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Abstract
The present work investigated the degradation of poly(butylene succinate) (PBS) in different aqueous media, as PBS micro-
particles are intended for use in personal care and cosmetic applications. Degradation tests were performed for the first time 
at different conditions of salinity, pH and temperature for two types of PBS: microparticles produced through suspension 
polycondensations and commercial pellets produced through bulk polycondensations. As shown experimentally, rates of 
PBS degradation were sensitive to modification of degradation conditions, being faster at higher temperatures, at acidic 
conditions and at alkaline conditions. However, PBS degradation was not very sensitive to the presence of salts, although 
degradation rates were shown to be higher in real sea water samples. Additionally, rates of PBS degradation were shown to 
depend significantly on PBS properties and morphology. Based on the obtained experimental data, a model was proposed 
to evaluate the effects of degradation temperature and particle morphology on the rates of PBS degradation in sea water, 
providing suitable fits for the available data.
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Introduction

Due to the growing environmental concerns, the industrial 
production of plastics has been recently focused on sustain-
ability issues. The most important environmental concerns 
have been related to the increasing demands of space for 
post-consumption plastic wastes in sanitary landfills [1] 
and the accumulation of plastics (particularly plastic micro-
particles) in the oceans [2]. As a matter of fact, the use of 
biodegradable polymer materials can provide plausible solu-
tions for minimization of solid waste accumulation both in 
landfills and sea waters [3]. For this reason, there is growing 
interest in the manufacture and characterization of biode-
gradable polymers.

Among the many available biodegradable polyesters that 
can be produced through renewable processes, the use of 
poly(butylene succinate) (PBS) can be particularly advanta-
geous because this resin presents thermal and physical prop-
erties that are similar to thermal and physical properties of 
polyolefins [4–6]. Besides, PBS can be obtained through 
polycondensation reactions between succinic acid (SA) and 
1,4-butanediol (1,4-BD), which can be manufactured from 
renewable feedstocks [7]. For this reason, the production 
of green PBS materials is expected to increase in the forth-
coming years, with the simultaneous reduction of green 
PBS prices [7]. Some comparative advantages of PBS can 
be related to the good biodegradability, easy processability 
and low cost of this resin, when compared to other biode-
gradable plastic alternatives, such as poly(lactic acid) and 
poly(caprolactone) [8].

The production of polymer microparticles through poly-
condensation processes does not constitute a simple task, 
as polycondensations are usually performed in bulk and 
polymer products are almost always pelletized [9]. For this 
reason, the manufacture of polycondensation polymer micro-
particles may require the implementation of many distinct 
additional unit operations, including polymer dissolution, 
precipitation, separation and drying, among others, using 
suitable solvents and rendering the operation complex and 
expensive [10]. On the other hand, polymer microparticles 
can be obtained more easily if polycondensations are per-
formed in suspension, as recently suggested by Dutra et al. 
[11, 12].

Suspension polycondensation processes are conducted 
in presence of two immiscible phases: the dispersed phase, 
which contains the monomers and where polymerization 
takes place; and the suspending phase, which keeps the 
reacting phase in suspension, allowing for suitable mixing 
of the reacting system and for production of polymer micro-
particles [11, 12]. Besides, polycondensation reactions can 

be performed in shorter times and without catalysts, leading 
to products with narrow molecular weight distributions, with 
weight average molecular weights ranging from 103 to 105 g/
mol. Additionally, the final average particle sizes range from 
50 to 500 μm and can be controlled through appropriate 
manipulation of the agitation speed and addition of suitable 
suspending agents. Comparatively, typical bulk and solution 
polycondensation processes used to produce PBS resins lead 
to products with broad molecular weight distributions, with 
weight average molecular weights ranging from 104 to 105 g/
mol, in the form of pellets with average sizes of 2–5 mm and 
requiring reaction times of 20–50 h [13].

Many biodegradable polyesters are prone to degradation 
via oxidation (due to oxygen action) or hydrolysis (due to 
water action) [14]. Oxidizable polymers normally degrade 
slowly, although polymer materials may become more sus-
ceptible to other sorts of degradation when they are initially 
subject to oxidation [10]. On the other hand, hydrolysable 
polymers normally degrade faster and are more sensitive 
to modification of environmental temperatures [15]. It is 
important to observe that polymer degradation leads to for-
mation of possibly many distinct byproducts, so that it is 
of utmost relevance to characterize what the degradation 
products are and how degradation products can affect the 
environment [16]. Particularly, PBS resins are subject to 
hydrolysis, which leads to the release of the original SA and 
1,4-BD monomers, whose toxicity for marine life is low and 
do not lead to bioaccumulation in marine organisms [16, 17].

During the aqueous-phase hydrolysis, several studies have 
pointed out that the amorphous region of semi-crystalline 
polymers, such as PBS, is more susceptible to degradation 
than the crystalline region [15, 18]. Kint et al. [19] studied 
the hydrolytic degradation of films of PBS, poly(ethylene 
terephthalate) (PET) and PET/PBS in distillated water at 
37 °C during 6 months and found that the contents of SA and 
1,4-BD in the polymer residual decreased with time, indicat-
ing that hydrolysis preferentially occurred in the SA/1,4-BD 
ester groups. Kint et al. [19] also verified that the rate of 
polymer degradation increased with the PBS content of the 
polymer backbone and that the melt temperature and crystal-
linity of the residuals increased with the degradation extent, 
suggesting that hydrolysis predominantly took place in the 
amorphous phases. Zhu et al. [20] investigated the degrada-
tion of PBS, poly(ethylene succinate) (PES) and PES/PBS 
with weight average molecular weights of 2 × 105 g mol−1. 
Sample films with dimensions of 10 mm × 10 mm × 0.3 mm 
were prepared and immersed in glass flasks filled with 1 M 
NaOH aqueous solutions. Zhu et al. [20] concluded that 
PBS was more resistant to hydrolytic degradation than PES 
because of the higher crystallinity of PBS. Therefore, the 
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rates of degradation increased with the PES content of the 
copolymer.

To the best of our knowledge, many studies in literature 
investigated the degradation of PBS in terrestrial environ-
ments [8, 21–24]; however, only few works focused on the 
PBS degradation in aqueous environments. Kint et al. [19] 
and Kanemura et al. [4] reported that PBS and PBS copoly-
mers can exhibit pronounced hydrolytic degradability, which 
increases with the content of 1,4-butylene succinic units. 
According to these authors, hydrolysis mainly occurs on 
the aliphatic ester groups of the polymers. In turn, Kasuya 
et al. [25] reported that the degradation rates of polyesters 
is influenced by the presence of salts in water, and thus, is 
dependent not only on the chemical structure of monomer 
but also on the used water source.

Based on the previous paragraphs, one can observe that 
there are incentives for use of PBS microparticles in personal 
care and cosmetic applications, although studies regarding 
the hydrolytic degradation of PBS microparticles in aqueous 
solutions are still lacking. Besides, investigations of PBS 
degradation in saline solutions that simulate marine environ-
ments have yet to be performed. In addition, mathematical 
models have not been proposed yet to describe the degrada-
tion of PBS. For these reasons, the present work investi-
gated the degradation of PBS in different aqueous media at 
different conditions of salinity, pH and temperature for two 
types of PBS: microparticles produced through suspension 
polycondensations and commercial pellets produced through 
bulk polycondensations. Based on the obtained experimental 
data, a model was proposed to evaluate the effects of deg-
radation temperature and particle morphology on the rates 
of PBS degradation in sea water, providing suitable fits for 
the available data.

Experimental

Materials

SA was provided by Vetec (Rio de Janeiro, Brazil) and 
used as monomer. 1,4-BD was supplied by Merck (Rio de 
Janeiro, Brazil) and used as monomer. Span 80 (sorbitan 
monooleate) was provided by Fluka (Mexico City, Mexico) 
and used as suspending agent. Paraffin (wax) with melting 
point of 62 °C was supplied by Vetec (Rio de Janeiro, Brazil) 
and used as suspending medium. Sodium chloride, calcium 
chloride, hydrochloric acid was provided by Vetec (Rio de 
Janeiro, Brazil) while sodium hydroxide was provided by 
Caledon Laboratory Chemical (Ontario, Canada) used for 
formulation of the degradation environments. All reagents 
were obtained as analytic grade materials of high purity and 
were used as received without further purification. Industrial 
PBS samples of high molar mass (6.5 × 104 Da) and in the 

form of pellets with diameter of 4 mm were kindly provided 
by Braskem (Rio de Janeiro, Brazil).

Preparation of PBS Microparticles

The preparation of PBS microparticles was performed 
through suspension polycondensations, as described by 
Dutra et al. [11, 12]. The interested reader should consult 
the original references for details. However, it is important 
to emphasize that polycondensations were performed in het-
erogeneous media for 6 h at 160 °C, using paraffin as the sus-
pending phase and Span 80 as the suspending agent, leading 
to PBS microparticles with characteristic diameters ranging 
from 60 to 400 µm (Fig. 1). As described by Dutra et al. 
[11, 12], at the end of the reaction runs the obtained micro-
particles were thoroughly washed with acetone in order to 
remove the residual surfactant and suspension medium.

Hydrolysis Tests

Preparation of Degradation Media

For degradation tests, six different aqueous media were 
tested. Two alkaline solutions were prepared with sodium 
hydroxide, with pH values of 10 and 14. Two acidic solu-
tions were prepared with hydrochloric acid, with pH values 
of 1 and 4. Samples of synthetic saline solutions (prepared 
in the laboratory with distinct salt concentrations and with 
sodium chloride:calcium chloride mass ratio of 10:1), and 
naturally occurring sea water (collected in Recreio dos 
Bandeirantes beach, Rio de Janeiro, Brazil) were used to 
simulate the marine degradation environment.

Fig. 1   Characteristic particle size distributions of PBS microparticles 
prepared in suspension
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Preparation of PBS Films

In the first step, PBS films were prepared through melt-
quenching in Petri dishes. 15 g of PBS particles were ini-
tially melted in the mold at 140 °C and then quenched 
in ice-cold water at 0 °C. The melt-quenched polymer 
film was used to prepare test pieces with dimensions of 
10 mm × 6 mm × 2 mm, with help of precision stylet and 
sandpaper. All PBS pieces were dried in vacuum oven at 
50 °C for 24 h prior to use in degradation tests. These films 
were prepared in order to standardize the samples exposed 
to degradation, since commercial PBS was supplied as 
pellets with average diameter of 4 mm, while the PBS 
microparticles prepared in suspension presented average 
diameter of 200 µm.

Hydrolytic Degradation

Hydrolytic degradation tests were carried out in five differ-
ent aqueous media, at distinct temperature, pH and salin-
ity values, as shown in Table 1. Samples of 150 mg were 
incubated in 10 mL glass test tubes, with 6 mL of degra-
dation media and maintained in a temperature-controlled 
water bath under mild shaking. After that, samples were 
withdrawn at specified sampling times and rinsed thor-
oughly with distilled water. Then samples were vacuum-
dried at 50 °C in an oven until reaching constant weight. 
Hydrolytic degradation tests were also performed with 
PBS microparticle sea water, using similar techniques at 
25, 40 and 60 °C.

Characterization

Salt Concentration

In order to define the relative salinity of the aqueous media, 
the conductivities of NaCl solutions prepared with dis-
tilled water, with salt concentrations of 2.5, 5.0, 7.5 and 
10.0 w/v%, were measured with help of a conductimeter 
(Gehaka, model CG2000, São Paulo, Brazil) and used to 
build a calibration curve. Figure 2 shows the obtained cali-
bration curve and the conductivities of the analyzed saline 
samples.

Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was used to deter-
mine the average molecular weights of PBS. The GPC 
chromatograph (Viscotek GPCmax, Malvern, Malvern, 
UK) was equipped with three columns (Shodex GPC HFIP-
803, Shodex GPC HFIP-804 and Shodex GPC HFIP-805, 
Showa Denko, Tokyo, Japan) and analyses were performed 
at 40 °C in solutions of HFIP (3 mg/mL), used as the mobile 
phase. The solvent flow rate was kept constant at 1.0 mL/min 
throughout the analyses. A calibration curve was constructed 
with poly(methyl methacrylate) standards (American Poly-
mer Standards, Mentor, USA) with molecular weights rang-
ing between 102 and 106 Da.

Scanning Electron Microscopy (SEM–EDS)

The surfaces of virgin and degraded samples were charac-
terized through scanning electron microscopy coupled with 
energy dispersive spectroscopy (SEM–EDS) (FEI, Inspect 
S50, Tokyo, Japan) at maximum accelerating voltage of 20 kV 
under absolute vacuum. Elemental compositions were charac-
terized through energy dispersive X-ray spectrometry, using 

Table 1   Aqueous environments used to perform the degradation tests

Aqueous media Temeperature 
(°C)

pH Salinity 
(w/v 
%)

Distilled water 25 7 –
Distilled water 40 7 –
Saline solution 25 7 5.0
Saline solution 40 7 5.0
Sea water 25 7 2.5
Sea water 40 7 2.5
Sea water 60 7 2.5
Alkaline solution 25 14 –
Alkaline solution 40 14 –
Alkaline solution 25 10 –
Alkaline solution 40 10 –
Acid solution 25 4 –
Acid solution 40 4 –
Acid solution 25 1 –
Acid solution 40 1 –

Fig. 2   Calibration curve used for salinity analyses
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the EDAX detector (EDAX, New Jersey, USA) for salt content 
measurement. Prior to analyses, samples were coated with a 
thin layer of gold (15 nm) through sputtering (Emitech, model 
K550, Paris, France), in order to prevent electrical discharge.

Model Development

The mathematical model proposed here to simulate the degra-
dation of PBS samples assumes that the analyzed test pieces 
have the characteristic shape of a parallelepiped, with length 
w, thickness l, height h and initial mass M0. The important 
additional model assumptions are:

	 (i)	 Hydrolytic degradation is controlled by diffusion and 
mass transfer at the interface, so that the rate of mass 
loss is proportional to the area of the piece;

	 (ii)	 Hydrolytic degradation is slow and absorption of 
water is low, so that the density (ρ) of the test piece 
remains essentially constant;

	 (iii)	 The rate of degradation does not depend on the sur-
face direction, so that degradation is isotropic.

Based on these simplifying assumptions, the proposed deg-
radation model can be represented in the form:

where ε is the linear rate of degradation of the characteristic 
dimensions of the test piece, t is the time of degradation and 
K is a characteristic kinetic constant. Thus, at a given instant 
of time t, the mass of the test piece M can be computed as:

so that the relative loss of mass is:

Equation (3) can accommodate for nonlinear rates of deg-
radation if it is written in the form:

where n is a parameter that accounts for the nonlinear behav-
ior of the degradation curve.

The degradation constant K is expected to be a function of 
the degradation temperature. For this reason, it is assumed that 
K follows the Arrhenius equation in the form:

where k0 is the pre-exponential factor, Ea is the activation 
energy, R is the universal gas constant and T is the absolute 

(1)� = K × t

(2)
M = �(w − �)(l − �)(h − �) = �(w − K × t)(l − K × t)(h − K × t)

(3)

M
0
−M

M
0

= 1 −
(w − K × t) × (l − K × t) × (h − K × t)

w × l × h

(4)

M
0
−M(t)

M
0

= 1 −
(w − K × tn) × (l − K × tn) × (h − K × tn)

w × l × h

(5)K(T) = k
0
.e

−Ea

R.T

temperature. However, it is well known that the mathemati-
cal structure of the Arrhenius equation results in high cor-
relation between k0 and Ea, which makes the parameter 
estimation very difficult [26]. In order to reduce the high 
correlation between the parameters k0 and Ea, the Arrhenius 
equation was reparametrized in this form:

where the parameters of the reparameterized equation can be 
related to the parameters of the traditional Arrhenius equa-
tion as:

Parameter Estimation

Parameter estimations were performed with the standard 
least squares method, through minimization of the sum of 
the squared differences between measured and calculated 
data [27]. The estimation procedure was implemented in 
Mathematica 10.1 [28], using a NelderMead method [29], 
with relative tolerance of 1.0 × 10−3 and using confidence 
level of 95% for statistical analyses.

Results

Effects of the Environment on the Hydrolytic 
Degradation of PBS

Figure 3 shows the weight loss of the analyzed test pieces 
after 10 days of contact with different aqueous media at 25 
and 40 °C. In turn, Fig. 4 shows the average molar mass of 
polymer samples before and after 60 days of incubation at 
different conditions.

Although PBS samples produced through suspension 
polymerizations presented higher rates of mass loss than the 
commercial PBS (as shown in Fig. 3), significant decrease 
of the weight average molecular weights was observed only 
for the commercial sample (Fig. 4).

As the weight average molar masses (Mw) of the polymer 
produced in suspension were one order of magnitude lower 
than the Mw values of the commercial sample (Table 2), 
higher rates of mass loss and lower sensitivity of Mw values 
might be expected for PBS samples produced in suspension. 
The decay of average molar masses of hydrolyzed aliphatic 
polyesters is expected to be due to random chain scission 
during the hydrolytic degradation [30]; meanwhile, mass 

(6)K(T) = e
A+B.

(

T−Tref

T

)

(7)A = ln
(

ko
)

−
Ea

R × Tref

(8)B =
Ea

R × Tref
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loss occurs when chains become sufficient short to dissolve 
in the aqueous environment [31]. In spite of that, Figs. 4 
and 5 shows that the shifts of the molar mass distributions 
during the analyzed periods were homogeneously small in 

all cases for PBS samples produced in suspension, indicat-
ing that the bulk properties of the test pieces did not change 
much during the analyses and that chains of all sizes were 
similarly subject to hydrolytic degradation, as expected in 
a random process.

From a practical point of view, these results indicate that 
cosmetic and personal care applications can benefit from 
using PBS resins with lower molar mass, given the higher 
rates of degradation in aqueous environments, which must 
be seriously considered during the product design phase.

Effects of pH on PBS Degradation

Figure 3 shows that degradation of PBS samples is acceler-
ated in acidic and alkaline aqueous media, when compared 
to degradation in neutral aqueous environment. In the pres-
ence of acidic conditions, PBS degradation is catalyzed by 
protons, forming shorter chains and additional carboxylic 
groups, which can cause the additional decrease of the pH 
and lead to autocatalytic degradation conditions [32] and 
sensitivity to particle sizes [33]. In the presence of alkaline 
conditions, cleavage of the ester bonds can also be catalyzed 
by the nucleophilic attack of the hydroxide ion [34]. It is 

Fig. 3   Mass loss of test pieces 
prepared with commercial 
samples and samples prepared 
through suspension polyconden-
sations after 10 days of contact 
with different aqueous media at 
25 and 40 °C

Fig. 4   Weight average molar masses (Mw) after 60 days of contact 
with the degradation media (distilled water, sea water and saline 
water) at distinct temperatures. a PBS synthesized through suspen-
sion polymerization and b commercial PBS grade

Table 2   Average numerical and ponderal molar mass (Mn and Mw) of 
PBS before degradation tests

PBS sample Mn (Da) Mw (Da) IP (Mw/Mn)

Commercial 4.64 × 104 6.62 × 104 1.44
Suspension polym-

erization
1.67 × 103 3.11 × 103 1.85

Fig. 5   Molar mass distributions (log Mw) of PBS after 60 days of 
contact with different degradation media (distilled water, sea water 
and saline water) at 40 °C: (A) PBS synthesized through suspension 
polymerization and (B) commercial PBS grade
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important to note that both acids and bases can act as cata-
lysts for the hydrolysis [35] (as shown in Fig. 6), justifying 
the lower rates of degradation in neutral media.

The influence of pH on degradation of the analyzed PBS 
samples is better visualized in Figs. 7 and 8, where the mag-
nitudes of the effects of temperature and pH variations can 
be compared. As one can observe, the effect of temperature 
on the rates of PBS degradation are more pronounced than 
the effects of pH, when very acidic or alkaline conditions 
are considered. As shown in Figs. 7 and 8, higher tempera-
tures lead to higher rates of PBS degradation, which can be 

explained by the higher chemical activities of the species 
present in the degradation media and the higher absorption 
of water into the polymer matrix [36].

Figure 8 shows the weight loss of PBS test pieces put in 
contact with aqueous environments with distinct pH val-
ues after 10 days, including the neutral reference (pH 7.0). 
When compared to the neutral reference, it becomes evident 
that modification of the pH exerts a significant effect on the 
rates of PBS degradation, both for acidic and alkaline envi-
ronments. In all cases, embrittlement of polymer materials 
could be observed visually after withdrawal. It is important 

Fig. 6   Acidic and alkaline 
hydrolysis of polyesters [32–35]

Fig. 7   Weight loss profiles after incubation in aqueous media with pH 
values of 1, 4 and 10

Fig. 8   Weight loss after incubation of 10 days in aqueous media with 
different pH. (When the pH 14, degradation was complete after 18 h 
of incubation.)
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to mention that extreme alkaline media (pH 14) caused the 
full degradation of the test pieces after 18 h of incubation, 
which definitely indicates the catalytic effect of the hydroxyl 
ion. All degradation curves presented similar shapes, with 
decreasing rates of polymer degradation with time, as shown 
in Fig. 7. Degradation rates are expected to be higher at 
lower pH values because of the higher hydrophilicity pro-
vided by alcohol and acid ends of the shorter chains, which 
allow for increase of the water uptake [37]. At alkaline pH, 
the ionic strength of the aqueous media also increases due 
to formation of the carboxylate anion, which leads to lower 
rates of water uptake but higher rates of chain scission [37]. 
The positive effect of temperature on rates of degradation 
could be observed in all cases.

Effects of Salinity on PBS Degradation

Figure 3 shows that degradation of PBS samples is not very 
sensitive to presence of salts in the aqueous media, indicat-
ing that rates of degradation in marine media should not 
be very different from rates of degradation in pure water. 
The obtained weight loss profiles of test pieces are shown in 
Fig. 9. As observed previously, degradation curves presented 
similar shapes, with decreasing rates of polymer degradation 
with time. It is important to observe that test pieces prepared 
with the commercial PBS sample presented the lowest rates 
of degradation rate in different media (although a single run 
is shown in Fig. 9), confirming the previous analyses. Once 
more, the positive effect of temperature on rates of degrada-
tion might be observed in all cases.

It is expected that water is preferentially absorbed in the 
amorphous regions of polymer samples during the initial 
stages of degradation, causing significant degradation of 

crystalline domains only when most (or all) of the amor-
phous polymer region vanishes [38]. This can possibly 
explain the decreasing rates of mass loss with degradation 
time. Moreover, the significant increase of degradation rates 
with temperature indicates that the rates of PBS degradation 
can be very different in distinct marine environments. The 
increase of the salt concentration causes the reduction of the 
water activity and might lead to slightly lower rates of poly-
mer degradation [39], as observed in the present study. In 
spite of that, the effect of the salt concentration on observed 
rates of PBS degradation was negligible when compared to 
the effect of temperature and pH values.

Morphology

Figure 10 shows micrographs of test pieces prepared with 
PBS microparticles and treated under sea water after 60 days 
at 40 °C. It can be observed that PBS test pieces presented 
smooth surfaces before the degradation process. However, 
after the degradation test, PBS samples exhibited rough sur-
faces, filled with radially oriented cracks. This behaviour 
is due to the initial swelling of PBS samples, followed by 
superficial erosion and formation of micro-cracks [40, 41]. 
In general, similar phenomena have been reported for the 
degradation of polyesters in different aqueous media [40], 
however, previous works have focused mainly on the influ-
ence of the material on the degradation process, using dif-
ferent PBS copolymers as samples, and not on the influence 
of the degradation media.

Unlike other works found in the literature, the present 
study evaluated the influence of different aqueous media 
on the degradation of PBS. As reported previously, differ-
ent degradation media were studied and, after 60 days at 
40 °C, PBS samples lost 10.1 wt% in sea water, 12.52 wt% 
in distilled water and 9.0 wt% in saline water. However, the 
obtained micrographs indicated that similar degradation 
processes took place, regardless the particular compositions 
of the analyzed aqueous media, with formation of micro-
cracks, as shown in Fig. 10 for samples partially degraded 
in sea water. Although the degradation process seems to be 
similar, the intensity of degradation clearly depends on the 
salt concentration. For instance, as shown in Figs. 3 and 9, 
the rate of degradation is lower in the presence of salts, as 
also described in other works for other materials [37].

Modelling of the Polymer Degradation

Using the degradation model described in Eq. 4 and the 
available experimental mass loss data (Figs. 7, 9), it was 
possible to estimate the model parameters for each ana-
lyzed aqueous medium. As shown in Table 3, the objective 
functions achieved values that were in accordance with the 
expected confidence intervals, as calculated with the Fisher 

Fig. 9   Weight loss profiles after incubation in aqueous media with 
different salt concentrations
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(F) distribution with confidence level of 95% and respective 
NE-NP degrees of freedom [42]. Parameter estimated and 
the respective confidence regions are shown in Table 3.

Although most estimated parameters can be regarded 
as statistically similar, parameter estimates presented in 
Table 3 confirm that degradation occurs faster in sea water 
than in the other aqueous media, indicating that the more 
complex chemical composition and unavoidable presence 
of microorganisms can enhance the rates of PBS degrada-
tion [15, 16, 25]. It is important to emphasize that in the 
present work two types of saline media were considered: 
a natural saline medium (collected directly from the sea) 

and synthetic saline media (prepared in the lab at different 
concentrations with sodium chloride : calcium chloride 
mass ratio of 10:1). According to the obtained results, the 
saline solutions prepared in the lab cannot fully simulate 
the aqueous sea environment during the degradation tests, 
given the distinct rates of PBS degradation observed in 
both cases (faster in the sea samples). This is not exactly 
surprising, given the much more complex composition 
(naturally occurring sea water can contain a larger number 
of distinct cations and anions) and the unavoidable pres-
ence of microorganisms in sea water. Besides, the salt con-
centration in the synthetic saline solution was higher than 

Fig. 10   SEM micrographs of PBS test pieces a before the degradation test, b after 60 days at 40 °C in sea water

Table 3   Values and confidence 
limits of the model parameters 
estimated for different water 
medium

Aqueous media Objective function Parameters Estimation Confidence interval

Sea water 0.00026104 A − 0.942399 {− 1.21188, − 0.672921}
B 7.44668 {6.37843, 8.51492}
n 0.512507 {0.41960, 0.625986}

Distilled water 0.00023175 A − 1.06809 {− 1.24609, − 0,890096}
B 3.09693 {1.56884, 4.62502}
n 0.438624 {0.36775, 0.523156}

Saline water 0.00013657 A − 1.23173 {− 1.39132. − 1.007214}
B 2.36038 {0.996654, 3.7241}
n 0.437281 {0.373153, 0.512429}

HCl
pH 1

0.00022283 A − 1.04976 {− 1.37718, − 0.722341}
B 3.92647 {1.86628, 5.98665}
n 0.303147 {0.238224, 0.385762}

HCl
pH 4

0.00020975 A − 1.13972 {− 1.47103, − 0.80841}
B 2.92773 {0.856499, 4.99897}
n 0.292106 {0.226905, 0.376041}

NaOH
pH 10

0.00010663 A − 1.25721 {− 1.48854, − 1.02587}
B 3.45099 {1.99642, 4.90556}
n 0.261767 {0.215271, 0.318305}
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in the naturally occurring sea water, as shown in Fig. 2, 
confirming that addition of salts tends to retard the degra-
dation of PBS samples.

The quality of proposed model is shown in Figs. 11, 12 
and 13, which present the predicted and experimental mass 
loss data in sea water. As one can see, the model was able 
to represent the available experimental data satisfactorily 
in all conditions. It must be observed that the parameter n 
indicates that the PBS degradation does not follow a lin-
ear profile, probably due to the increased crystallinity of 
the residual polymer, as well documented in the literature 
[43–46].

Figure 14 shows the simulation of the time required 
for total degradation of PBS test pieces in sea water at 
the studied temperatures. As shown, the PBS specimens 
degrade much faster than usual plastics, but the degrada-
tion times can still be regarded as excessively long.

Influence of Geometry on the Degradation Process

The proposed model was used to predict the mass loss for 
pieces with different shapes, but with similar characteristic 
dimension of 2 mm. As one might already expect and shown 
in Fig. 15, parallelepipeds are expected to degrade faster and 
spheres are expected to degrade more slowly because of the 
respective higher and smaller specific areas, as suggested 
by Grizzi et al. [47].

Based on Fig. 15 and considering that polymer par-
ticles find widespread use in the cosmetic and personal 
care industries, it seems appropriate to perform degrada-
tion experiments also with the PBS microparticles pre-
pared through suspension polymerizations (“Preparation 
of PBS Microparticles” section) [48]. Obtained results 
are presented in Fig. 16. As one might already expect, 
the rates of PBS degradation were higher for micropar-
ticles, given the much higher specific surfaces of the 

Fig. 11   Predicted and experimental weight loss data for weight loss 
at a 25 °C

Fig. 12   Predicted and experimental weight loss data for weight loss 
at a 40 °C

Fig. 13   Predicted and experimental weight loss data for weight loss 
at a 60 °C

Fig. 14   Estimation of total degradation time of PBS test pieces in sea 
water at different temperatures
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microparticles, when compared to test pieces. Figure 17 
presents the expected total degradation time in sea water 
as a function of the particle size, as predicted with the 
proposed model. It is worth mentioning that PBS micro-
particles with characteristic diameter smaller than 1 µm 
(as particles added to exfoliators) are expected to degrade 
in aqueous media in less than 1 day, as predicted by the 
model. Figure 18 shows micrographs of PBS micropar-
ticles after distinct degradation times, highlighting the 
occurrence of particle degradation as indicated by the 
proposed model.

Conclusions

The present work investigated the degradation of PBS 
in different aqueous media. Degradation tests were per-
formed for the first time at different conditions of salinity, 
pH and temperature for two types of PBS: microparticles 
produced through suspension polycondensations and com-
mercial pellets produced through bulk polycondensations. 
As shown experimentally, rates of PBS degradation were 
sensitive to modification of degradation conditions, being 
faster at higher temperatures, at acidic conditions and at 
alkaline conditions. However, PBS degradation was not 
very sensitive to the presence of salts, although degrada-
tion rates were shown to be higher in real sea water sam-
ples. Additionally, rates of PBS degradation were shown 
to depend significantly on PBS properties and morphology 
and to decrease with the degradation time. Particularly, 
it was shown that the rates of PBS degradation depend 
on the specific area of analyzed pieces, being faster for 
microparticles because of the much larger specific area of 
powders, when compared to test pieces. Besides, the rates 

Fig. 15   Expected degradation curves for pieces with different geome-
tries (parallelepiped with dimensions of 10 mm × 6 mm × 2 mm, cube 
with side of 2 mm and sphere with diameter of 2 mm)

Fig. 16   Weight loss profile in sea water for PBS test pieces and 
microparticles

Fig. 17   Expected degradation times for PBS microparticles of differ-
ent sizes in sea water

Fig. 18   SEM micrographs of PBS powder before and after 30 days at 
40 °C in sea water
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of mass loss were shown to decrease with the molecular 
weight, encouraging the use of PBS resins of lower molec-
ular weights in cosmetic and personal care applications. 
Based on the obtained experimental data, a model was pro-
posed to evaluate the effects of degradation temperature 
and particle morphology on the rates of PBS degradation 
in sea water, providing suitable fits for the available data. 
According to the obtained fits, PBS microparticles are 
expected to degrade completely in sea water in < 1 year, 
if they have characteristic diameter of 100 µm, and in 
< 1 day, if they have characteristic diameter of 1 µm.
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