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Investigation of Combination Catalyst System for UF Resin in Particleboard and MDF Manufacturing

Part IL DSC Analysis of UF Resin Curing Behavior in the Presence of Seven Catalysts

Abstract

Ammonium chloride is one of the catalysts that have been commonly used to catalyze urea-formaldehyde 
(UF) resin curing in particleboard and medium density fiberboard (MDF) manufacturing in North 
America. There are some limitations with this catalyst. It is known that ammonium chloride reacts with 
the free formaldehyde in the resin to generate strong acid for accelerating the resin curing rate. Thus, the 
catalytic impact of this catalyst on resin curing depends on the amounts of free formaldehyde available in 
the resin. It has been reported that recycling particleboard made with UF resins catalyzed by ammonium 
chloride may create polychlorinated dioxine compounds, which are classified as toxic materials.

To explore a suitable catalyst system as a substitute for ammonium chloride, four one-component catalyst 
systems and three combination-catalyst systems were characterized by differential scanning calorimetry 
(DSC) analysis, in terms of the resin curing rate and activation energy as influenced by the resin solid 
content and catalyst content. These catalyst systems included (1) ammonium chloride, (2) ammonium 
persulfate, (3) aluminum chloride, (4) oxalic acid, (5) combination catalyst I (ammonium chloride + 
ammonium persulfate), (6) combination catalyst II (ammonium chloride + triethanolamine + phosphoric 
acid), and (7) combination catalyst III (ammonium chloride + triethanolamine + phosphoric acid + 
hexamethylenetetramine). The test results showed that combination catalysts II and III had great potential 
as substitutes for ammonium chloride for catalyzing UF resin (particularly with a low F/U molar ratio), in 
terms of stability (higher pH values of catalyst solutions than ammonium chloride solution at room 
temperature) and catalytic impact (comparable to ammonium chloride). Ammonium persulfate appeared 
to be a more powerful catalyst, while combination catalyst I (ammonium chloride/ammonium persulfate) 
seemed to be a slightly stronger catalyst as compared with ammonium chloride. However, the catalyst 
solutions of ammonium persulfate and combination catalyst I showed lower pH values than that of 
ammonium chloride, which may influence the stability of resin system in terms of pot life. Aluminum 
chloride and oxalic acid had much greater catalytic impacts on the resin curing than the other five 
catalysts. The resin started curing after mixing with either aluminum chloride or oxalic acid, which would 
lead to a significantly shortened resin pot life. Therefore, these two catalysts cannot be used directly as 
catalyst for UF resin curing.
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1 Objectives
The objective of this study was to characterize urea-formaldehyde (UF) resin curing behavior in the 
presence of seven single and combination catalyst systems by a differential scanning calorimetry (DSC) 
analysis.

2 Introduction
The World Health Organization (WHO) has classified formaldehyde as a carcinogen. This will have 
serious implications on issues related to process and product emissions in the particleboard and medium 
density fiberboard (MDF) industry. Indoor air quality has become a serious issue in North America and 
many other parts of the world. The ruling by the WHO will increase public pressure to reduce 
formaldehyde emissions from composite panel products. Methods currently used to lower free 
formaldehyde levels in UF resin include reducing the formaldehyde-to-urea molar ratio and/or 
introducing formaldehyde scavengers in the resin system. The former is efficient and economical, but 
always leads to a situation where conventional catalysts such as ammonium chloride and ammonium 
sulfate cannot meet the curing requirements because there is less and less free formaldehyde in the resin 
system. Some strong acids can meet the UF curing requirements; however, they will lead to a shortened 
pot life after mixing with UF resin. To solve this problem, a combination, or compound, catalyst system 
should be used. Such a catalyst system should not cause problems such as increased resin viscosity, 
shortened pot life, or difficulties controlling resin curing rate in the panel manufacturing process. In 
addition, the system would quickly release acid upon application of heat in the press thereby maximizing 
resin curing. Such a catalyst system would also have an advantage over ammonium chloride for UF resins 
in winter, in terms of accelerating the resin curing speed.

3 Background
Urea-formaldehyde (UF) resin is one of the most commonly used wood adhesives in the manufacture of 
plywood, particleboard, medium density fiberboard (MDF) and other non-structural wood products. The 
initial pH value of UF resin is adjusted to be 7.0-8.5 for storage reasons. The condensation reaction 
(curing reaction) of UF resin with commercial applicability occurs under acidic conditions in combination 
with heat via hot pressing. In practice, a catalyst is indispensable for rapid and efficient curing of UF 
resin; with a catalyst, the UF resin increases its molecular weight by building chain lengths and forming 
cross-links between the chains. Common catalysts for UF resin include ammonium chloride, ammonium 
sulfate, and ammonium nitrate. These ammonium salts react with the free formaldehyde in the resin to 
generate strong acid, which lowers the pH of resin systems to accelerate the condensation reaction and 
finally leads to the gelling and hardening of the resin. Thus, the catalytic impact of these catalysts 
depends on the amounts of available free formaldehyde in the resin and the levels of catalyst used (Dunky 
2000).

It is well known that the degree of resin curing contributes to the properties of wood-based composites 
bonded by UF resin; a high degree of resin curing should be ensured. Insufficient catalyst will lead to a 
slow curing rate and result in poor composite properties. Therefore, more resin would be required or a 
longer hot-press time would be needed in order to ensure desirable composite properties. Any such 
remedies would affect the cost of final board products.
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A good knowledge of catalyst systems for UF resin is important for the efficient use of UF resin in order 
to achieve good bonding quality in the manufacturing of wood-based composites, such as plywood, 
particleboard and MDF panels. Ammonium chloride (NFfiCl) is one of the traditional catalysts commonly 
used for UF resin curing due to its: (1) stronger catalysis and lower price compared to ammonium sulfate;
(2) good water solubility; (3) ease of use; (4) significant influence on pH even at small amounts; (5) low 
cost; and (6) lack of significant impact related to excess levels. Ammonium chloride or ammonium sulfate 
generates strong acids by reacting with the free formaldehyde in the UF resin or the formaldehyde that is 
released from UF resin during the curing process, as following:

4NH4CI +
Ammonium chloride

2(NH4)2S04 +
Ammonium sulfate

6HCHO =>
Formaldehyde

6HCHO => 
Formaldehyde

4HC1 +
Hydrochloric acid

2H2S04 +
Sulfuric acid

(CH2)6N4 + 6H20  
Hexamine

(CH2)6N4 + 6H20  
Hexamine

With the increasing environmental and health concerns, a great deal of effort has been made by 
researchers to develop UF resins with lower levels of free formaldehyde in the liquid resins and released 
from the cured resins. Some of the measures taken toward this goal include applying a formaldehyde 
scavenger, adjusting synthetic processing, and reducing the formaldehyde/urea (F/U) ratio. Reducing the 
F/U ratio turns out to be the most efficient method, a method that is now applied worldwide. As a result, 
the ammonium chloride cannot properly catalyze UF resin with low levels of free formaldehyde, because 
there is not enough free formaldehyde available to react with ammonium chloride to generate enough acid 
for the resin curing. This problem is also present with other ammonium salts.

Ammonium chloride has proved to be more effective than ammonium sulfate for catalyzing UF resins 
(Petersen et al 1974). However, burning residues or recycling particleboard made with UF resins 
catalyzed by ammonium chloride possibly forms polychlorinated dioxine compounds, which are 
classified as toxic materials (Vehlow 1990; Deppe 1992; Yin et al. 2004). This results in increasing 
reluctance towards using catalysts or additives containing chloride. In some European countries, 
ammonium chloride has been banned and is being replaced with a less efficient catalyst, such as 
ammonium sulfate (Lee et al. 1994). Ammonium sulfate has a curing mechanism similar to ammonium 
chloride. In addition, ammonium chloride can cause significant tool wear compared with ammonium 
sulfate, as noted in the machining of particleboard (Kim et al. 1999).

In summary, the disadvantages of using ammonium chloride as a catalyst in particleboard and MDF 
manufacturing may include: (1) emission of dangerous gas when burning panels and residues; (2) 
significant damage to cutting tools due to metal erosion; (3) the cured resin undergoes hydrolysis under 
humid conditions; and (4) catalytic influence on resin cure depending on free formaldehyde available in 
the resin.

Lehmann et al. (1973) used two combination catalysts, A (20% ammonium chloride + 2.5% ammonium 
hydroxide + 1% triethylamine + 76.5% water) and B (16.8% ammonium chloride +
14.8% hexamethylenetetramine + 68.4% water), for UL resin in manufacturing particleboard. The study 
showed that the two catalyst systems resulted in similar gel times at the catalyst levels of 1%, 2% and 4% 
(liquid/liquid basis); however, catalyst B produced overall stronger boards than did catalyst A, in terms of 
modulus of rupture (MOR), modulus of elasticity (MOE) and internal bond (IB) strength.
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In a series of studies on new curing systems of UF resin with polyhydrazides, Tomita et al. (1989) 
evaluated various unconventional curing systems by mixing UF resins with polyfunctional hydrazide 
compounds, including malonyl dihydrazide, adipoyl dihydrazide, sebacoyl dihydrazide and isophthaloyl 
dihydrazide, under neutral conditions. The study showed that the shear strengths of plywood panel 
prepared from these catalyst systems were comparable to those from the conventional curing system of 
ammonium chloride both in the normal test and in water-soaking tests at 20°C and 60°C. Miyake et al. 
(1989a) used a curing system of poly (methacryloyl hydrazide), synthesized from poly (methyl 
methaciylate), as a hardener of UF resins. They found that this system not only resulted in comparable 
shear strengths as compared with the conventional hardener of ammonium chloride, but also reduced 
formaldehyde emissions from the final plywood product. However, the extremely short pot life with this 
new catalyst system will make practical use difficult, a situation that needs to be addressed by further 
developing this system. Carbon 13 nuclear magnetic resonance (13C-NMR) analysis and torsional braid 
analysis (TBA) indicated that the chemical reaction of poly (methacryloyl hydrazide) with UF resin 
involves two stages (Miyake et al. 1989b). The first stage, the reaction of hydrazide group with free 
formaldehyde, results in hydrazide compounds through methylene linkage. The second stage, the co
condensation of hydrazine groups with methylol groups of UF resin, results in the cross-linking networks 
between UF resin and hydrazide compounds.

A series of studies were carried out by Kehr et al. (1993a, 1993b, 1994) and Roffael et al. (1995) to 
evaluate ammonium chloride, ammonium sulfate, ammonium nitrate, and ammonium sulfate/formic acid 
as catalysts for particleboard manufacturing. In Part 1 (Kehr et al. 1993a), the authors found that the 
catalysts had a definite influence on the maximum curing temperature and enthalpy of the curing reaction 
characterized for two UF resins (UF1 with a viscosity of 70 cps, UF2 with a viscosity of 46 cps) by a 
differential scanning calorimetry (DSC). Ammonium sulfate/formic acid significantly accelerated resin 
curing, in terms of lower curing temperature compared with the three other catalysts. This result is 
attributed to the addition of formic acid to promote the condensation reaction of UF resins. In Part 2 
(Kehr et al. 1993b), the test results showed that two UF resins (UF1, UF2) catalyzed by ammonium 
nitrate produced stronger particleboards than those catalyzed by ammonium chloride (in terms of 
mechanical properties and thickness swelling) and ammonium sulfate and the mixture of ammonium 
sulfate/formic acid (in terms of mechanical properties). Part 3 of the study (Kehr et al. 1994) showed that 
particleboards made with three UF resins (UF 1, UF2, UF4) catalyzed by ammonium nitrate were stronger 
than those made with ammonium sulfate and the mixture of ammonium sulfate/formic acid with respect 
to higher mechanical properties and lower thickness swelling. In Part 4 (Roffael et al. 1995), the 
characterization of resin chemical properties showed that an increase in the amount of catalyst 
(ammonium chloride, ammonium nitrate) reduced the pH value, but increased the buffering capacity of 
the water extractives of UF2-bonded particleboards. The type of the catalyst had a marginal influence on 
the pH value of the water extractives of UF1- and UF2-bonded particleboards. However, significant 
differences were observed between two resins: UF2-bonded board showed higher pH values of the water 
extractives than UF1-bonded board when the resins were catalyzed by ammonium chloride, ammonium 
sulfate, ammonium nitrate, and ammonium sulfate/formic acid.

UF resins are obtained through the polycondensation reaction and their degradation is the reverse process, 
which occurs as a result of acid catalyzed hydrolysis. Degradation or hydrolysis of cured UF resins, which 
requires the presence of water and is accelerated by heat and acids, can proceed through both bond 
breaking in the main chain (i.e., ether bridges) and the splitting-out of formaldehyde from terminal 
methylol groups. In a study on the influence of catalyst systems on formaldehyde emissions from cured 
UF resin, Elbert (1995) found that the level of formaldehyde emissions from the cured resin decreased
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with increased resin gelation, as shown in Figure 1. The use of hydrogen peroxide (H20 2) resulted in the 
lowest formaldehyde emission, followed by ammonium phosphate [(NH4)2FfP04], ammonium chloride 
(NH4CI), ammonium persulfate [(NH4)2S20 8] and aluminum sulfate [A12(S04)3]; the highest 
formaldehyde emission occurred with oxalic acid [(COOH)2], Hydrogen peroxide can convert 
formaldehyde into formic acid by oxidation. The difference in formaldehyde emissions from the cured 
resin is probably due to the main chain structure. A fast gelation process associated with the increased 
reactivity may lead to a ‘weak bond’ due to structural defects.

Gelation Time (sec.)

Figure 1 The amount of formaldehyde released from the cured UF resin as a function of  
resin gelation time [cited from the publication by Elbert (1995]. The formaldehyde release was 
estimated using the WKI method (Roffael 1982)

A study was carried out by Lee et al. (1994) to investigate the influence of two catalyst systems 
(ammonium nitrate and ammonium chloride) on the hydrolytic stability of particleboards bonded with UF 
resins. The test results showed that after a one-year storage period, there was no significant difference in 
the hydrolytic stability, in terms of formaldehyde release, between boards bonded with the resin catalyzed 
by the two catalysts at different amounts. An investigation of the influence of catalyst type and 
concentration on resistance of cured UF resins to hydrolysis was also carried out by Kawouras 
et al. (1998). They observed that the amount of formaldehyde released from cured resin (mg/g) generally 
increased with increased catalyst content (0.75 - 2.75% on solids resin basis) for all three catalysts 
evaluated (ammonium chloride, ammonium sulfate, ammonium nitrate), especially for ammonium sulfate 
at > 1.50% and ammonium nitrate at > 2.00% addition. In terms of catalyst type, there was almost no 
difference in formaldehyde release observed between ammonium chloride and ammonium sulfate at 
< 1.50%. With an increase in catalyst content, ammonium sulfate resulted in more formaldehyde being 
released than ammonium chloride. Among the three catalysts, the lowest level of formaldehyde released 
was obtained for ammonium nitrate at each level of catalyst content.

Weinstabl et al. (2001) used various salts derived from melamine and organic acids as melamine 
substitutes for melamine-urea-formaldehyde (MUF) resins. They found that melamine formate among the 
salts was an extremely good substitute for melamine, in terms of good tensile strength of plywood panel 
bonded with UF condensed with the melamine formate and the lower amount of melamine content in the 
resin. It was also interesting to observe that it was possible to make panels with high tensile strength from 
the UF resin with melamine formate without the use of ammonium chloride as an external catalyst.
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Colak et al. (2004) studied the influence of hardeners on properties of particleboard bonded with MUF 
resin. They observed that hardener type 1 (23 parts of ammonium sulfate + 77 parts of water) resulted in 
higher tensile strength and lower formaldehyde emissions than hardener type 2 (15.4 parts of ammonium 
sulfate + 3.7 parts of formic acid + 80.9 parts of water). However, the board with hardener type 2 showed 
lower thickness swelling and lower volatile acid emission (acetic acid) compared with hardener type 1.

In a recent study on the catalytic influence of UF resin on hardening behavior, Stefke and Dunky (2006) 
found that acetic acid was a more effective catalyst than ammonium chloride and ammonium sulfate at 
lower temperatures (60-80°C), in terms of shortened gel time. However, at a higher temperature (100°C), 
the two ammonium salts resulted in shorter gel times than acetic acid; this can be attributed to the fact that 
the ammonium salt sufficiently reacted with the free formaldehyde available in the resin to produce a 
strong acid (hydrochloric acid or sulfuric acid), accelerating the resin curing rate.

Based on the above information available in the literature, it can be concluded that ammonium sulfate and 
ammonium chloride are not ideal catalysts for very low free-formaldehyde-emission UF resins. It is 
believed that the selection of an optimal catalyst for UF resins in particleboard and MDF manufacturing 
should meet the following requirements:

( 1 ) Lower formaldehyde emission from boards
(2) Increase resistance of cured resins to hydrolysis
(3) Result in acceptable bonding strength and dimensional stability of board
(4) Have good solubility in water
(5) B stable at ambient temperature, in terms of proper pot life
(6) Ensure quick release of strong acid during board pressing
(7) Have an effective and strong catalysis
(8) Be low cost
(9) Produce no poisonous materials during recycling
( 10) Cause less damage to cutting tools
(11) Be tolerant to wood species
(12) Be tolerant to climate

It is difficult to select a one-component catalyst that could meet most of above requirements. The purpose 
of this project was to explore various combination catalyst systems that contain two or more components 
and to identify the most promising one as a replacement for ammonium chloride currently being used in 
particleboard and MDF manufacturing.
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5 Materials and Methods

5.1 Resin Selection

To characterize the resin curing behavior as influenced by different catalyst systems, a commercial urea- 
formaldehyde (UF) resin was used in this study. The main resin characteristics are given in Table 1.

Table 1 Resin Characterization

Resin Properties Value
Gel time, Cat/20% NH4CI 50-60

pH @ 25°C 7.82
Specific gravity @ 25°C 1.28

Viscosity @ 25°C, Brookfield 200
Solid content 65.16

5.2 Selection and Preparation of Catalyst Systems

The chemicals used for preparation of combination catalysts included ammonium persulfate, oxalic acid, 
ammonium chloride, triethanolamine, and hexamethylenetetramine, which are ACS reagents and were 
purchased from Laboratories Mat, Canada. Phosphoric acid is a HPLC grade reagent with 85% content 
and was purchased from Fisher Scientific, Canada; aluminum chloride is a reagent grade obtained from 
ACROS (New Jersey, USA).

A total of seven catalyst systems were selected, including four one-component catalysts and three 
combination catalysts. The weight percentage of each component in the combination catalysts and the 
initial pFI value of each catalyst solution are given in Table 2. Each catalyst system was first prepared in 
an aqueous solution with a 10% concentration and then diluted into different concentrations by adding 
different quantities of distilled water. This produced a series of catalyst solutions with various 
concentrations (0-10%) for each type of catalyst. The zero percent concentration was referred to as a 
water solution as control in the study.
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Table 2 Summary of seven catalyst systems

Catalyst System Components Formula Weight Percentage in Sequence Initial
pH*

One component Ammonium chloride NH4C1 100 4.61
One component Ammonium persulfate (NH4)2S20 8 100 2.35
One component Aluminum chloride AICI3 100 2.45
One component Oxalic acid (COOH)2 100 0.99

Combination I Ammonium chloride 
Ammonium persulfate

NH4CI
(NH4)2s2o 8 75 25 2.95

Combination II
Ammonium chloride 
Triethanolamine 
Phosphoric acid

NH4C1
c6h 15no3
H3P04

75 15 10 6.29

Combination III
Ammonium chloride 
Triethanolamine 
Phosphoric acid 
Hexamethylenetetramine

NH4C1
c6h 15no3
h3po4
(CH2)6N4

71.43 14.29 9.52 4.76 6.48

* The initial pH value of catalyst solution was measured with 10% concentration at 25°C.

5.3 DSC Analysis

A high pressure differential scanning calorimetry (DSC 2910 - TA Instrument Co.) was used to 
characterize UF resin curing behavior in the presence of seven catalyst systems. The DSC scanning 
conditions are summarized as follows:

Heating rate: 5,10, 15 or 20°C/min
Temperature range: 20-200°C
Pressure: 4 MPa
Purge gas: Nitrogen

To prepare the DSC samples, the following procedure was used throughout the experiment:

(1) Weigh 5 ± 0.005g UF resin and place it in a 100-mU beaker;
(2) Add 0.5 mL or 1 mL of catalyst solution by pipette and then mix for 40 seconds;
(3) Put 3.5-4.5 mg of the mixture into a DSC hermetic pan, then cover and seal the pan;
(4) It normally takes 8-10 minutes for the DSC sample preparation to start DSC scanning.

There are several methods for calculating activation energy of resin curing by DSC. The Kissinger 
equation (Kissinger 1957) and the Ozawa equation (Ozawa 1970) are the most common models used in 
curing kinetic studies of thermosetting adhesives (Hiroshi 1973; Park et al. 1999a, 1999b). In this study, 
the Ozawa equation was used, as shown below. A plot of log p versus 1/TP should give a straight line. The 
activation energy can be calculated from the slope of the straight line, -0.4567 Ea/R. Since this method 
uses only the relationship between the peak exothermic temperature and its corresponding heating rate, it 
is suitable for characterizing the cure of resins that display low energy cures, thermal instability, irregular 
baselines, solvent effects, and some of the reactions with multiple exotherms.
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log/) = -  0A576Ea/RTp -  0.2315 + \og(ZEJR) -  logF(a) (1)

where
P = Heating rate
Ea = Activation energy (J/mole)
R = Gas constant (8.314 J/mole-K.)
Tp = Peak temperature (K)
Z = Pre-exponential factor, or Arrhenius frequency factor (1/sec)
F(a) = The function of conversion rate

6 Results and Discussion
6.1 Characterization of UF Resin Curing with Ammonium Chloride

6.1.1 Effect of Resin Solid Content and Ammonium Chloride Content on UF Curing

In North America, the solid content of UF resin for MDF and particleboard is approximately 65%. 
However, the resin solid content may be lower than 65% for improving resin efficiency. In this situation, 
the catalyst content should be adjusted according to the change in resin content in order to achieve an 
adequate degree of resin curing at the given pressing conditions.

To evaluate resin curing behavior at different solid contents when catalyzed with ammonium chloride, 
different volumes of catalyst solutions with different concentrations (0-7.494%) were mixed with 5g of 
UF resin (65.16% solid content). The result was three different ranges of resin solid contents, as below:

5 g liquid UF + 0.5 mL catalyst solutions (0-7.494%) —» 59.2-59.9% solid content of UF resin 
5 g liquid UF + 1.0 mL catalyst solutions (0-7.494%) — *  54.3-55.5% solid content of UF resin 
5 g liquid UF + 1.0 mL catalyst solutions (0-7.494%) + 1.0 mL H20  — *  46.5-47.6% solid content of UF resin

At each concentration of catalyst solution, the resin solid content and catalyst content or addition level 
(solid at resin solid basis) can be calculated as shown below. Since the catalyst solution had a low 
concentration (10%), the specific gravity of the catalyst solution was assumed to be 1.

Resin Solid Content (%)
= 100 x [Catalyst Concentration (%) x Volume of Catalyst Solution (mL) + 65.16% x Weight of Liquid

UF (g)]/[(Volume of Catalyst Solution (mL) + Weight of Liquid UF (g)]

Catalyst Content (%)
= 100 x [Catalyst Concentration (%) x Volume of Catalyst Solution (mL)]/[65.16% x Weight of Liquid

UF (g)]

The peak temperature of resin curing was measured by DSC at a heating rate of 15°C/min. The test results 
are summarized in Table 3. DSC curves at different concentrations of ammonium chloride solution for the 
resin with the high level of solid content (59.2-59.9%) are illustrated in Figure 2. A plot of DSC peak 
temperature against ammonium chloride content is shown in Figure 3. It was observed that the DSC peak 
temperature of UF resin curing decreased with an increase in the amount of catalyst at three levels of the 
resin solid contents, but the relationship was not linear. The decrease in the peak temperature indicated an
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increase of the resin curing rate as catalyzed by ammonium chloride. At each level of catalyst content, a 
similar degree of resin curing was obtained with the middle level (54.3-55.5%) and lower level (46.5- 
47.6%) of resin solid contents; these two levels of resin solid content resulted in slower curing of the resin 
than the higher level of resin solid content (59.2-59.9%). The peak temperature seemed to reach a 
constant value with increasing catalyst content at each level of resin solid content. This implies that a 
further increase in the catalyst content has little catalytic influence on the resin curing, due to the lacking 
of free formaldehyde in the resin system available for reaction with the catalyst to generate hydrochloric 
acid. The test results obtained from this study indicated that an effective level of ammonium chloride as 
catalyst for UF resin was around 0.75% -1.50%, depending on the resin solid content.

Table 3 DSC peak temperatures (Tp) of UF resin curing measured with different resin solid 
contents and catalyst contents of ammonium chloride

Concentration of 
Catalyst Solution

(%)

Volume of Catalyst Solution Ac ded
0.5 mL 1.0 mL 1.0 mL + 1.0 mL Water

TP
(°C)

Catalyst
Content

(%)

TP
(°C)

Catalyst
Content

(%)

TP
(°C)

Catalyst
Content

(%)
0 145.34 0 144.63 0 140.16 0

0.162 145.61 0.025 135.67 0.050 133.87 0.050
0.325 136.15 0.050 117.51 0.100 122.43 0.100
0.569 120.43 0.087 107.6 0.175 - 0.175
0.812 111.38 0.125 102.62 0.249 104.01 0.249
1.300 101.93 0.200 - 0.399 100.02 0.399
2.437 95.45 0.374 95.32 0.748 94.83 0.748
4.875 91.96 0.748 93.56 1.496 92.16 1.496
6.248 90.96 0.959 93.10 1.918 91.14 1.918
7.494 91.17 1.150 92.81 2.300 91.82 2.300
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Temperature (°C) Universal V2.6D TA Instruments

Figure 2 DSC curves of UF resin with different concentrations of ammonium chloride 
(NH4Cl) aqueous solutions (resin solid content =  59.2-59.9%)

Figure 3 DSC Peak temperatures as a function of ammonium chloride content (solid at resin 
solid basis) at three levels of UF resin solid content

The study also indicated that the rate of UF resin curing, or condensation reaction, is related to resin solid 
content, catalyst content, and curing temperature. For a given resin solid content, the correlation between 
the ammonium chloride content and DSC peak temperature, or maximum resin curing temperature, can be 
expressed well by the following exponential equation:
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Tp = Ae~BC+ D (2)

where:
T
A
B
C
D

DSC peak temperature (°C)
Pre-exponential factor 
Exponential factor
Catalyst content (%) in a solid basis over UF resin in a solid basis 
Extrapolated value of Tp

To obtain A, B, and D values, a straight line can be made between Tp and exp(-B*C) by adjusting the 
B value until the highest R-squared value is reached, as shown in Figures 4 to 6. At each resin solid 
content, the Tp of the uncatalyzed resin (C = 0%) was not taken into account because it did not seem to fit 
well into the regression curve. In this study, the exponential equation was solved as follows:

At 59.2-59.9% UF solid content: Tp = 69.736 e " c + 91.887 (3)
R- = 0.9971

At 54.3-55.5% UF solid content: Tp = 63.040 e 8 8C + 93.849 (4)
R5 = 0.9912

At 46.5-47.6% UF solid content: Tp = 54.540 e 58C + 92.494 (5)
R5 = 0.9932

From the R-square values (> 0.99), it was found that the resin curing rate, expressed as DSC peak 
temperature (Tp), correlated well with catalyst content (C). The extrapolated values (D) of Tp were 
91.89°C, 93.85°C and 92.49°C for the resins with 59.2-59.9%, 54.3-55.5%, 46.5-47.6% solid contents, 
respectively. These predicted, or extrapolated, values mean that the lowest DSC peak, or maximum curing 
temperature, can be obtained for a given UF resin with an infinite increase in catalyst (NH4CI) level. The 
highest resin solid content (59.2-59.9%) resulted in slightly lower D values than the lower resin solid 
contents (54.3-55.5% or 46.5-47.6%). These predicted DSC peak temperatures were quite close to those 
actually measured at catalyst contents of 0.15%, 1.50%, and 1.50% for the resins with solid contents of 
59.2-59.9%, 54.3-55.5%, and 46.5-47.6%, respectively.
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Figure 4 Relationship between DSC peak temperature and ammonium chloride (NH4CI) 
content (C) for the resin with the highest level of solid content

Figure 5 Relationship between DSC peak temperature and ammonium chloride (NH4CI) 
content (C) for the resin with the middle level of solid content
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Figure 6 Relationship between DSC peak temperature and ammonium chloride (NH4CI) 
content (C) for the resin with the lowest level of solid content

6.1.2 Effect of DSC Heating Rate and Ammonium Chloride Content on UF Curing

To evaluate resin curing behavior at different heating rates (10, 15, 20°C/min) in DSC scans when 
catalyzed with ammonium chloride, 1,0-mL samples of catalyst solution with different concentrations (0- 
7.494%) were mixed with 5 g of UF resin (65.16% solid content), which resulted in resin solid contents in 
a narrow range of 59.2-59.9%. At the catalyst concentrations of 0.812% and 4.875%, DSC scans were 
also made with a heating rate of 5°C/min.

The test results are presented in Table 4 and illustrated in Figure 7. At each catalyst content, an increase 
in the heating rate resulted in an increased DSC peak temperature. With an increase in the catalyst 
content, the peak temperature appeared to reach a constant value at each heating rate. The correlation 
between the peak temperature and catalyst content also appeared to be exponential, which can be 
expressed by Equation 2. The exponential equation at each heating rate was solved by linear regression 
fitting, i.e., plotting Tp versus exp(-B*C), as shown in Figure 8. The results are given below:

At the heating rate = 10°C/min: T„ = 62.306 e'7 0C + 86.615 
k  = 0.9977

(6)

At the heating rate = 15°C/min: T„ = 63.040 e'88C + 93.849 
R5 = 0.9912

(7)

At the heating rate = 20°C/min: T„ = 60.208 e 77C + 95.074 
R5 = 0.9946

(8)

The predicted peak temperatures (D value), or the maximum resin curing temperatures, were 86.62°C, 
93.85°C, and 95.07°C at the heating rates of 10°C/min, 15°C/min, and 20°C/min, respectively. These 
temperatures were close to the temperatures when 1.50% of ammonium chloride was used at each heating 
rate, as shown in Table 4.
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Table 4 DSC peak temperatures (Tp) of UF resin curing measured with different resin solid
contents and catalyst contents of ammonium chloride

Concentration of 
Catalyst Solution 

(%)

Catalyst
Content

(%)

Peak Temperature, T„ (°C) Ea
(kJ/mol)5°C/min 10°C/min 15°C/min 20°C/min

0 0 - - 144.63 - -

0.162 0.050 - 129.37 135.67 137.54 103.68
0.325 0.100 - 114.99 117.51 125.53 -

0.569 0.175 - - 107.6 111.33 -

0.812 0.249 88.22 95.16 102.62 105.54 82.92
1.300 0.399 - 90.86 - 100.73 -

2.437 0.748 - 87.73 95.32 96.75 -

4.875 1.496 80.46 86.40 93.56 94.77 91.38
6.248 1.918 - 85.91 93.10 94.18 -

7.494 2.300 - 85.99 92.81 93.85 -

0.0 0.5 1.0 1.5 2.0 2.5

NH4CI Content (%)

Figure 7 DSC Peak temperatures as a function of ammonium chloride content (solid at resin 
solid basis) at different heating rates
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Figure 8 Relationship between DSC peak temperature and ammonium chloride (NH4CI 
content) (C) at three heating rates

The activation energy (Ea) of UF resin curing in the presence of ammonium chloride was calculated from 
Equation 1. The Ozawa plot showed excellent linear correlations between log and 1/TP for the resin 
catalyzed by ammonium chloride at contents of 0.25% (R2 = 0.99) and 1.50% (R2 = 0.97) when four 
heating rates were used, as illustrated in Figure 9. For three of the heating rates used in the DSC scan, an 
excellent correlation was also observed at 0.05% catalyst content (R2 = 0.96), while poor correlations 
were obtained for the other catalyst contents (R2 = 0.86 - 0.92). The test results of Ea values obtained with 
higher R-square values are also shown in Table 4. Ea values were 103.68 kJ/mol and 82.92 kJ/mol at 
0.05% and 0.25% catalyst contents, respectively. This result indicated that an increase in catalyst content 
resulted in a lower activation energy of resin curing by improving the resin reactivity.

Elowever, the Ea value increased from 82.92 kJ/mol to 91.38 kJ/mol with an increase in the catalyst from 
0.25% to 1.50%. This observation may imply that a lower catalyst content could result in uncompleted 
resin curing with a lower cross-linking density of the cured resin than with a higher level of catalyst. 
Figure 10 shows the heat flow as a function of DSC curing temperature for the resin catalyzed by 0.25% 
and 1.50% ammonium chloride at the heating rate of 5°C/min. A smaller and wider peak was observed 
with 0.25% catalyst, compared with 1.50% catalyst. The curing reaction heat (the area under DSC 
thermogram) was also lower for the 0.25% catalyst. It is understandable that the condensation 
polymerization between the molecules with high cross-linking density is more difficult; thus a high level 
of activation energy will be required to promote effective collisions between functional groups of less 
reactive resin molecules.
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1000/Tp (K'1)

Figure 9 Ozawa plots for UF resin catalyzed by ammonium chloride (NH4CI) at three 
contents

Figure 10 A comparison of UF curing behaviors with catalyst (NH4CI) contents of 0.25% and 
1.5% at a heating rate of 5°C/min

6.2 Characterization of UF Resin Curing with Ammonium Persulfate

The basis for using ammonium salts as a UF resin catalyst is that ammonium reacts with free 
formaldehyde in the resin to generate acids. Of the ammonium salts, only ammonium chloride and 
ammonium sulfate are commonly used in practice. However, ammonium persulfate [(NH4)2S208)], which 
has excellent chemical reactivity toward formaldehyde, may also have the potential for use as a catalyst 
for UF curing. Some reactions for ammonium persulfate may occur during UF curing:
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2(NH4)2S20 8 +
Ammonium persulfate

6HCHO
Formaldehyde

-> (CH2)6N4 
Hexamine

+ 2H2S20 8 + 6H20
Persulfuric acid

h 2s2o 8 ^
Persulfuric acid

2FE + s2o 82-

h 2s2o 8 +
Persulfuric acid

HCHO + H20
Formaldehyde

-> HCOOH
Formic acid

+ 2H2S04
Sulfuric acid

The persulfuric acid (H2S20 8) (referred to as peroxydisulfuric acid) generated is more acidic than 
hydrochloric acid. This can be confirmed by the initial pH values of 10% catalyst solutions, as shown in
Table 2. The pH value of the 10% ammonium persulfate [(NH4)2S20 8] solution was 2.35, compared with 
4.61 for 10% the ammonium chloride (NH4C1) solution. In addition, persulfuric acid produced from 
ammonium persulfate can oxidize formaldehyde (HCHO) into formic acid (HCOOH), which will further 
increase the acidity of the curing system. Ammonium persulfate, therefore, would be a stronger and more 
efficient catalyst for UF curing, compared with ammonium chloride. The DSC characteristics of UF 
curing catalyzed by ammonium persulfate are shown in Table 5.

The DSC sample was prepared by mixing 1 mL of ammonium persulfate solution with 5 g of liquid UF 
resin. The concentration of the catalyst solution ranged from 0% to 10%, corresponding to 0% to 3.07% 
catalyst content (solid at the solid resin basis). The resin solid content was 65.16% without adding the 
catalyst solution and in the range of 54.3% to 56.0% with 0% to 3.07% catalyst content. The DSC scan 
was made at a heating rate of 15°C/min. The heating rates of 5°C/min and 20°C/min were also used for 
0.23% and 1.53% catalyst contents. It was found that the relationship between the resin curing peak 
temperature and catalyst content was exponential and can be expressed by Equation 2. Plotting Tp versus 
exp(-B*C) is shown in Figure 11, and the result of linear regression fitting is given below. The point at 
0% catalyst content was not taken into account for the same reason as stated earlier for ammonium 
chloride.

At the heating rate = 15°C/min: Tp = 62.590 e‘40C + 82.247 (9)
IT = 0.992

The extrapolated or utmost value, of Tp predicted by the above exponential equation was 82.25°C. This 
value was close to the minimum value of 79.33°C when the highest level of catalyst was used (3.07%), as 
shown in Table 5. At the heat rate of 15°C/min, the utmost value of Tp was predicted to be 93.85°C for 
ammonium chloride (Equation 7), which was approximately 12°C higher than the temperature for 
ammonium persulfate. This comparison indicated that ammonium persulfate had more catalytic influence 
on UF resin curing than did ammonium chloride. Thus, a smaller quantity of catalyst and/or lower 
temperature, or shorter hot-press cycle, would be required in manufacturing particleboard if ammonium 
persulfate were used as catalyst for UF resin, compared with ammonium chloride.

The activation energy (Ea) of UF resin curing was calculated from Equation 1, as illustrated in Figure 12, 
and the results of activation are summarized in Table 5. At catalyst contents of 0.23% and 1.54%, the Ea 
values were 101.92 kJ/mol and 102.04 kJ/mol, respectively. Since these two values were quite similar, 
0.23% ammonium persulfate would be sufficient for UF resin curing. These Ea values were higher than 
those observed for ammonium chloride, as shown in Table 4, at similar levels of catalyst content. This 
comparison may imply that the powerful catalysis of ammonium persulfate could result in a highly cross- 
linked structure of cured UF, which requires more energy to complete the resin curing.

FPInnovations
FORINTEK

© 2008 FPInnovations -  Forintek Division. All rights reserved. 17 of 33



Investigation of Combination Catalyst System for UF Resin in Particleboard and MDF Manufacturing 

Part II. DSC Analysis of UF Resin Curing Behavior in the Presence of Seven Catalysts___________

Table 5 DSC peak temperatures (Tp) of UF resin curing measured with different resin solid
contents and catalyst contents of ammonium persulfate

Concentration of Catalyst Peak Temperature, T„ (°C) E
Catalyst Solution 

(%)
Content

(%)
5°C/min 15°C/min 20°C/min (kJ/mol)

0 0 - 144.63 - -

0.10 0.031 - 136.87 - -

0.20 0.061 - 133.12 - -

0.40 0.123 - 119.37 - -

0.75 0.230 93.19 105.93 107.49 101.92
1.25 0.384 - 96.61 - -

2.50 0.767 - 88.61 - -

5.00 1.535 76.32 83.71 90.13 102.04
7.50 2.302 - 80.74 - -

10.00 3.069 - 79.33 - -

exp(-B*C)

Figure 11 Relationship between DSC peak temperature and ammonium persulfate [(NH4)2S20 8)] 
content (C) at the heating rate o f 15°C/min
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1000/Tp (K '1)

Figure 12 Ozawa plots for UF resin catalyzed by ammonium chloride (NH4CI) at two contents

6.3 Characterization of UF Resin Curing with Combination Catalyst I

The combination catalyst I contained 75% ammonium chloride (NH4CI) and 25% ammonium persulfate 
[(NH4)2S20 8)]. A DSC sample was prepared by mixing 1.0 mL of combination catalyst I with 5 g of UF 
resin (65.16% solid content). The concentration of combination catalyst I ranged from 0% to 10%, 
corresponding to 0% to 3.07% catalyst content (solid at the solid resin basis). The resin solid content 
varied between 54.3% and 56.0% over the range of catalyst additions (0% to 3.07%) The heating rate of 
15°C/min was used at all levels of catalyst content in DSC scans. In addition, the heating rates of 5°C/min, 
10°C/min, and 20°C/min were also used at 0.23% and 1.54% catalyst contents. The DSC peak 
temperatures measured at different levels of combination catalyst I are presented in Table 6.

Table 6 DSC peak temperatures (Tp) of UF resin curing measured with different resin solid 
contents and contents o f combination catalyst I  (ammonium chloride + ammonium persulfate)

Concentration of 
Catalyst Solution 

(%)

Catalyst
Content

(%)

Peak Temperature, TD (°C) Ea
(kJ/mol)5°C/min 10°C/min 15°C/min 20°C/min

0 0 - - 144.63 - -

0.10 0.031 - - 135.20 - -

0.20 0.061 - - 132.38 - -

0.40 0.123 - - 124.77 - -

0.75 0.230 89.90 99.01 104.42 106.83 86.77
2.50 0.767 - - 94.07 - -

5.00 1.535 79.93 86.94 91.70 93.36 101.53
7.50 2.302 - - 90.57 - -

10.00 3.069 - - 89.35 - -
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The relationship between the resin curing peak temperature (Tp) and catalyst content was found to be 
exponential and can be expressed by Equation 2. Figure 13 shows the plot of Tp against exp(-B*C). The 
result of linear regression fitting is shown below:

At the heating rate = 15°C/min: Tp = 53.914 e'4 8C + 90.816 (10)
R5 = 0.988

In the fitted Equation 2, a stronger catalyst normally shows a larger A value (pre-exponential factor), a 
smaller B value (exponential factor), and smaller D value (extrapolated value of Tp) than a weaker 
catalyst. The A, B, and D values of ammonium chloride, ammonium persulfate and combination of these 
two catalysts are summarized in Table 7. These data were obtained from DSC scans with the same 
heating rate (15°C/min) and similar levels of resin solid content with catalyst (54.3% to 56.0%). A 
comparison of these A, B, and D values indicated that the ammonium persulfate has a stronger catalytic 
influence on UF resin curing than did ammonium chloride and a combination of the two. However, the 
use of a combination catalyst also resulted in stronger catalytic influence on the resin curing than 
ammonium chloride.

The pH values of 10% catalyst solutions were 4.61, 2.35 and 2.95, respectively, for ammonium chloride, 
ammonium persulfate, and the combination of these two catalysts, as shown in Table 2. This result 
implies that catalytic influence of three catalyst systems depended on their pH levels of aqueous solutions 
(10% concentration). The ammonium persulfate solution with a lower pH had more catalytic impact on 
the resin curing than the ammonium chloride/ammonium persulfate solution, followed by the ammonium 
chloride solution.

Figure 13 Relationship between DSC peak temperature and combination catalyst I  
(ammonium chloride + ammonium persulfate) content (C) at the heating rate of 15°C/min
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Table 7 Summary o f A, B, and D values for ammonium chloride, ammonium persulfate, 
and their combination

Catalyst A Value B Value D Value

Ammonium chloride (NH4CI) 63.040 8.8 93.849

Ammonium persulfate [(NH4)2S20 8)] 62.590 4.0 82.247

Ammonium chloride (75%) + 
Ammonium persulfate (25%) 53.914 4.4 90.816

The activation energy (Ea) calculated from Equation 1 is illustrated in Figure 14. The Ea values measured 
at 0.23% and 1.54% catalyst contents were 86.77 kJ/mol and 101.53 kJ/mol, respectively, for the 
combination catalyst, as shown in Table 6. For ammonium chloride, the activation energies were 82.92 
and 91.38 kJ/mol at 0.25% and 1.50% catalyst contents (Table 4); while for ammonium persulfate they 
were 101.92 and 102.04 kJ/mol at 0.23% and 1.54% catalyst contents (Table 5), respectively. This 
comparison of activation energies between three catalysts indicated that the combination catalyst seemed 
to be dominated by ammonium chloride when the catalyst content was lower (0.23%), while dominated 
by ammonium persulfate when the catalyst content was higher (1.54%). In addition, the difference in the 
activation energy for the combination catalyst may be influenced by the degree of resin curing or cross- 
linking density of UF resin.

1000/Tp (K‘1)

Figure 14 Ozawa plots for UF resin catalyzed by combination catalyst I  (ammonium chloride +  

ammonium persulfate) at two contents

6.4 Characterization of UF Resin Curing with Aluminum Chloride

Aluminum chloride (AICI3) is a salt of strong acid and weak base. When used as a catalyst for UF resin 
curing, it cannot react with fonnaldehyde as ammonium salts to generate acid. The catalytic mechanism is 
that the aluminum chloride will hydrolyze in water to yield acid, expressed as below:

AICI3 + 3H20  -» Al(OH)3 + 3HC1
Aluminum chloride Water Aluminum hydroxide Hydrochloric acid
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As a result, the function of aluminum chloride as a UF catalyst will, in a sense, be equal to that of 
hydrochloric acid (HC1). However, the hydrochloric acid cannot be used directly as a catalyst because of 
its strong acidity, which would lead to a shortened resin pot life. Due to the good buffering of aluminum 
hydroxide after the hydrolysis of aluminum chloride, the acidity of aluminum salt solution is greatly 
decreased. The pH value of 10% aluminum chloride solution (by weight) is 2.45, while the pH of pure 
hydrochloric acid solution with equivalent molar concentration (0.75 mol/L) is 0.125. As a result, 
aluminum hydroxide may have potential for use in UF curing.

In order to evaluate the catalysis of aluminum chloride, 1.0 mL of catalyst solution was mixed with 5 g of 
UF resin (65.16% solid content). The resin solid content was in the range of 54.3% to 56.0% with 0% to 
3.07% catalyst content. The concentration of catalyst solution ranged from 0% to 10%, corresponding to 
0% to 3.07% catalyst content (solid at the solid resin basis). DSC scans were made with a heating rate of 
15°C/min. At 0.23% and 1.54% levels of catalyst contents, DSC scans were also made with heating rates 
of 5°C/min, 10°C/min, and 20°C/min. Results of the DSC measurements are summarized in Table 8.

Table 8 DSC peak temperatures (Tp) o f UF resin curing measured with different resin solid 
contents and contents of aluminum chloride (AICl3)

Concentration of 
Catalyst Solution 

(%)

Catalyst
Content

(%)

Peak Temperature, Tp (°C) Ea
(kJ/mol)5°C/min 10°C/min 15°C/min 20°C/min

0 0 - - 144.63 - -

0.10 0.031 - - 140.46 - -

0.20 0.061 - - 132.68 - -

0.30 0.092 - - 118.43 - -

0.40 0.123 - - 108.87 - -

0.75 0.230 93.94 103.79 84.56 114.75 74.83
2.50 0.767 - - 68.80 - -

5.00 1.535 59.39 66.79 63.54 73.26 90.62
7.50 2.302 - - 58.66 - -

10.00 3.069 - - 59.95 - -

The plot of DSC peak temperature (Tp) against exp(-B*C) is shown in Figure 15. The result of linear 
regression fitting without the point at 0% catalyst content is given below:

At the heating rate = 15°C/min: Tp = 97.008 e'6 0C + 62.279 (11)
R5 = 0.9917

DSC thermograms of UF resin catalyzed by AlCft at two contents (0.23% and 1.54%) are illustrated in 
Figure 16. It was observed that the resin started curing after mixing the catalyst solution with the resin 
during the sample preparation. The strong catalytic impact on resin curing was evidenced by the heat flow 
that occurred at low temperatures, as shown in Figure 16. The D value (utmost Tp, or extrapolated value 
of Tp), was 62.28°C, which was much lower than the D values of 93.85°C for ammonium chloride, 
82.25°C for ammonium persulfate, and 90.82°C for combination of ammonium chloride and ammonium 
persulfate. This result indicated that aluminum chloride is a strong catalyst for UF resin curing. Due to its 
strong acidity, this catalyst can result in poor pot life and should not be used alone as a catalyst for UF 
resin.
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Figure 15 Relationship between DSC peak temperature and aluminum chloride (A/CIj) content 
(C) at the heating rate of 15°C/min

Figure 16 A comparison of UF curing with catalyst (AICI3) contents of 0.23% and 1.54% at a 
heating rate o f 15°C/min

The activation energies (Ea) calculated from Equation 1 are presented in Table 8 and illustrated in 
Figure 17. The Ea values measured at 0.23% and 1.54% catalyst contents were 74.83 kJ/mol and 
90.62 kJ/mol, respectively, for the resin catalyzed by aluminum chloride. The higher Ea value at 1.54% 
catalyst content may be a result of the fast gelation of the resin system when the higher level of catalyst 
content was used. The system gelation restricts the mobility of resin molecules and leads to more energy 
to activate the reaction.
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1000/Tp ( K 1)

Figure 17 Ozawa plots for UF resin catalyzed by aluminum chloride (AICI3)

6.5 Characterization of UF Resin Curing with Oxalic Acid

Oxalic acid [(COOH)2 or HOOCCOOH] is a medium strong acid. It is not only an acid, but also a strong 
oxidant. When used as a catalyst to cure UF resin, it will oxidize the free formaldehyde into formic acid, 
which will increase the acidity of the curing system. As a result, the curing mechanism of oxalic acid in 
UF resin curing is to increase the acidity of the resin through oxalic acid itself and the formic acid that 
results from the oxidation of free formaldehyde, expressed as follows:

HOOCCOOH-

HCHO
HOOCCOOH

H+

HOOCCOO- + H+ 

-  HCOOH

To evaluate oxalic acid as a catalyst for UF resin, 1.0 mL of catalyst solution was mixed with 5 g UF resin 
with a solid content of 65.16%. The concentration of catalyst solution was in the range of 0% to 10%, 
which corresponded to 0% to 3.07% catalyst content (solid at the solid resin basis). The resin solid 
content ranged from 54.3% to 56.0% with the range of catalyst content investigated. DSC scans were 
made with a heating rate of 15°C/min. At 0.12% and 0.38% levels of catalyst contents, DSC scans were 
also made with heating rates of 5°C/min, 10°C/min, and 20°C/min. DSC thermograms of UF resin 
catalyzed by oxalic acid at different levels of catalyst solution concentration are illustrated in Figure 18, 
and the results of DSC measurements are summarized in Table 9.
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Figure 18 A comparison of UF curing with catalyst (COOH)2 at a heating rate of 15°C/min

Table 9 DSC peak temperatures (Tp) o f UF resin curing measured with different resin solid 
contents and contents of oxalic acid [COOH)2]

Concentration of 
Catalyst Solution 

(%)

Catalyst
Content

(%)

Peak Temperature, T„ (°C) E0
(kJ/mol)5°C/min 10°C/min 15°C/min 20°C/min

0 0 - - 144.63 - -

0.10 0.031 - - 140.16 - -

0.20 0.061 - - 138.96 - -

0.30 0.092 - - 136.20 - -

0.40 0.123 122.95 131.90 132.24 133.66 n/a1
0.59 0.181 - - 101.01 - -

0.75 0.230 - - 99.14 - -

1.25 0.384 73.84 81.54 89.63 92.50 n/a
2.50 0.767 - - n/a - -

5.00 1.535 - - n/a - -

7.50 2.302 - - n/a - -

10.00 3.069 - - n/a - -
n/a -  not available

It was found that the UF resin samples mixed with oxalic acid gelled after 2-15 minutes when the catalyst 
contents were greater than 0.767%. The DSC peak temperature gradually decreased with an increase in 
catalyst content until 0.123%, and then suddenly decreased from 132.24°C to 101.01°C when the catalyst 
content was increased from 0.123% to 0.181% (or 0.40% to 0.59% concentration of catalyst solution), as 
shown in Table 9 and Figure 18. The gelling that occurred right after mixing the resin with the catalyst
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indicated that oxalic acid is a stronger catalyst than the catalysts previously evaluated. This was also 
confirmed by the pH values of catalyst solutions with 10% concentration (by weight): the oxalic acid 
solution yielded a lower pH of 0.99, compared with 4.61 for ammonium chloride solution, 2.35 for 
ammonium persulfate, 2.45 for aluminum chloride, and 2.95 for the combination of ammonium chloride 
and ammonium persulfate solution.

The peak temperatures of UF resin in the presence of oxalic acid became irregular, and the relationship 
between the catalyst content and peak temperature could not be well expressed by the exponential 
Equation 2 due to poor R-squared value. In addition, the log p did not fit well linearly to 1/TP by Ozawa 
Equation for calculating activation energy (Ea) for the resin catalyzed by oxalic acid at both levels of 
catalyst contents (0.123% and 0.384%). These results indicated that oxalic acid is too strong to be used 
directly or alone as a catalyst for UF curing.

6.6 Characterization of UF Resin Curing with Combination Catalysts II and III

A suitable catalyst for UF resin curing should demonstrate at least both high catalytic efficiency and 
reasonable resin pot life after being mixed with a catalyst. With increasing health and environmental 
concerns, emission of formaldehyde from UF resin and its bonded products are highly restrained. So far, 
practical measures for controlling free formaldehyde release in the wood composite industry have been 
related to attempting to lower the F/U molar ratio as low as possible. Ammonium chloride (NH4C1), a 
traditional catalyst, cannot be used as an efficient catalyst for curing of UF resin with a low F/U ratio 
because the amount of free formaldehyde in the resin is not great enough to react with ammonium to 
generate sufficient acid. Some strong acids, such as phosphoric acid and hydrochloric acid, can be used to 
catalyze UF curing, but they will lead to a shortened pot life. In order to overcome the disadvantages of 
ammonium chloride and strong acids, two special combination catalyst systems were evaluated in this 
study. They were combination catalyst II, consisting of ammonium chloride (NH4CI) + triethanolamine 
(C6H15NO3) + phosphoric acid (H3PO4), and combination catalyst III, consisting of ammonium chloride 
(NH4CI), triethanolamine (C6Hi5N03) + phosphoric acid (H3P04), and hexamethylenetetramine 
[(CH2)6N4]

The rationale for the basic catalytic mechanism of combination catalyst II is as follows. Triethanolamine 
is an organic base that can buffer the acidity of phosphoric acid under ambient temperature via an acid- 
base neutralization reaction. The neutralized system would release the strong acid again upon heating to 
accelerate UF resin cure. In addition, some acid could be offered by the reaction of ammonium chloride 
with the free formaldehyde in the resin during curing. These possible reactions can be expressed as 
below:

(HOC2H5)3-N + H3P04
Triethanolamine Phosphoric acid

(h o c 2h 5)3 -n h + *(h 2p o 4)-
Complex

4NH4CI + 6HCHO
Ammonium chloride Formaldehyde

4HC1 + (CH2)6N4 + 6H20
Hydrochloric acid Hexamine

(CH2)6N4 + 6H20
Hexamine

6HCHO + 4NH3
Formaldehyde Ammonia

The rationale for the catalytic mechanism of the combination catalyst III was based on the mechanism 
stated for the combination catalyst II. In addition, hexamethylenetetramine added to the catalyst system 
releases formaldehyde under weak acidic conditions. As a result, this combination catalyst may be 
suitable for UF resin with a low F/U molar ratio.
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The UF resin curing behaviors in the presence of combination catalysts were characterized by DSC 
measurement. For each combination catalyst, a DSC sample was prepared by mixing 1.0 mL of catalyst 
solution with 5 g of UF resin (65.16% solid content). The concentration of each combination catalyst 
solution varied between 0% and 10%, which corresponded to 0% and 3.07% catalyst content (solid at the 
solid resin basis). The resin solid content was in the range of 54.3% to 56.0% with 0% to 3.07% catalyst 
contents. DSC scans were made with a heating rate of 15°C/min at each level of catalyst content for both 
combination catalysts. Two scans were also made at two catalyst solution concentrations (0.75% and 
5.00%), or two catalyst contents (0.23% and 1.53%, respectively), at the heating rates of 5, 10, and 
20°C/min. The results of DSC scans with different combination catalyst contents are summarized in 
Table 10 and Table 11.

Table 10 DSC peak temperatures (Tp) of UF resin curing measured with different resin solid 
contents and contents of combination catalyst II

Concentration of 
Catalyst Solution 

(%)

Catalyst
Content

(%)

Peak Temperature, Tp (°C) Ea
(kJ/mol)5°C/min 10°C/min 15°C/min 20°C/min

0 0 - - 144.63 - -

0.10 0.031 - - 140.33 - -

0.20 0.061 - - 138.05 - -

0.30 0.092 - - 129.56 - -

0.40 0.123 - - 121.37 - -

0.75 0.230 93.80 103.26 108.33 111.66 85.82
2.50 0.767 - - 95.71 - -

5.00 1.535 80.14 88.21 92.97 95.18 92.34
7.50 2.302 - - 92.25 - -

10.00 3.069 - - 91.50 - -

Table 11 DSC peak temperatures (Tp) of UF resin curing measured with different resin solid 
contents and contents of combination catalyst III

Concentration 
Catalyst Solution 

(%)

Catalyst
Content

(%)

Peak Temperature, T„ (°C) Ea
(kJ/mol)5°C/min 10°C/min 15°C/min 20°C/min

0 0 - - 144.63 - -

0.10 0.031 - - 140.94 - -

0.20 0.061 - - 138.98 - -

0.30 0.092 - - 131.81 - -

0.40 0.123 - - 125.10 - -

0.75 0.230 97.48 103.90 109.77 113.80 95.06
2.50 0.767 - - 96.68 - -

5.00 1.535 81.72 89.46 94.18 96.66 94.46
7.50 2.302 - - 93.53 - -

10.00 3.069 - - 93.26 - -
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Plots of DSC peak temperatures against catalyst contents at the heating rate of 15°C/min for the 
combination catalysts II and III are illustrated in Figure 19. The linear regression fitting results, without 
taking the point of 0% catalyst content into account, are shown in Equation 12 and Equation 13. It was 
observed that the two combination catalysts had a similar catalytic influence on UF resin curing in terms 
of similar values of A (pre-exponential factor), B (exponential factor), and D (extrapolated value, or utmost 
value of Tp).

Combination catalyst II: Tp= 59.394 e'5 6C + 92.825 (12)
R5'= 0.9924

Combination catalyst III: T„= 57.744 e 50C + 93.889 (13)
R- = 0.9931

Figure 19 Relationship between DSC peak temperature and contents (C) o f combination 
catalysts II and III at the heating rate o f 15°C/min

The pH values were 6.29 and 6.48 for the combination catalysts II and III, respectively. These values were 
much higher than the pH value of 4.61 for ammonium chloride, as shown in Table 2. This comparison 
implies that UF resin mixed with one of the two combination catalysts would have a longer pot life under 
ambient conditions.

The simulated results of the peak temperatures as a function of catalyst concentration and the parameters 
A, B, and D of the fitted exponential equations for ammonium chloride and two combination catalysts are 
given in Table 12. It was observed that parameter D, which represents the utmost, or extrapolated peak 
temperature, was almost the same (ranging from 92.83 to 93.89°C) for the three catalysts. Parameter A, 
which represents the pre-exponential factor, has some variation (57.74 to 63.04°C), while the variation in 
parameter B between three catalysts is considered to be significant (5.0 to 8.8). A high B value means a 
strong catalytic influence on resin curing, which is also greatly affected by the catalyst content. The 
simulated peak temperatures, as a function of catalyst contents, are also illustrated in Figure 20. The 
figure shows that the resin catalyzed by ammonium chloride (B = 8.8) cures faster than the resins 
catalyzed by the combination catalysts II (B = 5.6) and III (B = 5.0) at a catalyst content below 0.50%. 
After that, parameter B does not seem to have an influence on the resin curing rate because the exp (B*C) 
approaches zero or the peak temperature approaches its utmost value.
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Table 12 Simulated DSC peak temperatures (Tp) of UF resin curing for ammonium chloride 
and combination catalysts (II, III) as a function of catalyst contents

Catalyst Content 
(%)

Simulated Peak Temperature, TD (°C)
NH4C1 Combination Catalyst II Combination Catalyst III

0.05 134.45 137.71 138.86
0.10 120.00 126.75 128.91
0.15 110.69 118.47 121.17
0.20 104.69 112.20 115.13
0.25 100.83 107.47 110.43
0.30 98.35 103.89 106.77
0.35 96.75 101.19 103.92
0.40 95.71 99.15 101.70
0.45 95.05 97.60 99.98
0.50 94.62 96.44 98.63
0.60 94.17 94.89 96.76
1.00 93.86 93.04 94.28
1.50 93.85 92.84 93.92
2.00 93.85 92.83 93.89
3.00 93.85 92.83 93.89

Equation T p =  63 .040exp(-8 .8C )+ 93 .849 T p =  59 .394exp(-5 .6C )+ 92.825 Tp =  57 .744exp(-5 .0C )+ 93 .889

A Value 63.04 59.39 57.74
B Value 8.8 5.6 5.0
D Value 93.85 92.83 93.89

Catalyst Content (%)

Figure 20 Predicted peak temperature of UF resin curing as a function of catalyst content for 
ammonium chloride and combination catalysts (II, III) at the heating rate of 15°C/min
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The activation energies (Ea) of the UF curing reaction with combination catalysts II and III are presented 
in Table 10 and Table 11, and illustrated in Figure 21 and Figure 22, respectively. For combination 
catalyst II, the Ea value (92.34 kJ/mol) at the higher catalyst content (1.54%) was slightly higher than the 
Ea value (85.82 kJ/mol) at the lower catalyst content (0.23%). This result may be attributed to the higher 
degree of cross-linking density at the higher level of catalyst content. Similar Ea values, 95.06 kJ/mol and 
94.46 kJ/mol, were obtained for the combination catalyst III at the lower and higher levels of catalyst 
content. The Ea values were 82.92 kJ/mol for ammonium chloride and 101.92 kJ/mol for ammonium 
persulfate at the lower level of catalyst content (0.25%), and 91.38 kJ/mol for ammonium chloride and 
102.04 kJ/mol for ammonium persulfate at the higher level of catalyst content (1.50%). These results 
indicated that the catalyses of two combination catalysts were close to that of ammonium chloride.

Figure 21 Ozawa plots for UF resin catalyzed by combination catalyst II
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7 Conclusions
The curing behaviors of urea-formaldehyde (UF) resin catalyzed by four one-component catalyst systems 
and three combination catalyst systems were characterized by a differential scanning calorimetry (DSC) 
analysis in terms of the resin curing rate and activation energy as influenced by the resin solid content and 
catalyst content. These catalyst systems included (1) ammonium chloride, (2) ammonium persulfate, (3) 
aluminum chloride, (4) oxalic acid, (5) combination catalyst 1 (ammonium chloride + ammonium 
persulfate), (6) combination catalyst II (ammonium chloride + triethanolamine + phosphoric acid), and (7) 
combination catalyst III (ammonium chloride + triethanolamine + phosphoric acid + 
hexamethylenetetramine). Ammonium chloride was used as a control in the study. The main findings 
from this study can be concluded below.

(1) A simulation model, Tp = A e"B’c + D, was proposed to predict the maximum curing, or peak, 
temperature (Tp) as a function of catalyst contents (C) and the extrapolated, or utmost, peak 
temperature (D) of UF resin curing with an infinite increase in catalyst level. The regression 
curve fitting of Tp against exp(-B*C) by adjusting the B value (exponential factor) for the 
optimum linear fitting indicates that the proposed exponential equation can be used to well 
express the resin curing behavior regarding R-squared value (> 0.99) for all seven catalyst 
systems except oxalic acid.

(2) Evaluating the UF resin curing catalyzed by ammonium chloride with different resin solid 
contents, catalyst contents, and heating rates of DSC scan indicates that the parameters A (pre
exponential factor) and B (exponential factor) of the model correlates well with the final resin 
solid content, and parameter D (utmost peak temperature) correlates well with the heating rate of 
DSC scanning.

(3) Due to the different catalysis mechanism from ammonium chloride, ammonium persulfate was a 
more powerful and efficient catalyst than ammonium chloride, in terms of the lower peak 
temperature at the same level of catalyst and the utmost peak temperature predicted with an 
infinite addition of catalyst. This implies that the lower quantity of catalyst and/or lower 
temperature may be required to cure UF resin in board manufacturing when ammonium 
persulfate is used to catalyze the resin, compared with the use of ammonium chloride.

(4) In UF curing, the combination catalyst I of mixed ammonium chloride and ammonium persulfate 
was a little more efficient in catalyzing than ammonium chloride alone. Based on the activation 
energies, the catalytic influence of combination catalyst I was dominated by ammonium chloride 
when the catalyst content was 0.23% or lower, while it was dominated by ammonium persulfate 
when the catalyst content was 1.54% or higher.

(5) Due to the strong catalytic impacts of aluminum chloride and oxalic acid, UF resin started curing 
after mixing with both catalysts. In particular, the addition of oxalic acid at the content above 
0.18% led to gelling of the resin. The use of aluminum chloride or oxalic acid would result in the 
significantly shortened resin pot life; thus, the two catalysts cannot be used directly as catalysts 
for UF resin curing.

(6) The combination catalysts II and III had higher initial pH values than ammonium chloride but had 
a similar catalytic influence on the resin curing when the catalyst content was greater than 0.5%. 
Thus, these two catalyst systems could be used as catalyst for some UF resins that cannot be 
catalyzed properly with ammonium chloride due to the insufficient free formaldehyde present in 
the resin.

FPInnovations
FORINTEK

© © 2008 FPInnovations -  Forintek Division. All rights reserved. 31 of 33



Investigation of Combination Catalyst System for UF Resin in Particleboard and MDF Manufacturing

Part II. DSC Analysis of UF Resin Curing Behavior in the Presence of Seven Catalysts

8 References
Colak, S.; Colaloglu, G.; Guler, K. 2004: Effects of hardener on some technological properties of 

particleboard produed from MUF adhesive with low melamine content. Holz Roh Werkst 62: 239- 
240

Deppe, H.-J. 1992: Chloride in Spanplatten. Holz- und Kunststoff-verarbeitung 11:1225

Dunky, M. 2000: Urea-formaldehyde (UF) resins: an adhesive ever young. In: The Proceedings of 5th 
Pacific Rim Bio-Based Composite Symposium. December 10-13, 2000, Canberra, Australia, Pp 
205-214

Elbert, A.A. 1995: Influence of hardener systems and wood on the formaldehyde emission from urea- 
formaldehyde resin and particleboards. Holzforschung49 (4): 358-362

Hiroshi, M. 1973: Activation energy of the curing reaction of urea resin in the presence of wood. Wood 
Science 6(1): 14-18

Kawouras, P.K.; Koniditsiotis, D.; Petinaraks, J. 1998: Resistance of cured urea-formaldehyde resins to 
hydrolysis: a method of evaluation. Holzforschung 52(1): 105-110

Kehr, E.; Scheithauer, M.; Hoferihter, E. 1993a: Moisture and hydrolysis resistance of particleboards, 
bonded with unmodified low formaldehyde UF-resins using different catalyst systems. Part 1: 
Eigenschaften von unmodifizierten und modifizierten Hamstoff-Formaldehydharzen (UF-Harze). 
Holz als Roh-und Werkst o ff 51(4): 197-207

Kehr, E.; Riehl, G.; Roffael, E.; Dix, B. 1993b: Moisture and hydrolysis resistance of particleboards, 
bonded with unmodified low formaldehyde UF-resins using different catalyst systems. Part 2: 
Preparation and properties of particleboards bonded with unmodified low formaldehyde resins. 
Holz als Roh-und Werkstoff51(6): 365-372

Kehr, E.; Riehl, G.; Hoferihter, E.; Roffael, E.; Dix, B. 1994: Moisture and hydrolysis resistance of 
particleboards, bonded with unmodified low formaldehyde UF-resins using different catalyst 
systems. Part 3: Properties of particleboards bonded with unmodified low formaldehyde resins. 
Holz als Roh-und Werkstoff52(4): 253-260

Kim, M.G.; Stewart, H.A.; Wan, H. 1999: Tool-wear effects of anionic components of urea-formaldehyde 
resin used as particleboard binder. Forest Prod. J. 49(4): 60-65

Kissinger, H.E. 1957: Reaction kinetic in differential thermal analysis. Anal. Chem. 29(11): 1702-1706

Lee, T.W.; Roffael, E.; Dix, B.; Miertzsch, H. 1994: Influence if different catalyst systems on the 
hydrolytic stability of particleboards bonded with unmodified and modified UF-resin. 
Holzforschung 48: 101-106

Lehmann, W. F.; Geimer, R.L.; Hefty, F.V. 1973: Factors affecting particleboard pressing time: 
interaction with catalyst systems. U.S.D.A. Forest Service, FPL208, Forest Product Laboratory, 
Madison, Wis., USA

FPInnovations
FORINTEK

© 2008 FPInnovations -  Forintek Division. All rights reserved. 32 of 33



Investigation of Combination Catalyst System for UF Resin in Particleboard and MDF Manufacturing

Part II. DSC Analysis of UF Resin Curing Behavior in the Presence of Seven Catalysts

Miyake, K.; Tomita, B.; Hse, C.Y.; Myers, G.E. 1989a: New curing system of urea-formaldehyde resins 
with polyhydrazides II. Curing with poly (methacryloyl hydrazide). Mokuzai Gakkaishi 35(8): 
736-741

Miyake, K.; Tomita, B.; Hse, C.Y.; Myers, G.E. 1989a: New curing system of urea-formaldehyde resins 
with polyhydrazides III. Curing reaction mechanisum. Mokuzai Gakkaishi 35(8): 742-747

Ozawa, T. 1970: Kinetic analysis of derivative curves in thermal analysis. Journal o f Thermal Analysis 2: 
301-324

Park, B.D.; Riedl, B.; Bae, H.J.; Kim, Y.S. 1999a: Differential scanning calorimetry of phenol- 
formaldehyde (PF) adhesives. Journal o f Wood Chemistry and Technology 19(3): 265-286

Park, B.D.; Riedl, B.; Hsu, E.W.; Shields, J. 1999b: Differential scanning calorimetry of phenol- 
formaldehyde resins cure-accelerated by carbonates. Polymer 40: 1689-1699

Petersen, H.; Reuther, W.; Eisle, W.; Wittman, O. 1974: Zur Formaldehydabspaltung bei der 
Spanplattenerzeugung mit Harnstoff-Formaldehyd-Bindemitteln. Holz Roh-Werkstoff 32: 402- 
410

Roffael, E. 1982: Formaldehydabgabe von Spanplatten und anderen Werkstoffen. DRW, Stuttgart, pp.154

Roffael, E.; Dix, B.; Kehr, E. 1995: Moisture and hydrolysis resistance of particleboards, bonded with 
unmodified low formaldehyde UF-resins using different catalyst systems. Part 4: Some chemical 
properties of particleboards bonded with unmodified low formaldehyde resins. Holz als Roh-und 
Werkstoff 53(5): 315-320

Stefke, B.; Dunky, M. 2006: Catalytic influence of wood on the hardening behavior of formaldehyde- 
based resin adhesives used for wood-based panels. J. Adhesion Sci. Technol. 20(8): 761-785

Tomita, B.; Osawa, H.; Hse, C.Y. 1989: New curing system of urea-formaldehyde resins with 
polyhydrazides I. Curing with dihydrazide compounds. Mokuzai Gakkaishi 35(5): 455-459

Vehlow, J. 1990: Auftreten von Dioxinen bei der Holzverbrennung und Moglichkeiten der Minimierung. 
In: Verwertung, Vermeidung und Entsorgung von Rest- und Abfallstoffen in der Forest-und 
Holzwirtschaft. Ed.R. Maeutzky. WKI-Beriht Nr.22, Braunshweig

Weinstabl, A.; Binder, W.H.; Gruber, H.; Kantner, W. 2001: Melamine salts as hardeners for urea 
formaldehyde resins. J. Appli. Polym. Sci. 81: 1654-1661

Yin, S-Z; Tang, C-J.; Han, S-G. 2004: Composition of the influences of ammonium chloride and 
ammonium sulphate on the properties of urea-formaldehyde adhesives. China Forest Products 
Industry 31(5): 20-23

FPInnovations
FORINTEK

© © 2008 FPInnovations -  Forintek Division. All rights reserved. 33 of 33


