Colloids and Surfaces A: Physicochemical and Engineering Aspects 670 (2023) 131582

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects

ELSEVIER journal homepage: www.elsevier.com/locate/colsurfa

Check for

Size-tunable graphitized carbon spheres for water defluoridation i

B.V.N. Sewwandi AR. Kumarasmghed1 ¢ Z. Wu™q, , P.M.C.J. Bandara "¢, L Jayarathne
Athula Bandara ", Hlmal Wijekoon ", Xing CHENb “, Rohan Weerasoorlya

@ Department of Physics, Faculty of Applied Sciences, University of Sri Jayewardenepura, Nugegoda, Sri Lanka

Y Centre for Water Quality Research, National Institute of Fundamental Studies, Kandy, Sri Lanka

€ Key Lab of Aerospace Structural Parts Forming Technology and Equipment of Anhui Province,Institute of Industry and Equipment Technology, Hefei University of
Technology, Hefei 230009, PR China

4 postgraduate Institute of Science, University of Peradeniya, Peradeniya, Sri Lanka

€ Center for Nanocomposite Research, Faculty of Applied Sciences, University of Sri Jayewardenepura, Nugegoda, Sri Lanka

HIGHLIGHTS GRAPHICAL ABSTRACT

o Single step non-catalytic chemical vapor
deposition method is used for the fabri-
cation of carbon spheres.

o Size tunability of the carbon spheres is
achieved by modulating CoH»: N, flow
ratios.

e A formation mechanism of carbon
spheres is proposed based on spectral
signatures and molecular dynamics
simulations.

e Carbon spheres show an enhanced abil-
ity to remove fluoride in drinking water
upon repeated use for five cycles.
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ARTICLE INFO ABSTRACT
Keywords: We fabricated non-catalytic carbon spheres with controllable dimensions (diameter 0.3-1.5 pm) by chemical
Non-catalytic carbon spheres vapour deposition at 1273 K using CoH; (carbon source) and N (dilutant) gas precursors. By varying the flow

Chemical vapor deposition
Hierarchical morphology
Size controllability
Fluoride absorption

rates of precursor gases, spherical or pseudo-spherical morphologies with chain-like hierarchical structures are
discerned. The X-ray diffraction data show hexagonally graphitized networks. The mechanism of carbon sphere
formation is not yet fully resolved largely due to the ambiguity associated with the nucleation step, viz. pentagon
or heptagon route. According to molecular dynamics calculations, the formation of carbon pentagons is ener-
getically more favorable than heptagons. Pentagon structures seem to form by closing Fjord regions of the
graphitized network as evidenced in IR bands at 635 cm™! and 796 cm 1. The X-ray photon spectroscopic (XPS)
measurements show adventitious oxygen on the carbon sphere’s surface sites with -COOH and -C-C=0 groups.

The -COOH and -C-C=O0 groups are polar; hence, the carbon spheres’ surface sites readily hydroxylate (where
= GOH? represents surface sites with a fractional charge). The carbon sphere synthesized under <C2HZ> =32 gas

flow ratio (viz., CS3) shows the highest fluoride removal capacity, viz., 0.095 + 0.01 mmol.m?%. The comparable
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zeta potential values observed between the carbon spheres and fluoride laden carbon spheres point to an anion
exchange of surface hydroxyl ions for F~ sorption. In agreement with the XPS data, the broad IR band at
3440 cm™! due to H-bonded surface hydroxyl stretching vibrations has resolved into three discrete bands, e.g.,
3640, 3752, and 3738 cm’l, which evidenced fluoride adsorption. Compared to activated carbon, the retention
of fluoride on carbon spheres is over 60 times higher, which shows its potential in water treatment in removing

fluoride.

1. Introduction

Over 200 million people worldwide are exposed to drinking water
with high fluoride [1,2]. Fluoride is a biologically active element that
requires regulation within a narrow concentration window between
1.00 and 1.50 mg/L to ensure good dental and bone health [3].
Long-term exposure to excessive fluoride can also damage DNA and
induces cancer [4-6]. However, people in the tropics consume large
quantities of water, resulting in high fluoride intake. Hence the WHO
guidelines for drinking water may require modifications depending on
specific country requirements [7].

Various water defluoridation methods such as precipitation,
membrane-based electro-dialysis processes, and adsorption are avail-
able [8,9]. Methods based on precipitation or adsorption generate excess
wastes that require additional attention. Membrane methods such as
reverse osmosis remove virtually all solutes in water, rendering them
unpalatable [10].

Carbon-derived materials have peculiar solute-sieving properties
that can be used in the water treatment industry [11,12]. However, the
application of graphene oxide (GO), reduced graphene oxide (rGO), or
carbon nanotubes (CNT) in the water industry shows limitations due to
their high production cost and ecotoxicity [13-16]. The topology of the
carbon atomic network seems to relate to their toxicity [17]. In contrast,
the carbon spheres show biocompatibility and low toxicity [18-20]. On
the other hand, activated carbon is widely used in the water industry to
remove taste, odor, turbidity, and color; however, it contains a
haphazard pore network that yields disjoint channels and voids showing
water flow resistance. Further, controlling the structural properties of
activated carbon such as porosity, surface chemistry, and specific sur-
face area is challenging [7,21]. In contrast, due to spherical morphology,
carbon sphere-derived materials can be used in the water treatment
industry in place of activated carbon. When hydroxylated, the trapping
capacity of contaminants by carbon sphere is enhanced due to the
abundance of surface sites [22], variable specific surface area [23], and
favorable surface charging [24-26]. Carbon spheres or their function-
alized variants have applications in diverse fields such as water treat-
ment [24,26], rechargeable batteries [27], electronic devices fabrication
[28,29], medicine [30], catalyst carrier [28], and supercapacitors [31],
to name a few.

The carbon spheres (CS) can be fabricated by arc-discharge process,
laser ablation, autoclave methodology [23,32], mixed-valence oxide
catalytic [33], and high-pressure carbonization [34,35]. However, these
methods show limitations largely due to specialized technology used
and hazardous waste generation [36]. Although environmentally
benign, chemical vapor deposition (CVD) methods are not widely used
for CS fabrication [37]. This technology has several variants: catalytic
CVD [38-41], non-catalytic CVD [42-44], or template CVD [45]. Out of
these methods, the non-catalytic CVD technique is promising in fabri-
cating carbon spheres, particularly due to the following reasons; a. CS
can be fabricated in a single step without a catalyst, b. the CVD methods
are well screened from intimate human involvements, c. waste gaseous
by-products generated in the CVD reactor zone can safely be removed by
airflow, [46] d. gaseous reactants (presently CoHy in Ny carrier) are safer
than liquid /solid-state chemicals, e. the surfaces of carbon spheres are
smooth and the pores can easily be tunable [42,47] f. high CS production
throughput at a low cost showing its potential for scaling up in industrial
applications [48].

The non-catalytic CVD method is used to fabricate tunable carbon
spheres by changing system parameters, e.g., temperature, gas flow rate,
carbon source, and templates [43,48,49]. A tunable carbon sphere( size
range 200-500 nm) was fabricated by acetylene pyrolysis at 1000 °C
under a nitrogen atmosphere using a vertical non-catalytic CVD reactor
[50]. Further, the ball and chain-like tunable carbon spheres were
produced using toluene at various carrier gas flow rates [42]. When a
liquid hydrocarbon is used as a carbon source, a two-step CVD is
required to synthesize carbon spheres. But only in a few cases, carbon
spheres were fabricated via a non-catalytic route without paying much
attention to their morphology based on growth parameters (e.g., pre-
cursor gas flow rate, materials template, etc.) [42,43,51]. In any case,
the mechanistic steps of the carbon sphere growth on different templates
also required identification.

The conversion of CyH; into benzene on a red-hot Fe, Cu, or quartz
tube (e.g., 873 K) is well known. Thus, acetylene pyrolysis occurs on the
solid surface or in the gas phase [52]. Several reactors were used to
examine acetylene pyrolysis, and flow reactors are appropriate when the
temperature varies between 900 and 2500 K [53,54]. Thus, hydrogen,
methane, vinylacetylene, benzene, naphthalene, and ethylene are
mainly formed by direct acetylene pyrolysis [53-57]. Further,
acetylene-mediated polycyclic aromatic hydrocarbon (PAH) growth
occurs through the hydrogen abstraction CoH; addition (HACA) mech-
anism forming a carbon sphere with different morphologies [53,54,
57-60]. Various structural configurations of the graphitic flakes have
initiated carbon sphere nucleation resulting in spherical C-derived
moieties. On the surface of these graphitic flakes, carbon ring structures
of different configurations tend to accumulate [61]. Compared to other
C-derived materials, the chemistry of carbon spheres strongly depends
on the reactions of open edges along graphitic flakes. The unclosed
fractions of carbon rings on the carbon sphere surface possess reactive
dangling bonds, making them suitable for adsorption [61,62]. As a
result, when interacting with water the carbon spheres’ surface is
already functionalized with C-OH, C=0, and C-OOH hydrophilic groups
[50]. The density of these groups can enhance with NaOH or toluene/
ethanol treatment [25,26]. Heteroatomic doping such as S dope-
d—carbon spheres can also enhance the sorption ability of surface sites
[23,63].

In this research, we synthesized high-purity carbon spheres by non-
catalytic CVD route using acetylene precursor in a nitrogen atmo-
sphere. The success of CS applications in various fields depends on their
tunable propensity. We attained the CS size tunability by varying inlet

(CI{,—‘ZIZ) gas flow ratios at a specified temperature. The carbon sphere

morphology and other surface properties were characterized using
scanning and transmission microscopy, molecular spectroscopy, and x-
ray photon spectroscopy. Besides, the effect of the precursor gas flow
rates on the carbon spheres morphology and the growth mechanism was
also examined. Past research identifying precise mechanism for the
formation of carbon spheres is daunting due to the uncertainty associ-
ated with the nucleation step of coiling up graphitic structures [43,48,
61]. We attempted to resolve this ambiguity using spectroscopic ob-
servations coupled with molecular dynamics simulations. We also
selected biologically active fluoride as an index ion to illustrate the role
of carbon spheres in drinking water treatment at the pre-treatment step.
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2. Experimental
2.1. Materials

Analytical grade methanol and acetone were received from Sigma
Aldrich (USA). Sodium fluoride was from Fluke (Switzerland). Ultra-
pure water was used in all experiments.

2.2. Carbon spheres synthesis

A CVD furnace containing a horizontal ceramic tube (heating zone:
75 mm ID and 900 mm length) was used to synthesize carbon spheres
(Kejia, PR China). The gas flow of the CVD can be controlled at

+ 1.0 cm® STP/min resolution. The ceramic boat was symmetrically

mounted on the ceramic tube and placed in a programmable oven at the
desired temperature. The oven temperature was ramped at 10 °C.min "+
under nitrogen gas (purity 99.99%) purging. Then the production of
carbon spheres, named as CS1, CS2, CS3, CS4, and CS5 (hereafter CS,

CoHp 1 357
N> 10°8° 6 4

respectively for 1 h (refer to Table 2-S for gas mass flow rates). The
supply of CoH; was then stopped and the N; supply was continued until
the reactor cooled down to ambient room temperature.

x = 1 -5), was initiated using ( ) gas flow ratios at , and %,

2.3. CSx (x = 1-5) characterization

The crystallographic structures of CSx (x = 1-5) were examined by
X-ray diffraction spectroscopic patterns (XRD) obtained at a scanning
speed of 4° min~" and 26 ranges from 10° to 60° (Rigaku Ultima IV Cu-
Ka radiation, A = 0.154056 nm, Japan). Here crystal sizes of CSx
(x = 1-5) were calculated by combined Debye-Scherrer (Egs. 2 to 4) and
Bragg’s (Eq. 1) equations to determine the dgo2 values of each sphere:

n = 2dSin® (€H)

(Where d is the distance between atomic planes in the crystalline phase,
the wavelength of X rays, A)

0.942
.= 2
© P.cosd 2
1.842
L, = 3
p.cosd 3)
L,
N=—+1 “)
doo

(The interplanar spacing (d) of the sample is calculated while the
stacking height (L.), the stacking layer length (L,), and the number of
layers (N) of the crystallites).

The CSx (x = 1-5) surface morphology and microstructures were
determined by scanning electron microscopy (SEM ZEISS EVO 40 SE
detector, Germany) and transmission electron microscopy (TEM, JEM-
1400flash, Japan). Near-surface elemental composition and functional
groups of the materials were examined by X-ray photoelectron spec-
troscopy (ESCALAB250Xi Thermo, USA). The IR spectra of CSx
(x = 1-5) were collected using a Fourier transform infrared (FTIR)
spectrometer (Thermo Nicolet, S10, USA). A Raman spectrometer
scanned Raman spectra (Thermo Nicolet DXR, USA). The specific sur-
face area, pore size and pore volume of the CS samples were determined
using Brunauer—Emmett—Teller (BET) analyzer (Autosorb IQ3 USA).
The proton and hydroxyl exchange of carbon spheres’ surfaces was also
estimated by proton titrations of the particulates’ suspension in 0.01 M
NaNOs at 298 K under continuous Ny purging by an auto titrator (KEM
AT-610, Japan). The pH 4.01 + 0.01, 7.00 &+ 0.01, and 10.01 + 0.02
buffers (Thermo fisher scientific, USA) were used in the pH electrode
calibration. The fluoride concentrations of the solution were measured
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by a fluoride ion-selective electrode (Metrohm 6.0502.150) using an
automatic titrator (Metrohm Titrando 907, Switzerland).

2.4. Fluoride adsorption by CSx (x = 1-5)

The fluoride removal by 0.15 + 0.01 g/L CSx (x = 1-5) was deter-
mined using a simulated water sample with the composition: pH 5.20

=+ 0.01, 2.30 mg/L fluorides. The CSx (x = 1-5) was hydroxylated with

0.01 M NaOH. Based on the highest fluoride adsorption, the CS3 sample
was chosen for further studies. Fluoride adsorption isotherm for CS3 was
constructed at 298 K using the following initial conditions; F 39 —
526 pM (mg/L 0.75-10.0), CS3 0.15 + 0.01 g/L, pH 5.2 £ 0.01. The
25 mL of fluoride and CS3 suspensions were equilibrated in 50 mL
centrifuge tubes using an end-to-end shaker (MS-RD-Pro Rotor, HINO-
TEK China). The particulate separation from the solution was carried out
using 0.22 pm syringe filters. The supernatant and 0.094 mol/dm 3
HOAc/ 0.005 mol/dm~3 NaOAc buffer solutions were mixed at a 1:1
ratio to determine the total fluoride activity by the standard addition
method. The z-core for proficiency assessment of fluoride measurements
ranges between 0.00 and 0.41. The fluoride removal efficiency by CSx
(x = 1-5) was determined as follows:

F i — F L

i x100 )

Fluoride removal Efficiency =

initial
2.5. Fluoride adsorption kinetics by CS3 and reusability

The chemical kinetics of fluoride adsorption by CS3 was examined
using a 500 mL batch reactor containing 2.00 mg/L F and 0.15

+0.01 g/L CS3 at pH 5.20 +£ 0.01 in 0.01 M NaCl at 298K (viz.,

([E?—,H]) > > 1). The preparative details of the batch suspension are
given in Section 2.4. At predefined time intervals, 1.0 mL of the sus-
pension aliquots were filtered through 0.45 um membranes for residual
fluoride analysis in decant solution.

The efficiency of fluoride removal by CS3 after repeated use of the
substrate was also measured. A 0.15 + 0.01 g CS3 was reacted with
2.30 mg. L™ fluoride solution at pH 5.20 + 0.01 in 0.01 M NaCl for
12 h. The fluoride-laden CS3 was washed rapidly with 0.01 M NaOH for
10 min and re-utilized for fluoride adsorption experiments for five cy-
cles. The fluoride removal efficiency at each cycle was calculated by the
method shown in Eq. (1) by accounting for the slight mass lost during
the regeneration step.

2.6. Molecular dynamics simulations

The geometry optimization of the plausible carbon ring structures
(except aromatic rings) was carried out by extensive molecular dy-
namics (MD) simulations with a large-scale atomic molecular massively
parallel simulator (LAMMPS) [64]. The Adaptive Intermolecular Reac-
tive Empirical Bond Order (AIREBO) [65] force field of accounting for
interatomic interactions between C-C and C-H (Support documentation,
Fig. 1-S). Our simulation domain was periodic in all directions. Initially,
the total energy of a given carbon cyclic structure was minimized using
the conjugate gradient method and further relaxed for 5 ns under the
canonical (NVT) ensemble. A time step of 0.5 fs was used for all the
simulations. The details of the calculations are shown in support docu-
mentation (Fig. 1-S and Table 1-S).

3. Results and discussion
3.1. Size controllable non-catalytic carbon spheres

We fabricated carbon spheres (CSx) by a non-catalytic route using
CoHj; (C source) and Ny (dilutant) precursor gases at 1273 K and 1 atm



B.V.N. Sewwandi et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 670 (2023) 131582

1000
A
900 4
£ 1
S
S 800 +
&
2
<< /

Hiearchical
strucure

Spherical
morpology

EHT=10.00 kV
WD= 9.5mm

200 nm Signal A= SE1

Mag= 2500KX

Date :23 Sep 2020
Time :9:53:35

Relative flow rate (C,H,/(C,H,+N,)*100

CoHy

Fig. 1. A. Variation of the average diameter of CSx (x = 1-5) as a function of %(m) Error bars + sd. A minimum dimension of around 675+ 20 nm is

observed at% 45 relative flow rates, B. SEM of minimized CS3 (e.g., 45% relative flow rates). Spherical shapes and hierarchal CS3 micro-structures are common.

(viz. CSx, x = 1-5). As shown in the SEM data (Fig. 2S a - e, supporting

CoHy
N,

ratios, the CSx (x = 1-5) always retained a spherical or pseudo-spherical
morphology with a well-defined hierarchical structure (Fig. 1B). The

documentation), irrespective of the variations of inlet ( ) gas flow

(Cf\,—fz) gas flow ratio determines the critical size of the carbon spheres
[53], resulting in a minimal dimension (e.g., 675 nm) at 45% relative

gas flow rate, viz., (ngfzszm) (Fig. 1A).

We also observed hierarchal CS structures on various regions of the
CVD machine via gas-phase C vapor nucleation followed by heteroge-
neous particulate growth [66] (Fig. 2S. a-e). The layering of carbon
nuclei by carbon vapors results in a spherical structure; the cohesion of
two such proximal structures results in dumbbell shape particulates. By
repeating the CS cohesion process, hierarchal CS structures result in

both low (e.g., 9%) or high (e.g., 80%) ( CoHp

C2Hy+N>
(Fig. 1a & b) [50,67]. At high N> flow rates, viz., N > 600 cm® STP/min,
most of the CoHg and other carbonaceous remnants flushed away from
the CVD reactor without forming carbon spheres [38,68]. Carbon sphere
formation is fast, and its relative density is high. At high gas flow ratios,
intense collisions lead to carbon sphere agglomeration. Distorted CSx
(x = 1-5) with large dimensions thus results in high and low CyH, flow
rates (Fig. 2S: a- e).

) relative flow rates

3.2. XRD and TEM measurements of CSx (x = 1-5)

We used XRD and TEM data to determine the carbon spheres’ growth
morphology as a function of the relative gas flow ratio [69]. The CSx
(x = 1-5) shows poor graphitization (Fig. 2A). All XRD profiles are
monotonous, showing broad peaks around 20 ~ 24.34°- 24.82° and ~
43.39°-43.55° respectively, which correspond to (002) and (100)
graphitic planes. Fig. 2B shows the variation of interlayer spacing (doo2)
as a function of the carbon sphere size.

The carbon sphere below 675 nm dimension results in stacking small
graphitic flakes (6.17 nmz) (Table 3S). The defects required for layer
stacking are created during nucleation by the edge dislocations and
twinning [70] (Fig. 3b). The CS3 has the lowest stacking length, L.
(1.49 nm), and height, L, (4.14 nm) (Table 3S). Further, the carbon
spheres start neck growth which results in ordered graphitic layer
packing. As shown in Fig. 2S and Table 3S, when pentagonal-heptagonal
pairs are dominant, large carbon spheres result from the regular stacking
of parallel graphitic flakes. The relevant data for CS1 and CS3 are shown
in Fig. 3.

We used XRD and TEM data to estimate the stacking distance of
carbon layers. The interlayer stacking distance of CS3 (e.g., 0.37 nm) is
larger than CS1 (e.g., 0.36 nm), implying the role of graphitic flakes on
the carbon sphere size (Fig. 2B). The nanostructured features for the
carbon spheres are obtained by transmission emission microscopic

002

>

Intensity (a.u)

T T T T T x T

0 2 30 40 50 60

20 degrees

002

o

B

0.365 /

0.360 /z / 3

0.355 . .
Cs1 CS2

T

CS3 Cs4 CS5
Samples

Fig. 2. A. XRD patterns of CSx (x = 1-5) samples. B. Interlayer distance (d002) variation of CSx (x = 1-5) samples. error bars + 0.05% (Table 3S).
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Fig. 3. TEM images of a. CS1 and c. CS3 samples at different magnifications. b) and d) images of spherical carbon near the edge (images b and d). The white lines
indicated the structural modes of graphitic flakes. Only carbon spheres with the smallest (CS1) and largest (CS3) dgo2 spacing are shown in TEM images.

(TEM) measurements and only results obtained for CS1 (minimal
interlayer spacing) and CS3 (maximal interlayer spacing) are shown in
Fig. 3.

The single carbon sphere images are not regular, and the inner layers
from the sphere center to the exterior surface are composed of graphitic
flakes. As shown in Fig. 3a, particulates’ agglomeration occurs in CS1.

The randomly grown graphic flakes are visible at the gas and solid
interface (Fig. 3b. d). The smallest size, short-range ordered structures of
graphitic flakes are apparent in CS3, which is markedly influenced by
the CyH, concentration.

The deposition of graphite flakes in the vicinity of carbon sphere
edges shows variations in surface roughness. We also calculated the

B
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Fig. 4. Variation of the surface roughness (Gray Value in y-scale) laterally across on Sphere surface CS1, A. CS3, C. Gray Value plot of CS1, B. CS3, D.
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degree of surface roughness using ImageJ software [71]. The Gray value
resulting from the calculations indicates the degree of roughness [40].
Rapid fluctuations of the gray value mean the high roughness of the
carbon spheres, and the data show that CS1 has a higher ruggedness
than CS3 (Fig. 4B-D).

3.3. Carbon sphere formation via C pentagon structure

Based on the results presented, the postulated mechanistic steps for
the carbon sphere formation are in agreement with vibration spectral
data (Figs. 5 and 6). Around 1273 K, the CyH, pyrolysis into PAH via
benzene is well-known [53,72,73]. The exact ring configuration of the
PAH depends on the system temperature and the CoHy dosage used [53,
73]. At high CyH, flows, PAH may nucleate, forming carbon spheres,
and its dimension increases due to sporadic depositions of large PAH
[53]. When the reactor temperature is varied between 500 and 2500 K,
naphthalene is always formed by HACA mechanism [72,74-76].
Therefore at 1273 K and ambient atmospheric pressure, we assumed
that the carbon sphere formation occurs via the naphthalene route [45]
(Fig. 5). Accordingly, CoHy converts into graphitic lattice structure via
benzene naphthalene conversion route [53,75,76]. The Raman

Colloids and Surfaces A: Physicochemical and Engineering Aspects 670 (2023) 131582

vibrations shown at 1590 cm™! represent the remanence of hexagon
carbon rings, and the one at 1355 em™! represents a disordered hexag-
onal carbon network (Fig. 3S) [77]. The IR bands at 1357 em ! and
1587 cm™! represent the breathing vibrations of the hexagonal rings
(Fig. 5 & 6). Thus, the formation of seven or five-membered C rings is
feasible via in-plane rotation of the C-C bond in the hexagonal carbon
ring by the Stone-Wales transformation route [78]. The three graphitic
carbon rings (pentagonal, hexagonal, or heptagonal) consider in form-
ing carbon spheres [61]. The hexagonal carbon network is the most
stable of the three carbon ring structures.

Therefore, the stability and energetics of the other ring structures, e.
g., pentagon and heptagons, were determined by molecular dynamics
calculations (Fig. 1S). Here no surface defects or other microstructures
were considered in the optimization. As shown in Table 1-S, compared
to heptagon carbon rings, e.g., — 150.805 eV per structure, the pentagon
structure shows a lower total energy value, e.g., — 167.530 eV per
structure (Fig. 1-S and Table 1-S); hence, the carbon sphere formation is
proposed via a pentagon route as shown in Fig. 5. Accordingly, the Fjord
region of PAHs closes up into a pentagon ring structure by removing the
hydrogen atoms according to acetylene addition to the edge via the
HACA mechanism [79]. The characteristic IR bands at 635 cm™! &

H HHH
HACA mechanism OOOO
wo =01 — [ Jimr -
673K 1273 K
F
e\\ﬂ&og%‘\ b Fjord region
O
Hexagons Disordered hexagon
1355 e &1590 cm” Pejtag‘?’g: P 1355 cm'”
" 635¢cm™ & cm Q /
urling with positive ‘
curvature —

796 cm!

481 cm” 812cm’
,873emd F

Y 1
[«—1660 cm”

OH +

OpH

3752 cm™

s73gem’— O—H

Cyclopenta-diene HACA mechanism

/ Migration of pentagonal

into spheres(dipped)

Hexagonal
ring breathing
1587 cm”!

3440 cm""

Fig. 5. The postulated mechanism for the pentagonal formation of carbon spheres - (dipped) from C,H, +CgHg reaction under CVD. Refer to Fig. 6 for the details of
IR spectrums of bare (Fig. 3S, Raman spectrum) and fluoride adsorbed-CS3 (CS3-F).
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Fig. 6. FTIR spectrums of CS3 and fluoride-adsorbed CS3 (CS3-F). The CS3
fluoride adsorption capacity is 14.8 mg/g.

796 cm ! confirm the presence of pentagon carbon rings that facilitate
curved surfaces. The IR band at 796 cm™! evidence the formation of
cyclopentadiene units in the structure (Fig. 6). Although inconclusive,
the pentagonal carbon sphere is believed to be the dominant structure
grown through the quasi-icosahedral shape [80].

3.4. Carbon sphere growth

Five processes believe to occur in carbon sphere growth: A. curved
surface, B. nucleation, C. surface deposition, D. densification, and E.
coalescence [28]. Accordingly, the pentagon carbon spheres (Fig. 7A)
undergo spiral shell growth (B), and cyclic carbon rings are deposited on
the carbon sphere surface, forming curved graphitic flakes (Fig. 7B).
Thus, coalescence leads to nanospheres in high-temperature regions to
minimize their potential energy [81](Fig. 7C). Variation of the dimen-
sion of the graphitic flakes results in tunable curvatures in compliance
with the geometry of inner layers [61]. The carbon sphere binds readily
with solid substrates, and also, they do agglomerate forming graphitic
flakes (Fig. 7D). However, the re-deposition of graphitic flakes depends
on substrate roughness and surface hydrophilicity (Fig. 7E) [51]. The
carbon sphere formation mechanism depends on the experimental pa-
rameters such as the deposited surface and the nature of the surface sites
vital for carbon nucleation [82].
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3.5. X-ray photon spectroscopy of CS3 and CS3-fluoride species

High-resolution XPS measurements were carried out to probe the
chemical state of C and O on the CS3 surface (Fig. 8a & b). Although the
carbon sphere fabrication was carried out under inert conditions, the
adventitious presence of oxygen on the solid surface is inevitable. The
defects on the carbon sphere’s surface, such as vacancies, curvature, and
edge planes, are typical for oxygen adsorptive dissociation via HOMO

(carbon sphere) to 2n* (O3) electron transfer [83]. (%) Raman bands’

intensity ratio dictates the surface’s defects’ nature CS3 has an intensity
ratio of less than one (e.g., 0.91), which indicates the ubiquity of defects
on the surface (Fig. 3S). In the presence of adventitious O, the graphitic
carbon sphere was functionalized, yielding hydrophilic groups as -C-OH,
-C=0, and -COOH [32,50]. Upon functionalization with Oy, the ()
ratio of carbon sphere was increased by about 10 times compared to the
fresh carbon spheres, reducing the surface graphitic carbon [50].

The survey spectrum of CS3 and CS3-F is shown in Fig. 8a and b. The
C1s segment of XPS spectra of CS3 and CS3-F can be deconvoluted into
three peaks (Fig. 8e): the main peak observed around 284.8 eV shows
the presence of C-C groups, while the other two peaks, around 285.8 eV
and 286.4 eV occur due to the C-O and -COO-groups, respectively.
Similarly, the three peaks are observed in the O 1 s spectrum, and they
are assigned to the C-O (532.5 eV), -COO (533.7 eV), and COOH groups
(535.3 eV), respectively. Upon the adsorption of fluoride on CS3, the
peaks correspond to C-O (shift 532.5 — 532.6 eV) and COOH (shift
535.3 — 535.9 eV) shifted positively, and a new peak appeared at
533.4 eV freeing of networked functional groups by none-bonded in-
teractions (viz., coulombic and H bonding). The relative area of the -C-
OH peak is over 50%, which shows the abundance of surface hydroxyl
sites on CS3. After interacting CS3 with fluoride the relative areas of C-
OH peak reduced (69% —65%) and O-C—=O peak increased (25% —
29%). However, the relative area of COOH peak (535.9 eV) shows no
measurable difference (Fig. 8d). It implies that fluoride is adsorbed on
CS3 mainly through anion exchange process at surface hydroxyl sites.
Presence of low intensity peak at 291.08 eV corresponds to surface hy-
droxyl and fluoride interactions which further corroborate our argu-
ments (Fig. 8f Inset). Accordingly, the non-specific fluoride adsorption
on CS3 occurs via OH- d = F- anion exchange process, and further evi-
dence is observed from IR data as shown in Fig. 6. The IR bands at
1631 cm ™! and 3440 cm™! confirm stretching vibrations in the C=O0,
and O-H, respectively. The IR bands at 481 cm™* (out-of-plane vibra-
tions), 812 cm ! (in-plane vibrations), and 873 em ! (diffraction) are
distinct on CS3-F samples [84]. In addition, the broad band around
3400 cm-1, corresponding to the —OH stretch converted into discrete
bands at 3640, 3752, and 3738 cm™! upon F- addition as a result of
freeing a H-bonded network of CS3 (Fig. 5). Both experimental obser-
vations are in agreement and point to an anion exchange mechanism for
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Fig. 7. Growth process of carbon sphere. A. pentagon curved surface, B. homogeneous nucleation, C. particle deposition, D. densification, and E. coalescence.
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fluoride adsorption by CS3.
3.6. Carbon sphere for water defluoridation
The surface sites of carbon spheres hydroxylate in contact with the
water (Fig. 4S). The exact nature of these surface sites is not resolved yet;

however, they are believed to occur via H-bonded water dissociation at
the polar C-derived defect zones [85]. In any case, creating surface

hydroxyl sites is vital (designated as= GOH’, where & represents a par-
tial charge on C based on Pauling bond valence calculations, e.g., —0.10
to —0.50 partial charge) for solutes retention on carbon spheres [86]. As
shown in proton titration data (Fig. 4S), the pHyp. of carbon spheres is
around 8.29 showing a positive surface when the solution pH ranges
between 5.60 and 7.00, e.g., a typical pH of the most natural water
bodies.

The highest fluoride adsorption by carbon spheres is shown for CS3
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(details in Fig. 5S). The solution pH has increased upon fluoride addition
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ride removal (Fig. 9. D). As shown in Fig. 9B, when initial (Eg—f’Hv >1,

the chemical kinetics of fluoride adsorption by CS3 follows pseudo-first-
order law. Maximum fluoride adsorption capacity by CS3 is observed
around pH 5-7. At this pH range, the fluoride adsorption by CSx
(x = 1-5) with different sizes was also determined (Fig. 9A). The CS3
shows the highest fluoride adsorption due to the high surface area-to-
volume ratio. The effect of CS curvature on the fluoride adsorption
process is not yet clear [88]. However, the abundance of surface defects
increased favorable sites for fluoride adsorption [22]. The activated
carbon shows minute proportions of fluoride adsorption (Fig. 9C). As
shown in earlier sections, the carbon sphere surface seems to be het-
erogeneous. Here, the BET surface area of CS3 is 7.603 m? /g, which is
slightly higher than that of pristine CS [48]. This result indicates
smoother surface morphology of CS3 than CS1. The mean pore diameter
was 4.2 nm and a very low total pore volume of 0.008 cc/g CS was
measured for CS3 due to the low porosity of solid spheres. However,
fluoride adsorption on CS3 follows the Langmuir model with 0.08 mmol
/m? surface coverage (Fig. 9B). The Langmuir model assumes homo-
geneous surface sites at a given pH and solutes concentration. The het-
erogeneous carbon sphere surface is believed to consist of a large array
of islands with homogeneity. At a given fluoride loading, such a ho-
mogeneous island becomes activated, which results in F~ adsorption on
CS3 following the Langmuir model. The fluoride removal efficiency of
CS3 was also examined using a groundwater sample from Sri Lanka with
the following composition: pH 7.20, TDS 669 mg/L, total hardness
396 mg/L, CaCOs, F 1 mg/L. As shown in Fig. 9C, over 50% of fluoride is
removed by CS3. The high solute levels in groundwater exert reduced
fluoride removal efficiency. As shown in Figure 10. E, the fluoride
removal efficiency was also examined after repeated use of the substrate
(CS3) for five times. Herein the spent CS3 was regenerated with 0.01 M
NaOH at the end of each cycle. The fluoride removal efficiency of CS3 is
not diminished after cyclic use showing almost perfect reversibility of
the surface sites for ion exchange processes.

4. Conclusions

We successfully fabricated size-tunable carbon spheres by chemical
vapor deposition using CoHy and Ny gas precursors. The diameter of the
carbon spheres varies with the precursor gas flow ratio yielding a min-

CoHy
N2

imal size at ( ) = 2 (viz. CS3). Molecular spectroscopic data suggest

the ubiquity of defects on the surface of carbon spheres. Upon contact
with the water, the carbon spheres readily hydroxylate showing posi-
tively charged surface sites (=GOH?) when pH falls within ~5.00 to
~7.00, e.g., typical of natural water pH. Zeta potential measurements
can be used to elucidate anion exchange mechanism for fluoride reten-
tion on the CS hydroxylated sites, viz. =GOH®. The carbon sphere shows
a promise in de-contaminating fluoride-rich groundwaters. The incon-
clusive evidence for the formation of CS via carbon pentagons is shown
presently. Using NEXAFS measurements, Further research is underway
using NEXAFS measurements, to probe pentagon defects precisely in
hexagonal graphitic structures to confirm the CS formation mechanism
shown in this work.
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