
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 6
:1

3:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
4-(4,6-Dimethox
aDipartimento di Scienze Molecolari e Nanos

Torino 155, Venezia, 30172, Italy. E-mail: b
bDipartimento di Architettura e Disegno Indu

Vanvitelli”, Via San Lorenzo-Abazia di San
cCrossing s.r.l., Viale della Repubblica 193/b
dConsorzio Interuniversitario per le Reattivit

Ulpiani 27, Bari, 70126, Italy

Cite this: RSC Adv., 2025, 15, 34846

Received 21st July 2025
Accepted 8th September 2025

DOI: 10.1039/d5ra05273d

rsc.li/rsc-advances

34846 | RSC Adv., 2025, 15, 34846–
y-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride-assisted amide crosslinking
of carboxymethyl cellulose for high-performing
films

Domenico Santandrea ab and Valentina Beghetto *acd

This study reports the first example of crosslinking of carboxymethyl cellulose (CMC) and aliphatic diamines

(CMCA) using a condensation agent, (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium

chloride (DMTMM)), to prepare highly functional films for food packaging application. The novelty of this

work lies in the combination of diamine crosslinking and DMTMM activation to produce films with

enhanced barrier and mechanical properties. Products were analysed by mono-/bi-dimensional NMR to

prove the amide linkage and by the modification degree (MoD) for diamine quantification. The physical–

chemical characteristics of the CMCA films were further determined by DSC, TGA, SEM, and ATR-FTIR,

and the moisture content (MC%), moisture uptake (MU%), water vapour permeability (WVP), oil

absorption ratio (OAR), and tensile strength (TS) evidenced the key role of DMTMM in the formation of

strong covalent bonds between the carboxylate groups of CMC and the diamine, influencing the

properties of CMCA films. When a COONa/ethylenediamine/DMTMM molar ratio of 6/1/2 was employed,

the best WVP (2.63 ± 0.24 × 10−10 g m−1 s−1 Pa−1), OAR (7.4 ± 0.5 × 10−2%), and transparency were

obtained, along with an exceptionally high UVC barrier and one of the highest TS values ever reported

for CMC films (75.90 ± 2.90 MPa). Results clearly highlight that the presence of the diamine hydrophobic

alkyl chain plays a key role in improving the physical–mechanical characteristics of CMCA, making it

superior to the best-performing CMC films reported in the literature and as a sustainable alternative for

food packaging applications.
Introduction

The intensive use of non-biodegradable petroleum-based poly-
mers is causing serious environmental problems. Due to their
chemical and biochemical inertness, these materials tend to
accumulate and break down into particles, generating micro-
and nano-plastic contamination1,2 and endangering the living
beings on the Earth.3–5 In this context, driven by the ambitions
of the European Green Deal and the objectives of the 2030
agenda, it becomes increasingly important to seek eco-friendly
and biodegradable materials that can reconcile economic
growth with environmental sustainability. Biodegradable
biopolymers, prepared from biomass waste,6–9 represent a class
of materials that can potentially reduce the impact of fossil-
based products,10–13 and their global production is expected to
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increase from 2.18 Mton in 2023 to approximately 7.43 Mton by
2028.14

Despite being extremely promising, polysaccharides exhibit
some important drawbacks, such as poor dimensional stability,
high hydrophilicity and lack of specic functional properties,
that presently limit their potentiality.15–18 Due to these prob-
lems, biopolymers are oen chemically or physically modied
to improve their properties.7,19–25 For instance, carboxymethyl-
cellulose (CMC), obtained by an alkali-catalysed reaction of
cellulose with chloroacetic acid, is a very interesting and widely
employed chemically modied biopolymer.26–32 Nonetheless,
due to the presence of a large number of carboxylic groups,
CMC is water-soluble and requires to be further modied to
improve its physical–mechanical characteristics.33,34 Different
strategies have been reported for this scope, among which
graing of CMC with an amine appears interesting to improve
its hydrophobicity, yet this methodology has only been tested to
promote the CMC solubility in organic solvents.35–38 To the best
of our knowledge, only very few works have studied the prop-
erties of lms prepared by crosslinking of CMC;25,39 in partic-
ular, Dacrory and coworkers reported the crosslinking of
dialdehyde-CMC (DCMC) with succinic dihydrazide, showing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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that an increase in crosslinking density generates a rigid
structure with a reduced water uptake capacity. Although their
work clearly indicates that the formation of strong covalent
crosslinking bonds could be a useful tool to improve the
hydrophobicity of CMC lms, the reagents they used by Dacrory
were highly toxic, and thus, a more sustainable alternative
should be identied.

Crosslinking represents an effective and well-known method
used to modify biopolymer properties, such as
hydrophobicity,40–45 and it may be achieved by metal-ion
complexation,46 electrostatic interactions47–49 or covalent bond
formation.50–54 The latter is oen carried out in the presence of
condensation agents added to promote the reaction.55 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxy
succinimide (NHS) are widely employed in combination as
condensation agents to promote amidation reactions.56 Never-
theless, EDC and NHS decompose during the reaction, forming
toxic compounds that need to be accurately removed from the
product.57 Alternatively, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methyl-morpholinium chloride (DMTMM) is a more sustain-
able and widely studied active condensation agent used for the
synthesis of ne chemicals,55,58–60 collagen or polysaccharides
graing,61–63 and the crosslinking of various polymeric
compounds.52,64,65 In fact, DMTMM enables amidation reactions
in water at room temperature, with the additional advantage
that the by-products, 2,4-dimethoxy-6-hydroxy-1,3,5-triazine
(DMTOH) and N-methyl morpholinium hydrochloride (NMM–

HCl) (Scheme 1), formed during the reaction by DMTMM
decomposition are non-toxic, water-soluble and easily removed
by washing or dialysis.66 Furthermore, the superior efficiency of
Scheme 1 Proposed mechanism for CMC crosslinking promoted by DM
(below).

© 2025 The Author(s). Published by the Royal Society of Chemistry
DMTMM against EDC/NHS for cellulose amidation has been
proven by Kumar and coworkers.67 Additionally, DMTMM is
a “zero-length” activating condensation agent and therefore is
not incorporated in the product. This characteristic is of
particular importance for food packaging applications as
DMTMM does not remain in the nal product (conrmed by
cytotoxicity tests reported in the literature).52

Although many different graing and crosslinking reactions
of CMC have been reported in the literature in the presence of
EDC/NHS,38 epichlorohydrin,68 aldehyde-based reagents,18 urea
derivatives,26 and carboxylic acids,27,69–71 to the best of our
knowledge, the crosslinking of CMC in the presence of
diamines and DMTMM has never been reported.

Only one example exists of the self-crosslinking of CMC
performed in the presence of DMTMM, promoting the
condensation reaction between the carboxylic and hydroxyl
functional groups present in CMC (Scheme 1) and producing
lms with highly improved physical–mechanical characteristics
and hydrophobicity compared to existing materials.51 Within
this panorama, the hypothesis of this work is that the cross-
linking of CMC with aliphatic diamines (CMCA) promoted by 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chlo-
ride (DMTMM) will generate CMCA lms with good water
vapour barrier properties and superior physical–mechanical
characteristics, making them adequate for food packaging
applications. In fact, DMTMM can efficiently promote the
condensation of the carboxylate functional groups of CMC and
the diamines, generating a compact polymeric network and
improving the physical–mechanical performances and UV
barrier properties of the lms. Meanwhile, the hydrophobic
TMM by self-condensation (above) and in the presence of a diamine

RSC Adv., 2025, 15, 34846–34860 | 34847
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alkyl chain of the diamines reduces water diffusion and
consequently improves the water vapour barrier properties.

Thus, the modication degree and physical–mechanical
characteristics of lms prepared with different aliphatic
diamines (with increasing alkyl chain length) at variable
COONa/diamine/DMTMM molar ratios were tested. All lms
obtained by casting technology were characterised by NMR,
elemental analysis, UV-vis, DSC, TGA, SEM, ATR-FTIR, and
mechanical tests, and their transparency, colour properties,
moisture content, moisture uptake, water vapor permeability,
and oil resistance ability were evaluated. The obtained data
were compared with those for non-crosslinked CMC lms.
Finally, biofragmentation tests were carried out to evaluate the
end-of-life of the lms. The results demonstrate that the
synergistic use of DMTMM and an aliphatic diamine allows the
achievement of CMCA lms having some of the best physical–
mechanical characteristics reported in the literature for CMC-
based lms, making them highly promising candidates for
food packaging applications.
Experimental section
Materials

CMC (with a carboxylation degree of DS = 0.7 and an average
molecular weight of 90 000 Da), ethylenediamine (EDA), 1,4-
diaminobutane (DAB), 1,6-diaminohexane (DAH), and DMTMM
were purchased from Sigma-Aldrich Co. (St. Louis, MO) and
used as received.
Methods

Crosslinking of CMC in the presence of a diamine and
DMTMM and lm casting. CMC was crosslinked with COONa/
diamine/DMTMM in different molar ratios (see Table 1). For
example, lm F1 was prepared as follows: 0.5 g of CMC
(1.60 mmol of COONa groups) was solubilized in 10 mL of
distilled water. Meanwhile, a solution containing 10 mL of
water and 31.6 mg of DAH (0.27 mmol, COONa/DAH 6/1 mol/
mol) was prepared, neutralized with 0.1 M HCl to achieve pH
Table 1 MoDth, MoDNMR and elemental analysis of the CMCA films

Sample DAa
COONa/DA/DMTMMb

(mol/mol/mol)
CMC/DMTMM
(wt/wt%) MoDth

c (%) M

F1 DAH 6/1/2 30 24 7
F10 DAH 6/1/0 — — —
F2 DAH 3/1/2 60 47 9
F3 DAH 6/0.5/1 15 12 3
F4 DAB 6/1/2 30 24 9
F5 DAB 6/0.5/1 15 12 4
F6 EDA 6/1/2 30 24 9
F7 EDA 6/0.5/1 15 12 4

a DA: diamine. b COONa/DA/DMTMM: molar ratio calculated based on
theoretical modication degree: (NH2i/AGUtot) × 100, where the AGUtot in
group. d MoDNMR: see eqn (1) and (2) in the Experimental section. e C
content by elemental analysis. g N%: nitrogen content by elemental anal
dialysis, relative to the total grams of starting CMC and diamine used.

34848 | RSC Adv., 2025, 15, 34846–34860
7, and 150 mg of DMTMM (0.54 mmol, DAH/DMTMM = 1/2
mol/mol) was added.

The diamine/DMTMM solution was added to the CMC
solution, and the whole system was le under stirring for 20 h at
room temperature (rt). The viscous solution obtained was dia-
lyzed using a dialysis tube (1000 Da molecular weight cut off)
with a 0.1 M NaCl water solution for 72 h and with distilled
water for 48 h, changing the water daily. The resulting clear
solution was transferred into a polystyrene Petri dish (9 cm
diameter) and oven dried at 35 °C for 48 h. All lms were
prepared following this procedure with the molar ratios re-
ported in Table 1, followed by casting. Control CMC lms (F0)
were prepared by dissolving 0.5 g of CMC in 20 mL of water
under vigorously stirring at room temperature until total
dissolution was achieved (30 min). The resulting solution was
cast as lm F1. The identication codes of all lms prepared in
this work are reported in Table 1.

Detailed product yields, expressed as the ratio between the
mass of the crosslinked lm and the sum of the mass of the
starting CMC and diamine,76 are reported in Tables 1 and S1 in
the SI section.

Characterization of the lms
1H, 13C and bidimensional NMR characterisation and

elemental analysis. The 1H, 13C, COSY and HSQC NMR spectra
were recorded using a Bruker Advance 300 spectrometer
(Milano, Italy) operating at 300.13 MHz for the proton spec-
trum and 75.4 MHz for the carbon spectrum, with chemical
shis reported on a d-scale (ppm). Each sample (50 mg) was
dissolved in deuterated water (0.6 mL). 64 scans for 1H, 48k
scans for 13C, 64 scans for COSY and 124 scans for HSQC were
collected. HMBC (Heteronuclear Multiple Bond Correlation)
NMR experiments were performed on a 600 MHz high-
resolution spectrometer to identify long-range heteronuclear
correlations.

The degree of modication (MoDNMR) was determined from
the 1H NMR spectra of CMC and CMCA by treating 50 mg of the
sample with 0.5 mL of deuterated water and 0.5 mL of deute-
rium chloride at 95 °C for 1 h. 64 scans were collected for each
oDNMR
d (%) MoDNMR/MoDth Ce (%) Hf (%) Ng (%) Yieldh (%)

.00 0.29 41.58 5.3 0.52 95
— —

.25 0.19 40.58 5.1 0.60 91

.75 0.31 43.32 5.4 0.25 97

.00 0.38 47.24 5.6 0.67 97

.75 0.24 46.50 5.5 0.35 99

.75 0.40 44.81 5.4 0.71 98

.75 0.39 43.61 5.4 0.32 98

the mmol of COONa present in 0.5 g of CMC (1.60 mmol). c MoDth:
0.5 g of CMC is 2.29 mmol and NH2i is the initial mmol of the amine
%: carbon content obtained by elemental analysis. f H%: hydrogen

ysis. h Product yield, expressed as the grams of product recovered aer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sample. The degree of modication was calculated according to
eqn (1) for all lms except for F6 and F7 (see below):

MoDNMR ð%Þ ¼ Iint=4

I4:5�5:5 ppm

� 100 (1)

where Iint is the area of the signal of the most internal methy-
lene group in the diamine and I4.5–5.5 ppm is the area of the
anomeric proton (see Fig. S15–S19). Since the methylene groups
of EDA overlap with the anhydroglycosidic unit (AGU) signals
between 3.0 and 4.0 ppm, the MoDNMR for lms F6 and F7 were
calculated according to eqn (2):

MoDNMR ð%Þ ¼
Ið3:0�4:0 ppmÞ � 6

4
I4:5�5:5 ppm

� 100 (2)

where I3.0–4.0 ppm − 6 represents the area of the protons in
a position to the nitrogen of the covalently linked diamine and
I4.5–5.5 ppm represents the area of the proton in the C1 anomeric
position (Fig. S20 and S21).

Elemental analyses (CHN) were performed using the Uni-
cube Organic Elemental Analyser (Unicube, Lomazzo (CO)), and
data reported are the mean value of three replicates.
UV-vis analysis and transparency measurements

The UV-vis spectroscopy analysis of all CMC lms prepared was
carried out using an Agilent Cary 100 UV/vis spectrophotometer
(Milano, Italy). The lms were placed into the spectrophotom-
eter test cell, and air was used as a reference. The optical
absorbance/transmittance of the lms was measured in the
wavelength range of 200–800 nm with a scan rate of 600
nm min−1. Transparency tests were carried out on the CMC
lms by measuring the absorbance at 600 nm and thereaer
performing calculations according to eqn (3):

Transparency = (log T600)/t (3)

where T600 is the value of transmittance at 600 nm and t is the lm
thickness (mm). All measurements were performed in triplicate.
Colour of the lms

The colour of all the CMC lms was evaluated using a spec-
trocolorimeter (Konica Minolta sensing Inc., CM 2600d, Osaka,
Japan) equipped with a D65 standard illuminant, and the
specular component excluded mode was used. The results were
expressed as L* (lightness), a* (redness) and b* (yellowness),
using a white plate as the standard (L* = 91.76, a* = 4.12, b* =

−10.9). All measurements were performed in triplicate on three
random locations for each lm. The total colour difference (DE),
yellow index (YI), and white index (WI) were calculated
according to eqn (4)–(6):

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*

s � L*
�2 þ �

a*s � a*
�2 þ �

b*s � b*
�2q

(4)

YI ¼ 146:86� b*

L*
(5)
© 2025 The Author(s). Published by the Royal Society of Chemistry
WI ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð100� L*Þ2 þ a*2 þ b*2

q
(6)

Film thickness

Film thickness was measured with a Lhomargy micrometer
(Saint-Baldoph, France) having a sensitivity of ±0.001 mm. The
Measurements were made at different points (at least ve) on
the same lm (at 25 ± 2 °C, RH = 55%), and the average values
were calculated.

Moisture uptake (MU%)

All CMC lms (20 mm × 20 mm) were rst conditioned in
a desiccator containing anhydrous CaSO4 at 0% relative
humidity (RH) until constant weight was achieved (Wo, 48 h at
25 ± 2 °C), followed by further conditioned with a saturated
solution of K2SO4 (RH = 97%) until constant weight was regis-
tered (W, 48 h at 25 ± 2 °C). All measurements were performed
in triplicate. The moisture uptake (MU%) value of the samples
was calculated according to eqn (7):

MU (%) = [(W − Wo) × 100]/Wo (7)
Moisture content (MC%)

The CMC lm samples (20 mm × 20 mm) were rst condi-
tioned using CaNO3 (RH = 55%) for 48 h at 25 ± 2 °C, weighed
(Wo) and then dried in an oven at 105 °C until a constant weight
was obtained (Wf). All measurements were performed in tripli-
cate. The moisture content (MC%) of the samples was calcu-
lated according to eqn (8):

MC (%) = [(Wo − Wf) × 100]/Wo (8)
Water vapor permeability (WVP)

WVP (g m−1 s−1 Pa−1, eqn 9) tests were carried out according to
the ASTM standard method.79 Cups with an average diameter of
3.5 cm and a volume of 70 mL were used to determine the WVP
of the lms. Each cup was covered with a lm and sealed using
paraffin. Cups containing anhydrous CaCl2 (RH = 0%) were
placed in a conditioned room with RH = 55%. Air circulated
through the chamber in order to maintain uniform conditions
during measurements. The cups were weighed every 1 h for the
rst 10 h and nally aer 25 h. The water vapor transmission
rate (WVTR) was calculated from the slope of the increase in
weight over time (g s−1) divided by the exposed lm area (m2)
eqn (9) (g m−2 s−2):

WVP = (WVTR × t)/[P(R1 −R2)] (9)

where t is the lm thickness (m), P is the saturation vapor
pressure (Pa) at 25.0 ± 2 °C, R1 is the RH in the room (0.55) and
R2 the RH in the cup (0). Under these conditions, the driving
force [P(R1 − R2)] is 1753.55 Pa, expressed as water-vapor partial
pressure.80 All measurements were performed in triplicate.
RSC Adv., 2025, 15, 34846–34860 | 34849
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Oil resistance ability of lms (OAR, %)

The oil resistance of the lms was tested according to a litera-
ture protocol.81 Filter paper (6 cm in diameter) was oven-dried at
50 °C until a constant weight was reached. Film samples (4 cm
in diameter) were xed with paralm on the top of a glass test
tube containing 5 mL of sunower oil and were placed on the
lter paper upside down for 48 h. Then, the lter paper was
weighed, and the oil absorption rate (OAR) was calculated
according to eqn (10):

OAR (%) = (m − mo)/mo × 100 (10)

where m is the weight of lter paper aer 48 h and mo is the
weight of dried lter paper.
Differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA)

DSC analysis of all lms was performed on a DSC 3 (Mettler
Toledo, USA). The instrument was calibrated using indium as
the standard. CMC samples (about 5.0 mg) were weighed into
an aluminium-oxidized melting pot, sealed and heated from
30 °C to 250 °C at a heating rate of 10 °C min−1. A sealed
melting pot lled with Al2O3 (about 7.0 mg) was used as the
reference. TGA of all lms (about 10 mg) was carried out on
a STA PT-1000 (Linseis, Germany) from 30 °C to 500 °C at the
rate of 10 °C min−1 under a nitrogen ow of 50 mL min−1.
SEM analysis

Themorphology and themicrostructure of the lm surface were
observed by scanning electron microscopy with an ESEM Phi-
lips XL30 TMP Microanalysis XRF-EDS. SEM analysis was
carried out on the surface of the lms, which were gold-coated
applying a K450X sputter coater (Emitech, England) under 10−1

Pa vacuum. The images of the sputtered-coated lm samples
were captured at an accelerating beam voltage of 25 kV.
Mechanical properties

The tensile strength (TS) and elongation at break (EB) of the
lms were determined at 25± 1 °C preconditioned to RH= 55%
for 48 h using a tensile tester RSA3 (TA Instruments, USA),
according to the ASTM standard method D882-91. Film speci-
mens (5.0 × 1.5 cm) were mounted between the grips of the
machine. The initial grip separation and crosshead speed were
set to 30 mm and 5 mm min−1, respectively. All measurements
were performed in triplicate.
ATR-Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectra of all CMC lms were recorded on a FT-IR
PerkinElmer 1720X spectrometer (Milano, Italy) in attenuated
total reectance (ATR) mode. The ATR-FTIR spectra were
collected with a resolution of 2 cm−1 in the range of 4000–
650 cm−1. Thus, 16 scans were acquired within this interval
with at least two duplicates for each sample.
34850 | RSC Adv., 2025, 15, 34846–34860
Biofragmentation tests

Biofragmentation of lms F0, F1, and F3–F7 was carried out
according to the literature, with slight modications.72 Soil was
poured into plastic trays (7 × 13 × 4 cm), and samples of each
lm (2 cm × 2 cm) were weighed and then buried in the soil to
a depth of 2 cm at 25 °C and 50% RH. The soil was sprayed with
water once a day. At different times (third and seventh day),
samples were carefully taken out and photographed. Bi-
ofragmentation was assessed by visual testing since it was
impossible to wash and weigh the lms due to their advanced
state of degradation. The pH of the soil was determined with an
XS pH 8 Standard Table pH Meter, aer dispersing 1 part by
weight of soil in 20 parts of water, following ASTM G160-12. The
soil showed a pH of 7.17.
Statistical analysis

Statistical analysis results of multiple samples tested are re-
ported. Average values ± standard deviation were calculated
using one-way and two-way analysis of variance (ANOVA) by
means of the OriginPro 2019 soware. Differences among the
mean values were processed by Tukey's multiple range test.
Signicance was dened at p < 0.05. All experiments were per-
formed in triplicate.
Results and discussion
Crosslinking amidation reaction of CMC in the presence of
DMTMM and lm casting

The amidation reaction between CMC and different diamides
(DAH, DAB and EDA) was tested in the presence of DMTMM as
the activating crosslinking agent (Scheme 2). It is well known
from the literature that the triazine ring of DMTMM can react
with the carboxyl groups of a polymer, thereby generating an
active ester and promoting the reaction with a nucleophile, in
this case a diamine.57,58 In order to assess the optimal reaction
conditions and general reaction scope, the efficiency of
DMTMM (see Table 1) was tested with varying the stoichio-
metric ratios of the reagents and the length of the alkyl chain of
the diamines.

In Table 1, the CMC/DMTMM wt/wt% ratios are also given,
as it is normal practice in the literature to use the crosslinking
agent in wt% rather than molar ratios, allowing for a better
comparison with previous works. Additionally, the molar ratios
between reagents were used in order to assess the inuence of
the stoichiometric ratio between COONa/diamine/DMTMM on
the physical–mechanical characteristics of the lms derived. In
particular, experiments were carried out with different COONa/
diamine/DMTMM molar ratios, based on the mmol of the
COONa functional groups present in 0.5 g of CMC (1.60 mmol)
(see Table 1). The reaction was carried out at room temperature
in water. The pH was carefully kept at pH 7 by neutralizing the
amino groups with a hydrochloric acid solution, since the effi-
ciency and stability of DMTMM strongly depend on the pH of
the reaction medium and good performance is generally ob-
tained in the range of 5 < pH < 9.62,64,73,74 Aer 20 h, the solution
was dialysed to remove the by-products of the condensing agent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed reaction mechanism of CMC and diamine crosslinking promoted by DMTMM.
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(DMTOH and NMMHCl) and unreacted diamine, and lms
were prepared by casting technology. The chosen cut-off of the
dialysis tube (1000 Da) allowed the purication of the cross-
linked CMC from low-molecular-weight unreacted species and
DMTMM by-products (MWDMTMM = 276.72 Da; MWNMMHCl =

137.61 Da; MWDMTOH = 157.13 Da; MWEDA = 60.10 Da; MWDAB

= 88.15 Da; MWDAH = 116.21 Da) and the quantitative recovery
of the product in high yields (between 91% and 99%). As far as
the yield of CMCA aer dialysis and casting is concerned,
different calculations have been reported in the literature. For
example, Šimkovic and coworkers calculated the yield based on
the nal weight of the lm divided by the weight of CMC
initially used, disregarding the weight of the crosslinker, and
yields as high as 120% were reported.25 Alternatively, Kono
measured the yield as the ratio between the nal weight of the
lm obtained by casting and the sum of the weight of CMC and
crosslinker initially introduced in the reaction mixture, report-
ing yields between 85% and 91%.75 This second approach was
preferred in this work.
Characterisation of CMC lms by NMR and elemental
analysis

In order to verify the efficiency of the crosslinking agent,
preliminary experiments were carried out in the presence of
DAH, selected as the model reactant, with a COONa/diamine/
DMTMM molar ratio of 6/1/2 or without DMTMM, and the
data were compared with those for control sample F0. Aer
20 h, both solutions were dialysed with a 0.1 M NaCl water
solution to remove DMTOH, NMMHCl and unreacted amine,
followed by casting to prepare lms F1, F10 and F0. A compar-
ison of the 1H and COSY NMR spectra of F0, F1 and F10 (Fig. S1
and 1a) conrms that the presence of DMTMM is crucial in
determining strong bonds, as all the diamine is removed if no
condensing agent is employed (F10, Fig. S1). In fact, the COSY
spectra of F1 further revealed the presence of a new signals at
3.26/1.54 and 2.99/1.67 ppm, due to the interaction between
CMC and the diamine (Fig. 1a and S4). Additional valuable
information on the chemical nature of the crosslinking was
obtained by comparing the HMBC spectra of F0 and F1 (Fig. S11
and 1b). The presence of three cross-peaks in the carbonyl
© 2025 The Author(s). Published by the Royal Society of Chemistry
region (4.00–4.28/178.05 ppm) of the HMBC spectra of F0
(Fig. S11) and F1 is in accordance with the literature, due to the
presence of carboxymethyl moieties in positions 2, 3 and 6 of
the AGU unit.76,77 Interestingly, the HMBC spectrum of the CMC
crosslinked with DAH (F1, Fig. 1b) showed a shi of the signals
of the carbonyl moiety from 4.00–4.28/178.05 ppm to slightly
lower ppm, consistent with changes in the chemical environ-
ment of the carboxymethyl moieties due to carbonyl group
conversion. In addition, a correlation was observed between the
terminal methylene of the diamine and the carbonyl group at
3.25/160–170 ppm (F1, Fig. 1b), consistent with the newly
formed amide linkages (CH2–NH–C]O).76

The cross-peaks at 1.40–1.67/25–40 ppm in F1 correspond to
the methylene units of the DAH chain. Notably, in the HSQC
spectra, the signal of the terminal methylene of the diamine
chain was only moderately shied from 2.63/42.76 ppm in the
free diamine to 2.99/42.17 ppm (Fig. S8 and S14). In addition,
no correlation was detected between the protons at 2.99 ppm
and the carbonyl carbon in the HMBC, further supporting the
occurrence of simple ionic rather than covalent interactions in
the crosslinking of CMC. A pure ionic–ionic crosslinking can be
excluded since all unbound amines were removed by dialysis
(see Fig. S1).

Analogous considerations are valid for the CMC lms
crosslinked with DAB and EDA, and all spectra are reported in SI
(1H, 13C, COSY, HSQC and HMBC). In particular, in the case of
EDA, the diamine signals appear at higher ppm regions, over-
lapping with the AGU region in the monodimensional 1H NMR
spectra (Fig. S2). This makes the two-dimensional spectra even
more essential for identifying the diamine signals and con-
rming the presence of covalent amide linkages through the
observation of characteristic cross-peaks in the HMBC spec-
trum (Fig. S13). 1H NMR studies were further employed to
determine the modication degree of CMCA lms, as described
in 1H, 13C and bidimensional NMR characterisation and
elemental analysis. To improve the resolution of the mono-
dimensional 1H NMR spectrum, a protocol reported by Ho &
Klosiewicz was adopted, involving dissolving lms in D2O/DCl
(see SI, Fig. S15–S21).77 In D2O/DCl, the anomeric protons of
the AGU ring are present between 4.9 and 5.8 ppm, methylene
RSC Adv., 2025, 15, 34846–34860 | 34851
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Fig. 1 (a) COSY NMR of F1, (b) HMBC of F1, and (c) schematic of the crosslinking.
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protons of CH2COONa functional groups are visible between
4.0 ppm and 4.5 ppm, while the non-anomeric protons can be
found between 3.1 ppm and 3.8 ppm.77–79 Finally, the signals
around 3.0 ppm correspond to the methylene groups in the
a position relative to the nitrogen, and those between 1.2 ppm
and 1.8 ppm correspond to the alkyl chain of the diamine.

To determine the modication degree in the reaction
between diamines and CMC, MoDth and MoDNMR (theoretical
and NMR-measured) were calculated following a similar
procedure reported in the literature.80 MoDth was calculated as
the ratio between the mmol of NH2 initially added (NH2i) and
the total mmol of anhydroglucose units (AGUtot) present in 0.5 g
of CMC (2.29 mmol), representing the theoretical maximum
degree of modication allowed. The MoDNMR was determined
from the 1H NMR spectra of CMC according to eqn (1) and (2)
(see the Materials and Method section and ref. 80), corre-
sponding to the modication degree actually obtained. The
resulting MoD values are reported in Table 1 and range from
3.75 to 9.25, depending on the type of diamine used and the
stoichiometric ratios applied. In particular, experiments carried
out with double the mmol of DAH and DMTMM gave no
signicant improvement in the crosslinking of CMC (COONa/
DAH/DMTMM 3/1/2, lm F2, Table 1 and Fig. S16). This is
probably because, as reported in the literature,81,82 the efficiency
of DMTMM tends to reach a plateau due to steric hindrance
phenomena, especially when it is employed to promote polymer
crosslinking. Thus, quantities of DMTMM above 30 wt/wt% by
weight of CMC are unnecessary and were therefore not further
investigated. On the contrary, the MoDNMR/MoDth ratio was
almost equivalent to that for F1 when half themmol of DAH was
used (see F1, F3, Table 1 and Fig. S17). Notably, the MoDNMR

tends to increase when shorter diamines are used, probably
34852 | RSC Adv., 2025, 15, 34846–34860
because steric hindrance effects are reduced, thereby enhancing
the reaction efficiency. The C (%), H (%), and N (%) values for all
samples were determined by elemental analysis and are re-
ported in Tables 1 and S2. To verify the consistency with the
NMR data, the nitrogen percentage (% N) was also calculated
based on the NMR results by estimating the mmol of reacted
diamine. The calculated % N was found to be very similar to the
value obtained from elemental analysis, conrming the reli-
ability of both techniques when used together. An example of
the calculation for sample F1 is provided in SI, and the data for
all samples are reported in Table S2. Further characterisation
was carried out on lms with the highest MoDNMR/MoDth ratio
(F1, F3, F4, F5, and F6) and the results compared with that for
control sample F0.

Colour, transparency, UV-vis analysis and thickness

Colour parameters, transparency and UV-vis spectra were
measured to assess information on the optical properties of the
lms, which are particularly important for the potential appli-
cation of CMCA lms for food packaging. A list of all colori-
metric parameters is reported in Table 2. No signicant
differences in lightness (L*), yellowness (a*) and whiteness (b*)
were observed between control sample F0 and crosslinked lms
F1 and F3–F7, demonstrating that crosslinking does not
signicantly alter the good optical properties of pure CMC
lms, which are not distinguishable by the naked eye. Both the
colour difference (DE) and yellow index (YI) are slightly lower for
F3, F5, and F7 lms compared to F1, F4, and F6 lms, while no
signicant differences were observed for the white index (WI)
(see Table 2).

The transparency values of lms F0, F1, and F3–F7 (see Table
2 and Fig. 2a) showed noticeable differences; in particular, lms
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hunter colour values (L*, a* and b*), total colour difference (DE), yellowness index (YI), whiteness index (WI), transparency (Tr) and
thickness of films F0, F1, and F3–F7a

Film L* a* b* DE YI WI Tr t (mm)

F0 87.58 � 0.14 3.67 � 0.01 −9.46 � 0.01 4.45 � 0.01 −15.86 � 0.02 83.96 � 0.85 33.31 � 0.07 59 � 1
F1 88.29 � 0.18 3.81 � 0.01 −10.08 � 0.01 3.58 � 0.01 −16.77 � 0.03 84.09 � 0.74 39.28 � 0.09 50 � 4
F3 88.94 � 0.20 3.88 � 0.02 −10.15 � 0.01 2.93 � 0.02 −16.76 � 0.05 84.49 � 0.66 41.96 � 0.24 47 � 2
F4 87.56 � 0.15 3.49 � 0.01 −8.80 � 0.01 4.75 � 0.01 −14.76 � 0.04 84.37 � 0.35 27.30 � 0.09 62 � 1
F5 88.15 � 0.11 3.81 � 0.01 −9.89 � 0.01 3.77 � 0.01 −16.48 � 0.02 84.10 � 0.19 36.40 � 0.17 54 � 2
F6 87.85 � 0.07 3.47 � 0.01 −8.71 � 0.01 4.54 � 0.01 −14.56 � 0.02 84.65 � 0.20 30.08 � 0.38 66 � 3
F7 88.43 � 0.01 3.80 � 0.01 −9.91 � 0.01 3.49 � 0.01 −16.46 � 0.04 84.30 � 0.23 39.03 � 0.26 50 � 3

a Tr: transparency measured at 600 nm; t: lm thickness (mm). Values given are mean ± standard deviation.
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F3, F5, and F7 exhibited higher transparency compared to the
control sample F0 (see Table 2 and Fig. 2a).83 On the contrary,
when higher quantities of DMTMM were employed (CMC/
DMTMM 30 wt/wt%), the transparency at 600 nm decreased,
analogous to the data reported for DCMD–gelatine lms.84

The UV-vis spectra of lms F0, F1, and F3–F7 were registered
in absorption and transmittance mode between 200 nm and
800 nm (Fig. 2b and c), and the shielding performance was
measured at three different wavelengths (250 nm, 300 nm, 350
nm), representative of UVC, UVB, UVA85 (Fig. 2d), respectively.
These data are particularly relevant to dene the specic
application, since such radiations generate undesired photo-
chemical processes (cleavage of covalent bonds, generation of
free radicals), responsible, for example, for the photo-
degradation of lipids in food.84,86,87While the shielding effects of
F1, F3–F7 and F0 against UVB and UVA are similar, a signicant
decrease in UVC transmittance is observed for the sample with
Fig. 2 (a) Transparency, (b) absorbance spectra, (c) transmittance spec
samples F0, F1, F3–F7.

© 2025 The Author(s). Published by the Royal Society of Chemistry
the highest degree of modication (i.e. F6), which reduced the
transmittance at 250 cm−1 to 93% compared to the results for
F0. In agreement with the literature, the improvement in the
UVC shielding properties is a consequence of the crosslinking
of the polymer matrix. This improvement increases surface
density,51,52,88–90 an important characteristic for food packaging.
For completeness, optical images of lms F0, F1, and F3–F7 are
reported in Fig. 2e. Regarding sample thickness, the moderate
differences observed (Table 2) are mainly attributable to the
mass loss (about 7–18%) occurring during purication by
dialysis, rather than to differences in swelling related to the
crosslinking degree, as previously suggested in the literature.91
Determination of moisture uptake, moisture content, water
vapor and oil permeability

Moisture content percent (MC%), moisture uptake percent
(MU%), and water vapour permeability (WVP) were measured,
tra, (d) UVC, UVB, and UVA transmittance and (e) optical images of

RSC Adv., 2025, 15, 34846–34860 | 34853
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and the data for F1 and F3–F7 and the control sample F0 are
reported in Table 3. These characteristics are also very important
for the packaging industry, helping preserve food from the
surrounding environment.92 For all CMCA lms, theMC%,MU%
and WVP values seem to be more inuenced by the type of
diamine used and less by the amount of DMTMM used. Inter-
estingly, a reduction of up to 16% was registered for the MC%
values of F1, F3, F4 and F5 crosslinked with DAH or DAB and
slightly less for the lms prepared with EDA (10% for F6 and F7).

Analogously, theMU% values decrease from 98.4± 3.5 for F0
to 69.6 ± 2.1 for F1 (<27%), while only moderate changes were
observed when the amount of DMTMM employed was varied
(see Table 3). Regarding WVP values, lms F1 and F3–F7
exhibited similar behavior, with a signicant reduction in WVP
of up to 55% for F4, F6, and F7 compared to the control sample
F0, highlighting the positive effect of crosslinking on water
vapor permeability. Since MU%, MC% and WVP are very
important characteristics for food packaging applications,
careful comparison with literature data was carried out to
highlight the performances of the lms obtained by the cross-
linking amidation of CMC.

Considering the CMCA lms (Table 3) with respect to the
CMC lms self-crosslinked with DMTMM (CMC/DMTMM)51, an
overall decrease in MC%, MU% and WVP was registered (21%,
13% and 38%, respectively), showing that the use of diamines
reduces the water affinity of CMCA lms. This is probably
a consequence of both the superior efficiency of DMTMM
towards the formation of amide compared to ester bonds93 and
the high hydrophobicity of the polymer matrix due to the
presence of the apolar methylene groups of the diamines.
Further comparison of the MC%, MU%, WVP values and other
general physical–mechanical characteristics of the CMC lms is
rather difficult since, although many works have been pub-
lished on the crosslinking of CMC, the substitution degreesmay
differ and the molecular weight is oen not reported.94–96

Nonetheless, on comparing the CMCA lms with other CMC
based lms, it emerges that the MC%, MU% and WVP values of
F1 and F3–F7 are comparable to or higher than other literature
data. For example, compared to the CMC lms prepared in the
presence of fatty acid esters (MC% of 35.08 ± 0.16, WVP of 2.29
± 0.30 × 10−9 g m−1 s−1 Pa−1) (Mukherjee et al., 2024),96 the
MC% values of the CMCA lms are similar, while the WVP
values are distinctively higher. Additional comparisons are
Table 3 MC%, MU%, WVP and OAR dataa

Sample MC (%) MU (%)

F0 48.3 � 2.6a 98.4 � 3.5a

F1 32.0 � 1.9b 69.6 � 2.1b

F3 34.0 � 1.3b 76.0 � 0.9c

F4 32.1 � 2.9b 73.9 � 3.1c

F5 34.1 � 2.1b 71.5 � 1.9
F6 39.2 � 3.6c 75.6 � 2.7c

F7 38.5 � 4.3c 80.0 � 1.5c

a Values given are mean ± standard deviation. Values with different supe

34854 | RSC Adv., 2025, 15, 34846–34860
given only for the WVP, since the MC% and MU% were not
easily determined.

Shahbazi and coworkers studied the preparation of CMC and
polyvinyl pyrrolidone lms crosslinked with 15 wt% glutaral-
dehyde, achieving a WVP of 1.38 ± 0.04 × 10−9 g m−1 s−1 Pa−1,
an order of magnitude higher than theWVP values of the F1 and
F3–F7 lms.91 Similar WVP values (1.75 ± 0.04 × 10−10 g m−1

s−1 Pa−1) have been reported by Mu and coworkers for
dialdehyde-CMC/gelatine lms,84 although the oxidation of
CMC is required.

Recently, CMC lms prepared with the addition of 5 wt%
citric acid (CA) as the crosslinking agent were reported to show
similar WVP to the ones reported in this work (1.57 × 10−10 g
m−1 s−1 Pa−1).94,95

The oil resistance capacity of the CMC lms was measured in
terms of the oil absorption rate (OAR, %), and a similar trend
was observed for the OAR as that for the WVP; the lms
exhibited signicantly improved OAR compared with F0 (see
Table 3).

DSC and TGA of the CMC lms

The effect of crosslinking on a polymeric material may be
characterized by thermal analyses, such as DSC and TGA,97,98

since crosslinking leads to the formation of a compact network
which generally increases the thermal stability of a material.99

In agreement with the literature, F0 shows an endothermic peak
at 79 °C (Tm), due to the residual moisture on the lm,100,101 and
lms F1 and F3–F7 show a similar trend (Fig. 3a).90,102 Inter-
estingly, in the case of the crosslinked lms, this peak appears
at different temperatures in the DSC diagram, as is common in
the literature for crosslinking of polysaccharides.91,102 For all
lms tested, both onset and mid-point temperatures Tm values
decrease either when the diamine alkyl-chain length decreases
or, for lms prepared with the same diamine, the modication
degree decreases (Fig. 3b). In particular, the peak mid-point
increases up to 115 °C in the case of F1. Thus, a correlation
seems to exist among the moisture evaporation detected by
DSC, MC (%), and modication degree. Probably, upon heating
the sample, bulk water diffusion is slower through crosslinked
lms due to a more compact network, and its evaporation
occurs at higher temperatures. In line with this hypothesis, the
MC (%) of the crosslinked lms is lower than that of F0 and
decreases as the crosslinking degree increases (see Table 3). The
hypothesis is graphically represented in Fig. 3b, in which
WVP (10−10 g m−1 s−1 Pa−1) OAR (%)

5.86 � 0.50a 0.356 � 0.005a

3.11 � 0.22b 0.252 � 0.005b

3.46 � 0.31b 0.276 � 0.006c

2.61 � 0.15c 0.279 � 0.004c

2.75 � 0.17c 0.377 � 0.005a

2.63 � 0.24c 0.074 � 0.005d

2.67 � 0.21c 0.228 � 0.004e

rscripts in the same column are signicantly different (p < 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) DSC, (b) Tm as function of MC, (c) TGA and (d) DTG of samples F0, F1, and F3–F7.
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a correlation has been found between the MC (%) and the DSC
moisture evaporation peak. This interesting phenomenon will
be further evaluated through detailed DSC studies performed at
low temperatures to detect the state of the bulk water in the
crosslinked lms. The graphs in Fig. 3c and d depict the TGA
and TGA derivatives of F0, F1, and F3–F7, showing that all
samples undergo two weight losses. The rst, registered at
temperatures below 100 °C, is associated with the evaporation
of the residual moisture contained in the material,101 while the
second, between 240 °C and 350 °C, is the most signicant and
is associated with the degradation of the polymeric chains.103,104

The onset temperature of the starting material F0 and the
crosslinked samples are listed in Fig. 3c. In particular, cross-
linked samples F1, F4, and F7 showed a slightly higher onset
temperature (267 °C for F1, 265 °C for F4, and 265 °C for F7)
compared to the starting material F0 (264 °C) and to the lms
prepared with the same diamine but having lower modication
degrees (262 °C for F3, 262 °C for F5, 263 °C for F7). However,
signicant differences were observed in the end temperature
Tend of the thermal degradation. In fact, in this case, the
crosslinked samples with high modication degrees showed
signicantly higher Tend values (339 °C for F1, 337 °C for F4, and
336 °C for F6) compared to F0 (323 °C) and to the samples
having lower modication degrees (325 °C for F3, 328 °C for F5,
© 2025 The Author(s). Published by the Royal Society of Chemistry
and 329 °C for F7). This phenomenon could be associated with
the slower thermal degradation of the lms due to the chemical
crosslinking, which retards the thermal reactions associated
with CMC degradation.105–107

Further information can be obtained from the derivatives of
the TGA (Fig. 3d), in which the degradation rate may be evalu-
ated by the slope of the curve between 240 °C (the temperature
at which degradation begins) and 350 °C (when degradation
ends).106

As for the DSC data, TGA and dTG also evidence a signicant
improvement in the stabilization of lms F1 and F3–F7
compared to the control sample F0 and to lms prepared
without the addition of a diamine (CMC/DMTMM), which
degrade at temperatures between 190 °C and 300 °C.51

SEM analyses further conrm the presence of a highly
crosslinked polymer matrix (see Fig. S26 and S27, SI).
Mechanical properties

The mechanical properties, such as the tensile strength (TS,
MPa) and elongation at break (EB, %), of the crosslinked lms
are useful for the evaluation of their potential applications. The
TS values of lms F1 and F3–F5 are rather similar (Fig. 4a),
while higher values were measured for lms prepared with EDA,
RSC Adv., 2025, 15, 34846–34860 | 34855
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and the TS of F6 is about 40% higher compared to that of F0 (see
Fig. 4a). Considering previous TS data reported in the literature
on CMC/DMTMM lms and on CMC crosslinked lms in the
presence of citric acid,51,95 the crosslinking degree generally
plays a major role in achieving optimal TS values. On the
contrary, the TS values of CMCA are not signicantly affected by
the amount of DMTMM used or the modication degree, as can
be seen from the data plotted in Fig. 4a, while changing the
diamine signicantly inuences TS. It is worth noting that EDA,
having the shortest alkyl chain, promotes stronger contact
between the polymeric chains of CMC, favourably affecting the
TS.108 In general, the improvement in the tensile strength (TS)
Fig. 4 (a) TS, EB of samples F0, F1, and F3–F7, (b) ATR-FTIR spectra o
(1100 cm−1) ratios for samples F0, F1, and F3–F7.

Table 4 Comparison of the TS values of the CMC-based films reported

TS (MPa) Material MWCMC (Da) D

29.6 � 3.0 CMC + H2SO4 90 000 0
54.9 � 3.1 CMC crosslinked with DMTMM 90 000 0
22.9 � 0.9 CMC + CaCl2 + gelatine —a —
78.2 � 11.7 CMC + SA + CSb — —
32.6 � 2.1 CMC + starch — —
30.0 � 2.0 CMCc + starch 150 000 —
15.1 � 1.2 DCMCd + gelatine — —
75.9 � 2.9 CMC crosslinked with EDA 90 000 0

a CMC (%) viscosity at 25 °C: 800–1200mPa s. b SA: sodium alginate; CS: ch
30 mm long strip; the gauge of the strips was 20 mm and the strain rate wa
5 mm s−1, effective elongation distance of 80 mm, and trigger force of 5 N

34856 | RSC Adv., 2025, 15, 34846–34860
due to crosslinking is evident, conrming the positive effect of
the reaction on the mechanical performance of the lms.
However, when comparing the TS values with those reported in
the literature (Table 4), caution is needed. Indeed, the molec-
ular weight and degree of substitution (DS) of CMC, as well as
the testing methods applied, oen vary or are not explicitly re-
ported. Moreover, in many studies, CMC is blended with other
biopolymers (e.g., gelatin, starch, alginate, chitosan), which can
signicantly affect its mechanical properties and hinder direct
comparison.

A more consistent benchmark can be found in our previous
work,51 where CMC was crosslinked with DMTMM in the
f F1 (red line) and F0 (black line) films, and (c) Abs (1645 cm−1)/Abs

in the literature

SCMC Testing method Ref.

.7 —e Wang et al., 2021 (ref. 33)

.7 ASTM D882-91 Beghetto et al., 2020 (ref. 51)
ASTM D882-12 He et al., 2022 (ref. 109)
—f Lan et al., 2018 (ref. 110)
ASTM D882-12 Tavares et al., 2020 (ref. 104)
ASTM D882-12 Tongdeesoontorn et al., 2020 (ref. 111)
ASTM D882-97 Mu et al., 2012 (ref. 84)

.7 ASTM D882-91 F6 (this work)

itosan. c AKUCELL-AF 0705. d DCMC: dialdehyde CMC. e 5mmwide and
s 25 mmmin−1. f 80 mm × 150 mm; return distance of 60 mm, speed of
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Day 0 and day 3 pictures of the F0–F6 films during the biofragmentation process.
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absence of diamines, resulting in a TS of 54.9 ± 3.1 MPa. The
higher TS values obtained in the present work, therefore, indi-
cate that the introduction of the diamine has a benecial effect,
further enhancing the mechanical strength of the lms. This
improvement may be rationalized by considering that diamines
can promote a more efficient linkage between different polymer
chains, leading to a denser and more interconnected network.
In addition, the presence of aliphatic chains in the diaminemay
contribute to a more favorable packing of the material, ulti-
mately reinforcing the overall tensile strength.
ATR-FTIR analysis

ATR-FTIR analysis of all lms has been performed (see Fig. S22
in SI), and only F0 and F1 are reported as representative in
Fig. 4b. Comparing F0 to F1, a band at 1645 cm−1 in the ATR-
FTIR spectrum of F1 conrms the formation of amide bonds
promoted by DMTMM, in agreement with the literature,66,112,113

and no other relevant differences are present in the ATR-FTIR
spectra of F0 and F1. A semi-quantitative estimation of the
amount of amide bonds formed was obtained by dividing the
absorbance at 1645 cm−1 (Abs 1645) by the absorbance at
1100 cm−1 (Abs 1100) of the AGU unit, which is not affected by
the crosslinking reaction (see Fig. 4c).106,112,114

From this data a signicant variation (p < 0.05) in the Abs
1645/1100 ratio is observed on comparing F0 to F1 and F3–F7,
conrming that a higher crosslinking degree of the polymer
matrix is obtained with 30 wt% DMTMM by weight of CMC.
Visual biofragmentation of lms

Biofragmentation is a crucial step in the biodegradation
process, where catalytic agents (e.g. enzymes) produced by
microorganisms gradually break up polymeric chains into
smaller molecules,115,116 followed by assimilation and mineral-
ization stages. The biofragmentation of lms F0, F1, and F3–F7
was performed according to the literature, with slight modi-
cations66,72 involving burying the lms under 2 cm of soil and
spraying the soil with water once a day. Pictures of all samples at
day 0 and aer three days of burial are shown in Fig. 5.

From the visual analysis (Fig. 5), it was possible to observe
that aer three days, all samples were highly fragmented, and
only a modest difference in colour between F1, F4, and F6 and
F3, F5 and F7 was evidenced. Although it was not possible to
© 2025 The Author(s). Published by the Royal Society of Chemistry
weigh lms F0, F1, and F3–F7 due to soil contamination and the
advanced degradation state of the lms at day 3, all samples
were completely biofragmented aer seven days, demonstrating
comparable biofragmentation between the lms tested and the
control sample. It should be noted that this test represents
a qualitative assessment, mainly aiming to verifying that the
crosslinking process does not signicantly compromise the
intrinsic biodegradability of CMC.
Conclusions

This paper reports the rst example of amidated crosslinked
CMC lms (CMCA) prepared by a reaction between CMC and an
aliphatic diamine (ethylenediamine, butyldiamine, hexa-
methylenediamine), promoted by DMTMM. The inuence of
the length of the diamine alkyl chain and the COONa/diamine/
DMTMM molar ratio on the properties of the CMCA lms was
investigated. The structure of the newly prepared CMCA was
conrmed by mono and bidimensional NMR studies. Interest-
ingly, 1H NMR and HMBC studies provided clear-cut informa-
tion on the nature of the bonds contributing to the CMCA
crosslinking. In particular, the formation of stable covalent
bonds was demonstrated, excluding the presence of ionic
interactions and highlighting the key role of DMTMM in the
formation of the crosslinking. Overall, the efficiency of
DMTMM was between 30% and 41%, and the highest MoDNMR

of 9.75 was measured for the EDA-crosslinked CMC lms.
Statistical analysis of the physical–mechanical data clearly evi-
denced that the characteristics of the lms are mainly inu-
enced by the diamine alkyl chain length. The positive effect of
diamine addition on the barrier and water vapour absorption
properties can be rationalized by the presence of the hydro-
phobic alkyl chains and the highly efficient packing of the CMC
chains induced by crosslinking, which inhibit and retard water
uptake and its subsequent diffusion within the lm matrix.

Similarly, the diamines also play a key role in enhancing the
mechanical properties. This is probably due to the hydrophobic
interactions established between the diamine chains, which
provide an additional contribution to the structural integrity of
the material and consequently improve its tensile strength.

The best water vapour permeability (2.63 ± 0.24 × 10−10 g
m−1 s−1 Pa−1), oil resistance (7.4± 0.5× 10−2%), and one of the
highest tensile strength value ever reported for CMC lms (TS
RSC Adv., 2025, 15, 34846–34860 | 34857
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75.90 ± 2.90 MPa) were obtained with a COONa/EDA/DMTMM
molar ratio of 6/1/2 (F6, Table 1). DSC, TGA, SEM and ATR-FTIR
analysis further conrmed the formation of strong covalent
bonds between CMC and the diamines, promoted by DMTMM.
All the prepared lms showed high transparency values, with
the best lm F6 exhibiting an exceptionally high barrier to UVC,
a valuable characteristic for food preservation. Overall, the data
demonstrate that CMCA is a highly performing biodegradable
lm, prepared with an easy, safe, and promising approach
suitable for food packaging applications. Studies are ongoing to
test the shelf life of food samples packaged in CMCA lms to
further validate their applicability. It should be noted that the
primary goal of this work was to provide a proof of concept,
demonstrating the direct correlation between diamine cross-
linking and improvement of functional properties. Critical
aspects, such as long-term safety and biocompatibility, as well
as the scalability of the preparation process, remain to be
further investigated. Moreover, biofragmentation was assessed
only through visual inspection, representing a qualitative rather
than quantitative evaluation. Therefore, future studies using
respirometric methods and quantitative CO2 release measure-
ments should be conducted on these amidated cellulosic
derivatives.
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