<]
TUDelft

Delft University of Technology

Solar steam generation enabled by carbon black
The impact of particle size and nanostructure

Kelesidis, Georgios A.; Nagarkar, Amogh; Rivano, Pier Giuseppe

DOI
10.1002/aic.18619

Publication date
2024

Document Version
Final published version

Published in
AIChE Journal

Citation (APA)

Kelesidis, G. A., Nagarkar, A., & Rivano, P. G. (2024). Solar steam generation enabled by carbon black:
The impact of particle size and nanostructure. AIChE Journal, 70(12), Article e18619.
https://doi.org/10.1002/aic.18619

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1002/aic.18619
https://doi.org/10.1002/aic.18619

Received: 16 May 2024

Revised: 20 August 2024

Accepted: 17 September 2024

DOI: 10.1002/aic.18619

RESEARCH ARTICLE

AI?BIEJ RNAL

Particle Technology and Fluidization

Solar steam generation enabled by carbon black: The impact of
particle size and nanostructure

Georgios A. Kelesidis 12

Faculty of Aerospace Engineering, Delft
University of Technology, Delft, The
Netherlands

2particle Technology Laboratory, Institute of
Energy and Process Engineering, Department
of Mechanical and Process Engineering, ETH
Ziirich, Zurich, Switzerland

Correspondence

Georgios A. Kelesidis, Faculty of Aerospace
Engineering, Delft University of Technology,
Kluyverweg 1, 2629 HS Delft,

The Netherlands.

Email: g.kelesidis@tudelft.nl

Funding information
Schweizerischer Nationalfonds zur Férderung
der Wissenschaftlichen Forschung,

| Amogh Nagarkar? |

Pier Giuseppe Rivano?

Abstract

Here, commercial carbon black (CB) grades are characterized in detail to determine the
link between their physicochemical properties and solar steam generation performance.
The CB nanoparticles used here have surface mean primary particle diameters of
11-406 nm resulting in specific surface areas of 8-300 m?/g. Thermogravimetric anal-
ysis, dynamic light scattering, Raman spectroscopy, and x-ray diffraction reveal that
fine CB nanoparticles form large agglomerates, have a more disordered nanostructure
and larger organic carbon content than coarse CB grades. Most importantly, UV-vis
spectroscopy and Mie theory show that increasing the particle size from 14 to 406 nm
reduces the light absorption of CB dispersed in water up to 86%. So, the water evapo-
ration flux of suspensions containing 11-14 nm CB nanoparticles is up to 25% larger

than that obtained for suspensions of 406 nm particles. Thus, good control of particle
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1 | INTRODUCTION

Steam production is essential for a wide range of applications, includ-
ing large-scale electricity generation,® water desalination and
purification,2 as well as sterilization of medical instruments.® Steam is
commonly generated using methods that are burdensome for the
environment, such as fossil fuel combustion or direct heating from
electricity.* To this end, solar light, an abundant, clean, and renewable
energy source, has attracted significant interest for steam generation.®
Solar steam generation has been identified as a promising solution to
address the rising global electricity consumption with a green energy
source,* as well as the drinking water scarcity® that affects nearly 2.5
billion people globally. Solar desalination has emerged as the most
straightforward way to produce fresh water with small environmental
impact.” However, low cost-effectiveness and energy efficiency have

constrained its large-scale deployment.® Likewise, large energy

size is essential to optimize the solar steam generation enabled by CB.

carbon black, light absorption, nanostructure, particle size, solar steam generation

requirements have also limited the adoption of steam-based autoclave
systems for medical sterilization.® In this regard, the use of light
absorbing nanoparticles for steam generation has increased the
potential of this process,® especially in developing countries where
healthcare-associated infections due to exposure to unsanitary equip-
ment are a long-standing problem.”

During bulk or volumetric steam generation, light absorbing nano-
particles are dispersed in water and exposed to solar light.®> The energy
absorbed by the dispersed nanoparticles is dissipated in the surrounding
water molecules via thermal diffusion.’ This results in bulk water boiling,
as well as non-equilibrium steam generation near the particle surface.®
The potential of volumetric solar steam generation has been explored
using plasmonic* and carbonaceous nanomaterials.*® Specifically, gold
nanoparticles have been used for solar steam generation due to their sur-
face plasmon resonance exhibited in the visible light range (~530 nm).1

The water evaporation rate increases with increasing gold mass
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concentrations, C, and levels off at C >180 ppm.'2 The high cost of gold
limits its use in large-scale applications of solar steam generation. So, car-
bon black (CB) is quite attractive due to its strong light absorption over
the entire solar spectrum®® and low cost.'® Water containing carbona-
ceous nanoparticles evaporates at 40-70% larger rates compared to
water containing gold nanoparticles.!* Furthermore, the cost for steam
production at a rate of 1 g/s using gold is 300 times higher than that
obtained using CB.* This highlights the large potential of carbonaceous
nanomaterials for solar steam generation.

The link between the solar steam generation by CB and its physi-
cochemical properties has not been determined yet. The agglomerate
and primary particle diameter, d,, specific surface area, SSA, and nano-
structure vary between different CB grades and depend on the com-
bustion conditions used for their synthesis.!> During incomplete
combustion of gaseous or liquid hydrocarbon fuels, CB nanoparticles
are incepted and grow by surface reactions and coagulation to form
agglomerates.!® Increasing the fuel flow rate or reducing the tempera-
ture increases the CB d, and decreases its S5A.Y7 So, CB nanoparticles
produced by the furnace process can have small d, and large SSA,
while CB grades generated by the lamp or thermal processes contain
large nanoparticles with small SSA.X® The CB nanoparticles have a
rather turbostratic structure and lack the stack periodicity of the gra-
phene basal planes of graphite.'? The CB nanostructure is commonly
characterized by the intensity ratio of the Raman D and G bands,?° as
well as the interlayer spacing, d, and crystallite length, L, of their con-
stituent graphene basal planes.?! The volatile and semi-volatile poly-
cyclic aromatic hydrocarbons adsorbed on the CB surface are

t.22 The combustion con-

quantified by the organic carbon (OC) conten
ditions determine the nanostructure and OC content of CB.?? For
example, carbonaceous nanoparticles emitted from jet fuel combus-
tion can have D/G =0.84-0.96%° and 10-40 wt% OC content®*
depending on the oxygen flow rate. The particle size,>> OC content?®
and nanostructure?” affect the light absorption of carbonaceous
nanoparticles and thus their solar steam generation.

Despite the availability of CB grades with a wide range of particle
sizes and nanostructures, only a few have been used so far for solar
steam generation. In particular, CB nanoparticles with d, = 15-42 nm
produced using the furnace process have been dispersed in

101428 o deposited on membranes®” to improve steam produc-

water
tion. The largest water evaporation flux has been obtained for Vulcan
CB with d, = 15 nm at C = 5000 ppm.° Thus, it is essential to eluci-
date the impact of the particle size and nanostructure on the solar
steam generation using CB. This would enable the optimization of CB
grades for large-scale electricity generation,® water desalination and
purification,2 as well as sterilization of medical instruments.®

Here, commercial CB grades are characterized in detail to deter-
mine the optimal physicochemical properties for solar steam genera-
tion. The CB d,, SSA, hydrodynamic diameter, OC content and
nanostructure are quantified by N, adsorption, microscopy imaging,
dynamic light scattering, thermogravimetric analysis, Raman spectros-
copy and x-ray diffraction. The light absorption of CB is measured by
UV-Vis spectroscopy and estimated using the Mie theory and dis-
crete dipole approximation. Most importantly, the water evaporation

RIGHTS L

flux is obtained for various CB grades at C = 5-3000 ppm using a
solar simulator. That way, the impact of various material properties on
the CB light absorption and solar steam generation is elucidated, for

the first time to the best of our knowledge.

2 | MATERIALS AND METHODS

21 | Physicochemical characterization of
commercial CB grades

The commercial CB grades of Color Black, Printex 95, Printex U,
Printex G, Lamp Black, and Arosphere (Orion Engineered Carbons)
were used here to explore a wide range of CB particle sizes, organic
carbon (OC) contents and nanostructures. The number-based mean
primary particle diameter, dy,, and specific surface area, SSA, of all CB
grades were provided by the manufacturer.®® High magnification
transmission electron microscopy images were acquired from the
commercial CB grades on a Tecnai F30 microscope (FEI) operated at
300 kV. The CB SSA was analyzed by N, adsorption on a Tristar Il Plus
surface area and porosity system (Micromeritics) at 77.3 K after
degassing in vacuum (VacPrep 061, Micromeritics) at 200°C over-
night. The CB SSA was obtained for relative pressures between 0.05
and 0.25. This is consistent with the relative pressure range of 0.05-
0.30 recommended for organic nanomaterials.>* Based on the SSA
measured from N, adsorption and the CB bulk density, p = 1.8 g/cm?®,

the surface mean primary particle diameter, d,,, was estimated by>2:

dvazé/(SSA'./))~ (1)

The x-ray diffraction (XRD) patterns of CB grades at diffraction
angles, 26 = 10°-70° were obtained using an AXS D8 diffractometer
(Bruker) at a scan rate of 0.0197°/s. Here, the mean d of CB was
obtained by analyzing the 002 XRD peak using Bragg's law?*:

. n-
725in9002’

2

where n =1 is the order of diffraction, A = 0.154 nm is the wave-
length of the diffractometer, and 6¢g> is the angle of the 002 peak.
Similarly, the mean L. of CB was obtained by?*:

K-2

™ Booz c0s oz’ ®
where K = 0.89 is the peak shape factor? and Pooz is the full width of
the half maximum of the 002 peak. The crystallite d and L. were
determined here using Equations (2) and (3) with the 6p9, and Soo2
derived from the measured XRD patterns. In specific, the CB 69, and
Boo2 Were obtained by fitting a Gaussian distribution to the measured
002 peak.>®

Raman spectra of CB nanoparticles were obtained using a

515 nm laser having 50 mW power (Renshaw inVia). The laser was
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focused with a x 20 magnification optical microscope, which gives a
2 um spot size, while a 10% laser power was focused on the sample
for 120's and three acquisitions.>* The intensities of the disorder
(D ~1350cm™) and graphitic (G ~1580 cm™?) bands®* were
obtained after straight line subtraction of the baseline.®> The mean
length of the graphene basal plane, L,, was derived based on the mea-
sured D/G ratio and the energy of the incident photon,
E =241eV%:

L2 =54x10"2 xE* x (D/G). 4

The organic to total carbon (OC/TC) mass ratio of CB was
obtained by thermogravimetric analysis (TGA).2” The samples were
first placed in N, to volatilize OC and then in air to oxidize the non-
volatile CB. The sample heating began at 30°C in N, and was ramped
up to 900°C at 20°C/min. The temperature was held at 900°C for
10 min before dropping back to 30°C at 20°C/min. The same temper-
ature profile was then repeated in air. From the TGA mass loss, the
OC/TC was estimated as the ratio of mass lost under N, divided by

the total mass lost in both stages.

2.2 | Measurement and estimation of CB light
absorption in water

Aqueous suspensions of CB nanoparticles were prepared by dispers-
ing CB in 100 mL of milli-Q water. The CB mass concentration, C, was
varied from 5 to 3000 ppm by increasing the dispersed CB mass from
5 to 60 mg. All aqueous suspensions were sonicated at an intensity of
100 kJ/L for 3-5 min to prevent agglomeration of CB particles. The
number-based distribution of the CB hydrodynamic diameter, d,
(Figure S1), was measured by dynamic light scattering (DLS) using a
Zetasizer (Nano ZS, Malvern Instruments) for suspensions with
C = 50 ppm. It should be noted that Lamp Black could not be charac-
terized by the DLS instrument used here. The mean number of pri-
mary particles per agglomerate, n,, was derived based on a power law
for agglomerates of polydisperse primary particles with a geometric

mean diameter, dyg, and a standard deviation, gy, = 1.2%8.
np = 1.18(dh /dpg) 7. (5)

The light absorption of dispersed CB nanoparticles at wavelengths,
A = 350-800 nm was measured using a UV-Vis spectrophotometer
(Cary Varian 500).

The light absorption of CB spheres with d, = 14, 40, 80, 160 and
400 nm dispersed in water or suspended in air was also estimated
using the Mie theory.®? The refractive index, RI, derived for carbona-
ceous nanoparticles with OC/TC = 0% from diffusion propane flames
for A = 300-800 nm*° was used. In order to elucidate the impact of
the CB nanostructure on its light absorption, a recent RI relation?®
that accounts for the nanostructural changes of CB was also used for
spheres with d, = 40 nm and OC/TC = 0-8%.

RIGHTS L
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In addition to Mie theory for spheres, discrete dipole approxima-
tion (DDA) was used to estimate the CB light absorption accounting
for its realistic agglomerate structure. The light absorption®* and scat-
tering*? derived by DDA have been described in detail?” and validated
with experimental data for soot*® and gold** nanoparticle agglomer-
ates. In brief, discrete element modeling (DEM) for coagulation at
1 atm and 1830 K¢ was used to generate simulated agglomerates of
polydisperse primary particles with geometric mean d,g = 40 nm and
0gp = 1.2. The latter is consistent with primary particle size distribu-
tions measured commonly for carbonaceous nanomaterials.}”#%4° So,
DDA calculations were done using the open-source DDSCAT 7.3
code® for DEM-derived CB agglomerates with n, = 1, 17, 34, and
51. The fractal-like agglomerate morphology is represented on a lat-
tice by an array of discrete dipoles interacting with each other
through their electric fields.*® The Maxwell's equations are discretized
on the lattice using the volume-integral equation method and solved
iteratively.*® The dipole spacing, s, must be small compared to the
incident light wavelength, A, to calculate accurately the CB absorption
efficiency, Qups.*¢ For accurate but also efficient DDA computations,
s is varied for different A and CB RI to have a ratio 2m|RI|s/A < 0.12,
satisfying the precision criteria®” for strongly absorbing materials,
such as CB. The CB mass absorption cross-section, MAC, was
obtained based on Qs derived by Mie theory and DDA?”:

MAC = 3Qqbs/(2dy - p), (6)

where d, is the volume-equivalent diameter of agglomerates, while

for spheres d, = d, = dq.

2.3 | Solar steam generation by carbon black
nanoparticles

Cylindrical glass beakers (diameter: 1.9 cm, height: 4.7 cm) containing
aqueous suspensions of CB nanoparticles were exposed to solar light
at an intensity of 200 mW/cm? (1 sun) for 24 h using a solar simulator
(SolarSim150, Solaronix). During the solar light illumination, the CB
suspensions were continuously stirred using a cylindrical magnetic
stirrer to prevent particle settling.

The CB suspension weight was measured before (m,) and after
24 h of solar light illumination (mg) using an electronic scale (Mettler
Toledo AB135-S) with a precision of 0.1 mg. So, the water evapora-

tion flux, F, from CB suspensions was derived by:
F=(mf—mo)/(ta), (7)

where t = 24 h is the solar illumination period and a = 2.83 cm? is
the open surface area of the beaker. The evaporation flux enhance-
ment, E (%), was estimated based on F and the evaporation flux, F,,, of

pure milli-Q water in the absence of CB:

E=100 (F —Fy)/Fu. (8)
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3 | RESULTS AND DISCUSSION

3.1 | CBsize, surface area, and composition

Figure 1 shows high magnification microscopy images of Color Black
(A), Printex 95 (B), Printex U (C), Printex G (D), Lamp Black (E), and
Arosphere (F) along with their number-based mean particle diameter,
d, provided by the manufacturer.3® Color Black, Printex 95, Printex U,
and Printex G contain rather fine CB primary particles with d, ranging
from 13 (Color Black) to 51 nm (Printex G). The mean dj, of gas and
furnace CB grades can be varied by close control of the fuel flow rate
and furnace temperature.!” The coarse grades of Lamp Black and Aro-
sphere are produced by the lamp and thermal black processes,

Color Black, d, =13 nm

Printex 95, 15 nm

respectively, resulting in d, = 95 and 280 nm, respectively. The CB
nanoparticles produced by gas, furnace or lamp black processes are
connected with each other through chemical bonding (necking)
formed by surface growth and aggregation.* In contrast, the large,
spherical Arosphere particles are either single or connected with each
other by physical bonding (point contacts). This indicates that surface
growth is dominant during the thermal black process, while aggrega-
tion is rather limited.

Table 1 shows the specific surface area, SSA, surface mean parti-
cle diameter, d,,, organic to total carbon (OC/TC) mass ratio, mean
hydrodynamic diameter, d;,, number of primary particles per agglomer-
ate, np, crystallite size, L., and graphene basal plane length, L,, mea-
sured for the CB grades shown in Figure 1. The CB SSA measured

Printex U, 25 nm

Arosphere, 280 nm

Printex G, 51 nm

FIGURE 1

>

High magnification microscopy images of Color Black (A), Printex 95 (adapted from ref)®° (B), Printex U (C), Printex G (D), Lamb

Black (E), and Arosphere (F) along with their mean primary particle diameter, d,, provided by the manufacturer®® (Orion Engineered Carbons).

TABLE 1

Specific surface area, SSA, surface mean particle diameter, d,,, organic to total carbon (OC/TC) mass ratio, mean hydrodynamic

diameter, d,, number of primary particles per agglomerate, n, crystallite size, L., and graphene basal plane length, L,, of all CB grades measured

here along with the SSA provided by the manufacturer.°

Specific surface area, SSA, m?/g Mean
Surface mean  Organic to Mean graphene
particle total carbon Mean hydro- Mean number  crystallite basal plane
This diameter, mass dynamic of primary size, length,
CB grade Manufacturer®® work dyg, NM ratio, OC/TC diameter, dj,, nm particles, n, L., nm Lg, nm
Color Black 320 296 11.2 8.5 1457 £9.4 190.8 1.3 1.34
Printex 95 250 236 141 3.2 90.1+1.8 48.7 1.5 1.32
Printex U 92 88 37.8 6.7 155+ 3 20.8 11 1.21
Printex G 35 44 76.6 0.3 2552 +5.2 14 1.8 1.26
Lamp Black 29 21 156.5 0.6 - - 1.2 1.26
Arosphere 9 8 406.5 0.1 407 £ 16 1.4 1.8 1.27

RIGHTS LI N K}
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here are in good agreement with those given by the manufacturer,*°
as well as those obtained previously for Printex U (96 m?/g) and Prin-
tex G (45 m?2/g).*® This validates the present N, adsorption measure-
ments. As shown in Figure 1, all CB nanoparticles investigated here
have negligible internal porosity. So, the particle surface area is deter-
mined by its d, with fine CB grades having larger SSA than coarser
ones. The d,, derived based on the SSA measured for Printex U,
Printex G, Lamp Black, and Arosphere is larger than the number based
mean d, (Figure 1). This difference can be attributed to the necking
between CB primary particles that decreases the SSA and shifts the
surface mean d,, to larger sizes.*? So, the optical properties of CB
should be determined based on the d,, rather than the number-based
mean dj, to account for the realistic CB surface area that interacts with
solar light (Figure 5). Most CB nanoparticles investigated here form
agglomerates with large d}, and n,. The CB n, decreases from 190.8 to
1.4 with increasing d, .

Volatile and semi-volatile organic species (i.e., organic carbon) adsorb
on the surface of carbonaceous nanoparticles during combustion synthe-
sis, reducing their light absorption?® and thus their steam generation rate.
Fine CB grades (i.e., Color Black, Printex 95, and Printex U) have larger
OC/TC compared to those measured for coarse grades. This is consistent
with thermogravimetric and thermo-optical analysis of carbonaceous

I24

nanoparticles from propane® and jet fuel?* combustion showing that

OC/TC decreases with increasing particle diameter.

3.2 | Characterization of CB nanostructure

The CB nanostructure is quantified here by x-ray diffraction (XRD)
and Raman spectroscopy. Figure 2 shows the XRD patterns along
with the mean interlayer distance, d, and crystallite length, L., of the
CB grades shown in Figure 1. The XRD pattern of Printex 95 exhibits
a rather broad 002 peak (broken line) at a diffraction angle, 26, of
about 24° that yields d = 3.7 A and L. = 1.5 nm, in agreement with
previous XRD analysis of the same CB grade.’® Color Black nanoparti-
cles have also d=3.7A, while CB grades containing larger
nanoparticles than Color Black and Printex 95 exhibit d = 3.6 A. The
CB L, varies from 1.1 (Printex U) to 1.8 nm (Printex G and Arosphere).
The CB L. measured here are in good agreement with those obtained
previously for Printex U (1.1 nm) and Printex G (1.9 nm).*® This vali-
dates the present XRD analysis.

Figure 3 shows the Raman spectra along with the mean ratio of
the disorder (D) over the graphitic (G) band intensity of the CB grades
shown in Figure 2. The D/G ratio is often used to quantify the disor-
der of the CB nanostructure.®® The largest degree of disorder is
obtained for Color Black and Printex 95 (0.95-0.98), while Printex U
has the smallest D/G = 0.81 among the CB grades characterized here.
The D/G = 0.81-0.98 measured here for different CB grades is con-
sistent with those measured for carbonaceous nanoparticles produced
from jet fuel combustion.2® The mean graphene basal plane length, Ly,
of CB increases with increasing D/G.%¢ So, the fine CB grades (Color
Black, Printex 95) have L, = 1.32-1.34 nm, while coarse CB grades
(Lamp Black, Arosphere) have L,=1.26-1.27 nm. The CB L,

RIGHTS LI N '-"l}
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FIGURE 2 X-ray diffraction patterns of Color Black (red line),
Printex 95 (green line), Printex U (light blue), Printex G (purple line),
Lamb Black (blue line), and Arosphere (orange line) along with their
interlayer distance, d, and crystallite length, L., obtained based on the
002 peak (broken line).

DI Gl
: : D/G:
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I
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1 1
1 1
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1 1
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Printex 95 | ! 0.95

Color Black 0.98
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. . .
1000 1500 2000
Raman Shift, cm™"

FIGURE 3 Raman spectra of Color Black (red line), Printex

95 (green line), Printex U (light blue), Printex G (purple line), Lamb
Black (blue line), and Arosphere (orange line) along with the ratio of
their D and G band intensities (broken lines).

measured here are within the L, range measured for flame-made car-
bonaceous nanoparticles.>?

Based on the CB d and D/G measured by XRD (Figure 2) and
Raman spectroscopy (Figure 3), Color Black and Printex 95 nanoparti-
cles are rather amorphous and have a disordered nanostructure. So,
Printex U, Printex G, Lamp Black, and Arosphere contain less disor-

dered nanoparticles than the fine Color Black and Printex 95 grades.
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This increase of graphitization with increasing particle size is in line
with Raman and XRD analysis of carbonaceous nanoparticles from
methane®® and jet fuel combustion?® and may enhance the light

absorption of CB nanoparticles.?’

3.3 | Light absorption of CB nanoparticles

Figure 4 shows the UV-Vis spectra of Color Black (dotted line),
Printex 95 (thin solid line), Printex U (dot broken blue), Printex G
(double dot broken line), Lamb Black (broken line), and Arosphere
(solid line) dispersed in water at a concentration, C = 50 ppm. The
light absorption of CB nanoparticles produced by the furnace pro-
cess (i.e., Color Black, Printex 95, Printex U, and Printex G)
decreases with increasing wavelength, A, according to a power

26 consistent with measurements of CB light absorption in

law,
air.>* In contrast, the light absorption of coarse Lamp Black and
Arosphere nanoparticles produced by the lamp and thermal black
processes, respectively, does not vary with A. Most importantly,
the light absorption of CB nanoparticles seems to increase with
decreasing d,,. In particular, Color Black and Printex 95 exhibit the
highest light absorption in water solutions despite having larger
amorphous (Figures 2 and 3) and organic carbon (Table 1) content
compared to the other CB grades. So, the particle size seems to
determine the light absorption of CB dispersed in water.

In order to corroborate the impact of the particle size on the
light absorption of CB, the mass absorption cross-section, MAC,
was estimated for spheres with d, = d,q = 14-400 nm using the
Mie theory (Figure 5). The d, range used in Mie theory covers the
range of the CB d,, measured here (Table 1). The impact of particle
size on CB light absorption was determined here for non-porous
nanoparticles. So, the connection between particle size and MAC
might be different for oxidized CB grades containing tiny pores
with large surface area.®® The MAC of CB particles with
d, = 14 nm decreases with A, in line with the UV-vis spectra of
Color Black and Printex 95 that have similar d,. Increasing d, from
14 to 40 nm does not affect significantly the estimated CB MAC.
This explains, to some extent, the UV-vis spectrum of Printex U
that is similar to those of Color Black and Printex 95. Further
increasing d, up to 400 nm reduces MAC up to 86% and weakens
its variability with A. So, the small MAC derived for d, = 400 nm is
consistent with the UV-vis spectrum measured for Arosphere CB
with similar d,,. These Mie theory calculations corroborate the
large impact of the particle size on CB light absorption. In this
regard, the CB MAC decreases with increasing d, regardless of the
medium. However, this reduction is less pronounced for CB sus-
pended in air (Figure S2).

The OC/TC of the CB grades investigated here varies from O to
about 8% (Table 1). Increasing the OC/TC from O (Figure 6A: dot-
broken line) to 4 (solid line) or 8% (broken line) reduces MAC of CB up
to 14%. This confirms that the variations of the CB nanostructure and
OC content do not alter significantly its light absorption. It should be
noted that the CB agglomerate morphology is neglected by Mie
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FIGURE 5 Mass absorption cross-section, MAC, derived as a

function of A for spheres with d, = 14 (thin solid line), 40 (dot-broken
line), 80 (double dot-broken line), 160 (broken line), and 400 nm
(solid line).

theory. So, Figure 6B shows the CB MAC as a function of A derived by
discrete dipole approximation for agglomerates with n, =1 (dot-
broken line), 17 (broken line), 34 (dotted line) and 51 (solid line).
Agglomerates of CB nanoparticles absorb up to 30% less light com-
pared to single spheres at A = 300 nm. At A 2500 nm though, the
agglomerate MAC is practically identical with that of spheres. Increas-
ing the agglomerate n, from 17 to 51 barely affects the CB MAC. This
further confirms that d, rather than n, determines the CB light

absorption.
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primary particles, n, = 1 (dot-broken line), 17 (broken line), 34 (dotted line), and 51 (solid line).
3.4 | Solar steam generation by CB nanoparticles . 100
§ [ cColor Black
W /\ Printex 95
Figure 7 shows the water evaporation flux enhancement, E measured =} Arosphere
as a function of CB mass concentration in water, C, for Color Black % 75 A
)
(squares), Printex 95 (triangles) and Arosphere (diamonds). The CB e é O
E was obtained based on Equation (8) using the evaporation flux, F, g a <>
measured for water with and without CB nanoparticles (Figure S3). 2 50 4 a O
The CB grades were selected based on their d,, and UV-vis spectra. § E
Color Black and Printex 95 particles have similar d,, and light absorp- g <>
©
tion, while Arosphere particles have the largest d,, and lowest light ] JAN <>
. . . 25+ <>
absorption among all CB grades investigated here. g N A 8
)
The presence of CB nanoparticles even at small C = 5 ppm enhances 5 ‘C} Q
the water evaporation flux by about 5-16%. This is attributed to the g
. . . . . 0 — S— —rr
strong light absorption of CB in the entire solar spectrum. As C increases T T T
&e P P 10° 10° 102 10° 10

up to about 3000 ppm, the water evaporation flux increases up to about
75%. Among all CB grades used here, Arosphere exhibits the smallest
water evaporation flux. This can be attributed to the small light absorption
by Arosphere particles compared to the other CB grades (Figure 4). As
the CB d,, decreases from 406 (Arosphere) to 14 (Printex 95) or 11 nm
(Color Black), the water evaporation flux is enhanced up to about 25%.
So, the particle size seems to determine the solar steam generation by CB
dispersed in water. In this regard, the water evaporation flux of about 3.3
x 1072 mg/(s-cmz) measured here for Color Black and Printex 95 at
C = 500-3000 ppm is in line with that obtained at C = 5000 pm using a
CB grade with similar d,, adjusted for the same light intensity.'® This vali-
dates the present water evaporation flux measurements and indicates
that large steam production rates can be obtained even at small C.

It should be noted that all aqueous suspensions of CB are sonicated
during illumination with solar light to avoid particle sedimentation.
However, in the absence of sonication, Arosphere particles with large
mean dj, =407 nm (Figure S1: solid line) settle faster than Printex

RIGHTSE LI MN iy

CB Concentration, C, ppm

FIGURE 7 Water evaporation flux enhancement, E, as a function
of CB concentration, C, measured in water solutions containing Color
Black (squares), Printex 95 (triangles), and Arosphere (diamonds).

95 (thin solid line) and Color Black (dotted line) that have 80 and 65%
smaller dj,, respectively. This may further limit the solar steam generation
rate induced by Arosphere. In this regard, increasing the CB concentration
may enhance the coagulation of Arosphere particles and their dj,*¢ reduc-

ing their performance in solar steam generation.

4 | CONCLUSIONS

In this work, a detailed physicochemical characterization of com-

mercial carbon black (CB) grades was presented to determine the
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link between various particle properties and the performance of
CB in solar steam generation, for the first time to the best of our
knowledge. The CB nanoparticles used here have surface mean
primary particle diameters, d,, = 11-406 nm and specific surface
area, SSA = 8-300 m?/g. Thermogravimetric analysis, Raman spec-
troscopy and x-ray diffraction reveal that fine CB nanoparticles
(Color Black and Printex 95) with d,q, = 11-14 nm have a more dis-
ordered structure and larger organic carbon content than coarse
CB grades (Printex U, Printex G, Lamp Black, and Arosphere) with
dye = 38-406 nm. Most importantly, UV-vis spectroscopy shows
that increasing the particle d,, from 14 to 406 nm reduces the light
absorption of CB dispersed in water up to 86% and weakens its
dependence on wavelength. Mie theory calculations with constant
and variable refractive indexes show that increasing particle size
reduces the CB MAC, while variations of the particle nanostructure
and OC content hardly affect it. So, the particle size determines
the CB light absorption and affects the solar steam generation by
aqueous CB suspensions. In particular, the water evaporation flux
measured here for suspensions containing CB nanoparticles with
dye = 11-14 nm is up to 25% larger than that obtained for suspen-
sions of coarse CB with d,, = 406 nm. In sum, the performance of
CB in solar steam generation is determined by its light absorption
quantified by MAC that is affected mostly by the particle size.
Thus, good control of particle size is essential to optimize the solar
steam generation enabled by CB.
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