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Abstract

As the largest aromatic polymer of natural origin, lignin arouses the interest of researchers and industries worldwide. Its
three-dimensional polymeric aromatic structure, besides being complex, varies depending on its botanical origin and extrac-
tion process, which makes its use as a raw material difficult. Currently, the main destination for lignin is burning for energy
production. This study presents the characterization of lignin and lignin microparticles after processing by ultrasonic irra-
diation. Analyzes were performed to verify the dimensional, morphological and antioxidant characteristics of the particles
as well as changes in their structure after sonication. A sample of eucalyptus wood lignin isolated from kraft black liquor
was used and the modifications were analyzed by X-ray diffraction analysis, zeta potential, FTIR spectroscopy, particle
size, scanning electron microscopy, TGA thermogravimetric analysis, phenolic compounds total by Folin—Ciocalteau and
antioxidant analysis by DPPH. The results demonstrate that there was no change in the chemical structure of lignin with the
application of ultrasonic radiation, but the reduction in particle size was able to reduce zeta potential with a lower probability
of agglomeration between them, and consequent greater stabilization in solution. Also, the ultrasound treatment was able to
increase the thermal stability of the lignin microparticle with a decrease of the mass loss rate with the time. The reduction in
particle size was also able to expose a larger number of phenolic compounds and thereby increase the total phenolic content
and lignin antioxidant activity making the lignin microparticle a promising material to study and application on food-active
biodegradable polymers.
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Introduction

Lignin, after cellulose, is the second most abundant com-
ponent of wood, thus it is widely found in nature and is
produced at a rate of 70 million tons per annum. It is a natu-
ral polymer compound with a phenylpropane structure. The
abundance and potential for use in various sectors, such as
fuels, biocides, chemicals, additives for paper and concrete,
dispersants, cosmetics, paints, among others, have led to
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an increase in the academic research and industry interests
[1-8].

The primary precursors for lignin synthesis are hydroxy-
cinnamic alcohols (monolignols), including coniferyl alco-
hol and synaphyl alcohol, with small amounts of p-coumaryl
alcohol, joined by aromatic and aliphatic bonds and also by
non-aromatic C—C bonds. Lignin exhibits a complex struc-
ture, containing cross-linked phenolic polymers and numer-
ous functional groups such as aliphatic and phenolic hydrox-
yls and methoxy groups [9, 7, 10]. These functional groups
affect the chemical and reactivity properties of lignin, thus
determining its characteristics. Moreover, it is characterized
as a highly branched amorphous phenolic compound, and its
structure is considerably variable depending on the botanical
origin, harvest period, and extraction process [11].

Recently, lignin micro- and nanoparticles have gained
interest from researchers due to the improvement of their
properties when compared to those of standard lignin, with
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several studies reported in the literature such as entrapping
and encapsulation of pesticides, drugs, enzymes, sunscreen,
surfactant, mechanical reinforcement material, and antioxi-
dant activity of polymers [12, 13].

The use of biodegradable materials for film and packag-
ing production has also been extensively studied, mainly
aiming at reducing the environmental impact caused by the
improper disposal of plastic packaging and as an alternative
to the use of petroleum, a non-renewable source [14, 15].
Thus, the use of lignin at a micro or nanoscale may be an
interesting alternative, once it has a biodegradable structure,
and can be obtained as a co-product of the cellulose industry.
When used in the production of films, these structures have
a positive effect on the increase in UV barrier, besides the
mechanical, thermal, antimicrobial, and antioxidant proper-
ties and the biocide effect in packaging materials [16—18].

Several methods of production of lignin micro- and
nanoparticles have been reported in the literature, such as
solvent or pH shifting, polymerization, ice-segregation,
aerosol processing, mechanical processing, among others
[1]. Mechanical processing is a simple method of producing
lignin microparticles (LMP) and can be done using ultra-
sound. During the process, the occurrence of breakages and
chemical reactions in the lignin structure is strongly related
to the cavitation phenomenon, and in the case of polymers,
ultrasound leads to the formation of homolytic breakage of
chains, yielding a pair of radicals or polymerization with the
formation of lignin monomers [19].

Therefore, this study aims to produce and character-
ize lignin microparticles (LMP) for later application as a
biopolymer enhancement material. The LMP were produced
by mechanical modification with ultrasound using the kraft
black liquor technique. Then, the LMP were character-
ized for X-ray diffraction, zeta potential, Fourier transform
infrared (FTIR) spetroscopy, particle size, scanning elec-
tron microscopy (SEM), thermogravimetric analysis (TGA),
determination of phenolic compounds by Folin-Ciocalteau
reagent, and the antioxidant potential by the DPPH free radi-
cal sequestration method.

Material and Methods
Materials

Lignin isolated from black kraft liquor was kindly donated
by the Laboratory of Bioactive Products and Technological
Solutions at Federal University of Vigosa (Rio Paranaiba
Campus).

Synthesis of Lignin Microparticles

An aqueous suspension of lignin (0.7%, w/v) was used.
The suspension was sonicated for 60 min, resulting in a
stable microdispersion, which was dried under mild con-
ditions (60 °C /24 h) before characterization. A sonicator
(Sonifier Cell Disruptor Branson model 450D, Manches-
ter, UK) was used at a frequency of 20 KHz and 400 W
[19].

Characterization of the Particles
X-Ray Powder Diffraction (XRD)

The X-ray powder diffraction was performed in an XRD-
6000 (Shimadzu) diffractometer with Cu-kal filter radia-
tion (A= 1.5406A), operating at 30 kV and 30 mA. The
samples were fixed in aluminum support and analyzed at
a scanning rate of 4°/min, with 20 ranging from 5° to 70°
at room temperature. The curves were analyzed using the
software Origin® 9.0.

Zeta Potential

Zeta potential is a measure of the electrical charge of the
material, from the interaction between a suspended col-
loidal solid material and a given liquid, using a Zetasizer
Analyzer (Nano ZS ZEN 36000 - Malvern Instruments).
The results of zeta potential were expressed in mV, and
an average of 5 readings was performed for data analysis.

FTIR Analysis

Fourier transform infrared (FTIR) spectroscopy was per-
formed using an FTS 3000 Excalibur Digilab (United States)
spectrometer equipped with ATR detector, 4000-400 cm™!
spectral range, 64 scans, and 4 cm™ ! resolution.

Particle Size

The particle size distribution of the samples was per-
formed using the Zetasizer Analyzer (Nano ZS ZEN 36000
- Malvern Instruments). The equipment allows the deter-
mination of the particle size of the samples by the dynamic
light scattering technique.

Scanning Electron Microscopy

The samples were mounted on aluminum stubs using dou-
ble-coated carbon, gold-coated (SCD 050) and observed
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on the Scanning Electron Microscope (LEO Evo 40) in
the Electron Microscopy and Ultrastructural Analysis
Laboratory.

Thermogravimetric Analysis

The thermal stability and degradation profile of the samples
were determined by thermogravimetric analysis (TGA) in
DTG60H-SHIMADZU apparatus (Shimadzu Corporation,
Kyoto, Japan). The analysis was performed under a nitrogen
atmosphere with a flow rate of 50 mL/min, heating from 25
to 800 °C, at a ratio of 10 °C/min, using 5 mg of sample.

Antioxidant Behavior

The antioxidant behavior of samples was evaluated accord-
ing to the methodology described in previous work [20]. The
total phenolics compounds (TPC) was determined spectro-
photometrically by the Folin-Ciocalteau method. Briefly, a
0.2 mL aliquot of the extract was thoroughly mixed with 0.8
mL of 0.2 N Folin—Ciocalteu reagent and allowed to stand
for 20 min in the dark. Then, 1 mL of 8.5% (w/v) sodium
carbonate was added to the mixture and mixed gently. After a
30-min incubation, the mixture was centrifuged at 12,000xg
rpm for 10 min. The supernatant was measured spectropho-
tometrically at 760 nm. A standard gallic acid solution was
used for the construction of a calibration curve. TPC was
calculated from the calibration curve, and the results were
expressed as mg gallic acid equivalents (GAE)/g.

The radical scavenging activity (RSA) of lignin, lignin
microparticles (MPL), and butylated hydroxytoluene (BHT
synthetic antioxidant used as a reference) were determined
by spectroscopy at 517 nm, measuring the reduction of the
free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma-
Aldrich) by the antioxidant compound. The assay was per-
formed by adding lignin aqueous solution in 2 mL. DPPH
solution in methanol (25 mg/L) to give a final lignin concen-
tration of 30, 50, and 100 mg/L. After 30 min of reaction, the
absorption was measured at 517 nm using a Bel SPECTRO
S-2000 spectrophotometer (Monza, Italy). The antioxidant
activity of the samples was expressed as follows:

(RSA%) = (Acontrol - A /Acontrol) x 100

sample

where A, corresponds to the absorbance values of the

control (methanol) at time zero and Ag, . corresponds to
the absorbance values of the samples at different reading
times.

Statistical Analysis

The total phenolics compounds and antioxidant activity by
DPPH were analysed using Statistica software (ver. 8, Stat
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Table 1 Location of the maximum peak for lignin and LMP in XRD
patterns and mean size of the ordered domain from Gaussian method

Sample Fitting method 26 (°) R? FWHM? Mean size of
the ordered

domain (nm)

20.26  0.94798
2294 0.93344

14.21961 0.59
13.91517 0.60

Lignin
MPL

Pseudo-Vigot
Pseudo-Vigot

*FWHM is obtained via Gaussian regression parameters set

1400 | I
—— Lignin
1 —LMP
1200 |
B
1000 | 1 *
> ]
Q
S 800 -
> ]
2 600
L
£
400
*
200 | N
0¥
T T T T T T T T T T T T 1
10 20 30 40 50 60 70

theta-2-theta (degrees)

Fig.1 XRD patterns of lignin and lignin microparticle (LMP).
*Peaks corresponding to the aluminum sample holder

Soft Inc., Tulsa, USA). The analysis of variance test was
used and the treatment means were compared by Tukey test.

Results and Discussion
X-Ray Powder Diffraction (XRD)

X-ray powder diffraction analysis was performed to study the
morphology of lignin and LMP in more detail. For both the
lignin and LMP samples, the diffractograms showed a wide
area under the curve, which confirms the amorphous char-
acteristic of both samples (Fig. 1). The maximum 20 values
were 20.26 and 22.94 for lignin and LMP, respectively.
The mean size of the ordered domain influences the pro-
cess of incorporation of controlled-release agents to lignin.
In order to identify ordered domains, peak fitting was per-
formed by Gaussian, Loretzian, Pearson VII and Pseudo-
Vigot models. The best model fitting for lignin and LMP was
Pseudo-Vigot at both diffractograms. Goudarzi et al. [21]
found an average peak for hardwood located at 21.24+0.15°
while Kubo and Kadla [22] reported the acid lignin from
hardwood average peak at 22.7°. Differences in chemical
structures of lignins, method of isolation and type of sources
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may explain the variation observed above. The mean size
of the ordered domains is usually estimated by Scherrer’s
equation: d=BA/PcosB, where d is the mean size of the
ordered domains, B =dimensionless shape factor (value of
0.9 is used), A= X-ray wavelength (0.154 nm for Cu Ka),
and B =full width at half maximum (FWHM) [21]. Table 1
shows the results of the calculated mean size of the ordered
domains (“‘d” in Scherrer’s equation) for lignin and LMP.

Lignin and LMP present almost the same values for the
mean size ordered domains. This prove that amorphous
behavior can be observed in both materials, being inde-
pendent of sonication treatment. Thus, the reach of microm-
eters dimensions on lignin particles after sonication may
not change the chemical composition, neither the spatial
structure.

Zeta Potential

Zeta potential analysis of colloidal suspensions provides an
overview of the stability and organization of particles in the
medium, as it evaluates the repulsive or attractive electro-
static forces between the particles. For smaller sized materi-
als, such as the lignin microparticles, the more negative the
zeta potential value, the greater the electrostatic repulsion
between particles and the greater the stability of the suspen-
sion, due to the little formation of aggregates when applied
to nanocomposites.

The mean zeta potential values of lignin and lignin micro-
particles were 0.056 and —40.0 mV, respectively. The results
found for lignin, close to zero, indicate no surface charge,
and therefore a tendency for particle agglomeration on a
larger scale. For the lignin microparticles, the negative val-
ues indicate a repulsion characteristic of the lignin micro-
particles, with a lower probability of agglomeration between
them, and consequent greater stabilization [23].

The negative zeta potential value found for the LMP
sample can be partially explained by the presence of nega-
tive phenol group charges and the possible adsorption of
hydroxyl ions on the hydrophobic part of the microparticle.
Moreover, the charges found may be associated with other
functional groups such as carboxyls and sulfonic groups,
in which oxygen atoms would be negatively charged [23].

Yang et al. [13] found zeta potential values ranging from
—21.3 to —32.9 mV for nanolignin samples produced from
acid hydrolysis. Mattinen et al. [24] found similar zeta poten-
tial values to this study when analyzing lignin nanoparticles
treated or not with enzymes for crosslinking and consequent
improvement of their application in biomaterials. The values
found by them ranged from —29 to —47 mV. They correlate
the decrease in zeta potential values with the increase in
lignin particle oxidation and the formation of new carbox-
ylic acid groups. The authors also correlate the decrease in
value with the increase of lignin nanoparticle stability in

aqueous solution. Shulga et al. [25] also found zeta potential
values ranging from — 51 to — 19 for lignin particles from
two different plant sources and at different pH values (3.5,
5.8 and 11.0). According to the study, alkaline pH lignin
particles showed the best results for oil-in-water emulsion
stability (with the most negative zeta potential values) due
to the presence of negatively charged ionic groups such as
hydroxyls, carboxyls and phenolics on the surface of lignin.

FTIR Analysis

The results of the FTIR analysis show the main lignin and
lignin microparticle bonds in the range of 4000—400 cm™!,
which is an important tool for the characterization of the
structure of these samples. All spectra are shown in Fig. 2.

In general, the abundance of peaks for both samples
demonstrates the structural complexity of lignin and LMP,
probably due to the variety of vibrational modes of chemi-
cal bonds present in the polymer structures. In addition,
the similarity between the spectra indicates small chemical
changes between the samples, confirming the XRD results.

For both samples, the peaks at 2000 cm™! correspond to
the vibration of the C—H bond in methyl groups (-CH3);
the peaks at 1700—1660 cm™! correspond to the C=0 bond
vibrations of carboxylic groups; the peaks at 1500—1600
cm™ ! are characteristic of aromatic ring vibrations and C—H,
O-H, C=0 bonds; the peaks at 1460 cm™! correspond to
C-H bonds of methyl groups; the peaks at 1420 cm™! cor-
respond to aromatic ring vibrations; the peaks at 1370 cm™!
correspond to O—H bonds of phenolic and non-ether groups
and syringyl units; the peaks at 1330 cm™! correspond to
vibrations in guaiacil groups; the peaks at 1160-1130 cm™!
refer to OH bonds of secondary alcohols; and finally the
peaks at 1040 cm™! characterize OH bonds of primary alco-
hols. In addition, LMP showed an increase in the absorption

Transmittance (%)

——Lignin
604 ——LMP
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.2 FTIR spectra of lignin and lignin microparticle (LMP)
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band at 1120 cm™ !, which is characteristic of condensed
aromatic rings [21, 26].

For the lignin spectrum, a shoulder length at 860 cm™!,
characteristic of binding in arabinogalactan polysaccharides,
was observed, which was not observed in LMP. A similar
result was found by Garcia et al. [27], who attributed the dis-
appearance to the release of this type of hemicellulosic con-
stituent from the main chain during sonication. The authors
explain that the lateral hemicellulosic chains are the first to
be affected after ultrasonic treatment, releasing mainly glu-
cose and arabinose molecules from the lignin structure. The
decrease in other bands intensity related to hemicellulosic
constituent, i.e. xylose at 1030 cm™! and glycosidic bonding
at 895 cm™ !, were found to LMP sample being explained for
the same reason.

When comparing both spectra, a decrease in peak inten-
sity of MPL was observed when compared to lignin. This
behavior may be due to the separation of hemicellulosic
constituents from the lignin chain, leading to a decrease in
peak intensity at 1160-1130 cm™! and 1040 cm™'. These
groups correspond to the bonds between lignin units and
monosaccharide units, as well as lignin-carbohydrate com-
plexes, and the reduction of peak intensities is also related
to the structural degradation of lignin and the hemicellulosic
constituents, indicating that there was both removal of hemi-
celluloses and breakdown of the lignin molecule.

In the region corresponding to the O—H stretching absorp-
tion of the hydroxyl groups, from 3000 to 3700 cm™!, higher
peak intensity was observed for lignin when compared to
LMP.

Particle Size Distribution

The results of particle size distribution showed the occur-
rence of a bimodal distribution with two mean peaks for the
LMP at 605.5 nm (63.3%) and 475.8 nm (36.7%) while for
lignin there was only an intense peak at 4849.0 nm (100%).
It can be seen that the methodology was effective for the
reduction of the lignin particle size.

According to Gilca et al. [19], the development of broken
bonds and chemical reactions during the ultrasonic process
is strongly related to the cavitation phenomenon. Cavitation
is induced by high ultrasonic frequencies (16 KHz to 100
MHz) passing through the mass of the liquid. During the
process, millions of air bubbles form in the liquid phase, at
an adequate intensity allows the development of cavities.
The collapse or inclusion of these cavities creates sites with
high temperature and pressure in a short period, forming hot
spots in the cold liquid. The transition state of these sites
allows the first chemical reactions to occur during and after
the microbubble collapse. In the presence of water and air,
hydroxyl and superoxide radicals are formed. Furthermore,
the radicals formed during the sonication process depend
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on the number of cavities and radicals formed per cavity. In
the case of polymers, the ultrasonic process treatment can
lead to the formation of homolytic breakage of macromo-
lecular chains, yielding a pair of radicals or polymerization
of monomers with a consequent decrease in size.

As explained in item 3.3, during the ultrasonic radiation
process there is a removal of hemicellulosic impurities from
the lignin structure. Hemicelluloses are usually composite
of the main chain of xylose units from which come shorter
branches formed by glucose, arabinose and xylose units
and the release of these monosaccharides during sonication
occurs exactly from these side chains, with the proportion
between them varying according to botanical origin and
lignin extraction methods. Also, during periods of sonication
longer than 30 min, degradation or transformation of these
released polysaccharides may occur. Studies also indicate
that after the treatment of lignin with ultrasonic radiation,
there is a tendency to decrease its molecular weight, with
most of the resulting components becoming smaller mono-
mers or hemicellulosic chains [28].

Scanning Electron Microscopy

The micrographs of dried lignin and lignin microparticles
are shown in Fig. 3 and confirm the results obtained by
dynamic light scattering, i.e., a decrease in size after the
ultrasonic treatment.

6 . A . . 1%
10 ym* =
b

Fig. 3 Micrographs obtained by scanning electron microscopy of
lignin (a) and lignin microparticles LMP (b) at x1000 magnification
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The micrographs of lignin and LMP are in accordance
with those reported in the literature. Meng et al. [29] found
similar images for kraft lignin and characterized the sam-
ple by an irregular morphology. Lu et al. [11] found similar
micrographs for lignin and relate the reduction of particle
size with the increase in antioxidant activity related to the
bigger surface contact area in the samples.

Thermogravimetric Analysis (TGA)

Different methods and temperatures can be used in the pro-
duction of biodegradable polymers. Therefore, the study of
the thermal properties of lignin and lignin microparticle was
needed [30]. The thermal properties of the samples were
investigated by TGA analysis, and Fig. 4 shows the TG and
DTG thermograms of lignin and lignin microparticles. For
both samples, a varied thermal decomposition was observed,
characteristic of their complex structures.

In the range between 50 and 150 °C a first mass loss was
observed for both samples. This phenomenon was associated
to moisture release from the sample. A second degradation
step was detected from approximately 150 to 300 °C and
corresponded to the thermal decomposition of lignin-linked

hemicelluloses [28]. The non-irradiated lignin sample began
to decompose at 181.0 °C and showed a maximum degrada-
tion peak at 338 °C. For the lignin microparticle (all data are
not shown in Table 2) the onset of the degradation happened
close to 193.0 °C and the maximum weight loss occurred
at 715.2 °C. Many authors have related this behavior to the
molecular weight of lignin [2]. Therefore, the thermal stabil-
ity of the lignin microparticle was improved after ultrasonic
irradiation.

Studies relate weight loss between 300 and 500 °C with
thermal degradation of lignin. This behavior was observed
for both samples and an increase of the mass loss rate with
the time at the maximum degradation point of the lignin was

Table 2 Thermal behavior of lignin and LMP by the thermogravimet-
ric analysis

Sample T; (°C) T, (°C) T;(°C) (%)PM (T=Tp Resgy-c (%)

181.0
193.3

338.0
715.2

756.9
763.1

72.4
59.0

18.6
27.1

Lignin
MPL

T; initial degradation temperature, 7, maximum degradation tem-
perature, T, final degradation temperature, (%) PM (T; — Ty) percent-

age of mass loss, Resg o residue at 800 °C

100 - L. 100
Lignin Lignin Microparticle
~ 801 80 1
S
A
2 60 60 1
e
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=
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Fig.4 TG and DTG thermograms of lignin and lignin microparticles

Temperature (C°)
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detected, being almost constant lignin microparticle. This
fact, and the lowest degradation rate indicated a low con-
tent of hemicelluloses in lignin microparticle. These results
are in agreement with those obtained by other authors [31,
28], indicating lower hemicellulosic impurities in lignin
microparticle.

Finally, an abrupt weight loss above 700 °C was observed
in both samples. Such degradation was previously ascribed
to the craking of the xylan backbone. In general the lignin
final residue that remain after non oxidizing thermal deg-
radation reaches values between 30 and 40%, which could
be smaller when hemicellulosic contamination is detected.
Garcia et al. [27] found similar values for final residue of
lignin after 60 min ultrasound treatment (30.7%) and relates
this result to the higher purity of these samples. This fact can
be related to the removal of hemicellulosic portions during
ultrasound treatment, corroborating once more the results
discussed above.

Antioxidant Behavior

Total phenolic content (TFC) of the analyzed lignin and
LMP samples were 14.81% + 0.02 and 19.03% + 0.03,
respectively, with statistically differ (p <0.05). Lignin sam-
ple presented low TFC, which corroborated those reported
in previous works [32].

TFC suffered an abrupt increase of 28% after 60 min
of sonication. Garcia et al. [27] also found the maximum
amount of phenolics in sample isolated after 60 min of
ultrasonic treatment and correlates with the decreased in
hemicelluloses content. So, this fact was probably related to
inorganic and hemicellulosic impurities release after ultra-
sonic treatment, wich was likewise observed in the 3.4 and
3.5 items. In this way, the removal of these interfering com-
pounds resulted in an improvement of TFC.

Oxygen-free radicals can be found naturally or derived
from thermal processes or irradiation. The efficiency of
free radical scavenging activity of an antioxidant com-
pound depends on the hydrogen atoms exchange reactions
and the stability of the radical resulting from the reaction.
The antioxidant activity of lignin and lignin microparticles
was investigated by the DPPH assay, as it is considered an
available free radical and widely used to study the lignin
antioxidant potential [33, 13].

Table 3 shows the DPPH antioxidant activity of lignin,
lignin microparticles, and BHT (synthetic antioxidant) at dif-
ferent concentrations after 30 min of incubation. The results
show a more intense antioxidant activity for LMP when
compared to the conventional lignin. Absorption values
at 517 nm decrease with increasing the concentration and
antioxidant activity of the samples, reaching a sequestration
activity close to 50% to 100 mg/L after 30 min of activity.
The antioxidant activity of lignin is due to its high number
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Table3 DPPH free radical scavenging activity of different concen-
trations (mg/L) of lignin, lignin microparticle (LMP), and BHT in
DPPH/methanol solution after 30 min of reaction

Sample Concentra- Absorbance A=517 nm RSA* (%)
tion (mg/L)
Lignin 30 1.001 +£0.002%*%* 7.91*+0.19
50 0.847+0.021 22.07°+1.93
100 0.679+0.015 37.53°+1.38
MPL 30 0.888+0.012 18.30°+1.10
50 0.710+0.026 34.68+2.39
100 0.567+0.024 47.83'+2.20
BHT 30 0.859+0.013 20.97°+1.20
50 0.604 +0.029 44.43%+2.67
100 0.462 +0.020 57.49% + 1.84

*Averages observed in columns with the same letter do not statisti-
cally differ (p <0.05)

**Standard deviation

of phenolic groups, which passes through a proton-coupled
electron transfer mechanism. Some studies have shown that
the greater antioxidant effect of lignin depends on several
factors, including a high amount of phenolic groups with or
without methoxyl groups, a low amount of aliphatic oxygen-
containing groups (such as alcohols, ketones, and esters),
low molecular weight, and a narrow polydispersity. During
the sonication process, the molecular weight and polydis-
persity of lignin decreased, as also observed in other studies
[19, 13, 27].

The higher antioxidant activity of LMP when compared
to lignin may also be due to possible removal of inorganic
materials and hemicellulosic impurities during sonication,
exposing portions of lignin with antioxidant activity. In addi-
tion, other factors such as increased contact surface area due
to the lower particle size of lignin may have contributed to a
greater binding capacity of protons for the phenolic groups
from LMP.

Conclusion

In the present work, ultrasound was applied in kraft lignin.
XRD and FTIR confirmed the amorphous behavior and
probable maintenance of chemical composition and spatial
structure in samples. Zeta potential shows a repulsion char-
acteristic of the lignin microparticles, with a lower probabil-
ity of agglomeration between them, and consequent greater
stabilization. Particle size and scanning electron microscopy
confirm the efficiency of ultrasound in reduced de diameter
of particles and can be explained mainly due to inorganic
and hemicellulosic impurities release after ultrasonic treat-
ment. Antioxidant behavior was also improved and can be
explained by the removal of these interfering compounds.
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The thermal behavior analysis of the samples showed that
the ultrasound treatment was able to increase the thermal
stability of the lignin microparticle with a decrease in the
mass-loss rate with the time. These results show the poten-
tial use of lignin microparticles obtained by ultrasound
treatment as reinforcing the material and/or antioxidant to
biodegradable polymers.
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