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Abstract The demand for low cost and effective materials to
remove contaminants such as residues of oil spills has encour-
aged studies on new biosorbents produced from wastes.
Considering the overgeneration of fishing residues and the
necessity to provide an alternative purpose for such materials,
this study aimed to evaluate squid gladius and its derivatives
(f3-chitin and chitosan) as sorbents to remove marine diesel oil
(MDO) from fresh and artificial seawater. It was also executed
an attempted to improve their performances through a high-
intensity ultrasound treatment (UT-gladius and UT-{3-chitin).
All sorbents removed MDO at both salinities. Contact surface
area, salinity, and water retention seemed to play a key role in
the outcomes. UT-f3-chitin’s performance was significantly
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superior to [3-chitin’s and chitosan’s in MDO removal at sa-
linity 0, as well as at salinity 30, where gladius and UT-gladius
also excelled. Ultrasound treatment improved the oil removal
performance of UT-3-chitin by increasing its contact surface
area. This is the first report on the efficiency of gladius and
UT-f3-chitin for such purpose, and brought up huge possibil-
ities and new questions that can lead to the achievement of
biosorbents of great efficiency.

Keywords Squid gladius - 3-chitin - Chitosan - Sorbent -
Marine diesel oil

Introduction

Spills of petroleum and its products represent a serious envi-
ronmental and socioeconomic risk to the coastal regions
(Peterson et al. 2003; Gill et al. 2012). The severity of the
impacts induced by oil spills in the biota often results in mor-
tality of many organisms and in ecological imbalances
(Peterson et al. 2003). They can also affect human activities
such as fishing, mariculture, tourism, and recreation (Gill et al.
2012).

About 70% of the anthropogenic inputs of petroleum to the
oceans are related to oil consumption activities such as navi-
gation (NRC 2003). Most of marine fuel oils come from fossil
resources and can be divided in two types. The first, bunker
oil, is generally found in large vessels. The second, marine
diesel oil (MDO), is frequently used in auxiliary power gen-
eration or emergence systems of large vessels, and in main
engines of small and medium vessels (Petrobras 2013).

Sorbents are physicochemical materials frequently applied
to control oil spills in water, removing contaminants through
absorption and/or adsorption mechanisms (ITOPF 2012).
Although synthetic sorbents have been widely used due to a
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high oil affinity, they are expensive and difficult to degrade
(Teas et al. 2001; ITOPF 2012). Therefore, efforts have been
made to develop biosorbents applying alternative and natural
materials such as banana peels (El-Din et al. 2017), palm
fibers (Abdelwahab et al. 2017), corncobs (Nwadiogbu et al.
2016), chitin (Barros et al. 2014), and chitosan (Farias et al.
2015).

The potential of chitin and chitosan to remove many classes
of contaminants have been widely assessed because of their
abundance of raw material, non-toxicity, easy degradation,
and possibility of structural and chemical adjustment
(Kumar 2000). There are many reports of the interaction of
chitin, chitosan, and derivatives with different types of oil,
such as soy (Féldt et al. 1993), olive (Meyssami and
Kasaeian 2005; Muzzarelli et al. 2006; Pereda et al. 2012),
sunflower (Pinotti et al. 2001), palm (Ahmad et al. 2004,
2005a, 2005b, 2006), mineral (Srinivasan and Viraraghavan
2010), diesel (Bratskaya et al. 2006; Farias et al. 2015), cutting
(Srinivasan and Viraraghavan 2010), biodiesel (Pitakpoolsil
and Hunsom 2013), and crude oil (Sokker et al. 2011;
Barros et al. 2014; Grem et al. 2013). A comparative study
assessing the removal of palm oil from an industrial effluent
by chitosan and two commercial and commonly used sor-
bents, bentonite and activated carbon, revealed chitosan as
the most efficient sorbent, removing 99% of residual oil and
minimizing suspended solid content (Ahmad et al. 2005a).

Chitin and chitosan are biopolymers constituted by 2-
acetamido-2-deoxy-D-glucopyranose (GlcNAc) and 2-de-
oxy-2-amino-D-glucopyranose (GlcN) units (Campana-Filho
etal. 2007). Chitin is very abundant and can be found in many
organisms such as arthropods, cephalopods, algae, and others
(Roberts 1992). Chitosan is rare and its main commercial
forms are obtained through deacetylation of chitin in alkaline
medium (Roberts 1992; Domard and Domard 2002).
Considering the different arrangements of chitin in solid state
(«, 3, and y), the most investigated and frequently used is the
« polymorph (Campana-Filho et al. 2007). However, the in-
terest in 3-chitin is emerging in the last few decades (Lavall
et al. 2007). Due to the arrangement of its chains, 3-chitin
presents a less packaged form and is chemically more acces-
sible than the other polymorphs (Campana-Filho et al. 2007,
Roberts 1992). Thereby, (3-chitin is advantageous in the ob-
tainment of chitosan, demanding a minor number of steps and
reagents, besides enabling the achievement of a homogeneous
product and a desired acetylation degree (Kurita et al. 1993;
Tolaimate et al. 2000; Peesan et al. 2003; Chaussard and
Domard 2004; Lavall et al. 2007).

Gladius, also known as pen, is a support structure of squid
mantle (Yang et al. 2014). Although considered one of the
richest sources of (3-chitin, it is treated as fisheries residue in
Brazil. Like other organic waste, it requires a specific disposal
that is expensive to the producers (Lavall et al. 2007), which
can lead to illegal and environmentally harmful practices.

Ibero-American countries generate about 170,000 tons/year
of crustaceans and molluscs chitinous waste, totaling 12% of
the world production (Goycolea et al. 2004). The inappropri-
ate disposal of such amount of waste could results in serious
environmental problems, and studies on new application for
these materials are a currently demand.

The focus of the present study was to assess [3-chitin and
chitosan obtained from squid gladius as alternative sorbents to
remove MDO from water. Due to a lack of information, it was
also decided to further assess the gladius for this purpose. To
improve their contact surface areas, a new approach was ex-
plored through the application of a high-intensity ultrasound
treatment in 3-chitin and gladius, testing if an increased sur-
face area would improve the efficiency of these sorbents.

Materials and methods
Development of sorbents

Gladii were obtained from donation of Miami Pescados
(Cananeia/SP, Brazil). The material was washed with tap
and distilled water, and dried in vacuum oven (Quimis 193)
for 10 h at 60 °C. The dry gladii were triturated in a knife mill
(Marconi MA-048) and separated by their particle size using
1.68, 0.5, 0.25, 0.18, and 0.12 mm sieves. The most abundant
fraction (0.5 < x < 1.68 mm) followed to deproteinization
process, whereas the second most abundant
(0.25 < x < 0.5 mm) was separated to material characterization
and tests with MDO.

For gladius deproteinization (Chaussard and Domard
2004), it was suspended 65.9 g of gladii per liter of aqueous
solution of sodium hydroxide (NaOH) 1 M (PA Synth). This
mixture was stirred at 360 rpm for 18 h. The solid phase was
separated using a sieve (0.12 mm), neutralized with hydro-
chloric acid (HCI) (PA Synth) and washed with distilled water
to remove impurities and formed salts. The obtained (3-chitin
was dried in oven with air circulation and renewal (Marconi
MAO037) for 24 h at 60 °C. The procedures of triturating and
sieving described for gladius were applied for (3-chitin. The
0.5 < x < 1.68 mm and 0.25 < x < 0.5 mm fractions followed
to deacetylation process, and material characterization and
MDO removal tests, respectively.

Ultrasound-assisted deacetylation of (3-chitin (Fiamingo
et al. 2016) was applied to obtain chitosan. Five grams of 3-
chitin were suspended in 50 ml of 40% (w/w) aqueous solu-
tion of NaOH (PA Synth) and transferred to a double-walled
cylindrical glass reactor (6;,; = 3.5 cm) coupled to a circulating
thermostat. This material was then submitted to pulsed ultra-
sonic irradiation (IP = 0.5 s) by using an ultrasonic device
(Hielscher Sonifer UP400S; v = 24 kHz) coupled to a
sonotrode (Hielscher H22D; diameter = 22 mm;
length = 100 mm), for 50 min at 60 °C, being stirred at
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300 rpm. The deacetylation reaction was interrupted by
cooling the suspension with distilled water ice cubes. This
material was then neutralized with HCI (PA Synth) until
reaching pH 7-8. The solid phase was isolated by filtration
and extensively washed with deionized water. The material
was dried in a positive pressure filter (Santonius SM 16249)
for 30 min and in an oven with air circulation and renewal for
12 h at 60 °C. Chitosan was also triturated and sieved, and the
fraction 0.25 < X < 0.5 mm was characterized and applied for
MDO removal tests.

In order to improve the contact surface area, a portion of
gladius and {3-chitin samples (0.25 < x < 0.5 mm) was sub-
mitted to a high-intensity ultrasound treatment. In both cases,
10 g of sample was suspended in 150 ml of distilled water and
subjected to the ultrasound process described for chitosan for
30 min. After this period, both ultrasound-treated gladius (UT-
gladius) and ultrasound-treated (3-chitin (UT-{3-chitin) were
poured into glass ampoules, frozen, and lyophilized (lyophi-
lizer Liotop L101). Both materials were also characterized and
applied for MDO removal tests.

Sorbents characterization

External morphology of all sorbents and degrees of acetyla-
tion of (3-chitin and chitosan were evaluated by scanning elec-
tron microscopy (SEM) (TableTop Hitachi TM3000) (ASTM
E1382-97 2010) and nuclear magnetic resonance spectrosco-
py of hydrogen ("H NMR) (Bruker Avance III) (Fiamingo
et al. 2016), respectively.

Gas adsorption analysis (Micromeritics ASAP 2010) was
applied to determine the specific surface areas of the materials.
Previously, all samples were subjected to vacuum degassing at
120 °C for 8 h. Measurements were obtained at =196 °C using
nitrogen (N,, purity 99.998%) (White Martins). Specific sur-
face areas were measured by BET method (Brunauer-Emmett-
Tellet), ranging the relative pressure (P/Py) from 0.05 to 0.30.

Porosity was evaluated by mercury intrusion porosimetry
(Micromeritics Autopore III). Individually, samples were
placed in the sample holder and submitted to vacuum, and
the remaining volume of the container was filled with mercury
(Hg) (Synth). It was measured the required pressures to Hg
penetrate the samples, as well as the volume of Hg that had
entered in each of those pressures, which resulted in a table of
applied pressure, diameters, and volume of pores.

Determination of the MDO removal capacity

Oil removal capacity of each sorbent was determined by a
density-difference approach based on Barros et al. (2014).
MDO aliquots were obtain from the same samples applied in
ecotoxicological assays by the project CNPq 459388/2014-2,
conducted by Dra. Agata Romero, from UNESP-CLP.
Mixtures of 26 ml of ultrapure water (Milli-Q, salinity 0),
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2 ml of MDO and 2 g of sorbent were prepared in triplicate
and stirred at 360 rpm for 15 min. The solid phase, composed
by sorbent and sorbed oil/water, was filtrated using a nylon
mesh (0.064 mm). Volumes of non-sorbed oil and water were
estimated by comparing initial and final volumes in a gradu-
ated cylinder. Aiming to evaluate the influence of salinity,
these procedures were repeated substituting ultrapure water
for salinized ultrapure water (salinity 30). Control treatment
consisted of the same steps described above without sorbent
addition, determining volumes of oil and water retained by the
nylon mesh (Table 1). The mean values of the controls were
deducted from mean values obtained by each sorbent.
Results were described according to measures of central
tendency and dispersion (minimum and maximum values,
mean and standard deviation). Data were evaluated in terms
of normality (Shapiro-Wilk test) and homoscedasticity
(Bartlett test). In order to identify statistical differences in oil
removal among sorbents due to the salinity, a two-way analy-
sis of variance (ANOVA) was applied, followed by post hoc
Tukey test, in which statistical significance was set at p < 0.05.

Results and discussion
Sorbents characterization

Gladius presented a nonhomogeneous size and area distri-
bution, with a mean + standard deviation (SD) of
777 £ 253 um in length and 279 + 105 pum in width.
The SEM analysis revealed that gladius is composed of
a rigid structure and multiple layers with irregular topog-
raphy, channels, and fibers oriented along gladius major
axis (Fig. 1a), corroborating with previous studies (Lavall
et al. 2007; Yang et al. 2014). Ultrasound-treated gladius
(UT-gladius) exhibited similar measures, presenting
702 £ 286 um in length and 269 + 119 pum in width.
However, dilacerations in the borders of the laminar
layers and the presence of many fibers can be observed
(Fig. 1b). The specific surface areas of gladius
23 +£0.2 mz/g) and UT-gladius (1.9 = 0.2 mz/g) were
very close, as well as their pore volumes (65 and 69%,
respectively). Gladius pore diameters were concentrated
between ~ 90-130 um with a peak at 110 wm, whose

Table1l Mean values (ml and %) and standard deviation of retained oil
and water obtained in controls at salinities 0 and 30

Oil Water

(mL) (%) (mL) (%)
Salinity 0 02+03 83+144 0.7+0.6 26+22
Salinity 30 02+03 83+144 0.8+0.3 32+1.1
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Fig. 1 Scanning electron microscopy (SEM) images in a magnification of 100 x of a gladius, b ultrasound-treated gladius, ¢ (3-chitin, d ultrasound-

treated (3-chitin, and e chitosan

pore volume reached 0.35 ml/g. UT-gladius pore diame-
ters were around = 8§0—150 um, also with a peak at
110 um whose pore volume reached 0.4 ml/g.

The structure of 3-chitin was less rigid and compact than
gladius (Fig. 1c). Lavall et al. (2007) assigned this patter to the
extraction of the proteins from the spaces between chitin
chains in the deproteinization process. The (3-chitin presented
979 + 412 pm in length and 344 + 99 pum in width and a
degree of acetylation of 70%. Ultrasound treatment caused
an expressive delamination in the structure of ultrasound-
treated (-chitin (UT-B-chitin), producing a great amount of
fibers (Fig. 1d). This configuration of UT-f3-chitin made it
impossible to take its measures through SEM technique,
resulting in nonrepresentative values. However, the specific
surface area of UT-B-chitin (8.6 + 0.9 m?/g) indicated an in-
crease of about three times compared to [3-chitin
(2.8 £ 0.1 m?/g). UT-B-chitin also expressed an increase in
pore volume (78%) compared to (3-chitin (61%). Pore diam-
eters of 3-chitin were in a similar range to UT-gladius, and a
peak at 120 um whose pore volume reached 1 ml/g. UT-f3-
chitin, in contrast to the other sorbents, revealed a less con-
centrated distribution of pore diameters, ranging from < 0.01
to more than 100 pwm, with a concentration at =~ 50—150 um
and peak at 120 um, whose pore volume achieved 0.5 ml/g.

Usually applied in 3-chitin deacetylation, high-intensity
ultrasound is frequently related to an increase in the surface
area of chitosan through the phenomenon known as cavitation
(Kardos and Luche 2001). However, UT-gladius did not seem
to have the same response. The rigidity provided by its com-
position and structure, as observed in the SEM analysis, was
probably a key issue, blocking an effective penetration of

water during the ultrasound treatment and preventing subse-
quent reactions. On the other hand, all characterization analy-
ses clearly demonstrated an increase in the surface area of
UT-B-chitin after the ultrasound procedure. The less
compacted structure of 3-chitin, as shown in the SEM images,
should have been crucial to such results. In this sense, the
high-intensity ultrasound treatment as here assessed appears
to have a limitation on rigids materials, which should be better
evaluated and explored. It is possible that different reaction
conditions or reaction time could improve the outcomes.

Chitosan revealed predominantly circular particles (Fig.
le) with 484 + 125 pum in length and 332 + 69 pum in width.
Its degree of acetylation was of 40%. Pore volume of chitosan
(35%) proved to be the lowest, which could suggest an infe-
rior contact surface area. Its pore diameters presented a con-
centration at =~ 90—150 um with a peak at 120 um, whose pore
volume reached 0.25 ml/g. The degassing technique applied
in the gas adsorption analysis did not allow the required re-
moval of surface moisture from chitosan. Therefore, it was not
possible to assess its specific surface area, being difficult to
state the extent of the contact surface area of chitosan in rela-
tion to the other materials.

Removal of marine diesel oil

All sorbents removed MDO from water in both salinities
(Table 2 and Fig. 2). At salinity 0, the performance of UT-f3-
chitin was significantly superior to the performances of [3-
chitin (p = 0.005) and chitosan (p = 0.03) in MDO removal.
At salinity 30, UT-{3-chitin presented an oil removal capacity
also greater than (-chitin (»p = 0.0008) and chitosan
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Table 2 ANOVA table disposing

the significance of the oil removal Salinity ~ Sum of Degrees of Mean F P value F
data obtained under salinity 0 and squares freedom square ratio crit
0 Between 0 3083.33 4 770.83 462 0.02 3.48
groups 30 9750 4 2437.5 2925 17x10° 348
Within groups 0 1666.67 10 166.67
30 833.33 10 83.33
Total 0 4750 14
30 10,583.33 14

(p = 0.0002), as well as gladius (p = 0.0008 and p = 0.0002,
respectively) and UT-gladius (p = 0.005 and p = 0.0008)
(Table 3).

As indicated by the characterization analyses, the ultra-
sound treatment did not result in an improvement in MDO
removal of UT-gladius. Gladius removed 58 and 92% of the
total amount of oil at salinities 0 and 30, respectively, while
UT-gladius removed 50 and 83%, with no significant differ-
ence between these sorbents within the salinity treatments
(Fig. 2).

On the other hand, 3-chitin removed 33 and 42% of the
total amount of MDO at salinities 0 and 30, respectively,
while UT-B-chitin reached 75 and 92%, with significant
differences within salinity treatments (Table 3).
Considering the results of characterization analyses and
MDO removal tests, the ultrasound treatment has increased
the available surface area of UT-[3-chitin, which resulted in
a significant improvement of its MDO removal performance
compared with its source material ((3-chitin). Reports on
other sorbents also detected a direct relationship between
increase in available surface area and enhancement in oil
removal (Ahmad et al. 2004, 2005a; Srinivasan and
Viraraghavan 2010; Farias et al. 2015; Grem et al. 2013).

As well as f3-chitin, chitosan presented a low perfor-
mance, removing 42 and 33% of the total amount of
MDO at salinities 0 and 30, respectively. There is a wide
literature on the removal of different types of oil by chi-
tosan. Many authors attribute its competence to the posi-
tive character of its amino groups, that could either neu-
tralize negatively charged oils (Ahmad et al. 2004, 2005a;
Srinivasan and Viraraghavan 2010; Sokker et al. 2011;
Barros et al. 2014) as attract slightly polar molecules pres-
ent in fossil fuels (Grem et al. 2013; Ferreira et al. 2009).
The cyclic conformation of carbons in the main chain of
chitosan would also be responsible for a low polarity that
could attract hydrocarbon compounds through Van der
Waals interactions (Grem et al. 2013). In this sense, chi-
tosan was the sorbent with the highest expectations, and
the reasons behind such results are important to stand out.

A lower surface area could be related to the perfor-
mance of chitosan. However, even chitosan exhibiting
the lowest pore volume, without other data to give sup-
port (e.g., specific surface area) it is not possible to prove.
Nevertheless, it should be considered that, in water, un-
charged chitosan units may attract each other through hy-
drogen bonds and hydrophobic interactions (Philippova

Fig. 2 Performances of marine
diesel oil (MDO) removal of each
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Table 3  Statistical significant differences (Tukey test, p < 0.05) between MDO removal performances of biosorbents gladius (1 and 6), ultrasound-
treated gladius (2 and 7), 3-chitin (3 and 8), ultrasound-treated (3-chitin (4 and 9), and chitosan (5 and 10) under salinities O (sorbents numbered from 1 to

5) and 30 (from 6 to 10)

(1 @ 3 “ ® ©) (@) ® ® (10)

(¢))] 0.994119 0.223457 0.713319 0.713319 0.039973 0.223457 0.713319 0.039973 0.223457
2) 0.994119 0.713319 0.223457 0.994119 0.005762 0.039973 0.994119 0.005762 0.713319
3) 0.223457 0.713319 0.005762 0.994119 0.000267 0.000896 0.994119 0.000267 1.000000
“) 0.713319 0.223457 0.005762 0.039973 0.713319 0.994119 0.039973 0.713319 0.005762
5) 0.713319 0.994119 0.994119 0.039973 0.000896 0.005762 1.000000 0.000896 0.994119
(6) 0.039973 0.005762 0.000267 0.713319 0.000896 0.994119 0.000896 1.000000 0.000267
(@) 0.223457 0.039973 0.000896 0.994119 0.005762 0.994119 0.005762 0.994119 0.000896
®) 0.713319 0.994119 0.994119 0.039973 1.000000 0.000896 0.005762 0.000896 0.994119
&) 0.039973 0.005762 0.000267 0.713319 0.000896 1.000000 0.994119 0.000896 0.000267
(10) 0.223457 0.713319 1.000000 0.005762 0.994119 0.000267 0.000896 0.994119 0.000267

and Korchagina 2012). Likewise, a high concentration of
acetyl groups in (3-chitin can result in a similar behavior
(Pedroni et al. 2003). In this sense, it is possible that an
aggregation of (3-chitin and chitosan units may have
caused a reduction in their contact surface areas and in-
fluenced the performances.

Ahmad et al. (2004) tested the effect of pH on the
performance of chitosan in oil removal. At pH range of
3-6, chitosan removed 80—100% of the total amount of oil
present in the solution. However, at neutral pH range its
performance dropped to 40%. Because the amino groups
present a pKa of 6-6.5, at neutral pH chitosan does not
present a strongly cationic nature (Dash et al. 2011), and
its ability to attract other molecules is affected.
Considering that the ultrapure water used in the MDO
removal tests was at neutral pH, it is possible that the
performance of chitosan was also affected by deproton-
ation of its amino groups.

0
o

Water retention and salinity influence

Sorbents exhibited different propensities to water retention
(Fig. 3). Chitosan, (3-chitin and UT-3-chitin retained large
amounts of water during the tests of MDO removal in com-
parison with gladius and UT-gladius. In fact, water retention is
a disadvantage in many natural sorbents (Ali et al. 2012),
being often associated with a low hydrophobicity and a low
performance in oil removal (Likon et al. 2013). It is well
known that both (3-chitin and chitosan obtained from gladius
can retain large amounts of moisture, especially (3-chitin due
to its high acetylation degree (Chandumpai et al. 2004) and
molecular arrangement (Kurita et al. 1993). It is possible that
the performances of 3-chitin and chitosan in MDO removal
were also related to their water retention rate. Even though
UT-[3-chitin retained large amounts of water, other factors,
such as its large surface area, may have had a greater influence
on its performance than water retention.

Fig. 3 Mean values and standard
deviation of water retention of
each sorbent

Water retention (%0)
o+ i ()] ~l (2]
o o o o o
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Fig.4 Mean values and standard deviation of water retention of the set of
sorbents at salinities 0 and 30

It was identified a relationship between water retention by
the set of sorbents and salinity, which presented a greater
tendency of water retention at salinity O than at 30 (Fig. 4).
In fact, dissolved salts in water influence water retention by
polymers. An increase in salts concentration often results in a
decrease in water retention by these materials (Coelho,
unpublished results), which corroborates the trend observed
here. Salinity also demonstrated to have an influence in MDO
removal, as evidenced in Tables 2 and 3. Both gladius and UT-
gladius presented a significant improvement in their oil uptake
when subjected to salinity 30 (p < 0.03). It is possible that the
relationship between the decrease in water retention and the
increase in oil removal at high salinity, as observed in gladius
and UT-gladius, resides in a type of sorbent-oil interaction in
which water and oil compete for the same spots in the contact
surface area of the sorbent.

Conclusions

Oil removal was governed by the interaction of a set of factors,
such as salinity of the medium, available contact surface area
and water retention of the sorbents. All tested sorbents were
able to remove MDO from fresh and salt water, presenting
potentialities and characteristics to be further explored.
Gladius is a material of simple and cheap processing, with
abundant raw material provided from waste, and presented
great performance. This unstudied and underestimated mate-
rial, as well as ultrasound-treated (3-chitin (UT-3-chitin), dem-
onstrated great potential as oil sorbents and are highly recom-
mended for future investigations. Chitosan and [3-chitin pre-
sented limitations under the tested conditions. Although
ultrasound-treated gladius (UT-gladius) did not properly re-
sponse to the treatment, the high-intensity ultrasound demon-
strated great potential to improve oil uptake of UT-{3-chitin by
increasing its available contact surface area, and the best reac-
tion conditions of this treatment and applicability in other

@ Springer

materials should be further explored. Analyses on the influ-
ence of variables such as exposure time, stirring speed, sor-
bent dosage, and particle size would improve the use of these
materials as biosorbents.
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