Engineering 30 (2023) 153-160

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

Contents lists available at ScienceDirect

Engineering

Research
Textile Engineering—Article

Scalable Core-Sheath Yarn for Boosting Solar Interfacial Desalination R

Check for

through Engineering Controllable Water Supply

Xingfang Xiao*, Lugi Pan*, Tao Chen, Manyu Wang, Lipei Ren, Bei Chen, Yingao Wang, Qian Zhang *,

Weilin Xu *

State Key Laboratory of New Textile Materials and Advanced Processing Technologies, School of Textile Science and Engineering, National Local Joint Laboratory for Advanced Textile

Processing and Clean Production, Wuhan Textile University, Wuhan 430200, China

ARTICLE INFO ABSTRACT

Article history:

Received 6 November 2022
Revised 26 March 2023
Accepted 26 March 2023
Available online 7 June 2023

Keywords:

Interfacial solar desalination
Photothermal yarn

Tunable water supply
Core-sheath yarn

Salt clogging

Tailoring water supply to achieve confined heating has proven to be an effective strategy for boosting
solar interfacial evaporation rates. However, because of salt clogging during desalination, a critical point
of constriction occurs when controlling the water rate for confined heating. In this study, we demonstrate
a facile and scalable weaving technique for fabricating core-sheath photothermal yarns that facilitate
controlled water supply for stable and efficient interfacial solar desalination. The core-sheath yarn com-
prises modal fibers as the core and carbon fibers as the sheaths. Because of the core-sheath design,
remarkable liquid pumping can be enabled in the carbon fiber bundle of the dispersed super-
hydrophilic modal fibers. Our woven fabrics absorb a high proportion (92%) of the electromagnetic radia-
tion in the solar spectrum because of the weaving structure and the carbon fiber sheath. Under one-sun
(1 kW-m~2) illumination, our woven fabric device can achieve the highest evaporation rate (of 2.12
kg-m~2-h~! with energy conversion efficiency: 93.7%) by regulating the number of core-sheath yarns.
Practical application tests demonstrate that our device can maintain high and stable desalination perfor-

mance in a 5 wt% NacCl solution.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Clean water is vital for mankind’s survival [1-3]. However, as
populations grow and industrialization intensifies, providing suffi-
cient supplies of freshwater continues to be a significant challenge
for society and governments. Different approaches [4-7] have been
utilized to address the challenges of the global freshwater crisis.
Among these is solar interface evaporation (SIE) technology [8,9],
which localizes solar-thermal conversion and steam generation
near the air-absorber interface; SIE offers high conversion effi-
ciency and eco-friendly characteristics, and is a promising strategy
for the purification of water. Over the past several years, intriguing
photothermal materials and structures such as nanomaterials [10-
14] and bionic structures [15-17] have been exploited for efficient
photothermal conversion. These highly effective SIE technologies
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share the following merits [18-20]: (D greater than 90% absorptiv-
ity over the entire solar spectrum for an ideal photothermal con-
version, @ optimized water channels for maintaining consistent
supply of water for stable steam generation, and @ a relatively
low thermal conductivity for preventing heat loss to the water.
Excessive water transport, generally overlooked in conventional
designs, causes heat loss in absorbers; this limits the evaporation
rate [21-24]. To solve this problem, a key control point is water
supply balancing in the photothermal evaporator. Two main work-
ing mechanisms are employed to control the water flow: passive
[24-29] and active [21,28,30]. In a typical passive balanced water
supply, hydrophobic materials are used in the water supply chan-
nels to optimize water transport speeds [25,26] and to improve
photothermal conversion efficiency. In addition, water transport
is confined to the outer surface area rather than to the large, inner,
and interconnected pores of the porous photothermal evaporators.
These photothermal evaporators can potentially offer control of
water flow for a highly efficient interfacial evaporation process.
In an active system, balanced water flow can be achieved by indi-
rectly adjusting the external water flow rate [21,30]. However, dur-
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ing desalination, the stability and durability of these devices has
not been considered in either the passive or active designs because
balanced water flow limits the water content in the absorbers,
causing salt accumulation. Therefore, an optimally balanced water
flow for evaporators could simultaneously improve evaporation
performance and achieve durable salt rejection during desalination
in a facile and scalable manner to meet practical requirements.

In this study, we propose the novel concept of core-sheath yarn
(CSY) for controllable water flow to improve evaporation during
desalination. Fig. 1 illustrates the solar interfacial desalination pro-
cess of the CSY-woven fabric (CSY-F). The CSY is designed with two
layers: a carbon fiber-based photothermal fiber sheath that can
serve as an absorber [31-33] for solar energy capture, and a core
layer of super-hydrophilic modal yarn that can enhance the water
supply of the carbon fiber sheath. The CSY (acting as a warp) and
carbon fiber (acting as a weft) were used to fabricate a fabric-
based evaporator, in which the CSY served as a water channel.
Balanced water flow in this fabric-based evaporator can easily be
achieved by adjusting the number of modal yarns in the CSYs dur-
ing the weaving process. This is because of the poor water pump-
ing caused by the dense surface and lower polar surface energy of
the carbon fiber [34-36]. Balanced water flow can therefore enable
stable and efficient solar interfacial desalination. Because the
developed yarn and fabric were fabricated via traditional textile
technology, a device based on the core-sheath yarn is practical
and scalable.

2. Methods
2.1. Fabrication of CSY

First, water-soluble vinylon yarns (14.6 tex) were wound on the
surface of carbon fiber yarns (60 tex) using a fancy spinning small
sample machine to form a vinylon yarn/carbon fiber commingled
yarn (VCCY). The parameters of the twister were as follows: (D hol-
low spindle speed = 3000 revolutions per minute (rpm); @ front
roller speed = 10.07 m-min~!; @ ring spindle speed = 1400 rpm;
@ middle front roller speed = 1.95 m-min~'; & delivery roller
speed = 6.67 m'min~!; and ® middle rear roller speed = 1.30
m-min~'. Second, a two-dimensional (2D) braiding machine was
used to braid the VCCYs with the sheath and modal yarns (40

tex) as the core, forming CSYs.

2.2. Fabrication of fabric-based evaporator

The CSY-F was woven using an SGA598 semi-automatic weav-
ing machine (manufactured by Jiangyin Tongyuan Textile Machin-
ery Co. Ltd., China); weaving was carried out using the plain
pattern. The CSYs prepared as warps were arranged in the warp
direction to go through loom heddles and reeds; carbon fiber yarns
(360 tex) were used as wefts to insert tensional warps. The warp
and weft densities were 46 and 50 yarns per 10 cm, respectively.
Subsequently, a piece of plain weave CSY-F was formed. The pro-
duced CSY-F was placed in water warmer than 20 °C and washed
until the vinylon yarns on the carbon fiber bundle were completely
dissolved. The CSY-F after water washing (denoted as WCSY-F) was
folded into a U-shape with a size of 3 cm x 3 cm x 2 cm (length x
width x height) and embedded in an expandable polyethylene
(EPE) foam of approximately 10 mm thickness to enable the evap-
orator to float stably on the water surface. The produced CSY-F was
placed in boiling water and left there overnight. The CSY-F was
then repeatedly soaked with room temperature water until no
foam was produced on the CSY-F surface. The vinylon yarns on
the carbon fiber bundle were completely dissolved.
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2.3. Characterization of the CSY and CSY-based fabric

The microscopic morphology of the various samples was exam-
ined using a field-emission scanning electron microscope (Sigma
500; Carl Zeiss AG, Germany) and a digital video microscope
(RH-2000; HiROX, Japan). A ultraviolet-visible/near infrared (UV/
vis/NIR) spectrometer (UV-3600Plus; Shimadzu, Japan) equipped
with an integrated sphere was used to measure the optical trans-
mittance and reflectance spectra of the sample surface. The absorp-
tion spectra of the samples were calculated accordingtooc=1-p — 1,
where o, p, and 7 are the absorptivity, reflection, and transmission

of the sample, respectively. The average solar absorptivity (Assr) in
the full solar spectrum (0.3-2.5 pm) was calculated

2.5
= W Here Iso1a:(4) represents the solar intensity
03 'solar(#)04

spectrum at air mass (AM) 1.5, and A(4) is the spectral absorptivity
of a sample. A moisture management (MMT) test liquid moisture
manager (m290; SDLATLAS, USA) was used to measure the ability
of a sample to absorb water. Real-time heat distribution images
were obtained using an infrared thermal imager (FLIR ES8;
Frestamp, USA). Temperature changes were constantly monitored
using a multiplexed temperature recorder (TS-08A; SHSIWI,
China). The ion concentration was measured using ICP-OES
(Agilent 5110; Agilent Technologies Inc., USA).

as: Asolar

2.4. Solar steam generation

Solar steam generation was conducted in a laboratory at con-
stant temperature and humidity during the experiment. A solar
simulator (CEL-HXF300-T3 photocatalytic xenon light source;
China Education Au-light, China) was used to simulate sunlight.
A power meter (CEL-NP2000-10 full-spectrum strong light power
meter; China Education Au-light) was used to measure the radia-
tion of the xenon lamp and maintain it at an illumination intensity
of 1 kW-m 2 (1 sun). An electronic balance with an accuracy of
0.0001 g was used to record the mass change every ten seconds.

3. Results and discussion
3.1. Preparation of the CSY and CSY-based fabric

In addition to the carbon fiber and modal yarn, we selected
vinylon yarns to improve the manufacturability of the carbon
fibers. This is because the inherent rigidity of the carbon fiber
can make weaving difficult. The preparation process of the CSYs
and CSY-Fs is shown in Fig. 2(a), including spinning, CSY braiding,
and fabric manufacturing. Vinylon yarn (14.6 tex, 20 °C water solu-
ble; Fig. S1 in Appendix A) and carbon fiber filaments (60 tex) were
first twisted together to form a VCCY in a fancy twister (Fig. 2(b)).
More detailed spinning of the VCCY fabrication is shown in Movie
S1 in Appendix A. The VCCYs were white in color (Fig. 2(c)) owing
to the wrapping of the vinylon yarns. Fig. S2 in Appendix A shows
that the carbon fiber was partially covered by vinylon yarns, which
favored the protection of the carbon fiber during the entire weav-
ing process. The CSYs were fabricated by wrapping the VCCYs over
a super-hydrophilic modal yarn (Fig. 2(a)). An industrial 2D braid-
ing machine (Fig. 2(d)) was used for the fabrication and mass pro-
duction of the CSYs (Movie S2 in Appendix A). The CSYs produced
by this method are shown in Fig. 2(e), which demonstrates that
vinylon yarns can protect the carbon fiber during the entire braid-
ing process. The CSYs were used as the warp, and carbon fiber (360
tex) was employed as the weft in CSY-F to produce a plain CSY-F in
a weaving machine (Fig. 2(f)). Because of the solubility of the viny-
lon yarns in water, the CSY-F after water washing appeared black
for solar interfacial evaporation (Fig. 2(g)). CSYs and CSY-Fs can
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Fig. 2. Scalable and mass production for CSY and CSY-F. (a) Schematic illustration of the fabrication of core-sheath structure yarn and fabric. (b) Photograph of an industrial
fancy twister. (c) Photograph of a package of VCCYs. Scale bar: 2 cm. (d) Photograph of a 2D braiding machine for fabricating core-sheath structure yarns. (e) Photograph of a
package of CSYs. Scale bar: 2 cm. (f) Photograph of the weaving machine for fabricating CSY-F. (g) Photographs of a CSY-F before and after water washing. Scale bar: 1 cm.

adapt to the varying mechanical requirements of industrial weav-
ing machines to meet the demand for scalable production.

3.2. Characterization

Fig. 3(a) shows a cross-section image of the CSY comprised of
the core (the red arrow) and sheath layer of the WCSY. Fig. 3(b)
shows the WCSY that appears after water washing. The WCSY
appears to have a close and interactive weave, which can result
in high light absorption via zigzag reflections. Laboratory tests
measured the water pumping performance of the braided carbon
fiber yarn without the core of the modal yarn (denoted as BCFY;
Fig. S3 in Appendix A), and the WCSY with one strand of modal
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yarn (Figs. 3(c) and (d)). WCSY (Fig. 3(c)) and BCFY (Fig. 3(d))
(length: 50 mm) were simultaneously inserted vertically into a
red dye solution. Although the wettability of the carbon fiber did
not change (Fig. S4 in Appendix A), owing to the capillarity of the
yarn, water could be pumped along the vertical direction of the
yarn. As expected, we found that the core of the modal yarn can
remarkably increase the liquid supply rate of the carbon fiber yarn.
The white tissue paper at the top of the WCSY with one strand of
modal yarn can be dyed red within 100 s (Fig. 3(c)). However, it
takes 270 s for the dye to reach the top of the BCFY (Fig. 3(d)). Thus,
balanced water transport of a CSY-F-based evaporator can be easily
achieved by adjusting the number of modal yarns in the CSY during
the weaving process. The three-dimensional (3D) micrographs of
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Fig. 3. Characterization of core-sheath structure yarn and fabric. (a) Scanning electron microscope (SEM) image of cores-heath structure yarn in the cross-section. The red
arrow indicates the modal yarn core. Scale bar: 200 pm. (b) SEM image of core-sheath structure yarn in the surface section. Scale bar: 200 pm. The water pumping
performance of (c) WCSY with one strand of modal yarn and (d) BCFY. 3D micrographs of (e) the CSY-F and (f) WCSY-F. Scale bar: 1 mm. (g) Absorptivity spectra of fabrics over
the whole spectrum. The yellow curve: AM 1.5 Global solar spectrum. (h) The infrared images show the temperature of the WCSY-F one-sun illumination.

CSY-F and WCSY-F shown in Figs. 3(e) and (f) reveal that the viny-
lon yarn wrapped around the CSY can be washed off completely in
water. An absorptive test was performed to evaluate the pho-
tothermal performance of CSY-F. The light absorption properties
over the entire solar spectrum (Fig. 3(g)) indicate that CSY-F had
a significant photothermal effect. Absorptivity testing revealed
that the absorptivity over the entire solar spectrum of WCSY-F
(92%) was significantly higher than that of the carbon fiber cloth
(58%) and CSY-F (85%). Under one-sun illumination, the surface
temperature of WCSY-F can reach up to 61.4 °C (Fig. 3(h)), indicat-
ing high photothermal conversion performance.

3.3. Photothermal evaporation performance

Engineering a controllable water supply is a critical factor in
boosting interfacial evaporation performance [23,37,38]. The core
modal yarn in our CSY design can adjust its water-pumping perfor-
mance (see Fig. 3(c)). We adjusted the number of core modal yarns
in the CSY to investigate the photothermal evaporation perfor-
mance of different water supplies. In Fig. 4(a), three CSYs with O,
8, and 16 strands of modal yarn were designed for the WCSY-F-
based evaporators. After water washing, these CSYs are denoted
as 0-WCSY-F, 8-WCSY-F, and 16-WCSY-F, respectively. The corre-
sponding WCSY-based evaporators are denoted as 0-WCSY-F, 8-
WCSY-F, and 16-WCSY-F, respectively. Fig. 4(b) shows 3D cross-
section micrographs of 0-WCSY, 8-WCSY, and 16-WCSY.

Compared with 0-WCSY (Fig. S5(a) in Appendix A), 8-WCSY
exhibits faster water pumping owing to the core modal yarns in
the CSY (Fig. S5(b)); its water pumping performance is comparable
to that of 16-WCSY (Fig. S5(c)). We used an MMT (Fig. S6(a) in
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Appendix A) to investigate the engineering-controllable water sup-
ply of the core modal yarn. The relative water content of the corre-
sponding WCSY-Fs was proportional to the number of core modal
yarns in the CSY (Fig. S6(b)). Fig. S7 in Appendix A shows that the
wettability of the WCSY-Fs was remarkably different after 1 h of
illumination. This demonstrates the ability of the core modal yarn
to be engineered for a controllable water supply. Further, the num-
ber of core modal yarns in the CSY did not affect the optical prop-
erties (Fig. S8 in Appendix A), mechanical strength (Fig. S9 in
Appendix A), or thermal conductivity (Fig. S10 in Appendix A) of
the WCSY-Fs. To evaluate the photothermal performance of the
CSY-F-based evaporators, evaporation experiments were con-
ducted in a laboratory environment (temperature, (22 + 1) °C;
humidity, 50% + 5%). The container was surrounded by thermal
insulation (foam) and aluminum foil to eliminate solar energy
and heat the bulk water (Fig. 4(c)). As shown in Fig. 4(d), the core
modal yarn of the CSYs was designed to adjust the supply of water,
while the sheath carbon fiber converted solar energy into heat. The
synergistic effect of the two components in the CSYs resulted in
excellent interfacial evaporation performance. First, we tested the
temperature changes of 0-WCSY-F, 8-WCSY-F, and 16-WCSY-F
under one-sun illumination. The temperature distribution in the
infrared (IR) images of the CSY-Fs (inset in Fig. 4(e)) demonstrated
that the three WCSY-Fs could efficiently utilize solar energy to pro-
duce steam. However, owing to the different water supplies, the
real-time temperature of WCSY-Fs using a temperature detector
showed differences (Fig. 4(e)). The heating rates of 0-WCSY-F and
8-WCSY-F were relatively close to but higher than those of
16-WCSY-F. The difference in the temperature variations of the
three WCSY-Fs indicated that they had different photothermal
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Fig. 4. Photothermal evaporation of the fabric-based evaporator. (a) Schematic illustration of the fabric-based evaporator with different water supply. Three CSYs with 0, 8,
and 16 beams modal yarn were applied in WCSY-F-based evaporators, which are named 0-WCSY-F, 8-WCSY-F, and 16-WCSY-F, respectively. (b) 3D micrographs of 0-WCSY,
8-WCSY, and 16-WCSY at the cross-section. Scale bar: 500 pm. (c) Photograph of the evaporation still. Scale bar: 2 cm. (d) Schematic diagram of the CSY-F-based evaporator
realizing fast solar-thermal water evaporation. (e) Temperature response of the 0-WCSY-F, 8-WCSY-F, and 16-WCSY-F over one hour under one-sun illumination and the IR
imaging photographs of these WCSY-Fs after one-hour illumination. (f) Mass losses of the 0-WCSY-F, 8-WCSY-F, and 16-WCSY-F, when treating DI water under one-sun

illumination.

conversion efficiencies. The deionized (DI) water evaporation rate
of the WCSY-F-based evaporators was tested under one-sun illumi-
nation. The evaporation curves of the evaporators are shown in
Fig. 4(f). As the quantity of core modal yarn increases in CSYs,
the evaporation rate first exhibits an increasing and then a
decreasing trend. As shown in Figs. S11 and S12 in Appendix A,
the evaporation rates and photothermal conversion efficiency of
0-WCSY-F, 8-WCSY-F, and 16-WCSY-F were also calculated to be
1.60 kg-m 2h ! (63.4%),2.12 kg:m 2h"' (93.7%), and 1.75 kg-m -
-h™1 (75.3%), respectively. The evaporation results show that the
optimized number of core modal yarns in the CSYs is eight, reveal-
ing that 8-WCSY-F can achieve a balanced water supply. The value
is comparable to that of high-performance solar evaporators with
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controllable water supply reported previously under one-sun illu-
mination (Fig. S13 in Appendix A).

3.4. Durable salt-rejection

Because salt accumulation at absorbers is a critical factor in
lowering the performance of evaporators during solar interfacial
evaporation [39-41], we conducted a long-term simulated seawa-
ter (5 wt% NaCl solution) evaporation experiment for 8 h in the lab-
oratory. As shown in Fig. 5(a), the salt gradually accumulated on
the surface of the 8-WCSY-F-based evaporator, in which two water
paths wicked water to its top for solar evaporation. The WCSY-F-
based evaporator with different water paths is denoted as the
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WCSY-F-based evaporator with different water paths is denoted as the XP-8-WCSY-F-based evaporator, where X is the number of water paths). Scale bar: 1 cm. Schematic of
the salt crystallization in the (b) 2P-8-WCSY-F and (c¢) 4P-8-WCSY-F. (d) Mass losses and evaporation rates of the 2P-8-WCSY-F and 4P-8-WCSY-F over 8 hours.
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XP-8-WCSY-F-based evaporator, where X is the number of water
paths. However, owing to fast natural convection in the two water
supply paths [16,42,43] (Fig. 5(b)), an appreciable amount of salt
can only be found in the middle of 8-WCSY-F. Next, owing to the
unique flexibility of fabrics, we added two extra water paths for
salt diffusion via an origami design (4P-8-WCSY-F). As expected,
the surface of 4P-8-WCSY-F showed no obvious change during
8 h of evaporation in the 5 wt% NaCl solution (Fig. 5(a)) owing to
the addition of the extra two water paths (Fig. 5(c)). As shown in
Fig. 5(d), the evaporation rates of 4P-8-WCSY-F and 2P-8-WCSY-F
were relatively close during the first two hours of evaporation,
which indicates that the addition of salt diffusion paths in the 8-
WCSY-F-based evaporator did not influence its evaporation perfor-
mance. However, owing to salt accumulation at 2P-8-WCSY-F after
four hours of solar illumination, the evaporation rate of 2P-8-
WCSY-F shows a downward trend. During continuous one-sun illu-
mination for 8 h, the evaporation rates of 4P-8-WCSY-F were main-
tained at a high level. Furthermore, 4P-0-WCSY-F and 4P-16-
WCSY-F were used to test their stability after eight hours of one-
sun illumination in a 5 wt% NaCl solution. The mass change of
the liquid with the WCSY-F-based evaporators evolved almost lin-
early (Fig. S14(a) in Appendix A). As shown in Fig. S14(b), the evap-
oration rates of 4P-8-WCSY-F and 4P-16-WCSY-F were maintained
at high levels. Similar to DI water, the evaporation rates of 4P-8-
WCSY-F were higher than those of 4P-0-WCSY-F and 4P-16-
WCSY-F during the long-term solar desalination. The decrease in
evaporation rates of 4P-0-WCSY-F can be attributed to salt accu-
mulation at its surface during the long-duration test (Fig. S13(c)).
An outdoor experiment was performed to collect the vapor gener-
ated by light irradiation to evaluate the desalination performance
of the evaporator (Fig. S15(a) in Appendix A). As shown in
Fig. S15(b), the ion concentration in the condensed water (Na*:
0.64 mg-L !, B>*:0.13 mgL ', K*: 0.086 mg-L !, Mg?*: 0.17 mg.L !,
Ca?*: 0.76 mg-L~') met the healthy drinking water standards set by
the World Health Organization.

3.5. Large-scale outdoor test

To further verify the performance of the WCSY-F-based evapo-
rator under realistic weather conditions, we conducted a continu-
ous outdoor experiment on sunny days. Because both CSYs and
CSY-Fs were fabricated by industrial weaving methods, a larger-
scale WCSY-F (Fig. 6(a)) was easy to fabricate in our laboratory.
The large-scale WCSY-F-based evaporator is shown in Fig. 6(b).

According to the results described in Section 3.3, the optimized
number of modal yarns in CSY is eight strands for this larger-scale
WCSY-F-based evaporator. Fig. 6(c) shows the outdoor testing
equipment where highly transparent plexiglass is used to enable
sunlight absorption of the larger-scale WCSY-F. A pyranometer
(Fig. S16 in Appendix A) was used to record the incident solar flux
and environmental temperature. The experiment began at 09:00
(local time) and ended at 17:00 (local time). Fig. S17 in Appendix
A and Fig. 6(d) show the weather conditions during seven days of
experiments (October 12 to 18, 2022). As displayed in Fig. 6(e),
the steam yield was at a rate of about 7.5 L-m 2.d ! and no obvious
salt could be found during the continuous outdoor experiment,
which proves that this fabric-based evaporator with an engineering
water supply has excellent stability on-site.

4. Conclusions

We reported a versatile core-sheath photothermal yarn and
demonstrated a fabric-based evaporator via a large-scale weaving
technique for stable and efficient solar interfacial desalination.
With modal yarn (core layer) and carbon fiber (sheath layer) as
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the water channels and photothermal material, respectively, a ver-
satile yarn was obtained using a large-scale 2D braiding technique.
The employed innovative yarn structure demonstrated its
photothermal performance under the sun and provided a sufficient
water supply for water evaporation. Experimentation showed that
balanced water could easily be achieved (because of the poor water
pumping of the carbon fiber) by adjusting the number of core
modal yarns. This enabled stable and efficient solar interfacial
desalination. In addition, both core-sheath structure photothermal
yarns and fabric-based evaporators were fabricated via traditional
textile technology, which demonstrates the practical feasibility of
large-scale applications.
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