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Abstract 

Ammonium chloride has been commonly used as catalyst for urea-formaldehyde (UF) resin in 

particleboard manufacturing in North America. To explore a suitable catalyst system as a substitute for 

ammonium chloride, 11 single and combination catalyst systems were evaluated by measuring the curing 

rate of UF resin with a differential scanning calorimetry (DSC) analysis in terms of DSC peak 

temperature, stability at room and elevated temperatures in terms of pH value, and free formaldehyde 

emission of cured resin. The catalyst systems investigated in the study included (1) A-1 (ammonium 

chloride), (2) A-2 ammonium sulfate, (3) A-3 (ammonium persulfate), (4) B-1 (ammonium sulfate + 

ammonium persulfate), (5) B-2 (ammonium sulfate + aluminum chloride), (6) B-3 (ammonium persulfate 

+ aluminum chloride), (7) B-4 (ammonium sulfate + phosphoric acid), (8) B-5 (ammonium chloride + 

phosphoric acid), (9) C-1 (ammonium sulfate + aluminum chloride + triethanolamine), (10) C-2 

(ammonium sulfate + phosphoric acid + triethanolamine), and (11) C-3 (ammonium chloride + 

triethanolamine + phosphoric acid). Overall better performance was observed for catalyst systems C-2, C-

1, B-3, B-2, and A-2. These five catalyst systems were performed similarly to or even better than control 

A-1, and may be potential catalysts for particleboard manufacturing. 
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1 Objectives 
The objective of this study was to conduct a preliminary evaluation of 11 single and combination catalyst 

systems for a urea-formaldehyde (UF) resin by measuring resin curing rate, in terms of DSC peak 

temperature, stability at room and elevated temperatures, in terms of pH variation, and free formaldehyde 

emission of cured UF resin at two levels of catalyst content.  

 

 

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. 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 will quickly release acid upon heating in the press thereby maximizing resin curing. In addition, 

such a catalyst system would also have an advantage in the winter months over ammonium chloride for 

UF resins, in terms of accelerating 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. The common catalysts used for UF resin include ammonium chloride, 

ammonium sulfate, and ammonium nitrate. These ammonium salts react with the free formaldehyde in the 

resin to generate a strong acid, which lowers the pH of the resin system 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 amount of available free formaldehyde in the resin and levels of catalyst usage 

(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 
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longer hot-press time would be needed in order to ensure desirable composite properties. Any such 

remedies would affect the cost or productivity of final board products.  

 

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 (NH4Cl) is one of the traditional catalysts commonly 

used for UF resin curing because it: (1) has a stronger catalysis and is cheaper than ammonium sulfate; (2) 

has good water solubility; (3) is easy to use; (4) has significant influence on pH even in small amounts; 

(5) is a low-cost catalyst; and (6) has no 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 (Gu et al. 2003), as following: 

 

4NH4Cl  +  6HCHO  =>   4HCl   +  (CH2)6N4 + 6H2O 
 Ammonium chloride Formaldehyde       Hydrochloric acid    Hexamine  

          

 

 2(NH4)2SO4 + 6HCHO => 2H2SO4  + (CH2)6N4 + 6H2O 
 Ammonium sulfate  Formaldehyde  Sulfuric acid    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 the use of 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 dioxin gas when burning panels and residues; (2) 

significant damage to cutting tools as a result of hydrochloric acid reacting with metal; (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 UF 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% 
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(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.  

 

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
o
C and 60

o
C. Miyake et al. 

(1989a) used a curing system of poly (methacryloyl hydrazide), synthesized from poly (methyl 

methacrylate), 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 practice use difficult, a situation that needs to be addressed in by further 

developing this system. Carbon-13 nuclear magnetic resonance (
13

C-NMR) analysis and torsional braid 

analysis (TBA) indicate 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 (UF1, 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 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 
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terminal methylol groups. In a study on influence of catalyst systems on formaldehyde emissions from 

cured UF resin, Albert (1995) found that the level of formaldehyde emissions from the cured resin 

decreased with increased resin gelation, as shown in Figure 1. The use of hydrogen peroxide (H2O2) 

resulted in the lowest level of formaldehyde emissions, followed by ammonium phosphate [(NH4)2HPO4], 

ammonium chloride (NH4Cl), ammonium persulfate [(NH4)2S2O8] and aluminum sulfate [Al2(SO4)3]; the 

highest level of formaldehyde emissions 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.  
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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. The influence of catalyst type and concentration on resistance of 

cured UF resins to hydrolysis was also carried out by Kavvouras et al. (1998). They observed that the 

amount of formaldehyde released from cured resin (mg/g) generally increased with increasing 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, almost no difference in formaldehyde release was 

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 melamine formate and lower melamine content in the resin. It was also 
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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.  

 

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 (60-80oC), in terms of shortened gel time. However, at a higher temperature (100oC), 

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) Be 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 Preparation 

The urea-formaldehyde (UF) resin used in this study was synthesized in the lab. The molar ratio of 

formaldehyde to urea was 1.1. The main resin characteristics are given in Table 1. 

 

Table 1 Resin Characterization 
 

Resin Properties Value 

Gel time, Cat/20% NH4Cl 68.6 seconds 

pH @ 20
o
C 7.8 

Specific gravity @ 25
o
C n/a 

Viscosity @ 20°C, Brookfield 71.5 cps 

Solid content 52.5% 

 

5.2 Selection and Preparation of Catalyst Systems 

A total of 11 single and combination catalyst systems for UF resin curing were selected, including 3 one-

component catalysts, 5 two-component catalysts and 3 three-component catalysts. Ammonium chloride 

(NH4Cl), a traditional catalyst that is commonly used in particleboard manufacturing in North America, 

was selected as a control. The weight percentages of each component in the combination catalyst systems 

are given in Table 2. 

 

Among the 11 catalyst systems, phosphoric acid (H3PO4) is a strong inorganic aid-curing agent. It is 

seldom used alone because it can cause problems like increased resin viscosity, shortened pot life and 

difficulty in controlling resin curing rate in the panel manufacturing process. However, phosphoric acid 

can be used in combination with ammonium salts such as ammonium chloride (NH4Cl) or ammonium 

sulfate [(NH4)2SO4] to establish a mixed catalyst system.  

 

Triethanolamine (C6H15NO3) is an organic alkaline and functions as a buffering agent in a mixed catalyst 

system containing a strong acid. For example, when triethanolamine and phosphoric acid are mixed, they 

neutralize each other and generate a complex as shown below, which appears neutral at room 

temperature. When heated up, the formed compound releases strong acid for accelerating UF resin curing.  

 

  (HOC2H5)3-N  + H3PO4    (HOC2H5)3 -NH
+
 •(H2PO4)

-
  

 

Triethanolamine   Phosphoric acid   Complex  

 

The rest of individual catalyst systems belong to salts of strong acid and weak base. These latent catalysts 

will release acid via reaction with free formaldehyde in UF resin for accelerating resin curing. To evaluate 

the catalytic influence on resin cure rate, stability, and formaldehyde emission of cured resin, each type of 

catalyst system was prepared in an aqueous solution with a 10% solid content. 

 

Heating 
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Table 2 Summary of 11 catalyst systems 
 

Catalyst System ID Components Weight Percentage in Sequence 

A-1 Ammonium chloride (NH4Cl) 100   

A-2 Ammonium sulfate [(NH4)2SO4] 100   One Component 

A-3 Ammonium persulfate [(NH4)2S2O8] 100   

B-1 
Ammonium sulfate [(NH4)2SO4] 

Ammonium persulfate [(NH4)2S2O8] 
75 25  

B-2 
Ammonium sulfate [(NH4)2SO4] 

Aluminum chloride (AlCl3) 
75 25  

B-3 
Ammonium persulfate [(NH4)2S2O8] 

Aluminum chloride (AlCl3) 
75 25  

B-4 
Ammonium sulfate [(NH4)2SO4] 

Phosphoric acid (H3PO4) 
75 25  

Two Components 

B-5 
Ammonium chloride (NH4Cl) 

Phosphoric acid (H3PO4) 
75 25  

C-1 
Ammonium sulfate [(NH4)2SO4] 

Aluminum chloride  (AlCl3) 

Triethanolamine (C6H15NO3) 

75 10 15 

C-2 
Ammonium sulfate [(NH4)2SO4] 

Phosphoric acid (H3PO4) 

Triethanolamine (C6H15NO3) 

75 10 15 Three Components 

C-3 
Ammonium chloride (NH4Cl) 

Triethanolamine (C6H15NO3) 

Phosphoric acid (H3PO4) 

75 10 15 

 

5.3 Evaluation of Resin Curing Rate by DSC Analysis 

To evaluate the curing rates of UF resin in the presence of different catalyst systems, a differential 

scanning calorimetry (DSC) 242 (Netzsch, Germany) was used. In a 50-ml beaker, 10 g of UF resin was 

mixed with 1 mL of catalyst aqueous solution (10 wt% concentration) for 60 seconds by stirring. About 

3.5 to 4.5 mg of the mixture was immediately transferred to the DSC crucible and sealed. Normally it 

took about 8 minutes from the DSC sample preparation to starting DSC scanning. General DSC scanning 

conditions are summarized as follows: 

 

  Temperature: 20-200
o
C 

Heating rate: 5
o
C/min 

Pressure: 4 MPa 

  Purge gas: Nitrogen 

 

5.4 Evaluation of Catalyst Stability 

The stability of different catalysts was evaluated by measuring the pH variation of catalysts at room and 

elevated temperatures. A 2 mL sample of aqueous catalyst solution (10% concentration) was mixed with 

and without 20 mL of 1% formaldehyde solution. The pH value of each catalyst system was measured at 

room temperature and after 2 minutes, 5 minutes and 10 minutes at the boiling point. Two replicate 

measurements were made at each condition. 
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5.5 Evaluation of Free Formaldehyde Emissions from Cured UF Resins  

In an aluminum container, 60 g of UF resin was mixed with 3 mL or 1 mL of catalyst solution, which 

gave roughly 0.50% or 0.17% catalyst content (solids at liquid resin basis). The mixture was then cured at 

103
o
C for 4 hours in an oven. The cured UF resin was ground into a powder that passed through a 

100-mesh sieve. In a 250-mL conical flask, 1 g of the cured UF resin powder was mixed with 80 g of 

distilled water and sealed afterward. The conical flask with the cured resin powder and distilled water was 

heated to 63
o
C and maintained for 3 hours. Next, the mix was filtered and diluted into 100 mL with the 

distilled water. A 10-ml diluted solution was used for free formaldehyde analysis by a UV method 

(Chung et al. 2000) as follows: 

 

(1) In a dry and clean 250-mL conical flask, transfer 10 mL of the diluted solution, 10 mL of 

0.4 % (V/V) acetic acetone aqueous solution and 10 mL of 20% (W/W) ammonium acetate 

aqueous solution, respectively; seal the conical flask; 

(2) Keep the conical flask in a water bath at 40 ± 2
o
C for 15 min; 

(3) Remove the conical flask from the water bath and then cool at room temperature in darkness 

for about 60 min; 

(4) Measure the UV absorbance (ASB) of the resulting solution at 412 nm; 

(5) For a control sample, transfer 10 mL of the distilled water instead of 10 mL of the diluted 

solution and then repeat the above procedure; 

(6) Measure the UV absorbance (ASBo) of the control at 412 nm; 

(7) The free formaldehyde emissions (mg/g cured UF resin) can be calculated below: 

 

m

1.0797.11)ABS-(ABS
(mg/g)Resin    UFCuredin  deFormaldehy Free o ××

=  

where 

 

ABS refers to the UV absorbance of the diluted solution at 412 nm; 

ABSo refers to the UV absorbance of the distilled water at 412 nm; 

The number of 11.797 refers to the formaldehyde concentration (mg/L) when ABS-ABSo= 1.000; 

The number of 0.1 refers to the total volume of diluted solution (0.1 L or 100 mL); 

m refers to the mass of cured UF powder (0.0001g). 

 

 

6 Results and Discussion 

6.1 Curing Rates of Catalyzed UF Resins 

The test results of curing rates of UF resin in the presence of different catalyst systems by DSC analysis 

are summarized in Table 3 and illustrated in Figure 2. The DSC peak, or maximum curing temperature, 

was 85.2
o
C for control catalyst A-1 (ammonium chloride). According to this peak temperature, the 11 

catalyst systems can be classified into three groups: fast curing systems (peak temperatures < 85.2
o
C), 

normal curing systems (peak temperatures ≈ 85.2oC), and slow curing systems (peak temperatures > 

85.2
o
C). The fast curing systems included three combinations catalysts: B-2 (ammonium sulfate + 

aluminum chloride), B-3 (ammonium persulfate + aluminum chloride), and C-1 (ammonium sulfate + 

aluminum chloride + triethanolamine). The peak temperatures of UF resin with these three catalysts were 

5
o
C lower than that of the resin catalyzed by control A-1.  
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The slow curing systems included catalyst B-1 (ammonium sulfate + ammonium persulfate). This catalyst 

resulted in a peak temperature of 99.9
o
C, which was about 15

o
C higher than that observed for control A-1.  

 

The rest of the catalyst systems showed normal catalytic influence on UF resin curing, compared with 

control A-1, with regards to similar DSC peak temperatures. These catalysts included A-2 (ammonium 

sulfate), A-3 (ammonium persulfate), B-4 (ammonium sulfate + phosphoric acid), B-5 (ammonium 

chloride + phosphoric acid), C-2 (ammonium sulfate + phosphoric acid + triethanolamine), and C-3 

(ammonium chloride + triethanolamine + phosphoric acid).    

 

The above observations indicate that different catalyst systems with different components had different 

catalytic impacts on UF resin curing rates, in terms of DSC peak temperatures. It was interesting to note 

that all three fast-curing systems (B-2, B-3 and C-1) contained aluminum chloride. Aluminum chloride 

can be quickly hydrolyzed at room temperature to produce the strong acid, HCl, as follows:  

 

AlCl3  + 3H2O  → Al(OH)3 + 3HCl 
 Aluminum chloride Water   Aluminum hydroxide Hydrochloric acid 

 

Due to the fact that the hydrolysis of aluminum chloride does not need any formaldehyde, but rather water, 

the aluminum chloride in a catalyst system seems to act as hydrochloric acid. Thus, the combination 

catalyst systems containing aluminum chloride would have a strong catalytic influence on UF curing.  

 

Table 3 Curing rates of UF resin in the presence of different catalyst systems 
 

Curing Rate ID of Catalyst Systems 
DSC Peak  

Temperature (
o
C) 

B-2 80.3 

B-3 80.3 Fast Curing System 

C-1 76.2 

A-1 85.2 

A-2 85.3 

A-3 84.7 

B-4 86.1 

B-5 85.2 

C-2 86.2 

Normal Curing System 

C-3 87.1 

Slow Curing System B-1 99.9 
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Figure 2 Influence of different catalyst systems on UF resin curing rates, in terms of DSC 

peak temperatures  
 

6.2 Stability of Catalysts Systems under Room and Elevated Temperatures 

The stability of different catalyst systems was examined by measuring the variation of pH values at room 

temperature and after boiling for 2, 5 and 10 minutes. The test results are given in Table 4 and illustrated 

in Figure 3. It was found that the initial pH values of catalyst solutions at room temperature were quite 

different among the 11 catalyst systems evaluated. Catalyst system C-2 (ammonium sulfate + phosphoric 

acid + triethanolamine) showed a pH of 6.4. However, the rest of catalyst systems seemed to be much 

more acidic with pH values ranged from 1.2 to 5.1, compared with pH 5.7 of control A-1 (ammonium 

chloride). The lowest pH value was 1.2, observed for catalyst system B-5 (ammonium chloride + 

phosphoric acid), followed by 2.1 for B-4 (ammonium sulfate + phosphoric acid). The lower pH values 

were attributed to the presence of phosphoric acid in these two catalyst systems. 

 

It is common knowledge that a catalyst will influence the pot life of UF resin. An increase in acidity of 

catalyzed UF resin will shorten the resin’s pot life. For UF resin used in particleboard manufacturing, the 

pot life is normally around 3 to 4 hours. In this study, the pot life was not measured, but it can be 

indirectly estimated by measuring the pH level of catalyst solution at room temperature. It is expected that 

all catalyst systems except C-2 and B-2 will more or less lead to a shortened resin pot life, particularly for 

A-3, B-4, and B-5, compared with the control (A-1). It is also reasonable that these three catalyst systems 

(A-3, B-4, and B-5) would be too acidic to be applied in practice.  

 

As shown in Figure 3, the pH values for catalyst systems A-3 (ammonium persulfate), B-1 (ammonium 

sulfate + ammonium persulfate), and B-3 (ammonium persulfate + aluminum chloride) decreased 

significantly after heating to boiling point for 2 to 10 minutes. Since these three catalyst systems 

contained ammonium persulfate, these results indicate that this salt is thermally decomposed into acidic 

materials and could be used as an efficient component of a latent catalyst system. Only slight decreases in 

pH values were observed for the rest of catalyst systems, including the control (A-1). This implies that 

catalysts A-3, B-1, and B-3 seem to be the least thermally stable of the 11 catalyst systems examined. 
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Table 4 pH values of different catalyst systems at room and elevated temperatures 
 

Catalyst ID 
pH at Room 

Temperature 

 pH after Boiling 

for 2 min 

 pH after Boiling 

for 5 min 

 pH after Boiling 

for 10 min 

A-1 5.7 5.3 5.4 5.2 

A-2 4.6 4.5 4.6 4.7 

A-3 2.2 1.6 1.2 0.9 

B-1 3.5 3.0 2.5 2.4 

B-2 5.1 4.9 4.8 4.9 

B-3 3.3 2.5 1.0 0.8 

B-4 2.1 2.0 2.1 2.1 

B-5 1.2 1.1 1.1 1.1 

C-1 4.2 4.1 4.0 3.8 

C-2 6.4 6.1 6.3 6.4 

C-3 2.9 2.9 2.9 2.9 
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Figure 3 pH values of different catalyst systems at room and elevated temperatures  
 

It is well known that the pH value of UF resin mixed with an ammonium salt is reduced because the free 

formaldehyde contained in UF resin reacts with the ammonium salt and forms hexamethylenetetramine 

and acid. To evaluate the influence of the interaction of catalyst and free formaldehyde on the stability of 

the catalyst system, in terms of pH variation, each of the 11 catalyst systems was mixed with 1% 

formaldehyde solution and the pH value was measured at room and elevated temperatures. The test results 

are presented in Table 5 and illustrated in Figure 4. It was observed that the pH value of control A-1 at 

room temperature was 3.5, which was much lower than the control without the presence of formaldehyde 

solution at room temperature (pH 5.7). This result indicated that the reaction of ammonium chloride with 

free formaldehyde resulted in the increased acidity of the mixed system. A comparison of the rest of 

catalyst systems with and without the formaldehyde solution at room temperature showed that the 

presence of formaldehyde in the catalysts reduced pH values for catalyst systems A-2 (4.6 to 4.0), B-2 

(5.1 to 3.8), and C-2 (6.4 to 4.2), but increased pH values for catalyst systems A-3 (2.2 to 3.3), B-1 (3.5 to 
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3.9), B-3 (3.3 to 3.8), B-5 (1.2 to 2.0), and C-3 (2.9 to 3.4). However, the presence of formaldehyde at 

room temperature did not influence the pH value of catalyst system C-1 (4.2 vs. 4.2).  

 

A further comparison of pH values at room temperature showed that catalyst systems B-4 and B-5 seemed 

to be less stable than control A-1 in the presence of formaldehyde, as indicated by lowered pH values (2.0 

and 2.4 vs. 3.5), while the rest of the catalyst systems appeared to be similar or equally stable, compared 

with the control A-1 (3.3-4.2 vs. 3.5). 

 

The pH values of the catalyst systems in the presence of formaldehyde solution decreased after heating to 

the boiling point for all catalysts. A slight decrease in the pH value after boiling for 2 minutes was 

observed for control A-1 (3.5 to 3.2), B-4 (2.4 to 2.2), B-5 (2.0 to 1.8), and C-3 (3.4 to 3.2), and a notable 

decrease was observed for A-2 (4.0 to 3.5), B-2 (3.8 to 3.3), C-1 (4.2 to 3.5), and C-2 (4.3 to 3.7). 

However, a significant decrease was observed for A-3 (3.3 to 1.7), B-3 (3.8 to 1.8), and B-1 (3.9 to 2.7). 

An increase in the boiling time had less of an influence on pH variation for all catalysts.  

 

Again, A-3, B-3, and B-1 proved to be powerful latent catalyst systems for UF resin curing in the 

presence of formaldehyde solution at an elevated temperature. This can likely be attributed to the 

component of ammonium persulfate in the three combination-catalyst systems, a component that 

decomposes quickly when heated and generates acid, which accelerates UF resin curing. In addition, all 

three catalyst systems are capable of reacting with formaldehyde to produce acid.   

 

Table 5 pH values of different catalyst systems mixed with formaldehyde solution at room 

and elevated temperatures 
 

Catalyst ID 
pH at Room 

Temperature 

 pH after Boiling 

for 2 min 

 pH after Boiling 

for 5 min 

 pH after Boiling 

for 10 min 

A-1 3.5 3.2 3.2 3.2 

A-2 4.0 3.5 3.3 3.3 

A-3 3.3 1.7 1.5 1.7 

B-1 3.9 2.7 2.4 3.3 

B-2 3.8 3.3 3.1 3.1 

B-3 3.8 1.8 1.5 1.2 

B-4 2.4 2.2 2.4 2.5 

B-5 2.0 1.8 1.6 2.0 

C-1 4.2 3.5 3.3 3.4 

C-2 4.2 3.7 3.8 3.8 

C-3 3.4 3.2 3.2 3.2 
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Figure 4 pH values of different catalysts systems mixed with formaldehyde solution at room 

and elevated temperatures  
 

6.3 Free Formaldehyde Emissions of Cured UF Resin 

Free formaldehyde emissions of cured UF resins in the presence of the 11 catalyst systems were measured 

at two levels of catalyst: 3 mL and 1 mL of 10 wt% catalyst solution over 60 g of liquid UF resin, which 

corresponds to 0.50% and 0.17% catalyst content (solids on liquid resin basis), respectively. The test 

results of free formaldehyde emissions, expressed in mg in 1 g of cured UF resin are summarized in Table 

6 and illustrated in Figure 5. It was found that the amount of free formaldehyde emitted from the cured 

UF resin by water extraction was influenced by both catalyst system and catalyst content. At 0.17% 

catalyst, the lowest formaldehyde emission was observed for the resin catalyzed by control A-1 (1.669 

mg/g). This could be one of the reasons why catalyst A-1 (NH4Cl) has been commonly used for 

catalyzing UF resin in particleboard manufacturing in North America. Control A-1 was followed by B-5 

(1.724 mg/g), C-3 (1.781 mg/g), C-1 (1.855 mg/g), and C-2 (1.975 mg/g). The highest formaldehyde 

emission level of the cured resins was observed for catalyst system B-1 (3.524 mg/g). The formaldehyde 

emission levels ranged from 2.043 to 2.850 mg/g for the rest of catalyst systems.    

 

At 0.50% catalyst, the formaldehyde emissions of cured resins were 2.538, 2.738, 2.796, 2.890, 

2.902 mg/g for catalyst systems of B-5, C-3, C-1, B-2, and C-2, respectively, which were comparable to 

the control, A-1 (2.726 mg/g). Catalysts B-1 and A-3 resulted in the highest formaldehyde emissions 

(4.771 and 4.747 mg/g, respectively) among the 11 catalysts evaluated. Mid-levels of formaldehyde 

emissions were obtained for B-4 (3.474 mg/g), A-2 (3.700 mg/g), and B-3 (3.827 mg/g).  
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Table 6 Formaldehyde emissions from cured UF resin in the presence of various catalyst 

systems 
 

Free Formaldehyde (mg/g Cured UF Resin) 

ID 0.17% Catalyst  

(Solids on Liquid Resin 

Basis) 

0.50% Catalyst  

(Solids on Liquid Resin 

Basis) 

Percentage of Increase 

(from 0.17% to 0.50% 

Catalyst) 

A-1 1.669 2.726 63.3 

A-2 2.304 3.700 60.6 

A-3 2.850 4.747 66.6 

B-1 3.524 4.771 35.4 

B-2 2.501 2.890 15.6 

B-3 2.043 3.827 87.3 

B-4 2.096 3.474 65.7 

B-5 1.724 2.538 47.2 

C-1 1.855 2.796 50.8 

C-2 1.975 2.902 47.0 

C-3 1.781 2.738 53.7 
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Figure 5 Formaldehyde emissions from the cured UF resin as influenced by catalyst systems 
 

A comparison of the formaldehyde emissions for two levels of catalyst addition indicated that increasing 

catalyst content resulted in an increase in formaldehyde emission levels by 16% to 87% for all catalyst 

systems, as shown in Table 6. The least and most significant increases in formaldehyde emissions were 

found for B-2 (16%) and B-3 (87%), respectively. The formaldehyde emission level was increased by 

63% for the control catalyst, A-1 (NH4Cl). With respect to formaldehyde emissions at both levels of 

catalysts, catalyst systems B-5, C-1, C-2, and C-3 appeared to be optimal candidates to replace control A-

1 (NH4Cl).  
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This study also indicated that the minimum catalyst content, in terms of achieving adequate resin curing 

and bonding, should be used in particleboard manufacturing in order to minimize the free formaldehyde 

level in the cured resin. Using the minimum catalyst content possible is important because the more 

catalyst that is applied, the more acidic the curing system becomes. The more acidic the curing system 

becomes, the more quickly the UF resin cures, which results in an insufficient or incomplete reaction 

between methylols. A lot of methylols would then remain in the cured UF resin and, later on, convert into 

free formaldehyde in the presence of moisture.  

 

This study also reveals that a less powerful catalyst will result in an incomplete reaction of the resin 

system over the period of a pressing time normally used in particleboard manufacturing. In a result, a high 

level of free formaldehyde in the cured resin could be expected. The catalyst system B-1 appeared to be 

such an example. It was classified as a slow curing system, in terms of the highest DSC peak temperature 

(99.9
o
C), and resulted in the highest levels of formaldehyde emissions from the cured resin (3.524 mg/g at 

0.17% catalyst and 4.771 mg/g at 0.50% catalyst) among the 11 catalyst systems examined.     

 

Based on this study, it is believed that an optimum catalyst system for UF resin in particleboard 

manufacturing should meet the following conditions: 

 

(1) It can significantly improve the resin curing rate to meet the fast production demands in the 

particleboard industry; 

 

(2) It should be stable at room temperature and have the minimum influence on resin pot life; 

 

(3) It should quick-release strong acid at elevated temperatures to accelerate resin curing; 

 

(4) It could react with free formaldehyde during resin curing, allowing the resin to cure more 

completely or making the cured resin more stable against hydrolysis; thus, the free 

formaldehyde emission from the cured resin would be minimized.  

 

According to the above requirements, the overall best-performing catalyst systems seemed to be C-2 

(ammonium sulfate + phosphoric acid + triethanolamine), C-1 (ammonium sulfate + aluminum chloride + 

triethanolamine), B-3 (ammonium persulfate + aluminum chloride), B-2 (ammonium sulfate + aluminum 

chloride), and A-2 (ammonium sulfate). These five catalyst systems performed similarly or better than 

control A-1 (ammonium chloride).  

 

 

7 Conclusions 
Eleven single and combination catalyst systems were evaluated as curing agents for UF resin in 

particleboard manufacturing by measuring curing rate of the resin in terms of DSC peak temperature, 

stability at room and elevated temperatures in terms of pH variation, and free formaldehyde emission of 

cured resin. These catalyst systems included (1) A-1 (ammonium chloride), (2) A-2 (ammonium sulfate), 

(3) A-3 (ammonium persulfate), (4) B-1 (ammonium sulfate + Ammonium persulfate), (5) B-2 

(ammonium sulfate + aluminum chloride), (6) B-3 (ammonium persulfate + aluminum chloride), (7) B-4 

(ammonium sulfate + phosphoric acid), (8) B-5 (ammonium chloride + phosphoric acid), (9) C-1 

(ammonium sulfate + aluminum chloride + triethanolamine), (10) C-2 (ammonium sulfate + phosphoric 

acid + triethanolamine), and (11) C-3 (ammonium chloride + triethanolamine + phosphoric acid). Catalyst 
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system A-1 was used as a control in the study. The main findings from this study can be summarized as 

follows: 

 

1. According to the DSC peak or maximum curing temperature of control A-1, catalysts B-2, B-3, 

and C-1 were classified as fast-curing systems, and B-1 was classified as a slow-curing system; 

the rest of the catalysts were classified as normal-curing systems, including the control.  

 

2. In the absence of formaldehyde solution at room temperature, catalyst systems A-1, A-2, B-2, C-

1, and C-2 were more stable, in terms of lower pH values, than the rest of catalyst systems. At an 

elevated temperature (boiling point), the pH values of catalyst systems A-3, B-1, and B-3 

decreased with an increase in the boiling time, which indicates the poor stability of these catalyst 

systems. However, heating time at the elevated temperature had less influence on the stability of 

the other catalyst systems. Unstable catalyst systems, in terms of lowered pH values, would lead 

to a shortened pot life of resin. 

 

3. In the presence of formaldehyde solution at room temperature, catalyst systems B-4 and B-5 were 

less stable than the rest of catalyst systems. At the boiling point, all catalyst solutions showed 

decreased pH values compared with catalyst solutions at room temperature, which indicates that a 

reaction occurred between the catalyst and the formaldehyde and generated acid. However, a 

significant decrease was observed for catalyst systems A-3, B-1, and B-3. Heating time seemed to 

have little impact on pH values in most cases.     

 

4. At both room and elevated temperatures, the pH values of catalyst systems A-1, A-2, B-2, C-1, 

and C-2 decreased in the presence of formaldehyde solution compared with systems in the 

absence of formaldehyde solution. This comparison also confirms that ammonium salts present in 

these catalyst systems may react with free formaldehyde to lower the pH values by producing 

acid.  

 

5. At 0.17% catalyst, the free formaldehyde emissions of the cured resins catalyzed by B-5, C-3, C-

1, and C-2 were comparable to the free formaldehyde emission of the resin catalyzed by control 

A-1 and were lower than those of the resins catalyzed by the rest of catalyst systems. Again, these 

catalysts, as well as B-3, resulted in lower free formaldehyde emissions at 0.50% catalyst content. 

The increase in catalyst content resulted in increased formaldehyde emission levels for all catalyst 

systems. This result indicates that the more catalyst that is applied, the more acidic the curing 

system becomes, which leads to an insufficient or incomplete reaction due to fast curing of resin. 

This result also implies that the minimum catalyst content, in terms of achieving adequate resin 

curing and bonding, should be used in particleboard manufacturing in order to minimize the free 

formaldehyde level in the cured resin. 

 

6. In terms of catalytic impact on resin curing rate, the stability of a catalyst solution at both room 

and elevated temperature, and free formaldehyde emission of cured resin, the overall best-

performing catalyst systems were C-2 (ammonium sulfate + phosphoric acid + triethanolamine), 

C-1 (ammonium sulfate + aluminum chloride + triethanolamine), B-3 (ammonium persulfate + 

aluminum chloride), B-2 (ammonium sulfate + aluminum chloride), and A-2 (ammonium 

sulfate). These five catalyst systems performed similarly or better than control A-1 (ammonium 

chloride).  
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