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ABSTRACT: Innovative biocomposites from residual microalgae biomass f,f,',{:f,:;”"d inlection . Plasticzation- difterery
(RMB), a byproduct of biodiesel production, and PBAT (poly(butylene

Extrusion and injection
molding

adipate-co-terephthalate)) have been prepared in this study. RMB was
characterized by Fourier transform infrared spectroscopy (FT-IR) and its .-

thermal stability was determined. Subsequently, RMB and PBAT :

biocomposites were prepared by extrusion and injection molding. L II
Incorporation of 10, 20 and 30% RMB in the biocomposites was studied. ™

PBAT/RMB N

The biocomposites were characterized using FT-IR and thermogravimetric Green

analysis, and their mechanical properties were compared, including tensile, N 4

flexural and impact strength. The effect of RMB on the morphology of the

polymer matrix was analyzed by scanning electron microscopy and confocal oo sonrionst I 'I coot sonationat
laser scanning microscopy. RMB plasticization was performed with glycerol break break

and urea, comparing different proportions of glycerol and urea. The studies
show that it is possible to use RMB in the manufacture of biocomposites with PBAT, obtaining the best extrusion results with
20% RMB. Optimal result was achieved with 30% glycerol and 7.5 phr of urea.
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B INTRODUCTION oil for frying foods (used cooking oil) but these involve a high
cost to refine the product.** Although there is a large variety of
raw materials that can be used to generate biodiesel and
eliminate our dependence on petroleum, the reality is that none
of these raw materials can satisfy global demand for petrodiesel.
According to Chisti et al. (2007),° 0.53 billion m® of biodiesel
per year would be needed to replace all of the fuel consumed in
the United States (at the current rate of consumption).
Therefore, these sources are insufficient to meet current and
future worldwide demand for biodiesel.

Increased worldwide demand for energy, depletion of fossil
fuels, greenhouse gas emissions and global warming are
ongoing problems faced by humanity. Over the past decade,
scientific studies have focused on exploring new energy sources
that are more environmentally friendly, renewable and
sustainable. One promising energy alternative to the use of
petrodiesel is biodiesel."

Biodiesel consists of series of monoalkyl esters of fatty acids
derived from renewable biomass. The main source of raw

material for biodiesel production is vegetable oil,> but the Today, microalgae have emerged as a promising alternative
disadvantage of this source is the need for large tracts of fertile for third-generation biodiesel production. Microalgae are
land for cultivation; this in turn has led to environmental photosynthetic organisms that consume carbon dioxide,
problems arising from deforestation of tropical regions. Some transforming it into lipids. The advantages of microalgae as
have proposed the use of inedible oils, such as Jatropha curcas
oils that do not require fertile land, but this has not been Received: November 25, 2014
commercially viable due to the high costs of the raw material.” Revised:  February 19, 2015
Other alternatives for biodiesel production are animal fat and Published: February 26, 2015
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lipid producers for biodiesel production compared to other
sources include their rapid growth, high lipid content, ability to
fix carbon dioxide and their ability to grow in either fresh water,
saltwater or wastewater.” Moreover, cultivation of microalgae
does not require agricultural land. Over the past decade,
scientific interest has focused on biodiesel generation from
microalgae and the diverse alternatives for developing a
competitive process compared to petrodiesel.® ' According
to Chisti et al. (2007),° microalgae (with a lipids content of
30% dry mass) yields $8.700 L oil/Ha. This yield is
approximately 10 times higher than that of palm oil (5950 L/
Ha) and 100 times higher than soybean oil (446 L/Ha).
Biodiesel from microalgae is not yet commercially available; the
scale of production of microalgae biodiesel must increase to
become competitive with petrodiesel and biodiesel from other
sources.

There are several processes used to obtain biodiesel from
microalgae. Some authors mention that it is necessary to extract
the microalgae oil and use this oil in a secondary trans-
esterification process. Another alternative is to directly
transesterify microalgae biomass with a methylation agent and
catalyst.””™'* Both processes generate a depleted biomass
waste, otherwise known as residual microalgae biomass (RMB).
It is postulated that a commercial scale-up of microalgae
biodiesel production could generate high quantities of RMB, as
this residual biomass contains high quantities of protein,
carbohydrates, fiber and ash."> Considering the chemical
composition of RMB, this coproduct could be used as animal
feed but would compete with residuals from ethanol production
such as distiller’s dried grains with solubles (DGGS) and other
sources of animal feed. New applications of RMB must be
found to generate an environmentally friendly and sustainable
alternative for the production of microalgae biodiesel to
generate additional economic return.

Today, several raw materials containing cellulose and
hemicellulose are produced worldwide. These raw materials
include natural fibers from agro-industry as well as wastes and
coproducts from the food and the biofuels industry.
Composites with natural fibers have gained market due to
their low cost, availability, degradability and contribution to
increase the resistance of the fabricated materials. In this regard,
one of the most interesting and widely available additives for
biocomposites are dried distiller’s grains with solubles (DDGS)
from bioethanol industry. Although biodiesel production from
microalgae is still at pilot scale, a real alternative is needed for
the use of microalgae residual biomass if the industry moves to
large-scale.'®"”

The application of industrial or agroindustrial wastes as
additives for fabricating composites has generated a great deal
of interest in the scientific community due to its positive
environmental effects, including: (i) a reduced carbon footprint,
(ii) waste material management, (iii) production of biodegrad-
able products and (iv) creation of products with biodegradable
polymers at a lower cost. Studies in which different additives
have been used in the fabrication of biocomposites applied to
different polymer matrices are indicative of the ongoing
research activities in this area."®™>* Although additives can be
used in the preparation of composites, the majority of these
fillers are hydrophilic, which are not compatible with
hydrophobic polymers, thus necessitating compatibilization to
improve the mechanical properties of the resulting biocompo-
sites. There are many options for compatibilization, depending
on the additive and matrix being used, for example, silane
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treatment, plasticization with glycero and polymer
grafting.”®* One alternative for generating sustainable
biodiesel production is the application of RMB in biocompo-
sites. Jang et al. (2013)*° used marine algae biomass to fabricate
biocomposites with polypropylene (PP). They also used
biomass from pretreated microalgae, simulating waste from
the energy industry. The authors mention that green algae
pretreated with sulfuric acid can be used as an additive with PP.
In addition, biocomposites of RMB and poly(butylene
succinate) (PBS) have been prepared by extrusion and
injection molding, including the characterization of biocompo-
sites fabricated with 10 and 20% RMB." Treatment of residual
microlalgal biomass (RMB) with silanes has been studied in an
attempt to improve its mechanical properties.’’ Given the
nature of RMB, another alternative is plasticization. Plasti-
cization is a process usually applied to additives rich in protein
such as soybean meal, as well as to polysaccharides such as
starch. For protein-rich materials, the most commonly used
plasticizers are water, urea and glycerol. These materials have
generally a low molecular weight, so they are highly mobile and
can organize themselves three-dimensionally in the polymer
chain. There are at least three theories about the behavior of
plasticizers in polymeric materials: (1) the lubricity theory, (2)
the gel theory and (3) the free volume theory. According to
these theories, plasticizers act facilitating the mobility of the
molecules, breaking intermolecular forces polymer—poly-
mer.>”

The objective of this study was to fabricate extruded and
injection molded biocomposites incorporating RMB with
poly(butylene adipate-co-terephthalate) (PBAT). The inclusion
of varying quantities of RMB (10, 20 and 30%) in the polymer
matrix was analyzed in the extrusion process. In addition, the
plasticization of RMB and PBAT with glycerol and urea was
studied, including the effect on the mechanical, thermal and
dynamic properties of biocomposites with increasing RMB
content, as well as the effect of compatibilization with glycerol
and urea in biocomposites using an RMB content of 20% by
weight. The effects on the morphology of the polymer matrix
due to an increase in RMB content were analyzed using
scanning electron microscopy (SEM) and confocal laser
scanning microscopy (CLSM).

B EXPERIMENTAL SECTION

Materials. Poly(butylene adipate-co-terephthalate) (PBAT) pellets
were obtained from Zhejiang Hangzhou Xinfu Pharmaceutical Co. Ltd.
The microalgae used in this work, Nannochloropsis gaditana, were
cultivated by Desert Bioenergy S.A. at the University of Antofagasta in
Antofagasta, Chile. Glycerol (99.5%) and urea (99.5%, for analysis)
were obtained from Fischer Scientific. NaOH (for analysis) pellets
were obtained from Merck S.A.

Microalgae Biomass. Microalgae were grown in raceway ponds in
Northern Chile in a semicontinuous cultivation regime. The
concentration of microalgae in the cultivation raceways ranged
between 0.5 and 0.1 g/L. The biomass was afterward concentrated
using centrifugation to obtain a paste with a solids content of up to
20%. The concentrated biomass was dried at 50 °C for 48 h. The dry
biomass was then used to produce biodiesel through direct
transesterification and to obtain the residual microalgae biomass
(RMB). The RMB was neutralized with NaOH (1 M) and dried for
subsequent analysis. The chemical profile of microalgae biomass and
RMB was determined by proximate analysis according to the
Association of Analytical Communities (AOAC, Official Methods).

Preparation of Biocomposites Using RMB. PBAT and RMB
were dried at 80 °C before being used to prepare the biocomposites.
The composition of the composites was fixed at specific PBAT/RMB
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w/w ratios (90/10; 80/20; 70/30). Processing experiments were
carried out in a micro twin-screw extruder (DSM Research, The
Netherlands). The extrusion temperature was 140 °C with a residence
time of 2 min at 100 rpm. The mixture was collected in the injection
molding system at 30 °C (DSM Research, The Netherlands).
Plasticization of RMB with Glycerol and Urea. Dry Process.
RMB was dried at 60 °C, and further premixed with using a kitchen
mixer (KitchenAid K45SSWH Classic, USA). Glycerol content of 20%
and 30% by weight was used (Table 1). Once the glycerol was mixed

Table 1. Sample Reference for Plasticized RMB Used in This
Study (Preformulate RMB)

plasticized RMB

sample RMB (wt %) glycerol (wt %) water (phr) urea (phr)
RMB-p1® 80 20 0 0
RMB-p2® 70 30 0 0
RMB-p3® 70 30 10
RMB-p4® 70 30 10 7.5
RMB-ps® 70 30 10 15
RMB-p6” 70 30 10 30

“Dry process. byet process.

with the biomass, it was allowed to rest in a plastic bag for 3 h. The
mixture was processed in the extruder at 100 °C to generate the
plasticized biomass (preformulate RMB: RMB-pl and RMB-p2).

Wet Process. RMB (70%) was combined in a kitchen mixer with
glycerol (30%), water (10 phr) and urea (Table 1). The obtained
mixture was stored overnight in a plastic bag. The mixture was then
processed in the extruder at 100 °C obtaining a plasticized RMB
(preformulate RMB: RMB-p3 to RMB p-6). RMB-p3 to RMB p-6 was
subsequently used in the formulation of biocomposites with PBAT.

Preparation of Biocomposites Using RMB with Plasticizers
(RMB-p). PBAT and RMB pellets were dried at 80 °C before being
used to prepare the biocomposites. The formulation of the
biocomposites is shown in Table 2, with an RMB composition of
20% for comparison with PBAT/RMB (80/20). Processing experi-
ments were carried out as described above.

Fourier Transform Infrared Spectroscopy (FT-IR). RMB and all
composites were characterized by FT-IR spectroscopy. In this work, a
Thermo Scientific Nicolet 6700 FT-IR spectrometer (USA) with an
ATR (attenuated total reflectance) attachment was used to obtain all
FT-IR spectra. The FT-IR spectra of the composites were recorded in
the 4000—500 cm™ region at room temperature, with 64 scan and
resolution of 4 cm™.

Mechanical Tests. The tensile and flexural properties of neat
PBAT and all composites were tested using a universal testing machine
(Instron model 3382) (Massachusetts, USA). The tensile test was
carried out according to ASTM Standard D638, with a length of 50
mm and a cross-head speed of 50 mm min~". The mold had a type IV

shape. The specimen dimension was 116 X 6 X 2 mm and was
prepared within a deviation of +5%. The flexural test was determined
according to ASTM Standard D790, with a cross-head speed of 14 mm
min~". The specimen dimension was 126 X 12 X 3 mm and was
prepared within a deviation of +5%. The specimen was tested flatwise
on a support span, resulting in a support span-to-depth ratio of 16.
Flexural test was stopped when the sample reached the 5% deflection
or sample was broken before 5%. The impact strength was tested with
a testing machine (Testing Machines Inc., Delaware, USA), according
to ASTM Standard D256.

Density. An Alfa Mirage (Osaka, Japan) electronic densimeter
MD-300 was used to obtain the densities of all composites. Triplicate
samples were tested for statistical inference.

Thermogravimetric Analysis (TGA). The thermal stability of
RMB and the composites was determined using a thermogravimetric
analyzer (TGA QS500, TA Instruments, Inc.) (Delaware, USA). The
measurements were obtained at a heating rate of 10 °C min™" from
room temperature to 600 °C, under a nitrogen atmosphere. The TGA
results and the derivative TGA curves (DTGA) were analyzed with TA
Instruments software.

Dynamic Mechanical Analysis (DMA). The storage modulus and
tan delta of neat PBAT and PBAT/RMB composites was determined
using the DMA Q800 (TA Instruments, Inc.) (Delaware, USA). The
experiments were measured from —50 to +100 °C, with a dual
cantilever clamp and rate temperature of 3 °C min™". The specimen
dimension was 63 X 12.7 X 3.2 mm and was prepared within a
deviation of +5%.

Morphological Characterization. Scanning Electron Micros-
copy (SEM). Morphological studies of cryofractured samples, tensile
fracture surfaces and transverse cutting surfaces were observed using
scanning electron microscopy (SEM) (Inspect SSO, FEI, The
Netherlands). The samples were sputter coated with gold for 60 s
using a Cressington sputter coater 108 auto (Cressington Scientific
Instruments Inc, UK) under an argon atmosphere. An accelerating
voltage of 20 kV was used for imaging, the coating current prior to
SEM was 30 mA and the deposition 15 nm/min. Samples were viewed
at magnifications of 500X, 1000X, 2500X and 5000X.

Confocal Laser Scanning Microscopy (CLSM). Fluorescence
images of sample surfaces were collected as two emission channels
(500—580 and 660—690 nm) into stacks of optical sections
approximately 20—30 pm thick and overlaid into a single, extended
focus image using confocal laser scanning microscopy (CLSM) (model
TCS SPS 11, Leica Microsystems, Germany).

B RESULTS AND DISCUSSION

Chemical Characterization and Infrared Spectroscopy
of Microalgae Biomass and RMB. The chemical composi-
tion of the microalgae and the RMB are provided in Table 3.
According to these results, there is a significant difference in the
composition of the microalgae and the RMB. Although the

Table 2. Formulation, Mechanical Properties, Density and HDT Data for Composites Prepared in This Work

sample  formulation of all composites  flexural strength (MPa)  flexural modulus (MPa)  impact strength (Jm™)  density (g cm™) HDT? (°C)
A PBAT/RMB (100/0) 41 +0.1 919 + 134 N.B 1.21 412 + 04
B PBAT/RMB (90/10) 48 £ 02 113.1 + 11.7 N.B 1.24 41.6 + 1.5
C PBAT/RMB (80/20) 5.6+ 02 129.0 + 11.5 N.B 126 416 + 13
D PBAT/RMB (70/30) 5.7 + 04 151.0 + 203 1992 + 10.5 128 412 + 08
E PBAT/RMB-p1(76/24)" 35+ 04 1042 + 50.0 N.B 125 377 + 1.0
F PBAT/RMB-p2 (73/24)" 42 +02 86.74 + 74 N.B 1.26 372 £ 0.8
G PBAT/RMB-p3 (73/24)" 43 £02 102.0 + 59 NB 125
H PBAT/RMB-p4 (72/28)" 32401 1074 + 25.6 N.B 125
I PBAT/RMB-pS (71/29)" 53 +24 1223 + 19.1 N.B 1.23
] PBAT/RMB-p6 (68/32)" 42 + 04 1200 + 254 N.B 123

“In these composites, the weight ratio of dry RMB was 20% compared to the effect of plasticizer with PBAT/RMB (80/20). YHDT: heat deflection

temperature.
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Table 3. Chemical Composition of Nannocloropsis gaditana
(Microalgae Biomass), before and after Direct
Transesterification Reaction

microalgae residual microalgae biomass
constituent (%) biomass® (RMB%I’
protein 23 42
fat 33 7
ash 22 37
fiber + free carbohydrates 22 14

“Percentage before direct transesterification reaction. bPercentage
after direct transesterification reaction.

microalgae biomass is rich in protein and oil, RMB contains
high amounts of protein and ash, with a small percentage of oil
and fiber. Similar results were obtained by Toro et al. (2013)"°
with RMB obtained after extracting oil and protein. In this
study, direct transesterification was used to produce biodiesel
from microalgae biomass (due to its high oil content) and this
in turn reduced the oil content of the RMB. The RMB’s protein
content increased because it was not extracted in the direct
transesterification process, resulting in a coproduct (RMB) that
is rich in protein and can be used in other applications such as
biocomposites.

Table 4 shows the assignment of the major peaks in the
infrared spectrum for the microalgae biomass and the RMB.
The FT-IR spectrum (Figure 1) of the microalgae revealed 4
bands in the region of 3600—1600 cm™': a wide, weak band
centered around 3278 cm™' corresponding to a small amount
of moisture present in the sample; a strong signal at 2921 cm™
corresponding to the CH, in a methylene group; a moderate
band at 2852 cm™' that was assigned to C—H stretching
vibrations of the methyl and methylene group; a weak signal at
1743 cm™" corresponding to lipid esters and fatty acids. The
latter three bands correspond to the lipid fraction of the
microalgae biomass. The bands at 1625 and 1540 cm™
correspond to N—H or C=0O0 stretching (amide I) and N—
H bending (amide II) for the protein group, respectively.”® In
addition, a band at 1054 cm™! may be C—N bonds for proteins
and C—O—C stretching for polysaccharides. The FT-IR
spectrum of the RMB revealed only three bands in the region of
3600—1600 cm™': a weak band at 3228 cm™" corresponding to
moisture, and two weak bands at 2017 and at 2850 cm™! due to
the CH, of a methylene group and C—H stretching of methyl

F— T+ 1. 1 T 1 r 1 7
|Residual microalgae biomass (RMB)

Trasmittance (%)

E 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 1. FT-IR spectra of initial microalgae biomass and residual
microalgae biomass (RMB).

and methylene groups, respectively. The FT-IR spectrum did
not show the band at 1743 cm™ that corresponds to fatty acids.
These results are consistent with the chemical characterization
of RMB, presenting a low lipid content. The region of 1700—
1000 cm ™" on the RMB spectrum is similar to the spectrum of
the microalgae biomass. The bands corresponding to the N—H
or C—O stretching (amide I) and N—H bending (amide 1I)
for the protein group are present.**3*

The FT-IR results and proximate analysis contribute to
understand the changes in chemical composition of microalgae
biomass, as in the biodiesel biodiesel production process, high
temperatures and concentrated acid are used to improve
microalgae lipids conversion yield. These aggressive reaction
conditions generate a residual microalgae biomass with a very
different composition compared to the initial one. Initially, the
biomass has a high oil content, which is extracted during the
biodiesel production process, remaining in the RMB only a 7%
oil. The FT-IR results (Table 4) show the signs of fatty acids in

Table 4. FT-IR Assignment for Microalgae Biomass and RMB*

wavenumber (cm™!)

MB RMB assignment functional groups
3278 (w) 3228 (w) moisture
2921 (s) 2917 (w) v CH, CH, methylene group
2852 (s) 2850 (w) v CH,, CH, CH,, CH; methyl and methylene group
1743 (m) Np v C=0 ester of lipids and fatty acids
1625 (m) 1627 (m) v C=0 (amide I) protein
1540 (w) 1538 8 N—H (amide II) protein
1455 (m) 1409 (m) v CH,, CH, CH,, CH, methyl and methylene group
1415 (m)
1240 (w) Np v C—0 ester of lipids and fatty acids
1157 (w)
1054 (m) 1041 (s) v(C—0—C) polysaccharides

C—N bonds protein
“w, weak; m, moderate; s, strong; Np, not present.
617 DOI: 10.1021/5¢500753h
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Figure 2. TGA and DTGA curves for biocomposites formulated from
PBAT and RMB.

the initial biomass; which disappear in the FT-IR results of the
RMB, indicating that the lipids present in RMB do not
correspond to fatty acids but to other types of lipids such as
phospholipids, waxes and sterols, among others, that have been
identified in microalgae oil. In addition, fiber and carbohydrates
content decreased by 63% in RMB, as polysaccharides and
carbohydrates can be partially removed in the biodiesel
production process and subsequent RMB neutralization
process.

Thermal Analysis of Biocomposites Prepared with
PBAT and RMB. A melting process with RMB was used to
fabricate biocomposites. The formulations of the biocomposites
with 10, 20 and 30% RMB are shown in Table 2.

TGA provides key information about the degradation profile
and thermal stability of materials. It is important to know the
thermal stability of RMB in order to determine the extrusion
conditions and composition of the biocomposites. The DTGA
curves also show the effect of the components on thermal
properties. On the curves, three states of decomposition can be
identified: (i) decomposition of compounds of low molecular
weight (26—290 °C), (ii) degradation of carbohydrates and
some protein (130—530 °C) and (iii) thermally stable
components such as ash, lignin and char (530—775 °C).>*73*
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Figure 3. Comparison of the mechanical properties of biocomposites
fabricated in this work: (a) tensile strength and tensile modulus and
(b) elongation at break. (A) PBAT/RMB (100/0); (B) PBAT/RMB
(90/10); (C) PBAT/RMB (80/20); (D) PBAT/RMB (70/30).

The thermal stability of RMB and the PBAT/RMB composites
was analyzed using TGA and DTGA experiments. Figure 2a
presents the TGA curves for RMB, PBAT and PBAT/RMB
composites. The thermal stability of RMB is similar to the
results obtained for Jatropha meal, but is lower compared to
soybean meal and DDGS. According to Diebel et al. (2012),*
the remaining oil content in Jatropha meal is 9% and for
soybean meal ranges between 0.5 and 2%. This fact
corroborates that the remaining lipid content in RMB (7%,
see Table 3) reduces its thermal stability. The TGA curve for
RMB showed low thermal stability with a Tg (5% mass loss) of
176 °C,% indicating that RMB extrusion can be only performed
using low melting point polymers. On the other hand, PBAT
exhibited a decomposition temperature above 350 °C, and this
decomposition temperature decreased as the RMB content of
the biocomposites increased. DTGA curves for the PBAT/
RMB biocomposites showed just one step in the degradation
profile, but the maximum peak shifted to lower values when the
RMB content of the biocomposites increased. However, the
RMB displayed a multistep degradation profile due to it is
chemical composition (Figure 2b). The remaining lipids in
RMB (Table 3) are first degraded, corresponding to the first
peak of the DTGA curve, also including the low molecular
weight carbohydrates present (7%). The second peak in the
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Polymer

Figure 4. SEM images of cryofractured surface of PBAT/RMB biocomposites fabricated in this work. (A) PBAT/RMB (100/0); (B) PBAT/RMB

(90/10); (C) PBAT/RMB (80/20); (D) PBAT/RMB (70/30).

DTGA curve of RMB corresponds to compounds with a higher
molecular weight such as polysaccharides and proteins. Finally,
the third peak in the third degradation zone corresponds to
protein and the high ash content of the biomass associated with
the salts present in microalgae cultivation in salt water and
nutrients that remain in the RMB. The low fiber content
implies low lignin levels, so these components contribute less to
the degradation profile of the RMB DTGA curve. Previous
publications have shown similar behavior for other additives
such as DDGS,*® fiber'®'** and RMB'® used in composites.

Characterization of PBAT and PBAT/RMB Composites.
Mechanical properties such as tensile strength, tensile modulus
and elongation at break of the RMB/PBAT composites
containing 10, 20 and 30% of the additive were studied; the
results are presented in Figure 3. According to the results, the
tensile strength of the biocomposites (PBAT/RMB) was 38, 50
and 61% lower than that of PBAT when the RMB content was
increased by 10, 20 and 30%, respectively. Conversely, the
tensile modulus increased by 53, 83 and 138%, respectively.
Elongation at break of the PBAT/RMB biocomposites with 10,
20 and 30% RMB fell by 60, 25 and 45%, respectively. The
flexural properties, flexural strength and flexural modulus,
increased with RMB content (Table 2). Therefore, when the

619

RMB content increased, the tensile modulus and flexural
modulus improved, but elongation at break and tensile strength
decreased. Impact strength did not change at 10, 20 RMB
(Table 2), but RMB improved the impact strength of the
biocomposites at 30%. Most authors have explained the
decrease in mechanical properties of composites as the result
of poor interaction of the additive and the polymer matrix.
Incorporating RMB into PBAT produces biocomposites with
inferior mechanical properties. For natural fiber composites, the
mechanical properties depend on the nature of the additive, the
polymer matrix and the fibers. Incorporating natural fibers
reduces mechanical properties, but increases resistance to
impact in most cases. This effect is not observed for RMB, up
to an incorporation of 30% RMB into the composites. Protein-
rich materials like RMB have poor mechanical properties
because proteins engage in intermolecular interactions that
cause them to form complex structures by binding together to
form microfibers, reducing the polymer matrix-additive
interaction. To obtain evidence of the morphology of RMB
and its dispersion in the polymer matrix, SEM studies were
performed.

Density is another important property for determining the
applications of composites, as generally the aim is to obtain
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Figure S. Dynamic mechanical properties of neat PBAT and PBAT/
RMB composites: (A) PBAT/RMB (100/0), (B) PBAT/RMB (90/
10), (C) PBAT/RMB (80/20) and (D) PBAT/RMB (70/30).

lighter materials. Of the most frequently used materials in
composites like fiber and fiberglass, natural fibers are
considered to have a lower density (1.3—1.5 g/cm?) compared
to fiberglass (2.6 g/cm?). Nagarajan et al. (2013)"® compared
the density of different composites manufactured with 30%
natural fibers such as miscanthus, soy stalk, and switchgrass,
among others. Incorporating a light material into the polymer
matrix causes the density of the final composite to change
slightly.

The density of byproducts rich in proteins such as soybean
meal (40—55%) and Jatropha meal (60%) is low compared to
the density of natural fibers. For example, soybean meal has a
density of 0.727 + 0.020 (g/cm®) and Jatropha meal has a
density of 0.668 + 0.016 (g/cm?). In this research, the density
of RMB as a byproduct of biodiesel production has been
determined to be 0.8409 + 0.010 (g/cm’). Table 2 shows the
density obtained for composites with 10, 20 and 30% RMB
compared to the PBAT polymer matrix. Although a slight
decrease in the density of the fabricated composites was
expected, a similar behavior to composites fabricated with
natural fibers was observed, as the density of composites with
RMB slightly increased to reach 1.28 (g/cm?) for PBAT/RMB
(70/30) compared to PBAT/RMB (100/0). This behavior may
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Figure 6. Comparison of the effect of plasticizer use on mechanical
properties of biocomposites fabricated in this work: (a) tensile
strength and tensile modulus and (b) elongation at break. (A) PBAT/
RMB (100/0); (C) PBAT/RMB (80/20); (E—J) PBAT/RMB
composites with different compatibilization treatments (see Table 4).

be related to the small amounts of RMB used and the possible
formation of a denser matrix.

Table 2 provides the HDT of the biocomposites. HDT is
also an important property because it enables to determine the
maximum temperature at which the material can be used as
rigid material. HDT is defined as the temperature at which a
material deflects 0.25 mm under a load of 0.455 or 1.82 MPa.
The HDT value for PBAT is low compared to other
biodegradable polymers. It is evident from Table 2 that the
HDT value does not vary in composites fabricated with RMB.
Because RMB is a material rich in proteins, it offers low
resistance compared to natural fibers, which provide additional
reinforcement to composites, thereby increasing HDT values.

The SEM images of cryofractured surface (Figure 4) can
explain why the mechanical properties of the matrix decreased
when RMB is added. Figure 4A,B,C,D shows the SEM images
of the polymeric matrix of PBAT/RMB with 0, 10, 20 and 30%
RMB, respectively. RMB can be processed with PBAT under
the conditions used in this study, reducing the mechanical
properties of the polymer matrix. It was observed that when the
filler was added to the biocomposite the polymeric matrix
changed, generating gaps and agglomerations of RMB. Figure
4A shows the polymer morphology and Figure 4B shows how it
changes when 10% RMB is incorporated. The greatest
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Figure 7. SEM images of biocomposites fabricated in this work.
Comparison of (A) PBAT/RMB (100/0), (C) PBAT/RMB (80/20
and (E—J) PBAT/RMB composites with different compatibilization
treatments (see Table 4).

differences are observed, however, for composites fabricated
with 20 and 30% RMB (Figure 4C,D). RMB particles of
different sizes can be observed in the matrix but they are not
completely incorporated into it. The effect is more apparent
when 30% RMB is incorporated. The fabricated composite
shows a clear separation between the polymer matrix and RMB
phase, which would explain the poor mechanical properties.
Similar effects have been seen in previous studies. Hassan et al.
(2008)* observed that certain properties of polyethylene were
affected when seaweed powder was incorporated as filler.
Similar results were obtained by Gravier et al. (2004)*" using
soybean concentrate with Eastar Bio Copolyester, where the
particles of soybean concentrate formed poorly distributed
agglomerations on the matrix, reducing the properties of the

polymer.
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Finally, the PBAT/RMB composites were analyzed using
dynamic mechanical techniques. As shown in Figure §,
increasing the RMB content (10, 20 and 30%) in
biocomposites increased the storage modulus value. This can
best be observed in the graph in Figure Sa, which demonstrates
that upon addition of RMB the rigidity of the polymer matrix
improved, increasing its strength. However, the & peak
decreased when RMB content increased (Figure Sb). The
maximum peak also shifted to lower temperature values. This
was due to the incorporation of the additive into the polymer
matrix, which restricted the mobility of the polymer chains
Thus, it was necessary to improve the RMB’s compatibility with
the polymer matrix.

Characterization of PBAT/RMB Plasticized Biocompo-
sites. In this study, glycerol and urea were used as plasticizers
to improve the mechanical properties of PBAT/RMB
biocomposites (Tables 1 and 2 show the RMB pretreatment
with plasticizers and the respective formulations used in the
biocomposites). Figure 6 shows the tensile strength and tensile
modulus values of the biocomposites with RMB preformula-
tions, showing the effect of using glycerol as a plasticizer in the
presence and absence of water (samples E, F and G). Samples
H, I and J show the comparison between using glycerol as a
plasticizer and increasing the percentage of urea (denaturant).
It can be seen that the plasticizing process improved in the
presence of water (sample G). Sample G is considered the best
formulation as it improved the elongation at break of
biocomposites. This formulation was used to analyze the effect
of urea content as a pretreatment for RMB. Samples H, I and ]
show the results of using glycerol as a plasticizer and increasing
the percentage of urea. In terms of improved mechanical
properties of the composites, the tensile strength did not
change with plasticization compared with PBAT/RMB (80/
20). The tensile modulus for samples E, F and H decreased 11,
2 and 14% compared with PBAT, and for PBAT/RMB (80/20)
without plasticization (sample C), it decreased 83%. Finally,
elongation at break decreased 39% for the composite PBAT/
RMB (80/20) without plasticization (sample C); however, for
the plasticized sample H, the decrease was only 19% compared
to PBAT. The best result was obtained for RMB with 30%
glycerol and 7.5 phr of urea in the presence of water. When the
urea content increased in the RMB pretreatment, the
mechanical properties declined compared to PBAT/RMB
(80/20). Chen and Zhang (2010) obtained good results
using glycerol as a plasticizer for soybean protein concentrate
(SPC) in the formulation of SPC/PBAT composites*” whereas
Tunmala et al. (2006) used a similar procedure for plasticizing
soybean flour.*’ In this case, considering that RMB contains
40% protein, employing plasticizers used for SPC (with 52%
protein) and soybean concentrate (with 65% protein) yielded
good results in terms of matrix—filler interaction.

Figure 7 shows the SEM images of all the biocomposites with
plasticized RMB. It can be seen in the images that RMB was
dispersed in all the samples with plasticized RMB, compared to
PBAT/RMB (80/20). Figure 8 shows the comparison of the
biocomposites with 0, 20 RMB without pretreatment and
biocomposites H. Composite H was the best formulation of
pretreated RMB. The SEM images show that untreated RMB
agglomerated in the matrix and formed large particles, but
when plasticized RMB was used, it dispersed in the polymer. It
is evident that bicomposite H (plasticized RMB with 20%
glycerol and 7.5 phr of urea) had the highest dispersion on the
polymer matrix. This was further confirmed by the confocal
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Figure 8. SEM image of transverse cutting (left) and CLSM (right) images of biocomposites fabricated in this work. Comparison of (A) PBAT/
RMB100/0) and (B) PBAT/RMB (80/20) with (C) PBAT/RMB composites with plasticization treatment sample H (see Table 4).

images, which clearly show the difference in the dispersion of
RMB. Plasticizers such as glycerol are used to modify the
structure of the proteins, which form complex three-dimen-
sional structures due to molecular interactions. Glycerol and
urea have been used as plasticizers to promote interaction
between protein groups, interrupting the intramolecular
interactions and enablin% the protein structure to interact
with the polymer matrix.*” With the high content of protein in
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RMB, it is apparent that this procedure generates interesting
results in terms of interaction of PBAT and RMB. The storage
modulus and tan & results (see Figure 9) show that when the
matrix is compatibilized with RMB, there is a higher mobility of
polymer chains and the curves of all the composites with
plasticized RMB are very similar to the curve for PBAT. This
corroborates the plasticization and denaturation effect of
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Figure 9. Dynamic mechanical properties of neat PBAT and PBAT/
RMB composites with plasticization treatments (see Table 4).

glycerol and urea, which produced greater mobility of the RMB
microfibers in the polymer matrix (see Figure 9).

B CONCLUSIONS

The chemical composition of RMB, made up of protein and
carbohydrates, generates its low thermal stability, enabling its
use only with polymers that also present low melting points. A
series of RMB and PBAT biocomposites with and without
plasticizer were prepared by extrusion and injection molding.
The studies show that RMB can be used to fabricate
biocomposites with PBAT, with the best results occurring
with extrusion of 20% RMB. In terms of improved mechanical
properties of the composites, plasticization was only able to
improve tensile modulus and elongation when comparing the
results with composite PBAT/RMB (80/20); the best
formulation and optimal plasticization was achieved with 20%
glycerol and 7.5 phr of urea. Using PBAT, a biodegradable
polymer, and RMB to fabricate biocomposites can reduce their
overall cost. These types of materials can be used for
agricultural films that degrade over time once they come into
contact with soil. This study also provides new data on a
sustainable way to produce biodiesel from microalgae,
generating new related coproducts.
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