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Abstract 

Novel nanocellulose based 
nanostructures modified with hyperbranched 
polymers were prepared by using isocyanate 
linking chemistry. The chemistry was 
investigated using FTIR spectroscopy. The 
composites were homogenized utilizing solvent 
casting followed by injection molding of the 
samples. The thermal properties of the prepared 
samples were investigated using DSC and TGA. 

Introduction 

PHBV (poly (3-hydroxybutyrate-co-3-
hydroxyvalerate)) is a bacterially derived linear 
polyester containing randomly arranged 3-
hydroxybutyrate (HB) and 3-hydroxyvalerate 
(HV) segments [1]. PHBV belongs to a family of 
polymers called PHA (polyhydroxyalkanoates). 
PHAs have been a critical area of research as they 
are bio-based as well biodegradable in nature. 
PHBV, like other PHAs, faces the same 
drawbacks as it does not have mechanical 
properties comparable to petroleum-based 
polymers [2]. The melting temperature (Tm) of 
PHBV is close to its degradation temperature, 
making processing these polymers by 
conventional means complicated [2]. Various 
properties of PHBV like mechanical properties, 
crystallinity, degradation rate, thermal stability, 
and hydrophilicity need to be tailored in order to 
achieve a polymer with real-world applications 
[3]. 

There are various strategies to improve 
PHBV performance, like blending with natural as 
well as synthetic materials and chemical 
modifications like grafting and block 
copolymerization [4]. One such modification is 
the incorporation of CNC (crystalline 

nanocellulose) into PHBV. There have been 
numerous studies on the benefits of using CNC to 
modify the properties of PHBV [1,3,5–7]. 

CNCs are also of interest to researchers 
due to the high abundance of cellulose and 
attractive mechanical properties associated with 
CNCs [8]. CNCs are hydrophilic in nature and 
need to be surface modified in order to be 
compatible with some polymers [9]. 

The current study modifies the CNC 
using diisocyanates and links them with 
hyperbranched polymers (HBP) via a urethane 
linkage. The chemical linkage is investigated 
using FTIR spectroscopy. These CNC-HBP 
nanostructures are incorporated into a PHBV 
matrix employing solvent casting. The thermal 
properties of the PHBV after CNC modification 
have been studied using DSC and TGA. 

Materials and Methods 

Materials 

PHBV pellets (ENMAT Y1000P, 8% 
HV content, injection molding grade) were 
purchased from Tianan Biological Materials, 
China. The CNC was prepared by the USDA 
Forest Products Laboratory in Madison, WI, via 
sulfuric acid hydrolysis with the dimensions of 
the length of 271±47 nm and width of 6.17±2.00 
nm. CNC was freeze-dried prior to solvent 
casting and reacting. Commercially available 
Toluene Diisocyanate (Sigma Aldrich) and 
Boltorn H30 Regular (Polymer Factory) were 
purchased. 

Support Preparation 

The freeze-dried CNC was dispersed in 
toluene utilizing ultrasonication. The sonicated 
suspension was checked for stability using cross 

https://6.17�2.00


      
             

         
       

       
      

        
      
        
      

       
      

    
      

            
        

      
        

  

    
     

       
         

          
       

      
     

      
        

        
      

         
   

 

    
       

      
       

        
      

       
       

     
    

        

         
       

      

 

    

      
      

        
       

       
        

     
          

          
        

      
      

    
         

       
       

       
          

       
      

      
       

        
          

       
          

       
         

           
       

         
        

        
       

      
       

       
       

       

polarizers for birefringence. The suspension was 
heated to 90 °C and held for an hour to get rid of 
any water in the solution by means of azeotropic 
distillation. The temperature was reduced to 45 
°C, and three equivalents of the toluene 
diisocyanate were introduced into the system. 
The reaction was carried out for 5 hours. 
Following the reaction, the suspension was 
centrifuged at 6000 rpm for 10 mins. The 
precipitated product was washed with toluene 
four times to eliminate unreacted isocyanates and 
other side products. Following this, the 
isocyanate functionalized nanocellulose was 
dispersed in tetrahydrofuran. The suspension was 
heated to 60 °C. One eq. of HBP was added to the 
suspension and reacted for 5 hours. After the 
reaction, the product was centrifuged and 
separated and washed with THF four times. 

Specimen Preparation 

The CNC-HBP nanostructures were 
dispersed in Chloroform using ultrasonication. 
After ultrasonication, PHBV was added to the 
suspension and heated to 60 C. The mixture was 
stirred for 4 hours prior to being solvent cast. The 
solvent cast specimens were ground and then 
injection molded using a DSM Xplore 
microinjection molding unit. Standard type-V 
tensile specimens (ASTM D638,20 thickness = 
1.12 mm) were injection molded with a barrel 
temperature of 170°C and a mold temperature of 
60°C. The injection pressure and holding 
pressure were both 4.5 bar, and the holding time 
was 15s. 

Characterization 

Differential scanning calorimetry (DSC, 
DSC250, TA Instruments) was carried out on 
each sample (∼5 mg) under a 
heating−cooling−heating cycle in N2 from −25 to 
200°C at a rate of 20°C/min. The melt 
temperature (Tm) and glass transition temperature 
(Tg) was determined from the second heating 
scan, and the crystallization temperature (Tc) was 
determined from the cooling scan. 
Thermogravimetric analysis (TGA, TGA5500, 
TA Instruments) was carried out on the samples 

under a ramp of 20°C/min from 25-500 °C. The 
FTIR data was collected using an ATR-FTIR 
(Nicolet iS50 FTIR, Thermo Scientific). 

Results 

CNC – HBP Nanocomposites 

The FTIR spectrum of the support (CNC-
HBP-Support) was compared to the FTIR 
spectrum of CNC (CNC-Freeze Dried) as well as 
HBP (HBP Boltorn H30 Regular). The spectra 
clearly showed the existence of a urethane 
linkage, the presence of carbonyl groups from the 
hyperbranched polymer, and characteristic peaks 
for the CNC. The IR spectra of the three have 
been highlighted in Fig. 1. The FTIR results align 
with the expected results based on previous CNC 
functionalization studies [10,11]. Table 1 shows 
characteristic peaks and their wavenumbers key 
to our nanostructures. Isocyanate 
functionalization of the CNC is a challenge as the 
isocyanates are sensitive to moisture, and the 
presence of moisture leads to self polymerization 
of the toluene diisocyanate forming a polyurea 
[8]. For the peaks associated with the CNC unit 
of the nanocomposite, the broad peak between 
3100-3500 cm-1 corresponds to the characteristic 
O-H stretching and inter and intramolecular 
hydrogen bonding. The band at 2833 cm-1 

corresponds to the aliphatic C-H stretching in the 
CNC units. The peak at 1428 cm-1 can be assigned 
to the CH2 symmetrical bending and scissoring 
motion in CNC. The peak at 1160 cm-1 can be 
assigned to the CNC unit's C–O–C stretching. 
The band at 1110 cm-1 represents the stretching of 
the glucose unit in the CNC. For the HBP unit – 
the prominent carbonyl in its backbone is 
represented by a peak at 1729 cm-1 . The urethane 
linkage binding the CNC and HBP can be 
attributed to the peak at 1652 cm-1 . Previous 
studies on surface modification of CNC's with 
isocyanates have reported the carbonyl peak 
corresponding to the urethane linkage in between 
1600-1700 cm-1 [12]. The table below highlights 
key functional groups associated with the FTIR 
studies. The goal of surface modification of 
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CNC Freeze Dried
CNC HBP Support
HBP (Boltorn H30)

CNCs is to increase their processability in non- PHBV with the support. The glass transition 
polar mediums. temperature was recorded to be around -2.94 °C 

for the PHBV with the support and -7.98 °C for 
Table 1 Key IR peaks 

pure PHBV. Moreover, the onset temperatures 

Chemical Group 
Cellulose Hydroxyl 

Wavenumber (cm-1) 
3100-3500 

HBP Carbonyl 1729 
Urethane Carbonyl 1652 

Cellulose C-H 1030-1050 

were 158 °C and 159 °C for the PHBV without 
and with the support, respectively. Previous DSC 
studies have shown PHBV melting temperatures 
in the range of 170 °C [6,15]. 

The TGA shows that PHBV degrades at The suspensions of modified CNCs are more 
stable in solvent systems than unmodified CNCs 
[10–12]. The role of HBP in the composite is to 
aid in miscibility in the PHBV matrix. The 
hydrogen bonding due to an abundance of OH 
groups in the HBP structure with the polar groups 
of the PHBV polyester aids in the formation of a 
well-dispersed composite [13,14]. HBPs also 

a slightly higher temperature with the filler 
compared to pure PHBV. There is a sharp 
decomposition step in between 280-320 °C and 
no other steps. Previous TGA studies on CNCs 
show a degradation step in the range of 300-340 
°C [16]. This is the same temperature range in 
which the PHBV shows its degradation step. The 
TGA thermograms indicate that the properties of have been attributed to reduced melt viscosity 

and their use as toughening agents and stabilizers. the PHBV are not altered significantly and can be 

Achieving a nanostructure with the benefits of 
HBPs as well as CNCs as shown in the IR as a 
support to the PHBV matrix was the goal of the 
current study. 

Thermal Properties 

The thermal properties were assessed 
using DSC and TGA. Figure 2 shows the DSC 
and TGA graphs for the PHBV and PHBV 
composite. The DSC graph showed very similar 
results for the PHBV without the support and the 

processed using existing methods. 

Injection Molding 

Square samples and tensile specimens 
were injection molded using the conditions 
specified above. Figure 3 shows the specimens 
processed using a microinjection molding 
machine. The specimens visually show a uniform 
dispersion and homogeneity. This shows that 
PHBV composites can be processed using a 
traditional injection molding setup. 
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Figure 1 FTIR Spectra of CNC, HBP, and Support 
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Figure 2 TGA and DSC for PHBV composites 

 

Figure 3 Samples prepared by injection molding 

 

 

Conclusion 

The project focuses on preparation and 
characterization of CNC-HBP composites which 
can potentially improve the properties of PHBV. 
The FTIR clearly showed the linking of the 
hydroxyl groups on the CNC and HBP using 
isocyanate (urethane) chemistry. Solvent casting 
led to a good dispersion of CNC-HBP in the 
PHBV matrix. The injection molded samples 
prepared from the solvent cast blocks were 
uniform and homogenous.  The thermal analysis 
on the samples confirmed that they can be 
processed using existing methods used for 
processing unmodified PHBV. The authors 
expect the CNC-HBP support to improve 

mechanical properties of PHBV, but the analysis 
of those has been left to a future study.  
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