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ABSTRACT

Polyhydroxybutyrate (PHB) is a natural and biodegradable polymer generated by bacteria. While its applications to potentially 

replace petroleum- based plastics are severely limited due to its brittleness and notoriously low thermal stability. In this work, 

biodegradable composites of PHB/poly(butylene- adipate terephthalate) (PBAT) and cellulose are prepared via reactive melt- 

processing with a chain extender of epoxy- functional polymer. The effects of blending sequence on the morphology, rheological 

and mechanical properties of the composites are investigated. Commercial cellulose fiber is pre- modified with stearic acid to im-

prove its compatibility with the polymers. The melt- processing conditions of PHB/PBAT (70/30 w/w) blend were first optimized 

by minimizing PHB thermal degradation. Then two processing methods were conducted, (i) one- step batch blending of PHB/

PBAT/cellulose, and (ii) sequential blending of PBAT/cellulose, then blending with PHB. It is found that the sequential blending 

method facilitated the dispersion of PBAT/cellulose in the PHB matrix and improved the toughness of the composite without 

compromising the elongation, as compared to the one- step blended counterpart. The preferential location of cellulose fiber in 

PBAT effectively facilitates energy dissipation of the toughening PBAT phase. This work demonstrates an avenue to optimize 

the mechanical properties and thermal stability of polymer blends and composites by carefully altering the blending sequence 

without the need of excessive additives.

1   |   Introduction

Polyhydroxybutyrate (PHB) is a natural polymer generated by 

bacteria as a form of energy storage and therefore has long 

been considered a sustainable alternative to petroleum- based 

plastic due to its bioavailability and degradability. PHB was 

first extracted and characterized in the 1920s [1]. However, 

its application is still limited despite numerous early attempts 

to improve its processing and even commercialization [2–6]. 

The challenges include its inherent brittleness and low ther-

mal stability at processing temperature [7, 8]. To address this, 

reactive processing with a chain extender such as multifunc-

tional epoxy, isocyanate, hyperbranched polymer is usually 

adopted to improve the thermal stability against degradation 

[9–11]. During reactive processing, degraded low molecular 

weight fragments are captured with these reactive moieties 

from chain extenders and regenerate high molecular weight 

species.

The second advantage of reactive processing is that the chain ex-

tender also in situ generates copolymer as a compatibilizer when 

PHB is blended with a second soft material to toughen the material. 

This strategy has been widely used in PLA/PBAT blend, namely 

Ecovio by BASF, to make compostable packaging [12]. Javadi et al. 

initially prepared PHBV/PBAT blend without any compatibilizer 

but the properties are poor even with up to 50% PBAT content [13]. 

Misra et al. later extensively investigated the reactive processing 

of PHBV/PBAT with triallyl isocyanurate via radical grafting 
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reaction, and achieved significant improvements in elongation 

and toughness by 1000% and 200%, respectively [14, 15].

Cellulose is another abundantly sourced biopolymer and it is 

also the main component in plant fibers. Cellulose fiber (e.g., 

bamboo, hemp) is widely used as a reinforcement or filler in bio-

polymers to make natural composite materials. However, owing 

to the highly crystalline structure and surface hydroxy groups, 

cellulose is incompatible with PHA, thus surface modification is 

required to enhance the adhesion of polymer onto the fiber to 

attain reinforcement [16, 17]. While chemicals like acyl chloride 

[18–20] or anhydride [21, 22] are known to be efficient in surface 

modification of cellulose, the chemical itself is highly hazardous 

which opposes the purpose of cellulose as a sustainable rein-

forcement. Alkyl ketene dimer is a safe alternative to enhance 

the hydrophobicity of cellulose and is widely used in the paper 

industry as a sizing agent [23, 24]. The moderate reactivity allows 

its storage as an emulsion and is only activated upon drying at 

elevated temperatures. Steglich esterification is the simplest and 

direct route to modify cellulose by suspending the fiber in the de-

sired carboxylic acid mixture to synthesize various cellulose ester 

[25–28]. The advantage of direct esterification is that by adjusting 

the temperature, acid/cellulose ratio or reaction time, different 

degrees of modification and exfoliation can be attained.

Sequential blending is a method to selectively localize filler or 

additive in composite materials during processing. Due to the 

combination of surface wettability, particle transportation and 

partition, polymer phase separation, the microstructure and dis-

persion are altered by the blending sequence and thus the proper-

ties can be drastically different from those prepared by one- step 

batch blending [29, 30]. Pal et al. found that preparation of organo- 

modified clay in PBAT masterbatch improved dispersion of clay in 

the PBAT/PHBV blend [14]. Siegmann et al. prepared electrical- 

conductive composite of carbon black- filled nylon/polypropylene 

by sequentially blending carbon black first into polypropylene, 

then to nylon. This forces the carbon black to migrate from less- 

prefered polypropylene phase to the interfaces, thus lowers the 

percolation threshold to 2% carbon black loading [31]. Yu et al. 

observed the opposite effect in the reactive processing of carbon 

nanotube (CNT) reinforced polyamide/polypropylene- maleic an-

hydride (PA/PP- MAH) copolymer, where complete aggregation 

was observed in PP- MAH/CNT masterbatch while percolated 

CNT formed in PA/CNT masterbatch [32].

In this work, we systematically optimized the blending process 

of PHB/PBAT to mitigate thermal degradation and phase sep-

aration with the aid of Joncryl ADR 4486 as chain extender 

and compatibilizer. We also prepared stearic acid modified 

cellulose fiber to improve its dispersion in the hydrophobic 

PBAT phase selectively. Then we evaluated the effects of mix-

ing sequence on rheology, mechanical properties, and micro-

structure of the polymer composites, and demonstrated the 

enhanced reinforcement via sequential blending even from the 

same composition.

2   |   Experimental

2.1   |   Materials

Microcrystalline cellulose (MCC, cotton linter, powder, 20 μm), 

stearic acid (SA, 95%), and acetic anhydride are supplied by 

Sigma- Aldrich. Sulfuric acid (98%) and 2- propanol are pur-

chased from Fisher Scientific. Joncryl ADR 4468 (MW: 7250 g 

mol−1, epoxy equivalent weight: 310 g mol−1) is supplied by 

BASF. P209 PHB is purchased from Biomer, and Ecoflex C1220 

poly(butanediol- adipate- terephthalate) is purchased from BASF.

3   |   Preparation

3.1   |   Modification of Cellulose Fiber With Stearic 
Acid (MCCSA)

In a typical experiment, SA (52.7 g) was melted at 130°C. Acetic 

anhydride (5.8 mL) and 3 drops of sulfuric acid as a catalyst 

were added. MCC (10.0 g) was lastly added to prevent its com-

bustion due to locally concentrated sulfuric acid. The reaction 

was allowed to proceed for 3 h and terminated by cooling down 

to freeze at ambient conditions. The solid mixture containing 

acetic acid, stearic acid, and cellulose fiber was subjected to 

Soxhlet extraction with 2- propanol for 48 h to remove the ex-

cess stearic acid, residual acid, and the derivatives from ox-

idized cellulose. The remaining solid was dried in a vacuum 

oven overnight to remove 2- propanol and stored at ambient 

conditions until use.

3.2   |   Polymer Processing

For PHB/PBAT blend, cryo- milled PHB (10.5 g) and PBAT (4.5 g) 

were premixed with Joncryl ADR 4468 (0/0.15/0.3/0.45 g) and 

added into Thermo MiniLab twin- screw compounder. Samples 

were extruded at 180°C and 100 min−1 rotation speed for 3 times 

with a total retention time of approximately 5 mins.

For PBAT- cellulose masterbatch, PBAT was premixed with stea-

ric acid- modified MCC powder (MCCSA) with weight ratio of 

9:1 or 3:1 w/w, and melt- processed under the same condition as 

shown above.

For one- step batch mixing of PHB/PBAT/MCCSA composite, 

cryo- milled PHB (10.5 g), PBAT (4.5 g) and MCCSA (0.45/1.5 g) 

were premixed with Joncryl ADR 4468 (0.3 g). For sequen-

tial blending, 9:1 w/w PBAT/MCCSA (4.95 g) and 3:1 w/w 

Highlights

• Hard/soft polymer blend of PHB/PBAT to mitigate the 
brittleness of PHB.

• Reactive processing to overcome thermal degradation 
and compatibilize PHB/PBAT blend.

• Novel numerical analyses of tensile tests on polymer 
blends.

• Surface modification of cellulose fiber to selectively 
disperse in PBAT phase.

• Sequential blending further reinforced PHB/PBAT 
blend by 50% as compared to the one- step batch mix-
ing method.
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PBAT/MCCSA (6 g) were pre- mixed then blended with PHB, 

Nomenclature is designated as PHB/PBAT/x- MCCSA for one- 

step batch blending and PHB/(PBAT/x- MCCSA) for sequential 

blending of PBAT/MCCSA masterbatch with x % of MCCSA 

in final composites. All the blends and composites were melt- 

processed under the same conditions as shown above.

4   |   Characterization

Infrared spectroscopy is performed on the Bruker Tensor 27 FT- 

IR Spectrometer. For each sample, 32 scans of 4000–400 cm−1 

with resolution of 2 cm−1 were acquired in transmittance mode 

at ambient conditions. The spectrum was baseline corrected and 

normalized.

Thermogravimetric analysis is performed on the Mettler Toledo 

Thermogravimetric Analyzer. The weighed sample was loaded 

in an open alumina crucible and subjected to heating from 40°C 

to 600°C at 10°C min−1 under a constant nitrogen flow.

Differential scanning calorimetry is performed on Mettler 

Toledo DSC1. The weighed sample was loaded in a pin- holed 

aluminium pan and subjected to 3 cycles of heating to 200°C 

then cooling to −50°C at 15°C min−1 under a constant nitrogen 

flow. Crystallinity is calculated from the integration of the heat 

flux versus temperature in the 2nd cooling cycle (crystallization) 

and the 3rd heating cycle (melting) relative to the pristine PHB 

as received. Example of pristine PHB was shown in Figure S1. 

Polymer processing is performed on Thermos MiniLab twin- 

screw extrusion. Samples were extruded at 180°C and 100 min−1 

rotation speed for 3 times with a total retention time of approx-

imately 5 min.

Hot pressing was performed on collin hot press. Extruded sam-

ple was loaded in a square mold of 120 × 120 × 1 mm3 then sub-

jected to a thermal profile of 180°C and 150 bar for 3 min then 

cooling from 180°C to 50°C at 15°C min−1 and held at 50°C for 

an additional 15 min. Tensile specimen was cut with Montech 

die cutter with the geometry according to ISO 527- 3 for tensile 

testing.

Scanning electronic microscopy is performed on TESCAN 

CLARA SEM equipped with a detector using a working voltage 

of 3 kV. For MCC fiber, the sample was suspended in chloro-

form then drop cast on aluminium foil affixed to an aluminium 

stub with conductive carbon tape. For composite samples, a hot 

pressed sample 1 mm thick was submerged in liquid N2 then 

fractured to expose the cross- section. All samples were sput-

tered with carbon prior to imaging.

Tensile test is performed on Shimadzu AGS- X using a 10 kN 

loading cell with parallel cross- hatched gripping plates. Tensile 

specimen was loaded and subjected to a uniaxial tension at a 

constant speed of 50 mm min−1. Data processing of stress- strain 

curve was performed on Python 3.2.

Rheology was performed on Anton Paar MCR 302 rheometer 

equipped with Peltier parallel plates (diameter: 20 mm) and active 

N2 flow cooling. Samples were loaded at 180°C and kept for 3 min 

until complete melting then trimmed to 20 mm diameter. The 

amplitude was set as 1% and the frequency was set from 0.1 rad 

s−1 to 1000 rad s−1 increasing logarithmically with 30 data points.

5   |   Result and Discussion

This work first mitigates the thermal degradation of PHB 

during processing by adding Joncryl ADR 4468 epoxy- based 

copolymer as a chain extender; then incorporating PBAT to 

form compatibilized blend via reactive processing to improve 

the toughness. In parallel, cellulose fiber is modified with stea-

ric acid to enhance its dispersion in PHB/PBAT blend. Finally, 

a biodegradable composite is prepared by sequential blending 

to investigate its effect on phase separation and mechanical 

properties (Scheme 1).

5.1   |   Minimize Thermal Degradation of PHB With 
a Chain Extender

PHB is known to be thermally unstable even at its melting point 

via self- catalyzed retro- oxa Michael addition. By adding chain 

SCHEME 1    |    Illustration of the preparation of biodegradable PHB/PBAT/cellulose composite in this work. (a) thermal degradation of PHB and 

its suppression by Joncryl ADR 4468; (b) in situ formation of grafted copolymer by Joncryl ADR 4468 to compatibilize immiscible polymer blend; (c) 

reaction scheme of esterification of cellulose fiber with stearic acid; (d) Comparsion of proposed phase separation mechanisms in one- step blending 

and sequential blending of PHB/PBAT/cellulose composites.

 1
5
4
8
2
6
3
4
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://4
sp

ep
u
b
licatio

n
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/p

en
.7

0
5
8
7
 b

y
 O

p
en

 A
ccess S

h
effield

 - U
N

IV
E

R
S

IT
Y

 O
F

 S
H

E
F

F
IE

L
D

 , W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

1
/0

5
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



4 Polymer Engineering & Science, 2026

extender Joncryl ADR 4468, the epoxy moieties react with the 

acid and/or hydroxy end groups of PHB to (i) form branched/

crosslinked PHB to counter- balance the thermal degradation; 

and/or (ii) to capture the degraded PHB and regenerate high 

molecular weight PHB, which overall reduced the oligomeric 

species to maintain its high molecular weight and processi-

bility. Figure  1 showed the molecular weight distribution of 

PHB directly dissolved from pellets, and after processing with 

0,1,2,3% w/w chain extender. Without a chain- extender, Mn 

and Mw reduced from 62,100 to 17,300, and 165,700 to 42,800 

respectively after processing (Table 1). With a chain- extender, 

the molecular weight of soluble fraction (fraction crosslinked 

by chain- extender was not soluble) remains equivalent to pris-

tine PHB.

The effect of thermal degradation on the composite properties was 

evaluated by mechanical testing and rheology. The stress–strain 

curves and its derivative are shown in Figure 2. The Young's mod-

ulus, strain, ultimate strength, elongation at break, and toughness 

are summarized in Table 2. The thermal degradation of PHB in-

creased its brittleness and rigidity, with the Young's modulus in-

creasing from 226 MPa to 312 MPa, but the elongation at break 

falling from 31.05% to 12.41%, and the toughness from 3582 kPa 

to 1089 kPa. Similar weakening was observed when 1% Joncryl 

ADR 4486 was added, suggesting thermal degradation is still 

predominant.

At 2% Joncryl ADR 4486, the effect of chain extension sig-

nificantly counterbalanced the thermal degradation with the 

Young's modulus of 320 MPa, elongation at back of 30.0%, and 

the toughness of 3925 kPa. Despite further improvement in 

toughness and elongation at break at 3% Joncryl ADR 4486 to 

4703 kPa and 38.79%. The material was softened again with 

reduced Young's modulus and final toughness to 284 MPa and 

14.6 MPa respectively, which was possibly due to the plastici-

zation of oligomeric chain extender at increasing content.

The effect of thermal degradation with and without a chain- 

extender was compared in Figure 3. The viscosity of PHB was 

reduced by 18 times from 0.429 Pa s to 0.024 Pa s at 0.1 rad s−1. We 

observed the viscosity rose sharply as it changed from laminar 

FIGURE 1    |    Molecular weight distribution of pristine PHB (blue), 

processed PHB with 0 (orange), 1 (green), 2 (red), 3% w/w (purple) chain 

extender.

TABLE 1    |    Mn, Mw, and dispersity of pristine PHB, processed PHB 

with 0%, 1%, 2%, and 3% w/w chain extender.

Mn (g/mol)_ Mw (g/mol) PDI

PHB 62,100 165,700 2.67

Melt- processed PHB 17,300 42,800 2.47

PHB+ 1% ADR 18,500 102,800 5.56

PHB+ 2% ADR 19,600 163,700 8.35

PHB+ 3% ADR 18,400 157,500 8.55

FIGURE 2    |    Stress–strain curve and its 1st derivative (inset) of pristine PHB (blue), processed PHB with 0 (orange), 1 (green), 2 (red), 3 (purple) 

% w/w chain extender.
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to turbulent flow profile due to the extremely low viscosity. It 

was also demonstrated by tan δ that after processing indicated 

its increasing liquid behavior.

The addition of 1% chain extender does not show any improve-

ment and turbulent flow still occurred at high frequency. Only 

at 2% and 3% chain extender, the drop in viscosity is counter- 

balanced to retain 29.8% viscosity of 0.128 Pa s as well as tan δ, 

suggesting its effect to alleviate PHB degradation. Only a slight 

increase in the viscosity from 2% to 3% chain extender, which 

agrees with the tensile test that further higher content of chain 

extender is in excess, and its effect is plateaued.

The thermal degradation of PHB also reflects on its crystalli-

zation and melting (Figure 4, Table 3). One of the key features 

is the downshift of the melting point with a secondary melting 

peak. This was also observed in the alcoholysis of PHB with eth-

ylene glycol and glycerol by Lacík et al. The inclusion of a chain 

extender suppressed the downshifting of the melting point, 

suggesting reduced formation of PHB oligomers. No significant 

TABLE 2    |    Young's modulus (EY), yield strain (eY), yield toughness (UT,Y), elongation at break (eb), ultimate toughness (UT,b), and ultimate stress 

(sb) of pristine PHB, processed PHB with 0, 1, 2, 3% w/w chain extender.

EY/MPa εY/% UT,Y/kPa εb/% UT,b/MPa σb/MPa

PHB 226 (29) 1.19 (0.079) 6.63 (0.50) 31.05 (2.58) 3.58 (0.35) 15.5 (0.21)

Processed PHB 312 (44) 0.967 (0.09) 5.22 (0.19) 12.41 (1.00) 1.09 (0.13) 13.7 (0.80)

1% ADR 376 (8.8) 0.612 (0.02) 1.78 (0.28) 11.01 (0.65) 0.97 (0.98) 13.5 (0.39)

2% ADR 320 (30) 0.843 (0.07) 4.71 (0.38) 30.00 (3.66) 3.93 (0.67) 16.8 (0.86)

3% ADR 284 (11) 0.749 (0.02) 2.68 (0.56) 38.79 (2.24) 4.70 (0.35) 14.6 (0.42)

FIGURE 3    |    Complex viscosity (a) and tan δ (b) versus angular frequency of pristine PHB (blue), processed PHB with 0 (orange), 1 (green), 2 (red), 

3% w/w (purple) chain extender at 180°C.

FIGURE 4    |    Heat flow from 50°C to 200°C of 2nd cooling (a) and 3rd heating (b) cycle at 15°C min−1 of pristine PHB (blue), processed PHB with 

0 (orange), 1 (green), 2 (red), 3% w/w (purple) chain extender.
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change in the crystallization temperature except when 3% chain 

extender was added to plasticize PHB against crystallization.

5.2   |   PHB/PBAT Blend Compatibilized by Chain 
Extender

PHB and PBAT are known to be incompatible and phase- 

separate upon blending. In this study, Joncryl ADR 4468 also 

acts as a reactive compatibilizer via in situ ring opening of epoxy 

by both PBAT and PHB, which further generates copolymers of 

PHB and PBAT that stabilize the polymer blend.

SEM image visualized the degree of phase separation in PHB/

PBAT blend (Figure 5). Without compatibilizer, polydisperse drop-

lets of PBAT were observed with a diameter of 10.9 ± 6.32 mm. 

The introduction of 1% compatibilizer significantly improved the 

compatibility where phase separation was only observed at the 

surface, and the size is reduced to approximately 5 mm. At 2 or 3% 

compatibilizer, no phase separation was observed. Therefore, 2% 

compatibilizer was selected in the following study.

According to the tensile testing (Figure 6, Table 4), without a com-

patibilizer, the polymer blend exhibited an elongation at break 

of 22.06% and a toughness of 1817 kPa. While the addition of the 

compatibilizer reduced the Young's modulus from 250 MPa to 192, 

177, and 182 MPa at 1%, 2%, and 3%, respectively. This indicated 

the enhanced incorporation of PBAT to reduce the brittleness of 

PHB in the continuous phase with increasing compatibilizer con-

tent up to 2%, and no further improvement at 3%.

After the yielding, the elongation at break and ultimate tough-

ness also reflected the toughening of PHB/PBAT blend. Without 

compatibilizer, the improvement in eb, UT,b and sb were limited 

TABLE 3    |    Crystallization, melting temperature, their enthalpies and relative % of pristine PHB (corrected for the mass fraction of PHB) of 

pristine PHB, processed PHB with 0, 1, 2, 3% w/w chain extender.

Tc/oC Hc/J g−1 %c, PHB Tm/oC Hm/J g−1 %m, PHB

PHB 103.21 47.28 100% 152.87,163.25 59.08 100%

Processed PHB 103.4 50.2 106.2% 159.36,166.78 54.04 91.5%

1% ADR 103.05 40.84 87.2% 157.95,165.88 47.96 82.0%

2% ADR 103.65 37.4 80.7% 156.28,165.08 51.76 89.4%

3% ADR 101.4 44.68 97.3% 163.69 58 101.1%

FIGURE 5    |    SEM images of 7:3 w/w PHB/PBAT blend with 0 (a), 1 (b), 2 (c), 3% w/w (d) compatibilizer.
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7Polymer Engineering & Science, 2026

due to the predominant PHB in the continuous phase. The addi-

tion of compatibilizer massively improved the toughness as more 

PBAT was incorporated into the continuous phase. It was found 

that at 2% w/w compatibilizer, the toughening effect is maxi-

mum and further increment will be in excess to plasticize the 

material and reduce both the mechanical strength and elonga-

tion. Complementary to SEM imaging, the tensile tests showed 

the successful incorporation of PBAT to toughen the PHB phase 

up to 2% compatibilizer where phase separation is minimal and 

further addition does not have significant improvement. Despite 

the phase separation of PHB/PBAT blend, the suppression of 

crystallization was observed in all blends with and without 

compatibilizer from 103.4°C to 91.51°C, 89.12°C and 89.68°C for 

0.1 and 2% w/w compatibilizer (Figure S6, Table 5). At 3% w/w 

further reduction to 80.93°C was observed, suggesting excessive 

compatibilizer hindered its crystallization.

Rheology was also performed to elucidate the phase separa-

tion in PHB/PBAT blend (Figure 7). G', G'' and complex vis-

cosity of all blends lie between PHB and PBAT homopolymers, 

suggesting the enhancement of energy dissipation by PBAT, 

regardless of the mechanism. A clear peak in tan δ instead of 

monotonic decay also indicated a secondary relaxation path-

way in the polymer blend. This is commonly attributed to in-

terfacial relaxation, where the deformation was counteracted 

by the interfacial tension against the deformation of phase- 

separated systems such as polymer blends or emulsions.

Han's plot (log G '' vs. log G') and modified van Gurp- Palmen's 

plot (tan δ vs. log G*, instead of d for better visuallization) were 

shown to further visualize the data. For both homopolymers, 

linear relationship was observed in Han's plot (despite the noise 

in PHB) whereas clear bending was observed in all polymer 

FIGURE 6    |    Stress–strain curve (a) and its 1st derivative (b) of processed PHB (blue), PBAT (orange), 7:3 w/w PHB/PBAT blend with 0 (green), 1 

(red), 2 (purple), 3(brown)% w/w compatibilizer; inset: Zoom- out of strain from 0 to 4000%.

TABLE 4    |    Young's modulus (EY), yield strain (eY), yield toughness(UT,Y), elongation at break (eb), ultimate toughness (UT,b), and ultimate stress 

(sb) of processed PHB, PBAT, 7:3 w/w PHB/PBAT blend with 0, 1, 2, 3% w/w compatibilizer.

EY/MPa εY/% UT,Y/kPa εb/% UT,b/MPa σb/MPa

Processed PHB 312 (44) 0.967 (0.090) 5.22 (0.19) 12.41 (1.00) 1.09 (0.13) 13.7 (0.80)

PBAT 46.7 (0.75) 1.14 (0.13) 1.73 (0.68) 3877 (421) 682 (8.9) 29.7 (0.73)

Blank 250 (21) 0.666 (0.034) 1.51 (0.23) 22.06 (0.58) 1.82 (0.16) 11.1 (0.60)

1% ADR 192 (27) 0.813 (0.107) 2.67 (1.06) 49.02 (2.09) 5.20 (0.20) 12.9 (0.23)

2% ADR 177 (23) 0.827 (0.107) 2.48 (0.48) 85.56 (4.61) 9.40 (0.36) 12.4 (0.06)

3% ADR 182 (10.8) 0.758 (0.044) 2.23 (0.62) 43.96 (3.11) 4.19 (0.24) 12.0 (0.17)

TABLE 5    |    Crystallization, melting temperature, their enthalpies and relative % of processed PHB (corrected for the mass fraction of PHB) of 

processed PHB, PBAT and 70:30 w/w PHB/PBAT blend with 0, 1, 2, 3% w/w compatibilizer.

Tc/oC Hc/J g−1 %c, PHB Tm/oC Hm/J g−1 %m, PHB

Processed PHB 103.4 50.2 — 152.9, 163.3 59.0 —

PBAT 34.11, 51.38, 71.59 18.8 — 114.7 8.24 —

0% ADR 91.51 28.08 79.9% 162.5, 170.0 28.8 69.6%

1% ADR 89.12 29.52 84.8% 158.9, 167.3 38.4 93.8%

2% ADR 89.68 28.48 82.7% 158.5, 166.8 29.16 71.9%

3% ADR 80.93 25 73.3% 162.6, 171.3 25.04 62.4%
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blends, which again suggests a secondary relaxation. Modified 

van Gurp- Palmen's plot qualitatively showed the magnitude of 

different relaxation mechanisms. It was observed that with in-

creasing compatibilizer peak tan δ was suppressed and shifted 

towards higher G*. As aforementioned, the interfacial relax-

ation was the elastic component against the deformation of in-

terfaces. Therefore, the lower tan δ indicates large portion of 

energy dissipation by this secondary relaxation and its position 

suggested the contribution to higher modulus. Regarding its 

structure, it can be rationalized that the increasing compatibi-

lizer (at the same PHB/PBAT ratio) first reduced the individual 

droplet size, while at constant total droplet volume, and thus 

enlarge the total interfacial area to contribute the interfacial 

relaxation.

5.3   |   Sequential Blending of Stearic Acid-  Surface 
Modified Cellulose Fiber Into PHB/PBAT Blend

Owing to the strong hydrogen bonding of - OH group, pristine 

cellulose is incompatible with PHB or PBAT and therefore sur-

face modification with stearic acid was performed to enhance 

its hydrophobicity. The reaction conditions were optimized to 

attain significant modification while remain its fiber structure.

The compatibility of MCC in PBAT after surface modification 

was visually improved with good dispersion in the polymer 

melt (Figure 8). It was further evidenced by the interfacial mi-

crostructure of MCC in PBAT. With pristine MCC, a smooth 

interface was observed, suggesting poor wettability between 

FIGURE 7    |    Storage modulus (a), Loss modulus (b), complex viscosity (c), tan δ (d), Han's plot (e) and modified van- Gurp Palmen plot (f) of pro-

cessed PHB (blue), PBAT (orange), 7:3 w/w PHB/PBAT blend with 0 (green), 1 (red), 2 (purple), 3% w/w (brown) compatibilizer of processed PHB 

(blue), PBAT (orange), 7:3 w/w PHB/PBAT blend with 0 (green), 1 (red), 2 (purple), 3% w/w (brown) compatibilizer.
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MCC and PBAT, and MCC fiber slipped off upon cracking. 

After surface modification with stearic acid, a more compact 

interface was observed which indicates improved interfacial 

compatibility between MCCSA and PBAT. Peeling was observed 

at the zoom- in of the void from MCCSA, further suggesting the 

infiltration of PBAT into MCCSA fiber.

FIGURE 8    |    SEM images (top) of 9:1 w/w PBAT/MCC (a) and 9:1 w/w PBAT/MCCSA (b); zoom- in at the void from detached MCCSA (c). Photos 

of 9:1 w/w PBAT/MCC (d) and 9:1 w/w PBAT MCCSA (e) in melt.

FIGURE 9    |    SEM images of (a) PHB/PBAT/3- MCCSA; (b) PHB/(PBAT/3- MCCSA); (c) PHB/PBAT/10- MCCSA; (d) PHB/(PBAT/10- MCCSA).
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One of our aims is to investigate whether sequential blend-

ing of composite materials will alter the phase separation 

and thus the mechanical properties of the final material. 

Herein, PBAT/MCCSA composite was prepared at 10% and 

25% MCCSA respectively to create a masterbatch then 

further blended into PHB with 2% Joncryl ADR 4486 as 

compatibilizer.

PHB/PBAT/MCCSA was prepared by blending all components 

in a single step for comparison. The morphology was imaged 

under SEM (Figure  9). Via batch mixing, poor dispersion 

was observed in PHB/PBAT/3- MCCSA, and aggregation of 

MCCSA was also more prominent as the content of MCCSA in-

creased to 10% in PHB/PBAT/10- MCCSA. Via two- step blend-

ing, the dispersion and wettability of MCCSA were improved. 

Elongated phase separation was observed in PHB/(PBAT/10- 

MCCSA) (25% in PBAT phase) but the MCCSA fiber remained 

stable without aggregation. It is postulated that MCCSA is 

less compatible with PHB and remains as aggregates in batch 

mixing when PHB is the continuous phase. Meanwhile, in 

sequential mixing, MCCSA is already dispersed in the PBAT 

phase which is less crystalline and more compatible with stea-

ric acid. During the second blending with PHB, PBAT phase 

is continuously homogenized, with the aid of compatibilizer, 

until the MCCSA fiber restrains further droplet breakage, and 

thus resulting in the elongated phase separation.

Owing to the differences in microstructure, the mechanical 

properties are also distinctive by sequential blending (Figure 10, 

Table 6). In all cases, the addition of MCCSA enhanced the rigid-

ity to a different extent, indicated by the higher Young's modulus 

and shorter elongation at break. No significant differences were 

observed between batch and sequential blending at 3% MCCSA. 

However, at 10% MCCSA, PHB/PBAT/10- MCCSA returned to 

brittle again as pristine PHB (not processed) via one- step batch 

blending, which means the rigidity by MCCSA fiber counteracts 

the toughening effect of PBAT. Strikingly, via sequential blend-

ing in PHB/(PBAT/10- MCCSA), extended elongation was ob-

served without compromising its strength, where both the stress 

(14.5 vs. 14 MPa) and elongation at break (42.7% vs. 29.5%) are 

higher than the batch mixed samples. True reinforcement was 

achieved via this sequential mixing method.

DSC (Table 7, Figure S6) showed the effect of MCCSA on crystalli-

zation and melting of PHB/PBAT composite. All samples showed 

a lower crystallization temperature but higher melting point than 

the original blend only; a shoulder at 70°C was also observed in 

the cooling cycle. Herein, we believe the effect of MCCSA is two-

fold. It first acts as a physical hindrance for the crystal nucleation 

which suppresses the crystallization but increases the melting 

temperature. Second, at higher content, it behaves as a nucleator 

to promote crystallization at the interface and causes the crystalli-

zation temperature to rise back. This was in particular prominent 

FIGURE 10    |    Stress- strain curve and its 1st derivative (inset) of 7:3 w/w PHB/PBAT blend, with 0 (blue), PHB/PBAT/3- MCCSA (orange), PHB/

(PBAT/3- MCCSA) (green), PHB/PBAT/10- MCCSA (red), PHB/(PBAT/10- MCCSA) (purple).

TABLE 6    |    Young's modulus (EY), yield strain (eY), yield toughness(UT,Y), elongation at break (eb), ultimate toughness (UT,b), and ultimate stress 

(sb) 7:3 w/w PHB/PBAT blend, PHB/PBAT/3- MCCSA, PHB/(PBAT/3- MCCSA), PHB/PBAT/10- MCCSA and PHB/(PBAT/10- MCCSA).

EY/MPa εY/% UT,Y/kPa εb/% UT,b/MPa σb/MPa

Without MCCSA 177 (23) 0.827 (0.107) 2.48 (0.48) 85.56 (4.61) 9.40 (0.36) 12.4 (0.06)

3% batch 212 (31) 0.825 (0.095) 2.54 (0.78) 59.01 (1.91) 6.49 (0.22) 12.8 (0.11)

3% premixed 199 (28) 0.919 (0.080) 2.67 (0.80) 56.4 (5.06) 6.03 (0.59) 13.0 (0.19)

10% batch 300 (14) 0.738 (0.044) 2.22 (0.45) 29.5 (1.34) 3.28 (0.12) 14.0 (0.08)

10% premixed 240 (8.8) 0.733 (0.035) 2.00 (0.56) 42.7 (1.79) 4.95 (0.22) 14.5 (0.20)
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at 10% MCCSA where most fibers remained in the PHB continu-

ous phase and less effective when MCCSA is premixed in PBAT 

and eventually less exposed to PHB.

Similar to the polymer blend, a secondary relaxation was sig-

nified by the peak of tan δ in all cellulose composites at var-

ied magnitudes and positions (Figure  11). At 3% MCCSA, the 

TABLE 7    |    Crystallization, melting temperature, their enthalpies and relative % of processed PHB (corrected for the mass fraction of PHB) of 7:3 

w/w PHB/PBAT blend, PHB/PBAT/3- MCCSA, PHB/(PBAT/3- MCCSA), PHB/PBAT/10- MCCSA and PHB/(PBAT/10- MCCSA).

Tc/oC Hc/J g−1 %c, PHB Tm/oC Hm/J g−1 %m, PHB

Without MCC 89.68 28.48 82.7% 158.54, 166.80 29.16 71.9%

3% batch 87.12 16.56 49.5% 121.31, 159.27, 170.14 24.08 61.1%

3% premixed 87.50 20.84 62.3% 122.81, 163.23, 170.56 23.28 59.1%

10% batch 88.57 25.84 82.4% 123.13, 171.18 24.92 67.5%

10% premixed 88.92 23.48 74.8% 119.85, 161.35, 169.82 25.76 69.8%

FIGURE 11    |    Storage modulus (a), Loss modulus (b), complex viscosity (c), tan δ (d), Han's plot (e) and modified van- Gurp Palmen plot (f) of 7:3 w/w 

PHB/PBAT blend, PHB/PBAT/3- MCCSA (orange), PHB/PBAT/3- MCCSA (green), PHB/PBAT/10- MCCSA (red), and PHB/(PBAT/10- MCCSA) (purple).
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maximum tan δ increased relative to the blend itself, but no sig-

nificant difference was observed between single batch blending 

and sequential blending, whereas at 10% MCCSA, suppression 

of tan δ occurred again to demonstrate its stiffening.

The phase separation is again evaluated from Han's plot and 

modified van Gurp Palmen's plot. Discontinuity was observed in 

Han's plot particularly with 10% MCCSA suggesting the distinc-

tion of secondary relaxation, whereas no significant difference 

was observed in 0% and 3% MCC. Modified Van Gurp Palmen 

plot was more pronounced to distinguish different samples. 

From 0% to 3% MCCSA, the peak tan δ increased and shifted 

to higher modulus suggesting the broadening of interfacial re-

laxation. However, no significant difference between batch and 

sequential blending. At 10% MCCSA, the peak tan δ was further 

suppressed and shifted towards higher G*, and by sequential 

mixing of MCCSA showed the lowest tan δ at highest G*, which 

means the best dissipation against deformation. Complementary 

to the tensile test and SEM, the improved dispersion of MCCSA 

by sequential blending and selective concentration at PBAT 

phase facilitate dissipation and therefore reinforcing the mate-

rial by maximizing the surface area between MCCSA and the 

polymer as well as selectively toughen PBAT phase.

From these results, we have observed improved reinforcement 

by sequential blending of MCCSA into PBAT to make a mas-

terbatch then to PHB, as compared to one- step batch blending. 

We postulate that the reinforcement originated from the prefer-

ential localization of MCCSA via different blending procedures. 

In one- step blending, stearic acid is incompatible with PHB as 

the continuous phase and therefore MCCSA remains as aggre-

gates instead of being exfoliated, resulting in poor mechanical 

properties due to limited interfacial interaction with MCCSA. In 

contrast, MCCSA is well dispersed in the PBAT phase by mak-

ing a masterbatch of PBAT/MCCSA. During the second blend-

ing with PHB, PBAT along with MCCSA is gradually broken 

down to smaller droplets until it is confined by well- dispersed 

MCCSA, as shown by the elongated phase separation. Via this 

sequential blending, the improved dispersion and interfacial 

dissipation between PHB and PBAT, then PBAT and MCCSA, 

significantly enhanced the reinforcement of the PHB/PBAT/

MCCSA composite.

6   |   Conclusion

This study shows the optimization and characterization of PHB/

PBAT reinforced with modified cellulose fiber. The thermal sta-

bility of PHB was firstly overcome by using Joncryl ADR 4468 

as a chain extender and compatibilizer to maintain its processi-

bility in melt state and prepare homogeneous PHB/PBAT blend 

for toughness. Then the reinforcement by the addition of stearic 

acid- modified cellulose fiber was investigated. It was found that 

one- step batch processing results in poor dispersion of cellulose 

fiber in the polymer blend, making it brittle. In contrast, sequen-

tially adding premixed PBAT/cellulose fiber with PHB offered 

good dispersion and locally templated PBAT phase to achieve 

better reinforcement with higher stiffness while retaining 

higher elongation. This signifies the control in microstructure 

and optimization of mechanical properties by changing the pro-

cessing sequence even from the same compositions and opens 

an avenue to process PHB blend and its composite for different 

materials.
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talline cellulose) after esterification with stearic acid in 0 (top left), 0.33 
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130°C for 3 h. Figure S3: FTIR spectra of cotton fiber (microcrystalline 
cellulose) after esterification with stearic acid in 0, 0.33, 1 and 3.5 eqv 
of OH groups at 130°C for 3 h. Figure S4: SEM images of cotton fiber 
(microcrystalline cellulose) after esterification with stearic acid in 1 eqv 
of OH groups at 130°C for 1 h (top left), 2 h (top right), 3 h (bottom left) 
and 16 h (bottom right). Figure S5: FTIR spectra of cotton fiber (micro-
crystalline cellulose) after esterification with stearic acid in 1 eqv of OH 
groups at 130°C for 1 h (top left), 2 h (top right), 3 h (bottom left) and 16 h 
(bottom right). Figure S6: Heat flow from 50°C to 200°C of 2nd cool-
ing (a) and 3rd heating (b) cycle at 15°C min−1 of pristine PBAT (blue), 
processed PHB (orange), 7:3 w/w PHB/PBAT blend with 0 (green), 1 
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flow from 50°C to 200°C of 2nd cooling (a) and 3rd heating (b) cycle at 
15°C min−1 of 7:3 w/w PHB/PBAT blend(blue), PHB/PBAT/3- MCCSA 
(orange), PHB/PBAT/3- MCCSA (green), PHB/PBAT/10- MCCSA (red), 
and PHB/(PBAT/10- MCCSA) (purple). 
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