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Abstract 
 

Starch has received much attention due to the advantages, such as low cost, wide availability, and excellent compostability 
without toxic residues. However, starch-based materials are known with limitations related to weak mechanical properties 
and poor long-term stability, which could be overcome by incorporation with carbonaceous nanofillers. Thus, 
nanobiocomposites, namely dispersion of nano-sized fillers into a starch-biopolymer matrix, is one of the most promising 
technological advances. The starch-based carbonaceous nanofillers not only improve the poor mechanical properties of 
starch, but also change the performance of carbonaceous nanofillers solubility in water. This paper reviews the state-of-the-
art in the field of starch-based carbonaceous nanofillers. Two types of carbonaceous nanofillers including carbon nanotubes 
and graphene that have been used with starch are discussed. The main properties and applications of starch-based 
carbonaceous nanofillers are also discussed. 
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1 Introduction  

Starch is the top two abundant polysaccharides, which have 

been used in food applications for years, such as sweetening, 

thickening, binding and emulsifying agents.[1] As one of the 

main staples for a few countries, the abundant production of 

starch has a bright future in sustainable food supply.[2] As the 

environment and the use of fossil resources are facing 

increasing challenges, therefore, starch used in non-food 

applications has experienced considerable development in the 

past decades.[3] Like many other polymers, starch can be 

produced into different end-use forms such as extruded, 

molded, thermoformed, or blown articles.[4] Starch-based 

materials still have limitations, such as poor processability and 

chemical modification. Starch-based biocomposites with 

improved performance have been developed in recent years.[5-

7] Nano-sized fillers which size range from 1 nm to 1000 nm 

are used to improve the performance and add new 

functionalities to starch-based materials. 

As one of the carbonaceous nanofillers, carbon nanotubes 

(CNTs) display not only performance improvement but also 

new functionalities, especially electrical conductivity and 

electroactivity.[8,9] However, the hydrophobicity of CNTs may 

limit their application. CNTs easily aggregated in the polymer 

matrix and resulted in poor reinforcing effects. Therefore, 

hydrophilic starch as a substrate can be combined with CNTs 

to improve the function of CNTs. Graphene, as another 

important carbonaceous nanofiller, has attracted strong 

scientific and technological attentions due to its great promise 

in many applications, such as electronics, energy 

storage/conversion, and bioscience/biotechnologies.[10-14] Its 

excellent performance such as excellent thermal conductivity, 

electric conductivity and strong mechanical strength leads to 

its wide application.[15,16] However, the inherent high specific 

surface area and wettability of graphene result in poor 

dispersibility and weak bonding with polymers which could 

limit the enhancement of both conductivity and mechanical 

properties.[17] The efforts on the combination of graphene and 

natural resources as environmentally friendly alternatives to 
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synthetic materials have attracted much attention. Starch with 

strong hydrophilicity can significantly improve the electrical 

and adsorption properties of graphene materials, which are 

hydrophobic and have low wettability. 

Comparing with conventional synthetic polymers, starch 

has a unique chemical structure and processing behavior, and 

can be used as a composite biopolymer for many materials. 

Starch-based composite foams were prepared by 

compounding starch with PCL, chitosan, Latex, and PVOH.[18] 

Nanocrystalline cellulose has been introduced as 

reinforcement for thermoplastic starch.[19] According to Xie et 

al., various types of nanofillers that have been used with 

plasticized starch were discussed such as phyllosilicates and 

polysaccharide nanofillers.[3] Thus, starch-based carbonaceous 

nanofillers can simultaneously improve the properties of 

starch and carbonaceous nanofillers, which can expand the 

application of starch and carbonaceous nanofillers. The 

incorporation of appropriately tuned carbonaceous nanofillers 

into starch as a biopolymer could provide complex structures 

and special properties. These nanocomposites with special 

properties could be designed for a wide range of conventional 

and emerging applications. This paper will provide a 

comprehensive review of starch-based carbonaceous 

nanofillers. 

 

Fig. 1 Starch granule and its hierarchical structure (modified 

from a figure in Wang et al.[33])  

 

2 Granular and molecular structures of starch 

Starches which isolated from different botanical sources show 

characteristic granule morphology.[1] The granule size, shape, 

crystallinity and internal molecular organization vary with the 

botanical source. Starch consists of two components: amylose 

and amylopectin. The two components together form 

alternating amorphous and semicrystalline shells (growth 

rings) (100–400 nm), crystalline and amorphous lamellae 

(periodicity) (9–10 nm) and macromolecular chains 

(∼nm).[1,20-22] Normal native starches have 20–30% amylose 

and 70–80% amylopectin. Amylose is an essentially linear 

polymer which is formed by connecting α-1,4 linked 

glucopyranosyl units. Amylopectin is a highly branched 

molecule that is formed by connecting α-D-glucopyranosyl 

units in chains joined by a-1,6 linkages. Amylose has 500-

6,000 glucose units and molecular weight on the order of 105 

to 106. Amylopectin, one of the largest molecules found in 

nature, has a molecular weight in the range of 107  to 109 and 

has 5000–50,000 D-glucose units which is much bigger than 

amylose.[23] Within the starch granule, amylopectin molecules 

are oriented radially with the non-reducing ends of chains 

pointing toward the outer surface. Although the exact 

molecular architecture is still not clear, a cluster model for the 

structure of amylopectin was proposed by Robin et al.[24] and 

it is widely used. This model is based mostly on indirect 

evidence from the analysis of amylopectin chain lengths, 

which does not indicate the distribution of the chains within 

the structure. In a more recent alternative model, the helical 

clusters are proposed to be arranged perpendicularly to a 

backbone formed from the long amylopectin chains.[1] 

Starch granules are characterized by concentric growth 

rings originating from the hilum of the granule in the internal 

architecture.[25] Each growth ring is composed of blocklets 

which consist of semi-crystalline lamellae. And the semi-

crystalline lamellae include crystalline lamellae which contain 

clusters of amylopectin chains in double helical configurations 

and amorphous lamellae which are considered mainly contain 

amylopectin branch points, amylopectin chains not organized 

into helical configurations, and long linear amylopectin chains 

that interconnect the clusters.[26] The clusters of amylopectin 

helices have A, B and C type crystalline structures. The A-type 

crystal structures, which are more densely packed occur 

mainly in cereal starches and B-type structures, are 

predominant in tuber, root and high-amylose starches. C type 

is the mixture of A- and B-type crystals, which occurs in native 

starch from legumes, some roots and fruits.[27-29] In most 

studies, B-type crystalline polymorphs are proposed to be in 

the center of the granules surrounded by peripheral A-type 

polymorphs, whereas the opposite occurs in high-amylose 

mutant rice starch. The cluster structure of amylopectin has a 

significant effect on the thermal properties and digestibility of 

starch.[30,31]  

The amorphous regions and the location of amylose in the 

granules are not clear. There are various hypotheses: some 

studies showed that amylose chains were involved in 

interactions with amylopectin and more concentrated at the 

periphery than at the core of the granules;[32] some hypotheses 

indicated that amylose molecules formed the bulk of the 

amorphous core of granules and a small number of amylose 

chains interspersed among the amylopectin clusters oriented 

towards the outer surface of the granules act as reinforcing 

rods.[33]  

 

3. Starch-based carbon nanotubes 
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3.1 Carbon nanotubes 

CNTs are unique tubular structures that have nanometer 

diameter and large length/diameter ratio. CNTs consist of one 

to hundreds of concentric shells of carbons with adjacent 

shells separation of 0.34 nm. The carbon network of the shells 

is closely related to the honeycomb arrangement of the carbon 

atoms in the graphite sheets. The amazing mechanical and 

electronic properties of the nanotubes stem in their quasi-one-

dimensional (1D) structure and the graphite-like arrangement 

of the carbon atoms in the shells. Thus, the nanotubes have 

high Young’s modulus and tensile strength, which makes them 

preferable for composite materials with improved mechanical 

properties. CNTs include single-wall carbon 

nanotubes(SWCNTs) and multi-wall carbon nanotubes 

(MWCNTs). Despite the wide use of CNTs in other polymer 

nanocomposite systems,[34] the use of CNTs as the nanofiller 

for starch-based materials has just been initiated and 

MWCNTs were more widely used than SWCNTs. This may 

be due to the lower price and more abundance of MWCNTs 

than SWCNTs. Besides, MWCNTs exhibit a high aspect ratio 

(∼1000), excellent mechanical, thermal and electrical 

properties. 

 

3.2 Preparation starch-based carbon nanotubes 

There are two main forms of compounding starch and CNTs, 

which include convenient solution process assisted mixing and 

casting method, the other way is CNTs functionalized by 

starch. In the first method, much care should be taken to 

choose the sequence of addition of ingredients which might 

affect the nanofiller dispersion, the 

gelatinisation/plasticisation, and thus the final structure and 

properties of the nano-biocomposite. This method for 

preparing starch-CNTs composites is simple physical mixing, 

and therefore strong chemical bonds such as H-bonds are not 

formed between starch and CNTs. The starch functionalized 

CNTs, or CNTs modified starch generally require the 

pretreatment of starch and CNTs to functionalize the surface. 

After providing more functional groups to the surface of starch, 

a tighter(robust) nanocomposite is formed between starch and 

CNTs. 

 
3.3 Properties and applications of starch-based carbon 

nanotubes 

After compounding starch with CNTs, some excellent 

properties and wide applications will appear. According to 

Cheng et al. starch-based carbon nanotubes films based on 

plasticized starch and modified-carbon nanotubes were 

prepared by a simple casting method.[35] CNTs were oxidized 

to prepare CNT oxide (OCNT) by Hummer’s method, and 

OCNTs were reduced by glucose to obtain reduced CNT 

(RCNT). The thermogravimetric results revealed that OCNTs 

and RCNTs contained about 15 and 8 wt% oxygen containing 

groups respectively, which made them disperse well in 

water.[35] Therefore, the plasticized starch-CNT, plasticized 

starch-OCNT, and plasticized starch-RCNT composites could 

be used to fabricate composites by casting process easily. The 

tensile strength, moisture resistance and electrical 

conductivities of the composites were tested in this study. The 

TEM images of the CNTs, OCNTs and RCNTs are shown in 

Fig. 2. They found that the reinforcing effect of RCNTs was 

more obvious than CNTs. The moisture resistance of CNTs 

was better than that of OCNTs and RCNTs. The electrical 

conductivities of plasticized starch-CNT, plasticized starch-

OCNT, and plasticized starch-RCNT composites were no 

obvious difference. 

 

Fig. 2 TEM of CNT (a and b), OCNT (c and d), and RCNT (e and 

f). Reprinted from.[35] 

 

Nanocomposite films were prepared from plasticized 

starch/functionalized multiwalled carbon nanotubes by a 

simple solution casting method to make as a gas barrier.[36] The 

multiwalled carbon nanotubes were functionalized by the 

hydrogen peroxide and H2SO4 and then mixed with plasticized 

starch by casting method. The thermal conductivity was 

enhanced after starch incorporation of a small amount of 

functionalized multiwalled carbon nanotubes. The electrical 

conductivity of starch/ functionalized multiwall carbon 

nanotubes was also increased which may be due to the good 

connectivity of carbon nanotubes. Cao et al. also prepared 

nanocomposites from plasticized starch and multiwall carbon 

nanotubes by a simple method of solution casting and 

evaporation.[37] The morphology, thermal behavior, and 

mechanical properties of the films were investigated in their 
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study. After MWCNTs introduced into the plasticized starch, 

the tensile strength and Young’s modulus of the 

nanocomposites were enhanced significantly from 2.85 to 4.73 

Mpa and from 20.74 to 39.18 MPa, respectively with an 

increase in MWCNTs content from 0 to 3.0 wt %, respectively. 

The value of elongation at break of the nanocomposites was 

higher than that of plasticized starch and reached a maximum 

value as the MWCNTs content was at 1.0 wt %. Besides the 

improvement of mechanical properties, the incorporation of 

MWCNTs into the plasticized starch matrix also led to a 

decrease in the water sensitivity of the plasticized starch-based 

materials. Famá et al. reported increments up to almost 70% 

in stiffness and 35% in ultimate tensile strength, and keeping 

deformations higher than 80% without break after starch films 

bound with very small quantities of multi-walled carbon 

nanotubes.[38] Therefore, tensile toughness also increased by 

up to ∼50%. Enhancements up to ∼100% in biaxial impact 

parameters were also observed. In addition to assisted mixing 

and casting, starch can be grafting onto the surfaces of 

functionalized multiwalled carbon nanotubes.[39] FTIR 

revealed that the covalent bonds between –OH groups of 

soluble starch and carboxylated MWCNTs. TEM and TG 

showed that carboxylated MWCNTs were covered with the 

grafted starch. The grafted starch facilitated the dispersion of 

carboxylated MWCNTs–starch in water and chitosan films 

because of the hydrophilic of starch. As for electrochemical 

properties, compared to carboxylated MWCNTs, carboxylated 

MWCNTs–starch exhibited a couple of redox peaks in cyclic 

voltammograms testing. 

In the process of compounding starch with CNTs, other 

nanomaterials can be added to improve the performance of the 

composite material. A novel nanocomposite material with 

electrochemical sensing was prepared from 

polyaniline/multiwall carbon nanotubes/starch as a good 

electrode material.[40] The developed ternary composite system 

has manifold interactions and synergistic improved properties-

high surface area, good electro-activity, stable dispersion, 

biocompatible, hydrophilic, multifunctional, and 

nanoturmeric shape morphology. Moreover, the 

polyaniline/multiwall carbon nanotubes/starch composites 

were fabricated for hydrogen peroxide biosensor with 

hemoglobin. The molecular structures of MWCNTs, starch, 

polyaniline, and hemoglobin were shown in Fig. 3. The 

developed biosensor showed a linear range result, the limit of 

detection, sensitivity, and long-term storage and stability. This 

material could be used as a platform to develop some other 

sensors by using other redox enzymes.  

Functionalized multiwalled carbon nanotubes were used 

as reinforcing agents for poly(vinyl alcohol)/starch 

nanocomposites.[41] MWCNTs were carboxylated by a 

conventional acid oxidation process and then poly(ethylene 

glycol) monomethylether was covalently attached to the 

carboxylated MWCNTs via esterification. The chemical 

structures of all samples as representatives were characterized 

by Fourier transform infrared spectroscopy and the 

morphology of the nanocomposites was probed by scanning 

electron microscopy. Moreover, the mechanical properties of 

the nanocomposites were improved due to the presence of 

functionalized MWCNTs. In conclusion, these materials show 

great potential in further applications in the coming decades 

and become an alternative engineering thermoplastic due to 

the processability, biodegradability, and acceptable cost. 

Polymer nanocomposites based on poly(vinyl alcohol)/starch 

blend and carbon nanotubes (CNT) were also prepared 

according to Jose et al.[42]

 

 
Fig. 3 Schematic diagram of functioning of peroxide biosensor, and molecular structures of MWCNTs, starch, polyaniline, and 

hemoglobin. Reprinted from.[40]
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Fig. 4 Preparation scheme of the thermoplastic starch and graphene oxide bionanocomposites. Reprinted from.[51] 

 
Fig. 5 Schematic representation for the structure of the starch/lignin-GO bionanocomposite film and the possible interactions between 

starch, lignin, and GO nanosheets. Reprinted from.[54] 

 

CNTs were added to the polycaprolactone and 

thermoplastic starch to prepared nanocomposites. A 

polycaprolactone/CNT masterbatch was first prepared and 

then blended with 20 wt% thermoplastic starch. The results of 

the transmission and SEM images reveal a CNTs localization 

principally in the thermoplastic starch phase and partly at the 

polycaprolactone/thermoplastic starch interface, which 

indicates a strong driving force for the CNTs toward 

thermoplastic starch. The addition of CNTs to 

polycaprolactone resulted in an increase in the crystallization 

temperature and a decrease in the percent crystallinity, 

confirming the heterogeneous nucleating effect of the 

nanotubes. Finally, DMA analysis revealed a dramatic 

decrease in the starch-rich phase transition temperature 

(∼26 ℃), for the system with nanotubes located in the 

thermoplastic starch phase. Multiwall carbon nanotube 

composites functionalized by soluble starch were used to 

adsorb dyes in the study by Chang et al.[43] The results of the 

study showed that the starch component (about 14.3 wt%) was 

covalently grafted onto the surface of MWCNT. Starch acted 

as a template for the growth of iron oxide nanoparticles which 

were uniformly dispersed on the surface of the MWCNT-

starch. MWCNT-starch-iron oxide exhibited 

superparamagnetic properties with a saturation magnetization 

(23.15 emu/g) and better adsorption for anionic methyl orange 

and cationic methylene blue dyes than MWCNT-iron oxide. 

 

4. Starch-based carbon nanotubes graphene 

4.1 Graphene 

Graphene, a single-layer carbon sheet with a hexagonal 

packed lattice structure, has attracted tremendous research 

interest in recent years. It has exceptional properties, such as 

the quantum hall effect, high carrier mobility at room 

temperature, large theoretical specific surface area, good 

optical transparency, high Young’s modulus and excellent 

thermal conductivity.[44-46] The scaled-up and reliable 

production of graphene derivatives, such as graphene oxide 

(GO) and reduced graphene oxide (rGO), offers a wide range 

of possibilities to synthesize graphene-based functional 

materials for various applications. To date, graphene-based 
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composites have been successfully made with inorganic 

nanostructures, polymers, and so on.[47,48] While graphene-

based composites cannot be dispersed in water or organic 

solvent, which limited the use of graphene, graphite oxide (GO) 

is hydrophilic and can form strong physical interactions with 

a polymer like starch due to its various oxygen functional 

groups including hydroxyls, epoxides, carbonyls, and 

carboxyls.  

 
4.2 Preparation starch-based graphene  

There are two main forms of compounding starch and 

graphene: convenient solution process assisted mixing and 

casting method; and graphene oxide reduced by soluble starch. 

The soluble starch is the starch powder from food products. 

This kind of starch has similar structure as glucose, thus, it has 

nearly the same reductive ability as glucose for graphene oxide 

reduction.[49] After a reaction between starch with more 

functional groups and graphene oxide, a tighter 

nanocomposite is formed in the process of compounding 

starch with graphene, other nanomaterials can be added to 

improve the performance of the composite material such as 

poly (vinyl alcohol) and lignin. In addition to prepare a film, 

the composite of starch and graphene can also form hydrogels, 

which provide cross-linked network. 

 

4.3 Properties and applications of starch-based graphene 

The casting process was used to prepared RGO/plasticized-

starch.[50] The abundant residual oxygen-containing groups of 

RGO could form hydrogen bond interactions with starch. 

These interactions and the unidirectional/uniform dispersion 

of RGO sheets in the plasticized-starch matrix played 

important roles in improvements to mechanical and moisture 

barrier properties. The RGO/PS (polystyrene) composites with 

desirable mechanical properties are some of the most 

promising candidates for advanced UV shielding, biochemical, 

or electrochemical materials. Waxy corn starch, glycerol, and 

graphene oxide were used to prepare nanocomposites.[51] The 

preparation scheme is showed in Fig. 4. The results showed 

that this bionanocomposite had an irregular texture, a good 

dispersion of GO, and higher thermal stability than 

thermoplastic starch. The tensile strength and Young’s 

modulus increased by 140% and 230% at a GO loading level 

of 0.5% due to good interfacial interactions of GO and the 

waxy corn starch matrix. 

 

 
Fig. 6 Schematic representation of the preparation of PF/RGO polymer nanocomposite. Reprinted from.[56] 
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In the process of compounding starch with graphene, other 

nanomaterials can be added to improve the performance of the 

composite materials. Acetylated starch and poly (vinyl alcohol) 

loaded with graphene oxide were used to prepared 

bionanocomposite films.[52] The results of the analysis showed 

that molecular-level interactions between components are 

mainly hydrogen-bonding types. After the photochemical 

treatment, the thermal diffusivity and electrical resistivity of 

starch–GO nanocomposites have increased one order and 

decreased two orders of magnitude, respectively. Novel 

chitosan /oxidized starch /graphene oxide nanocomposites 

films are prepared in a casting and solvent evaporation 

method.[53] The tensile strength of these nanocomposites 

increased as the GO loading increased from 0 to 2.0 wt %. The 

presence of GO also decreased the MU and increased the 

degradation temperatures of the nanocomposites. The 

investigation suggested that the carboxyl groups introduced 

into the starch and the incorporation of GO can improve the 

properties of the starch-based composites due to the 

synergistic interaction and hydrogen bonding between GO, CS, 

and oxide starch. Starch/lignin biopolymer matrix can also be 

prepared using graphene oxide as a nanoreinforcing agent.[54] 

Bionanocomposite films based on starch/lignin blend matrix 

and GO were prepared by solution-casting technique of the 

corresponding film-forming solution. The results showed that 

the content of GO has a significant influence on the 

mechanical properties of this bionanocomposite and the 

addition of GO also reduced moisture uptake and water vapor 

permeability of this bionanocomposite film.  

Moreover, starch and modified starch would be used to 

reduce the graphene oxide. According to Han et al., starch acts 

as an ideal reductant and stabilizer reduced the graphene oxide 

with Ag(NH3)2
+, and Ag(NH3)2

+ can be formed by 

simultaneous reduction.[55] After reduced by the starch, the 

RGO/Ag NPs showed high stability in aqueous solution. The 

RGO/Ag NPs show higher antimicrobial activity against the 

gram negative bacterial Pseudomonous aeruginosa than Ag 

NPs. Because RGO and starch are low-cost and nonpoisonous, 

the RGO/Ag NPs may have a good prospect as antimicrobial 

agents for the application in the industry. Potato starch was 

used as a reductant to reduce graphene oxide.[56] Then the 

starch reduced graphene oxide was effectively incorporated 

into PF (phenol formaldehyde) resin by optimizing various 

processing parameters. The schematic representation of the 

preparation of PF/RGO polymer nanocomposite was shown in 

Fig. 6. The results confirmed the successful incorporation of 

starch reduced-GO into the PF matrix, thermal stability of the 

PF/RGO polymer nanocomposites was increased after the 

RGO was incorporated into PF resin. The mechanical 

properties of PF/RGO nanocomposites increased with an 

increase in RGO content up to 0.12 wt%. Moreover, the tensile 

strength, Young's modulus and impact strength of PF/RGO 

nanocomposites increase by 56, 34, and 9% respectively as 

compared to that of neat PF. 

In addition to preparing a film, the compound of starch and 

graphene can also form hydrogels. Starch-based hydrogels 

were performed by Diels-Alder cross-linking reactions with 

improved conducting properties by graphene layers as active 

nanofillers.[57] After the rGO was added, the nanocomposite 

hydrogel presented higher mechanical and antimicrobial 

activity against both gram positive and gram-negative bacteria, 

and the conductivity of the material was improved in a decade. 

A novel polysaccharide-based nanocomposite hydrogel was 

obtained from graft copolymerization of acrylamide (AM) 

monomer onto starch backbones in the presence of graphene 

oxide (GO) nano sheets and nano-hydroxyapatite to the 

removal of malachite green (MG) dye from aqueous 

solution.[58] The process of the nanocomposite adsorbed 

malachite green was feasible, spontaneous and endothermic. 

The nanocomposite also has an excellent regeneration 

capacity after five consecutive cycles of dye adsorption-

desorption. 

 

5. Summary and Perspective 

The preparation, properties, and applications of starch-based 

carbonaceous nanofillers are discussed in this review. With the 

incorporation of these nanofillers, starch-based materials 

generally show improvement in some of their properties such 

as mechanical properties, thermal stability and biodegradation 

rate. The improvement may be due to the homogeneous 

dispersion of the nanofillers in the matrix and the strong 

interface adhesion which makes these new materials have a 

rigid nanofiller network. Moreover, carbonaceous nanofillers 

have an aspect ratio/surface area, excellent chemical and 

mechanical properties, which correspondingly influenced the 

preparation, properties and applications of starch-based 

carbonaceous nanofillers. However, how the carbonaceous 

nanofillers affected the crystalline structure and crystallinity 

of the starch matrix has not been unambiguously elucidated. 

For better performance and new functionalities to be 

competitive in the materials world, it is still very important to 

test new methods and carbonaceous nanofillers to be 

incorporated with starch for developing promising nano-

biocomposites. In addition, the heterogeneous dispersion of 

the carbonaceous nanofillers in starch issue existed in the past 

studies should be addressed in the future. Research is also 

needed regarding the problems with the application and mass 

production of the starch-based carbonaceous nanofillers. As 

the nanomaterial and nanotechnology play more and more 

important role,[59,60] expanding the applications of the carbon-

based materials in the other areas would be promising, such as 

energy related topics.[61,62]  
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