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Graphical representation of hydrophobic nonwoven material treated with biobased agents, highlighting enhanced water repellency. Generated using 
Adobe Firefly.
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A B S T R A C T

The purpose of this research was to render hydrophobicity on three different cellulosic nonwovens (NW) using 
green biobased materials including betulin (Bt), stearic acid (SA), ethyl cellulose (EC), and beeswax (BW). A 
commercially available Alkyl ketene dimer-based hydrophobizing agent (AKD) was also used for benchmarking. 
A comparative analysis and comprehensive characterization of the coated samples was conducted using various 
analytical techniques, including scanning electron microscope (SEM), Fourier transform infrared (FTIR), capil
lary flow porometry, optical tensiometry, and tensile testing. The treatment of NW materials with selected 
biobased agents significantly enhanced their hydrophobicity. A water-absorbing air-laid NW1 became hydro
phobic after functionalization with Bt achieving the highest water contact angle (WCA) of 134◦ compared with 
other biobased agents. To achieve complete hydrophobization of NW2 and NW3, which have larger pore sizes, 
mixtures of EC with SA and EC with Bt were applied, resulting in WCAs greater than 109◦. The SEM micrographs 
of the coated NW2 and NW3 samples revealed that Bt and SA induced microroughness on the coating surface, 
with specific portions protruding outward over EC. The treatments did not significantly affect the porosity and 
tensile strength of the nonwovens, except for AKD and SA treated samples.
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1. Introduction

Textiles have received much attention in recent decades as a result of 
their renewed use in other sectors such as construction, transportation, 
agriculture, medical, and environmental protection [1,2]. Nonwoven 
fabrics, in particular, address performance requirements in a wide range 
of applications [3]. The versatility, porosity, permeability, and 
simplicity of fabrication make nonwovens ideal for technical applica
tions like masks, surgical gowns, filtration systems, and so on. Among 
the key advantages of nonwoven fabric manufacturing is that it is 
typically done in a continuous, linked process in which raw materials are 
first converted into a web and then a finished fabric. Hence, systematic 
inventions have evolved to meet the requirements of various industries. 
The desirable properties for specific purposes are imparted through 
textile finishing. Hydrophobic finishing of cellulosic textile material has 
attracted increasing attention from academia and manufacturers owing 
to their practical applications [1] for oil and waterproofing [4,5], 
anti-fouling [6,7], anti-contamination [8], stain and soil-resistant finish 
[9], for plastic replacement [10], anti-sticking [10,11], and self-cleaning 
[12–14].

Cellulose is an abundant natural polymer used in a range of textile 
applications due to its renewability, substantial strength, breathability, 
biodegradability, and wearing comfort [15]. Ascribable to the presence 
of hydroxyl groups in the structure, the porous and rough surface 
morphology of the fabric, and the capillary action of the fibers, cellulose 
is hygroscopic and hydrophilic allowing water to be absorbed and 
spread across its surface [10]. Despite its innate hydrophilicity, cellulose 
has unrivaled benefits as a hydrophobic textile. The hydrophilicity of 
cellulose is characterized by the water contact angle which ranges be
tween 0◦ and 47◦. A hydrophobic cotton surface has a water contact 
angle greater than 90◦ [10]. To meet the need for water repellency in 
cellulosic textiles, various finishes with pros and cons are available on 
the market [10,13,16]. Textile finishes modify the material’s interface 
through two main mechanisms: increasing the roughness and lowering 
the surface free energy. The free energy at the material’s interface causes 
adhesive interactions between it and the water. When the internal 
cohesive interactions within the water are stronger than the external 
adhesive interactions between the water and interface, the water beads 
up causing the material to repel water. Alternatively, the roughness of 
the material can skew water’s preference for breaking its surface tension 
to adhere to the substrate.

Common practices for roughening the surface include sizing, 
applying microparticle coatings, and etching while low surface free 
energy is achieved with water repellent and polymeric coatings [17,18]. 
These structural properties on cellulosic surfaces have been produced 
using a variety of methods as reviewed by [10,18,19] such as 
electro-spinning [20], polymerization processes, chemical deposition 
[21], laser deposition, dip-coating, layer-by-layer coating, spray 
coating, grafting, and plasma processing.

The first method to develop a hydrophobic, cellulosic surface was by 
mechanical incorporation of the water-repellent products of paraffin 
emulsions in the fiber pores, in or on the fiber and fabric surface, and in 
the spacing between the fibers and the yarns [22,23]. Despite being 
inexpensive and producing uniform effects, the use of these treatments 
was hindered by their lack of durability to washing and dry cleaning and 
low breathability. In practice, hydrophobicity on cotton textiles is 
typically achieved with coatings like rubber, polyvinyl chloride, and 
polyurethane which also cause a stiff hand, lack of vapor and air 
permeability, and consequently have poor wear comfort [24,25]. 
Bonding of the hydrophobic chemicals with cellulosic fiber surface is 
another strategy. Fatty acid resins are an illustration of this process [25, 
26]. However, such repellents like stearic acid–melamine released 
formaldehyde and resulted in a reduction in fabric strength and shade 
change on colored fabric [27]. Another strategy for a high degree of 
repellency is forming a repellent film on the surface of a substrate with 
silicone and fluorocarbon products [28]. Silicone repellents are netted 

with reasonable durability for washing and enhance seam slippage and 
pilling. However, careful formulation is required in using silicone 
repellants as it reduces hydrophobicity if excessive amounts are used. 
Perhaps, silicone offers no oil and soil repellency and promotes the 
attraction of hydrophobic dirt. Moreover, residual baths and the effluent 
of these finish application processes are harmful to aquatic life and 
silicon-based alternatives are under discussion for their safety profiles. 
Per- and poly-fluoroalkyl substances (PFAS) give the lowest surface 
energies of all the repellent finishes in use to make cellulose hydro
phobic. However, PFAS change colors during washing, have high costs, 
contain hazardous aerosols, and their application process requires 
intensive wastewater treatment. Further, due to its resistance to degra
dation, long-range mobility, bioaccumulation, and toxicity, PFAS are 
restricted from use in Europe under the registration, evaluation, 
authorization, and restriction of chemicals (REACH) framework.

Following a restriction on the use of per- and polyfluoroalkyl com
pounds, many attempts have been made to render cellulose hydrophobic 
using fluorocarbon-free chemicals. Despite the available alternatives, 
PFAS substitutes still face challenges in ensuring effective coverage with 
smaller quantities, achieving long-lasting durability, maintaining 
optimal coating thickness, and guaranteeing safety for humans and the 
environment. Establishing a balance between hydrophobic perfor
mance, environmental impact, and while maintaining inherent fabric 
properties is still challenging. Considering these factors, this study aims 
to illustrate the effect of hydrophobic treatments on base substrate 
qualities using environmentally friendly and sustainable hydrophobiz
ing agents. This paper compares the impact of various biobased hydro
phobizing agents on the physio-mechanical properties of nonwoven 
textiles. We discuss how the structure of the nonwoven material, as well 
as the surface morphology of the coating, correlate with the realized 
hydrophobicity.

2. Materials and methods

2.1. Materials

A. Fabric 
In this study, we used three distinct cellulosic nonwoven materials. 

NW1, an air-laid nonwoven, was procured from SharpCell Oy - 
Finland. It consisted of 85% fluff pulp and 15% polymeric binder, 
with a basis weight of 51.56 g/m2 and a thickness of 224 µm. NW2 
and NW3 were procured from Suominen Oyj - Finland. NW2 was 
exclusively fabricated from lyocell, boasting a basis weight of 
58.21 g/m2 and a thickness of 260 µm. NW3 was a composite ma
terial combining 80-85% cellulose and 15-20% PLA, featuring a basis 
weight of 62.35 g/m2 and a thickness of 336 µm.

B. Chemicals 
We employed various chemicals as repellent agents. Technical 

grade (93 %) betulin (Bt), with a molecular weight of 456.7 g/mol, 
was purchased from Innomost Oy in Finland. Reagent grade (95 %) 
stearic acid (SA), beeswax (BW) (CAS:8012–89–3), and ethyl cellu
lose (EC) (CAS: 9004–57–3) were all purchased from Sigma-Aldrich 
in Finland. Alkyl ketene dimer-based hydrophobizing agents (AKD) 
were provided by Kemira in Finland. Additionally, ethanol with a 
purity of 99.5 % and isopropanol were used as solvents in our ex
periments. All chemicals were used as received.

2.2. Methods

A. Solution preparation 
Bt, SA, and EC were separately dissolved in ethanol at a temper

ature of 50 ◦C, with continuous magnet stirring at an apparent 
mixing speed of 1100 rpm for one hour. BW was dissolved in iso
propanol under the same conditions. For SA and Bt solutions, varying 
concentrations, ranging from 5 to 25 g/L, were used. 25 g/L of a 
mixture of SA and EC (35:65 w/w) and a mixture of Bt and EC (35:65 
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w/w) were both dissolved in ethanol, separately. The received AKD 
solution was not diluted. Initially, different experimental sets went 
into effect to conduct the analysis and the screening led us to do the 
analysis at the same concentrations (20 g/L). However, in the case of 
samples coated with SA and Bt, based on insights from prior research 
[29–31], efforts have been undertaken to explore the possibility of 
achieving a WCA result equivalent to NW1-AKD (benchmarked 
sample) at lower concentrations as shown in Table 1

B. Application of biobased repellent solutions 
Solutions were applied to the nonwoven substrates using a dip- 

coating method, involving five dip-and-dry cycles. The substrate 
was immersed in the coating solution for 1 minute and dried at 60℃ 
for 5 minutes. This process was repeated 5 times to prepare each 
sample. After the dip-and-dry cycles, the samples were cured for 
20 minutes at 60℃.

C. Evaluation of properties
i. Water contact angle (WCA) 

The WCA of fabrics was determined by using a sessile drop test 
employing the Theta Flex optical tensiometer from Biolin Sci
entific. A 5 µL drop of Milli-Q water was placed on the treated 
samples using an automatic dispenser and the contact phenom
enon for 30 sec was measured at a camera angle set on the 
equipment for optimal image recording. The WCA was analyzed 
using OneAttension software which has a default analysis recipe 
for each measurement. The provided values represent an average 
of 10 measurements for each sample.

ii. Surface morphology 
The surface morphology was assessed by scanning electron 

microscope (SEM) Zeiss Sigma VP. Samples were placed on top of 
a sample holder using carbon tape and coated by 80Au/20 Pd for 
about 40 sec at 20 mA using sputter coater type Q 150 R supplied 
by Quorum Technologies Ltd. Scanning electron microscope 
images were then taken using a Zeiss Sigma VP connected to a 
secondary electron detector with an acceleration voltage of 
1.3−3 keV.

iii. Fourier Transform Infrared (FTIR) Analysis 
The surface features of pristine and dip-coated nonwovens 

were examined in the solid state using an FTIR Spectrometer 
(PerkinElmer, USA) with the Attenuated Total Reflection head 
(FTIR-ATR). Measurements were carried out at room 

temperature with a LiTaO3 MIR (Mid-infrared) detector with a 
signal-to-noise ratio (SNR) of 9.300:1. The spectra were recorded 
from 4000 cm−1 to 500 cm−1, with a resolution of 4 cm−1.

iv. Assessment of fabric structural parameters and weight gain 
The fabric’s structural parameters such as thickness, pore size 

diameter, and basis weight were measured before and after the 
hydrophobization treatments. The assessment of thickness was 
carried out according to ISO5084 with the Lorentzen and Wettre 
SE250D thickness tester micrometer. Thickness data was 
collected with a sample size of 10 points per sample. 

The areal density (AD) of the sample is measured and 
expressed in grams per square meter (g/m2). The method for 
obtaining this value is implicit, involving the simple process of 
weighing a known area and subsequently dividing the weight by 
the measured area. After the sample of known area was cut and 
conditioned at 65 ± 2 % RH and 25 ± 2◦C for at least 24 hours, 
an analytical balance accurate to 1 mg was used to measure the 
mass of the sample. The mass was measured in triplicate and the 
average was used to calculate the areal density. The weight gain 
of the treated samples was measured in terms of add-on per
centage. The formula in Eq. 1 was used to calculate weight gain. 

Weight gain(%) =
Final AD − Base AD

Base AD
× 100 (1) 

The pore size diameter of the treated and untreated samples 
was measured using a capillary flow porometer (Anton Paar 
Porometer 3 G Micro). A fabric sample with 25 mm diameter was 
prepared and placed in the sample holder on top of which an O- 
ring secures the measured sample area (20 mm diameter). The 
sample is then wetted with porofil and the porometer is sealed. 
The cumulative and differential flow of air was utilized to mea
sure the pore size diameter, particularly in response to the 
intrusion of a porofil liquid in both wet and dry states. The 
average of the three replicates for the maximum, average, and 
minimum pore size measurements was reported in terms of mm. 

For visual assessment of the porosity, light was emitted from 
one side of the sample and the openings were visualized using 
Olympus BX53M light microscope.

v. Tensile strength 
ISO 9073–18 test standard was followed to test the tensile 

strength of the fabric samples using the Universal Tester Instron 
4204. The fabric extension method was used with a 1 kN load cell 
and 5 mm/min extension rate. Samples were prepared with a 
specimen preparation template. Any breaks that occur within 
5 mm of the jaws or at loads substantially less than the average 
that gave outliers were rejected. All values are an average of at 
least five samples.

3. Results and discussion

3.1. Characterization of coated nonwovens

Table 2 shows the changes in thickness, pore size diameter (mini
mum, average, and maximum), basis weight, and weight gain for the 
nonwovens both before and after undergoing the hydrophobization 
treatment compared with the benchmarked sample. Nonwoven mate
rials are characterized by their delicate nature and textured surfaces, 
which contribute to their intricate structural attributes. These qualities 
are instrumental in determining the performance and visual appeal of 
the final products. In various industrial applications, precise control 
over thickness, weight, and pore size diameter within predefined limits 
is essential.

In dip-coating for hydrophobic finishing, thickness and weight are 
closely correlated, indicating the effectiveness of the fabric in repelling 
water by forming an invisible shield. The coating weight represents the 

Table 1 
Sample recipe preparations and respective sample codes.

Nonwoven Hydrophobic agents Recipe (g/L) Sample code

NW1 None N/A NW1
Stearic acid (SA) 5 NW1-SA5

10 NW1-SA10

15 NW1-SA15

20 NW1-SA20

25 NW1-SA25

Betulin (Bt) 5 NW1-Bt5
10 NW1-Bt10

15 NW1-Bt15

20 NW1-Bt20

Ethyl cellulose (EC) 20 NW1-EC
Beeswax (BW) 20 NW1-BW
AKD solutions As received NW1-AKD
EC + SA 25 NW1-EC+SA
EC + Bt 25 NW1-EC+Bt

NW2 None N/A NW2
SA 20 NW2-SA20

Bt 20 NW2-Bt20

EC + SA 25 NW2-EC+ES
EC + Bt 25 NW2-EC+Bt
AKD solutions As received NW2-AKD

NW3 None N/A NW3
EC + SA 25 NW3-EC+SA
EC + Bt 25 NW3-EC+Bt
AKD solutions As received NW2-AKD
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applied hydrophobic substance, and careful control of both thickness 
and coating weight is essential for optimal water repellency without 
compromising other textile qualities.

As can be seen in Table 2, the hydrophobization treatments generally 
lead to an increase in the thickness and areal density (AD) of the non
wovens, primarily due to the incorporation of binders and hydrophob
izing agents. Among the treated samples, NW1-Bt20 exhibited the least 
weight gain (49.67 %), contrasting with NW1-AKD, the benchmarked 
sample, which showed the highest weight gain at96 %. The variance in 
weight gain values of EC+Bt and EC+SA samples can be attributed to 
their porous structures and the degree of absorption of the hydrophob
izing mixture.

As demonstrated in a recent study [32], a water-repellent agent, 
present in solid and granular forms, has been identified to significantly 
increase the weight and thickness of the treated substrate. The authors 
discovered that applying beeswax to cotton fabric led to a twofold in
crease in both weight and thickness.

The pore size distribution of nonwovens before and after hydro
phobization treatment was reduced slightly (Table 2). This observation 
shows that despite the considerable weight gain and the presence of 
hydrophobizing agents on the nonwoven surfaces, the majority of pores 
remain open and accessible. The concentration of the coating solution 
and choice of solvent, were precisely controlled to avoid undesirable 
effects on the fiber and bond rotation in the nonwoven. The selection of 
crystallization conditions of agents, such as temperature of drying and 
solvent evaporation, also played a critical role in the formation and 
distribution of the coating. If these conditions are not thoroughly 
determined and controlled, it can result in pore blockage or uneven 
coating distribution, thereby affecting the porosity of the nonwoven. As 
the objective was to preserve the inherent pore size of the fabric as much 
as possible, with careful control of these parameters, we were able to 
ensure that the porosity of the fabric remained unaffected. In applica
tions, such as filtration systems, pore size is critical to the separation 
efficiency and flux of the nonwoven material [33].

The pore size diameter of NW1 untreated and treated samples 
showed insignificant differences across all specimens except for NW1- 
SA20 and NW1-AKD. As shown in Figure S1 a, d, e, the effect of obli
que illumination for NW1, NW1-EC, and NW1-BW looks similar. Some 
variations may arise due to the bond and fiber rotation of the nonwoven 
with the interaction of solvent during dipping and or very likely from the 
heterogeneity of the sample. The pores in NW1-SA20 and NW1-AKD 
appear darker compared to NW1 (Figure S1 a, b, f). Even though, the 
light illumination was taken at the same condition for all controlled and 
coated samples, the change in color difference for NW1-SA20 and NW1- 

AKD arises because of the blockage of light beam paths, resulting in a 
change in light permeability.

The application of a mixed formulation involving EC and SA or EC 
and Bt on to NW2 and NW3 resulted in the creation of a distinctive 
coating structure, as illustrated in the SEM micrographs (Fig. 2). This 
coating not only provided hydrophobicity on a highly porous substrate 
but also resulted in a modest reduction in pore size diameter as evi
denced by Table 2 and visually observed in the oblique illumination 
images of the supporting Figure S1. The pristine NW2 and NW3, as well 
as their treated counterparts (NW2-EC+SA, NW2-EC+Bt, NW3-EC+SA, 
NW3-EC+Bt), are shown in the oblique illumination Figure S1(g-l) to 
demonstrate the effect of the coating process on pore size diameter. The 
observed reduction in pore size diameter suggests a significant influence 
stemming from the interaction of different chemicals within the coating 
formulation. This reduction can be attributed to interactions between EC 
and SA or Bt, resulting in a more compact arrangement of fibers and 
decreased pore size diameters.

3.2. Surface morphology

The surface morphology of the nonwovens before and after the 
hydrophobization treatments was investigated using SEM as shown in 
Figs. 1 and 2. NW1, an air-laid nonwoven depicted in Fig. 1a, exhibits 
randomly distributed cellulose fibers across its surface, alongside 
noticeable polymeric binder deposits at various locations. Coating NW1 
with SA resulted in a

rough surface morphology comprised of micron-scale planar flakes 
as seen in Fig. 1e. With the increased concentration of SA, more flakes 
can be seen across the surface of NW1 in Fig. 1b-f. The presence of the 
flakes on the surface makes the surface rougher thereby increasing the 
hydrophobicity of NW1 as seen in Fig. 4a.

The morphology obtained by nonwovens treated with Bt solution 
was different from nonwovens treated by SA solution. NW1 treated with 
20 g/L of Bt solution had flowery flakes that appeared on the surface as 
seen in Fig. 1j. These micro-flakes created a rough, spiky surface for 
NW1 thus inducing a very rough surface which caused a higher WCA for 
NW1 treated with Bt than SA solution.

Fig. 1 also shows the surface morphology of NW1 samples treated 
with EC, BW, and AKD. The presence of EC on fibers can be observed as 
some patches connecting fibers together. AKD, on the other hand, seems 
to have covered the surface of the NW entirely. The BW particles were 
not visible on the fiber surface (refer to Fig. 1l) due to the heat treatment

applied during fabric sample drying. Heating the fabric to 60 ◦C for 
20 minutes causes the beeswax particles to melt and disperse across the 

Table 2 
Structural parameters and add-on percentage of controlled and treated samples.

Samples Thickness (μm) Pore size diameter (μm) Areal density 
(AD) 
(g/m2)

Weight gain (%)

Minimum Mean Maximum

NW1 224 ± 2.54 10.27 ± 0.64 25.26 ± 0.15 31.31 ± 0.00 51. 56 ± 0.01 NA
NW1-SA20 335 ± 8.53 9.17 ± 1.06 17.75 ± 0.51 23.15 ± 2.16 91.95 ± 0.01 78.35
NW1-Bt20 247 ± 2.52 13.03 ± 2.58 24. 18 ± 0.62 29.61 ± 0.54 77.18 ± 0.01 49.67
NW1-EC 443 ± 4.74 15.29 ± 0.38 27. 87 ± 0.18 32.00 ± 0.00 86.19 ± 0.01 67.18
NW1-BW 264 ± 1.58 13.10 ± 1.07 26. 56 ± 0.84 32.31 ± 0.99 72.09 ± 0.01 39.84
NW1-EC+SA 390 ± 3.16 15.97 ± 2.27 27. 89 ± 0.47 33.25 ± 0.52 72.41 ± 0.01 40.43
NW1-EC+Bt 424 ± 4.11 16.93 ± 2.96 29.01 ± 0.51 33.01 ± 0.67 82.05 ± 0.02 59.13
NW1- AKD 397 ± 5.69 10.60 ± 0.60 20.38 ± 0.25 25.14 ± 0.53 99.45 ± 0.02 95.93
NW2 260 ± 4.11 35.09 ± 1.46 50.14 ± 1.97 58.45 ± 1.12 58.21 ± 0.01 NA
NW2-EC+SA 528 ± 6.64 28.29 ± 4.18 41.02 ± 2.93 47.20 ± 3.90 84.04 ± 0.03 44.37
NW2-EC+Bt 639 ±10.75 24.78 ± 2.99 43.62 ± 3.09 50.45 ± 1.20 88.49 ± 0.01 52.03
NW2-AKD 423 ± 5.44 24.88 ±2.58 38.35 ± 1.31 48.86 ± 2.55 106.10 ± 0.03 82.26
NW3 336 ± 5.05 31.67 ± 0.71 44.65 ± 0.26 52.28 ± 0.76 62.35 ± 0.02 NA
NW3-EC+SA 584 ± 8.22 25.15 ± 0.07 38.96 ± 0.94 41.49 ± 0.88 94.47 ± 0.05 51.51
NW3-EC+Bt 685 ± 9.17 27.22 ± 0.55 41.05 ± 0.77 44.51 ± 0.38 96.51 ± 0.03 54.79
NW3-AKD 514 ± 6.42 22.67 ± 2.32 35.11 ± 1.23 44.57 ±1.78 115.58 ± 0.02 83.37
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Fig. 1. SEM images of (a) NW1, (b) NW1-SA5, (c) NW1-SA10, (d) NW1-SA15, (e) NW1-SA20, (f) NW1-SA25, (g) NW1-Bt5, (h) NW1-Bt10, (i) NW1-Bt15, (j) NW1- 
Bt20, (k) NW1-EC, (l) NW1-BW, (m) NW1-AKD, (n) NW2, (o) NW2-SA20, (p) NW2-Bt20.
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fiber surface. As a result, the coating exhibits noticeably small, globular- 
shaped protrusions with micropores formed due to the vaporization of 
the solvent isopropanol in BW, a phenomenon observed in previous 
research as well [34].

NW2, consisting of lyocell fibers, and NW3, a blend of cotton and 
PLA, exhibiting distinct structures with longer, oriented fibers (Fig. 2d, 
g). The increased average pore size of NW2 and NW3, as previously 
discussed, was also confirmed by SEM. This structural difference led to a 

lower retention of SA or Bt particles on the surface of NW2, as depicted 
in Fig. 1o and p, respectively. As a result, a basic dip coating of NW2 and 
NW3 with the same solution fell short of achieving adequate coverage, 
likely due to (a) weak intermolecular interactions between hydrophobic 
particles and the surface and (b) higher porosity leading to reduced 
retention. To overcome this challenge, we introduced ethyl cellulose 
(EC) as a biobased binder to enhance the adhesion of Bt or SA particles to 
the nonwoven surface. The formulations of EC+SA create 

Fig. 2. SEM images of (a) NW1, (b) NW1-EC+SA, (c) NW1-EC+Bt, (d) NW2, (e) NW2-EC+SA, (f) NW2-EC+Bt, (g) NW3, (h) NW3-EC+SA, (i) NW3-EC+Bt.

Fig. 3. Infrared spectra of coated and controlled samples of (a) NW1(b)NW2 and NW3.
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microroughness on NW1 (refer to Fig. 2b) and nano-roughness on NW2 
and NW3 (Fig. 2e, h). EC facilitates the binding and retention of surface 
modifying agents on the nonwoven. In EC+Bt mixtures, needle-like Bt 
emerges within the ethyl cellulose and extends outward, as depicted in 
Fig. 2c, f, i.

3.3. Analysis of FTIR results

The FTIR spectra of the coated and controlled samples of NW1, NW2, 
and NW3 are reported in Fig. 3. In the spectrum, a broad peak from 3200 
to 3400 cm−1 is assigned to the stretching vibration of (-OH) in the 
cellulose fibers [35]. The intensity of these vibrations were reduced after 
coating using different hydrophobizing agents, indicating that the 
coating was bound to the surface of nonwovens [36]. The peaks from 
2854 to 2926 cm−1 in the FTIR curve are associated with the presence of 
methyl groups [37]. The intensity at this peak is higher for SA, BW and 
AKD treated samples (Fig. 3a). However, the intensity of the methyl 
peak band around 2854–2926 cm−1 due to the vibrational mode of -CH3 
stretching bond in the NW2 and NW3 coated samples and in 
NW1-ES+SA and NW1-EC+Bt treated samples was relatively lower 
compared with treated samples of NW1, which suggests that SA, and Bt 
lies underneath EC (Fig. 2b, c). The presence of stearic acid in 
NW1-SA20 was evidenced by C––O stretching and CH2 scissoring at 
1696 and 1471 cm−1, respectively [38].

Betulin in NW1-Bt20 was identified by strong stretching of C––O that 
illustrates the conjugated bond from 1699 to 1700 cm−1 and C = C 
stretching at vibration 1643 cm−1 [39]. This peak’s intensity of Bt in 
NW2 and NW3 was reduced due to the fact that the mix with EC reduces 
the intensity. The FTIR spectra of EC suggests shows an obvious asym
metric peak at roughly 2850–2950 cm−1, which is related to single-bond 
CH stretching.

The distinctive peak at 1374 cm−1 has been attributed to single bond 
CH3 bending and the increased intensity of the broad peak near 
1100 cm−1, caused by cyclic C-O-C stretching, indicates the deposition 
of EC on NW1-EC [40]. In contrast, these bands were not observed in 
NW2 and NW3 treated samples indicating the cleavage of EC because of 
the mix with Bt and SA. The strong bands at 2920 and 2850 cm–1 

correspond to the stretching vibration of C–H in the methyl and meth
ylene of AKD tails [41]. The characteristic bands at 1721 cm–1 and 
1847 cm–1 connected to C═C and C═O lactone ring respectively was 
observed in NW1-AKD, NW2-AKD and NW3-AKD samples [41,42]. The 
distinctive peaks in the beeswax spectra were tied to C––O vibrations at 
1163 cm−1, C––O stretching at 1735 cm−1 and C-C stretching at 
1463 cm−1 in NW1-BW [43].

To this end, it is possible to state that, FTIR indicates that finishes are 
structured similar that has anchor system-polymer-chain which allows 

for adhering to nonwovens and functional group that provides hydro
phobicity via creating surface roughness or reducing surface tension.

3.4. Water contact angle (WCA)

The hydrophobicity assessment of NW1 samples treated with SA, 
involving concentrations ranging from 5 to 25 g/L, revealed a direct 
relationship between the solution concentration and the initial WCA as 
illustrated in Fig. 4a. The initial WCA increased from 101◦ at a con
centration of 5 g/L to 129◦ at 20 g/L, and remained unchanged after 
20 g/L. We also observed a gradual droplet penetration into the non
wovens treated with SA at concentrations below 20 g/L (Fig. 4b). Thus, 
achieving a consistently hydrophobic surface resistant to water droplet 
penetration required a minimum SA concentration of 20 g/L for NW1.

Stearic acid coating of the nonwoven plays on altering the surface 
roughness and surface tension of the substrate. On the one hand, the 
incorporation of the SA in or on the fiber and nonwoven surface, in the 
fiber pores, and in the spacing between the fibers in the structure of the 
nonwoven may makes that fabric hydrophobic because of the repellent 
layer formation that may arise from methyl group of SA (Fig. 3). The 
formation of a repellent film (Fig. 1e) up on evaporation of ethanol and 
subsequent anchoring of SA to polar fiber surfaces due to the polar–non- 
polar junctions of methyl and carboxylic group of the repellent and 
hydroxyl group of the substrate, and or chemical reaction of the car
boxylic and hydroxyl groups of the SA and the cellulose increases the 
water repellency of the coated sample. Coating also increases the surface 
roughness of the sample which enables to development a micro size air 
pockets structure that trapped air (water contact angle of air is assumed 
to be 180◦) which repel the water increases the porosity and hydro
phobicity as also found in [44,45].

The formation of micro-roughness on cellulosic textiles coated with 
stearic acid begins with the creation of nucleation sites, where molecules 
initially anchor to cellulose fibers. These nucleation sites serve as the 
foundation for further aggregation of stearic acid molecules, leading to 
the development of micro-scale peaks and valleys on the textile surface. 
This micro-rough texture enhances hydrophobicity by reducing the 
contact area for water and creating air pockets, which is confirmed from 
SEM images and contact angle measurements. This process significantly 
improves the water-repellent properties of the coated nonwovens [26, 
46]

As observed in prior literature [33], the SA lowers the surface free 
energy of the nonwoven, producing the water repellent effect observed. 
This reduces the attractive forces between water droplets and the sub
strate covered by SA (Fig. 4).

In the analysis of NW1 samples treated with Bt, it was observed that 
the concentration of Bt had a slightly lower effect on the initial WCA 

Fig. 4. (a) Initial WCA for NW1 treated with stearic acid at different concentrations (b) The variation of the WCA with time for NW1 treated with stearic acid.
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compared with SA treated samples. The initial WCA exhibited a gradual 
increase from 118◦ at a concentration of 5 g/L to 134◦ at 20 g/L, as 
illustrated in Fig. 5. The increase in WCA continued with rising con
centrations of the Bt solution. Even at the relatively lower concentration 
of 5 g/L, NW1-Bt demonstrated consistent hydrophobic properties, 
attributed to the naturally rough surface of the Bt treatment [31]. 
Similar to the SA crystallization mechanism, Bt recrystallizes onto the 
substrate’s surface producing the micro-roughness-induced hydropho
bicity observed [31]. The findings indicate that the presence of SA and 
Bt reduces the surface free energy of cellulosic nonwovens creating 
superhydrophobic interfaces [30,31].

When SA and Bt are coated on cellulose nonwoven, they create a 
monolayer or multilayer coating on the nonwoven that significantly 
reduces surface energy. This process involves several key mechanisms as 
explained in previous literature [47,48].

According to Fowkes’s theory, the surface tension of liquids and 
surface free energy of solid surfaces can be considered to be consist of 
dispersion and polar components [49]. The extended Fowkes’s equation 
(Eq. 2) breaks down the surface free energy (γSG) into several compo
nents, including dispersion (γd

SG), polar (γp
SG), hydrogen bonding (γH

SG), 
inductive forces (γinduction

SG ), acid-base interactions (γacid−base
SG ), and other 

factors [50]: 

γSG = γd
SG + γp

SG + γH
SG + γinduction

SG + γacid−base
SG +γothers

SG (2) 

When hydrophobic agents like SA and Bt are applied to cellulose 
nonwoven surfaces, their nonpolar hydrocarbon parts orient outward on 
the surface, which minimizes London dispersion forces and lowers the 
dispersion component. The hydrophobic coating also covers the cellu
lose’s polar hydroxyl groups, drastically reducing the polar component 
(γp

SG) and preventing hydrogen bonding (γH
SG).

The Cassie–Baxter model (Eq. 3) explains how chemical surface 
heterogeneities, like the entrapment of air pockets between surface as
perities, influence wettability. This model specifically addresses the 
impact of these surface variations on the overall surface behavior [51, 
52]: 

CosθA = r × f × CosθY − (1 − f) (3) 

where θA is the apparent/measured contact angle, θY is the equilibrium 
Young’s contact angle, r is the surface roughness, and f is the solid
–liquid contact area fraction. The roughness factor is defined as the ratio 
of the actual surface area to the geometrically projected surface area. 
The occupation of a surface fraction (1 −f) by air pockets augments the 
apparent contact angle.

In the context of surfaces coated with SA and Bt, the roughness 
introduced by these coatings (as shown in the SEM micrograph in Fig. 1) 
plays a crucial role in enhancing hydrophobicity. The increased rough
ness, represented by the roughness factor (r), reduces the effective 
contact area with water by creating more asperities where air can be 
trapped. This reduction in the solid–liquid contact area fraction (f) 
further augments the apparent contact angle (θA), making the surface 
even less wettable. Consequently, the combined effects of chemical 
surface heterogeneities and increased roughness contribute to a signif
icant increase in hydrophobicity.

The combined effects of reduced polar interactions and hydrogen 
bonding along with increased surface roughness, are essential in 
creating hydrophobic surfaces on cellulosic nonwoven materials. This 
overall reduction in surface free energy is key to the hydrophobic 
properties of the coated nonwoven materials, making them significantly 
less likely to interact with water [46,53].

The degree of hydrophobization is linked to the chemical structure of 
the hydrophobizing agents, as well as the orientation and morphology of 
their particles on the nonwoven surface (Fig. 1). It should be noted that 
the adhesion of SA and Bt to cellulose fibers is relatively weak, governed 
by mild hydrophobic and van der Waals interactions. The adhesion of 
these hydrophobizing particles can be increased by adding binders.

Fig. 6 demonstrates a significant increase in hydrophobicity, reach
ing 119◦ and 113◦ for NW1-BW and NW1-EC samples, respectively. 
Despite the invisible surface roughness in these samples (Figs. 1k, 1l), 
the chemical composition of the agents likely plays a crucial role in 
imparting hydrophobicity to the treated substrate. The inclusion of BW 
introduces long fatty acid chains onto the nonwoven surface [54]
leading to a decrease in surface free energy. Conversely, the hydro
phobicity observed in EC-treated samples may stem from the inherent 
hydrophobic nature of EC [55] coupled with its film forming capacity.

NW2 and NW3 showed an open structure with sizable pores and 
higher thickness and weight compared with NW1. In addition to the 
main aim of investigating different biobased agents, we were interested 
in understanding how varying the structural characteristics of 
nonwoven materials influences their hydrophobic performance. Weight 
and thickness affect the surface structure, porosity, and absorption ca
pacity of the nonwoven. Thicker and heavier materials absorb more 
hydrophobic coating into their structure, reducing the amount available 
on the surface, diminishing water repellency. Effective hydrophobicity 
relies on a continuous surface layer to repel water, and thicker materials 
may need more coating to maintain effective surface coverage and 
overall performance.

The distribution of coating material between the surface and bulk of 
the nonwoven also influences physio-mechanical properties. While bulk 
absorption can change strength and durability, it may compromise 
surface hydrophobicity. The balance between coating absorption and 
surface coverage determines hydrophobic efficiency. Hence, NW2 and 
NW3 were selected to see how varying pore sizes, weights, and thick
nesses impacts the hydrophobic properties. These structural differences 
led to a lower deposition of coating agents on the nonwoven surface, as 
shown in Fig. 1o,p due to the increased absorption within the bulk of the 
material.

Despite being coated with either Bt or SA, NW2 and NW3 retained 
their hydrophilic nature due to the structural differences from NW1. The 
coating application resulted in only minimal adhesion of small flakes to 
the surface, falling short of attaining the intended level of hydropho
bicity. Consequently, we decided to enhance the hydrophobization ef
ficiency by introducing EC as a hydrophobic biobased binder. The 
treatment of NW2 and NW3 with a mixture of EC+SA or EC+Bt proved 
highly effective in enhancing hydrophobic properties, with WCA values 
exceeding 110◦, as illustrated in Fig. 6. For benchmarking, we also 
applied the same formulation on NW1. The results demonstrated that 
the hydrophobicity achieved with the EC-based mix formulation on 
NW1 is higher than that of NW2 and NW3, showcasing that pore size 
diameter has a significant impact on the hydrophobicity of nonwovens. Fig. 5. WCA of NW1 samples treated with Bt at different concentrations.
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This finding highlights the potential of hydrophobizing open fabric 
structures via tailored combinations of chemicals, with implications for 
diverse applications in enhancing the hydrophobicity of any fabric 
structures.

To summarize, enhanced hydrophobicity has been successfully 
attained on cellulosic nonwovens through the application of various 
biobased coating formulations. When applied to a porous and hydro
philic nonwoven substrate, these biobased coating formulations 

Fig. 6. Water contact angle of different samples.

Fig. 7. The Effect of the treatment process on mechanical properties of nonwovens.
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exhibited very good hydrophobic performance comparable to that 
achieved using AKD as our commercial benchmark.

3.5. Mechanical properties of treated samples

The structural composition and mechanical properties of cellulose- 
based nonwovens determine their versatility across various applica
tions. For practical application consideration of the treated nonwoven, 
the mechanical properties after the treatment in machine direction were 
tested. NW1 has an ultimate tensile strength of 1.55 MPa, rendering it 
ideal for single-use applications like wiping, tabletop usage, and 
household cleaning. NW2 and NW3, with much higher ultimate tensile 
strengths of 6.99 MPa and 3.93 MPa, respectively, are suitable for 
specialized applications such as wet wipes and sanitary napkins. This 
variation in tensile strength aligns each nonwoven type with its desig
nated application, showcasing the adaptability of cellulose-based non
wovens to meeting specific functional requirements.

Understanding how the various coatings impact the mechanical 
properties is an important factor to consider when determining the 
material’s practical applications. The mechanical properties of NW1 
treated with 20 g/L Bt, EC, and BW were increased with the ultimate 
strengths of 1.75 MPa, 2.69 MPa, and 1.98 MPa respectively. These 
treated samples had higher ultimate tensile strengths compared to the 
NW1 control sample (1.55 MPa). These additives had some flakes, 
particles, or film on the surface of the nonwoven, improving the me
chanical properties of the nonwoven as seen in Fig. 7.

In the case of NW1 treated with SA, the strength of the nonwoven 
dropped by nearly 40 % to 0.902 MPa. It is crucial to point out that the 
integrity and strength of NW1, an air-laid nonwoven, primarily stem 
from the presence of the binder. The coating of NW1 with various 
hydrophobizing agents, such as SA, can impact its overall integrity due 
to the following factors: (a) the SA coating layer increases the thickness 
of the nonwoven and the cross-sectional area, which must withstand 
increased forces, leading to a general decrease in tensile strength, 
especially when the coating layer is weaker than the nonwoven sub
strate; (b) the application of an ethanolic SA solution on NW1 may 
diminish the adhesion of the binder to the fibers, alter the arrangement 
of cellulose fibers, and weaken the overall integrity of the nonwoven 
material; (c) the coating process has the potential to weaken inter-fiber 
bonds and introduce defects or irregularities, creating weak points that 
cause premature necking. These considerations highlight the complex 
interplay of factors influencing the mechanical properties of NW1 when 
subjected to hydrophobization treatments [22,27,56].

Contrary to the NW1 results, when EC+SA and EC+Bt mixtures were 
coated on NW2 and NW3, EC+SA increased the ultimate tensile strength 
while decreasing that of EC+Bt samples. Specifically, the average tensile 
strength for NW2-EC+SA and NW3-EC+SA was 7.83 and 4.12 MPa, 
respectively, compared to the controlled samples’ tensile strength of 
6.99 MPa for NW2 and 3.99 MPa for NW3. The lubricating effect of SA 
[57] coupled with its adherence to the nonwoven by EC may result in 
structural rearrangements contributing to the overall strength in 
enhancement in EC+SA samples.

However, mixing EC with Bt, and AKD formulations may reduce the 
friction between fibers, leading to a decrease in tensile strength observed 
in NW2-EC+Bt, NW2-AKD, NW3-EC+Bt, and NW3-AKD samples. Ten
sile stress on the other hand, is affected by coating thickness. The 
thickness of samples coated with a mixture of EC with Bt and AKD was 
considerably higher compared with other samples. This demonstrates 
that more coating materials that are not as strong as the fiber itself are 
added. As a result, when a similar force is applied to the same area, the 
stress may decrease simply because the area increases with materials 
that contribute less to the nonwoven strength.

In contrast to NW1, whose integrity relies on the presence of a 
binder, NW2 and NW3 are manufactured using hydroentanglement and 
needle punching techniques and are free from any binders. Conse
quently, the mechanical properties of NW2 and NW3 primarily stem 

from the mechanical interlocking of cellulose fibers, forming a cohesive 
structure.

It was surprising to observe a reduction in tensile strength after 
hydrophobization with EC+Bt and AKD, especially considering that 
NW2-EC+SA and NW3-EC+SA showed a slight increase in tensile 
strength (Fig. 7). The introduction of EC+Bt and AKD formulations ap
pears to have interfered with the fiber cohesion causing the reduction in 
strength. Given that the exact chemical composition of AKD-based 
hydrophobizing agents is unknown, there is a possibility that the 
chemicals may form undesirable bonds with cellulose fibers or alter 
fiber-fiber bonding, compromising tensile strength. This aspect neces
sitates further investigation to understand the underlying mechanisms 
and optimize the hydrophobization process for these nonwoven 
materials.

4. Conclusion

The textile industry faces challenges in making cellulose hydropho
bic due to regulatory issues [58,59]. The cellulosic nonwoven sector 
requires simple hydrophobization techniques that maintain sustain
ability and biodegradability [60] in an eco-friendly manner. The 
pollution caused by synthetic hydrophobic agents, due to their lack of 
biodegradability [61], highlights the need for biobased alternatives. 
These alternatives must be easy to apply, effective in small quantities, 
preserve structural and physicochemical properties [62], and meet 
environmental safety standards [59]. To aid in the design of eco-friendly 
material selection [63], a comparative study of biobased agents is 
essential for both academia and industry to understand their perfor
mance and effects on substrate properties.

This study comparatively analyzes the hydrophobic performance of 
various biobased agents and their impact on the physio-mechanical 
properties of nonwoven materials. The hydrophobizing finishes found 
to have an analogous configuration with an anchor system-polymer- 
chain that allows aggregation, adherence, or development of polar/ 
non-polar junctions in and with the cellulosic nonwoven through sol
vent evaporation during drying and curing for adhering to nonwovens 
and a functional group that provides hydrophobicity. The formation of a 
rough, hierarchical surface and the low surface free energy of the 
compounds are crucial in enhancing hydrophobicity. Among the sam
ples, NW1-Bt20 outperforms the other finishing agents, achieving a 
contact angle of 134◦, with minimal impact on porosity and tensile 
strength. Additionally, combining ethyl cellulose (EC) with betulin (Bt) 
improves water contact angle (WCA) and offers better structural pa
rameters compared to the EC-steaic acid formulation.

Future research should explore the application methods and tech
nical properties of these biobased agents for specific uses such as face 
masks, medical aprons, surgical drapes, diapers, incontinence pads, food 
service tablecloths, and oil-absorbent pads in industrial settings. The 
techno-economics of these finishing agents should also be considered. As 
the industry seeks more sustainable and environmentally friendly solu
tions, further studies should focus on optimizing these formulations for 
large-scale applications and exploring the long-term environmental 
impacts of these substitutes.
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