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Abstract  This work reports the first example of the 
use of octylamine for the functionalization of car-
boxymethylcellulose (CMC-Oct) to produce highly 
hydrophobic and oil-resistant paper. CMC function-
alization was carried out in water, in the presence 
of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMTMM) as condensing 
agent. Different DMTMM/carboxymethylated glu-
cose residues (GlcCOONa) molar ratios (0.5, 1, 2.0) 
were employed to evaluate the efficiency of DMTMM 
in terms of degree of amidation, measured by 1H 
NMR (DANMR) and Elemental Analysis (DAEA). 
CMC-Oct with DANMR of 0.07, 0.14 and 0.24 were 
obtained and used to prepare films, which were char-
acterised by ATR-FTIR, TGA/DSC, UV–Vis, colour, 

moisture uptake (MU%) and water vapor permeabil-
ity (WVP). Best performing film (F2, DANMR = 0.24), 
was obtained with a DMTMM/GlcCOONa molar ratio 
of 2, giving a reduction in MU% and WVP of 64% 
and 60% compared to CMC. This formulation (2 
wt% in water) was employed for up to three layers of 
paper coatings. Grammage, thickness, scanning elec-
tron microscopy images, contact angle, water vapor 
permeability (WVP), oil absorption ratio (OAR%), 
mechanical properties, and surface energy were eval-
uated and compared among uncoated paper, paper 
coated with unmodified CMC, and paper coated 
with CMC-Oct. Data show that three applications of 
CMC-Oct coating on paper significantly improved the 
hydrophobicity, barrier, mechanical properties and 
surface energy of the paper. Contact angles of up to 
105 ± 8°, significant reduction in WVP and OAR% 
(up to 56% and 99.8%, respectively), and increase in 
EB% and TS (+ 32% and 47%, respectively), support-
ing its potentials as a sustainable alternative to fossil-
based coatings for packaging applications.
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Introduction

The intensive use of non-biodegradable fossil-based 
polymers is leading to significant environmental 
issues, since, due to their chemical and biochemical 
stability, they accumulate in the environment generat-
ing micro and nano plastic pollution (Luo et al. 2024; 
Ali et  al. 2024; Richard et al. 2024). The packaging 
sector is responsible for the consumption of about 
40% of the yearly polymers produced worldwide, as 
reported by the Plastics Industry Association (Plastics 
2025). This includes packaging for food, beverages, 
consumer goods, and industrial products. Currently, 
plastic recycling remains limited to only 9% world-
wide (UNEP- UN environmental program  2020; 
Geyer et al. 2017), therefore, there is a growing inter-
est in overcoming these issues by replacing non-bio-
degradable fossil-based materials with bio-based and 

biodegradable ones, such as for example paper (Tardy 
et al. 2023). However, paper has low permeability to 
water and oil, limiting its potentials (Lavoine et  al. 
2014; Mujtaba et al. 2022) and coating technology is 
widely used to improve paper performances and bar-
rier properties (Teisala et  al. 2014; de Lima Santos 
et al. 2024). Conventional strategies often involve the 
application of fossil-based coatings such as polyeth-
ylene, polyvinyl alcohol (PVOH), or acrylic disper-
sions, which enhance paper barrier performances, but 
often compromise recyclability (Mujtaba et al. 2022). 
As a result, there is growing interest in developing 
bio-based coatings that can improve the functional 
properties of paper, preserving its recyclability and 
biocompatibility. Presently different bio-based coat-
ings have been investigated, and they can be divided 
into solvent and water-based systems. For example, 
polylactic acid (PLA) and polyhydroxyalkanoates 
(PHA) can be employed to prepare efficient coatings 
with good barrier properties, however, their applica-
tion requires the use of organic solvents, raising con-
cerns about environmental impact and safety (Rastogi 
and Samyn 2015; Basak et al. 2024).
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Water-based bio-coatings, an environmentally 
friendly alternative, have been prepared from aqueous 
dispersions of starch, chitosan, and carboxymethyl 
cellulose (dos Santos Lima et al. 2025; Kunam et al. 
2024), however unfunctionalized biopolymer have 
lack of performances and very often several layers are 
required for a significant improvement of functional 
properties. Thus, chemical modification or prepara-
tion of composites are required to improve the coat-
ing’s performance. Consequently, scientific research 
is highly active in searching optimal balance between 
coating performance, choice of materials, and mild, 
sustainable functionalization conditions. (Lavric et al. 
2021; Koppolu et  al. 2023; Zhang and Youngblood 
2025; Swarupa and Thareja 2024). For example, Has-
sani and coworkers (Hassani et  al. 2022) employed 
citric acid-crosslinked starch applied via impregna-
tion onto alkali-treated paper, followed by hot press-
ing at 130  °C, achieving notable improvements in 
hydrophobicity (+ 68% in water contact angle) and 
tensile strength (+ 50%). However, the impregnation 
method may limit coating uniformity and control over 
layer thickness. Ni and coworkers (Ni et  al. 2018) 
reinforced starch with zinc nanoparticles, reaching 
contact angles up to 118°, but the reduction in water 
vapor transmission rate (WVTR) was modest (12%). 
Zhang and coworkers (Zhang et  al. 2021) reported 
a 72% reduction in WVP and mechanical enhance-
ments using acetylated cellulose and cinnamalde-
hyde, however, the acetylation process requires harsh 
reaction conditions. Similarly, Li and coworkers (Li 
et  al. 2020) functionalized chitosan with castor oil 
linked by isophorone diisocyanate, achieving moder-
ate barrier improvements, but with no gain in tensile 
strength and reduced elongation at break.

Building on previous advancements in biopoly-
mer functionalization for paper coatings, this study 
focuses on carboxymethylcellulose (CMC) and 
exploring its potentials to enhance paper perfor-
mances through targeted chemical modifications. In 
particular, the hypothesis of this study is that CMC 
can be modified by functionalization with a long 
alkyl chain amine to improve its hydrophobicity and 
water vapor barrier properties, making it suitable 
for paper coating applications. In fact, Charpentier 
and coworkers (Charpentier et  al. 2005; Charpentier 
et al. 1997) showed the good potentiality of amidated 
CMC in terms of superior rheological characteristics 

of the polymer, although CMC-amine was prepared 
in organic solvent and in the presence of dimetylami-
nopiridine and dicyclohexylcarbodiimide (DCCI) 
as condensing agent. Additional strategies have 
been reported in the literature for the preparation 
of amidated CMC (Zabivalova et  al. 2003; Taubner 
et  al. 2015) however, all foresee the use of organic 
solvents (methanol, xylene or dimethylformamide 
DMF), high temperatures and long reaction times. 
Thus, despite the demonstrated potential of amidated 
CMC, there remains a gap in the literature regarding 
mild, fully aqueous-phase amidation approaches spe-
cifically aimed at developing functional coatings for 
paper, leaving an opportunity to explore sustainable 
processes.

In this work a protocol was tested for the func-
tionalization of CMC with octylamine (CMC-Oct) 
in water and in the presence of 4-(4,6-dimeth-
oxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium 
chloride (DMTMM) (Kunishima et al. 1999; D’Este 
et  al. 2014). In fact, DMTMM is a greener con-
densing agent compared to traditional systems 
(carbodiimides) since it can be used in water and 
byproducts formed (2-hydroxy-4,6-dimethoxy-1,3,5-
triazine (DMTOH), N-methylmorpholinium chloride 
(NMMCl), Scheme 1) are nontoxic and easily remov-
able by dialysis (D’Este et al. 2014). First, the func-
tionalization efficiency of DMTMM was tested at 
variable DMTMM/carboxymethylated glucose resi-
dues (GlcCOONa) molar ratios and degree of amidation 
measured by NMR and elemental analysis (DANMR 
and DAEA). Then, preliminary analysis of the physi-
cal mechanical characteristics (ATR-FTIR, UV–Vis, 
colour analysis, tensile strength (TS) and elonga-
tion at break (EB%), DSC, TGA, moisture uptake, 
water vapour permeability WVP) of CMC-Oct films 
obtained by casting were performed to select the most 
promising formulation. In the last part of the work, 
best performing CMC-Oct formulation was employed 
for paper coating (from one to three layers). Gram-
mage, thickness, surface morphology, hydropho-
bicity, colour analysis, WVP, oil absorption ratio 
(OAR%), EB%, TS, and surface energy of CMC-
Oct coated paper were measured and compared to 
uncoated paper and paper coated with commercially 
available, unmodified CMC.
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Materials and methods

Materials

CMC with carboxylation degree DS = 0.7 and average 
molecular weight 90,000 Da, octylamine, filter paper 
(Whatman™, Cat No 1113 150, grammage of 125 g/
m2) and DMTMM were purchased from Sigma-
Aldrich Co. (St. Louis, MO) and used as received.

Methods

Amidation of carboxymethylcellulose

Condensation of CMC and octylamine mediated 
by DMTMM as a condensing agent was achieved 
in water to yield the corresponding CMC amide 
derivative (see Table  1). For example, film F1 was 
prepared according to the following procedure: 
0.5  g of CMC (1.60 mmoles of GlcCOONa groups) 
were solubilized in 20  mL of distilled water. Mean-
while, a solution was prepared containing 10 mL of 
water, 206.4 mg of octylamine (1.60 mmol, COONa/
octylamine 1/1), neutralized with HCl 0.1  M to pH 
7  (the final volume after acid addition was adjusted 
to 20 mL), and 441.6 mg of DMTMM (1.60 mmol, 
octylamine/DMTMM 1/1); this solution was added 

to CMC solution and the whole system was left 
under mechanic stirring at 500 rpm for 20 h at 30 °C. 
Before adding DMTMM, the pH was carefully con-
trolled using a XS pH 8 Standard Table pH Meter. 
The acid was added dropwise, with the pH being 
monitored after each addition. The viscous solution 
obtained was dialyzed with a 0.1 M sodium chloride 
water solution for three days and with distilled water 
for two days, changing the water in 120 min interval 
using a dialysis tube with cut off 1000  Da. The use 
of NaCl was necessary to disrupt ionic interactions 
between the ammonium groups of the amine and the 
carboxylate groups of CMC (Zhai et al. 2023), while 
the extended dialysis time ensured complete removal 
of residual reagents, likely slowed by the increased 
viscosity of the solution. Control film F0 was pre-
pared as for F1, without the addition of the DMTMM.

Scheme 1   Chemical functionalization of CMC with octylamine and DMTMM for the preparation of films and coated paper

Table 1   Sample formulation

Each experiment was performed with GlcCOONa/Octylamine 
molar ratio of 1

Sample GlcCOONa/
DMTMM

F0 1/0
F0.5 1/0.5
F1 1/1.0
F2 1/2.0
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Preparation of amidated carboxymethyl 
cellulose‑based films

The obtained solution was transferred into a poly-
styrene petri dish (9 cm diameter) and oven dried at 
35  °C for 48  h. All films were prepared following 
this procedure with DMTMM/GlcCOONa molar ratios 
reported in Table 1, followed by dialysis and casting. 
Control sample (F0) was prepared as described for F1 
without the addition of the DMTMM. Identification 
codes of all films prepared in this work are reported 
in Table 1. A picture of all prepared film is reported 
in Supplementary Information, Fig. S7.

Characterization of CMC and amidated CMC films

1H, COSY and 13C NMR Spectral analysis

The NMR spectra were recorded using a Bruker 
Advance 300 spectrometer (Milano, Italy) operating at 
298 K and at a frequency of 300.13 MHz for the pro-
ton spectrum and 75.4 MHz for the carbon spectrum, 
chemical shifts were reported on a δ-scale (ppm). The 
degree of amidation DANMR was determined from the 
1H NMR spectra of CMC by treating 50  mg of film 
sample with 0.5  mL of deuterated water and 0.5  mL 
of deuterium chloride at 95  °C for one hour. Chemi-
cal shifts (ppm) of CMC in D2O/DCl have been set as 
reported by Ho and Klosiewicz (1980). The degree of 
amidation was calculated according to Eq. (1) (Thomp-
son et al. 2005) for all films.

where I0.93 ppm is the area of the signal of the terminal 
methyl groups in octylamine and I4.8–5.6 ppm is the area 
of the anomeric proton (Fig. 1b).

The efficiency of DMTMM was expressed as the 
ratio between degree of amidation determined by NMR 
(DANMR) and theoretical degree of amidation (DAth), 
according to Eq. (2) for F1 and F0.5 and according to 
the Eq. (3) for F2(Thompson et al. 2005:

(1)DA =
I0.93ppm∕3

I4.8−5.6ppm

(2)DMTMM Efficiency (%) =
DANMR

DA(th)

∗ 100

where 2 is the DMTMM/GlcCOONa molar ratio.
The amide content is the ratio between the amide 

carbonyl groups and the total carbonyl group in 
the CMC and was calculated as reported in Eq.  (4) 
(Thompson et al. 2005):

where DANMR is the degree of amidation obtained by 
NMR and 0.7 is the DS of carboxymethylation of the 
commercial CMC.

Elemental analysis

Elemental analyses (CHN) were performed using 
the Unicube Organic Elemental Analyser (Unicube, 
Lomazzo (CO)), and data reported are the mean val-
ues of three replicates. Each sample was performed in 
triplicate. Degree of amidation by elemental analysis 
(DAEA) was calculated from these data using an equa-
tion present in the literature (Bendahou et  al. 2015) 
reported in the Eq. (5):

where %N is the nitrogen content in functional-
ized CMC and n is the alkyl chain length of grafted 
moieties.

Attenuated total reflectance‑fourier transform infrared 
(ATR‑ FTIR) spectral analysis

ATR-FTIR spectra of all CMC films were recorded on 
a FT-IR Perkin-Elmer 1720X spectrometer (Milano, 
Italy) in Attenuated Total Reflectance (ATR). The 
ATR-FTIR spectra were collected with a resolution 
of 2  cm−1 in the range of 4000–650  cm−1. Thus, 32 
scans were acquired within this interval with at least 
duplicates for each sample.

UV–Vis analysis and transparency measurements

The UV–Vis spectroscopy analysis of all CMC films 
prepared were carried out using an Agilent Cary 100 
UV/Vis spectrophotometer (Milano, Italy). The films 

(3)DMTMM Efficiency (%) =
DANMR

DA(th) ∗ 2
∗ 100

(4)Amide content (%) =
DANMR

0.7
∗ 100

(5)DAEA =
11.57%N

1 − %N(n + 0.857)
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were placed directly into the spectrophotometer test 
cell and air was used as reference. The optical absorb-
ance of the films was measured in the wavelength 
range of 200–800 nm with a scan rate of 600 nm/min.

Colour analysis

Colour of all coated paper was evaluated using a port-
able spectrophotometer CM-26dG (Konica Minolta 
sensing Inc., CM 2600d, Osaka, Japan) equipped 
with D65 standard illuminant, specular component 
excluded mode was used. The results were expressed 
as L* (lightness), a* (redness), b* (yellowness) and 
for coated paper Gloss (8°), using a white plate as 
standard (L* = 91.76, a* = 4.12, b* = −10.9). All 
measurements were performed in triplicate on three 
random locations for each film or paper sample. 
The total colour difference (ΔE), Yellow Index (YI) 
and White Indec (WI) were calculated according to 
Eqs. (6–8):

Differential scanning calorimetry (DSC) and thermal 
gravimetric analysis (TGA)

DSC analysis of all films 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 to 500 °C at a 
heating rate of 10 °C/min. A sealed melting pot filled 
with Al2O3 (about 7.0 mg) was used as the reference. 
TGA analyses of all films (about 10 mg) were carried 

(6)ΔE =

√

(L∗
s
− L∗)

2
+ (a∗

s
− a∗)2 + (b∗

s
− b∗)

2

(7)YI =
146.86xb ∗

L ∗

(8)WI = 100 − [(100 − L∗)
2
+ a∗

2 + b∗
2]

Fig. 1   a Experimental procedure for the detection of covalent bond by comparison with blank reaction; b 1H NMR spectra of CMC, 
F1, F0; c) Proton assignment in bonded octylamine
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out on a STA PT-1000 (Linseis, Germany) from 30 to 
500 °C at the rate of 10 °C/min under nitrogen flow of 
50 mL/min.

Mechanical properties of films and coated paper

Mechanical properties of films (F0-F2, see Supplemen-
tary Information, Table  S3), coated (P1-P3, Table  3) 
and uncoated paper samples (U1-U3, Table  3) were 
characterised by TS and EB% as following. The paper 
and film samples were conditioned at 23  °C ± 1  °C 
and 50% relative humidity for 48  h. The mechanical 
tests were conducted using Universal Testing Machine 
(UTM, Lonos Test Tenso-Test model), equipped with a 
load cell and displacement control system. Specimens 
were cut into standard dimensions of 30  mm (paper) 
and 15 mm (film) width and 80 mm length. The tests 
were performed at a crosshead speed of 5 mm/min. The 
tensile strength (MPa) was calculated by dividing the 
maximum applied force (F, N) at break by the initial 
cross-sectional area (A, mm2) of the sample (Eq. 9).

The elongation at break was determined as the maxi-
mum extension (in percentage) of the sample before 
rupture (Eq. 10)

where Δl is the maximum increment of length before 
rupture and l0 is the starting length of the sample. 
Each measurement was performed in triplicate.

Moisture uptake (MU%)

All CMC films (20  mm × 20  mm) were first condi-
tioned with a saturated solution of K2SO4 (RH = 97%) 
or MgNO3 (RH = 55%) (W) and then dried until con-
stant weight was achieved (W0). All measurements 
were performed in triplicate. The moisture uptake 
(MU%) at two different RH (55% and 97%) values has 
been calculated according to Eq. (11):

(9)TS =
F

A

(10)EB% =
Δl

l0
∗ 100

(11)MU% = [(W −Wo) × 100]∕Wo

Water vapor permeability (WVP)

WVP tests were carried out according to the ASTM 
standard method (ASTM E96-95). Cups  containing 
anhydrous CaCl2 (RH = 0%) with an average diam-
eter of 3.5 cm and a volume of 70 mL, were used to 
determine the WVP of the films. Each cup was cov-
ered with a film, paper or coated paper sealed with 
high vacuum grease and placed in a conditioned des-
iccator with RH = 75% using saturated sodium chlo-
ride. Cups were weighed every 1 h for the first 10 h 
and finally after 25 h. The water vapor permeability 
(WVP) was calculated from the WVTR (the slope 
of increase in weight over time (g/s) divided by the 
exposed film area (m2)), the thickness of the sample, 
the saturation vapor pressure and the relative humid-
ity according to Eq. (12) (10–10 g m−1 s−1 Pa−1):

where t is film thickness (m), P is the saturation vapor 
pressure (Pa) at 25.0 ± 2 °C, R1 is the RH in the room 
(0.75) and R2 the RH in the cup (0). Under these con-
ditions, the driving force [P(R1–R2)] is 1753.55  Pa, 
expressed as water–vapor partial pressure (Zolfi et al. 
2014). All measurements were performed at least in 
duplicate.

Application in paper coating

The CMC-Oct gel was coated on one sides of the 
paper using a No.2 wire bar with the wire size of 
0.15 mm (RK PrintCoat Instruments Ltd., UK). Each 
paper sample of 100 cm2 was coated with 3 g of 2wt% 
of CMC-Oct for each application. The drying process 
was carried out at room conditions (a temperature of 
25 ± 3 °C and relative humidity of 50 ± 10%) for 48 h, 
and further oven-dried at 60  °C for 12 h (Tanpichai 
et al. 2020). Different deposition layers were applied 
(1 to 3) in order to study its impact on hydrophobicity 
and barrier properties of the paper. Unmodified-CMC 
coated papers, obtained as described for modified 
CMC, were used as control sample.

Film, paper and coated paper thickness

Thickness of the samples was measured with a Digi-
matic Indicator (Mitutoyo, Japan) having a sensi-
tivity of ± 0.001  mm. Measurements were made at 

(12)WVP = (WVTR × t)∕[P(R1 − R2)]
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different points (at least eight) on the same sample (at 
25 ± 2 °C, RH = 55%) and average values were calcu-
lated between at least eight values.

Grammage of the coating

Grammage of the coating on paper substrate was 
measured according to the Eq. (13):

where Wc is the weight of the paper after the coating 
(g), W0 is the weight of the paper before the coating 
(g), and A is the area of the paper sample (m2). Each 
measurement was performed at least in duplicate.

Scanning electron microscopy

The structure and morphology of the coating on the 
paper were observed through the TM3000 Tabletop 
Microscope (Hitachi, Japan) with an acceleration 
voltage of 15 kV. A sample was mounted on a stub 
with a double-sided carbon tab and was subsequently 
coated with a thin gold layer using a sputter coater 
(108 auto, Cressington Scientific Instruments Ltd., 
UK) before observations.

Contact angle (θ) measurements

Contact angle measurements were performed using a 
Celeston Digital Microscope (USA). A drop of 10 μL 
was placed in contact with the coated and uncoated 
paper and contact angle value was recorded after drop 
stabilization (10 s). All measurement were performed 
at least in duplicate. Picture was processed using 
ImageJ software for contact angle measurement.

Oil absorption ratio (OAR%)

Paper samples (4 cm diameter) were fixed with para-
film on the top of a glass test tube containing 5 mL 
of sunflower oil and were placed on the filter paper 
(previously oven dried at 50 °C until constant weight 
was reached) upside down for 5 min. Then, the filter 
paper was weighed, and oil absorption ratio (OAR%) 
was calculated according to Eq. (14):

(13)Grammage (
g

m2
) = [(Wc −Wo)]∕A

(14)OAR% = (m − mo)∕mo × 100

where m is the weight of filter paper in grams, m0 is 
the exposed area. Each measurement was performed 
at least in triplicate.

Surface Energy Calculation

Surface energy of coated paper was measured using 
both contact angle measurements and dyne test 
pens, to obtain complementary quantitative and 
qualitative data. Two probe liquids were used: water 
(polar; Υp

L
= 51.2

mJ

m2
;Υd

L
= 21.8

mN

m2
 ) and diiodometh-

ane (non-polar; Υp

L
= 0

mJ

m2
;Υd

L
= 50.8

mJ

m2
 ). The sur-

face energy was determined by the Owen-Wendt 
method using its linear form (Eq. 15).

where ΥL is the total surface tension of the liquid, Υp

L
 

is the polar component of the liquid surface tension, 
Υd

L
 is the dispersive component of the liquid surface 

tension, � is the contact angle of the testing liquid, 
Υd

s
 is the dispersive component of the solid surface 

energy and Υp
s is the polar component of the solid sur-

face energy. The total surface energy of the solid sur-
face is given by the sum of polar and dispersive com-
ponents. In parallel, dyne test pens (38 mJ/m2) were 
used. A continuous line of test ink was applied to the 
surface, and the wetting behaviour was observed for 
2 s. A stable line indicated sufficient surface energy, 
while absorption implied lower energy. This method 
served as a quick verification of the critical surface 
tension required for adequate printability.

Statistical analysis

Statistical analysis on multiple samples tested are 
reported. Average values ± standard deviation was 
calculated using a one-way and two-way analysis 
of variant (ANOVA) by means of OriginPro 2019 
software. Differences among mean values were pro-
cessed by the Tukey’s multiple range test. Signifi-
cance was defined at p < 0.05. All experiment were 
performed in triplicates.

(15)

Υd
s
= b2;Υp

s
= a2;x = (

Υ
p

L

Υd
L

)

1

2

;y = ΥL(1 + cos(�))∕[2
(

Υd
L

)
1

2 ]
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Results and discussion

Amidated CMC

The amidation reaction between CMC and octylamine 
was tested in the presence of DMTMM as condensing 
agent (Scheme 1). Octylamine was chosen as model 
reagent for CMC functionalization since it is water 
soluble between pH 7 and 8 and has a relatively long 
alkyl chain which should improve CMC hydropho-
bicity (D’Este et al. 2014; Borke et al. 2015; Heydari 
et al. 2025). DMTMM promotes the reaction in very 
mild conditions, activating CMC carboxylate groups 
to the selective attack of an amine, even in a nucleo-
philic solvent such as water (D’Este et al. 2014; Kun-
ishina et  al. 1999, Beghetto et  al. 2019; Sole et  al. 
2021; Santandrea et al. 2025).

Thus, DMTMM allows to carry out the reaction in 
water, avoiding solvent exchange steps required with 
other condensing agents commonly employed for 
amidation reactions on cellulosic materials (Zabival-
ova et  al. 2003; Taubner et  al. 2015; Charpentier 
et  al. 1997). Purification from DMTMM byproducts 

and excess of octylamine was easily performed by 
dialysis.

One of the main difficulties encountered when 
cellulosic materials are functionalized is to prove 
whether covalent, ionic or other weaker interactions 
are formed and responsible for physical mechanical 
changes (Pescheux-Sergienko et  al. 2024). For this 
reason, preliminary experiments were carried out 
with and without DMTMM, in order to verify the 
efficiency of the condensing agent (Table 1).

Thus, two samples were prepared adding 500 mg 
of CMC (1.60 GlcCOONa mmol) to 20  mL of water. 
To these solutions, 10  mL of an amine solution 
(octylamine/GlcCOONa moles ratio 1, pH 7) (F0) and 
10  mL of an amine/DMTMM solution were added 
(445.5 mg, DMTMM/GlcCOONa moles ratio 1, pH 7) 
(F1) (Table 1 and Fig. 2a).

Both solutions were left to stir at 30 °C for 20 h, 
dialyzed to remove DMTMM byproducts and the 
excess of octylamine, cast and analysed by NMR with 
the method reported by Ho and Klosiewicz (1980).

Fig. 2   a 1H NMR and b COSY NMR of F1; c Graphical visualization of different octylamine functionalization position
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NMR spectra

CMC-Oct was characterized by 1H, COSY NMR and 
13C NMR. Considering the 1H NMR spectra of F0 
(see supplementary information, Fig. S1), the absence 
of octylamine signals is evident, while these signals 
are visible in the 1H NMR spectra of F1 (Fig.  1b), 
confirming the role of DMTMM in the formation of 
covalent bond (Fig. 1). In particular, in the 1H NMR 
spectra of F1 the four signals between 5.6 and 4.8 
are assigned to the anomeric proton of the glycosidic 
ring (α-substituted, α-unsubstituted, β-substituted, 
β-unsubstituted) (Ho and Klosiewicz 1980), while 
those between 4.6 and 4.3  ppm are due to the car-
boxymethyl protons, having different chemical shifts 
according to the position of the carboxymethyl moie-
ties on the glycosidic ring (Heinze and Pfeiffer 1999). 
Signals between 4.2 and 3.3  ppm correspond to the 
glycosidic protons, while the amine protons are pre-
sent at lower ppm (Ha at 3.1  ppm, Hb two signals 
between 1.8 and 1.6, Hc at 1.4 and Hd at 0.9  ppm, 
Fig. 1c).

Interestingly, two unexpected features were evi-
denced from the 1H NMR spectra of F1. First, setting 
the integral of Hd to three, Ha integrates 1 instead of 
2 (Fig. 2a). Second, a split of the signal assigned to 
Hb protons is evidenced, which is not present in the 
1H NMR and COSY spectra of free octylamine (see 
Supplementary Information, Figs. S2, S6). In order 
to better understand this phenomenon COSY experi-
ments were further performed on F1 (Fig. 2b).

The COSY spectrum shows a signal at [3.10, 1.75] 
ppm due to the coupling between Hb and Ha, and sur-
prisingly, an additional new signal at [3.45, 1.68] ppm 
which was not visible in the mono dimensional 1H 

NMR spectra appear corresponding to Ha’ (Fig. 2b). 
Different chemical shifts of Ha and Ha’ are attributed 
to the functionalization of the amine on the different 
carboxymethyl groups of the glycosidic ring (position 
2, 3 or 6). Ha is associated with the methylene group 
of octylamine functionalized in position 6 (lower 
ppm), while Ha’ is assigned to the methylene group 
of octylamine functionalized in position 2 and 3. This 
assignment justifies the low integral value of Ha in 
the mono dimensional 1H NMR spectra. This phe-
nomenon may also explain the splitting of Hb, which 
also has slightly different chemical shifts due to the 
position of the functionalization. 13C NMR spectra 
of F1, as representative sample, is reported in Fig. S5 
(supplementary information). The carbon signals of 
the functionalized octylamine are visible between 10 
and 40 ppm, while those of CMC are present between 
50 and 100 ppm. Finally, the signals around 170 ppm 
are assigned to the carbonyl groups.

Based on this findings further experiments were 
performed with an Octylamine/GlcCOONa molar ratio 
1/1, and DMTMM/GlcCOONa molar ratios of 0.5 and 
2.0. After 20 h at 30 °C, all solutions were dialysed, 
casted to obtain F0.5, F1 and F2 films respectively 
(Table 1) and characterised as described below.

DANMR values of the films after functionalization, 
calculated as the ratio between the integral of Hd and 
that of the anomeric proton for the glycosidic moie-
ties (4.8–5.6  ppm), were found to be between 0.05 
and 0.24 (see supplementary information, Fig. S2, 
S3). DANMR values allowed to determine the effi-
ciency of DMTMM (see Eq.  2 and 3), which was 
found to be around 20% for F0.5 (DMTMM/Glc-
COONa molar ratio = 0.5) and F1 (DMTMM/GlcCOONa 
molar ratio = 1), moderately decreasing to 17% for 

Table 2   DAth, DANMR, DMTMM efficiency, elemental analysis and DAEA

(a) Yield(%) was calculated as the mass ratio between the recovered product and the total amount of starting CMC and octylamine. 
(b) DAth:theoretical degree of amidation. (c) DANMR: degree of amidation calculated by NMR. (d) DMTMMeff: see materials and 
method section. (e) Amide content: % of amide group in CMC. (f) C(%): carbon content by elemental analysis. (g) H(%): hydrogen 
content by elemental analysis. (h) N(%): nitrogen content by elemental analysis. (i) DAEA: substitution degree calculated by elemen-
tal analysis

Sample Yield (%)a DAth
b DANMR

c DMTMMeff 
(%)d

Amide con-
tent (%)e

C(%)f H(%)g N(%)h DAEA
i

F0 – – – – – 33.8 5.0 – –
F0.5 70 0.35 0.07 20 10 37.0 5.4 0.4 0.05
F1 70 0.70 0.14 20 20 41.3 6.0 1.4 0.18
F2 80 0.70 0.24 17 34 45.0 6.4 1.8 0.25
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F2 (DMTMM/GlcCOONa molar ratio = 2), in agree-
ment with the literature (Cozens et al. 2021). For this 
reason, DMTMM/GlcCOONa molar ratios > 2 were not 
further investigated. It can be hypothesized that the 
relatively low degree of substitution is partly attrib-
utable to steric hindrance from the bulkiness of the 
alkylamine side chain, which may limit accessibil-
ity to the activated carboxyl groups along the CMC 
backbone. Furthermore, the amidation occurs via 
an active ester intermediate formed by nucleophilic 
attack of the carboxylate on the triazine ring of 
DMTMM. This intermediate is prone to hydrolysis 
by water, which, while potentially reducing amidation 
efficiency, allows straightforward removal of triazine 
residues and preparation of polymers free from resid-
ual organic reagents, in contrast to other condensation 
agents such as EDC/NHS (Yoshikawa et al. 2025).

Additional information on the conversion of CMC 
carboxylate groups was determined calculating the 
percentage of amide content in F0.5, F1, F2, meas-
ured as the ratio between DANMR and the substitution 
degree of CMC (see Eq.  4 and Table  2) (Thomp-
son et  al. 2005). The amide content evidences that, 
although the overall efficiency of DMTMM remains 
almost equivalent for all samples prepared, the con-
tent of amine bonded employing higher quantities of 
DMTMM increases (respectively 10% for F0.5, 20% 
for F1 and 34% for F2).

Elemental composition

Elemental analysis measurements were also per-
formed to calculate DAEA (see Eq. 5) and CHN val-
ues of all the samples are reported in Table  2. As 
expected, nitrogen content increased for samples pre-
pared with higher DMTMM/GlcCOONa molar ratios 
(F0: 0%; F0.5; 0.4%; F1: 1.4%; F2: 1.8%), together 
with carbon and hydrogen content, as a consequence 
of the higher degree of CMC functionalization. Inter-
estingly, DAEA values are very similar to those cal-
culated by NMR, confirming the reliability of NMR 
data.

Amidated CMC‑Based films

ATR‑FTIR spectra

CMC-Oct solutions prepared as reported above, 
were used for the preparation of films by casting 

technology. The aim was to study the influence of 
amine functionalization on CMC films performances, 
before moving on to study the applicability of CMC-
Oct as coatings for paper applications. ATR-FTIR 
analysis evidenced the presence of amide carbonyl 
signals at 1650  cm−1 (film F2, Fig.  3a), confirm-
ing the functionalization of octylamine on CMC (Le 
Gars et  al. 2020; Sole et  al. 2022; Santandrea et  al. 
2025). Additionally, two new and intense signals at 
2927 cm−1 and 2857 cm−1 were assigned to the C–H 
stretching of the alkyl chain bonded on CMC. Finally, 
the signal at 1260 cm−1 was attributed to C–N stretch-
ing between the nitrogen atom of octylamine and the 
adjacent methylene group.

UV–Vis and colour analysis

UV–Vis analysis of CMC and CMC-Oct films is 
reported in Fig.  3b. The absorbance profiles of the 
functionalized films (F0.5, F1, F2) are comparable 
to the unmodified CMC film (F0) in the 400–800 nm 
range, indicating that no significant changes in light 
absorption occurred upon functionalization.

Importantly, no yellowing was observed (Supple-
mentary Information, Fig. S7), which is significant, 
considering that CMC typically undergoes visible 
yellowing when amidation is performed at high tem-
peratures (Lavoine et al. 2016). In contrast, the mild 
reaction conditions employed here using DMTMM 
effectively prevent such colour changes. To further 
support these observations, colorimetric parameters 
(L*, a*, b*, ΔE), together with the Yellowness Index 
(Yi) and Whiteness Index (Wi), were measured for 
all films (see Supplementary Information, Table S1). 
All samples exhibited a visually bright and neutral 
appearance, with only minimal variations across the 
different degrees of functionalization. The lightness 
remained consistently high, and colour coordinates 
confirmed the absence of any relevant colour shift. 
In particular, the yellowness of the films slightly 
decreased after functionalization, while whiteness 
remained unchanged. These results demonstrate that 
CMC functionalization under the applied conditions 
does not compromise the optical quality of the films. 
The visual appearance remains clean, bright, and 
colour-neutral, making these materials well-suited for 
applications where transparency is important.
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DSC and TGA analysis

Films were also characterised by thermal analy-
sis, such as DSC (Fig. 3c) and TGA (Fig. 3d). DSC 
analysis showed an endothermic peak around 100 °C 
assigned to residual moisture evaporation (Riaz et al. 
2020) and an intense exothermic peak starting at 
250 °C, assigned to decarboxylation and depolymeri-
zation of CMC (El-Sayed et al. 2011).

TGA measurements are reported in Fig.  3c, indi-
cating the beginning (Tonset), maximum (Tmax) and 
end (Tend) of the thermal degradation of the different 
CMC samples, under nitrogen atmosphere. It can be 

easily seen that, mass loss between 30 and 100 °C is 
reduced, indicating that decreasing amounts of mois-
ture are present in the samples as the DA increases 
(Fig.  3c). Interestingly, Tonset of films F0 to F2 also 
decreases, possibly due to a plasticising effect of the 
alkyl chains of the functionalized amine.

Mechanical properties

Tensile strength (TS) and elongation at break (EB%) 
of native CMC, CMC treated with DMTMM only 
(F0) and octylamine-functionalized CMC (F0.5, F1 
and F2) are reported in supplementary information, 

Fig. 3   a ATR-FTIR spectra of F0 and F2; b Abs graphs in the range 200–800 nm of F0, F0.5, F1, F2 films; c DSC graphs of F0, 
F0.5, F1, F2; d TGA graphs of F0, F0.5, F1, F2
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Table S3 and Fig. S8. Sample F0, treated with amine 
alone (no DMTMM), shows mechanical proper-
ties nearly identical to the unmodified CMC (53 ± 3 
TS, 5.0 ± 0.1 EB), consistent with values reported in 
the literature (Rachtanapun et  al. 2012). In contrast, 
samples F0.5, F1, and F2 exhibit a marked decrease 
in tensile strength and variable behaviour in elonga-
tion at break. Notably, sample F0.5 shows the larg-
est drop in TS (from 52 ± 2 to 33 ± 2  MPa) and a 
moderate reduction in EB (3.2% ± 0.1), suggesting 
structural modification. However, in samples F1 and 
F2, TS further decreases (to 27 ± 3 and 31 ± 2 MPa, 
respectively), while EB increases to 5.0% ± 0.2 
and 6.0% ± 0.3. The observed trend with decreas-
ing TS and increasing EB is typical of plasticizing 
effects. This is attributed to the alkyl chain of the 
grafted amine, which, once attached to the polymer 
backbone, disrupts intermolecular interactions and 
increases chain mobility (Pettignano et al. 2019b). As 
a result, the material becomes more flexible but less 
resistant to stress.

Water uptake and water vapor permeability

Additionally, MU% and WVP of CMC-Oct films 
were measured since they are very important param-
eters, determining the packaging efficiency (Ghan-
barzadeh et  al. 2010) (Fig.  4 and Supplementary 
Information, Table S2). MU% was calculated at two 
different RH (RH = 55% and 97%) in order to study 

the behaviour of CMC-Oct films in different moisture 
conditions (Fig. 4a).

Data clearly show a strong dependence of MU% 
from the DA at both relative humidities tested, and 
very high performances were obtained with F2, with 
a reduction up to 64% at RH 55% (p < 0.05) and 30% 
at RH 97%, compared to control sample F0. This is 
attributed to the presence of the hydrophobic alkyl 
chain in functionalized CMC. As for MU%, also 
WVP permeability is greatly affected by the DA and 
in F2 (0.73 ± 0.01 10–10 g m−1 s−1 Pa−1) it decreased 
by 60% compared to F(0) (p < 0.05) (Fig.  4b, 
Table S2). This very low WVP further evidences the 
importance of the presence of a hydrophobic alkyl 
chain in inhibiting water vapor diffusion through the 
film (Li et al. 2019).

To the best of our knowledge, no studies have 
yet reported the functionalization of carboxymethyl 
cellulose (CMC) followed by film formation and 
subsequent evaluation of its moisture barrier prop-
erties. Thus, literature examples involving the func-
tionalization of nanocelluloses are considered as a 
comparative framework, allowing to explore how 
chemical modifications might influence water vapour 
barrier performance. Surprisingly, in this latter case 
the presence of a hydrophobic alkyl chain was not 
always associated with an improvement in WVP. In 
fact, Solala and coworkers investigated the surface 
functionalization of cellulose nanofiber films with 
long alkyl chain epoxides and, despite the decrease 

Fig. 4   a MU% of F0-F2 b WVP (g m−1 s−1 Pa−1) of F0-F2
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in wettability of the functionalized material, the 
authors did not observe any improvement in terms of 
WVTR (Solala et  al. 2018). Similarly, Shimizu and 
coworkers showed that the ionic functionalization of 
TEMPO-oxidized cellulose nanofibers with quater-
nary ammonium salts increases WVP, although an 
improvement in surface hydrophobicity was observed 
(Shimizu et al. 2014). Only, Li and coworkers found 
an improvement of about 65% of WVP after chemi-
cal functionalization of cellulose nanofibrils with 
10-undecylenoyl chloride, in line with results reported 
in this work (Li et al. 2019). Regarding CMC, there 
are just few examples on the impact of the crosslink-
ing of CMC on barrier properties (Beghetto et  al. 
2020; Mu et  al. 2012; Nongnural et  al. 2024, Hick-
man et al. 2024; Šimkovic et al. 2023), but more com-
monly CMC is used in blends with other polymers or 
as additive (Tavares et al. 2020; Putri et al. 2017; Kim 
et al. 2021) and no similar functionalization protocols 
have been reported.

Amidated CMC‑coated paper

Best performing CMC-Oct formulation (F2), 
obtained with a DMTMM/GlcCOONa molar ratio of 
2 (DANMR 0.24), was employed for paper coating 
(2 wt% in water, Fig. S9). Commercially available 
paper (P0) was bar coated with up to three layers of 
CMC-Oct (P1, P2 and P3) and data were compared 
to unmodified-CMC coated paper (U1, U2 and U3) 
and uncoated paper (P0) (Table  3, supplementary 
information, Fig. S10). Each deposition corresponds 
to an increase in grammage of about 5 g/m2 and to an 

increase in paper thickness of about 12 μm for P1-P3 
and less accentuated for U1-U3. Scanning electron 
microscopy (SEM) was used to study the surface 
morphology and images of P0 and coated P1, P2 and 
P3 samples are reported in Fig. 5a. SEM images evi-
dence that the paper network is gradually filled by the 
different applications of the coating, leading to the 
formation of a continuous layer.

In particular, the first two coating applications (P1, 
P2 Fig. 5a) were not sufficient to completely fill the 
pores of the paper, while after three applications the 
paper network is filled and a thin smooth and even 
film of CMC-Oct is formed. Further pictures and 
SEM images of the coating on the paper surface are 
reported in the Supplementary Information section 
(Figs. S11–S14). In contrast, SEM analysis of the 
samples coated with unmodified CMC (U1, U2, U3) 
did not reveal the presence of a continuous film on the 
paper surface (see Supplementary information, Figs. 
S15–S17). This is probably due to the higher hydro-
philicity and lower molecular interactions of unmodi-
fied CMC with paper, which probably penetrates into 
the paper matrix rather than forming a surface coat-
ing. As a result, unmodified CMC does not provide 
visible surface coverage under SEM observation (He 
et al. 2021).

Colour analysis

The colorimetric parameters of untreated paper (P0) 
and coated samples with functionalized CMC (P1, 
P2, P3) and unmodified CMC (U1, U2, U3) are sum-
marized in Table 4.

Table 3   Thickness, Grammage, Contact angle, WVP (g m−1 s−1 Pa−1) and OAR% of coated paper

Values given are mean ± standard deviation
Values with different superscripts in the same column are significantly different (p < 0.05)

Sample Deposi-
tion 
layer

Thickness 
(μm)

Grammage (g/
m2)

Water 
contact angle 
(10 s)

WVP 
(10–9 g m−1 s−1 Pa−1)

OAR%, 5 min 
(g/m2)

EB% TS (MPa)

P0 0 216 ± 10a 0a – 1.90 ± 0.07 253 ± 1a 3.9 ± 0.7a 57 ± 14a

P1 1 234 ± 26a 4.7 ± 0.3b 93 ± 9a 1.06 ± 0.08 5.7 ± 0.6b 6.7 ± 1.3b 72 ± 2b

P2 2 253 ± 26a 10.0 ± 0.5c 95 ± 6ab 1.02 ± 0.02 2.3 ± 0.7c 6.7 ± 0.1b 72 ± 3b

P3 3 265 ± 20ba 14.9 ± 0.1d 105 ± 8b 0.84 ± 0.08 0.7 ± 0.4d 8.4 ± 0.2c 84 ± 1c

U1 1 225 ± 18a 5.0 ± 0.5b – 1.95 ± 0.06 277 ± 9e 8.9 ± 0.5d 100 ± 7d

U2 2 235 ± 20a 9.8 ± 0.7c – 2.12 ± 0.10 210 ± 16f 10.7 ± 0.2e 107 ± 26d

U3 3 240 ± 20a 15.3 ± 0.8d – 2.32 ± 0.14 164 ± 28 g 10.1 ± 0.8e 113 ± 26d
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Fig. 5   a Scanning electron microscopy (SEM) and contact angle images of P0-P3; b Schematic representation of the structure of 
aminated CMC-based surface coating

Table 4   Hunter colour values (L*, a* and b*), total colour difference (ΔE), yellowness index (YI), whiteness index (WI), of 
uncoated paper P0, and coated papers P1-P3, U1-U3

Tr: Transparency measured at 600 nm; t: Film thickness (µm)
Values given are mean ± standard deviation
Values with different superscripts in the same column are significantly different (p < 0.05)

Sample L* a* b* ΔE Yi Wi Gloss (8°)

P0 95.61 ± 0.01a -0.55 ± 0.01a 1.77 ± 0.03a 6.64 ± 0.01a 2.71 ± 0.05a 95.25 ± 0.02a 14.33 ± 0.58a

P1 94.88 ± 0.21b -0.54 ± 0.01a 1.95 ± 0.16ba 5.90 ± 0.19b 3.01 ± 0.24a 94.34 ± 0.02b 14.00 ± 0.01a

P2 94.96 ± 0,10b -0.54 ± 0.02a 2.07 ± 0.17b 5.96 ± 0.08b 3.20 ± 0.26a 94.52 ± 0.14c 16.00 ± 1.00b

P3 95.08 ± 0.10bc -0.55 ± 0.02a 2.41 ± 0.16c 6.06 ± 0.10b 3.73 ± 0.25b 94.49 ± 0.02 17.00 ± 1.00b

U1 95.18 ± 0,12c -0.50 ± 0.03b 1.94 ± 0.15a 6.19 ± 0.10b 2.99 ± 0.23a 94.78 ± 0.05d 14.00 ± 0.27a

U2 94.85 ± 0,37dc -0.49 ± 0.06b 2.13 ± 0.54b 5.85 ± 0.32b 3.30 ± 0.82ab 94.38 ± 0.14e 13.50 ± 0.71a

U3 94.48 ± 0,13d -0.52 ± 0.01b 2.36 ± 0.11b 5.46 ± 0.12c 3.67 ± 0.17b 93.97 ± 0.07f 13.00 ± 0.05c
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The untreated paper (P0) exhibits a high lightness 
value (L* = 95.61 ± 0.01), indicating a bright and 
clean surface. In coating with CMC-Oct (samples P1, 
P2, and P3), a slight decrease in lightness is observed 
(L* ranging from 94.88 ± 0.21 to 95.08 ± 0.10). 
The a* values remain stable and slightly negative 
(−0.54 ± 0.01 to −0.55 ± 0.2), indicating no signifi-
cant changes in the green–red axis.

As the number of layers increases, the b* val-
ues show a gradual increase from 1.95 ± 0.16 in P1 
to 2.41 ± 0.16 in P3, reflecting a modest increase in 
yellowness. Correspondingly, the yellow index (Yi) 
increases from 3.01 ± 0.24 (P1) to 3.73 ± 0.25 (P3). 
The total colour difference (ΔE) relative to P0 varies 
between 5.90 ± 0.19 and 6.06 ± 0.10, indicating lim-
ited colour changes. Notably, the gloss (8°) increases 
progressively with coating layers in the modified 
CMC series, from 14.00 ± 0.01 in P1 to 17.00 ± 1.00 
in P3, suggesting the formation of a smoother and 
more reflective surface.

In contrast, the unmodified CMC coatings (U1, 
U2, U3) show similar trends in lightness and colour 
coordinates, with a slight decrease in L* values (from 
95.18 ± 0.12 to 94.48 ± 0.13) and an increase in yel-
lowness (b* from 1.94 ± 0.15 to 2.36 ± 0.11; Yi from 
2.99 ± 0.23 to 3.67 ± 0.17). However, gloss values in 
the U series decrease with additional layers (from 
14.00 ± 0.27 in U1 down to 13.00 ± 0.05 in U3), pos-
sibly indicating a less uniform coating or increased 
surface roughness.

Overall, while both coating types produce moder-
ate colour changes compared to untreated paper, the 
modified CMC coatings uniquely enhance surface 
gloss, which may be advantageous for applications 
requiring improved aesthetics.

Hydrophobicity

Water contact angle (θ_w) measurements were car-
ried out (Table 3) and three representative pictures 
of θ_w of P0, P1, P2 and P3 are shown in Fig. 5a. 
θ_w of control sample P0 is not detectable since 
the water drop is completely absorbed as soon as it 
comes in contact with the paper. On the other hand, 
θ_w of coated samples P1, P2 and P3 significantly 
improved compared to P0 (respectively 93° ± 9°, 
95° ± 6° and 105° ± 8°). An hypotheses of the role 
of the coating in promoting the hydrophobicity of 
P0 is reported in Fig. 5b. In line with the literature, 

polar groups of CMC-Oct establish polar interac-
tions with the hydroxyl groups of the paper, while 
apolar alkyl chains of the bonded amine should 
play a key role in the hydrophobization (Yook et al. 
2020). Contact angle measurements could not be 
performed on U1-U3 samples because the water 
droplet did not stabilize on the coated paper surface 
but was rapidly absorbed (as for P0 sample).

WVP

WVP measurements were performed on P0–P3 and 
U1–U3 samples and data are reported in Table  3. 
Results show that after the first coating applica-
tion (P1) a decreases in WVP of about 44% was 
measured compared to P0, while no significant 
improvement was observed between P1 and P2 
samples. An additional improvement was obtained 
with three coating layers (P3), showing a reduc-
tion in WVP of 56% compared to F0 (0.84 ± 0.08 
10–9 g m−1 s−1 Pa−1). This is attributed to the forma-
tion of a continuous hydrophobic film on the paper 
surface, as confirmed by SEM analysis, increasing 
barrier properties of the paper (Zhang et al. 2019). 
On the contrary WVP of U1–U3 showed an oppo-
site trend, and WVP values increased as the num-
ber of unmodified CMC layers increased, due to 
the hydrophilic nature of CMC, promoting water 
vapor diffusion through the paper. To summarise, 
the coating developed in this work lead to a reduc-
tion of 44% of WVP at low grammage (4.7  g/m2, 
P1, Table 3), and up to 56% WVP reduction with a 
grammage of 14.9 g/m2 (P3, Table 3).

In this connection it is important to note that paper 
coating grammage is particularly relevant in deter-
mining its recyclability. In fact, the EU Implementing 
Directive 2019/665 regarding packaging recyclabil-
ity reports that “to attain the recycling targets set in 
former Directive 94/62/EC, composite packaging and 
other packaging composed of more than one mate-
rial can be considered recyclable if different mate-
rial components (plastic coating, lamination) are an 
insignificant part of the packaging unit, and in no 
case more than 5% of the total mass of the packaging 
unit”.

Interestingly, the wt% of one layer of CMC-Oct 
coating reported in this work is below the maximum 
weight requirement set for recyclability (3.6  wt%), 
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and it should further be considered that even for 
higher coating wt% (P2, 7.4wt% and P3, 10.6  wt%) 
the similar chemical nature between the coating and 
the support (paper) should in any case permit recy-
clability. Further studies are ongoing to verify this 
hypothesis.

OAR%

Oil absorption ratio (OAR%) tests were also per-
formed on all paper samples (Table 3). In particular, 
all CMC-Oct coated paper samples showed higher 
OAR% compared to control sample P0 and one coat-
ing application was enough to decrease the OAR% of 
about two orders of magnitude (P1, Table 3). A grad-
ual improvement of OAR% was further observed for 
P1 (OAR% = 5.7 ± 0.6) and best performances were 
obtained for P3 (OAR% = 0.7 ± 0.4, -99.8% com-
pared to P0). In agreement with the literature, this 
phenomena may be attributed to the formation of a 
uniform thin film on the paper surface, significantly 
decreasing the porosity of the paper and consequently 
improving the OAR% (Mazhari Mousavi et al. 2017; 
He et  al. 2021). As far as the paper samples coated 
with unmodified CMC are concerned (U1–U3) only 
a modest improvement in OAR% was observed as 
the number of coating layers increased. This differ-
ence in performance can be attributed not only to the 
chemical nature of the coatings, but also to their film-
forming behaviour. Unmodified CMC, due to its high 
hydrophilicity and affinity for cellulose fibers, tends 
to penetrate into the paper structure rather than form-
ing a continuous surface film. As a result, it provides 
minimal surface coverage and fails to create an effec-
tive barrier layer against oil penetration, even when 
applied in multiple layers.

Mechanical properties

The tensile properties of the coated and uncoated 
paper samples were evaluated in terms of elongation 
at break (EB%) and tensile strength (TS) (Table 3 and 
supplementary information, Fig. S18). P0 exhibited 
the lowest mechanical performance, with an EB% 
of 3.9% ± 0.7 and a TS of 52 ± 14 MPa. Upon appli-
cation of a single coating layer (P1), both EB% and 
TS increased significantly (EB% 6.7% ± 1.3 and TS 
72 ± 2 MPa), and further improvements were observed 
with additional coating layers. The best-performing 

sample (P3) reached an EB% of 8.4% ± 0.2 and a 
TS of 8.4 ± 0.1  MPa. These data demonstrate that 
the application of CMC-Oct coatings enhances both 
flexibility and tensile resistance of the paper. The 
observed improvements are likely due to the forma-
tion of a continuous, flexible polymeric film that 
reinforces the fiber network and distributes mechani-
cal stress more effectively. Notably, the increase in 
EB% suggests that the coating contributes to ductil-
ity without causing brittleness, which is beneficial for 
packaging applications requiring a balance between 
strength and flexibility. The slight plateau in TS from 
P1 to P2 may indicate a saturation of fiber–coating 
interactions, while the continued rise in EB% for P3 
suggests that thicker coatings enhance extensibility 
at higher coverage levels. Similar trends have been 
reported in the literature; for example, Kobayashi and 
coworkers (Kobayashi et al. 2024) demonstrated that 
CMC-based composite paper sheets exhibited nota-
ble increases in EB% and TS, attributed to improved 
bonding between cellulose fibrils. Interestingly, while 
the CMC-Oct coatings (P1–P3) improved mechani-
cal properties compared to uncoated paper (P0), the 
unmodified CMC-coated samples (U1–U3) showed 
even higher EB% and TS values. This behaviour is 
attributed to the hydrophilicity of native CMC, which 
allows deeper penetration into the paper matrix and 
promotes stronger interactions with cellulose fibers. 
In contrast, the more hydrophobic CMC-Oct coatings 
likely form a superficial film with lower affinity for 
the fiber network. Nevertheless, P1–P3 coatings still 
provide an evident mechanical reinforcement com-
pared to P0, confirming their potential as dual-func-
tion coatings that combine barrier performance with 
structural enhancement.

Surface energy and printability

Surface energy measurements (Fig. 6) were obtained 
using the Owens–Wendt method, employing θ_w and 
diiodomethane contact angle (θ_i) (see Supplemen-
tary Information, Table  S3 and Figs. S19–S21). P1 
exhibited a surface energy of 26  mJ/m2, while sam-
ples P2 and P3 showed higher values, respectively 
76 mJ/m2 and 74 mJ/m2, corresponding to higher sur-
face energy, mainly attributed to a dominant disper-
sive component rather than a strong polar contribu-
tion (Fig. 6). This suggests that the application of at 
least two coating applications is required to enhance 
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van der Waals interactions. In contrast, the much 
lower surface energy of P1 reflects limited intermo-
lecular interaction potential, likely due to insufficient 
or uneven coating. The observed predominance of 
the dispersive component in the surface energy of P2 
and P3 can be attributed to the application of octy-
lamine functionalized CMC coating. While this mod-
ification reduces the polar character of the surface, 
it enhances dispersive interactions through the pres-
ence of non-polar alkyl groups, leading to high total 
surface energy values. This behaviour indicates that 
the coating system is energetically active yet resist-
ant to water absorption, which is advantageous for 

packaging applications. Dyne level with a 38 mJ/m2 
test ink further supported these findings: P2 and P3 
retained continuous ink lines without retraction, con-
firming that their surface energy exceeds the thresh-
old commonly required for adequate printability. P1, 
on the other hand, showed ink line diffusion, due to 
uneven coating (Fig.  6). The correlation between 
Owens–Wendt results and dyne testing confirms 
the reliability of combining these two techniques to 
assess surface characteristics. Overall, P2 and P3 
demonstrate surface properties suitable for printing 
applications. For the control samples U1, U2, and 
U3 (coated with unmodified CMC), surface energy 

Fig. 6   Surface energy of P0-P3 and Dyne (38 mJ/m2 test ink) test
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assessment was conducted qualitatively, as both water 
and diiodomethane droplets were rapidly absorbed 
into the substrate, preventing stable contact angle 
measurements. In the dyne test, the ink visibly spread 
and diffused into the surface rather than remaining on 
top, indicating limited wetting resistance (see Sup-
plementary Information, Fig. S22). This behaviour 
is attributed to the high hydrophilicity and lack of a 
continuous barrier layer formed by the native CMC 
coating on paper.

Literature comparison

Although paper coating applications using CMC are 
relatively unexplored in the literature, and no prior 
studies have explored the use of chemically func-
tionalized CMC for this purpose, a few selected 
works provide useful comparison. Basta and cowork-
ers (Basta et  al. 2015) investigated CMC-chitosan 
composite coatings on paper and observed a signifi-
cant reduction in water vapor permeability (WVP) 
of approximately 88% compared to uncoated paper, 
attributed to electrostatic interactions between cati-
onic chitosan and anionic CMC. However, no notable 
improvements in mechanical properties were reported 
within experimental error.

He and coworkers (He et  al. 2021) developed 
a coating based on CMC, cellulose nanocrystals 
(CNC), and silver nanoparticles, achieving a 45% 
reduction in WVP. In line with the current study, they 
also observed improvements in tensile strength (TS) 
and elongation at break (EB%) upon coating with 
unmodified CMC. Yet, the inclusion of nanoparticles 
did not significantly enhance the mechanical perfor-
mances. Acetylated cellulose has also shown poten-
tial in coating applications.

Zhang and coworkers (Zhang et al. 2021) reported 
a 72% WVP reduction and mechanical enhancements 
(TS + 33%, EB + 28%) after coating with acetylated 
cellulose and cinnamaldehyde. However, the prepa-
ration required elevated temperatures (60 °C), strong 
acids, and acylating agents. In comparison, the pre-
sent CMC-Oct system achieves similarly significant 
improvements in both barrier and mechanical proper-
ties using far simpler processing conditions.

More in general, chemical functionalization or 
nanocomposite approaches have focused on the 
chemical functionalization of other biopolymers to 
enhance coating performance. Ni and coworkers (Ni 

et al. 2018) developed starch-zinc nanoparticle coat-
ings, reaching contact angles up to 118°, though 
only a modest 12% WVTR reduction was observed. 
Again, the performance of the CMC-Oct coatings 
reported in this paper is superior in terms of bar-
rier efficiency, environmental safety, and processing 
simplicity. Hassani and coworkers (Hassani et  al. 
2022) developed coated papers using citric acid-
crosslinked starch, prepared by heating the formula-
tion at 90 °C for 5 min. The coating was applied by 
impregnation onto alkali-treated and bleached paper 
substrates, which were subsequently hot-pressed 
at 130  °C to enhance fiber–matrix adhesion. The 
alkali-treated samples exhibited notable improve-
ments in hydrophobicity (with a 68% increase in 
water contact angle) and mechanical strength (up to 
50% higher than uncoated paper) due to better adhe-
sion thanks to the residual lignin. Nevertheless, the 
use of impregnation rather than surface film deposi-
tion may have limited the homogeneity and thickness 
control of the coating layer. Finally, Li et  al. (2020) 
functionalized chitosan with castor oil using iso-
phorone diisocyanate as a linker, yielding a moder-
ate 20% reduction in water vapor transmission rate 
(WVTR) compared to unmodified chitosan-coated 
paper. Despite improved barrier properties, the coated 
paper showed unchanged TS and a decrease in EB%. 
The surface energy of the modified chitosan coating 
reached 40.87 mJ/m2 (vs. 43.82 mJ/m2 for unmodified 
chitosan).

In contrast, the present work demonstrates that 
while unmodified CMC (U-series) offers limited 
barrier performance, exhibiting high hydrophilic-
ity, undetectable water contact angle, and increased 
WVP, but the introduction of hydrophobic octyl 
chains via mild functionalization (CMC-Oct) signifi-
cantly enhances coating performance.

Conclusions

This study presents a novel and fully water solvent 
based method for the amidation of carboxymethyl-
cellulose (CMC) with octylamine, mediated by 
DMTMM, to develop hydrophobic, oil-resistant 
and functional paper coatings. The functionaliza-
tion efficiency was evaluated through the degree 
of amidation (DA), determined by both NMR and 
elemental analysis, with consistent results and a 
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maximum DANMR of 0.24 with DMTMM/GlcCOONa 
molar ratio of 2 was obtained. Functionalized CMC 
films (CMC-Oct) showed reduced moisture uptake 
and water vapor permeability, especially at higher 
DA, without affecting optical properties. The best-
performing formulation (F2) was applied via bar 
coating on paper, resulting in notable improvements 
in hydrophobicity, water vapor permeability, oil 
resistance and surface energy compared to uncoated 
samples and control samples. The CMC-Oct coat-
ings slightly decrease paper lightness and increase 
yellowness but enhance surface gloss compared to 
unmodified CMC, indicating improved aesthetic 
properties due to coating coverage. These findings 
demonstrate the feasibility of producing efficient, 
hydrophobic, and functional paper coatings using 
amidated CMC, prepared in mild processing condi-
tions. This work is a preliminary proof-of-concept, 
laying the foundation for further research aimed at 
optimizing the process, and scaling up packaging 
applications. Use of cellulose-based coatings sug-
gests potential compatibility with standard paper 
recycling processes; nevertheless, further investiga-
tions are required to comprehensively assess fiber 
recovery and recyclability. Future studies should 
also address additional properties, such as gas per-
meability, and explore long-term performances. 
Although the water vapor barrier of biopolymer-
based coatings is generally lower than that of fossil-
based polymers (e.g., polyethylene), these coatings 
offer sustainable advantages, including renewabil-
ity, biodegradability, and potential for functionali-
zation, which justify continued research and devel-
opment in this field.
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