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Carbon beads were prepared by using two types, a microporous and a macroporous, of cation exchange resin beads as

precursors. The beads were subjected to potassium exchange prior to the carbonization reaction at high temperature. The

physicochemical properties of the obtained carbon beads were thoroughly studied to evaluate the impact of all key

parameters: i) the type of cation exchange resin; ii) the concentration of K* in the resin beads, and iii) the carbonization

temperature. The beads prepared from macroporous resin showed narrow pore size distribution, higher specific surface

area and retained a spherical shape. These beads showed impressive CO, adsorption capacity at ambient temperature and

variable pressure and excellent performance in the decontamination of water from medical pollutant. The method of

preparation can be easily scaled up, and thus prepared carbon beads can be used for other adsorption applications where

shaped bodies with high specific surface area and large pore volume are needed.

Introduction

The environmental deterioration, mainly due to global
warming and waste discharge, is the highest priority issue for
the modern society.l'3 Global warming is namely due to the
CO, release in the atmosphere. On the other side, the
discharge of wastewater from the agriculture and medical
industries pollute the surface and underground waters with
antibiotics and other harmful chemicals which threaten
animals, plants and human health through direct or indirect
exposure. One of the most common antibiotic present in
environmental water bodies is Oxytetracycline.4 To overcome
these environmental crises, constant efforts are targeted in
the development of effective and sustainable methods to
sequestrate the chemical contaminants and CO, worldwide.
Among them, the selective adsorption has been proven as an
efficient and versatile method to purify gaseous and liquid
phases. Through the years, a large variety of porous materials,

offering large specific surface area and particular chemical
5-7

selectivity, have been studied as adsorbents. Zeolites,
L. 8,
ordered mesoporous silica, porous carbonaceous
10, 11 . 12,13
adsorbents and metal-organic frameworks (MOFs) are

amongst the most widely investigated ones.

Porous carbonaceous adsorbents, due to their unique
properties such as very high specific surface area, high
hydrophobicity, variable pore structure, and availability,
showed great potential for long-term industrial application.”‘
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¥ However, carbonaceous adsorbent like activated carbon in
fine powder form could lead to operational concerns like
secondary poIIution20 and high pressure drop21 which limits its
application. Therefore, carbon materials with controlled
macroscopic shape, for instance, beads, are highly desired
since they can meet the requirements of most industrial
applications.zz'27 Activated carbon beads can find different
applications, for instance, can be used for CO, uptake in swing
adsorption experiments.zg’ 2 Tagliavini et al. studied the
mechanisms of steroid micropollutants removal with polymer-
based spherical activated carbon;2 and Zeng et al. conducted
water evaporation and oil sorption on hydrophobic hollow
carbon beads by phase inversion method.** 3" Wickramaratne
et al. reported the importance of micropore size in activated
carbon for the efficient CO, capturing under ambient
conditions.®® Various kind of functionalized activated carbon
beads with the goal to target specific application have been
reported in the literature.>3® Preparation methods such as
steam,37 COZ,Z& 38 ZnCI239 and KOH activations®” *° have been
intensively studied and optimized to prepare carbon materials
with high surface areas and appropriate pore structure for
selective removal of target contaminant substances. However,
the complicated post-synthesis modification procedures are
time and cost consuming which Ilimit the large-scale
production of carbon spheres commercially. Consequently,
much attention was paid to simplify the preparation of
activated carbon. Singh et al. reported a single-step activation
by mixing of an activating agent (solid KOH and ZnCl,) with
biomass. The prepared activated biocarbon featured high BET
surface area and decent microporosity, but lack of well-
defined morphology and particle size.*" " At present, there is
no well-established synthetic strategy to prepare carbon beads
with desired particle size and uniform pore size distribution.
Therefore, a novel and efficient strategy to fabricate efficiently
porous carbon spheres is highly desirable. An avenue that
could be explored is the use of shaped polymer beads as a


mailto:valentin.valtchev@ensicaen.fr

precursor of the activated carbon beads. Among the
industrially available shaped polymer beads, cation exchange
resin beads are probably the most appropriate candidate to
fulfil such requirement. They can be prepared with different
size and pore structure. In addition, they offer uniformly
distributed ion exchange sites that allow the introduction of an
activator that favors the carbonization reaction and thus the
pore structure of resultant carbon beads.

The objective of the present study is the preparation of
carbon beads with a well-defined spherical shape and
microporous structure which can be potentially used as an
adsorbent for efficient CO, and medical pollutants capturing.
We have selected millimeter-sized cation exchange resin bead
as starting materials, justified by its proper particle size and
morphology and also the possibility to select initial beads with
different pore sizes, either micro- or macroporous. The pore
structure of cation exchange resin beads offers the advantage
to distribute the activator uniformly, in our case potassium,
and thus to ensure a very uniform carbonization reaction. Both
microporous gel-type (GCB) and macroporous (MSC) resin
beads were subjected to ion exchange with KCl solutions of
different concentration and carbonized at 700 to 1000 °C in
order to optimize the pore structure of the resultant carbon
beads. Carbon spheres with defined shape and size, high
specific surface area and uniform micro- and mesopores
network were obtained. These macroscopic carbon spheres
showed excellent CO, adsorption capacity and great ability of
medical pollutant removal from agueous solutions.

Experimental
Materials

All reagents were obtained from commercial sources and used
without further purification. Gel-type microporous cation
exchange resin beads (Dowex® 50WX2, H-form) and
macroporous cation exchange resin beads (Dowex® MSC, H-
form) were purchased from Aldrich Corp. KCI (99%), HCI (37%)
and oxytetracycline dihydrate (OTC, 99%) were purchased
from Shanghai Chemical Corp. (China). A Milli-Q integral
ultrapure water system was employed to produce deionized
(DI) water, which was used in all experiments.

Potassium exchange of resin beads

2.0 g raw resin beads were added into 80.0 mL KCI aqueous
solution and heated under stirring for 6 h at 60 °C, and the
exchange process were repeated three times with fresh K-
containing solution. The concentrations of the KCI solutions
were 0.1 M, 0.3 M, 0.5 M and 1.0 M, respectively. Then, the K-
exchanged resin beads were separated by suction filtration,
rinsed with water and dried overnight in an oven at 60 °C.

Carbonization

0.1 g K-exchanged resin beads were placed on a ceramic boat
and transferred into a horizontal quartz tube reactor. Porous
carbon beads were prepared by one-pot carbonization and
activation at 700, 800, 900 and 1000 °C for 2 h at a ramp rate
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of 3°C min"tunder an ultrahigh pure N, (99.999 %) with a flow
rate of 50 mL min™. The obtained carbon beads were
thoroughly washed with 1 M HCl in an ultrasonic bath to
completely remove the residues followed by washing with DI
water several times till the pH value reaches 7. The porous
carbon beads were dried overnight in an oven at 60 °C. Porous
carbon beads prepared from microporous gel-type Dowex®
50WX2 and macroporous Dowex® MSC resin beads were
labelled as GCB-m-t and MSC-m-t respectively, where m is the
concentration of KCl solution (in mol LY M) and t is the
carbonization temperature in °C. For comparison purpose, two
control samples were prepared from Dowex® 50WX2 and
Dowex® MSC resin beads at 900°C without preliminary KCI
exchange and labelled as GCB-0-900 and MSC-0-900,
respectively.

Characterization

Powder X-ray diffraction (PXRD) analysis was performed on a
PANalytical B.V. Empyrean powder diffractometer at 40 kV and
40 mA using Cu Ka radiation (A = 1.5418 A) over the range of
20 = 10.0 - 80.0°. Confocal Raman spectra were measured
using a RENISHAW invia Raman Microscope equipped with an
argon-ion laser (514.5 nm). A JEOL JSM-6510 scanning electron
microscope was used to study the morphology of the samples.
Transmission electron microscopy (TEM) analysis was carried
out on a JEM-2100 microscope. Before PXRD, TEM and Raman
analysis, the microspheres were ground into powder in an
agate mortar. CO, adsorption was performed on a
Quantachrome Autosorb-1Q analyzer with ultra-high-purity
grade CO, (99.999 %) at 273 K and 298 K. High-pressure CO,
adsorption was performed on a home-built HPSA-2 instrument
made by Shanghai University. Nitrogen adsorption analysis was
performed on a Micromeritics ASAP 2460 volumetric
adsorption analyzers with ultra-high-purity grade N, (99.998
%) at 77 K. Prior to the analysis, the samples were outgassed at
300 °C for 12 h. The specific surface area of the carbon beads
was calculated using Brunauer—-Emmett-Teller (BET) method
within the relative pressure (P/P,) range of 0.05-0.25." The
total pore volume (Viq:a) Was calculated from the amount of
nitrogen adsorbed at P/P, of ca. 0.99. The micropore volume
was determined by the t-plot method. The pore size
distributions were calculated using density functional theory
(DFT) and Barrett-Joyner-Halenda theory (BJH) method,
respectively.“’ % A SHIMADZU UV-2450 spectrophotometer
was used to analyze the concentration of OTC during
adsorption tests.

Results and discussion
Structure and morphology analysis

Cation exchange resin beads with gel-type microporous (GCB)
and macroporous (MSC) structures were chosen as precursors.
The building units in these two types of resin are similar
(Scheme S1), however their structural organization is different.
MSC resin exhibits large pores and highly accessible surface,
which facilitates the removal of charged species from different
solvents. In the case of the GCB resin, since it has no discrete
pores, only solute ions could diffuse through the gel network
and interact with the exchange sites. It is expected that

This journal is © The Royal Society of Chemistry 20xx



different structural organization would lead to different
diffusion paths during the carbonization process and thus
carbon beads with different pore structure could be obtained.

In both ion exchange resins, sulfonic functional groups
(Scheme S1) are present as cation exchange sites.
Carbonization of polymer precursors using KOH activation has
been extensively studied in the past.24’ %47 In the present
study we implemented KCl as the activation agent. The
activation efficiency of KCl is similar to the conventionally used
KOH. On the other side, the KCl offers the advantage to be
moderate, neutral and thus environmentally benign. During
the ion exchange, the proton of the sulfonic acid functional
groups was exchanged to K'. After the exchange, the
potassium is uniformly distributed in the resin network as can
be seen in Fig. S1. The potassium content is almost equal to
the sulfur content which confirms the homogeneous
distribution of potassium ions (Fig. S2a). In the following
carbonization step, K" cations play the role of activator which
leads to oxidation of carbon and decomposes the
hydrocarbons into H,, CO, CO, and H,0. The generate gas
diffuse within the carbon matrix and contribute to porosity
development.“’ % The chemical and thermal activation
happens simultaneously maximizing the efficiency of the
reaction and the development of porosity. During the
conversion of the ion exchange into carbon beads, a part of
the organic skeleton is lost. Nevertheless, a substantial part of
the carbon is preserved since our measurements showed
conversion between 30 and 50 %, as the lower yield was in the
case of GCB-0.3-1000 (30 %) and the higher yield in the case of
MSC-0.1-1000 (51%).

Fig. 1a shows the typical XRD patterns of the activated
carbon beads obtained under different conditions. In general,
the XRD patterns exhibit two broad peaks at about 24.0° and
44.0°, characteristic of non-graphitic carbon, which is in
agreement with the Raman data (Fig. 1b and 1c). Raman
spectra showed two well defined peaks at 1360 and 1585 cm™?
for all studied samples (Fig. 1b, 1c and Fig. S3). These bands
correlate well with the disordered (D-band) and ordered (G-

band) crystal structures of graphite, respectively.49 The
intensity ratio (Ip/lg) of these bands is almost similar (around
0.96-1.06) in all samples and reflect the low degree of
graphitization for carbon beads. The Raman study also
revealed that the level of graphitization does not correlate
with the concentration of KCI (Fig. 1b) and the carbonization
temperature (Fig. 1c).

In general, the carbon beads retained the spherical shape
of the precursor, but the level of integrity of obtained carbon
beads and the surface porosity strongly depend on the type of
cation exchange resin employed and the K content. Fig. S4
shows that the carbon beads obtained from GCB resin are
broken with a rough surface and large macropores, as the
central part of the beads is often missing. This result points out
the violence of the reaction in the volume of the gel type resin
beads, where no well define pore are present. The high
pressure generated in the volume of the beads results in their
disintegration, as shell parts with hemi-spherical morphology
remain. The core part is missing, which is probably due to the
disintegration into very small pieces. No substantial difference
was observed between the beads activated at different
temperatures (Fig. S4a-d). It should be noted that K™ obviously
promote the carbonization reaction. This result reveals that
the gel-type resin is not an appropriate precursor for
preparation of carbon beads since the absence of pores
obstructs the release of generated gases (H,, H,O steam, CO
and CO,) during carbonization reaction.

Fig. 2 shows representative SEM micrographs of carbon
beads obtained from MSC resin beads after 0.1 M KCl
exchange and carbonization at different temperatures.
Different to the ones derived from GCB resin beads, these
carbon beads exhibited well-defined spherical morphology
(Fig. 2a, c, e, g). Small craters can be observed on the surface,
which is due to the gas release during carbonization (Fig. 2b, d,
f, h). The retained morphology of the carbon beads is
obviously due to the presence of large well-defined pores
which ensure the efficient release of generated gases. The
presence of these pores in the carbon beads is also essential.
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Fig. 1 (a) PXRD patterns of GCB-0.3-900, GCB-0.5-900, MSC-0.3-900 and MSC-0.5-900 activated carbon beads. Raman spectra of: (b) GCB-0.3-900,
MSC-0.3-900, MSC-0.5-900, and MSC-1.0-900 activated carbon beads, and (c) MSC-0.3-900 and MSC-0.3-1000 activated carbon beads.
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Fig. 2 Low- and high-resolution SEM micrographs of (a, b) MSC-0.1-700, (c, d) MSC-0.1-800, (e, f) MSC-0.1-900, (g, h) MSC-0.1-1000 activated
carbon beads obtained from MSC resin beads and (i) MSC-0-900 reference sample obtained without preliminary exchange with potassium.

for the envisaged sorption applications.”’ * The reference

sample retained the perfect spherical shape and smooth
external surface of initial ion exchange beads (Fig. 2i). As
mentioned, the K' plays essential role in the carbonization
reaction, which is further demonstrated by the results
obtained after potassium exchange with solutions of higher
concentration

The carbon beads obtained after an exchange with 0.3 M, 0.5
M and 1.0 M KCI showed larger surface pores (Fig. 3). The
beads obtained after an exchange with 0.5M and 1.0 M KCl are
often elongated, thus the morphology changes from spherical
to elliptical. Again, the pressure generated in the volume of
the beads is the reason for these morphological changes.
Although the macroporous beads contain large pores, a
considerable amount of gas generated by significant amount
of potassiumthat cannot be evacuated immediately and lead
to the described morphological changes. This result shows the
possibility to tune the morphology and the porosity (vide
supra) of the carbon beads by the potassium content.
Elemental analysis of the MSC-0.3-900 sample was performed
by using EDS analyses operated on SEM instrument. As shown
in Fig. 4 and Fig. S2b, carbon, and oxygen are the major
elements in these porous carbons, indicating the complete
removal of the inorganic parts (K) after washing with HCI.
Morover, a certain amount of sulfur uniformly distributed in
the beads remains in the carbon network. These sulfur
functionalities may act as binding sites for adsorption as
reported in the literature.®®>® The high resolution TEM image
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of MSC-0.3-900 (Fig. 5) reveals the amorphous structure of the
carbon comprising 2-4 nm long graphitic layers.

Porosity analysis

The N, adsorption-desorption isotherms of the obtained
activated carbon beads are presented in Fig. 6. All samples
show rapid uptake at low relative pressure, typical of

microporous type material, followed by horizontal
adsorption/desorption branches. The isotherms are a
combination of type | and IV according to the IUPAC

classification. The hysteresis loop is characteristic of slit-like
textural pores.

The data calculated from the analysis of the isotherms are
summarized in Table 1. The obtained data reveals the impact
of all variables, type of resin, the concentration of KCl solution
and carbonization temperature, on the characteristics of
carbon beads. Without the preliminary exchange of potassium,
carbon beads with very low specific surface area and pore
volume are obtained. The importance of KClI on the
carbonization reaction was discussed already. However, the N,
adsorption data provide additional information about the
impact of KCl concentration during the ion exchange. In
general, an increase in the concentration of KCl leads to
carbon beads with higher specific surface area and pore
volume. The best results are obtained from 0.3 M KCl

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Low and high magnification SEM micrographs of carbon beads obtained from MSC resin after potassium exchange with solutions of
different concentration: (a, b) MSC-0.3-900, (c, d) MSC-0.5-900 and (e, f) MSC-1.0-900.

exchange resin beads with both gel-type and macroporous
configuration. The increase of carbonization temperature from
700 to 900 °C led to the increase in BET surface area, total and

()
100uM
--
OK SK

micropore pore volume of the carbon beads (Table 1). Further
elevated the temperature (1000°C), however, leads to the
pore

drop in  the volume  and the  specific

(b)

100um

OK

Fig. 4 EDS mapping MSC-0.3-900 carbon beads: (a) general view and (b) cross-section view.
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Fig. 5 High resolution TEM micrograph of the MSC-0.3-900 carbon
beads.

surface area. The optimum conditions for the preparation of
the activated carbon beads was ion exchange with 0.3 M KCl
solution and carbonization at 900 °C. Among all the samples,
GCB-0.3-900 and MSC-0.3-900 showed the highest BET surface
area (909 m’ g"land 1398 m’ g'l), microporous volume (0.41
cm’ g'land 0.59 cm® g'l), and total pore volume (0.49 cm® g'1
and 0.69 cm® g"l), respectively. The DFT pore size distribution
analysis showed micropore width with sizes majorly below 1.5
nm with a maxium at about 0.8 nm (Fig. S5). Small mesopores
(2-4 nm) with narrow pore size distribution were detected in
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Journal Name

the carbon beads derived from the GCB resin, while almost no
mesopores were detected in the carbon beads derived from
macroporous resin beads (Fig. 7 and Fig. S6).

CO, adsorption

CO, adsorption experiments were performed on the best, in
terms of specific surface area and micropore volume, carbon
samples. The CO, adsorption capacities of the selected carbon
beads were investigated at 273 and 298 K under atmospheric
pressure (1 bar) as shown in Fig. 8a,b. MSC-0.3-900, the
sample with the highest surface area and pore volume,
displayed the highest CO, uptake of 6.7 and 4.7 mmol g'1 at
273 K and 298 K, respectively. Micropores with size between
0.8 nm and 1.3 nm are preferable for CO, capture, owing to
the stronger interactions between CO, molecules and pore
walls.”®>"*? |n the case of carbon obtained from ion exchange
resin we anticipate an additional beneficial effect due to the
presence of acidic groups generated by the remaining sulfur.®®
> The analysis of the adsorption results shows a correlation
between the CO, capacity (Fig. 8a,b) and the micropore
volume of carbon beads (Table 1). The best result was
obtained with MSC resin beads pre-treated with 0.3 M KCl and
carbonized at 900°C (Fig. 8a, b). It should be noted that the
CO, adsorption capacity of MSC-derived carbons is
substantially higher than their counterparts obtained from
GCB resin (Fig. 8a, b). Thus, the MSC-derived carbon beads
with well-defined micropores proved to be an excellent

adsorbent for CO, capture.
350
(8]
300+ gooxed
o 2504 %
] o oo e Yo Fr A T R R
o Qﬁﬁﬁﬁﬁﬁﬁmﬁ'ﬁﬁ *r**u*****‘ﬁ
5 200 g
-}
E 150
w0
o
Ll
> 100+
—=— GCB-0.1-900
- —e— GCB-0.3-900
7 — A GCB-0.5-900
(b) —%— GCB-1.0-900
04+ - T T T T T ™ T d T
0.0 02 0.4 0.6 0.8 1.0
P/Po
5004
o
4501 00CDO-0DO-0DOSGY
s0000
400 4 Oooojcooo...l....
< 29 “’,Mﬁﬁaﬁaﬁﬁﬁiﬁ#j
O 3504 glad
'z
5 300
=) p
2 250
¥ 200
@
> 150
—=— MSC-0.1-900
100 —®— MSC-0.3-900
501 — A MSC-0.5-900
(d) —%— MSC-1.0-900
0 T T T T T T T T T T T
0.0 02 04 0.6 08 1.0
P/Po

Fig. 6 Nitrogen adsorption-desorption isotherms of GCB (a, b) and MSC (c, d) activated carbon beads obtained after exchanged with KCl of

different concentration and carbonized at different temperatures.
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Table 1 Surface and porous characteristics of the GCB and MSC
activated carbon beads

Sample Seer (M 87) Vit (€M 871) Viniero (cm® g7)
GCB-0-900 36 0.06 0.02
GCB-0.1-700 693 0.35 0.31
GCB-0.1-800 759 0.39 0.33
GCB-0.1-900 901 0.46 0.38
GCB-0.1-1000 832 0.41 0.33
GCB-0.3-900 909 0.49 0.41
GCB-0.5-900 856 0.43 0.37
GCB-1.0-900 720 0.38 0.31
MSC-0-900 133 0.07 0.06
MSC-0.1-700 803 0.40 0.38
MSC-0.1-800 852 0.46 0.39
MSC-0.1-900 921 0.45 0.43
MSC-0.1-1000 918 0.45 0.42
MSC-0.3-900 1398 0.69 0.59
MSC-0.5-900 1229 0.63 0.56
MSC-1.0-900 1220 0.62 0.52

Adsorbents that can efficiently adsorb CO, at high pressure

might be appropriate for high-density gas storage
0.18
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ARTICLE

application.60 Therefore, we studied the CO, sorption capacity
at high pressure condition ranging from 1 bar to 26 bars at 298
K (Fig. 9). lon exchange resin derived carbon beads shows
impressive CO, uptake at high pressure (26 bar), as the highest
uptake at 298 K (14.7 mmol g'l) of MSC-0.3-900 is comparable
with that of recently published carbon materials obtained by
KOH activation.*” ** ®* ®* GCB-0.3-900 derived from the gel-
type resin beads showed lower CO, storage (Fig. 8), which is in
accordance with its inferior pore structure (Table 1). The
uptake mechanism at high pressure is more reliant to the
available surface area and pore volume.>® 663 Hence, the well-
defined pore structure of carbon beads, with a remarkable
proportion of micropores as well as the high surface area is
more appropriate for CO, capture and storage, no matter of
the conditions employed.

The isosteric heat of adsorption (Qg) is an important
parameter providing information for the thermal performance
of an adsorbent (Table 2). For the series of carbon beads
subjected to CO, adsorption (GCB-0.3-900, MSC-0.3-900, MSC-
0.5-900, MSC-1.0-900), the Qg was calculated using the
Clausius—Clapeyron relation at 273 K and 298 K (Fig. S7). The
value of Q. decreases with the adsorbed amount, which is
characteristic of adsorbent-adsorbate systems based on weak
Van der Waals interactions. The obtained result also reveals
the heterogeneous nature of the adsorbing surface. The initial
Q,; of the carbon beads ranges from 28.0 kJ mol™ to 30 ki mol’
1, which is within the characteristic range of activated carbon
materials.®* The difference between these two values is mainly
due to the different strength of interaction between specific
contact surfaces in the micropores and CO, molecule.
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Fig. 7 BJH pore size distributions of (a) GCB and (b) MSC activated carbon beads.
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Fig. 8 CO, adsorption isotherms of activated carbon beads at (a) 273K and (b) 298 K and 1 bar pressure.

16 Oxytetracycline adsorption from aqueous solutions
{1 ——GCB-0.3-900 ) ) N ]

144 —@—MsCc-0.3-900 We studied the OTC adsorption ability of the activated carbon
s { —#A-MSC-0.5-900 beads from aqueous solutions with concentrations ranging
e 12 —%—MSC-1.0-900 from 20 to 800 mg L™*. Each experiment was performed three
© 1 times to verify the reproducibility of the results. Fig. 10 shows
E 104 the OTC adsorption isotherms for the series GCB-0.3-900,
E 8—. MSC-0.3-900, MSC-0.5-900 and MSC-1.0-900 beads. The
.g | adsorption capacities increase with the incremental in OTC
3 64 concentration. We interpret this result as a proof of the high
& 1 capacity of the carbon beads combined with the good
44 accessibility to the pore volume which enables fast transport
1 and rapid uptake. All activated carbon beads exhibited
24 remarkable adsorption capacity. For instance, the adsorption
0 .. : . i ] : capacities with a solution of 800 mg L™ were 320.1, 406.6,

o 5 10 15 20 25 382.0 and 386.0 mg g for GCB-0.3-900, MSC-0.3-900, MSC-
0.5-900 and MSC-1.0-900 beads, respectively. Among them,
GCB-0.3-900 activated carbon beads showed the lowest
uptake, attributed to its lower specific surface area and
micropore volume. These values were comparable to the

Pressure (bar)

Fig. 9 CO, adsorption isotherms of activated carbon beads at 298 K and
variable pressures.

Table 2 Comparison of CO, adsorption capacities and isosteric heat of adsorption (Qy) for a series of adsorbents reported in the literature and
the best material obtained in the present study

Materials Sger Qg Pressure Temperature Capacity Reference
(m?gh (kJ mol™) (bar) (K) (mmol g™

ITQ-6° 580.4 ~22-26 1 293 ~1.2 64

SBA-15 882 ~21-26 1 293 ~1 64

KBM-700 * 1241 - 1 273 45 65

PR3-700° 826 333 1 273 4.6 1

PAF-450 € 1191 27.8 1 273 4.5 66

KLB2 1122 31 1 273 6.3 41

MSC-0.3-900 1398 28 1 273 6.7 Present work

’Nitrogen-doped porous carbons; PActivated carbon beads; “Porous aromatic framework; “Activated bio-carbons
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Fig. 10 Adsorption behavior of activated carbon beads in

decontamination of OTC from aqueous solutions with different
concentrations (adsorption time: 12 h, adsorption temperature: 25 °C;
Co=20-800 mg L™"; Dose of adsorbents: 1 g L™).

maximum adsorption capacity calculated from the Langmuir
model (Table 3). It is worth noting that the differences
between the carbon beads obtained from MSC-derived resins
(MSC-0.3-900, MSC-0.5-900 and MSC-1.0-900) are not
substantial. In the case of OTC adsorption, the available
specific surface area is the key factor controlling the OTC
adsorption, in contrast to the CO, adsorption where the type
of pores is a crucial issue. It is noteworthy that sulfur resided in
the pore structure increases the surface chemical polarity,
thus, favoring adsorption of organic polar poIIutants.”' *

In order to shed more light on the relationship between
the adsorption capacity and the equilibrium concentration in
water, the OTC adsorption isotherms were further analyzed by
Langmuir and Freundlich models, following the method
reported previously.64 The linear regressions of the fitting
results are shown in Fig. S8 and the calculated parameters of
these models are listed in Table 3. Among these models, the
Langmuir model (R2 > 0.97) is the best-fitted one. The collected
data points out that the adsorption of OTC molecules on
activated carbon beads takes place as monolayer adsorption
and there is a homogeneous interaction between the surfaces
of the activated carbon beads and the OTC.*

Table 3 Langmuir and Freundlich isotherm constants for the OTC adsorption on activated carbon beads at 25 °C

Langmuir Freundlich
Adsorbents Amax (Mg g™) K. (Lmg™) 2 Ke (mgg™) n R
(Lmg™)""
GCB-0.3-900 322.6 0.02 0.979 10.94 3.59 0.950
MSC-0.3-900 416.7 0.06 0.995 12.81 4.36 0.789
MSC-0.5-900 384.6 0.05 0.986 12.41 4.35 0.883
MSC-1.0-900 384.6 0.09 0.996 12.97 4.84 0.774

Conclusions

Activated carbon beads were prepared by employing two
types, gel-type microporous (GCB) and macroporous (MSC),
cation exchange resin beads as precursors. The precursor
beads were first exchanged to potassium which serves as an
activator of the carbonization reaction in the following high
temperature step. The potassium efficiently generates pores
upon carbonization and the final carbon structure strongly
depends on the concentration of potassium and the type of
resin beads used. After the activation, the K' can be
completely removed by acid washing. The best results in term
of high specific surface area, large micropore volume with
narrow pore size distributions and retained spherical
morphology were obtained with MSC resin beads exchanged
with 0.3 M KCl solution and carbonized at 900 °C. The obtained
activated carbon beads exhibit excellent CO, adsorption
capacities at both ambient and elevated pressures. The
excellent CO, adsorption ability is attributed to the appropriate

This journal is © The Royal Society of Chemistry 20xx

type of micropores (ca. 1 nm) and large available sorption
surface. The obtained results are amongst the best published
in the open literature. The carbon beads also showed the
excellent capability of medical pollutant sequestration from
aqueous solutions. The application of shaped activated carbon
beads produced according to the present method can certainly
be extended to other adsorption applications where shaped
bodies with high specific surface area, sulfur-containing
functional surface and large pore volume are needed.

This simple and efficient method for producing shaped
carbon materials with excellent adsorption capabilities can be
easily scaled up.
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