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Abstract
Due to the poor compatibility caused by the large difference in hydrophilicity and interface between
polylactic acid (PLA) and cellulose acetate (CA), the blending of the two materials is di�cult and the
application is limited. To solve this problem, a type of polyamide amine (PAMAM) dendrimer was
introduced to modify PLA / CA blends in this work. The results showed that PAMAM could improve the
compatibility of PLA / CA blends, promote the distribution of CA and crystallization of PLA. At the same
time, adding PAMAM could enhance the mechanical properties of the blend material, and the toughness
and tear strength were increased by 551% and 141%, respectively. In addition, the incorporation of
PAMAM increased hydrophobicity and oxygen permeability of PLA/ CA blends, and the oxygen
permeability could be increased by up to 3 orders of magnitude. Degradation test results showed that the
blend exhibited good biodegradability. The overall performance of the PLA/ CA blend �lm was optimal
when the content of PAMAM was 3 phr. The biodegradable blend �lms with excellent performance
provided wide application prospect in the food green packaging �elds.

1 Introduction
Polylactic acid (PLA) is a type of thermoplastic aliphatic polyester, which is completely biodegradable
and has good biocompatibility [1]. Polylactic acid can be obtained from biomass materials (cassava,
sugar beet, sugarcane, etc.) fermented by microorganisms, and exhibit many fascinating properties, such
as great mechanical properties and excellent fabricability [2]. However, due to the semi-rigid structure of
PLA molecular segment, the intermolecular entanglement is limited, resulting in the low �exibility and
crystallinity and obvious brittleness at room temperature, which greatly limits their application [3].

To improve the performance of PLA, strengthening and toughening are necessary. Physical blending of
polylactic acid with other materials is the most convenient and effective method, while blending with bio-
based materials can produce environmentally friendly materials with low impact on the environment.
Natural cellulose is the most abundant bio-based material in the world. It is rich in source, low in price,
wide in distribution and biodegradable in natural environment. Blending cellulose or cellulose derivative
with PLA can improve the mechanical properties [4], thermal properties [5], hydrophilicity and
crystallization ability [6]. Cellulose acetate (CA) is one of the most commercially available cellulose
derivatives and has been widely used in thermoplastic composites, especially in improving thermal and
mechanical properties of PLA and reducing costs [7]. The blend possesses wide applications in medical
supplies and food packaging, such as antibacterial 3D printed scaffolds [8], wound dressings [9] and
food cling �lms [10].

Although many hydroxyl groups on cellulose have been esteri�ed by acetic acid to improve its
compatibility with PLA, the remaining hydroxyl groups cause the CA to agglomerate easily and prevent
the uniform dispersion of CA in PLA. At present, the compatibilization modi�cation of PLA / CA blends
includes grafting maleic anhydride on PLA[11], grafting long aliphatic chain on cellulose acetate [12],
introducing the third component poly(hydroxyalkanoate) [13], PLA-g-CA graft copolymer [14], comb
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copolymer [15], transesteri�cation agent to form PLA-co-CA copolymer [16], organic clay [17], etc.
However, these modi�cation methods still have some problems, such as complicated process, di�cult
control, limited effect and large dosage, etc.

Polyamide amine (PAMAM) dendrimer exhibits spherical structure, contains many active surface
functional groups and cavities, and its size, shape, molecular weight and number of functional groups
can be precisely controlled [18]. PAMAM has biocompatibility and biodegradability [19], and can be used
in biomedical, sensing, water treatment and other �elds, such as anti-tumor targeted drug and gene
carriers [20], bio-adhesives [21], water puri�cation material [22] and water/oil separation membranes [23].
Due to its high activity surface functional groups, internal cavity, and low viscosity, it can be combined
with a variety of molecules to produce strong chemical bonds and hydrogen bonds, which can strengthen
the matrix and improve the interfacial compatibility between various substances and matrix [24, 25].
PAMAM has the characteristics of low dosage and easy process control as a compatibilizer. Different
compatibilizers can be obtained by adjusting branch degree and terminal groups. In addition, PAMAM
can improve the toughness and crystallinity of the matrix by physical effect rather than chemical
structure change. For example, the toughness of PBAT was improved by hydrogen bonding, energy
absorption in the cavity and spherical structure of PAMAM [26]. PAMAM could be used as a nucleating
agent to improve the nucleation density and crystallization rate of PLA [27].

In this study, the 5.5th generation PAMAM dendrimer (PAMAM-G5.5) containing ester ends was used to
improve the compatibility and physical properties of PLA / CA blend �lms. The amino group on PAMAM
formed strong hydrogen bond with ester group and hydroxyl group on PLA and cellulose acetate, which
improved the interfacial compatibility and increased the distribution of CA, resulting in the improved
mechanical properties and gas barrier capability, accelerated the degradation rate. The PLA / CA blend
�lms with a small amount of PAMAM exhibited high performance and degradability, and possess wide
application as gas barrier material in food packaging areas.

2. Experimental Methods
2.1 Materials

PLA (REVODE110, = 3.5 × 105 g · mol-1, DI = 2.5) was purchased from Zhejiang Haizheng Co., Ltd.
Cellulose diacetate (acetyl group of 40%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
Dichloromethane and acetone were obtained from Maclean biochemical Technology Co. Ltd. PAMAM-
G5.5 was prepared in our group according to the published method [24]. The structure of PAMAM
dendrimer is shown in Fig. 1a- 1b.

2.2 Preparation of PLA / CA blend �lms

PLA and CA (70:30, weight ratio) were dissolved in a solvent mixture of dichloromethane and acetone
(8:2, v:v) under vigorous stirring for 3 hours at 30 ℃ with a magnetic stirrer. After dissolved completely,
different content of PAMAM was added into the solvent and stirred vigorously using a magnetic stirrer for
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5 hours. Then the mixed solution was cast into a glass mold with a size of 15 mm × 15 mm × 5 mm and
drained using a glass rod to restrain the generation of air bubbles in the solution, which could ensure the
intact shape of the blend �lms. After drying at room temperature for 24 h, the PLA / CA blend �lms were
obtained and then further dried at 30 °C under vacuum condition to remove residual solvents. 

2.3 Characterization

The structure of PLA / CA blends was tested by FT-IR Spectrometer (Model 205 Nicolet, Thermo Fisher
Scienti�c, USA) with a wavelength between 500 and 4000   cm−1 and a resolution of 4 cm−1 with 16
scans through the KBr tableting method.

The fracture surface morphology of the blends was observed under Scanning electron microscopy
(QUATA 250, FEI, USA). Before observation, the �lm was coated by gold through vacuum coater under a
working voltage of 15 kV. SEM images were obtained with acceleration voltage of 10 kV.

The crystallization process of the PLA /CA blends was observed under polarized light microscope
(CBX51, Olympus). A small amount of sample was placed between the two cover glasses on a hot stage.
It was �rstly heated to 200 °C for 1 min at a heating rate of 30 °C min-1 to form a �lm and then cooled to
120 °C for 30 min at a cooling rate of 20 °C min-1 to observe the crystallization process.

The thermal properties of the samples were determined by differential scanning calorimetry (DSC, Q20,
TA, USA). The sample was rapidly heated from room temperature to 200 °C and maintained for 3 min,
followed by cooling down to 25 °C at a rate of 10 °C min-1 and kept at that temperature for 3 min, and
�nally heated to 200 °C at a heating rate of 10 °C min-1 for second heating scan. 

The thermal stability was investigated by thermogravimetric analyzer (TA-Q50, Instrument Company,
USA) under a nitrogen atmosphere, and the testing temperature ranged from room temperature to 600 °C
at a heating rate of 20 °C min-1.

Mechanical properties were tested by a computer-controlled electronic universal testing machine
(CMT6104, MTS Industry System Co., Ltd., Shenzhen, Guangdong Province, PR China) in accordance with
ISO 527-3:2018 with the crosshead speed of 10 mm min-1. The spline was dumbbell shaped, with the size
of 75 mm in length, 6 mm in thickness.

Tear strength of the blends was tested by a computer-controlled electronic universal testing machine
(CMT6104, MTS Industry System Co., Ltd., Shenzhen, Guangdong Province, P. R. China) according to JIS
K7128-3-1998. The crosshead rate was chosen as 200 mm min 1, and the shape and dimensions of the
spline were determined according to the standard. The maximum load during the tearing is taken as the
right-angle tear load, and the right-angle tear strength is calculated according to Equation 1.
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Where  is the right-angle tear strength, kN m-1; P is the tear load, N; d is the thickness of the sample, mm.
Five samples were analyzed for each component in the test and the average value was reported.

The hydrophilicity was characterized by measuring the contact angle of the liquid absorbent (water)
using a contact angle goniometer (OCA35, Data Physics, Germany). All tests were performed on each
sample for four times at different random locations. The average value was reported.

Oxygen permeability measurements were performed by a gas permeability tester (Model: VAC-V2, Jinan
Labthink Mechanical and Electrical Technology Co., Ltd., Shandong Province, P. R. China) according to
ISO 2556:1974. The PLA / CA blends were cut into a round �lm of 10 cm in diameter by a tablet machine.
The oxygen transmission rate was measured over 24 hours until it reached a steady state. For each
sample, the test was performed three times under the same condition.

The elemental analysis test was performed on an elemental analyzer (Vario El Cube, Elementar Company,
Germany) to measure the content of C, H, N, S elements in the sample after heating at the set temperature
for 90s. Samples were taken 2-3 mg each time, and the temperature of the oxidation tube and reduction
tube were set at 1150 °C and 850 °C, respectively.

2.4 Biodegradability

The prepared PLA / CA blend �lms were cut into 10 cm diameter discs by a cutting machine, and �ve
specimens were prepared for each sample. Samples were placed one by one in the degradation tank with
10 cm compost material at the bottom at a distance of not less than 5 cm. Then the sample was covered
with at least 10 cm compost material, sprayed with a certain amount of water, and spread with dried
leaves on the top of the degradation pool to prevent water evaporation. During composting test, a certain
amount of water was sprayed every 5 days and samples was took every 10 days. DSC, TGA SEM and
elemental analysis were used to study the effect of PAMAM on the degradation of PLA / CA blends.

3 Results And Discussion
3.1 Interactions of PLA / CA blends

Fig. 1c- 1d shows the FT-IR spectra of PLA / CA blends with different content of PAMAM and the
wavenumbers of the characteristic peaks are listed in Tab. S1. It can be observed that PLA exhibited
typical vibration absorption of -CH2- at 2947 cm-1, the stretching vibration absorption peak of ester

carbonyl C=O at 1747 cm-1 and the stretching vibration absorption peak of C-O-C at 1180 cm-1, 1128 cm-

1,1078 cm-1 and 1041cm-1, respectively. When CA was added to PLA (Fig. 1d), the vibration absorption
peak of -CH2- decreased from 2944 cm-1 to 2918 cm-1, while other peaks remained almost unchanged,
indicating that there might be hydrogen bond between -OH of CA and -C=O of PLA[28].

When PAMAM was added (see Fig. 1d), the vibration absorption peaks of -CH2- group, C=O group and C-
O-C were blue shifted, indicating the hydrogen bond interaction in the blends. At the same time, compared
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with the spectra of PAMAM in Fig. 1c, there was no obvious N-H peak of amide bond in PLA / CA blends
with PAMAM, which proved that the amino group of PAMAM formed hydrogen bond with PLA and CA.
The schematic diagram of hydrogen bonding between PAMAM and PLA / CA blends and intermolecular
interaction between PLA and CA were shown in Fig. 1e. PAMAM could form hydrogen bonds with both
PAMAM and PLA, leading to the improved compatibility between the two moieties.

3.2 Morphology characterization

Fig. 2 shows the SEM images of the fracture surface of the PLA / CA blends with different PAMAM
contents. As shown in Fig. 2a, CA exhibited a spherical shape in the PLA matrix, showing an obvious sea-
island structure. The smooth surface, clear phase interface and ununiform distribution of CA spherical
particles indicated limited compatibility between the two moieties. [29]. Upon addition of PAMAM
(Fig.2(b)-(d)), it was obvious that the dispersion of CA in the PLA matrix became more uniform, the
particle size decreased and the distribution became narrower (Supplementary Material Fig. S1). In
addition, the increase of surface roughness CA indicated the improved compatibility. The blend exhibited
obvious ductile fracture characteristics, which indicated that PAMAM could improve the toughness of
PLA / CA blends. The addition of PAMAM destroyed the original hydrogen bond between the two phases,
and produced new hydrogen bond, which improved the compatibility of CA in PLA. By reducing the
diameter of dispersed particles, the interfacial adhesion was improved [30].

As shown in Fig. 2e- 2f, when the content of PAMAM was greater than 3 phr, the particle size of CA
particles increased and the particle size distribution was wider (Fig. S1), indicating the decreased
dispersion effect of CA in PLA matrix. The surface roughness and voids number of PLA matrix decreased,
while that of CA increased. Due to the strong intermolecular hydrogen bond between PAMAM and PLA /
CA blends, the high content of PAMAM was tended to accumulate on the surface of CA, which
aggravated the agglomeration of CA and increased the particle size. At the same time, the interaction
between PAMAM and PLA was weakened, but the interaction with CA was enhanced, resulting in the
descending compatibilization effect of PAMAM on PLA / CA blends.

3.3 Crystalline Properties

Fig. 3 shows the POM images of PLA / CA blends isothermal crystallized at 120 °C for 30 minutes. In PLA
/ CA blends, CA could promote the crystallization rate of PLA as a nucleating agent, but the
agglomeration phenomenon inhibited the nucleation effect of CA [31]. From Fig. 3a, the crystal of PLA
was spherulite, with a large number of nuclei generated, but the crystal size was small and most of the
crystals were imperfect due to the poor crystallinity of PLA and the imperfect crystal growth. When
PAMAM was added, as shown in Fig. 3(b) - (d), the spherulite size tended to increase, and the dispersion
state was more uniform than that without PAMAM. With 5 phr PAMAM, the number of nuclei of PLA
decreased greatly and the grain size became larger. As can be seen from Fig. S2, the average spherulite
size of PLA was 147.66 μm in PLA / CA blends. With the addition of PAMAM, the spherulite size of PLA
increased gradually, the average spherulite size of PLA with 5 phr PAMAM was 553.04 μm. With the
addition of PAMAM, the number of nuclei in PLA spherulites decreased and the crystal size gradually
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increased, indicating that the addition of PAMAM molecules inhibited the formation of PLA crystal nuclei,
but promoted the growth of PLA crystals. 

Because PLA / CA system was a nucleation control system, on the one hand, the addition of PAMAM
dendrimer improved the dispersion of CA in PLA, which was conducive to nucleation. PAMAM with three-
dimensional spherical structure can promote the movement of PLA molecular segment, reduce the free
energy barrier of crystallization, promote the contact between PLA segment and crystal nucleus [32]. On
the other hand, due to the high content of PAMAM dendrimer, the intermolecular force was too strong,
which increased the size of CA particles and inhibited the formation of crystal nuclei, resulting in the
decrease of the di�culty of nucleation and decrease of crystallinity of PLA.

3.4 Thermal Properties

Fig. 4a- 4b shows the �rst cooling and second heating scan curves of the PLA / CA blends with different
content of PAMAM. The obtained parameters of thermal behavior such as glass transition temperature
(Tg), cold crystallization temperature (Tcc), melting point (Tm), crystallization enthalpy (∆Hc) and melting
enthalpy(∆Hm) of the PLA / CA blends with different content of PAMAM were summarized in Tab. 1.

Fig. 4a shows that there was no crystallization peak during the cooling process because CA limited the
chain movement of PLA. It can be seen from Fig. 4b that with the increase of PAMAM content, Tg and Tm

gradually decreased to 52.83 °C and155.82 °C, respectively, Tcc decreased �rst and then increased,
reaching the minimum value of 100.35 °C when the content was 3phr. It suggested that the addition of
PAMAM could play a plasticizing role in accelerating the movement ability of molecular segments, reduce
the hydrogen bond of CA, improve the molecular chain movement and crystallization capacity [33]. The
crystallization enthalpy increased with the addition of PAMAM, while the melting enthalpy increased �rst
and then decreased, reaching the maximum at 3 phr. This indicated that with the increase of PAMAM, the
crystallinity was improved and the crystal was more stable and the optimum value was reached at 3 phr,
and then the defects in the crystal began to increase and the instability increased. 

Fig. 4c- 4d shows the thermogravimetric curves and the weight loss rate of the blends with different
PAMAM content. Tab. 1 included thermal decomposition parameters such as the temperature with 5%
weight loss (Td5%), the temperature at the maximum weight loss rate (Tdmax) and the residue (Rd). The
weight loss of PLA / CA blends mainly occurred in the temperature range of 250 °C to 450 °C, excepted
for the weight loss caused by the volatilization of moisture and residual solvents at lower temperature. In
the range of 250 °C to 340°C, the curve became steep from horizontal, indicating that the PLA / CA blend
began to thermal degradation. Because of the low thermal degradation temperature of PAMAM, the
thermal degradation of PLA / CA blend was advanced by the addition of PAMAM. The weight loss rate of
the blend �lm was the highest in the range of 350 °C- 380 °C. When the temperature reached 400 °C, the
mass loss gradually decreased and the weight tended to be stable, indicating that the thermal
decomposition of the blend was basically completed. When the temperature exceeded 450 °C, the weight
of the blend had no obvious change, and the residue could be regarded as the ash content of the blend.
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Compared with pure PLA / CA blend, Tdmax decreased �rst and then increased, Td5% and Rd increased �rst
and then decreased with the PAMAM addition. When PAMAM was less than 3 phr, the decrease of Td5%

and Tdmax with the addition of PAMAM indicated that the thermal stability of PAMAM was reduced due to
the low decomposition temperature of PAMAM, and the increase of residue indicated that the interaction
between PAMAM and PLA / CA blends was enhanced and the undecomposed component was increased.
When PAMAM was 3 phr, Td5% was 285.02 °C, Tdmax was the lowest at 354.31 °C and Rd was the highest
at 8.69%, which exhibited the best thermal stability. Then with the increase of PAMAM content, Td5% and
Tdmax increased slightly and the residual decreased, indicating that the interaction between PAMAM and
PLA / CA blends was strong and the decomposition was more serious. 

Tab. 1 Thermal performance and thermal stability parameters of the PLA/CA blends with different
content of PAMAM.

Content Tg Tcc Tm ∆Hc ∆Hm Td(5%) Td tmax Rd

phr °C °C °C kJ mol-1 kJ mol-1 °C °C %

0 58.25 108. 78 159.58 20.04 20.52 336.31 378.75 7.07

1 56. 66 105.53 159.09 20.61 21.99 324.75 381.59 7.08

2 55. 09 102.63 158.05 21.30 23.96 297.51 374.42 8.68

3 54.01 100.35 157.53 21.39 24.85 285.02 354.31 8.69

4 54.60 102.16 157.23 21.85 22.57 275.42 362.78 8.25

5 52.83 101.66 155.82 22.02 22.27 279.20 361.78 6.44

3.5 Mechanical properties

Fig. 5 shows the tensile and tearing properties of PLA/ CA blends with different PAMAM contents. It can
be seen that with the increase of PAMAM, the tensile strength, elongation at break, fracture energy and
tearing strength all increased �rst and then decreased. When the content of PAMAM was 3 phr, the
mechanical properties of PLA / CA blends reached the maximum, the tensile strength, elongation at
break, fracture energy and tearing strength were 22.56 MPa, 14.95 %, 279.232 MJ∙m-2 and 49.94 kN∙m-1,
respectively, which were increased by 120 %, 183 %, 551 % and 141 % compared with PLA / CA blends.
With the increase of PAMAM content, the Young's modulus of the blends decreased, indicating that the
main deformation of the blends was plastic deformation, and the part with elastic deformation
decreased.

PAMAM enhanced the interface compatibility between PLA and CA, reduced stress concentration, and
transferred the stress to CA uniformly, thereby increasing the tensile strength. PAMAM was combined with
active groups in PLA and CA to form hydrogen bond physical crosslinking, which improved the toughness
and tear resistance of the blends. At the same time, PAMAM promoted the slip of the interface between
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PLA and CA by increasing the molecular chain motion, and the crack propagation caused by CA stress
concentration also played a toughening effect. In addition, PAMAM contained a large number of cavities,
which could absorb energy during tearing and stretching, playing a role of strengthening and toughening
[34]. However, when the content of PAMAM exceeded 3 phr, the overall mechanical properties of PLA / CA
decreased. The strong hydrogen bond of high content of PAMAM promoted the aggregation of CA, which
increased the particle size, reduced dispersion degree, restricted the movement of molecular chain, and
improved the stress concentration.. As a result, both the strength and toughness of the blends were
reduced.

3.6 Hydrophilicity

Fig. 6a shows the contact angle image of PLA/CA blend �lms. Polylactic acid is a hydrophobic material,
while cellulose acetate with a certain number of hydroxyl groups is hydrophilic. The contact angle of neat
PLA/CA blends was 66.3°. With the addition of PAMAM, the contact angle increases �rst and then
decreased. When 3 phr PAMAM was added, the maximum contact angle of the blend �lm was 79.9 °.
This was mainly due to the large number of ester end groups in the dendrimer, which improved the
hydrophobicity of the blend. In addition, the wettability of the material surface is not only related to the
hydrophilicity of the material, but also related to the interinterface compatibility of PLA and CA. When the
amount of PAMAM was less than 3phr, the compatibility between PLA and CA was improved, and the
dispersion of CA in PLA matrix was promoted, thus the contact angle and hydrophobicity of PLA / CA
blends was increased. When the content of PAMAM was greater than 3 phr, the interaction between
PAMAM and CA was enhanced, and the increase of CA particle size resulted the decrease of compatibility,
the decrease of contact angle and the increase of hydrophilicity. The hydrophilic and hydrophobic
properties of PLA / CA blend �lms can be adjusted by changing the addition amount of PAMAM.

3.7 Gas permeability.

Fig. 6b shows the oxygen penetration of PLA / CA blends with different PAMAM contents. With the
addition of PAMAM, the oxygen permeability was �rstly increased and then decreased. When 4 phr
PAMAM were added, the oxygen permeability of the �lm reached 2.025×10-10 m3∙m-2·(1d·atm)-1, which
was 3 orders of magnitude higher than that of PLA / CA blend �lms with 0phr PAMAM, indicating that the
addition of dendritic macromolecule greatly increased the oxygen permeability of the blends. 

The addition of PAMAM promoted the movement of PLA molecular chain segments, caused the change
of crystallinity, leading to the change of oxygen permeability of blend �lm. Meanwhile, the oxygen
permeability of PLA / CA blend �lms is related to the void of the blend. PAMAM has a spherical dendritic
structure with many voids between the branched chains that facilitate the passage of oxygen. The greater
the number and size of voids, the faster the oxygen permeates. When the content of PAMAM was low, the
number of voids in the �lm increased with the increase of the content of PAMAM, and the oxygen
permeability of the �lm increased. However, when the content of PAMAM was 5 phr, CA was
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agglomerated due to the over-strong hydrogen bond of PAMAM, which resulting in the decrease of
oxygen permeability.

3.8 Biodegradation Behavior

The composting experiment was carried out on PLA / CA blends, and the in�uence of PAMAM content on
the degradation performance of the blend �lm was explored through morphology, thermal properties and
thermal stability.

Fig. 7 shows the appearance and micromorphology of PLA / CA blend �lms surface during composting
degradation. When the time was 10 d, the surface of PLA / CA blend �lms containing 1 phr and 3 phr
PAMAM appeared many holes and became rough, while the surface of neat PLA / CA �lms had no
obvious change. When the degradation time was 20 days, the blend containing 3 phr PAMAM began to
disintegrate and appeared large cracks. The disintegration of the blend containing 3 phr PAMAM was
more obvious at 30 days, but only a small amount of the blends with 1 phr PAMAM disintegrated and
appeared cracked at that time. When the degradation time was 40 days, both the PLA / CA blends
containing 1phr and 3phr PAMAM showed signi�cantly disintegration and formed many fragments, while
the blank �lms just started to disintegrate. It indicated that the degradation time of the blends was earlier
with the increase of PAMAM.

Fig. 8 shows the micro-morphology of PLA / CA blend �lms surface during composting degradation. It
can be clearly observed that when the degradation time was 10 days, a large crack appeared on the PLA /
CA blend �lm containing 3 phr PAMAM, only tiny cracks appeared on the �lm containing 1 phr PAMAM,
and no obvious change was found on the �lm with 0phr PAMAM. After 20d, many spherical particles
appeared on the surface of all the �lms, the number and range of cracks on the �lm with 1 phr PAMAM
increased, and the crack on the �lm with 3 phr PAMAM became deeper. On the 30th day, deep cracks
appeared in the �lm with 1 phr and 3 phr PAMAM, while only a lot of small cracks appeared in �lm
contained 0 phr PAMAM indicated the beginning of degradation at that time. When the degradation time
was 40 days, cracks and concave-convex morphology appeared on the surface of all PLA / CA blend
�lms and degradation occurred in all of them. It could be concluded that with the increase of PAMAM
content, the degradation of PLA / CA blend �lm was gradually accelerated, from surface erosion to
internal erosion. 

As shown in Fig. 9a- 9c and Fig. S3, Tg, Tcc and Tm of the blends decreased with the increase of
composting degradation time. With the increase of degradation time, the thermal parameters of PLA / CA
blends containing 0 phr PAMAM decreased a little, while the Tg, Tcc and Tm of the blend with 1 phr
PAMAM increased, and the variation range was less than that of blend with 0phr PAMAM. When the
content of PAMAM was 3 phr, the decrease of thermal parameters was the most obvious, indicating that
these parameters decreased with the increase of PAMAM.

The thermogravimetric curves and initial decomposition temperature (Td) of PLA / CA blends during
degradation were shown in Fig. 9d and Fig. S4. It was obvious that the Td of PLA / CA blends decreased
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with the increase of PAMAM content and degradation time, and the decrease of Td was the most
signi�cant when the PAMAM content was 3phr.

The degradation of PLA / CA blends promoted by PAMAM had been described qualitatively. In order to
quantitatively study the effect of PAMAM on the biodegradation of PLA / CA blends, the changes of
carbon, hydrogen and nitrogen during the degradation were studied by using the method of element
analysis. Fig. 10 shows the change of PLA / CA with different content of PAMAM during degradation, and
the ratio of carbon to hydrogen and carbon to nitrogen were listed in Tab. 2. It can be seen from Fig.
10 that with the increase of degradation time, the carbon content and hydrogen content of all PLA / CA
blends decreased, while the nitrogen content increased, indicating that PLA / CA blends were
biodegradable. As shown in Fig. 10a, when the degradation time was 10 days, the C content increased
with the increase of PAMAM content, which was due to the introduction of PAMAM. At the same time, the
C content of PLA / CA blend with 3 phr PAMAM decreased most at 40 days, from 45.1 % to 43.7 %
(decreased by 1.4 %), while that of PLA / CA blend without PAMAM (0 phr) decreased only by 0.5 %,
indicating that with the increase of PAMAM content, the content of C decreased more and PLA / CA
degraded faster. Fig. 10b showed that the addition of PAMAM reduced the reduction of H content and
delayed the reduction of H, indicating that more C was consumed during the degradation process. It can
be seen from Fig. 10c that with the increase of PAMAM content, N content increased, indicating that
PAMAM was one of nitrogen source. However, the N content of PLA / CA blends containing 0 phr PAMAM
is not zero, which indicated that the N element was produced by microbial decomposition of PLA / CA. At
the same time, the addition of PAMAM increased the N content more, indicating that PAMAM could
promote the microbial decomposition of PLA / CA and improve the degradation degree. Tab. 2 showed
that with the increase of degradation time, the C / H ratio only increased slightly, indicated that the
decomposition rates of C and H were basically the same during the degradation process. The C / N ratio
decreased with the extension of degradation time and the increase of PAMAM content, indicating that the
degradation degree of PLA / CA increased with the increase of degradation time and PAMAM content,
which con�rmed that PAMAM promoted the degradation of PLA / CA.

In addition, it can be seen from Fig. 10 and Tab. 2 that the nitrogen content of PLA / CA blends containing
3 phr PAMAM is not more than 0.9 % during the degradation process, and its ratio to carbon content is
less than 2 %, while the nitrogen content introduced by PAMAM is only 0.2 % at most. 

Tab. 2 Element ratio of PLA / CA blends during degradation.
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4 Conclusions
In this work, PLA / CA was modi�ed with PAMAM dendrimer to increase compatibility and toughness. FT-
IR showed that there was hydrogen bonding between PAMAM and PLA / CA. The addition of PAMAM
could reduce the particle size of CA, improve the distribution uniformity, and strengthen the interface
compatibility between CA and PLA. PAMAM could promote the growth of PLA crystal and improve the
crystallinity. By adding PAMAM, the mechanical performance of PLA / CA blends was improved. The
hydrophilicity and gas permeability of the blend could be adjusted by changing the amount of PAMAM.
Adding a small amount of PAMAM could signi�cantly enhance the degradation effect of PLA / CA blends
and shorten the degradation time. This study is expected to provide an idea for the preparation of high
performance and biodegradable food packaging materials based on cellulose derivatives and polylactic
acid.

Declarations

  C/H C/N

  0 phr 1 phr 3 phr 0 phr 1 phr 3 phr

10day 11.2  12.1  11.3  97.6  81.6  69.3 

20days 11.3 12.1  11.7  89.4  74.6  61.2 

30days 12.4 12.6  11.7  85.5  63.6  55.5 

40days 12.7 12.7  11.8  74.0  55.4  50.6 

In the process of composting, polyester degradation mainly consists of two stages: the �rst stage is the
breakdown of ester bonds to form oligomers, and the second stage is the absorption of oligomers by
microorganisms [35]. At the initial stage of degradation, due to the invasion of water, the molecular
chains of polylactic acid and CA were randomly broken. PLA / CA blend �lms with more cracks and voids
were more susceptible to water erosion and hydrolyze, resulting in lower molecular weight and enhanced
mobility of molecular chains. Therefore the thermal parameter of PLA / CA blends decreased [36]. As time
went on, the molecular weight of the blend �lm further decreased, microorganisms began to erode the
�lm to produce CO2 and H2O, and gradually spread from the surface to the interior of the material, and the
blend �lm disintegrated into small pieces. Lactic acid disappeared in the process of microbial
assimilation[37].

PAMAM enhanced water erosion by increasing voids number and increasing the movement of molecular
chains for decomposition and microbial erosion. In addition, because the peptide bond structure of
PAMAM can be hydrolyzed and aminated, PAMAM has good biodegradability and can promote the
decomposition of PLA / CA [38, 39]. When the content of PAMAM was 3 phr, the degradation effect was
signi�cant and the degradation time was shortened, indicating that the biodegradability of PLA / CA
blends could be improved by using a smaller amount of PAMAM.
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Figure 1

The structure diagram of PAMAM (a, b), FT-IR spectra of PLA / CA blends with different content of
PAMAM (c, d) and the interaction mechanism of PAMAM with PLA and CA (e).
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Figure 2

SEM images of the PLA / CA blends with different content of PAMAM: (a) 0phr, (b) 1 phr, (c) 2 phr, (d) 3
phr, (e) 4 phr, (f) 5 phr.
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Figure 3

Polarization diagram of PLA / CA blends system with PAMAM for isothermal crystallization: (a) 0 phr; (b)
1 phr; (c) 2 phr; (d) 3 phr; (e) 4 phr; (f) 5 phr.

Figure 4

The (a) cooling, (b) second heating DSC curves, (c) TG, (d) DTG curves of the PLA/CA blends with
different content of PAMAM.
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Figure 5

Mechanical properties of the PLA/CA blends with different content of PAMAM:(a) typical stress-strain
curves, (b) tensile strength, (c) Young's modulus, (d) elongation at break, (e) fracture energy, (f) tear
strength.

Figure 6

Hydrophilicity and gas permeability of the PLA/CA blends with different content of PAMAM: (a) contact
angle; (b) oxygen permeability coe�cient.
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Figure 7

Photos of PLA / CA blends during degradation.
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Figure 8

SEM images of the degradation process of PLA / CA blends.
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Figure 9

Tg (a), Tc (b), Tm (c) and Td5% (d) of PLA / CA blends during degradation.

Figure 10
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Different elements ((a) C, (b) H, (c) N) contents of PLA / CA blends with PAMAM addition during
degradation.
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