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Abstract: Wet-laid hydroentangled nonwovens are widely used for disposable products, but these
products generally do not have good dispersibility and can block sewage systems after being discarded
into toilets. In this study, both pulp fibers and Danufil fibers are selected as we hypothesize that the
high wet strength and striated surface of Danufil fibers would allow us to produce nonwovens with
better dispersibility while having enough mechanical properties. The wet strength and dispersibility
of nonwovens are systematically studied by investigating the influence of the fiber blend ratio, fiber
length, and water jet pressure. The results indicate that the percent dispersion could be as high as
81.3% when the wet strength is higher than 4.8 N, which has been improved greatly comparing the
percent dispersion of 67.6% reported before.
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1. Introduction

Due to their softness and high-water absorbency, hydroentangled nonwovens have been used in a
wide range of areas, such as personal hygiene products, medical care, moist toilet tissues, and household
wiping products [1–8]. However, the traditional disposable products are prone to clogging and blocking
household pipes and waste-water systems after being discarded into toilets [9,10]. To avoid these
problems, new hydroentangled nonwovens with better dispersibility are needed.

The combination of wet-laid and hydroentanglement techniques offers possibilities to produce
dispersible wipes with sufficient wet strength [11,12]. The wet-laid technique is similar to conventional
papermaking processes, which uses stapled or chopped synthetic fibers (up to 35 mm), rather than pure
pulp fibers. It can produce homogeneous nonwoven textile products [13–17]. The hydroentanglement
technique is one of the mechanical bonding techniques that uses fine high-pressure water jets that
strike a web to rearrange and entangle fibers, capable of producing nonwovens with good wet strength
and softness and high-water absorbency [18–21]. The wet strength and dispersibility of wet-laid
hydroentangled nonwovens depend on raw fiber materials and process parameters, such as fiber length
and water jet pressure [22]. For example, Viazmensky et al. [23] adopted relatively low pressure water
jets to fabricate the polyester fiber-wood pulp nonwovens. It has been demonstrated that the fiber
distribution of obtained sheet material is uniform, and the material strength is improved compared to
those fabricated by prior art hydroentanglement processes, which take over 300–2000% of the input
energy of entanglement in this process [23]. In addition, Gilmore et al. found that water jets can
change the orientation of some of the fibers making up the sheet, and some of them are partly oriented
in the thickness direction [24]. Haeubl et al. reported that hydroentangled nonwovens containing
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Lyocell fibers provide a skin-friendly feeling for adult incontinence [25]. In particular, our group has
reported that pulp/Tencel nonwovens fabricated by wet-laid and hydroentanglement techniques could
simultaneously have good dispersibility and enough wet mechanical properties [11,26].

Pulp fibers are often used in wet-laid techniques due to their high-water absorbency and degradable
properties. In particular, the pit holes in the fiber wall and lumens of pulp fibers could allow water
to enter the fiber internal structures. In addition, pulp fibers consist of cellulose and hemicellulose,
which are hydrotropic substances and thus are an attribute toward excellent water absorption properties.
It should be noted that Danufil fibers have a special cross-section and high wet strength. The crenellated
fiber surface not only allows for rapid water penetration during flushing, but can also be attributed
to the high surface to volume ratio, and thus enhances the contact area between water and the fiber
surface, and has improved water flow resistance during flushing, so better dispersion properties can
be expected.

In this study, we hypothesize that the high wet strength and striated surface of Danufil fibers
would endow the fabricated nonwovens with better dispersibility while having enough mechanical
properties. In brief, pulp/Danufil wet-laid hydroentangled nonwovens are fabricated by using different
Danufil fiber lengths, pulp/Danufil fiber blend ratios, and water jet pressures. The average wet strength
and dispersibility of nonwovens are analyzed by tensile and disintegration tests. The applications of
pulp/Danufil wet-laid hydroentangled nonwovens are compared with those of pulp/Tencel wet-laid
hydroentangled nonwovens and bathroom tissue.

2. Materials and Methods

2.1. Raw Materials

Pulp fibers (Epulp = 389.6 cN tex−1) and Danufil fibers (EDanufil = 389.6 cN tex−1) were provided
by Canfor Corporation (Prince George, B.C., Canada) and Kelheim Fibers GmbH (Kelheim, Germany),
respectively. The fiber length and brightness of pulp fibers (Bleached Kraft Pulp ECF 90) was in the
range of 2.4–2.6 mm and 88.5–91.0% (ISO 2470-1: 2016), respectively, while hydrophilic Danufil fibers
with different lengths (8, 10, and 12 mm) were used to fabricate wet-laid hydroentangled nonwovens.

2.2. Fabrication of Wet-Laid Hydroentangled Nonwovens

The schematic illustration of the fabrication of wet-laid hydroentangled nonwovens is shown
in Figure 1a. In brief, pulp fibers and Danufil fibers with different weight ratios (85/15, 75/25, 65/35)
were mixed for 20 min (1475 r min−1) in the fiber mixing chest to obtain the uniform fiber slurry.
The specification of fresh water used here was equivalent to drinking water quality (degree of hardness:
4–6◦ dH, solid content: < 5 ppm, and the concentrations of chlorides, iron, and manganese: lower
than 40, 0.2, and 0.05 mg L−1, respectively). The concentration of fiber slurry was finally diluted to
0.4 g L−1 before wet-laid formation. The fiber webs were then formed on the inclined mesh belt by
dewatering the fiber slurry, which was pumped to the hydroformer (Voith Paper GmbH, Heidenheim,
Germany) with a speed of 150 m min−1. Next, the fiber webs were transferred and consolidated by
hydroentanglement, which involves 5 rows of water jets. Table 1 gives the detailed parameters of
the water jet entangling process. Finally, the wet-laid hydroentangled nonwovens were fabricated by
dewatering and drying. The drying temperature was 150 °C, which was supplied by air drum dryers.
The details of the nonwoven samples are summarized in Table 2. Furthermore, the nonwoven samples
catered to a sustainable development due to the degradable raw materials and environmentally-friendly
preparation method (Figure 1b).
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Figure 1. (a) Schematic illustration of the fabrication of wet-laid hydroentangled nonwovens;
(b) biodegradability and environmental prospects of materials; SEM photographs show the micro
structures of (c) wet-laid fiber webs and (d) wet-laid hydroentangled nonwovens; (e) optical photograph
shows the structure of samples.

Table 1. Specific parameters of the hydroentanglement process.

Total Water Jet Pressure (bars) Specific Pressure Values of Each Row (bars)

80 30, 50
130 30, 50, 50
190 30, 50, 50, 60
250 30, 50, 50, 60, 60

Table 2. Composition of wet-laid hydroentangled nonwovens.

Samples Danufil Fiber Length (mm) Pulp/Danufil Fiber Blend Ratio (%) Basis Weight (g m−2)

N1 8 85/15 65
N2 10 85/15 65
N3 12 85/15 65
N4 8 75/25 65
N5 10 75/25 65
N6 12 75/25 65
N7 8 65/35 65
N8 10 65/35 65
N9 12 65/35 65

2.3. Characterization

2.3.1. Morphological Characterization by SEM

The scanning electron microscope (SEM, TM3000, Hitachi, Tokyo, Japan) was adopted to
characterize the morphologies of fibers and wet-laid hydroentangled nonwovens. Before SEM
observation, the sputter coater (LDM150D, Taiwan Jingda, China) used the gold–platinum alloy to coat
the nonwoven samples.

Parameters of raw fiber materials were measured from SEM images by using Adobe Acrobat.
The width and thickness of pulp fibers and the diameter of Danufil fibers were calculated and expressed
as the average ± standard deviation. At least 100 measurements were taken for each sample.

2.3.2. Characterization of Tensile Strength

The wet tensile strength in the machine direction (MD) and cross direction (CD) was tested by an
electronic fabric strength tester (YG026MB, Wenzhou Fangyuan Instrument Co., Ltd., Wenzhou, China),
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according to the ISO 9073-3: 1989 textiles-test methods for nonwovens [27]. Samples with a moisture
content of 200% and size of 50 × 250 mm2 were conducted. The experiment parameters were 200 mm
(clamp distance) and 100 mm min−1 (stretching rate). The average wet strength (AWS) was adopted to
represent the overall mechanical properties of nonwoven samples. The AWS is calculated as follows:

AWS = (TMD + TCD)/2, (1)

where TMD and TCD are the tensile strength in MD and CD directions, respectively.

2.3.3. Measurement of Dispersibility and Wiping Hands Application

For the dispersibility measurement of nonwovens, the mass of samples (50 × 50 mm2) was marked
as M, and then samples were put into a beaker with a liquid (physiological saline) volume of 600 mL
and stirred for 10 min (400 rpm) by a magnetic stirrer (RS-1DN, AS ONE Corporation, Osaka, Japan),
according to the guidelines [11,28]. After stirring, a 12.5 mm perforated plate sieve was used to screen
the materials in the beaker. Lastly, the residual fragments screened by the sieve were weighted and
marked as M1. Therefore, the percent dispersion Rd is calculated as follows:

Rd = (M −M1)/M × 100%, (2)

The temperature and relative humidity of all the experiments were 20 ± 2 ◦C and 65% ± 4%,
respectively. For every experiment, five samples were measured, and the test results were expressed as
the average ± standard deviation. The one-way analysis of variance method, which sets the p value at
0.05, was adopted to analyze the experimental data, and data differences were considered statistically
significant and marked by * if F > F-crit.

In the application of wiping wet hands, a small kettle with a quantitative extrusion unit containing
tap water was used to spray the hands at a distance of 30 cm, and there were 5 extrusions for one
experiment to ensure the same water content. After the wet hands were wiped without water, different
materials were observed to compare the wiping effects.

3. Results and Discussion

3.1. Parameters of Fibres

The SEM images indicate that the width and thickness of the ribbon-like pulp fibers were 34.9 ±
9.5 µm and 5.1 ± 1.9 µm, respectively (Figure 2a,b,d,e), and the diameter of serrated cross-sectional
Danufil fibers was 12.0 ± 1.1 µm (Figure 2c,f).

The flexural rigidity of fiber had a high impact on fiber entanglement during nonwoven fabrication.
Mao et al. reported that increasing the flexural rigidity of fiber leads to the decrease of fiber entanglement
during the hydroentanglement process [29]. To calculate and compare the flexural rigidity of pulp
fiber and Danufil fiber, the relative flexural rigidity is defined as follows [30]:

Rfr = (1/4π) × ηf × (E/γ) ×10−5, (3)

where Rfr is the fiber relative flexural rigidity of fiber material with the same linear density (cN cm2

tex−2), ηf represents the cross-section shape coefficient, which is the actual sectional moment of inertia
divided by the equivalent circular sectional moment of inertia with the same area, E is the fiber elastic
modulus (cN tex−1), and γ is the fiber density (g cm−3). In order to calculate the ηpulp, the cross-section
shape of pulp fiber was assumed to be rectangular (Figure 3a), according to the measurement and
observation of the SEM images. Therefore, the ηpulp can be calculated as follows:

ηpulp = If/I0 = (BH3/12)/(π(dp)4/64), (4)
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where If is the actual sectional moment of inertia of pulp fiber (cm4), I0 is the equivalent circular
sectional moment of inertia with the same area of pulp fiber cross-section (cm4), B is the width, H is
the thickness of pulp fiber, and dp is the equivalent circular diameter. The values of B and H of pulp
fiber were substituted into Equation (4), thus the ηpulp was 0.15. In addition, the cross-section shape
of Danufil fiber was assumed to be circular (Figure 3b), and hence the ηDanufil is 0.75 [30] when γpulp

is 0.70 g cm−3 and γDanufil is 1.37 g cm−3. The elastic modulus of pulp fiber (Epulp) and Danufil fiber
(EDanufil) were 389.6 cN tex−1 and 644.5 cN tex−1, respectively. These parameters were then substituted
into Equation (3), and after calculation, the Rpulp and RDanufil were 6.44 × 10−5 cN cm2 tex−2 and
2.81 × 10−4 cN cm2 tex−2, respectively. The results illustrate that pulp fiber is more easily bended
or entangled due to the smaller Rpulp when compared with the RDanufil of Danufil fiber in the same
hydroentanglement conditions.
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Figure 1c–e, respectively. In addition, as can be seen in Figure 2g, most Danufil fibers were aligned 
along the MD direction, which served as the “skeleton” structure of nonwovens, while pulp fibers 
entangled with themselves and Danufil fibers. This phenomenon could be ascribed to the fact that the 
ribbon-like pulp fibers were more prone to bend and crimp when struck by water jets due to their 
smaller relative flexural rigidity. During the process of hydroentanglement, wet-laid fiber web was 
impinged by fine high-pressure water jets, which dragged pulp and Danufil fibers to travel from the 
top surface to the bottom and back to the top surface again with the assistance of reflective water jets 
(Figure 2h,i) [11].  

Figure 3. Model diagram for rectangular and circular sectional moment of inertia calculation. (a) Pulp
fiber; (b) Danufil fiber.

3.2. Structure of Wet-Laid Hydroentangled Nonwovens

The micro structures of wet-laid nonwovens before and after hydroentanglement are shown in
Figure 1c–e, respectively. In addition, as can be seen in Figure 2g, most Danufil fibers were aligned
along the MD direction, which served as the “skeleton” structure of nonwovens, while pulp fibers
entangled with themselves and Danufil fibers. This phenomenon could be ascribed to the fact that the
ribbon-like pulp fibers were more prone to bend and crimp when struck by water jets due to their
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smaller relative flexural rigidity. During the process of hydroentanglement, wet-laid fiber web was
impinged by fine high-pressure water jets, which dragged pulp and Danufil fibers to travel from the
top surface to the bottom and back to the top surface again with the assistance of reflective water jets
(Figure 2h,i) [11].

3.3. Wet Strength of Wet-Laid Hydroentangled Nonwovens

Wet tensile strength is one of the key parameters of wet-laid hydroentangled nonwovens.
Figure 4a–c show the relationship between average wet strength and total water jet pressures with
different Danufil fiber lengths and contents. It can be seen that the average wet strengths of nonwoven
samples N1–N9 increased as the water jet pressures increased from 80 to 250 bars. This can be
explained by the fact that fiber entanglements and wrapping angles increased with the increase of
water jet pressures.
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(g–i) effect of Danufil fiber length.

With regards to the impact of Danufil fiber content on the average wet strength of nonwoven
samples, it is clearly shown that increasing the Danufil fiber content with the same fiber length results
in the increase of the average wet strength of wet-laid hydroentangled nonwovens (Figure 4d–f). This is
attributed to the higher wet tensile strength of Danufil fibers compared to that of pulp fibers.

Comparing the average wet strength of nonwoven samples with different Danufil fiber lengths
(Figure 4g–i), the average wet strength under the same pulp/Danufil fiber blend ratio and water jet
pressures is sorted as follows: N1 < N2 < N3, N4 < N5 < N6 and N7 < N8 < N9 (Table 3). It is clear
that the average wet strength of wet-laid hydroentangled nonwovens increased with the increase of
Danufil fiber length. This is related to the fact that longer fiber lengths can lead to more efficient fiber
entanglements, which improves the tensile strength of nonwovens after hydroentanglement. These
results demonstrate that the increase in Danufil fiber length, content, and water jet pressures improve
the average wet strength of wet-laid hydroentangled nonwovens.
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Table 3. Average wet strength of the wet-laid hydroentangled nonwovens tested.

Samples Average Wet Strength (N) F-test (P = 0.05)

80 (bars) (SD) 130 (bars) (SD) 190 (bars) (SD) 250 (bars) (SD)

N1 2.0 ± 0.3 3.1 ± 0.4 5.7 ± 0.4 8.1 ± 0.5
N2 2.2 ± 0.4 4.2 ± 0.6 6.1 ± 0.7 9.2 ± 1.0
N3 3.1 ± 0.5 5.0 ± 0.7 7.5 ± 1.2 10.8 ± 1.1
N4 3.6 ± 0.4 6.0 ± 0.7 8.1 ± 0.7 10.3 ± 0.9
N5 4.1 ± 0.6 7.2 ± 0.8 9.7 ± 1.0 12.3 ± 1.0
N6 4.2 ± 0.7 8.2 ± 0.8 10.8 ± 1.0 14.2 ± 1.3
N7 4.3 ± 0.8 8.0 ± 0.8 10.4 ± 1.1 12.7 ± 1.0
N8 5.2 ± 0.7 9.3 ± 0.8 13.2 ± 0.9 15.6 ± 0.9
N9 6.7 ± 0.9 12.6 ± 0.9 16.3 ± 1.2 19.2 ± 1.1

According to previous study [31], the average wet strength of moist wiping materials which could
be dispersible is required to be higher than 4.8 N. Therefore, nonwoven samples, N8 and N9, can have
sufficient wet strength for use and others (N1–N7) can meet the requirement only if the water jet
pressure is equal or higher than 130 bars (except sample N1 and N2 at a water jet pressure of 130 bars).

3.4. Dispersibility of Wet-Laid Hydroentangled Nonwovens

Dispersibility is an important characteristic which enables wet-laid hydroentangled nonwovens to
become potentially flushable [11]. Figure 5 shows the structural schematic of wet-laid hydroentangled
nonwovens and the dispersion principle of materials. As shown in Figure 5a, Danufil fibers serve
as the “skeleton” structure of nonwovens, entangling with pulp fibers to form different entangled
structures (also confirmed by Figure 2g). It can be found that these entangled fibers can form “Z”-like
structures, strap-on structures, “X”-like structures, and closed-loop structures (Figure 5b). In addition
to endowing materials with mechanical properties, these relatively weak fiber entanglement structures
also provide the possibility for dispersion of materials. When the fiber entanglement structures were
hit by water flow generated by mechanical agitation in water, the hydrogen bonds between fibers were
destroyed by the water molecule, leading to the decrease of bonding intensity between fibers, and then
the weak fiber entangling structures were easily disentangled under the impact of the water shearing
force (Figure 5c), and hence these materials could become dispersible. Moreover, the striated surface of
Danufil fibers allowed water to penetrate during flushing (Figure 5c), thus the materials could disperse
more easily. Furthermore, the increased surface-to-volume ratio of Danufil fiber resulted in a higher
water flow resistance, leading to more effective dispersion of the nonwoven samples.
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Figure 5. (a) Surface SEM image and (b) structural schematic of wet-laid hydroentangled nonwovens
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Figure 6 indicates the percent dispersion of pulp/Danufil wet-laid hydroentangled nonwoven
samples. As the water jet pressure increased, the percent dispersion of all samples decreased, especially
when the total water jet pressure was higher than 190 bars (Figure 6a–c). As aforementioned, nonwoven
samples dispersed when the water flow penetrated in and disentangled the fiber entanglement
structures. As the higher water jet pressure increased the fiber entanglements, the structures of
nonwoven samples became compact and stable, and also less water could enter into the materials.
Hence, higher water jet pressure naturally resulted in a lower percent dispersion of nonwoven samples.
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Comparing the percent dispersion of nonwoven samples with the same fiber length with water
jet pressures of 80 to 130 bars (Figure 6d–f), it can be found that the percent dispersion of materials
increased with the increase of Danufil fiber content. This can be ascribed to the fact that the ribbon-like
pulp fibers were more likely to bend and crimp, owing to the lower fiber relative flexural rigidity
compared to that of Danufil fibers. Thus, it is understandable that under low-water jet pressure,
nonwoven samples achieved less fiber entanglements with higher Danufil fiber content. However,
the percent dispersion of nonwoven samples presented the opposite trend with the increase of Danufil
fiber content when the total water jet pressures were in the range of 190–250 bars (Figure 6d–f).
Increasing the Danufil fiber content resulted in tighter fiber entanglements, because both pulp fibers
and Danufil fibers could achieve sufficient fiber entanglements to form the fiber entanglement plateaus
under high water jet pressure. Therefore, the percent dispersion of nonwoven samples decreased with
the increase of Danufil fiber content under the higher water jet pressure (190–250 bars).

The percent dispersion of nonwoven samples for the same fiber blend ratio decreased as the
Danufil fiber length increased in the water jet pressure range of 80–190 bars (Table 4). This phenomenon
could be explained by considering that the length increase of fiber with the same diameter leads to a
decrease of fiber rigidity, thus improving the fiber entanglements of nonwoven samples under the
same water jet pressure. However, when the water jet pressure was higher than 190 bars, the percent
dispersion decreased sharply and became near-identical (Figure 6g–i). This shows that the Danufil
fiber length had little effect on the percent dispersion of wet-laid hydroentangled nonwovens under
high water jet pressure. Higher water jet pressure was conductive to increasing fiber entanglements,
which may lead to lower dispersibility. Considering the required wet strength of dispersible moist
wiping materials, the optimum wet-laid hydroentangled nonwoven was sample N8 (65/35), which had
sufficient wet strength (5.2 ± 0.7 N) while having higher dispersibility (81.3% ± 4.1%) with a water jet
pressure of 80 bars.
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Table 4. Percent dispersion of the wet-laid hydroentangled nonwovens tested.

Samples Percent Dispersion (%) F-test (P = 0.05)

80 (bars) (SD) 130 (bars) (SD) 190 (bars) (SD) 250 (bars) (SD)

N1 75.4 ± 4.0 71.3 ± 3.6 62.3 ± 4.7 12.5 ± 1.4
N2 72.2 ± 4.2 65.9 ± 3.9 60.4 ± 4.9 11.1 ± 1.3
N3 68.1 ± 3.8 61.7 ± 2.7 57.2 ± 3.3 9.9 ± 1.1
N4 79.9 ± 4.1 73.4 ± 3.8 60.0 ± 4.6 8.9 ± 1.5
N5 76.5 ± 4.2 68.1 ± 4.0 56.4 ± 4.6 8.1 ± 1.1
N6 72.4 ± 3.8 68.4 ± 3.7 55.2 ± 3.9 6.7 ± 1.0
N7 88.5 ± 4.0 77.5 ± 4.2 58.3 ± 4.3 6.6 ± 1.5
N8 81.3 ± 4.1 74.4 ± 3.9 55.7 ± 3.8 5.1 ± 0.7
N9 75.5 ± 4.1 70.8 ± 4.1 56.2 ± 4.6 4.8 ± 0.9

3.5. Applications of Wet-Laid Hydroentangled Nonwovens

Comparisons of the average wet strength and percent dispersion of pulp/Danufil wet-laid
hydroentangled nonwovens (sample N8) with pulp/Tencel wet-laid hydroentangled nonwovens and
conventional bathroom tissue are shown in Figure 7. As can be seen in Figure 7a, the average wet
strength of N8 (0.31 ± 0.02 MPa) was smaller than that of pulp/Tencel wet-laid hydroentangled
nonwovens (0.35 ± 0.03 MPa), but the bathroom tissue (0.27 ± 0.02 MPa) was the smallest. In addition,
N8 had better dispersibility (81.3%± 4.1%) than that of pulp/Tencel wet-laid hydroentangled nonwovens
(67.6% ± 4.6%) and was comparable to that (82.6% ± 5.1%) of bathroom tissue (Figure 7b). Moreover,
the visualized dispersion results of these three materials are shown in Figure 7c–e, respectively. N8 had
the best dispersion effects among these three materials. These three materials were used to wipe wet
hands to compare the actual use effect, and the wiping results were consistent with the tensile strength
experimental data (Figure 7f–h). These results prove that pulp/Danufil wet-laid hydroentangled
nonwovens can possess the same application effects with sufficient wet strength while having better
dispersibility (Supplementary Video S1–S3).Materials 2019, 12, x FOR PEER REVIEW 10 of 12 
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Figure 7. Comparisons of pulp/Danufil wet-laid hydroentangled nonwovens, pulp/Tencel wet-laid
hydroentangled nonwovens, and bathroom tissue. (a) Average wet strength; (b) percent dispersion;
(c–e) dispersion effect; (f–h) samples after wiping wet hands.



Materials 2019, 12, 3931 10 of 11

4. Conclusions

In the present paper, experiments are performed to investigate the influence of water jet
pressure, Danufil fiber content, and fiber length on the average wet strength and dispersibility
of wet-laid hydroentangled nonwovens. The increase in water jet pressure, Danufil fiber content,
and fiber length leads to the increase in the wet strength of wet-laid hydroentangled nonwovens.
The dispersibility of wet-laid hydroentangled nonwovens decreased with increasing water jet pressure
and Danufil fiber length, especially when the water jet pressure was higher than 190 bars. Importantly,
the percent dispersion increased with the increase in Danufil fiber content under low water jet
pressure (80–130 bars), while it presented the opposite trend when the water jet pressure was
higher (190–250 bars). The applications of pulp/Danufil wet-laid hydroentangled nonwovens prove
that wet-laid hydroentangled nonwovens can have higher dispersibility with enough wet strength
by adopting pulp and Danufil fibers. In summary, pulp/Danufil (65/35) wet-laid hydroentangled
nonwovens with a Danufil fiber length of 10 mm, fabricated with a total water jet pressures of 80 bars,
have been found to offer sufficient wet strength (5.2 ± 0.7 N) with better dispersibility (81.3% ± 4.1%).

Supplementary Materials: The datasets supporting this article have been uploaded as part of the Supplementary
Material, at http://www.mdpi.com/1996-1944/12/23/3931/s1. Data S1: Figure data_materials, Video S1:
Dispersibility, Video S2: Wet strength, Video S3: Wiping wet hands.

Author Contributions: Conceptualization, C.D. and X.-Y.J.; data curation, C.D., R.H.G., and X.Z.; methodology,
R.H.G.; project administration, X.-Y.J.; supervision, X.-Y.J.; validation, C.D. and X.Z.; writing—original draft, C.D.;
writing—review and editing, R.H.G. and C.H.

Funding: This research received no external funding.

Acknowledgments: This work is supported by Zhejiang Hezhong Nonwoven Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ramamurthy, P.; Chellamani, K.P.; Dhurai, B.; ThankaRajan, S.P.; Subramanian, B.; Santhini, E. Antimicrobial
Characteristics of Pulsed Laser Deposited Metal Oxides on Polypropylene Hydroentangled Nonwovens for
Medical Textiles. Fibres Text. East. Eur. 2017, 122, 112–119. [CrossRef]

2. Easson, M.; Villalpando, A.; Condon, B.D. Absorbent Properties of Carboxymethylated Fiber, Hydroentangled
Nonwoven and Regenerated Cellulose: A Comparative Study. J. Eng. Fibers Fabr. 2017, 12, 61–69. [CrossRef]

3. Edwards, N.W.M.; Best, E.L.; Connell, S.D.; Goswami, P.; Carr, C.M.; Wilcox, M.H.; Russell, S.J. Role of
surface energy and nano-roughness in the removal efficiency of bacterial contamination by nonwoven wipes
from frequently touched surfaces. Sci. Technol. Adv. Mater. 2017, 18, 197–209. [CrossRef] [PubMed]

4. Hinchliffe, D.J.; Condon, B.D.; Slopek, R.P.; Reynolds, M. The adsorption of alkyl-dimethyl-benzyl-ammonium
chloride onto cotton nonwoven hydroentangled substrates at the solid–liquid interface is minimized by
additive chemistries. Text. Res. J. 2015, 87, 70–80. [CrossRef]

5. Ghosh, S. Composite nonwovens in medical applications. In Composite Non-Woven Materials, 1st ed.; Das, D.,
Pourdeyhimi, B., Eds.; Woodhead Publishing: Sawston, UK, 2014; pp. 211–224.

6. Theodora, C.; Sara, P.; Silvio, F.; Alessandra, B.; Giuseppe, T.; Barbara, V.; Barbara, C.; Sabrina, R.; Silvia, D.;
Stefania, P. Platelet lysate and adipose mesenchymal stromal cells on silk fibroin nonwoven mats for wound
healing. J. Appl. Polym. Sci. 2016, 133, 42942. [CrossRef]

7. Yekrang, J.; Sarijeh, B.; Semnani, D.; Zarrebini, M. Prediction of heat transfer and air permeability properties
of light weight nonwovens using artificial intelligence. Indian J. Fibre Text. Res. 2015, 40, 373–379.

8. Sawhney, P.; Reynolds, M.; Allen, C.; Slopek, R.; Condon, B. Progressive and cumulative fabric effects of
multiple hydroentangling impacts at different water pressures on greige cotton substrate. Text. Res. J. 2015,
86, 145–154. [CrossRef]

9. Mitchell, R.L.; Thamsen, P.U.; Gunkel, M.; Waschnewski, J. Investigations into wastewater composition
focusing on nonwoven wet wipes. Czas. Tech. 2017, 1, 125–135. [CrossRef]

http://www.mdpi.com/1996-1944/12/23/3931/s1
http://dx.doi.org/10.5604/12303666.1228192
http://dx.doi.org/10.1177/155892501701200408
http://dx.doi.org/10.1080/14686996.2017.1288543
http://www.ncbi.nlm.nih.gov/pubmed/28469734
http://dx.doi.org/10.1177/0040517515622154
http://dx.doi.org/10.1002/app.42942
http://dx.doi.org/10.1177/0040517515580517
http://dx.doi.org/10.4467/2353737XCT.17.010.6107


Materials 2019, 12, 3931 11 of 11

10. Pantoja Munoz, L.; Gonzalez Baez, A.; McKinney, D.; Garelick, H. Characterisation of “flushable” and
“non-flushable” commercial wet wipes using microRaman, FTIR spectroscopy and fluorescence microscopy:
To flush or not to flush. Environ. Sci. Pollut. Res. 2018, 25, 20268–20279. [CrossRef]

11. Deng, C.; Liu, W.; Zhang, Y.; Huang, C.; Zhao, Y.; Jin, X. Environmentally friendly and breathable wet-laid
hydroentangled nonwovens for personal hygiene care with excellent water absorbency and flushability.
R. Soc. Open Sci. 2018, 5, 171486. [CrossRef]

12. Zhang, Y.; Zhao, Y.; Latifi, M.; Wang, R.; Jin, X. Investigation of the mechanical and dispersible properties of
wood pulp/Danufil wetlaid nonwovens with/without hydroentanglement. J. Text. Inst. 2018, 109, 647–655.
[CrossRef]

13. Carbonell, A.; Boronat, T.; Fages, E.; Girones, S.; Sanchez-Zapata, E.; Perez-Alvarez, J.A.; Sanchez-Nacher, L.;
Garcia-Sanoguera, D. Wet-laid technique with Cyperus esculentus: Development, manufacturing and
characterization of a new composite. Mater. Des. 2015, 86, 887–893. [CrossRef]

14. Hubbe, M.A.; Koukoulas, A.A. Wet-Laid Nonwovens Manufacture—Chemical Approaches Using Synthetic
and Cellulosic Fibers. BioResources 2016, 11, 5500–5552. [CrossRef]

15. Ghossein, H.; Hassen, A.A.; Paquit, V.; Love, L.J.; Vaidya, U.K. Innovative Method for Enhancing Carbon
Fibers Dispersion in Wet-Laid Nonwovens. Mater. Today Commun. 2018, 17, 100–108. [CrossRef]

16. Bai, J.; Wang, H.; Wang, Y.; Hu, J. Preparation of poly-p-phenylenebenzobisoxazole (PBO) fibrillated pulp
and dielectric properties of carbon fiber/PBO wet-laid nonwoven fabric. Text. Res. J. 2017, 88, 1559–1568.
[CrossRef]

17. Endres, A.; Schramm, S.; Lütke, C.; Nendel, S. Prospects of wet-laid nonwovens for organosheet-products.
Reinf. Plast. 2018, 62, 208–211. [CrossRef]

18. Suragani Venu, L.B.; Shim, E.; Anantharamaiah, N.; Pourdeyhimi, B. Impacts of high-speed waterjets on web
structures. J. Text. Inst. 2014, 105, 430–443. [CrossRef]

19. Ahmad, F.; Tausif, M.; Hassan, M.Z.; Ahmad, S.; Malik, M.H. Mechanical and comfort properties of
hydroentangled nonwovens from comber noil. J. Ind. Text. 2017, 47, 2014–2028. [CrossRef]

20. Venu, L.B.S.; Shim, E.; Anantharamaiah, N.; Pourdeyhimi, B. Structures and properties of hydroentangled
nonwovens: Effect of number of manifolds. J. Text. Inst. 2017, 108, 301–313. [CrossRef]

21. Li, G.; Staszel, C.; Yarin, A.L.; Pourdeyhimi, B. Hydroentanglement of Polymer Nonwovens 2: Simulation of
multiple polymer fibers and prediction of entanglement. Polymer 2018, 164, 205–216. [CrossRef]

22. Ogunleye, C.; Anandjiwala, R. Development of hydroentangled nonwoven fabrics for the protective garments.
J. Ind. Text. 2015, 46, 335–360. [CrossRef]

23. Viazmensky, H.; Richard, C.E.; Williamson, J.E. Water Entanglement Process and Product. U.S. Patent
5,009,747, 23 April 1991.

24. Gilmore, T.F.; Morton, G.P.; Timble, N.B. Hydroentangled unbleached cotton. In Proceedings of the
Nonwovens Conference, Atlanta, GA, USA, 11–13 March 1996; TAPPI Press: Atlanta, GA, USA, 1996;
pp. 129–134.

25. Haeubl, M.; Holzleithner, G.; Rahbaran, S.; Klinger, J.; Stanger, E.; Wolf, C.; Dvorzak, M. Comfort meets
functionality: Skin-friendly solutions for adult incontinence. Lenzinger Ber 2017, 93, 53–63.

26. Zhang, Y.; Jin, X. The influence of pressure sum, fiber blend ratio, and basis weight on wet strength and
dispersibility of wood pulp/Lyocell wetlaid/spunlace nonwovens. J. Wood Sci. 2018, 64, 256–263. [CrossRef]

27. ISO. ISO 9073-3: Textiles–Test Methods for Nonwovens–Part 3: Determination of Tensile Strength and Elongation;
ISO: Geneva, Switzerland, 1989.

28. Guidelines for Assessing the Flushability of Disposable Nonwoven Products (Edition 4). Available online:
https://www.edana.org/ (accessed on 1 November 2018).

29. Mao, N.; Russell, S.J. A framework for determining the bonding intensity in hydroentangled nonwoven
fabrics. Compos. Sci. Technol. 2006, 66, 80–91. [CrossRef]

30. Yu, W.D.; Chu, C.Y. Textile Physics, 1st ed.; Donghua University Press: Shanghai, China, 2002; pp. 2–25.
31. Zwick, K.J.; Vogel, N.J.; Baker, J.K. Dispersible Moist Wipe. U.S. Patent 14/068,847, 30 April 2015.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11356-018-2400-9
http://dx.doi.org/10.1098/rsos.171486
http://dx.doi.org/10.1080/00405000.2017.1362747
http://dx.doi.org/10.1016/j.matdes.2015.08.013
http://dx.doi.org/10.15376/biores.11.2.Hubbe
http://dx.doi.org/10.1016/j.mtcomm.2018.08.001
http://dx.doi.org/10.1177/0040517517703598
http://dx.doi.org/10.1016/j.repl.2017.07.002
http://dx.doi.org/10.1080/00405000.2013.819613
http://dx.doi.org/10.1177/1528083717716168
http://dx.doi.org/10.1080/00405000.2016.1165400
http://dx.doi.org/10.1016/j.polymer.2018.11.004
http://dx.doi.org/10.1177/1528083715580520
http://dx.doi.org/10.1007/s10086-018-1699-7
https://www.edana.org/
http://dx.doi.org/10.1016/j.compscitech.2005.05.030
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Raw Materials 
	Fabrication of Wet-Laid Hydroentangled Nonwovens 
	Characterization 
	Morphological Characterization by SEM 
	Characterization of Tensile Strength 
	Measurement of Dispersibility and Wiping Hands Application 


	Results and Discussion 
	Parameters of Fibres 
	Structure of Wet-Laid Hydroentangled Nonwovens 
	Wet Strength of Wet-Laid Hydroentangled Nonwovens 
	Dispersibility of Wet-Laid Hydroentangled Nonwovens 
	Applications of Wet-Laid Hydroentangled Nonwovens 

	Conclusions 
	References

