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This work aimed at determining the effect of adding a carboxymethyl cellulose (CMC) formic acid solution to 

melamine urea formaldehyde (MUF) on the bonding performance of the adhesive. The bonding performance, chemical 

structure and curing behavior of MUF adhesives with CMC (1%, 1.5% and 2.0% w/w) formic acid solutions were 

evaluated by the compressive shear test, Fourier transform infrared spectroscopy (FTIR) and differential scanning 

calorimetry (DSC). Considering practical timber construction projects, the effect of higher wood moisture content on 

the bonding strength of the adhesive was investigated. The compressive shear strength of MUF adhesives was nearly 

twice higher than required by BS EN 386 standard. The bonding strengths of the specimens at 18% moisture content 

(MC) were 7.18%, 4.8% and 4.95% lower than those at 12% MC with the addition of 1%, 1.5% and 2.0% (w/w) CMC 

contents, respectively. The bonding strengths of 12% and 18% MC blocks glued by the MUF adhesive containing 2% 

CMC reached 10.60 and 10.08 MPa, respectively. 
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INTRODUCTION 

Glued laminated timber (glulam) has been 

widely used worldwide due to its great performance 

and member sizes without much restriction. There 

are various adhesives used in the production of 

glulam on the market. Melamine-urea- 

formaldehyde (MUF) adhesive, the most common 

amino plastic adhesive used in constructing wooden 

structures, has gained wide acceptance over the 

years in some European countries, as they have 

many advantages over other adhesives, including 

moderate curing rate, long pot-life, low cost, 

colorlessness, elastic modulus closer to transverse 

wood properties and good thermal stability.1-4 The 

participation of melamine can make the 

urea-formaldehyde (UF) adhesive form a network 

structure, which reduces and protects hydrophilic 

groups.5 MUF adhesives are thermosetting 

adhesives, with higher moisture resistance than that 

of UF adhesives.  

 

As an important renewable natural resource, 

cellulose has been widely used in various 

industries.6,7 Carboxymethyl cellulose (CMC), a 

modified cellulose, has been also used in the field 

of adhesives.8 A. Pizzi et al.9,10 used a formic acid 

solution based CMC as an addition agent in the 

mean of an experimental fast-setting process. CMC 

not only enhanced the cross-linking degree of the 

adhesive, but also reduced the existence of free 

formaldehyde.
11 

Moreover, water-soluble 

carboxymethyl cellulose can be used to improve the 

interfacial characteristics.
12 

The viscosity of MUF adhesives is low and it 

affects the curing rate. MUF adhesives usually use 

acid as curing agent, but excessive acidity in bond 

lines can result in hydrolysis of the bonding 

interface, leading to poor water resistance. The 

addition of a formic acid solution based on CMC to 

a MUF adhesive has been reported to still ensure 
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higher wet bonding strength at the bond lines (24 h 

soak and 2 h boil) for glulam.
9 

In the last ten years, glulam has become 

gradually accepted in China due to its many 

advantages. However, currently, the Chinese timber 

construction industry chain is still in the need of 

timely and adequate supply of structural 

dimensional lumber. At present, in China, most of 

the lumber intended for glulam is imported from 

North America and Europe. In order to reduce the 

weight and improve the corrosion resistance of 

dimensional lumber,
13

 the moisture content (MC) of 

wood materials is generally controlled to be around 

18% MC. With regard to glulam, the MC specified 

in standards is between 9 and 15. 

The MC is a major factor affecting the 

formation of interfacial adhesion.14 Bonding 

performance is also seriously affected by MC.
15,16

 

Researchers found that both bonding strength and 

wood failure percentage of wet wood laminates met 

standard requirements after the samples were dried 

to low wood MC.
17,18

 Green wood promoted the 

penetration of adhesives,19,20 and exhibited poor 

bonding.
21

 In the curing process, reducing the 

penetration of the adhesive and a rapid increase in 

molecular weight were found to be key to gluing 

green wood materials.22 At present, in some 

Chinese glulam-processing plants, imported 

dimensional lumber with 18% MC is sometimes 

directly glued, and the effect of 18% MC of wood 

materials on bonding strength is often ignored. 

Because of their viscosity and curing rate, MUF 

adhesives are not suitable for existing equipment 

and materials of glulam-processing plants in China, 

especially when the temperature is low, and no fully 

automated equipment is available. This work was 

conducted to investigate the effects of adding 

different CMC formic acid solutions to MUF on the 

bonding performance of the adhesive and to 

determine the feasibility of using CMC addition 

agent in gluing timber with high wood MC. 

 

EXPERIMENTAL 
Wood material 

Douglas fir specimens were imported from Canada 

and used as test samples. The wood densities of Douglas 

fir at 12% and 18% MC were 481 and 501 kg/m³, 

respectively. Clear wood was selected. The wood was 

sampled tangentially, and the pieces with average annual 

ring widths of 2.1 to 3.0 mm were used as test 

specimens.  

 

MUF adhesive preparation 

MUF adhesive was prepared in the laboratory 

according to a MUF adhesive formulation.
23

An amount 

of 332 g of 37% formaldehyde solution was added to a 

reactor and the solution was heated to 65 °C. The pH 

value of the reaction solution was controlled to be 10. An 

amount of 91 g of urea was then added to the reaction 

solution, which was then heated to 90-92 °C under 

continuous mechanical stirring for 30 minutes. 20 g of 

melamine, 1.86 g of dimethylformamide and 3.88 g of 

diethylene glycol were added and the reaction solution 

was again stirred for 30 minutes at 90-92 °C. The pH 

value of the reaction solution was controlled to be 6.5, 

and then the reaction solution was stirred for another 30 

minutes at 90-92 °C. The pH value of the reaction 

solution was decreased to 6, and the reaction solution 

was continuously stirred at 90-92 °C until its water 

soluble ratio reached 200%. Then, 23 g of urea was 

added, and the reaction solution was stirred again at 

90-92 °C until its water soluble ratio reached 150%. 

Finally, the reaction solution was cooled to 35 °C. The 

technical characteristics of the obtained MUF adhesive 

were measured and presented in Table 1. 

 

Table 1 

Technical data of MUF adhesive 

 

Adhesive Color 
Solid content 

(%) 

pH value 

(25 °C) 

Viscosity 

(23 °C, mPa·s) 

Spread per surface
*
 

(g/m
2
) 

MUF Milky 50.0 5.5 30 100 
*
Applied on two sides of a laminate 

Table 2 

Formulation of the addition agent 

 

CMC amount 

(%) 

CMC 

(part by weight) 

Water 

(part by weight) 

Formic acid 

(part by weight) 

0.5 1 170 27 

1.0 1 70 27 

1.5 1 40 27 

2.0 1 20 27 
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Figure 1: Schematic representation of the test specimen and compressive shear test setup 

 

The preparation of the addition agent was done by the 

following procedure: 1 part by mass of CMC was 

dissolved well in a certain amount of water by stirring 

and then set aside for one day. Subsequently, 27 parts of 

formic acid solution were added. Due to the poor 

compatibility of CMC with aqueous materials, the 

solution was stirred thoroughly during the preparation 

process. The percentage of CMC was controlled by 

adding different amounts of water (Table 2). 

 

Specimen preparation 

Specimens were cut from heartwood with the 

dimensions of 550 × 55 × 25 mm, and divided into two 

groups. They were conditioned to MC of 12% and 18% 

at room temperature for more than 7 days until constant 

weight was reached. Then, 100 g/m2 of the MUF 

adhesive was applied to one of the bonding surfaces of 

the specimens, whilethe formic acid solution with a 

certain amount of CMC (1%, 1.5%, 2% w/w) was spread 

on the another face. The specimens were assembled, 

clamped and kept in the clamp for 24 h. The pressure 

applied was 1.0 N/mm2, all at 25 °C. 

Flat sawn specimens were bonded to each other 

according to BS EN 392. In order to facilitate the 

fabrication of the specimens and shear testing, the 

block-shear specimens respected the configuration 

specified in ASTM D-905, which is similar to that of BS 

EN 392. The excess parts were trimmed, and the test 

specimens were thus obtained (Fig. 1). 

 

Characterization methods 

Tests for bonding strength 

The bonding strength test was carried out in a 

universal test machine (MTS System Co., Ltd., China) 

with a 30KN load cell, and the bonding strength of the 

specimens was assessed and computed according to the 

procedure of BS EN 392 standard. The loading speed 

was set to 5 mm·min-1. Eight specimens were tested for 

each group. Solid wood was labeled as the control group, 

while the specimens with 1.0%, 1.5% and 2.0% CMC 

formic solutions were denoted as M1.0, M1.5 and M2.0, 

respectively. 

Bonding strength was calculated by Eq. 1: 

A

Pmax=τ          (1) 

where τ is the maximum compressive shear strength 

(N·mm
-2

), A is the actual bonding area of specimens 

(mm
2
), and Pmax is the peak load (N). The wood failure 

percentage of each test specimen was also measured to 

the nearest 5%. 

 

FTIR analysis 

The cured MUF adhesives mixed with different 

proportions of CMC formic solution by weight were 

subjected to FTIR analysis ona PerkinElmer FTIR 

spectrometer (UK). This work concentrated on the range 

of 450-2000 cm
-1 

against an air background. Pure MUF 

and different CMC formic acid solutions were mixed in 

equal parts. Cured MUF adhesive mixtures were used to 

obtain test samples. Pure MUF adhesive cured at 100 °C 

for an hour was labeled as the control group, while cured 

MUF adhesives containing 1.0%, 1.5% and 2.0% CMC 

formic solutions were noted as M1.0, M1.5 and M2.0, 

respectively. 

 

DSC measurement 

The parameters of curing kinetics for MUF adhesives 

were characterized with a NETZSCH DSC200F3 

(Germany). Due to the expansibility of the adhesives 

during curing, the amount of each sample was about 

10mg. Scanning was done in the temperature range from 

20 °C to 200 °C, at heating rates of 10, 15, 20 and 25 

K·min
-1

, under a nitrogen atmosphere (flow rate of 30 

mL·min
-1

). The results were analyzed by NETZSCH 

DSC software.  

Kissinger’s differential method (Eq. 2) was used to 

analyze the characteristics of the MUF adhesives.
24

 

Using the Kissinger differential equation relating 

ln(β/Tp
2
) and 1/Tp, we can determine the relativity index, 

similar to the activation energy (Ea): 

R

E

Td

Td
a

p

p
−=

)/1(

)]/[ln( 2β            (2) 

where β is the heating rate (K·min
-1

), Tp is the peak 

temperature (K), Ea is the activation energy (KJ·mol
-1

), 

and R is the ideal gas constant (KJ·mol
-1

·K
-1

). 
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RESULTS AND DISCUSSION 

Physicochemical characteristics 

As may be noted in Figure 2, the viscosity of the 

addition agent exhibited an exponential growth, as 

the amount of CMC increased. The viscosity did 

not increase rapidly untilthe CMC content of 1.5%. 

When the amount of CMC reached 2%, the 

viscosity of the addition agent rose to 12500 mPa·s. 

When the amount of CMC was 2.5%, the addition 

agent was very hard to dissolve. Since the solution 

could be hardly stirred and applied in the 

production of glulam, it can be concluded that the 

amount of CMC should not exceed 2%. Thus, CMC 

amounts of 1%, 1.5% and 2% were selected for 

further investigation. Due to the acidity of formic 

acid, the pH value decreased almost linearly as the 

water content decreased. 

 

Compressive shear strength 

The compressive shear strengths of solid wood 

and those of the samples glued with MUF with 

different CMC amounts are presented in Figure 3. 

The shear strength assessed after 24 h curing was 

used to judge a good bonding performance for a 

fast-set adhesive.
25 

It was nearly twice as high as 

that of the BS EN 386 standard, and wood failure 

percentage is 100%. 

The results were obviously different from the 

values recorded for glued wet wood in previous 

research.16 At 12% MC, there was no obvious 

change in shear strength, which illustrated that the 

CMC content had little effect on shear strength. The 

shear strengths of solid wood were of 9.95 and 9.26 

MPa at 12% and 18%, respectively, decreasing with 

increasing wood MC. The shear strengths of the 

samples glued with MUF adhesives were slightly 

higher than those of solid wood at 12% and 18%, 

respectively (Fig. 3), which indicated that, at 

12%-18% MC, the shear strength of the MUF 

adhesive can be mainly attributed to wood strength 

rather than to adhesive bonding.  

 

  

Figure 2: Physicochemical characteristics of solutions 

with added CMC  
Figure 3: Compressive shear strength of MUF with 

CMC amount at 12% and 18% moisture content 

 

 

 

Figure 4: FTIR spectra of cured MUF adhesives 
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The bonding strengths of the sample blocks at 

18% MC were 7.18%, 4.8% and 4.95% lower than 

those at 12% MC with 1%, 1.5% and 2.0% (w/w) 

CMC contents, respectively, which illustrated that 

the MC of wood in the range of 12%-18% just had 

a limited impact on the bonding performance. The 

increasing CMC content can mitigate the influence 

of wood MC. Within the tested range, the bonding 

strength of the blocks at 12% and 18% MC glued 

by the MUF adhesive with 2% CMC was the 

highest, and reached 10.60 and 10.08 MPa, 

respectively.  

 

FTIR analysis 

The FTIR spectra of cured MUF with different 

concentrations of the CMC formic solution are 

presented in Figure 4. The bonding performance of 

the adhesive system is mainly determined by the 

chemical structure of the adhesive after curing. 

FTIR was performed to confirm the effect of CMC 

formic acid solution on the chemical structure of 

the MUF adhesive. The absorption peaks of C=O at 

1746 cm
-1

 increased remarkably due to the presence 

of CMC. It was observed that the peaks at around 

1684 cm
-1

 and 1588 cm
-1

 for all the samples were 

related to the stretching vibration of the C=O and 

the deformation vibration of the C-N and N-H,
27

 

which possibly resulted from the formation of the 

amide bond. The peak at 1397 cm
-1

 was associated 

with C-H bending vibration, and the peaks at 1295 

cm
-1

 and 1215 cm
-1

 were attributed to asymmetric 

stretching vibration of the ether linkage. The peak 

at 1071 cm
-1

 was attributed to the stretching 

vibration of the C-O, which mainly resulted from 

the hydroxymethyl groups. The peak at 818 cm
-1 

was associated with the absorption peak of 

melamine out-of-plane vibration. It was also 

observed that the peak at around 786 cm-1 

corresponded to the absorption peak of C-N 

deformation vibration in the amide group. 

As shown in Figure 4, with the increase of the 

CMC content and acidity in the CMC formic acid 

solution, the amount of hydroxymethyl groups 

decreased dramatically after MUF adhesive curing. 

The characteristic absorption peak intensity at 818 

cm-1 also gradually reduced, which indicated that 

the curing of the MUF adhesive mainly occurred 

between the hydroxymethyl groups, hydroxymethyl 

and reactive hydrogen.
28 

The reaction between the 

hydroxymethyl groups mainly generated 

dimethylene ether linkages. The intensity of the 

absorption peaks at 1684 and 1588 cm-1 decreased 

gradually with the increase of the CMC content and 

acidity, which illustrated that amide contents 

decreased in cured MUF adhesive systems. 

Compared with the pure MUF adhesive, the 

intensity at 1295 and 1215 cm
-1

 had a slight change, 

which indicated a higher amount of dimethylene 

ether linkages pyrolysis during the curing process.  

 

Table 3 

Parameters of curing kinetics of MUF adhesives 

 

Added CMC(%) Β(K·min
-1

) Tp(K) 1/Tp×10
3
(K

-1
) -Ln(β/Tp

2
) 

10 385.03 2.597 9.604 

15 387.05 2.584 9.209 

20 390.89 2.558 8.941 
0 

25 393.76 2.540 8.733 

10 388.21 2.576 9.621 

15 392.83 2.546 9.239 

20 396.50 2.522 8.970 
1 

25 399.40 2.504 8.761 

10 388.01 2.577 9.619 

15 392.70 2.546 9.238 

20 398.07 2.512 8.978 
1.5 

25 400.37 2.498 8.765 

10 388.51 2.574 9.622 

15 394.36 2.536 9.246 

20 397.53 2.516 8.975 
2 

25 404.08 2.475 8.784 

 



JUN ZHOU et al. 

 244 

Table 4 

Values of the activation energy (Ea) of MUF adhesives 

 

Adhesive types  Ea(KJ·mol
-1

) 

Control  118.6 

M1.0  99.0 

M1.5  85.7 

M2.0  71.8 

 

 

Figure 5: Kissinger’s fitted curves of four MUF adhesives 

 

 

The absorption peak at 1746 cm-1 enhanced with 

increasing CMC content in the addition agent. The 

CMC addition agent affected the chemical structure 

and group content in the cured MUF adhesive 

system. A higher amount of CMC not only 

promoted the reaction, but also contributed to a 

higher curing degree of the MUF adhesive. The 

cured system still retained a certain amount of 

active groups, for example, of reactive hydrogen 

and hydroxymethyl groups. Their existence was the 

reason of poor water resistance. However, the shear 

test results discussed above indicated that wood 

MC of 18% had limited influence on bonding 

performance. 

 

DSC analysis 

The parameters of MUF adhesive curing 

kinetics, according Eq. 2, are shown in Table 3.As 

can be seen in Figure 5, the relationship between 

the natural logarithm of β/Tp
2 

and the reciprocal of 

Tp was linear with the correlation coefficient (R2) of 

the control, M1, M2 and M3 of 0.94, 0.99, 0.99 and 

0.96, respectively. The parameter Ea of the adhesive 

systems can be obtained from the slope of each 

regressed line in Figure 5. The values of Ea for all 

the adhesives tested in this work are presented in 

Table 4.  

Significant differences can be noted among the 

adhesives. The addition agent can reduce the energy 

required during MUF adhesive curing. Thus, the 

curing of the control group needed more energy, 

and it cannot cure quickly at room temperature. On 

the other hand, higher acidity and the presence of 

CMC in the addition agent resulted in speeding up 

the curing process. It was evident that the 2% CMC 

formic acid solution contributed to faster MUF 

curing at room temperature. 

 

CONCLUSION 

a) The compressive shear strengths of Douglas 

fir wood samples glued with MUF/CMC at 12% 

MC ranged from 10.22 MPa to 10.60 MPa, and 

were 70.33-76.67% higher than the specified value 

in the BS EN 386 standard at 100% wood failure 

percentage. The curing of MUF was speeded up by 

the presence of the CMC formic solution, while 

thebonding strength of sample M2.0 reached the 

highest value of 10.60MPa. 

b) The bonding strengths of the sample blocks at 

18% MC were 7.14%, 4.78% and 4.91% lower than 

those at 12% MC in the presence of 1.0%, 1.5% 

and 2.0% (w/w) CMC addition agent, respectively. 

The bonding strength of M2.0 was higher than that 

of the other samples with 18% MC, and reached 

10.08 MPa. When comparing the compressive 

shear strengths, at 18% MC, the wood samples 

glued with MUF/CMC showed slightly reduced, 

but acceptable strength values, compared to those at 
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12% MC.  

c) Hydroxymethyl was the radical group 

involved in the curing reaction of the MUF 

adhesive. A higher curing degree and lower 

activation energy of the MUF adhesive were 

determined with the addition of the 2% CMC 

formic acid solution. 
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