EEET ECOLOGICAL ENGINEERING
——— & ENVIRONMENTAL TECHNOLOGY

Ecological Engineering & Environmental Technology 2024, 25(11), 308-320

https://doi.org/10.12912/27197050/192775
ISSN 2299-8993, License CC-BY 4.0

Received: 2024.08.13
Accepted: 2024.09.15
Published: 2024.10.01

Development of Nanocellulose Hydrogels from Sargassum Seaweed
as Controlled Nutrient Release Systems and their Application
in Germination

Jeycob Rodriguez-Quesada’, Karina Rodriguez Mora®*", César A. Bernal-Samaniego’,
Eddy G. Jiron-Garcia', Carlos Rojas-Alvarado?*

T Universidad de Costa Rica, Sede del Caribe, Limon, Costa Rica

2 Unidad de Recursos Forestales, Instituto de Investigaciones en Ingenieria, Universidad de Costa Rica, San
José, Costa Rica

w

Centro de Investigacién Ciencia e Ingenieria de Materiales, Universidad de Costa Rica, San José, Costa Rica
4 Escuela de Ingenieria de Biosistemas, Universidad de Costa Rica, San José, Costa Rica
* Corresponding author’s e-mail: karina.rodriguezmora@ucr.ac.cr

ABSTRACT

Sargassum algae, being able to proliferate without the need to be attached to a substrate, travel through the ocean
generating massive stagnations on the Caribbean coasts of the continent, becoming an environmental problem. Be-
cause its composition mainly includes polysaccharides, such as cellulose and hemicellulose, these algae were used
to produce nanocellulose and create hydrogels to apply to germination. This article aims to develop of nanocellulose
hydrogels from Sargassum and study the effect of it adding nanocellulose hydrogels from Sargassum algae loaded
with Ca-PO,- and NO, as nutrients in the germination process. The Sargassum algae used underwent two hydrolysis
processes, one basic and one acid, with which it was possible to increase the cellulose content from 25.7 = 0.42% to
34.05 £ 0.39 after the first hydrolysis and after 90.15 + 0.44% after the second. Size reduction to nanocellulose was
performed employing an ultrasonic homogenizer sonicator. The obtained nanocellulose was characterized using in-
frared spectroscopy, X-ray diffraction, and transmission electron microscopy, showing that by the alkaline method,
the sizes were between 135-190 nm while by the acid method, the fiber sizes were between 108—163 nm with a
difference of 1.04 in the crystallinity index between the two hydrolyses. With the nanocellulose, hydrogels were
formed using 5%, 10%, and 15% borax as crosslinking agents. Drying curves and scanning electron microscopy
were performed on the hydrogels. Nutrients Ca-PO,-NO, were added to the hydrogel and their release in water was
studied through Ultraviolet-Visible spectrophotometry, with which it was decided to use the hydrogel containing
10% borax in the germination study. The effect of the hydrogel loaded with nutrients on the germination of bean and
linseed seeds employing a complete factorial design 23. Obtaining results that the nutrient with the greatest influ-
ence on germination was nitrogen while the nutrient with the least favorable results was the match.

Keywords: agriculture, biomass, nanomaterials.

INTRODUCTION

Marine algae are a type of algae that grows in
coastal areas or shallow waters at the edge of the
ocean, traditionally classified as green algae, red
algae, and brown algae (Nagappan et al., 2017).
Sargassum algae belong to the brown algae
and have the particularity that they live floating
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without the need to remain attached to a substrate,
unlike other species (Franks et al., 2016), due to
this quality, they can be found free in the sea
ocean and travel long distances across it.

These characteristics have caused Sargas-
sum algae to form what is known as the Sargas-
so Sea in the central part of the Atlantic Ocean
(Wang et al., 2019), however, since 2011, massive
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stagnation events have occurred sargassum off
the coasts of Caribbean islands and Mexico (Lu et
al., 2019), although similar events have also been
reported in West Africa, northern Brazil (Gower
and King, 2019), and recently in Central America
(Chopped, 2022). Associating the growth of this
algae with the effects of climate change, marine
currents, and excess nutrients in the sea (Maurer
et al., 2015; Wang et al., 2018).

This excessive growth in Sargassum algae
causes health, environmental and economic prob-
lems due to the demand for the oxygen they re-
quire, which causes the death of fish and shrimp,
while their decomposition generates gases such
as CO,, methane, and ammonia and generates sul-
fites that acidify the waters and affect coral reefs,
without taking into account the proliferation of
small crustaceans in the algae that have washed
up on the coasts, the bad appearance and bad
smell (Gower and King, 2019; Lu et al., 2019;
Maurer et al., 2015; Resiere et al., 2018).

As a consequence of this, the presence in
various latitudes of Sargassum brown algae has
aroused the interest of different research centers,
due to its multiple applications in sectors such as
agri-food, cosmetics, textiles, and pharmaceuti-
cals (Mattio and Payril, 2011; Nagappan et al.,
2017) since they contain carotenoids, fiber, in ad-
dition to having polysaccharides including algi-
nate and cellulose (Yende et al., 2014), the latter
can be used in various fields such as the formation
of hydrogels in its form nanocellulose.

A hydrogel is a three-dimensional network-
like conformation of a polymer that is capable
of retaining several times its dry weight of water
or biological fluids (Supramaniam et al., 2018),
nanocellulose on the other hand, is the nanomet-
ric form of cellulose that can It can be obtained
mainly in three ways: (1) nanocrystalline cel-
lulose and cellulose nanocylinders (2) cellulose
nanofibrils and (3) bacterial cellulose, depending
on the method of obtaining it, the final application
and the desired physical and chemical character-
istics (Jiron Garcia et al., 2020, 2022).

Due to their properties, hydrogels have been
used in the agricultural field and environmen-
tal protection at the time of sowing, applied as
auxiliaries in the management of the plantation,
and to protect the roots using as its main char-
acteristic the high capacity of retention of water
(Fernandez and Gallo, 2018). However, the ap-
plication of hydrogels in agriculture is not lim-
ited to a water supply in arid soils. Controlled

release formulations for pesticides and nutrients
have become attractive because the degradation
of the active agent can be mitigated and its effect
prolonged, as well as lessen the negative impact
of fertilizing agents on the soil (Liu et al., 2021;
Rudzinski et al., 2002; Wang et al., 2021).

This article aims to develop of nanocellulose
hydrogels from Sargassum and study the effect
of it adding nutrient-loaded nanocellulose hydro-
gels from Sargassum algae on seed germination
because recently, several investigations have indi-
cated that hydrogels could act as seed culture me-
dia by conserving water and nutrients that help in
germination, for example, Ramirez et al. (2007)
demonstrated that using absorbent gels in tomato
seeds, accelerated the germination process by 78%
and reduced the amount of non-germinated sourc-
es for the same seeds type, but without using hy-
drogels, Zhang et al. (2017), carried out seed ger-
mination experiments where they confirmed that
anionic cellulose hydrogels with adequate carbox-
ylate contents could act as plant growth regulators
and promote germination and seed growth, Akhter
et al. (2004), showed that hydrogels do not influ-
ence the germination of barley and wheat in sandy
soils but they do influence that of chickpeas, as
well as Pazderd and Koudela, (2013) showed that
in Hydrogels with low water content do not influ-
ence the germination of lettuce and onion as do
hydrogels with abundant liquid.

METHODOLOGY

Biomass collection and
obtaining nanocellulose

Specimens of the Sargassum polyceratium
Montagne algae were collected in the town of
Cocles in the southern sector of the Limon coast.
The collected material was pretreated accord-
ing to Mesén et al. (2023) with modification, for
that biomass was dried in an oven at a tempera-
ture of 70 °C for 24 hours. Once dry; the size of
the biomass was reduced using a blade mill until
reaching a sample size of 50 mm. Subsequently, a
second reduction was made using a cutting mill,
so that the samples had a size of 60 um. Finally,
said the sample was sieved using a 5 um sieve to
guarantee the desired size.

Basic hydrolysis was performed, and 2 grams
of biomass were placed in Erlenmeyers, to which
50 mL of 2% sodium hydroxide was added. The
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samples were placed inside the autoclave to be
processed at 1.2 bar and 121 °C for 30 minutes.
The biomass obtained was washed with water un-
til a neutral pH was obtained. Subsequently, the
cellulose was left to rest for 30 minutes with 50
mL of sodium hypochlorite to bleach the fibers,
after which the samples were filtered and washed
until excess chlorine was eliminated. Next, an
acid hydrolysis process was used with the same
previous conditions, but using 6% acetic acid.
The cellulose obtained was washed with water
until a neutral pH was obtained. To carry out the
mechanical rupture, the Qsonica Model Q700
sonicator was used, and the sample was placed in
a cold-water bath for 30 minutes with 60% ampli-
tude (Jirdn et al., 2020).

Characterization

The determination of the composition was
made based on the TAPPI standard: T280 pm-99
(TAPPI, 1999), as well as on the technical re-
ports: NREL/TP-510-42620 (Hames et al., 2008),
NREL/TP -510-42618 (Sluiter et al., 2012).

To obtain the bands of the functional groups
associated with the fiber components, as well as
the absence and presence of lignin, a PerkinElmer
Frontier FT-IR-ATR model was used 16 scans per
sample were made. The scan was from 4000 cm™!
to 450 cm™'. The Bruker D8 Advance diffraction
equipment with LynxEye detector was used to
determine the degree of crystallinity of the cel-
lulose present in the fibers obtained, before and
after each hydrolysis step. The fiber sizes of the
obtained nanocellulose were determined using
a HITACHI HT 7700 transmission electron mi-
croscope. For this, nanocellulose solutions with
a concentration of 1 mg/L were prepared and
placed on carbon grids (Kljun et al., 2011).

Nanocellulose hydrogels with sodium tet-
raborate (borax) were developed to increase the
consistency of the biopolymer, therefore, the use
of 5%, 10%, and 15% borax was studied. Both
compounds were mixed for 30 minutes. Subse-
quently, the sample was centrifuged for 10 min-
utes at 100 rpm in a CENCE model TDZ4 centri-
fuge. To carry out this process, a Radwag brand
MA-50. R moisture balance was used. After this,
the mass obtained was measured for 90 minutes at
5-minute intervals (Liu et al., 2020).

A HITACHI model S700-N scanning electron
microscope was used to determine morphological
changes in the hydrogel. To observe its porosity
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in a high vacuum, a drying process of the hydro-
gel was carried out and it was re-hydrated with
the inclusion of paraffin. Once the moisture per-
centages of each hydrogel were determined, this
information was used to add the different solid
nutrients so that the existing water in the sample
dissolved them, each one with a concentration of
100 mg/L. In this way, it was guaranteed that the
solid was trapped inside the hydrogel for a release
process by osmosis (Svobodova et al., 2012).

Water nutrient release curves
and germination tests

To know the release of each nutrient in the
different types of hydrogels, 5 grams of hydrogel
were placed in 500 mL of water. Subsequently,
an aliquot of water was collected for each time
studied. This process was carried out for the three
selected nutrients (potassium dihydrogen phos-
phate, potassium nitrate, and calcium carbonate)
and the hydrogels with different amounts of borax
(5%, 10%, and 15%). The concentration values
obtained were plotted against the collection times
to obtain said curves.

A complete factorial design 2 was used, in
which the germination percentage (number of
germinated seeds) and plant growth (stem size)
were established as effects. For this, two types
of seeds were used (generalist and specialist). In
this case, beans were used as a generalist seed and
flaxseed was used as a specialist seed. The analy-
sis factor was fertilization and within these three
levels corresponding to each of the evaluated nu-
trients were studied. Thus, the 23-shaped design
with 5 replicates evaluated the effect of each nu-
trient and the effect of nutrient combinations on
the response variables.

A 200-space plastic germination tray was used.
In each space of the germination tray, a first layer
of soil equivalent to 45 mL was placed. Then, a
second layer made up of 1 mL of hydrogel was
added and finally, a last layer of soil of 30 mL was
placed. The corresponding seeds were deposited
on the latter. A syringe was used to dose 5 mL of
water to each seed every day to guarantee irriga-
tion uniformity. To record germination, the seeds
were checked on day 5 and day 12 after sowing.
On day 5 after sowing, the tests were reviewed to
document the seed germination process. On day 12
each seed was taken; its germination was verified,
and the length of the germinated radicle was mea-
sured with the use of a vernier (Zhang et al., 2017).
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RESULTS AND DISCUSSION

The composition of the algae analyzed is
shown in Table 1, as can be seen, Sargassum
algae have a percentage of holocellulose (cellu-
lose + hemicellulose) equivalent to 78.84% by
weight of the total biomass, a percentage that is
considered high in comparison with other stud-
ies carried out on algae of the same type where
hemicellulose contents of 19.6 £ 0.9% are re-
ported (Tamayo and Del Rosario, 2014), in addi-
tion to showing values higher than those report-
ed for different types of brown algae, in where
it is mainly pointed out that the algae have a
low lignin content and cellulose content ranging
from 43.00 £ 2.11 % to 74.00 £ 3.45 % (Salem
and Ismail, 2022) and due to its similarity with
the value reported for ceiba (79.08%) (Honora-
to-Salazar et al., 2016). These natural variations
depend on the oceanic sector from which said
algae come (Van Tussenbroek, 2016), and on the
climatic season in which they are collected as
a direct consequence of the photosynthetic pro-
cess carried out (Marinho-Soriano et al., 2006).

After carrying out the basic hydrolysis with
NaOH, it can be noted how the percentages of
lignin, ashes, and extractives decreased, this is
a consequence of the fact that this base helps to
solubilize and extract the lignin from the bio-
mass by affecting the acetyl group in the hemi-
cellulose and the lignin ester-carbohydrate link-
ages (Hassan and Badri, 2014). Even though
alkaline hydrolysis presents a low energy and
reagent cost to obtain cellulose, additional acid
hydrolysis with acetic acid is used to facilitate
the reduction of the size of cellulose microfibers
on a nanometric scale (Garcia and Mora, 2022).
The isolation of cellulose nanocrystals has been
reported following a series of steps ranging from
alkaline hydrolysis, and bleaching to acid hy-
drolysis with strong acids (Chavez-Guerrero et
al., 2022), however, nanofibers can be obtained

Table 1. Characterization results for each of the fibers

using a similar series of steps, but with a weak
acid such as acetic acid (Mesén and Mora, 2021).

Once the acid hydrolysis was carried out, the
hemicellulose decreased and the cellulose content
increased, because hemicellulose is associated
with the non-crystalline regions of the material
(Patel and Parsania, 2018). The amorphous zones
of the fibers were reduced in cellulosic fibers, this
is important since it has been shown that high
values of holocellulose in the amorphous phase
make it difficult to mechanically reduce the size
of nanocellulose (Garcia et al., 2020).

Finally, the mass percentages reported in
the literature vary from species to species, how-
ever, for the Sargassum alga, they can reach up
to 22.00% (Ai et al., 2022; Jones and Mayfield,
2012) so the analysis shown below these averag-
es. Such values are considered even lower when
compared with more rigid biomass such as coco-
nut fiber, 45-50%, and (Deepa et al., 2015) ba-
nana rachis 17.3% (Alzate-Arbelaez et al., 2019)
or pineapple stubble 20% (Sun et al., 2000). Due
to the above, brown algae have been proposed to
have an advantage over terrestrial biomass due
to the little lignin or lignin-like compounds they
present (Schiener et al., 2015).

In the infrared spectra, different bands can be
noted. A strong and broadband can be observed
between 3450 cm™! and 3200 cm™! associated with
stretching vibration of the O-H hydrogen bond
present in cellulose and hemicellulose (Schwann-
inger et al., 2004). The presence of a 3420 cm™!
signal was also identified, which is due to the
stretching of the C-H groups and one at 2910 cm™!
due to the C-H stretching (Sun et al., 2004).

In addition, a characteristic signal is noted
as a result of vibrations due to the stretching of
the C = O bond that the hemicellulose possesses
(1760-1630 cm™) (Pavia et al., 2009). It can be
seen that the algae sample after basic hydroly-
sis has a higher signal intensity than the other
samples, which supports the values obtained

Algae Basic hydrolysis Acid hydrolysis
Substance
Average (%) Deviation () Average (%) Deviation () Average (%) Deviation (+)
Fat-soluble 2.46 0.09 0.0090 0.0002 0.00866 0.00017
extractives
Cellulose 25.70 0.42 34.05 0.39 90.15 0.44
Hemicellulose 53.14 0.28 63.72 0.29 8.31 0.21
Lignin 11.19 0.04 0.1 0.02 0.099 0.009
Ashes 1.23 0.10 0.044 0.003 0.033 0.002
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in Table 2 since this sample is the one with the
highest concentration of such a compound. In
addition, in the region that goes from 1600 cm™!
to 1475 cm’!, it is typical to find the characteris-
tic bands that show the presence of C = C groups
corresponding to the aromatic rings of lignin.
This signal has a characteristic shape in the estab-
lished range (Pavia et al., 2009); as can be seen in
the Figure 1. This set of signals is diminished or
eliminated after alkaline and acid treatment, which
is why it can be considered as another way of evi-
dencing lignin removal after each procedure.
Finally, between 1066 cm™ and 1050 cm’!, an
elongated and narrow peak is noted in the infrared
spectrum, characteristic of the C-O-C groups of the
rings with a B-glucosidic bond (Garcia et al., 2022).
In Figure 1, using the lines that mark the ex-
act wavelength value for each of the groups of
interest, it can be seen how there is a reduction
in the intensity of signals that refer to lignin.
This suggests the removal of the said compound
during the hydrolysis processes. In the case of

the signal detected at 1022.37 cm’!, typical of
cellulose, it can be noted that the algae sample
after basic and acid hydrolysis presents the
highest intensity at said wavelength, which sug-
gests that the fibers after acid hydrolysis have a
higher percentage of said biopolymer (Hospo-
darova et al., 2018).

The cellulose present in the fibers changed
its crystallinity after going through the hydro-
lysis processes, according to the Crystallinity
Index. To determine this index, the cellulose is
used after each hydrolysis, and Equation 1 is
used (Segal et al., 1959):

1002 - Iam

Ccrl = x 100 (1)

200

In the said equation, the value of 7, is de-
fined as the degrees at which the highest intensity
peak is detected while /  represents the degrees at
which the lowest intensity peak value is located.
After the calculations, the results can be seen in
Table 3. When observing the IC values presented,

an increase in the crystallinity of the fibers is noted

Table 2. Characteristic wavelengths of lignocellulosic materials

Theoretical wavelength (cm™) | Wavelength obtained (cm) Signal description Reference

34503200 3278.56 O-H groups present in cellulose/| .\ 2nninger et al., 2004)
hemicellulose

3000-2850 2917.24 C-H groups present in cellulose (Ray and Sain, 2017)

1760-1600 1605.41 C=0 groups present in (Sills and Gossett, 2012)
hemicellulose

1600-1400 1418.59 C=C bonds of the aromatic (Kubo and Kadla, 2005)
rings of lignin

1066-1010 1022.37 C-O-C groups are presentin the | ¢\ 2nq Kadla, 2005)

B-glucosidic ring of cellulose
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Figure 1. Infrared spectra and identification of the most important wavelengths of the fibers without hydrolysis
and after hydrolysis (ABH: acid-base hydrolysis, BH: alkaline hydrolysis, raw alga: without treatment)
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Table 3. Results were obtained from the crystallinity index for each of the fibers analyzed

Sample Loa . Crl
Wages ST 22.49 14.26 36.60%
Algae HB 22.82 12.15 46.76%
Algae HAB 27.51 14.36 47.80%

when contrasting the three samples. The increase
in the IC with the first treatment occurs because the
NaOH after a certain concentration can penetrate
the cellulose network to separate the carbohydrates
in the amorphous regions (Kljun et al., 2011). The
fibers after acid hydrolysis have the highest Crl
value since acetic acid has been used to help re-
move the amorphous part of the fibers, which has
been shown in previous investigations using 6.0%
acetic acid in the cellulose from African palm ra-
chis (Garcia et al., 2020, 2022; Mesén and Mora,
2021). It is important to highlight that crystallin-
ity levels are not reached as a consequence of the
dilution of the reagents and the conditions of the
hydrolysis process; however, this level of crystal-
linity can be used in future research on hydrogels.
Figure 2 shows the micrographs obtained after size

reduction using high-power ultrasound. This fig-
ure shows the hydrolysis. In the said figure, when
the transmission electron microscope images are
observed, it is noted that the fibers, in both cases,
reach a nanometric size. After alkaline hydrolysis,
the fibers reached sizes ranging from 135 nm to
190 nm and after acid hydrolysis, fiber sizes are
108 nm and 163 nm.

The size of the fibers is important since they are
directly related to the concentration necessary to
obtain a three-dimensional gel conformation. When
nanocrystals are used, the concentration of nanocel-
lulose must not be less than 10% to achieve gelation,
while using nanofibers a gel with a concentration of
< 1% is even achieved (De France et al., 2017). Fig-
ure 3 shows the drying curves corresponding to the
hydrogels with borax at different mass percentages.

Figure 2. Samples of nanocellulose reduced in size with high-power ultrasonic equipment seen
using a transmission electron microscope A) alkaline hydrolysis, B) acid hydrolysis
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Figure 3. Drying curves of the hydrogels with different concentrations of borax
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It is appreciated how the presence of this solid in the
hydrogel decreases the ability to release moisture.
However, borax favors the release of water at low
humidity percentages after exceeding 10% of the
mass ratio, and said capacity is diminished as the
concentration of such compound increases. This
behavior is because at these points the humidity
that initially contains the borax (Na,B,0,:10 H,0)
is also expelled, which drives out the water found in
the pores (Liu et al., 2020). Therefore, it is recom-
mended to use low concentrations of borax in the
hydrogel in case you want to maintain said release
capacity (Thombare et al., 2017).

Due to these results, the decision was made to
prepare the hydrogel with 10% borax, which was
later used as a crosslinking agent, and other nutri-
ents was added. With such a strategy, the speed of
removal of these nutrients is reduced so that their
release is more gradual and uniform. Based on
Figure 4, the response of the hydrogel to different

concentrations of borax and with the incorpora-
tion of the different nutrients used can be analyzed.
When looking at the figures, it can be seen how the
hydrogel releases nutrients more slowly with 10%
borax. This behavior is functional to carry out a
correct dosage of nutrients during the germination
stage, since if the dosage is very slow, germination is
affected and on the other hand, if it is too much, the
effect on germination is counterproductive (Kristo
et al., 2023). The behavior shown in the hydrogel
with 15% borax is the average speed of the study,
probably as a consequence of the moisture release
mechanism, which could be beneficial in environ-
ments with low humidity (Pedroza-Sandoval et al.,
2015). However, it was decided to use hydrogel
with 10% borax due to its speed of nutrient release.
In any case, this last hydrogel also presented a very
slow-release rate of potassium dihydrogen phos-
phate, thus ensuring that the material behaves more
uniformly with most nutrients (Fig. 5).

Concentration of calcium
(mg/L)

4.00 | e=e==5% Borax
«=8==10% Borax
w=ir==15% Borax

s N
( 18.00 e 5% Borax h 1.20 E—
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Figure 4. Nutrient release curves for nanocellulose hydrogels with different concentrations of borax

Figure 5. Micrographs made using a scanning electron microscope on the
hydrogel a) surface of hydrogel, b) cross-sectional area of hydrogel
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From the initial concentration value, it was
obtained that the release of nitrogen was 100%
for the hydrogels with all borax concentrations,
however, for the case of phosphorus and calcium
the results are shown in Table 4. It can be ob-
served that the nutrient with the greatest difficulty
to be released was phosphorus, however, Follmer
et al. (2021) showed that phosphorus, although it
influences seed germination, has less effect com-
pared to the other nutrients studied here.

The results of the morphology of the hydro-
gel were performed by scanning electron mi-
croscopy, and the rough surface was observed,
however, some internal pores generated by the
hydrogel structure were shown on the inside.
Figure 6 shows the data referring to the amount

of germinated seeds for each of the nutrients and
their combinations.

As can be seen, the nutrients with the greatest
success of germinated seeds in the case of beans
were HSNutri, H-N, and control, while the H-F
and H-N/F treatments did not obtain any germi-
nated seeds. In the case of flaxseed, the hydro-
gels with the lowest number of germinated seeds
were the same as in the case of beans, and the
one with the highest number of germinated seeds
was H-N. This behavior may be due to the ex-
cess phosphorus that the hydrogel possessed, in
previous investigations, it is mentioned that the
maximum dose for 2 weeks is 15 mg/L, if we take
as a projection point the result of Table 4 for the
biopolymer with 10% of borax, in 12 days more

Table 4. Percentage of nutrient release for each nutrient and different borax concentrations

Nutritious Borax concentration (%) Initial concentration (mg/L) | Concentration released at 7 days (mg/L)
5 100 100
Nitrogen 10 100 100
15 100 100
5 100 4517
Phosphorus 10 100 19.09
15 100 23.12
5 100 100
Calcium 10 100 39.22
15 100 52.40

Number of germinated seed

HSNutri - - H-F

H-NIF H-N/C H-F/C H-N/F/C Control
Nutrient

Figure 6. The number of germinated seeds according to the treatment used (HSNutri: hydrogel without
nutrients; H-N: hydrogel with nitrogen; H-C: hydrogel with calcium; H-F: hydrogel with phosphorus; H-N/F:
hydrogel with nitrogen and phosphorus; H-N/C: hydrogel with nitrogen and calcium; H-F/C: Hydrogel
with phosphorus and calcium; H-N/F/C: hydrogel with nitrogen, phosphorus, and calcium; Control: sample
without hydrogel) where red bars representing the beans seed and green bars the flax germinated seeds
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than 19.09 mg/L would have been dosed; concen-
tration that already exceeds the ideal amount and
that, in addition, causes negative results for the
growth process (Hernandez et al., 2016). Figure 7
shows that the method that favored the initial
growth of the plants (greater average stem size)
was the H-N method. This result was expected
since nitrogen is considered a primary macronu-
trient (Marschner and Rengel, 2012), in addition,
uniformity in the data is shown and, as a conse-
quence, a low deviation. In Figure 8, it may be that
the method associated with the largest stem sizes
was the H-N but in this case, the deviation is very
high. This last detail indicates that there was no
uniformity in the response of the plants associated
with the different samples and that the results var-
ied greatly among them. Before starting with the
statistical analysis of the data, a two-way analysis
of variance (ANOVA) was performed to determine
if there was any effect of any of the factors studied
on the observed results, obtaining a value of p =
0.1057 for the effect of the nutrient used at a value
of p=2.410 x 10'° to the type of seed.

Therefore, it can be observed that the nutrient
used did not present an inference in the general
data of stem size, but the type of seed did have
an effect. This is logical since, being two differ-
ent plant species, it was natural to expect large
differences in the growth of plants of different
species. However, this analysis does not allow

20 ~

Stem size (cm)

HSNutri H-N H-C H-N/C

Control
Nutrient
Figure 7. Average stem size for beans
according to the treatment applied (HSNutri:
hydrogel without nutrients; H-N: Hydrogel
with nitrogen; H-C: hydrogel with calcium,;
H-N/C: hydrogel with nitrogen and calcium;
Control: sample without hydrogel) calcium;
H-N/C: hydrogel with nitrogen and
calcium; Control: sample without hydrogel)
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Figure 8. Average stem size for flaxseed
according to the treatment applied (HSNutri:
hydrogel without nutrients; H-N: hydrogel
with nitrogen; H-C: hydrogel with calcium;
H-N/C: hydrogel with nitrogen and calcium;
Control: sample without hydrogel

an evaluation of the effect of the type of nutrient
independently for each type of plant. Therefore.

The statistical analysis of stem sizes, the
Shapiro-Wilks normality test was performed as a
first step, and after this the Kruskal-Wallis non-
parametric analysis was carried out to determine
if there are significant differences between the
means of each treatment.

As can be seen in the previous results, none
of the stem growth data sets associated with each
plant species presented normal values. This can be
affirmed since both p values in the said test are
less than 0.05, the value of o selected for said test.
Once this was demonstrated, a non-parametric test
was selected that helped us to assess whether there
were significant differences in stem size according
to the nutrition method used during germination.

The Kruskal-Wallis test established the null
hypothesis that the medians of the treatments are
not different, while the alternative hypothesis
stated that there was at least one nutrition treat-
ment with a different median from the rest. In the
case of bean seeds, a p-value less than the critical
value (0.05) was obtained, so statistically speak-
ing we can affirm that the null hypothesis is re-
jected and the alternative hypothesis is accepted.
This suggests that there is at least one treatment
with a lower or higher median compared to the
others. For flaxseeds, the opposite was the case.
the resulting p-value in the Kruskall-Wallis test
is greater than 0.05, so the null hypothesis is
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Table 5. Mann-Whitney test for each treatment applied to bean seeds. Statistically significant values (p less than

0.05) are shown in colored cells

Mann-Whitney test
HSNutri H-N H-C H-N/C Control
HSNutri X 0.01219 0.1437 0.1437 0.6761
H-N 0.01219 X 0.01219 0.01219 0.01219
H-C 0.1437 0.01219 X 0.1161 0.1437
H-N/C 0.1437 0.01219 0.1161 X 0.1437
Control 0.6761 0.01219 0.1437 0.1437 X

accepted and it can be statistically confirmed that
the treatments uniformly affect stem size.

Table 5 shows the results of the Mann-Whit-
ney test for each of the treatments that germi-
nated with the bean seed. The pink color of the
cells denotes the interactions with a significant
difference between them. This is known since
these boxes have numerical values less than
0.05. In the case of flaxseed, this step was not
performed since it had previously been shown
that there were no statistically significant differ-
ences between the nutrition methods.

CONCLUSIONS

It was shown that the results indicated the re-
moval of lignin and the obtaining of nanofibers
through both hydrolysis routes using high-power
ultrasonic. When using the transmission electron
microscope, it was observed that the nanofibers
obtained by basic means are dimensionally larger,
but they are still within the nanometric range and
that the difference in the crystallinity index between
both hydrolysis routes is 1.04%. Therefore, the pro-
duction of nanofibers with basic hydrolysis is vi-
able and has the potential to lower production costs.

As could be observed in the nutrient release
curves, evidence was accumulated showing the
effectiveness of hydrogels from nanocellulose
as a medium for nutritional exchange with cul-
ture systems. At the same time, it is observed
that the moisture lost, and the release of nutri-
ents are related to the percentage of cross-linking
agent used, which is why it is presumed that the
amount of borax agent directly affects water re-
tention and nutrient release.

The nutrient with the greatest influence on
germination results was nitrogen. This result was
expected because nitrogen is the most impor-
tant nutrient for seed development. In contrast,

the nutrient that obtained the worst results was
phosphorus and this result may be related to its
concentration in the hydrogel. It is very possible
that the phosphorus concentration has exceeded
the adequate amounts for the evaluated seeds and
that this effect has been observed in the results
obtained for germination speed and stem size.
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