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Abstract: This research used montmorillonite (K10) modified with Hexadecyltrimethylammonium bromide (HDTMABr), 
and sulfuric acid (H2SO4). The samples are marked with MMT, OMMT for organic-modified montmorillonite, and AMMT 
for inorganic-modified montmorillonite. UF resin with a molar ratio FA/U = 0.8 was synthesized in situ with modified and 
unmodified MMT. X-ray diffraction analysis (XRD), Fourier transform infrared spectroscopy (FTIR), non-isothermal 
thermogravimetric analysis (TGA), and scanning electron microscopy (SEM) were used to characterize the MMT 
samples. The degree of activation was determined based on the measurement of specific surface area, which was 
determined by the Sears method. The sulfite method was used to determine free and released formaldehyde from 
synthesized urea-formaldehyde/montmorillonite (UF/MMT) composites. SEM analysis showed changes in the OMMT 
morphology and the formation of a hollow network, affecting the clay's absorption capacity. Measurement of the specific 
surface area shows that higher values were obtained for AMMT (183 m2/g) compared to OMMT (13.5 m2/g). Despite 
that, the free and released formaldehyde amount was 0.06% and 4.6% for UF/AMMT and 0.1% and 1.0% for UF/OMMT. 
The larger interlayer spacing and hydrophobic nature of OMMT make it an effective barrier within the UF resin matrix.  

Keywords: Montmorillonite, Urea-formaldehyde resin, Activation, Hydrolytic stability, Formaldehyde, Organic 
modification. 

1. INTRODUCTION 

Urea-formaldehyde (UF) resins, produced through 
the condensation of urea (U) and formaldehyde (FA), 
are crucial adhesives in the wood industry, extensively 
used in products such as medium-density fiberboards 
(MDF), plywood panels, and other wood-based 
materials [1, 2]. These adhesives dominate the market 
due to their cost-effectiveness, rapid curing, and high 
reactivity, making them indispensable in industrial 
applications [3]. However, the widespread use of UF 
resins brings with it a significant challenge: the 
emission of FA, a recognized health hazard [4]. 
Formaldehyde, classified as a Group 1 carcinogen by 
the World Health Organization (WHO) and the 
International Agency for Research on Cancer (IARC) 
[5], poses serious risks, including respiratory problems, 
skin irritation, and long-term effects such as 
nasopharyngeal cancer. In 2023, the European  
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Commission published a new regulation (Commission 
Regulation (EU) 2023/1464) according to which the 
concentration of released formaldehyde, from 2026, 
must not exceed 0.062 mg/m3 for furniture and wooden 
products and 0.080 mg/m3 for items other than furniture 
and products from wood [6]. The emission of FA from 
UF resins is primarily due to unreacted FA in the resin 
matrix and the hydrolysis of the resin structure under 
humid or acidic conditions [7]. While reducing the 
formaldehyde-to-urea (F/U) molar ratio in the resin 
formulation can lower FA emissions, this often 
compromises the adhesive's reactivity and, 
consequently, the quality of the finished wood products 
[8, 9]. 

To address this, researchers have explored 
alternative methods to mitigate FA emissions, with a 
significant focus on the use of formaldehyde 
scavengers, such as urea [10], silicon dioxide (SiO2) 
[11], titanium dioxide (TiO2) [12], montmorillonite 
(MMT) [13], or some biofillers (tannin, cellulose, starch) 
[14, 15]. Montmorillonite (MMT), a clay mineral with a 
distinctive layered structure and high cation-exchange 
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capacity (CEC), has emerged as a promising candidate 
for this purpose. Its structural unit consists of an 
octahedral layer of aluminum positioned between two 
tetrahedral layers of silicon dioxide. MMT's unique 
properties, such as its large specific surface area 
(SSA) and swelling capacity, make it an effective 
material for adsorption and catalytic processes [16, 17]. 
However, to fully harness MMT's potential as a 
formaldehyde scavenger, its physical and chemical 
properties often require modification. 

Two primary methods, within chemical modification, 
for enhancing the properties of MMT are inorganic acid 
activation and organic modification. Inorganic acid 
activation, often referred to simply as acid activation, 
involves treating MMT with strong acids like sulfuric 
(H2SO4) or hydrochloric acid (HCl) to enhance its 
porosity, surface area, and surface acidity. This 
process leads to the removal of impurities, the leaching 
of structural cations, and an overall increase in the 
material's adsorptive capacity [18]. Acid activation can 
significantly alter the textural and chemical properties 
of MMT, making it more effective in capturing 
formaldehyde and other volatile organic compounds 
(VOCs). For instance, the activation of MMT with 
sulfuric acid has been shown to triple its SSA [19], 
thereby enhancing its ability to interact with and adsorb 
formaldehyde molecules. On the other hand, organic 
modification of MMT involves the intercalation of 
organic molecules, such as quaternary ammonium 
salts, into the clay's interlayer spaces [20]. This 
process transforms the hydrophilic nature of MMT into 
a more organophilic character [21], increasing its 
affinity for organic pollutants like formaldehyde. 
Organic modification not only improves the dispersion 
of MMT within polymer matrices but also enhances the 
clay's ability to interact with and immobilize 
formaldehyde within UF resins. This dual function of 
organic modification - improving both the mechanical 
properties of the composite and its environmental 
safety - makes it an attractive approach for researchers 
seeking to develop advanced materials [22]. 

Despite the potential benefits of both inorganic acid 
activation and organic modification, the literature lacks 
a comprehensive comparison of these two methods, 
particularly in the context of formaldehyde scavenging 
in UF composites. This gap in research underscores 
the need for studies that evaluate the relative 
effectiveness of these modification techniques. 
Understanding the strengths and limitations of each 
approach could lead to optimized strategies for 

reducing formaldehyde emissions from UF resins, 
thereby enhancing the safety and sustainability of 
wood-based products. 

In this study, we aim to fill this gap by investigating 
the effects of both inorganic acid activation and organic 
modification on the structural, thermal, and adsorption 
properties of modified MMT. By comparing these two 
modification methods, we seek to determine which 
approach offers superior performance in terms of 
formaldehyde scavenging and overall enhancement of 
UF resin composites. The findings from this research 
will provide valuable insights into the development of 
more effective, environmentally friendly adhesives for 
the wood industry, contributing to the ongoing effort to 
reduce formaldehyde emissions and their associated 
health risks. 

2. MATERIALS AND METHODS  
2.1. Materials 

Urea was pursached from Alkaloid (Skopje, North 
Macedonia), and formaldehyde, 35%, from Unis 
(Goražde, Bosnia and Herzegovina). Montmorillonite 
K10 (Sigma-Aldrich, Steinheim, Germany); 
Hexadecyltrimethylammonium bromide (Acros, New 
Jersey, USA). 

2.2. Methods 

Synthesis of AMMT - The modification was done 
by adding 10 g of MMT K10 in 100 ml of 0.75M H2SO4. 
The suspension was stirred on a magnetic stirrer for a 
3h, at a temperature of 60 °C. Following the reaction 
period, the mixture was filtered and rinsed with distilled 
water to eliminate any remaining sulfate ions. The 
obtained AMMT was dried in an oven for 24h at 80 °C 
[23]. 

Synthesis of OMMT - 5 grams of NaMMT 
synthesized according to reference [19] were 
measured and dispersed in 100 cm3 of distilled water 
for 24 hours. At the same time, a solution of HDTMABr 
(2.27 g in 75 cm3 of distilled water) was prepared, 
which was slowly added from a burette dropwise into 
the clay suspension. The liquid was then decanted, and 
the clay was washed with distilled water until Br⁻ ions 
were detected [22].  

Synthesis of modified urea-formaldehyde resins 
- The synthesis of UF composites with molar ratio of FA 
to U of 0.8 and with K10, AMMT, and OMMT was 
performed according to Jovanović et al. [24].  



52    Journal of Material Science and Technology Research, 2024, Vol. 11 Krstić et al. 

Determination of free FA - The quantification of 
free formaldehyde was conducted using the sulfite 
method [25]. In this procedure, 0.5 g of finely powdered 
resin was dispersed in 25 cm³ of distilled water. To this 
mixture, 5 drops of thymolphthalein indicator were 
added followed by careful titration with 0.1 M solution of 
sodium hydroxide to achieve neutralization. 
Subsequently, 15 cm³ of 0.5 M sodium sulfite was 
added, and the solution was stirred for a couple 
minutes to ensure thorough interaction. The mixture 
was then subjected to a slow titration with 0.1 M 
hydrochloric acid until the endpoint was determined. A 
blank solution, prepared without the resin, was also 
processed using the same procedure to ensure 
accuracy in the calculations. The percentage of free FA 
was then calculated based on the titration results. The 
percentage of free formaldehyde was determined using 
the following equation (Equation 1): 

 
FA %( ) = V ! c ! E !100

1000 ! a           (1) 

V is the volume of HCl (dm3); c is the concentration of 
HCl (mol/dm3); E is the equivalent weight of FA, and a 
is the weight of the samples (g). 

Acid hydrolysis of modified UF resin - The 
synthesized UF resins containing K10, AMMT, and 
OMMT were subjected to acid hydrolysis following the 
method outlined by Jovanović and co-workers [14]. The 
modified UF composites were first ground into fine 
particles, and then 0.5 g of each resin sample was 
placed into a beaker in which 50 cm³ of 0.1 M 
hydrochloric acid was added. The mixture was 
hydrolyzed under continuous and vigorous stirring 
using a magnetic stirrer at 50°C for 90 minutes. A blank 
sample, consisting of 0.5 g of the same resin, was 
extracted in 250 cm³ of water for 90 minutes at room 
temperature to serve as a control.  

Determination of released FA - To quantify the 
formaldehyde released during hydrolysis, the sulfite 
method (previously explained), was used. After the 
hydrolysis process, a 50 cm³ aliquot of the suspension 
was immediately extracted and filtered. The filtrate was 
transferred to a beaker, diluted with ethyl alcohol to 100 
cm³, and 5 drops of thymolphthalein were added as an 
indicator. The solution was carefully neutralized by 
titration with 0.1 M sodium hydroxide. Subsequently, 15 
cm³ of 0.5 M sodium sulfite was added, and the mixture 
was stirred for 5 minutes. The solution was then titrated 
slowly with 0.1 M hydrochloric acid until the endpoint 
was reached. The same procedure was applied to the 

blank, and the result was factored into the final 
calculations. The percentage of released formaldehyde 
was calculated using the same equation as for free 
formaldehyde, as shown in Equation (1). 

Determination of specific surface area (SSA) - 
The SSA was determined using the Sears method [26]. 
A 0.5 g sample of clay was acidified to a pH of 3–3.5 
using 0.1 M HCl and then diluted with distilled water to 
a total volume of 50 cm³ after the addition of 10 g of 
NaCl. The mixture was titrated with a standard 0.1 M 
solution of NaOH, first to pH 4 and subsequently to pH 
9. The specific surface area was then calculated using 
Equation (2): 

 
SSA m2 /g( ) = 32V ! 25           (2) 

V is the volume of the standard solution required to 
raise the pH from 4 to 9 

Determination of cation exchange capacity 
(CEC) - The cation exchange capacity was measured 
by titrating a montmorillonite suspension in water with a 
methylene blue (MB) solution, following the method 
described by Topal [27]. The CEC was calculated using 
Equation (3): 

 
CEC =

c !V
m            (3) 

c is the concentration of methylene blue solution 
(mol/dm3), V is the volume of MB solution (dm3), and m 
is the mass of sample (kg) 

Attenuated Total Reflectance-Fourier Transform 
Infrared (ATR-FTIR) spectroscopy - The FTIR 
spectra of the samples were recorded using a Nicolet 
380 FTIR spectrometer by Nicolet Corporation (USA). 
Measurements were taken in the wavenumber range of 
4000 to 500 cm⁻¹, with a resolution of 4 cm⁻¹ and 64 
scans per spectrum. 

Thermogravimetric study - Thermal stability was 
analyzed using a Setaram Setsys Evolution 1750 
instrument. The samples were heated in alumina 
crucibles under an argon atmosphere at a flow rate of 
20 cm³/min, within a temperature range of 30-800°C, 
and a heating rate of 10°C/min. 

X-ray diffraction (XRD) - XRD measurements were 
carried out using a Rigaku MiniFlex600 diffractometer 
(Japan), equipped with an X-ray lamp operating at 
40V/30mA and utilizing Cu Kα radiation (λ = nm). 
Diffraction data were collected over a 2θ range of 10° 
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to 80°, with a step size of 0.01° and a scanning speed 
of 10°/min. The crystallinity of the modified UF resin 
was determined from the XRD patterns using the peak 
deconvolution method with a Gaussian function, as 
described in Equation (4) [28]: 

 
Crystalinity (%) = area of crystalline peaks

area of all peaks
!100

       (4) 

Scanning Electron Microscopy - Micrographs of 
the pure and modified MMT were captured using a 
Tescan FE-SEM Mira 3 XMU scanning electron 
microscope at an acceleration voltage of 20 kV. Before 
imaging, the samples were sputter-coated with gold 
using a Polaron SC503 (Fisons Instruments). 

3. RESULTS AND DISCUSSIONS 

Table 1 shows the obtained results for SSA, CEC, 
and crystallinity for unmodified and modified K10.  

It illustrates that organic modification of MMT results 
in decreased values for CEC, SSA, and crystallinity, 
and conversely, inorganic modification leads to an 
increase in these values. The SSA of unmodified 
montmorillonite K10, as determined by the Sears 
method, was found to be 131.9 m²/g. Following 
inorganic chemical modification, the SSA increased to 
183 m²/g. This higher SSA suggests that inorganically 
activated K10 possesses a substantial number of 
silanol groups that can interact with organic molecules 
in aqueous environments [29]. According to Parker et 
al. [30], the elevated SSA value of K10 activated with 
acid could be attributed to the deprotonation of internal 
silanol groups by NaOH, since the smaller OH- ion can 
penetrate the micropores more effectively than the 
larger nitrogen atom. For organically modified MMT, 
the reduction in SSA to 13.5 m²/g indicates that 
HDTMABr chains cover the clay surface. 

SSA values typically correlate directly with CEC 
values. An increase in SSA usually results in an 
increase in CEC, which was also observed in our 
experiment. The CEC for unmodified MMT was 0.18, 

while for inorganically modified AMMT it increased to 
0.30 mol/kg, and for organically modified OMMT it 
decreased to 0.02 mol/kg. Acid modification of MMT 
promotes the removal of octahedral ions like Mg, Fe, 
Al, and alkali metal oxides, along with tetrahedral ions 
from clay minerals, resulting from isomorphous 
substitution in crystal structures. This process typically 
enhances the specific surface area and adsorption 
capacity. For OMMT, on the other side, Klapyta with 
co-workers [31] demonstrated that values of CEC 
decrease with HDTMA+ cation intercalation, indicating 
that during intercalation, some exchangeable hydrated 
cations remain unreplaced. HDTMABr can be 
intercalated between clay layers either through 
adsorption or by forming chemical bonds. The 
intercalation of HDTMABr increased the d-spaces 
between clay layers (explained in detail with XRD 
results), leading to a disordered clay structure and a 
reduction in crystallinity (Table 1). Structural disruption 
is also evident in the SEM micrographs shown in 
Figure 2. 

Pure, unmodified K10 sample comprises 
montmorillonite clay, quartz, muscovite, feldspar, and 
kaolin [32]. Muscovite, a mica mineral, is the dominant 
phase in K10, while montmorillonite serves as the 
secondary phase [33]. In the XRD diffractograms 
(Figure 1), the most intense peaks are observed at 2θ 
values of 26.60° for MMT, 26.47° for AMMT, and 
26.65° for OMMT, all originating from quartz [34]. The 
intensity of this peak increases markedly after the 
organic modification of MMT, suggesting the 
incorporation of swelling agents between the clay 
layers. Based on Bragg's law, a shift in peaks from 
higher to lower diffraction angles indicates an increase 
in d-spacing. These changes in AMMT (from 26.60° in 
MMT to 26.47° in AMMT) could be attributed to the 
removal of interlayer cations (Mg²+ and Ca²+) and 
partial protonation of the interlayer region, where 
interlayer cations are replaced by the oxonium ion 
H3O+ [35]. For OMMT, the shift from 8.90° 2θ for MMT 
to 8.85° 2θ for OMMT indicates that modifying MMT 
with HDTMABr increases the d-spacing values of 
unmodified MMT. This confirms that chains of the 

Table 1:  CEC, SSA, and Crystallinity of Pure and Modified MMT 

Montmorillonite CEC (mol/kg) SSA (m2/g) Crystallinity (%) 

MMT 0.18 131.9 75.95 

AMTT 0.30 183 82.75 

OMMT 0.02 13.5 68.49 
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modifier are intercalated into the MMT layers, altering 
its structure. When HDTMA+ cations are intercalated 
between MMT layers, they maximize contact with the 
silicate surface resulting in greater basal spacing and 
allowing more quaternary ammonium cations to be 
housed within the interlayer spaces [36]. 

Figure 2 presents SEM micrographs comparing the 
microstructure of K10 in both its modified and 
unmodified states.  

The observed microstructures of the montmorillonite 
samples demonstrate variations depending on the 

activation method employed. As shown in Figure 2, the 
acid-treated montmorillonite (Figure 2b) largely 
maintained its characteristic layered structure, similar 
to the unmodified montmorillonite (Figure 2a). In the 
case of OMMT, as seen in Figure 2c, the grain edges 
exhibit twisting, resulting in the curvature of the grain 
edges and defoliation of aggregates, leading to the 
development of a network of hollows [37]. 

Figure 3 and Table 2 show the FTIR spectra and 
associated data for both unmodified and modified K10.  

 

Figure 1: X-ray diffractograms of pure and modified MMT. 

 

Figure 2: SEM micrographs of (a) pure MMT, (b) AMMT, and (c) OMMT with magnification at 10000x. 
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Figure 3: FTIR spectra of pure and modified MMT. 

The doublet observed at approximately 3730 cm-¹ 
and 3700 cm-¹ signifies O-H stretching vibrations within 
Fe–OH–Al, Mg–OH–Al, and Al–OH–Al units in the 
octahedral layer of montmorillonite. These bands 
indicate coordination of the hydroxyl group with 
octahedral cations like Al³+ or Mg²+ [38]. The absorption 
bands at 2919.4 and 2854.9 cm-¹ for OMMT result from 
C-H asymmetric and symmetric stretching vibrations, 
respectively, originating from the –CH2- group in the 
aliphatic organic chain surfactant, confirming the 
organic modification of MMT. The band at 1643 cm-¹ is 
attributed to bending vibrations in the O-H plane from 

adsorbed water. A band near 1473 cm-¹ in the OMMT 
spectra signifies bending vibrations of –CH2- from the 
organophilic clay, specifically from deformation 
vibrations of the δas(CH2) group from HDTMA+. The 
dominant band within the 1021 cm-¹ - 1116 cm-¹ range 
is due to Si-O valence vibrations because of silica in 
montmorillonite, as well as asymmetric Si-O-Si 
stretching. This band suggests the introduction of 
swelling agents in the clay post-modification. Bands 
around 1000 cm-¹ and 779 cm-¹ are linked to 
aluminosilicate particles. Other bands between 1100 
cm-¹ and 600 cm-¹ are associated with the Si-O-Si 
group from montmorillonite. The band near 913 cm-¹ – 
927 cm-¹ originates from Al-OH-Al vibrations. All IR 
spectra display characteristic vibration bands of the 
smectite phase, confirming its presence in all samples, 
consistent with XRD analysis results. A doublet at 
approximately 790 cm-¹ and 750 cm-¹ indicates the 
presence of quartz, while a band around 670 cm-¹ is 
attributed to feldspar [39, 40]. 

Alterations in the surroundings of the tetrahedral 
Si4+ ion are identified by a band at 1049 cm-¹ in MMT, 
which shifts to 1032 cm-¹ in AMMT and 1116 cm-¹ in 
OMMT spectra. The presence of the three bands at 
2919.4 cm-¹, 2854.9 cm-¹, and 1473.4 cm-¹ in the 
OMMT spectra arising from methylene group variations 
confirms the incorporation of HDTMA+ into the clay 
structure, indicating successful organic modification 
[22]. 

Table 2:  Characteristic IR Bands of Pure and Modified MMT, and their Possible Assignation 

Pure and Modified MMT Wavenumbers (cm-1) 

MMT AMMT OMMT 
Assignment 

3730.3 
3699.9 

3717.8 
3612.6 

3727.7 
3691.8 

ν(OH) coordinated with OH cation; 
ν(OH) in Mg-OH-Al, Al-OH-Al, and Fe-OH-Al units in the octahedral layer in MMT  

3617.8 3612 3614.6 ν(ΟΗ) in adsorbed water, and Si-OH and Al-OH of MMT 

2979.4 
2903.6 

- 
- 

2919.4 
2854.9 

ν(C-H) and νass(C-H) in the -CH2- in the aliphatic chains of the organic surfactants; 
ν(CH3-R) of the organic surfactants 

1685.8 1638.4 1635.0 δ(OH) in adsorbed water, and Si-OH and Al-OH of MMT 

- - 1473.4 δ(CH2) from the organophilic clay 

1049.8 1032 1116.3 ν(Si-O) and νas(Si-O-Si) of silica in MMT 

927.7 910 913.6 ν(Si-O) and ν(Al-OH-Al) bonds in MMT 

795.3 
751.4 

790 
- 

786.2 
749.6 

ν(Si-O) of quartz; ν(Al-Si) in MMT; ν(Si-O-Fe);  
ν(Si-OH);  

669.2 
658 
571 

680.3 
νas(Si-O-Si) of silica in MMT; δ(OH) 
δ(Al-O-Si) in MMT 

ν-stretching vibrations, δ-bending vibration in the plane, γ-bending vibration out to the plane. 
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The thermal stability of the tested samples refers to 
the temperature-time range in which the material can 
be utilized without exceeding a specified level of mass 
loss. The criterion for assessing thermal stability is 
based on the T5% value, which represents the 
temperature at which a 5% mass loss is recorded by 
TGA. Table 3 presents the percentage mass loss within 
the temperature range for all samples, as well as DTG, 
DTA peak values, and T5% data. 

Figure 4 shows the characteristic TG and DTG 
curves of unmodified K10 and modified AMMT and 
OMMT. 

Thermal analysis of both unmodified and modified 
montmorillonite provides valuable insights into key 
processes, including dehydration (occurring below 
300°C), dehydroxylation (occurring between 400°C and 

750°C), and the formation of thermally stable 
aluminosilicate minerals at temperatures exceeding 
800°C [41]. Specifically, the thermal behavior of 
unmodified and inorganically modified K10 is 
characterized by two primary mass loss processes, 
while organically modified montmorillonite exhibits 
three distinct mass loss processes, as illustrated in 
Figure 4a. The initial mass loss observed in unmodified 
K10 (5.10%) occurs within the temperature range of 
30°C to 177°C, with the maximum rate of mass loss, as 
indicated by the DTG curve, occurring at 80.70°C. This 
mass loss is attributed to the evaporation of physically 
absorbed water and solvents present in the sample. 
For the modified K10, this process occurs at slightly 
lower temperature ranges: 30°C to 148.6°C for AMMT 
and 30°C to 129°C for OMMT, with DTG peaks at 
91.2°C and 81.3°C, respectively. The corresponding 

Table 3:  DTG, DTA Data of Peak Values, Temperature Intervals, T5%, and Mass Loss from Pure and Modified MMT 

Samples 
Temperature 

Intervals 
(oC) 

DTG peak Values 
(oC) 

Mass Loss 
(%) 

Total Mass 
Loss 
(%) 

T5% 
(oC) 

DTA Endothermic Peak 
Values 

(oC) 

MMT 
30.0-177.0 

380.0-600.0 
80.7 
475.5 

5.1 
4.3 

9.4 52.7 
87.9 
173.8 
610.1 

AMMT 
30.0-148.6 

347.1-663.4 
91.2 
516.2 

6.1 
4.2 

10.8 52.7 90.8 

OMMT 
30.0-129.0 

178.0-330.0 
507.0-600.0 

81.3 
264.6 
564.9 

0.7 
5.0 
4.5 

10.3 96.5 
91.3 
175.5 
604.1 

 

 
          (a)      (b) 

Figure 4: TGA (a) and DTG (b) curves of pure and modified MMT. 
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mass losses for these steps are 6.1% for AMMT and 
0.7% for OMMT. The DTG curves for pure MMT, 
AMMT, and OMMT (Figure 4b) show a notable 
reduction in the amount of free and interlayer water in 
OMMT compared to MMT, while an increase is 
observed in AMMT. The reduction in free and interlayer 
water content in OMMT is likely due to the 
incorporation of HDTMABr, and due to the substitution 
of hydrated cations with HDTMABr, hydrophobic 
properties of OMMT are enhanced [22, 42]. In contrast, 
the acid modification of AMMT leads to an increase in 
specific surface area and adsorption capacity, resulting 
in greater absorption of free and interlayer water, and 
consequently, a higher percentage of mass loss during 
this step [39]. The second mass loss observed for pure 
K10 and AMMT (4.30% and 4.20%, respectively) 
occurs within the temperature ranges of 380–600°C for 
K10 and 347–663°C for AMMT, with DTG peak 
temperatures at 475.50°C and 468.90°C. This loss is 
attributed to the dehydroxylation of MMT layers. In the 
case of OMMT, the second mass loss (5.00%) occurs 
between 178°C and 330°C, with a maximum 
decomposition temperature of 264.60°C, primarily due 
to the decomposition of HDTMABr, consistent with 
findings reported by Naranjo et al. [43]. Additionally, in 
OMMT, a third mass loss (4.50%) is observed, which is 
associated with the dehydroxylation of the OMMT 
layers and the further decomposition of chemically 
adsorbed HDTMABr. 

As displayed in Figure 5 and Table 3, the DTA 
curves for pure K10 and OMMT display three 
endothermic peaks at 87.90°C, 173.80°C, and 
610.10°C for MMT, and at 91.30°C, 175.50°C, and 
604.10°C for OMMT.  

 

Figure 5: DTA curves of pure and modified MMT. 

In contrast, the DTA curve for AMMT reveals only 
one endothermic peak at 90.8°C. The initial peaks are 
attributed to the release of adsorbed water [44]. 
Following modification, this peak shifts to higher 
temperatures, which can be explained by the increased 
number of O-H bonds. This increase in a number of 
bonds enhances the bond energy between water 
molecules and the surface of the MMT layers, thereby 
raising the dehydration temperature. The number of O-
H bonds and the associated adsorption energy rise 
with the increase in charge density, leading to a higher 
dehydration temperature for montmorillonite [45]. The 
endothermic peaks observed at 173.8°C and 175.50°C 
are linked to the evaporation of exchangeable water. 
The smaller endothermic peaks appearing above 
600°C are associated with the dehydration of silanol 
groups on the surface of K10 particles, resulting in a 
slight mass loss. 

Table 3:  DTG, DTA Data of Peak Values, Temperature Intervals, T5%, and Mass Loss from Pure and Modified MMT 

Samples 
Temperature 

Intervals 
(oC) 

DTG Peak 
Values 

(oC) 
Mass Loss 

(%) 
Total Mass 

Loss 
(%) 

T5% 
(oC) 

DTA Endothermic Peak 
Values 

(oC) 

MMT 
30.0-177.0 

380.0-600.0 
80.7 
475.5 

5.1 
4.3 

9.4 52.7 
87.9 
173.8 
610.1 

AMMT 
30.0-148.6 

347.1-663.4 
91.2 
516.2 

6.1 
4.2 

10.8 52.7 90.8 

OMMT 
30.0-129.0 

178.0-330.0 
507.0-600.0 

81.3 
264.6 
564.9 

0.7 
5.0 
4.5 

10.3 96.5 
91.3 
175.5 
604.1 

 



58    Journal of Material Science and Technology Research, 2024, Vol. 11 Krstić et al. 

Thermal analysis reveals that organically modified 
MMT exhibits greater thermal stability compared to 
inorganically modified MMT and unmodified one. 
Considering T5% values, which is used as thermal 
stability indicator, it can be concluded that OMMT 
exhibits greater thermal stability (96.50°C) compared to 
MMT K10 (52.70°C) and AMMT (52.70°C). This is 
evidenced by the fact that the onset of degradation for 
OMMT occurs at a higher temperature (Table 3). This 
is likely due to the intercalation of HDTMABr, which not 
only increases hydrophobicity but also imparts stability 
under high temperatures. In contrast, the higher water 
content in inorganically modified MMT makes it more 
susceptible to thermal degradation. 

Based on the results can be said that modification 
of montmorillonite through both inorganic and organic 
methods introduces significant structural and 
compositional changes, which in turn influence the 
performance of UF resins, especially in terms of 
formaldehyde emission. These modifications alter 
MMT's interaction with UF resins, affecting aspects 
such as adhesion, mechanical strength, and 
formaldehyde release. For the practical application of 
UF resin, one of the most important parameters to 
consider is the emission of formaldehyde, both free and 
released. Montmorillonite particles can absorb various 
substances due to the abundance of hydroxyl groups 
and oxygen atoms on their surfaces, which serve as 
potential active sites for formaldehyde binding. Figure 6 
presents the percentages of free and released 
formaldehyde from UF resin with pure and activated 
K10 samples. The small particle size of K10 promotes 
their agglomeration (Figure 2a), leading to a reduction 
in specific surface area and consequently diminishing 

the number of active sites available for FA binding. 
Consequently, the content of free formaldehyde-FA in 
the UF composites with modified K10 is lower (0.06% 
and 0.12%) compared to the UF composite containing 
unmodified K10 (0.6%). The higher CEC of 
inorganically modified MMT allows for better 
formaldehyde trapping through ion exchange 
mechanisms. This significantly reduces the release of 
formaldehyde, contributing to lower emission levels 
from UF resins. 

It’s posited that the number of reactive groups on 
the surface of MMT particles is directly proportional to 
the specific surface area which in turn influences the 
material's ability to capture formaldehyde. The surface 
of K10 particles features silanol and non-condensed 
hydroxyl (-OH) groups, which are potential active sites 
for FA adsorption. According to Ainurofiq and co-
workers [46], montmorillonite possesses Si-O/Al-O 
groups, O-Si-O groups, -O-Al-O groups, hydroxyl 
groups from water, as well as hydroxyl groups from Si-
OH and Al-OH. The observed results for free 
formaldehyde in UF/AMMT composites align with the 
SSA values obtained for AMMT (Table 1). Conversely, 
the results for SSA and free formaldehyde percentages 
in OMMT are not in correlation, possibly due to the 
specific surface area being determined by the Sears 
method rather than the Brunauer-Emmett-Teller (BET) 
method. The decrease in specific surface area upon 
modifying pure K10 indicates a reduction in the number 
of available silanol groups (-SiOH) on the MMT 
surface, which are critical for FA adsorption in aqueous 
media. It is also essential to consider that 
montmorillonite is an aluminosilicate and contains not 
only silanol groups but also Al-OH groups that 
contribute to the capture of formaldehyde [29]. 

The hydrolysis of UF resins is influenced by many 
factors, like their chemical structure or degree of cross-
linking, and it can be accelerated under acidic 
conditions and/or elevated temperatures. This process 
is accompanied by the release of formaldehyde, which 
poses potential health risks. Formaldehyde emission 
occurs due to the cleavage of ether bonds and the 
terminal methylol groups. The hydrolysis of UF resin is 
considered a key factor contributing to long-term 
formaldehyde emissions from panels. Several studies 
indicate that UF resins with a lower formaldehyde-to-
urea molar ratio exhibit a reduced content of terminal 
methylol groups and decreased structural branching [1, 
47]. This reduction leads to lower adsorption of water 
and stronger interchain bonding. Additionally, the 
structure of MMT acts as a physical barrier, impeding 

 

Figure 6: Percentage of free and released formaldehyde-FA 
from modified UF composites. 
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the diffusion of formaldehyde to the material’s surface 
and thereby reducing formaldehyde emissions from the 
UF resin. The UF/AMMT composite demonstrates 
lower resistance to acid hydrolysis, as evidenced by a 
higher percentage of released FA (4.6%). In contrast, 
the modified UF resin containing OMMT shows the 
highest hydrolytic stability, with less than 1% FA 
released following acid hydrolysis. The larger interlayer 
spacing and hydrophobic nature of organically modified 
MMT make it an effective barrier within the resin matrix. 
This barrier effect can help trap formaldehyde within 
the resin and slow its release. Though the CEC is 
reduced in OMMT, the increased d-spacing and 
structural flexibility enable the modified clay to 
physically restrict formaldehyde diffusion, thus 
contributing to lower formaldehyde emissions. 

Both inorganic and organic modifications of MMT 
contribute to reducing formaldehyde emission in UF 
resins but through different mechanisms. Inorganically 
modified MMT relies on its higher SSA and CEC to 
chemically adsorb and trap free formaldehyde. The 
increased interaction sites between MMT and the resin 
matrix enable greater adsorption of formaldehyde, 
leading to a more direct reduction in emissions. 
Organically modified MMT, on the other hand, functions 
by creating a physical barrier to formaldehyde diffusion. 
The intercalated organic chains and increased d-
spacing prevent formaldehyde molecules from easily 
escaping the resin matrix, thus reducing emissions 
indirectly. In summary, both inorganic and organic 
modifications of montmorillonite offer significant 
benefits for improving the performance of UF resins, 
particularly by reducing formaldehyde emissions. The 
choice of modification method depends on the desired 
balance between mechanical properties, thermal 
stability, dispersion, and formaldehyde emission 
control, making each type of modified MMT suited for 
specific applications in UF resin formulations. 

4. CONCLUSIONS 

In this work, we successfully activated 
montmorillonite K10 using inorganic (AMMT) and 
organic (OMMT) chemical modification. The successful 
modification of montmorillonite MMT was validated 
through FTIR and XRD analyses, which provided clear 
evidence of the structural and compositional changes 
resulting from both inorganic and organic treatments. A 
detailed characterization of the unmodified and 
modified montmorillonite demonstrated enhanced 
thermal stability and significant alterations in 
morphology, structure, and surface properties. These 

changes are crucial, as they directly influence the 
material's performance in various applications. Upon 
incorporating both pure and modified montmorillonite 
into urea-formaldehyde resins, the modified MMT 
exhibited a remarkable ability to act as a formaldehyde 
scavenger. Quantitative analysis revealed a substantial 
reduction in the percentage of free FA in the modified 
urea-formaldehyde composites, with the UF/AMMT 
showing a reduction to 0.06% and UF/OMMT to 0.12%, 
compared to 0.6% in the unmodified UF/MMT 
composite. This significant decrease underscores the 
enhanced efficiency of modified MMT in capturing and 
immobilizing formaldehyde. Hydrolytic stability tests 
revealed that the stability of these composites follows a 
specific trend: UF/OMMT>UF/MMT>UF/AMMT. This 
order highlights the superior performance of organically 
modified MMT in enhancing the hydrolytic stability of 
UF resins. The exceptional performance of OMMT not 
only improves the resin’s durability but also offers an 
environmentally sustainable solution by reducing 
formaldehyde emissions. This makes the organic 
chemical modification of MMT an attractive way to 
improve the overall quality and safety of UF resins. 
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