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HIGHLIGHTS

® Biomass derived porous carbon from spongy flesh of sunflowers was prepared.
® The porous carbon has high surface area (up to 3072m?g~!) and light bulk density.
® The resulting porous carbon exhibits outstanding iodine uptake of 646 wt%.

ARTICLE INFO ABSTRACT

Keywords: Environmentally sustainable development and concerns have increased interested in biomass materials for
Porous carbon synthesis of porous carbons, especially as effectively alternative and multifunctional sorbents for diverse con-
Sunflowers taminates and in CO, adsorption area. In this work, spongy flesh from receptacle and stalk of sunflowers was
g;iii;ll:szapmre utilized as carbonaceous precursors to prepare porous carbons by pyrolysis method with and without KOH

activation in argon. The biomass-derived porous carbon has high surface area (up to 3072m?g~1), light bulk
density (0.033 g cm ™) and different morphology depending on the preparation method. Taking advantages of
the highly porosity and the valuable hierarchical porous structure, the resulting porous carbons can serve well as
multifunctional solid sorbents for CO,, radioactive iodine and oily/organic contaminates from water. In parti-
cular, the resulting carbon sample shows a high iodine affinity with an uptake of 646 wt%, which is the highest
value reported to date. Given the worldwide abundance and recyclability, spongy flesh from receptacle and stalk
of sunflowers can be serve as a new biomass source for the facile production of high-performance porous carbon
materials with promising applications in environmental remediation.

1. Introduction [7]. Yu et al. reported a type of carbon nanofiber aerogel [8]. Ling et al.

synthesized a hierarchical carbon nanosheet-based network using gra-

Carbonaceous materials are ubiquitous in various technological
applications and constitute an extensive research area that has attracted
considerable attention for separation media [1], energy generation and
storage [2], water purification [3,4] and heterogeneous catalysis [5]
etc., because of theirs numerous exceptional characteristics. In parti-
cular, porous carbon materials enjoys a place of pride as solid sorbents
for gas storage and water purification mainly due to their wide pre-
cursor sources, highly developed porosity, moderate cost, high toler-
ance and environmentally benign nature [6]. To date, a great number of
porous carbon sorbents with different architectures, porosities and
morphology have been designed and developed. For example, Wilcox
et al. synthesized porous carbons from 3D hierarchical nanostructured
polymer hydrogels with an optimized surface area of up to 4196 m> g~ !
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phene oxide as the structure-directing agent [9]. All these porous
carbon materials as efficient sorbents exhibit good capacity for gas or
harmful components.

Generally speaking, the synthesis approaches and carbonaceous
sources are two crucial issues for the development of carbon sorbents
with a well-developed porous structures. As is generally organized,
there are two direct process to synthesize porous carbon sorbents. The
first one is based on a physical activation approach, in which the system
is fabricated by gasification of the carbonaceous sources in the presence
of CO5 or steam [10]. This approach imparts well-developed carbon
structures with a higher degree of graphitization accompanied by lower
carbon yield because of the removal of a large amount of internal
carbon during activation [11]. The alternative to the physical activation
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Scheme 1. The fabrication of porous carbons from the spongy flesh in the receptacle and in the centre of stalk.

described above is chemical activation. In the case of chemical activa-
tion process, the carbonaceous precursors would react with chemical
agents such as KOH and the carbon atoms were etched to generate
hierarchical porous microstructure [11-13]. This approach takes some
several advantages of lower activation temperature, shorter heat
treatment times and higher carbon yield [11], which has been regarded
as an efficient way to remarkably improve the porous structures of the
resulting carbon materials.

The selection of the precursor is also crucial for the final archi-
tectures and porous texture of the carbon sorbents. A great deal of
carbonaceous materials including coal, poly (ionic liquid), metal or-
ganic frameworks, polymers etc. has been used for the production of
porous carbon sorbents [14-16]. Among these, the preparation of
porous carbon sorbents from biomass or biologically renewable re-
sources has been approved as a sustainable approach and takes eco-
nomic and application advantages. A great deal of work has successfully
converted the biomass or biologically renewable resources into porous
carbon sorbents through various methods [17-20]. Huang and Liu et al.
prepared glucose- and chitosan-based porous carbons with ultrahigh
pore volume for selective capture of CO, [20,21]. Wang et al. used the
waste celtuce leaves to prepare porous carbon with excellent CO, ad-
sorption capacity at ambient pressure [17]. Feng et al. synthesized
porous carbon spheres by a simple carbonization of the fruit of Liqu-
dambar formosana, which exhibited promising potentials for the ap-
plication of oil or organic solvent spill clean-up [18]. Compared with
synthetic or geological carbon resources, such strategy for preparation
of porous carbon sorbents from biomass or biologically renewable re-
sources not only reduces the fabrication cost but also promotes the
utilization of biological resources in a more sustainable manner [22].

Sunflower, Helianthus annuus L. in Heliotropic, is one of the most
important oil crops in the world. In the receptacle and stalk of sun-
flowers, the spongy flesh plays an important role of water storage and
nutrients transport, whereas they are usually discarded or burning after
the seeds used for cooking oil. Thus, the potential applications of the
spongy flesh in sunflowers may has been overlooked [23]. In this paper,
we focuses on recycling the spongy flesh from receptacle and stalk of
sunflowers to prepare porous carbons. The porous carbons were syn-
thesized using KOH activation and pyrolysis method. The morphology
and structure as well as chemical constitution of the resulting porous
carbon were characterized by Scanning electron microscopy (SEM),
Transmission electron microscopy (TEM), Raman, Fourier transform
infrared spectra (FTIR), elemental analysis and N, adsorption/desrop-
tion, in which the effect of the treatment approach on the morphology
and porous texture was also illustrated. By virtual of the high surface
area (up to 3072 m? g~ ') and availability, The resulting porous carbons
shows great potentials as functional sorbents for CO, storage, radio-
active element and organic contaminates from water. To the best of our
knowledge, a feasible study of the preparing porous carbons derived
from the spongy flesh of sunflowers as solid sorbents has rarely been
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reported, which may be provide a fundamental guidance for the prac-
tical application of biologically renewable resources from sunflowers.

2. Experimental
2.1. Pre-treatment of carbon precursors

The milky and spongy flesh from receptacle and stalk of sunflowers
were collected and dried using freeze-drying method to keep its porous
nature and to avoid oxidation in air. The dried flesh from receptacle
was named as SR and the obtained flesh from stalk was named as SS.

2.2. Preparation of porous carbons

The synthesis of porous carbon involved carbonization and chemical
activation. During the carbonization, the SR and SS was pulverized and
heated to 500 °C under argon atmosphere with a heating rate of 2.5°C
min~' and kept for 2 h. After cooling to room temperature, the sample
was washed by ethanol and distilled water for several times followed by
drying at 100 °C for overnight. The carbonized sample from flesh of
sunflower receptacle and stalk was denoted as SR-C and SS-C, respec-
tively. After drying, the mixture of SR-C (SS-C) and KOH power with a
mass ratio of 1:5were fully physically grinded and mixed. The chemical
activation was performed by heating the physical mixture under argon
atmosphere. The mixture was placed in the centre of a tube furnace and
then was heated to 800 °C under argon atmosphere with a heating rate
of 2.5°Cmin~"! and kept for 2 h. After cooling to room temperature, the
sample was grinded and washed using aqueous HCI (0.1 molL™%,
100mL) and then by sufficient distilled water followed by drying at
100 °C for overnight. The activated sample from SR and SS was denoted
as SR-KOH and SS-KOH, respectively. To investigate the effect of pre-
paration method on porous carbons, the SS were heated to 1000 °C
under argon atmosphere with a heating rate of 2.5°C min~! and
maintained for 1 h. After cooling to room temperature, the sample was
washed by ethanol and distilled water for several times followed by
drying at 100 °C for overnight. The carbonized flesh from SS was named
as §S-1000. The preparation process is illustrated in Scheme 1.

2.3. Characterization

Raman spectrum was recorded using a micro-Ramam spectroscopy
(JY-HR800, Jobin Yvon) with the excitation wavelength at 532 nm. The
infrared spectra (FTIR) were recorded from 400 to 4000 cm ™! on a
Nicolet FT-IR 360 spectrometer. Scanning electron microscopy (SEM)
was performed on a field emission scanning electron microscope (JSM-
6701F, JEOL) after coating the samples with Au film. Transmission
electron microscopy (TEM) image was performed on a FEI (Tecnai G2
TF20) microscope. Elemental analyse was carried out on an Elementar
Vario EL cube analyzer. The specific surface area was investigated using
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Fig. 1. SEM images of SR (a), SS (b), SR-KOH (c), SS-KOH (d) and SS-1000 (e and f). Scale bar: (a,b and e) 100 um, (c and d) 100 nm, (a inset, b inset and f) 10 um.

a Micrometrics ASAP 2020 system using nitrogen as the adsorbate. The
CO,, adsorption/desorption isotherms of carbon samples were measured
using a Quantachrome Autosorb-1 volumetric adsorption analyzer at
0°C and 25 °C. Before N, and CO, measurement, the sample was de-
gassed for 12h at 120°C and below 1 x 10~ mbar. Water contact
angle (CA) measurement was performed on a contact angle meter
OCA20 (Dataphysics, Germany). UV/Vis spectrum was recorded on a
spectrophotometer (UV-2800, Unico) with the wavelength range
190-700 nm, using cyclohexane as a blank. XPS analysis was performed
on a spectrometer (PHI-5300ESCA, Perkin-Elmer).

3. Results and discussion
3.1. Fabrication and structure characterizations

The milky and spongy flesh (Scheme 1), a kind of soft and porous
material in the receptacle and in the centre of stalk (also named as
pith), was used as the carbon precursors. The flesh from receptacle (SR)
exhibits a corrected casing-liked morphology (Fig. 1a and Fig. S1a) and
the sunflower pith (SS) has a connected flake morphology (Fig. 1b and
Fig. S1b), both of which formed the channel for the conduction of nu-
trient. From the higher resolution, SR and SS show smooth and film-
liked exteriors (Fig. 1a and b inset). Elemental analysis revealed that
the SR contains 40.3 wt% C, 5.3 wt% H, 53.9 wt% O and 0.5 wt% N, and
the SS has 32.1 wt% C, 4.6 wt% H, 62.3 wt% O and 1.0 wt% N (Table
S1). For synthesis of porous carbons, we used the KOH activation,
which was regards as a simple and efficient way for engineering porous
structures of carbon materials. The chemical activation mainly involves
reaction occurring between the carbon materials and chemical agents.

During this process, the carbon framework of carbon precursors is
etched by KOH to generate micro/naon pores compared with the de-
fect-free smooth surface of SS and SR [11,12]. From the SEM images,
both SR-KOH and SS-KOH show irregular and monolithic morphology
(Fig. S1c and d) with nano-sized carbon particles (grain sizes ca. 20 nm)
to yield a hierarchical porosity (Fig. 1c and d). XPS spectra shows that
all of the resulting carbon samples mainly consists of C and O (Fig. S2).
Elemental analysis exhibited that the carbon-oxygen ratio in samples
greatly increased to 15.5 and 25.2 for SR-KOH and SS-KOH (Table S1).
The treating method has an important effect on the morphology of the
resulting carbon samples. After pyrolysis at 1000 °C, the SS-1000 kept a
monolithic appearance (Scheme 1). Although the carbon content SS-
1000 was increased to 77% (Table S1), SS-1000 retained the similar
morphology with SS (Fig. 1e). On the other hand, the high-temperature
carbonization promoted the evolution of CO, or CO originated from the
decomposition of the small molecular organic matter, as a result, a
cross-linked and macroporous structure with expanding channel was
observed in SS-1000 (Fig. 1f). The bulk density were measured as
33mgmL ™! for SR-KOH, SH-KOH for 80 mg mL ™! and 56 mg mL ! for
S$S-1000, lower than most commercial activated carbons, which results
from the unique porous structures of the samples (Fig. 1).

The typical TEM images with different magnifications were adopted
to give further evidence of the morphology and structure for these
carbon samples. Both SR-KOH and SS-KOH exhibited hierarchical
porous texture (Fig. 2a and c). At high-magnification, the carbon ske-
letons of SR-KOH and SS-KOH were homogeneous and consisted of
wormhole-like micro- or nanopores with no detectable larger pores
(Fig. 2b and d). All carbon samples show typical amorphous structure
with an amount of defects in carbon matrix. Whereas, SS-1000 was

Fig. 2. TEM images of SR-KOH (a and b), SS-KOH (c and d) and SS-1000 (e and f). Scale bar: (a,b and e) 100 nm, (c,d and f) 5nm.
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Fig. 3. (a) Raman spectra of SR-KOH, SS-KOH and SS-1000. (b) FTIR spectra of
SR-KOH, SS-KOH, SS-1000 and SR-KOH@]I,.

translucent and membranous morphology (Fig. 2e) with apparent or-
iented multilayer domains (Fig. 2f), accordance with the SEM images.
For SR-KOH and SS-KOH, however, more disordered graphene layer
domains were observed compared with SS-1000, verifying that KOH
activation could be more favorable to the formation of micro- or me-
sopores that may be beneficial for gas storage [11].

Raman spectroscopy can be used to characterize the structure of the
carbon samples. As shown in Fig. 3a, all carbon samples exhibit two

Chemical Engineering Journal 372 (2019) 65-73

broad and overlapping peaks with intensity maxima at around
1590 cm ~ ! (G-band) and 1342 cm ™! (D-band) in Raman spectra. And
the broad Raman feature appearing in the range of 2500-2800 cm ™!
corresponds to the G’-band emphasizing a Raman-allowed mode for sp>
carbons. The D-band peak demonstrates the existence of the disordered
sections and defects in the carbon matrix. Raman spectra suggested that
all carbon samples can be interpreted as disordered graphitic structures
and confirmed the disordered nature of the carbons [24], accordance
with TEM observation. These defects in samples are of great importance
for improving the performance of porous carbons for practical appli-
cations [6]. FTIR spectroscopy was used to evaluate the surface
chemistry of these carbon materials (Fig. 3b). All the resulting carbon
samples exhibit adsorption bands at 3430cm™!, 1560cm ™!,
1408cm™ !, 1123cm™! and 1065cm™!, corresponding to the
stretching vibration of —OH from the surface of carbon samples or
water molecules, stretching vibration of C=C from carbon rings, the in-
plane bending vibration of —OH, asymmetric stretching vibration
C—0—C and stretching vibration of C—O from alcoholic and phenolic
groups or bridge bonds [13]. The FTIR spectra suggests the existence of
oxygen-containing groups on the surfaces of the carbon products, which
was also confirmed by elemental analysis (Table S1).

In conjunction with TEM images, to evaluate the porous features of
the carbon materials, nitrogen gas adsorption/desorption measure-
ments were performed (Fig. 4a). The results are also summarised in
Table 1. The nitrogen sorption isotherms for SR-KOH, SS-KOH and SS-
1000 are mixed type-I and -IV with well-defined plateaus, corre-
sponding to the filling of micropores [25]. Moreover, the broadening of
the knee in the relatively low pressure range (P/Py, < 0.4) for these
carbon samples suggested the formation of mesopores during the acti-
vation [11,26,27]. The pore size distribution curves also confirmed the
existence of both micropores and mesopores in the three carbon sam-
ples (Fig. 4b and c). The percentage of micropore volume in total pore
volume was 44% and 60% for SR-KOH and SS-KOH, lower than that of
SS-1000, as the result of the widening of the pre-existing micropores to
mesopores [28]. The micropore sizes analysed by the Saito-Foley (SF)
method of SR-KOH, SS-KOH and SS-1000 are centred at about 1.02 nm,
0.58 nm and 0.46 nm, respectively. The BET surface areas of SR-KOH,
SS-KOH and SS-1000 were calculated to 3072 m? g~ %, 2730 m? g~ ! and
654m? g~ '. Obviously, the chemical activation can achieve higher
surface area than pyrolysis. In the chemical activation process, the
prominent reaction occurring between the carbon materials (SR and SS)
and KOH was described as 6KOH + C <> 2K + 3H, + 2K,CO5 [11,12].
Above 400 °C, the carbon was oxidized into carbonate ions and the
metallic potassium penetrates between graphitic layers. As a result, the
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Fig. 4. (a) Nitrogen adsorption/desorption isotherms of SR-KOH, SS-KOH and SS-1000. (b) Barrett-Joyner-Halenda (BJH) desorption pore size distributions of SR-
KOH, SS-KOH and SS-1000. (c) Micropore size distributions of SR-KOH, SS-KOH and SS-1000.
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Table 1

Textural parameters of the carbon samples.
Samples  “Sgr (m* "V; (em® Vinicro (cm® Vinicro/Ve  “Dsp (nm)

g h gD g™ h

SR-KOH 3072 1.77 0.78 44% 1.02
SS-KOH 2730 1.84 1.12 60% 0.58
S§S-1000 654 0.46 0.36 79% 0.46

@ Spgr is the surface area calculated using the Brunauer-Emmet-Teller (BET)
method between 0.05 and 0.30 (P/Py).

b v, present the total pore volume measured at 0.995 (P/Py).

€ Vnicro i micropore volume calculated using SF method.

4 Dgy is the average micropore sizes calculated using SF method.

consumption of carbon, the expansion of the carbon lattice by po-
tassium and the next removal of intercalated potassium would lead to
the formation of the pore network and correspond to an increase in
porosity and surface area [29].

3.2. Carbon dioxide storage

The global warming and serious climate change caused from the
anthropogenic CO, in the atmosphere underlies the urgent need for
efficient CO, capture and storage [30-32]. The removal of CO, from
flue gas can be achieved using absorption materials, such as zeolites,
porous polymers and carbons etc., which takes advantages of high ca-
pacity, low regeneration energy requirements and disposal/treatment
costs [33,34]. Encouraged by the excellent porous properties, we in-
vestigated the CO, adsorption capacities of the resulting carbon mate-
rials. The adsorption isotherm measured at 273K and 298 K by volu-
metric methods were shown in Fig. 5. The CO, uptake isotherms for
these three carbon samples are entirely reversible, underlying that the
process is physical adsorption and the regeneration can be achieved at
low energy consumption. Furthermore, the gas uptake at 273K is ob-
viously higher than that at 298 K. It is reported that the exothermic
process of CO, adsorption and lower temperature is favorable for CO,

Chemical Engineering Journal 372 (2019) 65-73

molecules adsorbing on surface of solid materials [35]. The maximum
CO, adsorption capacity of SR-KOH and SS-KOH at 273K is
4.09mmol g~ ! and 4.08 mmol g 1. Under the same condition, S$-1000
with the least surface areas displayed the highest CO, adsorption ca-
pacity both at 273K (4.52mmolg™ ") and 298K (3.08 mmolg™')
(Table S2). To clarify this, the isosteric heat of adsorption value (Qg) of
CO, for the carbon samples was calculated using the CO, adsorption
isotherms measured at 273 K and 298 K (Fig. S3), based on the Clausius-
Clapeyron equation [36]. The Qg can be used to determine the strength
of interaction between the carbon materials and CO, molecules. The Qg
value of the three carbon samples varies in the range of 17-23 kJ mol !
at low CO, uptake, corresponding to weak interactions with CO, and a
relatively easy regeneration [36]. Among the three carbon materials,
SS-1000 with the highest Qg value corresponds a strong interaction
between CO, molecules, resulting in the largest CO, adsorption capa-
city. The selectivity of CO./N; is calculated to be 40 from the initial
slopes of the single component gas adsorption isotherms at 273 K (Fig.
S4). It is well documented that the porous structure such as an abun-
dance of micropores and suitable pore sizes of solid adsorbents is im-
portant in demining the CO, adsorption capacity [36,37]. From the PSD
curves (Fig. 4b and c), SS-1000 possessed the highest micropore ratio
(79%) and the narrowest PSD as well as the smallest pore size
(0.46 nm, < 0.7 nm), which can strengthen the interaction between
CO, molecules and pore walls, leading to increase in the adsorption
capacity [36-38].

3.3. Iodine capture

Radioactive iodine isotopes including '2°I and '*'I are highly vo-
latile contaminates that threatens environmental safety and human
health. The concern of effective management for radioactive iodine and
radiation protection reached the highest level after the nuclear accident
at Fukushima in 2011 [6]. In this respect, several adsorbents were
synthesized and used for iodine capture, such as zeolites, porous
polymers, organic-organic hybrids and porous carbon materials, with
the iodine loading varying from 125wt% to 485wt% (Table S3).
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Fig. 5. CO, adsorption/desorption isotherms of (a) SR-KOH, (b) SS-KOH and (c) SS-1000 at different temperature. (a inset) Schematic illustration of CO, adsorption

using the resulting porous carbons. TEM scale bar: 100 nm.
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Among these adsorbents, porous carbon materials are attracting con-
siderable attention due to their chemical and thermal stability, en-
vironmental friendliness, low cost and abundant porosity as well as
excellent absorbency, which promotes us to investigate the iodine ad-
sorption capacity of the resulting carbon samples. The iodine loading
amount was evaluated by gravimetric measurements at different time
intervals by placing the carbon sample (taking SR-KOH as a model) and
solid iodine in a sealed container at 350 K and ambient pressure (Fig. 6a
inset, for details see Supporting Information), which is close to the
actual nuclear-fuel reprocessing conditions. The iodine adsorption ca-
pacity was calculated based on mass grow of the measured sample (wt
%) plotted as a function of contact time. The obtained kinetic curves are
exhibited in Fig. 6a. From the curve, the iodine uptake for all carbon
samples increases quickly and the equilibrium uptake for the carbon
samples almost reached in 60 min. SR-KOH and SS-KOH exhibit iodine
uptake of up to 646 wt% and 561 wt%, which considerably exceeds
other porous solid materials (Table S3) [39-49]. The SS-1000 with the
highest micropore ratio, which benefits to gas adsorption, however, the
iodine loading amount for SS-1000 is far lower than that of SR-KOH and
SS-KOH. As reported, the iodine uptake is strongly affected by the in-
teraction between the adsorbents and iodine molecules at a low cov-
erage. However, at a higher coverage, the surface areas and pore vo-
lumes of porous materials are crucial factor on the gaseous iodine
uptake [50], which can be used to illustrate our case.

To further confirm it, XPS and FTIR was conducted to analyse the
chemical structure of SR-KOH after iodine adsorption (named as SR-
KOH@I,). From the XPS spectrum (Fig. 6¢ and d), in addition to the
peaks of Cls (285.0eV) and Ols (532.6eV), a double peak at
615-635 eV was observed, corresponding to 13d3 and 13d5 (Fig. 6¢ and
d) and indicating that the valence of the trapped iodine is zero and the
iodine in SR-KOH exists as I, [45]. The SR-KOH@]I, exhibits a similar
FTIR spectrum with SR-KOH and no obvious chemical bond interaction
between iodine and SR-KOH was observed (Fig. 3b). Both the XPS and
FTIR suggest that the gaseous iodine adsorption on SR-KOH dominates
by the physical process. During the physical adsorption process, the
porosity of the carbonaceous materials would supply an adequate void
for iodine molecules and is an important factor on the adsorption ca-
pacity. As a result, a higher BET surface area of porous carbon is ben-
eficial to the improvement on the gaseous iodine uptake [8].

The iodine capture capability of SR-KOH, SS-KOH and SS-1000 was

Binding energy (eV)

further investigated in cyclohexane solution. As shown in Fig. 6b inset,
the dark purple iodine/cyclohexane solution (5 mL) changes to almost
colourless after SS-1000 (10 mg) adsorption for 48 h. The maximum
iodine absorbency of SR-KOH, SS-KOH and SS-1000 in cyclohexane
(200mgl™") is 144mgg™', 149mgg™' and 188mgg~', corre-
sponding to the removal efficiency of 72%, 74% and 93% (Fig. 6b). The
S§S-1000 exhibits an open and interpenetrating pore structure, which
provides a channel and accelerates the transfer of iodine molecules in
the liquid. As a result, the SS-1000 with the lowest BET surface area
possess the highest iodine uptake in cyclohexane. The uptake reached
up to 451mgg~ ! in the iodine/cyclohexane solution with a con-
centration of 500mgg~', which is the highest value to our best
knowledge [45]. According to the analysis on the sorption kinetic data
(Fig. S5), the iodine sorption on SS-1000 fits well in pseudo-second-
order kinetics model with a good linear correlation coefficient
(R* > 0.99).

3.4. Removal of organic/oily contaminants from water

Owing to the increasing attention focused on the environmental
pollution caused by oil spillages and the industrial discharge of organic
solvents, there is a growing need to develop efficient absorbents to
remove these oily and organic contaminants from water [51]. Porous
carbons have been shown to be one of the most promising candidates
for oil spill remediation from an economic view. However, the existence
of oxygen-containing groups in these porous carbons make them ad-
sorbing both water and oils/organics in a mixed aqueous phase, which
hinders their adoption and absorption efficiency. In this regard, the
porous carbons can be modified to obtain superhydrophobic surfaces,
which has been proven a simple and efficient method to enhance affi-
nity to oily/organic target compounds over water molecules. To obtain
the superhydrophobic surfaces, we coated a thin polydimethylsiloxane
(PDMS) coating over the entire surface of the porous carbons using a
vapour deposition technique [51,52]. That is, the porous carbon (taking
SS-1000 as a model) and a piece of PDMS film was placed into a sealed
container and heated to 234 °C. Upon heat treatment, the Si-O bonds in
PDMS chains would break and followed by the formation of a silicone
coating on carbon particles owing to the cross-linking of the short
PDMS chains (Fig. 7a). In the XPS spectrum of SS-1000@PDMS, an
obvious peaks at 106.3 eV belong to the Si2p, corresponding to silicon
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Fig. 7.(a) Formation mechanism of super-
hydrophobic carbon samples by PDMS modification.

0 o220 o (b) Superhydrophobic SS-1000 for diesel oil (dyed
‘ with Red oil O)/water separation (left 1-3). Right is
° °. the water and diesel oil contact angle of SS-1000@
:‘ ° PDMS. (c) XPS spectrum of SS-1000@PDMS. (d)
° : FTIR spectrum of SS-1000@PDMS. (For interpreta-
°. ¥ 4 tion of the references to color in this figure legend,
%000 o °® the reader is referred to the web version of this ar-

ticle.)
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content of ca. 21.5 at% (Fig. 7c). In the FTIR spectrum, a new ab-
sorption peaks near 800 cm ™! belong to the symmetrical stretching
vibration of Si-O-Si (Fig. 7d). Both XPS and FTIR results verify the
deposited of silicon moieties on the surface of SS-1000 after PDMS
treatment. As a result, the silicon coating with low surface energy and
the surface roughness of carbon particles were attributed to the im-
provement on the surface wettability. As anticipated, the PDMS mod-
ified SS-1000 (named as SS-1000@PDMS) becomes superhydrophobic
with a water contact angle of 153.6° (Fig. 7b). Such superhydrophobic
surface enable the benzene (dyed with Red oil O) in water selectively
absorbed by SS-1000@PDMS in a few seconds without water uptake
(Fig. 7b).

Taking advantages of the superhydrophobic and oleophylic prop-
erty, these porous carbons could remove the oily/organic compounds
from water with a high selectivity. The efficiency of absorption of these
porous carbons can be referred to as weight gain using various organic
solvents as the adsorbates (Fig. 8a). The adsorption capacities of SR-
KOH@PDMS, SS-KOH@PDMS and SS-1000@PDMS for organics and
oils with different polarity and density are 866-2795 wt%,
2027-5733 wt% and 752-1751 wt%, respectively, more higher than
that of molecular sieves, activated carbon and attapulgite (< 1000 wt
%). The recycling pollutants and the regeneration of porous carbons can
be implemented using vacuum distillation after organics adsorption. As
shown in Fig. 8b, the absorption ability of these porous carbons re-
mained essentially identical even after 10 cycles of testing. Meanwhile,
the water CA value was measured to 151° for SS-1000 after 10 ad-
sorption/desorption cycles (Fig. 8b inset), suggesting excellent cyclic
stability.

4. Conclusion

Biomass-based porous carbons were synthesized from spongy flesh
from receptacle and stalk of sunflowers using two methods-KOH acti-
vation and pyrolysis. The carbon samples (SR-KOH and SS-KOH) ob-
tained from KOH activation are both composed with nano-sized carbon
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Fig. 8. (a) The adsorption capacity of carbon samples for various oils and or-
ganic solvents. (b) The changes in adsorption capacity of the carbon samples@
PDMS after absorption cycles. Inset is the water CA measurement for SS-1000@
PDMS after adsorption of gasoline for ten cycles.
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particles and the pyrolysized sample (SS-1000) exhibits a connected
flake morphology with film-liked exteriors. The BET surface areas of
SR-KOH, SS-KOH and $S-1000 were calculated to 3072m?* g *,
2730m? g~ ! and 654 m? g~ 1. Obviously, the treatment approach has
an apparent effect on the morphology and porous texture. Encouraged
by the excellent porous properties and unique structure, the resulting
porous carbons can be used as functional sorbents for CO, storage,
radioactive element and organic contaminates from water. It should be
noted that the SR-KOH shows a high iodine affinity with an uptake of
up to 646 wt%, which is the highest value reported to date. Considering
their worldwide abundance and availability, the spongy flesh from re-
ceptacle and stalk of sunflowers could be act as a new biomass source of
porous carbons, which may be provide a fundamental guidance for the
practical application of biologically renewable resources from sun-
flowers.
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