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Abstract
In this work, synthetic talc was used as catalyst and filler aiming to obtain water-
borne polyurethane (WPU) nanocomposites by in  situ polymerization. Filler 
was used both in gel and in powder forms in order to compare its effects into the 
WPU matrix. The use of synthetic talc as filler is interesting due to the possibil-
ity of hydrogen bond formation between WPU chains/Si–O–Si and OH groups in 
synthetic talc edges promoting changes in physical, mechanical and thermal prop-
erties. Moreover, WPUs are environmentally friendly polymers replacing organic 
solvents by water as dispersion medium reducing pollutant emission in the atmos-
phere. Material structure analyzed by FTIR evidenced that it is possible to synthe-
size WPU using synthetic talc as catalyst and proved hydrogen bonding formation 
between synthetic talcs and WPU matrix. Synthetic talcs were well dispersed even 
with higher filler content, as supported by XRD, TEM, FESEM and AFM analyses. 
Thermal and mechanical performance was improved with synthetic talc fillers’ addi-
tion in order to obtain WPU nanocomposites. Also, Tg of WPU nanocomposites was 
affected by fillers’ addition as presented by DSC corroborating synthetic talc good 
dispersion as evidenced by XRD and TEM analyses. Synthetic talcs used as catalyst/
filler resulted in nanocomposites with superior thermal and mechanical properties 
being a new path to utilize synthetic talcs to obtain multifunctional materials.
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Introduction

Waterborne polyurethane (WPU) is a polyurethane system in which water is used as 
dispersion medium replacing conventional organic solvents (toluene and acetone). 
The use of water as solvent reduces volatile organic compounds’ (VOCs) release 
to the atmosphere contributing to environment protection [1]. WPU has interesting 
applications as adhesives, coatings and membranes owing to its good processing 
properties, abrasion resistance, non-toxicity, low cost and great adhesion [2, 3].

However, thermal stability, insolubility and mechanical properties of WPU 
are lower when compared to the organic solvent-borne PU which needs to be 
improved. Using nanoparticle fillers is an effective way to alter and enhance WPU 
properties [4]. In this context, various inorganic particles are used to obtain new 
nanocomposites, like  Fe3O4 [1, 2, 5], silica [6–9], attapulgite [4], clay [10–13], 
metallic oxides [14–17], etc. Among all potential nanocomposite precursors, 
those based on clay and layered silicates have been most widely investigated, 
probably due to the easy availability of starting clay materials. Moreover, talc 
particles are widely used as plate-like mineral filler because it is a low-cost mate-
rial [18]. Despite their good performance as filler and low price, natural talc pre-
sents some drawbacks. Natural talc cannot be ground homogeneously below 5 μm 
without leading to structure amorphization. To solve this issue and also to con-
trol particle size, we turned to talc obtained from hydrothermal synthesis [19]. 
Synthetic talcs used as fillers were reported by many researches to produce new 
materials such as solvent-borne polyurethanes [20–24], polypropylene and poly-
amide 6 (PA6) nanocomposites [18], PP/PA6 blends [25], PP/PA6 blends using 
ionic liquids/nanotalc as fillers [26], PA6 and PA12 nanocomposites [27], ternary 
nanotalc reinforced PA6/SEBS-g-MA composites [28] and also WPUs [29, 30]. 
Moreover, tin catalysts as dibutyl tin dilaurate (DBTDL), widely used as catalyst 
in PU synthesis, are known as toxic compounds [31]; for this reason, it is inter-
esting to use environmentally friendly catalysts, like synthetic talc. As far as we 
know in this work, we describe for the first time the use of synthetic talc as cata-
lyst. Filler effect in polymerization reaction as catalyst and as reinforcement in 
waterborne polyurethane nanocomposite properties was evaluated as well.

Experimental

Materials

Synthetic talcs were manufactured using the following materials: magnesium 
acetate tetrahydrate (Mg(CH3COO)2·4H2O), sodium metasilicate pentahydrate 
 (Na2SiO3·5H2O), sodium acetate trihydrate  (NaCH3COO·3H2O) and acetic acid. All 
reagents were purchased from Sigma-Aldrich and used without further purification.

Isophorone diisocyanate (IPDI, for synthesis, Bayer, Germany), polyester 
diol (Mn = 1000  g/mol) and 2,2-bis(hydromethyl) propionic acid (DMPA, 99%, 
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Perstorp, Sweden) were used to obtain waterborne polyurethanes. NCO/OH molar 
ratio of 1:7 was utilized. Dibutyl tin dilaurate [DBTDL Miracema Nuodex Ind., 
Brazil (0.1% w/w)] was used as catalyst for pristine WPU. DMPA carboxylic acid 
was neutralized with trimethylamine (J.T Baker, Center Valley, Pennsylvania, 
USA). Free NCO content was measured by titration with n-dibutylamine (Bayer, 
Leverkusen, Germany), and hydrazine (Merck, Kenilworth, NJ, USA) was used 
as chain extender.

Synthetic talc preparation

Synthetic talc was obtained by hydrothermal synthesis as described in the literature 
[32]. First, talc precursor was obtained by reacting sodium metasilicate pentahydrate 
with magnesium acetate tetrahydrate in a proportion of Si/Mg = 4/3, in the presence 
of sodium acetate. In a second step, talc precursor was hydrothermally treated under 
high temperature (300 °C) and pressure (85 bar) during a period of time of 6 h in order 
to obtain well-crystallized nano-sized talc gel. Synthetic talc (ST) was obtained in gel 
form (ST-g) or in powder form (ST-p) after drying in an oven at 120 °C and grinding. 
Specific surface area of synthetic talc manufactured in these conditions is 130 m2 g−1, 
as reported previously by our group [29].

Waterborne polyurethane nanocomposite preparation method

Waterborne polyurethane nanocomposites and pristine waterborne polyurethane were 
prepared by in  situ polymerization. In a glass reactor, the following reagents were 
placed: IPDI, the polyester diol and DMPA (NCO/OH molar ratio of 1:7 and 5% w/w 
of DMPA in relation to prepolymer solid content). The NCO-terminated prepolymer 
reaction was carried out under constant mechanical stirring and inert atmosphere  (N2) 
at 80 °C for 1 h. To quantify the residual-free isocyanate content, titrations were per-
formed with n-dibutylamine based on the ASTM 2572 standard technique. Then, to 
neutralize the acid groups from DMPA, molar equivalent of trimethylamine was added 
to the reactor and stirred for 30 min at 50 °C as previously described in the literature 
[16, 29]. Lastly, a mixture of the previously neutralized prepolymer and hydrazine 
(chain extender in amount equivalent to the residual-free NCO content) was poured in 
water and kept under mild agitation (200 rpm) at room temperature for 30 min. To pre-
pare pristine WPU, DBTDL was used as catalyst. To produce WPU nanocomposites, 
synthetic talc in gel and powder form was used aiming to substitute DBTDL as catalyst 
and perform as reinforcement. Filler content was 0.5 wt%, 1 wt% and 3 wt%. The aver-
age solid content was 37% w/w. Lastly, films with 70 µm of thickness were produced 
by casting.
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Characterization methods

Fourier transform infrared spectroscopy (FTIR)

The films were characterized by Fourier transform infrared spectroscopy (FTIR, 
PerkinElmer Spectrum 100 spectrometer) in transmission mode in the range 
4000–650 cm−1, to ascertain filler and nanocomposite structural properties.

X‑ray diffraction analysis (XRD)

X-ray diffraction (Shimadzu XRD-7000) patterns were recorded with CuKα1,2 
Bragg–Brentano geometry θ–θ radiations, between 5° and 80° with a step size of 
0.028, voltage of 40 kV and current of 30 mA.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC, TA Instruments Q20 calorimeter) was used 
to determine glass transition temperature (Tg) from − 90 to 200 °C, with a heating 
rate of 10 °C/min under an inert atmosphere of nitrogen, from the second heat cycle.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TA Instruments Q600 simultaneous thermal analyzer) 
was carried out with a heating rate of 20 °C/min, from room temperature to 800 °C 
under nitrogen atmosphere.

Tensile strength analysis

Mechanical tests were performed in triplicate according to ASTM D822 standard 
technique (TA Instruments Q800 dynamic mechanical analyzer) for determination 
of Young’s modulus and stress × strain tests.

Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy (FESEM, FEI Inspect F50) analyses 
were performed in secondary electron (SE) mode and used for the assessment of 
filler distribution in the polymer matrix.

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to collect roughness data of the WPU 
and its nanocomposites. The AFM analyses were performed in tapping mode to 
construct phase/height contrast images at different locations on the top surface of 
the samples using a Bruker Dimension Icon PT equipped with a TAP150A probe 
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(resonance frequency of 150 kHz and 5 N m−1 spring constant) and calibrated prior 
to sample measurements. The scanned area of images was 5 × 5 µm2 with a resolu-
tion of 512 frames per area.

Results and discussion

FTIR analysis

WPU nanocomposites, neat WPU, synthetic talc in gel and in powder form were 
characterized by FTIR spectroscopy (Fig.  1). In synthetic talc spectra (ST-p and 

Fig. 1  FTIR spectra of A neat WPU, WPU/ST-p 3% and ST-p and B neat WPU, WPU/ST-g 3% and ST-g
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ST-g), it was observed characteristic bands assigned to talc around 1650  cm−1 
related to Si–O vibrations [33] and the band between 1200 and 800  cm−1 char-
acteristic of Si–O and Si–O–Si bonds [20, 23, 24, 33, 34]. For neat WPU and its 
nanocomposites, the bands in regions of 3500–3400 cm−1 are attributed to urethane 
linkage N–H. The bands in 2950 and 2870 cm−1 are associated with different vibra-
tional modes of polymeric chain  CH2 group. The band in 1731 cm−1 is characteristic 
of C=O of urethane bond. Region around 1520 cm−1 is related to CN and NH of 
urethane bonds. CO–O bond appears in 1243 cm−1 region. In 1185 and 1135 cm−1 
appear the bands associated with N–CO–O and C–O–C groups [13, 15, 20–24, 29, 
30]. WPU nanocomposite formation is proved by FTIR (Fig.  1), confirming syn-
thetic talc as a substitute for commercial catalyst in polymerization reaction. It also 
can be observed that the band related with C=O decreases as filler content increased 
and a shoulder appeared around 1650 cm−1 in the nanocomposites, probably due to 
hydrogen bond formation between C=O of polymeric chain and hydroxyl groups 
available on synthetic talc layer edges [16].

XRD‑TEM analysis

Figure 2A, C shows diffraction patterns of pristine WPU, synthetic talcs and their 
nanocomposites. Characteristic XRD diffraction peaks associated with natural talc 
are observed, but for synthetic talcs these diffraction peaks are broader and less 
intense. This behavior indicates that synthetic talc layers are smaller compared 

Fig. 2  XRD patterns of A WPU/ST-p and C WPU/ST-g nanocomposites, compared to neat WPU and 
synthetic talc. TEM images of B WPU/ST-p 3% and D WPU/ST-g 3%
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to natural talc [18, 19, 22, 29]. For pure WPU films, a broad diffraction peak is 
located around 2θ = 20°; this diffraction is associated with PU amorphous phase and 
appeared in all nanocomposite samples [2]. The diffraction peak around 2θ ≅ 9° for 
synthetic talc in powder form disappeared in WPU/ST-p nanocomposite XRD pat-
tern, suggesting that polymer enters between two nanoparticle layers leading to the 
layer intercalation and resulting in good filler dispersion throughout WPU films [3]. 
Characteristic diffraction peaks of synthetic talc in gel form appeared in WPU/ST-g 
nanocomposite diffraction patterns. Moreover, this peak located at 2θ ≅ 9° raised in 
XRD patterns of WPU nanocomposites with ST-g content, indicating that synthetic 
talc in gel form layers is intercalated between two individual nanoparticles [35, 36]. 
Figure 2B, D shows TEM images of WPU/ST nanocomposite samples containing 
3 wt% of synthetic talc. As illustrated in TEM images, the dark areas are attributed 
to ST fillers and lighter colored region attributed to WPU matrix [2]. With 3 wt% 
of filler content into the WPU matrix, we observed that for sample ST-p 3% a good 
dispersion was not achieved although a degree of dispersion is observed in ST-g 3% 
sample, see Fig. 2B, D [20, 22, 23, 25, 28, 30].

Mechanical properties

Table  1 presents stress/strain properties of neat WPU and WPU nanocomposites. 
Synthetic talc addition affected nanocomposite mechanical properties. The nano-
composites do not break at test conditions. Interactions between filler and polymer 
alternatively to filler and filler interactions are probably associated with mechani-
cal properties enhancement [21–23, 29]. Well-dispersed fillers in polymer matrix as 
well as strong interfacial interaction between polymer and filler improved the stress 
transfer between polyurethane matrix and fillers increasing polymer resistance to 
deformation. This augmentation in mechanical properties can be related to hydrogen 
bonding between synthetic talcs and WPU in nanocomposites [37]. Young’s modu-
lus tended to increase with increasing filler content into the WPU nanocomposites; 
sample with 1 wt% of synthetic talc in gel form presented a different behavior, prob-
ably because some agglomeration occurred and affected WPU film formation and 
its mechanical performance. Moreover, talcs with high aspect ratio tend to stiffen 
materials [38]. Yet, this stiffening may be related to hydrogen bonding interactions, 
corroborating FTIR results [29, 39]. Our group showed in the previous works that 

Table 1  Mechanical properties 
of the nancomposites and neat 
WPU

Samples Young’s modu-
lus (MPa)

Strain (%) Stress (MPa)

WPU 31 ± 3 136 ± 9 6 ± 0.6
WPU/St-p 0.5% 80 ± 9 97 ± 13 11 ± 1
WPU/ST-p 1% 38 ± 4 137 ± 12 7 ± 2
WPU/ST-p 3% 64 ± 12 115 ± 21 10 ± 2
WPU/St-g 0.5% 35 ± 10 93 ± 30 6.5 ± 0.6
WPU/ST-g 1% 108 ± 1 4 ± 1 4 ± 0.8
WPU/ST-g 3% 49 ± 4 77 ± 39 8 ± 1
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synthetic talc filler improved Young’s modulus of WPU nanocomposites, like for 
WPU/synthetic talc nanocomposites formed by blending method [29] and WPU/
Fe3O4 synthetic talc nanocomposites also by blending method [30]. These results 
corroborate with TEM results and reinforce the fact that dispersion affects nanocom-
posite mechanical properties.

Thermal properties

In order to investigate thermal stability of neat WPU, WPU nanocomposites and the 
effect of the synthetic talcs on their thermal behavior, TGA was carried out (Fig-
ure S1). Results are listed in Table  2. It was observed from TGA data that WPU 
film thermal stability was enhanced by fillers’ addition, which can be attributed to 
the action of nanoparticles as thermal insulator. Also the good filler dispersion into 
the WPU matrix resulted in an improvement in thermal stability of nanocompos-
ite films [2]. The first stage is related to hard segment degradation and the second 
stage to soft segment degradation. Layered silicates can make the path longer for 
thermally decomposed volatiles to escape. It is clearly observed that the initial stage 
thermal decomposition temperature is the major and sharp which involves the ther-
mal decomposition of the intercalated polymers [13]. The increase in the decom-
position temperature is likely due to the interaction between WPU and fillers. Syn-
thetic talc structure into the WPU matrix could limit the segmental movement of 
polymer chains or act as thermal insulator and mass transport barrier to the volatile 
products generated during decomposition, as a consequence retarding material deg-
radation [8, 14]. In the previous works, it was reported that the thermal stability of 
nanocomposites is improved by the use of synthetic talc, because the large amount 
of hydroxyl groups present at the filler layer edges favors interactions between filler 
and polymer [21–23, 40]. But when nanocomposites with synthetic talc in gel form 
were prepared by physical mixture, thermal stability did not increase as when nano-
composites prepared by in situ polymerization, as reported in a previous work [29].

Thermal property of neat WPU and WPU nanocomposite films was studied by 
DSC (Figure S2). No melting peak was found in the DSC analysis for the pristine 
WPU and WPU/synthetic talc samples, indicating that no crystallization domain 
was formed in their hard or soft phases. This is corroborated with XRD results that 

Table 2  Thermal properties of the nancomposites and neat WPU

Samples Tonset (°C) Tpeakmax1 (°C) Tpeakmax2 (°C) Tg-DSC (°C)

WPU 330.2 373.2 430.6 − 33.3
WPU/St-p 0.5% 341.7 367.1 435.2 − 34.9
WPU/ST-p 1% 348.3 376.9 439.7 − 33.5
WPU/ST-p 3% 336.9 358.8 431.4 − 37.1
WPU/St-g 0.5% 344.8 372.4 440.6 − 37.2
WPU/ST-g 1% 338.4 369.4 431.9 − 40.1
WPU/ST-g 3% 338.2 364.1 435.9 − 40.6
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show these polymers are amorphous [12]. Higher concentration of synthetic talc 
slightly decreased Tg. This effect could be associated with filler dispersion, as shown 
by XRD, TEM and FESEM results [41]. Also, phase separation could increase due 
to breakage of H-bonds between hard and soft segments decreasing Tg values [2, 
17].

Morphological study

FESEM was employed to inspect nanocomposite microstructure. FESEM images of 
samples’ fractured section are illustrated in Fig. 3. Figure 3 shows FESEM micro-
graphs of neat WPU and WPU nanocomposites. All samples showed deeper and 
longer cracks when fractured with liquid nitrogen comparing with neat WPU. 
However, with the increasing filler content fracture surfaces became rough. This 
is related to the alteration of WPU matrix after adding higher filler content. This 
trend could be explained by supposing a homogenous nanoparticle distribution and 
an improvement in polymer/filler interaction in the nanocomposites, and therefore, 
a crack propagation path occurs inside the polyurethane matrix [8]. The rough frac-
ture surface indicates that there was a strong resistance to further crack propagation. 
Meanwhile, the rough fracture surface means that a large crack would encounter dif-
ficulties in propagating. This effect can be responsible for nanocomposite mechani-
cal properties improvement [42].

AFM results

Figure  4 shows the height AFM topographic images, and Table  3 shows the 
average roughness (Ra), root mean square roughness (Rq) and maximum height 
roughness (Rmax) for neat WPU and its nanocomposites measured by AFM in 

Fig. 3  Micrographs from cryogenically fractures of the materials at magnification of ×5000, mode SE, A 
WPU, B WPU/St-p 0.5%, C WPU/ST-p 1%, D WPU/ST-p 3%, E WPU/St-g 0.5%, F WPU/ST-g 1% and 
G WPU/ST-g 3%
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tapping mode. In WPU matrix (Fig. 4A), dark regions are associated with amor-
phous domains (soft segments) and bright regions are associated with crystal-
line domains (hard segments). The results of Ra, Rq and Rmax demonstrate that 
with fillers’ addition surface roughness of nanocomposites increased, indicat-
ing fillers’ influence on the surface morphology of systems [29, 43]. As shown 
in Fig.  4, with fillers’ addition on nanocomposites the rugged domains come 
more prominent evidencing the interactions between filler and polymer probably 
by hydrogen bonding among fillers and hard segments of the WPU [9, 29]. It 
can be seen that when 3  wt% of fillers was added to the WPU matrix, rough-
ness decreased. Introducing higher filler content into WPU matrix restricted the 
shrinkage of the polymer surface, reducing nanocomposite roughness [10]. The 
higher values of these parameters comparing to pristine WPU confirm the pres-
ence of filler particles on the surface, as reported in the literature [11]. This 
interaction corroborates the mechanical properties improvements in nanocom-
posites once compared to pristine WPU.  

Fig. 4  AFM images (height). A WPU, B WPU/St-p 0.5%, C WPU/ST-p 1%, D WPU/ST-p 3%, E WPU/
St-g 0.5%, F WPU/ST-g 1% and G WPU/ST-g 3%

Table 3  AFM results: average 
roughness (Ra), root mean 
square roughness (Rq), and 
maximum height roughness 
(Rmax) of neat WPU and its 
nanocomposites

Samples Rq (nm) Ra (nm) Rmax (nm)

WPU 9 7 116
WPU/St-p 0.5% 59 46 431
WPU/ST-p 1% 78 58 585
WPU/ST-p 3% 24 13 330
WPU/St-g 0.5% 55 49 362
WPU/ST-g 1% 142 115 805
WPU/ST-g 3% 20 16 148
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Conclusions

New waterborne polyurethane nanocomposites were synthesized using synthetic talcs 
as catalyst and as filler by in situ polymerization. FTIR confirmed that it is possible to 
produce WPU/synthetic talc nanocomposites without adding the commercial catalyst. 
Also, FTIR indicated hydrogen bonds between filler and polymer chains. Synthetic 
talcs were well dispersed into the WPU matrix as supported by XRD, TEM, FESEM 
and AFM analyses. Thermal stability of WPU nanocomposites increased when com-
pared to pristine WPU. DSC indicated that the glass transition temperature of nano-
composites was affected by the addition of synthetic talcs, probably due to good filler 
dispersion. Mechanical properties improvement can be associated with hydrogen 
bonding between filler and polymer and good filler dispersion. It has been proved that 
synthetic talc can be used as catalyst and filler to produce WPU nanocomposites with 
desired properties. This new waterborne polyurethane synthetic talc nanocomposites 
can be used for flexible films and/or coating industries.
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