Ol 6 g o2 ple Clinin cole 4y

Print ISSN: 1735-0913

Iranian Journal of Wood and Paper Science Research
Online ISSN: 2383-112X

Vol. 41, No. 2, Page 167-184 (2026)

DOI: 10.22092/ijwpr.2026.371750.1823

(OPEN ACCESS)

Structure—property relationships of pectin reinforced with cellulose nanofibrils for

Seyedeh Motahareh Mohseni Shektai'!, Seyed Majid Zabihzadeh?”

sustainable bionanocomposite films

, Maryam Ghorbani Kokandeh?
and Ghasem Asadpour*

1-PhD student, Cellulosic Industry, Department of Wood and Cellulosic Products Engineering, Sari Agricultural
Sciences and Natural Resources University, Mazandaran, Iran

2*-Corresponding Author, Associate Professor, Department of Wood and Cellulosic Products Engineering, Sari
Agricultural Sciences and Natural Resources University, Mazandaran, Iran, Email: m.zabihzadeh@sanru.ac.ir

3-Professor, Department of Wood and Cellulosic Products Engineering, Sari Agricultural Sciences and
Natural Resources University, Mazandaran, Iran

4-Associate Professor, Department of Wood and Cellulosic Products Engineering, Sari Agricultural Sciences and
Natural Resources University, Mazandaran, Iran

Article Info

ABSTRACT

Article type:
Full Length Research Paper

Article history:
Received: 13 December
2025

Revised: 09 March 2026
Accepted: 04 May 2026
Published online: 19 June
2026

Keywords:

Pectin,

Cellulose nanofibrils,
Bionanocomposite,
Biodegradable packaging,
Lime peel.

Background and Objective: The extensive use of petroleum-based polymers
in the packaging industry and their non-biodegradable nature, has led to the
accumulation of persistent waste, contamination of soil and surface waters, and
ultimately the degradation of ecosystems. In this context, biopolymers -
particularly pectin extracted from citrus peels as an agricultural by-product -
have emerged as suitable alternatives to conventional synthetic polymers. The
extraction of pectin using organic acids such as citric acid represents a green and
sustainable approach, owing to its safety, environmental compatibility, and
ability to produce materials of appropriate quality. However, films made from
neat pectin generally exhibit limitations in mechanical strength and barrier
performance. Cellulose nanofibrils, due to their high elastic modulus, favorable
tensile strength, and biodegradability, can be effectively employed as reinforcing
agents within pectin matrices. The aim of this study was to fabricate and
characterize pectin/CNF bionanocomposite films with enhanced properties for
biodegradable packaging applications.

Methodology: Pectin with a degree of esterification of 61.63% was extracted
from lemon peel using citric acid, and cellulose nanofibrils (CNF) were supplied
by NanoNovin Polymer Co. Films were prepared using the solution casting
method. Briefly, pectin was dissolved in distilled water at 70 °C, glycerol was
then added as a plasticizer, and the pH of the solution was adjusted to 4.
Simultaneously, CNF was dispersed in distilled water at concentrations of 1, 3,
and 5% (w/w) and subjected to ultrasonication for 30 min to ensure uniform
dispersion. The CNF suspension was subsequently added to the pectin solution,
and the mixture was homogenized for 25 min. After degassing in a vacuum oven,
the film-forming solutions were cast into Petri dishes and dried for 48 h in a
desiccator containing a saturated magnesium nitrate solution (52.8% relative
humidity at 25 °C). The tensile properties, optical properties, thickness, water
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vapor permeability, and moisture absorption of the films were evaluated. Neat
pectin films and films containing 5% CNF were selected for Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM) analyses. Statistical analysis of the data was performed using
SPSS software.

Results: The results demonstrated that the incorporation of cellulose nanofibrils
(CNF) had a significant effect on the properties of pectin-based films. The
Young’s modulus increased from 3.12 MPa for the neat pectin film to 8.08 MPa
for the film containing 5% CNF. Likewise, the tensile strength increased from
1.42 to 2.60 MPa, and the tensile energy absorption increased from 12.94 to
22.43 J, indicating a simultaneous improvement in stiffness, strength, and
toughness of the system. The water vapor permeability decreased by
approximately 51% upon the addition of 5% CNF, from 4.54 x 107! to 2.22 X
107" g/m-s-Pa, demonstrating a substantial enhancement in barrier performance
comparable to that of cellophane. In addition, the moisture absorption of the
films decreased to 25.35% at a CNF content of 5%. In contrast, increasing the
CNF content resulted in a reduction in film transparency from 98.26% to
80.09%. FTIR analysis confirmed the formation of strong hydrogen bonds
between CNF and the pectin matrix. XRD patterns revealed an approximately
73% increase in diffraction intensity, indicating an improvement in the degree
of crystallinity. Furthermore, SEM micrographs confirmed the relatively
uniform dispersion of cellulose nanofibrils and good interfacial compatibility
between CNF and the pectin matrix.

Conclusion: The findings of this study demonstrated that pectin/cellulose
nanofibril bionanocomposite films provide a favorable combination of
mechanical and barrier properties. The enhanced performance of this system can
be attributed to the formation of strong hydrogen bonds between the pectin
matrix and CNF, an increased degree of crystallinity, and the development of a
three-dimensional reinforcing network. Accordingly, pectin/cellulose nanofibril
films represent a promising biodegradable alternative to conventional plastic
packaging materials and can contribute effectively to reducing the
environmental impacts of packaging waste within the framework of the circular
economy and sustainable development.
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Tensile Strength (MPa) 1.42+0.015° 1.38+0.015° 2.40+0.02* 2.6+0.01°
Modulus (MPa) 3.12+0.01° 4.12+0.015° 7.35+0.032% 8.08+0.052
Strain at break (%) 45.69+0.045° 33.45+0.036° 31.89+0.02¢¢ 32.17+0.025°¢
Tensile energy absorption(J) 12.94+0.22¢ 12.51+0.075°¢ 19.69+0.01° 22.43+£0.07*

FRRCTR IR P TR IN PE I N  R E W e
.l CNF

I CL"’ o) e (V JS2) i S e S s Jodou

53 o554 ONF (g5ls slaols 4S(s5ba 1S e 40k

(st ¢S 5l 6 i (SIS 5 o0 0 clle

ol plas s slaals Wb 4 e (9551 Cda

A )\.,;u d\ﬁ‘ + u»gv\-w CopoN sdZosls J?--’u‘
sy 23 Oglie Gy alead (pol S Jaras Ll SS
ol bk 5 She m Jlame BN saiasglis
Al o p<e /00 liabl o 55 (Sl ¢ 505
et oSzl a3 0 4 ) GICNF clale 2158l
Wil Gulpl b ssba bds Shdsas
o) sl plas el casls s s L S S o



R.L.F.R

\Vo AR YA IR n)M‘f\)l)‘u‘j‘)ﬁsjwﬁrjl&u\kj;uMu@ 9

ST ey i i b

300
PCAE/NFC
250
=
v 200 P (control)
2 P/CNF 1%
()
i
Z o P/CNF 3%
P/CNF 5%
100
50
0
0 10 20 30 40 50 60 70 80

Strain (%)

PCAE/CNF ;58 50 5L slepks o S b amie - IS
Figure 1. Stress-strain curves of PCAE/CNF bionanocomposite films

wwiliz s\s zl Y Jyax (Younis ef al., 2019) 29 Pl

5 (0F) =055 da™) om0 3 LF) ity ol 0 e clpasls deasl g5 ol

Syl sbal 5 oS (A s (AB) IS K, 15 X sladay pdicn Aol Ganate slaghd

(22,50 5 ¥ V) CONF Cilise sl bale ;5 ONF/ S5 Gt Jpame anlie Wbl e sba
A e ol witen I8 S hpminy e Sk 5 aaS0 e

PCAE/CNF ;5508 5050 ok (S, 5 o 0olsr 2 Fobe i sl clile sl -Y Joua

Table 2- Effect of cellulose nanofibril concentration on the optical and color properties of PCAE/CNF
bionanocomposite films

Film Transparency L* a* b* EA

PCAE 98.26+0.1° 68.71+0.1° -17.74+0.06° 21.05+0.1° 74.02+0.3°
PCAE/CNF1% 90.28+0.075° 66.23+0.15° -17.05+0.02° 19.97+0.15¢ 71.25+0.25%
PCAE/CNF3% 88.56+0.15° 65.09+0.075¢ -15.98+0.0352 21.44+0.2° 70.37+0.5°
PCAE/CNF5% 80.09+0.2¢ 67.58+0.1% -15.08+0.05° 24.29+0.227 73.38+0.2°
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Table 3- Physical and barrier properties of PCAE/CNF bionanocomposite films with different cellulose
nanofibril concentrations

Sample Thickness(mm) MA (%) WVP(x10!!'g/m.s.pa)

PCAE 0.05+0.01? 28.75+0.22 4.54+0.052
PCAE/CNF1% 0.06+0.015* 28.88+0.25% 4.32+0.075a
PCAE/CNF3% 0.07+0.012 29.08+0.12 3.0840.01°
PCAE/CNF5% 0.07+0.022 25.35+0.5° 2.22+0.055°¢

The values given are reported as mean + standard deviation of three independent replicates. Different letters in each column indicate
significant differences between sample means based on Duncan's range test at a confidence level of p<0.05.
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Figure 2. FTIR spectra of PCAE film and PCAE/CNF5% bionanocomposite
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Figure 3. X-ray diffraction XRD patterns of the PCAE film and PCAE/CNF bionanocomposite
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Figure 4. Scanning electron microscopy (SEM) images of films; a) surface of the PCAE film, b) cross-section of
the PCAE film, c) surface of the PCAE/CNF film, d) cross-section of the PCAE/CNF film
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