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1. Introduction, goals 

The ever-increasing demand of the public to improve the performance of products as 

well as to decrease their price result in continuous development and constant search for new 

materials. However, developing a new synthetic polymer with unique properties for each ap-

plication would require a great deal of time and complicated technologies. Accordingly, a lim-

ited number of plastics are used generally, and they are modified with additional materials, such 

as fillers, short and long fibers, or even with other polymers. The widespread use of plastic 

products results in large amounts of waste, which raises environmental concerns among both 

the public and the legislature. Increasing environmental awareness also encourages the industry 

to produce less environmentally harmful substances and prepare products based on natural re-

sources. Both academia and industry make considerable efforts in the field of biodegradability 

and compostability. Traditional fillers and reinforcements (i.e., talc, CaCO3, glass fiber, carbon 

fiber) are being increasingly replaced by raw materials from natural resources such as wood, 

flax, hemp, sugarcane bagasse fibers, and many others. These fibers generally occur as agricul-

tural by-products or waste, and they are usually burned in the last step of technology. Accord-

ingly, their use as reinforcements in polymer composites would result in the valorization of the 

waste. On the other hand, commodity matrix materials are also being replaced by biopolymers; 

however, these materials still require further improvement to compensate for their disadvanta-

geous properties. 

Natural fibers used in the plastics industry have several advantages, such as large spe-

cific strength and stiffness, less abrasion of the processing equipment than in the case of tradi-

tional fibers, and low cost. They come from renewable resources, and during their growth, they 

absorb CO2. Unfortunately, they have drawbacks as well. The properties of natural fibers de-

pend on the climate, and the period of the harvest. Their adhesion to polyolefins is poor and 

they have limited inherent strength1. The elementary fibers are connected by a relatively weak 

interface. This structure gives an excellent explanation for the strength of natural fibers2. While 

the elementary fibers can withstand the external load very well in the longitudinal direction, 

they can be easily separated in the transverse direction, because of the weak interface, which 

can result in the fracture of the fibers along their axis.  

The sugarcane bagasse fibers used in the experiments are originated from the hot, trop-

ical areas of Asia3,4. The juice is extracted from the cane in the sugar mill, and then it is con-

verted into crystalline sugar. Rotating knives, crushing, and shredding elements are used during 

the extraction, then the syrup is concentrated by heat, and this step is followed by crystalliza-

tion. The hard, fibrous residue obtained from the shredding and pressing step is called bagasse. 

In the beginning, this by-product was burned in the process itself, during which recycled energy 

was fed back into production. With the intensification and modernization of the process, this 

energy source becomes superfluous. Bagasse generates waste, which must be handled in a dif-

 
1 Pickering, K.L., Efendy, M.G.A., Le, T.M. Compos Part A - Appl S 83, 98-112 (2016) 
2 Bos, H.L., Van Den Oever, M.J.A., Peters, O.C.J.J. J Mat Sci 37, 1683-1692 (2002) 
3 Niju, S., Swathika, M. Biocatal Agric Biotechnol 20, 101263 (2019) 
4 Santos, F., Eichler, P., Machado, G., De Mattia, J., De Souza, G. In: Sugarcane Biorefinery, 

Technology and Perspectives: Academic Press, 21-48 (2020) 
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ferent, environmentally friendly and economically advantageous way. A potential and straight-

forward utilization of bagasse is mixing the fibers directly into a polymer matrix using an effi-

cient processing technique like extrusion or injection molding. 

The research on heterogeneous systems has yielded extensive knowledge in our group 

(Laboratory of Plastics and Rubber Technology – LPRT) over the years, with a number of high-

quality publications on this subject. The successful work led to extensive cooperation with part-

ners all over the world, both in academia and industry. In 2018, the LPRT began a joint project 

with Petra Christian University (Surabaya, Indonesia). Among other tropical countries, Indo-

nesia excels in sugarcane production, resulting in the formation of significant amounts of ba-

gasse, which is the waste of the procedure. Although some publications are available in the 

literature dealing with PP/bagasse composites5,6,7, at the beginning of this project, our goal was 

to explore the possibility of using sugarcane bagasse fibers as reinforcement for polypropylene. 

Sugarcane bagasse fibers are large and thick and their aspect ratio is relatively small. 

Large diameter usually leads to easy debonding, the separation of the matrix and the fiber, and 

thus to premature failure8. Small aspect ratio, on the other hand, results in limited reinforcement. 

The dimensions of both traditional and natural fibers change during the processing of composite 

materials by traditional thermoplastic technologies as homogenization, injection molding or 

extrusion. The attrition of the fibers has a considerable impact on reinforcement and the overall 

properties of the composites generally. However, often even the original dimensions of the fi-

bers are not reported, but their change during processing is frequently ignored9. 

The strength of natural fibers can be improved by alkali treatment. The effect of the 

treatment on the structure and properties of fibers was studied by numerous groups10,11,12 and 

the increase of stiffness and strength was observed quite often. However, the explanation for 

the improvement of mechanical properties is rather controversial in many cases. Considering 

these contradictions, the goal of our study was to treat sugarcane bagasse fibers with sodium 

hydroxide and then thoroughly characterize their composition, structure and properties includ-

ing strength and stiffness. In addition, we could not be certain that the increase in strength is 

transferred also to the composites, thus another goal was to prepare composites using alkali 

treated sugarcane bagasse fibers and study their mechanical properties and the local defor-

mation processes.  

A few papers have been published recently on materials prepared with PLA matrix and 

sugarcane bagasse fibers. Some of the publications investigate interfacial interactions between 

the components. Khoo and Chow13 observed voids between the matrix and the bagasse at the 

 
5 Luz, S.M., Gonçalves, A.R., Del’Arco, A.P. Compos Part A-Appl S 38, 1455-1461 (2007) 
6 Vázquez, A., Domínguez, V.A., Kenny, J.M. J Thermoplast Compos 12, 477-497 (1999) 
7 Mulinari, D.R., Cipriano, J.d.P., Capri, M.R., Brandão, A.T. J Nat Fibers 15, 174-182 (2018) 
8 Dányádi, L., Renner, K., Szabó, Z., Nagy, G., Móczó, J., Pukánszky, B. Polym Advan Tech-

nol 17, 967-974 (2006) 
9 Jiménez, A.M., Espinach, F.X., Granda, L.A., Delgado-Aguilar, M., Quintana, G., Fullana-i-

Palmer, P., Mutjè, P. Bio Res 11, 6346-6361 (2016) 
10 Taha, I., Steuernagel, L., Ziegmann, G. Compos Interface 14, 669-684 (2007) 
11 Gassan, J., Bledzki, A.K. Compos Sci Technol 59, 1303-1309 (1999) 
12 Das, M., Chakraborty, D. J Appl Polym Sci 102, 5050-5056 (2006) 
13 Khoo, R.Z., Chow, W.S. J Thermoplast Compos 30, 1091-1102 (2015) 
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interface indicating weak adhesion. Hong et al.14 studied the effect of different treatments (al-

kaline, silane and the combination of the two) on the structure and properties of PLA/bagasse 

fiber composites. They found that untreated and alkali-treated fibers were pulled out from the 

matrix. Suryanegara et al.15 observed that the tensile strength of PLA based composites de-

creases with increasing bagasse content and explained the phenomenon with poor adhesion as 

well as the formation of voids resulting in inefficient stress transfer. The few papers found in 

the literature contradict the observations we have made in our previous work regarding the 

adhesion in PLA/natural fiber composites. We think that the reason for the contradiction is that 

those works neglected important factors and did not focus sufficiently on adhesion. Therefore, 

we decided to carry out a thorough analysis of the factors determining the properties of 

PLA/sugarcane bagasse fiber composites with the proven techniques used by our group for 

some time, and, if possible, to clarify the contradictions. 

2. Materials and methods 

The bagasse fibers were obtained directly from the sugar mill, they were washed with 

ethanol, dried, cut, and sieved. The fibers were separated into two, a long- and a short-fraction. 

The long fraction was obtained by combining fibers collected from the 0.8 mm (20 mesh) and 

0.35 mm (45 mesh) sieves, and the short fraction consisted of the fibers passing through all 

sieves. The longer fraction was also separated for alkali treatment.  The polypropylene used as 

matrix for the composites was the Tipplen H 649 FH grade homopolymer. A polypropylene 

functionalized with maleic anhydride was used as a coupling agent.  The Ingeo 4032D type 

PLA was obtained from NatureWorks. The functionalized PLA coupling agent (MAPLA) was 

produced in our laboratory16. The fibers and the polymer were homogenized in a twin-screw 

compounder and the granulated composites were injection molded into standard (ISO 527 1A) 

tensile bars of 4 mm thickness. 

The chemical composition of the sugarcane bagasse fibers was determined by the van 

Soest method and FTIR spectroscopy. The crystalline structure of the fibers was characterized 

by X-ray diffraction and we determined also their tensile characteristics including strength and 

stiffness. Fibers were slightly stretched and fixed onto paper frames for the measurements. The 

mechanical properties of composites were characterized by tensile and impact testing (tradi-

tional and instrumented). Local deformation processes were followed by acoustic emission test-

ing. Both the morphology of sugarcane bagasse fibers and the fracture surface of the composites 

were studied by scanning electron microscopy. 

 

 

 
14 Hong, H., Xiao, R., Guo, Q., Liu, H., Zhang, H. Polymers (Basel) 11, 1567 (2019) 
15 Suryanegara, L., Kurniawan, Y.D., Syamani, F.A., Nurhamiyah, Y. In: Sustainable Future 

for Human Security: Society, Cities and Governance. Singapore: Springer Singapore, 277-285 

(2018) 
16 Csikós, Á., Faludi, G., Domján, A., Renner, K., Móczó, J., Pukánszky, B. Eur Polym J 68, 

592-600 (2015) 
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3. Results 

We showed that sugarcane bagasse fibers reinforce polypropylene similarly to other 

natural fibers such as wood flour. They increase stiffness, and in the presence of a maleated 

polypropylene coupling agent also yield 

stress and tensile strength (Fig. 1). Although 

the very large bagasse fibers debond more 

easily from polypropylene than the smaller 

wood fibers used as reference, most proper-

ties are very similar in the two types of com-

posites. The analysis of the composition de-

pendence of properties indicated the pres-

ence of a slight structural effect, either the 

aggregation of fibers or the change of orien-

tation with increasing fiber content. The im-

pact resistance of the composites increased 

in the presence of both wood and sugarcane 

bagasse fibers compared to the neat matrix. 

The analysis of local deformation processes 

indicated that debonding is the dominating 

process in the absence of the coupling agent, 

while mainly fracture occurs in its presence. 

Increased plastic deformation after debond-

ing results in slightly improved impact re-

sistance. Although bagasse fibers can be 

used for the reinforcement of PP, fiber ex-

traction and handling must be improved to 

obtain fibers with a better size distribution. A coupling agent must be used in all cases to obtain 

reasonable properties. 

Table 1 Effect of processing on the characteristics of the bagasse fibers used. Fiber content: 

16.5 vol%  

Fiber Coupling Processing 
Length 

(m) 

Diameter 

(m) 
Aspect ratio 

Short 

– before 815  626 221  120 3.96 

– after 372  214 160  90 2.31 

+ after 354  208 150  72 2.50 

Long 

– before 2845  1260 716  385 5.09 

– after 388  276 146  89 2.84 

+ after 370  242 141  84 2.82 

 

As mentioned in the Introduction, fiber attrition during the processing of reinforcements 

is a well-known phenomenon, but it is frequently neglected in many research works. In the 

Fig. 1 Tensile strength of PP/lignocellulosic 

fiber composites plotted against fiber con-

tent. Symbols: () bagasse, () bagasse, 

MAPP, () wood flour, () wood flour, 

MAPP. 
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Thesis, we studied the processing-related attrition of sugarcane bagasse fibers, and we investi-

gated its effect on properties. We prepared two fractions with considerably differing initial di-

mensions and used them as reinforcements in polypropylene. Table 1 clearly demonstrates the 

effect of processing on fiber dimensions. Two homogenization steps in the twin-screw com-

pounder and injection molding reduced the dimensions of the fibers. The decrease is especially 

pronounced for the long fibers, their length decreased almost to the tenth of its original value. 

It is interesting to note that not only the length, but the diameter of the fibers also decreased 

during processing indicating that the fibers are split relatively easily along their axis. The final 

dimensions of both fractions are very similar, although the aspect ratio of the long fibers is 

slightly larger than that of the short fraction. Accordingly, we can expect a rather similar effect 

of the two fractions on the properties of the composites. 

Interfacial interactions are crucial in the determination of the mechanism of local processes and 

the properties of the composites. Accordingly, we also analyzed interfacial adhesion in the 

PP/sugarcane bagasse composites. The strength of adhesion (Fa) can be estimated quantitatively 

based on the Eq. 1, where D is the debonding stress (which can be determined from the results 

of acoustic emission measurements), T is the thermal stresses, R is the particle size, and E is 

the modulus of the matrix; C1 and C2 are constants.  

 
𝜎𝐷 =  −𝐶1 𝜎𝑇 + 𝐶2 (

𝐸 𝐹𝑎

𝑅
)

1/2

 (Eq. 1) 

We found that the adhesion was ten times as strong (1600 mJ/m2) in the presence of the coupling 

agent than without it (140 mJ/m2). Consequently, the load-bearing capacity of the fibers was 

also very different leading to much larger tensile strength in the presence of the coupling agent. 

Local deformation processes also change 

with the strength of adhesion, debonding 

dominates in the absence of the coupling 

agent, while fiber fracture is more important 

at good adhesion. The overall properties of 

the PP composites prepared with sugarcane 

bagasse fibers are relatively good, but they 

can be further improved by optimization. 

We observed that the limiting factor in 

the reinforcement of composites with sugar-

cane bagasse is the inherent strength of the fi-

bers. Our results on the alkali treatment of 

sugarcane bagasse fibers proved that the 

treatment modifies the composition and prop-

erties of the fibers. Hemicellulose and lignin 

content decrease, while cellulose content 

goes through a maximum as a function of the 

alkali content of the treating solution. Crystal-

linity changed only slightly with increasing 

NaOH content in the experiments. Fig. 2 

shows the microfibril angle (MFA) values 

Fig. 2 Independence of the microfibril angle 

(MFA) of bagasse fibers with increasing 

NaOH concentration of the treating solu-

tion. Flax is presented as comparison. Sym-

bols: () bagasse, () flax as reference. 
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against the NaOH content of the treating solution. MFA did not change at all for the sugarcane 

bagasse fibers used in this study, and we detected only very slight changes in the case of flax 

fibers used as reference. According to these results, structural effects and especially MFA are 

not the primary reasons for changing properties, contrary to reports published in the litera-

ture17,18. The stiffness of the fibers shows a very slight maximum at around 2-4 wt% NaOH 

content, while strength a much more pronounced one at around 5-8 wt%. The increase in fiber 

strength is quite considerable. During our ex-

periments, we have not found a direct corre-

lation between structure and mechanical 

properties, indicating that changes in compo-

sition are more important in the determina-

tion of properties than structure. We proved 

with regression analysis that the combination 

of several compositional variables deter-

mines mechanical properties in a non-linear 

manner. The optimum concentration of the 

treating solution is around 5 wt% NaOH con-

tent if the treatment time is fixed at 1 hour. 

The increase of fiber strength is expected to 

result in the improvement of composite prop-

erties. 

Since we found a maximum in tensile 

strength of the bagasse fibers as a function of 

the NaOH content of the treating solution, in preliminary experiments we studied the effect of 

the bagasse fibers treated with different alkali concentrations on the properties of PP compo-

sites. We observed a maximum in tensile 

strength and modulus also at around 5 wt% 

NaOH concentration. The increase is moder-

ate but clear. The reason for the increase in 

properties could be identified as the result of 

an improvement in inherent fiber properties 

and we estimated this change by the study of 

local deformation processes, which has never 

been done before. In Fig. 3 characteristic 

stresses are plotted against the volume frac-

tion of the fiber. The following exponential 

function was fitted to the characteristic stresses derived from acoustic emission testing 

 𝜎𝐴𝐸 =  𝜎𝐴𝐸0 + 𝑎 exp(𝑏 𝜑𝑓)  (Eq. 2) 

where AE and AE0 are the characteristic stress determined by acoustic emission testing, 

f is the volume fraction of the fiber in the composites, while a and b are fitting constants. The 

 
17 Bledzki, A.K., Gassan, J. Prog Polym Sci 24, 221-274 (1999) 
18 Sawpan, M.A., Pickering, K.L., Fernyhough, A. Compos Part A - Appl S 42, 310-319 

(2011) 

Fig. 3 Estimation of the inherent strength of 

sugarcane bagasse fibers used for the rein-

forcement of PP. Characteristic stresses 

plotted against fiber content. Good adhesion 

(MAPP). Symbols: () untreated, () al-

kali-treated (5 wt%). The solid lines are ex-

ponential functions (Eq. 2) fitted to the meas-

ured data to determine inherent fiber 

strength. 
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results of the fitting procedure clearly show that treated and untreated fibers extrapolate to dif-

ferent values. The difference of about 6 MPa does not seem to be large, but sufficient to bring 

about the moderate changes observed in the strength and impact resistance of the composites 

as the result of the alkali treatment of the fibers. 

In accordance with the general tendency of going green and using local resources, we 

prepared fully biodegradable biobased composites from PLA and sugarcane bagasse fibers. The 

fiber attrition in PLA was smaller than it was shown in a polypropylene matrix.  

  
a) b) 

Fig. 4 SEM micrographs recorded on the fracture surface of PLA/bagasse fiber composites. 

The surfaces were created in tensile testing. Fiber content is always 20 vol%. Local processes 

are indicated by arrows in the micrographs. a) short fiber without MAPLA (debonding, shear 

yielding) b) long fiber without MAPLA (fracture, debonding). 

Our results also confirmed that the interfacial adhesion between PLA and lignocellulosic fibers 

is good, thus coupling is superfluous and does not improve properties considerably. The anal-

ysis of local deformation processes by acoustic emission testing and microscopy showed that 

three local processes take place in the material during deformation: debonding, shear yielding, 

and the fracture of the fibers that can be clearly seen in Fig. 4. At least two of these processes, 

shear yielding, and fracture, consume sufficient energy to increase the impact resistance of the 

material. 
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4. Possible applications 

In practice, often the combination of 

large stiffness and impact resistance is re-

quired for structural materials. The two 

properties of composites reinforced with un-

treated and alkali-treated fibers are plotted 

against each other in Fig. 5. Increased mod-

ulus is accompanied by increased impact 

strength in three of the series. Although 

these two properties could be increased sim-

ultaneously and the alkali treatment of the fi-

bers was beneficial for composite properties, 

the impact resistance values obtained are 

moderate at most. The composites prepared 

in this study can be used in structural appli-

cations in which large stiffness and strength 

are required and a smaller fracture resistance 

is acceptable. In addition, the application of 

alkali treatment needs serious considera-

tions, the slight improvement achieved 

might not always be worth the effort. During 

the modification of PLA with sugarcane ba-

gasse fibers we found that there is consider-

able improvement in stiffness, we observed 

almost constant tensile strength and a slight 

increase in impact resistance that may allow 

these composites to be used as structural materials. 

5. New scientific results 

1. By the detailed study of PP/sugarcane bagasse fiber composites, we proved that sugarcane 

bagasse fibers reinforce polypropylene similarly to other natural fibers such as wood 

flour. We pointed out that fiber extraction and handling is crucial to obtain smaller fibers 

with a narrower size distribution because large particles debond easily from the matrix 

resulting in the catastrophic failure of the composites. (Publication 1) 

 

2. Contrary to most studies published in the literature, we carried out the detailed analysis 

of fiber attrition occurring during the processing of PP/sugarcane bagasse fiber compo-

sites. We established, that the attrition of fibers with larger dimensions is considerably 

more extensive than of those having smaller initial dimensions. (Publication 2) 

 

3. The coupling effect of functionalized polymers is practically always assumed, but almost 

never proved, however, with the help of acoustic emission measurements and modeling 

we estimated interfacial adhesion quantitatively and showed that adhesion is ten time as 

strong in the presence of a MAPP coupling agent than in its absence. (Publication 2) 
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4. Contrary to many reports published in the literature, our detailed analysis on the effect of 

alkali treatment of sugarcane bagasse showed that crystallinity changes only slightly and 

microfibril angle remains constant with increasing NaOH content thus structural effects 

and especially MFA are not the primary reasons for changing fiber properties. (Publica-

tion 3) 

 

5. The analysis of the contradictions published in the literature and our own results indicated 

that changes in the composition of sugarcane bagasse fibers are more important in the 

determination of properties than structure, i.e. microfibril angle (MFA) or crystallinity. 

With the help of multiple linear regression analysis we proved that the combination of 

several compositional variables determines stiffness and tensile strength in a non-linear 

manner. The improvement in fiber properties as an effect of alkali treatment resulted from 

the dissolution of weak, alkali-soluble fractions and the increase of cellulose content. 

(Publication 3) 

 

6. We estimated the inherent strength of sugarcane bagasse fibers both before and after al-

kali treatment. The extrapolation of the characteristic stress determined by acoustic emis-

sion measurements showed a significant increase in fiber strength upon treatment. We 

also demonstrated the first time that a direct correlation exists between fiber strength and 

composite strength. (Publication 4) 

 

7. By a detailed study of local deformation processes we showed that in spite of the fact that 

PLA is basically a stiff, brittle material, sugarcane bagasse fibers induce local processes, 

including the shear yielding of the matrix and fiber fracture, which increase the impact 

resistance of PLA/sugarcane bagasse fiber composites. (Publication 5) 
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