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ZIF-8/PLA porous composite
microspheres: preparation,
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removal of gaseous benzene
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Benzene is a prevalent environmental contaminant, and its effective removal
through adsorption is crucial tomitigate both environmental and health impacts.
In this study, a series of zeolitic imidazolate framework-8/polylactic acid
(ZIF-8/PLA) porous microspheres were prepared to adsorb/remove gaseous
benzene. The ZIF-8/PLA microspheres were prepared via the double emulsion-
solvent evaporationmethod with ammonium bicarbonate as the foaming agent,
and the structures were well adjusted by varying the fabrication parameters of
the microspheres. The adsorption of gaseous benzene by these microspheres
was evaluated both in flowing benzene vapor and in cigarette smoke. These
ZIF-8/PLA microspheres exhibited an interconnected porous network structure
with a high surface area, which is beneficial for the fast gas diffusion and
effective adsorption, particularly suitable for complex environments with high
gas flow rates. The adsorption capacity of gaseous benzene on these ZIF-8/PLA
microspheres is as high as 77–238 mg/g and 18%–44% of benzene can be
removed from the cigarette smoke by using these ZIF-8/PLA microspheres as
absorbents due to the interconnected hierarchical porous network enhancing
the fast gas diffusion and the strong π-π stacking interactions of ZIF-8
towards aromatic hydrocarbons, showing the great potential of these ZIF-8/PLA
microspheres as adsorbents for efficient removal of gaseous benzene.

KEYWORDS

metal-organic frameworks, zeolitic imidazolate framework-8, poly lactic acid,
composite microspheres, porous material, adsorbents, benzene removal

1 Introduction

Benzene is a prevalent environmental contaminant, commonly present in industrial
emissions and natural sources (Zahed et al., 2024). It is also a harmful component in the
cigarette smoke with a yield of about 20–100 µg (Chambers et al., 2011). Benzene poses
substantial public health risks and has been classified as a Group 1 carcinogen by the
International Agency for Research on Cancer (IARC) (IARC, 2024). Prolonged exposure
to benzene can result in a variety of health problems, from headaches and eye irritation to
more severe conditions such as respiratory diseases, hematopoietic disorders, and cancer
(Li et al., 2024; Galbraith et al., 2010). Hence, effective benzene removal is essential to
mitigate the environmental and health impacts of benzene.
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FIGURE 1
Synthetic route of ZIF-8/PLA microspheres.

FIGURE 2
Illustration for cigarette smoke adsorption (1: Cigarettes; 2: Cigarette holding device and material filling chamber; 3: Particulate phase trap; 4: Gaseous
phase trap; 5: Smoking machine; 2–1: Cigarette holding ring; 2–2: 120-mesh baffle; 2–3: Adsorbent material; 4-1 Methanol absorption flask; 4-2:
Cold trap).

Currently, there is a rapid development of technologies for the
removal of hazardous components, and adsorption is the most
commonly usedmethod in this regard (Yue et al., 2021; Scaffaro et al.,
2022;Wang et al., 2022).This canbe attributed to its cost-effectiveness,
high removal efficiency, and large-scale application (Isinkaralar, 2023;
Isinkaralar, 2022).Generally,metal-organic frameworks (MOFs),with
abundant pores, elevated specific surface area, and π-conjugated
motifs are particularly suited to achieve efficient benzene removal
(Li et al., 2020; Hu et al., 2024; Lv et al., 2024). Specifically, the
zeolitic imidazolate framework-8 (ZIF-8), which exhibits zeolite-like
structures,hasgarneredattentionduetoitsexceptionalporosity, strong
π-π stacking interactions, andgate-openingmechanisms that facilitate
thecaptureof largermolecules, includingbenzene, toluene,andcarbon
tetrachloride (Gwardiak et al., 2019; Ueda et al., 2019). Moreover,
the integration of MOFs with rich network materials can enhance
the adsorption capacity of the composites due to the formation of a
hierarchical porous structure and improved handling performance
(Wang et al., 2024; Chen et al., 2017). For instance, research
conducted by theWang group introduced anewmethod toprocessing
MOFs into nanofibrous filters (Zhang et al., 2016). The process
employs electrospinning technology, which quickly creates three-
dimensional fiber networks with hierarchical structures, allowing
the composites to take full advantage of their synergistic properties
(Scaffaro and Gammino, 2025; Scaffaro et al., 2023; Huo et al.,
2025). Therefore, polymer binders such as polyacrylonitrile (PAN),
polyvinylpyrrolidone (PVP), or polystyrene (PS) are mixed with

MOF particles like ZIF-8, UiO-66-NH2, or MOF-74, and then spin-
coated onto a fiber web substrate (Wang et al., 2019). Furthermore, a
methodtoenhancethegasadsorptionefficiencyofZIF-8nanoparticles
has been developed, wherein spherical superparticles are created
through emulsion templating. These superparticles exhibit a 30-
fold increase in adsorption rate compared to traditional ZIF-8
powder pellets (Fujiwara et al., 2023). The presence of superparticles
endows the macroscopic material with a hierarchical pore structure,
including large pores between the superparticles, small pores between
theZIF-8particles,andmicroporeswithintheZIF-8framework,which
facilitates effective mass transfer.

AlthoughMOFs have been reported to exhibit certain advantages
in the field of adsorbent materials, their fine powder morphology
limits their adsorption capacitywhen applied inside devices (Cai et al.,
2021). In addition, the pure microporous structure is not conducive
to the rapid adsorption of target substances, especially in complex
smog environments. The cigarette smoke environment is marked by
large aerosol particles (0.1–1.0 μm), elevatedpollutant concentrations,
and an extremely brief 0.01-s exposure window for adsorbents
(Yang et al., 2023). This setting necessitates that adsorbent materials
rapidly capture and retain gaseous benzene within this minimal
contact period.Toaddress this issue, incorporatingMOFswithporous
materials with good molding properties can endow the composites
with a high specific surface area while minimizing diffusion barriers,
therebyachievinghighbenzeneremovalefficiencies.ZIF-8composites
(including aerogels, microspheres, and mixed matrix membranes,
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FIGURE 3
(A) SEM image, (B) X-ray diffraction pattern, (C) nitrogen adsorption-desorption isotherm, and (D) corresponding DFT pore size distribution of ZIF-8.

etc.) can gain better adsorption capacity of benzene superior to the
individual components (Ali et al., 2021; Marsiezade and Javanbakht,
2020). For example, a ZIF-8/silica aerogel composite has been shown
to achieve a benzene adsorption capacity of 337 mg/g at 25°C
(Azhagapillai et al., 2021). Additionally, the ZIF-8/agarose composite
porous carbon aerogel, with a substantial specific surface area of
1690.4 m2/g and a uniformmicropore framework, has been reported
to demonstrate exceptional benzene adsorptive performance. At 50%
relative humidity, an adsorption capacity of 511.2 mg/g is achieved,
surpassing theperformanceof commercial adsorbents likeZSM-5and
otherMOFs such asUiO-66 (Hoffmann et al., 2006; Zhang et al., 2019;
Kimetal.,2019).Moreover,amagneticnanocompositeofFe3O4@ZIF-
8 has also been reported to attain a benzene adsorption capacity
of 129.4 mg/g at 20°C, surpassing the performance of conventional
silica aerogels (Kyzas et al., 2022). Although ZIF-8 composites have
been shown to be an excellent material for benzene adsorption, their
adsorption applications in cigarette smoke environments are still
poorly studied.Therefore, thedevelopment and structuralmodulation
of ZIF-8 composites for improving benzene trapping capacity in
cigarette smoke, along with the examination of the relationship
between pore structure and adsorption performance, are necessary.

In this study, multistage porous ZIF-8/PLA composites were
fabricated via the double emulsion solvent evaporation method.
PLA, derived from renewable resources, is considered cost-effective
and environmentally sustainable, making it suitable for large-
scale applications (Rajeshkumar et al., 2021; Farah et al., 2016).
Its intrinsic plasticity, tunable pore structure, and potential for
surface modification enable the efficient adsorption of a wide

range of organic and inorganic pollutants (Qin et al., 2022;
Lagalante et al., 2020; Palmieri et al., 2020). The impact of various
preparation parameters, including the ZIF-8 to PLA ratio, PLA
concentration, emulsion water-to-oil ratio, and solvent evaporation
temperature, on the microstructure of the resulting ZIF-8/PLA
microspheres was systematically investigated. In addition, the
benzene removal performance of these functional microspheres,
employed as adsorbents in flowing benzene vapor and cigarette
smoke, was evaluated.

2 Materials and methods

2.1 Materials

Polylactic acid (PLA, molecular weight 80,000–100000),
NatureWorks. hexavalent zinc nitrate, 2-methylimidazolate, and
polyvinyl alcohol (PVA) were supplied by Shanghai Aladdin Bio-
Chem Technology Co., Ltd., Shanghai, China. Other reagents were
of analytical grade and used without further purification.

2.2 Synthesis of zeolitic imidazolate
framework (ZIF-8)

1.17 g of Zn(NO3)2·6H2O and 22.70 g of 2-methylimid-azole
were dissolved in 8 mL and 80 mL of deionized water, respectively,
with a molar ratio of Zn2+: 2-methylimidazole at 1:70. The solution
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FIGURE 4
(A) FTIR spectrum, (B) X-ray diffraction pattern, (C, D) Nitrogen adsorption-desorption isotherms curves and pore size distribution, (E, F) Cumulative
mercury intrusion curves and pore size distribution, (G) SEM images of ZIF-8/PLA composite microspheres, displaying surface (g1, g2) and
cross-sectional (g3, g4) views, and (H) TG curves for ZIF-8/PLA composite microspheres, PLA and ZIF-8.

containing Zn(NO3)2·6H2Owas poured into the 2-methylimidazole
solution, mixed well and stirred magnetically for 24 h. Afterwards,
the resultingmilky solution was centrifuged three times and washed
with water. Finally, the remaining matter was dried in an oven at
100°C for 24 h.

2.3 Preparation of ZIF-8/PLA composite
microspheres

Porous ZIF-8/PLA composite microspheres were synthesised
by the double emulsion-solvent evaporation technique with
ammonium bicarbonate as the foaming agent (Figure 1). Firstly,
the primary emulsion (W1/O) was prepared by mixing 20 mL of
the internal aqueous phase (W1) containing 5 wt% ammonium
bicarbonate and ZIF-8 powder with 100 mL of a dichloromethane

solution containing 5 wt% PLA. Emulsification was carried out
using a homogeniser (T25, IKA, Staufen, Germany) at 10,000 rpm.
Subsequently, 1000 mL of 0.2 wt% PVA solution (W2) was
added under continuous stirring to form a secondary emulsion
(W1/O/W2). The stirring process was continued for at least
4 h to promote evaporation of the solvent. The resulting ZIF-
8/PLA microspheres were then collected, thoroughly washed with
deionised water and ethanol and separated by a standard sieve.
Finally, the microspheres were dried at 60°C.

2.4 Characterization

Fourier transform infrared spectroscopy (FT-IR)was performed
with an IRTracer 100 spectrometer (Shimadzu, Japan) using the KBr
method in the range of 4000–400 cm-1. X-ray diffraction (XRD)
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FIGURE 5
(A) Nitrogen adsorption curves and (B) Mercury intrusion curves of ZIF-8/PLA composite microspheres with different PLA concentrations (3 wt%,
4 wt%, 5 wt%, 6 wt%, 7 wt%).

patterns were obtained by the SmartLab SE X-ray diffractometer
(Rigaku, Japan) with a scanning range of 5°–90° and a scanning
speed of 5°/min.The surface and inner structure of themicrospheres
were characterized with a Sigma 300 (ZEISS, Germany) field
emission scanning electron microscope (SEM). The samples were
attached to the SEM sample holder with double-sided tape and
gold-plated in a vacuum prior to measurement. To characterise
the internal structure, the microspheres were brittle fractured in
liquid nitrogen and then subjected to SEM examination. Nitrogen
adsorption/desorption analysis was measured on a Tristar II 3020
surface area and porosity analyzer (Micromeritics, Norcross, GA,
United States) with the sample maintained at −196°C using liquid
nitrogen. Before the determination, the samples were degassed
under vacuum at 60°C for 8 h. The surface area was calculated
by the standard Brunauer-Emmet-Teller (BET) method, and the
pore size distribution was determined from nonlocal density
functional theory (NLDFT) model. Mercury intrusion porosimetry
was performed on an AutoPore IV 9520 system (Micromeritics,
Norcross, GA, United States). The pore volume was calculated
from measuring the total amount of mercury entering the pores
under pressures ranging from 0.5 to 33,000 psi and the pore
size distribution was obtained using the Washburn equation. The
thermal stability was investigated by thermal gravimetric (TG)
analysis using Discovery TGA 550 thermogravimetric analyzer
under the operation condition of a heating rate of 10°C/min from
30°C to 1000°C under N2 atmosphere (60 mL/min).

2.5 Dynamic adsorption in flowing
benzene vapor

A mass spectrometer gas analyzer (BSD-MAB, Beishide
Instrument Technology (Beijing) Co., Ltd.) was used to evaluate
the adsorption performance of the material for benzene. The test
conditions were set with an inlet concentration of benzene at
1500 ppm in N2, a test temperature of 25°C, and a vapor flow rate of
100 mL/min. Firstly, prior to adsorption, the samples were degassed

at 60°C for 120 min. Secondly, the prepared gas was passed through
the sample in the breakthrough column, where the column’s inner
diameter was 5.0 mm and the sample length was 50.0 mm. The
outlet concentration change was then monitored using a mass
spectrometer (MS) for benzene. Finally, the adsorption capacity
was calculated from the breakthrough curves according to the
equation in the literature (Qi et al., 2018). To assess the regeneration
and reusability of the microspheres, ZIF-8/PLA microspheres
were subjected to a regeneration process, which involved washing
with methanol and then vacuum drying at 60°C. The regenerated
microspheres were tested for dynamic adsorption performance in
flowing benzene vapor.

2.6 Removal of benzene from cigarette
smoke

The removal of benzene from cigarette smoke using these ZIF-
8/PLA microspheres as adsorbents was evaluated on a homemade
device linked to the smoking machine (Figure 2). To measure the
smoke benzene yield in the main stream, the ISO standard smoking
regime was adopted with a puff volume of 35 mL, a puff duration of
2 s and a puff interval of 60 s on a linear smoker SM-450 (Cerulean,
Milton Keynes, UK). The test cigarettes had a circumference of
24.4 mm and were selected from a 59 mm long tobacco rod and a
25 mm long unvented CA filter with a mass of 975 ± 15 mg and a
draw resistance of 1030 ± 30 Pa and equilibrated under a constant
temperature of 22°C and a relative humidity of 60% for 48 h. The
amounts of adsorbents added were 10 mg/cig. Cigarette smoke was
generated from the combustion cone in the main stream and passed
through the adsorbents packing area for adsorption. Benzene in the
gas phase of the cigarette smoke was collected by passing the entire
bulk stream of smoke through a methanol-filled absorption flask
in the cold trap. The yield of captured benzene was determined by
Agilent 5977AGC-MS.The tests were performed on three replicates,
and the data was further statistical analyzed by using ANOVA and
Bonferroni’s post hoc analysis method.
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FIGURE 6
SEM images of ZIF-8/PLA composite microspheres fabricated with different PLA concentrations. (A) 3 wt%, (B) 4 wt%, (C) 5 wt%, (D) 6 wt%, and (E)
7 wt%. The images with subscript of 1 and 2 are the surface views while subscript of 3 demonstrated the cross-sectional view.
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FIGURE 7
(A) Nitrogen adsorption curves and (B) Mercury intrusion curves of ZIF-8/PLA composite microspheres at different W1/O ratios (1:3, 1:5, 1:7, 1:10).

3 Results and discussion

3.1 Preparation and characterization of
ZIF-8/PLA composite microspheres

ZIF-8 nanoparticles were synthesized in an aqueous system
using Zn(NO3)2·6H2O and 2-methylimidazole as precursors. As
shown in the SEM image (Figure 3A), the particles exhibited
a distinct dodecahedral morphology, which is the characteristic
morphology of ZIF-8. The XRD pattern illustrated in Figure 3B
revealed principal diffraction peaks at 2θ = 7.35°, 10.40°, 12.75°,
18.07°, 26.73°, and 29.72°, which closely matched simulated ZIF-8
structural data from the Cambridge Crystallographic Data Centre
(CCDC), thereby confirming the formation of phase-pure ZIF-8
crystals (Morris et al., 2012). From the nitrogen adsorption isotherm
shown in Figure 3C, a sharp uptake is observed at low relative
pressures, which is consistent with a Type I isotherm, indicating the
presence of microporosity (Gholampour et al., 2017). Furthermore,
the pore size distribution (Figure 3D), which aligned well with
prior reports (Chen and Tang, 2019), indicated a peak pore size of
1.2 nm. Together, these results validated the successful synthesis of
ZIF-8 with expected structural and morphological features.

Porous ZIF-8/PLA composite microspheres were then
synthesized using a double emulsion-solvent evaporation method.
In this process, an ammonium bicarbonate aqueous solution was
first emulsified in a PLA-dichloromethane solution containing ZIF-
8, followed by further emulsification in a PVA solution to form
microspheres. The ammonium bicarbonate stabilized the emulsion
during solvent evaporation, preserving microsphere porosity,
and generated pores through gas release upon decomposition
(Wang et al., 2015; Kim et al., 2006). Apparently, as can be seen
from the FT-IR spectroscopy data (Figure 4A), the presence of both
ZIF-8 and PLA was confirmed, with characteristic peaks for ZIF-
8 at Zn–N (419 cm-1), C=N (1583 cm-1), and N–H (1301 cm-1),
and for PLA at C–H (2997 and 2937 cm-1) and C=O (1760 cm-1)
(Tsai and Langner, 2016; Moazzen et al., 2019). Moreover, the
appearance of characteristic ZIF-8 diffraction peaks in the XRD
pattern (Figure 4B) further validated the composite formation. A

decrease in peak intensity suggested reduced crystallinity, possibly
resulting from interactions between ZIF-8 and the PLA matrix.
Figure 4C presents nitrogen adsorption-desorption isotherms with
a marked uptake at low relative pressures, confirming the existence
of micropores, and the pore size distribution is shown in Figure 4D.
The upward trend near P/P₀ = 1 in the nitrogen adsorption
isotherms indicated that there would be macropore structure in
the microspheres. To confirm the hierarchical porous structure
of the ZIF-8/PLA microspheres, mercury intrusion was used to
characterize the macro and super-macro pore structure, which is
shown in Figure 4E. Mercury intrusion curves (Figure 4E) showed
a significant increase in mercury intrusion at about 0.8–10 MPa,
which indicated the existence of macropore structure in the ZIF-
8/PLA microspheres. Figure 4F shows the pore size distribution
calculated from the mercury intrusion curves. A high peak at
553 nm were observed for the ZIF-8/PLA microspheres, further
confirming the presence of interconnected hierarchical porous
network structure. SEM was used to characterize the surface
and cross-sectional morphologies of the resultant microspheres
(Figure 4G). The surface images (Figure 4g1, g2) exhibit rough
textures with prominent large pores. Cross-sectional images
(Figure 4g3, g4) revealed an internal network of interconnected
extra-large pores, with ZIF particles deposited on the pore
walls. This structure probably facilitated benzene adsorption,
with macropores promoting gas diffusion and ZIF-8 particles
providing specific adsorption sites that interact with aromatic
hydrocarbons. Collectively, these analyses confirm the successful
synthesis of microspheres with a high surface area and well-
defined, interconnected porous architecture. Figure 4H shows the
thermodynamic properties of the ZIF-8/PLA porous microspheres.
The ZIF-8/PLA microspheres are stable below 150°C, suitable for
most adsorbent applications, such as in cigarette filters. Specifically,
the microspheres combine the distinct properties of both PLA
and ZIF-8, exhibiting two separate thermal degradation stages, as
observed in previous studies (Misran et al., 2018; Kervran et al.,
2022). The first stage, occurring between 200°C and 400°C, is
associated with the degradation of PLA, characterized by a rapid loss
in mass. The second stage, between 500°C and 700°C, corresponds
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FIGURE 8
SEM images of ZIF-8/PLA composite microspheres fabricated with different W1/O ratios. (A) 1:3, (B) 1:5, (C) 1:7, and (D) 1:10. The images with subscript
of 1 and 2 are the surface views while subscript of 3 demonstrated the cross-sectional view.

to ZIF-8, where a more gradual mass loss is observed, attributed to
the breakdown of organic ligands in ZIF-8.

3.2 Influence of preparation parameters on
the micro-sphere structure

The impact of formulation and processing conditions on the
microsphere structure was investigated by preparing multiple
batches with systematic variations in the ZIF-8 to PLA ratio,
PLA concentration, emulsion water-to-oil ratio (W1/O), and

solvent evaporation temperature, as summarized in Table 1. The
optimization of microsphere architecture depends on these factors,
which control the uniformity of morphology, pore structure, and
overall structural integrity.

3.2.1 The concentration of PLA
Porous microspheres were prepared with varying PLA

concentrations (3 wt%, 4 wt%, 5 wt%, 6 wt%, 7 wt%). As can
be seen from the nitrogen adsorption curve (Figure 5A) and
micro/mesopore characterization in Table 1, as PLA concentration
increased, the BET specific surface area initially rose from 281
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FIGURE 9
(A) Nitrogen adsorption curves and (B) Mercury intrusion curves of ZIF-8/PLA composite microspheres prepared at different solvent evaporation
temperature (25°C, 35°C, 45°C).

FIGURE 10
SEM images of ZIF-8/PLA composite microspheres fabricated with different solvent evaporation temperatures. (A) 25°C, (B) 35°C, (C) 45°C. The images
with subscript of 1 and 2 are the surface views while subscript of 3 demonstrated the cross-sectional view.
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FIGURE 11
(A) Nitrogen adsorption curves and (B)Mercury intrusion curves of ZIF-8/PLA composite microspheres with different ZIF-8/PLA ratios (3:7, 4:6, 6:4, 7:3).

to 839 m2/g, then decreased sharply to 139 m2/g. A moderate
increase in PLA concentration (and thus viscosity) can aid in
achieving uniform nanoparticle distribution; however, excessive
PLA concentrations resulted in a highly viscous oil phase, which
induced polymer/particle aggregation driven by intramolecular
force (Ibadat et al., 2021). Besides, mercury intrusion curves
(Figure 5B) and macropore characterization (Table 1) revealed
that increasing PLA concentrations led to a gradual reduction in
pore volume and pore size. This further indicated that excessive
PLA might hinder droplet dispersion and reduce emulsion
stability. In Figure 6, the SEM images revealed that as the solution
concentration increased, the microsphere diameter enlarged, while
the size of surface and internal macropores decreased, consistent
with the observed reduction in pore volume.

3.2.2 The W1/O ratio
Porous microspheres were fabricated at different W1/O ratios,

specifically 1:3, 1:5, 1:7, and 1:10. As illustrated in nitrogen
adsorption curve (Figure 7A) andmicro/mesopore characterization
(Table 1), as the W1/O ratio decreased from 1:3 to 1:10, the BET
specific surface area of the microspheres increased markedly
from 432 to 943 m2/g. This increase was potentially due to
the hydrophobic nature of ZIF-8, which enhanced its uniform
dispersion in dichloromethane and stabilized the emulsion.
Additionally, mercury intrusion curves (Figure 7B) and macropore
characterization (Table 1) revealed that a lower W1/O ratio resulted
in a decrease in pore volume from 1.28 to 0.73 mL/g.This reduction
likely stemmed from decreased emulsion stability at lower W1/O
ratios, as a diminished oil-water interface encouraged polymer
solidification. The resulting variability in oil droplet sizes further
promoted coalescence, leading to emulsion separation. SEM
images shown in Figure 8 further reveal that as the W1/O ratio
decreased, the internal pore volume of the microspheres also
decreased, which was consistent with the reduced pore volume.
It is noteworthy that when the W1/O ratio was 3, although the pore
diameter was larger, the pore volume was smaller, which may have
been due to the formation of fewer interconnected pores.

3.2.3 The solvent evaporation temperature
The solvent evaporation temperature was adjusted by varying

the temperature of the external aqueous phase (W2) in the
range of 25°C–45°C, which would affect the formation of
the composite microsphere. Figures 9A, B shows the nitrogen
adsorption curve and the mercury intrusion curves of ZIF-
8/PLA composite microspheres prepared at different solvent
evaporation temperature. The pore volume and pore size were
summarized in Table 1. With the solvent evaporation temperature
increased from 25°C to 45°C, the BET specific surface area
determined by nitrogen adsorption decreased from 839 to
218 m2/g, and the pore volume determined by mercury intrusion
method decreased from 1.28 to 1.00 mL/g. The phenomenon
was probably attributed to the accelerated curing of PLA at
higher temperatures, which caused the microsphere structure to
contract, tightly encapsulating the ZIF-8 particles and reducing
their surface exposure. As exhibited in Figure 10, SEM images
further revealed that with an increase in temperature, the surface
pores became fewer, while the internal porosity of the microspheres
increased. The interior pore size enlarged, yet the total pore
volume decreased, potentially due to a reduced number of
interconnected pores.

3.2.4 The ratio of ZIF-8 to PLA
Porous microspheres were synthesized by varying the ZIF-

8/PLA ratio at 3:7, 4:6, 6:4, and 7:3. Figures 11A, B shows the
nitrogen adsorption curve and the mercury intrusion curves of ZIF-
8/PLA composite microspheres prepared at different ZIF-8 to PLA
ratio.The pore volume and pore size were summarized in Table 1. As
the ZIF-8/PLA ratio increased, the BET specific surface area of the
microspheres generally rose from 246 to 839 m2/g. However, when
the ratio became too high, the specific surface area slightly decreased
to 653 m2/g, which could be due to the increased solid content in the
oil phase, complicating the stabilization of the primary emulsion.
Meanwhile, the pore volume decreased from 1.86 to 0.92 mL/g as
the ZIF-8/PLA ratio increased. This reduction may be attributed
to the excessive ZIF-8 particles occupying certain pore channels
within the PLA matrix, thereby limiting the overall pore size and
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FIGURE 12
SEM images of ZIF-8/PLA composite microspheres fabricated with ZIF-8/PLA ratios. (A) 3:7, (B) 4:6, (C) 6:4, (D) 7:3. The images with subscript of 1 and 2
are the surface views while subscript of 3 demonstrated the cross-sectional view.

volume of themicrospheres. SEM images shown in Figure 12 further
illustrated the impact of the ratio on the porous structure of
the microspheres. As the ratio increased, the diameter of surface
macropores enlarged, and the number of pores notably escalated.
Concurrently, an increase in internal ZIF-8 particles and a more
uniform distribution were observed. As the ZIF-8 to PLA ratio
increased, the distribution of ZIF-8 particles within the PLA matrix
became denser, significantly enhancing the surface exposure of ZIF-
8 micropores. However, an excessively high ratio led to the overly

compact aggregation of ZIF-8 particles, which affected emulsion
stability, resulting in a reduced number of interconnected pore
structures.

3.3 Breakthrough adsorption of benzene

To assess the dynamic adsorption capacity of ZIF-8/PLA
microspheres for benzene vapor, the BSD MAB mass spectrometer
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TABLE 2 Adsorption performance of ZIF-8/PLA composite microspheres in benzene vapor and cigarette smoke.

Sample Adsorption evaluation

Benzene vapor Smoke benzene

qs (mg·g-1) Benzene Yielda (μg/cig) Removal efficiency (%)

Blank — 49.3 ± 1.1a —

A1 126.3 38.7 ± 1.0b 21.6 ± 2.7

A2 147.3 39.5 ± 1.5b 19.9 ± 3.5

A3 238.3 27.5 ± 1.0d 44.3 ± 2.4

A4 81.9 35.4 ± 1.1c 28.2 ± 2.7

A5 76.6 39.7 ± 1.7b 19.4 ± 3.8

Blank — 49.3 ± 1.1a —

B1 127.0 34.7 ± 1.4b 29.7 ± 3.3

B2 238.3 27.5 ± 1.0c 44.3 ± 2.4

B3 217.8 29.0 ± 1.0c 41.2 ± 2.3

B4 226.5 28.7 ± 0.5c 41.8 ± 1.7

Blank — 49.3 ± 1.1a —

C1 238.3 27.5 ± 1.0d 44.3 ± 2.4

C2 172.5 35.0 ± 0.8c 29.1 ± 2.3

C3 95.8 40.2 ± 2.4b 18.4 ± 5.2

Blank — 49.3 ± 1.1a —

D1 105.9 39.0 ± 1.4b 20.9 ± 3.3

D2 119.4 36.7 ± 1.5b 25.6 ± 3.5

D3 238.3 27.5 ± 1.0c 44.3 ± 2.4

D4 177.6 30.3 ± 1.3c 38.5 ± 2.9

aANOVA, and Bonferroni’s post hoc analysis were applied to analyze the benzene yield of cigarette smoke. The letters of a, b, c, d represent comparisons between samples within each group,
identical letters suggest no significant difference (P > 0.05), while different letters indicate statistically significant differences (P < 0.05).

gas analyzer was utilized. The experiment was conducted with
benzene at an inlet concentration of 1500 ppm in N2, a temperature
of 25°C, and a vapor flow rate of 100 mL/min. The results in Table 2
showed that the ZIF-8/PLA composite microspheres had a saturated
adsorption capacity of up to 238.3 mg/g, higher than that of
ZIF-8 powder (144.3 mg/g) and PLA microspheres (23.3 mg/g),
indicating high adsorption performance. This can be attributed to
the composite’s interconnected hierarchical porous network that
facilitates fast gas diffusion, as well as the strong π-π stacking
interactions between ZIF-8 and aromatic hydrocarbons.

Optimization of the preparation parameters significantly
influenced the structure of the composite microspheres, thereby
affecting the benzene saturation adsorption capacity. For instance,
the maximum adsorption capacity of 238.3 mg/g was achieved at a

5 wt% PLA concentration, which can result from the abundance
of micropores and the interconnected porosity brought about
by the moderate PLA concentration. Moreover, as the W1/O
decreased, the adsorption capacity increased to 217.8–238.3 mg/g,
suggesting that a lower W1/O ratio enhanced ZIF-8 dispersion and
micropore exposure, thereby improving adsorption performance.
Conversely, an increase in the solvent evaporation temperature led to
a significant reduction in adsorption capacity, decreasing from 238.3
to 95.8 mg/g. This decline is likely ascribed to the rapid evaporation
of the solvent at elevated temperatures, which may induce reduced
micropore exposure and the formation of interconnected pores,
both resulting from the contraction of the microspheres. Lastly,
higher ZIF-8 ratios of 6/4 and 7/3 resulted in adsorption capacities
of 238.3 mg/g and 177.6 mg/g, respectively.This can be attributed to

Frontiers in Materials 13 frontiersin.org

https://doi.org/10.3389/fmats.2025.1552100
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Li et al. 10.3389/fmats.2025.1552100

FIGURE 13
Cyclic absorption capacity of ZIF-8/PLA composite microspheres
toward benzene.

the higher ZIF-8 ratios facilitating stable emulsion conditions, which
in turn provided more micropores and interconnected pores. The
data consistently demonstrated that the interconnected hierarchical
pores was crucial for the enhanced adsorption of benzene.

The reusability of the adsorbents is an important factor to
evaluate the practical application value of the materials. The ZIF-
8/PLA microspheres were regenerated by washing with methanol,
followed by vacuum drying at 60°C. As shown in Figure 13, after
three successive adsorption and desorption cycles, the adsorption
capacity could remain 90% of its initial level, verifying the good
benzene adsorption cycling performance of these microspheres.

3.4 Evaluation in cigarette smoke

To evaluate the removal efficiency of ZIF-8/PLA microspheres,
cigarettes containing 10 mg/cig ofmicrospheres and control cigarettes
with an empty cavity were smoked on a homemade device linked
to the smoking machine under the ISO smoking regime. The
benzene removal efficiency was evaluated, with comparative results
presented in Table 2. The mainstream yield of benzene in cigarette
smoke was measured at 49.3 μg/cig. In contrast, cigarettes with
ZIF-8/PLA microspheres as filter additives exhibited a significantly
reduced benzene yield of 40.2–27.5 μg/cig. When used to remove
benzene from cigarette smoke, 18.4%–44.3% of benzene could be
removed, while benzene removal efficiency was 11.0% and 3.4% for
ZIF-8 and PLA, respectively. Consistent with these findings, prior
research demonstrated that powdered MOF adsorbents like UIO-
66 exhibited limited efficacy in smoke filtration, with a maximum
benzene adsorption capacity of only 9% [ = 25]. The improved
benzene adsorption of the compositemicrospheres in cigarette smoke
is due to several key interactions: i) d-π interactions between zinc
ions and the benzene rings, ii) hydrophobic interactions between the
methyl groups of 2-methylimidazole and the benzene rings, iii) π-
π stacking interactions between the imidazole rings and the benzene
rings,andiv) thehierarchicalporousstructure,comprisingmicropores

and interconnected macropores, which facilitated smoke contact and
transport. Moreover, precise tuning of the pore structure in PLA
microspheres, achieved by optimizing preparation parameters, was
essential for facilitating smoke flow and enhancing interaction with
active adsorption sites, thereby significantly impacting the reduction
rate of benzene in cigarette smoke. Firstly, the benzene removal
efficiency increased before decreasing with rising PLA concentration.
Microspheres prepared with a PLA concentration of 5 wt% achieved
the highest benzene reduction rate (44.3%) due to the most stable
emulsion status, forming an optimal structure rich inmicropores and
interconnected pores. Secondly, the substantial increase in benzene
removal efficiency to 41.2%–44.3% was associated with a decrease
in the W1/O ratio. Microspheres prepared with a lower W1/O ratio
facilitated uniform dispersion of ZIF-8 particles, and resulting in a
structure with sufficient interconnected pores.Thirdly, the significant
reduction in benzene removal efficiency to 18.4% was linked to the
rising temperature of the external aqueous phase. This decrease was
most likelycausedbyrapidsolventevaporation, leadingtomicrosphere
contraction and a subsequent decrease in both micropore exposure
and pore interconnectivity. Finally, the benzene removal efficiency
increased significantly to 38.5%–44.3% with the rising proportion
of ZIF-8, particularly at ratios of 6/4 and 7/3, which exhibited
comparable adsorption capacities. This improvement was attributed
to the distribution of ZIF-8 and the affected emulsion stability.

In general, both the π conjugation and hierarchical porous
structure played pivotal roles in removing benzene from cigarette
smoke. The π conjugation and micropores were crucial for benzene
adsorption, while mesopores/macropores facilitated the passage
of smoke. The ZIF-8/PLA composite microspheres were easily
fabricated from commercially available polylactic acid, offering
a green and economical solution and demonstrating significant
potential as benzene adsorbents in cigarette filters.

4 Conclusion

In conclusion, porous composite microspheres composed of
zeolitic imidazolate framework-8 (ZIF-8) and polylactic acid
(PLA) were successfully synthesized using the double emulsion-
solvent evaporation method, with ammonium bicarbonate as the
foaming agent. These microspheres featured an interconnected
hierarchical porous structure, with abundant active adsorption sites,
facilitating efficient gas diffusion and adsorption. Key fabrication
parameters, including the ZIF-8/PLA ratio, PLA concentration,
water-to-oil (W1/O) ratio, and solvent evaporation temperature,
were systematically optimized to achieve an enhanced microsphere
structure. The adsorption capacity of ZIF-8/PLA microspheres for
gaseous benzene ranged from 77 to 238 mg g⁻1, with a benzene
removal efficiency of 18%–44% from cigarette smoke.These findings
suggest that themicrospheres hold significant promise as adsorbents
for benzene in air purification.
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