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Abstract

The notable increase in global consumption of plastics and their long residence time in the atmosphere show the great need for
biodegradable products. In this project, we developed biodegradable polymers based on citric acid and glycerol. Their synthesis was
carried out at different conditions of constant temperature and concentration and they were synthesized using an economically viable
method. Characterization was undertaken using: Acid number, FTIR spectroscopy, refractive index, viscosity, impact analysis, tensile
test, hardness, calorimetry, the % humidity (oven method with recirculating air), and density determination, along with qualitative
evidence to corroborate their biodegradability. These elaborated polymers were mixed with medical grade PVC formulation, obtaining a
hybrid polymer, showing their mechanical properties were changed.

Keywords: polymers; biodegradability; citric acid; glycerol; hybrid.

Sintesis y caracterizacion de polimeros a base de acido citrico y
glicerol: Su aplicacion en polimeros no biodegradables

Resumen

El notable incremento mundial en el consumo de plasticos y su largo tiempo de residencia en el ambiente muestran la gran necesidad de
productos con caracteristicas biodegradables. En este proyecto fueron desarrollados polimeros biodegradables a base del acido citrico y
del glicerol. La sintesis de estos se lleva a cabo a diferentes condiciones de concentracion y a temperatura constante. Se desarrollaron
mediante un proceso econdmicamente viable. Se caracterizaron por medio de las siguientes técnicas: Numero acido, espectroscopia
infrarroja FTIR, indice de refraccion, viscosidad, analisis de impacto, ensayo de tension, dureza, calorimetria, el % de Humedad (método
de la estufa con recirculacion de aire), determinacion de densidad, ademas de pruebas cualitativas para corroborar su biodegradabilidad.
Los polimeros elaborados fueron mezclados con una formulacion de PVC grado médico, obteniendo un polimero hibrido y se pudo
observar que modifica sus propiedades mecanicas.

Palabras clave: polimeros; biodegradabilidad; acido citrico; glicerol; hibrido.

1. Introduction

Degradation of synthetic plastics is very slow and can
take up to 500 years. The "degradation" of these plastic
particles generates smaller plastics, which despite no longer
being evident, they accumulate in ecosystems in great
quantities. Biodegradable polymers are plastics with similar
properties but with a shorter degradation time, which could
be used to offset this problem.

The biodegradable polymer developed in this work was
produced using a poly condensation method and is part of

polyester family. [1] It is important to know that polyesters
are an important group of polymers with ester bonds (-co-0-)
in the backbone. These polymers are interesting as
biomaterials because the ester groups are hydrolytically
degradable, so that, in contrast to polyamides, polyesters do
not exhibit strong intermolecular forces. Therefore, their
properties are more sensitive to their structure. [4]

Biodegradable  materials combined with  non-
biodegradable materials are referred to as hybrid materials
and have a significantly higher number of properties than
each material separately.
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The main properties that allow these polymers to
compete with other materials such as glass and metals are
their chemical, physical and mechanical strengths. Based on
these, the researches in this field have always been designed
to increase the life of certain polymers. However, longevity
can lead to problems. In recent years, synthetic polymer
wastes have increased their percentage of the total solid
waste. As a result, scientists have changed direction, and
shifted towards the synthesis of degradable polymers, either
by the effect of temperature (thermal degradation) due to
contact with water (hydrolytic degradation), or by
environmental effects such as sunlight (photo degradation) or
organisms (biodegradation). [8].

In DIN FNK 103.2, it was found that plastic materials
are called biodegradable if all their organic compounds
undergo complete biodegradation processes. Environmental
conditions and biodegradation rates are to be determined by
standardized test methods.

Biodegradation is a process caused by biological activity
leading to a change in the chemical structure of naturally
occurring metabolic products.

In the ASTM Subcommittee D20.96 it arose that a
biodegradable polymer is a degradable plastic in which the
degradation results from the action of naturally occurring
microorganisms such as bacteria, fungi and algae.

ISO 472 provides for biodegradable plastics: A plastic
designed to undergo a significant change in its chemical
structure under specific environmental conditions resulting
in a loss of some properties that may vary as measured by
standard test methods appropriate to the plastic and the
application in a period of time that determines its
classification. The change in the chemical structure results
from the action of naturally occurring microorganisms. [9]

It is possible to consider biodegradation as a
microorganism attack against a material; small fragments
are obtained due to the rupture of bonds in its backbone.
The biodegradation of plastics is generally a complex
process. Due to the molecular size of polymers and their
lack of solubility in water, the microorganisms are not
capable of delivering the polymeric material to the cells
where most biochemical processes take place, so they
initially excrete enzymes that depolymerize extracellular
material outside cells. The final products of this metabolic
process are water, carbon dioxide, methane (anaerobic
biodegradation) and organic matter [11].

2. Methodology
2.1. Materials
2.1.1. Citric acid

Anhydrous citric acid is produced in the form of
translucent crystals and an odorless crystalline white powder
with a strong acidic taste. It is very soluble in water and
alcohol. It should be stored in airtight containers away from
heat and moisture (at 24°C and 55% relative humidity).
Typical features of a commercial anhydrous citric acid are:

Molecular Weight: 192.13 g/mol
Solubility in water: 162 g/100 mL at 25 ° C.
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Purity: 99%
Humidity: 0.3% max.
Melting point: 153 ° C
Color: White
Appearance: Crystals.

(2]
2.1.2. Glycerol

Glycerin (also glycerol, 1, 2, 3-propanetriol, 1, 2, 3-
Trihydroxypropane, molecular formula C;HgO; and
molecular mass 92.09 g/mol), is a colorless, viscous,
hygroscopic liquid, which is very soluble in water but not in
most other organic solvents.

The typical characteristics of glycerin are

Physical state: Dense liquid

Color: Colorless.

Boiling point: 290 ° C

Fusion point: 18 ° C

pH: Neutral

Relative density: 1.25 g/cm3

Solubility: Soluble in water and alcohol. Insoluble in
ether, benzene, chloroform, fixed and volatile oils. [3]

2.2. Synthesis

The biodegradable polymer was made essentially in
three stages: Sample preparation, pre- polymerization and
polymerization. Synthesis was carried in a simple and
inexpensive way, in a short time and autocatalytically.

2.2.1. Sample preparation

Citric acid was dried at 105° C for one hour and glycerin
was heated to 80° C with a vacuum of 5 psi to dry. In this
project, three concentrations were handled, 1:1 (1 citric acid
mole, 1 glycerol mole), 1:2 (1 citric acid mole, 2 glycerol
mole), 1:3 (1 citric acid mole, 3 glycerol mole).

2.2.2. Prepolymerization

During this stage, the homogeneous mixture was slowly
heated to a temperature of 150° C, and stirred continuously
with a constant speed. The reactor was jacketed in order to
conserve heat. During the increase of temperature, it was
possible to observe how the mixture became more
homogeneous and transparent.

Half an hour after starting the reaction, it began to
generate water steam, since water is the byproduct of low
molecular weight that is generated in this reaction of poly
condensation. Within minutes water steam was observed
leaving the reactor and moving to the condenser to achieve
a steady drip of water. The water generated was stored and
counted. This reaction was monitored by means of acidity,
samples were taken every twenty minutes and the acid
number was estimated, making it possible to know the
efficiency of the reaction. The reaction had reached
equilibrium and the reaction was stopped when very similar
numbers were obtained.
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Figure 1. This figure shows the way in which the pre-polymer was placed
in containers; these containers provided a muffin shape to our polymer.
Source: own elaboration.

Figure 2. Presentation of the polymer after treatment at 170 ° C.
Source: own elaboration.

2.2.3. Polymerization

During this stage the prepolymer was placed in a metal
container and introduced in an oven at 170 °C for one hour
to achieve a higher degree of polymerization. Fig. 1 shows
the container with the prepolymer. (These parameters were
used based on decomposition temperatures, bringing the
sample to the limit, the time was established by the FTIR,
samples were taken every 10 minutes and were
characterized, and after 60 minutes, no changes in the
intensities of peaks of spectra were seen).

Once the polymerization time ended, the polymer was left
in the oven until reaching room temperature, in order to avoid
a sudden change in temperature. After the curing time, the
polymer was removed from the oven, was packaged and
labeled and then taken to different characterizations.

2.3. Characterization

. Fourier transform infrared spectroscopy. Spectrum
One computer was used. Attenuated total reflectance
(ZnSe) was used. The elaborated polymers were
analyzed by transmission, preparing the specimen with
the Potassium Bromide (KBr) disc technique. Scan
type: sample. Unit: %T. Scan number: 10. Scan time:
1 min Resolution 4cm-1 and interval of 650 to 400 cm-

. Refractometer (Refractive index). Abbe
refractometer was used at 25-26°C.

. Acidity. For this determination, the volumetric method
was used. Employing KOH and phenolphthalein as
reactive and indicator respectively for this analysis.

. Determination of humidity. A binder stove was used at
105°C for 1 a hour.

. Calorimetry. Thermal analyses were carried out on a
differential scanning calorimeter DSC Perkin-Elmer
Pyris-1.  Nitrogen gas was used. Temperature
program: Holded for 1.0 min at 30°C. Heated from
30°C to 400°C at 40°C/min. Sample weight 1 mg

. Determination of density. Density was determined
through a buoyancy method using scales equipped
with a Metter Toledo brand density determination kit.

Atago

. Mechanical Testing

e Tensile tests. INSTRON Equipment was used for this test.

* Impact test. The impact test was performed on a
computer CEAST ® Resil impactor by IZOD method.

*  Hardness Test. Complex Shore D Durometer was used
with ASTM D2240-00.

2.5. Biodegradation test

During these tests, the polymers were studied to
different conditions, it is noteworthy that these tests gave us
qualitative results and were considered a field test.

The first test consisted in keeping the polymer completely
weatherproof, meaning a piece of our polymer was placed in a
specific place in which to be exposed to different climatic
factors, like the sun, rain, air, insects, microorganisms, etc., in
order to observe their behavior in a time range.

The second test consisted in immerse our polymer in
water (50 ml) to allow us to observe whether a hydrolytic
degradation was occurring by the passing of time.

The third test was to keep the piece of polymer in
controlled conditions at a temperature of 22°C, and in
closed containers free of humidity and atmospheric
pressure. This allowed us to compare the three exhibits.

It is noteworthy that the three samples correspond to the
same polymer.

3. Results
3.1. Fourier transform infrared spectroscopy

This technique allowed us to observe the functional
groups present in our samples. The first sample analyzed
was called 1:1. In spectrum 1, we observed the presence of
certain characteristic functional groups of the polyesters of
which our polymer is part, mainly OH groups, CH, C=0,
RCOOR, CO.

In the case of 1:2 prepolymer, we basically observed the
same groups with varying intensities. Mainly observed were
OH groups, CH, C=0, RCOOR, CO.

In the case of the 1-3 polymers, the same groups were
observed again, and again, with varying intensities. Those
mainly observed were OH, CH, C = O, RCOOR, CO
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Figure 3. Comparison between 1:1, 1:2 and 1:3 polymers (FTIR).
Source: own elaboration.
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Figure.4. 1:1 polymer. FTIR spectra at different polymerization times.
Source: own elaboration.

Fig. 3 shows the spectrum of the three different
polymers together. It is possible to observe that they have
the same line, i.e., it shows the presence of the same
functional groups, all three show the formation of ester
groups. It is important to note that in the OH functional
group, the intensity of this polymer is greater in 1:3. This is
because this polymer has a higher concentration of glycerol,
which has three hydroxides (OH) in its structure. The least
intense is 1:1 as this has a lower concentration of glycerin.

The OH groups can also be indicative of the presence of
water in the polymer since water is a by-product in our
reaction and this could be reflected in the spectrum.

Fig. 4 shows a spectrum of seven lines representing 7
different polymerization times. The specters were taken
every twenty minutes, and showed the following trend: The
intensity of the line representing the OH and CH did
decrease the polymerization step. This indicates that water
is being generated. The line that represents the C=0O and CO
showed greater intensity with the passing of the
polymerization, this indicates an increase of ester groups,
which is typical in these types of polymers.

Table 1. Acidity and efficiency in 1:1, 1:2 and 1:3 samples.

Polymer Amount of acid in the Efficiency
sample.
% 1 -Xi %
1:1 30.69 0.69 69.31
1:2 8.15 092 91.85
1:3 4.97 0.95 95.03
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Source: own elaboration.

3.2. Refractometry (refractive index)

The refractive index is an optical property of materials.
The values shown below are the average of several tests
undertaken at the same temperature. It is noteworthy that
these tests were performed following the ISO-17025-2006
standard.

Refractive index of the three types of polymer Citrate:
1:1, 1:2 and 1:3.

1:1 prepolymer 1.50 (25 ° C)

1:2 prepolymer 1.50 (26 ° C)

1:3 prepolymer 1.495 (26 ° C)

3.3. Acidity

Acidity was an important parameter when reactions
were taking place, using this parameter controlled the
equilibrium of the reaction. With the acid number, it was
possible to calculate the amount of acid present in the
sample and also the efficiency with which the reaction took
place.

3.4. Humidity determination. (Method of recirculating air
oven)

Mass loss as a percentage of the original mass of the
sample is calculated using eq. 1:

_100(m2-m3)

Loss ondrying % = py—y (1)
Where:

- ml is the mass of the capsule =22 316 g
- m2 is the mass of the capsule + sample before drying
=27.036 ¢

- m3 is the mass of the capsule + sample after drying

=26.927¢g

100(27.036 g—26.927 g) _
27.036 g-22316g
(2

Loss on drying % =
2.30%

3.5. Calorimetry

In the following DSC curve, a temperature change at
168° C was observed. This indicates a possible transition to
a glassy amorphous state.

3.6. Determination of density

This test was performed with an analytical balance with
a kit for obtaining density data. This data was important for
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Figure 5. 1:1 polymer thermogram.
Source: own elaboration.

Table 2. Results of stress elongation in 1:1, 1:2 and 1:3 samples.

Polymer Tensile strength Elongation Young's
modulus
MPa % MPa
1:1 2.92 0.21 6316
1:2 - - -
1:3 - - -
PS 6 1 2758
Source: own elaboration.
Table 3. Results of impact in 1:1, 1:2 and 1:3 samples.
Polymer Joule/Meter Long Width
J/m mm mm
1:1 11.80 3.10 10.20
1:2 - - -
1:3 - - -
PS 19 3.2 10.20

Source: own elaboration.

the realization of the mechanical tests, given that by using
the volume and mass data to provide density, it was possible
to calculate the grams of polymer needed to fill the frames
and plates for performing this test. [5]

The density data were obtained only for the 1:1 polymer
as the equipment used only handles solid samples.

d 1:1 polymer= 1.3 g/cm3
3.7. Tensile test

This test was performed to analyze the tensile strength
and elongation behavior. Values shown in the table are very
poor, given that, as mentioned above, it was not possible to
undertake mechanical tests 1:2 and 1:3 [7].

The properties of reference polymer (Crystal polystyrene
PS) are attractive for CD cases.

3.8. Impact test. IZOD

This test was performed to observe the impact strength
of the IZOD method. The values shown in the table are very

low, meaning that the polymer is very fragile. As mentioned
above, it was not possible to perform mechanical tests 1:2
and 1:3 [6].

3.9. Hardness Test

This test could only be performed for polymer 1:1. The
results tell us that it is a hard polymer when compared to
PS, so it is possible to imagine the harshness of this
material. The implementation of this test did not present
complications.

1:1 polymer: 83.9 Shore D
Polystyrene: 85 to 90 Shore D

3.10. Biodegradation test

The first test was to put a piece of the polymer outdoors.
This showed that the polymer is degradable, given that after
a short period of time, it decreased in weight. This was
clearly visible, and it was possible to observe how time
affected surface degradation over the entire polymer.
Affecting factors in this test were mainly sunlight, humidity,
air, temperature and insects.

In the second test in which the polymer was left in
water, the hydrolytic properties of the polymer were tested.
We observed how the polymer swelled and the growth of
fungi and microorganisms.

(b
Figure 6. Before (a) and after (b) 1:1 polymer exposed to the weather.
Source: own elaboration.
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(a) (b)

Figure 7. Before (A) and after (b) the 1:1 polymer exposed to water.
Source: own elaboration.

()
Figure 8. Before (a) and after (b) 1:1 polymer was kept under controlled
conditions, was observed the same appearance remained.
Source: own elaboration.

(b)

The third test which was to keep a piece of polymer
citrate in controlled conditions allowed us to observe how
the polymer manages to stay in good condition, maintaining
the same visual characteristics. By touching the polymer,
we were able to observe that it had lost strength but gained
flexibility. By this, we deduced that there is a molecular
rearrangement after molding.

4. Discussion

The Fourier transform infrared spectroscopy for sample
1:1 showed the presence of the characteristic functional
groups of polyesters; the presence of OH, CH, C = O,
RCOOR, CO groups was observed in all three samples (1:1,
1:2, 1:3). Importantly, the intensity of OH functional group
was stronger in the 1:3 polymer. This is because this
polymer has a higher concentration of glycerol, which has
in its structure three OH. 1:1 showed the least intensity
since it had a lower concentration of glycerol.

From the above, it follows that the difference in intensity
of the line of the OH groups is that the polymers contain
different amounts of glycerol, higher glycerol generated less
viscous polymers and a higher efficiency reaction, and
managed to saturate more citric acid protons. The presence
of OH groups present may also indicate the presence of
water in the polymer since water is a byproduct in this
reaction and this could be reflected in the spectrum.

Moreover, the line representing the C = O and CO,
showed greater intensity with the polymerization step, this
indicates an increase of ester groups, which is typical in
these types of polymers.

Acidity allowed us to calculate the amount of acid
present in the sample and also the efficiency with which the
reaction took place, indicating whether the reaction had
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reached equilibrium.

DSC results showed a thermal change at 168°C
indicating a transition to its glassy state.

With respect to mechanical properties evaluated, tensile
and impact assay showed a fragile behavior; with high
levels of hardness (Shore D); however, there was a
significant improvement in tensile strength at 100% out the
polymerization at a temperature of 170°C.

Degradation tests showed a gradual surface degradation,
but over time, the entire polymer was affected; in aqueous
medium, the hydrolytic properties of the polymer were
observed, and the formation of fungi and microorganisms
with the passage of time was observed.

Based on the functional properties obtained, the fact that
they are hydrolytically degradable is of great interest in the
field of biomaterials.

A hybrid polymer was achieved for sample 1:1, whereby
hardness increased when the concentration of citric acid was
increased. In the case of the other two samples, low
viscosity impeded further mechanical tests.

Immediate applications are compostable bags and
packaging, and due to its high rate of degradation in water,
it could be a good candidate for drug delivery systems.

By undertaking tests at a temperature of 170°C, at
which polymerization takes place, we also found that it can
serve as an adhesive for glass and ceramics.

5. Conclusions

A novel method was developed to obtain polyesters
based on citric acid and glycerol.

This work demonstrated that longer synthesis times
generate a longer and higher crosslinking polymerization,
which provides more water resistance to this polymer. It
was also possible to confirm Halpern’s conclusion about
crosslinking behavior [10].

This polymer (1:1) after molding at room temperature is
hard, very inflexible and fragile; however, after a week, the
polymer becomes flexible and loses its hardness. This is due
to the increase in humidity present in the polymer days after
molding.

The polymer is obtained by autocatalizable synthesis,
which is one factor that makes our reaction inexpensive as
well as the fact that the materials for producing this polymer
are cheap. In other works, a catalyst was used.

The three types of prepolymer and polymer obtained
have different physical, chemical and mechanical
properties, which allow a greater spectrum of applications
for this family of polymers.

Biodegradation tests indicate that the 1:1 polymer is a
biodegradable polymer, which exhibits hydrolytic
properties, which means that it degrades rapidly in the
presence of water.

It was also observed that polymer 1:1 first presented a
partial biodegradation in which a surface degradation was
observed, which then led to total degradation. This behavior
was explained in 2003 by Gonzalez. [4]

These polymers (1:1, 1:2 and 1:3) have ester groups,
which tend to be biodegradable and it is known that their
bonds are hydrolyzed by the action of microorganisms. It is
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known that carbon-carbon bonds presented in our polymer
are biodegraded by oxidation; the first degradation occurs
with the hydroxyl groups and the second in the carbon
chain.

This family of polymers has a heteroatom (oxygen) in its
backbone carbon atoms, which acts as a potential attack
point for enzymatic hydrolysis and oxidative breakdown.
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