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A method for synthesizing carbon spheres with a tunable particle size and internal structure from
polyfurfuryl alcohol (PFA) was developed. By tuning the concentration of a structure directing agent
(polypropylene glycol, PPG), we found a mechanism to tune the inner architecture of carbon spheres
driven by water-solubility. A mixture of PFA and PPG transferred from the "water-in-oil” phase to an “oil-
in-water” phase with an increasing content of PPG because of a difference in water-solubility between
furfuryl alcohol (FA), PFA, and PPG. As a result, the internal morphology of the carbon sphere evolved
from a “cheese-like” to a "pomegranate-like” structure, which was accompanied by an increasing
specific surface area and pore volume. Furthermore, the separation of C,H, and C,HsCl was tested on
the 25%-FACS (furfuryl alcohol-based carbon sphere) sample under different activation treatments with
CO, or CO,—NHz, with the coexisting “cheese-like” and "“pomegranate-like” inner structures, owing to its
moderate pore volume and mechanical strength. The maximum adsorption capacity of C,HsCl reached
0.77 mmol g~ while C,H, was adsorbed in significantly lower quantities. It is believed that the high
polarizability and high dipole moment of the C,H3Cl molecule primarily contribute to the excellent
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1 Introduction

Carbon materials with various morphologies, including gran-
ular, powder, fiber, and sphere morphologies, find extensive
applications in gas adsorption,” hydrogen storage,®
catalysis,®® energy storage,”® and other fields. Compared with
granular/powder/fiber carbon materials, carbon spheres are
receiving considerable attention owing to their unique advan-
tages of smooth surface, low pressure drop, good fluidity, high
wear resistance, and mechanical properties, which are essential
properties in practical applications.”** Consequently, consid-
erable efforts have been devoted to the controllable synthesis of
spherical carbon materials with tailored physical and chemical
properties.**

Millimeter-sized carbon spheres can be categorized into
asphalt-based carbon spheres, coal-based carbon spheres, low-
molecular-weight organic matter-based carbon spheres, and
polymer-based carbon spheres based on the various precursors
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carbon skeleton further promotes C,HsCl adsorption.

that are employed in their synthesis. Polymer materials,
particularly resin materials, are extensively utilized in the
synthesis of spherical activated carbon. Resin offers advantages
such as a high carbon element content, uniform and control-
lable structure, and high mechanical strength, making it
a highly valued precursor in the active carbon field. Among
these, furfuryl alcohol (FA) derived from agricultural and side-
line products supports low-carbon development and holds
promising prospects for use in the production of various high-
performance furan resins." Current research on the synthesis
of furfuryl alcohol-derived carbon spheres predominantly
focuses on size regulation,'**® dispersion improvement,™ and
morphology control."” In addition, synthesized carbon spheres
typically possess a homogeneous solid internal structure;
however, few studies have been carried out to design and
regulate the internal structure.

Internal structures play a pivotal role in determining the
property and application of carbon spheres. In this study, pol-
yfurfuryl alcohol (PFA) was used as a carbon precursor and
polypropylene glycol (PPG) as a structure directing agent. By
adjusting synthesis process parameters, carbon spheres with
different internal structures were obtained. Thermogravimetric
analysis (TG), N, physical adsorption, Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) techniques were used to
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investigate the formation process of carbon spheres and the
evolution of internal structures. Finally, the adsorption prop-
erties of C,H, and C,H;Cl on the obtained carbon spheres were
studied.

2 Experimental sections

2.1. Chemicals

Furfuryl alcohol (CsH¢O,, (AR)) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. Polypropylene glycol
(>99.0%) was purchased from Shandong Yousuo Chemical
Technology Co., Ltd. Polyvinyl alcohol ([C,H,O],, (AR)) was
purchased from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd. Dodecylbenzene sulfonic acid (CisH30SO;, (AR)) was
purchased from Shanghai Macklin Biochemical Co., Ltd.

2.2. Synthesis of furfuryl alcohol-based carbon sphere

Firstly, 0.33 g maleic anhydride was dissolved in 250 g deionized
water, then furfuryl alcohol and polypropylene glycol-2000
(PPG-2000) were added to the solution to pre-polymerize for 3
hours under 80 °C. Secondly, the pre-polymerized furfuryl
alcohol resin (PFA) was mixed with 50 g water, 1.43 g 5%
aqueous solution of polyvinyl alcohol (PVA), and 4.58 g 10%
aqueous solution of dodecylbenzene sulfonic acid. After stirring
for 30 min, the obtained mixture was cured at 95 °C for 3 hours.
The furfuryl alcohol resin sphere (FARS) was obtained after
filtration, washing, and air drying. Finally, the furfuryl alcohol
resin sphere was carbonized at 800 °C for 30 min in the rotary
tube furnace under an inert atmosphere to form the furfuryl
alcohol-based carbon sphere (FACS).

2.3. Structural tuning of FACS

To tune the internal structure of FACS, the amount and the
molecular weight of the structure directing agent were system-
ically investigated. The total mass of furfuryl alcohol and PPG-
2000 remain unchanged, the mass ratio of PPG-2000 to fur-
furyl alcohol was changed from 0 to 50% and named as X%-
FACS (taking 25%-FACS for an example, the added amount of
PPG-2000 was 37.5 g, and furfuryl alcohol was 112.5 g). Then,
the molecular weight of PPG was changed to 1500 and 4000
while maintaining its content of 25%, named as 25%-FACS-
1500 and 25%-FACS-4000, respectively. As the default molec-
ular weight of PPG is 2000, so 2000 is not labeled in the
following part of this paper unless when we talk about the
influence of molecular weight. To tune the particle size of FACS,
the amount of PVA (S: 0.96 g PVA; M: 1.43 g PVA; L: 2.86 g PVA,
denoted as 25%-FACS-S, 25%-FACS-M, 25%-FACS-L) and pre-
polymerization time (1, 2, 3 hours, named as 25%-FACS-1 h,
25%-FACS-2 h, 25%-FACS-3 h) were investigated.

2.4. Activation of the 25%-FACS-2000 sample

The activation of FACS was carried out by physical activation in
a tube furnace. The sample was placed in a quartz tube and
activated for 1, 3, and 5 hours at 900 °C under CO, atmosphere,
denoted as 25%-FACS-CO,-T, T represents the activation time.
In order to introduce N-groups to the carbon surface, a two-step
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activation method is adopted. The FACS is firstly treated with
CO, under 800 °C for 5 h, denoted as 25%-FACS-CO,. Then, the
temperature was lowered to 600 °C, the gas was switched to NH;
at the same time, which was expressed as 25%-FACS-CO,-NH;-
T, T (1, 2, and 3 hours), represents the NH; treatment time.

2.5. Characterization

The textural properties of FACS were tested on a Micromeritics
ASAP 2460 physical adsorption instrument. The specific surface
area calculated based on the BET model and micropore specific
surface area and pore volume were determined using the t-plot
method. The TG test was performed on the Q600 TG analyzer
manufactured by TA Instruments, with the temperature
increasing from room temperature to 900 °C under 100
mL min~" Ar flow rate. FTIR analysis was obtained on a Bruker
Tensor 27 spectrometer using KBr and 100:1 compression of
samples over a range of 4000-400 cm ™" with a scanning number
of 32. Raman spectroscopy was conducted via a Micro Raman
spectrometer of Renishaw Company. X-ray diffraction (XRD)
patterns were analyzed by PANalytical X'Pert-Pro X-ray diffrac-
tometer in the 26 range of 10-80°. The surface morphology of
the material was characterized by JSM-7800F of Japan Elec-
tronics Corporation. Surface nitrogen species were character-
ized by X-ray photoelectron spectroscopy (XPS) on a Thermo
Fisher ESCALAB 250Xi equipped with and Al Ko radiation
source (hv = 1486.6 eV).

2.6. Evaluation of adsorbents

The separation of C,H, and C,H;Cl was performed in a fixed
bed. 0.5 g carbon sphere adsorbent was put into a U-shaped
quartz tube, then the adsorbent was purged with He at a flow
rate of 200 mL min~ " for 1 hour in an oil bath at 100 °C to
remove the impurities adsorbed on the carbon sphere. After
cooling to 30 °C, the He was switched to the mixture gas of
1000 ppm C,H, and 1000 ppm C,H;Cl and balanced with N, at
a flow rate of 100 mL min~". The C,H, and C,H;Cl signals in
real-time were collected by online mass spectrometry (GAM200,
IPI, Germany).

3 Results and discussion

3.1. Synthesis of furfuryl resin micro-spheres

The polymerization of water-soluble furfuryl alcohol can be
catalyzed by acid (maleic acid) through electrophilic substitu-
tion between the inter-molecular aromatic rings." As such, the
red viscous but sparingly-soluble PFA can be acquired after
a certain time of reaction at 80 °C. In addition, polyvinyl alcohol
(PVA) was selected as the dispersant, which serves a kind of
water-soluble polymer with hydrophilic hydroxyl group, and its
long carbon chain facilitates the effective spatial dispersion of
organic substances in the aqueous phase.”” This allows poly-
vinyl alcohol to envelop the PFA as spherical droplets, directly
influencing the dispersion and stabilization of droplets in
water. Ultimately, with the assistance of the curing agent
(dodecylbenzene sulfonic acid) under elevated temperature, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spherical droplets undergo solidification, resulting in the
formation of furfuryl alcohol resin sphere (FARS).

The chemical composition of the FARS was firstly charac-
terized by FTIR and TG analysis. Fig. 1 shows the FTIR results of
pure FARS, PPG, and the representative 25%-FARS sample. The
peaks at 1711 and 788 cm ™" belonging to the conjugated C=0
and C=C bond vibration of y-diketone in the hydrolysis furan
rings, respectively, were observed in pure FARS and 25%-FARS
samples, indicating the polymerization of FA. Meanwhile, the
characteristic peaks of PPG at 2876, 1458, 1344, and 1113 cm™*
were detected in the 25%-FARS sample, suggesting the
successful incorporation of PPG into FARS. Furthermore, the
samples were subjected to testing in an Ar atmosphere using TG
with the programmed temperature method. The weight loss
process was delineated into three stages, as labeled in Fig. 2a
and b. The weight loss below 200 °C was attributed to water
removal (stage A), as observed in both the samples. In stage B
(200-600 °C), the deoxygenation reaction of the C-O bond in
five-membered heterocyclics occurred. Notably, the 25%-FARS
sample exhibited an additional and sharp mass change rate at
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about 360 °C with a weight loss of nearly 25%. It can be
explained as the decomposition of PPG in this sample. As the
temperature rose above 600 °C, the carbonization process
commenced (stage C), in this phase, the remaining chain
carbon species with diene structure, undergoes a cyclization
reaction to form the six-membered fused ring structure, which
then further dehydrogenated to obtain the final FACS.***

3.2. Size controlling of carbon sphere

Achieving precise size control, the optimal dispersion of carbon
spheres is crucial for its practical applications, and this repre-
sents a key advantage of the polymer-based synthesis strategy
employed in this work. Through the carbonization of FARS
samples at 800 °C, we successfully produced carbon spheres
with varying particle size by tuning the amount of PVA, which
serves to prevent the resin spheres from clumping. PVA is
a water-soluble polymer with hydrophilic hydroxyl groups,
which is suitable for dispersing organic substances in the
aqueous phase.*®** As a dispersant, it can form single or
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multiple anchor points on the surface of organic particles,
enhancing the adsorption stability and preventing easy disso-
lution. When the resin is stirred and dispersed into small
droplets in the aqueous phase, PVA envelops around the drop-
lets, preventing their aggregation into clusters. The long solva-
tion chain of PVA creates sufficient three-dimensional barriers
for effective spatial dispersion and stability. Therefore, as the
quantity of PVA increases, the number of anchor points formed
on the particle surface increases, resulting in smaller particle
sizes. With the relatively lower usage of PVA, the particle size of
FACS was observed to range from 30 to 60 meshes, with each
size accounting for almost ~30% (Fig. 3c and S21). As the
quantity of PVA increased, the particle size of FACS decreased,
exhibiting a smaller particle size distribution. For instance,
there were virtually no particles larger than 40 mesh, and the
particles smaller than 60 mesh accounted for up to 70% in the
25%-FACS-L sample (Fig. 3i).

Additionally, the polymerization degree of PFA may also
affect the size distribution of the carbon sphere. Varying the
polymerization time resulted in corresponding changes in the
particle size of carbon spheres. As illustrated in Fig. 4, almost all
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the carbon spheres were smaller than 60 mesh (Fig. 4 and
Fig. S31) when the polymerization time was set to 1 h. As the
polymerization time is shortened, the particle size gradually
decreases. The reason for this phenomenon is that the poly-
merization time becomes shorter, the molecular weight of the
polymer becomes lower, and the viscosity of PFA decreases. At
this time, the breakup of the droplets becomes easier and the
size of the droplets becomes smaller.

3.3. Internal morphology regulation for carbon sphere

With the carbonization of the FARS samples at 800 °C, we
obtained the carbon spheres FACS with a varied inner struc-
ture by adjusting the amount of the structure directing agent
of PPG. Interestingly, while the particle shape of FACS
remained largely unchanged with increasing PPG usage
(Fig. 5), significant difference was observed in both the
superficial layer and inner architecture of carbon spheres.
With an increased proportion of PPG, the superficial layer
exhibited an increasingly rough texture, and remarkable
wrinkles can be found for the 50%-FACS sample. Notably, the
inner architecture of carbon spheres underwent distinct
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Fig. 3 SEM images of the inside structure and the size distribution of (a—c) 25%-FACS-S, (d—f) 25%-FACS-M, (g—i) 25%-FACS-L.
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Fig. 4 SEM images of the inside structure and the size distribution of (a—c) 25%-FACS-1 h, (d—f) 25%-FACS-2 h, (g—i) 25%-FACS-3 h.

transformations. The FACS without PPG displayed a transverse
section similar to the superficial layer, featuring a smooth and
uniform texture. In contrast, the transverse section of 20%-
FACS presents a multi-hole structure like cheese (Fig. 5e and
f). As the PPG proportion increased to 30% (Fig. 5j-1) and 50%
(Fig. 5m-o0), the carbon spheres show a distinct inner archi-
tecture with that of 20%-FACS, and it possesses a “pome-
granate-like” structure through particle aggregation. In
addition, a transition state between these two internal struc-
tures can be found, in which the “cheese-like” and “pome-
granate-like” inner structure was found to be coexisting in the
25%-FACS sample (Fig. 5g-i).

Such an evolution of the inner architecture can be attrib-
utable to the differences and changes in the water-solubility of
PPG and PFA with molecular weight. PPG with smaller
molecular weight (e.g., PPG-400 and PPG-600) can be dissolved
in water to form a homogeneous solution, but PPG with larger
molecular weight (e.g., PPG-2000 and PPG-4000) can only be
slightly soluble in water and two phases of oil and water are
formed. Thus, as the molecular weight increases, the solubility
of PPG in water decreases dramatically. The change in the PFA

© 2024 The Author(s). Published by the Royal Society of Chemistry

solubility with molecular weight in water is almost the same as
PPG. In the three-component liquid phase system water-PPG—
PFA, the equilibrium state of the PPG-PFA oil phase and water
phase can change with variations in the initial composition.
Drawing inspiration from this, it is reasonable to suspect that
adjusting the solubility and ratio of the component could
disrupt the original phase equilibrium, lead to changes in
miscibility between components, and result in the formation
of a new internal structure. Both PFA and PPG contain poly-
ether bonds to facilitate their blending according to the
principle of “like dissolves like”. As the molecular weight of
PFA reaches a certain level, PFA and PPG separate from the
water phase to form PPG-PFA oil phase droplets. When the
PPG content is less than 20%, the liquid-liquid phase sepa-
ration process with PPG requires a higher polymerization
degree of PFA. As the polymerization of FA is a dehydration
process between two molecules (eqn (1)), less water released by
higher molecular weight PFA is introduced into the PPG-PFA
droplets during the solidification, and finally “water-in-oil”
structure similar to “cheese” is created, as shown in Fig. 6.
When the content of PPG exceeds 30%, there is a lower

RSC Adv, 2024, 14, 5479-5491 | 5483
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Fig. 5 SEM images of the outside and inside surfaces of (a—c) FACS, (d—f) 20%-FACS, (g—i) 25%-FACS, (j—1) 30%-FACS, (m-0) 50%-FACS.

requirement for the degree of polymerization of FA, leading to
the release of more water by lower molecular weight PFA
during the solidification stage. This results in the formation of
“oil-in-water” phase in the PPG-PFA droplets, and

5484 | RSC Adv, 2024, 14, 5479-5491

a “pomegranate-like” internal structure is produced. When the
conditions are between the above two situations, both the “oil-
in-water” and the “water-in-oil” phases exist simultaneously in
25%-FACS.>>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The molecular weight of PPG could also play an important
role in the internal structure of carbon sphere. Fig. 7 shows the
microstructure of 25%-FACS with different molecular weight of
PPG (PPG-1500 and PPG-4000). Under the same dosage as PPG-
2000, PPG-1500 leads to an inner structure of FACS composed
with both the “cheese-like” and “pomegranate-like” structures,
while the single phase “pomegranate-like” structure was only
observed when the molecular weight of PPG-4000 was used
(Fig. 7d-f). The solubility of PPG decreases with an increase in
the molecular weight, indicating that higher molecular weight
PPG promotes the liquid-liquid phase separation process;
therefore, lower molecular weight PFA can introduce more
water to the system and the “oil-in-water” phase forms in the
drops of PPG-PFA.

3.4. Activation of carbon spheres

After carbonization, the carbon materials need to be activated to
obtain a flourishing pore structure.”®>* Generally, there are two
different ways for carbon activation: the physical and the
chemical methods. In this work, carbon spheres were activated
by high temperature heat treatment with CO, or NH;, where the
activation with CO, aimed to improve the specific surface area
of carbon spheres, while the nitridation through NH; aimed to

© 2024 The Author(s). Published by the Royal Society of Chemistry

introduce N-containing functional groups onto the carbon
surface.

The activation of carbon spheres through partial gasification
with CO, involves the reversed Boudouard gasification reaction
(C (s) + CO, (g) = 2CO (g)) to generate the micropores of carbon
spheres.*»* The 25%-FACS sample was activated at 900 °C in
CO, atmosphere for 1, 3, and 5 hours (25%-FACS-CO,-1 h, 25%-
FACS-CO,-3 h, and 25%-FACS-CO,-5 h), respectively, and their
N, physical adsorption isotherms are shown in Fig. 8a. All
samples present the type I isotherms, indicative of a typical
microporous material of the carbon sphere materials. More-
over, the adsorption capacity was significantly promoted with
extended activation time. The surface area ranged from 691 to
1300 m> g ' as the activation time ranges from 1 to 5 hours,
with the pore volume increasing from 0.27 to 0.51 cm® g~ '. The
average pore size was estimated to be 0.56 nm (Table 1), while it
still keeps its form of amorphous carbon, and no obvious
graphitization was observed by XRD (Fig. 8b). Such a phase
composition of carbon was also confirmed by the Raman
spectrum. Peaks at 1360 and 1580 cm ™, corresponding to the D
and G band in the carbon material, respectively, can be seen in
Fig. 8c. Here, the G peak is ascribed to the stretching vibration
of all sp” atom pairs in the carbon ring or carbon chain, and the
D peak represents the defects and disorders of carbon.**** The
intensity ratio of the D and G peaks are widely used to measure
the defect degree of carbon material,***” which are 0.97, 1.01,

RSC Adv, 2024, 14, 5479-5491 | 5485
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Fig. 7 SEM images of the outside and inside surfaces of (a—c) 25%-FACS-1500, (d-f) 25%-FACS-4000.
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Fig. 8 (a) N, adsorption—desorption isotherms, (b) XRD patterns, and (c) Raman spectra of 25%-FACS-CO, with different CO, activation times.

Table 1 Physical structure characterization and adsorption results of the 25%-FACS-CO, samples

Sample Sger (m* g™ Smiero (M> g71) Viiero (cm® g7 1) V(em® g™ Pore size (nm)
25%-FACS-CO,-1 h 698 691 0.27 0.28 0.54
25%-FACS-CO,-3 h 924 909 0.35 0.37 0.55
25%-FACS-CO,-5 h 1320 1300 0.51 0.53 0.57

and 1.02 for the samples activated for 1, 3, and 5 hours,
respectively, meaning a slight impact of activation time on the
defect degrees of 25%-FACS-CO, samples. The SEM result
(Fig. S5t) showed that the activation time had no significant
effect on the morphology of the materials. CO, activation
primarily enhances the micro-porous (<2 nm) of carbon
spheres, while the changes at the micrometer scale remain
unobservable at the resolution of the SEM.

In addition, the doping of heteroatoms on the carbon skel-
eton, especially N-containing functional groups, has attracted

5486 | RSC Adv, 2024, 14, 5479-5491

great attention in carbon materials.>®*** This can modulate the
surface alkalinity of carbon material and can be well realized
through partial gasification with NH;. Here, in this work, the
introduction of N species was achieved through a two-step
method by calcining the activated carbon spheres with CO, at
800 °C for 5 hours followed by an NH; atmosphere at 600 °C
(25%-FACS-CO,-NH;3). The  nitridation  process  only
introduced N to the carbon skeleton but did not influence the
pore structure of the carbon sphere, as evidenced by the N,
physical adsorption isotherms (Fig. 9a, S4t and Table 2). The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Physical structure characterization and adsorption results of the 25%-FACS-CO,-NHsz samples
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Sample Sger (M g™ 1) Smicro (M? g7 1) Vimiero (cm® g7 1) V(em?® g™ Pore size (nm)
25%-FACS-CO, 853 848 0.33 0.34 0.55
25%-FACS-CO,-NH3-1 h 869 864 0.33 0.34 0.55
25%-FACS-CO,-NH3-2 h 877 869 0.34 0.35 0.55
25%-FACS-CO,-NH3-3 h 858 857 0.33 0.33 0.55

10
=
g

8
g
-
T
2 6F
ot
)
172}
= 4}
<
é’ —9—25%-FACS-CO,-NH;,-1h
= 2F
= ——25%-FACS-CO,-NH;-2h
= 3 -CO,-NH.-
S ol —9—25%-FACS-CO,-NH,-3h

1 1 1 {
0.0 0.2 04 0.6 0.8 1.0

Relative Pressure (P/P)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 February 2024. Downloaded on 2/11/2026 12:16:50 PM.

(cc)

(b)
25%-FACS-CM

25%-FACS-CO,-NH;-2h

Intensity (a.u.)

|

25%-FACS-CO,-NH;-1h

- S
L

410 408 406 404 402 400 398 396

Binding Energy (eV)

©)

Fig. 9 (a) N, adsorption—desorption isotherms, (b) XPS N 1s spectra, (c—k) distribution of C and N elements of 25%-FACS-CO,-NH3z samples.
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Table 3 Surface element analysis and C,H=Cl adsorption performance of 25%-FACS-CO,-NHs

Saturated time  Breakthrough capacity

sample prridinca (O/D) prrrolica (D/D) Nquaternary‘Z (O/U) Noxideu (0/0) Ncontentb (%) (mln] (mmOI gil)
25%-FACS-CO,-NH3-1 h  26.5 50.6 11.5 11.4 1.41 71 0.63
25%-FACS-CO,-NH3-2 h  26.4 48.6 12.8 12.1 1.92 78 0.70
25%-FACS-CO,-NH3-3 h  28.9 49.3 10.4 11.3 2.57 83 0.74

“ Calculated from the XPS N 1s spectrum. ® N content was measured using XPS.

elemental distribution characterized by EDS showed that the
signal intensity of N species increased significantly with the
activation time with NH; and was uniformly distributed in the
carbon spheres (Fig. 9¢, h and k). To quantitatively analyze the
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surface nitrogen species, XPS analysis was performed. As shown
in Fig. 9b, four N species coexisted, the peaks at 403.2 and
401.3 eV were attributed to nitrogen oxides and quaternary
nitrogen species, and the peaks at 400.3 and 398.6 eV represent
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Fig. 10 Breakthrough curves of C,HzCl and C;H, on (a) 25%-FACS-CO, and (b) 25%-FACS-CO,-NHs. (c) The correlation relationship between
the adsorption capacity and micropore volume of 25%-FACS-CO,. (d) The correlation relationship between adsorption capacity and surface

nitrogen content of 25%-FACS-CO,—-NHs.
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pyrrole nitrogen and pyridine nitrogen, respectively.**** The
total nitrogen content varied from 1.41% to 2.57% (Table 3)
with the increase in activation time with NH;.

3.5. Adsorption property of carbon spheres toward C,H, and
C,H,Cl

In the process of producing vinyl chloride through the acetylene
hydrochlorination method, there is a significant amount of
C,H;Cl and C,H, in the exhaust gas. If these are directly emitted
without treatment, they not only pollute the atmospheric envi-
ronment but also pose a health risk to humans. Additionally, as
crucial industrial raw materials, the direct emission of C,H;Cl
and C,H, would result in resource wastage. To enhance the
utilization efficiency of vinyl chloride raw materials produced
through the acetylene hydrochlorination method, it is necessary
to separate and recover C,H;Cl and C,H,.**** Activated carbon
is widely employed as a selective adsorbent owing to its abun-
dant pore structures, substantial specific surface areas, and cost
effectiveness.*>*¢

The 25%-FACS sample with different activation methods,
including one-step activation by CO, and two-step activation by
CO,-NH3;, were used for the selective adsorption of C,H;Cl and
C,H,. The corresponding breakthrough curves are shown in
Fig. 10 and Table S3.1 The results reveal that C,H, cannot be
adsorbed by either the 25%-FACS-CO, or the 25%-FACS-CO,-
NH; samples, as evidenced by the short breakthrough time.
While C,H;Cl can be adsorbed by both the samples, no C,H;Cl
is detected until a breakthrough time as long as 64 min on 25%-
FACS-CO,-1 h. Meanwhile, the pore volume of carbon spheres
plays a crucial role in the capacity of C,H;Cl adsorption, with
the breakthrough time observed to increase with CO, activation.
Additionally, as depicted in Fig. 10d, the penetration capacity of
C,H;Cl exhibits a positive linear relationship with the N
content, and the two-step CO,-NH;-activated samples exhibit
a longer breakthrough time than the corresponding one-step
CO,-activated samples (Fig. S61). Thus, not only are suitable
micropores essential for the adsorption of C,H;Cl but the
introduction of polar N-containing groups also facilitate the
C,H;Cl adsorption capacity.

It is believed that the kinetic diameter of the adsorbent
molecular as well as the pore size of the adsorbate are the two
important factors for gas separation, and the adsorption
process occurs only when the kinetic diameter of the adsorbent
molecular is smaller than the micropore size. The activation of
carbon spheres with CO, thus guarantees the match of the pore
size for C,H;Cl adsorption. Furthermore, the physical proper-
ties of adsorbates (Table S4f) also determine the adsorption
behaviors in the pores. Molecules with high polarizability and
high dipole moment experience enhanced intermolecular
interactions, promoting their assembly in the pores. This is
a primary reason for FACS's robust adsorption capacity for
C,H;Cl. The modulation of pore polarizability by doping with N
species also plays an important role in C,H;Cl adsorption
capability within the carbon spheres’ pores.

To investigate the influence of different structures on
adsorption, we selected 20%-FACS and 30%-FACS samples,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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representing cheese-like and pomegranate-like structures,
respectively. Following identical CO, and NH; treatments,
their adsorption performances for C,H;Cl and C,H, were
evaluated. As shown in Fig. S7f and 10, the adsorption
capacities of 20%-FACS-CO,-NH; and 30%-FACS-CO,-NH; for
C,H;Cl did not increase as expected with an increase in the
PPG content, and both exhibited breakthrough times below
25%-FACS-CO,-NHj. It is well-known that micropores serve as
the primary adsorption sites in activated carbon, while mac-
ropores play a role in facilitating transport during adsorption.
From the SEM images (Fig. 5), it is evident that 20%-FACS
consists mainly of closed macropores, while the internal
structure of 30%-FACS comprises densely packed small
spheres. In the case of 25%-FACS, due to a structural transi-
tion, interconnected macropores are observed at the interface
of the transition, playing a crucial role in adsorption and
contributing significantly to the higher adsorption capacity
exhibited by 25%-FACS.

4 Conclusion

Using a straightforward soft template synthesis strategy,
a carbon sphere with excellent shape stability was designed
using FA as a raw material. The internal morphology changed
with the ratio between FA and PPG. With the increase in PPG,
the internal morphology changed from a “cheese-like” to
a “pomegranate-like” structure. This structural evolution is
attributed to the water content introduced by FARS with
different polymerization degrees during the pre-polymerized
process with PPG as the polymerization process of FA to PFA
is hydrophobic. The relative content of water determines the
transformation of the coating structure. In addition, the
internal structure of the carbon sphere can be controlled by the
molecular weight of the polymer structure directing agent.
With higher molecular weight, PPG promotes structural
evolution. The particle size distribution can be altered by
controlling the content of dispersant and resin polymerization
time. 25%-FACS composed by both the “cheese-like” and
“pomegranate-like” inner structure exhibited a moderate
micropore volume and mechanical strength. Interconnected
macropores play a crucial role in adsorption. Moreover, it
shows exceptional performance in the separation of C,H;Cl
and C,H, due to the strong intermolecular interaction between
C,H;Cl molecules. The adsorption capacity of C,H;Cl exhibits
a linear relationship with the micropore volume and surface
nitrogen species content, and the maximum adsorption
capacity can reach 0.77 mmol g~.
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