
Reinforcement of Enzyme Hydrolyzed Longer Jute
Micro Crystals in Polylactic Acid

Hafiz Shahzad Maqsood, Vijay Baheti, Jakub Wiener, Jiri Militky
Department of Material Engineering, Technical University of Liberec, Studentska 2, Liberec, 46117,
Czech Republic

The waste jute fibers generated in textile industries
were hydrolyzed to the form of longer jute microcrys-
tals of size 5423, 3789, and 2,035 nm diameter after 4,
6, and 8 days of cellulase enzyme treatment. The
obtained crystals were incorporated into poly(lactic
acid) matrix at 1, 5, and 10 wt% loading to prepare
composite films by solvent casting. The reinforcement
potentials of microcrystals were investigated from the
improvements in mechanical properties based on ten-
sile tests, dynamic mechanical analysis, and differen-
tial scanning calorimetry. The maximum improvement
was observed in case of 1 wt% composite film where
tensile strength increased by 39.72% and crystallinity
increased by 57.43% over neat PLA film. From storage
modulus results, the improvement in load bearing
capacity of composite films was found negative at
608C than 358C, which showed failure of jute micro-
crystals to improve the softening temperature of PLA
matrix. At the end, when experimental results of initial
modulus were compared with predicted values
obtained from different mechanical models, a good
level of agreement was found at 1 wt% loading of
JMC. POLYM. COMPOS., 00:000–000, 2016. VC 2016
Society of Plastics Engineers

INTRODUCTION

In recent years, nanocellulose has intrigued significant

interest as fillers in high performance composite materials

due to their excellent mechanical properties, good bio-

compatibility, high surface area, and low coefficient of

thermal expansion [1, 2]. In the previous works, extraor-

dinary properties of nanocellulose in terms of 150 GPa

elastic modulus and 1027 K21 thermal expansion coeffi-

cient have been reported [3]. Due to their renewable, low

cost, low density, and nonabrasive nature, nanocellulose

fillers are increasingly used in composites over inorganic

fillers [4]. The utility of nanocellulose have been realized

for a wide variety of applications such as polymer com-

posites, protective coatings, barrier membranes and filtra-

tion media [5]. In particular, nanocellulose filled

composites are suitable in the field of automotive indus-

try, construction, electronics, cosmetics, and packaging.

The isolation of elementary cellulose structures from

different raw materials has become an important research

area in recent years. The elementary structures of cellu-

lose are organized into perfect stereo regular configura-

tions by inter and intramolecular hydrogen bonding of

1,4,d-anhydroglucopyranose chains [6–8]. In order to sep-

arate the individual cellulose crystals or fibrils, it is nec-

essary to overcome interfibrillar hydrogen bonding energy

of around 20 MJ/kg mol [9]. Depending on different raw

materials and extraction methods, nanocellulose exhibits

different morphologies in terms of diameter, length, and

shape. They are generally described as cellulose whiskers,

microcrystalline cellulose, nanocrystalline cellulose, nano-

fibrillar cellulose, etc. However, for the reinforcement

applications in composite materials, nanocellulose fillers

having higher aspect ratio are preferred.

The number of different techniques based on chemical,

mechanical, and chemo-mechanical principles have been

used in previous research work for separation of individual

cellulose crystals/fibrils [1, 2]. The chemical process is

usually carried out using 63.5% (w/w) sulfuric acid for the

hydrolysis, which resulted in cellulose nanowhiskers with a

length between 200 and 400 nm, having width lesser than

10 nm and a yield of 30% [10]. On the other hand,

mechanical processes such as ball milling, high intensity

homogenization, cryocrushing, and ultrasonication have

been used successfully to produce longer (several micro-

meters) but less uniformly sized (5–100 nm wide) and less

crystalline cellulose nanofibrils [11]. The strong acid

hydrolysis method has a number of important drawbacks

such as potential degradation of the cellulose, corrosivity,

and environmental incompatibility, whereas the major

obstacle with mechanical processes is high energy con-

sumption during fiber disintegration [1, 2]. As a result, the

isolation or disintegration of cellulose fibers without severe

degradation and at reasonable costs is still difficult.

In order to disintegrate fibers to the level of mechani-

cally strong cellulose elementary fibrils without complete
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dissolution to the scale of nanowhiskers, it is necessary to

work on chemically less aggressive hydrolysis concepts.

In present study, the cellulase enzyme assisted hydrolysis

was chosen to maintain extensively entangled networks,

higher strength and higher aspect ratio of the cellulose

elementary crystals for reinforcement in composite appli-

cations. Cellulases are a group of multicomponent

enzyme systems produced by microorganisms that help in

the degradation of cellulose [12, 13]. The filamentous

fungus Trichoderma reesei (anamorph of Hypocrea jecor-
ina) is one of the most efficient producers of extra cellu-

lar cellulase enzyme. There are further two sub-groups of

cellulase that affect crystalline and amorphous regions of

cellulose separately. Cellobiohydrolase attacks the crystal-

line structure of cellulose, whereas endogluconase cata-

lyzes the hydrolysis of amorphous cellulose [14, 15].

The objective of present study was to produce longer

cellulose microcrystals of higher aspect ratio from waste

jute fibers by using controlled and slower enzymatic

hydrolysis. In the subsequent stage, 1, 5, and 10 wt% of

obtained jute microcrystals (JMC) were incorporated in

poly(lactic acid) (PLA) matrix to prepare composite films

by solvent casting. In this way, the reinforcement of lon-

ger microcrystals was investigated from the improvements

in mechanical properties based on tensile tests, dynamic

mechanical analysis (DMA), and differential scanning cal-

orimetry (DSC).

EXPERIMENTAL METHODS

Materials

The jute fibrous waste was obtained from the spinning

department of Gloster Jute Mill, Kolkata, India. The

fibers were measured to have a density of 1.58 g/cm3,

modulus of 20 GPa, tensile strength of 440 MPa, and

elongation of 2%. The chemical composition of fibers

was found 60% cellulose, 20% hemicelluloses, 10% lig-

nin, and 10% others. The TEXAZYM AP cellulase

enzyme was provided by the company INOTEX in Czech

Republic. The optimal pH in range of 4.5–5.5 and tem-

perature in range of 508C–608C was selected for enzyme

activity. The PLA matrix was purchased from Nature

Works LLC, The United States through local supplier

Resinex, Czech Republic. The PLA had a density of

1.25 g/cm3, average molecular weight of 200,000 and

D-LA content of 20%. The solvent chloroform was pur-

chased from Thermofisher, Czech Republic. The other

chemicals were used of analytical grade available in

laboratory.

Enzyme Hydrolysis of Jute Fibrous Wastes

To remove noncellulosic contents in waste jute fibers,

chemical pre-treatment was carried out sequentially with

4 wt% sodium hydroxide (NaOH) at 808C for 1 h and

with 7 g/L sodium hypochlorite (NaOCl) at room temper-

ature for 2 h under pH 10–11. Subsequently, the fibers

were antichlor treated with 0.1 wt% sodium sulfite at

508C for 20 min. The chemically pretreated fibers were

later washed with 1 g/L SLOVAFOL nonionic surfactant

for 1 h, rinsed with distilled water and then dried at

1058C in an oven for 3 h.

The enzyme hydrolysis was carried out in the test

tubes containing 5 g/L comminuted/washed jute fibers

and 3% v/v of cellulase enzyme as shown in Fig. 1a and

b. The pH of solution was adjusted to 4.8 with the help

of 0.05 M acetic acid/sodium acetate buffer. The test

tubes were incubated at 558C in a heating bath of distilled

water for 4, 6, and 8 days. Subsequently, the samples

were immediately heated to 808C for 15 min to deactivate

the enzyme and further cooled to room temperature. Then

the mixture was transferred into centrifuge bottles. A Het-

tich centrifuge EBA 20 (Tuttlingen, Germany) was used

to separate the solution from the treated materials. The

precipitates were continuously washed with distilled water

and centrifuged at 1,400 rpm. The obtained suspension

was further subjected to ultrasonic treatment in order to

FIG. 1. (a) Apparatus for separation of jute microcrystals from suspen-

sion. (b) Separated jute microcrystals from suspension.
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separate individual microcrystals into longer

microcrystals.

Particle size distribution of jute powder obtained after

4, 6, and 8 days of enzyme hydrolysis was studied on

Malvern zetasizer nano series based on dynamic light

scattering principle of Brownian motion of particles.

Deionized water was used as dispersion medium and it

was ultrasonicated for 5 min with Bandelin ultrasonic

probe before characterization. Refractive index of 1.52

was used to calculate the particle size of jute powder. In

addition, morphology of enzyme hydrolyzed jute powder

was observed on scanning electron microscope (SEM) of

TS5130-Tescan at 20 kV accelerated voltage. The amount

of 0.01 g of jute powder was dispersed in 100 mL ace-

tone and then a drop of dispersed solution was placed on

aluminum foil. It was gold coated after drying.

Preparation JMC/PLA Composite Films

The PLA composite films with 1%, 5%, and 10% JMC

filler content were prepared by mixing the calculated

amount of JMC with 5% PLA in chloroform solution

using a magnetic stirrer. The stirring was performed at

room temperature for 3 h. The composite mixture was

further ultrasonicated for 10 min on Bandelin Ultrasonic

probe mixer with 50-horn power. The final mixtures were

then cast on a Teflon sheet. The films were kept at room

temperature for 2 days until they were completely dried

and then removed from the Teflon sheet. Neat PLA film

was also prepared without addition of JMC as a reference

sample for comparison purpose.

Testing of JMC/PLA Composite Films

Differential Scanning Calorimetry (DSC). The melt-

ing and crystallization behavior of the neat and composite

films were investigated on DSC 6 Perkin Elmer instru-

ment using Pyris software under nitrogen atmosphere

with sample weight of 7 mg. The sample was heated

from 258C to 2008C at a rate of 58C/min. The crystallinity

(%) of the PLA was estimated from the enthalpy for PLA

content in the composites, using the ratio between the

heat of fusion of material under investigation and the heat

of fusion of an infinite crystal of same material as given

in Eq. 1

% Crystallinity5 DH=w3DH0ð Þ3100% (1)

where, DH is heat of melting of sample, DH0 is heat of

melting of 100% crystalline PLA, that is, 93 J/g [1], and

w is mass fraction of PLA in composites.

Dynamic Mechanical Analysis (DMA). Dynamic

mechanical properties of the composite films were tested

on DMA DX04T RMI instrument, Czech Republic in ten-

sile mode. The measurements were carried out at constant

frequency of 1 Hz, strain amplitude of 0.05%, temperature

range of 358C–1008C, heating rate of 58C/min and gap dis-

tance of 30 mm. The samples were prepared by cutting

strips from the films with a width of 10 mm. Four samples

were used to characterize each material.

Tensile Testing and Morphology of Fractured

Surfaces. Tensile testing was carried out using a minia-

ture material tester Rheometric Scientific MiniMat 2000

with 1,000 N load cell at a crosshead speed of 10 mm/

FIG. 2. Effect of enzyme hydrolysis on particle size distribution (a) 4

days, (b) 6 days, and (c) 8 days.
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min. The samples were prepared by cutting strips from

the films with a width of 10 mm. The length between the

grips was 100 mm. Total of 10 samples were used to

characterize each material. The interaction of JMC and

PLA matrix was investigated from fractured surfaces after

tensile testing using SEM TS5130-Tescan SEM at 20 kV

accelerated voltage.

Comparison of Experimental Results with Mechanical
Models

In order to understand the reinforcement potentials of

JMC in PLA matrix, the experimental results of initial

modulus were compared with predicted elastic modulus

obtained from mechanical models. The improvements in

mechanical properties based on filler–matrix interaction

were predicted from rule of mixture theory, Halpin–Tsai

theory, and Cox–Krenchel theory. On the other hand, per-

colation theory was used to predict the properties based

on filler–filler interaction due to hydrophilic nature of

JMC. The following values were used for theoretical cal-

culations: Modulus of PLA (Em) 5 1.04 GPa, Modulus of

JMC (Er) 5 70 GPa, Density of JMC (qr) 51.58 g/cm3,

and Density of PLA (qm) 5 1.25 g/cm3. The diameter of

JMC was taken as 5,000 nm from the measurements of

Fig. 2, whereas length of JMC was approximately consid-

ered around 50 mm from Fig. 3c.

The Halpin–Tsai theory [16] given in Eq. 2 is usually

used for aligned fiber composites, since it considers least

amount of assumptions about dispersion of JMC in PLA.

E5Em 11ngXrð Þ=12gXr (2)

The shape parameter of reinforcement h was calculated

from the Eq. 3

g5 Er=Em21ð Þ= Er=Em1nð Þ (3)

where, n52 3Length=Diameter

Since Halpin–Tsai theory did not consider orientation

of fillers into the matrix, Cox–Krenchel theory [17] was

used to predict the modulus based on random orientation

of JMC in PLA from Eq. 4.

E5Em 12Xrð Þ1glgoErXr (4)

where, hl is the length correction factor, ho is orientation

factor, and the assumed value is 3/8 when the fillers are

oriented randomly in plane. The hl was calculated from

the Eq. 5

gl512 tan h bl=2ð Þ= bl=2ð Þ½ �

b51=r Em=2Erln R=rð Þ½ �1=2
(5)

where, the l is the filler length and r is the radius.

R=r5
ffiffiffiffiffiffiffiffiffiffiffiffi
Kr=Xr

p
(6)

where Kr depends on the geometrical packing of fillers,

and it was chosen to be p/4, considering the square

packing.

The previous studies have indicated that not only fil-

ler–matrix interaction but also filler–filler interactions are

important when considering the reinforcing capability of

cellulose fillers [18]. As JMC is also hydrophilic in

nature, they have strong tendency to generate a percolated

network via hydrogen bonding between adjacent micro-

crystals. In order to consider the filler–filler interactions

of JMC, the percolation theory was used to predict the

modulus of composite films using Eq. 7 [19]

E5 122w1Xrwð ÞEmEr1 12Xrð ÞwE2
r

� �

= 12Xrð ÞEr1 Xr2wð ÞEm½ �
(7)

where w is a percolation volume fraction and given by

Eq. 8

w5Xr Xr2Xcð Þ= 12Xcð Þ½ �0:4 (8)

FIG. 3. SEM image of jute microcrystals obtained after enzyme hydrolysis (a) 4 days, (b) 8 days, and (c) 6 days.
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where Xc is a percolation threshold given in Eq. 9 when

fillers are strongly interconnected by a three-dimensional

(3D) network

Xc50:7= L=dð Þ (9)

RESULTS AND DISCUSSIONS

Effect of Enzyme Hydrolysis Time on Size of Jute
Crystals

The particle size distribution of jute crystals obtained

after 4, 6, and 8 days of enzyme hydrolysis are depicted

in Fig. 2. It was evident that with increase in enzymatic

hydrolysis time, the particle size of the obtained jute crys-

tals gradually decreased. This behavior was attributed to

difficulty in diffusion of cellulase enzyme into the jute

fibrous structure, which resulted in slower dissociation of

glucosidic bonds from surface to core of the cellulose [7,

8]. The particle size measurement on dynamic light scat-

tering technique revealed average size of 5423, 3789, and

2,035 nm for 4, 6, and 8 days of enzyme hydrolysis,

respectively. In order to know the structural aspects (i.e.,

spherical or longer) of obtained crystals, the morphology

was investigated from SEM pictures. From Fig. 3, it was

evident that the width and length of fibers was reduced

and the fine fiber amount was increased with increase in

the enzymatic hydrolysis time. After 6 days of enzyme

hydrolysis, well-defined and distinct jute crystals of

micron dimensions were observed (Fig. 3b). The yield of

obtained crystals was calculated from the percentage of

ratio of dry mass of microparticles to the initial dry mass

of jute. The obtained lower yield of less than 10% indi-

cated significant amount of conversion of cellulose into

glucose, cellobiose, cellotriose, and cellotetraose by the

action of enzymes [6].

Differential Scanning Calorimetry of JMC/PLA
Composite Films

The influence of heat on thermal behavior of neat and

composite PLA films was studied from DSC thermograms

shown in Fig. 4. The results in Table 1 show the glass tran-

sition (Tg), followed by the polymer cold crystallization

(Tcc), and the polymer melting (Tm) observations. It was

observed that Tg value of PLA increased after incorporation

of JMC. The maximum improvement was observed in case

of 5 wt% of JMC where Tg was increased from 42.358C to

46.838C as compared with the neat PLA film. The intermo-

lecular interactions, steric effects, chain flexibility, molecu-

lar weight, branching, and the crosslinking density are

important factors to affect the glass transition temperature

of polymer [20]. The reduced PLA chain flexibility was

attributed to the corresponding increase in value of Tg by

4.69%, 10.57%, and 7.86% over neat PLA film after addi-

tion of 1, 5, and 10 wt% JMC, respectively. The cold crys-

tallization peak of composite films was found to shift to

lower temperatures after addition of JMC, which indicated

faster crystallization of PLA caused by nucleating behavior

of JMC. However, in spite of the nucleating action of JMC,

their reinforcement was found inefficient for improvement

of Tm of PLA. The composite PLA films showed the values

of Tm in the range of 1478C–1488C even after incorporation

of 1–10 wt% of JMC. This behavior was attributed to the

limited surface area of micron sized jute crystals available

for the development of crystallinity via transcrystallization

[1]. The maximum 57.43% increase in crystallinity was

found in case of 1 wt% JMC loading, whereas marginal

improvement at higher JMC loading was attributed to the

chances of entanglements of microcrystals.

Dynamic Mechanical Analysis of JMC/PLA Composite
Films

The dynamic mechanical analysis was performed to

get an idea about load bearing capacity of neat and

FIG. 4. DSC of neat and composite PLA films.

TABLE 1. Behavior of neat and composite PLA films on application of heat

Sample Tg (8C) Tcc (8C) Tm (8C) DH (J/g) Crystallinity%

Neat PLA 42.35 6 0.30 98.85 6 1.10 147.49 6 0.10 17.33 6 2.80 18.63

1% JMC 1 PLA 44.34 6 0.40 101.86 6 1.34 147.65 6 0.14 27.01 6 3.79 29.33

5% JMC 1 PLA 46.83 6 0.70 94.18 6 1.31 148.66 6 0.22 19.15 6 2.85 21.67

10% JMC 1 PLA 45.68 6 1.50 96.03 6 1.69 147.82 6 0.57 15.05 6 3.13 17.98
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composite PLA films from the storage modulus results

shown in Fig. 5 and Table 2. All samples of PLA com-

posite films were found to exhibit higher storage modulus

results at 35 8C as compared with neat PLA film. This

behavior was attributed to the efficient stress transfer

from matrix to JMC due to their higher stiffness [1].

However, with increase in JMC loading, the storage mod-

ulus was not increased significantly at 358C due to poor

dispersion and agglomerations of microcrystals. The max-

imum value 5.29 GPa of storage modulus was observed

in case of 5 wt% loaded JMC/PLA composite film. The

role of increased JMC loading on improvement of load

bearing capacity of PLA was found negative at higher

temperature of 608C. With the increase in temperature

from 358C to 608C, the storage modulus of PLA compos-

ite films dropped at faster rate than neat PLA. The inabil-

ity of jute micro crystals to restrict the motion of PLA

chains at higher temperature was attributed to poor trans-

fer of stress from matrix to micro crystals. This behavior

was found not in agreement with previous results as

observed in case of wet milled jute nanofibrils [1]. It is

due to the micro scale dimensions of jute crystals

obtained after enzyme hydrolysis, which were unable to

penetrate between the PLA chains unlike jute nanofibrils.

The ratio of loss modulus to storage modulus is defined

as mechanical loss factor or tan delta. Figure 6 showed

that the tan delta peak of PLA was positively shifted by

58C after addition of JMC, which indicated possibility of

restricted segmental mobility of the PLA chains around

JMC due to their physical interaction.

Tensile Testing of JMC/PLA Composite Films

The stress–strain curve of neat PLA and its composite

films is shown in Fig. 7, whereas average values and

standard deviations of mechanical properties are reported

in Table 3. The tensile strength and initial modulus was

found higher for 1 and 5 wt% JMC/PLA composite films,

whereas yield point elongation was found lower in all

composite films. The maximum increase of 39.72% in

tensile strength was observed in case of 1 wt% JMC/PLA

film, whereas 5 wt% JMC/PLA film exhibited maximum

increase of 67.30% in initial modulus. The increase in

tensile strength and Initial modulus was attributed not

only to increased interaction area between microcrystals

and the matrix but also to higher crystallinity of PLA in

composites. This indicated better stress transfer across the

interphase and good interfacial bonding between JMC and

the polymer matrix at lower JMC loading. The formation

of rigid percolated network of JMC by hydrogen bonding

between adjacent microcrystals could also be the cause of

increase in mechanical performance. However, with fur-

ther increase in loading of JMC to 10 wt%, significant

deterioration in tensile strength and initial modulus was

observed. This behavior was attributed to the increased

agglomerations and reduced surface area of interaction

between JMC and PLA matrix at higher loading [1].

Finally, the reduction in yield point elongation over neat

PLA film was observed in range of 45.86%, 48.55%, and

50.20% after addition of 1, 5, and 10 wt% JMC, respec-

tively. The lowering of yield point elongation in compos-

ite films was attributed to the increase in brittleness of

PLA caused by increase of crystallinity discussed in the

section of DSC analysis. In addition, the tendency of

FIG. 5. Storage modulus of neat and composite PLA films. FIG. 6. Damping factor of neat and composite PLA films.

TABLE 2. Storage modulus of neat and composite PLA films at differ-

ent temperature

Sample name E0 (358C) (GPa) E0 (608C) (GPa)

Neat PLA 3.09 6 0.20 0.48 6 0.02

1% JMC 1 PLA 4.58 6 0.43 0.18 6 0.01

5% JMC 1 PLA 5.29 6 0.73 0.19 6 0.01

10% JMC 1 PLA 4.63 6 0.79 0.24 6 0.05
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stress concentrations due to stiff nature of JMC could

also be considered for reduction in yield point elongation.

Morphology of Fractured Surfaces of JMC/PLA
Composite Films

Dispersion of JMC in PLA. The morphology of frac-

tured surfaces of 1 and 10 wt% JMC/PLA composite

films was investigated to study the degree of dispersion,

agglomerations and entanglements of JMC in composites.

It was clear from Fig. 8a and b that JMCs were relatively

homogeneously dispersed in the PLA matrix at lower

loading of 1 wt% than at higher loading of 10 wt%. Very

few agglomerates were found at 1 wt% loading (Fig. 8a);

however, with increase in the loading level of JMC, more

agglomerates emerged possibly due to percolation behav-

ior of hydrophilic jute crystals (Fig. 8b).

Interaction of JMC with PLA. To understand the

interaction between PLA and JMC, the morphology of

fractured surfaces was studied again from Fig. 8a and b.

The absence of voids, intact position of fillers, interfacial

bonding between fillers and matrix, and absence of

agglomerations of fillers decide the intensity of filler–

polymer adhesion [21]. From Fig. 8a, it was possible to

see the intact position of JMC within the PLA matrix at 1

wt% loading, which indicated stronger interaction

between JMC and PLA due to uniform wetting of small

percentage of JMC particles with PLA matrix. However,

as JMC loading was increased to 10 wt%, their position

in PLA was displaced leading to formation of gap around

the surface of JMC particles (Fig. 8b). This was the clear

indication of poor interfacial adhesion between JMC and

PLA at higher filler loading. Thus, JMC/PLA composite

films showed deterioration in mechanical properties at

higher loading of JMC.

Effect of Enzyme Hydrolysis Time on Tensile Strength of
Composite Films

In order to study the role of enzyme hydrolysis time on

tensile strength of composite films, few more samples

were prepared at 1 wt% loading after incorporation of jute

crystals obtained from 4, 6, and 8 days of enzyme hydroly-

sis. It can be clearly observed from Fig. 9 that the jute

TABLE 3. Tensile properties of neat and composite PLA films

Sample name

Initial

modulus

(GPa)

Tensile

strength

(MPa)

Yield point

elongation (%)

Neat PLA 1.04 6 0.03 25.98 6 0.13 4.84 6 0.72

1% JMC 1 PLA 1.53 6 0.05 36.30 6 0.34 2.62 6 0.37

5% JMC 1 PLA 1.74 6 0.06 36.16 6 0.45 2.49 6 0.49

10% JMC 1 PLA 1.18 6 0.09 24.25 6 0.46 2.41 6 0.61

FIG. 8. Morphology of fractured surfaces for (a) 1 wt% JMC/PLA, (b) 10 wt% JMC/PLA.

FIG. 7. Stress–strain curve of neat and composite PLA films.
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crystals obtained after 8 days of enzyme hydrolysis signifi-

cantly improved the tensile strength with least variations

than the crystals obtained after 4 and 6 day of hydrolysis.

This behavior could be attributed to the smaller size of

crystals obtained after prolonged duration of hydrolysis.

The particle size measurement on dynamic light scattering

technique revealed the average size of 5423, 3789, and

2,035 nm for 4, 6, and 8 days of enzyme hydrolysis,

respectively. This subsequently resulted into larger surface

area of interaction between crystals and PLA, and thus

effective transfer of stress from PLA to jute crystals. The

minimum increase in tensile strength and maximum varia-

tions in properties were found in case of 4 and 6 h hydro-

lyzed crystals. This behavior was attributed to the tendency

of stress concentrations due to bigger size of those crystals.

Comparison of Experimental Results with Mechanical
Models

It is clear from Fig. 10 that experimental results are

situated below the predictions of rule of mixture, Halpin–

Tsai, Cox–Krenchel, and percolation theories. Relatively

close agreement was found up to 1 wt% loading of JMC.

With increase in JMC loading, the difference between

experimental results and predicted values of rule of mix-

ture and percolation theories became wider. This indi-

cated fewer tendencies of filler to filler interaction

between individual JMC crystals for formation of perco-

lated network. The effect of higher JMC loading was

found negligible for improvement in predicted values of

Halpin–Tsai and Cox–Krenchel theories. The constant

predicted values of Halpin–Tsai and Cox–Krenchel theo-

ries above 1 wt% JMC loading indicated achievement of

threshold in improvement of mechanical properties for

particular dimensions of JMC. The experimental results

were found to fit closely with Cox–Krenchel theory,

which indicated random orientation of JMC in PLA com-

posite films. In this way, maximum reinforcement ability

of prepared JMC was verified at 1 wt% loading from

mechanical models and experimental results.

CONCLUSIONS

A facile concept of enzyme hydrolysis to prepare

microscale longer cellulose crystals from jute fibrous

wastes was presented. The milder nature of enzyme

hydrolysis was found to provide longer and highly

entangled microscale crystals, which were subsequently

incorporated as mechanical reinforcements into PLA

matrix for development of green composite films. The

SEM images and the particle size analysis showed that

the diameter of longer jute microcrystals was in range of

2,000–5,000 nm after 8 days of enzyme hydrolysis. The

results showed that improvement in mechanical properties

was dependent on interaction between jute microcrystals

and matrix as well as on crystallinity of PLA in compo-

sites. Because of the possibility of agglomerations and

entanglements of jute microcrystals at higher loading, the

surface area of interaction, and area of nucleating jute

microcrystals changed in the composites. This resulted in

a large difference in the mechanical properties between

all samples. The 1 wt% composite films showed maxi-

mum improvements in mechanical properties, while 10

wt% composite films revealed deterioration in properties.

The role of jute microcrystals as reinforcement of PLA

was found negative at higher temperature of 608C, which

indicated failure in improvement of softening point of

PLA. Finally, experimental results of Initial modulus

were compared with predicted modulus of mechanical

models. A good level of agreement was observed up to 1

wt% loading of jute microcrystals and close fit with Cox–

Krenchel theory indicated random orientation of micro-

crystals in PLA matrix. In this way, the present study

showed a green process for reusing of waste jute fibers

and converting them into useful cellulose powder for rein-

forcement in composite materials.
FIG. 9. Effect of enzyme hydrolysis time on tensile strength of com-

posite films.

FIG. 10. Comparison of Initial modulus with mechanical models.
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