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Abstract 

In this work, cellulose (CSC) and lignin (CSL), chemically sourced from 

cornstalk (CS), were separately used as reinforcement on polylactide (PLA). 

The aim was to evaluate the influence of intra and intermolecular hydrogen 

bond interactions in these polysaccharides on the mechanical properties of 

PLA. Cellulose was synthesized from 100 µm CS particles using 1 M NaOH, 

while 1 M HCl was used in extracting (CSL) from CS. Biocomposite containing 

20 wt. % of each reinforcement was cast into tensile and flexural test 

specimens. The average hydrogen bonding EH calculated from Fourier 

Transform Infrared spectroscopy (FTIR) within the OH region of CSC was 

4.63 kCal, while that from synthesized CSL was 4.47 kCal. Furthermore, the 

average bond distance R (evaluated from FTIR) was 2.78 and 2.83 Á for CSC 

and CSL, respectively. Both reinforcements improved the tensile properties of 

PLA, but the composite (PLA/CSC) with CSC as reinforcement gave a better 

result. The tensile strength increased from 30.1 MPa in PLA to 45.5 and 67 

MPa in PLA/CSL and PLA/CSC, respectively. Unreinforced PLA began to 

yield from 15.1 MPa, while PLA/CSL and PLA/CSC commenced yielding from 

39.4 and 54.8 MPa, respectively. The maximum elastic modulus (2.32 GPa) 

was maintained by PLA/CSC, while unreinforced PLA possessed a modulus of 

1.96 GPa. The poorest response to elongation under tension (0.9 %) was 

recorded by unreinforced PLA, and PLA/CSC reached 4.7 % of its initial 

length before fracture.  The addition of CSC to PLA raised the flexural 

modulus and strength of PLA by 61.2 and 187.8 %, respectively. Morphology 

of the PLA fractured surface, analyzed via Scanning Electron Microscope 

(SEM), revealed minor cracks with flakes; the fractured surface was not as 

rough as that of PLA/CSC and PLA/CSL. This showed that unreinforced cast 

PLA displayed a brittle-like feature.
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1.0  INTRODUCTION 

There has been a profound and recurring 

clamour for the use of renewable materials for 

science and engineering applications in recent 

years because they are environmentally friendly 

and cheap to synthesize. Among the existing 

classes of materials, biopolymers are not only 

eco-friendly – they are also biocompatible with 

living tissues [1].  Their lightweight and multiple 

functionalities have made them useful in all 

spheres of science and technology, especially in 

recent times when every society now decries the 

negative influences of fossil fuel usage [2-3]. 
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Among the biopolymers are starch, chitin, 

chitosan, cellulose, lignin, gelatin, and protein 

[4-10]. An additional feature these polymers 

possess aside from their biocompatibility and 

versatility is their biodegradability; this offers 

them a big advantage over synthetic polymers 

such as polyethylene, Teflon, and epoxy. In 

tissue engineering, a widely used and often 

investigated biopolymer is polylactide (PLA); it 

is a linear aliphatic polyester that has been 

wholly sourced from corn and potato starch [11-

12]. Processing of PLA has been carried out by 

film casting [13], extrusion [14], injection 

moulding [15], fiber spinning [16], and additive 

manufacturing [15]. These processing techniques 

are enabled due to their greater ease of thermal 

processing than other biomaterials. Polylactide 

has faced some drawbacks because of its 

brittleness and poor flexibility [17]. A 

conventional way to improve the mechanical 

strength of PLA is by forming a composite with 

other bio-based lignocellulosic fillers such as 

cellulose and lignin; both are polysaccharides. A 

major component that imparts mechanical 

strength to every plant cell wall is cellulose, 

which is the most abundant biopolymer on earth. 

Lignin, on the other hand, is a cross-linked 

biopolymer that provides stiffness and 

mechanical strength to plant cell walls. It is 

necessary for the support of the plant’s internal 

components.  
 

The mechanical strength of cellulose is derived from 

its hydrogen bond structure and chemical 

modifications (done to alter its structure for other 

desired features). Wang et al. [18] reported that the 

tensile strength of cellulose sheets synthesized from 

water bamboo reduced from 18.34 MPa to 10.89 

MPa. The reduction in strength was attributed to the 

alteration of its hydrogen bond structure engendered 

by surface modification with a silane coupling agent. 

According to the researchers, the aim of this agent 

was to improve interfacial compatibility between 

PLA and cellulose. In an earlier study [19], it was 

reported that the hydrogen bond in cellulose can be 

influenced by the synthesis method employed. The 

amount (wt. %) of cellulose in the PLA matrix is also 

a contributing factor to PLA/cellulose mechanical 

properties. When 0.25 % softwood pulp cellulose 

nanofibril was added to PLA, Zhang et al. [20] 

noticed that the increase in the composite’s (3D 

printed nanofiber) tensile strength and elastic 

modulus was minimal; increasing the content to 0.5 

% yielded a more conspicuous increase, and the most 

profound results were achieved using 1 % cellulose. 

In addition to this, they stressed that increasing 

cellulose content in the PLA matrix will foster good 

interfacial bonding between the matrix and 

reinforcement.  

 

This further supports the investigations of Agbakoba 

et al. [21] and Bononad et al. [22], who affirmed that 

cellulose provides a good reinforcing effect on PLA.  

Previous studies have shown that lignin serves as a 

good reinforcement for PLA; the tensile strength of 

electrospun PLA fiber (0.19 MPa) was increased to 

0.3 and 1.19 MPa after adding corn chaff and 

coconut husk–sourced lignin, respectively [23].  

Most of the time (depending on source and isolation 

method), compatibilizers are added to PLA/lignin 

composites to support effective interfacial bonding, 

with lignin playing a major role in the strengthening 

effect [24-28]. Although it has been established that 

OH functional groups in cellulose with phenolic and 

aliphatic OH groups in lignin are responsible for the 

strengths of these polysaccharides, the effects of the 

magnitudes of their intra and intermolecular 

hydrogen bond features (within their respective OH 

groups) on the mechanical properties of PLA need to 

be investigated. In this study, cellulose and lignin are 

synthesized from cornstalk (CS) and used as 

reinforcement on PLA. Corn straw (corn stover) in 

farming is the most generated waste in comparison 

with other grain crops [29], consisting of stalk, cob, 

leaves, and husk. Cornstalk makes up 50 % of the 

total corn plant and has been a useful source of 

biogas and oil [30]. The hydrogen bond features in 

CS cellulose and lignin were evaluated and their 

influence as reinforcement materials on the 

mechanical properties of PLA is studied. 

 

2.0  METHODOLOGY 

 

2.1  Cellulose and Lignin Extraction from CS 

with Composites Preparation 

Cornstalks were dried and pulverized into 100  

particle sizes. To eliminate lignin and hemicellulose 

from CS, the particles were soaked in 1 M NaOH and 

continuously stirred for 2 h. The solution was filtered 

as both lignin and hemicellulose were dissolved into 

the filtrate while the residue contained cellulose; this 

was washed with distilled water to neutral pH and 

oven dried at 50 oC to complete dryness. To isolate 

lignin from CS, 30 % v/v of diethyl ether was mixed 

with the particles and allowed to soak for 24 h to 

remove possible extractives that may be contained in 
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the biomass. At the end of this period, the residue 

was washed with distilled water, filtered, and dried at 

50 oC in an oven. Cellulose and hemicellulose were 

isolated by reacting the particles with 10 M HCl at 

100 oC for 3 h. The residue (lignin) was washed and 

dried as previously done. In this study, cellulose and 

lignin isolated from CS are designated CSC and 

CSL, respectively. Each reinforcement (20 wt. %) 

was charged into molten PLA (MW 250,000 g/mol) 

at 170 oC in the heating chamber of a compounding 

machine. The device was designed with a stirrer 

(attached to an electric motor), which completely 

stirred the mixture to achieve a thorough distribution 

of reinforcement in the matrix. The mixture was cast 

into dog-bone-shaped specimens (in a steel mould) 

for tensile tests following ASTM D638 standards. 

Melts were also cast into flexural test specimens in 

accordance with ASTM D790 standards.  

 

2.2  Characterizations 

 

2.2.1 Fourier transform infrared spectroscopy 

(FTIR) 

To decipher the functional groups present in the 

structures of isolated CSC and CSL, a UATR Two 

spectrometer was used. At different times, 10 mg of 

CSL and CSC particles were dispersed in KBr. 

Employing a scan rate of 4 cm-1, absorbance 

measurements were taken between wavenumbers 

4000 and 500 cm-1. 

 

2.2.2 Tensile test 

The stiffness, tensile strength (UTS), elongation at 

break, yield, and fracture stress of each prepared 

tensile specimen (PLA, PLA/CSC, and PLA/CSL) 

were tested using an Instron tensile testing machine. 

At room temperature, each sample, which was firmly 

held at both ends by the gauge of the equipment, was 

subjected to an applied tensile load at 10 mm/min.  

The values of the instantaneous loads with their 

corresponding displacements were recorded, and 

stress-strain curves were plotted. 

 

2.2.3 Flexural test 

Three-point flexural testing was conducted using a 

Testometric Universal Testing Machine in 

accordance with ASTM D790 standard. A cross-head 

speed of 30mm/min, maintained at a span of 100mm, 

was employed for each sample. Flexural strength and 

modulus were measured from this technique. 

 

 

 

 

2.2.4 Scanning electron microscopy (SEM) 

Morphological features of PLA, PLA/CSC, and 

PLA/CSL were investigated using a VEGA 3 

TESCAN scanning electron microscope. 

 

3.0  RESULTS AND DISCUSSION 

3.1  Functional Groups and OH Bonding in 

Extracted Polysaccharides 

The spectra shown in Figure 1a demonstrate the 

active functional groups present in CS, CSC, and 

CSL. The spectrum of CS is comparable to that 

reported for other lignocellulosic biomass such as 

bamboo, albezia pods, brewery spent grain, and corn 

chaff [19], [23], [31-32]. This could be a result of the 

fact that all plant biomass contains some similar 

organic constituents/compounds (they may vary in 

amounts). To justify the efficacy of the two 

polysaccharides’ isolation from CS, Table 1shows 

the functional groups present in CSC and CSL.  Both 

spectra look similar, but there exist some functional 

groups that are peculiar to either polysaccharide. As 

mentioned for CS, the spectra results of CSC and 

CSL are similar to cellulose and lignin synthesized 

from other biomass [23], [33-34]. This could be 

attributed to the fact that they are lignocellulose in 

nature. Within the OH stretching of CSC (between 

3600 and 3000 cm-1), it has been reported that there 

exist an intermolecular ((3)H…O(5)) and two 

intramolecular (O(2)H…O(6) and O(3)H…O(5)) 

hydrogen bonds. As adopted by Ciolacu et al. [35], 

the hydrogen bond energy EH (kCal) in CSC was 

determined using Equation (1). This equation has 

also been used in calculating hydrogen bond energy 

for biomass-sourced polysaccharides in earlier 

studies [19], [36-37].  

 

                          (1)       

                                                                                           

Frequency attributed to free OH groups at 3600 cm-1 

is represented by .  is the frequency of the 

bonded OH groups and k = 1.68 x 10-2 kcal-1 

The bond distance R in each bond was determined 

using Equation (2) 

 

V = 4430 (2.84 – R)                                             (2) 

 

The wavenumber of each bond was determined by 

deconvolution between 3600 and 3000 cm-1 using the 

Gaussian method (R2 = 0.99). At 3412 and 3293 cm-1 

,there exist O(2)H…O(6) and  O(3)H…O(5) 

respectively for CSC intramolecular hydrogen bonds 

(Figure 1b);   O(6)H…O(3) intermolecular bond is 

absorbed on 3256 cm-1. This bond maintains the 

https://dx.doi.org/10.4314/njt.v44i4.4
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highest occupancy (68.46 %) in CSC (Figure 1b and 

Table 2). The magnitudes of EH possessed by each 

bond are displayed in Table 2. The average EH and R 

for CSC are calculated to be 4.63 kCal and 2.78 Á. 

In CSL, within the OH region, free OH groups (in 

alcoholic compounds) occur within (3616 – 3640 cm-

1); intra and intermolecular hydrogen bonds exist on 

3550 – 3560 cm-1 and 3520 – 3480 cm-1, respectively 

[38].  These bands were identified by plotting a 

second derivative of CSL spectra within the OH 

region [32], [39] as shown in Figure 2.  Results from 

this study show that the intramolecular hydrogen 

bond (in phenolic groups) is formed on 3554 and 

3577 cm-1, while the intermolecular hydrogen bond is 

found on 3528 cm-1. Wavenumber shifts ( OH) 

within hydrogen-bonded structures were used in 

determining the average strength of both inter and 

intramolecular interactions in CSL (Table 3). The 

magnitudes of    OH were used in determining the 

hydrogen bond enthalpy ( H) of CSL (equivalent to 

its hydrogen bond energy) using Equation (3) [40].  

 

- H (kCal/mol) = 0.016 OH + 0.63                     (3) 

 

 
 

Table 1: Functional groups of CS, CSC and CSL 

 Functional groups CS CSC CSL 

OH vibrations 3286 

3331, 

3295 

3343, 

3313 

CH stretching 2882 2866 2908 

C=C in benzene ring 1529 -- 1587 

C=O and CH (carbonyl and 

caboxylate) 1452 1406 1466 

OH vibration (Syringyl ring) -- -- 1212 

CO-C stretching 1153 -- -- 

C-O  (alcohol and phenols) 1074 -- 1092 

C-O and C-C (glycosydic 1020 1026 -- 

linkage) 

Cellulose and hemicellulose 

C-H deformations 929 892 -- 

 

 
Figure 1: (a) FTIR spectra of CS,  SC and CSL 

(b) FTIR spectra of CSC spectrum showing the 

intra and intermolecular hydrogen bonds 

between 3600-3000 cm-1. 

 
Table 2: Band assignment to the OH band (3600-

3000 cm-1) in CSC with their EH and R values 

 

Wave 

number  

(cm-1) 

Amount 

(%) 

EH 

(kCal) 

R 

(Á) 

O(2)…(6) 3412 21.05 3.11 2.80 

O(3)…(5) 3293 10.49 5.08 2.77 

O(6)…(3) 3256 68.46 5.69 2.76 

 

 

Table 3:  Wavenumber shifts of CSL from the 

second derivative of the FTIR spectrum, their bond 

enthalpies, and R values 

Sample 

wavenu

mber 

(cm-1)  

OH  

(cm-1) 

- H 

(kCal/m

ol) 

- R (Á) 

3577  264 4.85 
2.83 

3554  241 4.49 2.83 

3528   215 4.07 2.82 

https://dx.doi.org/10.4314/njt.v44i4.4
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Figure 2: FTIR (second derivative) spectrum of CSL 

 

3.2  Mechanical Properties of PLA PLA/CSC 

and PLA/CSL 

Figure 3 shows the tensile properties of PLA, 

PLA/CSC, and PLA/CSL. The tensile strength, 

which is the maximum stress, achieved by each 

material before fracture (UTS), increases from 30.1 

MPa (for PLA) to 45.5 and 67 MPa in PLA/CSL and 

PLA/CSC, respectively. The increase in the UTS for 

the composites can be attributed to the possibility of 

a strong interaction between PLA and each 

reinforcement. It has been reported that functional 

groups containing OH and CH3, which are present in 

PLA molecules, enhance interfacial interactions 

(with reinforcements), which eventually improve 

mechanical properties such as shear strength and 

fracture toughness of its composites [41].  Xia et al. 

[42] and Zhao et al.  

 

[43] affirmed that cellulose and lignin also possess 

these functional groups (also confirmed in this 

study); this may be the reason for the improvement in 

UTS observed in the composites, knowing that CSC 

and CSL contain these interfacial adhesion-

enhancing functional groups. In some polymer 

composites, agglomeration of reinforcement can 

engender improper matrix/reinforcement interfacial 

bonding. A scenario such as this was reported in the 

investigation of Gorgun et al., [44], where PLA was 

reinforced with 2, 3 and 5 wt. % microcrystalline 

cellulose particles. Reduction in the tensile strengths 

of composites compared to that of unreinforced PLA 

was ascribed to a poor transmission of stress across 

the PLA/reinforcement interface caused by 

agglomerations of microcrystalline reinforcement. 

This, according to the researchers, contributed to 

poor interfacial bonding. In this study, PLA begins to 

yield (yield stress, indicated by an arrow) from 15.1 

MPa, while PLA/CSL and PLA/CSC commence 

yielding from 39.4 and 54.8 MPa, respectively, under 

tension. The tensile stress-strain relationship 

indicates that PLA/CSC possesses the maximum 

elastic modulus (2.32 GPa), followed by PLA/CSL 

(2.02 GPa), and the least by PLA (1.96 GPa). 

Fracture strength and elongation at break of PLA are 

improved by adding CSC and CSL (Figure 3); 

PLA/CSC fractures at 56.9 MPa, while PLA/CSL 

and PLA fracture after 41.3 and 23.4 MPa, 

respectively, are attained. Polylactide has the poorest 

elongation under tension (0.9 %); the highest is 

recorded for PLA/CSC, where it stretches up to 4.7 

% of its original length before fracture. The addition 

of CSL also contributes to the improvement of PLA 

elongation in response to tensile load, as it expands 

longitudinally by 3.9 % before complete failure. 

Johansson et al. [45] reported that the addition of 

acetylated lignin to PLA elevated its elongation at 

break and impact strength as a result of reduced 

reinforcement agglomeration that occurred. 

However, its UTS and elastic modulus were lower 

than that of unreinforced PLA. Although the 

reason(s) for this were not mentioned, the high 

concentration of C=O present in the CSL (as a result 

of chemical modification) may be responsible for 

this.    Makri et al. [46] alluded lignin’s contribution 

to PLA’s improved tensile strength and elastic 

modulus to its rigidity, which was brought about by 

the concentration of benzene rings in its structure; in 

addition to this, the researchers added that 

stereocomplexion in lignin’s structure gave room for 

an easy transfer of load from PLA and this further 

encourages dispersion of lignin in PLA.  

 

 
Figure 3: Stress-strain curves for PLA, PLA/CSC, 

and PLA/CSL under tension 
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Figure 4: (a) Flexural modulus of PLA, PLA/CSC, 

and PLA/CSL 

 

 

 
Figure 4: (b) Flexural strength of PLA, PLA/CSC, 

and PLA/CSL 

 

Flexural strength and modulus of samples presented 

in Figure 3a-b indicate that using CSL and CSC 

improves these properties in PLA.   The addition of 

20 wt. % CSC to PLA heightens the flexural modulus 

and strength of PLA by 61.2 and 187.8 %, 

respectively. This composite (PLA/CSC) possesses 

the highest magnitude of both flexural modulus and 

strength. Cornstalk lignin also improves these 

properties in PLA, but their magnitudes are lower 

than PLA/CSC. The improved flexural properties of 

the composites suggest an indication of proper stress 

transfer at the matrix/reinforcement interphase [47]. 

Hydrogen bonds in cellulose have been reported to 

improve interfacial bonding energy that boosts the 

flexural strength of a composite [48]. This is also in 

line with the investigation of Zhang et al. [49], who 

synthesized lignin-polyamide 12 composite via 3D 

printing. The hydrogen bonding (generated from the 

OH and C6H5OH contents in lignin) improved the 

interaction between the matrix and reinforcement and 

led to an increase in the composite’s flexural 

strength.  

 

3.3  Morphological Study 

Figure 5a-c shows the SEM morphologies (fractured 

surfaces after tension) of PLA, PLA/CSL, and 

PLA/CSC. A cracked surface with PLA flakes exists 

in the fracture micrograph of PLA (Figure 5a), while 

more cracks are revealed on the fractured surface of 

PLA/CSL composite (Figure 5b). The fractured 

surface appears rougher compared to that of PLA, 

and it possesses finer matrix flakes. Agglomeration 

of reinforcement is not evident in the morphology of 

the PLA/CSL fractured surface; this is also similar to 

that of PLA/CSC (Figure 5c), whose fractured 

surface is devoid of reinforcement agglomeration. Its 

surface is rougher than that of PLA/CSL, which 

justifies its best performance under tension (elastic 

modulus, yield, tensile, and fracture strengths) of the 

three polymer samples. Cellulose and lignin offer 

mechanical strengths to plants [50-51] as a result of 

their intrinsic stiffness engendered by extensive 

hydrogen bonding in their structures. The stiffness of 

these polysaccharides is responsible for the increase 

in tensile loads (when compared to that of PLA) 

required in deforming each composite to complete 

fracture. Pulling these samples apart, therefore, 

creates a rough surface in the composites. This also 

justifies the reason why the elongation at break 

follows the order: PLA/CSC>PLA/CSL>PLA. 

 

 
Figure 5: SEM of fractured surfaces after tensile 

tests (a) PLA (b) PLA, PLA/CSL (c) PLA/CSC 

 

4.0  CONCLUSION 

In this work, cellulose (CSC) and lignin (CSL) have 

been successfully synthesized from cornstalk (CS).  

The average EH calculated from the combined intra 

and intermolecular hydrogen bonding interactions in 

CSC is calculated to be 4.63 kCal, while that from 

CSL is calculated to be 4.47 kCal. In addition to this, 
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the average R 2.78 Á is maintained by CSC, which is   

 2.8 % lower than that of CSL. This implies that the 

shorter the magnitude of R, the stronger the bond 

strength. As reinforcement in PLA, the higher 

magnitude of average EH in CSC is responsible for 

PLA/CSC displaying a UTS of 67 MPa, 54.8 MPa 

yield strength, 2.32 GPa elastic modulus, and 4.7 % 

elongation. Although both composites showed 

improved mechanical performances compared to 

unreinforced PLA, PLA/CSC showed a better 

response of the two. This study thus confirms that the 

hydrogen bonds in biomass cellulose and lignin play 

a major role in the mechanical performance of a 

polymer composite. Changing the mechanical 

properties of a polymer matrix can thus be influenced 

by altering the hydrogen bonds in CSC and CSL, 

which can be achieved by employing different 

polysaccharide isolating methods. Composites such 

as PLA/CSC and PLA/CSL developed in this study 

can be used as structural supporting devices in soft 

tissue engineering; reinforcing materials with the 

matrix are both biodegradable, and the mechanical 

properties fall within those possessed by soft tissues 

in humans. This work has only established the 

efficacy of CSC and CSL hydrogen bond interactions 

in PLA; further work will examine the influence of 

other extraction methods on their bond structure, 

composites’ biodegradation (In Vitro), antimicrobial 

features, and glass-transition temperature.     
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