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Abstract: Wood/polymer composites are elegant strategies to produce materials with 14 

good performance and reduced cost. However, the addition of a lignocellulosic fiber is 15 

often responsible for the decreased thermal stability, decreasing their appeal as building 16 

materials. Here, we aimed to improve the thermal stability of wood/polypropylene 17 

composites through addition of unmodified, low-cost, abundant, ready-to-use kraft lignin. 18 

Besides thermal behavior, the composites were analyzed concerning to water 19 

relationships, colorimetric parameters, mechanical properties, and morphological 20 

features. The wood/propylene composites with and without lignin showed a very similar 21 

morphology with good interaction between matrix and biomasses. Thickness swelling 22 

decreased as function of lignin increment. The composites with 4, 12 and 20 wt% of lignin 23 

content had temperatures at 10% mass loss shifted toward higher temperatures (332, 350 24 

and 362 ˚C, respectively) compared to wood/polypropylene (326 ˚C). Flexural strength 25 

of wood/propylene composite was preserved (42 MPa) at 4 wt% of lignin addition and 26 

tensile strength was kept unaltered in all ratios of lignin/wood (14-19 MPa).  27 

  28 
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Statement of Novelty 29 

This work brings the use of a large available residual lignin into value-added product. 30 

The considerations made here are transferable to the valorization of other wastes or 31 

biomasses. 32 

 33 

Keywords: thermal properties; water absorption; lignocellulosic; bio-based polymer  34 
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1. Introduction 35 

Nowadays, polymeric composites prepared by incorporating natural fibers or particles in 36 

polypropylene matrices turned in key-materials that have been widely applied as 37 

automobile components and packing [1, 2]. By selecting lignocellulosic fillers instead of 38 

inorganics, it could be possible to obtain cheaper and greener materials. Besides that, 39 

biomass materials are renewable, biodegradable, abundantly and they present high 40 

strength-to-density ratio [2–5].  41 

The incorporation of such biomass-derived fillers often result in decreased thermal 42 

stability of the resultant composite, which could be a limitation not only when 43 

manufacturing is considered, but also in promising potential applications as fire retardant 44 

[6], building and construction [7]. At this stage, if not properly coupled, the incorporated 45 

particles or fibers may lead to excessive nucleation of the polymer chain, decreasing its 46 

degree of polymerization and crystallinity index. As a consequence, the thermal energy 47 

demanded to melt it is in parallel decreased. Some good strategies to overcome this have 48 

been addressed by incorporation low loads of inorganic fillers or phosphorous derivatives 49 

[8–12]. However, fortunately, nature provides lignin, the most abundant source of 50 

aromatic compounds built up of phenylpropane structures [13]. Due to its aromatic 51 

chemical structure, this could be an excellent choice as thermal stabilizer [6]. Also, it is 52 

well-known that lignin is the responsible for charcoal formation of wood-derived 53 

materials during thermal stress [14, 15], which can indirectly provide thermal 54 

stabilization.  55 

Besides its ability to form charcoal, lignin presents chemical anisotropy in its three 56 

dimensional matrix [16]. It is not expected that pure unmodified lignin could act as a 57 

compatibilizer for wood-polymer composites; however, the hydrophobic and hydrophilic 58 

moieties in its composition may help to obtain composites with very good homogeneous 59 
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characteristics that is often disregarded. The ability of lignin to interphase hydrophobic 60 

and hydrophilic compounds have been widely addressed for emulsions for instance [17], 61 

which can draw a parallel to this study once wood polymer composites are sort of solid 62 

emulsion. As a matter of fact, considering the thermal stabilization as the main goal, it 63 

would be even better if the inserted filler did not bring any side effect in other important 64 

properties of these materials, such as mechanical and water absorption characteristics. 65 

Recent efforts have showed the positive effect that lignin can bring to polymer 66 

composites. Some good examples involve the addition of lignin in multiphase polymeric 67 

materials for improved mechanical properties [18, 19], butylated lignin for thermal 68 

stabilization [20], lignin in polymeric matrix as compatibilizer [5] and as antioxidant 69 

agent [21].  In general, the lignin is first chemically modified and then inserted in the 70 

composites; however, here we showed how pure and unmodified kraft lignin – replacing 71 

wood flour in different ratios - can be used to prepare low-cost bio-based composites. 72 

By doing so, it will be possible not only to prepare high-quality wood-polymer 73 

composites but also to benefit a by-product from pulp and paper industry. Currently, 70 74 

million tonnes of lignin are produced annually in the world and only 5% is used in 75 

commercial applications, while 95% is burned for energy production [22]. The kraft 76 

process is the main method applied for pulping. In addition, lignin from the kraft process 77 

is a realistic prospective to produce high value-added products from biomass [23]. Taking 78 

into consideration a bio-economy perspective, there is an increased demand to use 79 

renewable sources for energy supply. At this scenario, residual lignin could be applied in 80 

new, up-coming, end uses while renewable energy is integrated to the pulping process 81 

[24]. At this stage, any attempt to develop high-added value products from lignin can be 82 

considered a starting point toward profitable, more sustainable process and materials, 83 

bringing up important fundamentals of circular economy. Thus, this study is looking at 84 
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the potential of the unmodified kraft lignin as a low-cost, abundant, ready-to-use agent to 85 

improve the thermal stability of wood-polypropylene composites. Here, we also study the 86 

effect of the lignin incorporation in other important technical properties, as mechanical 87 

and water relationships. 88 

 89 

2. Material and Methods 90 

 91 

2.1 Raw material and preparation of composites 92 

The Polypropylene (P) PP H103, supplied by Braskem (Brazil), has a density of 0.905 g 93 

cm-3 and melt flow rate of 40 g/10 min.  The lignin (L), supplied by Suzano Pulp and 94 

Paper, is a byproduct from hardwood kraft pulping process, recovered from the black 95 

liquor by CO2 precipitation. Fast-growing E. benthamii wood flour (W) was collected 96 

from sawing process at Embrapa Florestas (Brazil). The material was oven dried at 60 ± 97 

5 ºC until constant mass, and then sifted between 40 - 60 mesh [25] to composite 98 

preparation. The composition of the above-mentioned materials is described in Table 1. 99 

 100 

Table 1. Number average molecular weight (Mn), weight average molecular weight 101 

(Mw) and chemical composition of lignin, wood flour and polypropylene 102 

 Mn Mw Lignin  (%) Ash (%) Holocellulose (%) Extractives (%) 
P 49 236 - - - - L 903 1995 91.4 1.4 nq nq W - - 24.0 0.6 70.9 1.6 nq not quantified 103 

The polymer ratio of the composites was fixed at 60%, in order to investigate only the 104 

effect of lignin-to-wood flour ratio. Besides, this matrix/biomass ratio represents the 105 

range already commercialized in the market [26]. Four composites were prepared using 106 

the following mass percent combination, described in the subscript numbers: P60W40, 107 
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P60W36L4, P60W28L12, and P60W20L20. A thermo-kinetic high-shear homogenizer (MH 108 

Equipamentos Ltda), operating at 3000 rpm, was used to mix 90 g of each composition. 109 

Then, the mixtures were individually thermo-molded using a Marconi MA098/A 110 

electrically heated hydraulic press with homogenous distribution of pressure (9 ton) for 111 

10 min, carried out at 175 ± 2 ºC. The nominal size of the composites was 140 mm x 140 112 

mm x 4 mm after the cooling process. Additives and coupling agents were not used in the 113 

molding process of the composites. 114 

 115 

2.2 Visual aspects and micro morphological features 116 

The colorimetric evaluation of the composites was assessed by a Konica Minolta CM-5 117 

spectrophotometer. The equipment was configured to use a D65 light source and 118 

observation angle of 10° (CIE-Lab standard). Three measurements of each composite 119 

were taken in order to obtain the colorimetric parameters: lightness (L*), green-red 120 

chromaticity coordinate (a*) and blue-yellow chromaticity coordinate (b*). Then, C* 121 

(chroma) and h* (hue angle) were measured according to Konica Minolta Manual (2007). 122 

The fractured cross-section of the P60W20L20 and P60W40 composites were coated with a 123 

3 nm layer gold and further evaluated in a benchtop scanning electron microscope-FEI 124 

Phenom. 125 

 126 

2.3 Evaluation of the thermal behavior of the composites 127 

Thermal properties of the composites were studied by differential scanning calorimetry 128 

(DSC) and thermogravimetric analysis (TGA). The result for each sample is the average 129 

of two runs. DSC was performed to acquire the temperature of crystallization (Tc), 130 

melting temperature (Tm), heat of fusion (∆Hf) and percentage of crystallinity (Xc) 131 

(Equation 1), which were calculated according to previous studies in the literature [28–132 
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30]. The equipment used for this experiment was a Shimadzu DSC-60A set to operate 133 

under a nitrogen atmosphere at 20 mL min-1. The Tm was determined by heating the 134 

samples from 30 to 180 °C and maintaining at this temperature for 5 min. The samples 135 

were then cooled to 30 °C at a rate of 5 °C/min to determine Tc.  136 

 Xc = (∆Hf/∆H0f) * (100/W) (Equation 1) 
where ∆Hf is the heat of crystallization, W is the mass fraction of P in the composite and 137 

∆H0f=190 J/g, was taken for 100% crystalline isotactic P. 138 

TGA was carried out in a Setsys Evolution (Setaram, France) instrument, under an 139 

argonium atmosphere at 20 mL min-1. In this case, the samples were heated from 30 ºC 140 

up to 600 ºC at 10 ºC min-1.  141 

 142 

2.4 Water-composites relationships 143 

Five samples of each composite were used to evaluate water absorption (WA) and 144 

thickness swelling (TS), according to ASTM D 570-98.  The samples were oven dried at 145 

103 ± 5 ºC to constant weight and then immersed in water. Weight and thickness of dry 146 

and immersed samples (2 and 24 h) were measured.  147 

Measurements of the composites wettability were performed using a Crüss DSA25E 148 

goniometer, using the sessile droplet method. The contact angle was determined by the 149 

placement of a deionized water droplet (5 µl) on six distinct points (randomly selected) 150 

of each composite in different times, after 5, 20, 35, 50 and 65 s. The contact angle for 151 

neat polypropylene was demonstrated at 20s. 152 

 153 

2.5 Mechanical properties  154 
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Five samples of each composite were tested related to mechanical properties by flexural 155 

strength (ISO 178) and tensile strength at break (ISO 527). All the tests were performed 156 

in an EMIC DL30000 universal machine. 157 

 158 

2.6 Data analysis  159 

The normal distribution and analysis of variance (ANOVA) of physical and mechanical 160 

data were evaluated at 95% of significance by F-test. When the null hypothesis (p < 0.05) 161 

was rejected, the average values were compared using Tukey test at 5% of probability of 162 

error, in which different letters reflected statistical significance.  163 

 164 

3. Results and discussion 165 

 166 

3.1 Visual appearance and morphological features 167 

 168 

As can be seen in Table 2, the chromaticity coordinates a* and b* decreased with lignin 169 

increment, indicating a color changing direction from red to green and yellow to blue, 170 

respectively. From lightness (L*) is possible to observe that all composites are in the dark 171 

range, especially in the presence of lignin. Chroma (C*) parameter means saturation of 172 

color. In this sense, there is a clear decrease in C* with lignin addition, indicating a 173 

greyish direction. Furthermore, the relationship between C* and L* and C* and hue angle 174 

(h*), can be interpreted as a darkening tendency in the composites as a function of lignin 175 

increment [27].  176 

 177 Table 2. Colorimetric parameters  178 

Sample L* a* b* h* C* P60W40 18.23 ± 0.96 4.29 ± 0.09 6.09 ± 0.34 0.96 ± 0.03 7.45 ± 0.29 P60W36L4 17.22 ± 2.87 1.74 ± 0.46 2.08 ± 0.71 0.86 ± 0.05 2.72 ± 0.83 
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P60W28L12 12.54 ± 0.85 2.91 ± 0.51 2.79 ± 0.59 0.76 ± 0.04 4.04 ± 0.76 P60W20L20 15.37 ± 1.44 1.27 ± 0.49 0.78 ± 0.62 0.48 ± 0.18 1.52 ± 0.74  179 

 180 

From scanning electron microscopy (Fig. 1) it was possible to observe that lignin at 20 181 

wt% coated the wood fibers, decreasing the volume of voids at the wood/polypropylene 182 

interface (Fig. 1f - marked by circle). In addition, only a few lignin particles were 183 

observed in the micrographs (as marked by arrows), showing a good dispersion of lignin 184 

in the whole matrix. These lignin particles could be considered as excess of material that 185 

tended to agglomerate as spheres.  186 

Besides the assumed good interaction, some gaps and cavities still can be seen in the 187 

morphology of both fractured P60W40 and P60W20L20 composites. These features are 188 

mostly associated to a physical phenomenon of shrink during composite polymerization. 189 

Lignin addition was not able to suppress cavity/gap formation; moreover, lignin was not 190 

expected to be total miscible with the polymer due the presence of polar functional groups 191 

which seem interact stronger with each other than with the matrix polymer [31]. Even 192 

though, from the microscopy analysis it was possible to infer that wood-polypropylene as 193 

well as wood-polypropylene-lignin mixtures presented a similar morphology with good 194 

interaction between matrix and biomasses. 195 

 196 
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 197 

Figure 1. Scanning microscopy of fractured composites P60W40 (a, b, c) and P60W20L20 198 

(d, e, f). The magnification of samples (a, d) x300 (b, e) x800 and (c, f) x4000. 199 

 200 

3.2 Thermal behavior studies 201 

 202 

TGA curves of the composites stated the onset temperatures increasing as lignin was 203 

added (Fig. 2a). It was previously showed that the incorporation of lignocellulosic 204 

materials leads to early thermal degradation of polypropylene [1]. However, the 205 

composites with higher content of lignin (P60W28L12 and P60W20L20) had temperatures at 206 

10% mass loss shifted toward higher temperatures, reaching higher values than neat 207 

polymer (Table 3). These results indicate that lignin can be considered a barrier against 208 

thermal degradation [18], which rationale is based on its aromatic phenyl structures that 209 

are thermal stable due the overlapping of p-orbital [5]. 210 

 211 
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Table 3. Temperatures at 5% mass loss (T5%), 10% mass loss (T10%) and residual mass 212 

at 600 °C of the studied materials 213 

Sample T5% (°C) T10% (°C) Residual mass at 600 °C (%) W 42 91 12 L 146 273 54 P 325 350 0 P60W40 285 326 31 P60W28L4 290 332 24 P60W28L12 312 350 35 P60W20L20 321 362 41  214 

 215 

 216 

Figure 2. Thermal gravimetric curves (a) and their first derivative (b) for the neat 217 

polypropylene, kraft lignin, wood flour and composites. 218 

 219 

Three main peaks were observed in the dW/dt curves for all composites (Fig.2b). The 220 

first one at ca. 275 °C, was associated to the hemicellulose degradation [1, 2, 32]. The 221 

hemicellulose peak shoulder is more pronounced for the wood material than for pure 222 

lignin, and it can be tracked in the composites according to the amount of wood. The 223 

second peak at ca. 360 °C showed up slightly more intense than the hemicellulose peak 224 

among all composites and is attributed to cellulose [33]. These two peaks were not 225 
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observed in the composite P60W20L20 in which the proportion of lignin reached 50% of 226 

biomass fraction. Here it seems that thermal degradation had been driving by lignin 227 

structure.  228 

The third degradation peak (400-500 °C) showed the highest intensity for all composites 229 

and is associate to polypropylene degradation. The peak of thermal degradation for the 230 

neat polypropylene occurred at ca. 425 °C and this peak shifted toward higher 231 

temperatures (ca. 460 ºC) influenced by incorporation of the biomasses, especially after 232 

incorporation of lignin. Lignin degrades in a broad temperature range; at around 235 ºC 233 

occurs the degradation of lignin–carbohydrate complexes [34] and from ca. 300 ºC, 234 

aliphatic side chains start to break down, up to cleavage of more stable carbon-carbon 235 

bonds, which arises at 370-400 ºC [35]. Moreover, according to Magalhães et al. [1], the 236 

improvement of thermal stability can also be reached if there is good compatibility 237 

between biomass and polymer. 238 

 239 

 240 

Figure 3. DSC thermograms of wood-polymer composites with different loads of lignin, 241 

(a) melting and (b) crystallization temperatures. 242 

 243 
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As can be seen in the DSC analysis the composites showed differences between the 244 

melting (Fig. 3a) and crystallization (Fig. 3b) temperatures. Table 4 summarizes these 245 

results. The glass transition temperature (Tg) of kraft lignin was observed to be at around 246 

70 °C (Fig. 3a). The Tg is directly associated to the lignin molecular weight and to its 247 

chemical functionalities. Hardwood lignins usually present low Tg, which infers good 248 

mobility of the lignin molecules upon thermal stress [36]. The melting temperature (Tm) 249 

of lignin, in general, is reported to be near or higher of its Tg, making the determination 250 

of Tm analytically difficult to assess and often inaccurate. 251 

Tm in the composites increased after addition of 12 and 20 wt% of lignin, stating that 252 

higher lignin amounts provided higher thermal stability for the obtained composites and 253 

according to Liu et al. [37] it can indicate a positive influence in inhibiting Tm of 254 

composites. In contrast, Tm of the polymer reduced in those composites with 0 and 4 wt% 255 

of lignin, suggesting that wood flour presence improved the mobility of polymer over 256 

thermal stress. These same composites had their crystallization temperature (Tc) shifted 257 

to higher temperatures when compared to neat polypropylene. The higher Tc was 258 

observed for P60W40 where there was higher amount of cellulose. Such shift has been 259 

reported in the literature [1, 2]. Indeed, the increment of lignocellulosic material acts as a 260 

nucleating agent [28] promoting an heterogeneous nucleation for the polypropylene. The 261 

higher number of nucleating agents toward crystallization promoted by lignocelullosic 262 

material can also been seen from crystallization index (Xc). 263 

On the other hand, higher replacements of wood by lignin (P60W28L12 and P60W20L20) 264 

kept Tc temperatures similar to neat polypropylene which indicates that lignin could 265 

decrease the excessive nucleation sites, also confirmed from higher Tm observed for these 266 

composites. 267 

 268 
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Table 4. Thermal properties of the composites and neat polypropylene 269 

Sample Tc Tm ∆Hf  (J/g) Xc P 116.26 166.13 94.71 49.85 P60W40 126.96 164.7 62.47 54.8 P60W36L4 121.96 164.77 59.58 52.26 P60W28L12 115.65 167.04 55.19 48.41 P60W20L20 117.59 167.56 60.74 53.28  270 

The heat of crystallization (∆Hf) of all composites decreased compared to neat 271 

polypropylene, and all composites in the presence of lignin also had lower ∆Hf when 272 

compared to P60W40 (Table 4). The increment of lignin in up to 20 wt% seemed assisting 273 

cellulose to act as a diluent in the P matrix [28].  274 

 275 

3.3 Water-composites relationships at bulk and surface level 276 

 277 

Differences in thickness swelling (TS) and water absorption (WA) were observed among 278 

the composites. The TS (Fig. 4b) was lower after 4 wt% of lignin incorporation evaluated 279 

at 2 and 24 h. In general wood is more hygroscopic than lignin [5]; therefore, it would be 280 

expected that TS decreased as wood flour was replaced by lignin (Fig. 4a). Decreasing in 281 

WA as function of lignin addition was not as evident as in TS. At 24 h, the composites 282 

presented no statistical differences in WA. In the first 2 h underwater though, the WA of 283 

the composites containing higher amounts of lignin was decreased.  284 

 285 



15 
 

 286 

Figure 4. Water absorption and thickness swelling of the composites, after 2 and 24 h. 287 

Average values followed by the same letter are not statistically different, according to the 288 

Tukey test at 95% of significance. The times (2 and 24 h) were evaluated separately and 289 

differ by upper and lowercase letters. WA at 2 h presented F ratio= 10.7; WA at 24 h 290 

presented F ratio= 0.63; TS at 2 h presented F ratio= 4.3; TS at 24 h presented F ratio= 291 

4.7. 292 

 293 

The water absorption and thickness swelling were very low, in the magnitude of 0.6% 294 

and 3%, respectively. These results could be considered desirable characteristics for 295 

building applications, since absorption of water would lead to biodegradation, 296 

dimensional instability and reduced performance at long-term [38].  297 

 298 

Table 5. Kinetics of contact angle 299 

Sample Time (s) 5 20 35 50 65 Contact Angle (°) Neat P  86 ± 4    P60W40 98 ± 5 97 ± 8 98 ± 8 96± 6 98 ± 11 P60W36L4 100 ± 14 98 ± 11 98 ± 14 96 ± 11 96 ± 11 P60W28L12 87± 11 82± 13 82 ± 12  80 ± 10 79 ± 12 P60W20L20 96 ± 13 93 ± 14 93 ± 12 90 ± 10 92 ± 11 F ratio 1.06ns 1.10ns 1.47ns 1.57ns 1.57ns ns not significant 300 
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It is already stablished that polypropylene presents low surface energy and homogeneous 301 

but rough surface. Furthermore, its resultant contact angle usually reported in the 302 

literature is around 90° [30, 39], which fits perfectly with the measured contact angle of 303 

neat P at 20s (86°) (Table 5). Although hydrophilic components were added to the 304 

composites, it was observed no significant change in their wettability, for both lignin 305 

content and time variables. The standard deviation of the contact angles measurements 306 

were high, what can be explained by the chemical non-uniformity and roughness of the 307 

composites surface [40]. Overall, it can be inferred that lignin addition in the composites 308 

provided not only thermal stability and water resistance but also maintenance of 309 

wettability behavior. 310 

 311 

3.4 Mechanical properties 312 

 313 

All mechanical properties of the composites presented statistical differences when 314 

compared to neat polypropylene (Table 6). In this context, modulus of elasticity (MOE) 315 

increased both with wood flour and lignin incorporation. According to Luo et al. [5] the 316 

presence of lignocellulosic material in polymeric matrixes tendes to reduce the mobility 317 

of the polymer chains, causing increase in the MOE. Likewise, flexural strength and 318 

tensile strenght of the composites were lower than neat polypropylene, as commonly 319 

reported [5, 41]. Similar tensile strenght was observed for all composites, regardless the 320 

presence or not of lignin. On the other hand, flexural strength showed a linear decreasing 321 

after 4wt% of lignin incorporation. Based on the mechanical analysis it was possible to 322 

observe that with any addition of lignin the tensile strength kept unaltered, while a slightly 323 

decrease was observed for the other tested mechanical stresses. Even tough, the 324 

mechanical behavior of the composites after incorporation of lignin was predictable 325 



17 
 

(linear tendency), thus making easier to project and design new building or materials 326 

components using these composites.  327 

 328 

Table 6. Mechanical properties of P and composites 329 

Sample Modulus of elasticity 
(MPa) ± SD 

Flexural Strength 
(MPa) ± SD 

Tensile Strength 
(MPa) ± SD 

P 1530 ± 85 a 
68.53 ± 5.80 c 

69 ± 6 f 46 ± 3 c 
P60W40 2867 ± 207 d 44 ± 1 de 17 ± 3 ab 
P60W36L4 2489 ± 54 c 42 ± 2 cd 19 ± 1 b 
P60W28L12 2345 ± 88 bc 38 ± 2 bc 16 ± 1 ab 
P60W20L20 2140 ± 84 b 30 ± 2 a 14 ± 1 a 
F ratio 72.1* 181.0* 171.6* 

*Average values followed by the same letter are not statistically different, according to 330 

the Tukey test at 95% of significance 331 

 332 

4. Conclusion 333 

 334 

Flat pressed wood/polypropylene composites were successfully prepared with the 335 

incorporation of different lignin fractions. Thermal behavior and other important 336 

properties of the composites without and with addition of unmodified, low-cost kraft 337 

lignin were investigated. 338 

The parameter related to saturation of color (C*) decreased from 7.5 to 1.5 with lignin 339 

addition. The relationship between C* and L* and C* and hue angle (h*), indicated a 340 

darkening tendency in the composites as a function of lignin increment. The composites 341 

with and without lignin showed a very similar morphology with good interaction between 342 

matrix and biomasses.  343 

Overall, water resistance of composites after 2 and 24 h of submersion, increased with 344 

lignin incorporation. Furthermore, all composites containing lignin had temperatures at 5 345 
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and 10% mass loss shifted toward higher temperatures compared to wood/polypropylene. 346 

MOE of wood/polypropylene decreased from 2867 to 2140 MPa with 20 wt% of lignin 347 

increment. Flexural strength of wood/propylene composite was preserved (42 MPa) at 4 348 

wt% of lignin addition and tensile strength was kept unaltered in all ratios of lignin/wood 349 

(14-19 MPa). 350 

 351 
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