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A B S T R A C T

Indoor air pollution presents a significant challenge to human health, driving the development of advanced 
materials for indoor environmental remediation. Metal–organic frameworks (MOFs) derived materials possess 
great promise as promising candidates for addressing this challenge. In this work, the delignified bamboo with 
multi-scale structure was employed as a substrate to fabricate ZIF-8@bamboo by in-situ and ex-situ growth 
strategies. The results demonstrated that the delignified bamboo exposed polysaccharided cellulose active group 
originally present in the bamboo cell walls. The pretreated bamboo was facilitated to the uniform growth of ZIF-8 
crystals, and the loaded ZIF-8 exhibited high crystallinity and well-distributed morphological characteristics. 
Moreover, the successful growth of ZIF-8 increased the bamboo’s specific surface area. Additionally, the form
aldehyde adsorption tests revealed that the ZIF-8@bamboo exhibited a 227.73 % improvement for formaldehyde 
adsorption rate at room temperature. Meanwhile, it also showed a rapid adsorption rate, high adsorption ca
pacity, and reusable performance for formaldehyde. Furthermore, the as-prepared ZIF-8@bamboo demonstrated 
high removal efficacy for other indoor pollutants, including PM2.5 and PM10. Moreover, the ZIF-8@bamboo 
exhibited high indoor pollutant removal efficiency after five repeated cycles. Therefore, the ZIF-8@bamboo 
proposed in this work provides an effective solution to address indoor environmental pollution.

1. Introduction

In contemporary life, people spend over 90 % of their time indoors, 
where air pollutant concentrations are typically two to five times higher 
than outdoors (Dimitroulopoulou et al., 2023; González-Martín et al., 
2021). Indoor pollutants like formaldehyde, benzene, and fine particu
late matter (PM2.5, PM10) can directly threaten human health, causing 
non-specific symptoms with short-term exposure and exacerbating res
piratory diseases, skin conditions, neurological disorders, and increasing 
cancer risks with prolonged exposure (Xin et al., 2024). Therefore, 
removing indoor pollutants is crucial for public health improvement.

Several strategies mitigate indoor air pollution, including physical 
adsorption, chemical decomposition, and activated carbon adsorption 
(Robertson et al., 2024; Tran et al., 2020; Wang et al., 2024). In mate
rials science, nanomaterials like quantum dots, metal oxides, carbon 

nanotubes, graphene, and metal–organic frameworks (MOFs) are 
applied for indoor environmental remediation due to their porous 
properties and high specific surface areas (Chen et al., 2021; Ahmad 
et al., 2023; Haghighi and Haghighat, 2024; Wang et al., 2024). Among 
these, MOFs show significant potential for indoor air pollutant removal 
due to their extremely high specific surface area and tunable pore 
characteristics (Wang et al., 2019). They possess large adsorption ca
pacities and can enhance specific pollutant removal by altering chemical 
composition (Safaei et al., 2019). Zeolitic imidazolate frameworks 
(ZIFs), a subclass of MOFs composed of cationic transition metal ions 
and imidazole ligands, exhibit zeolite-like topology and unique prop
erties (Kouser et al., 2022). ZIFs’ structure, similar to silica aluminate 
zeolite, offers adjustable pore size and structure, showing great flexi
bility in various applications. Their structure and properties can be 
modulated by selecting different metal ions and organic ligands to adapt 
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to indoor pollutant removal (Guo et al., 2022; Wang et al., 2024d).
ZIFs have shown outstanding performance in many fields, such as gas 

storage, adsorption separation, and drug delivery (Denning et al., 2021; 
Sun et al., 2012). They exhibit superior thermal and chemical stability 
compared to other MOFs, especially ZIF-8. ZIF-8 is highly practical due 
to straightforward synthesis, mild conditions, and easy crystal formation 
(Nazir et al., 2025). Its exceptional stability retains structure even after 
extended liquid immersion (Butt et al., 2023). ZIF-8’s unique advantages 
show excellent adsorption performance for gaseous pollutants and high 
promise for pollutant removal (Zhu et al., 2022). However, ZIF-8’s 
crystalline effect and tendency to agglomerate result in poor process
ability and weak recyclability (Elaouni et al., 2022). Constructing 
composites by integrating ZIF-8 with a substrate addresses these issues.

Suitable substrates for combining with ZIF-8 include inorganic ma
terials, polymers, and biomass materials (He et al., 2024; Cao et al., 
2024; Zhang et al., 2021; Shi et al., 2024). Among these, bamboo stands 
out due to rapid growth, lightweight, high strength, and tensile prop
erties (Hu et al., 2024; Feng et al., 2024), providing an excellent struc
tural base for MOF crystal growth. Bamboo’s flexibility, ease of 
processing, and unique micro-nano porous structure benefit macro
architecture construction (Chen et al., 2024a; Othman et al., 2024). 
Meanwhile, Chemical treatments can enrich active groups on bamboo 
surfaces (like hydroxyl and carboxyl groups), facilitating interactions 
with nanomaterials (Liu et al., 2024). Leveraging bamboo’s structural 
properties to support ZIF-8 overcomes mechanical strength limitations 
while conferring ZIF-8’s adsorption performance. Consequently, devel
oping a novel bamboo-based Zn-MOF macroarchitecture for indoor 
pollutant adsorption and storage is urgently needed.

To our best knowledge, the in-situ and ex-situ strategy are two 
common techniques for preparing MOFs-based macrostructures (Li 
et al., 2024b). The in-situ method can provide more uniform dispersion 
and stronger interfacial bonding, while the ex-situ method allowed for 

more precise control over the size and distribution of ZIF-8 crystals 
(Kharwar et al., 2022). In terms of production costs, the in-situ method is 
operationally simple and minimizes losses during transfer. The ex-situ 
method, while more complex, can be optimized for higher efficiency 
in large-scale production. Comparative analysis of these methods con
tributes to the development of more efficient material synthesis strate
gies (Jambovane et al., 2016). In this work, we combined bamboo’s 
natural porous structure and fibrous characteristics with ZIF-8 to 
fabricate ZIF-8@bamboo via in-situ and ex-situ methods, achieving 
adsorption of common indoor pollutants.

2. Experimental

2.1. Materials

Four-year-old original-colored bamboo (Phyllostachys edulis) was 
prepared in Nanping, Fujian Province, China. Zinc acetate dihydrate 
(C4H6O4Zn⋅2 H2O), 2-methylimidazole (C4H6N2, 2-MIM), methanol so
lution (CH3OH), anhydrous ethanol (C2H5OH), and deionized water 
were provided by Shanghai Aladdin Biochemical Technology Co., Ltd. 
Sodium hydroxide (NaOH, 10 wt%) solution was purchased from 
Denzhou Xijing Biotechnology Co., Ltd. Unless otherwise specified, all 
reagents and solvents used in the experiments were not further purified. 
The delignified bamboo used throughout the experiments was pre
treated with alkali, and the specific treatment process is described in 
Text. S1. In addition, the ZIF-8 used in the experiments was prepared 
with modifications by the previous method of our group (Zhu et al., 
2023b), and the detailed preparation method is depicted in Text. S2.

2.2. In-situ growth strategy for preparing ZIF-8@bamboo

The schematic diagram for the construction of ZIF-8@bamboo by the 

Fig. 1. Schematic illustration of the preparation of the ZIF-8@bamboo by in-situ and ex-situ growth strategies.
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in-situ growth strategy is shown in Fig. 1-I. Firstly, C4H6O4Zn⋅2 H2O 
(1.5 g, 3.0 g, and 4.5 g) was dissolved in 50 mL of methanol solution 
(95 wt%), and then stirred until homogeneous. The delignified bamboo 
was added to the solution and stirred for 5 hours at 200 rpm (Wang et al., 
2024e). Next, 2-methylimidazole (4.488 g, 8.976 g, and 13.464 g) was 
mixed with 50 mL of methanol solution (95 % wt%), and added to the 
previous solution, followed by continued stirring for 8 hours. Then, the 
as-prepared ZIF-8@bamboo was rinsed three times with deionized water 
and dried in a vacuum oven at 60 ◦C for 8 hours. The ZIF-8@bamboo 
obtained by in-situ growth strategy with various Zn2 + were labeled 
IN-1, IN-2, and IN-3.

2.3. Ex-situ growth strategy for preparing ZIF-8@bamboo

The schematic diagram for the preparation of ZIF-8@bamboo by the 
ex-situ growth strategy is shown in Fig. 1-II. Briefly, the as-prepared ZIF- 
8 crystals (0.148 g, 0.296 g, and 0.444 g) were dissolved in 100 mL of 
methanol solution. Subsequently, the solution was subjected to ultra
sound dispersion using an ultrasonic disperser (SB-120DT, SCIENTZ, 
China) for 2 hours, followed by stirring on a magnetic stirrer (DF-101S, 
XIUILAB, China) for 6 hours. Then, the delignified bamboo was 
immersed in the mixture and stirred at 200 rpm for 12 hours. Subse
quently, the sample was rinsed three times with deionized water and 
vacuum dried at 60 ◦C for 8 h. Finally, the ZIF-8@bamboo sample by the 
ex-situ growth strategy was successfully prepared and labeled as EX-1, 
EX-2, and EX-3, respectively.

2.4. Characterization

The morphology and structure of the samples were investigated by a 
cold field emission scanning electron microscope (SEM, SU8010, Tokyo, 
Japan) with an operating current of 20 mA and voltage of 15 kV. 
Elemental analysis was performed using energy-dispersive X-ray spec
troscopy (EDX, X-MAX, USA). N2 adsorption/desorption isotherms were 

confirmed using a BELSORP MINI X instrument (MicrotracBEL, Japan) 
at 77 K. X-ray diffraction (XRD) tests were conducted using a D2 Phaser 
(Bruker AXS, Germany) with a Copper (Cu) Kα radiation at 40 kV and 
30 mA with a scanning speed of 4◦ per minute. Fourier-transform 
infrared spectroscopy was measured using a Cary630 (FT-IR, Agilent 
Technologies Inc., USA) in the wavelength range of 4000 cm− 1 to 
500 cm− 1. X-ray photoelectron spectroscopy (XPS) was investigated 
using a K-ALPHA spectrometer (Thermo Fisher Scientific, USA) with X- 
ray irradiation of the material surface within an energy range of 
0–1200 eV.

3. Results and discussion

3.1. Fabrication mechanism of ZIF-8@bamboo

The delignified bamboo was underwent an alkaline pre-treatment 
process, which exposed active groups on surface and facilitating the 
growth of ZIF-8 nanocrystals. This process results in the successful 
fabrication of ZIF-8@bamboo, as shown in Fig. 2. Additionally, the 
surface of the delignified bamboo exhibited a significant number of 
hydroxyl groups, which played a crucial role in stabilizing the structure 
of ZIF-8@bamboo through weak non-covalent bonds (Liu et al., 2024). 
When using ex-situ strategy to prepare ZIF-8@bamboo, ZIF-8 was 
attached to the delignified bamboo cellulose through hydrogen bonding 
and van der Waals forces. Moreover, the subsequent tests demonstrated 
that the delignified pretreatment bamboo promoted significant growth 
of ZIF-8 crystals. The alkaline treatment disrupted the hydrogen bonds 
in bamboo cellulose at the microscopic level, exposing hydroxyl groups 
capable of covalently bonding with ZIF-8 (Wang et al., 2024d). Mean
while, the increased surface roughness of alkali-treated bamboo pro
vided more active sites, facilitating the efficient attachment of ZIF-8.

The precursor of ZIF-8, Zn²⁺ initially interacted with hydroxyl groups 
in the delignified bamboo cellulose throughout the in-situ strategy. This 
interaction typically involved ion exchange or coordination bond 

Fig. 2. Schematic mechanism of fabrication of ZIF-8@bamboo.
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formation, providing a stable foundation for the subsequent nucleation 
of ZIF-8. Upon the introduction of 2-MIM into the reaction system, it 
formed a complex with the Zn2+ bound to the exposed bamboo cellulose. 
The complexation process was facilitated by coordination bonds be
tween the N of 2-MIM and Zn²⁺, resulting in the direct formation of ZIF-8 
nanocrystals on the surface of bamboo cellulose. Consequently, the 
abundant reactive hydroxyl groups on the bamboo surface after alkali 
pretreatment can interact with ZIF-8 precursor molecules via hydrogen 
bonding, thereby promoting the effective nucleation of ZIF-8. The 
advantage of in-situ strategy lied in ability to precisely control the size 
and morphology of ZIF-8 crystals, ensuring effective integration with the 
bamboo cellulose substrate.

3.2. Micromorphology and structure

The surface morphology, particle size, shape, and structural of the 
samples were investigated by using SEM, as shown in Fig. 3. The 

micromorphology of the as-prepared ZIF-8@bamboo by the ex-situ and 
in-situ methods is illustrated in Fig. 3a. Fig. 3c-d indicated that the ZIF-8 
crystals synthesized via hydrothermal solvent methods exhibited a 
regular rhombic dodecahedral structure, consistent with the crystal 
morphology reported in the literature (Van Cleuvenbergen et al., 2018). 
Moreover, Fig. 3c revealed that the particle size of ZIF-8 crystals ranged 
from 500 to 1200 nm, with an average size of 858 nm (Fig. 3b). The 
particle size of ZIF-8 distribution appeared normal, indicating a rela
tively uniform size of the synthesized ZIF-8 crystals.

Fig. 3e shows that the surface of the as-prepared ZIF-8@bamboo was 
covered with a layer of crystalline material. According to Fig. 3f-h, both 
synthesis strategies successfully produced ZIF-8@bamboo and the in- 
situ growth method exhibited notably better results. Furthermore, the 
number of ZIF-8 particles combined in EX-1 was less than that in IN-1, 
and the uniformity of combining was slightly poorer. IN-1 demon
strates superior binding effectiveness. Furthermore, the as-prepared ZIF- 
8@bamboo through the ex-situ strategy showed that the ZIF-8 particle 

Fig. 3. (a) Schematic diagram comparing the effect of IN-1 and EX-1 combining. The particle size distribution (b) and SEM images (c,d) of as-prepared ZIF-8. (e) 
Optical photographs of the ZIF-8@bamboo samples. SEM images of ZIF-8@bamboo: M0 (f), EX-1 (g), IN-1 (h). EDS elemental mapping images of ZIF-8@bamboo: IN- 
1 (i), EX-1 (j).
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size obtained at standard concentration was relatively small (Fig. S1a-c). 
The particle size of ZIF-8 grew and agglomeration became more pro
nounced with increased Zn2+ concentration. This phenomenon was also 
observed in the SEM images by the in-situ growth method (Fig. S1d-f). 
Moreover, both Zn and N elements can be detected on the surface of the 
samples, and distributed uniformly (Fig. 3i-j). Therefore, the ZIF- 
8@bamboo prepared by in-situ strategy demonstrated superior perfor
mance in terms of both the quantity and uniformity of bonding.

3.3. Physical-chemical characterization

The composition, structure, and crystallinity of the ZIF-8@bamboo 
were characterized by XRD, FTIR, and N2 adsorption-desorption, as 
depicted in Fig. 4a shows that the as-prepared ZIF-8 exhibited diffrac
tion peaks consistent with those reported in the literature (Li et al., 
2018), corresponding to (001), (002), (112), (022), (013), (222), (114), 
(233), (134), and (044). These characteristic peaks aligned with the 
simulated spectrum of ZIF-8, indicating that the as-prepared ZIF-8 had a 
pure, single-phase framework structure with high crystallinity and 
purity.

Furthermore, all the ZIF-8@bamboo samples displayed sharp and 

distinct diffraction peaks within the 0–40◦ range, which were the 
characteristic peaks of ZIF-8 (Fig. 4a). This observation confirmed that 
the as-prepared samples contained ZIF-8, which had high crystallinity 
and existed as a single pure phase. The diffraction peak observed at 
22.4◦ was attributed to the (114) crystal plane of bamboo cellulose, 
exhibiting the characteristics of amorphous phases (Bao et al., 2024). 
This suggested that the ZIF-8 was successfully combined onto the 
bamboo surface without disrupting original structure.

FTIR spectrum was further investigated the chemical functional 
groups changes on the surface of ZIF-8@bamboo, as displayed in Fig. 4b. 
Stretching vibration absorption peaks at 3134 cm− 1 and 2932 cm− 1 

correspond to the C-H bonds in the methyl and imidazole rings, 
respectively (Li et al., 2024a). The absorption peak at 1586 cm− 1 was 
attributed to the N-H bond in the imidazole ring. Additional stretching 
vibration peaks at 1145 cm− 1 and 993 cm− 1 correspond to C––N and 
C-N. Meanwhile, the sharp absorption peaks at 754 cm− 1 and 418 cm− 1 

were arised from the bending vibrations of Zn-O and Zn-N (Cho et al., 
2023). Notably, the Zn-N bond was a characteristic chemical bond of 
ZIF-8, indicating the bonding between Zn and N atoms. The presence of 
C––N and C-N stretching vibrations confirmed the existence of double 
bonds and N atoms in the synthesized metal-ligand molecules (Luo et al., 

Fig. 4. Physical-chemical characterization of the ZIF-8@bamboo. XRD patterns (a), FTIR spectra (b), N2 adsorption-desorption isotherms (c), and pore size dis
tribution (d) of the ZIF-8@bamboo. (e) Schematic diagram of the porous structure of the ZIF-8@bamboo. The total survey XPS spectrum (f), and high resolution XPS 
spectra of C 1 s (g), Zn 2p (h) and N 1 s (i) of the as-prepared ZIF-8@bamboo.
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2024; Sun et al., 2024b). A broad absorption peak at 3434 cm− 1 in 
Fig. 4b indicated the hydroxyl groups in bamboo, while the peak at 
2907 cm− 1 arose from the C-H bonds in methyl. Multiple vibration ab
sorption peaks between 1600 cm− 1 and 1049 cm− 1 correspond to C-O-C 
and C-C groups (Zhao et al., 2024). Comparing the M0 with the 
as-prepared ZIF-8, the results revealed distinct absorption peaks unique 
to each sample. The FTIR spectra of EX-1 and IN-1 showed the charac
teristic bamboo absorption peaks. The Zn-C vibration absorption peak 
appeared at 418 cm− 1 was a unique feature of ZIF-8. This result aligned 
with the XRD analysis, confirming the successful combining of Zn²⁺ in 
the form of ZIF-8 onto the bamboo substrate.

The N₂ adsorption-desorption isotherms and micropore size distri
bution of the ZIF-8 exhibited a typical Type I isotherm without a hys
teresis loop. Moreover, it gradually increases at low relative pressure 
and then reached saturation (Fig. S2). This indicated that ZIF-8 
possessed a typical microporous structure without mesopores (Zhu 
et al., 2023a). The specific surface area of ZIF-8 was 844.7318 m²⋅g⁻¹ , 
demonstrating exceptionally high surface area, which was determined 
by highly ordered porous structure. Additionally, the pore size of ZIF-8 
was primarily distributed between 0 and 20 nm (Fig. 4d). These pore 
sizes suitable for adsorbing common indoor air pollutants, such as 
formaldehyde and PM2.5. The N2 adsorption-desorption isotherms of 
M0 were Type II with a rapid increased in adsorption at low relative 
pressure. The adsorption reached a plateau but did not completely 
saturate at a relative pressure close to 1 (Fig. 4c). This indicated that the 
sample possesses a mesoporous structure, where adsorption and 
condensation within the pores coexist (Lee et al., 2024). Additionally, 
this suggested that the sample was suitable for applications in gas 
storage, catalyst carriers, and separation media. The pore structure of 
the sample fell within the microporous (2–50 nm) range according to the 
average pore size. The N₂ adsorption-desorption isotherms of IN-1 and 
EX-1 also showed that the samples fell within the microporous range 
(Fig. 4d). The specific surface area of the samples increased from 
1.08 m²⋅g⁻¹ (M0) to 11.58 m²⋅g⁻¹ (IN-1) and 3.36 m²⋅g⁻¹ (EX-1), indi
cating that the successful combining of ZIF-8 significantly enhanced the 
surface area of the bamboo (Table. S1). This hierarchical porous struc
ture (Fig. 4e) and large surface area contributed to improve mass 
transfer rates and provided abundant active sites, thereby enhancing the 
efficiency of the ZIF-8@bamboo in removing indoor pollutants (Zhu 
et al., 2024).

3.4. Elemental analysis

Surface elemental analysis was conducted on the as-prepared ZIF- 
8@bamboo by in-situ and ex-situ methods. The EDS images clearly 
showed the presence of Zn and N elements, with a uniform distribution 
(Fig. 3i-j). XPS elemental content analysis revealed that the N content in 
ZIF-8@bamboo significantly increased compared to M0. The N content 
in IN-1 and EX-1 reached 2.57 % and 0.37 %, respectively (Table. S1). 
Concurrently, the C/N ratio in ZIF-8@bamboo had been enhanced to 
varying degrees (Table. S1). This phenomenon was attributed to the 
presence of N atoms in the 2-MIM of the ZIF-8 precursor (Qiu et al., 
2024). The higher N content in the IN-1 sample suggested a greater 
amount of ZIF-8 binding, due to the uniform growth of ZIF-8 on the 
bamboo substrate during in-situ synthesis. In contrast, the lower N 
content in the EX-1 sample reflected a lower ZIF-8 combining, due to the 
uneven distribution of ZIF-8 particles on the bamboo substrate caused by 
the ex-situ strategy.

As shown in Fig. 4f, the sharp peaks corresponding to Zn 2p, C 1 s, O 
1 s, and N 1 s were observed. The M0 did not exhibit N 1 s and Zn 2p 
peaks, indicating that the Z and N atoms from ZIF-8 were successfully 
incorporated into the bamboo. The high-resolution XPS spectrum of Zn 
2p (Fig. 4h) showed the presence of Zn 2p 1/2 and Zn 2p 3/2 electron 
energies in both the in-situ and ex-situ combined bamboo substrates. 
During the in-situ synthesis, the bamboo substrate was thoroughly 
immersed in C4H6O4Zn⋅2 H2O, leading to a significantly larger peak area 

for the IN-1 in the Zn 2p spectrum (Fig. 4h). Fig. 4g shows sharp peaks at 
288.8 eV, 286.2 eV, and 284.8 eV represented C––O, C-N, and C-C 
bonds, respectively (Wang et al., 2024c; Xing et al., 2024). The peak 
height and area of the C-C decreased in both IN-1 and EX-1, indicating 
the presence of more C-O. The peaks at N 1 s spectrum represented N-C 
and N-Zn bonds (Fig. 4i). Since these bonds were absented in M0, the 
appearance in ZIF-8@bamboo once again confirmed the successful 
incorporation of ZIF-8. Furthermore, the shift of the peaks to the higher 
energy region suggested that amino groups participated in the reaction 
during the combining process, promoting the growth of ZIF-8. Addi
tionally, the O 1 s spectrum shows peaks representing O-C and O––C 
bonds (Fig. S3). The samples M0, IN-1, and EX-1, due to prior bamboo 
pretreatment, experienced surface double bonds decreased. After being 
made into ZIF-8@bamboo, the ratio of O––C to O-C in the material is 
smaller. Thus, the graph shows a decrease in O––C and an increase in 
O-C. Meanwhile, the change in the chemical environment on the wood 
surface causes the oxygen bonds to shift towards a higher peak region 
(Yu et al., 2020).

3.5. Indoor pollutant removal performance

Formaldehyde serve as a major source of indoor pollution was 
evaluated by ZIF-8@bamboo using a self-made device (Fig. 5a). The 
detailed description of the formaldehyde adsorption testing procedure 
was displayed in the Text. S3. The formaldehyde adsorption efficiency 
(R) and adsorption amount (Qt) were calculated by the following 
equations (Law et al., 2024; Wang et al., 2024g; Yen et al., 2024): 

R =
C0 − Ct

C0
× 100% (1) 

Qt =
(C0 − Ct) × V

m
(2) 

where C0 represents the initial concentration of the pollutant, Ct rep
resents the final concentration of the pollutant, V is the volume of the 
apparatus, and m is the mass of the sample.

Meanwhile, the formaldehyde adsorption rate of as-prepared ZIF-8 
was also evaluated (Fig. 5b). The formaldehyde concentration decreased 
significantly from 0.447 mg/m³ to 0.211 mg/m³ with the addition of 
ZIF-8, indicating a degradation rate was 52.80 % at this initial phase. 
Moreover, the formaldehyde concentrations stabilized at 0.156 mg/ 
m³ and 0.151 mg/m³ after 7 h, respectively. This results suggested that 
the concentration of formaldehyde gas had nearly reached adsorption 
equilibrium. The data analysis revealed that 0.15 g ZIF-8 achieved a 
formaldehyde adsorption rate of 67.11 % and an adsorption amount of 
0.296 mg/m³ after 8 h. This data clearly demonstrated the excellent 
adsorption performance of ZIF-8 for formaldehyde.

Furthermore, the effect of various ZIF-8 contents and construction 
methods on the formaldehyde adsorption performance by the ZIF- 
8@bamboo was also explored. The formaldehyde concentration in the 
adsorption device was set at 0.40 mg/m³ . The formaldehyde adsorption 
rate of M0 after 8 h was only 16.30 % (Fig. 5c). This indicated that the 
cellulose components in M0 had the capacity to remove formaldehyde, 
but the adsorption rate was low. However, the formaldehyde adsorption 
rate of the ZIF-8@bamboo improved significantly. Among them, the IN- 
2 exhibited the highest formaldehyde adsorption rate of 53.42 % 
(Fig. 5c), which was a 227.73 % increase compared to M0. Compared to 
Cu2O NPs@wood composite catalysts, our material shows higher 
formaldehyde adsorption efficiency and a simpler preparation process 
(Wang et al., 2024b). While commercial air purifiers with advanced 
photocatalytic filters like bimetallic Pt@Cu-TiO2 demonstrate high 
formaldehyde removal efficiency, our material offers greater environ
mental benefits and sustainability (Bathla et al., 2023). Future optimi
zations in synthesis conditions could further lower production costs and 
enhance economic viability, making it a promising solution for air pu
rification. Therefore, the ZIF-8@bamboo had an outstanding 
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performance for formaldehyde removal. The formaldehyde adsorption 
rates of the as-prepared ZIF-8@bamboo with increasing ZIF-8 concen
trations followed a trend of increasing and then decreasing (Fig. 5c). 
This phenomenon was due to the high concentration of ZIF-8 crystals led 
to dense bonding with the bamboo cellulose, thus affecting the formal
dehyde adsorption effect (Teng et al., 2024; Wang et al., 2024a). The 
formaldehyde adsorption rates of the EX samples were lower compared 
to the IN samples but still showed a significant improvement over M0. 
This could be attributed to the more uniform and deeper dispersion of 
ZIF-8 achieved with in-situ synthesis (Ye et al., 2024), which resulted in 
a larger surface area and superior formaldehyde adsorption perfor
mance. The adsorption rates of the ZIF-8@bamboo at varying concen
trations displayed a trend of initially increasing and then decreasing 
rates (Fig. 5c). This phenomenon resulted from excessive ZIF-8 crystal 
content caused tighter packing of bamboo fibers, thus affecting form
aldehyde adsorption. The ZIF-8@bamboo synthesized by ex-situ method 
showed lower formaldehyde adsorption rates than those by the in-situ 
method. Meanwhile, the ZIF-8@bamboo prepared by in-situ method 
showed more uniform dispersion, resulting in a greater specific surface 
area and enhanced formaldehyde adsorption performance.

The porous structure and large specific surface area of ZIF- 
8@bamboo suitable for adsorbing a variety of pollutants, offering 

broad application prospects in the field of indoor air purification. 
Furthermore, the ZIF-8@bamboo not only demonstrated excellent per
formance in formaldehyde removal but also effectively adsorbed other 
indoor pollutants. In this work, the ZIF-8@bamboo also showed 
outstanding performance in capturing inhalable particles such as PM2.5 
and PM10, which was crucial for improving IAQ. The ZIF-8@bamboo 
exhibited significantly enhanced PM2.5 and PM10 adsorption capacity 
comparing with M0, with the adsorption rate generally more than 
doubling. The EX-3 showed superior adsorption properties for PM10 
with an adsorption rate of 79.59 % (Fig. 5d). Meanwhile, the EX-3 
sample also showed the highest adsorption rate for PM2.5 reaching 
77.49 %, an increase of 111.97 % compared to M0 (Fig. 5e). This indi
cated that the incorporation of ZIF-8 significantly improved the ability 
of bamboo-based material to capture PM2.5. Overall, the adsorption 
efficiency of ZIF-8@bamboo for PM10 was generally higher than that for 
PM2.5. This phenomenon is due to the large particle size of PM10, which 
makes the material easier to capture.

Fig. 5f-g revealed that the surface of the ZIF-8 crystals remained 
intact, with the formation of small protruding structures following 
adsorption. Meanwhile, the recovered ZIF-8@bamboo retained struc
tural integrity after the adsorption experiments. This contrasts with the 
unadsorbed samples (Fig. 3c), suggesting that the adsorption of 

Fig. 5. (a) Schematic diagram of the self-made pollutant adsorption device. (b) Formaldehyde adsorption performance of 0.15 g ZIF-8. (c) Indoor formaldehyde 
adsorption rate of different samples. The adsorption efficiency of ZIF-8@bamboo for PM10 (d) and PM2.5 (e). SEM images of EX-2 (f) and IN-2 (g) after adsorption of 
indoor pollutants. (h) Reusability test of ZIF-8@bamboo on formaldehyde by five cycles.
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pollutant molecules altered the surface micromorphology. These 
microscopic structural changes confirmed the pivotal role of ZIF-8 
crystals in the adsorption of indoor pollutants and underscore the 
enhanced adsorption performance of the ZIF-8@bamboo. This increased 
adsorption efficiency was attributed to the interactions between ZIF-8 
crystals and pollutant molecules, effectively facilitating pollutant cap
ture (Chen et al., 2024b; Shu et al., 2024).

3.6. Reusability and stability

The reuse of adsorbents is of great significance in practical applica
tions (Baskar et al., 2022). As formaldehyde is a primary indoor 

pollutant, the samples were subjected to repeated adsorption tests for 
formaldehyde. This work focused on the samples (IN-2 and EX-2) with 
the best adsorption performance, and the reusability performance for 
formaldehyde was tested over five cycles. The process for repeated 
adsorption tests involved: 1) taking out the sample after adsorption of 
formaldehyde; 2) subjecting the samples to ultrasonic treatment in 
methanol solution for 10 minutes; 3) drying in an oven for 8 hours. 
These adsorbed formaldehyde on ZIF-8@bamboo can be easily cleaned 
with methanol. The samples underwent a second formaldehyde 
adsorption test after drying. This procedure was repeated five times to 
complete the full set of formaldehyde adsorption cycles. Optical pho
tographs revealed that the samples retained intact morphology after five 

Fig. 6. (a) Pseudo-first-order, and (b) pseudo-second-order kinetic fitting plots for formaldehyde adsorption on different samples. (c) Schematic representation of 
formaldehyde adsorption efficacy. (d) The diagram of formaldehyde adsorption mechanism and application for indoor environmental management by the 
ZIF-8@bamboo.
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adsorption-desorption cycles. Both IN-2 and EX-2 showed a gradual 
decreased trend in adsorption rate with each cycle but still maintained a 
formaldehyde degradation efficiency of 45 % (Fig. 5h). This decline was 
due to the slight loss or spillage of ZIF-8 crystals during the desorption 
process. As illustrated in Fig. 5c, the ZIF-8@bamboo still exhibited su
perior adsorption capacity even after multiple cycles compared to M0 
(16.30 %). This indicates that ZIF-8@bamboo had great potential for 
formaldehyde removal in indoor environments.

3.7. Adsorption mechanism

Adsorption kinetics is vital factor for understanding and optimizing 
gas adsorption processes in environmental remediation field (Sun et al., 
2024a). To explore the adsorption performance of ZIF-8@bamboo for 
formaldehyde, the adsorption kinetics of formaldehyde was determined 
using pseudo-first-order and pseudo-second-order kinetic equations 
(Zou et al., 2024; Huo et al., 2024): 

ln(Qe − Qt) = lnQe − K1t (3) 

t
Qt

=
t

Qe
+

1
K2Q2

e
(4) 

where Qt represents the adsorption capacity at time t (mg⋅g− 1); Qe 
represents the adsorption capacity at equilibrium (mg⋅g− 1); K1 and K2 
are the rate constant for the pseudo-first-order and pseudo-second-order 
kinetic model (g⋅mg− 1⋅min− 1), respectively.

As indicated in Fig. 6a, the adsorption rate was rapid due to abun
dant available sites at 60 minutes. These sites become saturated and the 
adsorption rate slowed down and eventually stabilized by 360 minutes. 
The initial higher R² value of the pseudo-first-order kinetic model fol
lowed by the superior fit of the pseudo-second-order model in later 
stages suggested a transition in adsorption mechanisms from physical to 
chemical interactions. During formaldehyde adsorption on ZIF- 
8@bamboo, physical diffusion dominated the rapid adsorption in the 
initial stage. The hierarchical pore structure of bamboo enables rapid 
diffusion and entrapment of formaldehyde molecules through phys
isorption. While subsequent chemisorption enhanced binding stability 
through chemical interactions. This synergistic contribution of both 
mechanisms significantly improved the overall adsorption capacity. 
However, it was found that the R² values of the pseudo-first-order ki
netic model were mostly around 0.99, all higher than those of the 
pseudo-second-order kinetic model (Table. S2). This indicated that the 
formaldehyde adsorption by ZIF-8@bamboo was more consistent with 
the pseudo-first-order kinetic model, and primarily governed by phys
ical adsorption. This also suggested that the ZIF-8@bamboo was a rapid, 
and efficient absorbent for removing indoor pollutants.

The ZIF-8@bamboo contained numerous micropores, which allowed 
formaldehyde gas molecules to diffuse inside and readily undergo 
physical adsorption (Fig. 6c). The ultra-micropore size of ZIF- 
8@bamboo was similar to that of low-carbon hydrocarbon gas mole
cules, providing an outstanding confinement space for formaldehyde 
molecules. Moreover, this multilayered hierarchical structure maxi
mized host-guest interactions, and formed strong Van der Waals forces 
(Fig. 6d), thereby demonstrating an impressive adsorption capacity for 
indoor pollutants. Many imidazole rings were incorporated during the 
preparation of the ZIF-8@bamboo. The N atoms in the imidazole ring 
were highly electronegative and had a small atomic radius, but the 
combination with hydrogen atoms lead to electron deficient. Simulta
neously, the electronegative oxygen atoms in the formaldehyde mole
cule formed hydrogen bonds with hydrogen atoms, which in turn firmly 
adsorbed the formaldehyde molecule. Therefore, a single oxygen atom 
in the formaldehyde molecule can form two hydrogen bonds to adsorb 
formaldehyde efficiently and stably (Fig. 6d).

4. Conclusions

In this study, a novel bamboo-based composites for indoor pollutants 
was successfully developed. Briefly, ZIF-8 nanoparticles were effectively 
loaded into the delignified bamboo substrate by in-situ and ex-situ 
methods to fabricate the ZIF-8@bamboo. This work addressed two 
critical challenges of the difficulty in recovering ZIF-8 and the limited 
adsorption capacity of bamboo for indoor pollutants. The novel devel
oped ZIF-8@bamboo exhibited excellent adsorption performance for 
indoor pollutants, including efficient removal of formaldehyde, PM10, 
and PM2.5. The results indicate that the ZIF-8@bamboo had rapid 
adsorption kinetics and pleasurable recyclability, providing an effective 
strategy for indoor air purification. This study revealed that the form
aldehyde adsorption of ZIF-8@bamboo was primarily due to physical 
adsorption. Moreover, it also showed remarkable adsorption capacity 
for small molecular pollutants like formaldehyde, indicating its poten
tial as a remediation material for indoor environments. The findings of 
this research offer a scientific basis for the design and development of 
novel materials for indoor environmental remediation.
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Dimitroulopoulou, S., Dudzińska, M.R., Gunnarsen, L., Hgerhed, L., Maula, H., Singh, R., 
Toyinbo, O., Haverinen-Shaughnessy, U., 2023. Indoor air quality guidelines from 
across the world: an appraisal considering energy saving, health, productivity, and 
comfort. Environ. Int. 178, 108127. https://doi.org/10.1016/j.envint.2023.108127.

Elaouni, A., El Ouardi, M., Zbair, M., BaQais, A., Saadi, M., Ahsaine, H.A., 2022. ZIF-8 
metal organic framework materials as a superb platform for the removal and 
photocatalytic degradation of organic pollutants: a review. RSC Adv. 12, 
31801–31817. https://doi.org/10.1039/d2ra05717d.

Feng, Y., Wang, Q.Y., Xu, Z.C., He, Y., Chen, M.L., Li, Y.J., 2024. Flexural properties of 
moso bamboo induced by hydrothermal treatment. Ind. Crop. Prod. 222, 12. https:// 
doi.org/10.1016/j.indcrop.2024.119720.
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