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ABSTRACT

Fresh and clean water is highly demanded throughout the world. To effectively address the need, nanomaterials enabled
nanotechnology has been explored as a means of more efficient, reliable, and environmentally friendly approach towards water
treatment practices. One concern in adopting nanomaterials is how to retrieve them from water body to avoid secondary
contamination. In this work, the earth abundant and sustainable wood, e.g., basswood, was selected and carbonized into porous
carbon as host skeleton, and metal-organic frameworks (MOFs), e.g., MOF-199 with extremely high surface area, were grown
throughout all channels in the porous basswood carbon. Targeting the traditional organic pollutant, methyl orange (MO), the
combination of MOFs and basswood carbon (MOFs@carbon) demonstrates a remarkable adsorption capacity, which is 243%
and 454% higher than basswood carbon and MOF-199, respectively. Such an outstanding adsorption performance originates
from that the positively charged carbon pulls MO molecules close to carbon surface, leading to a high MO molecule
concentration, and then the concentration gradient drives the MO molecules to be stored inside MOFs, functioning like pockets.

These findings highlight the potential application of coupled MOFs and biomass carbon in addressing water remediation.
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1 Introduction

The 2019 World Water Development Report highlighted that
approximately two-thirds of the global population experiences
severe water shortage for at least one month every year [1, 2]. One
of the major detriments is water pollution, which arises from a
combination of natural processes and human activities [3]. To
address the limited availability of fresh and clean water sources, it
is crucial to prioritize treatment of polluted water for reuse.
Currently, various physical and chemical strategies have been
developed. Conventional water treatment typically involves multi-
step processes, including removal of coarse solids, sedimentation,
flotation, and biological treatment. Advanced water treatment
system combines various processes together, such as
physicochemical [2], biological [4], chemical [4], and physical
methods [5], along with filtration devices as tertiary treatment [5].
However, these advanced systems often require toxic chemicals,
lead to potential secondary pollution, need larger installation
space, and run at high cost [6]. In recent years, nanomaterials
enabled nanotechnology has been explored as a means of more

efficient, reliable, and environmentally friendly approach to
overcome the limitations of existing technologies and contribute
to sustainable water treatment practices [7-10].

Among various nanostructures, metal-organic frameworks
(MOFs) have garnered considerable attention as a potential
solution for water treatment. MOFs are a class of
inorganic-organic hybrid materials where organic ligands are
interconnected by metal ions or polynuclear metal clusters
through coordination bonds [11]. Varying the metal and ligand
components in MOF structures leads to modulation of pore size,
morphology, as well as physical and chemical properties. MOFs
exhibit a high specific surface area and a significant fraction of
voids relative to their total volume, resulting in high porosity. As a
result, MOFs can host a substantial number of active sites [8],
enabling efficient storage [12, 13], separation, or adsorption [11] of
gases, liquids, or nanoparticles. The applicability of MOFs in the
field of water treatment is of paramount importance as it presents
a new opportunity to address the global freshwater crisis. Notably,
a zirconium-based MOF called UiO-66 demonstrated successful
water desalination through a membrane with exceptional rejection
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capabilities against multivalent ions. The membrane exhibited
remarkable chemical stability, remaining non-degradable up to
170 h of usage [14]. Furthermore, a capacitive deionization
electrode composed of zeolitic imidazolate framework-67 (ZIF-67)
and polypyrrole displayed excellent electrical conductivity and a
high desalination capacity of 11.34 mgg'. The superior
desalination performance was achieved due to the high porosity
and electrical conductivity [15].

MOFs have been employed to remove organic pollutants from
water [16—-18]. In the context of adsorption, chromium-based
MOFs, namely MIL-101, MIL-53, and protonated
ethylenediamine-grafted MIL-101 (PED-MIL-101), have been
investigated to eliminate methyl orange (MO) in water. It was
observed that MIL-101 with larger pores exhibited superior
adsorption compared with MIL-53 with smaller pores.
Additionally, the electrostatic interaction between absorbent and
MO exerted more influence than pore size, which was evidenced
by the outstanding performance of PED-MIL-101. The cationic
-NH; in PED-MIL-101 attracted the anionic -SO; group in MO,
which enhanced the MO adsorption [17]. Additionally, MOF-199,
also referred to as HKUST-1, was combined with activated carbon
[19], silica matrices [20], and polyaniline [21] to enhance
adsorption capability. Incorporating a small amount of activated
carbon into MOF-199 can significantly increase the adsorption
capacity of sulfur [19]. Among all water treatments using powder-
like MOFs, one major challenge is to retrieve MOFs from the
treated water body in case of secondary pollution.

In this study, an approach by coupling MOF-199 with
basswood-converted porous carbon has been meticulously
investigated. The MOF-199, known for its exceptional surface area
and porous structure, provides numerous active sites and ample
space for capturing organic compounds, while the basswood-
converted porous carbon acts as a host for MOFs, facilitating the
retrieval of nanomaterials from the water body. With a specific
target on MO, the combination of MOFs and basswood carbon
(MOFs@carbon) demonstrates a remarkable adsorption capacity,
243% and 454% higher than pristine basswood carbon and
MOF-199, respectively. As the MO solution is within the pH
values of 3.1-4.4, the basswood carbon behaves positively charged,
which facilitates the attraction of MO molecules to the surface of
carbon. Subsequently, the MOFs grow on the carbon function as
pockets, effectively adsorbing MO molecules around the carbon.
These findings highlight the application of coupled MOFs and
biomass carbon in addressing water pollution.

2 Experimental

2.1 Materials

Copper nitrate trihydrate (Cu(NO;),3H,0, 99% for analysis,
Fisher Chemical), 1,3,5-benzenetricarboxylic acid (H;BTC,
> 98.0%(T), Tokyo Chemical Industry), N,N-dimethylformamide
(DMF, certified ACS, Fisher Chemical), ethanol (Fisher
Chemical), sulfuric acid (Fisher Chemical), hydrogen peroxide
(34%-37%, Fisher Chemical), nickel nitrate hexahydrate (98%,
Thermo Scientific Chemicals), methyl orange (MO, Sigma-
Aldrich), basswood, and argon gas (ultrahigh purity, Spec Air
Specialty Gases) were purchased from different vendors and used
without any further purification.

2.2 Basswood to carbon

The basswood was sliced into approximately 25 mm x 25 mm x
3 mm which was placed into a tube furnace (VTF-SH1200-
D50L800) for carbonization. Under argon gas protection, the
pieces were heated to 250 °C for 6 h and then carbonized at
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1000 °C for another 6 h. After cooling to room temperature, the
porous carbon was taken out, sanded with 800 grit sandpaper, and
then finely polished with 3000 grit sandpaper down to 1 mm in
thickness. The porous carbon sheets were initially cleaned in
deionized (DI) water, and then in ethanol via a sonication bath
until ethanol was free of carbon particles.

2.3 Piranha treatment

The piranha solution was prepared by mixing sulfuric acid and
hydrogen peroxide in a ratio of 3:1. The hydrogen peroxide was
added to the sulfuric acid slowly and mixed via sonication. The
carbon sheets were etched in the solution for 24 h, and then
thoroughly washed with DI water until the pH value of the water
was approximately 7.

24 Nickel impregnation

The porous carbon sheets were soaked in a 0.25 M nickel nitrate
solution for 48 h. The carbon sheets were first heated to 800 °C
under argon gas to get nickel oxide particles, and then reduced at
800 °C under a mixed gas of hydrogen and argon in a ratio of 1:4
with a flow rate of 200 sccm for 1 h to obtain nickel nanoparticles
on the porous carbon. After thermal treatment, the furnace was
shut down and the specimen was cooled down to room
temperature with continuous flow of the mixed gas.

2.5 MOF-199 synthesis

MOF-199 was synthesized using a similar method as reported
[22]. Firstly, 22.5 mL dimethylformamide, 22.5 mL ethanol, and
1.5 g benzene tricarboxylic acid were mixed to form one solution.
Secondly, another solution was made with 22.5 mL of DI water
and 3.114 g copper nitrate trihydrate. And then, the solutions were
mixed and stirred for 10 min. Finally, 50 mL solution was sealed
into a 100 mL Teflon-lined autoclave, which was placed in an
oven at 100 °C for 10 h. After the hydrothermal reaction, the
powder was washed with DI water and ethanol twice.

2.6 MOF-199 growing in porous carbon (MOFs@carbon)

To grow MOF-199 inside the porous carbon sheets, the carbon
sheets with Ni impregnation were immerged into the solution
mentioned above, followed by degassing with an air pump. After
soaking and degassing, the carbon sheets together with the
solution were sealed into the Teflon-lined autoclave for MOF-199
growth in an oven at 100 °C for 10 h. The basswood carbon with
MOFs was labeled as MOFs@carbon.

2.7 Characterization

For all MOF-199, porous carbon sheets, and MOFs@carbon
specimens, morphology and composition were characterized by
scanning electron microscopy (SEM, Zeiss NVision 40 FIB/SEM).
The content and configuration of carbon and oxygen were
analyzed by X-ray photoelectron spectroscopy (XPS) (PHI
Quanter XPS with Al Ka X-ray). All specimens were analyzed
under ABB-Bomem FTLA 2000 Fourier transform infrared
(FTIR) spectrometer before and after adsorption of MO to
investigate the bonding between the specimens and MO. A DVS
Advanced Analysis Suite was used to measure the
Brunauer-Emmett—Teller (BET) surface area.

2.8 Evaluation of MO adsorption

Adsorption testing was performed with 6 mg:L" MO solution.
The MOEF-199, carbon, or MOFs@carbon were placed in a small
glass vial with 2 mL of solution and allowed to sit until the
solution color remained constant. The adsorption of MO by
MOF-199, porous carbon sheets, and MOFs@carbon was
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measured using a GENESYS 150 ultraviolet-visible (UV-vis)
spectrophotometer over the range of 300-600 nm. The data were
collected from the 464 nm wavelength as it was close to the
maximum absorption wavelength of 465 nm for MO.

3 Results and discussion

Figure 1 schematically demonstrates approaches to remove
organic pollutants from water. Generally, chemical powders
composed of activated carbon or other absorbent materials, e.g.,
MOFs, are directly dispensed into water body and interact with
pollutants, e.g., MO, as shown in Fig. 1(a). As they cannot be
retrieved or separated from the treated water, a risk of secondary
contamination remains due to the presence of these residual
chemical powders. If the chemical powders are held in a porous
framework (Fig. 1(b)), the materials would be easily reclaimed
from water after adsorption, avoiding secondary contamination.

For the porous framework, the abundant forest resources
provide  cost-competitive  sustainable = materials.  After
carbonization, wood can be converted into porous carbon. The
morphology of wood carbon depends on the cell type, size, shape,
and wall-to-lumen ratio among tree species. Among all woods,
basswood has a medium weight (~ 416 kgm™), allowing the
converted carbon to have a great specific mechanical strength.
Meanwhile, basswood may have a trunk diameter up to 1.2 m [23,
24], suggesting that the porous carbon can be scaled up for
advanced applications. When basswood is sliced along the
longitudinal direction of growth, a uniform porous structure
without crossing annual growth rings will be obtained.

Figure 2 demonstrates the morphologies of basswood sheet
before and after carbonization, as well as the growth of MOFs in
all channels. Generally, wood is carbonized under a temperature
range of 500-1000 °C. Lower temperature may facilitate to reserve
certain functional groups. To avoid the contribution from
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functional groups to MO adsorption, basswood was carbonized at
1000 °C. Figures 2(a)-2(c) show optical images of radially cut
basswood sheet, carbonized basswood, and carbonized basswood
with MOFs grown on the surface. After cutting, pores in
basswood may collapse, which would block the MOF precursor to
flow into channels. To avoid this, both top and bottom surfaces of
porous carbon sheets were carefully polished (Fig. 2(b)) to expose
all pores shown in Fig. 2(d). Such neat morphology will allow full
interaction between all carbon surface and MOF precursor
solution to facilitate the growth of MOFs. The blue color in Fig.
2(c) indicates that MOFs fully cover the basswood carbon surfaces.
To check the internal morphology of basswood carbon and
distribution of MOFs in channels. Figures 2(d)-2(f) show SEM
images of basswood carbon in radial and longitudinal directions.
Basswood has both small and large pores distributed across the
radial direction (Fig. 2(d)). Small pores have a size ranging from 5
to 20 pm, whereas large pores are between 40 and 65 um in width.
The longitudinal channel is smooth with patterned ridges along
the radial direction evidenced in Fig 2(e). The higher
magnification SEM image in Fig. 2(f) highlights the presence of
pores along the longitudinal direction. These pores will allow the
flow of MOF precursor among channels. Figures 2(g) and 2(h)
confirm that the grown MOFs are uniformly distributed
throughout the channels and have a high density. During the
growth of MOFs, the period of degassing porous carbon
immersed into MOF precursor is critical to the loading rate of
MOFs. Figure Sl in the Electronic Supplementary Material (ESM)
shows the MOFs grown on surface and in channels of bass carbon
with different immersion periods. Once the bass carbon is
immersed into MOF precursor, MOFs can easily nucleate and
grow on carbon surface. There is no difference whether the period
of immersion is short or long. The precursor can feed well to the
MOF growth. However, the growth condition is different in bass
carbon channels. If air is trapped inside, the MOF precursor will
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Figure1 Schematic approaches to remove organic pollutant. (a) Approach by dispensing MOFs directly. (b) Approach by dispensing retrievable MOFs@carbon,

avoiding secondary contamination.
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Figure2 Morphology of basswood, basswood carbon, and basswood carbon with MOF-199. Optical images of (a) basswood sheet, (b) polished basswood carbon
sheet, and (c) MOFs@carbon sheet. ((d)—(f)) SEM images of basswood converted carbon: (d) top view, (e) cross-sectional view, and (f) fine pores in the wall. ((g) and
(h)) Low-magnification SEM images of grown MOFs@carbon. (i) Individual MOF-199 particle.

be unable to reach inner surface of pores and channels, leading to
no or sparse growth of MOFs. Once the degassing is over 24 h, the
growth in all channels is quite uniform. The high-density MOFs
with uniform distribution across carbon sheets will greatly
increase the surface area and further aid water remediation.
Individual MOF-199 particles have an octahedral shape with a
diagonal length of approximately 6 um, as shown in Fig. 2(i).

MOFs are highly porous and possess exceptional surface area.
Combining MOFs with basswood carbon will greatly increase
surface area compared with the solely basswood carbon.
Meanwhile, basswood carbon will be an excellent host for MOFs
as it has a great number of channels with open pores passing
through neighbor channels. To measure the surface area, BET
analysis was performed. The plots and discussion for N,
adsorption/desorption isotherms and Barrett—Joyner—Halenda
(BJH) pore size distributions of MOFs, basswood carbon, and
MOFs@carbon can be found in Section S2 and Fig. S2 in the ESM.
Table 1 lists the specific surface area of three materials. MOF-199
has an exceptional surface area of 1188.4 m*g", whereas basswood
carbon exhibits only 4.5 m*g". For MOFs@carbon, the surface
area is compromised to 651.7 m*g™, which results from the weight
ratio 1:1 of MOFs to carbon in MOFs@carbon. Both MOFs and
MOFs@carbon have similar and small pore width, approximately
1 nm, while basswood carbon has slightly large average pore size,
1.6 nm.

To learn the water remediation potential of MOFs@carbon,
MO was used as a representative pollutant, which was treated by
MOF-199, basswood carbon, and MOFs@carbon. Based on the
solution color change, the level of residual MO in water can be

Table1 BET specific surface area of MOF-199, basswood carbon, and MOFs@carbon

easily visualized. Figure 3(a) shows an optical image of 6 mg-L™
MO solution in a glass vial, the color of which can be used as a
benchmark. Firstly, MOF-199 was added into another 2 mL MO
solution and left in the dark until the color of the solution was
stable three days later. Figure 3(b) shows the light-orange solution,
indicating that MO was adsorbed by MOFs. Secondly, with the
same procedure, the MO solution treated by basswood carbon has
a pale orange color, which suggests less MO residual compared
with that treated by MOFs. Finally, the last batch of MO solution
was treated by MOFs@carbon. The MO was almost completely
adsorbed, as indicated by the colorless solution in Fig. 3(d).
Although the mass of three absorbents is the same, interestingly,
the coupled MOFs and porous carbon work better than individual
materials. To quantify the residual MO, all three solutions were
measured by a UV-vis spectrometer at the maximum absorption
wavelength of MO (465 nm). Figure 3(e) shows that 80.3% MO
remained in the solution treated by MOF-199 only, and in
contrast, 63.2% MO was not adsorbed in the solution treated by
basswood carbon. Astonishingly, there is only 10.5% MO
remained in the solution after MOFs@carbon treatment,
demonstrating a significant improvement over either adsorbent
used alone. With a simple assumption, 25 mg MOF-199 and
25 mg basswood carbon were used to treat 2 mL MO solution,
and the adsorption capacity towards MO would be approximately
28.3%, which is less than one third of 89.5%, the adsorption
capacity of 50 mg MOFs@carbon. The hidden synergistic
mechanism will be detailed in the later section. To trace MO
adsorption rate by MOFs@carbon, the MO concentration at
several periods was measured and summarized in Fig. 3(f). The

Materials Surface area (m*g™') Pore volume (cm®g™) Pore width (nm)
MOF-199 1188.4 0.63 1.06
Basswood carbon 4.5 0.004 1.58
MOFs@carbon 651.7 0.35 1.08
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MOF-199 before and after MO adsorption. (h) Digital image of MO solution before adsorption. (i) Reusability and stability of MOFs@carbon towards MO removal.

slope for the curve within 12 h is much higher than that after 12 h,
suggesting that the MO adsorption rate is high at the beginning.
With MO molecules adsorbed, the concentration gradient of MO
molecules inside and outside MOF 199 and porous carbon gets
lower, reducing the driving force for MO molecules to occupy the
remaining space in MOFs@carbon. Approximately 50% MO can
be adsorbed within the first 12 h. Given 38 and 72 h, the
remaining MO reached around 30% and 10%, respectively. The
MO adsorption achieved by MOFs@carbon is superior to
previously reported similar materials, such as ZIF-67 and UiO-66
(Table 2) [25-32]. Other materials like chitosan-based
nanocomposites may have a decent adsorption result, but lack the
retrievability of the adsorbent, posing a risk of secondary
contamination [27,33]. The removal of MOFs@carbon from
water is easy. No filtration or any form of purification method is
needed, avoiding secondary pollution from the used MOF
particles. In terms of the versatility of MOFs@carbon, MOF-199
has been utilized for the removal of polar molecular species such
as phenol and indole. This efficacy is attributed to the strong

Table2 Adsorption efficiency of MO by different adsorbents

interaction between the respective polar —-OH and N-H groups
with Cu* [34]. Additionally, MOF-199 hybrids have demonstrated
the capability to eliminate rhodamine-6G (Rh6G), a cationic dye,
as well as basic blue 41, a photocatalytic dye, and benzene vapor
[35-37]. These findings collectively suggest that MOFs@carbon
exhibit promising potential for the removal of various organic
compounds among the specific examples investigated.

To further understand the adsorption of MO molecules in
MOF-199, FTIR analysis on MOF-199 before and after adsorption
of MO was studied. A characteristic peak at 726 cm™ can be
ascribed to the stretching vibration of Cu-O presented in MOEF-
199 [22,38,39]. The peaks around 1375 and 1445 cm™ are the
stretching vibration of C-O and bending vibration of OH,
respectively [22,39,40]. A broad hump between 3000 and
3600 cm™ originates from vibrational OH in water [22]. After MO
adsorption, a prominent peak is detected at 694 cm™ [41,42], and
the peak at 1382 cm™ shifted from 1375 cm™, which are from the
MO (sulphonic group) and due to adsorbed MO in MOF-199,

Adsorbent Removal efficiency (%) Ref.

Activated carbon from pop corn 48.5 [28]

Activated carbon from waste tire rubber 80 [29]

Zirconium MOF (UiO-66) 31 [30]

Cadmium MOFs 39 [31]

ZIF-67 68.5 [25]

Ni dopped ZIF-67 829 [25]

Amino groups functionalized UiO-66 MOF 87.4 [26]

Chitosan-montmorillonite composite 94.6 [32]

Chitosan-lysozyme biocomposite 52.8 [27]
Activated carbon from basswood 36.8 This work
MOE-199 19.7 This work
MOFs@carbon 89.5 This work
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respectively. The peak located at 3000 cm™ can be assigned to CH,
stretching vibration from MO [43].

To assess the reusability and stability of MOFs@carbon for MO
removal, cyclic adsorption and desorption of MO were performed.
Figure 3(h) shows a digital image of MO solution before
treatment. The concentration of MO is 6 mgL”, the color of
which was used as the benchmark. For each cyclic adsorption, a
piece of MOFs@carbon was dropped into the MO solution. After
24 h, the specimen was retrieved. To desorb MO in the
MOFs@carbon, ethanol and 0.05 N HNO; were used to wash the
specimen followed by DI water wash. The desorbed
MOFs@carbon was then used to conduct the second cycle of
adsorption and thereafter. Digital images were taken for each
solution after retrieving the MOFs@carbon and shown in Fig. 3(i).
All solutions are visibly colorless or in a pale-yellow color,
indicating that most of MO was removed successfully after each
cycle. The cyclic reusability and stability are consistent for
MOFs@carbon towards MO adsorption.

In addition to reusability and stability, the effect of loading rate
of MOFs on carbon towards the MO removal efficiency was
evaluated as well The MO solution was adsorbed by
MOFs@carbon with carbon soaked into MOF precursor for 24,
12, and 6 h. More details can be found in Section S3 and Fig. S3 in
the ESM. Notably, the colorless solution, resulted from
MOFs@carbon featuring carbon soaked in the MOF precursor for
24 h, demonstrated effective MO adsorption. Hence, achieving
comprehensive coverage of MOFs within channels and on the
surface is deemed preferable for the efficient removal of organic
compounds.

As  elaborated by the
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MOFs@carbon exhibits synergetic effect in MO adsorption. The
obtained performance is much better than those of individual
MOF-199 and basswood carbon. Surface charge on basswood
carbon may promote MO adsorption. Depending on the pH value
of working solutions into which carbon is immersed, the surface
charge of the carbon can be either positive or negative [44—-46]. If
the pH value of the solution is lower than the pH zero point of
charge (pHzpc), the surface of the carbon is positive. On the other
hand, the negatively charged carbon can be obtained in the
working solution with pH value higher than the pHzpc [44, 46].
MO is a weak acid and has a pH ranging from 3.1 to 4.4 in an
aqueous solution [47], while the pHzpc of the carbon is reported
to be higher than 5 [44,48,49] and the pH of the basswood
carbon was also measured to be higher than 5 after acid treatment
followed by a few washes. Therefore, the basswood carbon in MO
aqueous solution is positively charged. For MO, it contains a
negatively charged sulfate group which electrostatically interacts
with a positively charged adsorbent [17]. With this understanding,
the attraction force lacks between MO and MOF (Fig. 4(a)) and is
present between MO and basswood carbon (Fig. 4(b)), accounting
for the difference in MO adsorption capacity: 19.7% and 36.8% of
MO in solutions can be adsorbed by MOFs and basswood carbon,
respectively ~ (Fig. 3(e)). For MOFs@carbon schematically
demonstrated in Fig. 4(c), positively charged carbon pulls MO
molecules close to carbon surface, resulting in a high MO
molecule concentration. MOFs growing on carbon surface
function like pockets. As the MO concentration outside MOFs is
higher than that inside, the concentration gradient drives the MO
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Figure4 Schematics for adsorption mechanisms. Adsorption of MO by (a) MOF-199, (b) basswood carbon, and (c) MOFs@carbon.
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molecules to be stored inside MOFs. Only the combined
basswood carbon and MOFs can achieve such a synergistic
working mechanism, largely promoting the MO adsorption
capacity.

XPS analysis was conducted on basswood carbon, MOF-199,
and MOFs@carbon before and after MO adsorption to investigate
if the adsorption is physical or chemical. Figure 5 shows the
deconvoluted C 1s core level spectra for all six specimens. Figure
5(a) shows C 1s spectrum of basswood carbon can be
deconvoluted into three typical Gaussian curves with peaks at
284.8, 285.6, and 286.5 eV, corresponding to C-C (sp?), C-C (sp’),
and C-0, respectively. The sp’ bond may result from defects due
to high temperature treatment. The C-C sp® peak is not visible in
MOFs@carbon (Fig.5(c)) and basswood carbon after MO
adsorption (Fig. 5(d)), suggesting that defect signals were blocked
by the uniform coverage of MOFs on basswood carbon and
adsorbed MO, respectively. As shown in Figs. 5(d)-5(f), no new
peak and no big shift are found among all spectra after MO
adsorption, suggesting that the bonding between MO and
adsorbents is physical. To theoretically confirm the adsorption
mechanism, both first-order pseudo-kinetic model [50] and
second-order pseudo-kinetic model [51] were applied to MO
adsorption by MOFs@carbon. The detailed calculations and
results can be found in Section S4 in the ESM. The experimental
measurement of MO residual upon time was plotted against the
calculated relationship between MO residual g, and time ¢, with
the calculated pseudo-first-order adsorption rate constant k; and
pseudo-second-order adsorption rate constant k,. Figure S4 in the
ESM shows that the experimental measurement closely aligns with
the plots generated by the second-order pseudo-kinetic model
using the calculated k,, rather than the first-order pseudo-kinetic
model using the calculated k;, suggesting that the kinetics of MO
removal by MOFs@carbon is a diffusion-controlled process [52].
Such adsorption mechanism is driven by the gradient of MO
concentration in and out of MOFs.
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4 Conclusions

As a large population experiences severe water shortage majorly
due to water pollution, it is crucial to prioritize treatment of
polluted water for fresh and clean water. Nanomaterials have
greatly been adopted for water treatment. Among various
nanostructures, MOFs have garnered considerable attention due
to their high specific surface area and a significant fraction of voids
relative to their total volume, resulting in high porosity. To well
reclaim the nanostructures, the basswood-converted porous
carbon acts as a host for MOFs, facilitating the retrieval of
materials from the water body. With a specific target on MO, the
combination of MOFs and basswood carbon demonstrates a
remarkable adsorption capacity. Briefly, only 19.7% and 36.8%
MO can be adsorbed by MOF-199 and basswood carbon,
respectively. Astonishingly, 89.5% MO can be removed after
MOFs@carbon  treatment,
improvement over either adsorbent used alone. As the basswood
carbon is positively charged, it pulls negatively charged MO
molecules closer to the carbon surface, resulting in a high MO
molecule concentration. The MO concentration gradient drives
the MO molecules to be stored inside MOFs, largely promoting
the MO adsorption capacity. Only the combined carbon and
MOFs can achieve such synergistic working mechanism. The
research sheds light on coupling sustainable wood and advanced
porous nanostructures MOFs for water treatment including water
remediation and desalination.
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