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Photo-thermal conversion ability of PEG and
H,O-based microfluids of sodium lignosulfonate
and its carbonized form+

Fatemeh Seifikar,? Saeid Azizian (2 *® and Babak Jaleh®

In the present work, colloidal systems of sodium lignosulfonate (lignin) and its carbonized form
(C-lignin) in H,O and polyethylene glycol (PEG) were synthesized and used for solar-thermal conversion. PEG
and H,O play the role of a dispersant of the suspended particles as the base fluids and an environment for
transferring heat. Based on the results, PEG performs better as the base fluid than water. All the synthesized
microfluids (MFs) were stable at an optimum concentration of 0.2 g/60 ml. The comparative studies show
that the C-lignin/PEG has the best light-to-heat conversion efficiency. The C-lignin/PEG was used at high
light intensities and for several heating/cooling cycles without losing its performance in heat generation. All
the calculated thermo-physical parameters indicated that C-lignin/PEG is more eligible than lignin/PEG in
photo-thermal conversion. The prepared C-lignin/PEG has several advantages: green, inexpensive and
simplicity of the preparation procedure, not using a dispersant, high photo-thermal durability and heat-
generation efficiency, and excellent ability to generate heat from sunlight.

1. Introduction

Sunlight energy is one of the renewable sectors that has
grabbed remarkable interest mainly because of the continuous
decrease in costs associated with manufacturing technologies.
Mainly, two basic kinds of solar energy systems can be found: (1)
the systems based on directly converting the incident sunlight
into electricity (solar-photovoltaic), (2) the systems reliant on
harvesting solar radiation to produce thermal energy as a green
alternative renewable source (solar-thermal)." The mechanism of
the light-to-heat conversion is via the photo-excitation process
and then thermal energy (heat) generation by the materials.”

Harvesting of solar energy is possible by utilizing several
technologies like solar cells, concentrators, and solar thermal
collectors to generate electricity and heat for the purpose of
solar-powered desalination,®™ heating/cooling systems,® and
electricity production.”

Nanofluids (NFs) and microfluids (MFs) that were used as
heat transfer fluids are not a simple mixture of solid-liquid; in
fact, they are complex colloidal systems obtained by dispersion
of nanoparticles and microparticles in suitable base fluids.
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Compared to the corresponding base fluids, NFs and MFs show
an increased convective heat-transfer coefficient as well as
thermal conductivity. These outstanding properties make NFs
and MFs potential candidates to be used in different fields,
including heating/cooling systems, petrochemicals, pulp, textiles,
food,® water desalination,** and photo-thermal conversion.’ ™" As
the suspensions are inherently and thermodynamically unstable,
NFs and MFs usually suffer from agglomeration as well as
aggregation of the suspended particles, leading to a deficiency
in their thermo-physical properties.® Also, long-time preparation
or needing high temperatures, dispersion instability,"* produ-
cing by-products during the synthesis steps,'* using several
chemicals," etc., have always been vital issues for the practical
application of NFs. Developing NFs or MFs with well-dispersed
stability, especially at high pressure or temperature, is a challen-
ging topic. The interaction between neighboring particles causes
agglomeration due to the van der Waals interactions.” Moreover,
the difference between the density of particles and their base
fluid makes the particles precipitate due to the gravitational force.
This aggregation and sedimentation of the particles may remark-
ably decrease the heat transfer efficiency of the NFs and MFs.
To produce NFs (MFs) with good colloidal stability, the addition of
surfactants and particle coating methods have been developed.
These NF (MF) production methods are categorized into two
groups: (1) one-step and (2) two-step preparation techniques.
In the one-step synthesis method, particles are prepared and
dispersed in the conventional base fluids at the same time. This
method decreases the agglomeration or sedimentation of the
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particles. The drawback of this method is that it cannot be applied
to synthesize NFs (MFs) at a large scale. The second technique is
the two-step preparation method which is more straightforward
and cost-effective. In this synthesis technique, a dry powder of
particles is first prepared and then dispersed in the base fluid by
stirring, high-shear mixing, ultrasonication, homogenizing, and
ball milling. The lack of dispersion stability is the main drawback
of this method.

The base fluids used for the fabrication of NFs and MFs are
water or organic fluids (oil, ethylene glycol, glycerol), or a mixed
solution of aqueous-organic fluids (ethylene glycol/water, gly-
cerol/water).'® MFs are capable of being used as antifreeze in
engineering, in electronics as a coolant for microelectronic
devices, in the power industry, in the oil industry to enhance
oil production, and for the preparation of new medicines,
varnishes, lubricants, cosmetics, paints,'® etc.

PEG and its derivatives are classified as an environmentally
sustainable alternative with a lot of advantages including being
nonvolatile, high vapor density, non-toxicity, being highly stable in
acids and bases, thermal stability, and high structure flexibility."”
Moreover, biodegradability and low inflammability of PEG and its
derivatives make them be used as an environmentally sustainable
alternative in various industrial and biological applications."”

In a recent development, i.e., a NP-based direct absorbing solar
collector (DASC), NPs were employed for direct photo-thermal
energy conversion. In the DASC, NPs directly absorb sunlight energy
within the fluid volume. This efficient strategy has several advan-
tages, such as enhancement of the total area of sunlight absorption
and improvement of the effective radiative properties of the fluid.*
Different particles were used in converting light-to-heat, including
graphene,”" plasmonic NPs (Pt,” Ag,"* Au/TiN,*” etc.), carbon dots,"
Fe;04,° Si,%° certain metal string complex particles,® etc.

Sodium lignosulfonate (lignin) is one of the most abundant
organic compounds in the world and also is a by-product of the
paper-making industries. The benefits of lignin are its low cost,
good water dispersibility as a green and renewable resource,
biodegradability, and nontoxicity.*®

In the present work, by dispersing lignin and carbonized
lignin (C-lignin) MPs in water and polyethylene glycol 200 (PEG)
(for the first time), four microfluids: lignin/H,0, C-lignin/H,0,
lignin/PEG, and C-lignin/PEG were prepared and their proper-
ties in light-to-heat conversion were investigated. All the com-
ponents of the prepared microfluids are environmentally
friendly. All the results, including their thermo-physical para-
meters, indicated that PEG is a better medium compared to
water for dispersed lignin and C-lignin MPs in the generation of
heat from light and the stable C-lignin/PEG has the best
performance in photo-thermal conversion applications. The
flowchart of the present work is shown in Fig. S1 (ESIT).

2. Experimental section
2.1. Chemicals and devices

Sodium lignosulfonate was received from Jooya Shimi com-
pany. Polyethylene glycol 200 (PEG) and deionized water (H,O)
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were used as the base fluids. The morphology of the lignin and
C-lignin particles was obtained by field emission-scanning
electron microscopy (FE-SEM) (TESCAN Vega3). Fourier
transform infrared analysis (FT-IR) was used to investigate the
functional groups of the lignin and C-lignin, and their absorp-
tion spectra in PEG were recorded using a PG-Instrument LTD
model-T80 UV-Visible spectrophotometer, while X-ray diffraction
analysis (XRD) (diffractometer D8-Siemens) was applied to find
the crystalline structure of the powder samples. Energy disper-
sive X-ray analysis (EDX) (TESCAN Vega3) was used to gain an
insight into the kind and percentage of the constituent elements
of the lignin and C-lignin.

2.2. Experimental photo-thermal conversion set-up

A glass-made cylinder covered with a thick layer of epoxy resin was
used as a solar collector (inner diameter = 3.6 cm, outer diameter =
4.6 cm, and height = 5.4 cm). To minimize heat dissipation, the
solar collector is surrounded by a layer of sponge. The MF was
irradiated by a sunlight simulator (ss-103). An infrared thermal
imaging camera (Hti HT-18) and three temperature sensors
(DS18B20) were respectively used to record the surface tempera-
ture and variation temperature (at different heights from the
surface of the fluids: H1 = 0.2, H2 = 0.9, and H3 = 1.9 cm) of
the prepared carbonaceous fluids. By a TES-1333 Model solar
power meter, the incident light radiation intensity was measured.
During irradiation of MF by the solar simulator and consequently
heat generation, the temperature changes of the sample (that was
recorded using a data acquisition system (DAQ) as well as a
computer) were plotted as a function of time.

2.3. MTF fabrication method

Lignin/H,O MF was obtained by adding 0.2 g of sodium
lignosulfonate in 60 ml of deionized water and then sonicating
the mixture in an ultrasonic bath (BSA-SK2-4.0L) for 30 min
(Fig. S2a, ESIY). Also, to prepare lignin/PEG MF, 1 ml of
deionized water was added to 0.2 g of sodium lignosulfonate
and the obtained mixture was added to 60 ml of PEG. Then, it
was heated for 30 min to evaporate the water so that the
obtained MF became completely non-aqueous (Fig. S2b, ESIT).
The reason for adding 1 ml of water to sodium lignosulfonate is
to increase the initial dispersion of this substance in polyethy-
lene glycol because this sample disperses quickly in water.

To prepare C-lignin, 1 g sodium lignosulfonate was heated
on a heater for 15 min at ~267 °C, where the color of sodium
lignosulfonate changed from brown to black. This color change
indicates the carbonization of sodium lignosulfonate (Fig. S3a,
ESIT). C-lignin/PEG was prepared using the same method as
lignin/PEG (Fig. S3b, ESIt). First, 0.2 g of carbonized lignin was
added to 1 ml of water so that the carbonized lignin particles
were quickly dispersed in the water. Then, the obtained sus-
pension was added to 60 ml of PEG and then heated for 30 min
until 1 ml of added water was completely removed from the
suspension. Finally, after 30 min, the C-lignin/PEG was pre-
pared. To prepare C-lignin/H,O, 0.2 g carbonized lignin was
added to 60 ml of deionized water and the obtained mixture
was sonicated in an ultrasonic bath for 30 min (Fig. S3c, ESIT).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

Fig. 1a and b respectively show the FE-SEM images of lignin
and C-lignin. According to the FE-SEM images, both samples
have microparticles decorated with nanostructures and do not
have a specific morphology. Lignin carbonization causes water
to leave the sample, resulting in an increase in the roughness of
the lignin, which can be seen in Fig. 1b.

The results of the elemental analysis of the mentioned
samples show that both samples contain Na, Cl, S, O, C, Mg,
Ca, and N; and both samples consist of Na, C, S, O, and Cl
(Fig. S4a and b for lignin and C-lignin, respectively, ESIt). In
addition, the carbonization of lignin increases the percentage
of carbon in C-lignin, which can be clearly confirmed by the
obtained results of elemental analysis.

From the images of the elemental map, we can also see that
the distribution of all elements throughout both samples is
uniform (Fig. S5a and b, ESIY).

Fig. S6a (ESIT) presents the FT-IR spectrum of lignin and its
carbonized form. The broad peak at 3397 cm ' is ascribed to
the stretching vibrations of the O-H group in carboxylic acids.
The peak that appeared at 2964 cm™" is related to stretching
vibrations of C-H groups with carbon sp® hybridization related
to alkanes. The sharp peak at 1603 cm™* and the medium peak
at 1416 cm™ " are respectively ascribed to the stretching vibra-
tions of C=0 and C-O bonds in carboxylic acids. The sharp
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peak appearing at 1119 cm™ " is related to the out-of-plane
bending vibrations of the C-H= bond in alkenes. As can be
seen from the similarity of the FT-IR spectra of both samples,
the carbonization of lignin does not cause any dramatic change
in its functional groups.>*

To investigate the crystal structure of sodium lignosulfonate
and its carbonized form, their XRD spectra were prepared (Fig.
Séb, ESIt). From the appearance of similar peaks in both
spectra, it can be concluded that the carbonization of lignin
does not affect its crystal structure. Also, the appeared peaks at
20 =23°26° 28° 32° and 33° are the main characteristic peaks
of sodium lignosulfonate.?

Fig. S6c (ESIf) shows the UV-visible absorption spectra of
lignin/PEG and C-lignin/PEG. Similarly, a sharp peak appeared
around 235 nm indicating that both samples have the highest
absorption in the UV region.

Dynamic light scattering (DLS) analysis was used with a
Malvern Instruments Ltd, Zetasizer Ver. 7.11 to measure the
solvodynamic particle size distribution of the C-lignin/PEG (Fig.
S7a, ESIt), demonstrating that most of the microparticles have
about 732 nm solvodynamic diameter. This large solvodynamic
diameter shows that the microparticles of C-lignin are strongly
surrounded by long chain PEG polymer, revealing high stability
of the prepared MF.

The light path in both samples (the Tyndall effect) proves
that colloidal systems having fine-sized particles (microfluids)

File HFW | HV | Mag = WD wg Det Mode  Scan (Spot| 100.0nm
6-4000-2_621.tif 1.35 um 25.0 KV'200000x 8.8 mm SE ETD 300V 111.11 5 2.0

can  Spot 500.0nm

Scan \pcl 100.0nm
111.11s

Fig. 1 FE-SEM images of (a) lignin and (b) C-lignin with different magnifications.
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Fig. 2 Temperature rise during photo-thermal conversion of lignin/H,O
(solid diagrams) and C-lignin/H,O (dotted diagrams) fluids.

are formed (Fig. S7b, ESIf). The dark color of the lignin/PEG
and C-lignin/PEG is because of the introduction of lignin and
carbonized lignin particles in PEG and the generation of
stable MFs.

Fig. S8 (ESIT) shows the changes in the relative mass of the
synthesized MFs and their base fluid during 60 min irradiation,
where Am and m, are respectively mass changes and the initial
mass of the sample. The lack of significant change in the
relative mass of the samples is the reason for their high stability
at high temperatures during converting light into heat.

The ability of the prepared water-based carbonaceous MFs
in light-to-heat conversion was investigated (Fig. 2 and Fig. S9,
ESIT). For this purpose, the temperature increase (AT) of the
aqueous MFs was recorded under 60 min irradiation of the
solar simulator (light intensity = 1 sun). For both synthesized
MFs, the temperature rapidly rises at first, remarkably at the
near-to-surface of the MFs (H1). Then, the rate of the tempera-
ture increment becomes slower until it meets the equilibrium
point. The temperature increase of these samples has a similar
trend and they have only about 3 °C temperature differences.
For both MFs, the temperature increase at different depths
shows this trend: surface > H1 > H2 > H3, which shows that
the near-to-surface of the MFs absorbs the most incident light.

Lignin/PEG and C-lignin/PEG MFs were investigated in
terms of photo-thermal conversion capability. So, the men-
tioned MFs were prepared with different concentrations and
were exposed to the light of a solar simulator with the intensity
of 1 sun for 60 min (Fig. 3 and 4). The results indicated that the
C-lignin/PEG MF has better light-to-heat conversion perfor-
mance compared to lignin/PEG (Fig. 3 and 4). The reason for
this is that the carbonization of lignin increases the percentage
of carbon and, as a result, the color of the micro-particles
becomes darker, and consequently, it absorbs more light. In
addition, the carbonization of lignin increases the surface
roughness, which increases the contact surface of particles
with the surrounding medium. Therefore, the heat transfer of
MF increases. Another point inferred from Fig. 3 and 4 shows
that with the increase in the concentration of particles in both
samples, a slight increase in temperature is observed. It should
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Fig. 3 Graphs of temperature rise vs. time for lignin/PEG (solid lines) and
C-lignin/PEG (dotted lines) microfluids with different concentrations (i—iii).

be noted that the increase in the concentration of particles
causes the agglomeration and precipitation of particles. There-
fore, the optimum concentration for the samples was chosen as
0.2 g/60 ml. Another point worth mentioning is that both
samples have the highest light absorption and heat generation
in the layers close to the surface of the MF because of the dark
color of the mentioned samples (low transmittance). In parti-
cular, C-lignin/PEG has very low light transmittance.

All the results from the photo-thermal conversion experi-
ments indicated that lignin/H,O and C-lignin/H,O MFs showed
poor photo-thermal conversion performance compared to lig-
nin/PEG and C-lignin/PEG. Therefore, C-lignin/PEG MF was
chosen as the selected sample due to its better photo-thermal
conversion performance.

Fig. 5 shows the ability of C-lignin/PEG MF to convert light-to-
heat under various illumination intensities. According to the
obtained results, with the increase of radiation intensity, more heat

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The corresponding thermographs for lignin/PEG and C-lignin/PEG microfluids with different concentrations.

is produced by the sample because more photons per unit of time
reach the surface of the sample, and consequently, the probability of
light absorption increases. For depth H1 under 100 min radiation
with the intensity of 3 sun, the temperature rise of the sample is
more than AT = 52 °C, which indicates the high ability of the C-
lignin/PEG in terms of heat generation from incident light.

Fig. 6 shows the performance of C-lignin/PEG MF in con-
verting light-to-heat after undergoing several consecutive heat-
ing/cooling cycles during 60 min of irradiation under 1 sun.
The results indicate that the MF highly keeps its stability after
six heating/cooling cycles. As a result, C-lignin/PEG MF is
capable of being used as an efficient working fluid for heat
generation by absorbing light.

To investigate the effect of lignin micro-particles and its
carbonized form (dispersed in the PEG) on the amount of
energy absorbed by the working fluid, the ratio of stored energy
(SER) for the samples was calculated from eqn (1):*®

_ Tmf(l) - Tmf(o)
- be(l) — be(())

where, Tie(t), Tme(0), Toe(f), and Ty¢(0), respectively, represent

the temperature of MF at time ¢, initial temperature of MF, PEG

temperature at time ¢, and PEG’s initial temperature.>®
According to Fig. 7, the height-dependent SER values of both

SER 0

higher than at other heights (because the near-to-surface of the
MF absorbs most of the light). The value of SER for C-lignin/
PEG MF at H1 height is approximately 1.4. This means that the
ability of C-lignin/PEG MF in energy storage is 1.4 times more
than that of PEG, while at the height H1, the SER value for
lignin/PEG is close to 1.0 which indicates the better perfor-
mance of C-lignin/PEG MF in energy storage.

Eqn (2) was used to calculate the total energy absorbed by
MFs:*’

Etotal = WC(Tmax - Tmin)

2)

where, Thax and Tyin, respectively, are the highest and lowest
temperatures of MF. C is the specific heat capacity of PEG
(J kg ' K™ ") and w is the mass of MF (kg). As the micro-particle
concentration is not high, C is the same as the value of PEG.?”

Fig. S10 (ESIt) shows the calculated E, graph for the
prepared MFs at depths H1, H2, H3, and bulk. According to
the obtained results, the Eiy, values of C-lignin/PEG MF are
much higher than lignin/PEG, which matches the calculated
SER values. Therefore, the near-to-surface of MFs have the most
photo-thermal conversion capability.

Photo-thermal conversion efficiency (E%) for the synthe-
sized MFs was calculated from eqn (3):®

samples reach their maximum value at about 15 min of wC AT
. .. . . E%=——x100 (3)
irradiation and then remain constant. The SER value at H1 is IS At
60 ”
(ii)| 1 e 3
----- H3
e —~ 40 i T —“‘
.................. o R
" _______ = 30 3 ) P (|||)
"""" < o -
o 20 1 S
10d/. "',"/"
2.2 Sun o Y= 3 Sun
4000 6000 0 2000 4000 6000
t(s) t(s)
Fig. 5 Graphs of temperature rise vs. time for C-lignin/PEG with a concentration of 0.2 g/60 ml at different light intensities (i—iii).
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Fig. 7 Graphs of stored energy ratio for (i) lignin/PEG and (ii) C-lignin/PEG
MFs at different heights from the surface.

where I, AT, S, and At are, respectively, the heat flux of the
irradiated light (W m™?), the difference between the initial and
the instantaneous temperatures, the solar collector projected
surface area (m?), and the time exposed to the light radiation.

Fig. 8 shows the E% for lignin/PEG and C-lignin/PEG
MFs at different depths. Clearly, the photo-thermal conversion

1742 | Energy Adv,, 2024, 3,1737-1745

4000 5000 6000 1000 2000 3000 4000 5000 6000
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efficiency at H1 is more than H2 and H3, which is in agreement
with the obtained results from the previous sections because
the maximum amount of the generated heat is at the near-to-
surface of the MFs. The E% for C-lignin/PEG has higher values
than lignin/PEG. Therefore, C-lignin/PEG is the best sample for
converting light into heat.

By fitting the experimental data with eqn (4) and (5),>° the
rate constants of absorbing energy (A (°C s')) and heat
dissipation (B (s~')) were extracted and included in Table S1

(ESIY).

Toe(t) — Ty = %(1 —e (4)
Tine(t) — To = (Tme(0) — Tole * (5)

where Ty, is the ambient temperature.>®

The results indicate that the loss and absorption of energy
are the fastest in the layers close to the surface.

The ability of C-lignin/PEG to convert sunlight into heat was
investigated. For this purpose, on a sunny day (24/07/2022)
(with light intensity 0.97-0.98 sun, ambient temperature 30-
31 °C), the sample was illuminated under sunlight. After that,
temperature changes at different time intervals were recorded
(Fig. 9). According to Fig. 9, the sample showed remarkable
sunlight-thermal conversion performance so that after 1 hour,
its surface temperature increased to 66 °C (AT =~ 35 °C), which
compared to the radiation of the sunlight simulator at 1 sun
(Fig. 5(i)) shows greater temperature rise and the sample is
significantly more qualified to convert sunlight into heat. The
higher temperature increase by Sun irradiation is because of
the wider electromagnetic radiation spectrum of sunlight (UV,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Time-dependent temperature profile of C-lignin/PEG MF under sunlight irradiation (ambient temperature: 30-31 °C).

visible, and IR)*°, while the radiation of the sunlight simulator
mainly corresponds to the visible region of solar light and does
not cover the entire wavelength range of the solar light.

The main advantages of the prepared MFs in the present work
are simplicity and fast preparation method, environmental friend-
liness, low cost, broad availability of the precursors, super stability

without using any stabilizer, additives, surfactants, chemicals,
salts, etc., and efficient utilization of a by-product (lignin) for
sunlight energy harvesting as well as high photo-thermal conver-
sion efficiency. Table 1 presents a brief comparison between some
properties of the prepared MFs and other nanofluids. It should be
noted that the mechanism of photo-thermal conversion by the

Table 1 A comparison between some properties of the prepared MFs and other nanofluids

Preparation Preparation
Nanofluids Preparation method time Stabilizer cost Ref.
Graphene oxide/water Ultra-sonication Fast No Medium 31
Nitrogen-doped carbon nanotubes deco- Chemical vapor deposition, polyethylene Slow No High 32
rated with gold-palladium imine reduction method, sonication
B-Cyclodextrin modified carbon nanotubes  Ultra-sonication Slow Yes High 33
Graphene oxide stabilized carbon nanotube- Modified Hummers’ method, freeze-drying  Slow No High 34
water method, ultra-sonication
Multiwalled carbon nanotubes/ethylene Chemical vapor deposition, ultra-sonication Slow Yes High 35
glycol
Modified graphene/ionic liquid Centrifugation, vacuum condition, stirring  Slow No High 8
CQD/PEG Microwave irradiation Fast No Low 10
C-lignin/PEG, lignin/PEG Sonication Fast No Low Present work
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carbonaceous materials is mainly based on electron excitation
from = orbitals to m* orbitals via photon irradiation. Then by
relaxation of the excited electrons to the ground state via vibra-
tion-electron coupling, the excess energy is released in the form of
heat. Also, by conjugation of n orbitals the band gap decreases
and the electron transition becomes easier.*’

Conclusions

In this work, environmentally friendly microfluids of lignin and
C-lignin by mixing with PEG and water were simply synthesized
and used for efficient conversion of light into heat. Fig. S1
(ESIt) briefly shows the research flowchart of this work. The
results obtained from this work are:

e According to the results obtained from FE-SEM analysis, the
synthesized samples contain MPs decorated with nanostructures.

e Based on the results of the elemental analysis and also the
elemental map, the distribution of all the constituent elements
of both samples is uniform.

e Carbonization of lignin causes an increase in roughness,
as well as an increase in the percentage of carbon and darken-
ing of the color of the MF. For this reason, C-lignin/PEG
absorbs more light and eventually converts it into heat.

e Carbonization does not change the crystallinity and the
functional groups of the lignin.

e Lignin and C-lignin have poor performance in generating
heat from light in water.

o The prepared C-lignin/PEG MFs do not require any additives
(surfactants, harmful chemicals, salt, etc.) to stabilize and are
naturally stable (even after 6 consecutive heating/cooling cycles).

e C-lignin/PEG MF showed a better ability to convert light into
heat compared to lignin/H,0, C-lignin/H,0, and lignin/PEG and
was considered as the selected sample. Actually, carbonaceous
microparticles of C-lignin act as photon acceptors as well as local
heaters towards converting incident light-into-heat. Therefore,
micro-convection around the suspended microparticles is gen-
erated, causing more convective heat transfer.

o All the obtained thermo-physical parameters showed that
the most suitable part of the MFs for photo-thermal conversion
applications is the near-to-surface layers.

o The photo-thermal conversion efficiency of C-lignin/PEG is
100% and for lignin/PEG is approximately 80%.

e C-lignin/PEG has a very good performance in converting
sunlight into heat, and in general, it is a suitable candidate for
practical applications of photo-thermal conversion.

The preparation of magnetic C-lignin/PEG and lignin/PEG
and the study of their photo-thermal properties in the presence
and absence of an external magnetic field is suggested for
future studies. Moreover, using concentrators like parabolic
mirrors would be an efficient strategy to reach high tempera-
tures during lower irradiation time.
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