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Abstract: Porous carbon materials are suitable as highly efficient adsorbents for the treatment of
organic pollutants in wastewater. In this study, we developed multiscale porous and heteroatom (O,
N)-doped activated carbon aerogels (CAs) based on mesoporous zeolitic imidazolate framework-8
(ZIF-8) nanocrystals and wood using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation, in
situ synthesis, and carbonization/activation. The surface carboxyl groups in a TEMPO-oxidized
wood (TW) can provide considerably large nucleation sites for ZIF-8. Consequently, ZIF-8, with
excellent porosity, was successfully loaded into the TW via in situ growth to enhance the specific
surface area and enable heteroatom doping. Thereafter, the ZIF-8-loaded TW was subjected to
a direct carbonization/activation process, and the obtained activated CA, denoted as ZIF-8/TW-
CA, exhibited a highly interconnected porous structure containing multiscale (micro, meso, and
macro) pores. Additionally, the resultant ZIF-8/TW-CA exhibited a low density, high specific
surface area, and excellent organic dye adsorption capacity of 56.0 mg cm−3, 785.8 m2 g−1, and
169.4 mg g−1, respectively. Given its sustainable, scalable, and low-cost wood platform, the proposed
high-performance CA is expected to enable the substantial expansion of strategies for environmental
protection, energy storage, and catalysis.

Keywords: multiscale porous carbon; tempo oxidation; water purification; wood microchannel

1. Introduction

With the rapid development of human society, the world has become faced with severe
environmental pollution issues caused by hazardous organic chemicals, such as dyestuffs,
oils, and organic solvents [1–3]. Particularly, industrial waste affects biodiversity, ecosys-
tems, and human health through soil and water contamination. Organic dye chemicals are
widely used in essential industries, such as dye, plastic, textile, paper, pharmaceutical, and
food [4–9], and although most toxic organic dyes are filtered from industrial waste using
water purification technology, their leakage into water bodies, even at low concentrations,
can lead to serious environmental problems and hazards to human health. Particularly,
their non-biodegradability in water, thermal stability, and use in everyday life increase
their harmful effects [10–12]. Thus, wastewater treatment is essential to protect ecosystems
and humans from harmful water pollutants. To prevent an increase in the environmen-
tal hazards caused by organic waste, various wastewater treatment approaches, such as
coagulation, filtration, precipitation, adsorption, ion exchange, and advanced oxidation
processes, have been employed for the removal of organic dyes from water systems [13–20].
Among them, the most common technique is adsorption based on the use of adsorbents
(e.g., zeolite, clay, and silica) with high specific surface areas [21–26]. Adsorption is a
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relatively simple, effective, and economical technique (based on materials and operation
cost and the minimal production of secondary pollutants). Thus, it is highly desirable to
develop a high-performance absorbent for treating organic pollutants.

Carbon aerogels (CAs), which exhibit a large surface area, low density, and high poros-
ity, have recently attracted considerable attention in environmental treatment, energy stor-
age, catalysis, and sensors fields [27–30]. Over the past decades, CAs have been fabricated
using (1) nanocarbon units (carbon nanotubes, carbon nanofibers, and graphene nanosheets)
and (2) polymerized organic gels derived from precursors [31–35]. However, despite their
intrinsic benefits, their high manufacturing cost and complex manufacturing processes,
which hinder their large-scale commercial production, have limited their further applica-
tion. Furthermore, most precursors used for the fabrication of CAs are considered to be
carcinogenic to humans. To address these limitations, several recent studies have reported
the high adsorption capability of biomass-derived CAs for organic pollutants [36–39]. For
example, Yamauchi et al. reported the large-scale synthesis of biomass polymer-derived
CAs using a simple and sustainable method as a high-performance adsorbent [40]. They
demonstrated that biomass material is a suitable building block for CAs owing to its natu-
ral abundance, sustainability, and cost-effectiveness. Additionally, they demonstrated the
enhanced surface area and mechanical properties of nanoparticle-embedded CAs, thereby
expanding the applications of CAs.

Wood, one of the most abundant natural biomasses, exhibits a hierarchical structure
with parallel hollow tubes comprising cellulose nanofibers and an amorphous matrix of
lignin and hemicellulose [41–43]. As a biomass material, wood exhibits multiscale porous
structures ranging from the macro to nano levels [44]. Macroscopic pores, such as cell lumen,
resin channels, and pit apertures, as well as mesoporous pores, such as pores in the cell wall,
can provide large specific surface areas and strong adsorption capacities. This hierarchically
porous structure along with its natural abundance makes it an ideal template for the
development of functional green nanocomposites [45]. Metal–organic frameworks (MOFs)
are crystalline compounds, containing three-dimensional (3D) networks of metal ions
and organic linkers, with tunable porosity [46,47]. Recently, MOFs have been extensively
investigated for separation, storage, catalysis, and sensing applications, owing to their
high specific surface area, large porosity (micropores/mesopores), and low density [48–57].
However, despite the innovative utilization of MOFs, most MOFs are produced in the form
of crystals and powders, which limit their use in real-world applications. Recently, several
studies have demonstrated the successful synthesis of wood/MOF composite adsorbents by
the in situ synthesis of MOFs within the aligned wood channels [36,37,58,59]. For example,
He et al. developed ZIF-67@wood aerogel via the in situ wet chemical deposition of ZIF-67
on the wood aerogel for the adsorptive purification of polluted wastewater [36]. However,
the lack of continuous nucleation sites in natural wood templates results in a low mass
loading and poor uniformity of MOFs, which significantly affect the adsorption efficiency
of these adsorbents. To the best of our knowledge, there is only one report (Zhou et al.
described a foam-like TEMPO-oxidized wood/MOF aerogels for efficient CO2 capture)
describing the use of a TEMPO-oxidized wood template for the in situ growth of MOFs [60].

Herein, we describe the development of high-performance activated CAs with a hier-
archical pore structure ranging from the micro to meso- and macroscale by harnessing the
advantages of wood and MOFs. To the best of our knowledge, this is the first report on
a wood/ZIF-8-derived CA for the efficient removal of organic pollutants. In this study, a
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized wood (TW) template with surface
carboxyl groups was utilized as an important building block for the CAs. The surface car-
boxyl groups in the TW enabled the coordination of the cellulose network with multivalent
metal ions, resulting in the efficient nucleation and in situ growth of MOFs within the wood
template. Additionally, ZIF-8 with a high specific surface area and nitrogen content was
synthesized in situ inside the TW, after which the wood was subjected to a freeze-drying
process to obtain ZIF-8/TW-A. Subsequently, the ZIF-8/TW-A was subjected to a direct
carbonization/activation process to obtain a highly interconnected multiscale porous and
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O, N-doped CA (denoted by ZIF-8/TW-CA), where wood with a hierarchical cellular
structure served as a template, and ZIF-8 provided micro and mesoporous networks. The
resultant ZIF-8/TW-CA exhibited a low density, high specific surface area, and outstanding
adsorption capacities for organic pollutants.

2. Materials and Methods
2.1. Materials

Balsa wood (Ochroma pyramidale) was purchased from Balsanara Co. (Chungju,
Chungcheong-do, Republic of Korea). In addition, 6% sodium hypochlorite (NaClO)
solution, methanol, tert-butanol, ethanol, n-hexane, chloroform, sodium hydroxide (NaOH),
and hydrochloric acid (HCl) were purchased from Duksan Pure Chemicals Co. Ltd., Ansan,
Gyeonggi-do, Republic of Korea. Zinc nitrate (Zn(NO3)2·6H2O6), TEMPO, Sudan III,
rhodamine B (RhB), phosphate-buffered saline (PBS), and sodium chlorite (NaClO2) were
purchased from Sigma-Aldrich, and 2-methyl imidazole (2-Melm) was purchased from TCI
Co., Chou-ku, Tokyo, Japan).

2.2. Preparation of the TEMPO-Oxidized Wood

First, the balsa wood was cut into the desired size and immersed in 6% NaClO solution
with vacuum impregnation for 24 h. After delignification, the delignified wood (DW) was
washed with deionized water (DIW), and the lignin contents of the DW were measured
using the Klason method. Briefly, the dry mass (0.3 g, M0) was measured and treated with
H2SO4 (72%, 3 mL) for 1 h at 30 ◦C. Thereafter, the mixtures were transferred to a beaker,
diluted to 4% by mass of H2SO4 by adding 84 mL of DIW, and then boiled in an autoclave
(121 ◦C, 1 h). After cooling, the mixtures were filtered using a glass filter membrane and
washed with 250 mL of DIW water. The insoluble materials were dried and weighed (Md),
and the lignin content was calculated as follows: (Md/M0) × 100%. For TEMPO oxidation,
the DW was immersed in TEMPO/NaClO/ NaClO2 (0.016 g/1.25 mL/1.13 g) dissolved
in PBS solution (100 mL, 0.1 M, pH 7.4) at 60 ◦C for 48 h. After the TEMPO oxidation, the
TWs were washed in an ethanol/DIW mixture (1:1, v/v) and stored in methanol.

2.3. Preparation of ZIF-8/TW-A

ZIF-8/TW-A was synthesized according to a previously reported procedure [61]. First,
the TW was immersed for 8 h with vacuum infiltration to achieve ion exchange between
Zn and Na ions in Zn(NO3)2·6H2O6 solution, which was prepared by dissolving 2.4 g of
Zn(NO3)2·6H2O in 20 g of methanol and 3 g of DIW. Subsequently, the 2-Melm solution
(13.2 g of 2-Melm in 20 g of methanol and 3 g of DIW) was poured into the aforementioned
solution. After 24 h, the ZIF-8/TW was washed with methanol, and the solvent was
exchanged with tert-butanol. Thereafter, the ZIF-8/TW was subjected to freeze-drying.

2.4. Preparation of ZIF-8/TW-CA

First, the ZIF-8/TW-A composites were carbonized at 250 ◦C for 1 h in a tube furnace
to remove water from the sample. Thereafter, the temperature was increased to 850 ◦C for
3 h in an N2 atmosphere at a heating rate of 5 ◦C/min. After carbonization, the samples
were further heated to 350 ◦C for 1 h in air at a heating rate of 5 ◦C/min. For comparison,
ZIF-8/DW-CA samples were prepared without TEMPO oxidation, using the same process
as that used for ZIF-8/TW-CA.

2.5. Characterizations

The morphology of the ZIF-8/wood-based CA was investigated using field emission
scanning electron microscopy (FE-SEM; Carl Zeiss, model AURIGA, Oberkochen, Ger-
many), and elemental analysis was performed using energy-dispersive X-ray spectroscopy
(EDS). The thickness of the samples was measured using a digital caliper (Mitutoyo Co.,
model 2109S-10, Kawasaki, Japan). The argon adsorption isotherms were analyzed using a
Micromeritics ASAP 2010 micropore system and calculated using the Brunauer–Emmett–
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Teller (BET) and density functional theory (DFT) method. Fourier transform infrared (FT-IR)
spectroscopy data were recorded from 4000 to 400 cm−1 using a Spectrum One System FT-IR
spectrometer (Perkin-Elmer, Waltham, MA, USA). The chemical composition of the surface
elements from 0 to 1200 eV was investigated using X-ray photoelectron spectroscopy (XPS;
Thermo Electron model, K-Alpha, Waltham, MA, USA), and the crystallinity of the samples
was analyzed using X-ray diffraction (XRD; Bruker, model D8 Advance, Billerica, USA) in
the scanning range of 3−60◦. Raman spectra were recorded using a spectrometer (QE-PRO,
Ocean Optics, Inc., OR, USA) equipped with a 785 nm (22 mW) laser. Thermogravimetric
analysis (TGA) was performed using a Discovery TGA (TA Instruments, New Castle, USA)
under nitrogen atmosphere at a heating rate of 10 ◦C min−1. Ultraviolet–visible (UV–VIS)
curves were obtained using a UV–VIS spectrophotometer (Shimadzu, model UV-3600 Plus,
Nishinokyo, Japan).

2.6. Adsorption Studies

The adsorption properties of ZIF-8/TW-CA were investigated via batch adsorption ex-
periments with RhB. All experiments were performed by immersing 10 mg of the adsorbent
samples in 10 mL of each concentration (10–1000 mg L−1, pH 7) of RhB under stirring using
a shaker at 80 rpm for 24 h. Thereafter, 1 M HCl and 1 M NaOH were added to the dye
solutions to adjust the pH. The concentration of the solution after adsorption was analyzed
using a UV–VIS spectrophotometer by measuring the prominent wavelength at 553 cm−1.
The adsorption spectra and standard calibration curves of the different concentrations of
the RhB solution are illustrated in Figure S4. To evaluate the recyclability of the CA, the
adsorbed adsorbent was rinsed thrice in a solution mixture containing ethanol and DIW
(1:1, v/v) to desorb RhB. After washing, the sample was immersed in 10 mg L−1 of RhB
again. The adsorption capacity (qe) for RhB and the removal efficiency (%) were calculated
as follows:

qe = (C0 − Ce)V/m, (1)

Removal e f f iciency (%) = (C0 − Ce)/C0 × 100, (2)

where qe (mg g−1) is the quantity of RhB adsorbed at equilibrium; C0 (mg L−1) is the
initial concentration of RhB; Ce (mg L−1) is the residual concentration of RhB solution
after adsorption; and V (L) and m (g) are the volume of the adsorbate and mass of the
adsorbent, respectively.

Adsorption Models

To understand the nonlinear forms of the kinetic adsorption and isotherm models, four
adsorption models were adopted (isotherm model, nonlinear Langmuir (3) and nonlinear
Freundlich (4); kinetic model, nonlinear pseudo-first-order (5) and nonlinear pseudo-
second-order (6)). The equations and parameters of the adsorption models were expressed
as follows: [62]

qe = qmaxKLCe /(1 + KLCe), (3)

qe = KFC1/n
e , (4)

qt = qe

(
1 − e−k1t

)
, (5)

qt = q2
e K2t/(1 + qeK2t). (6)

3. Results

Figure 1a shows a schematic representation of the fabrication of ZIF-8/TW-CA through
delignification, TEMPO oxidation, in situ ZIF-8 synthesis, and carbonization processes.
First, pristine woods were pretreated via delignification to enhance the porosity and chemi-
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cal accessibility of the woods (Figure 1a(i)) [63]. After the pretreatment, the yellowish color
of the wood changed into white, indicating the delignification of the wood (Figure S1a,b).
The successful delignification of the wood was evaluated using the Klason method and
FT-IR (Figure S2). The results reveal a reduction of approximately 90% in the lignin content
of the DW (2.42%) compared to that of pristine wood (21.5%) (Figure S2a). Furthermore,
the decrease in the lignin-specific IR peaks at 1590, 1501, and 1452 cm−1, which can be at-
tributed to aromatic skeletal vibration, and that at 1230 cm−1, corresponding to the guaiacyl
ring with C–O stretching, confirmed the removal of lignin from the wood (Figure S2b). Ad-
ditionally, the decrease in the intensity of the carbonyl group (C=O) at 1737 cm−1 indicated
the removal of hemicellulose from the wood channel and middle lamella [64,65]. After delig-
nification, we conducted TEMPO-mediated oxidation to selectively convert C6 primary
hydroxyl groups to carboxyl groups on the surface of cellulose microfibrils (Figures 1a(ii)
and S1c) to provide nucleation sites for the subsequent in situ ZIF-8 synthesis (Figure 1b).
Conductometric titration revealed that the carboxyl group content in the TW was 1.68
mmolg−1. After complete washing, the TWs were immersed in a zinc nitrate solution. The
cell walls of the wood efficiently adsorbed Zn2+ via the electrostatic interactions between
Zn2+ and the carboxylic groups. After methanol washing, the Zn2+-loaded TWs were
transferred into an organic ligand solution to achieve the nucleation and growth of ZIF-8
nanoparticles (Figure 1a(iii),b). Thereafter, the sample was freeze-dried to obtain ZIF-8/TW-
A (Figure S1d), after which ZIF-8/TW-A was carbonized into ZIF-8/TW-CA under a N2
atmosphere at 850 ◦C and further activated at 350 ◦C in air (Figures 1a(iv) and S1e). After
carbonization, the air activation as a physical activation can effectively improve the surface
area of the hierarchical porous structure and increase the number of oxygen-containing
functional groups on the carbon surface in the ZIF-8/TW-CA [66].

The FE-SEM images (Figure 2a–c) indicate that the pristine wood and TW exhibited
a typical natural wood structure with honeycomb-like cellular structures and vertical
channels, confirming that pretreatments, such as delignification and TEMPO oxidation,
did not result in the structural collapse of the wood. Additionally, mesopores (2–50 nm)
and macropores (>50 nm) were observed at the aligned cellulose fibers in the cell wall of
TW (Figure 2d,g), which may be attributed to the delignification and TEMPO oxidation.
The extensive loss of lignin and its conversion into carboxyl groups during delignification
and TEMPO oxidation enhanced the cell wall porosity and increased the specific surface
area. The enhanced porosity and surface area will induce good chemical accessibility for
the subsequent in situ ZIF-8 synthesis. Figure 2e,h demonstrate the good deposition of
ZIF-8 on the entire surface of the cell walls inside the TW without large aggregation. After
carbonization, ZIF-8/TW-A was converted into ZIF-8/TW-CA. Although the size of the ZIF-
8-derived nanoporous carbon particles decreased because of the decomposition of organic
ligands, the final ZIF-8/TW-CA adequately retained the original ZIF-8 shape (Figure 2f,i).
The carbonization temperature is one of the critical parameters that determines the surface
area and pore volume of the nanoporous carbon [67]. Additionally, after carbonization, the
ZIF-8-embedded wood composites were converted into interconnected, heteroatom-doped,
and porous CA by harnessing the advantages of ZIF-8 and wood [40].

Heteroatom-doped carbon is well known to exhibit excellent adsorption
capabilities [68]. Compared to that of ZIF-8/TW-A, the volume of ZIF-8/TW-CA reduced
by approximately 40%. Additionally, ZIF-8/TW-CA exhibited a low density of 56 mg cm−3.
The FT-IR results demonstrate the successful chemical transformation during the fabrica-
tion of ZIF-8/TW-CA (Figure 3a). A strong IR peak of C=O carbonyl groups was observed
in the FT-IR spectrum of TW at 1603 cm−1, confirming the TEMPO oxidation of pristine
wood. Additionally, the representative IR peaks of neat ZIF-8 nanoparticles at 1584 cm−1,
which is assigned to the C=N stretching, and within 1350–1500 cm−1, which is attributed to
the ring stretching in imidazole, were observed in the FT-IR spectrum of ZIF-8/TW-A.
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This suggests the successful in situ growth of ZIF-8 in the TW. The XRD pattern
further confirmed the embedding of ZIF-8 into the TW template (Figures 3b and S3),
in which two broad diffraction peaks were observed at approximately 14.8◦–16.8◦ and
22.5◦, indicating the presence of cellulose I crystals in the wood. In addition, two broad
diffraction peaks assigned to cellulose were observed in the XRD pattern of ZIF-8/TW-A,
along with diffraction peaks at 7.2, 12.7, 16.3, and 18.4◦, which can be attributed to the
(110), (211), (310), and (222) crystal faces of ZIF-8, respectively (Figure S3a), demonstrating
the successful growth of ZIF-8 crystals. These XRD patterns are consistent with the FT-IR
results (Figure 3a). Further, two broad peaks were observed in the XRD pattern of ZIF-
8/TW-CA at 25 and 43◦, which are characteristic peaks of the (101) and (002) planes of
carbon, respectively (Figure S3b) [40,60,66]. Next, we examined the chemical composition
and environment of ZIF-8/TW-A and ZIF-8/TW-CA using XPS (Figure 3c). Compared to
ZIF-8/TW-A (prior to carbonization), ZIF-8/TW-CA did not exhibit a Zn-related signal
peak, suggesting the efficient removal of Zn content via carbonization. In addition, the XPS
profiles revealed that ZIF-8/TW-CA comprised C, O, and N elements. Three peaks were
observed in the high-resolution C 1s spectrum (Figure 3d) at 284.4, 285.4, and 287.2 eV,
which can be attributed to the characteristic signals of C–C, C–O, and O–C=O bonds,
respectively [66]. Additionally, three peaks were observed in the XPS O 1s spectrum
(Figure 3e) at 530.8, 532.6, and 534.5 eV, which can be attributed to O–C=O, C=O, and C–O
bonds, respectively [69]. Four peaks were observed in the N 1s spectrum (Figure 3f) at 398.3,
399.5, 400.5, and 403.2 eV, which can be attributed to pyridinic-N, pyrrolic-N, oxidized-N,
and graphitic-N, respectively [40]. The introduction of heteroatoms (e.g., N, O) into the CA
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increased its adsorption ability for organic pollutants [70]. The XPS results of ZIF-8/TW-A
and ZIF-8/TW-CA are with the EDS results (Figure 2j,k).
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Figure 3. (a) Fourier transform infrared (FT-IR) spectra of delignified wood (DW), TW, ZIF-8/TW-A,
and ZIF-8 nanoparticles. (b) X-ray diffraction (XRD) pattern of TW, ZIF-8/TW-A, and ZIF-8/TW-
CA. (c) X-ray photoelectron spectroscopy (XPS) profiles of ZIF-8/TW-A and ZIF-8/TW-CA and
high-resolution (d) C 1s, (e) O 1s, and (f) N 1s XPS profiles of ZIF-8/TW-CA.
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The Raman spectra (Figure 4a) of ZIF-8/DW-CA and ZIF/TW-CA exhibited two char-
acteristic carbon peaks at 1327 (D: disordered carbon) and 1588 (G: graphitic carbon). The
ID/IG ratios of ZIF-8/DW-CA and ZIF/TW-CA were 1.37 and 1.24, respectively, indicating
that ZIF-8/TW-CA exhibited larger defects than ZIF-8/DW-CA, which can be attributed
to the high degree of N-doping [40,66]. Next, thermogravimetric analysis (TGA) was
conducted to investigate the thermal properties and compare the ZIF-8 loading amounts
of the ZIF-8/wood aerogels (Figure 4b). The decomposition of the ZIF-8/wood aerogels
was observed to begin at approximately 240 ◦C, which can be attributed to the thermal
degradation of the cellulose content. The residual content of ZIF-8/TW-A (20%) was higher
than that of ZIF-8/DW-A (12%), indicating the higher ZIF-8 loadings of ZIF-8/TW-A.
This difference between their ZIF-8 loadings can be attributed to the different amounts
of carboxyl groups from the TEMPO oxidation. To examine the specific surface area and
pore-size distribution, we conducted argon adsorption–desorption measurements for the
pristine wood, ZIF-8/DW-CA, and ZIF-8/TW-CA. The pristine wood hardly adsorbed
argon and only slightly adsorbed argon towards the end of the measurement, indicating
that the wood was only composed of macropores (Figure 4c and Table 1).
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Figure 4. (a) Raman spectra of ZIF-8/TW-CA and ZIF-8/DW-CA. (b) Thermal stability of the
ZIF-8/wood composite aerogels. Thermogravimetric analysis (TGA) curve of ZIF-8/DW-A and
ZIF-8/TW-A under nitrogen atmosphere. (c) Argon adsorption/desorption isotherms of ZIF-8/wood
carbon aerogel composites. (d) The corresponding pore-size distributions of ZIF-8/TW-CA.

Table 1. BET surface area (SBET), average pore volume (Vm), and pore-size distribution of the samples.

Samples SBET (m2 g−1) Vm (cm3 g−1) Pore Size (nm)

Balsa wood 1.5 0.02 46.0
ZIF-8/DW-CA 662.1 0.30 1.9
ZIF-8/TW-CA 785.8 0.46 2.4

Compared to those of ZIF-8/DW-CA (662.1 m2 g−1, 0.30 cm3 g−1), ZIF-8/TW-CA
exhibited a large specific surface area (785.8 m2/g) and pore volume (0.46 cm3 g−1). These
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results confirm that the high ZIF-8 loading mass owing to the TEMPO oxidation promoted
the nanoporous structure of the wood-based CA. The pore-size distribution range of ZIF-
8/DW-CA and ZIF-8/TW-CA was 0.8–2.8 nm, indicating that carbonization and activation
processes led to the presence of micro- and mesopores in both wood-based CAs because
of ZIF-8 and chemical activation process. (Figure 4d and Figure S5). Next, the adsorption
ability of ZIF-8/TW-CA was investigated using RhB, which is a model dye.

We investigated the effect of the adsorption temperature and pH on the dye solution.
The effect of temperature on RhB adsorption by the samples was investigated using a kinetic
study at three different temperatures (Figure 5a and Table 2). The results reveal that there
was no significant difference in the adsorption capacities (9.5, 10.1, and 10.0 mg g−1 at 293,
308, and 318 K) of ZIF-8/TW-CA at the three temperatures, implying that the adsorption
temperature had no significant effect on the dye adsorption in the temperature range of
293–318 K. RhB is a zwitterion dye in which the ionic state depends on pH; therefore,
RhB changes from a cation to zwitterion form when the pH exceeds 3.7 (pKa of RhB).
Consequently, this can affect the electrostatic interaction with the adsorbent. As shown in
Figure 5b, the removal efficiency of ZIF-8/TW-CA was maintained within the pH range
of 3–11, suggesting that RhB molecules can interact with other bonds through various
mechanisms, such as hydrophobic interactions (π–π bonds), hydrogen bonds, and cation–π
bonds of ZIF-8/TW-CA, except electrostatic interactions [71].
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Figure 5. (a) Adsorption kinetic of RhB on ZIF-8/TW-CA at 293, 308, and 318 K fitted using pseudo-
first-order and pseudo-second-order kinetic models. (b) Removal efficiency of RhB (10 mg/L) for
ZIF-8/TW-CA in the pH range of 3–11. (c) Absorbance spectra of pristine wood, ZIF-8/DW-CA,
and ZIF-8/TW-CA for RhB solution (10 mg L−1). (d) Adsorption isotherms of pristine wood, ZIF-
8/DW-CA, and ZIF-8/TW-CA at various RhB concentrations in water (Ce) fitted using Langmuir
and Freundlich models. (e) Adsorption kinetic of RhB (10 mg L−1) exposed to ZIF-8/DW-CA and
ZIF-8/TW-CA fitted using pseudo-first-order and pseudo-second-order kinetic models. (f) Recycling
ability of ZIF-8/TW-CA for RhB (10 mg L−1).

Figure 5c shows the UV–VIS spectra of the RhB solution (10 mg L−1) after 24 h
adsorption by ZIF-8/DW-CA and ZIF-8/DW-CA. The color of the RhB solution disappeared
when ZIF-8/TW-CA was immersed, whereas the color remained in the case of ZIF-8/DW-
CA, indicating the enhanced porosity of ZIF-8/TW-CA for dye adsorption. Compared to
that of DW, the loading of ZIF-8, with a high surface area, on TW was higher, owing to the
presence of carboxyl groups (Figure 4a). In addition, the nanoporous structure of the cell
wall (Figure 2g) caused by TEMPO treatment could facilitate the efficient capture of dye
molecules in the solution. These factors can increase the specific area and micro/mesopores
of ZIF-8/TW-CA (Figure 4b and Table 1). Figure 5d describes the effect of the initial RhB
concentration on the adsorption capacity of ZIF-8/TW-CA. In this study, we employed
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two well-known adsorption isotherm models (Langmuir and Freundlich) to evaluate the
experimental results. The parameters of the Langmuir and Freundlich isotherms are
summarized in Table S1.

Table 2. Adsorption kinetic parameters for RhB on ZIF-8/TW-CA at three different temperatures
(293, 308, and 318 K).

Samples
Pseudo-First-Order Pseudo-Second-Order

qt (mg/g) K1 R2 qt (mg/g) K1 R2

ZIF-8/DW-CA-293 K 8.6 0.13 0.94 8.7 0.01 0.95
ZIF-8/TW-CA-293 K 9.2 0.20 0.96 9.5 0.02 0.98
ZIF-8/TW-CA-308 K 9.7 0.32 0.98 10.1 0.04 0.99
ZIF-8/TW-CA-318 K 9.6 0.30 0.99 10.0 0.03 0.99

The Freundlich model was more suitable for the analysis of the adsorption isotherm,
and it exhibited a high correlation coefficient (R2 = 0.99). The maximum adsorption
capacities (qmax) of balsa wood, ZIF-8/DW-CA, and ZIF-8/TW-CA were 43.15, 119.4, and
169.4 mg g−1, respectively. Particularly, the adsorption capacity of ZIF-8/TW-CA for
RhB was approximately 1.4 times higher than that of ZIF-8/DW-CA. Importantly, the
ZIF-8/TW-CA exhibited a good adsorption capacity (169.4 mg/g) for RhB comparable to
previously reported values of other adsorbents, including biomass-based activated carbons
(35.7 to 161.8 mg/g) (Table 3) [71–82]. The kinetic adsorption of ZIF-8/DW-CA and ZIF-
8/TW-CA was observed for 24 h (Figure 5e and Table 2), and the result revealed that the
pseudo-second-order kinetic model (R2 = 0.99) for chemical adsorption was more suitable
for explaining the experimental data. A recycling test was conducted to investigate the
reusability of ZIF-8/TW-CA. The used adsorbent was washed several times with a mixed
solution of DIW and ethanol (1:1, 60 ◦C) until no dye was released, and then immersed in a
fresh RhB solution (10 mg L−1). As shown in Figure 5f, even after three adsorption rounds,
there was only a slight difference in the removal efficiency (96%) of ZIF-8/TW-CA. This
result demonstrates the good reusability of ZIF-8/TW-CA via a simple desorption method.
Porous materials with high porosity and a good affinity for hydrophobic solvents can also
be used for the removal of organic solvents from polluted water. Lastly, we tested the ability
of ZIF-8/TW-CA for the removal of organic solvents (Figure S6), and the results revealed
that it took just 3 and 15 s to remove n-hexane and chloroform from the surface of water
and underwater, respectively. These results demonstrate the good affinity of ZIF-8/TW-CA
for hydrophobic organic solvents and its usefulness for the removal of organic solvents
from polluted water. Considering the cost-effectiveness, renewability, and eco-friendliness
of the ZIF-8/wood-based CA, these functional wood-based nanocomposites can serve as a
promising adsorbent platform for various practical applications.

Table 3. Comparison of the maximum adsorption capacity of various adsorbents for RhB.

Adsorbent Adsorbent (mg) Adsorbate (mL) qe (mg/g) References

Sugar-based carbon 100 1000 123.5 [71]
RGO-Ni nanocomposite 0.5 50 65.3 [72]
Cal-ZIF-67/AC 20 100 46.2 [73]
Iron-pillared bentonite 10 20 98.6 [74]
MWCNT-COOH 50 25 42.7 [75]
Fe3O4/Humic acid 50 100 161.8 [76]
ZIF-8@ZIF-67 0.4 20 143.3 [77]
Carbon xerogel 20 50 132.0 [78]
Coffee-activated carbon 200 200 83.4 [79]
Sawdust-activated carbon 10 10 35.7 [80]
Lignocellulosic-activated carbon 2000 1000 39.98 [81]
ZnCl2-activated carbon 200 100 46.7 [82]
ZIF-8/TW-CA 10 10 169.4 This work
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4. Conclusions

In this study, we developed a highly porous, heteroatom (O, N)-doped CA based on
ZIF-8 and wood via TEMPO oxidation, in situ synthesis, and carbonization/activation
processes. The results demonstrate that the introduction of carboxyl groups through
TEMPO oxidation enabled a high ZIF-8 loading content. The proposed ZIF-8/TW-CA
exhibited a 3D hierarchical porous structure, a high specific area, and an excellent adsorp-
tion capacity toward organic pollutants. These results can be attributed to the successful
combination of the natural wood template with an ordered open-channel structure and
the microporous ZIF-8 nanocrystals. The ZIF-8/TW-CA exhibited a high specific surface
area of 785.8 m2 g−1 and a high adsorption capacity of 169.4 mg g−1 for RhB. During the
adsorption–desorption cycle experiments, ZIF-8/TW-CA retained approximately 96% of its
initial adsorption capacity after three cycles. The findings of this study will provide insight
into the development of functional wood-based nanocomposites.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13192695/s1, Table S1. Adsorption isotherm model parameters
for RhB on balsa wood, TW-CA, ZIF-8/DW-CA, and ZIF-8/TW-CA; Figure S1. Photographs of
(a) pristine wood, (b) delignified wood (DW), (c) TEMPO-oxidized wood (TW), (d) ZIF-8/TW-A,
and (e) ZIF-8/TW-CA. Scale bar = 0.5 mm; Figure S2. (a) Lignin contents of balsa wood, delignified
wood, and TEMPO wood after Klason lignin analysis. (b) Fourier transform infrared (FT-IR) spectra
of balsa wood and delignified wood; Figure S3. X-ray diffraction (XRD) pattern of the (a) synthesized
ZIF-8 and (b) ZIF-8/TW-CA; Figure S4. (a) Adsorption spectra of RhB dye at various concentrations
(0.1–10 mg/L). (b) Calibration curve for the adsorption of RhB dye; Figure S5. The corresponding
pore-size distributions of ZIF-8/DW-CA. Figure S6. Photograph of the removal of (a) n-hexane
(stained with Sudan III) and (b) chloroform (stained with Sudan III) by ZIF-8/TW-CA.
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into plastics. Dyes Pigments 2017, 136, 248–254. [CrossRef]

5. Benkhaya, S.; M’rabet, S.; El Harfi, A. A review on classifications, recent synthesis and applications of textile dyes. Inorg. Chem.
Commun. 2020, 115, 107891. [CrossRef]

https://www.mdpi.com/article/10.3390/nano13192695/s1
https://www.mdpi.com/article/10.3390/nano13192695/s1
https://doi.org/10.1016/j.biori.2019.09.001
https://doi.org/10.3389/fenvs.2016.00058
https://doi.org/10.3390/ijerph5030139
https://doi.org/10.1016/j.dyepig.2016.08.021
https://doi.org/10.1016/j.inoche.2020.107891


Nanomaterials 2023, 13, 2695 12 of 14

6. Pérez-Ibarbia, L.; Majdanski, T.; Schubert, S.; Windhab, N.; Schubert, U.S. Safety and regulatory review of dyes commonly used
as excipients in pharmaceutical and nutraceutical applications. Eur. J. Pharm. Sci. 2016, 93, 264–273. [CrossRef]

7. Wainwright, M. Dyes in the development of drugs and pharmaceuticals. Dyes Pigments 2008, 76, 582–589. [CrossRef]
8. Levitan, H. Food, drug, and cosmetic dyes: Biological effects related to lipid solubility. Proc. Natl. Acad. Sci. USA 1977, 74,

2914–2918. [CrossRef]
9. Dey, S.; Nagababu, B.H. Applications of food color and bio-preservatives in the food and its effect on the human health. Food

Chem. Adv. 2022, 1, 100019. [CrossRef]
10. Orts, F.; Del Río, A.; Molina, J.; Bonastre, J.; Cases, F. Electrochemical treatment of real textile wastewater: Trichromy Pro-cion

HEXL®. J. Electroanal. Chem. 2018, 808, 387–394. [CrossRef]
11. Emam, M. Thermal stability of some textile dyes. J. Therm. Anal. Calorim. 2001, 66, 583–591. [CrossRef]
12. Tkaczyk, A.; Mitrowska, K.; Posyniak, A. Synthetic organic dyes as contaminants of the aquatic environment and their implications

for ecosystems: A review. Sci. Total Environ. 2021, 717, 137222. [CrossRef]
13. Zhao, C.; Zhou, J.; Yan, Y.; Yang, L.; Xing, G.; Li, H.; Wu, P.; Wang, M.; Zheng, H. Application of coagulation/flocculation in oily

wastewater treatment: A review. Sci. Total Environ. 2021, 765, 142795. [CrossRef] [PubMed]
14. Ramos, S.; Homem, V.; Alves, A.; Santos, L. A review of organic UV-filters in wastewater treatment plants. Environ. Int. 2016, 86,

24–44. [CrossRef] [PubMed]
15. Sena, M.; Hicks, A. Life cycle assessment review of struvite precipitation in wastewater treatment. Resour. Conserv. Recycl. 2018,

139, 194–204. [CrossRef]
16. Rashid, R.; Shafiq, I.; Akhter, P.; Iqbal, M.J.; Hussain, M. A state-of-the-art review on wastewater treatment techniques: The

effectiveness of adsorption method. Environ. Sci. Pollut. Res. 2021, 28, 9050–9066. [CrossRef]
17. Huang, X.; Guida, S.; Jefferson, B.; Soares, A. Economic evaluation of ion-exchange processes for nutrient removal and recovery

from municipal wastewater. NPJ Clean Water 2020, 3, 7. [CrossRef]
18. Ma, D.; Yi, H.; Lai, C.; Liu, X.; Huo, X.; An, Z.; Li, L.; Fu, Y.; Li, B.; Zhang, M. Critical review of advanced oxidation processes in

organic wastewater treatment. Chemosphere 2021, 275, 130104. [CrossRef]
19. Lu, T.; Cao, W.; Liang, H.; Deng, Y.; Zhang, Y.; Zhu, M.; Ma, W.; Xiong, R.; Huang, C. Blow-Spun nanofibrous membrane for

simultaneous treatment of emulsified oil/water mixtures, dyes, and bacteria. Langmuir 2022, 38, 15729–15739. [CrossRef]
20. Banerjee, P.; Dinda, P.; Kar, M.; Uchman, M.; Mandal, T.K. Ionic liquid cross-linked high-absorbent polymer hydrogels: Kinetics

of swelling and dye adsorption. Langmuir 2023, 39, 9757–9772. [CrossRef]
21. Ugwu, E.; Othmani, A.; Nnaji, C. A review on zeolites as cost-effective adsorbents for removal of heavy metals from aqueous

environment. Int. J. Environ. Sci. Technol. 2022, 19, 8061–8084. [CrossRef]
22. Qiang, Z.; Li, R.; Yang, Z.; Guo, M.; Cheng, F.; Zhang, M. Zeolite X adsorbent with high stability synthesized from bauxite tailings

for cyclic adsorption of CO2. Energy Fuels 2019, 33, 6641–6649. [CrossRef]
23. Awasthi, A.; Jadhao, P.; Kumari, K. Clay nano-adsorbent: Structures, applications and mechanism for water treatment. SN Appl.

Sci. 2019, 1, 1–21. [CrossRef]
24. Wang, Z.K.; Li, T.T.; Peng, H.K.; Ren, H.T.; Lin, J.H.; Lou, C.W. Natural-clay-reinforced hydrogel adsorbent: Rapid ad-sorption of

heavy-metal ions and dyes from textile wastewater. Water Env. Res. 2022, 94, e10698. [CrossRef]
25. Raj, S.I.; Jaiswal, A.; Uddin, I. Tunable porous silica nanoparticles as a universal dye adsorbent. RSC Adv. 2019, 9, 11212–11219.

[CrossRef]
26. Huang, C.H.; Chang, K.P.; Ou, H.D.; Chiang, Y.C.; Wang, C.F. Adsorption of cationic dyes onto mesoporous silica Microporous.

Mesoporous Mater. 2011, 141, 102–109. [CrossRef]
27. Gan, G.; Li, X.; Fan, S.; Wang, L.; Qin, M.; Yin, Z.; Chen, G. Carbon aerogels for environmental clean-up. Eur. J. Inorg. Chem. 2019,

27, 3126–3141. [CrossRef]
28. Geng, S.; Wei, J.; Jonasson, S.; Hedlund, J.; Oksman, K. Multifunctional carbon aerogels with hierarchical anisotropic structure

derived from lignin and cellulose nanofibers for CO2 capture and energy storage. ACS Appl. Mater. Interfaces 2020, 12, 7432–7441.
[CrossRef]

29. Moreno-Castilla, C.; Maldonado-Hódar, F. Carbon aerogels for catalysis applications: An overview. Carbon 2005, 43, 455–465.
[CrossRef]

30. Zhuo, H.; Hu, Y.; Chen, Z.; Peng, X.; Liu, L.; Luo, Q.; Yi, J.; Liu, C.; Zhong, L. A carbon aerogel with super mechanical and sensing
performances for wearable piezoresistive sensors. J. Mater. Chem. A 2019, 7, 8092–8100. [CrossRef]

31. Luo, Q.; Zheng, H.; Hu, Y.; Zhuo, H.; Chen, Z.; Peng, X.; Zhong, L. Carbon nanotube/chitosan-based elastic carbon aerogel for
pressure sensing. Indus. Eng. Chem. Res. 2019, 58, 17768–17775. [CrossRef]

32. Ma, Y.; Liu, Q.; Li, W.; Zheng, Y.; Shi, Q.; Zhou, Z.; Shao, G.; Yang, W.; Chen, D.; Fang, X. Ultralight and robust carbon nano-fiber
aerogels for advanced energy storage. J. Mater. Chem. A 2021, 9, 900–907. [CrossRef]

33. Fan, W.; Shi, Y.; Gao, W.; Sun, Z.; Liu, T. Graphene–carbon nanotube aerogel with a scroll-interconnected-sheet structure as an
advanced framework for a high-performance asymmetric supercapacitor electrode. ACS Appl. Nano Mater. 2018, 1, 4435–4441.
[CrossRef]

34. Lee, Y.J.; Jung, J.C.; Yi, J.; Baeck, S.-H.; Yoon, J.R.; Song, I.K. Preparation of carbon aerogel in ambient conditions for electrical
double-layer capacitor. Curr. Appl. Phys. 2010, 10, 682–686. [CrossRef]

https://doi.org/10.1016/j.ejps.2016.08.026
https://doi.org/10.1016/j.dyepig.2007.01.015
https://doi.org/10.1073/pnas.74.7.2914
https://doi.org/10.1016/j.focha.2022.100019
https://doi.org/10.1016/j.jelechem.2017.06.051
https://doi.org/10.1023/A:1013185422100
https://doi.org/10.1016/j.scitotenv.2020.137222
https://doi.org/10.1016/j.scitotenv.2020.142795
https://www.ncbi.nlm.nih.gov/pubmed/33572034
https://doi.org/10.1016/j.envint.2015.10.004
https://www.ncbi.nlm.nih.gov/pubmed/26479831
https://doi.org/10.1016/j.resconrec.2018.08.009
https://doi.org/10.1007/s11356-021-12395-x
https://doi.org/10.1038/s41545-020-0054-x
https://doi.org/10.1016/j.chemosphere.2021.130104
https://doi.org/10.1021/acs.langmuir.2c02620
https://doi.org/10.1021/acs.langmuir.3c00808
https://doi.org/10.1007/s13762-021-03560-3
https://doi.org/10.1021/acs.energyfuels.9b01268
https://doi.org/10.1007/s42452-019-0858-9
https://doi.org/10.1002/wer.10698
https://doi.org/10.1039/C8RA10428J
https://doi.org/10.1016/j.micromeso.2010.11.002
https://doi.org/10.1002/ejic.201801512
https://doi.org/10.1021/acsami.9b19955
https://doi.org/10.1016/j.carbon.2004.10.022
https://doi.org/10.1039/C9TA00596J
https://doi.org/10.1021/acs.iecr.9b02847
https://doi.org/10.1039/D0TA09466H
https://doi.org/10.1021/acsanm.8b00605
https://doi.org/10.1016/j.cap.2009.08.017


Nanomaterials 2023, 13, 2695 13 of 14

35. Pekala, R.; Farmer, J.; Alviso, C.; Tran, T.; Mayer, S.; Miller, J.; Dunn, B. Carbon aerogels for electrochemical applications. J.
Non-Cryst. Solids 1998, 225, 74–80. [CrossRef]

36. Chen, G.; He, S.; Shi, G.; Ma, Y.; Ruan, C.; Jin, X.; Chen, Q.; Liu, X.; Dai, H.; Chen, X. In-situ immobilization of ZIF-67 on wood
aerogel for effective removal of tetracycline from water. Chem. Eng. J. 2021, 423, 130184. [CrossRef]

37. Zhang, X.-F.; Wang, Z.; Song, L.; Yao, J. In situ growth of ZIF-8 within wood channels for water pollutants removal. Sep. Purif.
Technol. 2021, 266, 118527. [CrossRef]

38. Kaushik, J.; Kumar, V.; Garg, A.K.; Dubey, P.; Tripathi, K.M.; Sonkar, S.K. Bio-mass derived functionalized graphene aerogel: A
sustainable approach for the removal of multiple organic dyes and their mixtures. New J. Chem. 2021, 45, 9073–9083. [CrossRef]

39. Wang, M.-L.; Zhang, S.; Zhou, Z.-H.; Zhu, J.-L.; Gao, J.-F.; Dai, K.; Huang, H.-D.; Li, Z.-M. Facile heteroatom doping of bio-mass-
derived carbon aerogels with hierarchically porous architecture and hybrid conductive network: Towards high electro-magnetic
interference shielding effectiveness and high absorption coefficient. Compos. B Eng. 2021, 224, 109175. [CrossRef]

40. Wang, C.; Kim, J.; Tang, J.; Na, J.; Kang, Y.M.; Kim, M.; Lim, H.; Bando, Y.; Li, J.; Yamauchi, Y. Large-scale synthesis of MOF-derived
superporous carbon aerogels with extraordinary adsorption capacity for organic solvents. Angew. Chem. 2020, 132, 2082–2086.
[CrossRef]

41. Grossman, P.; Wold, M. Compression fracture of wood parallel to the grain. Wood Sci. Technol. 1971, 5, 147–156. [CrossRef]
42. Kelley, S.S.; Rials, T.G.; Glasser, W.G. Relaxation behaviour of the amorphous components of wood. J. Mater. Sci. 1987, 22, 617–624.

[CrossRef]
43. Zhu, W.; Zhang, Y.; Wang, X.; Wu, Y.; Han, M.; You, J.; Jia, C.; Kim, J. Aerogel nanoarchitectonics based on cellulose nanocrystals

and nanofibers from eucalyptus pulp: Preparation and comparative study. Cellulose 2022, 29, 817–833. [CrossRef]
44. Gibson, L.J. The hierarchical structure and mechanics of plant materials. J. R. Soc. Interface 2012, 9, 2749–2766. [CrossRef]
45. Xia, L.; Li, X.; Wu, Y.; Rong, M. Wood-derived carbons with hierarchical porous structures and monolithic shapes prepared by

biological-template and self-assembly strategies. ACS Sustain. Chem. Eng. 2015, 3, 1724–1731. [CrossRef]
46. Zhang, W.; Taheri-Ledari, R.; Saeidirad, M.; Qazi, F.S.; Kashtiaray, A.; Ganjali, F.; Tian, Y.; Maleki, A. Regulation of Porosity in

MOFs: A Review on Tunable Scaffolds and Related Effects and Advances in Different Applications. J. Environ. Chem. Eng. 2022,
10, 108836. [CrossRef]

47. Baumann, A.E.; Burns, D.A.; Liu, B.; Thoi, V.S. Metal-organic framework functionalization and design strategies for advanced
electrochemical energy storage devices. Commun. Chem. 2019, 2, 86. [CrossRef]

48. Qian, Q.; Asinger, P.A.; Lee, M.J.; Han, G.; Mizrahi Rodriguez, K.; Lin, S.; Benedetti, F.M.; Wu, A.X.; Chi, W.S.; Smith, Z.P.
MOF-based membranes for gas separations. Chem. Rev. 2020, 120, 8161–8266. [CrossRef]

49. Han, M.; Zhu, W.; Hossain, M.S.A.; You, J.; Kim, J. Recent progress of functional metal–organic framework materials for water
treatment using sulfate radicals. Environ. Res. 2022, 211, 112956. [CrossRef]

50. Shet, S.P.; Priya, S.S.; Sudhakar, K.; Tahir, M. A review on current trends in potential use of metal-organic framework for hydrogen
storage. Int. J. Hydro. Energy 2021, 46, 11782–11803. [CrossRef]

51. Zhu, W.; Han, M.; Kim, D.; Zhang, Y.; Kwon, G.; You, J.; Jia, C.; Kim, J. Facile preparation of nanocellulose/Zn-MOF-based
catalytic filter for water purification by oxidation process. Environ. Res. 2022, 205, 112417. [CrossRef] [PubMed]

52. Wang, C.; Kim, J.; Tang, J.; Kim, M.; Lim, H.; Malgras, V.; You, J.; Xu, Q.; Li, J.; Yamauchi, Y. New strategies for novel MOF-derived
carbon materials based on nanoarchitectures. Chem 2020, 6, 19–40. [CrossRef]

53. Kim, J.; Kim, J.; Kim, J.H.; Park, H.S. Hierarchically open-porous nitrogen-incorporated carbon polyhedrons derived from
metal-organic frameworks for improved CDI performance. Chem. Eng. J. 2020, 382, 122996. [CrossRef]

54. Kim, M.; Xu, X.; Xin, R.; Earnshaw, J.; Ashok, A.; Kim, J.; Park, T.; Nanjundan, A.K.; El-Said, W.A.; Yi, J.W. KOH-activated hollow
ZIF-8 derived porous carbon: Nanoarchitectured control for upgraded capacitive deionization and supercapacitor. ACS Appl.
Mater. Interfaces 2021, 13, 52034–52043. [CrossRef] [PubMed]

55. Kim, M.; Xin, R.; Earnshaw, J.; Tang, J.; Hill, J.P.; Ashok, A.; Nanjundan, A.K.; Kim, J.; Young, C.; Sugahara, Y. MOF-derived
nanoporous carbons with diverse tunable nanoarchitectures. Nat. Protoc. 2022, 17, 2990–3027. [CrossRef]

56. Kajal, N.; Singh, V.; Gupta, R.; Gautam, S. Metal organic frameworks for electrochemical sensor applications: A review. Environ.
Res. 2022, 204, 112320. [CrossRef]

57. Lu, T.; Liang, H.; Cao, W.; Deng, Y.; Qu, Q.; Ma, W.; Xiong, R.; Huang, C. Blow-spun nanofibrous composite Self-cleaning
membrane for enhanced purification of oily wastewater. J. Colloid Interface Sci. 2022, 608, 2860–2869. [CrossRef]

58. Ma, X.; Zhao, S.; Tian, Z.; Duan, G.; Pan, H.; Yue, Y.; Li, S.; Jian, S.; Yang, W.; Liu, K. MOFs meet wood: Reusable magnetic
hydrophilic composites toward efficient water treatment with super-high dye adsorption capacity at high dye concentration.
Chem. Eng. J. 2022, 446, 136851. [CrossRef]

59. Zhu, X.; Fan, Z.; Zhang, X.F.; Yao, J. Metal-organic frameworks decorated wood aerogels for efficient particulate matter removal.
J. Colloid Interface Sci. 2023, 629, 182–188. [CrossRef]

60. Wang, S.; Wang, C.; Zhou, Q. Strong foam-like composites from highly mesoporous wood and metal-organic frameworks for
efficient CO2 capture. ACS Appl. Mater. Interfaces 2021, 13, 29949–29959. [CrossRef]

61. Tu, K.; Puértolas, B.; Adobes-Vidal, M.; Wang, Y.; Sun, J.; Traber, J.; Burgert, I.; Pérez-Ramírez, J.; Keplinger, T. Green synthesis
of hierarchical metal–organic framework/wood functional composites with superior mechanical properties. Adv. Sci. 2022,
7, 1902897. [CrossRef] [PubMed]

https://doi.org/10.1016/S0022-3093(98)00011-8
https://doi.org/10.1016/j.cej.2021.130184
https://doi.org/10.1016/j.seppur.2021.118527
https://doi.org/10.1039/D1NJ00470K
https://doi.org/10.1016/j.compositesb.2021.109175
https://doi.org/10.1002/ange.201913719
https://doi.org/10.1007/BF01134225
https://doi.org/10.1007/BF01160778
https://doi.org/10.1007/s10570-021-04370-z
https://doi.org/10.1098/rsif.2012.0341
https://doi.org/10.1021/acssuschemeng.5b00243
https://doi.org/10.1016/j.jece.2022.108836
https://doi.org/10.1038/s42004-019-0184-6
https://doi.org/10.1021/acs.chemrev.0c00119
https://doi.org/10.1016/j.envres.2022.112956
https://doi.org/10.1016/j.ijhydene.2021.01.020
https://doi.org/10.1016/j.envres.2021.112417
https://www.ncbi.nlm.nih.gov/pubmed/34856164
https://doi.org/10.1016/j.chempr.2019.09.005
https://doi.org/10.1016/j.cej.2019.122996
https://doi.org/10.1021/acsami.1c09107
https://www.ncbi.nlm.nih.gov/pubmed/34459576
https://doi.org/10.1038/s41596-022-00718-2
https://doi.org/10.1016/j.envres.2021.112320
https://doi.org/10.1016/j.jcis.2021.11.017
https://doi.org/10.1016/j.cej.2022.136851
https://doi.org/10.1016/j.jcis.2022.08.144
https://doi.org/10.1021/acsami.1c06637
https://doi.org/10.1002/advs.201902897
https://www.ncbi.nlm.nih.gov/pubmed/32274302


Nanomaterials 2023, 13, 2695 14 of 14

62. Santoso, E.; Ediati, R.; Istiqomah, Z.; Sulistiono, D.O.; Nugraha, R.E.; Kusumawati, Y.; Bahruji, H.; Prasetyoko, D. Facile syn-thesis
of ZIF-8 nanoparticles using polar acetic acid solvent for enhanced adsorption of methylene blue. Microporous Mesoporous Mater.
2021, 310, 110620. [CrossRef]

63. Fu, Q.; Ansari, F.; Zhou, Q.; Berglund, L.A. Wood nanotechnology for strong, mesoporous, and hydrophobic biocomposites for
selective separation of oil/water mixtures. ACS Nano 2018, 12, 2222–2230. [CrossRef] [PubMed]

64. Frey, M.; Widner, D.; Segmehl, J.S.; Casdorff, K.; Keplinger, T.; Burgert, I. Delignified and densified cellulose bulk materials with
excellent tensile properties for sustainable engineering. ACS Appl. Mater. Interfaces 2018, 10, 5030–5037. [CrossRef]

65. Khakalo, A.; Tanaka, A.; Korpela, A.; Orelma, H. Delignification and ionic liquid treatment of wood toward multifunctional
high-performance structural materials. ACS Appl. Mater. Interfaces 2020, 12, 23532–23542. [CrossRef] [PubMed]

66. Zhang, W.; Li, M.; Zhong, L.; Huang, J.; Liu, M. A family of MOFs@ Wood-Derived hierarchical porous composites as free-
standing thick electrodes of solid supercapacitors with enhanced areal capacitances and energy densities. Mater. Today Energy
2022, 24, 100951. [CrossRef]

67. Abbasi, Z.; Shamsaei, E.; Leong, S.K.; Ladewig, B.; Zhang, X.; Wang, H. Effect of carbonization temperature on adsorption
property of ZIF-8 derived nanoporous carbon for water treatment. Microporous Mesoporous Mater. 2016, 236, 28–37. [CrossRef]

68. Wang, Y.; Zhu, M.; Li, Y.; Zhang, M.; Xue, X.; Shi, Y.; Dai, B.; Guo, X.; Yu, F. Heteroatom-doped porous carbon from methyl orange
dye wastewater for oxygen reduction. Green Energy Environ. 2018, 3, 172–178. [CrossRef]

69. Zhang, L.; Tu, L.-Y.; Liang, Y.; Chen, Q.; Li, Z.-S.; Li, C.-H.; Wang, Z.-H.; Li, W. Coconut-based activated carbon fibers for efficient
adsorption of various organic dyes. RSC Adv. 2018, 8, 42280–42291. [CrossRef]

70. Treeweranuwat, P.; Boonyoung, P.; Chareonpanich, M.; Nueangnoraj, K. Role of nitrogen on the porosity, surface, and electro-
chemical characteristics of activated carbon. ACS Omega 2020, 5, 1911–1918. [CrossRef]

71. Xiao, W.; Garba, Z.N.; Sun, S.; Lawan, I.; Wang, L.; Lin, M.; Yuan, Z. Preparation and evaluation of an effective activated carbon
from white sugar for the adsorption of rhodamine B dye. J. Clean. Prod. 2020, 253, 119989. [CrossRef]

72. Üner, O.; Geçgel, Ü.; Kolancilar, H.; Bayrak, Y. Adsorptive removal of rhodamine B with activated carbon obtained from okra
wastes. Chem. Eng. Commun. 2017, 204, 772–783. [CrossRef]

73. Li, Y.; Yan, X.; Hu, X.; Feng, R.; Zhou, M. Trace pyrolyzed ZIF-67 loaded activated carbon pellets for enhanced adsorption and
catalytic degradation of Rhodamine B in water. Chem. Eng. J. 2019, 375, 122003. [CrossRef]

74. Hou, M.-F.; Ma, C.-X.; Zhang, W.-D.; Tang, X.-Y.; Fan, Y.-N.; Wan, H.-F. Removal of rhodamine B using iron-pillared bentonite. J.
Hazard. Mater. 2011, 186, 1118–1123. [CrossRef]

75. Oyetade, O.A.; Nyamori, V.O.; Martincigh, B.S.; Jonnalagadda, S.B. Effectiveness of carbon nanotube–cobalt ferrite nanocompos-
ites for the adsorption of rhodamine B from aqueous solutions. RSC Adv. 2015, 5, 22724–22739. [CrossRef]

76. Peng, L.; Qin, P.; Lei, M.; Zeng, Q.; Song, H.; Yang, J.; Shao, J.; Liao, B.; Gu, J. Modifying Fe3O4 nanoparticles with humic acid for
removal of Rhodamine B in water. J. Hazard. Mater. 2012, 209, 193–198. [CrossRef]

77. Nazir, M.A.; Najam, T.; Shahzad, K.; Wattoo, M.A.; Hussain, T.; Tufail, M.K.; Shah, S.S.A.; Rehman, A.-U. Heterointerface
engineering of water stable ZIF-8@ZIF-67: Adsorption of rhodamine B from water. Surf. Interfaces 2022, 34, 102324. [CrossRef]

78. Koniarz, M.P.; Goscianska, J.R.; Pietrzak, R. Removal of rhodamine B from water by modified carbon xerogels. Colloid Surf. A
Physicochem. Eng. Asp. 2018, 543, 109–117. [CrossRef]

79. Chen, H.M.; Lau, W.M.; Zhou, D. Waste-Coffee-Derived activated carbon as efficient adsorbent for water treatment. Materials
2022, 15, 8684. [CrossRef] [PubMed]

80. Nguyen, D.T.; Nguyen, T.T.; Nguyen, H.P.T.; Khuat, H.B.; Nguyen, T.H.; Tran, V.K.; Chang, S.W.; Nguyen-Tri, P.; Nguyen, D.D.;
La, D.D. Activated carbon with ultrahigh surface area derived from sawdust biowaste for the removal of rhodamine B in water.
Environ. Technol. Innov. 2021, 24, 101811. [CrossRef]

81. Da Silva Lacerda, V.; López-Sotelo, J.B.; Correa-Guimarães, A.; Hernández-Navarro, S.; Sánchez-Báscones, M.; Navas-Gracia,
L.M.; Martín-Ramos, P.; Martín-Gil, J. Rhodamine B removal with activated carbons obtained from lignocellulosic waste. J.
Environ. Manag. 2015, 155, 67–76. [CrossRef] [PubMed]

82. Bhadusha, N.; Ananthabaskaran, T. Kinetic, thermodynamic and equilibrium studies on uptake of rhodamine B onto ZnCl2
activated low cost carbon. J. Chem. 2012, 9, 137–144.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.micromeso.2020.110620
https://doi.org/10.1021/acsnano.8b00005
https://www.ncbi.nlm.nih.gov/pubmed/29412639
https://doi.org/10.1021/acsami.7b18646
https://doi.org/10.1021/acsami.0c02221
https://www.ncbi.nlm.nih.gov/pubmed/32337962
https://doi.org/10.1016/j.mtener.2022.100951
https://doi.org/10.1016/j.micromeso.2016.08.022
https://doi.org/10.1016/j.gee.2017.06.005
https://doi.org/10.1039/C8RA08990F
https://doi.org/10.1021/acsomega.9b03586
https://doi.org/10.1016/j.jclepro.2020.119989
https://doi.org/10.1080/00986445.2017.1319361
https://doi.org/10.1016/j.cej.2019.122003
https://doi.org/10.1016/j.jhazmat.2010.11.110
https://doi.org/10.1039/C4RA15446K
https://doi.org/10.1016/j.jhazmat.2012.01.011
https://doi.org/10.1016/j.surfin.2022.102324
https://doi.org/10.1016/j.colsurfa.2018.01.057
https://doi.org/10.3390/ma15238684
https://www.ncbi.nlm.nih.gov/pubmed/36500179
https://doi.org/10.1016/j.eti.2021.101811
https://doi.org/10.1016/j.jenvman.2015.03.007
https://www.ncbi.nlm.nih.gov/pubmed/25770964

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the TEMPO-Oxidized Wood 
	Preparation of ZIF-8/TW-A 
	Preparation of ZIF-8/TW-CA 
	Characterizations 
	Adsorption Studies 

	Results 
	Conclusions 
	References

