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Abstract In addressing issues of plastic accumulation in the environment and nega-
tive impacts of plastic degradation, the development of biobased alternatives is
crucial in solving these hazards. Single-use, disposable hygiene products, such as
diapers and feminine hygiene, significantly contribute to plastic waste. These prod-
ucts often contain non-biodegradable, synthetic, and superabsorbent polymers. In
this research, biobased superabsorbent polymers have been designed and synthe-
sized, using biological crosslinker and backbone components to create a hydrogel
system, which absorbs water into the polymeric matrix. The hydrogels are synthe-
sized using chitosan and sodium alginate as the backbone foundation and genipin
as the crosslinker, which are all commonly found in nature. Through chemical ratio
alteration, including the crosslinker to backbone ratio, the superabsorbent polymers
successfully absorb and retain water. The characterization of the hydrogels, including
the absorbency capacity, absorbency retention, performance under a load, and perfor-
mance with ion presence, has proven that fully biological superabsorbent polymers
are possible.
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Introduction

Plastic waste has been a highly discussed issue in public discourse, largely due to
the urgency of this crisis. Approximately 300 million pounds of plastic are produced
every year, half of which is single-use plastic [1]. Municipal landfills contain house-
hold waste products that contain large amounts of synthetic polymers in various forms
such as packaging films, storage containers, carpet fibers, and absorbent hygienic
products. Only a small variety of polymers found in consumer products are bio- or
photo-degradable, but most public landfills are not properly equipped with facilities
or technologies to biodegrade or photodegrade solid waste components. Nearly 25%
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of the anticipated 24 million tons of plastic products produced in the United States
reach landfills every year [2].

The entire life cycle of current plastic, from production to disposal, is creating a
significant environmental problem, due to carbon emissions upon production, how
these plastics degrade in nature, and plastic waste accumulation. While high carbon
emissions from production directly contribute to climate change, these plastics often
will break down into smaller pieces that are ingested by animals, creating a significant
impact on the environment and wildlife. Furthermore, as these plastics degrade,
toxins are released into the water, leading to contamination [3]. While there are
many solutions that show potential, a significant factor in reversing these issues will
be creating biobased alternatives to current synthetic and petroleum-based plastics.

The differences between synthetic and biological polymers are important in
addressing the problems of plastic accumulation and their effect on the environment.
While there are various differences between the two types of polymers, biological
polymers typically have many kinds of monomers. As opposed to biological poly-
mers, there are only a few different monomers in synthetic polymers. Both synthetic
and biological polymers are used in many applications. The purpose of this project
is to analyze the effects of each type within single-use plastics [4]. A more compre-
hensive comparison of synthetic and biological polymers in single-use products can
be seen in Table 1.

The general structures of synthetic and biological polymers are essentially the
same. Polymers are made up of many monomers which are small chemical molecules
that can build on each other to create a polymer. A large contributor to single-use
plastic waste is superabsorbent polymers (SAPs). SAPs are a specific type of polymer
known as a hydrogel, which are polymer networks able to retain water without
compromising the structural integrity of the network. These features of the polymer
matrix within hydrogel structures are necessary for the development of products
whose primary function is the absorption of liquids [5]. This type of polymer is
often able to absorb up to 300 times their weight in liquids, making them useful in
various applications [6]. As the polymer network absorbs water, the structure begins
to expand, often resulting in the swelling of the material. These polymers have various
commercial applications, including personal care products such as diapers, feminine
hygiene products, and incontinence products. There are also many other applications
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such as enzyme immobilization, preparative chromatography, agricultural mulches,
and controlled release devices [6].

The backbone of the polymer can alter the properties of the hydrogel significantly,
depending on the functional groups and the associated properties. The crosslinker
provides resistance to the hydrogel structure when water is being absorbed. There are
two types of crosslinking in polymer structures, chemical crosslinks, and physical
crosslinks. Chemical crosslinks create permanent covalently bonded networks, while
physical crosslinks typically involve crystalline domains. The polymerization and
crosslinking process starts with thermal- or photo-initiation [5]. The purpose of this
study is to examine the absorbency capacity of biological polymer materials that
have the potential for use as superabsorbent polymers.

Superabsorbent Polymers

Materials and Methods

In both initial studies and the actual synthesis of the biological SAP, similar synthesis
methods were followed. Each study and test required the use of a backbone monomer
and a crosslinking monomer. Chitosan, sodium alginate, and genipin were used as
received from Sigma Aldrich.

In order to create the biological SAP, the backbone of the polymeric structure was
first synthesized. To begin the process, a mixture of chitosan and sodium alginate,
or 100% of either compound, was synthesized through suspension. Using a beaker,
the compound, or mixture of the compounds, was placed into isopropyl alcohol and
stirred at room temperature, with a magnetic stir bar and stirring machine, until the
powder completely dissolved. Sodium hydroxide was then added incrementally over
a 25 min period and continuously stirred using the stir bar. After the mixture reacted,
monochloroacetic acid was added while stirring and heating the solution to 60 °C
for approximately three hours. The solution was monitored to ensure that it did not
exceed 60 °C in order to prevent boiling. Using a filtering flask setup, the solid
precipitate was filtered out of the solution and then dried at room temperature [7].

Once the solid completely dried, the solid was then added to deionized (DI) water
and mixed with genipin. This mixture was left at room temperature and stirred, in
order to remove air bubbles, for 15 h. After the designated time passed, the mixture
was rinsed using DI water and dried at room temperature. This process created an
interpenetrating polymer network where genipin is the crosslinker. The polymer
is typically in a large polymeric slab, which can be broken down to proceed with
absorbency testing and other characterization techniques [7].
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Testing Methods

The synthesized SAP must meet various industrial standards in order to transition into
industry-grade applications. Those standards include a high absorbency, performance
under a load, various liquid retention, and have high absorbency capacity. Each of
these requirements will be tested in the lab. The polymer composition can also be
altered accordingly to best fulfill these standards.

Absorbency Testing

As the SAP will be used in applications where high amounts of liquid will be
absorbed, the polymer must have a high absorbency capacity. In order to prop-
erly measure how much liquid is absorbed, two absorbency tests will be performed,
using DI as a baseline. The two testing methods being used to measure the perfor-
mance of the polymer are an oversaturation test and a simple water addition test.
The oversaturation test places the synthesized polymer into a beaker containing an
excess of water and left to saturate for a long period of time, typically overnight.
The polymer is weighed using a basic scale both before and after the oversaturation
process. Weighing the polymer at both of these instances will allow for the percent
mass increase to be calculated. Similar to the oversaturation test, the simple water
addition method will measure the mass of the polymer both before and after the addi-
tion of DI water. In the simple water addition method, the polymer will be placed on
a dry surface, and using a pipette, DI water will be placed onto the polymer until the
matrix no longer absorbs anything. The percent mass increase of both methods can
be compared in order to determine a relative time of absorbency.

Since the applications of superabsorbent polymers vary greatly and often absorb
various liquids, the effect of the presence of ions must be assessed. The absorbency
tests use DI water as a baseline; however, to test the effect of ions, DI water can be
replaced with ionized water in all methods. By comparing the results of DI water
and ionized water, the effect of ion presence can be determined. Similarly, any liquid
can be used in any method in order to observe the effect of that liquid.

Absorbency Under a Load

Being that many applications of superabsorbent polymers perform under a load,
such as diapers, pet pads, and feminine hygiene products, the polymer must perform
properly and still meet standards under these conditions. In order to test performance
under a load, the polymer will be synthesized and saturated, using the previously
described methods. After saturation of the SAP, various amounts of pressure will be
applied to the polymer using a weight. The polymer mass will be measured before
and after the load to determine the amount of liquid lost during performance. Weight
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versus mass loss graphs can be deducted from this process, which allows for an
assessment of the polymer’s success.

Similarly to performance under a load, superabsorbent polymers need to retain the
water during movement or use to prevent leaking of any liquid, which is important
in many applications. The water retention capability of the synthesized SAP will be
tested by saturating the polymer with DI water to maximum capacity, using one of
the saturation methods, and then placing the sample in a centrifuge and spun. Using
the centrifuge will remove any excess water that is not retained in the SAP structure
and will thus indicate how much water is retained during use.

Results

Using similar testing and characterization techniques, the absorbency of synthetic and
biological polymers was successfully assessed. It was found that synthetic, industry-
grade SAPs absorb 300-700 g of water for every 1 g of SAP [8, 9]. In these tests,
sodium polyacrylate was used, being the most common SAP. Fossil-fuel-based SAPs,
such as sodium polyacrylate, were found to have a very negative impact on the
environment. During production, sodium polyacrylate generates various toxins which
lead to water and air pollution. Sodium polyacrylate was also found to be highly
absorbed in landfill soils and wastewater, which poses a serious problem due to the
high toxicity of the SAP. In addition to the harsh environmental impact, sodium
polyacrylate and other synthetic SAPs were found to not be biodegradable, taking
hundreds of years to degrade [8—10].

Similar to that of synthetic SAPs, tests have also been performed using biolog-
ical polymers. There is not a lot of research on fully biological polymer networks,
which includes a biological backbone and crosslinker monomer; however, many
studies have been performed using synthetic monomers in conjunction with biolog-
ical monomers. While the ideal biological SAP would have a biological backbone
monomer and biological crosslinker monomer, this research can provide a founda-
tion in developing a fully biological SAP. As seen in Table 2, the absorbency was
tested for these hydrogels.

In current research, completely biological backbone and crosslinker monomers are
being used, specifically chitosan, sodium alginate, and genipin. Using the synthesis
and absorbency techniques outlined, hydrogels have been synthesized with these
biological components to serve as a baseline for future research. Five main hydrogel
compositions have been synthesized, with various ratios of chitosan and sodium
alginate: 100% chitosan, 100% sodium alginate, 25% sodium alginate with 75%
chitosan, 50% sodium alginate with 50% chitosan, and 75% sodium alginate with
25% chitosan. After the synthesis of each hydrogel was complete, absorbency testing
was performed, using both the oversaturation and simple water addition methods.

An absorbency of 8.1 g of water absorbed for every 1 g of polymer (g/g) was
found for the sodium alginate hydrogel in both the oversaturation and simple water
addition absorbency testing methods, while an absorbency of 11.4 g/g was found
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Table 2 Absorbency results of tests using biological backbone monomers with varying crosslinker

monomers [8, 9]

Backbone Synthetic or Absorbency (g/g) Crosslinker Synthetic or
monomer biological monomer biological
Chitosan Biological 39.5 Acrylic acid Synthetic
Chitosan Biological 700 N, Synthetic
N’-methylenebis
acrylamide
Carboxymethyl Biological 100 Citric acid Biological
cellulose-PEG
K-carrageenan Biological 135 N, Synthetic
N’-methylenebis
acrylamide
Polysaccharides Biological None

for the 100% chitosan hydrogel in both absorbency testing methods. Absorbency
capacities were also measured for each of the ratios containing a mixture of sodium
alginate and chitosan with absorbency capacities of 9.88 g/g for the 25% sodium
alginate hydrogel, 7.38 g/g for the 50% sodium alginate hydrogel, and 1.64 g/g for
the 75% sodium alginate hydrogel. In order to relate the hydrogels to industrial
standards, the same testing was performed for sodium polyacrylate. An absorbency
capacity of 59.6 g/g was found for the sodium polyacrylate sample. A comparison
of each of these polymers and their associated absorbency capacity can be seen in

Fig. 1.
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Fig.1 Comparison of each hydrogel with varying backbone ratios of sodium alginate to chitosan
and industrial-grade sodium polyacrylate
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The research previously conducted in various studies in relation to biological
polymer potential is very promising. While these tests used synthetic components and
were not aiming to develop a fully biodegradable hydrogel, the results show that the
use of biological backbones is possible while maintaining a high level of absorbency.
In some cases, the biological backbone, specifically chitosan, performed just as well
as current industry-grade synthetic polymers. Chitosan performed extremely well
when crosslinked with a synthetic crosslinker, with absorbency of up to 700 g/g,
which is at the high end of current technology. While there were SAPs in this study
that performed well, there were also SAPs that performed very poorly. While this
is not ideal, the results are still important. Despite the performance of the SAP, this
study proved that biological-based SAPs can be successfully synthesized.

With these initial studies establishing a foundation, five fully biological SAPs were
synthesized, with ratios of 100% chitosan-based backbone, 100% sodium alginate-
based backbone, a backbone of 25% sodium alginate, a backbone of 50% sodium
alginate, and a backbone of 75% sodium alginate. Based on absorbency charac-
terization, the chitosan hydrogel performed best of all the hydrogel compositions,
with the absorbency capacity significantly decreasing as the ratio of sodium alginate
increased. While each SAP was successful, anideal SAP will have a better absorbency
capacity than any of the baselines created in order to meet the industrial standards
of sodium polyacrylate, which may be addressed by altering the polymer composi-
tion. The absorbency capacity test results remained consistent across all absorbency
capacity testing, the oversaturation, and simple water addition test methods, for each
composition. Because the simple water addition test is more time effective, provides
consistent results with the oversaturation method, and is more accurate due to the
ability to control the polymer, the simple water addition test will continue to be used
in future testing.

Conclusions

With the urgency of the speed at which plastic accumulation is increasing, the need
for biodegradable and biobased alternatives to plastic is at an all-time high. SAPs
negatively impact the environment through the production and degradation processes
and plastic accumulation. In order to address these issues, biobased polymers are
being designed and developed.

Previous studies successfully created SAPs with biological backbone monomers.
These studies used synthetic crosslinkers; however, the results were promising. This
research proved that a biological SAP was possible and that there is potential to
develop a fully biological SAP. Using these studies as a guide and using standard
hydrogel synthesis techniques involving backbone and crosslinking components, five
biological SAPs were designed and synthesized. Each SAP used a varying ratio of
chitosan and sodium alginate as the backbone, all compositions using genipin as the
crosslinking component. Each polymer network successfully absorbed water and
further proved that biological SAPs are possible. The absorbency capacity of the
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hydrogels needs to be significantly increased in order to meet the industrial standard
of sodium polyacrylate; however, the initial results are promising and will be explored
in future testing.

In order to optimize and further develop these SAPs in order to maximize
absorbency, more testing is needed. Water and liquid retention testing will be
performed in order to determine how much liquid the hydrogel network can retain
under a load, as well as measuring the amount of time it takes for the SAP to absorb
a liquid. The ion concentration of the liquid absorbed into the matrix will also be
tested. This will be done by absorbing liquids with varying pH in order to deter-
mine the effect of ion presence on the performance of the SAP. In order to optimize
each of these hydrogel characteristics, alteration of the chemical composition will be
performed, specifically alteration of the ratio of crosslinker to backbone. In addition
to these future directions, optimization of the drying and synthesis techniques and
processes will need to occur in order to better standardize and optimize the overall
SAP synthesis, which will ideally aid in the performance of the hydrogel.

The construction of bioreactors, including the environments and microbes that
samples will be placed in, is a challenge for measuring how degradable these mate-
rials are. The systems needed to achieve acceptable results largely depend on main-
taining optimal conditions. Failure to do so may render inconclusive results. Char-
acterization standards for these materials are dependent on constraints including the
expected time frame of degradation, sample composition, and intended use. As poly-
mers derived from natural, renewable resources become increasingly available for
single-use consumer applications, and removal of these polymers via composting or
repurposing through recycling is the next emerging trend. Non-biodegradable poly-
meric materials mostly accumulate in landfills and remain intact without any degra-
dation for hundreds of years. Developing fully biodegradable plastics is a crucial
step in alleviating environmental stresses induced by municipal waste products.
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