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Abstract: Detergency determination for single polymeric fibers is of significant importance to screen-
ing effective detergents for laundry, but remains challenging. Herein, we demonstrate a novel and
effective method to quantify the detergency for single polymeric fibers using a confocal laser scanning
microscope (CLSM). It was applied to visualize the oil-removing process of single polymeric fibers
and thus assess the detergency of various detergents. Four typical surfactants were selected for
comparison, and a compounded detergent containing multiple components (e.g., anionic and non-
ionic surfactants, enzymes) was demonstrated to be the most effective and powerful soil-removing
detergent because more than 50% of 0il on the cotton fiber could be easily removed. Moreover, the
oil removal process of three kinds of fibers (i.e., cotton, viscose, and polyester) was imaged and
monitored by confocal microscopy. It was found that the percentage of the detergency of a single
polyester fiber exceeded 70%, which is much higher than that of cotton and viscose fibers (~50%),
which may be due to its relatively smooth surface. Compared to traditional methods, the CLSM
imaging method is more feasible and effective to determine the detergency of detergents for single
polymeric fibers.

Keywords: confocal laser scanning microscope; single polymeric fiber; detergency; fluorescence
intensity; oil removal

1. Introduction

Detergency is the capability of removing undesired substances from apparel or tex-
tiles, which has gained increasing attention in the fabric cleaning process during home
laundry [1,2]. It has been found that soil removal is a complex process affected by several
factors, such as the properties of substrate, the conditions of the laundry (concentration
of the surfactant, hardness of the water, temperature, time, equipment, etc.), the type of
soil, and the composition of the detergent [3-9]. Soil can be classified into three groups:
particulate soil (inorganic solid), oily soil (usually organic liquid), and stains (unwanted
dyestuffs) [2,10]. Among them, the removal of oily soil is one of the greatest challenges
in cleaning [11]. In particular, soybean oil is considered a suitable oily soil sample for
detergency studies due to the wide use of it in cooking. It is a mixture of 22-25% oleic
acid, 57-64% linoleic acid, and 10-12% palmitic acid [12,13]. Soybean oil is quite difficult to
remove because the highly hydrophobic and bulky fatty acids make it poorly solubilized in
surfactant micelles [14-16].

Recently, numerous analysis methods for determining detergency in fabric have been
developed and improved for applications [17-19]. Most of them focus on the changes
in the soiled fabric before and after laundry procedures, such as the differences in soil
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mass, color, physical features, and so on. For instance, the amount of oil soil on fabric
before and after the washing process can be quantitatively analyzed by a UV /Vis spec-
trophotometer, radioisotopes, gas chromatography, and the gravity method. On the other
hand, the titration method can also be used to quantify the mass of oil soil removed by the
laundry in the washing bath [20-24]. Similarly, a colorimetric spectrophotometer is usually
used to determine the variation of fabric color by measuring the parameters, such as the
reflectance, brightness, and K/S and AE of soiled fabric, before and after cleaning [20,25-27].
Moreover, the soil, both on the lengthwise and cross section of the stained fabric, could be
roughly observed using a scanning electron microscope (SEM) [28,29], and the detergency
performance could be assessed accordingly.

The developed soil amount determination methods are capable of quantification, but
they often require complex and time-consuming procedures. In contrast, the colorimetric
method is facile, but hard to be observed and monitored. In addition, neither of them is
visualizable during the soil-removing process. Therefore, it is imperative to establish a
visualizable and quantitative method to evaluate the detergency performance of single
polymeric fibers. Confocal laser scanning microscope (CLSM) technology is an advanced
and optional candidate widely used in cellular and molecular biology analysis [30-33]. In
general, the sample labeled with the fluorescent substance could be excited by laser and
emit fluorescence under CLSM observation. The fluorescence intensity is associated with
the amount of fluorescent substance, and the latter reflects the amount of sample. In this
context, the in-situ amount change of sample is expected to be discovered and monitored
by confocal microscopy [34].

Herein, we demonstrate, for the first time, a novel and facile method to image and de-
termine soybean oil removal from different polymeric fibers based on confocal microscopy.
Four typical surfactants and three types of fibers (cotton, viscose, and polyester) were
selected to assess the soybean oil removal and feasibility of the proposed determination
method. Moreover, three common methods (colorimetric method, SEM observing method,
and gravity method) were also investigated for comparison. Nile Red, a fluorescent sub-
stance, was applied to label the oil soil on the fiber in order to image the detergency
process [35]. The per unit area relative fluorescence intensity was calculated to evaluate the
oil amount variation and thereby quantify the detergency. Our work provides a simple and
useful method for the rapid measurement of the detergency performance of both detergents
and fibers.

2. Experimental Procedures
2.1. Materials

Analytical grade acetone (A. R.), ethanol (A. R.), and dichloromethane (A. R.) were
purchased from Zhejiang Sanying Chemical Agent Co., Ltd. (Ningbo, China). Soybean
oil (AAAWANA BAAND) and pure milk (Mengniu) were purchased from the local su-
permarket. Nile Red (95% purity), which is a kind of fluorescent dye that can be used
in the dyeing of soybean oil, was purchased from Aladdin Co., Ltd. (Shanghai, China).
Fluorescein isothiocyanate isomer (FITC), which is a kind of fluorescent dye that can be
applied for the marking of protein, was purchased from Aladdin Co., Ltd. Sodium dodecyl
benzene sulfonate (LAS) and primary alcohol ethoxylate (AEO-9, technical grade with an
alkyl chain length average of 12-14) were purchased from Aladdin Co., Ltd. and Linyi
Lusen Chemical Co., Ltd. (Linyi, China), respectively. A commercial detergent (Tide Free
Liquid Laundry Detergent) was kindly provided by P&G Co., Ltd. (Cincinnati, OH, USA).
All chemicals were used as received without further purification. The plain-woven fabrics
used in this study were standard unsoiled pure cotton, viscose, and polyester, which were
obtained from Shaoxing Furun Dyeing & Finishing Co., Ltd. (Shaoxing, China).
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2.2. Detergency Determination Procedures for Single Polymeric Fibers
2.2.1. Preparation of Oil-Stained Fibers

The fabrics were washed with water before use in order to eliminate the residues of
after-finishing agents. First of all, the yarn samples were first extracted from the pre-washed
cotton, viscose, and polyester fabrics. Then, the yarns were completely immerged into the
soybean oil for 5 min, and the redundant oil on the yarns was blotted up using filter paper.
Subsequently, 0.05 g of Nile Red dye was dissolved in acetone and diluted with distilled
water to 50 mL before being applied to the stained yarns. The yarns were immerged into
the Nile Red solution for 5 min, and the redundant solution on the yarns was removed
using filter paper [36]. At last, the prepared yarns were dried at room temperature for 1 h.
The cotton, viscose, and polyester fibers were carefully extracted from the treated yarns for
further tests.

2.2.2. Preparation of Protein-Stained Fibers

The preparation of protein-stained fibers was similar to oil-stained fibers, except for
following steps: (i) the milk immerged time was set at 1 min; (ii) the protein-stained fibers
was soaked in FITC ethanol solution for 2 h dyeing in the refrigerator.

2.2.3. Washing Procedure

The marked fibers were fixed on a glass slide and washed by the flow of detergent
solutions at a speed of 36 mL min~! to mimic the typical washing process. A commercial
Tide Free liquid detergent, an anionic surfactant (LAS, 15%), a nonionic surfactant (AEO-9,
15%), and a surfactant composition of 15% LAS/AEO-9 (1:1 wt%) were used as detergent
formulas. Water with a hardness of 250 ppm (Ca?*/Mg?* = 2:1) was prepared and used
as the control sample. The washing experiments were carried out at 25 °C with a water
hardness of 250 ppm (Ca?*/Mg?* = 2:1) and 1% of detergent concentration. Commonly,
a detergent concentration of about 0.1% was applied in the daily laundry process. How-
ever, considering that a heavier stain was obtained on the fabric and fiber samples than
daily textiles according to the oil soaking procedure in experiments, the concentration of
detergents increased to 1%. Figure 1 illustrates the simplified schematical diagram of this
procedure. In this case, a pump (LongerPump BT100-1F, Baoding, China) was used to
control the speed of the detergent flow, and the glass slide, where the fiber was placed, was
fixed on a slanted stage.

Pump

[ 1@

Detergent solution || Plastic tube

/ \ Glass slide

Figure 1. Schematical illustration of the washing process for single polymeric fibers.

2.2.4. In-Situ Monitoring Oil and Protein Removal on Single Polymeric Fibers

The confocal laser scanning microscope (CLSM) (Nikon Eclipse CI, Tokyo, Japan)
was used to image the soybean oil and pure milk removal process from single polymeric
fibers. The excitation and emission wavelengths were set at 543.5 nm and 650 nm for Nile
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Red [37], and 488 nm and 543.5 nm for FITC, respectively. The magnification of single
cotton and viscose fibers was 400, while that of single polyester fiber was 200x. The
as-prepared single polymeric fibers before and after washing were observed by CLSM, and
the fluorescence images were recorded after every 30 s of washing.

In addition, the per unit area relative fluorescence intensity (RFI) based on the obtained
CLSM images of the stained fibers before (Iz) and after washing (I4) was calculated using
Image-Pro Plus. The percentage of detergency was calculated by Equation (1):

Ig—1
Detergency gy (%) = B 7 A %100% 1)
B

2.3. Detergency Determination Procedures for Fabrics
2.3.1. Soiling Procedure

For comparison, three common methods including the colorimetric method, SEM
observing method, and gravity method were used to measure detergency performance. The
pre-washed cotton fabric was cut into 2 x 4 inch swatches in the warp and weft direction.
The rough selvedge was ripped out in order to avoid the weight loss of the fabric caused
by mechanical friction during the laundry procedure. Then, the swatches were placed in
a constant temperature humidity chamber overnight prior to use, and 10 mL of soybean
oil was added to 90 mL of dichloromethane to afford an oil solution. Each cotton swatch
was folded and completely immerged in the oil solution for 5 min. Afterwards, the sample
was unfolded and laid on filter paper in order to blot up the redundant oil. Finally, the
fabric swatches were dried in an oven and balanced in a temperature humidity chamber
overnight prior to use. The average oil content of the soiled fabric was measured to be
15.17 £ 2.68%.

2.3.2. Laundry Procedure

A washing tester (LABTEC HB12P, Shanghai, China) was used to wash the as-prepared
cotton fabric swatches. The laundry experiments were performed in washing solution
with a liquor ratio of 1:30 (fabric to water) for 20 min. The swathes were then rinsed
twice with deionized water for 2 min. All washing experiments were conducted at a
washing temperature of 25 °C and a water hardness of 250 ppm (Ca?* /Mg?* = 2:1). The
detergent formulas were the same as those used in the microscopy study. All experiments
were repeated at least three times and the averaged values were assessed for detergency
performance evaluation.

2.3.3. Detergency Performance Evaluation

The changes in brightness, reflectance, and weight before and after laundry were
calculated. Brightness and reflectance were measured by a color photometer (Datacolor
600SF, Lawrenceville, NJ, USA). The L and R values provided by this instrument are
representative of the brightness and reflectance of the fabric. The detergency and oil
removal efficiency can be calculated by Equations (2)—(4):

Detergency; = La — Lp )

Detergency, = R4 — Rp (©)]

Detergency, = % x 100% 4)
B — LC

where L, Rp, and Gp are the brightness, reflectance, and weight value of the soiled swatches
before laundry, while L4, R4, and G4 are the brightness, reflectance, and weight value of
the soiled swatches after laundry. G¢ is the weight of the unsoiled swatches. The weights
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of the swatches were measured after being balanced in the constant temperature humidity
chamber overnight.

3. Results and Discussion
3.1. Detergency of Different Detergents

The removal of soybean oil from a single cotton fiber by different detergents was
easily imaged by confocal microscopy, and the captured images are shown in Figure 2. The
recorded images show that the unwashed stained cotton fibers were covered with soybean
oil marked by Nile Red dye. Since the fluorescence intensity of the fibers decreased when
the Nile Red-labeled soybean o0il was washed away by detergent solution, the variation
of RFI could reflect the change in oil amount on the fibers, and therefore could be used as
an indicator of detergency. As shown in Figure 2, the RFI of stained cotton fibers before
washing showed distinct changes with and without detergency usage. On the one hand, an
obvious decrease in RFI was found on fibers after being washed for 150 s with different
detergents, including a commercial liquid detergent (Tide Free), nonionic surfactant (AEO-
9), anionic surfactant (LAS), and formulated surfactant (LAS/AEO-9). On the other hand,
an insignificant change in RFI was found after being rinsed by water, suggesting that the
oil removal efficiency of water is relatively weak. Therefore, the oil removal efficiency of
different detergents could be quickly prejudged by CLSM images.

50 pm 50 pm 50 pm 50 pm

50 pm 50 pm 50 pm 50 pm

Figure 2. CLSM Images of cotton fibers before and after washing. (A): water; (B): AEO-9; (C): LAS;
(D): LAS/AEO-9 (1:1 wt%); and (E): Tide Free. 0: unwashed; 5: washing for 150 s.

To quantify the oil removal efficiency of different detergents, the percentage of RFI
variation was calculated using Image-Pro Plus and plotted against the washing time, as
depicted in Figure 3. It was shown that the percentage of detergency was in the order
of Tide Free > LAS/AEO-9 (1:1 wt%) > LAS > AEO-9 > water. The percentage of the
detergency of LAS and AEO-9 was calculated to be 39.7% and 41.0% in 150 s, respectively,
while water could only remove 25% of oil. Compared to a single surfactant solution, the
compounded solution of LAS and AEO-9 exhibited a higher percentage of detergency
(~44%). In the latter case, the solubilization was significantly increased due to the decreased
surface tension in the compounded system [38,39]. Similarly, the commercial detergent
(Tide Free) containing multiple components (anionic and nonionic surfactants, enzymes)
presented the highest oil removal efficiency, since the fluorescent intensity decreased to as
low as 48% after washing for 150 s. This result highlights the feasibility and practicality of
the proposed CLSM method for the detergency determination of a single polymeric fiber.
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Figure 3. Detergency of single cotton fibers with different detergents (AEO-9, LAS, LAS/AEO-9(1:1),
and Tide Free) compared to the water.

3.2. Oil Removal Performances of Different Types of Fibers

The oil-removing processes of cotton, viscose, and polyester fibers could be easily
visualized by CLSM, and the recorded images are shown in Figure 4. The RFI of a single
fiber suffer an evident decrease as the washing time increased. Moreover, it can be seen that
different types of a single fiber demonstrated various diameters and shapes. The diameters
are in the order of polyester (25.87 pm) > cotton (12.40 um) > viscose (11.37 um). The cotton
fibers are twisted and wrinkled while the viscose and polyester fibers are straight and
cylindrical. The shape type of a single fiber had a significant effect on the oil distribution
on fibers. The largest amount of oil deposited on cotton fiber was observed while the
polyester fiber exhibited the lowest oil uptake. This result may be due to their different
surface morphologies and properties. In other words, the wrinkled surface of cotton fiber
is favorable for the oil capture in the grooves. In contrast, the oil is hard to be trapped and
stored on the smooth surfaces of viscose and polyester fibers.

t=30s t=60s t=90s t=120s t=150s

50 pm 50 pm 50 pm 50 pm 50 pm 50 pm

50 pm 50 pm 50 pm 50 pm 50 pm 50 um

50 pm 50 pm 50 pm 50 pm 50 pm KT

Figure 4. CLSM Images of oil removal from cotton, viscose, and polyester fibers with different
washing time by the commercial detergent (Tide Free).

Distinct differences in the oil removal performance of three types of fibers were also
observed. Specifically, much oil remained within the cotton fiber after washing for 90 s
(Figure 4). The oil was gradually removed from the viscose fiber, and some parts of oil
were unaffected by the detergent after washing for 120 s. The RFI of the soiled polyester
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fiber decreased fast, and most of the oil was removed at the end of the treatment with
the commercial detergent, indicating that the commercial detergent exhibited a fiber-
dependent detergency property. This observation would call for future investigations on
the development of an effective detergent for targeting fibers.

In order to compare the oil removal behavior of different single fibers, the percentage
of the detergency of the commercial detergent in single cotton, viscose, and polyester fibers
was evaluated based on RFI calculation (Figure 5). It was found that for cotton and viscose
fibers, the oil removal efficiency increased from 0 to ca. 52%, with a gradual decrease in the
increasing rate. About 52% of oil on the cotton was washed away, and the value was close
to that of a single viscose fiber, which may be due to their similar chemical components.
However, the removal of oil from the viscose fiber is faster than from the cotton fiber at
the first washing stage (0~120 s), perhaps because of the cylindrical shape of the viscose
fiber. The removal of soybean oil from a single polyester fiber had the fastest rate and the
highest amount (ca. 75%,) which may be due to its relatively smooth surface that shows a
low affinity to oil.

100
—il— Cotton
—@— Viscose
~ 80 L —4&—Polyester
=
N’
?f 60
=
8o
= 40
<%}
~N—
D
= 20
0 I 1 I 1 I 1 I 1 I 1
0 30 60 90 120 150

Washing Time (s)

Figure 5. Detergency (RFI) values of cotton, viscose, and polyester fibers with different washing
times by the commercial detergent (Tide Free).

3.3. Comparison of the CLSM Method with Other Common Methods

In order to validate the CLSM imaging method, the detergency performances of
different detergents were studied and compared with common measurements. Generally,
the parameters, such as brightness (L), reflectance (R), and weight, are applied frequently
to evaluate detergency performance at a lab scale. The value of L is usually reported in
the range between 0 (black) and 100 (white). A decrease in L indicates an increment in
darkness and vice versa [40]. The higher the value of R is, the higher the whiteness of the
fabric [41]. Additionally, it was found that the fabric weight loss caused by mechanical
friction during the laundry process was less than 0.35%. Thus, the detergency performance
on fabric evaluated by the gravity method could deliver valid results. In this context, the
value changes in brightness and reflectance reflect the practical color change of the cotton
fabric after washing, while the changes in weight and fluorescence intensity reflect the
percentage of oil removed by the laundry procedure.

Different results were obtained using different measurements (Figure 6). It should
be noted that the values of brightness, reflectance, and weight were obtained from cotton
fabric, while RFI was obtained from a single cotton fiber. In the case of fabric, the oil
removal efficiency is largely affected by the mechanical forces and friction between the
fibers and fabrics, which do not occur during the washing procedure of a single fiber. The
oil removal efficiency of the commercial detergent measured by the CLSM imaging method
based on a single cotton fiber was only influenced by the emulsification effect of detergent.
In this case, the CLSM method can truly reflect the detergency performance of detergent.
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Since the brightness and reflectance parameters were obtained at the same wavelength,
their value change was consistent with each other. More importantly, the results obtained
by the four methods showed a similar trend with the following detergency order: Tide Free
>LAS/AEO-9 (1:1 wt%) > LAS > AEO-9 > water.

S — O B

E 12} i gso_ - % :
s 10 Z a0t . // . %
NN
e . % %\

Water AEO-9 LAS LAS/AEO-9(1:1) Tide free Water
Detergent samples

LAS LAS/AEO-9(1:1) Tide free
tergent Samples

o3
@ o

Figure 6. Detergency of detergents in single cotton fiber using different measurements. (A) Value
changes of L and R; (B) detergency measured by gravity method and CLSM imaging method.

The morphologies of the cotton fabric before and after laundry are displayed in
Figure 7. It can be seen that the fiber in the soiled swatches before laundry was completely
covered by soybean oil. The oil was observed to occupy the interspace between fiber and
fiber in the fabrics, while the oil only covered one single fiber in the developed CLSM
method. It was much easier to wash the oil on a single fiber since the oil was not trapped
by the interspace of fibers. Therefore, it is not surprising that the detergency of water
measured by CLSM was much higher than that measured by the gravity method. Overall,
the CLSM method is more sensitive than the other three ones in terms of visualization
and quantification, suggesting its high feasibility of detergency determination for single
polymeric fibers.

Figure 7. SEM images of cotton fabrics. (A): Unsoiled area; (B,C): soiled area before laundry;
(D,E): soiled area after laundry with water; (D): and the commercial detergent (Tide Free) (E).

3.4. The Applicability of the CLSM Method to Examine Protein Stains

The CLSM method was applied for examining protein stains to explore whether the
novel method could be used in other types of stains. The removal of pure milk from a single
cotton fiber by water and different detergents was imaged by confocal microscopy, and the
recorded images are shown in Figure 8. The recorded images showed the green fluorescence
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of FITC, which was responsible for the bind with pure milk. Since the fluorescence intensity
of the fibers decreased when the FITC marked pure milk was removed by the detergent
process, the variation of RFI could reflect the change in the pure milk amount on the fibers.
Therefore, it could be used as a useful indicator of the detergency for protein stains. As
shown in Figure 8, the RFI of stained cotton fibers showed an obvious decrease after being
washed for 150 s, and a distinct change was observed among different detergents, including
Tide Free, AEO-9, LAS, and LAS/AEQO-9.

50 pm f 50 pm 50 pm

50 pm 50 pm | RIUTI ; 50 pm

Figure 8. CLSM Images of cotton fibers stained by pure milk before and after washing. (A): water;
(B): AEO-9; (C): LAS; (D): LAS/AEO-9 (1:1 wt%); and (E): Tide Free. 0: unwashed; 5: washing for
150 s.

The pure milk removal efficiency for water and different detergents based on RFI was
quantified, and the results are depicted in Figure 9. It was shown that the percentage of
detergency was in the order of Tide Free > LAS/AEO-9 (1:1 wt%) > LAS > AEO-9 > water,
which was consistent with the order of oil removal efficiency. Moreover, the performance
of the pure milk removal of water and other four types of detergents was better than that
of oil removal, which is due to the hydrophilic nature of pure milk. This result highlights
the applicability of the CLSM method to protein stains and shows the great potential in
extending this application to various types of stains.

100
—@— AEO-9
—A—LAS
80 | —W— LAS/AEO (1:1 wt%)

o —4 Tide Free

o\ —J— Water

N’

> 60 F

&

=

1)

m 40

<%}

~—

%)

= 20

0 30 60 90 120 150

Washing Time (s)
Figure 9. Detergency of single cotton fibers with water and different detergents (AEO-9, LAS,
LAS/AEO-9(1:1), and Tide Free).

4. Conclusions

In summary, we demonstrate a novel and effective method to quantify the detergency
for single polymeric fibers using a confocal laser scanning microscope (CLSM). The oil-
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removing process of single polymeric fibers could be visualized, and the detergency of
various detergents was facilely determined by the change in relative fluorescence intensity.
In comparison, a compounded detergent (i.e., Tide Free) containing multiple components
exhibited the most effective and powerful soil-removing detergency because more than 50%
of oil could be easily removed from a single cotton fiber. The percentage of the detergency
of these four surfactants was in the order of Tide Free > LAS/AEO-9 (1:1 wt%) > LAS >
AEO-9. In addition, the oil removal process was easily imaged and monitored by confocal
microscopy, which provided a fast pre-evaluation of the detergency. It was found that the
percentage of the detergency of a single polyester fiber exceeded 70%, which was much
higher than that of cotton and viscose fibers (~50%), which may be due to its relatively
smooth surface. Compared to traditional methods, the CLSM imaging method is more
feasible and effective to determine the detergency of detergents. This work paves the way
for the fast and facile determination of the detergency for single polymeric fibers.
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