Chemical Engineering Journal 425 (2021) 130623

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for

Green detergent made of halloysite nanotubes e

Xiaohan Yang, Jiabing Cai, Linhong Chen, Xiang Cao, Hongzhong Liu, Mingxian Liu

Department of Materials Science and Engineering, Jinan University, Guangzhou 510632, China

ARTICLE INFO ABSTRACT

Keywords: The detergent has wide range of applications and plays a critical role in daily life. However, the existing com-
HNT mercial detergents present the drawbacks of irreversible environmental pollution due to their discharge with
Green detergent wastewater. Herein, halloysite clay nanotube (HNT) with unique hollow structure was explored as a green, non-
‘C/J;?tr;?fs:fﬁmency toxic, multifunctional, and cheap detergents. HNT has large aspect ratio, small size, and high adsorption ability,
Non-toxic which provides the possibility for removing various stains from different substrates. The increased contact angle
and decreased surface tension of HNT dispersion are achieved by increasing the HNT concentration, and HNT
tends to stabilize oil-in-water (O/W) Pickering emulsion. The cleaning capacity of HNT on cotton fabric for dyes
is almost twice that of laundry powder, indicating that highly efficient cleaning capability of HNT. HNT
detergent is also effective to remove ink, tea, and chili oil from textiles with clean efficacy higher than 88%. As
kitchen detergent, HNT can effectively eliminates chili oil from ceramic, stainless steel, glass, and plastic plate.
Seed germination and crop growth experiment demonstrate that HNT detergent shows no toxicity towards plants
and no contamination towards soil. Furthermore, the residue on the cloth of HNT detergent is negligible. Overall,
HNT has great potential as an alternative detergent in the future because of its excellent cleaning efficacy and

ecological friendliness.

1. Introduction

It is expected that the global market of washing detergent is growing
at a rate of 4.9% from 2017 to 2025, and the global market in 2025 will
reach 205.2 billion dollars [1]. This suggests a consistent high demand
and usage of detergent are proceeding. However, the wastewater of
traditional detergent contains phosphorus nutrient pollutants [2], which
is always directly discharged into rivers and lakes through the sewer,
resulting in a serious environmental pollution problems [3]. The
discharge of detergent contained wastewater have an adverse influence
on aquatic organisms and further disturb the growth of higher organ-
isms, like animals and human beings. Considering that the disadvan-
tages of artificial detergents, the natural, ecological, and sustainable
detergents are on their way coming into the market. The natural de-
tergents currently available on the market are surfactants extracted from
plants [4]. For instance, detergents derived from coconut palm oil,
enzyme, and lipase are useful for cleaning protein stains [4,5]. Although
the natural detergents are safer than synthetic detergents, the low yields
and high costs limit their application. In addition, some of them can
cause skin allergies of the body, causing the potential damages [6].

* Corresponding author.

Thus, new type of natural detergents with a low-cost, abundant source,
and less irritating to the skin is highly demanded to be exploited. It has
long been recognized that kaolin can remove oil stains on textiles or
skins in daily life although few papers has been published for discussion
the mechanism [7]. Recently, Pickering emulsions stabilized by nano-
particles with the benefits of lower costs, less environmental pollution,
less toxic effects, and better emulsion stability have attracted increasing
attentions [8,9]. For example, cellulose nanosphere from agricultural
waste corncob shows higher cleaning efficiency in removing stains from
various surfaces, and it is a safe, cost-effective and sustainable alterna-
tive to commercial synthetic detergents [10].

Halloysite nanotube (HNT) is a natural, bio-compatible, inexpensive,
and high-performance nanomaterial [11-13]. HNT has a large aspect
ratio and a tubular structure with silicon oxide tetrahedrons outside and
an aluminum oxide octahedron inside of the tubes [14-17]. HNT, with
the molecular formula of Aly(Si;O5)OH4-nH>0, is a hollow tube with a
length of 0.02-30 pm, an outer diameter of 30-70 nm and an inner
diameter of 10-30 nm [18-20]. Moreover, HNT is biocompatible and
non-toxic, and previous studies proved the HNT is safe towards various
cell lines and animals at certain dose [21-23]. HNT and its composites
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have been widely employed in porcelain raw materials, paper additive,
wastewater treatment materials, drug delivery carrier, tissue engineer-
ing scaffold, optoelectronic material, and cosmetics [24,25]. Interest-
ingly, HNT can be absorbed on oil-water interface to stabilize Pickering
emulsions, which increase the detachment energy from the interface due
to its unique hollow tubular morphology with high aspect ratio
[9,26,27]. The interactions between the colloidal particles adsorbed at
the oil-water interface mainly involve electrostatic force and van der
Waals force [28,29]. As the particles are adsorbed at the oil-water
interface, the electrostatic force between the particles repels through the
water phase [30], and the dipole force through the oil phase, and the van
der Waals force through the water phase and the oil phase [31]. Pick-
ering emulsion system stabilized by bentonite and montmorillonite has
been identified as having a three-dimensional network structure
[30,32]. In recent research, Pickering emulsions stabilized by HNT for
oil spill remediation and bioremediation technologies has been dis-
cussed [33]. Therefore, the particles can effectively slow down or inhibit
the delamination of the emulsion [34-36]. Moreover, the network
structure can prevent the droplets from approaching and colliding
[36,37], reducing the occurrence of coalescence between emulsion
drops. To allow solid particles to effectively stabilize the emulsion, the
solid particle stabilizer can be partially wet by both liquids [38,39]. The
wettability of the particles is usually described by the three-phase con-
tact angle ¢ which determines the type and stability of the emulsion
[36,40,41]. HNT is partially amphipathic to oil and water with a
negative surface {-potential [13]. Furthermore, the size and shape of
HNT are appropriated for their organizing at the oil-water interface.
Additionally, it have shown that HNT-stabilized Pickering emulsions are
much safe to marine bacteria than standard detergents used in petro-
leum industry [42].

In this study, HNT is utilized as a stabilizer at the oil-water interface
of the Pickering emulsion. The basic physical and chemical properties of
HNT, the stabilizing mechanisms in Pickering emulsion, the staining
clean efficiency on different substrates, the toxicity of HNT towards
plant, and the residue on textile were studied. Attributed to the unique
structure of HNT, it shows decreased surface tensions and increased
stabilization performance in Pickering emulsion. The results of the
cleaning stains on the different substrates demonstrated that HNT has an
attractive cleaning capacity on the dye stains. For example, the clean-
liness of HNT in the removal of dyes on the cotton is nearly 1.8 times
higher than that of conventional detergent. HNT was found to be
harmless towards plant, while the regular detergent has a higher
inhibitory effect on seed germination and crop growth. The few HNT
residue indicated that the risk of human skin irritation is negligible
during the process. This work demonstrated the feasibility of using
natural clay nanoparticles as a high effective, safe, and cost-effective
green detergents, which shows promising application in laundry and
kitchen detergents.

2. Experimental
2.1. Materials

Halloysite nanotube (HNT) (mined from Yunan province, China) was
obtained from Guangzhou Runwo Materials Technology Co., Ltd.,
China. Different dyes (gentian violet, basic fuchsin, and methylene blue)
were obtained from Chengdu Aikeda Chemical Reagent Co., Ltd., China.
Tea, peanut oil, ink and chili oil, cotton, Dacron, ceramic, stainless steel,
glass, and plastic plate (Polystyrene, PS) were obtained from the local
supermarket. Wheat and lactuca sativa seeds were acquired from
Sunong Seed Industry Co., Ltd. (Jiangsu, China). Sodium dodecyl sulfate
(SDS), Dodecyltrimethylammonium bromide (DTAB), and Triton X-100
were provided from Tianjin Fuyu Fine Chemicals Co., Ltd., China.
Deionized water was used in all the experiments.
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2.2. Preparation of the Pickering emulsions

Peanut 0il/HNT Pickering emulsions was prepared by ultrasonic
treatment for 20 min to get the Pickering emulsion with oil/water vol-
ume ratio of 1:10. The emulsification of emulsion was insufficient with
the shorter time, while HNT was over ultrasonicated with longer time,
which reduced the effect of HNT in the emulsion. O/W Pickering
emulsions were stabilized by HNT at different concentrations (0, 0.5, 1,
5, 10 wt%).

2.3. Characterization

The morphology of HNT was analyzed using a transmission electron
microscope (TEM) (JEM-2100F, JEOL Ltd., Japan). The HNT aqueous
dispersion concentration for the TEM test was 0.05 wt%. The surface
morphology of HNT and the freeze-dry Pickering emulsion sample were
conducted by a scanning electron microscope (SEM) (Ultra 55 SEM in-
strument, ZEISS, Germany) at a voltage of 5 kV. The macro-graphs and
micro-graphs of the Pickering emulsions were characterized by polar-
izing microscope (BX51, OLYMPUS, Japan). Atomic force microscopy
(AFM) (Bioscope Catalyst Nasoscope-V, Broke Instruments Ltd., USA)
was used to test the surface roughness of HNT with a scanning area of 2
pm x 2 pm. X-ray diffraction (XRD) patterns of HNT were obtained on an
X-ray diffractometer (MiniFlex-600, Rigaku Corporation, Japan) with a
scan rate of 5°/min ranging from 5 to 60°. Fourier transform infrared
spectroscopy (FTIR) spectra of HNT was characterized by a Thermo FTIR
instrument (Nicolet iS50, Thermo Fisher Scientific Ltd., USA) ranging
from 4000 to 500 cm L. To determine the specific surface area and pore
size of the raw HNT, the powder was verified by automated surface area
and pore size analyzer (BeiShiDe 3H-2000, Instrument-ST. Co., Ltd.,
China). The adsorption and desorption curves were recorded. Particle
size was measured with a Nano-ZS instrument (Malvern Instruments
Ltd., UK). The concentration of HNT is 0.05 wt% by dispersing in the
ultrapure water by ultrasonication for 30 min. The thermal stability of
HNT was analyzed by a TGA instrument (Mettler Toledo, Switzerland)
from 50 to 700 °C at a heating rate of 10 °C/min under an Ny atmo-
sphere. Zeta potentials of 0.1% HNT dispersion at different pH values
and NaCl concentrations of HNT were characterized by a solid surface
zeta potential analyzer (Surpass 3, Austria).

2.4. Measurement of contact angle

To measure the contact angle, the peanut oil (1 mL) was released and
spread uniformly over different substrates (plastic, glass, cotton,
Dacron) to completely wet the surfaces of the substrate. Then, 4 pL of
different concentrations of HNT dispersion droplets were injected with a
syringe with a needle tube diameter of 0.5 mm to drop onto the surface
of different substrates soaked in oil. The contact angle of different HNT
dispersion on the different substrates was recorded in 30 s when the HNT
dispersion was touched the substrates. The value of contact angle was
observed and recorded by a contact angle analyzer (DSA 100, Data-
Physics, OCA-25, Germany).

2.5. Surface tension of HNT dispersion

A syringe with a diameter of 0.5 mm was used to inject 10 pL of the
liquid to be tested (0.5 wt% HNT dispersion, 0.5 wt% SDS, DTAB, and
Triton X-100 aqueous solution), and slowly squeezed the liquid to create
droplets. The droplet pictures were analyzed to obtain the d, (d. is the
maximum diameter of the hanging drop) and ds (d; is the diameter of the
cross section of the hanging drop at the distance from d. to the vertex) to
calculate its surface tension by using the built-in software based on the
instrument (DSA 100, DataPhysics, OCA-25, Germany). To obtain the
relationship between the time and the surface tension of each test so-
lution, d. was measured every 180 s.
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2.6. Cleaning efficiency on different textile cloths and plates

Different types of textile fabrics (Dacron and cotton) were utilized to
demonstrate the cleaning effects of HNT on the elimination of stains
from cloths surfaces. The cloths were cut into 5 x 5 cm? pieces and
polluted with different dyes (gentian violet, basic fuchsin and methylene
blue), black ink, tea, and chili oil to simulate stains on clothes. The
stained cloth was dried in the air. The stained cloths were soaked in 10
mL of distilled water, HNT dispersion (0.5, 1, 5 and 10 wt%) and 1 wt%
laundry powder (LP) solution were employed as the blank control and
experimental groups. The fabrics were then placed into an ultrasonic cell
cleaner for 30 min at room temperature to simulate the washing process.
The samples were manually scrubbed for 15 min at the same angle and
speed just like practical cleaning process, and then rinsed 3 times with
deionized water to remove the remaining HNT and LP. The cleaned
fabrics were naturally air-dried at room temperature. In order to mea-
sure the cleaning efficiency of the different formulations on the stains,
the photographs were recorded before and after the cleaning process.

To investigate the clean ability of HNT detergent towards oils in
kitchen, chili oil was selected as model for determining the clean effi-
cacy from different plates. Various types of plates, including ceramic,
stainless steel, glass, and plastic plates, have been stained with chili oil
to imitate daily plates after use. Then, the dirty plates were put in an
ultrasound cleaner with deionized water, HNT detergent, and dishwash
liquid (DWL) for 5 min at 240 W at room temperature. The dirty plates
were photographed before and after the cleaning. The photographs were
analyzed by comparing the average gray value of the different stains in
the photos by Image J software. The cleaning efficiency of HNT to stains
in different substrates (cloth and plates) were calculated by the
following equation:
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7G2*G1

=——- x 100%
G()*Glx 0

Cleaning efficiency (%)

where Gy, G; and G are the average gray value of the original (Go) and
soiled cloths and plates before (G;) and after (G3) washing.

The whiteness retention ratio which reflected whiteness change
before and after cleaning was determined as follows.

7W27W1

=—x1
Wo*Wlx 00%

Whiteness retention (%)

where Wy, W; and W, are the whiteness (%) of the original (W) and the
soiled cloths before (W;) and after (W) washing. The whiteness was
measured using a whiteness meter (Datacolor ELREPHO, USA).

2.7. Toxicity evaluation of HNT on crop

Wheat and lactuca sativa seeds were firstly soaked in distilled water
for 24 h. The seeds were then transferred to the container with 10 mL
HNT dispersion (1 and 10%) and LP (1%) for germination and growing.
The germination rate of the different groups has been calculated. Be-
sides, the average length of shoot in different groups were counted after
7 days of cultivation.

3. Results and discussion
3.1. Characterization of HNT
Fig. 1 provides a basic characterization of the used HNT mined from

Yunan province, China. As it can be seen in Fig. 1A, HNT has a hollow
tubular structure with a thinner tube wall and a uniform tube
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Fig. 1. Characterization of the used HNT. TEM (A), SEM (B), AFM (C), XRD (D), FTIR (E), specific surface area (F), pore size distribution diagram (G), particle size

distribution (H), TGA curve (D).
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morphology. The length and diameter of the used HNT have a wide
distribution, while the length of tube is in 0.5-2.5 pm with external
diameter is in 60-160 nm. HNT with longer tubes showing high rein-
forcing effect can be used for polymer fillers [43], while the different
length of HNT have the advantages for cleaning different dimensional
stains. SEM images in Fig. 1B clearly shows that HNT sample exhibits
typical rod-shaped structure with few plate-like kaolin impurities, which
are consistent with the TEM results in Fig. 1A. The AFM image of HNT in
Fig. 1C shows that shorter tubes appearance, and the aspect ratio is
obviously smaller than those in 1A and 1B. This may be due to the
excessive ultrasound power during sample preparation process, which
caused the tube to be broken. The XRD pattern of HNT illustrates that 26
=12.2, 20.24, 24.98 and 30-40° belong to the flections of (001), (002,
110), (002) and (200, 130) planes, respectively. It has also been found
that some quartz impurities exist in the HNT sample, which is difficult to
completely remove especially during the industrial process.

Fig. 1D shows the FITR spectra of HNT. The absorption peaks at 3693
and 3622 cm ™! are attributed to the stretching vibrations of the inner
surface hydroxyl and inner hydroxyl groups of HNT, respectively. The
peak at 1020 cm™! is assigned to the Si-O-Si asymmetric stretching vi-
bration, and the absorption of the hydroxyl vibration connected to Al is
located at 911 ecm™! [44]. No peak attributed to impurities has been
detected, illustrating high purity of the HNT. Fig. 1F demonstrates the
specific surface area and adsorption-desorption curve. HNT has a spe-
cific surface area value of 32.95 m2/g. As shown by the nitrogen
adsorption curve in Fig. 1F, the adsorption-desorption curve of HNT
shows the type II adsorption behaviour [45]. From the pore distribution

Plastic Dracron

wt.%

Cotton
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curve in Fig. 1H, the pore size of HNT is 2-110 nm with a sharp peak
around 4 nm and a convex peak around 10 nm, suggesting that HNT has
both mesopores and macropores. Fig. 1G depicts the particle size of
HNT. The average particle size of the HNT is 461.6 nm with a zeta po-
tential of —27.28 mV at pH = 7.

Fig. 1I depicts the thermogravimetric behavior of HNT. The
remaining mass of HNT at 700 °C is 84.8% of the initial mass. The dif-
ferential thermogravimetric curve (DTG) curve shows that the
maximum weight loss rate of HNT appears at 499.2 °C, which is
attributed to the dehydration structural hydroxyl groups. The weight
loss (0.55%) at 250 °C is attributed to the degradation of additives
during industrial purification process of HNT (such as sodium hexame-
taphosphate). The changes of zeta potentials of HNT with pH value and
salt concentration are then determined in order to study the stability of
Pickering emulsion (Figure S1). When the pH is 2, the zeta potential of
HNT is —9.6 mV, indicating a negative charge. As the pH value in-
creases, the surface potential drops to —-32.3 mV (pH = 7). As the ion
concentration increases, the absolute value zeta potential of HNT
gradually decreases. A high zeta potential absolute value has been re-
ported to be beneficial to the dispersion stability of HNT dispersion [46].

3.2. The oil de-wetting mechanism of HNT

As the concentration of HNT increases, the three-phase contact an-
gles of HNT dispersion in plastic, glass, Dacron, and cotton increase
gradually (Fig. 2A). Specifically, when applied in the Dacron, the con-
tact angle of HNT (10%) is 78.5°, which is three times more than that of
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Fig. 2. The oil de-wetting mechanism of HNT. Three-phase contact angle of oil droplet in water stabilized by different concentrations of HNT on different surfaces
(Plastic, Glass, Dacron, and Cotton) (A), the surface tension of SDS, DTAB, Triton X-100, HNT aqueous dispersion versus time (the surface tension was measured
every 180 s for 30 min until equilibrium was reached) (B), the removal process of oil on cottons by HNT (C).
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the pure water group (23.3°). The contact angles on the glass and cotton
in the control group change from 49.6° and 42.6° to 81.1° and 77°,
respectively. The results indicate that HNT is capable of de-wetting the
oil. Furthermore, HNT in high concentration has a more effective de-
wetting ability to oil compared to HNT in low concentration on the
surface of textiles and plates.

The HNT de-wetting process to oil attached to the surface of the
substrate is described in Fig. 2C. Firstly, as a Pickering emulsion stabi-
lizer, HNT is absorbed at the oil-water interface gradually, and the
convection force generated by the washing movement greatly conquers
the adhesion between the oil and the substrate surface during the
cleaning process, and the oil was removed from the surface of substrate.
Additionally, after the oil releasing from the surfaces, HNT as a stabilizer
is closely arranged at the oil-water interface to stabilize the oil droplets,
making it difficult for the oil droplets to reattach to the surface of the
substrate to achieve a good removal effect.

The surface tension of HNT and the different types of common sur-
factants in water were further tested. The results show that HNT has a
lower surface tension compared to SDS, DTAB and Triton X-100
(Fig. 2B). The surface tensions of HNT and the three surfactants tend to
decrease over time [47]. Only by reducing the surface tension of the
water, can the stains and fibers be wetted better, resulting in a better
decontamination and cleaning effect [48]. The reduction of the surface
tension of HNT implies that HNT has a powerful capacity of being
applied in detergent industry.

3.3. HNT-stabilized Pickering emulsion

HNT with small size, as a solid particle stabilizer in Pickering
emulsion, were irreversibly adsorbed on the interface of oil-water and
makes it possible to form a more stable system [37,49,50]. Besides, the
irregular shape of HNT limits the particle rotation movement and allows
a better emulsification. Fig. 3 shows the HNT- stabilized Pickering
emulsion stored for 4 weeks. The results in Fig. 3 imply HNT tends to
stabilize oil-in-water (O/W) Pickering emulsion due to the smaller size
and uniform dispersion of the emulsified drops, which is an indication of
the good stabilization ability of solid particles [41]. HNT are hydrophilic
nanoparticles which can adsorb onto the hydrophobic oil droplet sur-
faces and increase the oil-in-water emulsion stability.

0.5% HNT

A Blank

1% HNT
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As the concentration of the HNT dispersion goes up, the oil droplets
become smaller, illustrating that the increase of the concentration of
HNT tends to stabilize the Pickering emulsion (Fig. 3A), which allows
the most of particles to be adsorbed on the interface. HNTs concentra-
tion has an important influence on the droplet size and emulsion sta-
bility. The droplet size of Pickering emulsions decreases with the
increase of the concentration of the solid particles. When it reaches a
minimum value, the droplet size remains basically unchanged. Low
particle concentration will cause the emulsion to be unstable, and high
particle concentration may affect the hydrodynamic properties of the
continuous phase and improve the stability of the emulsion. It is also
clear that the Pickering emulsion is more stable at pH = 7 and at low ion
concentrations (Fig. 3B and 3C). The negative charge of HNT increases
as the pH value rises, and when the absolute value of the zeta potential
rises, the electrostatic repulsion between the droplets goes up, and the
stability of the emulsion is declined. While the Pickering emulsion is at
neutral condition, the greater charge-induced stabilization occurs,
making it more stable. As the ion concentration rises, the size of emul-
sion droplets decreases at lower concentration. However, the droplets
tend to be larger in size gradually and the density decreases after the
concentration is greater than 1 mmol/L. This is ascribed to the floccu-
lation of HNT at low ion concentrations by making the system more
stable, while HNT is more distributed with the increasing zeta potential
caused by the higher ion concentration. Consequently, the Pickering
emulsion becomes more stable under low ion concentration.

Figure S2 demonstrates that as the temperature increases, the size of
the emulsion droplets become smaller, more uniform, and denser. It
shows that as the temperature increases, the emulsifying ability of HNT
gradually increases, making the oil droplets smaller and easier to be
removed. With the temperature of the two phases increases, the thermal
energy will be transformed into the thermal kinetic energy of the HNT in
the phase, which will intensify the motion that leads to more HNT
adsorption on the oil-water interface, thus improving the emulsification
of the system. It suggests that the efficiency of HNT improves with the
slight rise of temperature. The results implies that HNT in a proper
concentration, neutral state, low ion concentration, and slightly higher
temperature is more stable at the oil-water interface. Furthermore, HNT
was packed at the oil-water interface, suggesting HNT was absorbed
from the oil droplet surface according to the SEM images (Figure S3) for

5% HNT 10% HNT

100 mmol/L

Fig. 3. HNT-stabilized Pickering emulsion stored for 4 weeks. The micrograph image of O/W Pickering emulsions stabilized by HNT. Digital photographs of the
emulsion are shown in the inset, Stability comparison of O/W emulsions emulsified by different concentrations of HNT, 0, 0.5, 1, 5, 10% (A) stability comparison of
O/W emulsions of 0.1% HNT dispersed in water at different pH (B) and at different NaCl concentrations (C).
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the freeze-dried Pickering emulsions. Overall, HNT as O/W Pickering
emulsion stabilizer exhibits a good potential for applying as detergent.
3.4. Cleaning capacity of HNT

Since HNT plays a role as a good stabilizer in the Pickering emulsion

from the results above, and it is also known from other studies that the
potential of emulsion stabilizer in detergent industry [51]. These

A

Chemical Engineering Journal 425 (2021) 130623

inspired us that one can make use of HNT as a detergent to clean dyes
and other daily stains from common textiles. Therefore, the cleaning
efficiency of HNT is investigated together with the commercial LP. HNT
exhibits a better cleaning ability in the removal of stains such as dyes
(gentian violet, basic fuchsin and methylene blue) and tea from cotton
than LP from Fig. 4A and Figure S4. For example, the cleaning efficiency
of the lowest concentration (0.5%) of HNT on cotton for three dyes is
very close to that of LP. When the HNT concentration increases to 10%,
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Fig. 4. Cleaning capacity of different concentrations of HNT compared to LP to remove different stains from cotton by ultrasonic cleaner. Removal of different dyes,
ink, tea, and chili oil from white cotton fabric (A), cleaning efficiency (B) and whiteness retention (C).
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the cleaning efficiency is twice more than that of LP. The increased
cleaning efficiency is attributed to the following reasons. HNT has the
good ability to stabilize the Pickering emulsion, meanwhile it shows
high adsorption capability due to its unique hollow tubular structure,
rich pore structure and high surface activity. These allow the dyes to be
adsorbed on them for achieving high cleaning effects. Moreover, the
different chemical composition and charging properties of the inner and
outer walls of HNT make it possible to adsorb both anion and cation
dyes, greatly enriching its application range. The existing evidences has
confirmed that the dye stains can be mainly absorbed in the lumen of
HNT [52,53]. Besides, the high cleaning efficiency was also associated
with the increased friction forces between the solid clay material and the
textiles during cleaning process. Similarly, the high-concentration HNT
cleaning effect towards tea stains is also stronger than commercial
detergent on stained cotton cloth (Fig. 4A). The possible reason is that
HNT has the high adsorption effect towards coloring matter in tea as
dyes. HNT and LP have basically equal cleaning efficiency for ink on
cotton cloth, while the cleaning effect of HNT and LP on Dacron fabrics
is relatively poor due to the strong force of ink and Dacron. (Fig. 4A and
Figure S5). When removing chili oil stains on cotton and Dacron cloth,
high concentrations of HNT have shown the same highly efficient
cleaning capability as commercial detergents. These results suggest that
HNT can be used as an effective laundry detergent in daily life.

To further investigate the cleaning effect of HNT detergent, table-
ware made of different materials was stained by chili oils. Fig. 5 com-
pares the cleaning efficiency of HNT and DWL. The cleaning effect of the
two detergent is nearly equivalent, and there is no obvious residue on
the cleaned dishes after washing. The advantages of HNT detergent are
highly effective and non-toxic. Additionally, we compared HNT with
other clays in Figure S6, the tubular HNT is found to be more efficient for
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dye cleaning. The possible reason is that HNT has special tubular
structure, which provides the larger adsorption areas than the sheet-like
clay [54]. Besides, the high surface negative charges of HNT makes it
more efficient when applied as detergent to remove the cationic dyes
and so on. In addition, the high surface activities make it has a stronger
binding force with the dyes than other clays. Besides, the stained fabrics
after treatment by HNT detergent has a high whiteness retention
(Fig. 4C), which demonstrates HNT has a high capacity that prevents the
reattaching of the stains on the surface of textiles. In total, HNT deter-
gent (10 wt% concentration) has a better cleaning effect than com-
mercial detergent especially at higher concentration, which makes it a
potential alternative to synthetic detergents.

3.5. Toxicity studies of HNT

The LP powder residues will enter the environment such as river,
soil, and ocean with the water flow after the use, so the LP sewage has a
negative effect on the growth of plants [2,55]. In previous studies, HNT
was found with high compatibility with the cell and tissue of animals
[21,23,51], which suggests that HNT is not harmful to animals at normal
dose. To study the effects of HNT detergent on plant growth, two typical
plant models were applied. The wheat and lactuca sativa seeds were
immersed in deionized water (blank group), 1% LP, 1 and 10% HNT
dispersion for 24 h, separately. The germination rate, the root length,
and the digital pictures of the wheat and lactuca sativa on the 7th day
are shown in Fig. 6. Wheat and lactuca sativa seeds from the 1% LP
group does not germinate at all, while the seed germination rate of the
HNT treated group is 100%. Moreover, it can be found in Fig. 6 that the
growth trend of the 1% HNT group is better than that of blank group. So,
a low concentration of HNT is effective to promote plant growth.
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Fig. 5. Cleaning effect of different concentrations of HNT compared to LP to remove chili oil from ceramic, stainless steel, glass, and plastic plate (A) and cleaning
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However, HNT at a high concentration suppress the plant growth, sug-
gesting high concentration of HNT may have certain phytotoxicity. In
total, the plant experiment results imply that HNT nearly has no harm on
plant germinate and growth, while LP powder is very harmful to the
plants. So, the green and environmental-friendly HNT clay detergent
makes it a better choice than the synthetic LP which has higher toxicity
to the organisms. Previous studies have shown that the concentrations of
HNT below 0.05 mg/L are safe for nematodes and no in vivo toxicity
effect occurs on nematodes. Moreover, HNT will not affect the fertility
and lifespan of nematodes [21,56]. The zebrafish model also illustrated
that different concentrations of HNT have no acute toxicity on zebrafish
embryos and larvae. Additionally, the concentration of HNT under 25
mg/L can also promote zebrafish hatching, although HNT was enrich on
the zebrafish embryo egg membrane. However, the long-term eco-
toxicity of HNTs should be further evaluated [23].

3.6. The residue on the cloth after HNT cleaning

It is evident that HNT exhibits great efficiency in stabilizing O/W
Pickering emulsion, excellent adsorption capacity and non-toxic per-
formance, which can be applied in the detergent industry. It is important
for practical application to consider whether there is any residue on the
washed substrates, since the HNT residue can contact and enter the
body, which may bring potential risk. The cotton cloth washed with 10%
HNT and deionized water were observed by SEM separately in order to
investigate whether HNT residues will remain on the clothes (Fig. 7). It
demonstrated that the surface of the cotton washed with deionized
water and that of the 10% HNT dispersion is equally clean, with no
tubular HNT particle residue on the cloth. So, HNT does not damage the
fiber structure and nearly has no residue on the cottons, which repre-
sents the best potential of applying in the detergent industry.

4. Conclusions

HNT, as an eco-friendly, low-cost, natural material, has large aspect
ratio and is partially amphipathic to oil and water, which makes it to
become a high efficiency green detergent. HNT shows good stabilization
effect towards O/W Pickering emulsion, since HNT exists on the oil—-
water interface at a high concentration. The capability of removing
stains (dyes and daily stains) of HNT on cloth and the dishes is fairly
better than that of common LP and DWL. HNT shows no negative effect
on the germination and growth of wheat and lactuca sativa at low
concentration, but LP solution completely inhibits the plant germina-
tion. It is also satisfied that no HNT residues on the fabrics after rinsing
in the deionized water. This study designed a highly effective, safe, and
low-cost clay materials with applications in the fields of detergents.

CRediT authorship contribution statement

Xiaohan Yang: Investigation, Methodology, Writing - original draft.
Jiabing Cai: Visualization. Linhong Chen: Investigation, Validation.
Xiang Cao: Investigation. Hongzhong Liu: Investigation. Mingxian
Liu: Funding acquisition, Project administration, Supervision, Writing -
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements

This work was financially supported by the National Natural Science

Foundation of China (52073121), Natural Science Foundation of
Guangdong Province (2019A1515011509), and the Fundamental

Chemical Engineering Journal 425 (2021) 130623
Research Funds for the Central Universities (21619102).
Appendix A. Supplementary data

Zeta potentials of 0.1% HNT aqueous dispersion at different pH and
NaCl concentrations of Yunnan HNT; Stability comparison of O/W
emulsions of HNT aqueous dispersion at different temperature; The
dispersion of HNT in Pickering emulsion; Cleaning capacity of different
concentrations of HNT compared to LP on cotton and Dacron; Cleaning
capacity of different clay compared to HNT (PDF). Supplementary data
to this article can be found online at https://doi.org/10.1016/j.cej.20
21.130623.

References

[1] Grand View Research, Inc., Laundry Detergent Market Analysis Report,
https://www.grandviewresearch.com/press-release/global-laundry-detergent-
market, 2017 (accessed November 2017).

[2] F.S.A. Suprihatin, Pollutants removal in electrocoagulation of detergent
wastewater, IOP Conf. Ser.: Earth Environ. Sci. 472 (2020), 012032.

[3] Q. Wang, M. Li, W. Zhu, Y. Hou, F. Sun, Z. Yang, Polymer sludge cleaning effects of
different types of detergents and their influence on interfacial properties,

J. Environ. Eng. 6 (2012) 1739-1743.

[4] G. Totonelli, P. Maghsoudlou, F. Georgiades, M. Garriboli, K. Koshy, M. Turmaine,
M. Ashworth, N.J. Sebire, A. Pierro, S. Eaton, P. De Coppi, Detergent enzymatic
treatment for the development of a natural acellular matrix for oesophageal
regeneration, Pediatr. Surg. Int. 29 (1) (2013) 87-95.

[5] L-B. Romdhane, A. Fendri, Y. Gargouri, A. Gargouri, H. Belghith, A novel
thermoactive and alkaline lipase from talaromyces thermophilus fungus for use in
laundry detergents, Biochem. Eng. J. 53 (1) (2010) 112-120.

[6] P. Wolkoff, T. Schneider, J. Kildesg, R. Degerth, M. Jaroszewski, H. Schunk, Risk in
cleaning: chemical and physical exposure, Sci. Total Environ. 215 (1-2) (1998)
135-156.

[7] J. Angkatavanich, W. Da Hlan, U. Nimmannit, V. Sriprasert, N. Sulongkood,
Development of clay liquid detergent for islamic cleansing and the stability study,
Int. J. Cosmet. Sci. 31 (2010) 131-141.

[8] T.S. Horozov, B.P. Binks, Particle-stabilized emulsions: a bilayer or a bridging
monolayer? Angew. Chem., Int. Ed. 45 (5) (2006) 773-776.

[9] R. Von Klitzing, D. Stehl, T. Pogrzeba, R. Schomacker R, R. Minullina, A. Panchal,
S. Konnova, R. Fakhrullin, J. Koetz, H. Mohwald H, Y. Lvov, Halloysites stabilized
emulsions for hydroformylation of long chain olefins, Adv. Mater. Interfaces 4
(2016) 1600435.

[10] B. Liu, T. Li, W. Wang, L.M.C. Sagis, Q. Yuan, X. Lei, M.A. Cohen Stuart, D. Li,
C. Bao, J. Bai, Z. Yu, F. Ren, Y. Li, Corncob cellulose nanosphere as an eco-friendly
detergent, Nat. Sustain. 3 (6) (2020) 448-458.

[11] M. Du, B. Guo, Y. Lei, M. Liu, D. Jia, Carboxylated butadiene-styrene rubber/
halloysite nanotube nanocomposites: interfacial interaction and performance,
Polymer 49 (2008) 4871-4876.

[12] M. Liu, B. Guo, M. Du, X. Cai, D. Jia, Properties of halloysite nanotube-epoxy resin
hybrids and the interfacial reactions in the systems, Nanotechnology 45 (2007)
45570.

[13] M. Liu, H. Rui, Y. Jing, Z. Long, C. Zhou, Polysaccharides-halloysite nanotubes
composites for biomedical applications: a review, Clay Miner. 51 (2016) 457-467.

[14] E. Abdullayev, Y. Lvov, Halloysite clay nanotubes as a ceramic “skeleton” for
functional biopolymer composites with sustained drug release, J. Mater. Chem. B 1
(2013) 2894.

[15] M. Liu, Z. Jia, D. Jia, C. Zhou, Recent advance in research on halloysite nanotubes-
polymer nanocomposite, Prog. Polym. Sci. 39 (8) (2014) 1498-1525.

[16] P. Yuan, D. Tan, F. Annabi-Bergaya, Properties and applications of halloysite
nanotubes: recent research advances and future prospects, Appl. Clay Sci. 112-113
(2015) 75-93.

[17] M. Liu, R. Fakhrullin, A. Novikov, A. Panchal, Y. Lvov, Tubule nanoclay-organic
heterostructures for biomedical applications, Macromol. Biosci. 19 (2018)
1800419.

[18] F. Wu, J. Zheng, X. Ou, M. Liu, Two in one: modified polyurethane foams by dip-
coating of halloysite nanotubes with acceptable flame retardancy and absorbency,
Macromol. Mater. Eng. 304 (2019) 1900213.

[19] Y. Feng, X. Zhou, J.-H. Yang, X. Gao, L. Yin, Y. Zhao, B. Zhang, Encapsulation of
ammonia borane in Pd/halloysite nanotubes for efficient thermal
dehydrogenation, ACS Sustainable Chem. Eng. 8 (5) (2020) 2122-2129.

[20] Y. Zhao, W. Kong, Z. Jin, Y. Fu, W. Wang, Y. Zhang, J. Liu, B. Zhang, Storing solar
energy within Ag-paraffin@halloysite microspheres as a novel self-heating catalyst,
Appl. Energy 222 (2018) 180-188.

[21] G.L Fakhrullina, F.S. Akhatova, Y.M. Lvov, R.F. Fakhrullin, Toxicity of halloysite
clay nanotubes in vivo: a caenorhabditis elegans study, Environ. Sci.: Nano 2
(2015) 54-59.

[22] X. Wang, J. Gong, R. Rong, Z. Gui, T. Hu, X. Xu, Halloysite nanotubes-induced Al
accumulation and fibrotic response in lung of mice after 30-Day repeated oral
administration, J. Agric. Food Chem. 66 (11) (2018) 2925-2933.

[23] Z.Long, Y.-P. Wu, H.-Y. Gao, J. Zhang, X. Ou, R.-R. He, M. Liu, In vitro and in vivo
toxicity evaluation of halloysite nanotubes, J. Mater. Chem. B 6 (44) (2018)
7204-7216.


https://doi.org/10.1016/j.cej.2021.130623
https://doi.org/10.1016/j.cej.2021.130623
https://www.grandviewresearch.com/press-release/global-laundry-detergent-market
https://www.grandviewresearch.com/press-release/global-laundry-detergent-market
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0010
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0010
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0015
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0015
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0015
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0020
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0020
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0020
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0020
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0025
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0025
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0025
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0030
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0030
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0030
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0040
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0040
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0050
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0050
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0050
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0055
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0055
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0055
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0060
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0060
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0060
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0065
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0065
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0070
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0070
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0070
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0075
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0075
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0080
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0080
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0080
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0085
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0085
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0085
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0090
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0090
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0090
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0095
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0095
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0095
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0100
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0100
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0100
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0105
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0105
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0105
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0110
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0110
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0110
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0115
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0115
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0115

X. Yang et al.

[24]
[25]
[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

M. Liu, C. Wu, Y. Jiao, S. Xiong, C. Zhou, Chitosan-halloysite nanotubes
nanocomposite scaffolds for tissue engineering, J. Mater. Chem. B 1 (2013) 2078.
Kamble, Halloysite nanotubes and applications: a review, J. Adv. Sci. Res. 3 (2012)
25-29.

Y. Chevalier, M.-A. Bolzinger, Emulsions stabilized with solid nanoparticles:
pickering emulsions, Colloids Surf, A 439 (2013) 23-34.

F. Lou, L. Ye, M. Kong, Q. Yang, G. Li, Y. Huang, Pickering emulsions stabilized by
shape-controlled silica microrods, RSC Adv. 6 (29) (2016) 24195-24202.

K. Masschaele, B.J. Park, E.M. Furst, J. Fransaer, J. Vermant, Finite ion-size effects
dominate the interaction between charged colloidal particles at an oil-water
interface, Phys. Rev. Lett. 105 (2010), 048303.

B.J. Park, J.P. Pantina, E.M. Furst, M. Oettel, S. Reynaert, J. Vermant, Direct
measurements of the effects of salt and surfactant on interaction forces between
colloidal particles at water-oil interfaces, Langmuir 24 (5) (2008) 1686-1694.

R. Van Hooghten, V.E. Blair, A. Vananroye, A.B. Schofield, J. Vermant, J.H.

J. Thijssen, Interfacial rheology of sterically stabilized colloids at liquid interfaces
and its effect on the stability of pickering emulsions, Langmuir 33 (17) (2017)
4107-4118.

T.F. Moghadam, S. Azizian, Effect of ZnO nanoparticles on the interfacial behavior
of anionic surfactant at liquid/liquid interfaces, Colloids Surf, A 457 (2014)
333-339.

S. Abend, G. Lagaly, Bentonite and double hydroxides as emulsifying agents, Clay
Miner. 36 (4) (2001) 557-570.

G. Cavallaro, G. Lazzara, E. Rozhina, S. Konnova, M. Kryuchkova, N. Khaertdinov,
R. Fakhrullin, Organic-nanoclay composite materials as removal agents for
environmental decontamination, RSC Adv. 9 (69) (2019) 40553-40564.

N.P. Ashby, B.P. Binks, Pickering emulsions stabilised by laponite clay particles,
Phys. Chem. Chem. Phys 2 (24) (2000) 5640-5646.

B.P. Binks, C.P. Whitby, Silica particle-stabilized emulsions of silicone oil and
water: aspects of emulsification, Langmuir 20 (2004) 1130.

O. Owoseni, Y. Zhang, Y. Su, J. He, G.L. McPherson, A. Bose, V.T. John, Tuning the
wettability of halloysite clay nanotubes by surface carbonization for optimal
emulsion stabilization, Langmuir 31 (51) (2015) 13700-13707.

Z. Wei, C. Wang, H. Liu, S. Zou, Z. Tong, Halloysite nanotubes as particulate
emulsifier: preparation of biocompatible drug-carrying PLGA microspheres based
on pickering emulsion, J. Appl. Polym. Sci. 125 (2012) E358-E368.

R.K. Shah, J.-W. Kim, D.A. Weitz, Janus supraparticles by induced phase separation
of nanoparticles in droplets, Adv. Mater. 21 (19) (2009) 1949-1953.

S. Levine, B.D. Bowen, S.J. Partridge, Stabilization of emulsions by fine particles I.
partitioning of particles between continuous phase and oil/water interface,
Colloids Surf. 38 (2) (1989) 325-343.

B.P. Binks, S.0. Lumsdon, Catastrophic inversion of water-in-oil emulsions
stabilized by hydrophobic silica, Langmuir 16 (2000) 2539-2547.

S. Tarimala, L.L. Dai, Structure of microparticles in solid-stabilized emulsions,
Langmuir 20 (9) (2004) 3492-3494.

10

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Chemical Engineering Journal 425 (2021) 130623

A. Panchal, L.T. Swientoniewski, M. Omarova, T. Yu, D. Zhang, D.A. Blake,

V. John, Y.M. Lvov, Bacterial proliferation on clay nanotube pickering emulsions
for oil spill bioremediation, Colloids Surf, B 164 (2018) 27-33.

Z. Jia, Y. Luo, B. Guo, B. Yang, M. Du, D. Jia, Reinforcing and flame-retardant
effects of halloysite nanotubes on LLDPE, Polym.-Plast. Technol. Eng. 48 (6) (2009)
607-613.

J Madejovd, FTIR techniques in clay mineral studies, Vib. Spectrosc. 31 (1) (2003)
1-10.

P. Pasbakhsh, G.J. Churchman, J.L. Keeling, Characterisation of properties of
various halloysites relevant to their use as nanotubes and microfibre fillers, Appl.
Clay Sci. 74 (2013) 47-57.

V. Vergaro, E. Abdullayev, Y.M. Lvov, A. Zeitoun, R. Cingolani, R. Rinaldi,

S. Leporatti, Cytocompatibility and uptake of halloysite clay nanotubes,
Biomacromolecules 11 (3) (2010) 820-826.

P. Sadeh, I. Najafipour, M. Gholami, Adsorption kinetics of halloysite nanotube and
modified halloysite at the palm oil-water interface and pickering emulsion
stabilized by halloysite nanotube and modified halloysite nanotube, Colloids Surf,
A 577 (2019) 231-239.

P.C. Miller, M.J. Degroff, M.J. Gizinski, J.A. Rybski, P.S. Vandivort,
immunohistochemical staining method and reagents therefor, U.S. Patents
NO.5225325, 1993.

D. Stehl, T. Skale, L. Hohl, Y. Lvov, J. Koetz, M. Kraume, A. Drews, R. von Klitzing,
Oil-in-water pickering emulsions stabilized by halloysite clay nanotubes toward
efficient filterability, ACS Appl. Nano Mater. 3 (12) (2020) 11743-11751.

L. Lorenzo, H. Theodore, C. Giuseppe, S. Stefano, L. Giuseppe, Pickering emulsions
based on wax and halloysite nanotubes: an ecofriendly protocol for the treatment
of archeological woods, ACS Appl. Mater. Interfaces 13 (2021) 1651-1661.

C. Giuseppe, M. Stefana, N. Lysn, A. Farida, L. Giuseppe, Pickering emulsion gels
based on halloysite nanotubes and ionic biopolymers: properties and cleaning
action on marble surface, ACS Appl. Nano Mater. 2 (2019) 3169-3176.

H. Chen, J. Zhao, J. Wu, H. Yan, Selective desorption characteristics of halloysite
nanotubes for anionic azo dyes, RSC Adv. 4 (30) (2014) 15389.

S. Riela, A. Barattucci, D. Barreca, S. Campagna, G. Cavallaro, G. Lazzara,

M. Massaro, G. Pizzolanti, T.M.G. Salerno, P. Bonaccorsi, F. Puntoriero, Boosting
the properties of a fluorescent dye by encapsulation into halloysite nanotubes, Dyes
Pigm. 187 (2021), 109094.

M. Zhao, P. Liu, Adsorption behavior of methylene blue on halloysite nanotubes,
Microporous Mesoporous Mater. 112 (1-3) (2008) 419-424.

C. Akarsu, F. Deniz, Electrocoagulation/electroflotation process for removal of
organics and microplastics in laundry wastewater, Clean: Soil, Air, Water 49
(2021) 2000146.

X. Zhao, Q. Wan, X. Fu, X. Meng, X. Ou, R. Zhong, Q. Zhou, M. Liu, Toxicity
evaluation of one-dimensional nanoparticles using caenorhabditis elegans: a
comparative study of halloysite nanotubes and chitin nanocrystals, ACS
Sustainable Chem. Eng. 7 (2019) 18965-18975.


http://refhub.elsevier.com/S1385-8947(21)02209-9/h0120
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0120
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0130
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0130
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0135
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0135
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0140
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0140
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0140
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0145
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0145
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0145
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0150
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0150
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0150
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0150
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0155
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0155
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0155
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0160
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0160
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0165
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0165
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0165
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0170
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0170
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0175
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0175
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0180
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0180
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0180
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0185
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0185
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0185
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0190
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0190
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0195
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0195
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0195
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0200
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0200
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0205
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0205
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0210
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0210
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0210
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0215
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0215
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0215
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0220
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0220
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0225
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0225
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0225
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0230
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0230
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0230
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0235
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0235
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0235
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0235
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0245
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0245
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0245
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0250
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0250
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0250
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0255
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0255
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0255
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0260
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0260
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0265
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0265
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0265
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0265
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0270
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0270
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0280
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0280
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0280
http://refhub.elsevier.com/S1385-8947(21)02209-9/h0280

Supporting Information

Green detergent made of halloysite nanotube
Xiaohan Yang, Jiabing Cai, Linhong Chen, Xiang Cao, Hongzhong Liu, Mingxian
Liv*

Department of Materials Science and Engineering, Jinan University, Guangzhou
510632, China

*Corresponding author. Email: liumx@)jnu.edu.cn

S-1


mailto:liumx@jnu.edu.cn

>

=104
-0 y
T 2 T )
g 30 - £ 2] e
[] [] /
g 40 2 g
g &
™ 50 301
-60- -
6 7 9 10 11 12 0 1 10 100 200
pH

S-2

NaCl concentration, mM

Figure S1. Zeta potentials of 0.1% HNT dispersed in water at different pH (A) and NaCl
concentrations (B) of Yunnan HNT.




Figure S2. HNT-stabilized Pickering emulsion. Stability comparison of O/W emulsions
of 1% HNT dispersed in water at different temperature, 25°C (A), 30°C (B), 35°C (C)
and 40°C (D).
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Figure S3. The dispersion of HNT in Pickering emulsion.
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Figure S4. Cleaning capacity of different concentrations of HNT compared to LP for
removal of different stains from cotton by ultrasonic cleaner. Removal of different dyes

from cotton (A) and cleaning efficiency (B).
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Figure S5. Cleaning capability of HNT compared to LP for removal of different stains
from Dacron by ultrasound cleaner. Removal of chili oil, different dyes, and ink from

white Dacron (A), cleaning efficiency (B) and whiteness retention (C).
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Figure S6. Cleaning capacity of different clays compared to HNT for removal of basic
fuchsin dye from cotton by ultrasonic cleaner. Removal of basic fuchsin dye (A) and

cleaning efficiency (B).
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