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ABSTRACT: Sargassum has become an “ecological disaster” on most beaches in the Caribbean
Sea, causing serious health, safety, economic and environmental problems. The objective of this
study was to valorize sargassum for the extraction of sodium alginate, cellulose and cellulose
nanocrystals. Cellulose was also used in the manufacture of a separator for an energy storage
device (ESD) based on expanded graphite and activated carbon. Sargassum was characterized
physicochemically; the results of this characterization are very relevant for the generation of
bioenergy and removal of toxic contaminants. The extracted materials were identified by FT-IR;
the spectra were very similar to the IR spectra of commercial samples, which corroborated that the
materials extracted were sodium alginate, cellulose and cellulose nanocrystals. The performance
of the ESD/cellulose-based separator was determined using cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). Additionally, an RC circuit and an oscilloscope
were used to perform a charge/discharge test. The voltammograms obtained for the ESD showed
a rectangular shape with redox peaks characteristic of a pseudocapacitor and a battery, and the
Nyquist plot showed a typical electrochemical performance of such ESD. Likewise, the developed
devices have the capacity to store and release energy in seconds.

RESUMEN: El sargazo se ha convertido en un “desastre ecologico” en la mayoria de las playas
del Mar Caribe, causando graves problemas de salud, seguridad, econémicos y ambientales. El
objetivo de este trabajo fue valorizar el sargazo para la extraccion de alginato de sodio, celulosa y
nanocristales de celulosa. Asi mismo, la celulosa se utiliz6 en la fabricacion de un separador para
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un dispositivo de almacenamiento de energia (ESD) a base de grafito expandido y carbdn activado.
El sargazo se caracterizo fisicoquimicamente; los resultados de esta caracterizacion son muy
relevantes para la generacion de bioenergia y remocion de contaminantes toxicos. Los materiales
extraidos fueron identificados por FT-IR; los espectros fueron muy similares a los espectros IR de
muestras comerciales, lo que corrobord que los materiales extraidos fueron alginato de sodio,
celulosa y nanocristales de celulosa. EI desempefio del ESD/separador a base de celulosa se
determind utilizando la voltamperometria ciclica (CV) y espectroscopia de impedancia
electroquimica (EIS). Adicionalmente, se utilizé un circuito RC y un osciloscopio para realizar
una prueba de carga/descarga. Los voltamogramas obtenidos para el ESD mostraron una forma
rectangular con picos redox caracteristicos de un pseudocapacitor y una bateria, y el diagrama de
Nyquist mostro un desempefio electroquimico tipico de dicho ESD. Asi mismo, los dispositivos
desarrollados tienen la capacidad de almacenar y liberar energia en segundos.

1. Introduction

In 2011, a massive amount of sargassum (Sargassum fluitans and Sargassum natans, the most
abundant species) was observed for the first time in the Atlantic Ocean. Since then, the massive
arrival has continued to spread to form the “Great Atlantic Sargassum Belt” (GASB), which
exceeded 20 million tons of biomass transported in June 2018 [1]. In the Mexican Caribbean, the
massive arrival of sargassum began at the end of 2014, causing serious consequences not only at
an ecological level, but also in the economic and social sphere. The costs related to sargassum
cleaning range from 0.3 to 1.1 million dollars per kilometer and the amount of biomass collected
annually ranges between 10,105 and 40,935 m?® per kilometer [2]. Currently, the efforts made to
prevent the arrival of sargassum to beaches have not been sufficient, and poorly executed cleaning
practices cause the accumulation of decomposing biomass that depletes oxygen, reduces light, and
deteriorates water quality [3]. For this reason, it is necessary and imperative to develop strategies
associated with the treatment, recycling, and use of sargassum to counteract the negative impact
that this macroalga has generated and thereby transform this serious problem into a technological
and economic opportunity [4]. The valorization of sargassum represents one of the most viable
options to economically benefit this resource because it offers a renewable source in the production
of materials that can be used in various industries and technologies due to their properties, chemical
compounds, and inorganic elements [5]. Among these materials are sodium alginate, cellulose, and
cellulose nanocrystals.

Sodium alginate can form gels and is biocompatible; thus, it is considered an attractive product
with a wide field of applications, such as a gelling agent, thickener, and stabilizer in the cosmetic,
textile, pharmaceutical, and food industries [6,7] . In 2020, the size of the global alginate market
was valued at 728.4 million dollars [8]. On the other hand, cellulose is the most abundant
biopolymer available in nature since it is one of the main components of the cell walls of most
plants [9]. In recent years, interest in cellulose, mostly at the nanometric scale, has increased with
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the development of nanotechnology in the industrial sector because it is a green renewable material
with good mechanical, physical, chemical, and thermal properties and of low-cost . These
properties have allowed cellulose to be widely used for the manufacture of filters, separators,
capacitors, supercapacitors, electrodes, [10-12], sensors [13], food packaging, polymer additives
[14], among others.

Supercapacitors, pseudocapacitors and batteries are energy storage devices (ESDs) that will play a
very important role in the following generations due to the development of technology, especially
in "electronic mobility™. These devices are made up of two current collectors with porous electrodes
separated by a semi-permeable membrane (separator). The porous electrodes and separator are
impregnated with an electrolyte [15]. It is worth mentioning that the role of the separator is very
important for the operation of ESDs because it allows the passage of ions and prevents the passage
of electrons.

The use of cellulose and cellulose nanocrystals for the manufacture of ESDs has been the focus of
scientific study and previously reported. In a study, the development of supercapacitor electrodes
based on activated carbon, graphite and cellulose nanocrystals (CNC) and CNC/glycerol/NaCl as
electrolyte/separator was reported. The devices with these components presented a capacitance of
25.6 F g ! at an operating voltage up to 1.2 V [16]. In another study, cellulose acetate (CA) and
polystyrene (PS) composite for the manufacture of a separator was reported. The flexible
supercapacitors manufactured with CA/PS composite presented specific capacitance values of 2.8
Fg! and 33 Fg! for electrodes with pristine carbon and PEDOT functionalized carbon fibers,
respectively [17]. Moreover, [18] reports the development of a cellulose/PEDOT:PSS composite
matrix adding multi-walled carbon nanotubes (MWCNTS) to it, thus improving the flexibility and
electrical conductivity of the composite matrix. The supercapacitor assembled with
MWCNT/composite matrix as electrodes achieved a high specific capacitance of 485 F g !. In[19],
researchers developed an anthraquinone sulfonate-doped PPy/cellulose fiber electrode material for
the fabrication of supercapacitors. This device showed a high capacitance of 829.8 F g!. Likewise,
[20] reports manufacturing cellulose nanofibers/reduced graphene oxide/polypyrrole (CNF-RGO-
PPy) paper electrode materials with a sandwich structure. The porous structure of the CNF/RGO
layer and the pseudocapacitance characteristics of PPy enabled excellent specific capacitance
(195.8 Fg!) in the supercapacitor. Also, in [21], a dual-physical crosslinking carboxymethyl
cellulose hydrogel with high toughness, healability, and electric conductivity for the manufacturing
of supercapacitors has been developed. The devices showed a high specific capacitance of 309 F

g

In this study, sodium alginate, cellulose and cellulose nanocrystals were obtained from sargassum
through a thermochemical process based on literature reports, in which reaction times,
temperatures, and concentrations of the reactants were modified. Likewise, cellulose was used to
manufacture a separator for an ESD based on expanded graphite and activated carbon. The
performance of the ESD manufactured with the cellulose-based separator was determined using
electrochemical techniques. The results obtained show that the valorization of sargassum for the
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extraction of sodium alginate, cellulose and cellulose nanocrystals is feasible. Likewise, the
electrochemical performance of the ESD/cellulose-based separator was very promising, obtaining
specific capacitance values and electrochemical behavior like those reported for devices
manufactured with commercial separators. This opens an opportunity to use sargassum for the
development of more sustainable technology that allows for optimal use of resources, contributes
to a possible reduction in poverty, generates jobs, promotes the circular economy and, improves
energy efficiency.

2. Experimental section

2.1. Sargassum conditioning

The sargassum (Figure 1) was collected on the beaches of the Mexican Caribbean. The macroalgae
were washed and cleaned manually with tap water to remove waste (sand, plastics, etc.).
Subsequently, it was dried at room temperature for 24 h to eliminate residual moisture. Finally, the
sargassum was crushed manually using a mortar and airtight stored in the refrigerator for 24 h.

Figure 1 Sargassum collected from the beaches of the Mexican Caribbean.

2.2. Physicochemical characterization

The physicochemical characterization of sargassum consisted of an elemental analysis through
atomic absorption spectroscopy of 17 chemical elements, the determination of the sodium chloride
(NaCl) content, higher heating value (HHV), sulfur (S) content, humidity, ash and volatile material,
and pH value. Atomic absorption spectrophotometry (AAS, Varian SpectrAA 220FS) with
electrode discharge lamps and air/acetylene flame was used for the determination of chemical
elements. Calibration standards series were prepared for each element by dilution.

The HHV was determined using a bomb calorimeter (IKA, C200) according to ASTM D5865; the
samples were previously dried at 105 °C for 24 h. Approximately 0.8 g of each sargassum sample
was used for analysis, in triplicate. The sulfur (S) content was determined using a carbon and sulfur
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analyzer (Infrared, QT-CS-3000G QUALITEST). Muffle furnaces and incineration crucibles were
used to determine ash content according to ASTM E1755; porcelain crucibles were heated at 575
°C for 3 h. They were allowed to cool until they reached room temperature, and then weighed
(empty crucible mass). Subsequently, 1 g of sargassum was added to the crucibles and heated at
250 °C for 30 min. Then, the samples were heated at 575 °C for 1 h. Finally, the crucibles were
allowed to cool until they reached room temperature. A vertical tube furnace/platinum crucible was
used to determine volatile matter according to ASTM D3175; the sargassum sample was pulverized
to a 250 pum sieve and 1 g at 950 °C was used for the test. In addition, FT-IR spectroscopy analysis
was carried out for the identification of the extracted materials using the Bruker Equinox 55 model
(attenuated total reflection mode); 64 interferograms were recorded with a resolution of 2 cm™.

2.3. Sodium alginate extraction

Sodium alginate extraction was conducted following the protocols of [22] and [23] with
modifications in reaction times, concentrations, and temperature. The extraction was carried out
through two different processes with the aim of obtaining a higher yield:

Process 1. 10 g of sargassum were treated with 400 mL of 2% furaldehyde at room temperature
for 24 h to eliminate soluble resinous components. Subsequently, the solid was treated with 400
mL of 0.1M hydrochloric acid (HCI) while stirring at room temperature for 16 h. Then, it was
adjusted to a neutral pH using distilled water and filtered to separate the solid. Subsequently, the
solid was treated with 400 mL of 2% sodium carbonate (Na.COs) at 60 °C for 3 h to extract the
sodium alginate, which was separated from the solid material by filtration. Finally, the sodium
alginate in solution was precipitated in ethanol; the sodium alginate fibers are shown in Figure 2.

Figure 2 Sodium alginate fibers.
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Process 2. 10 g of sargassum were treated with 500 mL of sodium hypochlorite (NaClO) at room
temperature for 10 min to bleach and extract the lignin present. The solid was then filtered, washed
with tap water to remove residual chlorine, and dried at room temperature for 10 h. Subsequently,
the bleached solid was treated with 350 mL of 0.1 M HCI at room temperature for 16 h to form
alginic acid. Then, the solution was filtered and the solid was washed with distilled water until
reaching a neutral pH. Subsequently, the solid was treated with 350 mL of 2% (Na=COs) for 3 h at
60 °C to obtain sodium alginate; the solid was filtered to obtain sodium alginate in solution. Finally,
the sodium alginate solution was precipitated over ethanol, filtered, and oven-dried at 45 °C for 2
h; the sodium alginate is shown in Figure 3.

Figure 3. Bleached sodium alginate.

2.4. Cellulose and cellulose nanocrystals extraction

Cellulose and cellulose nanocrystals extractions were conducted following the protocols of [24]
and [25] with minimal modifications in concentrations and reaction times. Cellulose extraction was
carried out as follows: 10 g of sargassum was bleached with 500 mL of NaClO at room temperature
for 3 h. Subsequently, the solid was filtered and washed with distilled water to remove residual
NaClO. Then, the solid was treated with 750 mL of 0.5 M sodium hydroxide (NaOH) at 80 °C for
3 h to eliminate lignin; the treatment was carried out twice. The solid was filtered and washed with
distilled water until reaching neutral pH. Then, the solid was treated with 250 mL of 0.05M HCI at
room temperature for 24 h to eliminate hemicellulose. Finally, the solid was filtered and washed
with distilled water until reaching a neutral pH and dried at 40 °C for 2 h; the cellulose is shown in
Figure 4.
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Figure 4 Cellulose from sargassum.

Cellulose nanocrystals extraction was carried out as follows: 3.5 g of cellulose was treated with 60
mL of 64% sulfuric acid (H2SO4) at 45°C for 45 min. Subsequently, the product was poured onto
1.5 L of cold distilled water and kept at rest for 2 h to later separate the phases by decantation; this
was done twice. Then, the solution containing the cellulose nanocrystals was dialyzed to neutralize
it. Subsequently, the cellulose nanocrystals were treated by ultrasound (avoiding overheating) until
obtaining a colloidal solution; this solution was filtered using vacuum and a glass microfiber
membrane (280 mL of cellulose nanocrystals in solution were obtained). Finally, 50 mL of
cellulose nanocrystals in solution were dried at 40 °C for 24 h; cellulose nanocrystals film with a
weight of 0.3046 g was obtained (1.9073 g of cellulose nanocrystals dissolved in 280 mL of
colloidal solution). The cellulose nanocrystals film is shown in Figure 5.
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Figure 5 Cellulose nanocrystals film from sargassum.

2.5. Morphology of nanocrystalline cellulose and cellulose

Transmission electron microscope (TEM) observation of the resultant cellulose nanofibers was
performed on a FEI-TITAN TEM with an energy of 80 kV. The diluted cellulose nanofibers were
dropped on a holey carbon-coated TEM support grid, and then negatively stained by 1 %
tungstophosphoric acid (TPA) solution. The surface morphology of the cellulose separator was
investigated by scanning electron microscopy (SEM, JEOL JSM-6010LA). The cellulose separator
was placed on carbon tape and performed with coating. The images obtained were analyzed using
ImageJ software.

2.6. Manufacturing of the cellulose-based separator

The cellulose-based separator was manufactured as follows: the extracted cellulose was cut into
small pieces and placed in a container with distilled water for 24 h. Then, cellulose in distilled
water was liquefied until obtaining a, homogeneous mixture. Subsequently, the mixture was poured
into a mesh rack and distributed evenly with a sponge; this allowed excess water to be removed.
Then, an absorbent cloth was placed over the mixture and pressed to remove more water.
Subsequently, the cellulose was carefully removed from the mesh rack and placed on a type C press
for 2 h. Finally, the cellulose was removed from the press and dried at room temperature for 24 h.
Using a MITUTOYO micrometer, three measurements were made of the cellulose-based separator,
with the average thickness being calculated at 415 um. The cellulose-based separator is shown in
Figure 6.
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Figure 6 Cellulose membrane.

2.7. Manufacturing of energy storage devices

The manufacturing of the devices was carried out as follows: the cellulose-based separator was cut
into 1x1 cm sheets. Then, a mixture (0.023 g) of commercial activated carbon (Herbonaturista, 95
wt%) and commercial expanded graphite (Timrex BNB9O0, specific surface area = 21.2 m?/g, 5
wit%) was added into one of the copper collectors (thickness =20 um). Subsequently, the cellulose-
based separator was placed and 5 drops (standard measurement) of 3 M KOH (electrolyte) were
added. Finally, the mixture (0.023 g) of activated carbon (95% by weight) + expanded graphite
(5% by weight) was added to the cellulose-based separator and the other copper collector was
placed. Figure 7 shows a scheme of the manufactured energy storage device; this device had an
effective area = 1 cm?.

B Graphite + activated carbon
Cellulose-based separator

Cu collector
I
Electrolyte = 3M KOH + I
00 00 0 |
# ]

Figure 7 Scheme of manufactured energy storage devices.
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2.8. Electrochemical and electrical characterization of energy storage device

For the electrochemical characterization of the ESD, a two-electrode cell (Figure 7) connected to
a GILL AC potentiostat/galvanostat (ACM Instruments) was used. The ESD was characterized by
electrochemical impedance spectroscopy (EIS) using an AC potential amplitude of 10 mV, a
frequency range of 10 mHz to 30 kHz with 100 readings per decade and the device was under zero
polarization at room temperature during the EIS tests. Likewise, ESD was characterized by cyclic
voltammetry (CV) at different rates: 10, 20, 50 and 100 mV s and a potential window of -1 to 1
V. The specific capacitance through CV (Ccv) was determined using Equation 1 [26]:

jVV 1V)dV
: (1)

Uy xAV xm

Where Ccv is the specific capacitance at Fg™?, vis the scanning speed in V/s, m is the mass of the
active material in g, 4V'is the potential window in Vand /dV represents the area under the CV
curve.

A charge/discharge test was also carried out to confirm that the device-stored energy. The circuit
in Figure 8 was built with physical components; an RC circuit was connected to a direct current
(DC) power supply.

Figure 8 RC electrical circuit. E= DC supply voltage, R= resistance, and C (capacitor) in this study is the
ESD.

When switch S is activated, the transient charging phase of the capacitor begins, which is
determined by Equation 2.

V, = E(1— e 7¢) )
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From (2), the capacitance of the ESD (Cesp) can be calculated at any time t during the transient
charging phase (Equation 3).

Cesp = t/[R xIn (==-)] 3)

[

The charge and discharge test was performed by measuring the signal with a TEKTRONIX
oscilloscope at a sampling rate of 1 MS s™. Then, according to (2), when RC = t, the voltage value
Ve will be 63.2% of the voltage E, as expressed in Equation 4.

Ve =E (1 —~ exp_t_tf) = E(1—exp™') = E(0.632) (4)

The calculation of Cesp was carried out at 63.2% of the maximum charging voltage. Based on the
waveform acquired by the oscilloscope and the sampling frequency, the time in which the Vc
voltage reached 63.2% in E was determined. These values were then substituted into (3) to calculate
Cesp. The applied voltage was 2 V, 10 kohms resistance and frequency of 1 MHz were used.

3. Results and discussion

The elements found in sargassum are presented in Table 1. These elements have been reported in
the literature [27] for Sargassum fluitans and Sargassum natans. Mg, Ni, Cr and Zn were the
elements found in the highest concentration. Most of these elements are essential nutrients; others
are highly toxic to humans, animals, and the environment, such as arsenic, cadmium, mercury, and
lead [28].

Table 1 Content of the elements in the sargassum.

Sargassum
Element ppm %

Copper 9.7 0.0010
Magnesium 45 0.0045
Lead 6.0 0.0006
Cadmium 4.3 0.0004
Nickel 39 0.0039
Cobalt 4.7 0.0005
Chrome 42 0.0042
Zinc 22 0.0022
Vanadium <5 <0.0005

Barium <200 <0.02
Beryllium <2 <0.0002
Antimony <3 <0.0003
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Arsenic <47 <0.0047

Selenium <54 <0.0054
Tin <8 <0.0008

Mercury <0.003 <3E-7

Likewise, the sargassum contained chlorine and sodium chloride (NaCl) as expected when coming
from the sea; see Table 2.

Table 2 Total chlorine and sodium chloride content.

Sargassum
Total chlorine 14.39%
NaCl 159 mg/g sample

Other physicochemical results of sargassum that are of great interest to the bioenergy generation
industry are presented in Table 3. In thermochemical conversion routes, an important basic
property is the higher heating value (HHV). The sargassum analyzed has a HHV value of 1.09x10’
J/kg. In comparison, a variety of materials widely used in the generation of bioenergy have been
reported in the literature; for example, tepa, rauli and hazelnut woods have HHV values between
1.84x107 and 2.12x107 J/kg, olivillo wood between 8.37x10° and 1.67x10° J/kg [29], hops
1.95x107 J/kg [30], and some species of brown macroalgae such as Sargassum vesigoso, Chorda
filum and Laminaria digitata, 1.49x107, 1.55x10, and 1.75x10" J/kg, respectively [31]. These are
comparable to the HHV value for the sargassum, which means it could also be used for the
generation of bioenergy. On the other hand, for the energy recovery of sargassum, the moisture
content was very high since it is greater than 7% (reference value), which indicates that it could
not be used in international markets [32]. Likewise, the percentage of volatile material for
sargassum was very low (7.71 %) compared to high quality materials for energy recovery purposes;
for example, charcoal from Quercus sp has a percentage of volatile material of approximately 15%,
which allows rapid ignition, presence of flame and high spark production. The ash content in
sargassum was very high, taking 6% or < 6% as acceptable values [33]. This attribute of sargassum
is undesirable because its residue (ash) would accumulate in the equipment.

Regarding the sulfur content in the decomposition of sargassum (Table 3), this element is released
into the water producing hydrogen sulfide, which causes pollution in both the water and the
atmosphere [34]. On the other hand, the pH of 7.77 in sargassum is highly desired for the removal
of toxic contaminants from aquatic environments because lower pH values cause repulsion between
protonated carboxylic acids and heavy metal cations leading to a low adsorption capacity and
higher pH values of deprotonate hydroxyl, amines, and carboxyl functional groups resulting in the
precipitation of hydroxide anionic complexes that prevent efficient adsorption [35].
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Table 3 Other physicochemical results.

Sargassum

Higher heating value (J/kg) db** 1.09x107+1x
10°

Moisture (%owt.) 16.65 £ 0.36

Ash (Yowt.) 32.80+0.61

\olatile material (%owt.) mafb*** 7.71 +£0.67

Sulfur (%wt.) 1.17 £0.02
pH 7.78

db**: dry base. mafb***: moisture and ash free base.

The yields obtained in the two processes for the extraction of sodium alginate were 20 and 39%
for Processes 1 and 2,, respectively. The bleaching of sargassum with sodium hypochlorite allowed
a higher yield. This could be because bleaching can lead to a decrease in molecular weight and
rheological properties in sargassum due to glycosidic bond degradation, which may be related to
the yield obtained in the process. In the literature, the sodium alginate obtention from Sargassum
echinocarphum with a yield of 32.42 % has been reported [22]. Likewise, the yields obtained in
the extraction of cellulose and cellulose nanocrystals were 13 and 37%, respectively. These yields
are very promising in comparison with some reports in literature: in [36], the extracted cellulose
yield varied between 11.70% for Colpomenia sinuosa and 1.38% for Jania rubens. Likewise, [3]
reported the cellulose nanocrystals obtention from a mix of Sargassum spp. yielding 14.9 %.

The extracted materials were characterized by FT-IR to identify their functional groups; IR spectra
were compared with IR spectra of commercial samples of sodium alginate, cellulose and cellulose
nanocrystals. In Figures 9 and 10, the spectra of commercial sodium alginate and the materials
obtained in processes 1 and 2, respectively are shown. According to one study reported in the
literature, the characteristic absorption peaks of sodium alginate are found at 3250, 2940, 1600,
1410 and 1020 cm* [37]. However, in another study the characteristic absorption peaks of sodium
alginate are found at 3440, 1610 and 1089 cm™ [38]. In both samples, the absorption peak around
3250 or 3440 cm™ assigned to the O-H stretching vibration was observed. However, the lowest
intensity absorption peak at 2924 cm™ attributed to the C-H stretching vibration was observed in
the Process 1 sample, but not in the Process 2 sample. The absorption peak at 1593 cm™
corresponds to the asymmetric vibration of the carboxylate group, which could be observed in the
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sample from Process 1, while in the sample from Process 2 it was observed in lower intensity and
slightly shifted towards a higher wave number (1632 cm™). Asymmetric vibration at 1649 cm™ for
sodium alginate from Sigma has been reported by [39].The signal at 1406 cm™ corresponding to
the symmetric vibration of the carboxylate group was observed in the samples from the two
processes. However, the absorption peak at 1025 cm™ associated with the C-O-C stretching
vibration from glycosides was observed only in the sample from Process 1. In the literature [40] it
is reported that the presence of a peak at 1025 cm™! in sodium alginate suggests that it is slightly
richer in mannuronic residues than in guluronic residues. In the case of bleached sargassum,
residues of sodium hypochlorite could have reacted with ethanol, preventing the efficient extraction
of the glycosides compounds because the use of polar solvents such as ethanol, methanol, and water
for the efficient extraction of phenolic compounds is reported in [40]. Likewise, the peaks observed
in the extracted sodium alginate spectra but not in the commercial sodium alginate spectra could
be explained by the presence of carboxylic acid esters [38, 41]. The FTIR spectra showed similarity
between the extracted sodium alginate with the commercial sodium alginate indicating that the
sodium alginate extracted from sargassum can be considered as candidates for industrial
exploitation.

Commercial sodium alginate
Sodium alginate - process 1

Units
ATR 32|50 1593 1(|}25
0.4 o | 1406 |
[\ 2924 ; I
/ y | !
AR Mo
0.2 / N J U ‘\, Mg
utggtn \%\ — .
d a,.,,t.v_,.x" g

4000 3500 3000 2500 2000 1500 1000
Wavelength cm1

Figure 9 IR spectra of the material from Process 1 (green color) and commercial sodium alginate (black
color).
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Sodium alginate - process 2

Units
ATR 3250 1593
0.4 3231 1406 ;455
,‘1 g 11298 |
0.3 f /“ \}Qz?m il Jr\
021 j N I\ L\g ot
| S q"‘“—'_“——m—.._._,f'\u_;" W

0.1 i =

4000 3500 3000 2500 2000 1500 1000
Wavelength cm1

Figure 10 IR spectrum of the material from Process 2 (red color) and commercial sodium alginate (black
color).

Figures 11 and 12 show the FT-IR spectra of the “cellulose” and “cellulose nanocrystals” extracted
from sargassum (blue spectrum) and the commercial cellulose and cellulose nanocrystals (red
color). All spectra showed a broad strong band with two peaks at 3340 and 3282 cm attributed to
the stretching vibration of OH and N-H present in protein, respectively [42, 43]. In addition, other
absorption peaks of lower intensity were observed at 2850 and 2918 cm corresponding to the C-
H stretching vibrations of the methyl and methylene functional groups, respectively [43].
Approximately in 1735 and 1638 cm™, two absorption peaks associated with the carboxylate
groups due to the (C=0 and N-H of the proteins, respectively,) were observed [43]. These peaks
are more intense in the “cellulose” and “cellulose nanocrystals” extracted from sargassum and
correspond to what was reported in reference [43], where the cellulose nanocrystals from
Sargassum spp (yield of 14.9%) for the development of transparent films was characterized. Both
spectra show the absorption peaks at 1052, and 1159 cm™ attributed to the asymmetric C-O-C
stretching and bending mode, respectively. The functional groups identified indicate that the
materials obtained in the extractions are cellulose and cellulose nanocrystals.
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Figure 11 IR spectra of the cellulose extracted from sargassum (blue color) and the commercial sample
(red color).

Cellulose nanocrystals - sargassum
Units Commercial cellulose nanocrystals
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Figure 12 IR spectra of cellulose nanocrystals extracted from sargassum (blue color) and commercial
cellulose nanocrystals (red color).

Figure 13 shows the SEM image of the cellulose separator having fiber diameters of 5 um to 50
um approx. The fibers are randomly distributed forming a nonwoven structure with high porosity
and interconnected pores that could allow electrolyte flow. The separator had a rough fiber
morphology. There are studies [44-46] that report the development of cellulose separator for
supercapacitors and batteries with a morphology and fiber size like that reported in this work.
However, the development of a separator of cellulose extracted from sargassum for ESD has not
been reported. The diameters of these fibers were determined using ImageJ software.
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Figure 13. SEM images of cellulose separator at 200x (left) and 1000x (right).

Figure 14 shows the TEM image of cellulose nanocrystals. The cellulose nanocrystals were
obtained in elongated filaments and showed a needle-crisscrossed structure with an average length
and width between 120-130 nm and 5-8 nm, respectively. A similar structure has been reported
using an ultrasonic homogenizer sonicator for size reduction of cellulose nanofibers from
sargassum [47]. The length and width dimensions of these nanocrystals were determined using
ImageJ software.
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Figure 15 shows the voltammograms of the ESD at different scan rates. It is important to mention
that according to literature, the voltammogram of an ideal capacitor has a rectangular shape.
Likewise, supercapacitors have a voltammogram with a quasi-rectangular shape [48]. In this study,
all voltammograms showed a quasi-rectangular shape with peaks. These peaks are due to reversible
redox reactions that occur at or near the surface of the electrode materials [49] and due to the rapid
mobility of ions towards the electrode surface as the scan rate increased, altering the shape of the
CV; ions can be considered to undergo intercalation/deintercalation [50]. The area under the
oxidation and reduction peaks are not equal indicating similar kinetics of oxidation and reduction
and facile electrochemistry with less polarization [48]. This behavior and the quasi-rectangular
shape of the voltammogram are characteristic of ESDs called pseudocapacitors [51]. However, the
shape of the voltammogram is also like that observed with batteries. The calculated specific
capacitances (Ccv) were 17.3, 9.9, 5.1 and 3.6 Fg* at 10, 20, 50 and 100 mVs?, respectively. The
values of Ccv indicate that the manufactured cellulose-based separator allows the correct operation
of the ESD. Likewise, the performance of the pseudocapacitor is very promising compared to the
performance of an ESD with a commercial polyvinylidene difluoride (PVVDF)-based separator. Ccv
values for ESDs/PVDF separators in the range of 16.1 to 107.6 Fg using graphite, activated carbon
and 3M KOH as electrolyte were reported in [52]. Likewise, values of specific capacitance of 25 -
30 Fg* were reported for commercial carbon-based supercapacitors [53].
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] — 100 mV/s
<€ 0.002-
Q .
<
> 0.0004
‘D
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S -0.0024
I _
D
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O -
-0.006
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Figure 15 Voltammograms of the ESD at different scan rates in the 3M KOH electrolyte.
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The Nyquist plot of the ESD based on graphite and activated carbon/ cellulose-based separator is
shown in Figure 16. By taking the intercept with the Zra axis of the semicircle at high frequency,
the internal resistance known as equivalent series resistance (ESR) of the device can be estimated.

Low ESR is preferred for the device to perform better power transactions [54].

The first semicircle (high frequencies) corresponds to effects related to the electrolyte interface
(El), a passivation layer occurring on the electrode. The second semicircle (high-middle
frequencies) displays the charge-transfer resistance (Rct) and the influence of the double layer
capacitance (Cai) on the behavior of the energy storage device [55]. For materials with kinetically
fast charge transfer, the diameter of the semicircle is very small [56]. At medium frequencies, a
line with an angle of approximately 45° with respect to the Zrear axis was observed. This line is
related to Warburg impedance (W) and is due to the diffusion of ions from the bulk [57]. It seems
that is the behavior of a battery. However, the contribution at high and low frequencies indicates
that the behavior is of a supercapacitor. A line with an angle greater than 45° with respect to the
Zre Was observed at low frequencies due to the pseudocapacitive behavior of the device [58]; a
vertical line (parallel to the Zim axis) in the Nyquist plot is the behavior of an ideal capacitor.
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Figure 16 Nyquist plot of the ESD based on graphite and activated carbon with cellulose-based separator
in the 3M KOH electrolyte. Insets show the plot at high frequencies and an equivalent circuit model.

The proposed equivalent circuit for the simulation of EIS data is presented in Figure 16 (inset),
which consists of the ESR, Rei, CPEei, Ret, CPEal, the pseudocapacitance (CPEps) and W, where W
represents Equation 5 [59]:
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W, = R [coth(wa)’ /(wa)’] (5)

where w is the frequency, Rwis the finite resistance at low-middle frequencies, «is a time constant,
meaning the time for diffusion, and S is an exponent related with the roughness of the diffusion
media.

CPE is a constant phase element, which replaces the C element to have a better fit and represents
the system behavior due to effects such as surface disorder, electrode porosity, and adsorption
processes [60]. The impedance corresponding to CPE (Zcre) can be written as Equation 6 [61]:

1
ZCPE = . n
(Jo)'Y,
where Y is the numerical value of the admittance, 7 is the CPE parameter, and w (w = 27z/) is the

angular frequency at the lowest frequency (f) measured in the impedance spectrum. Capacitance
associated with CPE (Cc»z) can be evaluated using Equation 7:

(6)

c - £ @)
P " sin(nr /2)

Parameter values obtained from the EIS data fitting using ZVIEW software are presented in Table
4,

Table 4 Parameters values from the simulation of the EIS Data.

Parameters ESD
Gr/AC/ cellulose-based separator
ESR (Q) 1.69
Rel (Q) 3.16
CPEg (Yo [Q7's"]) 4.22E-6
(n) 0.6
Ret (Q) 814.1
CPEq (Yo [Q71s"]) 7.1E-3
(n) 0.6
W (Ru) 284.9
(s) 5.84
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(@) 0.5
CPEs (Yo [Q71s"]) 9.87E-3
(n) 0.6

The ESR and Rct values for the ESD were 1.68 Q and 3.18 Q, respectively; the low ESR and Rct
values are responsible for the high ionic conductivity electrolyte [50] and higher ion diffusion [62],
respectively. The value n=0.6 for the CPEa, suggests a capacitive behavior for the interfacial
phenomena. The n value < 1 (ideal capacitor) can be associated with the heterogeneities of the
electrode surface [63]. Furthermore, n=0.6 for the CPEps, showing that the kinetics of the electrode
is limited by diffusion and migration of K* ions in the liquid electrolyte [64].

From the Zim component, the capacitance (C) of the devices was calculated at 20 kHz using
Equation 8 [65]:

C=-1/ wZin 8)

Where, o is the angular frequency = 2xf (in Hz used for EIS measurements). The C value was
0.353 F and specific capacitance (Cs) = 15.37 F g. This value is like Ccv (17.3 Fg?) at 10, mvs!
indicating very similar device capabilities in the unstable (CV) and very stable (EIS) states of the
electrode.

Figure 17 shows the charge and discharge curve for the ESD. The device reached the source
voltage in a time determined by 5t, where t = RC. Likewise, the device was discharged until it had
almost OV at the same time determined by t. This charge and discharge graph shows that the
manufactured device stored energy, and its curve is characteristic of a capacitor [66, 67]. The
calculated value of the capacitance was 10.7 puF. A video with the charge/discharge process is
presented in supporting information.
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Figure 17 Voltage profile of a charge/discharge cycle of the ESD in 3M KOH electrolyte and current
density = 0.2 A cm™.

4. Conclusions

Sodium alginate, cellulose and nanocellulose were extracted from sargassum collected from the
beaches of the Mexican Caribbean; the IR spectra for the extracted materials were very similar to
the IR spectra of commercial materials. The yields in the extraction processes were: 20% and 39%,
for sodium alginate, and 13% and 37% for cellulose and nanocellulose, respectively. The yields
obtained in the processes for the synthesis of the materials are very promising compared to some
yields reported in the literature, indicating that the parameters used in the processes of the present
study are suitable for the synthesis of sodium alginate, cellulose and nanocellulose from sargassum.
Likewise, the physicochemical characterization of sargassum showed interesting results for the use
of this macroalgae in the generation of bioenergy and removal of toxic contaminants from aquatic
environments. The electrochemical and electrical characterization of the energy storage devices
based on graphite and activated carbon, and manufactured with the cellulose-based separator,
showed that it is feasible to manufacture a separator from sargassum for its application in energy
storage devices due to specific capacitance values obtained and observed behaviors in the EIS, CV,
and oscilloscope.
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