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A B S T R A C T   

As an emerging bioplastic, poly(glycolic acid) (PGA) possesses excellent bio-compostability, gas barrier prop-
erties, mechanical strength and heat resistance. However, the inherent brittleness and inferior melt-strength of 
PGA severely limits its processability and application possibilities. In the present contribution, a two-step 
reactive melt blending of PGA and poly(butylene adipate-co-terephthalate) (PBAT) with epoxy functionalized 
copolymer (ethylene-methyl acrylate-glycidyl methacrylate) (EMAG) as compatibilizer was investigated to solve 
these shortcomings. The EMAG was first blended with PBAT and then with PGA to in-situ form PGA-g-EMAG-g- 
PBAT copolymers. These copolymers selectively locate at the interface between PGA and PBAT, which effectively 
improved the interfacial adhesion and the compatibility. Consequently, the PGA/(PBAT/EMAG) blends with 1 wt 
% EMAG exhibited high elongation at break (45 ± 4%) and a notched impact strength (14.4 ± 1.6 kJ/m2) 
respectively, which is about 1100% and 410% higher than that of PGA. Meanwhile, the viscosity and storage 
modulus of the PGA/(PBAT/EMAG) blends at 50.1 Hz were enhanced by 130% and 230% compared with PGA. 
This work provides a facile route to fabricate PGA-based blends with excellent toughness and melt strength, 
which could open up new possibilities for the application of PGA materials.   

1. Introduction 

Over the past few decades, the production and application of bio-
plastic has been developing and evolving rapidly due to growing envi-
ronmental awareness [1] [–] [4]. Poly(glycolic acid) (PGA) is a 
bio-compostable aliphatic polyester exhibiting good biocompatibility 
and high performance regarding e.g., the superior barrier properties [5]. 
PGA can be obtained either from biomass, such as microbial fermenta-
tion of pineapple or sugarcane, or chemically synthetic routes using 
methanol as the starting material [6] [–] [8]. However, the traditional 
routes of PGA synthesis often involve corrosive and toxic Cl or HCN 
impurities makes it not suitable for environmental-friendly production 
in large scale [6]. Thus PGA was quite expensive for a long time and it 
was mainly used in high value-added products in the biomedical field, e. 
g., surgical sutures [9], drug delivery carriers [10], wound closure and 
bone fixation materials [11]. In recent years, a new polymerization 

route of PGA was developed and the low-cost PGA was successfully 
industrialized by Pujing Co., China. This development will promote the 
PGA into a wider range of industrial applications such as food 
packaging. 

PGA possesses excellent barrier properties for permanent gases, 
mechanical strength and heat resistance, which makes PGA outstanding 
and competitive to petroleum-based polymers like PET, EVOH, or Nylon 
in high-barrier packaging applications [5,12]. Unfortunately, the elon-
gation at break and the notch impact strength of PGA are less than 10% 
and 4 kJ/m2, respectively. This inherent brittleness is the major obstacle 
for a wider application of PGA. Several strategies including copoly-
merization, plasticization, and blending have been used in general to 
conquer the brittleness of polymer materials. Blending with flexible 
polymers such as natural rubbers, elastomers, acrylic impact modifiers, 
polyethylene (PE) is considered the most convenient and economical 
method [13] [–] [20]. But most of these flexible polymers are 
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non-compostable. Poly(butylene adipate-co-butylene terephthalate) 
(PBAT) is classified as a compostable polyester with excellent flexibility 
and could be the preferred candidate for toughening PGA without 
compromising on the biocompostability [21,22]. However, recent in-
vestigations have shown that PGA/PBAT blends exhibit unsatisfactory 
mechanical properties due to lack of sufficient compatibility and, 
consequently, weak interface interaction [23]. 

The compatibility can be enhanced by increasing interface interac-
tion between components via physical and chemical methods such as the 
use of so-called compatibilizers. For example, polylactic acid - poly-
ethylene glycol - polylactic acid (PLA-PEG-PLA) tri-block copolymer was 
used as a compatibilizer for PLA/PBAT blends. The different blocks of 
the copolymers are miscible with PLA and PBAT phase, respectively. So 
the interfacial interactions between PLA and PBAT was enhanced by the 
tri-block copolymer through physical interaction [24]. But the design 
and synthesis process of block copolymers are quite complex and 
expensive. Meanwhile, the compatibilization efficiency is not so high 
based on physical interaction. Reactive blending is a simple and effec-
tive compatibilization technology, providing in-situ formed chemical 
bonding between components to improve the interfacial interaction 
[25]. The chemical bonds are much stronger than physical interactions 
and the compatibilization efficiency is higher. Several studies have 
demonstrated that adding reactive compatibilizers can improve the 
compatibility between two components, thus enhancing the mechanical 
performance of blends [26–28]. The literature survey suggest that the 
reactive compatibilizers of polyester systems mainly included the 
free-radical initiator such as dicumyl peroxide (DCP) [29,30], the 
compounds or polymers with multiple anhydride groups [31], isocya-
nate groups [32] or epoxy groups [33–35]. Among them, the free-radical 
initiator may cause degradation of polyesters. The undesirable toxicity 
and volatility of the isocyanate compounds and the poor reactivity of 
anhydride groups limit the application. The most widely used reactive 
compatibilizers are compounds or polymers containing multi-epoxy 
groups. ADR (a multifunctional epoxy oligomers) was used as compa-
tibilizer to prepare tough PLA/PBAT blends. The notched impact 
strength and the elongation at break of blends were reported to be 75 
and 12 times higher than PLA, which were attributed to the in-situ 
formed PLA-PBAT copolymers [36]. Chang et al. [37] demonstrated 
that the mechanical properties of the PLA/PBT blends were improved by 
utilizing an epoxidized styrene-acrylic (ESAC) and 
ethylene-n-butyl-acrylate-co-glycidyl methacrylate (EBA-GMA). The 
ESAC and EBA-GMA have a synergistic compatibilizing effect, which 
contributes to the notched impact strength enhancement by more than 
200%. As far as we are aware of, there are only a few investigations 
regarding the compatibilization effect of polymers with multi-epoxy 
groups on PGA-based blends. Furthermore, it’s worth noting that the 
degree of dispersion and location of compatibilizer has a significant 
influence on the efficiency of compatibilization and thus mechanical 
properties for multicomponent blends [38,39]. Obviously, when the 
compatibilizer is located at the interface between components, the 
compatibility is most effective. Wei et al. [40] used poly (styr-
ene-co-glycidyl methacrylate) (SG) as the reactive compatibilizer to 
improve the interfacial adhesion between PLLA and PBAT. It was 
revealed that the SG-g-PBAT was completely located at the interface and 
presented the highest compatibilization effect. Consequently, the types 
and distribution of compatibilizers are critical issues to improve the 
compatibility and physical properties of PGA-based blends. 

In the present work, we focus on toughening PGA with the 
commercially available flexible biodegradable polyester PBAT and an 
epoxy functionalized copolymer (ethylene-methyl acrylate-glycidyl 
methacrylate) (EMAG) was used as reactive compatibilizer. The PGA 
and PBAT are well-known bio-compostable according to the EN13432, 
and a small amount of EMAG is not expected to compromise this feature. 
In addition, the epoxy groups of EMAG can react with the terminal 
hydroxyl/carboxyl groups of both PGA and PBAT to improve interfacial 
interactions. By evaluating the interfacial interactions and reactivity 

between the components, it is expected that EMAG tends to be dispersed 
in the PGA matrix. In order to control distribution of EMAG, a facile two- 
step blending method was designed to change reaction kinetics of PGA 
and PBAT grafted EMAG chain, so that the EMAG is selectively located at 
the interface to form stronger interfacial adhesion. The graft reaction, 
rheological performance, phase morphological and physical properties 
of PGA/(PBAT/EMAG) blends were systematically investigated. This 
work provides a new design and a facile route to process superior 
toughened PGA-based blends with high compatibilization efficiency. 
This novel route is expected to broaden the application range of PGA 
materials in packaging and other fields. 

2. Experimental section 

2.1. Materials 

PGA (Mw = 1.5 × 105 g/mol, Mw/Mn = 1.5) was supplied by 
Shanghai Pujing Chemical Industry Co. Ltd., China. PBAT (Mw = 8.4 ×
104 g/mol, Mw/Mn = 1.3) was obtained from Kingfa Sci. & Tech. Co. 
Ltd., China. The random copolymer of ethylene-methyl acrylate-glycidyl 
methacrylate (EMAG, E/MA/GMA = 68/24/8 (wt %), Mw = 4.5 × 104 

g/mol [39]) utilized as the reactive compatibilizer for the PGA/PBAT 
blend was purchased from Arkema Innovative Chemistry Co. Ltd., 
France. 

2.2. Sample preparation 

The PGA, PBAT were dried at 70 ◦C under vacuum overnight and the 
EMAG was dried for 24 h at 45 ◦C before blending. 

Route 1: Blends of PGA/PBAT/EMAG (named as a one-step pro-
cessing) were performed using a Haake rheometer (Polylab-OS) oper-
ating at 220 ◦C and 60 rpm for 6 min. For comparison, PGA, PGA/PBAT 
samples were prepared using the same procedure. 

Route 2: First, PBAT/EMAG mixtures were made by using the Haake 
rheometer at 190 ◦C and 60 rpm for 6 min. Subsequently, the PBAT/ 
EMAG mixtures were compounded with only PGA by using the Haake 
rheometer at 220 ◦C and 60 rpm for 6 min to prepare PGA/(PBAT/ 
EMAG) ternary blends (named as a two-step processing). The antici-
pated reaction mechanism involved in the two-step blending process is 
schematically illustrated in Scheme 1. To investigate the grafting reac-
tion between PBAT and EMAG, PBAT/EMAG mixtures were prepared 
also at 210 ◦C and 230 ◦C, respectively. 

The weight ratio of PGA/PBAT was designed as 70/30 in all ternary 
blends, while the weight percentage of EMAG was in the rage of 0–3% 
based on the total amount of PGA and PBAT. The samples were 
compression-moulded (at 220 ◦C and 10 MPa for 3 min) into sheets and 
quenched to room temperature subsequently for tensile, Izod impact, 

Scheme 1. Schematic diagram illustrating possible reaction mechanism be-
tween the polyester (PGA and PBAT) and EMAG via two-step blending process. 
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rheology and DMA tests. For convenience, the PGA/(PBAT/EMAG) 
blends made by the two-step processing are coded as G/(B/EGx), while 
the PGA/PBAT blends and the PGA/PBAT/EMAG blends obtained by the 
one-step processing are represented as G/B and G/B/EGx, respectively, 
where the x represents the EMAG percentage of EMAG based on the total 
amount of PGA and PBAT in the ternary blends. For example, G/(B/EG3) 
meaning that in the weight ratio of PGA, PBAT and EMAG is 70/30/3 in 
the final PGA/(PBAT/EMAG) ternary blend. 

2.3. Characterization 

The interfacial interactions of the various samples were derived from 
the contact angle (water and diiodomethane). The reaction between 
PBAT and EMAG in the first-step was characterized by 1H NMR (Bruker 
Advance 2B). The separation procedure of the sample used for the 1H 
NMR characterization is shown in Scheme 2 and further details can be 
found in the Supporting Information. The morphology of the blends was 
studied using SEM (S-4800, HITACHI, Japan), TEM (200 kV, JEOLJEM- 
2100, Japan) and AFM (Multimode 8, Bruker Nano, USA). The rheo-
logical behavior of the blends was analyzed by DHR-2 rheometer (TA 
Instruments). The glass transition temperature of blends was investi-
gated by DMA analyzer (Q800, TA, USA). The Instron 5967 testing in-
strument was utilized to determine mechanical response of blends. The 
thermal behavior of the blends was studied by DSC (PerkinElmer, USA). 
The details of each characterization are described in the Supporting 
Information. 

3. Results and discussion 

3.1. Determination the interactions and reactivity between the 
components 

The interfacial interactions of samples were estimated by interfacial 
tension values, and the interfacial tension values were derived from the 
surface tension values which were calculated by using the contact angle 
(water and diiodomethane) method. The surface energy (γ) and its polar 
(pp) and dispersion (γd) components of the samples were calculated ac-
cording to Owens-Wendt method using the following equations [41]: 

γ = γp + γd (1)  

(1+ cos θ)γl = 2
̅̅̅̅̅̅̅̅

γp
s γp

l

√

+ 2
̅̅̅̅̅̅̅̅̅

γd
s γd

l

√

(2)  

where the θ is the contact angle of the polymer with liquid, the sub-
scripts “s” and “l” represent solids and liquids, respectively. It is widely 
reported that water and diiodomethane are used as test liquids [42]. The 
polar and dispersion components values are γp

H2O = 50.7 mN/m, γd
H2O =

22.1 mN/m, γp
CH2I2 

= 6.7 mN/m and γp
CH2 I2 

= 44.1 mN/m, respectively. 
The contact angles of PGA, PBAT, EMAG with the water and diiodo-
methane and the values of surface tension calculated from the equations 
are listed in Table 1. 

The following equations were used to calculate the interfacial ten-
sion (γab) and the thermodynamic work of adhesion (Wab) between 
polymers [41]: 

γab = γa + γb − 2
̅̅̅̅̅̅̅̅
γp

aγp
a

√
− 2

̅̅̅̅̅̅̅̅̅

γd
aγd

b

√

(3)  

Wab = 2
̅̅̅̅̅̅̅̅
γp

aγp
a

√
+ 2

̅̅̅̅̅̅̅̅̅

γd
aγd

b

√

(4) 

Furthermore, the thermodynamically stable morphology of the 
blends was predicted according to the spreading coefficient models. 
According to Hobbs et al. [43] in a ternary immiscible blend with con-
stituents A, B and C, the spreading coefficient (λCB) can be defined as 

λCB = γBA − γCA − γBC (5)  

where λij is the spreading coefficient of i over j and it gives the tendency 
of i to spread at the interface of j. The γij is the interfacial tensions be-
tween the different polymers. λCB must be positive for B to be encap-
sulated by C. One positive and two negative spreading coefficients 
indicate that the tendency of one phase to segregate the two other 
phases [44]. The three negative spreading coefficients is described as 
partial wetting. In this work, A is the PGA matrix, B is the PBAT and C is 
the EMAG. Interfacial tension, adhesion work and spreading coefficient 
are listed in Table 2. The interfacial tension between PBAT and EMAG is 
bigger than that of PGA/EMAG couple, indicating that PGA has a higher 
affinity to EMAG chains. The work of adhesion data further confirms this 
statement, as the PBAT/EMAG has the lowest work of adhesion. Table 2 
shows that the λAC is positive, λBC and λCB are negative. It suggests that 
EMAG and PBAT will separate and EMAG will be encapsulated by the 
PGA matrix in a PGA/PBAT/EMAG ternary blend. 

It should be emphasized that the formation of block or graft co-
polymers by in-situ reaction will greatly reduce the interfacial tension by 
more than 70% [45]. In this work, the in-situ reaction between EMAG, 

Scheme 2. Schematic of the procedure for sample preparation for 1H NMR 
characterization. 

Table 1 
Contact angle and surface tension date of the components.  

Sample Contact angle (deg)  Surface tension (mN/m) 

water diiodomethane Total 
(γ) 

Dispersion 
component 
(γd) 

Polar 
component 
(γp) 

PGA 88.8 
± 1.3 

50.9 ± 2.4 34.22 32.03 2.19 

PBAT 83.5 
± 1.6 

37.7 ± 2.5 41.38 39.21 2.17 

EMAG 78.3 
± 2.1 

44.3 ± 2.7 37.44 31.36 6.08  

Table 2 
Interfacial tension, work of adhesion and spreading coefficient of polymer pairs.  

polymer 
pairs 

interfacial tension, 
αij (mN/m) 

work of adhesion, 
Wij (mN/m) 

spreading 
coefficient, λij 

PGA/PBAT 0.36 75.24 λAC = 0.03 > 0 
PGA/ 

EMAG 
0.98 70.68 λBC = − 0.75 < 0 

PBAT/ 
EMAG 

1.37 69.98 λCB = − 1.99 < 0  
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PGA and PBAT will reduce the interfacial tension and thus changing the 
phase morphology. However, the in-situ formed copolymers might 
mainly become encapsulated within one phase if there is a large dif-
ference in the reaction rates between the PGA and the PBAT with EMAG 
chains, leading to inefficient compatibilization effect. The differences in 
reactivities of EMAG with PGA and PBAT can be investigated by the 
evolution of torque [46–48]. The torque evolution over mixing time for 

PGA/EMAG (70/30) and PBAT/EMAG (70/30) is shown in Fig. 1. The 
torque curve of PGA/EMAG shows two peaks before 3 min. The first 
peak is attributed to the feeding process and the melting of the EMAG. 
The peak at about 1 min is corresponding to the melting and plasticizing 
processess of PGA, because the plasticizing process of PGA is slow in this 
work due to a relatively low processing temperature (220 ◦C), see also 
the torque peak of neat PGA in Fig. S1. More importantly, the torque of 
PGA/EMAG blend increases after 3 min as the time increased because of 
the in situ formed copolymers. For comparison, the torque of PBAT/E-
MAG blend do not increase. It is shows that the reaction in PGA/EMAG is 
faster than in PBAT/EMAG. The EMAG component prefers to react with 
PGA in the melt blending of PGA, PBAT and EMAG. The analysis of 
interfacial interactions and reactivity between the components indicates 
that the EMAG will preferentially disperse in the PGA phase. Therefore, 
a two-step blending method was designed to change reaction kinetics of 
PGA and PBAT grafted EMAG chain, so that the EMAG would be 
dispersed at the interface of PGA and PBAT. The PBAT/EMAG mixtures 
were first prepared to in-situ form PBAT-g-EMAG copolymers which 
could reduce the interfacial tension between PBAT and EMAG. Next, the 
PGA was compounded with PBAT/EMAG, and the PGA was also 
attached to the EMAG chains to form interface-localized PGA-g-E-
MAG-g-PBAT copolymers for better compatibilization efficiency. 

3.2. Formation of copolymers during the mixing process 

1H NMR was performed to verify the formation of EMAG-g-PBAT 
copolymer during the preparation of PBAT/EMAG mixtures. The 1H 
NMR spectra of PBAT/EMAG mixtures prepared at 190 ◦C and 230 ◦C 
and the sample after removal of unreacted PBAT from cyclohexane are 

Fig. 1. Melt torque evolution over mixing time for PGA/EMAG (70/30) and 
PBAT/EMAG (70/30) blends processed at 220 ◦C. 

Fig. 2. 1H NMR spectra for (a) pure PBAT and insoluble 1, (b) pure EMAG, (c–d) the PBAT/EMAG blend before and after removing the unreacted PBAT at 190 ◦C 
and 230 ◦C. 
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shown in Fig. 2c and d. The spectra of pure PBAT and EMAG are also 
given in Fig. 2a and b as references. The characteristic proton signals at 
8.1 ppm and 1.3 ppm are assigned to the phenyl group in PBAT and 
methylene protons of ethylene units in EMAG, respectively. Fig. 2a 
demonstrates that the insoluble 1 (obtained from the separation pro-
cedure shown in Scheme 2) is unreacted PBAT without any EMAG 
components. After removal of the unreacted PBAT, the characteristic 
resonance peak at 8.1 ppm still existed, confirming that the formation of 
EMAG-g-PBAT copolymer (Fig. 2c and d). The grafting efficiency (GE) 
defined as the percentage mass fraction of reacted PBAT to the initial fed 
PBAT and the grafting degree (GD) defined as the weight ratio of the 
grafted PBAT in PBAT/EMAG after removing unreacted PBAT were 
measured by following equations: 

GE =
A′

a

A′

b

/
Aa

Ab
× 100%  

GD=
30 × GE

3 + 30 × GE
× 100%  

where A and A’i are the areas of the resonance peak i before and after 
removing unreacted PBAT. 30 and 3 are the weight ratio of PBAT and 
EMAG of the PBAT/EMAG blend, respectively. The 1H NMR results 
shows that the GE and GD of PBAT are 2.3%, 18.7% at 190 ◦C and 3.7%, 
27% at 230 ◦C, respectively. The GD of PBAT during melt blending at 
190 ◦C is lower than that at 230 ◦C, indicating an incomplete reaction 

between epoxy groups of EMAG and PBAT at 190 ◦C. It is verified that 
PBAT successfully reacted with EMAG to form PBAT-g-EMAG copolymer 
during the first step melt-compounded at 190 ◦C and EMAG could 
continue react with PGA in the second melt-blending process. 

In order to verify the formation of PGA-g-EMAG-g-PBAT copolymers 
in the second mixing step, the unreacted PGA and PBAT of blends were 
firstly removed by Hexafluoroisopropanol (HFIP), which is a good sol-
vent of PGA and PBAT but poor solvent of EMAG. The molecular 
structure of purified samples was characterized by FT-IR (Fig. 3a). The 
characteristic absorption peaks at 2918 cm− 1 and 1849 cm− 1 are 
assigned to the stretching vibration of –CH2 of the EMAG [49]. The 
absorption peaks at 1420 cm− 1 and 970 cm− 1 are bending and rocking 
vibration of –CH2 of the grafted PGA, respectively [12]. The grafted 
PBAT is then confirmed by the peak at 1710 cm− 1 corresponding to 
stretching vibration of carbonyl groups and the peak at 1016 cm− 1 

attributing to bending vibration of –CH2 of the PBAT [50]. Moreover, 
thermogravimetric analysis (TGA) was also utilized to characterize the 
composition of the PGA-g-EMAG-g-PBAT copolymers. As shown in 
Fig. 3b, PGA, PBAT, EMAG only exhibit one decomposition peak, while 
the purified samples show three decomposition peaks corresponding to 
PGA, PBAT, and EMAG, respectively. All these results confirmed that 
PGA and PBAT are grafted onto the EMAG chains forming comb-like 
PGA-g-EMAG-g-PBAT copolymers. However, the accurate grafting de-
grees of PBAT and PGA is not obtained due to the overlapping of the 
decomposition temperature of these components. 

Fig. 3. (a) FT-IR spectra and TGA curves for of PGA, PBAT, EMAG and the G/(B/EG) blend after purification.  

Fig. 4. SEM images and the size distribution of the dispersed phase of PBAT in blends (a)/(a′) G/B, (b)/(b′) G/B/EG1, (c)/(c′) G/(B/EG1).  
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3.3. Morphological evolution and compatibilization mechanisms of PGA/ 
PBAT blends 

The SEM images of the cryo-fractured surface of G/B, G/B/EG1, and 
G/(B/EG1) blends are shown in Fig. 4. The PBAT and EMAG phases were 

extracted by chloroform to clearly distinguish the different phases. As 
expected, a typical sea-island structure is observed in all blends (i.e., the 
PBAT or EMAG droplets are distributed in PGA matrix). The average size 
of dispersed phase of the binary blend without compatibilizer is 4.3 μm 
(Fig. 4a), and it decreases evidently by adding 1 wt % EMAG into the 

Fig. 5. TEM and AFM images of (a)/(a′)/(b) G/B/EG1, (c)/(c′)/(d) G/(B/EG1) blends.  

Fig. 6. Schematic illustration of the morphology and the compatibilization mechanisms of (a) G/B, (b) G/B/EG1, (c) G/(B/EG1) blends.  

D. Niu et al.                                                                                                                                                                                                                                      



Polymer 235 (2021) 124269

7

blend. Interestingly, the dispersed phase size of the G/(B/EG1) blend 
prepared via two-step melt blending is 2.1 μm (Fig. 4c), which is smaller 
than G/B/EG1 (2.8 μm, Fig. 4b) via one-step melt blending. Although 
the absolute value of reduction seems not so significant, it is 25% smaller 
already compared with the average diameter of the one-step mixing 
blends. The decrease in average size of the dispersed phase indicates a 
better compatibility between PBAT phase and PGA matrix. Due to the 
reactions of EMAG with PGA and PBAT, the compatibility in G/B/EG1 
and G/(B/EG1) blends is better than for the G/B blend. But as mentioned 
before in the interactions and reactivity analysis, the EMAG preferen-
tially disperses in PGA phase in G/B/EG1 blend and resulting in an 
inefficient compatibilization effect. In the contrast, in the G/(B/EG1) 
blend prepared by the two-step blending processes, EMAG will be 
located at the interface to form interface-localized PGA-g-EMAG-g-PBAT 
copolymers, which markedly improves the interfacial adhesion. There-
fore, the compatibility between PBAT and PGA is further enhanced in G/ 
(B/EG1) blend compared to the G/B/EG1. 

To further confirm the state of dispersion of EMAG particles in 
ternary blends, the TEM and AFM micrographs of G/B/EG1 and G/(B/ 
EG1) blends are shown in Fig. 5. In the AFM image, the light domains are 
the PGA matrix with high modulus, the brown domains represent the 
PBAT droplets with low modulus and the dark phase is classified as the 
EMAG. The TEM and AFM micrographs in Fig. 5a and b reveal that a 
large amount of EMAG (as marked by the blue arrows) is dispersed in the 
PGA matrix and few particles of EMAG are dispersed in PBAT phase or at 
the interface of PGA and PBAT in the G/B/EG1 blend, which is consis-
tent with the previous prediction. It should be noticed that it is hard to 
distinguish EMAG located in the matrix and PBAT in the TEM image, so 
only a small amount of EMAG distributed in PBAT is observed in Fig. 5a, 
a′. Interestingly, a partial wetting formation in the G/(B/EG1) blend is 
exactly observed in Fig. 5c, c′. The EMAG and PBAT formed a “multiple 

stacked structure” similar to that reported by Zhang et al. [51]. Multiple 
dispersed small droplets were found around the edge of a large particle. 
Fig. 5d clearly indicates that a lot of EMAG domains are localized at the 
interface between PGA and PBAT. It is worth noting that there is no 
obvious evidence of the agglomerated structures of EMAG phase in PGA 
matrix for the G/(B/EG1) blend. 

Fig. 6 schematically illustrates the phase morphological evolution of 
G/B, G/B/EG1, and G/(B/EG1) blends. The EMAG is an efficient inter-
facial compatibilizer for PGA/PBAT blend. But the distribution of EMAG 
in G/B/EG1 blend and G/(B/EG1) blend is different, resulting in 
different compatibilization efficiency. The difference in distribution of 
EMAG is mainly attributed to the reactivity of EMAG with PGA and 
PBAT during the melting blending. During the one-step blending pro-
cesses, most EMAG chains react with PGA and are fixed in the PGA 
matrix, so the compatibilization efficiency is poor. Corresponding, in the 
two-step blending processes, EMAG chains react with PBAT during the 
first melt blending of preparing PBAT/EMAG mixtures (as had been 
demonstrated in NMR result) and further react with PGA to form 
interface-localized PGA-g-EMAG-g-PBAT copolymers in the second step. 
The interface-localized copolymers notably enhanced the interfacial 
adhesion, resulting in high compatibilization efficiency. 

3.4. Rheological characterization of compatibility and melt strength in 
blends 

The dynamic rheological characterization is an important and sen-
sitive method to evaluate the interfacial interactions, phase morphol-
ogies and melt-processability of polymer blends. Frequency dependence 
of dynamic rheological properties can give valuable information 
regarding phase interactions of multiphase polymeric systems. The 
changes of dispersion state and interfacial interactions by reactive 

Fig. 7. Frequency dependence of dynamic viscoelastic properties of PGA, G/B, G/B/EG1 and G/(B/EGx) blends with different ratios of EMAG: (a) storage modulus; 
(b) loss modulus; (c) complex viscosity; (d) Han curves. 
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compatibilization are usually reflected at low frequency regions. 
Therefore, the analysis of rheology properties was further used to 
determine change of the interfacial interactions, compatibility and melt 
strength of the PGA/PBAT/EMAG ternary systems. 

Fig. 7 presents the frequency dependence of (a) storage modulus (G′), 
loss modulus (G′′) and (c) complex viscosity (η*) of neat PGA, G/B, G/B/ 
EG1 and G/(B/EGx) blends with various EMAG content. The G′ and G′′

refer to the ability to store and consume energy during the deformation 
process. According to modulus data in Fig. 7, all PGA/PBAT blends 
represent higher energy storage capacity than neat PGA, because PBAT 
possesses superior melt elasticity compared to PGA. The incorporation 
of EMAG further increases the G′ of blends, which is due to the 
increasement of the entanglement and interfacial adhesion caused by 
the reaction of EMAG with both PGA and PBAT chains. At low frequency 
region, the termination of the G/(B/EGx) blends curves are mostly in-
dependent of frequency and exhibit a plateau response. Such the 
nonterminal relaxation behavior arises from the entangled or network- 
like structures of copolymer domain formed by the addition of EMAG. 
It is noting that the plateau response of G/(B/EG1) blend is more 
obvious than that of G/B/EG1 because more copolymers are formed in 
the G/(B/EG1) blend. The complex viscosity data in Fig. 7b demonstrate 
that all the samples showed a strong shear-thinning tendency which 
might be a characteristic of PGA. In comparison with neat PGA, the 
blends reveal much higher complex viscosity over the entire frequency 
range and the viscosity difference of them becomes more obvious as the 
decrease of the frequency. Similarly, the complex viscosity of G/(B/EG1) 
blend is higher than that of G/B/EG1 blend. The complex viscosity 
gradually enhanced with the increase of EMAG content in G/(B/EG) 
blends. The higher complex viscosity is attributed to the in-situ forma-
tion of PGA-g-EMAG-g-PBAT copolymers, which enhances the interfa-
cial interaction and chain entanglement between PGA and PBAT. It is 
worth noting that the rheological behavior of pure PGA differs from that 
of typical linear polymers, i.e., a wide shoulder in G′ is observed and the 
viscosity seems go to infinity as frequency decreases. The relatively low 
testing temperature (230 ◦C) could generate fine residual crystals in the 
melt, as indicated by the so-called self-nucleation phenomenon, as 
shown in Fig. S2. Although the PGA used in this work is a liner polymer, 
the residual crystals in the melt as physical crosslinking points would 
lead to locally network or branching structures which should be 
responsible for the particular rheological behavior of the PGA. 

It is well documented that the Han plots could be used to investigate 
the compatibility of multiphase polymers systems [52,53]. According to 
Fig. 7d, the logarithmic slope of the G′ versus G′′ plots of neat PGA is 
about 2 at the end of the low frequency region. By contrast, the slope of 
low frequency of G/B blend curve deviates obviously, suggesting the 
poor compatibility between PGA and PBAT phase. A better compatibility 
can be indicated when the slope of low frequency of blends is close to 
that of PGA. The addition of 1% EMAG enhanced the compatibility of 
PGA and PBAT. The slope the curve of the G/(B/EG1) blend prepared by 

two-step blending process is further increased, which indicates the 
further improvement of the compatibility. As an increase in the EMAG 
content, both G′ and G′′ of blends improved. Meanwhile, the slope of the 
end of the low frequency was getting close to that of neat PGA, which 
indicates the improvement in compatibility. With the EMAG content up 
to 3%, the change of slope is not obvious, probably owing to the satu-
rated interfacial interactions. 

In conclusion, the dynamic viscoelastic properties show that EMAG 
had great influence on the rheological behavior of PGA/PBAT/EMAG 
blends at low frequency regions. The PGA-g-EMAG-g-PBAT copolymers 
formed by EMAG reacting with PGA and PBAT could improve the 
interaction between PBAT particles and surrounding PGA matrix, thus 
affecting the low-frequency rheological behavior. The rheological re-
sults confirm that more PGA-g-EMAG-g-PBAT copolymers are obtained 
and causing better compatibilization efficiency in the G/(B/EG) blends 
prepared by a two-step blending process compared to the G/B/E blends, 
which is in accordance with morphological results. In addition, the co-
polymers enhance the entanglement density of the PGA/PBAT/EMAG 
blends, which cause restrictions for flow and slippage under shear 
deformation of macromolecular chains, thereby the melt viscosity and 
elasticity are increased significantly. The enhancement of melt strength 
is of great importance for PGA because the low melt strength is one of 
the drawbacks in limiting its processability. 

3.5. Dynamic mechanical properties 

Dynamic thermomechanical analysis (DMA) was applied to examine 
the interfacial interactions between phases after adding EMAG. The 
storage modulus (G′) and damping factor (tan δ) for PGA, PBAT, and 
PGA/PBAT/EMAG blends from − 40 ◦C to 90 ◦C are shown in Fig. 8. The 
G′ is associated with the elastic response of materials, and the tan δ is 
related to the occurrence of chain relaxations. Table 3 summarizes the 
glass transition temperature (Tg) corresponding to tan δ peak of PGA, 
PBAT and PGA/PBAT/EMAG blends. The increase of Tg after blending 
with EMAG might be resulted from the enhanced crystallinity of PGA 
(Table S1) and the formation of grafting structures. A higher crystallinity 
could lead to closer packing of molecular chains, thus reducing the 
mobility of chain segments [54,55]. Compared to the G/B/EG1 blend, 
the Tg of PBAT and PGA is further increased while the crystallinity of 

Fig. 8. Temperature dependence of (a) storage modulus and (b) damping factor for PGA, PBAT and their blends.  

Table 3 
Thermal properties of PGA, PBAT, and their blends.  

samples Tg,PBAT (oC) Tg,PGA (oC) 

Neat PGA / 55.9 
Neat PBAT − 26.3 / 
G/B − 25.2 65.5 
G/B/EG1 − 24.4 68.7 
G/(B/EG1) − 23.8 71.2  
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PGA is decreased (Table S1) in the G/(B/EG1) blend prepared by the 
two-step blending process. It is suggested that more graft copolymers 
were formed in the G/(B/EG1) blend obstructing the movement of chain 
segments. These results indicates that the EMAG exhibit a better com-
patibilization efficiency in the G/(B/EG1) blend, which is consistent 

with the earlier statement. 

3.6. Mechanical properties and tensile-fractured morphology 

To examine the effect of compatibility and interfacial interaction 

Fig. 9. (a) Stress-strain curves, (b) toughness, (c) elongation at break and (d) notched impact strength of PGA, G/B, G/B/EG1, and G/(B/EG1) blends.  

Fig. 10. SEM images for tensile-fractured surfaces of (a) PGA, (b) G/B, (c) G/B/EG1, (d) G/(B/EG1).  
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between PGA matrix and PBAT phase on the mechanical response of 
PGA/PBAT/EMAG blends, Fig. 9 presents the tensile and impact prop-
erties of blends. Neat PGA behaves in completely brittle fracture with 
high tensile strength (≈117 MPa), low elongation at break (≈4.8%) and 
notched impact strength (3.5 kJ/m2). When 30 wt % PBAT was incor-
porated into PGA, the mode of failure change from brittle to ductile. The 
elongation at break of the G/B blend is increased to 18%. But due to the 
poor interfacial interactions between PGA matrix and PBAT phase, the 
PBAT is debonded from the matrix easily and cause premature fracture 
of the material at relatively low stress or strain, which result in 
decreased strength/stress and inferior toughening effect. With the 
addition of EMAG, the elongation at break and impact strength of G/B/ 
EG1 blend increase to 30% and 11.4 ± 2.3 kJ/m2. It is interesting to note 
that the mechanical properties of G/(B/EG1) blend are further improved 
compared to the G/B/EG1 blend. The elongation at break of the G/(B/ 
EG1) blend reaches 45 ± 4%, which is 1100% and 150% higher than 
that of neat PGA and G/B/EG1 blend, respectively. The notched impact 
strength of G/(B/EG1) is also elevated to 14.4 ± 1.6 kJ/m2, which is 
higher than that of other samples. The improvement in the strength and 
toughness of the G/(B/EG1) blend over G/B/EG1 blend is mainly 
attributed to further improvement of the interfacial adhesion, molecular 

chain entanglement and decrease of the PBAT particle size by the for-
mation of interface-localized PGA-g-EMAG-g-PBAT copolymers. More-
over, the mechanical properties of G/(B/EG1) blends prepared by 
mixing PBAT with EMAG at different temperatures are shown in Fig. S3. 
It is demonstrated that the preparation of PBAT/EMAG mixture at high 
temperature shows negative effects on the mechanical properties of G/ 
(B/EG1) blends. It can be explained by that the PBAT consume more 
epoxy groups by reacting with EMAG at high temperature (which is 
confirmed by NMR results), resulting in a weaker reaction with PGA, 
thus the compatibilization is reduced. 

The better interfacial adhesion causes the more efficient stress 
transfer from PGA matrix to PBAT phase. It is verified by SEM obser-
vation of the tensile-fractured surfaces of the materials and the micro-
graphs are presented in Fig. 10. Neat PGA display a smooth and 
featureless surface with no deformation, suggesting a typical brittle 
fracture characteristic (Fig. 10a). When blending with 30% of PBAT, the 
fracture surface becomes rough, some voids and filaments are observed 
(Fig. 10b). In comparison to the binary blend, the 1% EMAG-containing 
blend prepared by one-step blending show a rougher fracture surface, 
and the plastic deformation and some fibrils are clearly observed 
(Fig. 10c), which is accordance with a moderate enhancement of 

Fig. 11. Representative stress− strain curves of (a) G/B/EGx blends and (b) G/(B/EGx) blends. (c)toughness, (d) tensile strength, (e)elongation at break and (f) 
notched impact strength of G/B/EG and G/(B/EG) blends as a function of EMAG weight content. 
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toughness (Fig. 9). However, the deformation of PBAT particles (as 
marked by the blue arrows) is still insignificant due to the unsatisfactory 
improvement in interfacial adhesion, indicating an inefficient stress 
transfer from PGA to the PBAT phase. As expected, the more and longer 
fibril threads, significant plastic deformation and many voids in the case 
of the G/(B/EG1) blend are further noticed (Fig. 10d). Furthermore, 
Fig. 10d illustrates an obvious deformation of PBAT particles and 
elongated fibrils of EMAG (as marked by the yellow arrows) between 
PBAT phase and PGA matrix. It shows that EMAG acts as a bridge be-
tween PBAT and PGA to provide strong interfacial bonding. Great stress 
transfer from PGA matrix to PBAT phase causing fibrillation and cavi-
tation of the PBAT, thus promoting the shear yield of matrix. As evi-
denced by the date in Fig. 10 and the morphological observations in 
Figs. 4 and 5, the dispersion of PBAT in the G/(B/EG1) blend is finer and 
more homogeneous, the interfacial bonding between the PBAT and 
surrounding matrix is stronger, which could trigger more regions to 
participate in the deformation process. 

3.7. Effect of EMAG content on the performance of blends 

The effect of interfacial adhesion development induced by EMAG 
content and processing method in the PGA/PBAT/EMAG (70-30-x) 
blends on mechanical response under the notched impact and tensile 
tests was investigated. Fig. 11 depicts the mechanical properties of G/B, 
G/B/EG and G/(B/EG) blends with different EMAG contents. The typical 
stress− strain curves of blends prepared by one-step and two-step 
blending process are presented in Fig. 11a and b, respectively. As 
shown in the figures, the tensile strength and the elongation at break of 
the G/B blends are 46 ± 2 MPa and 18 ± 3%. As the content of EMAG 
increases from 0.5% to 2%, the elongation at break of the G/B/EGx 
blends increases from 25 ± 4% to 38 ± 5%, and then decreases slightly 
at 3% of EMAG. The toughness and notched impact strength of the 
resulted material increases monotonically while the EMAG content in-
creases. In contrast, with increasing EMAG content, the tensile strength 
of the blends increases initially, followed by a decrease, which is prob-
ably attributed to the variation in the crystallinity of the blends. The 
variation of crystallinity of the blends is consistent with the strength (see 
Fig. S4 and Table S1). Fig. 11 c-f displays the toughness, tensile strength, 
elongation at break and notched impact strength of PGA/PBAT/EMAG 
blends prepared by one-step and two-step processing. It obviously in-
dicates that mechanical performance of G/(B/EGx) blends is changed 

with EMAG concentration in the same tends as that of the G/B/EGx 
blends. Intriguingly, the G/(B/EGx) blends show a simultaneously 
enhancement in the tensile strength and toughness under the same 
EMAG content compared to the G/B/EGx blends. In addition, the 
toughness of G/(B/EG) decreases as the EMAG content increases to 3%. 
This is because the compatibilization effect of EMAG worsens and the 
tensile toughness decreases consequently when the EMAG content rea-
ches an optimum level, which is consistent with the dynamic rheological 
result. 

Based on the results of this work, Fig. 12 summarizes the compre-
hensive performance of PGA, PGA/PBAT and PGA/PBAT/EMAG blends. 
In order to estimate the melt strength under the processing conditions, 
the storage modulus and complex viscosity date at 50.1 Hz (which is 
closest the average shear rate of Haake mixing with a rotor speed of 60 
rpm [18,56]) are compared. It has to be remarked that Cox-Merz rule 
was not applied in this work since it mainly fits homogeneous melt 
system, thus the complex viscosity was not converted into shear vis-
cosity. Obviously, the PGA-based blends with excellent ductility, 
toughness and melt strength were prepared by two-step melt reactive 
blending, which utilized PBAT as flexible polymer and EMAG as com-
patibilizer. The in-situ formation of interface-localized PGA-g-E-
MAG-g-PBAT copolymers enhance the compatibility, interfacial 
interactions and chain entanglement between PGA and PBAT, thereby 
substantially enhancing the mechanical performance and melt strength 
of the blends. 

4. Conclusions 

In this work, bio-compostable and superior toughened PGA/PBAT 
blends with enhanced melt strength have been successfully prepared by 
reactive blending using EMAG as compatibilizer. Owing to the differ-
ence in interfacial tension and reactivity among EAMG, PGA and PBAT, 
the EMAG prefers to be encapsulated in the PGA matrix. Thus, a feasible 
and effective two-step method was designed to control dispersion state 
of EMAG in PGA/PBAT blend and improve the interfacial interactions 
between PGA and PBAT. EMAG was first blended with PBAT at 190 ◦C 
and then compounded with PGA, so that EMAG is located at the inter-
face to in-situ formed interface-localized PGA-g-EMAG-g-PBAT co-
polymers. The copolymers markedly enhance the interfacial adhesion 
and compatibility between PGA and PBAT, which is evidenced by phase 
morphological, dynamic rheological and DMA. Meanwhile, the co-
polymers also act as a bridge to transfer more effective energy from PGA 
matrix to the PBAT phase when the blends are subjected to tensile or 
impact stress, resulting in a high toughening effect. The dynamic rheo-
logical and DMA results confirm the melt strength and glass transition of 
PGA are improved by the formation of copolymers. As a consequence, 
excellent mechanical properties are obtained as PGA/(PBAT/EMAG) 
blend with only 1 wt % EMAG content. The elongation at break and the 
notched impact strength reached 45 ± 4% (1100% and 150% times 
higher than neat PGA and GB/EG1) and 14.4 ± 1.6 kJ/m2, respectively. 
It is an excellent improvement for PGA materials. Besides the blend also 
possesses a good tensile strength (>50 MPa). Moreover, the dynamic 
rheological confirm that the viscosities and storage modulus of PGA/ 
(PBAT/EMAG) blends are greatly enhanced compared with PGA. The 
present work provides a novel method to fabricate high-performance 
PGA-based blends and a promising way to expand the application field 
of PGA materials. 

Supporting Information 

Characterization details; Mechanical properties of G/(B/EG1) blends 
prepared by blending PBAT/EMAG mixtures at different temperatures; 
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Fig. 12. Comparison of the comprehensive performance (in terms of tensile 
strength, toughness, impact strength, elongation at break, storage modulus and 
viscosity) between PGA, G/B, G/B/EG1, G/(B/EGx) blends. 
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