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Abstract
Currently, there is a global concern about the environmental problems related to plastic wastes. Cellulose
acetate (CA) and polylactic acid (PLA) are the most frequently used biopolymers in the food packaging
industry. In this work, TiO2 nanoparticles and β-cyclodextrin (βCD) have been incorporated into
nanocomposite �lms made of PLA and CA and then evaluated under biodegradation assays in
wastewater to assess the effects of both additives on the biodegradability of �lms. TiO2 nanoparticles
clearly enhanced the biodegradability of CA and PLA; PLA-TiO2 nanocomposites disappeared after 60
days, whereas plain PLA remained present after 100 days. The presence of the additives provided an
exponential growth to BOD pro�les. FTIR spectra showed a much faster deacetylation of CA for the
nanocomposites than for the bare CA, and XRD diffractograms showed that PLA nanocomposites
became more amorphous than bare PLA. The thermal resistance of CA and PLA nanocomposites
substantially decreased, while plain matrices remained fairly stable up to 60 days. SEM micrographs of
CA and PLA nanocomposites presented voids and larger surface erosion than the plain matrices. βCD
modi�cation of TiO2 nanoparticles seems to have a protective effect on the biodegradation of the
polymers with respect to the unmodi�ed TiO2.

1. Introduction
Plastics have become essential in the current society due to their wide variety of applications.
Thermoplastic polymers have advantages including high performance and ease processing, and thus
they represent around 80% of the global plastic market [1]. However, most of them come from non-
renewable fossil resources, and have raised serious environmental problems related to their manufacture
and disposal through incineration and land�ll processes [2, 3]. For this reason, many efforts are being
made to replace petroleum-derived plastics with biodegradable materials, especially in short-term
disposable packaging applications.

Biodegradable polymers have desirable functionalities while also contribute to sustainability [4, 5].
Polylactic acid (PLA) is a thermoplastic aliphatic polyester of lactic acid that can be easily obtained
through the fermentation of renewable materials such as corn, potatoes, sugar or rice [6, 7]. PLA is
considered as one of the most promising biopolymers for a variety of uses including packaging due to its
interesting balance of properties (biocompatibility, transparency, low cost, easy processing and suitable
barrier properties) [8, 9]. Moreover, its good mechanical strength is comparable to that of some
conventional petroleum-derived polymers such as polystyrene (PS) or polyethylene terephthalate (PET)
[10, 11]. Cellulose acetate (CA) is an alternative biopolymer with ample use, obtained from the chemical
modi�cation of cellulose with acetic anhydride and acetic acid. CA is biodegradable, capable of forming
�lms and possesses high chemical and mechanical stability [12, 13].

Moreover, the development of next-generation packaging materials is becoming a research focus of the
food industry. An interesting strategy to obtain improved packaging consist on incorporating metallic
nanoparticles (NPs) during the �lms production. Titanium (IV) oxide (TiO2) NPs have many advantages
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such as photocatalytic properties, biocompatibility, high chemical stability and excellent antimicrobial
activity against a wide variety of microorganisms [14]. Despite the current controversy surrounding the
use of nanocompounds in food, TiO2 NPs are approved to be used as safe additive by the American Food
and Drug Administration (FDA) [15]. Moreover, several studies have demonstrated that the amount of
TiO2 NPs migrated from polymeric matrices into food simulants is minimal [16]. On the one hand, the
incorporation of TiO2 NPs as antimicrobial agents to the packages gives rise to the so-called active
packaging. These novel materials provide greater protection against food spoilage and contribute to
extend the shelf-life of the perishable food products [17]. On the other hand, they have been shown to
enhance the mechanical, thermal and barrier properties of biodegradable polymers [18–20]. Finally, it has
been reported that the inclusion of TiO2 promotes photo- and thermo-degradation of biopolymeric
materials, facilitating the plastic wastes disposal after their use [21–24]. However, the effect of NPs under
biodegradation conditions is not yet well-known.

The modi�cation of TiO2 NPs with cyclodextrins (CDs) is a good way to increase their functionality [25].
Native CDs are cyclic oligosaccharides linked by α-1,4 glycosidic bonds and composed of 6 (αCD), 7
(βCD) or 8 (γCD) glucose units. They are natural compounds obtained by the enzymatic degradation of
starch [26]. In terms of structure, CDs are truncated conical cylinders with a relatively apolar cavity and a
polar outer surface, which allows them to form host-guest inclusion complexes with a variety of
hydrophobic substances [27]. They have found applications in many �elds, and currently their use in the
food packaging industry is gaining attention. CDs can ensure a sustained release of active molecules
such as food preservatives, while protecting them from heat and physical processes during the packages
production [28]. Due to their biodegradable nature, when CDs are integrated with biodegradable polymer-
binders, such as PLA or CA, the developed package will become completely eco-friendly [27, 29].
Furthermore, CDs may create weak-points in the packaging �lm where the degradation of composites
would be promoted [30].

The idea that the biodegradability of plastics is the result of optimized laboratory conditions rather than
spontaneously decompose in natural environments is controversial [31]. Therefore, it is important to
study the biodegradation of materials in natural environments like sewages. Sewage sludge provides
optimal conditions for the microorganisms to grow, since it contains organic carbon, nitrogen,
phosphorous and other nutrients [32]. In this work active packaging �lm materials based on PLA or CA
(7.5% wt/v) and containing 5% TiO2 and 5% βCD-TiO2 NPs (w/w) have been obtained (nanocomposites).
Under the hypothesis that the inclusion of TiO2 NPs and CDs into biopolymeric matrices will enhance
their biodegradability, the performance of PLA and CA composites throughout long-term degradation
assays in sewage sludge has been evaluated in terms of chemical-structure, thermal, morphological, and
crystalline properties. The biochemical oxygen demand (BOD), which represents the amount of oxygen
consumed by natural microorganisms to convert the obtained organic materials into microbial biomass
[33, 34] has also been reported.

2. Materials And Methods
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2.1. Materials
Titanium (IV) oxide nanoparticles (TiO2 NPs 99.5% purity, 21 nm average size and ρ = 4.26 g∙cm− 3) were
provided by Sigma-Aldrich (St. Louis, MO, USA). β-Cyclodextrin (βCD 12.5% water content) was
manufactured by Roquette (Laisa España S.A.). Acetone dry (≤ 0.01% water), N,N-dimethylformamide dry
(DMF) and methanol (≤ 0.01% water) were supplied by Panreac Applichem. Hexamethylene diisocyanate
(HMDI, 98%) was purchased from Fluka (Morris Planes, NJ, USA). Poly(L-Lactic acid) (PLA) was provided
by Resinex Spain, S.L., and manufactured by Nature Works LLC (Blair, NE, USA) (Ref. code: PLA Polymer
7032D). Cellulose acetate (CA) was purchased from Rhodia.

2.2. Preparation of polymeric �lms
The detailed procedure including the obtention and further characterization of TiO2 NPs functionalized
with βCD was reported in a previous work [25]. In brief, hexamethylene diisocyanate was used as
crosslinker between βCD and TiO2, and the linkage was con�rmed by Fourier transform infrared
spectroscopy (FTIR) and thermogravimetric analysis (TGA) techniques after several washing and
centrifugation steps. At the end of the process, the cyclodextrin content in the modi�ed TiO2 NPs was
found to be 16%.

Using PLA and CA as biodegradable matrices, solution casting process was employed to prepare
polymeric �lms with embedded modi�ed and unmodi�ed TiO2 NPs [21]. Firstly, 3.75 g of PLA and 3.75 g
of CA were completely dissolved in 40 mL of dichloromethane and acetone, respectively, under vigorous
stirring. Then, proper amounts of TiO2 or βCD-TiO2 NPs (5% wt/wt) were homogenously dispersed in 10
mL of each solvent using ultrasonication for 15 min and then stirring for 30 min at room temperature.
NPs suspensions were added dropwise to either PLA or CA solutions (7.5% wt/v) and then stirred for 2 h.
These dispersions were poured onto Petri dishes to allow the solvents to evaporate in a hood at room
temperature yielding �lms of uniform thickness (130 ± 10 µm). Then, the �lms thus obtained,
bionanocomposites, were cut into 4 cm2 square plates for biodegradation assays. For clarity,
alphanumeric coding was used to identify each material prepared: a matrix identi�er (CA or PLA)
followed by two digits de�ning its content of additives. For instance, the system called PLA42 means a
matrix made of PLA and containing both additives: TiO2 at 4.2% and βCD at 0.8%. In this way, six
different polymeric �lms (three for each matrix) were prepared according with the systems de�ned in
Table 1.
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Table 1
Identi�cation of the polymeric �lms used in this study.

Polymeric matrix System TiO2 content (%) β-cyclodextrin content (%)

CA CA00 0.0 0.0

CA50 5.0 0.0

CA42 4.2 0.8

PLA PLA00 0.0 0.0

PLA50 5.0 0.0

PLA42 4.2 0.8

2.3. Biodegradation study
The aerobic biodegradation of PLA and CA polymers in aqueous medium was assessed in closed
respirometers in accordance with standard procedure (ISO 14851:2020) for 100 days [35]. Secondary
sludge (activated sludge) from a local wastewater treatment plant (Arazuri, Spain) was employed as
microbial inoculum. The concentration of suspended solids in the inoculum was determined prior to the
start of the assay, to estimate the optimal percentage of wastewater inoculum to be included in the
respirometers. In the attempt to simulate a natural environment, an optimized test medium with high
nutrient concentrations and buffering capacity was prepared as follows: 100 mL of solution A (37.5 g L− 1

KH2PO4; 87.3 g L− 1 Na2HPO4 2H2O; 2.0 g L− 1 NH4Cl), 1 mL 22.5 g L− 1 MgSO4 7H2O, 1 mL 36.4 g L− 1

CaCl2 2H2O, 1 mL 0.25 g L− 1 FeCl3 6H2O, 1 mL solution E (70 mg L− 1 ZnCl2; 100 mg L− 1 MnCl2 4H2O; 6

mg L− 1 H3BO3; 190 mg L− 1 CoCl2 6H2O; 3 mg L− 1 CuCl2 2H2O; 240 mg L− 1 NiCl2 6H2O), water up to 1 L
solution.

A battery of six batch 500-mL respirometers was installed, one for each sample: PLA, PLA 5% TiO2, PLA
5% βCD-TiO2, CA, CA 5% TiO2, and CA 5% βCD-TiO2 (see Supplementary information Figure S1). Each one
was �lled up with 150 mL solution, composed of 15% wastewater inoculum and 85% optimized test
medium. In addition, 20 �lm samples (80 cm2) were added to each �ask as the only carbon source.
Therefore, a head space of 350 mL of air was available in each system. The respirometers were
hermetically closed and incubated under mild stirring (130 rpm) at 21 ºC for 100 days. The
biodegradation of the samples was followed by measuring the daily BOD (Velp Scienti�ca, BOD sensor,
Italy) and by mass loss of the testing �lms. Film samples were collected from the reactors every 5-days
(taking advantage of the fact that the air was manually renewed in each respirometer), washed
repeatedly with deionized water, and dried at 30 ºC for 24 h before characterization.

2.4. Characterization of nanocomposite �lms
The performance of PLA and CA nanocomposites over the 100-day biological degradation in sewage
sludge was assessed by different techniques in order to see the role of TiO2 NPs and βCD on their
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biodegradability. PLA nanocomposites had entirely disappeared after 60-days testing, while CA �lms were
not completely biodegraded even after 100 days. For that reason, the average testing times for each
polymer were chosen as: initial time (0-day for both polymers), middle time (30-day for PLA, 50-day for
CA) and end time (60-day for PLA, 100-day for CA). The experimental results were analyzed by Origin
2016 software.

2.4.1. Fourier transform infrared spectroscopy
FTIR analysis was performed under an attenuated total re�ectance (ATR) method using a IRA�nity-1S
Shimadzu FTIR spectrometer with a Golden Gate diamond ATR accessory. FTIR spectra of the polymeric
samples were recorded every 5-days with a resolution of 4 cm− 1 and 32 scans in a wavenumber range
from 4000 to 600 cm− 1.

2.4.2. X-ray diffraction
The crystalline structure of the samples at the beginning, middle and end testing times was studied by X-
ray diffraction (XRD) in a Bruker D8 Advance diffractometer employing Cu Kα1 radiation, from 5º to 60º
(2θ), one second per step and step size of 0.03º. The calculations were performed using the
diffractometer DIFFRAC.EVA software. The crystallinity index is calculated as the ratio of the area of
crystalline peaks to the global area of crystalline plus amorphous peaks.

2.4.3. Thermogravimetry
TGA of the �lms was carried out every 15–20 days at a heating rate of 10 ºC min− 1 under nitrogen
atmosphere (TA instruments SDT650 Trios V5 software) between 25 and 1000 ºC using alumina
crucibles.

2.4.4. Scanning electron microscopy
The microstructure of the nanocomposite �lms was observed in a Phenom ProX Desktop scanning
electron microscope (SEM; Thermo Fisher Scienti�c, Waltham, MA, USA) operating at 5 keV, at the
beginning, middle and end-times. Before analysis, the samples were covered with a thin gold layer using a
Emitech K550 sputter coater. The image analysis was accomplished with ImageJ software.

3. Results And Discussion

3.1. Biodegradation study
Once the �lms (7.5% wt/v) were obtained, the biodegradability of the plain PLA and CA matrices was
studied in comparison with their respective nanocomposites (with TiO2 and βCD-TiO2).

3.1.1. Biochemical oxygen demand
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The results of BOD tests are presented in Fig. 1. It is noteworthy that oxygen consumption began almost
immediately at the start of the test in the case of CA samples, with a very short acclimation period (2
days), whereas PLA �lms showed a �rst 5-day stage without oxygen depletion. This indicates that the
amount of bacterial �ora in the inoculum could be somewhat insu�cient to meet the initial requirements
for biodegradation, but also a need for acclimation to both substrates. It should also be noted that, except
for a pre-�ltration step, the inoculum was used as received, with no period of adaptation to CA and PLA
substrates. Thus, with the inoculum used, the acclimation period for PLA as carbon source was clearly
higher than that for CA. Moreover, for both PLA and CA nanocomposites, BOD measurements were
markedly higher compared to those for the plain polymers. Likewise, a fairly linear trend was observed in
the BOD curve for the plain �lms of CA and PLA, while the presence of the additives provided a more
exponential growth to BOD pro�les. This evidences that the additives improved the biodegradation of CA
and PLA �lms. In the case of CA �lms, the addition of βCD (together with TiO2) somewhat improved their
biodegradability in the medium and long term. However, the opposite trend was found with those of PLA,
where the presence of βCD appeared to delay degradation. Thereby, noticeable differences were observed
with PLA �lms after 60-days incubation, reaching about 750 mg-O2 L− 1 for PLA00, 1100 mg-O2 L− 1 for

PLA42, and 1600 mg-O2 L− 1 for PLA50 samples.

3.1.2. Mass loss
Mass losses measured during biodegradation assays with samples of nanocomposite and plain CA and
PLA �lms are shown in Fig. 2. Mass loss of biopolymers is considered as the most basic and commonly
used biodegradation index [36]. While CA �lms maintained the original square shape until the last testing
day, PLA �lms began to crack and lose it after 30 days, so it was not possible to determine mass losses
for the latter after that time. As expected, there is a close relationship between biodegradation time and
mass loss of �lms; the longer the incubation time, the greater mass loss in samples. The biodegradation
rate under respirometry conditions was signi�cantly faster for CA and PLA nanocomposites than for the
respective undoped materials. In the case of CA, the mass losses after 100 days of the nanocomposite
�lms were substantially higher (49% and 53% for βCD-TiO2 and TiO2 nanocomposites, respectively) than
that of the plain samples (39%). Similarly, higher mass losses were also obtained for PLA
nanocomposites after 30 days (33% for TiO2 and 20% βCD-TiO2) than for the bare matrix (12%). As a
reference, note that these results were quite comparable to those of CA samples after 30 days of
incubation (29%, 36% and 19%, respectively). These results agree with those found with BOD assays (see
Fig. 1). The modi�cation of TiO2 NPs with βCD is believed to make the resulting nanoparticles better
integrated into the PLA matrix, strengthening its resistance to microbial activity. In this way, the higher the
disruption of the polymer structure caused by NPs, the higher the rate of biodegradation of �lms.
Comparing both polymers, the biodegradability of PLA systems under the microbial environment used
was much better (they were completely disintegrated after 60 days; see Fig. 3) than that observed for CA
composites.

3.2. Characterization of nanocomposite �lms
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During the biodegradation assays, �lm samples were periodically collected from the respirometer �asks
for physical and chemical characterization.

3.2.1. Physical appearance
The evolution of the physical appearance of the CA and PLA �lm probes throughout the trial is shown in
Fig. 3. As observed, besides a natural twist in their original �atness due to the stirring shear forces, the
undoped �lm probes did not exhibit any visible changes through the full test (100 days for CA and 60
days for PLA). However, alterations in the appearance of the doped composites were evident. On the one
side, the CA42 and CA50 pieces became more twisted and shrunken, brittle and yellowish over time. On
the other hand, the PLA nanocomposites, PLA42 and PLA50, rapidly began to crumble until complete
disintegration. In fact, non-fragmented pieces of bare PLA were found even after 100 days of testing,
which proves the effectiveness of PLA doping with TiO2 and βCD-TiO2 for its enhanced biodegradability.

3.2.2. FTIR analysis
The FTIR spectra of CA and PLA-based samples exposed to biodegradation tests are plotted in Figs. 4
and 5, respectively. The presence of the additives (TiO2 and βCD) could not be evidenced by this

technique since the Ti-O-O bond vibration appears at wavenumbers below 600 cm− 1, and the main peaks
of βCD (present in low amount) were masked by the polymer bands.

The CA spectrum (Fig. 4 and S2) shows the main characteristic bands at approximately 3500 (O-H
stretching vibration), 2930 (C-H stretching), 1740 (C = O stretching), 1640 (water O-H bending), 1370 (C-H
symmetric bending), 1215 (C-O-C asymmetric stretching of acetate group), 1030 (C-O-C vibration in
pyranoid ring), and 900 cm− 1 (β-linked glucan structure) [37, 38]. The initial spectra of the �lms changed
over time at a very different rate between samples. In all cases, the �nal spectrum (after 100 days testing)
perfectly matched that of cellulose. However, the rate of deacetylation was much faster for the CA
composites than for the bare CA. After the �rst 15 days of testing, the absorbance bands of carbonyl
(1740 cm− 1), C-H (1370 cm− 1) and C-O-C (1215 cm− 1) groups in the CA50 and CA42 spectra had notably
decreased, and they continued to decrease progressively until complete disappearance after 40 days. At
the same time, a wide band appeared at 3300 cm− 1 corresponding to the formation of O-H bonds. An
abrupt drop in the vibration of the acetate groups was observed for the bare CA �lms after 50 days.
Moreover, the theoretical mass loss for complete deacetylation is 37% [39], which agrees quite well with
the data shown in Fig. 2. Thus, the CA nanocomposites had lost little more than 37% mass at day 50,
while the bare CA polymer reached this value after 100 days. These outcomes show that biodegradation
of CA was greatly accelerated by TiO2 NPs. Nevertheless, βCD did not seem to have a notorious effect on
this process, probably due to its presence in very low amount.

Different studies have demonstrated that the degradation mechanism of CA begins with the
deacetylation of the material as the prior step to depolymerization of cellulose [40]. In addition, it has
been reported that this initial step can occur by acetyl esterase enzymes or by chemical hydrolysis. Acetyl
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esterases are common in many microorganisms and probably they were present in the mixed microbial
culture of the wastewater inoculum [41]. Likewise, the testing duration was not su�cient for cellulose
depolymerization, as FTIR spectra match with that of pure cellulose. Another study showed that cellulose
�bers from toilet paper were biodegraded in activated sludge, albeit through a slow process and with a
strong in�uence of temperature [42]. Therefore, probably if the present test had lasted longer, the CA �lms
could have completely biodegraded.

FTIR spectra of PLA �lms were also obtained over the biodegradation time (Fig. 5). The characteristic
peaks and bands of PLA polymer appear at: 2997 and 2947 cm− 1 (corresponding to the C-H asymmetric
and symmetric stretching vibrations, respectively); 1750 cm− 1 (attributed to the C = O stretching); 1180 − 
1000 cm− 1 (related to C-O stretching vibrations); 1452 cm− 1 (due to the -CH3 group bending vibration);

1350–1380 cm− 1 (represents C-H deformation bands); 870 cm− 1 (from C-C stretching vibration). No
signi�cant chemical transformations were observed in the PLA probes throughout the biodegradation
process, neither in terms of new peaks formation nor major shifts in the wavenumber of the characteristic
PLA bands. Therefore, although the PLA pieces had collapsed after 60 days of testing, their chemical
structure remained virtually unchanged from the initial one.

Nevertheless, the intensity of some peaks slightly varied throughout the test. The modi�cations were
followed by calculating the height ratios of different signals with respect to the height of the peak at 1452
cm− 1, suitable standard for PLA (see Table S1 in Supplementary information). For the PLA50 and PLA42
nanocomposite �lms there is a decrease in the peak intensity of C = O (1750 cm− 1), CH-O (1180 cm− 1)
and C-O-C (1080 cm− 1) over time, which indicates chain scissions of the structure [43]. These decreases
in peak ratios were slightly more marked in the case of the unmodi�ed TiO2 composite (PLA50) than for
the βCD-TiO2 �lms (PLA42). In the case of bare PLA, smaller ratio changes were observed, with no clear
trend. In any case, the addition of TiO2 had a clearly positive effect on the biodegradation rate of PLA
matrix.

3.2.3. X-ray diffraction analysis
The X-ray diffraction (XRD) patterns measured at the beginning of the biodegradation test (day 0), at the
middle term (day 50 and 40 for CA and PLA, respectively), and at the end of the biodegradation test (day
100 for CA and day 60 for PLA) are depicted in Fig. 6. The presence of TiO2 NPs in the
bionanocomposites was well recognized. The crystallographic composition of TiO2 is in good matching
mainly with anatase phase (2θ = 25.2º, 37.1º, 48.1º), but also with rutile, showing a small diffraction peak
at 2θ value of 27.4º. The main re�ections of CA have been reported at 8º, 10º, 13º and 22º (2θ); the latest
is known as Van der Waals halo and is present in most polymers as a result of the polymer chains
packaging [44], as seen in all the diffractograms in Fig. 6. At the start of experiments, the computed
crystallinity degree of CA was 39.5%, decreasing up to a 17.8% after 50-day testing. Moreover, as the
biodegradation testing time increased, a clear shift toward higher 2θ was observed for the CA broad
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pinnacle. This change on the 2θ angle was the main effect observed in all the CA samples and may be
related with the polymeric degradation degree.

As observed in Fig. 6, the main diffraction peak of bare PLA (PLA00) appeared at 16.8º corresponding to
(110)/(200) planes [45]. The intensity of this characteristic peak notably decreased with the incorporation
of TiO2 NPs, showing that PLA became more amorphous in the presence of titania. The XRD
diffractograms of PLA composite including βCD (PLA42) also induced a partial loss of PLA crystallinity
but to a lesser extent than unmodi�ed TiO2 composite (PLA50). This fact suggests that TiO2 NPs act as
disrupting agents, hindering the crystallization of PLA. Moreover, the polymer matrix of bare PLA �lms
(PLA00) kept the crystalline structure after biodegradation tests (Table 2). However, substantial changes
were appreciated for PLA42, which lost 20% crystallinity by the end of the test. In the case of PLA50, the
main polymer peak almost had disappeared by day 30. While initially, the ratio between the intensity of
the peaks at 25.2º (TiO2) and 16.8º (PLA) was 3.20, after 60-days testing it became 6.83 (PLA 50
sample). The major BOD values and mass loss were also observed for this sample. In short,
biodegradation rate of PLA �lms increased as polymer crystallinity decreased, which leads to conclude
that there was a direct correlation between the resistance of the polymers towards biodegradation and
their crystallinity grade, that is, the biodegradation rate increased as the polymer crystallinity decreased
[46].

Table 2
Crystallinity degree of polylactic acid

(PLA00), 5% TiO2 PLA (PLA50), and 5%
βCD-TiO2 PLA (PLA42), at the beginning (0-
day), middle (50-day for CA �lms, 30-day for
PLA �lms) and end (100-day for CA; 60-day

for PLA) of the biodegradation test.

  Crystallinity degree (%)

Sample 0 days 30 days 60 days

PLA00 68.8 68.7 65.3

PLA50 88.4 85.8 66.1

PLA42 88.4 85.0 61.3

3.2.4. Thermogravimetric analysis
As an example, the thermograms obtained for CA and PLA-based samples before (day 0) and at the end
of biodegradation tests (100 days for CA; 60 days for PLA) are shown in Fig. 7. Fig. S3 and S4 in
Supplementary information collect the complete thermograms of CA and PLA-based �lms throughout the
assay. Furthermore, for a better analysis of the thermal stability of CA and PLA �lms, some characteristic
thermal values are listed in Tables 3 and 4, respectively. Titania NPs have high-thermal stability, and
display a �at pro�le with no weight losses up to 1000 ºC [24]. As a result, the mass losses (∆m) (25-1000
ºC) obtained for the bare polymers are slightly higher than those of the corresponding composites.
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TGA curves of CA samples show one main weight loss ranged from 250 ºC to 400 ºC due to the
decomposition of the polymeric matrix. At this stage, cellulose can degrade through oxidation,
decarboxylation and transglycosylation [47]. Some curves also display an initial drop below 150 ºC,
attributed to water loss of samples. Fig. S5 in Supplementary information shows the �rst derivative of the
normalized TGA pro�les (DTG curves) of CA-based samples during the biodegradation assays. In the
case of bare CA sample, the temperature at maximum decomposition speed (TDTG) at day 0 appeared at
366 ºC. With the addition of 5% unmodi�ed (CA50) and modi�ed TiO2 NPs (CA42), the temperature
increased to 368 ºC and 369 ºC, respectively. This means that the inclusion of both type of NPs slightly
reinforced the initial thermal stability of the CA matrix. As the testing time increased, TDTG shifted to lower
values, around 333 ºC after 100-days, similar for all the samples. However, while bare matrix (CA00)
remained fairly stable up to day 50, the nanocomposites CA50 and CA42 lost great thermal resistance
after the �rst 15 days (Table 3). The same phenomenon occurred with both initial (Tonset) and �nal
degradation temperatures (Tendset), which decreased with biodegradation time and with TiO2 NPs
presence. At 348 ºC, the bare CA �lm began to lose mass, and ended at 381 ºC. After 100-days testing,
these temperatures decreased to 309 ºC and 348 ºC, respectively. Also for CA nanocomposites, the
temperatures decreased by more than 40 ºC between the beginning and the end of the biodegradation
assays. In the case of 5% TiO2 CA, Tonset decreased from 350 ºC to 308 ºC and Tendset from 383 ºC to 357
ºC. Finally, for 5% βCD-TiO2, Tonset and Tendset values diminished in 77 ºC and 20 ºC, respectively
(Table 3).
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Table 3
Thermal properties of bare cellulose acetate (CA00), 5% TiO2 (CA50) and 5%
βCD-TiO2 (CA42) nanocomposites throughout the 100-day biodegradation

test.
CA Time (days) Tonset (ºC) TDTG (ºC) Tendset (ºC) Δm (%)

CA00 0 348 366 381 81.75

15 323 357 377 84.37

35 333 358 376 84.90

50 332 357 375 78.73

65 314 348 375 77.87

85 307 335 356 69.49

100 309 333 348 71.98

CA50 0 350 368 383 78.47

15 320 347 373 80.16

35 317 339 359 71.23

50 319 338 356 66.38

65 306 332 354 63.55

85 303 333 356 62.77

100 308 334 357 64.75

CA42 0 350 369 382 83.08

15 311 340 367 78.22

35 313 336 355 73.79

50 308 336 356 68.86

65 291 334 362 64.99

85 275 327 358 63.25

TGA thermograms of PLA samples showed one weight loss corresponding to the thermal decomposition
of the biopolymer (Fig. 7). Fig. S6 in the Supplementary information displays the DTG curves for PLA-
based samples at different biodegradation times. The nearly identical initial (0-day) and �nal (60-day)
peak temperatures (TDTG) of the bare PLA sample, 364 ºC and 363 ºC, respectively, con�rm the good
thermal stability of the polymer throughout the assay. Likewise, PLA composites (PLA42 and PLA50)
remained rather stable (TDTG) until day 50 when a marked loss in thermal resistance occurred (366 ºC to
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355 ºC for PLA50; and from 366 ºC to 359 ºC for PLA42 samples). Finally, the calculated enthalpy of
thermal decomposition (∆Hd) also decreased as test time increased (see Table 4).

The overall results exhibit an initial improvement in the thermal stability of the biopolymers with the
addition of TiO2 NPs, as reported by other authors [48]. In all cases, the higher the biodegradation time,
the lower the thermal resistance of both polymers. This decrease was much more pronounced for PLA
and CA nanocomposites than for the bare matrices. The nanocomposites were less resistant to the
activity of the microbial consortium, and therefore their thermal properties substantially decreased. These
results are in agreement with those obtained in subsection 3.2.3., suggesting that polymers with higher
crystallinity are more resistant to enzymatic degradation, and therefore their thermal properties remain
highly stable.

Table 4
Thermal properties of bare polylactic acid (PLA00), 5% TiO2 (PLA50) and 5% βCD-TiO2

(PLA42) throughout the 60-day biodegradation test.
PLA Time (days) Tonset (ºC) TDTG (ºC) Tendset (ºC) Δm (%) ΔHd (J/g)

PLA00 0 347 364 377 88.41 771.26

15 348 366 379 95.03 840.05

35 348 367 379 100.00 910.27

50 346 365 379 90.92 792.25

60 338 363 376 99.72 636.42

PLA50 0 351 366 377 86.21 820.00

15 345 364 376 95.94 755.85

35 310 338 353 92.14 316.89

50 343 365 375 81.47 613.17

60 322 355 368 87.32 292.96

PLA42 0 349 366 376 88.22 804.50

15 333 359 371 94.99 559.73

35 333 359 373 93.57 575.80

50 326 358 369 83.90 445.71

60 328 359 368 72.14 488.29

3.2.5. SEM analysis
Figure 8 and 9 show SEM micrographs on the surface morphology of PLA and CA-based �lms at the
beginning and at the end of the biodegradation tests. Initially, all the samples exhibited a smooth surface,
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and no TiO2 agglomerates were observed, suggesting the well dispersion of the NPs in the polymeric
matrices.

Attending to the microstructure of CA �lms, Fig. 8 shows large differences between samples. Bare CA
�lms (CA00 system) suffered limited damage, presenting surface pitting after 100-days testing. On the
other hand, SEM micrographs of unmodi�ed TiO2 composite (CA50) showed the greatest damage at the
end of testing, revealing changes to a rougher surface and the formation of large holes (approximate
diameter ranging from 50 to 120 µm). Finally, the nanocomposite containing CD-modi�ed TiO2 (CA42)
showed voids and larger surface erosion than CA00.

As can be observed in Fig. 9, the appearance of bare PLA matrix did not show signi�cant changes after
60-days, biodegradation, except for a few micro-size holes (ranging from 1 to 5 µm). However, the
presence of TiO2 and βCD-TiO2 NPs clearly affected the morphology of the �lms, showing that PLA50
and PLA42 nanocomposites underwent substantial degradation. Thus, the �lms of both PLA
nanocomposites appeared completely cracked and fragmented after 60-days of testing, showing large
holes of up to 110 µm. The main difference between them was that nanocomposite containing βCD
(PLA42) did not exhibit large fractures, while the unmodi�ed TiO2 composite (PLA50) presented a
completely deteriorated appearance. SEM images of all the samples acquired at higher magni�cations
are collected in the Supplementary Information-Fig. S7 and S8 to better appreciate the morphology of the
samples.

The overall results from SEM analyses show that the presence of TiO2 clearly promoted the deterioration
of both biopolymers by the microorganisms. Both types of NPs (βCD-modi�ed and unmodi�ed) played a
role as a disrupting agent of the polymeric matrices, further enhancing the biodegradation rate of PLA
and CA. Moreover, the presence of βCD seems to have a slightly protective effect on the polymers in
comparison with the unmodi�ed NPs. Previous studies have reported a stabilizing effect of the CDs on
TiO2 NPs [49], and this could improve its integration with the polymeric matrices. Comparing both
biopolymers, PLA samples underwent greater damage in shorter times than CA. Under the biodegradation
testing conditions, PLA �lms were easily degraded, while CA ones were more resistant to microbial attack.
These �ndings support the results obtained by BOD analysis, mass loss, FTIR, XRD and thermogravimetry
techniques, discussed in the previous sections.

4. Conclusions
In this work, CA and PLA composites including 5% TiO2 and βCD-modi�ed TiO2 NPs were prepared and
then exposed to an aerobic microbial consortium in order to study the effect of the added NPs on their
biodegradability. The overall results show that, on the one hand, the addition of modi�ed and unmodi�ed
TiO2 NPs provided an initial reinforcement of the biopolymeric thermal properties. On the other hand,
analyses on BOD, mass loss, FTIR, XRD, TGA and SEM lead to conclude that, TiO2 NPs played a
disrupting agent’s role on the polymeric matrices, notably enhancing their biodegradation rates. Thus,
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once the nanocomposite �lms shelf-life is ended, their disposal would be substantially faster and easier
than that of the bare polymers. Furthermore, the presence of βCD seems to have a slightly protective
effect on the polymers, attributed to its stabilizing effect on the TiO2 NPs, that would improve its
integration with the polymeric matrices. In addition, it has been observed that, polymers with higher
crystallinity index are more resistant to biodegradation, and therefore their thermal properties remain
highly stable over time. Finally, by comparing both polymers, PLA-based �lms were easily degraded
before 100 days, whereas CA samples were more resistant to microbial attack and maintained their
integrity after that period.
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Figures

Figure 1

Biochemical oxygen demand (BOD) pro�les in the biodegradation assays: (a) cellulose acetate (CA00),
CA 5% TiO2 (CA50) and CA 5% βCD-TiO2 (CA42); (b) polylactic acid (PLA00), PLA 5% TiO2(PLA50) and
PLA 5% βCD-TiO2 (PLA42).
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Figure 2

Evolution of mass loss of cellulose acetate (CA00), CA 5% TiO2(CA50) and CA 5% βCD-TiO2(CA42);
polylactic acid (PLA00), PLA 5% TiO2 (PLA50) and PLA 5% βCD-TiO2(PLA42) �lms through the
biodegradation tests.
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Figure 3

Photographs of cellulose acetate (CA00), CA 5% TiO2 (CA50), and CA 5% βCDTiO2 (CA42); polylactic acid
(PLA00), PLA 5% TiO2 (PLA50), and PLA 5% βCDTiO2(PLA42), throughout the biodegradation test.
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Figure 4

FTIR spectra of bare cellulose acetate (CA00) and their 5% TiO2 (CA50) and 5% βCD-TiO2(CA42)
nanocomposites throughout the biodegradation test.
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Figure 5

FTIR spectra of bare polylactic acid (PLA00) and their 5% TiO2 (PLA50) and 5% βCD-TiO2(PLA42)
nanocomposites throughout the biodegradation test.
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Figure 6

X-ray diffraction (XRD) patterns of cellulose acetate (CA00), CA 5% TiO2 (CA50) and CA 5% βCD-
TiO2(CA42); polylactic acid (PLA00), PLA 5% TiO2 (PLA50) and PLA 5% βCD-TiO2(PLA42) �lms at the
beginning (0-day), middle (50-day for CA �lms, 30-day for PLA �lms) and end (100-day for CA; 60-day for
PLA) of the biodegradation test.

Figure 7

TGA thermograms of cellulose acetate (CA00), CA 5% TiO2 (CA50) and CA 5% βCD-TiO2(CA42);
polylactic acid (PLA00), PLA 5% TiO2 (PLA50) and PLA 5% βCD-TiO2(PLA42) at the beginning (0-day)
and end (100-day for CA; 60-day for PLA) of the biodegradation test.
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Figure 8

Scanning electron microscopy (SEM) images (1000x) corresponding to cellulose acetate (CA00), CA 5%
TiO2 (CA50) and CA 5% βCD-TiO2(CA42) �lms before and after exposure to 100-day biodegradation test.
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Figure 9

Scanning electron microscopy (SEM) images (1000x) corresponding to polylactic acid (PLA00), PLA 5%
TiO2 (PLA50) and PLA 5% βCD-TiO2(PLA42) �lms before and after exposure to 60-day biodegradation
test.
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