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Abstract

This study explores the development of biodegradable filaments for additive manufacturing, aiming to create membranes 
for oil and water separation. Using a mixture of poly (lactic acid) and poly (butylene adipate co-terephthalate) (PLA/
PBAT) with additives such as zinc oxide, biocide and carnauba wax. The research evaluates the potential of these 
materials in membrane prototyping for this application. Characterization techniques such as FTIR, XRD, DSC and 
tensile strength were employed. The results showed that the addition of the additives did not induce the formation of 
new bands in the FTIR. However, new diffraction peaks appeared in the composites indicating the presence of the 
zinc oxide. DSC revealed a double peak in melting and crystallization temperatures and the mechanical tests showed 
significant influence of additives on tensile strength. The composite filaments proved to be suitable for 3D printing, 
suggesting their applicability in the manufacture of filter membranes for oil and water separation.
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1. Introduction

The distribution and supply of drinking water is 
indispensable in society, but the ongoing contamination of 
aquatic environments remains a constant challenge and a 
significant environmental problem that requires efficient 
solutions. Sources of pollution arise from various sectors, 
including agriculture, steel production, textiles, food and 
petrochemical industries, responsible for the emission of a 
range of pollutants, from water-soluble toxic compounds 
to insoluble oily substances[1,2]. Several technologies have 
been used in the industrial sphere to treat and/or mitigate the 
effects of this pollution. Processes including centrifugation, 
chemical coagulation, membrane filtration, physical 
adsorption, and ionic filtration are often criticized for their 
high operating costs and the generation of additional waste 
that can harm the environment[3-5].

Recently, the adoption of microfiltration membranes has 
emerged as an effective solution, both as a primary treatment 

and as a complement to conventional purification methods, 
especially those that have specific wettability properties. They 
are mainly used due to characteristics such as efficiency, low 
energy consumption and structure[6]. However, challenges 
such as membrane sizing caused by particle aggregation 
represent a point and a gap to be addressed in research and 
development aimed at improvements[7].

Among the manufacturing technologies currently 
available, additive production, commonly known as 3D 
printing, emerges as a notable innovation, offering the 
ability to produce complex parts at reduced costs. This 
technology is particularly valued for its versatility and 
design freedom, allowing the development of functional 
devices with different architectures[8,9]

The literature reports the manufacture of materials with 
superhydrophilic and superoleophobic characteristics by 
3D printing for oil/water separation, mainly with surface 
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 functionalization. Li et al.[10] produced special superhydrophilic 
and superhydrophobic membranes by 3D inkjet printing (Binder 
Jetting) using cellulose acetate, polyvinyl alcohol and silica 
nanoparticles, achieving high efficiency in oil/water separation.

Furthermore, nanostructured materials have currently 
received attention in wastewater treatment we can mention 
some materials such as: Zeolite Minerals[11], Biochar[12], 
graphene oxide – GO[13,14], titanium dioxide - TiO2

[13,15,16], 
iron oxide – FeO[17]and zinc oxide – ZnO[9].

Oil-water separation techniques face several technical 
challenges, from pore size specificity to membrane surface 
characteristics such as roughness and ability to repel or attract 
water (wetting). One of the main problems encountered is 
the clogging of the membrane pores by oil incrustation, 
significantly reducing filtration efficiency. To overcome 
these obstacles, solutions such as antifouling coatings stand 
out; they often combine biocides with other compounds to 
prevent oil accumulation in membranes[18-20].

Natural materials emerge in this field of research mainly 
due to their physical-chemical properties, cost-benefit and 
positive environmental impact, offering sustainable alternatives 
for water treatment[21,22]. For example, carnauba wax, obtained 
from the leaves of the Copernicia prunifera palm, is notable for 
its applications on self-cleaning and antifouling surfaces, as 
well as possessing anti-fog and anti-corrosion Properties[23,24]. 
In addition, the incorporation of biocidal agents provides an 
effective solution to the challenge of microbial fouling, a 
common problem in industrial and aquatic environments. In 
this way, these materials are able to prevent the adhesion and 
growth of harmful organisms on their surfaces, particularly 
valuable in pipelines and water purification systems to maintain 
operational efficiency and safety[25].

In addition to this, the adoption of biodegradable materials, 
such as the Ecovio® blend, composed of polylactic acid (PLA) 
and (PBAT), represents an environmentally responsible 
strategy. These materials have been used in the production 
of filters with antimicrobial properties, highlighting the 
commitment to sustainability in water treatment[26].

Based on the above, the objective of this study was to 
produce biodegradable polymeric filaments by extrusion, 
intended for use in additive manufacturing processes that 
employ the filament extrusion technique for prototyping filter 
membranes with specific wettability properties, intended to 
optimize oil separation treatment. and water.

2. Materials and methods

2.1 Materials

The commercial blend Ecovio® (EC), produced by 
BASF SA, and formed by Poly (lactic acid) - PLA and Poly 
(butylene adipate-co-terephthalate) - PBAT, was used as the 
polymeric matrix. The following additives were used to 
form the composites: Sanitized Commercial Biocide MB E 
22-70 (BCD), Zinc Oxide (ZnO) and Carnauba Wax (CW).

2.2 Preparation of the composites and filaments

The materials were previously mixed using concentrations 
of 3 e 5% for zinc oxide and 1% for the biocide and 
carnauba wax, respectively, in relation to the polymeric 

blend. Subsequently, the compositions were processed in 
a single-screw extruder model AX-16 from AX plastics 
(L/D = 26) under a temperature profile of 170, 175 and 
180 °C and screw speed of 40 rpm. The composite obtained 
was cooled in water and granulated in a pelletizer.

The pelletized composites obtained were dried in an 
oven at 80 °C for 4h and soon after the filaments were 
prepared using the same single screw extruder under the 
same processing conditions. The cooling was carried 
out by bathing in water and aid of a chillers of the brand 
Filmaq3D. The dimensions of the filaments were controlled 
by means of a reel, of the same brand, acting in the process 
of pulling the filaments, allowing adjustment of diameter 
of 1.75 ± 0.10 mm during the process.

2.3 Characterizations

2.3.1 Fourier transform infrared spectroscopy - FTIR

FTIR spectra were obtained on a Nicolet Summit FTIR 
spectrometer operating in attenuated total reflectance (ATR) 
mode. The scan was used in the range of 4000 to 500 cm-1, 
totaling 16 scans in the analysis. The analyzes were carried 
out in the GREENPAC laboratory (Polymer Application 
Center - NHL Stenden), Netherlands.

2.3.2 X-ray Diffraction - XRD of Composite Filaments

The filaments were evaluated in a Bruker X-ray 
diffractometer, model D6 phaser. The incident radiation used 
was the Cu-Kα (λ = 1.5406 Å) scan between 5 and 75° (2θ), 
at a speed of 2/min at a power of 40 kV/30mA. The analysis 
was conducted at the University of Groningen (Groningen 
- Netherlands) in the Department of Macromolecular 
Chemistry & New Polymer Materials.

2.3.3 Differential Scanning Calorimetry - DSC

The DSC analysis of the filaments was carried out using 
a TA Instruments® DSC25 under a nitrogen atmosphere, in 
aluminum crucibles, and a heating ramp of 10°C/min with 
a scanning range between -20 and 200°C. The analyzes 
were carried out at the Green PAC – Polymer Application 
Center located at the NHL Stenden University of Applied 
Sciences (Emmen – Netherlands).

2.3.4 Tensile strength

Tensile strength testing was performed on the filaments 
in accordance with ASTM D3379. Five samples of each 
composition were selected, and the test was carried out at 
a speed of 5 mm/min, with a 5 kN load cell on an EMIC 
universal machine, model DL 30000, belonging to the 
Materials Engineering Course at the Federal University 
of Piauí.

2.3.5 Statistical Analysis

The data obtained from the tests tensile strength were 
statistically analyzed. For this, we used the analysis of variance 
(ANOVA) through the OriginPro software. Additionally, the 
Tukey test was applied to identify significant differences 
between the data sets, adopting a significance level of 5%. 
This methodology allowed to verify relevant changes with 
p > 0.05.
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3. Results and Discussions

3.1 Fourier Transform Infrared Spectroscopy - FTIR of 
composite filaments

The FTIR spectra of the composite filaments (EC/3ZnO; 
EC/5ZnO; EC/3ZnO/BCD; EC/5ZnO/BCD; EC/3ZnO/BCD/
CW and EC/5ZnO/BCD/CW) and the polymer matrix (EC) 
are presented in Figure 1.

The FTIR spectra of the pure mixture (EC) filaments 
showed characteristic bands of the two polymers that compose 
it. Thus, bands can be observed in the region of 2923 cm-1 
and 2849 cm-1 associated with symmetric and asymmetric 
stretching vibrations of the CH2 and CH3 groups[27,28]. Bands 
at 1712 cm-1 and 1754 cm-1 referring to the C=O stretching 
vibrations (ester group) present in PLA and PBAT[28,29]. The 
bands observed at 1455 cm-1 and 1270 cm-1 refer, respectively, 
to the asymmetric bending vibration of the CH3 group of the 
PLA phase and the symmetric stretching vibration of the CO 
of the PBAT phase[30,31]. At 1180 and 1080 cm-1, the bands are 
characteristic of C=O stretching vibration[29]. The bands at 
872 and 757 cm-1 are attributed to the absorption of the ester 
group and the vibration absorption of the α-methyl group, in 
addition, they can also be attributed to the amorphous and 
crystalline phases of PLA, respectively (Malinowski et al., 
2020)[32]. The bending vibration band of the CH plane of 
the benzene ring of PBAT is represented at 728 cm-1[29,30]. It 
was not possible to observe modification or emergence of 
new absorption bands with the incorporation of additives.

In relation to zinc oxide, the main filler in the composite, 
it was also not possible to identify the formation of new 
bands due to the insertion of this filler. The literature 
reports Zn-O stretching in the regions of 906 - 644 cm-1 and 
1507 - 1378 cm-1 attributed to the asymmetric stretching of 
the oxygen present in the composition[33,34]. The insertion 
of ZnO may have caused greater degradation of the PBAT 
phase as reported in the literature in bands that are identified 
by the absorption of carboxylic groups or carboxylates at 
1660, 1550, 1424 and 969 cm-1 [35].

The literature reports bands related to the bonds CH, 
C=O, C≡C, CN, NH at 1848, 1468, 1515, 1161 and 722 cm-1, 
respectively, in carnauba wax[36]. Likewise, the biocidal 
compound encapsulated with EVA did not induce changes in the 
composites, possibly this behavior refers to the chemical groups 
being from the same region as the Blend, with characteristic 
peaks at 1736, 1370, 1238, 1020 and 608 cm-1 [37]. From this 
discussion, the absence of new bands in the composites 
compared to the polymeric blend indicates that there was no 
interaction with the incorporation of additives.

3.2 X-ray Diffraction - XRD of composite filaments

Figure 2 shows the diffractograms of the composite 
filaments. The XRD curves for the blend filaments showed 
peaks related to the phases that make up the blend. Due to 
the semi-crystalline profile of the polymer, it is possible to 
observe a large amorphous halo and some well-defined peaks. 
Peaks were detected at 15.6°, 17.4°, 20.4°, 23° and 24.8° 
referring to the PBAT phase, respectively, corresponding 
to the planes (010), (111), (100) and (111)[38,39].

The crystalline phase of PLA is observed in peaks close 
to those found in the PBAT phase. The literature reports peaks 

2θ = 16.76° and 19.26° referring to the crystallographic 
planes (200) and (201)[40,41].

For zinc oxide, the main diffraction peaks were found 
at 2θ of 31.8°, 34.5°, 36.3°, 47.6°, 56.6°, 62.9° and 68° 
characteristic of this compound, with these peaks referring 
to planes (100), (002), (101), (102), (110), (103) and (112), 
respectively, corroborating the card (JCPDS 36-1451) 
and literature[42-45]. Carnauba wax has a semi-crystalline 
characteristic that can be visualized, with main peaks of 
greater intensity observed at angles of approximately 21.5°, 
24.1°, as also reported by[46-49]. As previously mentioned, the 
biocide is a compound formed by zinc pyrithione loaded 
into EVA that presents characteristic peaks in at 21.9° and 
23.8° referring to the orthorhombic system of the EVA unit 
cell, respectively for o plans (110) and (200)[45,50]. Possibly 
the pyrithione peaks were overlapped by the EVA peaks or 
it was not possible to read them, the literature reports two 
diffraction peaks at 11.1° and 22.5° for this compound[51].

Figure 1. Infrared spectrum for the compositions EC, EC/3ZnO, 
EC/5ZnO, EC/3ZnO/BCD, EC/5ZnO/BCD, EC/3ZnO/BCD/CW 
and EC/5ZnO/BCD/CW

Figure 2. Diffractography of filaments EC, EC/3ZnO, EC/5ZnO, 
EC/3ZnO/BCD, EC/5ZnO/BCD, EC/3ZnO/BCD/CW and 
EC/5ZnO/BCD/CW
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3.3 Differential Scanning Calorimetry - DSC of 
composite filaments

The thermal behavior by determination of glass transition 
temperature (Tg), cold crystallization temperature (Tcc) 
and crystalline melting temperature (Tm) is presented in 
Figure 3. The main function of the first heating is to quench 
the heat history in the material, but it can be of fundamental 
importance in the study of the aging of the material[52]

The curves indicated that the glass transition temperatures 
in all filaments showed values close to 65 °C in both the first 
and second heating. The literature reports that such thermal 
event is related to the PLA phase present in the blend. The 
insertion of additives in the PLA/PBAT matrix did not imply 
the change of this thermal transition[52-55].

It is also possible to observe an exothermic event after 
the glass transition temperature of the PLA, at approximately 
102 C, and prior to the crystalline melting temperature. 
This behavior may be related to the crystalline melting 
temperature (Tm) of PBAT as reported in the literature and 
thermal relaxation and cold crystallization of PLA molecules, 
because the increase in temperature implies the increase of 
energy in the polymer chains between the amorphous and 
crystalline domains[53].

For the blend curve and compositions with 3 and 5% 
ZnO, it was possible to observe that the crystalline melting 
temperature showed the same behavior. However, two 
crystalline fusion peaks were formed with the insertion of 1% 
in biocide and 1% in carnauba wax, even in lower percentage. 
The same behavior was recorded in the cooling stage, where 
the biocide and carnauba wax acted as nucleating agents in 
the recrystallization of the material[54,56]. This fact can be 
observed by the variation in the crystallinity percentage of 
the PLA phase with the incorporation of these additives.

The 2nd heating curves (b) showed the same behavior 
of the curves for the first heating, however, unlike the first 
ramp, only a fusion peak was detected for the compositions 
containing 1% of biocide and 1% of wax. Through the 
cooling (c) it was possible to observe that the nucleant effect 
of the biocide and the wax, resulted in the reduction of the 
crystalline melting temperature in approximately 3 °C.

Pascual-González  et  al.[57] produced PLA filaments 
with zinc oxide and observed the formation of a double 
crystalline melting peak and a reduction in the crystalline 
melting temperature for compositions with values ​​above 
7.5% of said additive.

Figure 3. DSC curves for the first heating (a), second heating (b) and cooling (c) for the compositions EC, EC/3ZnO, EC/5ZnO, EC/3ZnO/
BCD, EC/5ZnO/BCD, EC/3ZnO/BCD/CW, and EC/5ZnO/BCD/CW.
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Increased melting and crystallization temperatures 
facilitate consistent solidification in the extrusion printing 
process, resulting in better interlayer adhesion and preventing 
delamination during printing. However, the DSC curves 
obtained during the first heating suggest that a secondary 
crystallization process may occur after printing, due to the 
additional time available for accommodation and ordering 
of polymer chains and the polycrystalline character with the 
insertion of these nucleant agents, such as carnauba wax[56]. 
The results presented, especially in compositions with 
carnauba wax, suggest a controlled crystallinity for the 3D 
printing process, being beneficial in reducing defects such 
as warping, resulting from high residual stresses, indicating 
a good printability.

3.4 Mechanical properties of filaments

The ability of filaments to resist tensile strength is 
crucial for their processability in the extrusion process. 
It is essential that the filament has adequate resistance to 
preserve its integrity during transport to the extruder as well 
as at the time of transport by pulleys[58]. Table 1 illustrates 
the mechanical behavior in terms of maximum tension 
and elastic modulus of filaments derived from the blend 
and its composites.

It was observed that the EC composition presented 
a higher Maximum Stress value (31.50 MPa), while the 
EC/3ZnO/BCD/CW sample presented a higher Elasticity 
Modulus (916.47 MPa). Furthermore, the behavior when 
tensioned presented a completely different profile for each 
composition. According to the results, the pure polymer 
filament composition generally presented the highest values ​​
of mechanical properties among the other compositions. 
The results indicated a slight decrease in values ​​that can be 
attributed to poor filler dispersion in the filament extrusion 
process, resulting in poor interfacial adhesion of the additive 
particles with the polymer matrix[33,58].

It was also observed that when comparing the values ​​of 
the modulus of elasticity of the filament blended with the 
EC/3ZnO composition, a reduction in the stiffness of the 
material was noted, however, with the incorporation of the 
biocide and mainly carnauba wax, the values ​​increased to 
be higher than those reported in previous compositions. In 
this sense, the incorporation of the biocide and carnauba 
wax increased the rigidity of the filament. Mathew et al.
[29] evaluated the tensile strength properties of filaments 

composed of the PLA/PBAT blend in different quantities 
and observed a reduction in tensile strength, flexion and 
modulus of elasticity with an increase in the percentage of 
PBAT, however, at 40% a reduction in elongation was noted 
due to the increase in the dispersed phase. The modulus of 
elasticity showed an increase in its values ​​in relation to the 
little variation detected in the tensile strength. It is important 
to highlight that filaments produced in the laboratory on a 
small scale are subject to having their properties affected 
by factors such as humidity, variation in diameter, as well 
as low homogeneity in composition[59].

The results of the statistical analysis revealed that the 
incorporation of loads does not have significant effect when 
the filament is evaluated in relation to maximum strength. For 
the modulus of elasticity, there was a significant increase in 
the compositions EC/3ZnO/BCD, EC/5ZnO/BCD, EC/3ZnO/
BCD/CW, EC/3ZnO/BCD/CW demonstrating greater 
tension in the composite, impacting the tensile strength of 
the filaments. This increase in stiffness is beneficial in the 
transport of the filament by the pulleys since the polymeric 
blend (EC) is a more plastic material due to the percentage 
of PBAT in the composition.

4. Conclusions

Polymeric filaments for additive manufacturing by 
filament extrusion were successfully produced and had their 
chemical, thermal and mechanical properties evaluated. The 
FTIR spectra indicated the absence of new bands with the 
insertion of the biocide and carnauba wax into the polymeric 
blend, showing no chemical changes in the composites. 
Regarding the XRD analysis, peaks relating to the ECOVIO, 
ZnO, wax phase were recorded and the peaks corresponding 
to the biocide phase may have been overlapped by the 
amorphous region of the blank. DSC analysis showed double 
peak formation of Tm and Tcc during the first heating and 
cooling for compositions containing biocide and carnauba 
wax, as well as changes in Tm values ​​on the second heating. 
The evaluation of the tensile strength properties indicated 
that the incorporation of additives modified the mechanical 
resistance. The composition EC/3ZnO/BCD/CW exhibited 
higher modulus of elasticity resulting in greater stiffness 
justified by the insertion of the biocide and wax. The 
filaments produced showed satisfactory properties, enabling 
their application as functionalized membranes in water/oil 
treatment. Furthermore, more studies and characterizations 
on the viability of the product will be necessary. Thus, with 
the innovative nature of the work, new perspectives are 
opened for the production of membranes without the need 
for extra surface treatment.
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EC/5ZnO 27.35 ± 1.21 a,c 793.55 ± 67.88 a,b
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