
 

 

1. Introduction  
 
In the production of mineral wool insulation 
products, Phenol-Urea-Formaldehyde (PUF) binder 
has been used for many years to bind mineral fibres 
together and to give desired mechanical strength to 
the material. The mechanical properties of the binder 
are found to decrease during long term ageing. The 
goal of this investigation is to identify the chemical 
changes occurring in the material during ageing that 
causes decrease in its mechanical properties. X-ray 
Photoelectron Spectroscopy (XPS) has been used 
widely for the characterization of adhesion of 
binders, coupling agents, coatings and polymer 
matrices with different kind of fibres and substrates 
[1-3]. XPS was used in this study to observe 
chemical changes occurring due to ageing in the 
mineral wool products.   

2.  Experimental Methods 

2.1 Material  

The samples were taken from the original mineral 
wool products consisting of mineral fibres coated 
with PUF binder assisted by Amino Propyl Silane 
(APS) coupling agent. Pure PUF binder and 
uncoated mineral fibre samples were used in the 
investigation to identify the peaks belonging to these 
components in the mineral wool samples. Uncoated 
mineral fibres were obtained by heating original 
mineral wool samples at 590 0C for 4 hours to 
remove all the organic material from the fibres. Pure 
PUF binder was cured on a glass plate at 200 0C for 
1 hour. 

In PUF binder, the molar ratio of formaldehyde to 
phenol is in the range of 3.2 - 4. Urea is added to the 

binder and the molar ratio of urea to phenol is in the 
range of 1.5 - 2.5. The main reactions between 
phenol, formaldehyde and urea groups can be found 
in [4-6]. The chemical structure of PUF binder is 
shown in Scheme 1. 

2.2 Ageing condition 

The accelerated ageing was carried out by placing 
the samples in a climate chamber at a temperature of 
70 oC and 95% relative humidity for seven days. 

2.3 XPS 

All measurements were made with a Thermo 
Scientific K-Alpha XPS. The samples were analyzed 
with a monochromatic Al K-alpha X-ray source. The 
survey spectra were obtained at 90o angle with a pass 
energy of 150 eV. The compositions were taken 
from the spectra of each element collected in a 
snapshot mode with a pass energy of 150 eV. High 
resolution spectra of elements of interest were 
obtained in a scanned mode with a pass energy of 25 
eV. Charge compensation was done using a low 
energy flood gun. The deconvolution of the peaks 
was performed by using the manufacture’s software 
Avantage. The binding energy scale was calibrated 
to the C1s peak at 285 eV for charge correction. The 
peak shape is a combination of Lorentzian and 
Guassian in a ratio of 70 to 30 %.  

3. Results and Discussion 

3.1. Uncoated Mineral Fibres 

The surface composition of the uncoated mineral 
fibres is given in Table 1. The main elements in the 
uncoated fibres are carbon, oxygen, silicon, 
aluminum, calcium, magnesium and sodium. Carbon 
concentration is 32 % attributed to adventitious 
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organic contamination. The high concentration of 
oxygen (44 %) arises from the oxides of aluminum, 
silicon, calcium, sodium, iron and magnesium. N1s 
signal is not detected in the spectrum, which 
indicates the complete removal of the organic 
material during heating since the nitrogen atom is 
present in urea groups of the PUF binder and present 
in APS as amino group.  Furthermore, the absence of 
nitrogen peak also indicates that the silicon signal 
only originates from the fibre surface and not from 
the APS coupling agent.  

3.2. Pure PUF binder 

Pure PUF binder sample was characterized to get 
information about the contribution of the PUF binder 
in the XPS spectra of mineral wool products. The 
survey spectrum of the sample only detects carbon, 
oxygen and nitrogen elements and the atomic 
composition of these elements are not very different 
from the estimated values calculated from molar 
ratios given in Table 2.  

Five peaks associated with carbon were fitted to the 
C1s high resolution spectra in the pure PUF binder 
sample. First peak at 285 eV is due to hydrocarbon 
groups (C-C/C-H), which is partly aromatic due to 
phenol groups and partly aliphatic due to present of 
urea groups. The second peak at 285.9 eV is due to –
OH group attached with benzene ring, i.e. phenol. 
This peak also includes contribution of carbon atom 
attached to nitrogen (C-N) due to presence of urea 
group attached to methyl bridge as shown in scheme 
1. Third peak at 286.5 eV is due to aliphatic carbon 
attached with oxygen (C-OH), which is present due 
to the reaction of formaldehyde group with urea or 
phenol. Fourth peak at 287.8 eV is due to presence 
of carbonyl or amide group (CO/NCO) and fifth 
peak at 289.1 eV is due to urea group (NCON), both 
peaks are due to presence of urea in the PUF binder. 
The fitting of the C1s spectrum is consistent with the 
chemical structure of the binder as shown in Scheme 
1.  

3.3. Unaged and aged mineral wool products  

Atomic composition of surface of the unaged and 
aged samples evaluated from XPS survey spectra is 
shown in Table 1. In case of the unaged samples, 
carbon, oxygen, nitrogen, silicon, aluminum and 
calcium are main elements. The atomic composition 
of carbon, oxygen and nitrogen in the unaged 

mineral wool sample was compared to pure PUF 
binder samples as shown in Table 2. It shows that 
the atomic composition of the mineral wool products 
is different from the atomic composition of the pure 
PUF binder sample. Although mineral wool products 
also contain contribution from the coupling agent 
and fibres, the concentration of nitrogen in mineral 
wool products (2.12%) is still very low as compared 
to pure binder (13%) or estimated value (18%). 
During curing of mineral wool product, it was 
expected that 20 % of urea was disappeared. It 
appears that evaporation of urea from the surface of 
the mineral wool products could be much more than 
expected.  

The atomic composition of the unaged and aged 
mineral wool products was compared as shown in 
Table 1. It shows that oxygen, aluminum, silicon, 
calcium and nitrogen composition decreases and 
carbon composition increases after ageing when 
compared to the unaged mineral wool products. The 
changes in atomic composition show that chemical 
changes occurred during ageing of mineral wool 
products. The decrease in the composition of 
aluminum, silicon, calcium and oxygen is due to 
lower signals of these metal oxides on the fibres’ 
surface of the aged samples. The cause of the 
decrease is not fully understood yet and should be 
further investigated. The decrease in the atomic 
composition of nitrogen in the aged samples is due 
to decrease in the concentration of urea groups in the 
binder, which is also observed by C1s high 
resolution spectra. 

C1s high-resolution spectra were peak fitted to 
identify the differences in functionalities present at 
the surface of the unaged and aged samples. The 
results are presented for carbon high resolution 
spectra in Fig. 1.  It can be clearly seen that the C1s 
spectrum of the aged sample is much narrower than 
unaged sample, which indicates the removal of some 
groups of carbon attached with oxygen and nitrogen 
in aged samples.  

In case of the unaged sample, five peaks associated 
with carbon were fitted to the C1s spectra as shown 
in Fig. 1. The binding energy states at 285 eV is due 
to hydrocarbon groups (C-C/C-H) present in 
aromatic ring structure, propyl groups in APS 
coupling agent, methylene bridge between urea 
groups or phenol groups and also due to adventitious 



 

 

hydrocarbon contamination. In literature, the peaks 
for aromatic and aliphatic hydrocarbon are also 
fitted separately but they lie very close to each other, 
making it impossible to fit both peaks accurately. 
The peak for C-Si group normally exists at 284.7 
eV, but it lies so close to hydrocarbon peak at 285 
eV that it overlaps with it. So, there is also 
contribution of the C-Si group to the peak at 285 eV. 
The peak at 285.8 eV is due to carbon attached with 
nitrogen (C-N) in the urea group of the binder or 
amino group of the APS coupling agent. This peak 
also has contribution of the bond between aromatic 
carbon and alcohol groups (C-OH). The peak at 
286.7 eV is due to aliphatic carbon attached with 
oxygen as alcohol group or ether group (C-OH/C-O-
C). The peak at 287.8 eV is due to carbonyl group 
(C=O) or amide group (N-C=O), which come from 
urea groups present in the binder. The peak at 289 
eV is also due to a fragment of urea group (NCON).  

In case of the aged sample, fitting of C1s spectra is 
only done with four components as shown in Fig. 1. 
It was not possible to include a peak due to urea 
group at 289 eV (NCON) and a significant decrease 
from 1.90% to 0.40% was also observed for the peak 
at 288 eV (C=O/N-C=O), which indicates the 
significant decrease in urea group concentration 
after ageing. The concentration of the peak at 286.7 
eV (aliphatic C-OH/C-O-C) was decreased from 
7.16 % to 4.02 % after ageing as shown in Table 3. 
This decrease is also linked with hydrolyzation of 
urea because the decrease in urea group 
concentration can lead to a decrease in aliphatic 
carbon attached to oxygen. The urea group, present 
in the binder, can hydrolyze in the presence of 
moisture since the hydrolytic stability of the urea-
formaldehyde bond is low. This results into 
hydrolytic degradation of the binder under humid 
environment. The susceptibility to hydrolysis of a 
cured resin depends on its chemical nature and the 
degree of cross linking. Furthermore, the hydrolytic 
reactions occurred in the presence of moisture and 
are accelerated by heat and acids [7]. 

Many of the reactions that form Urea-Formaldehyde 
products are reversible condensation processes that 
eliminate water in the forward direction and 
therefore, involve hydrolysis in the reverse direction 
[8]. The reversibility of the ether bridge and 
methylene bridge explains the low resistance of UF 
resins against the influence of water and moisture. 

Hydrolysis of the cured resin will cause splitting of 
ether bridges into urea methylol groups, which can 
further split into urea and formaldehyde as shown in 
Eq. 1 and Eq. 3 [9-12]. Although methylene bridge 
is relatively stable, this reaction will be visible under 
the conditions used for the ageing. Slonim et al. [13] 
studied the acid catalyzed hydrolysis of carefully 
characterized methylene-diurea (UFU) and they 
found that the initial hydrolysis products are urea 
and monomethylol; the later degrade further into 
urea and formaldehyde as shown in Eq. 2 and Eq. 3. 
Allan et al. [14] also observed the hydrolytic 
cleavage of methylene bridge between two nitrogen 
atoms. These reactions contribute to the subsequent 
formaldehyde emission from the cured resin [7-15]. 

−NHCH2OCH2NHCO− + H2O ↔ −NHCH2OH +      
HOCH2NHCO−    (1) 

 
−NHCH2NHCO− + H2O ↔ −NHCH2OH + NH2CO−   

(2) 
 

      −NHCONHCH2OH + H2O ↔ −NHCONH2 + CH2O              
(3) 

Some evidences also exist for acid catalyzed 
hydrolysis of the amide bond, in which the products 
are amines and carbon dioxide [8, 14-16]. Allan et 
al. [14] showed that the amide linkage between two 
nitrogen atoms can also be cleaved in the presence 
of moisture. Dutkiewicz [15] also observed by using 
infrared analysis that the acid catalyzed hydrolysis 
of urea formaldehyde polymer leads to a decrease in 
the concentration of carbonyl groups. The reaction 
of carbonyl group with water leads to the formation 
of amino and cerbamic acid. The cerbamic acid 
groups are unstable and can lead to the evolution of 
carbon dioxide as shown in Eq. 4.  

−NHCOHN− + H2O → −NHCOOH 
                   + −NH2 → −NH2 + CO2 + −NH2   (4)       

The decrease in the concentration of urea group at 
289 eV along with the decrease in the concentration 
of carbonyl or amide group (C=O/N-C=O) at 287.8 
eV is due to occurrence of these reactions in the 
binder. The splitting of ether bridges between the 
urea groups and terminal methylol groups results in 
a decrease in the concentration of aliphatic alcohol 
and ether groups at 286.7 eV. 

 



 

 

4. Conclusion 

The chemical changes occurring in the mineral wool 
products due to ageing were investigated by XPS. 
XPS survey spectra of the surface of the aged 
samples showed some significant changes in atomic 
composition compared to the unaged samples. C1s 
high resolution spectra showed a significant 
decrease in the urea and carbonyl group 
concentration during ageing. This decrease attributes 
to the hydrolyzation of urea present in the Phenol-
Urea-Formaldehyde (PUF) binder. This study 
provides a better understanding of the ageing 
mechanism of the mineral wool products. 
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Table 1: Surface composition (at %) for the unaged 
and aged Rockwool samples with PUF binder 
 

Elements 

Uncoated 

Mineral 

fibres 

Pure 

PUF 

binder 

Unaged 

PUF 

binder 

Aged 

PUF 

binder 

C 32.38 72.97 80.55 95.59 

N - 13.24 1.97 0.62 

O 44.37 13.64 10.2 2.58 

Si 7.65 - 4.04 0.56 

Al 3.70 - 2.12 0.25 

Ca 8.04 - 1.12 - 

S 0.69 - - 0.39 

Na 2.01 - - - 

Mg 1.04 - - - 

Fe 0.13 - - - 
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Table 2: Comparison of estimated value of atomic composition of C, O and N with actual 
atomic composition of PUF binder, mineral wool products 

 
 
 
 

 
 

 
 
 

Table 3: Peak fitting data from the C 1s spectra of unaged and aged mineral wool products and pure PUF 
binder 

 

 Surface concentration of C1s peak fitting (at. %) 
(The binding energies of peak fitting (eV)) 

Sample C-C/C-H/ 
C-Si 

C-N / 
Aromatic C-
OH / C-O-C 

Aliphatic C-
OH/C-O-C C=O/N-C=O NCON 

Unaged PUF coated fibres 74.0 15.3 7.2 1.9 1.6 
 (285) (285.8) (286.7) (287.8) (289) 

Aged PUF coated fibres 83.8 11.8 4.0 0.40 - 
 (285) (285.8) (286.7) (288) - 

Pure PUF binder sample 55.2 20.00 17.2 2.4 5.2 
 (285) (285.9) (286.5) (287.8) (289.1) 

 
 
 

 
 

Scheme 1: The chemical structure of the cured PUF binder 
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N 13.24 2.12 18.69 
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Fig. 1: The high resolution C 1s spectra of the (a) Unaged mineral wool product (b) Aged mineral wool 
Product (c) Pure PUF binder sample 
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