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Abstract 22 

Polybutylene succinate (PBS) is a promising biodegradable polymer; however, its low 23 

mechanical performance limits its application. To address this issue, long fiber length 24 

nanofibrillated bacterial cellulose (HP-NFBC), produced by a bottom-up process using 25 

cellulose-producing bacterium and hydroxypropyl cellulose (HPC) as a dispersing agent 26 

was used as reinforcement agent. Hydrophobic moieties were grafted on HP-NFBC 27 

surface to increase surface compatibility. Nanocomposites prepared by both solvent 28 

casting and melt-kneading were evaluated. By solvent casting, the addition of 0.25 wt% 29 

of grafted HP-NFBC increased the toughness by 212%. Melt-kneading revealed an 30 

increase in flexural strength and young’s modulus. More evident improvement was 31 

observed when the nanocomposites were annealed, and the ultimate strength increased by 32 

113% at 2 wt% of grafted HP-NFBC incorporation. Great increased in toughness were 33 

achieved only by small incorporation of grafted HP-NFBC. Additionally, compost 34 

biodegradation tests were conducted to confirm that the nanocomposites had 35 

biodegradability similar to that of PBS.   36 

Keywords: 37 

A. Cellulose; A. Fibres; A. Polymer-matrix composites (PMCs); B. Mechanical 38 

properties 39 

1. Introduction 40 

Bioplastics have been intensely researched as alternatives to petroleum-based 41 

plastics in recent decades. However, most of these bioplastics have not reached a 42 

commercially viable scale because they are only successful at the laboratory level and do 43 

not perform as well as petroleum-based plastics [1–5]. For example, polylactic acid (PLA) 44 
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is brittle [6,7], polycaprolactone (PCL) has a low modulus [8,9], polyamides have low 45 

toughness, and polyhydroxyalkanoates (PHA), such as poly(3-hydroxybutyrate) (P3HB) 46 

and poly(3-hydroxyvalerate) (PHV), have poor mechanical properties and heat resistance 47 

[10,11]. Therefore, these shortcomings hinder their widespread adoption and underscore 48 

the urgent need to develop bioplastics with enhanced mechanical properties and 49 

biodegradability to serve environmental protection efforts better. 50 

Polybutylene succinate (PBS), a semi-crystalline biodegradable aliphatic 51 

polyester, has been proposed as one of the most attractive alternatives to petroleum-based 52 

plastics because of its good thermal stability and processability [12–14]. PBS is often 53 

used in packaging materials, mulching film, and compost bags [15–20]. Owing to its good 54 

tensile strength, PBS is often blended with polymers such as PLA to improve their 55 

mechanical properties; however, a suitable compatibilizer is required to improve the 56 

inherently poor interfacial adhesion [21–23]. Adrar et al. [24] reported that with the 57 

incorporation of compatibilizer into the PBS/PLA blend, the tensile modulus has 58 

increased; however, the elongation at break has greatly decreased. Recently, Junhao et al. 59 

[25] incorporated PLA fiber into PBS and the result showed an increase in Young’s 60 

modulus but the decreased in toughness. Although natural fiber, such as cellulose, could 61 

be an excellent reinforcement (filler) material, achieving significant reinforcement is 62 

difficult as similar incompatibility issues may cause aggregation owing to the strong 63 

hydrophilicity of cellulose [26–28]. Recently, a cellulose-based PBS composite was 64 

reported by Platnieks et al, [29] which showed the increased of young’s modulus by about 65 

two-fold at 20 ℃,; however, at 40 % nanocellulose loading, the tensile strength and 66 

elongation at break significantly decreased compared to at 58 % and 90%. Therefore, the 67 

interfacial interaction between PBS and fillers is fundamental for reinforcement. 68 
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Nanofibrillated bacterial cellulose (NFBC) is a nanosized cellulose fiber produced 69 

from low-molecular-weight biomass such as sugars, glycerol, and molasses through a 70 

bottom-up process using cellulose-producing bacteria [30]. Owing to its high mechanical 71 

strength and purity and long fiber length (>15 μm), NFBC can be utilized as a nanofiller 72 

for nanocomposite materials that consist of a matrix and nanomaterials [31,32]. NFBC 73 

can be combined with a dispersing agent, such as hydroxypropyl cellulose (HPC), which 74 

is an amphiphilic water-soluble cellulose derivative, to produce NFBC with HPC (HP-75 

NFBC), which shows high dispersibility in some polar organic solvents as well as water 76 

[33]. Recently, we succeeded in improving the mechanical properties of PCL by adding 77 

HPNFBC modified with PCL side chains. The modification of HPNFBC with a polymer 78 

that is compatible with the mixed polymer matrix can enhance its mechanical properties 79 

[34].   80 

In this study, we aimed to enhance the mechanical performance of PBS by 81 

introducing HP-NFBC modified with hydrophobic moieties that mimic the structure of 82 

PBS. This modification is intended to improve the dispersion state and interfacial 83 

adhesion within the PBS matrix, maximizing the reinforcing effect of the nanofiller. [35–84 

37]. Two types of nanocomposites preparation method were conducted. Their 85 

crystallinity, thermal stability, thermal degradation, and mechanical properties were 86 

thoroughly investigated. The unique interactions between HP-NFBC, amorphous P(SA-87 

alt-BO), and the PBS matrix are discussed to highlight the potential of this approach in 88 

advancing the performance of bioplastics. 89 

2. Experimental 90 



5 
 

List of materials and structural analysis of HPNFBC-g-P(SA-alt-BO) and 91 

nanocomposites were provided in supporting information. 92 

2.1. Preparation of P(SA-alt-BO)-grafted HP-NFBCs via a “grafting-from” 93 

method using ROCOP 94 

Scheme 1. Preparation of HPNFBC-g-P(SA-alt-BO) using a “grafting-from” method via 95 

ROCOP of succinic anhydride (SA) and 1,2-butylene oxide (BO) 96 

P(SA-alt-BO) copolymers were grafted onto HP-NFBC by ROCOP of the SA and 97 

BO monomers using cesium pivalate as a catalyst (Scheme 1). In an argon-filled 98 

glovebox, 0.5 g HP-NFBC was added to a 200 mL round-bottom flask, followed by the 99 

addition of monomers, SA (2.5 mmol, 1 equiv.) and BO (0.3 mol, 120 equiv.), and catalyst, 100 

cesium pivalate (50μmol, 0.02 equiv.). SA was sublimated and BO was distilled prior to 101 

use. 1,3,5-Trimethoxybenzene was used as an internal standard to calculate monomer 102 

conversion using proton nuclear magnetic resonance (1H NMR) spectroscopy. The 103 

reaction was conducted in bulk at 60 ℃ with continuous stirring.  104 

Consequently, the solution was diluted by adding an excess amount of CH2Cl2 and stirred 105 

for 1 d at room temperature for even dispersion before centrifugation. The mixture was 106 

then centrifuged (12,000 rpm, 20 °C, 60‒90 min) thrice using CH2Cl2 to separate 107 
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HPNFBC-g-P(SA-alt-BO) and free P(SA-alt-BO). In addition, the mixture was 108 

centrifuged using methanol to remove the cesium pivalate catalyst. The HPNFBC-g-109 

P(SA-alt-BO) was expected to form pellets after centrifugation. The pellet was collected, 110 

dispersed in a small amount of CH2Cl2 and precipitated in excess hexane to remove 111 

impurities. In addition, the free (non-grafted) P(SA-alt-BO) copolymer was collected 112 

from the filtrate, evaporated, and precipitated in excess hexane. Both the HPNFBC-g-113 

P(SA-alt-BO) and free P(SA-alt-BO) copolymers were dried overnight at room 114 

temperature in vacuo. The HPNFBC-g-P(SA-alt-BO) samples with HPNFBC:SA feed 115 

weight ratios of 1:80, 1:20, and 1:5 were denoted as HPNFBC-g-P(SA-alt-BO)-80, 116 

HPNFBC-g-P(SA-alt-BO)-20, and HPNFBC-g-P(SA-alt-BO)-5, respectively. 117 

2.2. Preparation of HPNFBC-g-P(SA-alt-BO)/PBS nanocomposites 118 

2.2.1. Solvent-casting 119 

PBS pellet was dissolved in 10 mL CHCl3 at 60 °C for 3 h or until fully dissolved.  120 

HPNFBC-g-P(SA-alt-BO) was added to the PBS solution [15 (w/v)%] and stirred at 121 

60 °C for 1 d. The HPNFBC-g-P(SA-alt-BO)s and PBS compositions were adjusted to 122 

prepare nanocomposites containing 0, 0.25, 0.5, 2, and 5 wt% of HPNFBC-g-P(SA-alt-123 

BO). The solution was cast onto a Teflon Petri dish. A larger glass Petri dish was used as 124 

a lid to cover the sample. An additional small glass Petri dish containing CHCl3 was added 125 

to the vessel to slow the solvent evaporation rate. A solid film with thickness of 150–250 126 

μm was obtained.  127 

2.2.2. Melt-kneading 128 

PBS resin and HPNFBC-g-P(SA-alt-BO) were melt-kneaded with a Brabender 129 

Plastograph® EC plus mixer at the speed of 80 rpm at 120 ℃ for 5 min. The mixed blends 130 
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were compressed at 150 ℃ using a hot-pressing machine, and cut into 80 × 10 × 2 mm 131 

test specimen. 132 

3. Results and Discussions 133 

3.1. Synthesis and structural analysis of HPNFBC-g-P(SA-alt-BO)s  134 

Synthesis of copolymer P(SA-alt-BO) was carried out in bulk with excess BO 135 

added as a solvent. The ratio of monomers to HP-NFBC was adjusted to obtain HPNFBC-136 

g-P(SA-alt-BO) with four copolymer graft lengths. The polymerization reactions were 137 

terminated when the SA monomer conversion reached ≥80%. 1,3,5-Trimethoxybenzene 138 

was used as an internal standard to precisely determine the monomer conversions by 139 

comparing the internal standard peak with the monomer peak before and after the reaction 140 

(Figures S1‒S3). Xia et al. found that electrophilically activated anhydrides are more 141 

likely to be attacked by hydroxyl groups to form carboxylates, which then react with 142 

epoxides to form fully alternating copolymer structures [38]. In this study, SA reacted 143 

with the cesium pivalate-activated hydroxyl group of HP-NFBC to form a carboxylate, 144 

which then reacted with BO. The successful formation of alternating P(SA-alt-BO) was 145 

confirmed by the presence of c’ and g peaks using 1H NMR analysis (Figure S4). The 146 

accurate molecular weights of the grafted P(SA-alt-BO) copolymers in HPNFBC-g-147 

P(SA-alt-BO) could not be determined because of their poor solubility in solvents for 148 

SEC and 1H NMR measurements. In addition, other techniques, including chain cleavage, 149 

are unfavorable and complicated [39–41]. Therefore, the length of grafted copolymer was 150 

comparatively defined by the length of each free copolymer produced as side reaction 151 

during the synthesis of each graft copolymer [42,43]. The molecular weights of the free 152 

copolymers increased with the monomer content in the initial compositions (Figure S5, 153 
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Table 1). When the monomer ratio of SA to HP-NFBC was 80/1, its molecular weight 154 

reached 33k, showcasing the significant impact of a high monomer ratio on molecular 155 

weight. Similarly, for the 20/1 monomer ratio, the resulting molecular weight was slightly 156 

lower at 29k followed by the molecular weight at 5/1 monomer ratio, indicating a 157 

proportionate relationship between the monomer ratio and molecular weight.  158 

Table 1 Polymerization conditions and molecular parameters of HPNFBC- g-P(SA-alt-159 
BO)s.  160 

Sample w0, SA/ 
w0, HP-NFBC

a 
Mn,SEC

b of of obtained 
free copolymer [kDa] 

Mw / Mn
b 

HPNFBC-g-P(SA-alt-BO) (33k) 80/1 33,000 1.16 

HPNFBC-g-P(SA-alt-BO) (29k) 20/1 28,900 1.23 

HPNFBC-g-P(SA-alt-BO) (15k) 5/1 14,700 1.37 

a
Mass ratio of SA monomer and HP-NFBC before polymerization; 

b
Determined by SEC analysis of the 161 

obtained free P(SA-alt-BO) copolymers in THF with polystyrene standard. BO: 1,2-butylene oxide; HP-162 
NFBC: hydroxypropyl-nanofibrillated bacterial cellulose; Mn,SEC: number-average molecular weight;  163 
Mw/Mn: narrow molecular weight distribution; SA: succinic anhydride; SEC: size-exclusion 164 
chromatography; THF: Tetrahydrofuran. 165 

Overall, the higher the monomer ratio, the greater was the resulting molecular 166 

weight, highlighting the controlled reactivity inherent in this copolymerization reaction. 167 

This is consistent with the work of Lönnberg et al. [44], who found that the amount of 168 

grafted polymer could be controlled by adjusting the ratio of the free initiator to the 169 

monomer. Moreover, the narrow molecular weight distribution (Mw/Mn) was consistent 170 

in this copolymerization reaction.  171 

The FTIR spectra of HPNFBC-g-P(SA-alt-BO) are presented in Figure 1 (a). In 172 

the FTIR (ATR) spectra, HP-NFBC exhibited typical cellulose peaks at 3350 and 2890 173 

cm-1 corresponding to the hydroxyl (O-H) and alkyl groups (C-H), respectively. After 174 

polymerization, HPNFBC-g-P(SA-alt-BO) exhibited a strong carbonyl (C=O) peak at 175 

1723 cm-1, which was attributed to the introduction of ester functional groups into HP- 176 
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177 
Figure 1 (a) FTIR (ATR) spectra of HP-NFBC, PBS, and HPNFBC-g-P(SA-alt-BO)s; 178 

respectively. (b) 13C CP/MAS NMR spectra of HPNFBC-g-P(SA-alt-BO)s and HP-179 

NFBC. 13C CP/MAS NMR: 13C cross-polarization magic- angle spinning nuclear 180 

magnetic resonance; ATR: attenuated total reflectance; FTIR: fourier-transform infrared; 181 

HP-NFBC: hydroxypropyl-nanofibrillated bacterial cellulose; PBS: polybutylene 182 

succinate 183 

NFBC, indicating successful grafting of P(SA-alt-BO). The C=O peak was normalized 184 

to observe the difference in the absorbance of each hydroxyl group (O-H) peak. After 185 

normalization, the absorbance peak (y-axis) of O-H decreased as the molecular weight of 186 

the grafted copolymer increased. The FTIR results supported the increase in molecular 187 

weight of free copolymer in SEC analysis as more monomers were added. Notably, the 188 

amount of grafted copolymer was regulated by the amount of monomer feed. This has 189 

distinctly shown the efficiency of the grafting of P(SA-alt-BO) by “grafting-from” 190 

method.   191 

Solid-state CP/MAS 13C NMR measurements were performed on the HPNFBC-192 

g-P(SA-alt-BO) samples to quantitatively determine the existence of cellulose backbone 193 

(HP-NFBC) and P(SA-alt-BO) ratio using the method proposed by Thongsomboon et al 194 

[45]. The coefficients corresponding to the non-overlapping peaks of anhydride [Figure 195 

1 (b); peak a, d], epoxide [Figure 1 (b); peak h], and cellulose [Figure 1(b); peak F] 196 
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were calculated from the extrapolation of the semi-log linear approximation [Figure S6 197 

(b)] derived from the Cross polarization (CP) time-relative magnetization graph [Figure 198 

S6 (a)]. The coefficients were obtained based on eq. S5. The molar ratio can be obtained 199 

by multiplying each coefficient by their corresponding ad, h, and F peaks, which represent 200 

SA, BO, and HP-NFBC, respectively. The quantitative composition of each compound is 201 

summarized in Table S1. The results showed that the cellulose content gradually 202 

decreased as the SA and BO contents increased, whereas HPNFBC-g-P(SA-alt-BO) 203 

(33k), which had the highest molecular weight, exhibited the lowest content of HP-NFBC. 204 

Moreover, the composition of SA and BO are similar to each other, indicating successful 205 

alternating copolymerization in this system, with no BO homopolymers grafted on the 206 

surface of HP-NFBC. In this study, the cellulose composition was adjusted based on this 207 

result for nanocomposite preparation.  208 

AFM was conducted to compare the fiber morphologies of HPNFBC-g-P(SA-alt-209 

BO) and non-grafted HP-NFBC. The HP-NFBC fiber was thin and clearly visible in both 210 

the height and phase images. The results were compared with those of HPNFBC-g-P(SA-211 

alt-BO). The HPNFBC-g-P(SA-alt-BO) fibers appeared thicker, and shading and blurring 212 

were clearly observed along the fiber surface. In contrast, none of these were observed in 213 

HP-NFBC, indicating that the copolymer was successfully grafted onto the surface of HP-214 

NFBC. The average fiber width was estimated by taking the average width from 50 spot 215 

measurements using ImageJ software; the average fiber widths of HP-NFBC and 216 

HPNFBC-g-P(SA-alt-BO) were 60 and 88 nm, respectively (Figure S7).  217 

3.2. Characterization of nanocomposites prepared by solvent casted process 218 
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The mechanical properties of the PBS composites were examined by tensile testing. To 219 

demonstrate the advantage of the P(SA-alt-BO) grafting, we also prepared PBS 220 

nanocomposites with free copolymer P(SA-alt-BO) (Mn, 14,700; Đ, 1.37) as well as non-221 

grafted HP-NFBC. The free copolymer P(SA-alt-BO) composite without cellulose 222 

exhibited the poorest mechanical properties, followed by non-grafted HP-NFBC [Figure 223 

2 (a)]. In correlation with their morphological properties, defects in complete 224 

crystallization caused brittleness in non-grafted HP-NFBC because of poor dispersibility 225 

in the PBS matrix. However, when the copolymer was grafted onto HP-NFBC, the 226 

toughness and tensile strength increased remarkably [Figure 2 (a), (c)] because of the 227 

interaction of grafted copolymer with PBS matrix, in which the P(SA-alt-BO) chains act 228 

as an appropriate interface between the HP-NFBC and PBS. Moreover, the disordered 229 

structure of the amorphous grafted copolymer allowed for a greater elongation at break. 230 

While the lack of a crystal structure in amorphous polymers often leads to more ductile 231 

behavior, the addition of P(SA-alt-BO) to our nanocomposites led to an increase in the 232 

ultimate tensile strength because of its good interfacial compatibility with cellulose. 233 

When force was applied during the stretching, P(SA-alt-BO) acts as a plasticizer that 234 

facilitates the movement of PBS; at the same time, stress was transferred between 235 

cellulose resulting in the increase in tensile stress for the composite including 0.25 wt% 236 

HPNFBC-g-P(SA-alt-BO) (15k). A plasticizing effect was not observed in free 237 

copolymer addition because the chain head was not restricted to cellulose, causing 238 

slippage between chains without a strong grip at the end. In addition, non-grafted HP-239 

NFBC has low impact resistance because of poor interfacial bonding with the PBS matrix. 240 

  241 
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Figure 2 (a) Stress-strain curves of PBS (Mn, 44700; Đ, 2.2) and PBS nanocomposites 242 

(b) Tensile strength and toughness of PBS and PBS nanocomposite films at 0.25 wt% 243 

filler compositions. BO: 1,2-butylene oxide; SA: succinic anhydride; HP-NFBC: 244 

hydroxypropyl-nanofibrillated bacterial cellulose; PBS: polybutylene succinate 245 

Furthermore, various types of nanocomposites were investigated to determine the effect 246 

of grafted copolymer on the mechanical properties of neat PBS [Figure S8 (a)]. First, 247 

composite materials containing various amounts of HPNFBC-g-P(SA-alt-BO) (15k) 248 

grafted with low-molecular-weight P(SA-alt-BO) were studied. Increasing the amount 249 

led to a declining trend in both the stress and strength. However, at the lowest 250 

incorporation at 0.25 wt%, the ultimate tensile strength and elongation at break exceeded 251 

the neat PBS by 106% (27.2 ± 1.3 MPa) and 202% (45.6 ± 6.2 MPa), respectively . The 252 

improvement in stress and strength with decreasing amounts of HPNFBC-g-P(SA-alt-253 

BO) (15k) was due to the decreasing amorphous content; excess amorphous layer 254 

weakened the interaction between the cellulose and PBS matrix. Despite having 255 
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amorphous properties that can act as plasticizers to promote an increase in elongation at 256 

break, a smaller amount of P(SA-alt-BO) is preferable for stronger load transfer and 257 

higher toughness. 258 

In addition, grafted NFBCs consisting of P(SA-alt-BO) with three different 259 

molecular weights were compared, and their effects on the mechanical properties were 260 

studied. The amount of HPNFBC-g-P(SA-alt-BO) was set to 0.25 wt%. As shown in 261 

Figure S8 (b), higher molecular weight promoted an increase in the elongation at break. 262 

This further supported the use of the copolymer as a plasticizer. HPNFBC-g-P(SA-alt-263 

BO) (33k) did not exhibit a higher elongation at break than 29k, potentially because 33k 264 

had a lower cellulose content to grip the head of the copolymer, which explains the 265 

slightly lower elongation during stretching. The tensile stress and Young’s modulus 266 

decreased for longer chains because the HP-NFBC was largely covered by the long chains 267 

of P(SA-alt-BO), causing fracture to occur before the stress could be transferred within 268 

the cellulose [Figure 2(b), (c)]. A higher molecular weight results in increased elongation 269 

at break because of longer entanglement between chains, resulting in better load transfer 270 

between the copolymers; however, the decrease in cellulose content prevents them from 271 

having a higher ultimate tensile strength compared to the lesser molecular weight of the 272 

grafted copolymer. Overall, the addition of the graft copolymers increases the toughness 273 

of neat PBS, suggesting that the strength and toughness can be easily tuned by controlling 274 

the chain length and cellulose content. 275 

Additionally, thermomechanical analysis of the nanocomposites was performed 276 

to measure the dimensional changes in the nanocomposites as a function of temperature 277 

to obtain their coefficient of thermal expansion (CTE). Figures S9 (a) and (b) represent 278 

the thermal expansion behavior of neat PBS and nanocomposites that contain 0.25 wt% 279 
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of HPNFBC-g-P(SA-alt-BO) with short (15k) and long (33k) copolymer chain length and 280 

comparison with neat PBS within the temperature range of 60–100℃. The addition of 281 

HPNFBC-g-P(SA-alt-BO) (15k) enhanced the thermal stability as evidenced by a 15.2% 282 

decrease in its CTE to 2.69 ppm/K compared to neat PBS (3.10 ppm/K). Conversely, 283 

higher CTE exhibited by HPNFBC-g-P(SA-alt-BO) (33k) (3.75 ppm/K) could be 284 

correlated with the smaller amount of HP-NFBC content and entanglement that makes it 285 

harder for the chain to expand freely as temperature rises, thus offering greater resistance 286 

to thermal expansion.  287 

The original thermal behavior observed in the DSC 1st heating thermograms of 288 

the nanocomposites prepared by the solvent casting method was compared to that of neat 289 

PBS and is summarized in Figure S10 (a) and Table S2. First, the incorporation of the 290 

shortest HP-NFBC-grafted copolymer [HPNFBC-g-P(SA-alt-BO) (15k)] lowered the 291 

melting point, Tm of PBS. At this stage, the grafted copolymer with amorphous properties 292 

acts as a plasticizer, in which the intermolecular forces are reduced and the copolymer 293 

chain mobility increases. The decrease in Tm was due to an increase in chain mobility. 294 

Amorphous polymers are more prone to plasticization than crystalline polymers because 295 

of their random molecular arrangements and weaker intermolecular forces. This was also 296 

observed at a low crystallization temperature, Tc as indicated by the highest molecular 297 

weight HPNFBC-g-P(SA-alt-BO) (33k)/PBS. The uniformity of the PBS crystal did not 298 

change, as the sharpness of each crystallizing peak was similar, which was due to the 299 

small amount of grafted HP-NFBC present in each nanocomposite. Although HPNFBC-300 

g-P(SA-alt-BO) (33k)/PBS had a lower crystallization temperature, it exhibited slightly 301 

higher crystallinity compared to the other grafted HP-NFBC and PBS implying higher 302 

nucleation rate which was further supported by polarized optical microscopy (POM) 303 
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results. As shown in Figure S10 (d), the PBS chains slowly regained their mobility when 304 

lower compositions of HPNFBC-g-P(SA-alt-BO) (15k)/PBS were incorporated. As 305 

P(SA-alt-BO) is amorphous, the disordered molecular structure creates spaces between 306 

the PBS chains, which reduces intermolecular reactions, resulting in higher mobility 307 

because of less resistance to their movement.  308 

The thermal stability of the nanocomposites was further investigated by 309 

thermogravimetry/differential thermal gravity (TG-DTG) analysis. TGA curves of neat 310 

PBS and all nanocomposites in Figure S11 (a) display a single weight loss step 311 

degradation at the range temperature of 260–430 °C that confirms no crosslinking in the 312 

nanocomposites. The onset of the decomposition temperature was determined by the 313 

temperature at 5% weight loss (T5%) and the highest derived weight loss curve (Tmax) 314 

[Figure S11 (b)]. The addition of nanofiller did not result in any significant changes in 315 

the T5% and Tmax but maintained the thermal stability (Table S3).  316 

POM analysis was conducted to analyze the dispersibility of the nanofillers in 317 

PBS. Neat PBS and three nanocomposites containing HPNFBC-g-P(SA-alt-BO), 318 

unmodified HP-NFBC, or free P(SA-alt-BO) copolymer, each at 0.25 wt% composition 319 

was used for the dispersibility analysis. The samples were heated above their melting 320 

temperature at 150 ℃ and kept constant for 5 min to observe the fibers. Figure S12 shows 321 

POM images of neat PBS and its nanocomposites heated above the melting temperature. 322 

At 150 ℃, neat PBS and free copolymer P(SA-alt-BO) were fully melted and became 323 

transparent. In contrast, the fibers present in HPNFBC-P(SA-alt-BO)/PBS and 324 

HPNFBC/PBS became apparent as the PBS matrix melted. Non-surface-modified HP-325 

NFBC showed a white cluster of fibers from the agglomeration in the PBS matrix due to 326 

the strong intermolecular and intramolecular hydrogen bonds and the incompatibility of 327 
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the hydrophilicity and hydrophobicity of the PBS matrix. However, after surface 328 

modification by grafting the P(SA-alt-BO) copolymer onto the surface of HP-NFBC, HP-329 

NFBC showed uniform dispersibility in the PBS matrix. Grafting of the copolymer 330 

lowered the hydrophilicity of HP-NFBC, thus promoting compatibility with the PBS resin. 331 

The graft copolymers with higher molecular weights (29k and 33k) showed a smaller 332 

fiber size and higher dispersion compared to 15k. 333 

The growth of the PBS crystals under isothermal conditions was observed using 334 

POM.  P(SA-alt-BO) acts as a nucleation site because the nucleation rate and density 335 

appear to increase as the grafted copolymer length increases. HPNFBC-g-P(SA-alt-BO) 336 

(33k) had a higher nucleation rate and higher density of nucleation in some areas than 337 

that of neat PBS. This is consistent with the low crystallization temperature but higher 338 

crystallinity in DSC resulting from agglomeration. HPNFBC-g-P(SA-alt-BO) (15k) had 339 

a lower nucleation density and rate than that of neat PBS, resulting in broad empty spaces 340 

between the highly dense spherulites that later produced secondary crystallization. This 341 

secondary crystallization hindered the role of the amorphous copolymer as a plasticizer, 342 

leading to a decrease in the elongation at break. In contrast, a certain degree of 343 

crystallization enhancement is observed with the addition of non-grafted HP-NFBC, 344 

indicating that HP-NFBC itself has a function to promote crystallization. However, HP-345 

NFBC was less dispersible in the PBS matrix and the nucleation density around the 346 

aggregated cellulose was lower. Moreover, crystallization was observed in unmodified 347 

HP-NFBC grown from the cellulose itself.  348 

3.3. Characterization of nanocomposites prepared by melt-kneading process 349 
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Nanocomposites were also prepared by melt-kneading for a more practical 350 

evaluation of their physical properties. Only HPNFBC-g-P(SA-alt-BO) (15k) was 351 

selected because it exhibited the best mechanical properties when prepared by solvent-352 

casting. Therefore, 0.25, 0.5, 2, and 5 wt% of HPNFBC-g-P(SA-alt-BO) (15k) were 353 

mixed with PBS and compared with neat PBS and non-grafted HP-NFBC mixed with 354 

PBS at 1, 3 and 5 wt% composition. The HP-NFBC content in HPNFBC-g-P(SA-alt-BO) 355 

(15k) at 0.25, 0.5, 2, and 5 wt% were 0.1, 0.25, 1.0 and 1.9 wt% respectively. The 356 

nanocomposites prepared via melt-kneading were subjected to three-point bending test. 357 

In this test, modulus of elasticity in bending Ef, flexural stress σf, flexural strain ɛf as well 358 

as the Young’s modulus can be obtained. This test is especially important for determining 359 

the modulus of elasticity or flexural modulus that characterizes a nanocomposite’s 360 

stiffness or resistance to bending that is closer to real-life applications. The results of the 361 

flexural tests of the nanocomposites prepared by melt kneading are presented in Figure 362 

S13. The flexural test results showed that the addition of HPNFBC-g-P(SA-alt-BO) and 363 

HP-NFBC increased both the ultimate flexural strength and Young’s modulus. 364 

Interestingly, at only 0.25 wt% of HPNFBC-g-P(SA-alt-BO), the elastic modulus 365 

(stiffness) has increased to 7.5% and continued to increase to 12.9% at 2 wt% 366 

incorporation of HPNFBC-g-P(SA-alt-BO). This indicates that the melt-kneading 367 

method provided better dispersion of the HPNFBC-g-P(SA-alt-BO) nanoparticles within 368 

the PBS matrix, resulting in improved alignment and distribution, which contributed to 369 

the increase in its Young’s modulus. In addition to the good dispersion provided by the 370 

melt-kneading process, modification of the hydrophobic copolymer P(SA-alt-BO) on the 371 

surface of HP-NFBC increased its compatibility and further improved its dispersion 372 

within the PBS matrix. To compare the amount of cellulose (HP-NFBC) in each sample, 373 
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at 0.75 wt% of cellulose content in HPNFBC-g-P(SA-alt-BO), the ultimate flexural 374 

strength was higher by 2.6% than that of HP-NFBC at 1 wt%. Initially, HPNFBC-g-P(SA-375 

alt-BO) exhibited enhanced mechanical properties compared to HP-NFBC, but with 5 376 

wt% addition of HPNFBC-g-P(SA-alt-BO) containing 1.8 wt% cellulose content, while 377 

the elastic modulus continued to increase, the flexural strength suddenly decreased at high 378 

HPNFBC-g-P(SA-alt-BO) content. This decrease in tensile strength may be attributed to 379 

agglomeration, a phenomenon previously observed in solvent-cast nanocomposite films.  380 

3.4. The effect of thermal annealing 381 

Thermal annealing is an effective post-treatment method for adjusting the crystallinity of 382 

semi-crystalline polymers. Therefore, the mechanical properties and crystallization 383 

behavior of the melt-kneaded nanocomposites were investigated to promote their 384 

industrial application. All the respective nanocomposites were annealed at 80 ℃, under 385 

vacuum for 16h. The tensile test results for the melt-kneaded films after annealing are 386 

shown in Figure 3 (a). In contrast, Figure 3 (b) shows the comparison between grafted 387 

and non-grafted HP-NFBC at the same 1 wt% cellulose content. Moreover, 2 wt% loading 388 

of HPNFBC-g-P(SA-alt-BO) (15k) that contains 1 wt% of HP-NFBC has high strength 389 

and toughness than that of neat PBS. In contrast, the 1 wt% of non-grafted HP-NFBC 390 

exhibited similar ultimate tensile strength but lower toughness owing to the absence of 391 

plasticizing properties. The grafting of P(SA-alt-BO) increases the elongation at break 392 

while maintaining the tensile strength provided by HP-NFBC. After annealing, the 393 

Young’s modulus of neat PBS was increased by 39% from 291 MPa to 405 MPa. 394 

Furthermore, the increase in Young’s modulus after 2 wt% of HPNFBC-g-P(SA-alt-BO) 395 

addition was 30.5% (Figure S14). The increase in Young’s modulus after thermal 396 
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annealing indicates a more ordered and stable polymer chain structure that aligns more 397 

uniformly, which contributes to the stiffness of the films. The elongation at break of the 398 

nanocomposites, especially at 1 and 0.1 wt%, exceeded the elongation at break of neat 399 

PBS, unlike the non-annealed nanocomposites, which exhibited lower elongation at break 400 

compared to neat PBS. The reorganization of polymer chains during heating and cooling 401 

due to thermal annealing led to an improvement in the rearrangement of P(SA-alt-BO) in 402 

the PBS matrix, which further enhanced the plasticizing effect of the amorphous polymer.  403 

 404 

Figure 3 (a) Stress-strain curves of neat PBS and HPNFBC-g-P(SA-alt-BO)/PBS at 405 
various compositions after annealing treatments. (b) Comparison between mechanical 406 
properties of grafted and non-grafted HP-NFBC at the same 1 wt% cellulose content after 407 
annealing treatments. BO: 1,2-butylene oxide; SA: succinic anhydride; HP-NFBC: 408 

hydroxypropyl-nanofibrillated bacterial cellulose; PBS: polybutylene succinate 409 

The thermal properties of the melt-kneaded and annealed nanocomposites were 410 

investigated using DSC [Figures 4 (a) and (b)]. During the 1st heating and 1st cooling, 411 

there was only a minor change in the melting temperature when HPNFBC-g-P(SA-alt-412 

BO) was added, probably owing to its small composition. Unlike the solvent-cast 413 

nanocomposites, slight increases in Tm were observed at 0.1, 0.25, and 1 wt% 414 

incorporation of filler. The homogenous dispersion of HPNFBC-g-P(SA-alt-BO) was 415 

attributed to the melt-kneading process and improved chain alignment during 416 

recrystallization via thermal annealing. A significant change can be observed in the 417 
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integrated area representing the energy of fusion, where the nanocomposites exhibit a 418 

higher surface area, indicating a higher degree of crystallinity.  419 

Figure 4 (a) 1st heating (b) 1st cooling thermograms of nanocomposites with different 420 
compositions of annealed HPNFBC-g-P(SA-alt-BO) (15k). Each thermogram was 421 
compared with annealed neat PBS (Mn 44700; Đ, 2.2). (c) Crystallinity [ꭕc (%)] of 422 
HPNFBC-g-P(SA-alt-BO)(15k)/PBSs and neat PBS after annealing treatments. (d) TGA 423 
curves for neat PBS, non-grafted HP-NFBC and HPNFBC-g-P(SA-alt-BO) (15 k), 424 
respectively after annealed.  425 

Moreover, the 1st cooling thermograms support the increase in crystallization 426 

activity, as all crystals in the nanocomposites grew at lower temperatures than in neat 427 

PBS. The increase in crystallinity can be related to the amorphous properties of the 428 

copolymer, which are flexible and mobile; when blended with semi-crystalline PBS, they 429 

increase the PBS chain mobility. The crystallinity slowly showed a decreasing trend at 430 

higher grafted-copolymer contents because too much amorphous content could disrupt 431 

the crystalline order and reduce the crystallinity [Figure 4 (c)]. This further supports the 432 
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poor mechanical properties of the nanocomposites with higher loadings of the grafted 433 

copolymer. 434 

Table 2 Degradation temperature at 5% (T5%) and 50% (T50%) weight loss for each sample 435 
after annealing treatments.  436 

Sample wt% of HP-NFBC T5% (℃)a T50% (℃)b 

Neat PBS - 335.4 386.6 

HP-NFBC 

/PBS 

1 354.6 391.0 

3 353.1 391.0 

5 352.6 390.0 

HPNFBC-g-P(SA-alt-
BO)(15k) 

/PBS 

0.1 346.1 390.2 

0.25 343.1 388.5 

1 350.2 390.0 

1.9 342.6 387.2 

a
Temperature at 5% weight loss. bTemperature at 50% weight loss. 437 

The thermal stability of the nanocomposite samples was analyzed using TGA [Figure 4 438 

(d)]. Despite the lower loading of filler in both grafted and non-grafted HP-NFBC loaded 439 

nanocomposites, the T5% and T50% degradation temperature significantly increased from 440 

7.2 to 19.2 ℃ and 0.6 to 4.4 ℃ , respectively (Table 2). Films with grafted HP-NFBC 441 

had a slightly lower degradation temperature than that of non-grafted HP-NFBC because 442 

the introduction of amorphous P(SA-alt-BO) disrupts the regular packing of the HP-443 

NFBC chains, resulting in less energy to undergo thermal degradation. The amorphous 444 

regions, which refer to the grafted copolymer, generally have weaker intermolecular 445 

forces, resulting in a slight reduction in the thermal degradation temperature. However, 446 
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both the grafted and non-grafted HP-NFBC exhibited higher degradation temperatures 447 

than that of neat PBS.  448 

Figure 5 (a) Surface roughness of neat PBS compared to grafted and non-grafted HP-449 
NFBC assessed using atomic force microscopy (AFM). (b) Dispersibility assessment 450 
using polarized optical microscopy (POM). 451 

AFM was used to evaluate the morphological properties of the annealed neat PBS 452 

and grafted and non-grafted HP-NFBC. The surface roughness due to the addition of 453 

HPNFBC-g-P(SA-alt-BO) nanofillers [Figure 5 (a)] was lower than that of neat PBS, 454 

indicating that it had fewer irregularities and smoother features. This is because of the 455 

more homogenous distribution of HPNFBC-g-P(SA-alt-BO), which fills the gaps or 456 

irregularities within the PBS matrix. Moreover, these results are correlated with the 457 

improvement in PBS alignment, which aided in increased crystallinity. Furthermore, non-458 

grafted HP-NFBC showed lower surface roughness; however, a smoother surface was 459 

observed after grafting with P(SA-alt-BO) copolymer showing that better interactions can 460 

be achieved by grafting hydrophobic moieties. The dispersibility of the nanofillers was 461 

investigated using POM to further evaluate the surface roughness. Figure 5 (b) shows the 462 

dispersibility of neat PBS and the nanocomposites with grafted and non-grafted HP-463 
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NFBC at the same cellulose content (1 wt% of HP-NFBC). The films were observed at 464 

room temperature and 150 ℃. At 150 ℃, the PBS had completely melted and the fibers 465 

that did not melt remained visible and the dispersibility was observable. Based on these 466 

results, the fibers in the grafted and non-grafted HP-NFBC were evenly distributed 467 

throughout the entire matrix; however, the non-grafted HP-NFBC showed more clumps 468 

or aggregation than the P(SA-alt-BO)-grafted HP-NFBC. In contrast, HPNFBC-g- P(SA-469 

alt-BO), which has a similar 1 wt% cellulose fiber content, exhibits much less aggregation, 470 

demonstrating the effectiveness of grafting hydrophobic moieties onto the surface of HP-471 

NFBC.  472 

3.5. Biodegradability test 473 

A simple biodegradation test was performed by 90-days soil burial test to evaluate 474 

the biodegradation rates of the nanocomposite materials. Potting soil containing organic 475 

matter, microorganisms, and moisture was used as the medium for biodegradation. The 476 

burial samples were incubated at 25 ℃, which is the appropriate temperature for 477 

breakdown of the organic matter by microorganisms. The appearance of the samples on 478 

the first day and after 90 d are shown in Figure 6 (a). The percentage weight loss was 479 

subtle in each sample and showed no noticeable difference between the grafted and non-480 

grafted HP-NFBC and neat PBS as well [Figure 6 (b)]. This suggests that the 481 

modification of HP-NFBC and its addition had little effect on the biodegradation activity 482 

of PBS. In addition, the preservation of biodegradability is favorable for environmental 483 

sustainability. No apparent changes were observed before and after 90 d, but scanning 484 

electron microscopy (SEM) revealed the activity of microorganisms [Figure 6 (c)]. After 485 

90 d, increase in porosity of HPNFBC-g-P(SA-alt-BO) (1 wt%) was observed due to 486 
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microbial degradation. A microporous structure was observed in all the samples after 90 487 

d [Figure 6 (d)].  488 

Figure 6 (a) Images of biodegradable test samples on days 0 (upper) and 90 (lower). (b) 489 
Change in sample weight after 90 d. (c) SEM images of films before and after 490 
biodegradation testing (d) Existence of holes after 90 d.  491 

Conclusions 492 

HP-NFBC, an environmentally friendly polymeric material prepared from low-493 

molecular-weight biomass such as carbohydrates, was successfully modified by 494 

HPNFBC-g-P(SA-alt-BO) grafting through the SI-ROCOP of SA and BO, initiated from 495 

the abundant hydroxyl groups on the surface of HP-NFBC. This grafting method provided 496 

an efficient way to control the molecular weight of the copolymers by controlling the 497 

initial ratio of monomers and initiators. The grafting of P(SA-alt-BO) onto HP-NFBC 498 



25 
 

showed a marked advantage in terms of dispersion and mechanical properties in the PBS 499 

matrix compared with unmodified HP-NFBC films prepared using both solvent-casting 500 

and melt-kneading. Additionally, thermal annealing of the melt-kneaded nanocomposites 501 

contributed to an increase in both the stiffness and toughness compared with the non-502 

thermally treated films. Nanocellulose exhibit rigid and strong properties; thus, adding 503 

nanocellulose into a polymer matrix often causes an increase in tensile strength and 504 

decrease in elongation at break, resulting in stiffer material. However, our nanocomposite 505 

exhibits high toughness because of the amorphous property of grafted P(SA-alt-BO) that 506 

that act as a plasticizer, contributing to the more ductile behavior, hence, the increase in 507 

elongation at break. Moreover, the existence of cellulose helps to maintain the tensile 508 

strength. The mechanical properties of composites containing grafted HP-NFBC can be 509 

easily tuned by controlling the molecular weight of the grafted polymer, cellulose content, 510 

and nanocomposite preparation methods, providing more options for their application. In 511 

addition, composites containing grafted HP-NFBC have the added value of being 512 

biodegradable, and further development of composites is expected in the future.  513 
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