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Chapter 5: HPLC, ESMS and GPC Analyses ofUF Resins 

The relationship between lo and V0 is given by the expression V0 = 10 FL where FL is 

the flowrate of the mobile phase solvent. The void volume of the 5 µm 250 mm x 4.6 

mm PEI column was 3.15 mL, for 10 =3.94 min and FL= 0.80 mL min·1, while the 

void volume of the 5 µm 300 mm x 2.1 mm PEI column was 0.90 mL, for 10 = 4.50 

min and FL = 0.20 mL min·1• 
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Figure 5.5. HPLC traces of model UF resin compounds. 

HPLC conditions: 5 µm 300 mm x 2.1 mm PEI; 
solvent: acetonitrile/water 92/8 (w/w), flowrate 0.20 mL min"1• 

The HPLC traces of model UF resin compounds are shown in Figure 5.5 and those 

of mixtures of model UF resin compounds are shown in Figure 5.6. The retention 

times of urea, biuret, MMU, DMU, monomethylolurea methyl ether (MMU-ME), 

dimethylolurea dimethyl ether (DMU-DME) and methylene diurea (MDU) which 

were utilised as model UF resin compounds, were found to be consistent to within ± 

2-3% when using the same batch of mobile phase solvent, and to within c 5% when a 
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Chapter 5: HPLC, ESMS and GPC Analyses ofUF Resins 

different batch of mobile phase solvent was used. For example, the retention time of 

urea varied between 9.30 and 9.70 min using 5 µm 300 x 2.1 mm PEI column. 

Aqueous formaldehyde did not afford a distinct HPLC peak. It was also apparent 

(see Figure 5.6) that there were traces of biuret (tr = 6.8 min) and MDU (tr = 15.2 

min) in commercial urea samples. 

The assignment of the model UF resin compounds for the 250 mm x 4.6 mm and 

300 mm x 2.1 mm columns were determined and are given in Tables 5.4 and 5.5 

respectively. 
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Figure 5.6. HPLC traces of mixtures of model UF resin compounds. 

HPLC conditions: 5 µm 250 mm x 4.6 mm PEI; 
solvent: acetonitrile/water 92/8 (w/w), flowrate: 0.80 mL min·1• 

Table 5.4. Retention times (min) of model UF resin compounds on a 5 µm 250 mm x 

4.6 mm PEI columna. 

species water MMU-ME DMU-DME biuret urea MMU DMU TMU MDU 

t/ (min) 5.00 5.50 5.50 6.82 8.50 9.00 9.90 10.5 15.2 

• mobile phase: 0.80 mL min· acetonitrile/water (92/8) (w/w); average of 5 injections. 
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Table 5.5. Retention times (min) of model UF resin compounds on a 5 µm 300 mm 

x 2.1 mm PEI column3 • 

species water MMU-ME DMU-DME biuret urea MMU DMU TMU MDU 

t/(min) 5.60 6.10-6.20 6.10-6.20 7.58 9.50 IO.I 11.5 12.7 17.2 

• mobile phase : 0.20 mL min· acetonitrile/water (92/8) (w/w); average of 5 injections. 

5.2.4 Refractive Index Detector Response Factors 

The deflection type RI detector used for HPLC analyses detects differences in the 

RI of mobile phase and analyte containing mobile phase. Detector response is 

proportional to the concentration (ie mass) of analyte in the mobile phase (Waters 

Manual 1976, Viscotek Manual 1996). Detector response may be expressed as: 

where A is the peak area of the analyte species; 

C is the concentration of the sample solution; 

Vis the injection volume; 

Ms = C V, is the mass injected into the column; 

FL is the flowrate of the mobile phase. 

At constant flowrate this expression simplifies to: 

where kc is the response factor of the analyte species. 

kc is proportional to the ratio dnldc (ie the change in RI of the analyte relative to 

the change in concentration of the analyte). Since dnldc ratios vary from solute to 

solute, the response factors are different for different species. It is necessary to 

determine an analyte RI response factor using an authentic specimen of the analyte. 

Calibration curves for urea, MMU. DMU and MDU, determined using the 300 

mm x 2.1 mm PEI column are presented in Figures 5.7 and 5.8. The corresponding 
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area (A) vs mass (Q) equations were: 

for urea: 

A = -0.003Q2 + 0.442Q + 0.058 (for Q up to 60 µg, R = 0.999) 

forMMU: 

A = -0.001 Q2 + 0.229Q-0.009 (for Q ~ 30 µg, R = 0.998) 

forDMU: 

A= -0.00IQ + 0.279Q + 0.023 (for Q ~ 50 µg, R = 0.998) 

for MDU: 

A= -0.0003Q2 + 0.197Q + 0.058 (for Q ~ 3 µg, R = 0.996) 

where A = HPLC peak area (m V min); 

Q = mass of the target (solute) species (µg); 

R = correlation coefficient. 
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Figure 5.7. Calibration curves for urea, 

MMUandDMU. 
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MDU. 
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For all species, calibration curves were almost linear for the quantities less than 30 

µg (urea, MMU and DMU), or 3 µg (MDU). The linearity range extended up to 50 
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µg for DMU. Urea had the greatest response factor (for Q ~ 30 µg), while MDU had 

the lowest response factor. 

Since not all the peaks in a typical HPLC trace of an UF resin have been 

identified, the response factors of some resin species cannot be determined using 

authentic standards. In these circumstances concentrations were determined using 

peak areas normalised relative to the injected sample quantity (Qs), where the 

normalised peak area is the peak area (A, in mV·min) divided by the quantity (Qs) of 

the injected analyte (sample): 

AN = AIQs = Al(C XV) 

where AN is the normalised peak area in mV·min mg·•; 

A is the target compounds peak area in m V ·min; 

Qs ( = C x V) is the quantity (mass) of the sample compound 

(concentration C mg µL·1 and volume VµL) injected into the HPLC 

column. 

Provided that all the HPLC experimental conditions, eg RI detector's attenuator 

setting and mobile phase flowrate, are identical, the normalised peak areas are 

comparable. 

5.3 GENERAL FEATURES OF THE UF RESIN REACTION SYSTEM AS 

ELUCIDATED BY HPLC 

A typical HPLC trace of an UF resin has 10-20 peaks depending on the reaction 

stage of the resin. The HPLC traces of an UF reaction system during the addition 

stage and condensation stage are shown in Figures 5.9 and 5.10 respectively. 

It can be seen that during the addition stage mainly three species, urea, MMU and 

DMU, present in the resin. Free urea decreases with time, while MMU and DMU 

increase with time at first and then decrease with time. 
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Figure 5.9. HPLC traces of an UF reaction system during the addition stage. 

Reaction conditions: temp = 88°C, F/U ratio = 2.0, formaldehyde cone = 
46.0%, initial addition pH = 8.7, reaction time corresponding to the traces 
from top to bottom are: 6.5, 10.6, 19 .6, 24. 7, 31.2 and 36.5 min respectively. 
HPLC conditions: column 300 mm x 2.1 mm, flowrate = 0.20 mL min·1, 

temp= 25°C. 

Free urea, MMU, DMU, TMU and MDU 

The plots of the normalised integrals (Ax) of free urea, MMU and DMU vs times 

are shown in Figure 5.11. Those ofTMU and MDU are shown in Figure 5.12. 

From Figures 5.11 and 5.12, it can be seen that Ax of free urea decreases rapidly 

with time. Normally, after 40-60 min, free urea is undetectable. The Axs ofMMU and 

DMU increase rapidly with time during the early addition stage ( 15-17 min), reach a 

maximum, and then decrease throughout the rest of the addition stage and 
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condensation stage. The maximum Ax of MMU appears a few minutes earlier than 

that of DMU, however, its Ax is lower than that ofDMU. 
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Figure 5.10. HPLC traces of an UF reaction system during the condensation 

stage. 

Reaction conditions: temp= 88°C, F/U ratio= 2.0, formaldehyde cone= 46.0%, initial 
addition pH= 8.7, condensation pH= 5.0, addition time= 32 min, reaction time 
corresponding to the traces from top to bottom are: 38.6, 50, 65.5, 111, 160, 182 and 199 
min respectively. HPLC conditions: column 300 mm x 2.1 mm, flowrate = 0.20 mL min-1, 

temp= 25°C. 
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The plot of the of TMU vs time is similar with those determined for MMU and 

DMU, however its Ax is much lower than those ofMMU and DMU (< 2% ofMMU 

or DMU) (see Figure 5.12). 

The plots of Axs of urea and MMU vs reaction time are very similar to those 

obtained using dynamic NMR experiments (see Section 4.3). Comparison of the 

HPLC results with those obtained using dynamic (RAPID) NMR data, shows that 

HPLC is more suitable for determination of MMU, DMU and TMU levels, since 

during the condensation stage, MMU, DMU and TMU cannot be distinguished by 

NMR due to overlapping (poorly resolved) carbonyl carbon signals. 

The Ax of MDU, ie the basic methylene species, increases with time during the 

addition stage. It increases with time during the early condensation stage, reaches a 

maximum and decreases with time for the rest of condensation. The decrease during 

the late condensation stage is due to its conversion to higher molecular weight 

methylene species. 

Generally, the HPLC determined free urea, MMU, and TMU results are consistent 

with those obtained using dynamic NMR data (see Section 4.3). 
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Figure 5.11. Plots of the Axs of free Figure 5.12. Plots of the Axs of 

urea, MMU and DMU vs reaction time. TMU and MDU vs reaction time. 
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Other species 

The plots of Axs of other species, including P0, P4, P6, P7, Pa and P11 are shown in 

Figures 5.13 and 5.14. The peaks of Pi, P2 and P3 are too weak to give reliable 

information and they are excluded from the discussion. 

Generally, the Axs of Po, P4, P6, P7, Pa and P11 (see Figures 5.13 and 5.14) increase 

with time during the addition stage, and decrease with time, during the condensation 

stage. 

20 

.::-- 16 
'oo 
E 
~ 12 
~ 
;( 

<!'. 8 

4 

0 

o PO 
t. P8 
+ Pl 1 

40 80 120 

Time (min) 

Figure 5.13. Plots of Axs of P0, 
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Figure 5.14. Plots of Axs of 

P 4, P 6 and P 1 vs reaction time. 

The HPLC traces of a typical UF resin before and after the addition of the final 

urea are shown in Figure 5.15. A comparison of these traces shows that after the 

addition of final urea, the concentrations of free urea and MMU increase and that of 

DMU decreases. The increased MMU concentration arises from the reaction of urea 

with free formaldehyde forming new MMU. The decrease of other species is due to 

the addition of final urea ( dilution effect). This result is consistent with the 

quantitative NMR experimental data (see Section 4.5.2). 
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Figure 5.15. Typical HPLC traces ofUF resins 

Upper trace: UF resin at condensation stage, F/U ratio= 2.0; 

30 
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y 

22110, 

lower trace: final UF resin, F/U ratio = 1.3; column: 300 mmx 2. I mm ; 
flowrate: 0.20 mL min·1; solvent: acetonitrile/water = 92/8 (w/w). 

5.4 EFFECT OF REACTION CONDITIONS 

The effect of reaction conditions on the levels of low molecular weight species 

detectable by HPLC methods (predominantly urea, MMU and DMU), are described 

in Sections 5.4.1 to 5.4.6. 

5.4.1 Reaction Temperature 

Common conditions for the reaction systems investigated in this sub-section were: 

F/U molar ratio= 2.0, formaldehyde concentration= 46%, initial addition pH= 8.7, 

condensation pH = 5.0 and addition time = 32 min. 

The effect of reaction temperature on the free urea, MMU and DMU levels, 

(where Ax is the normalised peak area) vs reaction time, are shown in Figures 5.16, 

5.17 and 5.18. 

Similar free urea levels were observed for reactions performed at 80, 88 and 97°C 
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(see Figure 5.16). Using HPLC methodology, free urea could not be detected after 40 

mm. 
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Figure 5.16. Plot ofHPLC determined free urea levels 

vs reaction time for reactions performed at 80, 88 and 

97°C ( common curve applied to all data). 
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Figure 5 .17. Plots of MMU levels vs reaction time during (a) the addition stage 

and (b) the entire reaction period. 

The effect of reaction temperature (80, 88 and 97°C) on the MMU and DMU 

levels are shown in Figures 5.17 and 5.18. Reaction temperature has little effect on 

the level of MMU, which reaches a maximum after 15-18 min of the addition stage 

reaction. The higher the reaction temperature the earlier the maximum level of DMU 
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is observed. The MMU level of the 97°C reaction decreases more rapidly than is the 

case for the 80 and 88°C reactions. 

During the late condensation stage there were no significant differences in the 

levels of DMU, or MMU, in the three reaction systems investigated (see Figures 

5.l 7(b) and 5.18(b)). 
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Figure 5.18. Plots ofDMU levels vs reaction time during (a) the addition stage 

and (b) the entire reaction period. 

5.4.2 Addition Reaction Time (ta) 

Reaction conditions common to all the reactions in this sub-section are: F/U molar 

ration = 2.0, formaldehyde concentration = 46%, reaction temperature = 88°C, initial 

addition pH = 8. 7 and condensation pH = 5.0. 

Since reaction conditions were identical other than for the addition stage reaction 

times (ta), it was expected that similar free urea, MMU and DMU would be observed. 

While this was the case for MMU and DMU, some scatter was observed however for 

free urea levels (see Figure 5.19). In all cases there was a rapid decline in free urea 

levels 
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Figure 5.19. Plots of free urea levels during the entire reaction 

period for reactions with differing addition stage reaction times. 
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Figure 5.20. Plots of the effect of addition reaction time (ta) on MMU levels vs 

reaction time during (a) the addition stage and (b) the condensation stage. 

Varying the addition stage reaction time mainly influences MMU and DMU levels 

during the early condensation stage (c 25 min) (see Figures 5.20 and 5.21). The 

shorter the addition reaction time, the higher the levels ofMMU and DMU during the 

early condensation stage. After reaching their maximum values, MMU and DMU 

levels fall to similar levels, irrespective of the addition stage reaction time. This 

result is consistent with that determined using NMR data (see Section 4.3.2). 
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Figure 5.21. Plots of the effect of addition reaction time (ta) on DMU levels vs 

reaction time during (a) the addition stage and (b) the condensation stage. 

5.4.3 Formaldehyde Concentration 

Conditions common for all the reactions in this sub-section are: F/U molar ratio= 

2.0, initial addition pH = 8.7, condensation pH = 5.0, addition time = 32 min and 

reaction temperature = 88°C. 

Similar free urea levels were observed for the reactions performed using 37% and 

46% formaldehyde solutions (see Figure 5.22). 
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Figure 5.22. Plots of the effect of formaldehyde concentration (F 

cone) on free urea levels vs reaction time. 
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The effect of formaldehyde concentration on MMU and DMU levels are shown in 

Figures 5.23 and 5.24. The reaction with 46% formaldehyde afforded a higher 

addition stage DMU level, a lower condensation stage DMU level and a lower MMU 

level during the entire reaction period, than was the case for the reaction with 3 7% 

formaldehyde. These observations are consistent with dynamic (RAPID) NMR data 

(see Section 4.3.3). 
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Figure 5.23. Plots of the effect of formaldehyde concentration (F cone) on the 

concentrations ofMMUs vs reaction time during (a) the addition stage and (b) the 

entire reaction period. 
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Figure 5.24. Plots of the effect of formaldehyde concentration (F cone) on the 

concentrations ofDMUs vs reaction time during (a) the addition stage and (b) the 

entire reaction period. 
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5.4.4 Initial Addition pH 

Conditions common for all reactions in this sub-section are: F/U molar ratio= 2.0, 

formaldehyde concentration= 46%, condensation pH= 5.0, addition time= 32 min 

and reaction temperature = 88°C. 

Similar free urea levels were observed for all the reactions performed using 

different initial addition pH (3.0-8.7) (see Figure 5.25). 

The effect of the initial pH on MMU and DMU levels are shown in Figures 5.26 

and 5.27. Initial pH had only a minor effect on MMU and DMU levels during the 

addition stage and no effect during the condensation stage. 

MMU and DMU levels were slightly higher in the reaction with an initial pH of 

8.7, compared to those of reactions with initial pHs of 3.0 to 7.3. No significant 

differences in MMU and DMU levels were observed in pH of 3.0, 5.0 and 7.3 

reactions. 
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Figure 5.25. Plot of the effect of initial addition pH on 

free urea levels vs time. 
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Figure 5.26. Plots of the effect of initial addition pH on the concentrations of 

MMUs vs reaction time during (a) the addition stage and (b) the entire reaction 

period. 
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Figure 5.27. Plots of the effect of initial addition pH on the concentrations of 

DMUs vs reaction time during (a) the addition stage and (b) the entire reaction 

period. 

5.4.5 Condensation pH 

Conditions common for all reactions in this sub-section are: F/U molar ratio= 2.0, 

formaldehyde concentration= 46%, initial addition pH= 8.7, addition time= 32 min 

and reaction temperature = 88°C. 
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Since all the reaction conditions during the addition stage were identical, it was 

expected that similar results would be obtained (see Figures 5.28, 5.29 and 5.30). No 

significant differences in free urea levels were observed for reaction performed using 

condensation pHs of 4.3, 5.0 and 5.5 (see Figure 5.28). 
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Figure 5.28. Plot of the effect of condensation pH on the 

free urea levels vs reaction time. 
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Figure 5.29. Plots of the effect of 

condensation pH on MMU levels 

vs reaction time. 
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Figure 5.30. Plots of the effect of 

condensation pH on DMU levels 

vs reaction time. 

200 

The lower the condensation pH, the lower the MMU and DMU levels during the 

early condensation stage. However, differences were smaller during the late 
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condensation stage. This result is in agreement with dynamic NMR data (see Section 

4.3.6). 

5.4.6 pH Control Methods 

Conditions common for all the reactions in this sub-section are: F/U molar ratio= 

2.0, formaldehyde concentration = 46%, initial addition pH = 8. 7, condensation pH = 

5.0, addition time= 32 min and reaction temperature= 88°C. 

In conventional two-stage UF resin production, an initial alkaline addition stage 

(up to c pH 9), favouring the formation of methylol groups, is employed (see Section 

4.3.5). During the addition stage, pH decreases with time (see Figure 4.36). Lower 

pH reduces the methylol formation rate and increases the ether formation rate. 

Szesztay et al. (1994) has investigated the use of a buffer system to keep the pH 

relatively constant during the addition stage. The use of low concentrations ( eg < 

0.5%) of buffer systems comprised of organic acids, and their salts, did not stabilise 

the pH during the addition stage, while the use of higher concentrations of the buffer 

system afforded resins which had inferior wood panel bonding characteristics 

(Szesztay et al. 1994). 

In this research addition of NaOH (5 mol L-1) solution was used to maintain the 

reaction stage between pH 8.3 and 8.6. In the absence of pH control, pH falls from 

8.7 to 6.2. 

Free urea levels did not show much difference using the 'pH adjusted' (or pH 

controlled) and 'conventional' methods (see Figure 5.31). However significant 

differences were apparent in MMU and DMU levels (see Figures 5.32 and 5.33). 

The pH adjusted reaction afforded lower MMU and higher DMU levels during both 

the addition stage and condensation stages. A greater level of DMU was produced, at 

an earlier stage (time), in the pH adjusted reaction. These observations are consistent 

with the base catalysed nature of methylol group formation. (Pizzi 1983 and Meyer 

1979b). 

218 



Chapter 5: HPLC, ESMS and GPC Analyses ofUF Resins 

60 

50 
,....., 

'7 Oil 

E 40 
8:1 ... ., 
._, 30 
X 
< 

20 

10 

0 

0 40 80 

o pH adjusted 
t. conventional 

120 
Time (min) 

160 

Figure 5.31. Plot of the effect of addition pH control 

on free urea levels vs reaction time. 
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Figure 5.32. Plots of the effect of 

addition pH control on MMU levels 

vs reaction time. 
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Figure 5.33. Plots of the effect of 

addition pH control on DMU levels 

vs reaction time. 

The HPLC columns and procedures utilised in the present investigation afforded 

useful information concerning low molecular species, especially free urea, MMU, 

DMU and TMU, present during the addition stage UF resin reactions. Generally, the 

HPLC data are consistent with dynamic (RAPID) NMR data. 
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Only limited information could be derived concerning higher molecular weight 

species present during the condensation stage. 

5.5 IDENTIFICATION OF UF RESIN SPECIES BY ELECTROSPRAY 

MASS SPECTROMETRY 

Since electrospray mass spectrometry (ESMS) uses a mild ionisation technique, 

electrospray mass spectra are generally less complex than conventional electron­

impact (EI) mass spectra. ESMS ion intensities are dependent on acquisition 

conditions ( especially cone voltage) and matrix effects and are more variable than is 

the case for conventional EI mass spectra. 

Additionally, under ESMS conditions, solute (target) molecules may form cluster 

ions (eg M2H+ ions), or adduct ions with metal cations (eg M+Na+ or M+K+ ions) or 

anions (eg M+cr or M+Coo· ions) which are present in trace amounts in mobile 

phases (eg water), or absorbed on glassware or instrument surfaces. Because of the 

tendency to form cluster or adduct ions, it can be difficult to identify molecular ions. 

A Dale 74.2 (background) ion observed during the acquisition of resin ESMS was 

always accompanied by a smaller Dale 75.3 ion, the intensity of which was c 3.6% 

that of the Dale 74.2 peak. The natural abundances of 12C, 13C, 14N and 15N (98.9, 1.1, 

99.64 and 0.36% respectively) are consistent with the formulation of the Dale 74 ion 

as a CH3CN+CH30H+H+ adduct ion, since the expected relative intensity of the Dale 

75.3 ion is 3 (13C) x 1.1 % + 1 (15N) x 0.36% = 3.66%. 

Similarly, the medium intensity background Dale 96.3 ion was always 

accompanied by a Dale 97.2 ion, the intensity of which was c 3.6% that of the Dale 

96.3 ion. This is consistent with the formulation of the Dale 96.3 ion as a 

CH3CN+CH30H+Na + adduct ion. 

Since UF resm samples always contain traces of methanol, background 

CH3CN+CH30H+H+ and CH3CN+CH30H+Na + adduct ions were generally observed 

when acetonitrile/water was used as the mobile phase. 
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Table 5.6. Proposed origin(s) of some background ESMS adduct ions observed 

when using acetonitrile/water (1: 1) (v/v), or methanol, as the mobile phase (ES+ 

mode). 

ion (Dale) proposed origin( s) calculated mass 

(Dalton) 

18.6 (m-w)8 H30+ 19.0 

39.3 (w) K+ 39.1 

46.6 (w) CH3CH20H+H+ 47.1 

50.2 (w) HCNb+Na+ 50.2 

59.5 (s) CH3CN+H30+ or (H20)2+Na + 60.1, 59.0 

64.5 (w) CH3CN+Na+ 64.0 

71.2 (w) CH30H+K+ 71.1 

74.2 (s-w) CH3CN+CH30H+H+ 74.l 

78.2 (m-w) CH3CN+(H20)2+H+ 78.1 

80.2 (w) CH3CN+K+ 80.2 

82.2 (m-w) CH3CN+H20+Na + 82.l 

83.2 (m-w) (CH3CN)2+H+ 83.1 

96.3 (s-m) CH3CN+CH30H+Na + 96.l 

100.l (m-w) CH3CN+(H20)2+Na + 100.1 

105.l (m) (CH3CN)2+Na+ 105.l 

a typical ion intensities: s = strong, m = medium, w = weak; 0 HCN is a minor component of 

CH3CN. 

Because of 'memory effects' arising from traces of solvent residues and cations, or 

anions, absorbed on glassware or surfaces in the instrument system, caution must be 

exercised in interpreting ESMS data, especially when the molecular weight is less 

than 200 Dalton and the sample concentration is low (c < Ix 10·3 mol L·1). In the 

present investigation, background spectra were routinely obtained immediately 

before sample spectra. 
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ESMS of model compounds 

ESMS data for urea, biuret, MMU, DMU are given in Tables 5.7, 5.8 and 5.9. 

Background ions are not included in these tabulations. The positive ion ESMS of 

urea is presented in Table 5.7. The minimum acceptable urea concentration was 

found to be 2 x 10·4 mole L·1• 

The ESMS of urea was dominated by Dale 61.1 and 121.1 ions, attributable to 

MH+ (NH2CONH2+H+) and M2H+ ions respectively. A weak Dale 133.l ion was 

considered to arise from protonated MDU (H2NCONH-CH2-HNCONH2+H+). This 

conclusion was consistent with the detection of a small MDU peak in the HPLC trace 

of the urea sample (see Figure 5.6). 

Table 5.7. Selected ions observed in the ESMS of urea (ES+ mode). 

ion (Dale) proposed origin calculated mass 

(Dalton) 

61.3 (s)3 urea+H+ (MH+) 61.1 

79.0 (m) urea+H30+ 79.l 

83.4 (m) urea+Na + (MN a+) 83.l 

102.2 (m) urea+CH3CN+H+ 102.1 

121.3 (s) biurea+H+ (M2H+) 121.1 

133.l (w) MDU+H+ 133.1 

• typical ion intensities: s = strong, m = medium, w = weak. 

The ESMS of MMU, DMU and biuret are shown in Tables 5.8, 5.9 and 5.10. The 

weak to medium intensity peaks were typically observed for protonated MMU and 

DMU. Depending on acquisition conditions, the corresponding M2H+ or 

M+solvent+H+ ions often had greater intensity. Biuret typically exhibited a medium 

to strong intensity MH+ peak {Table 5.10). 
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Table 5.8. Selected ions observed in the ESMS ofMMU (ES+ mode). 

ion (Dale) proposed origin calculated mass 

(Dalton) 

91.2 (m) MMU+H+ (MH+) 91.1 

121.2 (m) DMU+H+ (trace DMU in 121.1 

MMU) and/or diurea+H+ 

151.7 (w) TMU+H+ 151.1 

162.2 (w) DMU+CH3CNH+ 162.2 

or biurea+CH3CN+H+ 

199.3 (w) (MMU)2+H30+ 199.3 

Table 5.9. Selected ions observed in the ESMS ofDMU (ES+ and ES" modes). 

ion (Dale) ion (Dale) Proposed origin calculated mass 

(ES+ mode) (ES-mode) (Dalton) 

121.2 (w) DMU+H+ (MH+) 121.2 

119.l(m) DMU-H" 119.1 

240.7 (w) (DMU)2+H+ (M2H+) 241.2 

Table 5.10. Selected ions observed in the ESMS of biuret (ES+ and Es· 

modes). 

ion (Dale) ion (Dale) proposed origin calculated mass 

(ES+mode) (ES- mode) (Dalton) 

104.2 (w) biuret+H+ (MH+) 104.1 

102.1 (m-w) biuret-H" 102.1 

ESMS of VF resin samples 

The ESMS spectra of UF resin samples were very complex and included ions with 

up to Dale 3000. The strongest ions were low mass background adduct ions, with 

Dale < 200. Only a limited number of ions, attributable to low mass components of 
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species present in the UF resin samples (urea, MMU, DMU, TMU, biuret and MDU 

and corresponding solvent and/or cation adducts), were recognisable amongst the 

more intense series of 'background' ions (peaks) (see Table 5.11). 

Since more than 10 species are typically present in the HPLC trace of an UF resin 

sample (Figures 5.10 and 5.15) it was anticipated that ESMS of HPLC fractionated 

UF resin samples might be more informative than the ESMS of unfractionated UF 

resin samples. Attempts to obtain ESMS data for higher molecular weight species, 

using HPLC-ESMS, were not successful due to the low concentration of individual 

species and the high intensity of the background ions. 

Table 5.11. Selected ions observed in the ESMS ofUF resin samples (ES+ 

mode). 

ion (Dale) proposed origin 

61.3 (m-w) urea+H+ 

91.2 (m) MMU+H+ 

104.1 (m) MMU-Me a +H+ and/or biuret+H+ 

121.1 (m) DMU+H+ 

150.4 (m-w) TMU+H+ 

104.4 (w) biuret+H+ 

133.1 (w) MDU+H+ 

163.3 (m) MMDU+H+b 

193.6 (m) MBMU+H+c 

a MMU-Me = monomethylolurea methyl ether; 

calculated mass 

(Dalton) 

61.1 

91.1 

104.4 

121.1 

151.1 

104.1 

133.1 

163.2 

193.2 

b MMDU = methylol methylene diurea: H2NCONHCH2NHCONHCH20H; 
c MBMU = methylene bismethylolurea: HOCH2NHCONHCH2NHCONHCH20H. 

5.6 CHARACTERISATION OF UF RESINS BY GPC 

GPC is a useful technique for determining the molecular weight, and molecular 

weight distribution, of polymer molecules (Billmeyer 1984). It has been successfully 
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used in the investigation of UF resins (Pasch et al. 1990 & 1991, Hlaing 1986, 

Katuscak et al. 1981, Hope et al. 1973 and Tsuge 1974). 

In this research, a triple-column GPC-triple detector system (see Section 2.3) was 

used to investigate the UF resin system. Each detector contributes different, but 

complementary information. 

The most common chromatography detector, a differential refractometer, 

generates a differential refractive index (RI) signal which is proportional to the mass 

of the eluant in the solvent (ie the mobile phase solution). A viscometry detector 

yields a differential pressure (DP) signal, which is proportional to the viscosity of the 

eluant, while a laser light scattering detector produces a signal proportional to the 

weight average molecular weight ( Mw ) of the sample. 

Conventional GPC analyses determine resin molecular weight relative to that of a 

reference material, based on a logarithmic relation between molecular weight (log M) 

and retention volume (Vr). The reliability (precision) of the measurement depends on 

the molecular weight, molecular weight distribution and the molecular size ( degree of 

branching, etc) of the reference material, compared to that of the sample material. 

Conventional GPC methods are principally used to identify the average molecular 

weight of a resin, relative to that of a standard material, rather than to define the 

absolute molecular weight of the resin. 

The combination of an 'in-line' viscometer and a RI detector enables the 

continuous determination of the viscosity of the eluant (Elias 1977). A plot of 

log([77]M) vs Vr, (where [77]Mis a molecular size parameter (Billmeyer 1984) known 

as hydrodynamic volume) has universal validity and can be applied to a wide variety 

of both linear and branched polymers, provided the GPC separation is achieved 

mainly by a size exclusion mechanism (Viscotek Manual 1996). 

The combination of all three detectors (RI, viscometer and LS) enables the 

continuous determination of absolute molecular weight and the derivation of 
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branching information, molecular size (the radius of gyration) and Mark-Houwink 

parameters ( a and k) (Viscotek Manual 1996). 

5.6.1 Calibration of the Triple Detector GPC System 

A set of narrow molecular weight distribution polyethylene glycol (PEG) 

standards was used to calibrate the GPC system. The intrinsic viscosity ([ 71]) of the 

PEG standards in the GPC solvent system (DMF + 0.1 mol L-1 LiCl) was determined 

using an Ostwald-Fenske type capillary glass viscometer (Billmeyer 1984). Results 

are shown in Table 5.12 along with the retention volumes and nominal molecular 

weights. GPC traces of three of the PEG standard samples are shown in Figure 5.34. 

Table 5.12. The nominal molecular weight (M), intrinsic viscosity [71] and retention 

volume (Vr) of the narrow molecular weight distribution PEG standard samples. 

nominal M 106 200 415 630 998 1535 4820 9230 11 250 19 100 

[71] (dL g-1)8 0.035 0.040 0.044 0.049 0.060 0.082 0.124 0.151 0.182 0.227 

Vr (mL) 35.5 34.9 33.3 32.1 30.8 29.2 26.0 23.9 23.2 21.8 

• solvent: DMF + 0.1 mol L- LiCI. 

Since the molecular weight of the largest available PEG standard was 19 100 

Dalton, a set of higher molecular weight ranges, narrow molecular weight 

distribution, polyethylene oxide (PEO) standards were also used. Their nominal 

molecular weight, intrinsic viscosity and the retention volumes are given in Table 

5.13. The GPC trace of one of the PEO standard samples is shown in Figure 5.34. 

Table 5.13. The nominal molecular weight (M), intrinsic viscosity [71] and retention 

volume (Vr) of the narrow molecular weight distribution PEO standard samples. 

nominal M (kDa) 18 39 86 145 252 594 996 

[71] (dL g-1)8 0.36 0.56 0.92 1.18 1.77 1.80 2.62 

Vr (mL) 21.5 20.5 20.1 19.6 19.4 18.9 18.7 

• solvent: DMF + 0.1 mol L-1 LiCI. 
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The universal calibration curve, constructed using the data in Tables 5.12 and 

5.13, is showed in Figure 5.35. The valid (linear) calibration range (exclusion limits) 

for the triple-column GPC system used in this research was between Vr = 21 and 35 

mL, corresponding to molecular weights in the range 200 to 20 kDa. 
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Figure 5.34. Triple-detector GPC traces of the PEG 4820, PEG 9230, 

PEG 11 250 and PEO 39 kDa standard samples. 

RI = refractive index, DP = differential pressure, LS = light scattering 

Because the DP response is proportional to the viscosity of the eluant, a greater 

DP response is observed for higher molecular weight species (see Figure 5.34). It is 

also apparent that the LS detector cannot detect PEG standard samples with the 

molecular weights less than c 10 kDa. 
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The triple-detector GPC traces determined for a typical UF resin are shown in 

Figure 5.36. The LS trace showed one strong peak (retention volume 20.5 mL) 

together with a tail along the higher Vr side (lower molecular weight side) until Vr = 

25 mL. It is apparent that the lower molecular weight species (M < 10 kDa, Vr > 25 

mL) are not be detected by the LS detector. 
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Figure 5.35. The universal calibration curve determined using the 

PEG and PEO standards. 
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Figure 5.36. Triple detector GPC traces for a typical UF resin sample. 

RI = refractive index, DP = differential pressure, LS = light scattering 
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A plot of intrinsic viscosity (log[77]) vs Vr is shown in Figure 5.37. Subtraction of 

the data depicted in Figure 5.37 from that depicted in Figure 5.35 (ie log ([77].M) vs 

Vr) yields a plot of logM vs Vr (see Figure 5.38). Thus, the average molecular weight 

can be calculated (Billmeyer 1984). 

High levels of eluant species were observed at both end of the linear exclusion 

limits (Vr = 20 to 34.5 mL), correspond to the molecular weight range of 270-68 kDa 

(see Figures 5.36 and 5.38). This shows that the molecular weight distribution of the 

UF resin is very broad, extending from less than the low molecular weight exclusion 

limit, to beyond high molecular weight exclusion limit. 
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Figure 5.37. Plot oflog[77] vs Vr for a 

typical UF resin. 
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Figure 5.38. Plot oflogMvs Vr for a 

typical UF resin. 

5.6.2 Effect of Reaction Time on the Molecular Weight and Molecular Weight 

Distribution 

The effect of reaction time on the molecular weight and molecular weight 

distribution of typical UF resins was investigated. The resin preparation conditions, 

and the times at which sub-samples were collected for GPC analyses, are given in 

Table 5.14. 
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The RI traces of the series of sub-samples are shown in Figure 5.39. The number 

average molecular weight ( Mn ), weight average molecular weight ( Mw ) and the 

polydispersity coefficient (n) determined for the sub-samples are given in Table 5.15. 

Average molecular weights and polydispersity coefficients increased with time. 

After the addition of final urea, Mn decreased and polydispersity coefficients 

increased significantly, while Mw decreased slightly. This can be attributed to the 

formation of low molecular weight species ( eg MMU). The Mn and Mw of the final 

resin are in the 102 (hundreds) and 103 (thousands) ranges respectively, which is 

agreement with the findings of other authors (Ludlam and King 1984, Katuscak. et al. 

1981). 

Table 5.14. Properties ofUF4 resin sub-samples examined using the GPC 

methodology. 

code time 
. • a 

ortgm F/U ratio viscosity 

(min) (Pa-s) 

UF4-1 26 alkaline addition 2.0 0.015 

UF4-2 35 alkaline addition 2.0 0.025 

UF4-3 50 alkaline addition 2.0 0.035 

UF4-4 75 acidic condensation 2.0 0.054 

UF4-5 100 acidic condensation 2.0 0.082 

UF4-6 120 acidic condensation 2.0 0.14 

UF4-7 140 acidic condensation 2.0 0.22 

UF4-8 160 acidic condensation 2.0 0.31 

UF4-9 165 final resin 1.3 0.16 

a initial addition stage: pH 8.7 for 52 min; condensation stage: pH 5.0, at 88°C; 
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Table 5 .15. Molecular weight characteristics determined for 

UF4 resin sub-samples. 

sample Mn Mw n 

(g mol"1) (g mol"1) (=Mw) 
Mn 

UF4-1 400 680 1.7 

UF4-2 410 990 2.4 

UF4-3 430 1330 3.1 

UF4-4 500 1750 3.5 

UF4-5 650 2310 3.6 

UF4-6 900 5000 5.6 

UF4-7 1000 6080 6.1 

UF4-8 1200 8350 7.0 

UF4-9 600 7000 11.7 

3Smin 

SO min 

7Smin 

IOOmin 

120min 

140min 

160min 

16Smin 

15 20 25 30 35 40 
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Figure 5.39. The effect of the reaction time on the GPC traces (RI responses). 

231 



Chapter 5: HPLC, ESMS and GPC Analyses ofUF Resins 

5.6.3 Effect of Storage Time (Aging) on the Molecular Weight and Molecular 

Weight Distribution 

The aging process was investigated for a resin sample prepared using the two­

stage reaction system (initial F/U = 2.0, final F/U = 1.3, initial addition pH = 8.6, 

condensation pH = 5.0). Data determined over an 8-week period are given in Table 

5.16. 

The average molecular weight of the UF resin increased with time, while the 

polydispersity coefficient decreased slightly with time. This is consistent with the 

progressive conversion of some of the initially present lower molecular weight 

species into higher molecular weight species. 

Table 5.16. The effect of storage time on the molecular 

weight of an UF resin. 

storage timea Mn Mw n 

(weeks) (g mol-1) (g mol"1) (=Mw) 
Mn 

0 750 10 100 13.5 

2 870 11400 13.l 

5 960 12 300 12.8 

8 1300 13 000 10.0 

a storage temperature = 25°C. 

5.6.4 Summary and Conclusions 

The triple-column GPC system used in this research has the following exclusion 

limits for the UF resin: 

upper limit: M= 68 kDa (for Vr > 25 mL) 

lower limit: M= 270 Dalton (for Vr = 34.5 mL) 
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A LS detector cannot be used to determine UF resin molecular weights, since it 

does not reliably detect the low molecular weight species. 

A typical UF resin contains a wide range of species with molecular weight from 

less than 270 Dalton to greater than 68 kDa. The Mn and Mw of the final UF resins 

are typically in the range of 600-750 Dalton and 8-10 kDa respectively. 

The average molecular weight of an UF resin increases and its polydispersity 

coefficient decreases with storage time. 
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Chapter 6: Resin Development and Testing 

6.1 INTRODUCTION 

The UF reaction process has been investigated by dynamic (RAPID) NMR (see 

Sections 4.2 and 4.3) and HPLC (see Section 5.4) techniques. The effects of different 

reaction conditions on the UF reaction system have been obtained and optimum or 

desirable reaction conditions have been predicted (see Section 4.3.7). 

In addition, control of the addition stage pH between 8.3-8.6 throughout the 

addition reaction maximised methylol concentrations (see Section 5.4) and is 

expected to produce higher performance resins. 

There are some differences in conditions in dynamic (RAPID) NMR experiments 

and laboratory scale resin preparations. For example, the temperature profile (heating 

rate) is likely to be different. Other reaction conditions that cannot be achieved in the 

dynamic (RAPID) NMR experiments include continuous pH adjustment and stirring. 

A series of UF resins have been prepared using a range of reaction conditions 

encompassing the predicted optimum conditions. The properties of the resins and the 

wood panels bonded with these resins have been determined. 

6.2 EXPERIMENTAL 

The resins were prepared according to the preparation procedure described in 

Section 2.12 and the reaction conditions summarised in Table 6.1. The properties of 

the resins, including gel time (see Section 2.14) and enthalpy of curing (Mlc) were 

determined and are listed in Table 6.2. The properties of particleboard bonded with 

the corresponding resins including internal bond, formaldehyde emission and cold 

water swell have been determined. Results are listed in Table 6.2. 

The performance of wood panels (eg internal bond and formaldehyde emission) 

depends not only on the bonding material (UF resin), but also on many other factors, 

eg the wood material and manufacture conditions (resin loading and panel thickness). 

Some preliminary investigations regarding the effect of these factors on the 
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properties of wood panels are reported in Appendix C. To avoid such variations, a 

standard procedure using the following conditions was used for all the property 

determination experiments: 

wood material: 

board product: 

resin loading: 

panel thickness: 

wood particles (c 20 mesh) (wood source: Carter-Holt-Harvey's 

Kopu site) 

particleboard density 0.67-0.69 g cm·3 

8% of dried wood weight 

8 mm (nominal) 

The relative standard deviations of the experimental data (internal bond, 

formaldehyde emission and cold water swell) were normally less than 0.1 (in most 

cases < 0.07) (see Appendix C). 

6.3 EFFECT OF REACTION CONDITIONS 

6.3.1 Effect of Formaldehyde Concentration 

Commercial formaldehyde solution is normally from 35% to 50% (w/w). From the 

dynamic (RAPID) NMR and HPLC investigations, it was found that the higher the 

formaldehyde concentration, the higher the reaction rate (see Sections 4.3.3 and 

5.4.3). The effect of formaldehyde concentration on the resin properties and panel 

properties is summarised in Table 6.2 (resins R-01 to R-03). 
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Table 6.1. Resin preparation conditions. 

resm F cone F/Ua temp pH(al pH(cY add ta total t 

(%) ratio (OC) (min) (min) 

R-01 30 2.0 88 8.7 5.0 32 359 

R-02 37 2.0 88 8.7 5.0 32 273 

R-03 46 2.0 88 8.7 5.0 32 162 

R-04 46 1.8 88 8.7 5.0 32 150 

R-05 46 2.2 88 8.7 5.0 32 220 

R-06 46 2.0 70 8.7 5.0 32 240 

R-07 46 2.0 80 8.7 5.0 32 180 

R-08 46 2.0 88 8.7 5.0 32 150 

R-09 46 2.0 97 8.7 5.0 32 125 

R-10 46 2.0 88 3.0 5.0 32 157 

R-11 46 2.0 88 5.0 5.0 32 167 

R-12 46 2.0 88 7.3 5.0 32 155 

R-13 46 2.0 88 8.6 5.0 32 200 

R-14 46 2.0 88 9.1 5.0 32 185 

R-15 46 2.0 88 8.7 4.3 32 59 

R-16 46 2.0 88 8.7 4.7 32 92 

R-17 46 2.0 88 8.7 5.0 32 152 

R-18 46 2.0 88 8.7 5.5 32 252 

R-19 46 2.0 88 8.7 5.0 7.2 130 

R-20 46 2.0 88 8.7 5.0 13 170 

R-21 46 2.0 88 8.7 5.0 24 150 

R-22 46 2.0 88 8.7 5.0 31 167 

R-23 46 2.0 88 8.7 5.0 40 190 

R-24 46 2.0 88 8.7 5.0 72 200 

R-25 46 2.0 88 8.7 5.0 123 270 

• Initial F/U molar ratio. In all cases final F/U ratios were I. I 0, 6 pH (a)= initial addition pH, 
c pH ( c) = condensation pH. 
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Table 6.2. Resin properties. 

resm gel time8 Tb 
p Aflc IBC FEd swene 

(sec) (OC) (J g·I) (MPa) (mg/100 g) (%) 

R-01 88 82.5 76 1.6 6.7 21 

R-02 85 79.9 86 1.7 7.0 20 

R-03 74 81.0 98 1.9 8.5 20 

R-04 73 1.95 8.0 20 

R-05 75 1.90 8.3 20 

R-06 82 80.5 85 1.6 8.4 20 

R-07 78 82.5 96 1.7 7.5 19 

R-08 74 80.9 99 1.9 7.2 20 

R-09 70 81.0 96 1.9 7.0 18 

R-10 70 80.7 85 1.7 8.7 19 

R-11 69 80.9 89 1.8 8.4 20 

R-12 67 80.8 100 1.8 7.5 19 

R-13 74 81.0 101 1.9 7.2 19 

R-14 75 82.9 96 1.9 7.3 19 

R-15 76 82.0 100 1.9 8.1 20 

R-16 72 81.5 102 1.8 8.0 20 

R-17 74 81.2 105 1.9 7.7 20 

R-18 74 81.5 95 1.8 7.8 19 

R-19 85 81.5 81 1.8 8.1 19 

R-20 82 82.0 86 1.8 7.0 17 

R-21 75 82.2 96 2.1 7.5 17 

R-22 72 80.5 99 2.1 7.2 19 

R-23 70 80.9 96 2.1 8.4 19 

R-24 75 81.6 98 2.1 7.5 21 

R-25 74 82.6 96 2.0 8.3 18 

a • 0 - , C - d NH4CI gel time, Tp -the maximum curmg temperature, 1B - mtemal bond FE 
formaldehyde emission, mg HCH0/100 g wood panel; c swell = cold water swell. 

= 
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Generally, resins made at lower formaldehyde concentrations show longer gel 

times (ie a lower curing rate) and lower Aflcs, ie the reactivity of the resins was 

lower. The particleboards bonded with these resins have lower internal bonds and 

lower formaldehyde emissions (Table 6.2). The most significant effect of the 

formaldehyde concentration on the UF reaction is the reaction rate (see Table 6.1). 

For example, the reaction with the formaldehyde concentration of 30% has an 

excessively long reaction time of 359 min (c 6 h). These results suggest that a 

formaldehyde solution of less than 37% is not suitable for commercial production. 

Concentrations between 3 7-46% are appropriate for resin production. This result is 

consistent with the dynamic (RAPID) NMR data. 

6.3.2 Effect of F/U Molar Ratio 

The dynamic (RAPID) NMR data suggests an optimum F/U molar ratio range of 

1.8-2.2 for the preparation of UF resins. The effect of F/U molar ratio on the 

properties of resins and wood panels is shown by the data for resins R-03 to R-05. 

The effect is mainly on the time required to reach the predetermined viscosity, ie the 

lower the F /U molar ratio the shorter the time required to finish the preparation. 

6.3.3 Effect of Reaction Temperature 

The effects of reaction temperature in the range 70°C to 97°C are shown by the 

properties of resins R-06 to R-09 of Table 6.2. The reaction temperature of 70°C 

resulted in a slightly longer gel time, lower ~He, lower internal bond and higher 

formaldehyde emission. Reaction temperatures over 80°C (80-97°C) had little effect 

on the internal bond, formaldehyde emission and cold water swell. The main effect of 

the reaction temperature was on the reaction rate. The higher the reaction 

temperature, the shorter the time required to reach the predetermined viscosity (see 

Table 6.2). 

Higher reaction temperatures improve the efficiency of the preparation, whereas 

lower reaction temperatures allow better process control and the ability to condense 

at lower mole ratios without creating precipitate in the resin. The optimum 
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temperature of 88°C predicted by dynamic (RAPID) NMR experiment is consistent 

with results obtained. 

6.3.4 Effect of Initial Addition pH 

The dynamic (RAPID) NMR experiments indicated an optimum initial addition 

pH of 8-9. The effect of initial addition pH was investigated over the range of 3.0 to 

9.1. It can be seen from the properties of resins R-10 to R-14 of Table 6.2 that the 

initial addition pH has little effect on the gel time of the final resins. The gel times 

were all very similar. An initial pH of 3 and 5 resulted in a slightly lower Affc, Some 

improvements in internal bond and formaldehyde emission were observed at higher 

pHs. 

An initial addition pH higher than 9.0 is not recommended for the production of 

UF resins, because high pH (especially pH > 9.0) favours the Cannizzaro reaction. 

Also, to adjust the pH to over 9.0 will require more base and increase costs. 

Formaldehyde solutions are buffered by the formation of formate ions above pH 9 

(see Figure 6.1). 

10.0 

9.0 

8.0 

:c 7.0 
C. 

6.0 

5.0 

4.0 

3.0 

2.0 

0.0 2.0 4.0 6.0 8.0 10.0 

VNaOH (arbitrary unit) 

Figure 6.1. pH titration curve of a typical formaldehyde solution. 
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6.3.5 Effect of Condensation pH 

The dynamic (RAPID) NMR studies indicated an optimum condensation pH of 

4.5 to 5.0. The condensation pH affects the rate of the methylene formation. Effects 

of variation in condensation pH over the range 4.3 to 5.5 are illustrated by the resins 

R-15 to R-18 of Table 6.2. 

The results show that condensation reaction pHs have no significant effects on 

either the properties of the resins or the wood panels produced. The effects of the 

condensation pHs on the total reaction time are given in Table 6.1. It can be seen that 

at pH 5.5 the total reaction time is over four hours, which is excessive. Appropriate 

reaction times of between 1 and 2.5 hours are obtained in the pH range of 4.3 to 5.0. 

This is consistent with the dynamic (RAPID) NMR data. 

6.3.6 Effect of Addition Stage Reaction Time 

The dynamic (RAPID) NMR experiments indicate an optimum addition time of 

between 25 and 30 min. The effect of the addition reaction time (ta) on the properties 

of wood panels is shown by the resins R-19 to R-25 of Table 6.2. Generally, if ta is 

greater than 24 min, the addition reaction time has no effect on the properties of the 

wood panels. However, if shorter than 24 min ( eg 7 .2 and 12.5 min), the Aflc of the 

resins and IB of the wood panels are slightly lower. The addition reaction time (from 

7 .2 to 123 min) has no obvious effect on formaldehyde emission and cold water 

swell. 

These results are also consistent with the dynamic (RAPID) NMR experiments. 

Addition reaction times longer than the optimum ranges produce no advantage but 

increase costs. 

6.3. 7 Effect of pH Control During_the Addition Reaction Stage 

The pH adjusted method (pH control during the addition reaction stage) (see 

Section 5.4.6) and conventional method have been used to prepare UF resins. The pH 
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profiles along with the temperature profile during the reaction period are shown in 

Figure 6.2. 

12.0 

11.0 

10.0 
,.,... -· -...... -- - ... 
, ; 

9.0 

::i:: 8.0 I 
Q. \ 

7.0 " 
6.0 / . , . 
5.0 y 

4.0 --pH 
3.0 ·•••••· temp 

2.0 

-20 20 60 100 140 180 

Time (min) 

(a) 

100 

80 ,-.. 

t 
Q. 

e 
60~ 

40 

20 

12.0 ,-----,---------, 100 

10.0 
. ... ·: -.. -- .. -· .. --.. --: . . . . 80 

::i:: 8.0 E 
Q. 

6.0 

4.0 --pH 
••••••• temp 

Q. 

60 e 
~ 

40 

2.0 20 

-20 20 60 100 140 180 

Time (min) 

(b) 

Figure 6.2. pH profiles for (a) the pH adjusted reaction and (b) conventional 

reaction during the UF resin preparation along with their corresponding 

temperature profiles. 

The effects of the pH control during the addition reaction stage on the properties 

of resins and wood panels are shown in Table 6.3 and Figure 6.3. These two 

preparation methods have no obvious effect on the properties of the resins, except the 

appearance of the resins. It was observed that the pH adjusted reaction mixture 

became cloudy during the condensation stage, while the conventional reaction 

mixture remained clear. This suggests that more methylol species were formed in the 

pH adjusted method. Because the solubility of the methylol species in the aqueous 

reaction system is low, these species often precipitate out of solution when the 

methylol concentration is high or the temperature drops below 60°C. 

The pH adjusted method does improve the properties of the wood panels as 

predicted. There is a marginal improvement in internal bond of about 7% ( 4-9% for 

different F/U molar ratio). Formaldehyde emission is reduced by up to 26% for resin 

R-26 (F/U molar ratio of 1.30). There is no improvement in formaldehyde emission 

for resin R-29 (low F/U molar ratio 0.95) (see Figure 6.4(b)). The results suggest that 

the pH adjusted preparation method has a greater effect on reducing the 
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formaldehyde emission, especially for the higher F/U molar ratio resin (F/U > 1.0), 

than on enhancing the internal bond. The most important finding is that this 

preparation method can achieve improvements in both internal bond and 

formaldehyde emission for resins with F/U > 1.0. 

Table 6.3. Effect of pH controlling methods during the addition reaction stage 

on the properties of resins and wood panels. 

a 

method pH adjusted conventional 

resm R-26 R-27 R-28 R-29 R-30 R31 R-32 R-33 

F/U ratio 1.30 1.20 1.10 0.95 1.30 1.20 1.10 0.95 

solid(%) 57.5 57.6 59.3 60.2 58.4 58.4 59.2 60.l 

viscosity (Pa-s) 0.17 0.16 0.15 0.13 0.18 0.17 0.15 0.13 

gel time (sec) 75 76 84 150 66 71 76 160 

density (g cm·3) 0.69 0.67 0.70 0.68 0.68 0.68 0.69 0.67 

1Ba (MPa) 2.25 2.13 2.07 1.88 2.07 2.00 1.97 1.80 

FEb (mg/I 00 g) 14.9 10.3 8.8 4.9 18.8 12.5 9.2 4.6 

swell(%) 16.2 17.2 18.3 22.4 16.4 16.6 19.1 21.2 

- - .. 
1B - mtemal bond, FE - formaldehyde em1ss1on. 

2.4 
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Figure 6.3. Effect of the pH controlling method on the (a) internal bond and 

(b) formaldehyde emission of the wood panel. 
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6.3.8 Other Important Variables 

While no predictions could be made from NMR data, the effects of condensation 

reaction time and final F/U molar ratio were included in the study for completeness. 

Effect of condensation reaction time 

Condensation reaction times determine the extent of condensation of the UF 

resins. It was found that there was a linear relationship between the logarithm of 

viscosity and the reaction time of the condensation reaction stage (see Figure 6.4). 

The longer the condensation reaction time, the higher the viscosity and therefore the 

higher the average molecular weight of the resins (see Section 5.6.2). 

0 W ~WW 100 IW 1~ IW 
Condensation Time (min) 

Figure 6.4. Plot of log viscosity vs condensation reaction time for a 

typical UF reaction. 

The effects of the condensation reaction time on the properties of the resins and 

wood panels are summarised in Table 6.4. Generally, condensation times from 126 to 

185 min have little effect on the properties of wood panels. The internal bonds and 

formaldehyde emissions decrease only slightly with the condensation time. 

Therefore, a reaction time to produce a viscosity of between 1.3 and 2.5 Pa-s can be 

considered appropriate. Low viscosity resins lack the tack required to form a pre­

pressed mat. Also, low viscosity resins may have more free formaldehyde and higher 
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formaldehyde emission. However, high viscosity resins not only result in a lower 

internal bond wood panel, but also have shorter shelf (storage) lives. 

Table 6.4. Effect of condensation reaction time (cond time) on resin 

performance. 

cond time viscositv (Pa-s) solid gel time 1Bb FEC swell 

(min) (before )3 ( after )3 (%) (min) (MPa) (mg/100 g) (%) 

126 1.3 0.74 60.7 98 1.8 4.3 21 

158 2.5 1.0 60.4 80 1.7 4.3 23 

171 3.7 1.2 61.1 85 1.6 3.7 24 

185 4.4 1.6 59.5 104 1.6 3.9 22 

• the viscosity of before the addition of final urea (F /U = 2.0) and after the addition of final urea 
(F/U = 0.95); b 18 = internal bond; c FE= formaldehyde emission. 

Effect of final FIU molar ratio 

A resin was prepared using the two stage (initial addition pH= 8.7, condensation 

pH = 5.0) method with an initial F/U molar ratio of 2.0. Final F/U molar ratios were 

adjusted by the addition of urea. The resin properties are shown in Table 6.5. 

The results in Table 6.5 show that the lower the final F/U molar ratio, the higher 

the solid content, the lower the viscosity and the longer the gel time. The gel time 

increased with the lowering of the F/U molar ratio indicating decreased reactivity of 

the resins. The gel time increased abruptly when the F /U molar ratio decreased below 

1.0. 

The panel properties are shown in Table 6.6. Generally, higher internal bonds and 

higher formaldehyde emissions are obtained with higher final F/Us. By using a low 

F/U molar ratio (0.95) resin, a very low formaldehyde emission (4.5 mg/100 g wood 

panel) resin was achieved. Comparison with the F/U = 1.3 resin shows that the 

reduction (ie improvement) of formaldehyde emission is significant (76%), while the 

decrease (ie adverse effect) of internal bond is only 14%. This suggests that the final 
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F /U molar ratio has greater effect on the formaldehyde emissions than on internal 

bonds. It is well established that lowering the final F/U molar ratio is one of the most 

effective methods of reducing formaldehyde emissions. 

Table 6.5. The relationship between final F/U molar ratio and resin properties8 • 

F/U ratio solid content viscosity pH gel timeb 

(%) (Pa-s) (sec) 

0.95 60.1 0.13 8.7 160 

1.0 59.8 0.14 8.6 102 

1.1 59.1 0.15 8.6 76 

1.2 58.4 0.17 8.5 71 

1.3 58.3 0.19 8.6 66 

" formaldehyde concentration = 46%, reaction temperature = 88°C; 6 NH4CI gel time. 

Table 6.6. Effect of the final F /U molar ratio on the panel properties. 

final F /U ratio IB FE swell 

(MPa) (mg/100 g) (%) 

0.95 1.8 4.5 21 

1.0 1.9 7.0 20 

1.1 2.0 9.1 19 

1.2 2.1 12.5 17 

1.3 2.1 18.8 16 

6.4 COMPARISON OF EXPERIMENTAL RESINS WITH 

COMMERCIAL RESINS 

6.4.1 Comparison with Literature Data 

The F /U molar ratios of currently available commercial resins are lower than the 

F /U = 1.10 used in the studies described in the majority of this thesis. While not 
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ideal, a comparison can be made between the properties of the experimental resins 

summarised in Table 6.2 and those of some commercial resins or laboratory resins of 

similar F/U molar ratios recorded in the literature. The data are summarised in Table 

6.7 below. 

Table 6. 7. Comparison of the experimental resin performance with 

literature data. 

resm density IB FE F/U ratio 

(g cm-3) (MPa) (mg/100 g) 

conventional 0.67-0.69 1.97 9.2 1.10 

pH adjusted 0.67-0.69 2.07 8.8 1.10 

resin-I b 0.63 0.45-0.55 8.0-16 1.17 

0.66-0.69 0.71-0.77 22-44 1.26 

resin-2c 0.67-0.69 0.6-0.1.3 6-13 1.10 

resin-Id 0.67-0.69 0.52-0.63 4.4-6.oe 1.10 

a particleboard density; b Pizzi et al. 1994. 0 Gumbley 1995b. 4 resin- I of Ferg et al. 
1993; e 24 h desiccator method. 

It is clear that the experimental resins produced under the optimum conditions 

determined in this work generally show superior product properties, especially with 

respect to internal bond strength. 

6.4.2 Comparison of Experimental Resins with a Commercial Resin 

Since the current project was initiated, the resin industry has moved towards lower 

F/U molar ratios. The only commercial unmodified UF resin available for 

comparison had a final F/U molar ratio of 0.95. Thus, in order to achieve a valid 

comparison, further experimental resins produced under previously determined 

optimum conditions but having a final F/U molar ratio of 0.95 were prepared. The 

reaction conditions for these resins are summarised in Table 6.8. The properties of 

the commercial resin and the experimental resins are summarised in Table 6.9. 
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Table 6.8. Resin preparation conditions. 

resin (F /U ratio Y F cone F/Ub temp pH(a)° pH(c)° ta 

(%) (OC) (min) 

conventional 

UFI (0.95) 46 2.0 88 8.7· 5.0 32 

UF4 (0.95) 46 2.0 88 8.7· 5.0 40 

pH adjusted 

UF3 (0.95) 46 2.0 88 8.5r 5.0 40 

UF15 (0.95) 46 2.0 88 8.5r 5.0 32 

UF20 (0.95) 46 2.0 88 8.5r 5.0 32 

• final F/U ratio; b initial F/U ratio (during the preparation); 0 pH (a)= initial addition pH; 
d pH (c) = condensation pH; • pH fell from 8.7 to 6.5 during the addition stage; r pH was 

maintained between 8.7 and 8.3 (average 8.5) during the addition stage (see Figure 6.2) 

Table 6. 9. Properties of resins and resins bonded particleboard. 

resm viscosity (Pa-s) solid 

(before) (after) (%) 

commercial 

Sylvie 1004 1.52 67.1 

conventional 

UFl (0.95)° 0.33 0.14 60.5 

UF4 (0.95)° 0.32 0.13 60.1 

pH adjusted 

UF3 (0.95)° 0.31 0.13 60.2 

UFI 5 (0.95)° 0.35 0.14 60.3 

UF20 (0.95)° 0.25 0.14 60.7 

gel time 

(sec) 

90 

130 

150 

160 

110 

92 

1Ba 

(MPa) 

1.68 

1.80 

1.78 

1.89 

1.93 

1.83 

FEb 

(mg/100 g) 

4.5 

4.1 

4.6 

4.5 

4.6 

4.3 

swell 

(%) 

23.0 

24.0 

21.2 

22.4 

20.0 

22.5 

• 1B = internal bond; FE= formaldehyde emission; 0 final F/U ratio is given in brackets. 

The results of Table 6.9 indicate that by using the optimum reaction conditions 

(predicted by the dynamic (RAPID) NMR and HPLC experiments), UF resins of 
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lower F/U molar ratios having improved performance can be produced. The pH 

adjusted preparation produced resins with a 12% improvement in IB. With the 

conventional preparation the improvement of IB was about 6.5%. All of the resins 

had similar formaldehyde emissions and cold water swell. 

The performance improvement by optimisation of the reaction conditions is about 

12% in internal bond, which while marginal given experimental uncertainties, is 

considered significant. It appears that the commercial production conditions are 

already close to optimum. This is not surprising because commercial UF resins have 

been in production for at least 60 years. 

6.5 CONCLUSIONS 

It has been shown that the predictions for optimum conditions based upon 

dynamic (RAPID) NMR and HPLC investigations are essentially correct. Over the 

range investigated, effects are generally not large. 

The experimental resins prepared under optimum conditions, but at the same F /U 

molar ratio (0.95) as a commercial UF resin, gave a 12% higher internal bond in 

wood products. There was no improvement in formaldehyde emission. 
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Chapter 7: General Conclusions and Overview 

7.1 DEVELOPMENT OF A DYNAMIC NMR METHOD 

A dynamic (RAPID) NMR technique, whereby the UF reaction was performed 

and continuously monitored in a NMR tube, was developed to investigate the UF 

reaction. A rr/2 pulse (90°), a short interpulse delay time of 0.5 sec and continuous 

proton decoupling (with NOE enhancement) were used. A mixture of DMSO (0.20 

mL) + DMSO-d6 (0.40 mL) was used as internal integration reference. 

Using the dynamic (RAPID) NMR method, a spectrum with reasonable signal to 

noise ratio (c 100) could be obtained in a short time (typical 2.5 min, 100 scans). 

Normally about 20-30 spectra could be acquired for a typical UF reaction in 100 min. 

The T1s of different species present in the UF resin matrix were determined by the 

inversion-recovery method. T1s decrease slightly with time during the UF reaction_. 

The NOE factors for different species in the UF resin matrix and the cross 

calibration factor between the signal intensity of a quantitative (STANDARD) NMR 

spectrum and a dynamic (RAPID) NMR spectrum have been estimated. NOE effects 

decrease slightly with time. Since both T1s and NOE factors decrease slightly with 

time, the cross calibration factors also change slightly with the reaction time. 

The integration methodology for the dynamic (RAPID) NMR spectra was 

evaluated. It was found that the signal intensities of species have both NOE and T1 

dependence. Therefore, the signal intensity for any given species may have a 

systematic error in the range of 15%. 

7.2 DYMANIC NMR INVESTIGATION OF UF RESIN REACTION 

SYSTEMS 

The dynamic (RAPID) NMR method was used to investigate the UF reaction 

process. The reaction profiles for the three main species, ie methylol, methylene and 

ether, were determined. 

251 



Chapter 7: General Conclusions and Overview 

Using industrial experience it was concluded that optimum conditions for the 

production of UF resins would be those that maximised methylene species and 

minimised ether species at an industrially feasible reaction rate. The optimum 

reaction conditions predicted by the dynamic (RAPID) NMR data are: 

Formaldehyde concentration: 

F/U molar ratio: 

Initial addition pH: 

Condensation pH: 

Addition reaction time: 

Reaction temperature: 

35-46% 

1.8-2.2 

8.0-9.0 

4.5-5.0 

25-30 min 

880C 

During the addition stage, methylol species were the mam species formed 

(accounting for about 70-80% of original urea). MMU and DMU increased rapidly 

with time during the early addition stage (c 20 min), reached a maximum and then 

decreased slightly. Most of the methylol species were present as MMU and DMU. 

TMU accounted for about 5% of total methylols. 

Ether species were also formed during the addition stage. They accounted for 

about 20% of the original urea. 

Only small amounts of methylene species were formed and they accounted for less 

than 5% of the original urea during the addition stage. 

During the condensation stage, methylol species decreased with time and 

methylene species increased with time, while ether increased, reached a maximum 

and then decreased with time. 

During the early condensation stage, the linear methylene species were dominant, 

while at the late condensation stage, the branched methylene species were dominant. 

During the late condensation stage, methylol, methylene and ether species were 

relatively constant, however, the viscosity of the reaction system increased with time. 

This indicated that during the late condensation stage, the reaction was mainly the 
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conversion of the lower molecular weight methylene to higher molecular weight 

methylene species. 

The ether species in the UF resins were mainly the simple ether form: -NH-CHr 

O-CH2-NH-. There was no detectable polymeric form (-CH20(CH20)n-) of ether 

species ( except a low level due to the free formaldehyde). It is postulated that the 

reaction of formaldehyde with urea or urea derivatives mainly involves monomeric 

formaldehyde (HCHO) or methylene glycol (HOCH20H). 

7.2.1 Standard NMR Monitoring ofUF Reaction Systems 

A quantitative (STANDARD) NMR method was used to validate the results from 

the dynamic (RAPID) NMR method. The reaction profiles of methylol, methylene 

and ether groups determined by the quantitative (ST AND ARD) method were very 

similar to those obtained by dynamic (RAPID) NMR method. 

The quantitative (STANDARD) NMR method and a GC-MS method were also 

used to investigate species present in formaldehyde solutions. Differences were found 

in the distribution of polyoxymethylene glycol species from batch to batch and with 

aging. Further investigation found that the formaldehyde solution aging had no 

significant effect on the properties of UF resins and resin bonded wood products. 

7 .2.2 Kinetic Studies 

The dynamic (RAPID) NMR data for a range of reaction temperatures were used 

to determine rate constants and activation energies for the formation of MMU and 

DMU. Values similar to those from earlier work using lower concentrations and 

temperatures ( de Jong and de Jonge 1952) were obtained. 

7.3 HPLC, ESMS AND GPC INVESTIGATIONS 

The HPLC procedures afforded useful information concerning low molecular 

weight species ( eg free urea, MMU and DMU) present during the addition stage UF 
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resin reaction. Generally, the HPLC data are consistent with the dynamic (RAPID) 

NMRdata. 

Only limited information concerning the higher molecular weight species present 

during the condensation stage could be derived from HPLC. The method was useful 

in determining that a higher concentration of DMU species was formed during the 

addition stage when pH was controlled. 

ESMS was used to identify some of the low molecular weight species present in 

the UF resins. They included free urea, MMU, DMU, TMU, biuret, MDU. 

The triple-column GPC system was evaluated. The in-line LS detector could not 

be used to determine species present in typical UF resins, since it does not reliably 

detect species with molecular weight less than 10 kDa. 

An in-line viscometer and a universal calibration were used to determine the 

molecular weight and molecular weight distribution parameters for the UF resins. A 

typical UF resin contains a wide range of species with molecular weight from less 

than 270 Dalton to greater than 68 kDa. The Mn and Mw of the final UF resins are 

typically in the range of 600-750 Dalton and 8 k-10 kDa respectively. 

The average molecular weight increased and the polydispersity coefficient 

decreased, with storage time. 

7.4 TRIALS USING LABORATORY RESINS 

To test the optimum reaction conditions predicted from dynamic (RAPID) NMR 

and HPLC data, a series of laboratory UF resins were prepared. Their performance in 

wood panel products was determined. Data for the laboratory resins were compared 

with literature data and data obtained for a commercial resin. 

In general the resins prepared under the predicted optimum conditions gave the 

best performance data. However, the performance improvement was not large. The 
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resins prepared by the pH adjusted method gave a 4-9% improvement in internal 

bond and up to 26% improvement in formaldehyde emissions for final F /U molar 

ratio greater than 1.0. However for the low F/U molar ratio (0.95) resms, no 

formaldehyde emissions improvement was observed. 

In comparison with the literature data, our experimental resins have significantly 

higher internal bonds, while the formaldehyde emissions are similar. 

For the F/U = 0.95, the optimum conditions produced a resin having internal bond 

12% higher than a commercial resin. The improvement while small is considered 

significant. However, it appears that commercial production conditions are already 

close to optimum. This is not surprising because unmodified UF resins have been in 

production for at least 60 years. 

7.5 RECOMMENDATIONS FOR FUTURE RESEARCH 

Most present day commercial UF based resins have been modified by either 

structural (reactive) ( eg melamine and phenol) or non-structural additives. 

This is an area where further research is warranted. The techniques developed in 

the current work have provided new tools for such investigations. 

Dynamic (RAPID) NMR analyses 

The dynamic (RAPID) NMR method can be applied to monitoring the reaction 

process. Some modification may be needed to improve quantification, eg the choice 

of an internal reference with a shorter T1 than DMSO. 

One of the most important regions in the melamine modified UF resin is the 160-

1 70 ppm range, where peaks for the very sensitive compounds containing the triazine 

carbons of melamine and their substituted derivatives are located (Panangama and 

Pizzi 1996). The other important regions (eg methylol, methylene and ether) will be 

similar to those observed in the unmodified UF system. By monitoring the peaks in 
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the 160-170 ppm region during the co-polymerisation, the reaction profiles for 

triazine species in melamine (eg 167.2, 166.5 and 166.2 ppm peaks) could be 

obtained. It is anticipated that these data could be correlated with the properties of the 

final resin and resin bonded wood panel products. 

HP LC methodology 

HPLC methodology was used to investigate the low molecular weight species 

formed during addition reaction stage. In chromatography to identify species 

separated, it is important to have model compounds available. The use of a 

preparative HPLC column to separate "model species" from a reaction mixture is 

suggested. 

GPC analyses 

GPC provides method to characterise resm molecular weight and molecular 

weight distribution and correlate these parameters with the resin performance. There 

remains much work to be done in this area. 

DSC Analyses 

The endothermic peak of UF resins arises from the dissociation of the ether 

groups. Therefore, the endothermals of uncured resins (no hardener added) should be 

proportional to the total ether groups in the resin and thus also to the formaldehyde 

emissions determined by perforator method. This has been demonstrated by the 

preliminary DSC experiments. The endothermals of cured resins (with hardener 

added) should be proportional to the total ether groups in the cured resins and thus 

also to the long term formaldehyde emissions. Further work needs to be done to 

develop the DSC method to allow prediction of formaldehyde emissions. 

256 



Appendices 

APPENDIX A EUROPEAN AND JAPANESE STANDARDS FOR 

FORMALDEHYDE EMISSION 

European standard (per/orator test method EN 120) 

Class EI : average S 7 mg/I 00 g dried wood, 

in any test, no a single value > 8 mg/I 00 g dried wood. 

Class E2: S 10 mg/100 g dried wood, for particleboard 

S 15 mg/I 00 g dried wood, for medium density fibreboard 

Japanese standard (desiccator method) (Meyer 1979a) 

Class EO: S 0.5 mg/L 

Class El: S 0.5 - 1.5 mg/L 

Class E2: > 1.5 mg/L 

The formaldehyde emission (FE) value is greatly dependent on the testing method 

and many other factors ( eg wood materials, resin properties and panel properties), 

however, based on experimental data, there is an approximate relationship between 

FE values determined by the two test methods, which may be expressed as: 

FE (per/orator method) = 30 x FE (desiccator method) 

For example, a formaldehyde emission of 0.25 mg/L determined by the desiccator 

method is approximately equivalent to an emission level of 7 .5 mg/I 00 g dried wood 

panel determined by the perforator method. 
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APPENDIX B EFFECT OF FORMALDEHYDE AND RESIN AGING ON 

RESIN AND RESIN BONDED PARTICLEBOARD 

PROPERTIES 

Ageing of formaldehyde solutions 

The effects of formaldehyde ageing on formaldehyde concentrations and acidity 

are shown in Figures B. l and B.2. 

The concentration of species present in aqueous formaldehyde solutions stored at 

55°C increased with time. Because the plastic containers used in this research were 

not completely airtight and the vapor pressure of water is higher than that of 

formaldehyde species (Meyer 1979c }, more water evaporated during storage at 55°C 

than was the case for formaldehyde. 
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0 
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o 55°c 
/!,, 55°C, stabiliser 
• 55°C, 100/o methanol 
.. 40°c 
D 55°C 
• 55°c 

Figure B.1. The effect of formaldehyde ageing on the formaldehyde 

concentrations (total of aqueous formaldehyde species). 

c 2% methanol was present in all of the formaldehyde solutions. 
0.02% of"Brucelyzer" (a commercial formaldehyde stabiliser) and an 
additional 8% of methanol (total 10%), respectively, were added to 
one each of the solutions. 
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The acidity of the formaldehyde solutions increased with time. The addition of 

0.02% of "Brucelyser" a commercial formaldehyde stabiliser had no effect on acidity. 

Addition of 10% methanol reduced the rate at which acidity increased during storage. 

The increase in acidity during storage can be attributed to the production of formic 

acid via the well known Cannizzaro reaction: 

The rate constant (k) for this process (assuming it is a first order process) can be 

estimated from data presented in Figure B.2 to be 2.0 x 1 o-s week-1 (ie k = 1.2 x 10-1 

h-1) at 55°C, and the activation energy (E) to be 134 kJ moi-1 (ie E = 32 kcal moi-1). 

Less paraformaldehyde precipitation was observed for the formaldehyde solutions 

which contained stabiliser, or 10% methanol. 
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Figure B.2. The effect of formaldehyde aging on the acidity of 

formaldehyde solutions. 

Unless otherwise indicated the initial fonnaldehyde concentration was 47% 

259 



Appendices 

Effect of formaldehyde ageing on resin and resin bonded particleboard properties 

A series of UF resins were prepared using formaldehyde solutions which had been 

stored for varying times. The effects of formaldehyde ageing on the properties of the 

UF resins and wood panels are shown in Table B. l. 

The use of formaldehyde solutions which had been stored at 40-55°C for up to 7 

weeks had no significant effect on the properties of the UF resins and particleboard. 

Table B.1. The effect of formaldehyde aging on the properties ofresinsa and 

resin bonded particleboard. 

F ageing viscosity gel time 1B FE swell 

(weeks) (Pa,s) (s) (MPat (mg/100 g) (%) 

fresh 0.15 78 2.0 8.3 21 

4 w at 55°C 0.16 75 1.9 8.7 20 

4 wat40°C 0.14 76 1.9 8.5 22 

7 w at40°C 0.15 80 2.1 8.3 23 

a resin preparation conditions: formaldehyde concentration = 46%, initial addition pH = 8.8, 
condensation pH= 5.0, addition reaction time =32 min, final F/U molar ratio= 1.1. 

b panel making conditions: particleboard, thickness = 8 mm, resin loading 8% on dried wood. 

Effect of resin ageing on resin and resin bonded particleboard properties 

It is well known that UF resins are reactive systems. Even at alkaline storage 

conditions (pH 7-9), condensation stages reactions continue to occur (though at very 

slow rate). Consequently the viscosity and molecular weight of a resin increases with 

time. 

The effects of the storage time on the properties of resins and resin bonded 

particleboards are summarised in Table B.2 and B.3. 
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It is apparent that: 

• the viscosity of a resin increases with storage time. 

• the higher the final F /U molar ratio of a resin, the longer the storage life. 

• conventional resins have a longer storage life than pH adjusted resins. 

• internal bond strength and formaldehyde emission decrease with storage time. 

Table B.2. The effect ofresin aging on the viscosity of the resins and the shelf 

life of the resin. 

resins-F/U ratio viscositv (Pa-s) shelflif~b 

a 

(fresh) (3 w)3 (6 w) (10 w) (15 w) (20 w) (26 w) (months) 

pH adjusted 

UF3-1.30 0.17 0.22 0.25 0.27 4.5 

UF3-1.20 0.16 0.20 0.24 0.29 4.0 

UF3-1.10 0.15 0.21 0.27 0.35 3.5 

UF3-0.95 0.13 0.15 0.20 0.30 3.0 

conventional 

UF4-1.30 0.19 0.21 0.23 0.25 0.27 0.35 0.42 6.0 

UF4-1.20 0.17 0.18 0.20 0.28 0.36 5.5 

UF4-1.10 0.15 0.16 0.17 0.22 0.29 0.35 4.5 

UF3-0.95 0.13 0.15 0.19 0.25 0.32 3.5 

0 b storage time (at 20 C) m weeks (w). shelfhfe 1s the storage hfe (months) until the resm lost its 
mobility (gelled to a thick white paste). 
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Table B.3. The effect ofresin aging on the properties of the resin bonded 

particleboard. 

storage time fresh (1 week) 6 weeks 10 weeks 

resin UF3-1.10 

IB (MPa) 2.10 1.99 1.80 

FE (mg/I 00 g) 8.8 8.5 7.7 

swell(%) 18 19 18 

density (g/cm3) 0.70 0.68 0.68 

resin UF4-1.10 

IB (MPa) 1.95 1.92 1.70 

FE (mg/100 g) 9.2 8.7 8.0 

swell(%) 19 20 20 

density (g/cm3) 0.69 0.67 0.68 
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APPENDIX C EFFECT OF WOOD MATERIALS, RESIN LOADING AND 

PANEL THICKNESS ON WOOD PANEL PROPERTIES 

Effect of wood materials 

Particleboard and medium density fibreboard (MDF) are the two most common 

commercial wood panels which are bonded using UF resins. 

Wood chips are normally produced simply by cutting or grinding the wood 

material into a wood particle, usually about 20 - 40 messes. However, wood fibres 

are normally generated in a pressurised refiner using steam to help to break down 

wood lignins. Under refiner conditions (high pressure and temperatures) significant 

amounts of weak or strong organic acids are produced. The pH of product material is 

= 4-5 (Suchsland and Woodson 1991, Maloney 1977, Moslemi 1974). It is not 

necessary to add hardener when manufacturing MDF since the acidity of the wood 

fibre material is sufficient to cure an UF resin at high temperature ( c 160-180°C). 

However, it is necessary to use a hardener (eg NH4Cl or acetic acid) to cure the resin 

when manufacturing particleboard, the acidity of the wood chips is too low to cure 

the resin even at high temperature. 

In order to choose an appropriate material to evaluate the resin performance, 

preliminary investigations using wood particles (chips) and fibre were undertaken. 

An UF resin produced using the conventional two-pH stage reaction procedure 

was used to make four 28 by 38 cm2 particleboard (PB) panels and four MDF panels 

(28 by 38 cm2). The resin preparation conditions and specification are given in Table 

C.l. Four sub-samples of the four trial panels (total 16 test panels) were used to 

determine the internal bond strength, formaldehyde emission, cold water swell and 

absorption properties of the panels (see Table C.2). 
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Table C. l. Resin preparation conditions and specifications. 

F/U ru:! ta temp solid viscosity gel time 

initial final init add cond (min) {°C) (%) (Pa-s) (sec) 

2.0 1.3 8.9 5.0 40 88 57.1 0.20 74 

Table C.2. Properties determined for trial panels (mean of 16 results). 

wood panel density IB water swellb water absb FEC 

(g cm-3) (MPa) (%) (%) (mg/100 g) 

PBa 0.70 2.1 15 77 26 

MDF 0.73 1.4 5.6 19 41 

RSDd <0.07 <0.10 < 0.10 <0.15 <0.10 

a Thickness of the wood panel was nominally 15 mm (actually c 14.6 mm); 6 cold water 
swell and absorption; c FE = formaldehyde emission in mg formaldehyde per 100 g dried 
wood panel; d RSD = relative standard deviation of the data (normally 16 data points), PB 
and MDF panels exhibited similar RSDs. 

The data presented in Table C.2 show that: 

1) the internal bond strength of particleboard is higher than that of MDF (2.0 and 1.4 

MPa respectively). 

2) the formaldehyde emission of particleboard is lower than that of MDF (26 and 41 

mg/lOOg wood respectively). 

3) the cold water swell and absorption characteristics of particleboard were much 

higher than those of MDF. Cold water swell showed less variation (c 10%) than 

cold water absorption (c 15%). 

Since the wood panel properties were greatly dependent on wood materials, the 

performance determination must be based on one material. Particleboard panels were 

used for routine resin performance tests. 
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Effect of panel thickness 

The effect of the panel thickness on the properties of the particleboard was shown 

in Table C.4. Generally, the thicker the panel the lower the internal bond and water 

swell, and the higher the formaldehyde emission. Since wood panel properties are 

dependent on panel thickness, performance tests were routinely performed using 8 

mm thick panels. 

Table C.4. The effect of board thickness on the resin performance3 • 

nominal thickness 1B FE water swell 

(mm) (MPa) (mg/100 g) (%) 

3.0 2.2 5.6 21 

8.0 2.0 6.9 19 

12 1.9 8.3 18 

15 1.7 9.4 16 

• resin loading = 8.0 % on dried wood; 16 test samples for each thickness. 

Effect of resin loading 

The effects of the resin loading on the properties of the trial particleboard samples 

are shown in Table C.3. The higher the resin loading, the higher the internal bond 

strength, and the lower the formaldehyde emission, water swell and water absorption. 

A resin loading of 8% was used for all resin performance determinations. 

Table C.3. The effect of resin loading on the properties of particleboard•. 

resin loading IB FE swell absorption 

(%) (MPa) (mg/100 g) (%) (%) 

4 1.5 9.2 29 105 

8 2.0 8.8 19 83 

12 2.5 7.0 14 78 

16 2.8 6.3 12 71 

• Panel thickness = 8 mm (nominal). 
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APPENDIX D PRELIMINARY INVESTIGATION OF UF RESINS USING 

DSC 

Temperature programmed DSC was used to investigate the resin curing process. 

The thermal characteristics observed in this investigation were consistent with 

experimental data reported by Szesztay (1993). 

Features of the thermograms depicted in Figures D.1 are summarised below 

1) The exothermic peak at 80-85°C (the first peak from the left in Figure D. l (a) in 

the thermogram of a typical UF resin, to which hardener had been added, is 

attributable to crosslinking ( curing) reactions. All of the resins to which hardener 

had been added exhibited similar curing profiles ( over the range 80-85°C). 

2) The thermogram of an UF resin, without added hardener, did not include an 

exothermic crosslinking peak at 80-85°C (see Figure D.l (b)). 

3) The large, and more variable, endothermic peak which occurred at 11 O- l 60°C, 

arises from the decomposition of ether groups (-CH20CHi-) (Szesztay et al. 

1993). 

4) The DSC thermograms of paraformaldehyde (H(OCH2)nOH) showed similar 

endothermic peaks, ie ether (-CH20CHi-) decomposition) (see Figure D.l(c)). A 

plot of the area of the endothermic peak (= Mle) vs the amount of 

paraformaldehyde (Q) showed a linear relationship up to Q = 3.0 mg. This plot 

can be used as a calibration curve to estimate ether group content in the UF resins. 

5) The multiple exothermic and endothermic peaks which appear over 200°C arise 

from resin decomposition. The degradation of the resin was visible over 200°C. 

Above 200°C the appearance of resin samples changed from yellowish liquids to 

dark coloured, crumbly, materials. 
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The enthalpy of the curing process (AHc) is related to the reactivity of the resin, so 

it may relate to the properties of the resins and the wood panels bonded with these 

resms. 
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Figure D. l. DSC thermograms of a typical UF resin with (a) upper profile: 

1 % hardener (NH.Cl) added;. (b) middle profile: the same resin without 

hardener; ( c) lower profile: paraformaldehyde. 

Data are for resin sample: R-08 (see Section 6.2) 

The peak area of the endothermic peak (AHe), attributable to ether group 

decomposition, should be proportional to the concentration of ether groups in the 

resin. Therefore, AHes should be proportional to the formaldehyde emissions (see 

Table D.l). 
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Figure D.2. The plot of Affe vs weight (Q) ofparaformaldehyde 

Data are for resin sample: R-08 (see Section 6.2). 

Table D.1. Relationship between Affes and formaldehyde emissions (FE). 

~He (without hardener) (J g-1) 600 485 455 385 

~He (with hardener)• (J g-1) 725 692 561 516 

FE (mg/100 g wood panel) 8.7 7.4 7.0 6.3 

• hardener: 2 mL 8% NH4Cl in 20 g resin. 

The onset temperature of ether group decomposition is assumed to depend on the 

internal physical structure, therefore, it should be proportional to the thermal stability 

of the UF resin. 

Effect of hardener 

The effect of adding different amounts of the 8% NH4Cl solution on ~He, peak 

temperature of crosslinking (T p) and the onset temperature of the ether group 

decomposition (Te) is shown in Figure D.3. 0.8-1.2% NH4Cl (ie 2-3 mL of the 8% 

NH4Cl solution per 20 g resin) is recommended for completely curing the resin. 
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The effect of the time after the addition of hardener on the Aflc is shown in Figure 

D.4. L'.\Hc decreased slowly with time. 
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Figure D.3. The effects of the amount of the hardener (8% NH4Cl) added on the 

(a) L'.\Hc and (b) peak temperature of crosslinking (Tp) and onset temperature· of 

ether group decomposition (Te). 

Data are for resin sample: R-08 (see Section 6.2) (F/U=l.10) 20 g. 
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Figure D.4. The effect of the time after addition 

ofNH4Cl on Aflc. 

269 



Appendices 

APPENDIX E CONVERSION OF DYNAMIC (RAPID) NMR DATA TO 

ABSOLUTE CONCENTRATIONS 

Dynamic (RAPID) NMR data can be converted to absolute concentrations by the 

method described in Section 4.4.2. Results are summarised in Tables E.l to E.5. 

Integrals are expressed in arbitrary unit (au). The initial integrals of urea and 

formaldehyde were luo = 0.51 au and /Fo= 5.3 au respectively. The corresponding urea 

and formaldehyde concentrations were [U]0 = 6.4 mol L·1 and [F]0 = 12.8 mol L-1, 

respectively. 

Reaction conditions common to all the experiments are: formaldehyde 

concentration= 46%, F/U molar= 2.0, initial addition pH= 8.7. 

Table E. l. Conversion of dynamic (RAPID) NMR data to absolute 

concentrations for the reaction at 60°C. 

time free urea free F MMU DMU 

(sec) integral mol L·1 integral mol L·1 integral mol L·1 integral mol L·1 

11.2 0.188 1.38 3.72 8.98 0.418 2.90 0.116 0.71 

13.7 0.157 1.14 3.09 7.46 0.426 2.92 0.153 0.93 

16.2 0.110 0.76 2.72 6.58 0.451 2.92 0.231 1.32 

18.6 0.092 0.65 2.59 6.26 0.434 2.88 0.250 1.46 

21.1 0.087 0.61 2.43 5.88 0.426 2.80 0.273 1.58 

23.5 0.070 0.51 2.15 5.20 0.407 2.78 0.282 1.70 

26.0 0.062 0.41 1.89 4.57 0.435 2.72 0.335 1.86 

28.5 0.062 0.41 1.86 4.49 0.442 2.78 0.322 1.79 
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Table E.2. Conversion of dynamic (RAPID) NMR data to absolute 

concentrations for the reaction at 70°C. 

time free urea free F MMU DMU 

(min) integral mol L·1 integral mol L·1 integral mo1L·1 integral mol L·1 

9.1 0.192 1.549 3.40 8.22 0.368 2.79 0.097 0.65 

11.6 0.110 0.831 2.57 6.20 0.386 2.75 0.225 1.41 

14.0 0.058 0.455 2.08 5.03 0.381 2.81 0.266 1.73 

16.5 0.061 0.439 1.77 4.28 0.394 2.67 0.314 1.88 

19.0 0.042 0.298 1.54 3.72 0.343 2.29 0.406 2.40 

21.4 0.053 0.382 1.29 3.12 0.352 2.39 0.370 2.22 

23.9 0.025 0.172 1.24 3.00 0.358 2.32 0.435 2.50 

26.3 0.041 0.262 1.25 3.01 0.369 2.22 0.471 2.51 

Table E.3. Conversion of dynamic (RAPID) NMR data to absolute 

concentrations for the reaction at 80°C. 

time free urea free F MMU DMU 

(min) integral mol L·1 integral mo1L·1 integral mol L·1 integral mo1L·1 

9.0 0.143 1.223 2.83 6.84 0.338 2.72 0.143 1.05 

11.4 0.074 0.575 1.80 4.35 0.374 2.74 0.259 1.68 

13.9 0.044 0.312 1.20 2.90 0.358 2.39 0.388 2.29 

16.4 0.031 0.230 1.24 2.98 0.291 2.04 0.441 2.72 

18.8 0.026 0.179 0.85 2.05 0.303 1.96 0.498 2.85 

21.3 0.029 0.199 0.94 2.27 0.308 1.98 0.493 2.81 

23.7 0.020 0.138 0.84 2.03 0.311 2.02 0.496 2.84 

26.2 0.015 0.099 0.81 1.96 0.284 1.77 0.567 3.12 
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Table E.4. Conversion of dynamic (RAPID) NMR data to absolute 

concentrations for the reaction at 90°C. 

time free urea free F MMU DMU 

(min) integral mol L·1 integral molL·1 integral mol L·1 integral mol L·1 

9.07 0.115 0.894 2.19 5.30 0.367 2.69 0.218 1.41 

11.5 0.065 0.458 1.05 2.53 0.334 2.22 0.395 2.32 

14.0 0.056 0.362 0.83 2.05 0.307 1.87 0.512 2.76 

16.5 0.033 0.206 0.67 1.62 0.303 1.79 0.578 3.00 

18.9 0.040 0.261 0.69 1.66 0.313 1.93 0.515 2.80 

21.4 0.022 0.132 0.57 1.37 0.282 1.60 0.651 3.26 

23.9 0.031 0.178 0.62 1.50 0.283 1.53 0.685 3.28 

26.4 0.025 0.144 0.55 1.33 0.255 1.38 0.726 3.47 

Table E.5. Conversion of dynamic (RAPID) NMR data to absolute 

concentrations for the reaction at 97°C. 

time free urea free F MMU DMU 

(min) integral mol L·1 integral mo1L·1 integral mo1L·1 integral mol L·1 

8.60 0.104 0.766 1.84 4.44 0.414 2.85 0.226 1.38 

11.1 0.068 0.540 1.20 2.91 0.372 2.81 0.247 1.64 

13.5 0.035 0.256 0.82 1.97 0.340 2.34 0.498 2.42 

16.0 0.036 0.246 0.57 1.38 0.308 2.04 0.470 2.75 

18.4 0.026 0.169 0.45 1.08 0.301 1.83 0.546 3.02 
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