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Environmental significance

Development of a novel cellulose foam
augmented with candle-soot derived carbon
nanoparticles for solar-powered desalination of
brackish waterft

Amrit Kumar Thakur, @ *2 Ravishankar Sathyamurthy,*® R. Velraj® and Iseult Lynch @ *c

Scarcity of clean water is a worldwide challenge, hampering the further development of human civilization. Solar
driven water desalination using solar stills (SS) provides an attractive and sustainable approach to solve this severe
challenge by converting brackish water to freshwater using solar energy. However, the low thermal performance
and water productivity of this approach are bottlenecks for realizing efficient clean water harvesting from brackish
water. Here, we designed and implemented a tubular SS for brackish water purification using fully renewable and
locally available materials, namely a novel porous 3-dimensional cellulose foam (CF) modified by deposition of
carbon nanoparticles synthesized from candle soot (CSCNPs). With its rough surface, the modified CF could
absorb more than 92% of the energy across the solar spectrum. The 3-D interconnected hydrophilic micro-
channels of the CSCNP modified foam fibers augment heat localization and promote excellent water
transportation. The solar driven evaporation efficiency of the modified tubular SS resulted in a full day water
production of 6.40 L m™ (compared to 2.32 L m™ for the conventional tubular SS) with peak evaporation
efficiency of 360% and significantly lower water cost per liter. The CSCNP modified CF based tubular SS unit thus
offers a low-cost and efficient choice for improved solar driven evaporation and freshwater production. The
presented work provides new insights into solar driven evaporation/condensation processes and thermal
performance during sustainable brackish water desalination and waste-water management.

Water scarcity is becoming an increasingly pressing issue, particularly for people living in low-income countries where centralized water infrastructure is
often lacking. Various desalination methods are available to address the prevailing water scarcity, however, most require advanced infrastructure, and have

huge energy requirements for operation which mainly comes from fossil fuels. Using abundant solar energy, solar desalination using solar stills holds great
potential for producing fresh water from sea/brackish water, however it has low energy efficiency and water productivity, which has limited its widespread
adoption so far. Our work demonstrated a way to convert candle soot, which is considered an air-pollutant, into highly conductive low-cost carbon

nanoparticles which are deposited onto cellulose foam with a 3-D interconnected structure and used in a tubular solar still to convert brackish water into
potable water. The low-cost device achieves peak water productivity of 6.4 L m > under outdoor conditions, with a freshwater cost of 0.009 US $ per liter.
The architecture and design principles revealed in the present work will pave the way for highly efficient low-cost passive desalination systems for remote
locations and could potentially be used in further solar-thermal applications.

1. Introduction

water scarcity is becoming more severe globally, impacting the
potential for sustainable environment development."* With

With ongoing rapid growth in worldwide population and
tremendous expansion in manufacturing and farming, clean
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the present growth in population, it is expected that by 2025,
around 3500 million people will suffer from (clean) water
stress.>* Substantial efforts have been applied to alleviate the
clean water crisis utilizing methods such as multi-effect
distillation and reverse osmosis filtration. However, these
methods generally require high energy consumption and their
engineering requirements have high costs,” which leads to
other adverse ecological problems. Therefore, there is an
urgent need to design and develop low-cost, pollution-free
sustainable approaches for efficient water purification.®
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Solar energy, as an essential source of renewable energy,
can be used for seawater or brackish water desalination and
wastewater purification, providing an alternate sustainable
answer to the severe water crisis.” Solar based desalination
units or solar stills (SS) are low-cost, simple devices with low-
maintenance and long-life operation, which are widely used
to purify brackish/sea water using solar energy.® Nevertheless,
they possesses low water yield and low thermal efficiency and
thus, several modifications have been proposed to augment
the performance of SS. Modification of the design of the still,
such as pyramid SS° and hemispherical SS'° have been
implemented to improve the performance of the SS. Recently,
tubular SS (TSS) are gaining attention owing to their unique
design, allowing the absorber of the still to be exposed
throughout the day to solar radiation from all directions and
eliminating the shadow effect present with other (front-
facing) geometries which reduces the intensity of radiation
that leads to reduced water yields."" In addition, the
cylindrical shape of the cover in the tubular format provides
an optimum geometry for condensed water to easily collect at
the outlet, compared to other designs where the condensate
water flows along the inclined flat-cover.

The efficiency of solar desalination units can be further
improved by enhancing the solar absorption and heat
localization. Higher solar-absorption materials allow faster
and more efficient absorption of solar energy. When sunlight
falls onto a material, an electromagnetic interaction occurs
that converts some of the solar energy into other forms such
as thermal energy, via a process known as photo-thermal
conversion.'>"® Various photo-thermal advanced materials,
such as carbon-based,**** plasmonic metal-based,>** heat
localized materials,”® metal-organic framework®” and
molybdenum disulfide*® have been explored. However, these
nanomaterials are typically expensive, raise environmental
concerns (in terms of the energy required for their
production, their use of elements that have limited
availability in the earth's crust, or as a result of inherent
toxicity), are often biologically non-compatible and may
require complicated synthesis processes that restricts their
large scale usage. To address the aforementioned challenges,
cellulose foam (CF) modified with photo-thermal materials
have recently attracted huge interest owing to their renewable
nature, cheaper cost, excellent porosity and biodegradability,
along with their robust mechanical properties. The large
specific surface area (SSA) and rough surface of CF makes it
conducive to solar radiation capture. In addition, CF exhibits
excellent  hydrophilicity, =~ which promotes higher
transportation of water through the fibres of the foam.”

High grade carbon nanoparticles can be extracted from
candle soot (CS) by burning the candle. Till 2007, candle soot
was considered as an unwanted pollutant, but Liu et al.*®
and Mulay et al.*® reported that the soot is a vital source of
carbon nanoparticles. CS derived carbon nanoparticles are
produced from the combustion of paraffin wax which
generates interconnected porous ‘fractal-like’ nano-sized
carbon particles.*® This is an efficient way of converting a
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household pollutant into a useful nanoparticle for energy
applications. The resulting carbon nanoparticles exhibit
excellent conductivity with large SSA and a mesoporous
structure,®® and are widely used in anode materials,*
supercapacitors and solar cells.**??

Herein, we demonstrate a simple and effective method for
fabricating candle soot carbon nanoparticles (CSCNPs)
functionalized cellulose foam (CF) and show its utility in
improving the evaporation, thermal performance and water
yield of a tubular SS. Three different tubular SS were tested -
without any modification, TSS modified with the cellulose
foam only (TSS-CF), and TSS modified with the CSCNP-
functionalized cellulose foam (TSS-CSCNP-CF) - under the
outdoor conditions of Coimbatore, India in July, 2021 and
the effect of CSCNP-CF and CF on evaporation and water
yield of the TSS were analyzed. Considering the low cost, easy
preparation, and high evaporation rate, this foam based
brackish water desalination system exhibited great potential
for water purification and clean water generation in high-
sunshine areas that lack larger-scale water purification
infrastructure.

2. Experiments and methods
2.1 Preparation of candle soot carbon nanoparticles (CSCNP)

CSCNPs are collected from a colorless and unscented paraffin
wax purchased from the local market in Coimbatore, India.
Carbon soot is collected from the flame's tip onto a clean
glass slide, and the schematic of soot deposition on glass is
depicted in Fig. 1. The glass slide is exposed to the flame tip
for 10 min to deposit the soot and then it was collected from
the glass. The process of collection of CSCNPs was continued
until a sufficient amount of sample was obtained. In this
work, a candle of 1.4 cm diameter and 12 cm length
generated around 0.52 g of soot after complete burning. The
soot may have some unburned paraffin wax which can be
completely removed by heat treatment. The soot was thus
heat-treated in a muffle furnace at 450 °C for two hours in
air to effectively remove any residual wax and to achieve
fractal-like carbon nanoparticles.®®> The mass of residual
paraffin wax was very meager as the soot weight loss was only
4% after the heat treatment. Apart from removing paraffin,
the high temperature heat treatment also improves the
crystallinity of the synthesized CSCNPs.*’

2.2 Preparation of CSCNP-cellulose foam

The cellulose foam (CF) was purchased from a commercial
supplier and exhibited an even surface, which is
advantageous for the attachment of CSCNP. The candle soot
carbon nanoparticles-cellulose foam (CSCNP-CF)
prepared using the physical liquid deposition method and
the steps involved in its preparation are presented in Fig. 1.
Firstly, a disc of CF with 8.5 cm diameter and 1 cm thickness
was removed from the rectangular CF and was cleaned for 20
minutes with ethanol by sonication, and then thoroughly
washed with de-ionized (DI) water. The cleaned CF was

was

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Preparation route of candle soot carbon nanoparticles (CSCNPs) and their deposition onto cellulose foam (CF).

placed for 24 hours inside a vacuum drying oven at 50 °C.
Meanwhile, 1 g of CSCNP (produced by burning a paraffin
wax candle onto a glass sheet) were mixed with 100 mL of DI
water and sonicated using a probe sonicator (SM750PS,
Samarth Electronics, India) for 60 minutes at 15 kHz to
uniformly mix the CSCNP. The CF was immersed into the
CSCNP solution and treated by sonication for 100 minutes.
Finally, the CF/CSCNP-CF was thoroughly rinsed with DI
water, and dried. The adhesion mechanism between the CF
and CSCNP is mainly physical adsorption, specifically van
der Waals and electrostatic forces. Six identical CF and
CSCNP-CF discs were prepared and used in the TSS to
evaluate the effect of CSCNP/foam on the evaporation rate
inside the TSS.

2.3 Characterization of the CSCNP and CSCNP-CF materials

Scanning electron microscopy (SEM) analysis was carried out
to verify the attachment of CSCNP to the CF. The structural
morphology of CSCNP, CF and CSCNP-CF were analyzed using
field emission (FE)-SEM (CARL ZEISS, USA). Energy dispersive
X-ray spectroscopic (EDX) analysis was performed using a
Nano-XFlash detector (BRUKER, GERMANY). Nitrogen
adsorption-desorption isotherms were measured at 77 K with
BELSORP-max (MicrotracBEL Corp. Japan). The SSA was
determined by the Brunauer-Emmett-Teller (BET) technique
from adsorption isotherms and the pore size and pore
volumes were determined by Brunauer-Joyner-Halenda (BJH)
analysis. Non-localized density functional theory (NLDFT) and
grand canonical Monte Carlo (GCMC) simulations were used

This journal is © The Royal Society of Chemistry 2022

to determine the pore size distribution. X-ray Diffraction
(XRD; D8-Advance, Bruker, Germany) was used to study the
chemical structure of the CSCNP. Raman spectroscopy of the
CSCNP was carried out on a confocal Raman microscope
(WiTec alpha 300, Germany) to analyse the molecular
interactions. Thermogravimetric analysis (TGA) of the CSCNP
was conducted using TA Instruments (SDT-Q600, USA) from
30 °C to 800 °C to study nanoparticle decomposition. The
optical absorbance behaviours of CF, CSCNP and CSCNP-CF
were analyzed using UV-vis spectrophotometry (Perkin Elmer
LAMBDA 950). The hydrophilic behavior of CF and CSCNP-CF
were examined using a contact angle meter from Dataphysics,
GmbH (OCA 20, Germany).

2.4 Outdoor experimental set-up of the tubular SS

The proposed tubular desalination units were placed on the
roof of the Department of Mechanical Engineering, KPR
Institute of Engineering and Technology, Arasur, Coimbatore,
Tamilnadu, India (latitude 11.08° N and longitude 77.13° E)
and outdoor experiments were carried out at atmospheric
pressure of 97 kPa (test site pressure). Photographs of the test
set-up and close-up images of condensation on the TSS
surface are depicted in Fig. 2(a and b). Three identical
tubular desalination units - (i) bare tubular solar still (TSS),
(ii) tubular solar still with CF (TSS-CF); and (iii) tubular solar
still with CSCNP-CF (TSS- CSCNP-CF) - were placed
southward facing and their performance was investigated
under typical weather conditions in July, 2021. The tubular

Environ. Sci.: Nano, 2022, 9, 1247-1270 | 1249
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Fig. 2 (a) Photograph of the TSS experimental test set-up without CF, functionalized with CF, and functionalized with the CF modified with candle
soot derived carbon nanoparticles, (b) photographic view of water droplets condensing on the cover of the TSS.
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desalination unit consists of a transparent cylindrical cover
with a metallic water basin.

The incident solar radiation falls on the TSS cover,
penetrates and reaches the water absorber. Subsequently, the
absorber absorbs the incident solar radiation and becomes
heated. Accordingly, the brackish feed-water in contact with
the absorber gets warm, leading to the initiation of the
evaporation process. The generated water vapour then reaches
the inner cover surface (under buoyancy) which has a lower
temperature and thus condensation of the water vapour
starts. Owing to the rounded shape of the transparent cover,
the condensate flows to a trough and is collected via a beaker.
The tubular desalination unit was made of 4 mm thick
transparent acrylic sheeting (transmissivity = 0.88) with an
diameter of 290 mm and length of 530 mm. The water basin
was fabricated using a 2 mm thick milled steel absorber plate
with length, width, and height of 500 mm, 270 mm and 50
mm respectively. A thin layer of black paint was coated onto
the absorber to maximize solar absorption and minimize
reflection. CF and CSCNP-CF (six of each) were placed inside
one of the three water basins (absorber only, CF-absorber,
and CSCNP-CF-absorber) to evaluate their impact on water
evaporation and water productivity. Brackish water was fed
into the basin from a separate water tank (40 L capacity) via a
flexible hose. Each TSS was filled with brackish water before
the start of the experiment at 9 AM and the basin was refilled
with brackish water every hour based on the volume of
distillated fresh water output from the respective TSS. The
temperature of the water in the still, at the absorber and at
the acrylic cover were measured using J-type thermocouples.
An anemometer (vane type, AVM-03) was used to measure the
wind speed. A solar power meter (TES-132) was used to
measure the solar radiation and all ambient parameters and
temperatures were recorded on an hourly basis.

Estimation of the freshwater yield was carried out using a
calibrated flask. The following equation is applied to assess
the propagated uncertainty in the calculation of the yield,
based on uncertainties in the measured parameters, of the
function x:**

v aXU 2+ bXU 2+ ............ + aXU ”(1)
R ACR ax, oxy "

where, ‘U,’ represents the propagated uncertainty of ‘X’ and
‘U,” is the uncertainty of measured parameter ‘x,’. The
uncertainties associated with the instruments and the range
are provided in Table 1.

Table 1 Specifications of measuring devices and corresponding uncertainty

View Article Online
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3. Evaporation and exergy efficiency
analysis of tubular desalination unit
3.1 Evaporation efficiency of the TSS

The evaporation efficiency (#evap) of the tubular solar
desalination units utilized in this work are determined using
eqn (2):"

m X Lig
Nevap = 1% A, (2)

where, m,, = total freshwater yield of the TSS (kg), L, = latent
heat of evaporation of water (k] kg™"), A, = area of the TSS
acrylic cover (m?), I = solar radiation (W m?).

3.2 Second law efficiency analysis of the TSS

The 2nd law efficiency (exergy) of the three TSS was
determined using eqn (3):®

ZEx,input - ZEx,output = Ex,destruction (3)

where Eyinpye = input exergy, Eyou = output exergy, and
Ey dqestr = destruction exergy.

The TSS relies completely on solar radiation to work, and
thus the exergy input of the TSS is equal to the solar

radiation exergy (Ey,sun), Which is calculated as follows:

ZEx,input - Ex,sun =1Ix Aabs (4)
{ 4 (Ta + 273.15) 1 (Ta + 273.15)4}
X1-—x— ]+ x| —
3 Tsun 3 Tsun

where T, = ambient temperature (°C), Ts,, = temperature of
the sun (6000 K), and A,,s = TSS absorber area (m?).
Exergy output is determined from the following equation:

mx Lig T, +273.15
Ex output = Ex.evap = 3600 {1 B (TW +273.15 ©)

where, T,, = water temperature (°C).
The 2nd law efficiency (exergy) of the TSS is determined
using eqn (6):
Ex,output
lex = 7 — (6)

Ex,input

3.3 Rate of irreversibility from TSS cover, water and absorber

The second law efficiency (exergy) of a system that is under
equilibrium with the environment is equal to zero. However,

Measurement device Measuring range Accuracy Uncertainty (%)
Thermocouple (J-type) 0-400 °C +0.1 °C +1.57

Solar power meter (TES-132) 0-2500 W m™ +10 W m™> +3.56
Anemometer (AM-4832) 0-25ms" +0.1ms " +2.34
Calibrated flask 0-1000 mL — +1.5

This journal is © The Royal Society of Chemistry 2022
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irreversibility of the actual processes (ie., losses to the
environment) cause the generation of entropy, which in turn
destroys the exergy efficiency.”> Thus, to decrease the
irreversibility, significant efforts should be made to
determine and reduce the irreversibility effects and thus, to
evaluate the rate of irreversibility. The total rate of
irreversibility is the summation of the destruction of exergy
and loss of exergy.

The rate of irreversibility from the TSS cover is determined
using eqn (7):*°

T,
I = QcExgun + Ub(Tc - Ta) (1 -2 ) (7)
T'abs

The rate of irreversibility from water is determined using eqn
(8):36

Ty
Iiw = 7-'c'O‘w'EJc.,sun + Ub(Tw - Tc) 1- _Ex,evap (8)

Tabs

The rate of irreversibility from absorber is determined using
eqn (9):*°

Ty
Ir,abs = Tc*Tw* Xabs 'Ex,sun + Ub(Tabs - Tw) 1- T (9)
abs

4. Results and discussion

4.1 Structural characterization of CSCNP and CSCNP-
cellulose foam

To confirm the morphological structure of the synthesized
CSCNP, FE-SEM analysis was carried out and the results are
depicted in Fig. 3(a and b). The CSCNPs exhibit a loose
‘fractal like’ network structure formed by carbon particles
with the particle size ranging between 50-120 nm. Fig. 3(c)
depicts the elemental composition (EDX) of the CSCNP,
which clearly highlights the major presence of C (89.84%)
and O (10.16%). Similar carbon composition (89-91%) was
also reported in previous work.’” The adsorption/desorption
isotherms, for analyzing SSA, pore volume and pore diameter
of the CSCNP, are depicted in Fig. 3(d and e). From the
adsorption-desorption curve in Fig. 3(d), the surface area of
the CSCNP was found to be 130.4 m® g and the total pore
volume was 0.797 ecm® g™'. From the pore size distribution
analysis by NLDFT/GCMC, peak pore size was found to be
11.98 nm (Fig. 3e). Fig. 3(f) depicts the XRD pattern of the
CSCNP, demonstrating prominently two sharp diffraction
peaks at 25.5° (002) and 42.7° (100). The broad peak centered
at 25.5° (20) illustrates that the CSCNP are mostly nano-
crystalline in nature. The peak at 42.7° (20) mainly resulted
from the interlayer scattering of graphene stacks, which
clearly demonstrates the existence of graphitic structure.?®
The crystallite size of graphite is determined using the
Scherrer formula, as per eqn (10):*°
MK
L= p-cos 6

(10)
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where, L is the crystallite size of graphite, 1 is the wavelength
(1.54 x 107'° m), K (0.9) is the Scherrer constant, § is the full-
width at half maximum of the peak (002) in radian and @ is
the diffraction angle. The crystallite size of CSCNP was
calculated as 3.12 nm. Fig. 3(g) depicts the Raman spectrum
of the CSCNP and two distinct bands, D-band (1340 cm™)
and G-band (1593 cm™) are observed. The G-band represents
crystalline graphite, and the high intensity of the G band
corresponds to highly graphitized carbon. The D band can
only be seen in disordered graphite and indicates the
presence of amorphous carbon. The peak at 1340 cm™
indicates the presence of some disorder in the graphene
sheet.

Fig. 3(h) presents the TGA analysis of the CSCNPs,
enabling evaluation of its mass decomposition under
different temperature conditions. As shown in Fig. 3(h),
under a nitrogen atmosphere the weight loss in the first stage
(room temperature to 200 °C) is ~6.3%, which is most likely
owing to the evaporation of residual water present in the
sample. Similar loss for soot was also reported by Bredin
et al*® The weight loss in the second stage (temperature
range 200-800 °C) is 11.5% (and ~17.8% from room
temperature to 800 °C), which could be due to the meager
fraction of unburned hydrocarbon present in the samples,*’
as a result of the heat-treatment.

Fig. 4(a-d) presents FE-SEM images of the CF. It clearly
exhibits the uneven surface, which is highly beneficial for
proper attachment of the CSCNP. It is also important to note
that the CF exhibits a 3-D non-aggregated structure, which is
highly advantageous for the deposition of CSCNP, and which
also supports excellent solar absorption along with faster
water evaporation.'” To verify the attachment of CSCNP onto
the CF, FE-SEM images of the CF before and after the
deposition of CSCNP were compared and evaluated. As can
been seen in Fig. 4(e-h), the deposition of CSCNP onto the
CF fibers is clearly visible. Red circles display the deposited
carbon on the cellulose fiber, and an enlarged view is
presented in Fig. 4(e and f). The deposition of CSCNP onto
CF will be highly beneficial in improving the solar
absorptivity of the foam as well as improving the water
evaporation. The CSCNP deposited onto the foam fibers
increases the solar absorption behavior owing to the black
porous interconnected structure of the CS, which enables
faster absorption of the incident radiation and enhances heat
transfer across the foam-water interface.

It is important to understand some basic properties of the
CF materials modified with CSCNP, especially those factors
which are critical in augmenting the rate of evaporation and
water generation. The water contact angle (WCA) measurements
of CF and CSCNP-CF were conducted to verify their water
soaking behavior. Fig. 5 depicts the surface wettability of CF and
CSCNP-CF, when a 9 pL water droplet was released through a
syringe onto the foams. As the CF possesses a hydrophilic
surface, the WCA was almost zero and the CF sample completely
absorbs the applied water volume in only 2 s, demonstrating the
hydrophilic nature of the sample. With deposition of CSCNPs

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Characterization of the produced CSCNP using SEM micrographs at magnifications of (a) 2 um and (b) 200 nm; (c) EDX analysis showing
the percentage of the elements present; (d) N, adsorption/desorption isotherm; (e) NLDFT/GCMC pore size distribution analysis; (f) XRD
diffractogram; (g) Raman spectrum; and (h) thermogravimetric analysis.

This journal is © The Royal Society of Chemistry 2022

Environ. Sci.: Nano, 2022, 9, 1247-1270 | 1253


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1en01112j

Open Access Article. Published on 11 njukaménnu 2022. Downloaded on 2025-11-03 05:58:04.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

600 pm. 10356
MAG: 100 x HV: 20.0 kV WD: 10.5 mm

Fig. 4

View Article Online

Environmental Science: Nano

600 pm

MAG: 100 x HV: 20.0 kV WD: 14.6 mm

Candle soot nanoparticles
deposited on cellulose fiber

(a-d) FE-SEM images of the CF at magnifications of 100X, 500X, 5 KX and 50 KX, and (e-h) FE-SEM images of CF with deposition of CSCNP

at magnification of 100X, 500X, 5 KX and 50 KX; red circles indicate CSCNP deposition on the foam fibers, and it is also presented as an enlarged

view (e and f).

onto the CF, there was a slight increase in the water absorption
time, with CSCNP-CF taking around 3.3 s to completely absorb
the water droplet, and thus this surface also exhibited high
hydrophilicity.

It is important to note that the excellent hydrophilicity of
the CF and CSCNP-CF promotes the formation of very thin

1254 | Environ. Sci.: Nano, 2022, 9, 1247-1270

water films on the foam surfaces and allows fast solar driven
evaporation.*’ Moreover, the large water absorption capability
of the cellulose fibres means that they always maintain a thin
layer on the foam surface which promotes faster evaporation
from the foam surface, thereby generating higher freshwater
yields. To further explore the effect of water absorption for

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Water contact angle measurements reveal the hydrophilic nature of the CF and CF-CSCNP surfaces, and indicate the water soaking
behaviors with respect to time, captured through different image frames using a contact angle meter.

formation of a thin water film on the CF surface, the water
holding capacity of CF and CSCNP-CF were examined. CF
possesses interconnected-holes (open-pore) throughout its
volume leading to the capacity to hold large volumes of water
which is advantageous for numerous applications. When
placed into water, the air inside the CF is replaced by water
and with its excellent hydrophilicity, water spreads rapidly
throughout the foam. Water holding capacities for CF and
CSCNP-CF were observed to be 210 mL and 158 mL
respectively, which is in accordance with the above discussed
water soaking behaviours determined through WCA.

The light absorption potential of the CF and CSCNP-CF in
the wavelength range 250-2500 nm is presented in Fig. 6. As
seen in Fig. 6, CF in the wet state exhibited excellent
absorption behavior in the range 250-400 nm (85-72%),
however above 450 nm, there was a significant drop in the
absorptivity and CF exhibited average absorption of 13.70%
in the wavelength range 500-2500 nm. The optical absorption
properties of the foam are crucial for improving the
evaporation rate of the water, however the CF exhibited only
an average absorption of 25.21% in the wet state. With
deposition of CSCNP onto the CF, there was a significant
enhancement in the optical absorption behavior of the foam.
CSCNP-CF exhibited average absorption of 92.18% in the
wavelength range of 250-2500 nm under wet foam
conditions. The excellent absorption behavior of the CSCNP-
CF could be due to the high-intrinsic absorptivity of the
CSCNP coupled with the 3-D structure formed by the CSCNP-
CF, which limits light scattering and improves the
absorption. It is also interesting to note that the physical
condition of the foam plays a vital role in determinating its
absorptivity. As seen in Fig. 6 insert, a comparison of the
absorptivity of CSCNP-CF under dry and wet conditions is
presented. The average absorption of CSCNP-CF in the wet
state is 92.18%, while it is 89.59% for the dry state. The
higher absorption under wet conditions can be justified by
anti-reflection phenomenon and by considering that no light
is being transmitted through the CSCNP-CF. By applying the
Fresnel formula for reflection, the reflection in dry and wet

This journal is © The Royal Society of Chemistry 2022

conditions has been determined. According to the ‘Fresnel
equation’, the reflectivity between the two different mediums
is determined using eqn (11):"°

2
RI), - (RI
Ref = M (11)
(RI), + (RI),
where (R.I), and (R.I), are the refractive index of x and y

medium, respectively. R.I of water, air, and carbon are taken
as 1.33, 1.00, and 1.66, respectively."®

When there is only air, i.e., when the CSCNP-CF interface
is under dry conditions,

1-1.6
1+1.6

2
Refqry = { } = 5.32% (12)

When both air-water and water-CSCNP-CF interfaces are
under wet conditions, the reflectivity difference is calculated
as:

—— CSCNP-CF - CF
100 -
%07 %‘«*\/\/\/‘/\
80 100
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Fig. 6 Absorption spectrum of CF and CSCNP-CF; insert: absorption
comparison between the dry and wet CSCNP-CF.
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the absorber and (d and e) variations in temperatures of water and cover of the TSS, on 1st and 2nd July 2021.
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(a) Variation of solar radiation, ambient temperature and wind speed during the experimental days, (b and c) variations in temperature of
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Refyeros = |00 10 " 0.84% (14)
v 133116,
Refioearwet = Refiyeeo1 + Refiyer0n = 2.84% (15)

As can be seen, the light reflection through air-water-CSCNP-
CF is only 2.84%, whereas the reflection is 5.32% in air-
CSCNP-CF under dry conditions. This reduced reflection is
generally known as the anti-reflection effect. Thus, the higher
absorption behavior of CSCNP-CF in wet conditions will allow
excellent absorptivity and improve the water evaporation.

After the development and characterization of the CSCNP
enhanced CF, its effect on improving the thermal
performance and water yield of the TSS was investigated and
is presented in the following section.

4.2 Temperature variations of absorber, water and cover of
TSS over a daily cycle

The results from the series of experiments in the TSS during
July, 2021 are discussed in this section. The experiments were
carried out throughout the month of July and the highest
average solar radiation and ambient temperatures were
observed on 01.07.2021 and 02.07.2021, respectively and
therefore, the experimental results of these days are
presented here (more details of the whole month readings,
with average solar radiation, ambient temperature and water
output by considering only full sunny days with clear sky
conditions are shown in Table S171). Fig. 7(a) depicts the
variation in solar radiation, ambient temperature and wind
velocity (U) with respect to time over the 8-hour operational
period. For both days, solar radiation followed a similar trend
and the peak value of solar radiation was 840 W m™> on both
days at 1 PM. The average solar radiation during the
experimentation (9 AM - 5 PM) were 598 W m™> (01.07.2021)
and 578 W m™> (02.07.2021). Similarly, the ambient air
temperature peaks of 35.4 °C (01.07.2021) and 35.6 °C
(02.07.2021) were monitored. Average wind velocity was 2.14
m s*' and 1.99 m s ' for 01.07.2021 and 02.07.2021,
respectively. Solar radiation incident on the transparent
tubular acrylic cover penetrates it and reaches the water. The
absorber is made of milled steel with a black painted surface
which helps in heating the water and initiation of
evaporation. Therefore, it is very important to analyse the
transient-temperature variations of the absorber, water and
TSS cover in order to evaluate the water yield and thermal
performance. Fig. 7(b and c) depicts the variation in absorber
temperature of the TSS units with CF and CSCNP-CF placed
inside it. Owing to the superior thermal conductivity (~50 W
m™ K') of the milled steel absorber,"> the absorber
exhibited the highest temperature among all three junctions

This journal is © The Royal Society of Chemistry 2022
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with peak temperatures of 53 °C (01.07.2021) and 54 °C
(02.07.2021) for the conventional TSS with the bare absorber.

Without any modification of the absorber, the operation
of the TSS relies mainly on the solar intensity and after the
peak solar radiation, the absorber temperature gradually
decreases and reaches a minimum of 32 °C (01.07.2021) and
35 °C (02.07.2021) for the conventional TSS. In addition, the
average absorber temperature of the conventional TSS was
46.2 °C (01.07.2021) and 47 °C (02.07.2021).

When CF, which exhibits an interconnected pore structure
and noteworthy water absorption behavior, was placed onto
the absorber, the CF-TSS has a higher absorber temperature
as a result of absorption of solar intensity by the CF. As seen
in Fig. 7(b and c) with CF, the peak temperature of the
absorber reached 54.5 °C (01.07.2021) and 55 °C (02.07.2021).
This is attributed to the enhancement in solar absorption
owing to the larger SSA and rough surface of the CF that
makes it more conducive to capturing light."> The 3-D
interconnected foam structure with large internal space,
excellent evaporation and solar absorption behavior
prolonged storage of the solar energy and augmented the
temperature for longer. With the prolonged energy holding
capacity, the average temperature of the absorber was 47.1 °C
(01.07.2021) and 47.8 °C (02.07.2021). Higher absorber
temperature is beneficial in improving the water temperature
which leads to enhanced evaporation and freshwater
generation. Therefore, to further increase the absorber
temperature, the CF was modified by deposition of CSCNP
and placed inside the absorber. The peak temperature of the
CSCNP-CF absorber reached 56 °C (01.07.2021) and 57 °C
(02.07.2021), mainly due to the excellent solar absorption
behavior and interconnected pore structure of the CSCNP
based foam, which helps in absorbing maximum incident
radiation and significantly increasing absorber temperature.
In addition, the average absorber temperature was 48.8 °C
(01.07.2021) and 49.1 °C (02.07.2021). This noteworthy
improvement in average absorber temperature of the CSCNP-
CF TSS is due to the superior thermo-physical properties of
the CSCNPs. The porous interconnected CSCNP-CF provided
an optimal heat-path, leading to a prolonged period over
which energy was supplied to the absorber through the foam.
The higher absorber temperature implies a higher water
temperature, which is investigated and discussed next.

Fig. 7(d and e) depicts the water temperature variation of
conventional and modified TSS. The peak water temperature
was 52 °C (01.07.2021) and 53 °C (02.07.2021) for the bare
TSS without any modification, while the average water
temperature was 45.4 °C (01.07.2021) and 464 °C
(02.07.2021). Introduction of CF, which exhibited excellent
water absorption properties, increases the peak temperature
of CF-TSS water to 53.6 °C (01.07.2021) and 54 °C
(02.07.2021). The average water temperature was 47.2 °C
(01.07.2021) and 47.5 °C (02.07.2021). The noteworthy
increase in average temperature of water (~4% on 01.07.2021
and ~2.4% on 0.2.07.2021) was achieved due to the excellent
water soaking behavior of CF, verified by the contact angle
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measurements (Fig. 5). In addition, the larger pores inside
the CF also promoted excellent water holding capacity so that
the increasing temperature of the absorber resulted in
increased water temperature also. With the CSCNP-CF, the
peak temperature of water further increased to 55 °C
(01.07.2021) and 57 °C (02.07.2021). The significant rise in
water temperature is ascribed to the higher absorber
temperature and the superior solar absorption properties and
porosity of the CSCNP-CF that provided an optimal heat
transfer path and increased the water temperature. The
average water temperature for the CSCNP-CF-TSS was 49 °C
(01.07.2021) and 49.4 °C (02.07.2021), a notable (4 °C)
increase as compared to the unmodified TSS.

The cover temperature is also noteworthy, as a large
difference between the water and cover temperatures
increases the water productivity and therefore, the
temperature gain of the cover is discussed next. As seen in
Fig. 7(d and e), the peak cover temperatures were 46 °C
(01.07.2021) and 47 °C (02.07.2021) for the conventional
TSS. Once the water is heated by the synergetic effects of
the absorber and incident solar radiation, evaporation
started and condensation of the water vapour takes place
on the TSS cover, which is clearly visible in Fig. 2(b). With
increasing vapour formation, the cover temperature also
increases. The average cover temperature for the
conventional TSS was 41 °C (01.07.2021) and 41.2 °C
(02.07.2021), while the temperature difference between the
water and cover was only 4.4 °C (01.07.2021) and 5.2 °C
(02.07.2021) respectively for the conventional TSS. A high
temperature difference between the water and cover
promotes higher heat transfer, leading to augmented vapor
generation and water production. In the CF-TSS, the peak
cover temperature was 45.2 °C (01.07.2021) and 45 °C
(02.07.2021), indicating a low reduction in peak temperature
of the cover (~1.7% on 01.07.2021 and 4.2% on 02.07.2021)
using CF. This could be due to the formation of large
amounts of water vapour inside the cover and its faster
gliding from the cover to the water collection point. As the
large amount of vapour formation allows faster movement
of the water droplet and accelerates the gliding of the drops
from the cover, there would be lower possibility of
stationary vapour droplets and increased evaporation using
CF, which further increases the amount of vapour, and
leads to a lower cover temperature. Owing to this, the
average cover temperature was 40.7 °C (01.07.2021) and 40.9
°C (02.07.2021) for the CF-TSS. In addition, there was a
significant improvement in the average temperature
difference between the water and the cover, which reached
6.4 °C (01.07.2021) and 6.5 °C (02.07.2021) for the CF-TSS.
Modification of the CF with CSCNP in TSS reduced the
average temperature of the TSS cover further to 37.3 °C
(01.07.2021) and 37.6 °C (02.07.2021). It is obvious that
higher vapor formation using the CSCNP modified CF
generated more vapor on the cover and its higher gliding
helps in reducing the temperature of the cover further,
resulting in the average temperature difference of the water-
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cover being 11.6 °C (01.07.2021) and 11.7 °C (02.07.2021)
for the CSCNP-CF TSS.

4.3 Evaporation/condensation and water-droplet formation
behaviour inside the TSS

The effect of CSCNP modified CF on solar-driven evaporation
and formation of water droplets on the condenser cover is
shown in Fig. 8(a-d). The CF modified by deposition of
CSCNP is placed inside the evaporation/condensation
chamber of the TSS, which is filled with the brackish water.
Immediately after the start of the experiment with exposure
of solar radiation onto the foam, evaporation takes places
and is clearly visible in Fig. 8(b). The continuous evaporation
and condensation of the vapour results in formation of
water-droplets. Fig. 8(c) depicts the beginning of the
condensation of vapour on the inner acrylic cover and the
initial size of the condensed water droplet is shown in
Fig. 8(d). In a solar-driven water desalination unit, the
evaporation depends entirely on the incoming solar
radiation, and owing to the closed chamber with its
transparent cover, a higher temperature gain inside the TSS
promotes higher heat transfer from the absorber to water,
which leads to increased evaporation. Moreover, the rate of
evaporation directly affects the water droplets formed on the
inner cover surface. The evaporated vapour comes into
contact with the transparent cover whose surface temperature
is lower than the vapour saturation temperature, and thus
liquid nucleates are formed on the inner cover surface. The
free convection of the vapour phase drives the condensation
process, and based on the geometry of the cover, the
condensate glides down and gets collected. As solar-driven
evaporation governs the condensation process, it is important
to establish the connection between the solar radiation and
the condensate (which is generated by the evaporated
vapour). Therefore, we attempted to analyse the effect of solar
radiation on condensate droplet formation on the inner
cover, as presented in Fig. 9(a-d) for the TSS with CF-CSCNP
on 02.07.2021 (with TSS and TSS-CF data given in Table S27).

As seen in Fig. 9, solar radiation affects the size of the
water-droplet formed on the inner cover after evaporation.
With solar radiation of 430 W m™ at 9 AM, the water droplet
size was found to be in the range 0.1-1 mm, with the
majority of droplets in the range 0.2-0.7 mm, as shown in
Fig. 9(a). At the start of the experiment, the solar intensity is
low resulting in lower evaporation during the early hours,
and thus the water-droplets condensed on the cover are
smaller in size. Smaller droplet sizes take a longer time to
glide from the top of the cover to the water collection point
and therefore, a lower freshwater yield is exhibited during
this period. As solar radiation increases to 570 W m™>
(between 9 AM and 10 AM), the evaporation rate also
increased and the size of the water-droplets condensed on
the cover increased. As seen in Fig. 9(b), the droplet size was
found to be in range of 0.5-1.8 mm with the majority of the
droplets being 0.5-1.6 mm. Increased solar intensity

This journal is © The Royal Society of Chemistry 2022
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Initial stages of evaporation and condensation of water-droplets on the TSS cover. (a) Modified CSCNP foam is placed in the evaporation/

condensation chamber of the TSS before the start of the experiment; (b) occurrence of evaporation in the initial stage of experimentation; (c)
condensed water droplets accumulated on the cover at the beginning of the experiment; and (d) an enlarged view of the small sized droplet

formation on the TSS cover.

promoted higher evaporation and thus, larger droplet sizes
and a faster gliding movement of the droplets, leading to
higher water yields using the CSCNP-CF-TSS. To further
explore the role of solar radiation on droplet size, the
investigation was also carried out at 810 W m™ (10 AM to
11 AM), and astonishing results were observed. As can be
seen in Fig. 9(c), the droplet size was observed to be in the
range of 0.5-6 mm, with the majority of the droplets being
2.5-5.5 mm. This is attributed to the higher solar intensity
along with the novel 3-D interconnected CF foam structure,
which leads to excellent evaporation and formation of
larger droplets on the cover during condensation. The
larger droplet size provides faster movement of the droplets
from the inner cover to the water collection point, and
promoted increased water output. Similarly, with solar
radiation of 830 W m™> (12 noon to 1 PM), the droplet size
reached a maximum of 3.5-9.5 mm. During the peak solar
radiation (11-2 PM), there was thus a noteworthy increase
in the size of the droplets, which demonstrates the
dependency of the evaporation on the solar radiation
intensity.

This journal is © The Royal Society of Chemistry 2022

In addition to the effect of solar radiation on the size of
the water-droplets, the van der Waals interactions between
the water molecules is presented in Fig. 10 to explain the
detailed mechanism of formation of larger water-droplets
from smaller droplets. The photographs in Fig. 10 are of the
inside of the TSS cover at the center, where the vapour
accumulated on it with different sizes and illustrates how,
over time, due to attraction between smaller drops and
gravitational forces, larger sized droplets are formed. van der
Waals force is monotonically attractive and this bring two
small sized water droplets into contact.

Red circles in the Fig. 10 illustrate the mechanism behind
the force of attraction between the small sized water droplets,
leading to formation of larger sized droplets via a process
called ‘Ostwald ripening’. The smaller water-droplets provide
an optimum pathway for higher inter-molecular attractive
forces and this leads to formation of larger sized droplet. It is
also interesting to note that the water-droplet profile
exhibited spherical shape during the interaction with the
cover surface, as clearly visible in Fig. 10. This is attributed
to balancing of the elastic force and the interaction force

Environ. Sci.. Nano, 2022, 9, 1247-1270 | 1259
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Fig. 9 Effect of varying solar radiation intensity on the condensed water-droplet formation inside the cover of the CSCNP-CF-TSS. (a) 430 W m™2,
(b) 570 W m™2, (c) 810 W m™2 and (d) 830 W m™2. The insets show the actual droplet sizes (photographs).

during the rupture of the air-film, which maintains the
spherical shape of the water-droplets. It is thus concluded
that higher solar radiation combined with usage of the
CSCNP-CF in TSS promoted formation of larger size spherical
water-droplets, which is beneficial for faster droplet
movement from the inner cover to the water collection
center, leading to high water output.

4.4 Solar-driven evaporation efficiency and water productivity
of desalination unit

The major objective of the present work is to explore the role
of CSCNP-CF in improving the solar-driven evaporation and
water yield of the tubular desalination unit. This section
presents a detailed investigation of the water production and
solar evaporation performance of the CSCNP-CF-TSS, CF-TSS
and unmodified TSS. As the evaporation efficiency is a
calculated value, based on the hourly water yield (using eqn

1260 | Environ. Sci.: Nano, 2022, 9, 1247-1270

(2)), we have first analyzed the hourly yield and afterward,
using the formula, determined the evaporation efficiency. A
peak hourly water yield of 440 mL m™ (01.07.2021) and 460
mL m~> (02.07.2021) was exhibited by the conventional TSS,
as shown in Fig. 11(a and b). With the gradual reduction in
solar radiation throughout the afternoon, the hourly water
yield also reduced and reached a minimum of 60 mL m™
(01.07.2021) and 70 mL m™> (02.07.2021) at the end of
experiment (by 5 PM). The cumulative total full-day water
yields were 2.32 L m™> (01.07.2021) and 2.39 L m>
(01.07.2021) for the conventional TSS, as shown in
Fig. 12(a and b). The instantaneous evaporation efficiency of
the unmodified TSS, determined using eqn (2) is presented
in Fig. 11(c and d). As observed from Fig. 11(c and d), the
conventional TSS with a bare absorber exhibited
instantaneous evaporation efficiency for both days. The
instantaneous evaporation efficiency increased from 10 AM
till 1 PM, then decreased and later increased again reaching

low
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Water droplet (2) interaction with
water droplet (1) due to higher
surface tension between the wall
interface

Water droplet (1) interaction with
water droplet (3) due to gravity
(gliding of water droplet from the
curved surface)
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Fig. 10 Mechanism of larger droplet formation due to van der Waals interactions between the water molecules. A movie of this processes is

included in the ESIL{

the peak value of 47.2% (01.07.2021) and 42.9% (0.2.07.2021)
at 5 PM. A similar trend of instantaneous evaporation
efficiency of SS was reported by Elmaadawy et al*® It is
obvious that in the early experimental hours, the amount of
energy accumulated in the water is low due to the lower
radiation and with increasing exposure of the water to
radiation, evaporation occurs faster, leading to increased
water generation and thus, higher evaporation efficiency. The
maximum value of the instantaneous evaporation efficiency
of the unmodified TSS is exhibited at the least solar intense
hour (5 PM), which is mainly due to the energy stored in the
water and the significant temperature difference between the
enclosed TSS cover and ambient air, which allows more
evaporation from the water surface to the cover. However, the
full-day average evaporation efficiency of the bare TSS was
only 27% (01.07.2021) and 28.8% (02.07.2021), as shown in
Fig. 12(a and b). The low average efficiency of the TSS is
mainly due to the dependence of the evaporation on solar
radiation alone.

After exploring the evaporation and water yield of the bare
TSS without any modification, CF was placed in the absorber
of the TSS and its effect on the evaporation and water
productivity is presented. Fig. 11(a and b) depicts the hourly
water yield and the peak yields of 574 mL m™ (01.07.2021)
and 590 mL m™ (02.07.2021) were exhibited by the TSS with
CF. With its superior evaporation and water transportation

This journal is © The Royal Society of Chemistry 2022

via the 3-D network structure of the CF, the cumulative full-
day water productivity was augmented by 35.77%
(01.07.2021) and 38.49% (02.07.2021) for the TSS with CF as
compared to the bare TSS. Fig. 11(c and d) depicts the
instantaneous evaporation efficiency of the CF-TSS showing
the significant augmentation in the instantaneous
evaporation efficiency. The peak instantaneous efficiency was
enhanced 2.29-fold (01.07.2021) and 2.06-fold (02.07.2021)
compared to the conventional TSS. The significant
improvement in instantaneous evaporation efficiency is due
to the larger SSA and excellent roughness of the foam surface
that supported maximum light capture, leading to higher
evaporation, along with the superior water holding capacity
of the foam. In addition, the average evaporation efficiency
was found to be 36.6% (01.07.2021) and 39.9% (02.07.2021)
for the CF-TSS. The notable increase in instantaneous and
average evaporation efficiencies were mainly due to the
excellent water transfer capability through the interconnected
foam fibers which promote faster evaporation.

Fig. 11(c and d) also depicts the instantaneous
evaporation efficiency of the TSS with CSCNP-CF illustrating
the further augmentation of the instantaneous evaporation
efficiency. Peak evaporation efficiency of the TSS with
CSCNP-CF reached 326.1% (01.07.2021) and 360.5%
(02.07.2021) that of the bare TSS at the end of the
experiment. The porous interconnected structure and
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Fig. 11
TSS on 1st and 2nd July, 2021.

inherent absorption of the carbon-based nanoparticles
resulted in a modified foam structure that blocks light
reflectance and significantly extends the light transport
path in the porous foam network. This leads to superior
solar absorption behavior and improved evaporation. In
addition, it is important to note that the evaporation
efficiency is inversely proportional to the solar radiation as
per eqn (2) and therefore, in the evening time (when there
is minimal solar radiation), evaporation efficiency will be
higher. A similar trend has been observed for the other two
cases (TSS and TSS-CF). With its porous interconnected
structure and excellent solar absorption behavior, the
CSCNP-CF based TSS generated 460 mL m™> (01.07.2021)
and 490 mL m™ (02.07.2021) water even at 5 PM (least
solar radiation) and therefore, due to the synergistic effect
of lower radiation and stored energy, the CSCNP-CF based
TSS has exhibited excellent evaporation
efficiency.

The average evaporation efficiency reached 72.93%
(01.07.2021) and 77% (02.07.2021) for the CSCNP-CF TSS.
Fig. 11(a and b) depicts the peak hourly yield which reached
1050 mL m™> (01.07.2021) and 1080 mL m > (02.07.2021) for

instantaneous
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the TSS with CSCNP-CF. Higher solar absorption and
excellent heat transfer from water to the cover synergistically
improved the hourly yield of the TSS. With the CSCNP
modified foam, the cumulative water yield of the TSS was
augmented by 170.25% (01.07.2021) and 167.78%
(02.07.2021) as compared to the bare TSS without any
modification.

The superior thermo-physical properties of the carbon
nanoparticles, with their inherent absorptivity and porosity,
allows the CF to absorb the maximum available solar
radiation and provides the optimum heat transfer path
across the water-cover interface, leading to significantly
higher solar driven evaporation and clean water generation.
With the significant improvement in water yield using
CSCNP-CF, it is important to explore its long-term stability
and degradation with respect to time. In this regard, the
effect of long-term experimental study using CF and CSCNP-
CF on the water productivity enhancement is explored. At the
start of the experiment, full-day water yield enhancement was
170.25% wusing CSCNP-CF in TSS, as compared to
conventional TSS. Moreover, after thirty days of experimental
investigation, the water yield enhancement was 167.80% and

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 (a and b) Average evaporation efficiency and enhancement in
full day water yield of the unmodified, CF-modified and CSCNP-CF
modified TSS on 1st and 2nd July, 2021.

thus, a meager reduction of 2.45% in water yield
enhancement was noted. This demonstrates the excellent
deposition behavior of CSCNPs on CF and even after thirty
days of experimental analysis, only a very slight performance
reduction was noted. Similarly, using CF (on 2nd day of
experiment), the full day water yield enhancement was
38.49% as compared to conventional TSS. Moreover, after
thirty days of the full day water yield
enhancement was 37.04% and thus again a very slight
reduction of 1.37% was observed. An entire 180 days
experimental results of time degradation and its effect on
water yield with CF and CSCNP-CF are presented in Table
S3.f From this, it is inferred that the developed CF and
CSCNP-CF substrates are durable and give superior water
yield performance over the long-term.

analysis,

4.5 Second law efficiency and irreversibility analysis of
desalination units

The second law thermodynamics efficiency or the exergy
efficiency is a very significant tool to analyse and evaluate the
overall performance and system efficiency in solar based
applications. The hourly 2nd law efficiency (exergy) of the

This journal is © The Royal Society of Chemistry 2022
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TSS with and without the CF is determined using the
relationship between exergy output and exergy input as
illustrated in eqn (6). Fig. 13(a and b) illustrates the 2nd law
hourly efficiency of the TSS with and without modification. It
is observed from the eqn (6) that the 2nd law efficiency
mainly depends on the water yield and that higher water
output leads to more efficiency. The unmodified TSS
exhibited a peak hourly 2nd law efficiency of 7.18%
(01.07.2021) and 7.81% (02.07.2021). The average 2nd law
efficiency was 3.48% (01.07.2021) and 3.81% (02.07.2021).
The low evaporation and water yield of the conventional TSS
is the major reason for lower 2nd law efficiency of the
unmodified TSS. Addition of CF improves the peak hourly
2nd law efficiency (of the TSS with CF) to 10.21%
(01.07.2021) and 10.56% (02.07.2021). The improvement is
due to the higher water generation using the 3-D
interconnected porous foam with its superior water
evaporation characteristics. The average 2nd law efficiency
was 5.06% (01.07.2021) and 5.50% (02.07.2021) for the TSS
with CF. The peak hourly 2nd law efficiency reached to a
maximum of 19.76% (01.07.2021) and 22.56% (02.07.2021)
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Fig. 13 Second law efficiency of different TSS on (a) 1st and (b) 2nd
July, 2021.
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for the TSS modified with the CSCNP-CF. The significant
improvement in the hourly 2nd law efficiency is
attributed to the excellent solar absorptivity of the CSCNP
modified foam, along with its superior water transport
properties and excellent evaporation characteristics,
leading to improved water yield and augmented 2nd law
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efficiency. The average 2nd law efficiency was 11.15%
(01.07.2021) and 11.82% (02.07.2021) for the TSS with
CSCNP-CF.

The hourly variation in the irreversibility rates of the TSS
cover, water and absorber with and without CF is presented
in Fig. 14(a-f), indicating that irreversibility increases
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(a-f) Rate of irreversibility of absorber, water and cover for three TSS set-ups on 1st and 2nd July, 2021.
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Table 2 Rate of irreversibility of cover, water and absorber for different TSS for 1st and 2nd July, 2021

Rate of irreversibility in Watt (0.1.07.2021)

Rate of irreversibility in Watt (0.2.07.2021)

Type of TSS Cover Water Absorber Cover Water Absorber
Conventional TSS 27.45 23.53 430.26 26.49 21.90 416.50
TSS with CF 27.18 21.81 429.98 26.45 20.38 416.45
TSS with CSCNP-CF 26.55 15.36 416.55 27.13 15.09 429.93

Table 3 Water quality analysis before and after the distillation of brackish water

Drinking water ‘IS 10500-2012°

Before After
Testing parameters distillation distillation Tolerable limit Permitted limit
Total hardness (ppm) 515 14 200 600
Total dissolved solids (ppm) 830 22 500 2000
pH 7.2 6.6 6.5-8.5 —
Alkalinity (ppm) 380 14 200 600
Magnesium (ppm) 55 1 30 100
Electrical conductivity (uS cm™) 1054 30 — —
Calcium (ppm) 275 3 75 200

throughout the morning as solar radiation increases. The rate
of irreversibility for all the three points, i.e., water, cover and
absorber reached the respective peak at 1 PM (at the time
where solar radiation is maximum) and then, starts gradually
reducing until 5 PM. It is clearly seen that the rate of
irreversibility of the absorber is significantly higher than for
the other two points (water and cover), which implies that
the dependence of the rate of irreversibility on solar intensity
is highest in the absorber. The higher rate of irreversibility of
the absorber is mainly due to the larger temperature
difference between the absorber and the sun, as well as the
larger rate of exergy loss from the absorber to the
surroundings. The rates of irreversibility for the cover and
water are very small as compared to the absorber, and so,
can be neglected. Similar results of irreversibility for the SS
absorber were also reported by Sarhaddi et al** It is thus
inferred that solar intensity is the major parameter which
strongly influences the irreversibility rates. Considering
Fig. 14(a-f), average values of the rate of irreversibility of
cover, water and absorber of the various TSS set-ups are
presented in Table 2.

Table 4 Component wise total cost analysis of the different TSS in US $

Components of still TSS TSS-CF TSS-CSCNP-CF
Milled-steel based water basin 20 20 20
Acrylic cover 50 50 50
Cellulose foam 8 8
CSCNP — — 5
Black paint 3 3 3
Fresh water port 1 1 1
Pipes 2 2 2
Foam-sheet insulation 10 10 10
Total cost/fixed cost 86 94 99

This journal is © The Royal Society of Chemistry 2022

It is inferred that the average rate of irreversibility of the
absorber was much higher than the other two components
and thus, efforts must focus on reducing the rate of absorber
irreversibility by introducing improved absorber design and
condenser cover materials.

5. Water quality analysis before and
after distillation

The quality of the produced water is the most crucial factor
in desalination and the distilled water generated from the
conversion of brackish water needs to be analyzed for purity
and it should be compared with drinking water quality
standards. Our proposed desalination device is capable of
converting brackish water into freshwater and the conversion
has been significantly improved with the use of CSCNP-CF in
the basin. The brackish water sample, collected from
industrial areas near Arasur, Coimbatore, India, was used as
the feed-water into the basin.

A surface well near the Arasur industrial area was
identified and samples were collected to use as feed-water.
The water quality analysis is presented in Table 3. The water
quality testing was conducted is a certified water testing
laboratory in Chennai, India and the results are compared
with the standard as prescribed by Indian standard IS 10500-
2012. As seen in Table 3, all the water parameters were well-
below the tolerable limits after the desalination of brackish
water. In addition, the difference between the tolerable/
acceptable limit and permitted limit is explained in detail in
ESLt It is concluded that the developed method for brackish
water purification can very effectively purify the brackish
water and that the developed method can be utilized in areas
where the available surface water is brackish by completely
operating the device through solar energy.
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Table 5 Cost analysis of freshwater generated through tubular desalination units. CC - capital cost; CRF - capital recovery factor; AFC - annual fixed
cost; SV - salvage value; SFF - sinking fund factor; SAV - salvage annual value; YMC - yearly maintenance cost; YC - yearly cost; FCPL - freshwater cost

per liter

TSS type CC (US $) CRF AFC (US $) SV (US §) SFF SAV (US 8) YMC (US $) YC (US 8) FCPL (US $)
TSS 86 0.163 13.996 17.2 0.0627 1.079 2.099 15.01 0.020
TSS-CF 94 0.163 15.298 18.8 0.0627 1.179 2.294 16.41 0.016
TSS-CSCNP-CF 99 0.163 16.111 19.8 0.0627 1.242 2.416 17.28 0.009

6. Cost analysis of the freshwater
generated through TSS

Modification of the TSS with CF and CSCNP-CF have
significantly augmented the water production and thus, it is
important to assess the cost of the freshwater to provide the
real-time feasibility of the developed approach. The carbon
nanoparticles are derived from carbon soot, or the conversion
of a pollutant (carbon soot from IC engine, candle or other
similar sources are air-pollutants) into wuseful carbon
nanoparticles that possess excellent thermo-physical
properties and demonstrated excellent evaporation and water
generation behaviours. The cost analysis of freshwater is
carried out for the higher water productivity day ie.,
02.07.2021 using the formulas given by Kabeel et al.**> and El-
Sebaii and El-Bialy."®
The annual fixed cost (AFC) is defined as per eqn (16):
AFC = CC x CRF (16)
where, CC is the present capital cost and CRF is the capital
recovery factor, calculated as per eqn (17):
CRF = (1 + )" x SFF (17)
where, i is the rate of interest (10%) and n is the lifespan of

the TSS (10 years) and SFF is the sinking fund factor,
determined as per eqn (18):

SFF = m (18)
Salvage value is determined using eqn (19):
SV =CC x 0.2 (19)
Salvage annual value (SAV) is determined as per eqn (20):
SAV = SFF x SV (20)

Yearly maintenance cost (YMC) is determined using eqn (21):

YMC = AFC x 0.15 (21)
Yearly cost (YC) is determined as per eqn (22):
YC = AFC + YMC - SAV (22)

1266 | Environ. Sci.. Nano, 2022, 9, 1247-1270

Freshwater cost per liter (FCPL) is determined using eqn (23):

YC
FCPL = —

YFP (23)

where, YFP is the yearly freshwater productivity.

Component cost analysis of the three TSS variants is
presented in Table 4 and it shows fixed costs of 84, 94
and 99 US §$ for the bare, CF and CSCNP-CF TSS,
respectively. The water cost analysis generated through the
different modifications of the SS is presented in Table 5.
As seen in Table 5, the higher water productivity of the
modified TSS results in significantly lower water costs,
and the CSCNP-CF modified TSS could generate 1920
liters of freshwater per m” absorber area per year
(considering 80% sunny days throughout the year at the
experimental site’’). The water cost per liter was only
0.009 US $ for the CSCNP-CF modified TSS, and the low
cost is due to the operation of the device solely based on
solar energy and the higher evaporation and excellent
water output generated using the modified CSCNP foam.
Table 6 presents the general cost analysis of fresh water
generated through different methods reported in the
literature.”® It is important to understand that for large
capacity water generation, the cost may vary based on
different conditions such as location, water intake type,
plant capacity etc.

Our developed system is a portable
freshwater generation unit, which is generally suitable for
use to supply water to a small family. Therefore, the
actual cost comparison of the freshwater generation unit
operated through complete solar energy for small family
purpose and for large scale capacity is not accurate.
However, with the scaling of the solar based passive
desalination technology, it could be possible to accurately
compare the existing purification technology with our
proposed technology.

small-scale

Table 6 Estimated cost of water generated through different techniques

S. Type of desalination Feed-water Cost in US $
no method type m™

1 Multi-effect distillation Brackish water  0.5-1.05

2 Reverse osmosis 0.26-0.54

3 Vapour compression 0.87-1.15

4 Multistage flash desalination 0.52-1.5

5 Solar desalination 0.1-0.7

This journal is © The Royal Society of Chemistry 2022
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Table 7 Comparison of cost of water purification from published work with that determined in the present study

Water yield Increase in water yield, compared to Water cost
Ref. Enhancement technique (L m™ per day) baseline case (%) (Us$ L™
Kabeel et al.**  Conventional TSS 4.5 24 —
TSS with glass cooling 5.58 —
Sharshir Conventional TSS 3.35 62.98 0.0384
etal' TSS with mushroom coated with carbon black (75 g m™)  5.46 0.0254
El-Said et al.”®  Conventional TSS 3.25 29.2 0.0309
TSS using wire-mesh through the harmonic motion 4.2 0.0347
Elashmawy®! Conventional TSS 3.96 13.6 0.0189
TSS with gravel as energy storage material 4.5 0.0167
Arunkumar TSS with compound parabolic concentrator 5.33 8.2 —
et al.® TSS with compound parabolic concentrator and phase 5.77 —
change material
Present case Conventional TSS 2.39 — 0.020
TSS with CF 3.15 35.77 0.016
TSS with CSCNP-CF 6.27 170.25 0.009

7. Comparison of various approaches
employed in TSS to augment the
water yield

To demonstrate the significance of using CSCNP-CF in
augmenting the overall performance of TSS, a comparison
between outcomes achieved from the present work using
CSCNP-CF and other modifications reported by various other
research groups is presented in Table 7.

As can be seen from Table 7, the present study using
CSCNP-CF has significantly improved the freshwater
generation potential of TSS. In addition, this method also
generated the freshwater at a much lower cost than the other
existing TSS approaches reported to date.

8. Conclusion

The utilization of solar energy for water desalting/
purification through tubular solar still (TSS) is seen to have
enormous potential to offer a sustainable method for
increasing clean-energy and clean-water supplies. In this
regard, we designed and developed a modified cellulose
foam (CF) on which candle soot carbon nanoparticles
(CSCNPs) were deposited for interfacial localized solar
heating and evaporation inside the TSS. The simple and
cheap method of preparing the 3-D interconnected CF
through deposition of the carbon nanoparticles (from
pollutants i.e., soot generated during burning of candle) are
promising for large-scale sustainable solar driven
evaporation and water production. The exceptional solar
absorption behavior, and the hydrophilic 3-D interconnected
fibers of the CSCNP-modified CF can efficiently absorb
water and provides an optimal path for augmented solar-
driven evaporation inside the TSS. The CSCNP-CF modified
TSS achieved exceptional average evaporation efficiency of
77% with significantly improved freshwater productivity of
6.4 L m™> per day compared to the unmodified TSS.
Notably, the CSCNP-CF-TSS shows excellent water
purification and the developed method successfully

This journal is © The Royal Society of Chemistry 2022

converted brackish water into freshwater, which could be
used for drinking purposes. The low-cost fabrication
method of the foam based TSS leads to a very low
freshwater cost of 0.009 US $ per liter and thus the
approach could be widely used in remote locations with
abundant availability of solar energy. The present work
demonstrates the achievement of high thermal performance
and enhanced freshwater water output from tubular SS and
the developed system will pave the way towards providing a
low-cost, compact and portable desalination units with
exceptional freshwater yield for various severe water-stressed
low-income areas, and could be a critical step towards
achieving the United Nations Sustainable Development Goal
6 of ensuring clean water for all.

9. Future recommendations

According to the proposed design, the water generation
capacity of SS can be significantly improved by using
CSCNPs deposited into cellulose foam, which is also a cost-
effective method. However, the major concern of this device
is that it is completely operated using solar energy and due
to the intermittent nature of sunlight, operation of the TSS
under unfavorable conditions could lead to drastic
reduction in water yield. In addition, this device cannot
generate freshwater during nocturnal hours. Therefore,
phase change materials with excellent latent heat storage
capacity could be incorporated into the basin alongside the
existing materials to improve the freshwater yield even
during nocturnal hours. In addition, use of higher
conductive materials such as reduced graphene oxide and
carbon-based nanomaterials could be hybridized with the
CSCNPs to prepare a composite cellulose foam to further
increase the evaporation and water generation. In addition,
magnetic field generation could also increase the water
evaporation and could be incorporated to increase the water
production. Recently, coating of the SS absorber has gained
significant attention®*™® and it can be used to increase the
water production of TSS also.
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