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ARTICLE INFO ABSTRACT

This paper discusses the development of a coating made of solid waste and residual biomass and its application
as ecological solar absorber coating. This absorbent solar coating is made with a binder that consists of essential
grapefruit rind oil and expanded polystyrene, both obtained from waste materials, as well as forest biomass soot
(FBS) processed by mechanical grinding and used as a functional photothermal material. This mixture produces
a paint that can be applied to metallic substrates to form a solar energy-absorbing surface. The characterization
and evaluation is shown in three steps: (a) Characterization of the materials using XRD, SEM, TEM, XPS, Raman
spectroscopy and IR; (b) coating evaluation using AFM, optical characterization to measure solar absorption, TG
to determine the operating temperature and laser flash analysis to determine thermal conductivity; and (c) a
testing with thermosolar technology to determine the thermal parameters of solar cookers. It has been identified
that the pseudo-amorphous carbon in FBS has solar energy absorption capacity due to the sp>-sp> bonds present
in this kind of carbon, associated with the material’s graphitic domain. Also, results show that the coating can be
used with thermosolar technologies operating above 250 °C with a solar absorption index above 96%, and it has
thermally-efficient properties. In addition, the coating, it shows better results with solar cookers than other
coatings used with this technology, increasing cooking power, so it can potentially be employed with various
thermosolar technologies due to the replicability of its materials, its low environmental impact and low eco-
nomic cost.
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1. Introduction electronic structure, the wavelength of the light, and surface smooth-
ness (Feynman, 1985; Granqvist, 1991). Besides, when choosing the

The research around Renewable Energy Sources (RES) has increased materials to be utilized, the main mechanisms of photoconversion must

in recent years (Manzano-Agugliaro et al., 2013), mainly in the fields of
bioenergy and solar energy. Currently, the exploitation of solar energy
in the domestic sector includes the use of low-temperature thermal
solar systems (80-150 °C), primarily to heat water and cook food
(Gonzalez-Avilés et al., 2017a, 2017b; Kalogirou, 2004). The operation
and the performance of these systems depend strongly on the design
and efficiency of the coatings since these factors allow a reduction on
the fabrication and implementation costs and a low environmental
impact (Altun-Ciftcioglu et al., 2016). Developing solar coatings entails
considering that a material’s light-absorbing capacity depends on its
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be considered (Atkinson et al., 2015; Gao et al., 2019; Kennedy, 2002):
(a) plasmonic heating, (b) non-radiative semiconductor relaxation, and
(c) thermal vibration of molecules. Some solar energy-absorbing paints
made of organic materials allow photoconversion through molecular
vibration, are generally low-cost, accessible, and simple to apply to
solar collectors. They are ideal for low-power thermal solar systems that
operate in low-to-medium temperature ranges (T < 300 °C), and for
applications in rural areas where acquiring more sophisticated mate-
rials may be difficult.

In the development of paints are involved 3 principal elements: (a) a
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Fig. 1. (a) Traditional stove in a rural community kitchen where soot is accumulated in walls; (b) Patsari ® stove duct where the soot is found; (c) soot particle
agglomerates extracted from Patsari® stove duct; (d) steam drag to extract the essential grapefruit oil (e) essential grapefruit oil.

solvent; (b) a base or body; and (c) pigments. And in this work two
materials derived from biomass are of special interest. On the one hand
the of soot produced by the combustion of forest resources in Patsari®
firewood-saving stoves (Fig. la—c) (Masera et al., 2005). On the other
hand, the grapefruit oil data from the citrus-producers’ association in
the citrus-growing region of the state of Michoacan, Mexico, indicate
that around 30,000 tons of grapefruit are discarded annually. But
grapefruit rind can be used to produce an organic solvent by extracting
its essential oils, which contain diverse chemical compounds for this use
(Arnoldo Bndoni, 2003; Nannapaneni et al., 2009), and this oil is low
environmental impact. Most grapefruit oil —elaborated from rind- is
made up of compounds of low molecular weight; that is, mono-
terpenoids, which represent over 70% by weight of this waste material
(Pino and Sanchez, 2000; Soto et al., 2013). Monoterpenoids are vo-
latile compounds with 10 carbon atoms and 2 units of isoprene that are
thought to be one of the largest families of natural products (Garcia
et al., 2009; Grayson, 2000). Essential oils derived from citrus fruits
contain the limonene terpenoid, which has been shown to act as a
natural solvent of expanded polystyrene (Rivera et al., 2014), so it is a
suitable solvent for our aim of producing a coating with low environ-
mental impact.

The aim of this work is develop a solar energy-absorbing paint
coating that is efficient, low-cost and has a low environmental impact,
generating a sustainable material. For this purpose, we complement
previous research on Forest Biomass Soot (FBS), Fig. la—c, for appli-
cations in solar thermal technologies (Correa et al., 2014; Lépez-Sosa
et al., 2018). The FBS is material that functions as the absorption pig-
ment in the solar spectrum. The binder suggested for use is derived from
the essential oil of grapefruit rind, extracted by steam drag (Fig. 1d, e),
which acts as the solvent. Finally, waste expanded polystyrene forms
the base or body (Styrofoam) that dissolves easily in citrus oils. Here,
both solvent and body have low environmental impact and exploit
reusable waste and/or recycled materials. The result is an easy to make
paint, which can be used in solar thermal technologies. The coating
evaluation has been carried out using optical characterization to mea-
sure solar absorption, thermo-gravimetric tests to determine the max-
imum operating temperature of the coating, laser flash analysis to
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determine thermal conductivity, and a surface morphology study.

2. Materials and methods
2.1. Characterization coating

The characterization of soot from forest biomass was performed
with X-ray diffraction (XRD) using a D8 Advance Davinci model dif-
fractor with Cu Ka radiation (1.54056 10\). We also used scanning
electron microscopy (SEM) with a Jeol JSM 7600F field-emission
model; Transmission Electron Microscopy (TEM) with a field-emission
Tecnai F-20 model; Raman spectroscopy with a Bruker Raman Senterra
apparatus with a 532-nm laser, a power of 5mW, and a 50-pum aperture;
Infrared spectroscopy with a Bruker tensor 27 model (FTIR). And X-ray
Photoelectron Spectroscopy (XPS) SPECS systems with an analyzer
model Phoibos 150 (SPECS, Berlin); the system is equipped with a
monochromatic Al Ka x-ray source of 1486.7 eV photon energy which
operates with a power of 300 W over a 3 X 1 mm size spot; for charging
compensation charge neutralization low energy electron beam was
used; the survey spectrum was acquired at 40 eV of pass energy and
step size of 0.5 eV, the high resolution spectrum values for the pass
energy and the steps size were 15 eV and 0.1 eV, respectively. To
deagglomerate soot particles, a planetary PM100 milling machine was
used, with a velocity of 350 RPM (Suryanarayana, 2004). The Bru-
nauer-Emmett-Teller (BET) method with a Quantasorb Jr device was
used to measure the surface area before and after mechanical grinding.

The organic solvent used in this research was essential oil from
grapefruit rind (Citrus paradisi L), while the body of the paint and li-
gand was polystyrene dissolved in the solvent, as a strategy for re-
cycling expanded polystyrene. The suggested proportion of the mixture
in mass was 3:1 of solvent and polystyrene, respectively (Rivera et al.,
2014). The characterization of the grapefruit oil was performed by in-
frared spectroscopy, as specified previously. Evaluations of absorbent
coatings (resulting paint = soot + binder) must be performed under
both controlled laboratory conditions and in the field (outdoors) in
order to corroborate experimental, laboratory results with the real
performance of the coating. Both ways of testing were conducted in this
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Fig. 2. (a) Coating application by flow-coating; (b) aluminum substrate with the proposed coating.

study. To homogenize the application of the paint on a metallic sub-
strate (3003 aluminum alloy) it was necessary to use the flow-coating
technique, (Mittal et al., 2010), (Fig. 2a); thus, the paint produced from
the mixture of the binder and FBS was applied as a coating on the
aluminum substrates (Fig. 2). The best photothermal properties for soot
recurrences are obtained in the range of 100 to 200 pum (Rebollo-
Sandoval, 2017). Therefore, an average value for the size of the pro-
posed coating has been defined.

The characterization of the coating developed considers: (a) surface
morphology by Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM), as mentioned above; (b) chemical analysis utilizing
infrared spectroscopy; and (c) thermal analysis. For this aspect, we
estimated the coating’s thermal conductivity at various temperatures,
employing a Linseis LFA 1000 laser flash equipped with a NdYAG laser
with a wavelength of 1064 nm, power of 1 mW and a pulse of 0.5 ms.
Also, to evaluating the functionality of the coating and its stability to
different temperatures required a Thermal Gravimetric Analysis (TGA)
apparatus, Model-TGA500 (TA instruments) with an oxidizing atmo-
sphere to simulate the outdoor conditions under which it would op-
erate. Also, the absorbent surfaces developed (Fig. 2b) were evaluated
comparatively in the field using a real solar irradiance test, as an in-
direct way of determining its solar absorption capacity (Lépez-Sosa
et al.,, 2018); (d) solar absorption: in this procedure, the spectra of
hemispheric reflectance of the samples measured 0.3-2.5 um using a
double-beam Perkin-Elmer Lambda 950 UV-VIS-NIR spectro-
photometer equipped with a 150-mm integration sphere coated with
Spectralon for diffuse reflectance. Solar absorbance (o) was calculated
using the standard procedure (Farchado et al., 2018), an AM 1.5 be-
tween 0.3 and 2.5 pm, and the following equation:

1 [a1 (4, 6;, T,)]GpdA
L2 Gydd

s ([0.3, 2.5], 6;, Ty) =
(€8]

where A is wavelength, a; (A, ©; T) is the spectral absorbance calcu-
lated from 1-py(A) with py(A) as the spectral hemispheric reflectance
measured in the spectrophotometer, and G;, (\) is the spectral solar
irradiance.

The thermal emissivity of the coating, ¢1, was also determined using
a Pekin Elmer Frontier FTIR spectrophotometer, with calculations from
the hemispherical spectra of IR reflectance recorded from 2.5 to 17 um
at room temperature, considering Kirchoff's law and the black body
spectrum at 100 °C using the following equation (Duffie et al., 2003;
Lépez-Herraiz et al., 2017):

- Sos 1= pliam (4, T)dA
/;157 ipp (4, Ty)dA

(2)

where p, is the spectral hemispherical reflectance measured in the
spectrophotometer; i, 1,1, is the emission intensity of a black body for
each wavelength at a given temperature.
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2.2. Evaluation of the coating with a solar technology (solar cooker)

Having evaluated the solar absorbent paint, we assessed its perfor-
mance with a solar cooking system, a Rural Solar Cooker (RSC) was
used because it is a functional technology that is in used in diverse
regions Mexico (Gonzalez-Avilés et al., 2017a, 2017b). The coating was
applied to a 5-liter pressure cooker that to evaluate the thermal para-
meters of the RSC. The main figure of merit specified in the ASAE S580
norm is standard cooking power (SCP) (Parker, 1980), which is calcu-
lated by multiplying the temperature difference, AT = Twater-Tenvir-
onment in 5 min by the mass of water (m) in the pot and the specific
heat of water (Cp = 4186 J/kgK), and then dividing the result by the
elapsed time, At = 300 s.

P. = mc,—

¢ Pt 3)
F, is cooking power, dT/dt is the differential of temperature with respect
to time. To obtain the SCP, the cooking power was normalized to a
value of 700 W/m? by the following equation.

()

Bl

(4

where I is average irradiance in the time interval w/m?), P, is the
cooking power (W), P is standard cooking power (W). Results are
shown by plotting Ps as a function of the difference between the tem-
perature of the water and the ambient temperature at 50 °C. Another
parameter evaluated during this procedure was yield (Thermal Oper-
ating performance), which was calculated with the following expression
(Kundapur and Sudhir, 2009):

mcp(Twz - Twl)
A [Idt

()

where m is the mass of water in the pot, T, is the final temperature of
the water and T,,; is the initial temperature of the water, A is the area of
solar collection, I is the irradiance and dt is the derived of time. Finally,
we estimated heating time, which was calculated at 95% of the max-
imum temperature reached during the duration of the exposure test to
solar radiation (Gonzalez-Avilés et al., 2017a, 2017b).

3. Results and discussion
3.1. Materials and coating

Interest in soot from the combustion of organic materials has di-
versified in recent years (Kakunuri and Sharma, 2015; Singh et al.,
2018; Xue et al., 2017). Studies of carbon nanoparticles from soot
produced by combustion show that this is a multifunctional material.
The results of the characterization of the FBS are described below. The



L.B. Ldpez-Sosa, et al.

3500 4 T T T T
JCPDS No. 44-1159

(002)

3000 4

Intensity (a.u)

0 T T T T T 1

50
20 (Degree)

Intensity (a.u.)

Solar Energy 202 (2020) 238-248

400

150
1000

\J LJ \J L
1500 2000 2500 3000 350(

Wave number (cm'l)

Transmittance (%)

1383---

0.55 v

(c)

1000 1500

\J
2000

2500 3000 3500 4000

Wavenumber (cm™)

Fig. 3. Characterization of Forest Biomass Soot with (a) XRD, (b) Raman spectroscopy (c) FTIR spectroscopy.

XRD results show that this material presents pseudo-amorphous carbon
and a certain crystalline phase, and that two diffraction peaks can be
observed (Fig. 3a), which correspond to nanoparticulate carbon with
graphitic crystalline traces at 25.5° and 44° (JCPDS No. 44-1159). These
are largely amorphous and constitute honeycomb-type structures made
of graphite-like carbon (Fig. 3a). This is consistent with others studies
(Kakunuri & Sharma, 2015; Singh et al., 2018), which demonstrated the
characterization of soot from combustion. The diffraction peaks reveal
the presence of two planes (0 0 2) and (1 0 0) for the case of soot from
combustion, a finding that also concurs with previous research
(Kakunuri and Sharma, 2015; Singh et al., 2019; Xue et al., 2017).

The analysis of the FBS by Raman spectroscopy shows that it has
three characteristic bands (Fig. 3b). Band D shows the amorphous or
disordered graphite, while band G shows the first-order dispersion of
the graphitic plane (crystalline); that is, the material’s sp? hybridized
domain (Singh et al., 2019, 2018). Also evident is a third, weak and
wide band at approximately 2750 cm~*, known as band 2D, which has
been reported in others studies (Akhavan, 2015; Singh et al., 2019; Xie
et al., 2017). This band is attributed to the appearance of a few layers of
graphene in carbonaceous materials that can generate bands with
higher values that correspond to multi-layer graphene. It is also inter-
esting to determine whether the presence of this carbon allotrope
contributes to the photothermal property of the FBS.

One of the main mechanisms of photoconversion that is best-known
is thermal vibration in the molecules, which usually occurs in organic
materials that absorb optical energy and transform it into heat. This is
the case of many carbon allotropes (Gao et al., 2019), including carbon

and graphene nanotubes. In the present case, this is associated with
pseudo-amorphous carbon. It is also well-known that this carbon allo-
trope contains sp>-sp> bonds, as shown in some research (Bond and
Bergstrom, 2006; Haerle et al., 2002); thus it is important to mention
that the material’s sp> hybridized domain identified by Raman spec-
troscopy, made it possible to determine that the photothermal effect of
the material is associated with this domain since, sp-sp® carbon allo-
tropes have higher light absorption coefficients and greater efficiencies
than other known light absorbers (Zhang et al., 2016). Therefore, the
presence of pseudo-amorphous carbon helps produce the material’s
photothermal effect.

Another aspect of the FBS characterization is its chemical compo-
sition. This was analyzed by FTIR (Fig. 3c). The bands that appear at
3440 cm ' and 1620 cm ™! are associated with the mode of stretching
and flexion of the hydrogen bond in the hydroxyl group, and they
suggest the presence of a phase of adsorbed water (Liang et al., 2014;
Singh et al., 2018). Hence, the bands at 2850 cm ™! and 2915 cm ™! are
attributed to the stretching of C—H (alkanes), and suggest that com-
bustion was only partially-completed (Justin Raj et al., 2016). The band
at 2360 cm ™! represents a small amount of unburned organic material.
In contrast, the bands at 690 cm ™' and 1590 cm ™' correspond to
—C—H functional groups of aromatic carbons; meanwhile, bands be-
tween 1390 cm ™! and —1750 cm ™! reveal the presence of proteins,
lipids and fatty acids (Justin Raj et al., 2016; Singh et al., 2018), and
those between 750 cm ™! and 900 cm ™! can be attributed to other
compounds outside the plane of the CH aromatic band (Roden et al.,
2006). Finally, the vibration band between 1690 cm ™! and 1715 cm ™*
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is linked to the stretching of the carboxyl group (Ess et al., 2016).

In summary, the FTIR spectrum shows a greater presence of pri-
marily organic compounds, suggesting a favorable element for light
absorption in these materials (Bond and Bergstrom, 2006). Com-
plementary to this, the FTIR characterization supports the conjecture
that the carbon present in the FBS is the element with photothermal
properties, one that bodes well for the application of this material in
solar thermoconversion systems. It is important to mention, in this re-
gard, that previous research has shown that the presence of carbon in
soot is quite large. Some research reported a carbon presence above
70% in FBS (Roden et al., 2006), a finding that concurs with the phase
domain identified in the present study, as does the fact that the pre-
sence of a certain phase is associated with the material’s absorption
capacity.

The results of the XPS analysis are shown in Fig. 4. They are con-
sistent with the Raman spectroscopy analysis in relation to the sp>sp>
bonds, to which the solar absorption capacity is attributed. All these
analyses show the results of sp>sp® bonds (Gaddam and Vander Wal,
2013).

Elemental quantification and chemical state analysis of the biomass
sample was assessed from the XPS data and processed using AAnalyzer®
software. The survey spectrum in Fig. 4a shows photoemission lines at
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binding energies corresponding to oxygen, carbon, molybdenum, sul-
phur, silicon (Carabali et al., 2016), nitrogen and indium. The indium
lines come from the substrate where the biomass sample was placed,
and it was used as reference for shift correction being 1.98535 eV the
shift value for correction of high-resolution spectra. The high-resolution
spectra of the core levels C 1s (Fig. 4b), O 1s (Fig. 4c), and N 1s were
analysed to identify the chemical species present in the FBS sample. In
the case of C 1s were found 6 components. Among them, it is expected
that two components come from a mixing of sp? and sp® hybridization,
given the semi-amorphous nature of the FBS sample. It was found that
the component at 284.39 + 0.02 eV is characteristic of the sp? hy-
bridization (C—C bond), and it is confirmed with the appearance of the
s-t*  plasmon loss features at 29272 * 0.03 eV and
295.55 = 0.04 eV. Due the metallic nature of the sp?, it is expected an
asymmetry at the left side of the component peak, which was modelled
using the double Lorentzian asymmetric line-shape together with the
Voigt line-shape. The proper modelling of the asymmetry avoids in-
cluding a not existent additional peak to cover the area corresponding
to the tail at the left of the asymmetric peak. Although this component
has characteristics of the sp? hybridization (binding energy, asymmetry,
loss features), the value of 1.38 for the FWHM is wider than the re-
ported in the literature for pure sp® (Susi et al., 2015). The analysis of
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the subsequent components will give a complete picture to clarify the
reason of it. All components in O 1s, N1s and C 1s were fitted using
Voigt function excepting for sp® as described previously. For back-
ground removal, a combination of Shirley-Sherwood and slope was
used. The second component, which is at 1.29 eV from the sp® peak, is
characteristic of either sp> or C—OH or C—0—C. To distinguish between
them, the ratio of the concentration between the associated C—O
components in the C 1s and the O 1s core levels, was calculated. We use
sensitivity factors method to calculate concentration and even with less
accuracy ( = 10% error) than the so-called first principles model, it
gives a good insight regarding the concentration (Battistoni et al.,
1985). The relationship between the concentration n; for a component
(i.e. chemical specie) in the element i and the area A; of that component
is given by n; = A;/S;, where S; the sensitivity factor for that element.
From the core level O 1s, 5 peaks were identified qualitatively ac-

cording to their binding energies located at
531.29 * 0.02 eV532.69 =+ 0.05 eV, 533.82 = 0.04 eV, and
536.05 = 0.15 eV, associated to C—O—C, C=0, O—C=0, and In,03;,

respectively. The ratio concentration carbon/oxygen between the as-
sociated components were 1.95:1 for C—O—C, 2.5:1 for C=0 and 1.1:2
for O—C=O0. The ratio concentration between the component in In 3d
at 444.8 + 0.01 eV and the component at 536.05 *= 0.15eVin O 1sis
2.3:3. This indium component acts as the reference instead the com-
monly used adventitious carbon since in this study the carbon is the
element under study. According to the semiquantitative results, it was
possible to confirm the existent of C—O—C and O—C=0, but two dis-
crepancies were observed. The first is regarding the missing sp® peak,
which as mentioned above, it is expected to be present in the biomass
sample at an average value of around 1.1 eV from sp? according to the
literature. Haerle et al. have reported a calculated and measured values
of 1.0 and 0.9, respectively, for amorphous carbon (Haerle et al., 2002).
It has been reported that the separation between the sp? and sp°® peaks
is in the range between 0.8 and 1.35 eV for amorphous carbon pro-
duced under different conditions (Wan and Komvopoulos, 2007). In this
work, the separation between sp? and the closest peak at high binding
energy, is in the range mentioned but as the assessment of the ratio
concentration indicates, that peak corresponds to C—O—C bond. By
other side, the width of the Al-Ka measured with Ag 3d with a pass
energy of 15 eV is 1.1 eV, therefore components with a separation lower
than this value are not possible to distinguish. This fact leaves only a
range of 0.25 eV to incorporate a sp> component. A feasible hypothesis
considering a coaction of the factors: the width of the sp® component,
the resolution of the natural Al-Ka x-ray line and the confirmation of
the C:O ratio with the closest component to sp? bond, suggest that the
sp peak is the envelop of the sp® and sp> contributions as result of
strong overlapping. The second discrepancy is regarding the third peak
at 288.06 = 0.07 and 532.69 = 0.05 assigned to C=0 in C 1s and O
1s, respectively, the C:O concentration ratio is 2.4:1, which is far from
the expected value. A contribution of chemical bonding between carbon
and nitrogen atoms must be present in this case resulting in an addi-
tional contribution to the area of the peak at 288.06 = 0.07 eV. This
assumption is under the consideration that the principal contribution to
the total area of nitrogen; pyrrolic-N is in the range between 285.5 and
288.3 eV in C 1s and 398.9-400.9 eV in N 1s (Susi et al., 2015), which
agrees with the results as indicated in Table A.1. Continuing with the
peak at 290.61 = 0.18, its assignation to O—C=O0 is strongly sup-
ported with the C:O ratio concentration calculated with the area of the
O 1s component at 533.82 + 0.04, which is 1.06:2. The last two peaks
at 292.72 = 0.03 eV and 295.55 * 0.04 eV are plasmon loss features
related with delocalized x electrons in sp® hybridization.
Transmission electron microscopy (TEM) allowed us to obtain more
precise data on the nanometric size of the FBS particles (Fig. 5a). The
agglomerates of nanometric order contain particles whose size is <
100 nm. This determination concurs with previous research (Carabali
et al., 2016; Martins et al., 1998). Moreover, the TEM images confirmed
the existence of a nano-chain structure of carbon nanoparticles with a
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mean diameter < 100 nm. The tendency of the carbon nanoparticles to
form chains —as can be seen in Fig. 4a— can be attributed to their strong
union and/or adhesion (Singh et al., 2018). The TEM analysis also made
it possible to observe the amorphous part of the material, short-range,
nano-sized carbon structures (Fig. 5b), and the presence of graphitic
structures with dislocations that show deformation in the short-range
crystalline network. Thus, we confirmed the presence of the graphite
plane (0 0 2) that was revealed by DRX. This matches with the studies
for soot of combustion (Lopez-Sosa et al., 2019a, 2019b; Singh et al.,
2019; Su et al., 2011), that show a TEM characterization. It also con-
curs, complementarily, with the characterization described above. Ac-
cording to these results, the functional SFB is interesting for possible
applications as a solar energy-absorbing material in coatings. These
applications are described in the next section.

The binder proposed for the coating in the present research consists
of a solvent based on essential grapefruit oil, and a base (body) of ex-
panded polystyrene which is easily-dissolved (Garcia et al., 2009), due
to the high presence of limonene-type terpenoids (Pino and Sanchez,
2000; Schulz et al., 2002). For this reason, the FTIR analysis evidenced
the bands at 886 cm ™!, 1436 cm ™!, 1453 cm ™! and 1644 cm ™!, which
are associated with the limonene terpenoids present in the oil analyzed
(Kalasinsky and Mcdonald, 1983) (Fig. 6a). To complement this ana-
lysis, we used Raman spectroscopy. It is important to point out that
some studies (Partal Urena et al., 2009; Pino and Sanchez, 2000;
Seidler-Lozykowska et al., 2010), show the characteristic bands of li-
monene terpenoids, which can also be observed in Fig. 6b. Regarding
limonene, signals can be recognized near 1645 cm ™' due to the pre-
sence of alkenes (C=C ethylene type, and cyclohexene). A strong vi-
bration of the deformation of the ring between 740 and 760 cm™!
(Schulz and Baranska, 2007; Seidler-Lozykowska et al., 2010) is also
observable. Both characterizations (FTIR, Raman) confirm the presence
of the limonene terpenoid; that is, the compound responsible for solu-
bilizing the expanded polystyrene. The polystyrene utilized presents a
characteristic FTIR spectrum that is associated with the 2850 cm ™!,
2930 cm !, 3000 cm™!, (Jabbari & Peppas, 1993), 3030 cm ™!,
3060 cm ™~ ?, 3085 cm ™! and 3105 cm ™! bands (Jabbari and Peppas,
1993; Liang and Krimm, 1958). Fig. 6a shows an integrated image of
the bands characteristic of the essential oil, the FBS and the expanded
polystyrene.

The weight concentration in the paint was 60% binder/40% soot
(Fig. 6a—d) (Lopez-Sosa et al., 2018). The FBS was ground mechanically
and then mixed in to produce the paint. Grinding helps to disaggregate
and break up the chains of carbon nanoparticles and achieve an esti-
mated increase of the surface area from 50.55 to 70.23 mz/g (Fig. 7). A
macroscopic view shows a finer appearance and less dense soot.

SEM analysis allowed us to corroborate that FBS is a nanometric
material that form large aggregates before grinding (Fig. 7a), because of
the time of collection from the firewood-saving stoves. After grinding,
the agglomerates of nanometric particles were smaller, and it was
possible to visualize the soot particles (Fig. 7b).

When the ground soot was utilized, the surface obtained upon ap-
plying the coating on the metallic substrates was more homogeneous
and had —qualitatively— greater adhesion (Fig. 7d, f). In contrast, the
unground FBS produced much more irregular coatings (Fig. 7c, e) that
caused the paint to easily detach from the metallic substrates. Me-
chanical grinding, therefore, produced a greater contact area for the
material by increasing the surface area, thus generating more homo-
geneous surfaces.

The coating’s solar absorption is acceptable, as shown by the re-
flectance curve (Fig. 8a). In fact, when compared to other, low-cost
coatings (Farchado et al., 2018; Katumba et al., 2005), our mixture
showed high values for solar absorption. To estimate solar absorption,
we used the equation (1): as 0.968. This is, actually, one of the
highest values reported in the literature on recently-developed, low-
cost coatings (Gao et al., 2017; Prasad et al., 2018). The emissivity of
the proposed coating was et = 0.924. The selectivity of the material



L.B. Ldpez-Sosa, et al.

Solar Energy 202 (2020) 238-248

A\

T

A\ \\\\\

I

hkl
()

d(A)
3.762

Fig. 5. TEM micrographs of soot from forest biomass (a) Bright field; (b) HRTEM and filtered area with its correspond diffraction pattern.

(as/et) is 1.04. In low cost coatings for solar cookers these values are
acceptable (Gonzalez-Avilés et al., 2019; Servin et al., 2016), in addi-
tion, it is important to highlight the low environmental impact that this
material has.

Fig. 8b shows the results for the parameter of thermal conductivity
of the coating at different temperatures. Previous studies involving SBF
have hypothesized a relation between thermal conductivity and tem-
perature increase; however, they fail to show any explicit relation be-
tween conductivity and useful heat transfer in end-use apparatuses. In
this case, the results shown in Fig. 8b are distinct from those with some
researches (Wamae et al., 2018), because in this study the photothermal
property of the material, soot, caused conductivity to increase as the
temperature was increased. In fact, at temperatures above 100 °C, the
material experienced a significant increase of thermal conductivity,
indicating that the amount of heat transferred is greater, and that this
occurs faster at higher temperatures. Fig. 8c illustrates that, as the solar
energy hits the surface of the coating, the photothermal effect generates
heat transfer towards the metallic substrate. The greater the thermal

conductivity, the greater the amount of useful accumulated heat; this is
an ideal situation for coatings used in low-power, thermal solar tech-
nologies, especially because they operate in the range of 100-200 °C,
and the useful heat translates into the efficiency with which these
technologies perform thermal tasks; for example, dehydrating or
cooking foods, and heating or distilling water.

Regarding the issue of material degradation at different tempera-
tures, TGA results are shown with respect to a temperature ramp that
reaches 400 °C. Clearly, the coating begins to degrade at around 300 °C
(Fig. 8d), due to the presence of the binder, for it is reported that the
functional material begins to degrade at a temperature above 400 °C
(Kennedy, 2002). These results are encouraging because a variety of
thermosolar systems operate at temperatures around 200 °C, which
would allow an optimum use of the coating developed in here that,
furthermore, is ecological.

The coating was also evaluated outdoors using an experimental
protocol in which all the coatings analyzed on the metallic substrates
were exposed to real solar radiation to record the maximum
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Fig. 7. SEM of: (a) agglomerates of non-ground SFB; (b) SFB after grinding; (c)
coating surface of unground SFB; (d) coating surface of ground SFB. AFM: (e)
coating surface of unground SFB; (f) coating surface of ground SFB.
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temperature that the substrate reached. This is an indirect way of
measuring the coating’s functionality and determining the velocity of
heating, or heat transfer (Lopez-Sosa et al., 2018). The surfaces to be
tested were placed in a thermally-insulated box with a glass cover to
minimize loss during heat transfer (Fig. 8e). We measured the max-
imum temperature of the metallic substrate. Results are shown in
Fig. 8f, where it is clear that the coating’s functionality contrasts with
the estimated properties of high solar absorption.

3.2. Evaluation of the coating in solar cooker.

To corroborate the coating’s functionality, we used an aluminum
pot to evaluate a real solar cooking system (Fig. 9a). The paint was
applied to the pot without difficulty, just like any conventional paint
(Fig. 9b). The pot employed is part of the solar stove in which the
coatings’ cooking performance was assessed. The thickness range is
mostly between 100 and 200 um, which is the best range for photo-
thermal properties (Fig. 9c). The results of the coatings in relation to
cooking power are shown in Fig. 9d.

The results presented in Fig. 9d show that the coating developed in
this work generated high cooking power and improved the character-
istics of the thermal values reported for this technology compared to
other coatings (Sosa et al., 2014). The results for thermal yield and
heating, the cooking times, and the optical properties are shown in
Table 1.
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Fig. 9. (a) Rural solar cooker (RSC), (b) aluminum pot with proposed coating, (c) projection of the thickness of the coating on the pot as a surface plot and (d)

analysis of standard cooking power.

Table 1
Results of the thermal parameters of the proposed coating
applied to the RSC.

Thermal parameter Soot coating

Cooking power 149 Watts
Heating time 83 min
Thermal yield 45%
Solar absorption 0.968

3.3. Discussion and final remarks

The present coating is competitive, because it is simple to make,
easy to apply as a paint, it is low cost and low environmental impact,
compared to other coatings for solar cookers (Cuce and Cuce, 2013;
Herez et al., 2018). In regards to the thermal parameters evaluated, the
values recorded were better than those reported with the use of other
low-cost coatings (Sosa et al., 2014). The coating developed it is an
ecological product with low environmental impact when compared to
other coatings used in thermosolar applications, as it can be seen in
various the environmental impact analysis (Altun-Ciftcioglu et al.,
2016; GOkulu et al., 2011; Lamnatou and Chemisana, 2017; Sdnchez-
Cruces et al., 2014).

Research previous on environmental impact for solar coating ab-
sorber (Altun-Ciftcioglu et al., 2016), shows the process used to obtain a
solar absorbent surface of 1 m? of coating (as a comparative functional
unit). Among the diverse materials used to fabricate that coating we
find nickel, acid hydrogen sulfide, sodium carbonate, sodium hydroxide
and water, all in diverse proportions. Their study showed that obtaining
the functional unit of solar coating required 6.55 MJ of electrical en-
ergy, while treating the metallic surface to which the coating would be
applied demanded another 4.678 MJ. In contrast, in this work, the
process of obtaining the soot-based coating consumed only 2.160 MJ of
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electrical energy; that is, < 20% of the net energy compared to the
coating reported by Altun (Altun-Ciftcioglu et al., 2016) (in both cases,
this considers only the process of integrating the materials utilized).
This was the only energy consumed during the process of obtaining the
essential oil. If this process were performed using solar concentration
—which is perfectly feasible- then the consumption of electrical energy
would be null, and minor environmental impact.

The production cost of a liter of the developed paint is approxi-
mately 1 dollar (USD); that represents only the cost of the electrical
energy requirement (30 kWh/1; and $0.033USD/kWh in Mexico), be-
cause the materials used are solid waste with no economic value in
Mexico at this time; in addition, in many cases those who generate this
waste pay for the collection. Also, this paint is easy to make and apply
in solar thermal technologies.

In functional terms, we developed a new coating that represents a
useful option for thermosolar technologies. This type of coating will be
very useful in situations that report the implementation of thermosolar
technologies in the rural sector (Gonzalez-Avilés et al., 2017a, 2017b;
Lépez-Sosa et al., 2019a, 2019b), because it allows the replicability and
maintenance of the technologies implemented and reduces the costs of
the materials involved.

4. Conclusions

Forest Biomass Soot (FBS) is a useful photothermal material for
applications with solar energy absorbers. As biomass residue, it is a low-
cost material with low environmental impact. This material presents
large amounts of amorphous carbon and a certain presence of crystal-
line traces with a graphitic domain. This material’s absorption capacity
and thermal conductivity show the high efficiency of the coating for
applications with thermosolar technologies. Based on the character-
ization techniques employed, it is important to note that the pseudo-
amorphous carbon in FBS has solar energy absorption capacity due to
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the sp%sp® bonds present in this kind of carbon, associated with the
material’s graphitic domain, as determined by Raman spectroscopy and
XPS analysis. This represents an additional line of research for future
work. One of the most important results of this research is the proposal
for a new solar energy-absorbing coating made of waste and recycled
materials, like expanded polystyrene. The application of the proposed
coating in a solar cooker increases the thermal efficiency by 10% and
the cooking power by 19 W, more than a conventional black paint;
demonstrating a better performance in this technology. This coating
offers an ecological alternative that fosters the use of ecomaterials, is of
low cost, and is easily-replicated, so it can easily be incorporated into
thermosolar technologies used in the rural sector, where it is not always
possible to obtain sophisticated materials. The binder developed is a
complementary ecological option for producing a new solar energy-
absorbing coating, since it is made of low-cost biomass residues and
recycled materials that do not affect the photothermal capacity of the
functional material (FBS) and are easy to replicate. In future research,
we will analyze the life-cycle of the material to determine its precise
environmental impact and compare this to existing coatings. Finally, we
have demonstrated that the coating proposed is useful for solar thermal
technologies, so its application in other thermosolar technologies can
be foreseen.
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