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The recycling of industrial VOCs has attracted enormous interest for its significant roles in mitigating VOC
emissions and reducing human and environmental risks. Here, we report a highly efficient multifunctional
Fe/FeO,/NPC adsorbent, which shows high adsorption capacity for toluene (200 mg g™%) and ethyl acetate
(154 mg g™}) and 100% regeneration efficiency without deactivation after five cycles. By introducing nano-
Fe/FeO,, the Sger and pore volume of NPC are increased from 163.66 m? g™ and 0.142 mL g™* to 361.30
m? gt and 0.22 mL g%, respectively. It is achieved by a multifunctional adsorbent that provides efficient
adsorption and thermal effect sites (Fe®, FeO, and graphitic carbon), which cooperatively facilitates adsorp-
tion-regeneration. More significantly, the thermal effect sites and diverse pore structures play a crucial role
in the successive and synergetic separation and desorption of VOCs from the multifunctional adsorbent.
The thermal effect sites on Fe/FeO,/NPC can effectively inhibit the conversion of the thermal activation re-
action of VOCs into high-boiling carbonates, thereby avoiding the formation of heel build-up and deactiva-
tion of adsorbents. Our research introduces an efficient VOC recycling approach enabled by subtle control
of VOC regeneration on a multifunctional interface.
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Environmental significance

For recycling high-value VOCs, the big problem faced in VOC recycling is the deactivation of the adsorbents, which limits their application in the rapid de-
mand for VOC resource utilization or control. In this study, we fabricated a multifunctional Fe/FeO,/NPC adsorbent with 100% regeneration efficiency by a
method of in situ carbon reconstruction. The adsorption and regeneration mechanism were revealed by in situ DRIFTS, infrared thermography and Spear-
man correlation. The enhanced adsorption and regeneration were mainly attributed to the diverse pore structures and abundant thermal effect sites. This
is of great significance for the design of highly efficient and stable adsorbents by optimizing pore structure and active sites for VOC recycling and control.
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1. Introduction

In the context of pollution and carbon reduction, the emis-
sion of highly concentrated volatile organic gas in the in-
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dustrial production process not only brings serious environ-
mental health hazards but also becomes a stumbling block
restricting the development of enterprises.'”” Recently, nu-
merous VOC abatement methods have been developed, in-
cluding recycling methods such as adsorption,® absorption,*
condensation,” and membrane separation® and destruction
elimination methods such as catalytic oxidation,” photocata-
lytic oxidation,®® and biological degradation.'® Among
them, adsorption technology based on porous carbon ad-
sorption has been widely used in VOC pollution control for
its economic features and sustainability advantages, espe-
cially in capturing highly toxic and value-added compounds
from industrial VOCs exhaust.>'>'? However, the inefficient
recovery of VOCs often brings high exhaust gas disposal
costs during recycling and utilization. Therefore, research
and development of carbon-based absorbents with highly
stable and efficient VOC recovery is an urgent task to pro-
tect environmental sustainability and human health, and it
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is also of great practical significance that VOCs are recycled
to make it more in line with the dual carbon strategy.

Current studies have shown that the pore channels and
structural characteristics of porous carbon adsorbents are de-
cisive factors affecting VOCs' adsorption and mass transfer
during the adsorption and desorption process.'*™® Porous
carbon adsorbents, such as activated carbon (AC), have the
accessibility of micropores (<2 nm) and high specific surface
area and pore volume, which can be used to recover most
types of VOCs including aromatics, esters, alkanes, and alde-
hydes.>'®"” Ye et al. reported a microporous carbon prepared
by hydrothermal carbonization coupled with chemical activa-
tion, and the well-developed microporosity with an 81% en-
hancement could significantly improve the adsorption of
ethyl acetate at low concentrations.'® However, the rapid
transfer of VOC molecules will block the micropores of AC
and cause slower mass transfer and diffusion, leading to low
desorption efficiency.>’® Many studies have shown that the
mesoporous structure of carbon adsorbents can provide more
efficient diffusion channels for the mass transfer of VOCs by
reducing the spatial resistance.>**' Wang et al. found that
the unusual bimodal-like pore size distribution of mesopo-
rous carbon gave the adsorbates a higher diffusion rate com-
pared with conventional adsorbents such as activated carbon
and carbon molecular sieve.?* The introduction of a mesopo-
rous structure can significantly improve the diffusion chan-
nel of VOC molecules on porous carbon so that it has more
efficient accessibility in the adsorption process and higher
mass transfer diffusion efficiency in the resolution
process.>"*?

Although optimizing the pore structure can effectively pro-
mote the mass transfer and diffusion of VOC molecules, the
incomplete desorption of VOCs often leads to the gradual de-
activation of the adsorbent.>** During thermal desorption,
VOC molecules or VOCs and the adsorption interface may un-
dergo thermal and chemical reactions, resulting in the for-
mation of hard-to-separate polymeric species (heel build-up),
ultimately leading to the progressive deactivation of the ad-
sorbent.>>*® In our previous study, the strong chemisorption
between ethyl acetate molecules and adsorbents severely
hampered the complete regeneration of the adsorbent. A
large number of carbonaceous species such as 1,2-benzenedi-
carboxylic acid, dihexyl ester, and dioctyl phthalate were ac-
cumulated on adsorbents, which confirmed thermal chemical
reactions between EA molecules or CBC defect sites to form
high-boiling carbonaceous by-products.'” Heel build-up was
attributed to the formation of these heavier molecules
trapped in or blocking the micropores.””*® Besides, adsorbed
oxygen or oxygen-containing functional groups (OCFGs) can
also increase heel build-up on AC due to the formation of
chemical bonds between O,/OCFG and adsorbate/adsorbent
at high temperatures, leading to the loss of micropore sites
through the formation of permanent heel species.>**° There-
fore, the abundance of micropores and the scarcity of meso-
and macropores may have increased heel formation due to
mass diffusion resistance.>*’
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Heel build-up on porous carbon adsorbents will shorten
their lifetime by reducing their VOC uptake capacity. Several
researchers have focused on inhibiting heel formation by op-
erating parameters such as chemical modification,** regulat-
ing pore structure,”” and regeneration condition.?>**~** Bhat
reported an effective surface modification strategy with a
55% increase in porosity and effective functional groups, and
the percentage of heel accumulation in surface-modified BAC
is significantly lower (<3%) compared to unmodified BAC.**
Jahandar Lashaki et al. compared the contribution of the meso-
porous structure of activated carbon to the adsorption and de-
sorption behaviour of VOCs; the result showed that mesoporous
BACs not only enhanced competitive adsorption kinetics but
also yielded faster desorption of the adsorbed species.’® Faster
desorption kinetics would also shorten the duration of the re-
generation step, which is particularly important to inhibit the
thermal chemical reaction of VOCs at the interface. Interest-
ingly, some research showed that the thermal chemical reac-
tion of VOCs could be significantly inhibited by some transi-
tion metals, such as single atoms or oxide nanoclusters of Fe,
Cu, and Ni, due to their high C-H activation energy bar-
rier.*”*® Meanwhile, its application to the coupling modifica-
tion of adsorbents could effectively improve the regeneration
efficiency of adsorbents.®® To the best of our knowledge, no
previous work has been done to inhibit or avoid heel accu-
mulation vie metal modification of porous carbon while
maintaining high adsorption capacity.

In this paper, functional Fe-C composite adsorbents with
high adsorption and regeneration properties were con-
structed by a method of nano-Fe-catalysed in situ carbon re-
construction, which aimed to control the skeleton structure
and thermal effect site of porous carbon. Compared with tra-
ditional activated carbon, Fe-C composites have a more di-
versified hierarchical structure and metal sites, which not
only provide more adsorption active sites for VOCs but also
provide sufficient heat and mass transfer channels for the
rapid diffusion of VOCs inside the adsorbents. In addition,
thanks to the in situ thermal effect of nano-Fe/FeO,, the heat
transfer of VOCs in the porous carbon channel can be effec-
tively promoted due to the enhancement of the thermal con-
ductivity of the porous carbon adsorbents. Owing to abun-
dant nano-Fe/FeO,, the VOCs can be separated by electron
transfer during thermal desorption, which greatly reduces
the thermal activation reaction of VOCs on the adsorption in-
terface, avoiding heel formation and deactivation of porous
carbon adsorbents. The research can provide solid theoretical
and technical support for the upgrading of resource recovery
and adsorption control of industrial VOC waste gas.

2. Experimental section
2.1 Adsorbents preparation

Fe-C composite (Fe/FeO,/NPC) adsorbents are prepared as
follows. 5 g of sucrose and a certain amount of iron acetate
were dissolved in 50 mL ethanol solution (Vgion/Vwater = 1/4)-
Approximately 20 mL of bacterial cellulose (BC) dispersion
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was added, and a relatively homogeneous colloidal dispersion
was obtained by ultrasonically stirring and dispersing the
pretreated mixture for 30 min at room temperature. Next, the
above colloidal dispersion was transferred to a 100 mL reac-
tor. Then the reaction was carried out hydrothermally in an
oven at an elevated temperature rate of 10 °C min™" to 180 °C
for 6 h. A chocolate-brown product was obtained and col-
lected by centrifugal washing with ethanol shaking 1-2 times,
washed to neutrality with distilled water, and then subjected
to the drying process. The dried products were placed in a
tube furnace, heated to 400 °C at 5 °C min " for 4 h with ar-
gon gas protection, and then the temperature was increased
to 500, 600, 750, 850 and 950 °C for 2 h, respectively. Finally,
the Fe-C composite adsorbent was obtained and labelled as
Fe-C-X (X = 500, 600, 750, 850, and 950). All of the chemical
reagents used were analytical grade and received without fur-
ther purification and the details can be seen in the ESL}

2.2 Characterization

The morphology and interior structure of the adsorbent were
observed using a transmission electron microscope (TEM, JEM-
2100F, Japan). The N, adsorption-desorption isotherms and
pore size distributions at 77 k were quantified using an ASAP
2020 PLUS HDS88 surface area and porosity analyser (Micro-
meritics, USA). The thermal decomposition behaviour of the ad-
sorbent was assessed by TG-DSC. The functional groups were
identified using a Fourier-transform infrared (FT-IR) instrument
in the wavenumber range of 2000-800 cm ™. X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, Thermo Fisher) was used to
analyse the composition and elemental chemical state of the
samples. The chemical composition and molecular structure of
the synthesized samples were analysed by UV laser Raman spec-
troscopy (HORIBA Jobin Yvon, France). The thermal effect of
Fe-C adsorbents was analysed by an infrared thermal imager
(FOTRIC 280). The species and adsorbed states of functional
groups on the adsorbent surface were analysed using in situ dif-
fuse reflectance infrared.

2.3 Determination of functional groups

The adsorbents possessed oxygen functionalities in the form
of carboxylic, lactonic, phenolic, and basic groups, which
could be quantitatively determined as previously reported.™
To ensure titration precision, back-titration was adopted to
reduce the impact of CO,. For each analysis, 70 mg of adsor-
bents were added to 30 mL of 0.05 M NaHCO;, NaOH, HCI,
and 15 mL of 0.05 M Na,CO; solution, respectively. The solu-
tions were agitated for 24 h and then filtered and the filtrates
were collected. The filtrates were acidified with excessive 0.05
M HCI. Then, the acidified solutions were purged with nitro-
gen to expel CO,. The purge time was set from 120 to 180
min. After CO, expulsion, the solution was back-titrated with
0.05 M NaOH. A colour indicator of phenolphthalein was
used for endpoint determination. For each adsorbent and re-
action base, samples were tested in triplicate with a parallel
blank reference. During titration, the blank sample was ex-
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posed to the same procedures that were applied to adsorbent
samples. The final result was calculated with the averaged
measurement minus the blank.

2.4 Adsorption, regeneration and semiquantitative analysis

Dynamic adsorption of toluene and EA was carried out using a
GC-9800 gas chromatograph at room temperature, and the de-
tails of the evaluation of adsorption performance can be seen in
the ESL{ The desorption procedure was conducted according to
our previous report."” Prior to the desorption experiments, EA
and toluene first reached adsorption equilibrium on the adsor-
bent. The Fe-C adsorbents were regenerated using a hot N,
stream at 30 mL min~". N, was purged into the sample column
at the start of regeneration, and the programmed warming
mode was activated to heat up to 120 °C at a rate of 5 °C min ™.
The output EA and toluene concentrations were monitored on-
line by GC, and the desorption process took 6 h. The adsorbent
was then cooled to room temperature before being utilized in
the next adsorption cycle. The adsorption/desorption tests were
repeated five times. After multiple adsorption-desorption
recycling, the composition and functional groups of Fe-C adsor-
bents were determined by an XPS semiquantitative analysis
method.

2.5 In situ DRIFTS

EA and toluene adsorption on the synthesized adsorbents
was recorded on a Thermo Scientific Nicolet iS10 Fourier-
transform infrared spectrometer equipped with an MCT de-
tector. Prior to each adsorption test, the adsorbent was
loaded into a porous screen at the bottom of a Harrick Scien-
tific Praying Mantis diffuse reflectance cell, which had two
ZnSe windows and one glass observation window, and then
the cell was sealed with a dome. After 20 min of nitrogen
purging to remove the gas from the adsorption chamber, the
sample was heated to 150 °C in a 30 mL min™" N, flow for
120 min. After cooling to 30 °C, a background spectrum of
the adsorbent was first obtained in the N, flow, followed by
switching N, to ethyl acetate and toluene stream (30 mL
min™") for the adsorption experiment. The signals of infrared
information on the adsorbents surface were collected every
10 min for a total of 50 min. All DRIFT spectra were recorded
at a resolution of 4 cm™ in the range of 4000 to 400 cm™".

3. Results and discussion
3.1 Morphology and composition analysis

TEM analysis was carried out to estimate the lattice structure
and distribution of nano-Fe. As shown in Fig. 1a, highly dis-
persed nanoclusters of Fe or its oxides were obtained by a
method of in situ carbon reconstruction, and the formation
of large oxide particles was also avoided. Fig. 1b and ¢ show
the HRTEM images of the Fe-C composite. The lattice spac-
ing of 0.2 and 0.29 nm was observed, which could be attrib-
uted to the lattice structure of zero-valent iron (Fe®) and the
(311) Fe;04.*° The presence of Fe oxides at the boundary of
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Fig. 1 TEM image (a), HRTEM images (b and c, the inset pictures are
the lattice parameters of nano-iron components), and element map-
ping (d) of the prepared Fe-C composite.

iron nanoparticles may be due to the fact that the ferric ox-
ides are not completely reduced to Fe’ during carbon recon-
figuration. On the other hand, it may also be caused by local
oxidation of the formed Fe’. Meanwhile, the elemental map-
ping diagram (Fig. 1d) also confirmed the homogeneous dis-
tribution of elements C, O, and Fe in the Fe-C composite.
These results displayed that Fe nanoparticles with high crys-
tallinity are highly dispersed and closely coupled with carbon
in the Fe-C complexes. Close contact between them tends to
have stronger metallic bonding and a higher electron density,
which may allow the material to have excellent thermal con-
ductivity and coordination adsorption capacity, favouring
heat transfer during the desorption process.**

3.2 Basic structure and functional group analysis

To elucidate the structure and properties of the material, the
crystal structure of Fe-C composites was analysed by X-ray
powder diffraction (XRD) and is shown in Fig. 2a. A charac-
teristic peak of 26 = 25.8° was observed from the spectra,
which were assigned to the crystal faces (002) of graphitic car-
bon.** Two characteristic peaks observed at 26 = 35.6° and
43.4° are assigned to the crystal faces (100) of Fe,O; (PDF 98-
000-0240) and the crystal faces (311) of Fe;O, (PDF 98-000-
0294).*° The characteristic peak of Fe® was observed at 44.8°.
These results are in agreement with the TEM analysis results.
Typically, when the pyrolysis temperature was gradually in-
creased, the intensity of graphitic carbon and the Fe° charac-
teristic peak was significantly increased. In other words, the
interfacial Fe-C composition has been significantly changed
during the carbon reconstruction, and the graphitization de-
gree of nanoporous carbon was significantly enhanced by
nano-Fe, resulting in the optimization of the pore channel
structure. A uniform nanostructure of Fe elements was
formed in porous carbon, which caused more nano-Fe expo-
sure and was very favourable for improving the coordination
of metals for VOC adsorption.** Meanwhile, the enhanced
graphitization of porous carbon is conducive to enhancing
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Fig. 2 XRD (a), Raman spectra (b), pore size percentage (c), and
concentration of functional groups (d) in Fe-C composites prepared at
different pyrolysis temperatures.

the m-n conjugation effect of the adsorbent and helps to im-
prove its adsorption-desorption of VOCs.>**

Raman spectroscopy was used to further validate the
graphitized extent of the adsorbents. As shown in Fig. 2b, the
two vibrational modes at 1340 cm™* (D band) and 1590 cm™
(G band) were assigned to the disordered structure of carbon
and the planar stretching vibration of sp® hybridization.*
The Ip/lI; of the tested Fe-C composites was calculated based
on the deconvolution of Raman spectra. The lower the value
of Ip/Ig, the higher the degree of graphitization of porous car-
bon.">*® With the increase of pyrolysis temperature, the Ip/Ig
value gradually decreased to 1.41, and there was a rapid de-
crease from 600 °C to 750 °C, which suggested that high py-
rolysis temperature helped to promote the graphitization of
Fe-C adsorbents. However, when there was no nano-Fe in the
porous carbon adsorbent, the I'p/I; of C-850 adsorbent was as
high as 2.70 even at the higher pyrolysis temperature (850
°C), which meant that nano-Fe could accelerate the conver-
sion of amorphous carbon to graphitic carbon in the adsor-
bent at the appropriate pyrolysis temperature (see Fig. S1 in
the ESIt). In addition, two Raman bands called 2D and D + G
located at 2500-3100 cm™' were observed from the spectra.
The 2D band is ascribed to active crystalline graphitic carbon,
and it is sensitive to the n-band in the graphitic electronic
structure, while the combination mode of D + G is induced
by disordered carbon.”” The peak strength of the 2D band in-
creased significantly with increasing pyrolysis temperature
from 750 °C to 950 °C, which indicated that high pyrolysis
temperature is conducive to the formation of graphitic car-
bon. As shown in Fig. S1,f no 2D band peak was observed
from the spectra of C-850, which further confirmed the accel-
eration of nano-Fe for the graphitization of porous carbon
adsorbent.*®

The 77 K N, physical adsorption-desorption method was
employed to determine the pore structure and specific

This journal is © The Royal Society of Chemistry 2025
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surface area of Fe-C composites (Fig. S2a and Tables S1 and
S2t). The specific surface area of the tested Fe-C composites
was determined to be 306.37 m> g™ (Fe-C-500), 348.28
m?* g™' (Fe-C-600), 361.30 m> g™* (Fe-C-750), 338.12 m* g*
(Fe-C-850) and 326.20 m> g ' (Fe-C-950). According to the ad-
sorption-desorption isotherms of Fe-C-500 and Fe-C-650, a
typical type IV isotherm with H4 hysteresis was observed,
which meant that the adsorbent was composed of micropores
and mesopores and contained a large number of narrow and
fractured pores. With further increasing the pyrolysis temper-
ature, the hysteresis loop of Fe-C adsorbents changed from
H4 to H1, indicating that high-temperature carbon recon-
struction can promote the formation of the mesoporous
structure of Fe-C adsorbents. For instance, when the temper-
ature increased from 600 °C to 850 °C, the proportion of mi-
cropores decreased from 51% to 24%, while the proportion
of mesopores increased from 42% to 68%. That is, an obvi-
ous carbon-reforming effect occurs inside the adsorbents in
this temperature range (Fig. 2¢). As compared with our previ-
ous report, this result suggested that the pore structure of
carbon adsorbents could be significantly improved by nano-
Fe particles, and higher specific surface area, pore volume,
and mesoporous ratio were obtained even at lower pyrolysis
temperature.'> These results were very consistent with XRD
and Raman analysis results.

The various functional groups of the Fe-C composites
were analysed by combining FT-IR and Boehm's titration
method. As shown in Fig. 2d and Table S3,i the total concen-
tration of oxygen-containing functional groups in Fe-C com-
posites was calculated to be 5.082 umol g™ (Fe-C-500), 5.095
pumol g™* (Fe-C-600), 4.582 umol g~* (Fe-C-750), 3.398 umol
g™ (Fe-C-850) and 4.279 umol g™* (Fe-C-950). Except for the
lactonic group, the concentrations of the carboxylic group,
phenolic group, and basic group all showed an obvious de-
crease at 850 °C. Combined with FT-IR spectra (Fig. S37),
when the pyrolysis temperature gradually increased from 500
°C to 950 °C, C-O or C-OH functional groups were gradually
decreased in the range of 940-1220 cm™, and the C=0 and
aromatic C-H stretching located at 1693 cm™ and 877 cm™
almost disappeared. The above results indicated that the in-
ternal transformation of major functional groups occurs
when oxygen-containing functional groups fall off (such as
the increase of the lactonic group). In addition, the Fe ele-
ment also led to the uncertainty change of functional groups
at the interface (such as the first decrease and then increase
of the carboxylic group, phenolic group, and basic group). In
particular, aromatic C=C stretching located at 1602 cm™" de-
creased significantly until it disappeared, which indicated
that the pyrolysis process not only involved dehydration and
condensation reactions but also promoted the catalytic recon-
struction of porous carbon structure and the formation of
graphitic carbon structure.*°

In order to investigate the effect of the presence of the Fe
component on the decomposition of the organic carbon ma-
trix, TG-DSC of the organic dry gels was carried out under ar-
gon protection (Fig. S4t). The weight loss of about 4.08-

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

4.38% at the range of 30-120 °C was assigned to the desorp-
tion of adsorbed water. Although obvious weight loss occurs
at 250 °C to 600 °C for the pure carbon gel precursor, the
overall endothermic and exothermic peaks were relatively
gentle, indicating that the pyrolysis reaction and carbon re-
configuration reaction inside the carbon gel were relatively
mild. For the Fe-C composite gel precursor, there was not
only an obvious endothermic process at 120-300 °C but also
an obvious endothermic peak and exothermic peak near 315
°C and 350 °C. In addition, the Fe-C composite gel precursor
has a violent exothermic peak after 370 °C, which indicates
that the Fe-C composite has undergone a violent solid phase
reaction. The graphitization transformation of amorphous
carbon and the reconstruction of pore structure are also real-
ized in this process.

3.3 Adsorption and regeneration performance

The adsorption and regeneration behaviors of Fe-C adsor-
bents were conducted using a fixed-bed adsorption-desorp-
tion system equipped with a gas-distributing system provid-
ing the gaseous VOCs (ethyl acetate, EA, toluene) operating in
a continuous flow-through mode. The adsorption capacity of
Fe-C adsorbents with different Fe/C molar ratios are given in
Fig. S5.f The highest adsorption capacity (153 mg g') of EA
was obtained when the Fe/C molar ratio was 1:20. This is be-
cause a higher proportion of Fe component will lead to the
formation of large iron oxide particles, which is not condu-
cive to the reconstruction of carbon skeleton structure, and
may block the pore structure. Appropriate Fe content could
achieve better carbon reconstruction, which significantly en-
hanced the adsorption capacity of EA.”* Hence, Fe-C compos-
ites with the optimum Fe/C molar ratio (1:20) were selected
and pyrolyzed under different temperatures, and the adsorp-
tion trends of the obtained adsorbents for EA and toluene
are shown in Fig. 3a. The proportions of the actual Fe ele-
ment in these adsorbents were also calculated based on the
results of ICP-MS. The best adsorption performance for EA
(average adsorption capacity: 151 mg g ') and toluene (aver-
age adsorption capacity: 208 mg g~ ') are observed in Fe-C-
600 and Fe-C-750, respectively, which was mainly attributed
to the high specific surface area (348 m* g”* and 361 m* g ")
and pore volume (0.20 mL g ' and 0.22 mL g ") of the two ad-
sorbents. Combined with the XRD and Raman results, the
high degree of graphitization seemed to be more conducive
for the toluene adsorption, which was mainly attributed to
the n-n stacking of the benzene ring structure in graphitic
carbon.> The reason why Fe-C-600 possessed a high EA ad-
sorption capacity with the maximum probability was because
of its high micropore volume (0.1 mL g') and the coordina-
tion adsorption of nanometer Fe.*>

The regenerated adsorption properties of two optimal ad-
sorbents for EA and toluene were further investigated, and
the results are given in Fig. 3b. Interestingly, the regenerated
adsorption capacity of both adsorbents reached 100% after
five cycles, which displayed a significant improvement over
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of EA and toluene over Fe-C composites prepared at different pyrolysis
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tion capacity with pore structure, functional groups, and other factors.

the pure carbon adsorbents (only 80%) as compared with our
previous report.”® In other words, the presence of the nano-
Fe component could significantly promote the regeneration
of porous carbon adsorbents and maintain their stable regen-
eration adsorption capacity, which is of great significance for
the recovery of industrial VOC exhaust gas. In order to fur-
ther confirm the contribution of nano-iron on adsorbent re-
generation, the time-temperature variation and infrared ther-
mography of Fe-C-600, Fe-C-750, and C-750 were conducted
and given in Fig. S6-S9.} It was noted that the actual temper-
ature of the Fe-C adsorbent was higher than that of the
C-750 adsorbent at a lower temperature range (<120 °C). The
rapid growth range of actual temperature was 105.1-106.8 °C,
107.8-108.0 °C, and 102.5-117.8 °C, and the corresponding
time required was 13 s, 0.2 s, and 16 s, respectively. These re-
sults indicated that Fe-C adsorbents had better thermal con-
ductivity than C-750, especially Fe-C-750 adsorbents, which
could be attributed to the higher heat transfer efficiency of
nano-iron and graphitic carbon. Usually, the faster thermal
conductivity efficiency will reduce the residence time of VOCs
on the interface, thus reducing the probability of VOC ther-
mochemical reaction.>

To further investigate the contribution of key factors to ad-
sorption capacity, the Spearman correlation coefficient be-
tween the adsorption capacity and the pore structure, func-
tional groups, and other factors was calculated and shown in
Fig. 3c and d and Tables S4 and S5.f For EA adsorption, the
influencing factors with positive correlation were determined
as micropore volume (1.00), carboxyl group (0.90), phenolic
hydroxyl group (0.90), mass fraction of Fe element (0.50), base
groups (0.36) and specific surface area (0.10). The results
showed that the pore volume of micropores and some
oxygen-containing groups contributed significantly to the in-
crease of the EA adsorption capacity, which was mainly due
to the larger capacity of the adsorbent and the electrostatic
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attraction (such as hydrogen bonding) of functional
groups.”®® In addition, the proportion of actual Fe element
in the two adsorbents is at a high level of 0.84% and 0.98%,
respectively. EA adsorption could also be promoted by the co-
ordination effect of the Fe component at the interface of the
Fe-C adsorbent. For toluene adsorption, the key influencing
factors such as specific surface area (1.00), total pore volume
(0.50), mass fraction of Fe element (0.40), lactonyl group
(0.40), pore diameter (0.20), pore volume of micropores (0.10)
and pyrolysis temperature (0.10) were calculated based on
Spearman correlation analysis. There is a significant positive
correlation between the specific surface area of the Fe-C ad-
sorbent and the adsorption capacity of toluene. It is obvious
that a large specific surface area can provide sufficient ad-
sorption active sites for toluene adsorption. In addition, the
total pore volume, mass fraction of Fe element, lactonyl
group, and so on have a certain weak positive correlation
with the adsorption capacity of toluene. On the one hand, it
could be attributed to the high accommodating volume of
the adsorbent for toluene molecular structure; on the other
hand, the optimization of the pore structure and interface
structure of the adsorbent by nano-Fe could effectively im-
prove the pore accessibility of toluene and greatly increase
the effective active site of the Fe-C adsorbent.

3.4 In situ DRIFTS analysis

In order to investigate the adsorption mechanism of EA on
Fe—C adsorbents, in situ DRIFTS experiments were carried out
and shown in Fig. 4. When EA was introduced into the IR cell
at 10 min, some typical peaks of 1734 cm™, 1371 cm ™, 1252
em™, 1240 em™ and 1039 cm™* were observed from the spec-
tra of Fe-C adsorbents. Therein, 1734 cm™" represented the
signal of C=0 of EA; 1371 cm™" belonged to the C-H of
methyl species; the peaks located at 1252 cm™?, 1240 cm Y,
1053 cm™ and 1039 cm™' were assigned to C-O-C."” The
peak of 1734 ecm™ was only observed on Fe-C-500, Fe-C-600,
and C-600 with low graphitization, among which Fe-C-500
had the most significant peak intensity, followed by Fe-C-
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Fig. 4 Time-dependent in situ DRIFTS of EA adsorption over Fe-C ad-
sorbents: (a) Fe-C-500, (b) Fe-C-600, (c) Fe-C-750, (d) Fe-C-850, (e)
Fe-C-950, and (f) C-600.
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600, and no reflection peak was observed on other Fe-C ad-
sorbents with high graphitization. Although Fe-C-500 and
Fe-C-600 adsorbents had a lower specific surface area, they
had a higher EA adsorption capacity than other Fe-C adsor-
bents with high specific surface area, suggesting the high
contribution of oxygen-containing groups to EA adsorption.
Besides, some typical peaks near 1252 cm™ and 1053 cm™*
assigned to C-O-C of EA were observed on Fe-C-750-950
with high graphitization. That is, the adsorption patterns of
EA on low graphitized adsorbents (such as Fe-C-500 and Fe-
C-600) are significantly different from those on high graphi-
tized adsorbents (such as Fe-C-750, Fe-C-850 and Fe-C-950).
For adsorbents with high oxygen functional groups, EA is
more inclined to bind to the adsorbent interface with car-
bonyl bonds, while for high graphitized adsorbents, EA is
more inclined to bind to the adsorbent interface with ether
bonds. This was because abundant oxygen-containing func-
tional groups acted as electron donors or acceptors to estab-
lish a donor-acceptor mechanism through hydrogen-bond in-
teraction.'”” These results indicated that the electrostatic
attraction of oxygen-containing functional groups could sig-
nificantly promote the adsorption process of EA.

Similarly, the possible adsorption forms of toluene on
Fe-C adsorbents were also investigated by in situ DRFITs and
shown in Fig. 5. Some typical peaks around 1630 cm™ and
1520 cm !, 1377-1389 cm ™' and 717-735 ¢cm ' were observed
on the spectra of Fe-C adsorbents, which were assigned to
the C=C, C-H of -CHj; of toluene and C-H of the benzene
ring. For the C-750 adsorbent, only a distinct peak of the
C=C bond near 1630 cm ' was observed. It was found that
there were multiple adsorption modes between Fe-C adsor-
bents and toluene as compared with pure carbon adsorbent,
including n-n stacking, the electrostatic interaction between
C-H and the interface on the benzene ring, and the electro-
static interaction on the substituted methyl group, which was
mainly due to the diversified pore structure and interfacial
functional groups of the Fe-C adsorbents. In the case of the
optimal adsorbent Fe-C-750, the peak area at around 1627,
1518, 1389, and 735 cm™* gradually increased with the in-
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Fig. 5 Time-dependent in situ DRIFTS of toluene adsorption over
Fe-C synthesized at different pyrolysis temperatures. (a) Fe-C-500, (b)
Fe-C-600, (c) Fe-C-750, (d) Fe-C-850, (e) Fe-C-950, and (f) C-750.
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crease of adsorption time; a significant peak area increase
was observed at 1627 and 1518 cm™', suggesting that the n-n
interaction between the hexagonal ring structure of the gra-
phitic carbon on the Fe-C adsorbents and the aromatic ring
of toluene was the dominant driving force for the toluene ad-
sorption.”” In addition, the feature peak located at 735 cm™
(C-H of benzene ring) and 1382 cm ™" (C-H of -CHj of tolu-
ene) was another significant contribution of feature peak
area, indicating that the electrostatic interaction between the
C-H group of toluene and the adsorption interface was an-
other main driving force for the toluene adsorption.”® In con-
clusion, the diverse pore structure and rich functional groups
of Fe-C adsorbents are key factors for enhancing the physical
and chemical adsorption of Fe-C adsorbents, resulting in
obtaining high adsorption capacity of toluene.

3.5 Adsorption and regeneration mechanism of Fe-C
adsorbents

To further explore the reasons for the high regenerated ad-
sorption capacity of Fe-C adsorbent, the composition and
functional groups of the Fe-C adsorbents before and after
the regeneration were determined by XPS semiquantitative
analysis method. For EA recycling, the C, O, and Fe composi-
tion of Fe-C-600 was determined by deconvolution of XPS
spectra (see Fig. S10 in the ESI{). The C 1s spectrum was
deconvoluted into sub-peaks located at 284.8, 286.4, 287.9,
and 289.6 eV, which were assigned to C=C, C-OH, C-O, and
C=0, respectively. The O 1s spectrum was deconvoluted into
sub-peaks located at 530.6, 532.3, and 533.8 eV, which were
assigned to C=0, O=C-0-(C, 0), and C-O-C, respectively.
The deconvoluted peaks located at 724.6 and 711.7 eV were
assigned to Fe 2py, and Fe 2p;.,. After five regeneration cy-
cles, the total C proportion decreased from 85.29% to
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Fig. 6 Proportion of functional groups on Fe-C-600 (a;-az) and Fe-C-
750 (bs-bz) by deconvolution of XPS C 1s, O 1s and Fe 2p spectra be-
fore and after recycling.
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80.34%, and the total proportion of O and Fe composition in-
creased from 13.42% and 1.29% to 17.16% and 2.5%
(Fig. 6a;—-a; and Table S61). Among them, the increase in to-
tal O was mainly due to the increase of 0—=C-O—(C, O), which
was mainly attributed to the chemical coupling structure
formed between EA and the adsorption sites during the heat
treatment process. The increase of total Fe components indi-
cated that nano-Fe could promote the desorption of amor-
phous carbon or impurity carbon around the Fe site, thereby
reducing the formation of carbonaceous species with high
carbon components and effectively avoiding the deactivation
of adsorbents.

For toluene recycling, the proportion of functional groups
on Fe-C-750 was determined by XPS C 1s, O 1s, and Fe 2p
spectra (see Table S7 and Fig. S11 in the ESIT). Different from
EA recycling, the total C proportion increased from 81.08% to
88.11%, and the total proportion of O and Fe composition de-
creased from 17.57% and 11.14% to 1.35% and 0.75%
(Fig. 6b,-b;). It was speculated that a very small amount of tol-
uene was chemically coupled to the adsorption sites or a ther-
mochemical reaction had occurred. However, from the 100%
regenerated adsorption capacity of Fe-C-750 and the significant
reduction of oxygen-containing groups, there was no obvious
thermochemical reaction in the toluene cycle, but only a sim-
ple chemical adsorption. In other words, the presence of
nano-Fe components not only enhanced the chemisorption
of toluene to a certain extent but also promoted the drop of
oxygen-containing carbon groups at the interface of the Fe-C
adsorbent to avoid further thermochemical reactions, thus ef-
fectively inhibiting the deactivation process of the adsorbent.

Based on the above results, the enhanced adsorption and
regeneration mechanism was discussed and shown in Fig. 7.
The heel build-up was generally formed on porous carbon ad-
sorbents after repeated adsorption and regeneration limited
by its single pore structure and non-adjustable functional
groups, resulting in a gradual decline in adsorption capacity
of the regenerated adsorbent until it was deactivated. Inter-
estingly, by introducing nano-Fe components, the degree of
graphitization and porous channel structure of the adsor-
bents were greatly improved by the effect of in situ catalytic
carbon restructuring during the preparation process, which
would provide a diversified diffusion channel for promoting
the adsorption and desorption of VOC molecules. Abundant
nano-Fe sites and oxygen-containing groups could establish a

—| Saturation l—*‘_"_‘l Thermal lRe eneration
Adsorption Effect 9

Fig. 7 Schematic diagram of adsorption and regeneration on Fe-C ad-
sorbents for VOC recycling.

2316 | Environ. Sci: Nano, 2025, 12, 2309-2319

View Article Online

Environmental Science: Nano

donor-acceptor adsorption mechanism with EA and toluene
to enhance the chemisorption. In addition, many nano-iron
sites and graphitic carbon structures made the pore structure
of Fe-C adsorbents have higher heat transfer efficiency.
Therefore, the Fe-C adsorbent integrated many of the above
advantages so that it not only possessed a high adsorption
capacity but also a rapid desorption diffusion of VOCs could
be achieved with the help of diversified diffusion channels
and thermal effect sites during the thermal desorption pro-
cess. High desorption diffusion of VOCs was beneficial for
inhibiting the thermal activation reaction between VOC mole-
cules and the active sites of the adsorbent, and almost no
heel build-up was formed, resulting in high regeneration effi-
ciency of Fe-C adsorbents as compared with previous reports
(Table S87).

Conclusions

The deactivation of porous carbon adsorbents is a big limita-
tion for the resource utilization or control of industrial VOC
waste gas. Multifunctional Fe/FeO,/NPC adsorbents were syn-
thesized by an in situ reconstruction method using nano-Fe
as a catalyst. Fe-C adsorbents showed high adsorption capac-
ity for toluene and EA and regeneration efficiency without de-
activation after five adsorption-regeneration cycles. Spear-
man correlation analysis and in situ DRIFTS analysis showed
that the synergistic effect of interfacial active sites, including
nano-Fe sites and diverse pore structures, could significantly
improve the adsorption strength and capacity of VOC mole-
cules at the interface of the Fe-C adsorbent. The abundant
thermal effect sites in the pore structure could also accelerate
the desorption diffusion mass transfer of VOCs and greatly
reduce the formation of heel build-up. Although this study fo-
cuses on the high regeneration efficiency of Fe/FeO,/NPC for
the adsorption and regeneration of toluene and ethyl acetate,
whether it is equally applicable to other types of VOCs re-
quires further study and verification, particularly its ability to
resist physical and chemical deactivation under continuous
use and varying operational conditions.
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