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Abstract In this paper, the chemical degradation of poly(e-caprolactone) by hydrolysis was carried out.
Poly(e-caprolactone) was successfully synthesized via the ring-opening polymerization of e-caprolactone at 155°C with
ammonium heptamo lybdate. Poly(e-caprolactone) was characterized by Fourier Transform Infrared Spectroscopy. The
hydrolyses were carried out under acid and alkaline conditions using HCIL, H,SO,4, NaOH, and KOH. The temperature used in
the hydrolyses ranged from 40°C to 140°C, while the solution concentrations, time, and the mass of the samples during the
chemical degradation were held constant. Under these degradation conditions a loss of weight of poly(e-caprolactone) was
observed when the temperature was increased. For examp le, for 30 minutes of degradation using sulfuric acid at temperatures
of 120°C and 140°C, the poly(s-caprolactone) was degraded 25.00% and 36.31% respectively. The alkaline hydrolysis
process is more rapid than acid hydrolysis. For example, after 30 minutes in NaOH at temperatures of 120°C and 140°C, the

poly(e-caprolactone) was degraded 94.60% and 100%, respectively.
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1. Introduction

Polymers are currently produced in large quantities in
order to improve the quality of life for many people, and also
polymers let contribute to the development of science and
technology. But one major disadvantage of products
elaborated with synthetic polymers is the negative effect on
the environment when they are thrown out. For this reason,
biodegradable polymers are being produced in laboratories
[1-3], such is the case of poly(e-caprolactone) (PCL), which
is a semi-crystalline thermoplastic polyester[4-5]. PCL is
synthesized by the ring opening polymerization (ROP) of
e-caprolactone (e-CL), it is composed of five methylenes
[(CH;)s5] and an ester functional group [CO,] as the repeating
unit. PCL and its derivatives are poly mers that have been of
great interest in the pharmaceutical industry as matrices for
medical formulas, for this reason, PCL is used in therapeutic
medicine due to its high permeability and low toxicity.
Another one of the applications of PCL is in the production
of degradable plastic bags. The ester functional group of
PCL tends to be hydrolyzed and fragmented into short
polymeric chains with low molecular weight. It has been
reported that PCL is degraded by microorganis ms, enzy mes,
and also chemical degradation methods (hydrolysis)[6-10].
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In the case of the chemical methods, questions arise: Which
is faster: the degradation of PCL in acidic or alkaline
conditions? how can the degradation process be described?

In this paper, an evaluation and comparison of the
chemical methods for PCL degradation using acidic and
alkaline hydrolysis is carried out.

2. Description of Experiment

2.1. Equipment

-IKA RCT basic electric hot plate with magnetic stirrer.

- Reflux water system.

- Perkin-Elmer spectrum 100 FT-IR spectrometer.

- Thermo Scientific vacuum pump.

- "H-NMR: Varfan Gemini 2000 and Varian unity Plus
300.

2.2. Reactants

- g-Caprolactone 99% (Sigma Aldrich).

- Ammonium heptamolybdate tetrahydrated (Riedel-de
Haén).

- Anhydrous methanol 99.85% (Baker).

- Chloroform 99.97% (Golden Bell).

- Hydrochloric acid 37.8% (Chemical Meyer).

- Sulfuric acid 98.4% (Baker Analy zed).

- Potassiumhydroxide 86.03% (Chemical Meyer).

- Sodium hydroxide 98.2% (Golden Bell).

2.3. Methods
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2.3.1. PCL synthesis

Sixty millimeters of e-caprolactone, 0.3ml of water and
33mg of ammonium heptamolybdate were placed a 100ml
around bottom flask, which was set up in a reflux system for
120 minutes at 155°C. The mixture was stirred at 250 rpm
(see Figure 1).

Figure 1. PCL synthesis process

0 (NH4)gMn; 0, - 4H,0

The obtained PCL was purified by dissolution into
chloroform and precipitation with methanol, finally being
isolated by vacuum filtration.

2.3.2. PCL Degradation

The mixture of 2.5¢ PCL and 30ml acid or alkaline
solution was placed in a S0ml round bottom flask and set up
to reflux for 30 minutes. The solution was stirred at 250rpm.
The degradation temperature interval was 40°C to 140°C.
The percent of non-degraded PCL was determined using the
equation:

% of non — degraded PCL =

final mass of PCL XlOO[l]

Initial mass of PCL

2.3.3. PCL Characterization

The characterization of PCL and non-degraded PCL was
by Fourier Transform Infrared Spectroscopy (FT-IR) and
Nuclear Magnetic Resonance (NMR) spectroscopy.

3. Results and Discussion

3.1. PCL Synthesis

PCL was synthetized from the polymerization of
e-caprolactone using ammonium heptamolybdate as a
catalyst at 155°C (see Figure 2).
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Figure 2. Synthesis of poly(e-caprolactone) (PCL)
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Figure 3. FT-IR Spectrum of PCL
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Figure 4. Nuclear Magnetic Resonance spectrum (‘'HNMR) of PCL

In Figure 3, in the FT-IR spectrum of PCL weak signals
can be observed at 2944.17 and 2865.08cm” which
correspond to asymmetric elongation of the methylene-
oxygen (CH,-O) and symmetric elongation of the methylene
groups (CH,-), respectively.

Intense signal that is characteristic of the carbonyl can be
observed at 1721.23 cm’, and belongs to the aliphatic ester
(CO,-) of the PCL. The signalat 1470.92 cm’' corresponds to
the asymmetric elongation of the carbon-hydrogen (C-H) of
the methylene, and, the signal at 731.52cm’ correspondsto
the scissors-like bending motion of the methylene. It is also
possible to observe the characteristic signals of the PCL
polymer in the spanning 1470.92 to 731.52cm’, which
correspond to the deformation of the methylene groups
(CHz-).

In Figure 4, the obtained proton nuclear magnetic
resonance ('HNMR) spectrum of the PCL is shown, in this
spectrum it is possible to observe the signal at 1.3ppm (c)
which corresponds to methylene (-CH,-); This signal reveals
to us that the structure of the PCL poly mer still remains.

At around 1.7 - 1.5ppm (b+d), it is possible to observe
signals that correspond to overlapped methylene. The signal
at 2.3 ppm (a) is generated by methylene and it is displaced
due to the influence of neighbor atoms, for instance,

carbonyl(C=0) and a methylene (-CH,-). At 4ppm (e) it is
possible to observe the signal of the methylene(-CH,-0O).

3.2. PCL Degradation

In Table 1, we present the mass percentages of the PCL
that were obtained by using equation[1] after the degradation
processes, the solutions that were used for each degradation
process are also specified in Table 1.

Table 1. Mass percentage of PCL

Temp. Obtained mass of PCL for
(°C) four different acid and base solutions (4M)
HCI H>S04 NaOH KOH
40 24005 2.6889 1.5110 1.1973
60 24480 2.5862 0.5761 1.2688
80 22934 2.5205 09527 14884
100 23583 24814 0.8840 1.5479
120 1.6573 1.8765 0.1348 0.0219
140 1.3022 1.5922 0 0.7598

Also, it is possible to observe in Table 1 that the mass
percentage of PCL decreases as temperature is increased, but
we realize that there is likely no trend in the data as aresult of
the physical interaction between methanol and non-degraded
PCL.
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Based on the results of Tablel, we made a comparison
between the degradation processes that were carried out with
both acid solutions, hydrochloric acid (HCI) and sulfuric
acid (H,SOy). The result is that the more suitable solution for
degradation of PCL is hydrochloric acid HC], this is due to
the degradation process being faster for monoprotic acids
than for polyprotic acids. On the other hand, the results ofthe
comparison between the degradation processes with both
base solutions, sodium hydroxide (NaOH) and potassium
hydroxide (KOH), suggest that the more suitable solution for
PCL degradation is NaOH. This is probably due to the higher
electronegativity of the hydroxyl (OH) group present in each
one of the base solutions. Fromthe comparison between acid
and base solutions we can establish that for PCL degradation,
base solutions present some advantages over acid solutions.
That is to say, the carbonyl group of the PCL is a very
reactive zone that is favorable for the nucleophilic attack of
the base solutions. It is important to mention that probably
the ester group (CO,) of the repeatingunit of the PCL
polymer tends to be hydrolyzed. In consequence, the
polymeric chain tends to fragment itself resulting in similar
oligomers of low molecular weight.

The Figure 5 presents an examp le of the fragmentation of
poly(ethylene terephthalate) (PET).

A photograph of non-degraded PCL is shown in Figure 6,
this picture was obtained during the degradation process
after PCL was purified by a precipitation process using
chloroformand methanol, followed by vacuum filtration.

In Figure 7, a comparison between the FT-IR spectrums of
synthetized PCL (continuous line) and non-degraded PCL
(discontinuous line) is shown. Two of the main differences
between the spectra are that at 3407.29 cm', the elongation
signal of the hydroxyl of the carboxylic acid (O-H) is

0 3
* O&O(H:OCHZCHﬂﬁt %),

PET

observed only in the spectrum of the non-degraded PCL; this
signal is accentuated due to the presence of low molecular
weight oligomers. These oligomers present signals in the
interval 3747.66 to 3002.63cm™. The second difference is
the intensity of the signals in the interval 2944.24 to 2865.84
cm’, that corresponds to the methylene groups. Signal
intensities are higher for the non-degraded PCL. At 1721.89
em’! there is a slight displacement, which results from the
presence of carbonyl acid.

The highest intensity signal is due to the abundant
proportion of the carbonyl (acid [CO,-]) in relation to that of
the PCL (see Figure 3). The differences between both FT-IR
spectra confirm degradation of PCL.

Also, it is possible to observe that in the interval of
1607.64-901.68 cm', there is a high signal intensity at
1471.04 cm™ which corresponds to the elongation in the
plane of the carboxylic acid (C-O-H) and it is possible to
observe an elongation out of the plane at 933.94 cm’,
furthermore, it is also possible to observe the elongation of
the carbon-oxygen (C-O) at 1239.13 cm.

Other signals which are different from those of the
synthesized PCL are present at 2944.24 and 2865.84 cm’',
where it is possible to observe methylene signals that have
considerable intensity. These signals results from the large
quantity of methylene that originates from fragmentation of
the polymeric material. These methods can be useful for
degradation of polymers that have similar structure to that of
the PCL (see Figure 6), in that case, it could be expected that
the process of degradation of such material would be more
efficient using a base solution than using an acid solution.
This has already been observed in the hydrolysis and
degradation of polyesters which have similar structure to that
ofthe PCL[12-14].
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Figure 5.

Suggested alkaline degradation mechanism of poly(ethyleneterephthalate), where “m " is less than “n”[11]
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Figure 7. The comparison FT-IR spectra of PCL and PCL non-degraded

4. Conclusions

The comparison reported in this work between the
chemical degradation of PCL using acid and base solutions,
allows us to conclude that when we used base solutions we
obtained better degradation results than when we used acid
solutions. This is due to the fact that the degradation process
is faster and more efficient in alkaline media. In basic
solutions the nucleophilic (OH) and electrophilic (K, Na")
entities react with the monomer of the repeating unit of the
polymer more easily than when using acid [CI', (SO4)2, H'],
this reaction fractures the polymeric chain of the PCL and as
aresult the oligomers are obtained. The degradation type that
PCL exhibits probably could be present in polymers that
have similar structure. With regards to the basic solutions
used in this work, the most effective solution for degradation
was NaOH.
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