

[image: image5]
Figure 1. GPC/SEC chromatograms for the five synthesized UF resins after 24 h.

According to ABES analysis (Fig. 2), Resin E (strongly acid process) is the lowest reactive resin and Resin C is the fastest resin; the other resins show similar lines. These results corroborate those obtained for gel time. The shear strength evolution suggest that Resin E has a shear strength near 3.0 MPa that it is lower than other processes. Resins A to D, alkaline-acid process, present shear strength around 5.5 – 6.0 MPa. The results obtained with the study indicates that alkaline-acid process presents higher value of shear strength than strongly acid process.        

[image: image6]
Figure 2. Shear strength evolution with time obtained in the ABES tests for all resins (105 ºC – fitted model).
3.2. PBs properties

Table 3 presents the properties of the PBs produced using the five resins. The values obtained for D, TS and MC are very similar for all resins. In what concerns IB, all the values are higher than the minimum acceptable for panels type P2 (IB ( 0.35 N.mm-2) according to EN 312. However, the difference between processes is evident, with the IB for alkaline-acid process being higher than that obtained with the resin prepared via the strongly acid process. This difference may be associated with higher amount of polymer with high molecular weight formed with alkaline-acid process. The values of IB are consistent with ABES analysis. 

In what concerns F emissions, all resins are below the limit for E1 (E1 ≤ 8 mg/100g oven dry board – o.d.b.). These results are in agreement with Hse et al. who reported that resins produced by the strongly acid process yield boards with lower IB and lower F emission [21].  Regarding TS, the values are similar being the highest value for strongly acid process, Resin E. This value can be related to the lower IB observed for this resin. A lower value of IB strength allows the penetration of more water molecules into the board, resulting in a higher TS [22]. The same analysis can be performed for the alkaline-acid process in case of Resin C.
Table 3. PBs properties obtained for the synthesized UF resins at a pressing time of 120 s.
	
	IB (N.mm-2)
	D (kg.m-3)
	TS (%)
	MC (%)
	F (mg/100g o.d.b.)

	Resin A
	0.58(0.01
	660(7
	31.8(1.5
	6.2(0.0
6.4(0.1
6.3(0.1
	3.7(3.7
3.9(3.9
4.7(4.7

	Resin B
	0.58(0.06
	663(9
	30.4(3.6
	
	

	Resin C
	0.62(0.05
	664(5
	27.8(1.5
	
	

	Resin D
	0.57(0.03
	651(3
	29.7(1.2
	6.2(0.2
	3.3(3.3

	Resin E
	0.38(0.02
	659(7
	33.1(1.2
	6.1(0.2
	4.1(4.1


4. Conclusions
This paper describes two main synthesis processes for the production of UF resins: alkaline-acid process (four resins – A to D) and strongly acid process (one resin – E). The standard characterization showed that the resin produced according to strongly acid process has higher gel time than the other resins, being the other characteristics between the desired intervals. It was found that the structures of the polymer formed by the processes are quite different. Comparing GPC/SEC chromatograms for alkaline-acid process, it was possible to conclude that Resin A and B presented almost the same structure, however, Resin C and D were similar between them. The difference between the resins can be justified for the condensation stage. Strongly acid process and alkaline-acid process presented different high and low molecular weight polymer.

IB results can corroborated ABES analysis. When comparing strongly acid process and alkaline-acid process it is possible to conclude that strongly acid process was the lowest reactive process, and the boards produced thereof presented lower IB than alkaline-acid process. The IB results for alkaline-acid process are similar for the different processes, although all the boards have higher IB than the minimum acceptable for panels type P2 (IB ≥ 0.35 N.mm-2) according to EN 312. For future studies, two of the better alkaline-acid processes presented (related to simplicity of synthesis process) will be detailed studied, trying to explain the good results obtained.  
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