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Abstract  Nanocellulose (NC) films are gaining 
popularity in recent years owing to their recyclability 
and biodegradability; however, the commercialization 
of this material is limited by environmental and mois-
ture barrier constraints. The incorporation of car-
boxymethyl cellulose (CMC) with NC significantly 
improved the barrier performance but the resultant 
films were quite hydrophilic and hence completely 
disintegrated in water. The aim of this study is to pro-
duce hydrophobic NC/CMC films without compro-
mising their barrier characteristics. For this purpose, 
the optimized content of alkyl ketene dimer (AKD) 
was spray-deposited on the fully and partially dried 
NC/CMC films and their hydrophobic, barrier and 
mechanical properties were assessed. The deposition 
of AKD has improved the hydrophobicity and flex-
ibility while maintaining the barrier properties of the 

films. However, their tensile index values decreased 
by 26–29% as compared with the neat NC/CMC 
films, but the values remained in acceptable range. 
Additionally, the partially dried spray deposited 
AKD-NC/CMC films have shown superior results as 
they showed higher hydrophobicity (θ = 127° ± 3), 
while lower percentage of mass loss after immersion 
for 48  h in water (15%) as compared with the fully 
dried spray deposited AKD-NC/CMC films.
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Introduction

The development in industrial activities results in 
surging wastes, that are accumulating in the envi-
ronment due to the discharge of used products after 
human consumption. Plastic waste is one of the larg-
est waste streams and its accumulation in the environ-
ment is a serious environmental concern (Zhang and 
Zhao et al. 2021). Plastics are the first choice as pack-
aging materials owing to their exceptional character-
istics such as durability, resistance to erosion, low 
cost and ease of processing (Ho et al. 2018), and their 
demand continues to increase. According to one esti-
mate, plastic production is expected to increase from 
360 million tons in 2018 to 445 million tons in 2025 
(Muñoz Meneses et al. 2022). However, around 60% 
of the plastic is discarded to the environment as plas-
tic waste (Geyer et  al. 2017) and at a present trend, 
the mass of waste plastic is expected to double within 
the next two decades as this waste cannot be easily 
recycled or incinerated (Lebreton and Andrady 2019). 
Majority of the plastic waste is dumped off into land-
fills, where it undergoes very slow degradation and 
remains there for extended periods, consequently 

causing serious environmental changes (Geyer et  al. 
2017). Additionally, the production of plastics is an 
energy intensive process, having an overall higher 
embodied energy (Hammond and Jones 2008; 
Nadeem et al. 2022). Due to these concerns with cur-
rent fossil fuel-based plastics, there is a significant 
interest in transferring to biomass feedstock to pro-
duce plant-based packaging.

Among all natural polymers, cellulose is the most 
abundant having remarkable characteristics such as 
sustainability, biodegradability, renewability etc. 
(Shak et al. 2018). Cellulose chains are fibrillated to 
form cellulose nanomaterials or nanocelluloses with 
large surface area useful for various application 
(Foster et  al. 2018). One type of cellulose nano-
materials is fibrous nanocellulose (NC) that pos-
sess remarkable properties such as low density (Lee 
et  al. 2009; Nechyporchuk et  al. 2016; Nogi et  al. 
2009), none or low toxicity (DeLoid et  al. 2019; 
Liu et  al. 2019) and recyclability (Savadekar et  al. 
2012). The films produced from fibrous NC exhibit 
translucency, strength and reasonable oxygen bar-
rier characteristics (Shanmugam et al. 2018). Cast-
ing and vacuum filtration are the conventional 
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methods to produce these films (Shanmugam et  al. 
2017). The casting has two major limitations such 
as a large timeframe for production and lack of uni-
formity in the produced films (Shimizu et al. 2014). 
Contrary, the vacuum filtration is a better process as 
it rapidly produces high strength films but suffers 
the handling and intensive labor constrains (Siró 
and Plackett 2010). Owing to its rapidity and sim-
plicity, spray deposition is regarded as a prospective 
alternative to conventional methods (Nadeem et al. 
2022; Shanmugam et al. 2017). In this process, the 
NC suspension is sprayed onto a base surface (tem-
plates, stainless steel plates etc.) and the magnitude 
of coating can be altered via two parameters of sus-
pension concentration and the velocity of the con-
veyor (Shanmugam et al. 2018, 2017).

Due to its distinguishing characteristics, NC is 
an attractive material for unlimited applications, but 
there are a number of challenges associated with its 
use for future applications (Miri et  al. 2021, 2022). 
For instance, the NC films possess limited moisture 
barrier performance due to the hydrophilic nature of 
cellulose (Li et  al. 2015). Additionally, peeling-off 
these films from the base surface is occasionally diffi-
cult. To overcome these issues, producing composites 
of NC with compatible materials is considered as a 
feasible approach (Khan et al. 2014; Miri et al. 2023). 
Cellulose ether derivatives, particularly carboxym-
ethyl cellulose (CMC), are considered as attractive 
alternatives to substitute the non-degradable polymer 
for various applications (Gregorová et al. 2015; Shah-
bazi et al. 2016). CMC is a seminatural, inexpensive 
and non-toxic material and is regarded as a compat-
ible additive to produce transparent films (Mandal 
and Chakrabarty 2018; Zhang et al. 2014). Although, 
these NC-CMC based films have shown remarkable 
barrier and mechanical properties, but poor water 
resistance, making them weak options as replacement 
for conventional non-degradable polymers (Nadeem 
et al. 2020; Shahbazi et al. 2016). Multilayered films 
of different materials are a possible solutions to over-
come the limited water resistance and are highly 
common in packaging industry (Lavoine et al. 2014). 
Alkyl ketene dimer (AKD) is known for its effect to 
producing hydrophobic paper under neutral pH con-
ditions (Kumar et al. 2016). AKD can react with free 
hydroxyl groups, forming β-ketoester linkages, and 
thus imparting hydrophobicity to cellulose (Taki-
hara et al. 2007; Yoshida and Isogai 2013). It is also 

observed that the AKD did not change the properties 
when bonded to cellulose matrix after thermal curing 
(Yan et al. 2016).

The aim of this study is to produce NC-based 
hydrophobic and sustainable films via spray deposi-
tion for packaging applications. NC/CMC compos-
ites were produced to improve the properties and peel 
ability of the NC films. The composite films, either 
partial or fully dried, were then surface treated with 
AKD to produce hydrophobic films. Finally, the 
mechanical, barrier and morphological properties of 
these novel AKD treated composite films were com-
pared with those of the NC and NC/CMC composite 
films. Moreover, the hydrophobicity of the films was 
determined and compared by degradation test and 
contact angle analysis.

Materials and methods

Materials

Several terminologies for nanocellulose have been 
frequently reported in the literature. Most commonly, 
this material is also named as nano-fibrillated cellu-
lose, cellulose nano-fibrils, and micro fibrillated cel-
lulose etc. (Shanmugam et  al. 2017). However, for 
this research study, the generic term we are using is 
nanocellulose (NC) for this nanomaterial family. The 
NC (KY-100S grade) having 25  wt.% solid content 
were procured from DAICEL Chemical Industries 
Limited (Japan). NC is speculated to be obtained 
from cotton source and treated via high pressure 
homogenization (Hideno et  al. 2016; Jang et  al. 
2015). The commercial grade NC had a mean diam-
eter of approximately 73  nm (Varanasi et  al. 2013), 
while the zeta potential of its suspension was calcu-
lated as −22.3  mV (Raj et  al. 2017). Moreover, the 
average aspect ratio of this material was in the range 
of 142 ± 28 and calculated crystallinity index of about 
78% (Shanmugam et  al. 2018). The SEM images of 
NC films at different magnifications is included in the 
supplementary information (Figure S1). Carboxym-
ethyl cellulose (CMC; FINNFIX 30 g grade), having 
a percentage purity of 98%, a molecular weight of 
80,000, and a degree of substitution (DS) of 0.8 was 
purchased from CP Kelco (Finland). The commer-
cially available CMC usually have DS in the range 
of 0.38–1.4 and DS values of 0.6–0.95 are typical 
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used for food applications (Stephen 1995). The CMC 
becomes completely soluble at DS above 0.4, while 
the swelling of the CMC was seen at DS values of 
below 0.4. Based on these considerations, DS value 
of 0.8 for CMC was selected in this study. Alkenyl 
ketene dimer (AKD) having 17% solid content was 
obtained from Solenis Pty. Ltd. (Australia) and used 
as the hydrophobization agent. The AKD was further 
diluted in water to have different concentrations.

Fabrication procedure

Production of NC/CMC films

The CMC powder was slowly mixed with water at 600 
RPM in a Eurostar mixer (Germany) and formulating 
solutions at a 0.9  wt.% concentration of CMC. The 
concentration of 0.9  wt.% was chosen based on our 
observation from the previous work, which showed 
that the films having 5:3 NC/CMC were consider-
ably less dispersed, while 1:1 NC/CMC films were 
completely disintegrated, when saturated with water 
(Nadeem et al. 2020). The fibres were then added into 
the CMC solution to attain the NC/CMC final weight 
ratio of 5:3, having a total solid content of 1.5 wt.% 
in the mixture. The suspension was disintegrated in 
a MK IIIC Messmer disintegrator (Netherlands) for 
15,000 revolutions and the resulting suspension had a 
pH of approximately 6.5. The suspension was sprayed 
using a Wagner spray system (Shanmugam et  al. 
2018, 2017) and the sprayed wet films were collected 
onto circular stainless-steel plates and carried away 
by a moving conveyor belt. The circular stainless-
steel plates had a diameter of 160 mm, while the dis-
tance of the nozzle tip from these plates was around 
30 cm. The speed of conveyor belt was set at 0.65 cm/
sec while the spray nozzle had an orifice of 0.38 mm. 
The sprayed plates were then finally transferred to 
an oven (S.E.M Equipment, Australia) for drying at 
75 °C for 2 h.

Optimization of AKD

The dried NC/CMC films were placed on stainless 
steel plates and AKD having different concentrations 
(1.7, 5.1 and 8.5  wt.%) was sprayed to achieve the 
(NC/CMC)/AKD final weight ratios of 1:1.13, 1:3.40 
and 1:5.66. The sprayed plates were carried away by a 
moving conveyor belt, while forming an AKD layer at 

the top of the NC/CMC composite films. To avoid a 
thick layer of AKD on NC/CMC composite films, the 
speed of the conveyor belt was double  the one used 
for NC/CMC films i.e., 1.30  cm/sec. The sprayed 
AKD films were then transferred to an oven for dry-
ing at 100 °C for 20 min. The dried films were then 
subjected to water resistance test for the optimization 
of AKD. The detail procedure of the test will be dis-
cussed in the later section.

Two approaches for AKD deposition

The optimized AKD content was sprayed on NC/
CMC films via spray deposition using a spray system. 
Two approaches were employed for this purpose a) 
AKD deposition on fully dried (FD) NC/CMC films 
b) AKD deposition on partially dried (PD) NC/CMC 
films. For AKD deposition on fully dried NC/CMC 
films, the optimized content of AKD was sprayed 
on fully dried NC/CMC films using the same proce-
dure as mentioned in previous section. For the sec-
ond approach, the NC/CMC suspensions were par-
tially dried at 75 °C for 1 h ( ≈52%) and the optimized 
AKD content was sprayed on them via a spray system 
and carried by a moving belt conveyor (1.30  cm/s). 
Finally, the wet films were transferred to an oven for 
drying at 100 °C for 20 min.

Testing procedure

Basis weight and thickness

The basis weight of the films was calculated by divid-
ing their weight to surface area. Prior to basis weight 
determination, the films were oven-dried at 105  °C 
for 4  h to remove any traces of moisture. Addition-
ally, a Lorentzen & Wettre AB (Sweden) Thickness 
Tester was used to calculate the thickness of the films 
in accordance with Australian/New Zealand standard 
method 426 (AS/NZS-426 1994).

Water resistance

The water resistance values of the films were calcu-
lated in terms of total soluble matter and expressed 
as the weight percentage of the films solubilized after 
1 and 2  days of immersion in distilled water. The 
dried films were cut into strips (100  mm × 15  mm), 
weighed and placed in a container containing 250 ml 
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of water. The assemblies were then transferred to a 
normal operating temperature of refrigerator (4  °C) 
for 24 h. After 1 day, the strips from the water con-
tainer kept in a fridge were transferred to an oven for 
drying at 100  °C for 20  min. The dried strips were 
then weighed, and its water solubility (WS) can be 
calculated using the following equation:

where S is initial dry mass (g) while S0 is final dry 
mass (g).

Mechanical properties

The mechanical properties of the produced films were 
determined by means of their tensile characteristics. 
Tensile index, which is normalized by sheet gram-
mage, was chosen to report the mechanical proper-
ties rather than tensile strength, which is normalized 
by sheet cross-sectional area. This avoids the prob-
lem of defining the thickness of nanocellulose films, 
which have rough, compressible surfaces. The strips 
(100 mm × 15 mm) were cut from the films and tested 
using an Instron universal testing machine (Model 
5566, USA). The test was conducted according to 
ASTM D 882–02 at 23 °C and 50% relative humidity 
(RH) (ASTM D, 882-02 2002), the tensile index of 
the films was calculated as following:

where T′ is the tensile strength (kN/m) and R is the 
basis weight (g/m2).

Additionally, all the films were immersed in water 
and their average wet tensile index was calculated by 
using the above-mentioned procedure.

Moisture barrier characteristics

Moisture barrier characteristics of the films were 
determined as water vapor permeability (WVP) in 
accordance with ASTM E96/E96M-05 (E. ASTM, 
96/96M-05 2005). Initially, the films were cut into 
circles (76  mm diameter) and dried at 105  °C for 
4  h to ensure complete removal of any moisture. 
For each sample 5 non-corroding cups were used, 
with 3 of them were filled with approximately 

(1)WS = 100 ×
S − S0

S0

(2)Tensile Index (kNm∕g) =
T�

R

40  g of anhydrous calcium chloride (CaCl2) while 
the remaining two cups used as blank. The circu-
lar films from each sample were then sealed on the 
open side of the cups, forming an airtight assembly 
and each of them weighed before transferring to a 
humidity control chamber. The test was performed 
at 23 °C and 50% RH and the weight of assemblies 
were recorded at regular time intervals. The slop of 
line between the weight and time was used to calcu-
late water vapor transmission rate (WVTR). Finally, 
the water vapor permeability (WVP) can be deter-
mined by normalizing the WVTR with the thick-
ness of the films. The WVP of all the films can be 
calculated as:

where G
t
 refers to the slope of a straight line (g  h−1) 

and A is the surface area of the films (m2). The per-
meance of the films can be calculated as:

where S is the saturation vapor pressure per mmHg 
(1.333 × 102  Pa) at the tested temperature, R1 is the 
relative humidity of the source and R2 is the relative 
humidity of the vapor sink, expressed as a fraction. 
Finally, the WVP of the films can be calculated as:

Characterizations

All the films were iridium coated and their micro-
scopic morphology was determined using scanning 
electron microscopy (Magellan FEGSEM 400, FEI, 
USA) at an accelerating voltage of 5  kV and the 
magnifications ranging from 10,000× to 80,000×. 
The macroscopic morphology was evaluated using 
an optical profilometer (OLS5000, Olympus, Japan) 
at both sides of films with a 5× and 10× objective 
respectively.

The bulk density ( �
bulk

 ) of film samples was 
calculated by determining their weight, length, 
width, and thickness. We conducted helium pyc-
nometer test (Micromeritics AccuPyc 1330) to 
measure samples’ skeletal density (where ρskeletal is 

(3)WVTR =
G

t × A

(4)Permeance =
WVTR

S(R1 − R2)

(5)WVP = Permeance × Thickness
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skeletal density). The porosity ε (%) was calculated 
as follows:

where ρbulk is the bulk density and ρskeletal is skel-
etal density.

Additionally, measurement of nitrogen adsop-
tion-desorption isotherms was calculated by 
Brunauer–Emmett–Teller (BET) method through 
nitrogen porosimetry using Micromeritics TriStar 
II. Samples were degassed for 24 h at 105 °C before 
inserting in Micromeritics TriStar II.

Surface hydrophobicity

A Dataphysics Contact Angle Measurement System 
(Germany) was used to determine the static contact 
angles of deionized water on both sides of the films. 
All the contact angle tests were conducted at 23  °C 
and 50% RH. A 5  µl deionized water droplet was 
dropped on the surface of the films and the contact 
angle was measured for each 10 s for a total of 120 s. 
Moreover, the contact angle of the films didn’t change 
much during the measurement period.

Results and discussion

Optimization of AKD content

The NC/CMC films produced via spray deposition 
were completely disintegrated when saturated with 
water; this is because the hydrophilic groups from 
CMC can establish hydrogen linkage with water 
(Shahbazi et  al. 2016). To overcome this issue, the 
hydrophobicity of NC/CMC composite films needs to 
be improved. For this purpose, AKD was deposited 
on the fully dried NC/CMC films via spray deposi-
tion at different concentrations. The AKD depositing 
via spray deposition is preferred over bulk addition 
for producing a controlled thin layer on the films’ 
surface and for the continuity and practicality of the 
process. The AKD deposited NC/CMC films were 
subjected to water solubility test and the results are 
displayed in Fig. 1. As the figure illustrates, the per-
centage mass loss was in the range of 12–22% for the 
films immersed in water for 24 h. It was observed that 

(6)ε(%) = 1 −
ρbulk

ρskeletal

increasing the AKD content reduced the weight loss 
of the resultant films. The weight loss attributes to the 
CMC solubilization in water owing to its polar nature. 
Nevertheless, the films were quite stable and showed 
considerably less mass loss after day 2 (3–5%) com-
pared with the mass loss observed after 24 h (Fig. 1). 
No statistically significant change was observed in the 
percentage mass loss of the films for the 1: 3.40 (NC/
CMC): AKD and 1: 5.66 (NC/CMC): AKD samples 
after day 2, indicating that 1: 3.40 (NC/CMC): AKD 
is the optimized concentration of AKD for this study 
(Fig. 1).

Basis weight and thickness

At optimized concentration of AKD, two approaches 
were used to produce hydrophobic films: a) AKD 
deposition on fully dried NC/CMC films (AKD 
treated fully dried NC/CMC films and b) AKD depo-
sition on partially dried NC/CMC films (AKD treated 
partially dried NC/CMC films). Initially, the basis 
weight and thickness of the films produced via these 
two approaches were calculated, and the results are 
illustrated in Fig. 2. The basis weight of the NC/CMC 
films was approximately 39.5 ± 1.0  g/m2 while their 
thickness varied between 62 ± 2.5  µm. These values 
are quite similar to the ones reported in the literature 
(Nadeem et  al. 2020). Additionally, the introduction 
of AKD increased the basis weight and thickness of 
the films to a considerable extent due to its debond-
ing with NC and CMC while increasing the coat layer 

Fig. 1   Optimizing the AKD content based on percentage mass 
loss of the fully dried films after day1 and day 2
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(Fig. 2). The basis weight of AKD treated FD films 
was higher as compared with the AKD treated PD 
films owing to the reason that the fully dried films 
had better capacity to absorb a layer of AKD than a 
partially wetted film. This resulted in a separate thick 
layer at the top of the dried films. Additionally, the 
fully dried samples have better drying capacity as the 
AKD can penetrate all the way through the structure. 
Moreover, the basis weight shows a directly propor-
tional relationship to the thickness of the films (Shan-
mugam et al. 2018).

Characterizations

The morphological changes of the neat and modi-
fied NC/CMC films (treated side) are displayed 
in Fig.  3, while the SEM images of these films at 
different regions and magnifications are included 
in the supplementary information (Figure S2). 
The unmodified NC/CMC film forms a kind of 
embedded matrix (Fig. 3A); indicating these films 
should have excellent moisture barrier properties 
as reported in the literature (Mandal and Chakra-
barty 2018; Nadeem et  al. 2020). However, when 
the films were treated with AKD, crystal-like struc-
tures combining NC, CMC and AKD could be 
observed. These structures are found mostly on the 
surface for AKD treated FD films (Fig. 3B), while 
these crystal-like structures can also be seen in the 
matrix of the films for AKD treated PD samples 
(Fig.  3C). Moreover, these crystal-like structures 
were more numerous in AKD treated PD films as 

compared with AKD treated FD samples. This 
might be due to the overflowing of the AKD sus-
pension from the surface of fully dried films. Addi-
tionally, the non-uniformity of the NC/CMC dried 
film is another reason for the limited deposition of 
crystal-like structures on AKD treated FD films.

According to the helium pycnometry results, 
spraying AKD on NC/CMC films showed lower 
porosity for the AKD treated PD films as compared 
with the AKD treated FD films. This result agrees 
with the evidence that AKD suspension is more uni-
formly distributed in AKD treated PD films and may 
possibly have lower WVP due to their lower porosity 
(Table 1).

According to the results of nitrogen adsorp-
tion–desorption isotherms, the BET specific sur-
face area (SBET) and pore volume (Vp) of the AKD 
treated FD films were higher than those of the AKD 
treated PD films. In addition, the pore size (dp) of the 
AKD treated FD films was 18.6 nm (Table 2), which 
is larger than that of AKD treated PD films (16.6 nm). 
These results suggest that AKD filled more pores and 
are uniformly distributed for AKD treated PD films. 
This led to the lower SBET and pore volume, and 
smaller pore sizes of the AKD treated PD films com-
pared to the AKD treated FD films (Table 2). These 
results are also in accordance with the helium pyc-
nometry result and SEM as discussed above.

Figure 4 shows the optical profilometry images of 
neat and AKD modified NC/CMC films; it indicates 
the decrease in aerial roughness (Sa) of AKD treated 
films. The change in Sa for AKD treated FD and PD 
films was quite significant for the rough side at higher 
magnification (10×); i.e., the Sa values were approxi-
mately half as compared with the neat NC/CMC 
films. Considering the smooth surface, the AKD 
treated PD films showed the least Sa values (4.04 nm), 
while AKD treated FD films indicated slight improve-
ment in their roughness values (5.78  nm) as com-
pared with neat NC/CMC films (8.16 nm). Addition-
ally, based on physical observation, no shrinkage 
was observed for AKD treated PD films, while AKD 
treated FD films showed slight shrinkage. The long 
alkyl chains on the AKD surface improved the heat 
resistivity of the resultant composite (Nadeem et  al. 
2020 (b); Ryu et al. 2020). The transmittance of the 
AKD treated films was also observed to be lower as 
compared with the neat NC/CMC films. This might 
be due to the reduced transmission coefficient of these 

Fig. 2   Effect of AKD treatment on the basis weight and thick-
ness of the NC/CMC films
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films on addition of AKD as reported by Fedorov 
et  al. (Fedorov et  al. 2020). Additionally, increasing 
film’s basis weight and thickness on treatment with 
AKD explains the loss of transmittance (González 
et al. 2017).

Water contact angle

The contact angle (CA) can be measured to deter-
mine the change in the surface hydrophobicity of 
a biodegradable film. The CA for neat NC, CMC, 

Fig. 3   SEM images of A neat NC/CMC film, B AKD treated (FD) film and C AKD treated (PD) film

Table 1   Porosity, bulk, and 
skeletal densities of samples

Entry Sample ρbulk(g/cm3) ρskeletal(g/cm3) Porosity �(%)

1 NC/CMC film 1.5300 0.8500 44.4000
2 AKD treated FD films 1.3152 0.7300 44.6000
3 AKD treated PD films 1.3063 0.8500 33.4000
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neat and modified NC/CMC films were determined, 
and the results are presented in Fig.  5. The fibrous 
NC and CMC usually have low CA values (Fig.  5), 
due to hydrophilic composition of these materials 

(Aulin et  al. 2010; Shahbazi et  al. 2016). However, 
when these materials i.e., NC and CMC were com-
bined to produce a composite NC/CMC film, the 
contact angle values started to increase. As seen in 
Fig.  5, the CA measured on both sides of neat NC/
CMC film did not change considerably and was in 
the range of 80° ± 3. The deposition of AKD on 
NC/CMC films has enhanced the CA values up to 
approximately 60% and the films were found to be 
highly hydrophobic. This increased hydrophobic-
ity of AKD treated films attributes to the long alky 
chains of AKD on the surface of NC due to ketoester 
linkage as suggested by earlier studies (Song et  al. 

Table 2   Structural properties of AKD treated films

a Adsorption average pore diameter (4 V/A by BET)

Entry Sample SBET (m2/g) adp (nm) Vp (cm3/g)

1 AKD treated FD 
films

0.2700 18.6000 0.0021

2 AKD treated PD 
films

0.2500 16.6000 0.0016

Fig. 4   Optical Profilometry images of neat and modified AKD treated films at 5× and 10×. Up arrow: Increased Roughness, Down 
arrow: Decreased Roughness



5166	 Cellulose (2023) 30:5157–5170

1 3
Vol:. (1234567890)

2012; Yang et al. 2014). Additionally, the CA values 
(θ = 127° ± 3) for rough side (exposed to spraying) in 
AKD treated PD films were greater than AKD treated 
FD films (θ = 110° ± 5) for. The higher CA values for 
AKD treated PD films are due to considerably more 
and uniform AKD deposition as also seen from SEM 
images. The CA value of 128° attained almost a supe-
rhydrophobic character, which initiates at a water-
contact angle of 150° (Sousa and Mano 2013). Addi-
tionally, the CA values for both smooth and rough 
sides didn’t change significantly for AKD treated FD 
films. This is due to the reason that as the films were 
fully dried and they were not completely sticking to 
the substrate. This causes the AKD suspension to 
penetrate through the edges of the assembly, result-
ing in increased CA on both sides of films. Contrary, 
AKD treated PD films showed a significant increase 
in contact angle values on one side only (rough side). 
This variation in CA values also explains the higher 
basis weight of AKD treated FD films, indicating 
that the AKD suspension penetrates well on the sur-
face of fully dried films. Interestingly, the CA values 
(θ = 78° ± 4) calculated for smooth side AKD treated 
PD films was in the same range as neat NC/CMC 
films. This indicates that AKD suspension might not 
have penetrated through the partially dried NC/CMC 
films, and thus imparting hydrophobicity on one side 
only.

Moisture barrier performance

The water barrier performance of a film in protective 
coating or in packaging can increase shelf life of the 
products (Shahbazi et al. 2016). The moisture barrier 
performance of the films was evaluated by means of 
water vapor permeability (WVP) and the results are 
illustrated in Fig.  6. The average WVP of the NC/
CMC films was of 3.8 × 10–11 g/Pa.s.m. These values 
are quite similar to the ones reported in the literature 
(Mandal and Chakrabarty 2018; Nadeem et al. 2020). 
The moisture barrier performance was almost similar 
for AKD treated fully dried NC/CMC films. Addi-
tionally, no statistically significant difference in terms 
of WVP was observed between untreated and AKD 
treated NC/CMC films.

Water solubility

The water solubility test is an important criterion for 
the disintegration of the films and is measured as per-
centage mass loss. As NC and CMC are both hydro-
philic polymers, any enhancement in their resistance 
to moisture and improved water resistance is critical. 
The results of water solubility test for AKD treated 
NC/CMC films are represented in Fig. 7. The percent-
age mass loss after 24 h immersion in water for the 
AKD deposited fully dried films was approximately 
14% as compared with the AKD deposited partially 
dried films ( ͌ 11%). For day 2, a similar trend was 
observed regarding the percentage mass loss values 

Fig. 5   Contact angle values of neat and AKD treated NC/
CMC films

Fig. 6   WVP of neat and AKD treated NC/CMC films. Values 
represent the mean ± SD, n = 5, *P > 0.05 (obtained by Stu-
dent’s t-test)
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i.e., approximately 7% and 3% for AKD treated FD 
and PD films respectively. The percentage mass loss 
for AKD deposited FD films was quite similar to the 
values obtained in the optimization stage (Fig.  1). 
The mass loss in AKD treated films might be due to 
the loss of CMC filler, leaching out from the surface 
of the films when saturated with water. This mass loss 
might also cause a reduction in mechanical proper-
ties of these AKD treated films in wet conditions. The 
low percentage of mass loss for AKD deposited on 
partially dried films was due to uniform distribution 
of AKD, as confirmed by the SEM.

Mechanical properties

The mechanical properties of the films are mainly 
affected by the inter and intramolecular interactions 
between polymer chains (Shahbazi et  al. 2016). The 
average tensile index values of neat and AKD treated 
NC/CMC films are displayed in Fig. 8. The neat NC/
CMC films showed an average tensile index of 72 
Nm/g for a basis weight of 40  g/m2, which is simi-
lar to the values reported in the literature (Mandal 
and Chakrabarty 2018). However, the average ten-
sile index values for AKD treated films decreased 
by 26–29%. Decreasing in tensile index is due to the 
addition of AKD affecting the bonding between the 
fibres. Additionally, AKD treatment has enhanced 
the rigidity and thus reducing the tensile index of the 
films (González et  al. 2017). Drying at higher tem-
perature (100° C) might also contribute to the drop 
in the tensile index via deteriorations of the NC fibres 

(Nadeem et  al. 2020). The AKD treated PD films 
have slightly lower average tensile index values than 
the AKD treated FD, but the results were not statisti-
cally significant.

The average tensile index (wet), young’s modulus 
and strain at break (%) for neat and AKD treated NC/
CMC films are shown in Table 3. The AKD treated 
films showed significantly lower young’s modulus 
values as compared with the neat NC/CMC films, 
indicating an enhanced flexibility of these films and 
resulting in a plasticizing effect. The young’s modu-
lus in wet state for AKD treated films was also lower 
(36–50%) as compared with the neat NC/CMC films. 
Considering the wet strength, NC/CMC films com-
pletely disintegrated in water; however, AKD treated 
films have shown some resistance when immersed in 
water (4.5–5.7 Nm/g) (Table 3). The average tensile 
index for wet AKD treated films has reduced sig-
nificantly that might be due to the loss of CMC filler 
in contact with water. Additionally, when the films 
were immersed in water, it can penetrate through 
the surface from all directions and thus reducing the 
strength.

Conclusion

This research was conducted to improve the hydro-
phobicity of NC/CMC films while maintaining their 
dimensional stability and barrier properties. For this 
purpose, the effect of AKD deposition on NC/CMC 
films via spray deposition technique was investigated. 

Fig. 7   Percentage mass loss for AKD treated fully dried and 
partially dried films

Fig. 8   Tensile index values for neat and AKD treated NC/
CMC films



5168	 Cellulose (2023) 30:5157–5170

1 3
Vol:. (1234567890)

The deposition of AKD has improved the hydro-
phobicity of the films to a significant extent, i.e., the 
AKD treated films have shown up to 60% increase 
in contact angle values as compared with the origi-
nal NC/CMC films. The AKD deposited NC/CMC 
have also maintained their dimensional stability and 
moisture barrier properties. Overall, AKD treated 
partially dried NC/CMC films showed better results 
as compared with the AKD treated fully dried films. 
These treated partially dried films showed better 
water resistance as the percentage mass loss was 
approximately 4% after 2 days of immersion in water. 
Additionally, these AKD treated partially dried films 
impart hydrophobicity to one side only, i.e., the 
resultant films are one side hydrophilic and other side 
hydrophobic. These characteristics of AKD treated 
films present an attractive and sustainable alternative 
to the petroleum-based packaging for food, pharma-
ceutical and moisture barrier applications.
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