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A B S T R A C T   

The electret filter media coated with highly porous metal-organic frameworks (MOFs) particles, named E- 
MOFilter, is newly developed and evaluated for its capacity for simultaneous removal of fine particulate matters 
(PM2.5) and volatile organic compounds (VOCs). Three different MOF particles, including MIL-125-NH2, UiO-66- 
NH2, and ZIF-67, were synthesized and systematically characterized. The produced MOF particles were sus-
pended in ultrapure water and then a liquid filtration apparatus was used to deposit the MOF particles onto two 
electret media with different minimum efficiency reporting values (MERV 13 and 17) to form the E-MOFilters. 
Results showed that the MOF particles deposited in MERV 13 media more uniformly than that of MERV 17. In the 
PM filtration tests, results showed that the E-MOFilter gained only a few more pascals of air resistance compared 
with clean electret media. Besides, its PM removal efficiency was found to be close to that of clean electret media. 
This indicates that a uniform MOF particle deposition and negligible charge degradation from the current coating 
process were obtained. Further, the E-MOFilter with MIL-125-NH2 particle coating not only had a decent toluene 
removal efficiency (>80%) but also maintained its original PM2.5 holding capacity. This work may shed light on 
applying the novel E-MOFilter in the residential and commercial HVAC systems and indoor air purifiers to 
simultaneously and effectively remove PM2.5 and VOCs.   

1. Introduction 

The statistical data showed that people spend about 87–90% of their 
time indoors [1–3]. However, indoor air quality (IAQ) has been 
becoming a major concern not only in developing but also developed 
countries. In developing counties, commercial buildings and apartments 
are being built and homes are being refurnished due to improved wealth. 
That increases the use of a large quantity of furnishings, glues, paints, 
etc., leading to the increase in the emission of volatile organic com-
pounds, VOCs [4–7]. Besides, due to the high concentration of ambient 
fine particulate matters (PM2.5, particulate matter with an aerodynamic 
diameter less than 2.5 μm), PM2.5 can infiltrate into indoor environ-
ments [8,9]. In developed counties, indoor concentrations of some 
pollutants are found to be often 2–5 times higher than typical outdoor 
concentrations. It is mainly due to the design of lower air exchange rates 
for energy-efficient building construction and an increased use of syn-
thetic building materials, furnishings, personal care products, etc. [10]. 
Researches have shown that VOCs and PM2.5 can lead to acute and 

chronic effects on humans’ respiratory and central nervous systems and 
eventually cause hematological problems and cancer [7,9,11,12]. 

To mitigate PM2.5 for healthy indoor environments, air filters are 
utilized in the heating, ventilating, air conditioning (HVAC) system, and 
indoor air cleaners (IACs). Electret filters, with quasi-permanent elec-
trical charges on the fibers, acquiring an additional force of electrostatic 
attraction, show a high initial filtration efficiency and a much lower 
pressure drop (ΔP) compared to mechanical filters. They have been 
widely used to improve the quality of indoor air in recent years [13–15]. 
However, to achieve a good IAQ, not only PM2.5 but also VOCs, e.g., 
formaldehyde, and BTXs (benzene, toluene, xylene), should be mitigated 
[16–19]. Traditionally, simultaneous removal of PM and VOC pollutions 
is achieved by combining granular activated carbon (GAC) or other 
adsorbents, e.g., zeolites, with filter media, either embedded in or 
separately as an individual filtration module [20–22]. Both assembly 
strategies make the filtration module bulky and heavy. There is also an 
advanced high-end photocatalytic oxidation (PCO) technology applied 
in IACs. However, the high price and requirement of UV light source 
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cause the inconvenience [23–25]. The activated carbon fiber (ACF) fil-
ters were developed to simultaneously remove PMs and VOCs [26–29]. 
However, the ACF is not dielectric and cannot be charged, making them 
less efficient for PM removal compared with electret media with the 
same mechanical properties (fiber diameter, porosity, and thickness). 

Metal-organic frameworks (MOFs), a novel class of porous crystalline 
polymers, have large surface areas, tailorable pore sizes, tunable func-
tionalities, and relatively high thermal stability and selectivity, which 
make them promising candidates for gas capture, gas separation and 
drug delivery, catalysis, sensing, etc. [30,31]. MOFs are constructed 
from metal ions and organic ligands. Such materials offer significant 
chemical and structural diversity and have outperformed the traditional 
porous materials (activated carbon, zeolite, alumina, and silica) in 
adsorption of harmful gas/vapor due to their tunable pore size and 
chemical functionality in a controlled manner [32–34]. Inspired by 
MOFs having such great potential to remove harmful gases, researchers 
recently coated MOFs onto mechanical filters, termed MOFilters, to 
remove PMs and toxic gas pollutants simultaneously [35–38]. Results 
demonstrated that certain inorganic toxic gas species, such as SO2, H2S, 
and O3, can be removed efficiently. However, because of the use of 
mechanical media, the pressure drop was relatively high and PM effi-
ciency was low [8]. 

In this study, for the first time electret filter media is combined with 
MOF particles, named E-MOFilter, to mitigate PM2.5 and VOCs simul-
taneously. Three MOF particles, including MIL-125-NH2, UiO-66-NH2 
and ZIF-67, were selected and synthesized for the fabrication of E- 
MOFilters. These MOFs were chosen due to their small pore sizes, high 
surface areas, and special functionalities, enabling a promising adsorp-
tion of VOCs [39–41]. In the aspect of electret filter, two electret filters 
with different minimum efficiency reporting values (MERVs), i.e., MERV 
13 and MERV 17, were used as base substrates for the deposition of MOF 
particles. The effects of fiber diameter and porosity on the uniformity of 
MOF particle depositions were studied. The E-MOFilters were tested not 
only for their initial efficiency but also holding and adsorption capacity 
for PM2.5 and toluene (a common indoor VOC pollutant). The ultimate 
goal of this study is to demonstrate the E-MOFilter and the developed 
fabrication method not only maintain the charge of electret media but 
also keep high removal efficiency and holding capacity for PM2.5. Be-
sides, the E-MOFilter has high efficiency and high adsorption capacity 
for VOCs. 

2. Materials and methods 

2.1. Electret filter media 

The flat sheets of the MERV 13 and MERV 17 rated electret filter 
media were used for the deposition of MOF particles and subsequent PM 
and toluene removal tests. To be noted that the MERV 17 rated filter is 

equivalent to the high efficiency particulate air (HEPA) filter which has 
a 99.97% efficiency in the removal of 0.3 μm particles. Therefore, the 
MERV 17 will be labeled as ‘HEPA’ throughout the rest of the article. 
The filter specifications and scanning electron microscopy (SEM) images 
of these two media are summarized in Table 1. As can be seen, the HEPA 
media have a much smaller fiber diameter (major layer) than that of 
MERV 13. It is expected that the HEPA media would be relatively easier 
for the deposition of MOF particles onto its fibers by sieving mechanism 
in the liquid filtration (coating) process. Since the MERV 13 has a 
relatively low pressure drop and its PM removal efficiency may not be 
high enough, this study intended to use two layers of MERV 13, in 
addition to 1 layer, to see if the PM and toluene removal efficiency can 
be further improved. In comparison, due to the existing high pressure 
and good PM efficiency, the HEPA will be tested with 1 layer only. 

2.2. Synthesis of MOFs particles 

Three types of MOFs, including MIL-125-NH2, UiO-66-NH2 and ZIF- 
67, were selected and synthesized to fabricate the E-MOFilters. The 
chosen of them was because they not only have been applied for the VOC 
removal in literature due to their small pore size, high surface area, and 
special functionalities, but also their water stability and proper size 
facilitating the liquid filtration coating to the electret media, which will 
be shown later. The three MOFs were synthesized following the pro-
cedures reported in the literature with slight modifications [39–41]. 
Briefly, for MIL-125-NH2, 0.797 mL titanium tetraisopropoxide (TTIP) 
and 0.651 g 2-aminoterephthalic acid (BDC-NH2) were dissolved in the 
mixture of dimethylformamide (DMF)/methanol (15 mL/15 mL). Then, 
the mixture was transferred to a Teflon-lined steel autoclave reactor and 
placed in an oven at 150 ◦C for 15 h. The obtained yellow products were 
isolated by centrifugation and washed by 30 mL DMF and 30 mL 
methanol, respectively, for three times. Finally, the samples were dried 
under 50 ◦C overnight in vacuum. For UiO-66-NH2, 1.875 g ZrCl4 
(pre-dissolved in a mixture of DMF/HCl, 75 mL/15 mL) and 2.011 g 
BDC-NH2 (pre-dissolved in DMF 150 mL) were mixed and heated at 
80 ◦C for 3 h. Then the obtained powders were isolated by centrifugation 
and washed with 45 mL DMF for three times. Similarly, the product was 
dried under vacuum at 50 ◦C overnight. In synthesizing ZIF-67, 0.3577 g 
cobalt nitrate hexahydrate (pre-dissolved in 25 mL methanol) and 
0.4062 g 2-methylimidazolate (pre-dissolved in 25 mL methanol) were 
mixed and stirred at room temperature for 24 h. Then the obtained 
products were isolated by centrifugation and washed with 30 mL 
methanol for two times. The products were also dried under vacuum at 
50 ◦C overnight. 

2.3. Preparation of E-MOFilters 

In general, there are many ways to incorporate MOF particles with 

Table 1 
Specification of the HEPA and MERV 13 electret media for the MOF coating [14,15].  

Types HEPA (MERV 17) MERV 13 
SEM images 

Fiber diameter (μm) 

2.0 ± 0.5 (fine fibers) 80 ± 5 (coarse fibers) 13.1 ± 0.9 
Thickness (mm) 0.5 ± 0.03 (0.11 ± 0.01, excluding coarse fiber layer support) 0.47 ± 0.02 
Basic weight (g/m2) 72 ± 2 (22 ± 1 without coarse fiber layer) 75 ± 2 
Solidity (α) 0.102 0.104 
Charging density (μC/m2) 80 50 
Initial pressure drop at 5 cm s−1 (Pa) 46.2 ± 0.7 4.5 ± 0.1 
Initial efficiency for 0.3 μm particles (%) 99.97 ± 0.01 91.11 ± 0.23  
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the filter media, including in situ interweaving, electrospinning (phys-
ical blending of MOF nanoparticles with polymers, producing MOF- 
based nanofibers), freeze-drying, hot-pressing, roll-to-roll processing, 
air filtration deposition, etc. [36,37,42]. To choose an appropriate 
method for the current study, the following considerations should be 
taken into account in the process of combining the MOF particles with 
the charged fibers. Firstly, the charges of the electret media should not 
be degraded; secondly, the MOF particles should firmly attach to the 
electret media with a minimized growth of air resistance; thirdly, the 
transfer process is simple and cost-efficient. Reviewing the above-
mentioned methods, none of them is applicable. For example, the 
interweaving could not tightly hold the MOF particles and particle 
shedding during filtration may occur; both freeze-drying and hot 
pressing would experience harsh temperature or pressure changes, 
therefore, the degradation for fiber charges is unavoidable; the 
roll-to-roll can also cause shedding issue; and the air filtration always 
leads to a non-uniform deposition of particles in depth of the media. 

As none of the existing methods were appropriate, this study pro-
posed a liquid filtration (coating) method to fabricate the E-MOFilters, 
which was based on the authors’ previous research findings [43,44]. The 
choice of liquid filtration is to utilize the inherent more uniform particle 
deposition in liquid filtration process especially in the case of pore to 
particle diameter ratio is not low, e.g., 5–20. Besides, the authors have 
found that there was a negligible charge degradation in water 
soaking-drying tests for electret media [8,44]. If the MOF particles can 
be uniformly coated onto the fibers and in depth of the media without 
the formation of particle cake, the applied quantity of MOF particles and 
the increase of air resistance can be minimized (lower than dendrite 
structure in air filtration), therefore, the shielding of charge by the MOF 
particles should be minimized. Besides, the VOC removal efficiency 
should be maximized due to the high surface area of MOF particles. 
Fig. 1 shows the experimental setup for the MOF coating. The MOF 
particles were first suspended in water with a concentration of 0.02 wt 
%. There were still some minor loading effects causing the upper layers 
of the media to collect a little more MOF particles than the lower layers. 
Therefore, the coating flow (or filtration direction) was introduced from 
the back side of the filter to reduce the deposition quantity of MOF 
particles on the first few layers of the E-MOFilters. Thus, the attenuation 
of PM removal efficiency and holding capacity due to charge shielding 
and reduction in void space by MOF particles can be avoided [15]. The 
driving force for the flow circulation in the system was provided by a 

peristaltic pump under the flow rate of 100 mL min−1. The coating levels 
and applied substrates (HEPA or MERV 13) in the fabrications of 
E-MOFilters are summarized in Table S1 of the Supporting Information 
(SI). In brief, the quantities of the coated MOFs were controlled at 5 
(low), 10 (medium) and 25 (high) wt%, of the mass of MERV 13 (1 or 2 
layer) and HEPA (1 layer) flat sheet with 47 mm in diameter. For 
example, the one with 5 wt% low coating uses MOF particles for only 
3.75 g per square meter of filter. 

2.4. Characterization of MOF particles and E-MOFilters 

To characterize the MOF particles, the scanning electron microscopy 
(SEM, HITACHI SU-70, HITACHI Corp., Tokyo, Japan), X-ray diffraction 
(XRD, PANalytical X’Pert Pro, Malvern PANalytical Ltd., Malvern, UK) 
and Fourier transform infrared spectroscopy (FT-IR, Nicolet iS50, 
Thermo Fisher Scientific, Waltham, MA) were utilized to probe the size, 
morphology, structure, and surface chemistry of the MOF particles, 
respectively. To measure Brunauer–Emmett–Teller (BET) surface areas 
of the MOF particles and E-MOFilters, N2 adsorption/desorption iso-
therms was measured by a gas sorption analyzer (Autosorb iQ, Quan-
tachrome Instruments Corp., Boynton Beach, FL). In addition to the 
surface area, the pore diameter distribution was obtained based on the 
density functional theory (DFT). The SEM, FT-IR and XRD analysis was 
also conducted for E-MOFilter to evaluate the coating uniformity of MOF 
particles and whether there are interactions between electret media and 
MOF particles. 

2.5. Initial efficiency of E-MOFilters for PMs 

After the characterization of MOF particles and E-MOFilters, E- 
MOFilters were evaluated for their PM and VOC removals. A difficulty 
was encountered when the VOC and PM removal efficiency by the E- 
MOFilter was intended to be measured simultaneously. It was because 
the filtration speed could not be remained constantly for VOC filtration 
as the flow needed to be switched periodically to measure the upstream 
or downstream particle concentration for determining the PM efficiency. 
Therefore, this study conducted the PM initial efficiency and PM aging 
tests first followed by the VOC removal efficiency and adsorption tests of 
the E-MOFilters and the tests with a reverse order were conducted to 
confirm the order would not cause many differences. Besides, a system 
close to the simultaneous measurement for PM2.5 and VOC was devel-
oped, shown in Fig. S1 of SI, in which the PM2.5 was continuously 
introduced to challenge the E-MOFilter (MIL-125-NH2 coated MERV13 
with high level) but the efficiency was not characterized. If the three 
results are close to each other, the experimental data obtained from the 
separate measurements should be applicable to the real operating con-
dition. Table S1 summarizes the test conditions for the E-MOFilters 
against PM and VOC. 

The initial PM removal efficiency of E-MOFilter was tested under 5 
cm s−1 face velocity (commonly used in literature) using the same 
experimental method of our previous study [13–15]. In brief, atomiza-
tion (Model 9302, TSI Inc., Shoreview, MN) and classification (Model 
3082, TSI Inc., Shoreview, MN) were utilized to produce monodisperse 
NaCl particles with sizes of 20–700 nm. The classified monodisperse 
particles were firstly neutralized to reach Boltzmann distribution to 
minimize and mimic the particles present in the ambient condition 
before being introduced to challenge the E-MOFilters. The upstream, 
Cup, and downstream, Cdown, particle concentrations (particle cm−3) 
were measured by an ultrafine condensation particle counter (UCPC, 
Model 3776, TSI Inc., Shoreview, MN). Then the initial size-fractioned 
efficiency, η %, can be determined as: 

η %=

(

1−
Cdown

Cup

)

× 100% (1) 

For comparison, the initial efficiency of original and discharged (by Fig. 1. The experimental setup to coat MOF particles onto charged filter media.  
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IPA vapor) HEPA and MERV 13 electret media without coating MOF 
particles was also measured [45]. Because of the application of classi-
fication technique which produced monodisperse particles with low 
concentration, the loading effect was negligible and would not affect the 
PM aging tests [13–15]. 

2.6. PM aging test 

The PM aging tests were conducted for the MIL-125-NH2 coated E- 
MOFilters only as will be shown later the MIL-125-NH2 performed the 
best VOC removal amongst the three MOFs. Similarly, E-MOFilters with 
three coating levels together with the original electret media will be 
aged under 5 cm s−1 by PMs with a close size distribution of ambient 
PM2.5 [13–15]. The average number median diameter (NMD) and mass 
median diameter (MMD) of the NaCl particles used to challenge the 
E-MOFilter media were ~80 nm and ~500 nm, respectively. The aging 
tests were conducted under a relative humidity (RH) of ~30%, a rela-
tively dry condition to simulate the worst condition of aging [46]. The 
details of the experiments and method to determine the holding ca-
pacity, in terms of pressure drop growth versus mass load, can be found 
elsewhere [13–15]. 

2.7. Removal efficiency and adsorption capacity of toluene by E- 
MOFilters 

The toluene (C6H5CH3) as a common and representative harmful 
VOC in indoor air [22,47–51], was selected to challenge the E-MOFil-
ters. The experimental setup was shown in Fig. 2 and Fig. S1 (for 
simultaneous PM2.5 loading), in which a gas chromatography (GC, 
Agilent 7890B, Agilent Technologies Inc., Santa Clara, CA) equipped 
with a flame ionization detector (FID, Agilent Technologies Inc., Santa 
Clara, CA) was adopted to measure the toluene concentration. In the 
GC-FID measurement, 3 min for each run and 30 s for each sampling was 
set. The line of the dummy holder was used to generate the calibration 

curve, from 0.05 to 50 ppm, for the toluene. Results showed that the 
relationship between the toluene concentration and peak area had a root 
square of 0.999 (Fig. S2). 

In this study, 5 ppm of toluene with the 5 cm s−1 of face velocity were 
applied for testing. When the measurement started, the toluene flow was 
introduced to the dummy line first to confirm if a correct toluene con-
centration was used. Then the flow was switched to the E-MOFfilter line 
by the three-way valve. Usually, the third or fourth peak of the mea-
surement shows the lowest peak area, i.e., the lowest toluene concen-
tration. Thus, using Eq. (1), the initial removal efficiency of toluene, η%, 
can be determined from the toluene concentration measured from the 
dummy line representing the upstream concentration of the E-MOFilter, 
Cup, and the lowest concentration from the E-MOFilter line, representing 
the downstream concentration, Cdown. When the toluene flow continued 
passing the E-MOFilter line, the breakthrough curve, or the adsorption 
capacity, was determined. To obtain the representative results, mea-
surements for each experimental condition in toluene and PM tests were 
repeated four times. 

3. Results and discussion 

3.1. Characterization of MOF particles 

Fig. 3 summarizes the characterization results of MIL-125-NH2 par-
ticles, including SEM images, FT-IR spectrum, XRD patterns, and BET 
analysis for pore diameter, Dpore, distribution. The SEM images shown in 
Fig. 3 (a) reveal that the MIL-125-NH2 crystals have a morphology of the 
tetragonal plate, which was in good agreement with that reported by Hu 
et al. [52]. The average length and thickness were found to be ~900 and 
~300 nm, respectively, of the current MIL-125-NH2 particles. The FT-IR 
spectrum shown in Fig. 3 (b) confirms that the produced MIL-125-NH2 
particles had the typical vibrational bands in the region of 1400–1700 
cm−1 representing the carboxylic acid functional group of the 
Ti-coordinated MOF structure. Besides, the peaks in the region of 

Fig. 2. Experimental setup for the initial removal efficiency and adsorption capacity of toluene by the E-MOFilters.  
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400–800 cm−1 indicated the Ti–O–Ti vibrations, and the bands for NH2 
groups were present at 3500 and 3380 cm−1. The band at 1250 cm−1 

indicated the symmetric C–H stretching vibrations in the benzene ring. 
All these stretch vibrations match well with that reported in the litera-
ture [52]. The XRD pattern of the synthesized MOF particles (Fig. 3 c) is 
in an excellent agreement with the simulated pattern, demonstrating the 
successful formation of the MIL-125-NH2 structure. Fig. 3 (d) shows the 
N2 adsorption/desorption isotherms of the synthesized MIL-125-NH2 
particles. As expected, the MOF particles exhibited type I adsorption 
isotherms at 77 K with no hysteresis, which verifies their microporous 
nature [51]. The pore diameter distribution was obtained by the DFT 
method and the results show that dominating pore diameter was about 
0.75 nm. This value was in good agreement with that reported by Kim 
et al. [41], where two types of cages (octahedral with 12.5 Å and 
tetrahedral with 6 Å) that are accessible through microporous windows 
(5–7 Å) were found for the MIL-125-NH2 [51]. The surface area of 
MIL-125-NH2 was calculated to be 1871 m2 g−1 using the multiple layer 
BET method (Table S2) which confirms the highly porous structure of 
the MIL-125-NH2. The kinetic diameter of the toluene molecule is 5.85 Å 
(or 0.585 nm) [53,54], which is expected to be easily captured by the 
MIL-125-NH2 particles due to their high surface area and suitable pore 
diameter. 

Theoretically, there are two main mechanisms for the adsorption of 
toluene molecules by the MIL-125-NH2 particles. Firstly, it is the pore 
filling mechanism due to diffusion and the forces between the adsor-
bents and adsorbates are Van de Waal force as a result of dipole in-
teractions [35,47,51], which can be assigned to physisorption process. 
The second one is due to the hydrogen bonding between the adsorbate 
(toluene) and adsorbent (MIL-125-NH2), which can be assigned to the 

chemisorption process [51,55]. According to the plausible pore filling 
adsorption mechanism, it is expected that the toluene molecules were 
easy to be trapped in the pore holes of MIL-125-NH2 particles due to the 
matching sizes between the toluene and MIL-125-NH2 particle cages. In 
the aspect of chemisorption, the hydrogen bonding between adsorbents 
and adsorbates that have ample H-donor moieties and H−acceptor 
moieties enhanced the capture of toluene [56,57]. To be mentioned, to 
include ZIF-67 and UiO-66-NH2 particles allows us to understand the 
effects of different pore diameters and ligands of different MOFs on 
toluene adsorption. The characterization results of ZIF-67 and 
UiO-66-NH2 particles for SEM, FT-IR and XRD analysis were sum-
merized in Fig. S3. The results confirm that the ZIF-67 and UiO-66-NH2 
particles were also successfully synthesized. 

3.2. Characterization of different E-MOFilters 

Fig. 4 (a) and (b) show the pore size distribution for the HEPA and 
MERV 13 based E-MOFilters coated with MIL-125-NH2 particles (25 wt 
%). The pore size distributions for the ZIF-67 and UiO-66-NH2 coated 
HEPA E-MOFilters (25 wt%) were shown in Fig. S4. Table S2 summa-
rizes the results of BET analysis, including surface area, pore volume, 
and peak pore diameter, for pure MOF particles, E-MOFilters coating 
with different MOF particle and two ACF filters for comparison (Fig. S4). 
It was found the peak pore sizes of all E-MOFilters were smaller than that 
of ACFs and the total surface areas of E-MOFilters were close to that of 
ACFs. It is expected the toluene removal efficiency between E-MOFilters 
and ACFs are comparable. The detailed discussion will be presented in 
the following. Compared with the MIL-125-NH2 particles (Fig. 3 d), the 
MIL-125-NH2 coated E-MOFilters remained a similar peak pore diameter 

Fig. 3. SEM image of MIL-125-NH2 (a), FT-IR spectrum of the MIL-125-NH2 (b), XRD patterns of MIL-125-NH2 (c), and BET analysis of MIL-125-NH2 (d).  

Y. Zhang et al.                                                                                                                                                                                                                                   



Journal of Membrane Science 618 (2021) 118629

6

of ~0.8 nm (Table S1). That is, the coated MIL-125-NH2 particles 
contributed most of the microporous structures of the E-MOFilter, and a 
certain level of removal efficiency for toluene is expected. However, the 
pore volume for the pure MIL-125-NH2 particles is much higher than 
that of E-MOFilters. 

To examine if there are interactions between MOFs and electret 
media during coating, the FTIR and XRD characterization of the bare 
MERV 13 electret filter, MIL-125-NH2 particles and MIL-125-NH2 coated 
E-MOFilters was conducted. The comparison of the FTIR spectra and 
XRD patterns amongst MERV 13, MIL-125-NH2 particles and E-MOFilter 
is shown in Fig. S5 of SI. As can be seen, the E-MOFilter remains both 
functional groups and crystal structures of MERV 13 media (poly-
propylene) and the MIL-125-NH2 particles, a superposition from the two 
materials. It is concluded that the coating of MOFs onto the electret 
media by liquid filtration method was a physical phenomenon, i.e. no 
interaction caused between MOFs and electret media. 

Under the high coating level of 25 wt%, Fig. 4 (c) shows the SEM 
images of the depositions for MIL-125-NH2 particles in HEPA (first row) 
and MERV 13 (second row) based E-MOFilters. The cross-sectional 
views of the two E-MOFilters are shown in the last column of Fig. 4 
(c). It is seen that the MOF particles were more uniformly deposited in 
MERV 13 based E-MOFilter, not only on individual fibers but also in 
depth (the cross-sectional view), than that of HEPA filter. In different 
magnitudes, from an overall view to the view with zoomed in of the filter 
media, it was found the smaller pore sizes and higher packing density 
(fine fiber part) of HEPA filters caused the occurrence of bridging and 
clogging in many portions of the filter, highlighted with circles, espe-
cially at interstitial spaces between fibers. Similar results were found for 

the low- and medium-level coated HEPA based E-MOFilter as the media 
pore to MOF particle size ratio dominated the coating uniformity. In the 
coating of ZIF-67 particles, as its average size is close to that of MIL-125- 
NH2 particles (Fig. S3), a non-uniformity of coating is expected. How-
ever, the effects were minor when coating UiO-66-NH2 particles to the 
HEPA media, which was due to their small sizes (~250 nm, Fig. S3). 
Because of the small size of UiO-66-NH2, this study found that they were 
not easy to be coated onto MERV 13 and a longer coating time is needed. 

As will be shown later, the E-MOFilter coated with MIL-125-NH2 
particles had a better toluene removal efficiency than that of UiO-66- 
NH2 and ZIF-67 particles, therefore, the results of MIL-125-NH2 E- 
MOFilters will be focused and discussed in the following. To be 
concluded that from the coating experiments, without considering the 
adsorption ability amongst different MOFs, the ratio of the media pore 
size to MOF particle diameter is a crucial parameter determining if a 
uniform deposition can be achieved. 

3.3. Initial efficiency of E-MOFilters (MIL-125-NH2) for PMs 

In order to investigate the effects of MOF coating on the performance 
of E-MOFilter against PMs, the size-fractioned efficiency of E-MOFilters 
was measured. Fig. 5 shows the results for the MIL-125-NH2 coated 
MERV 13 (2 layers) E-MOFilters with different coating levels measured 
at 5 cm s−1 face velocity. The original MERV 13 without MIL-125-NH2 
particles and the discharged MERV 13 by isopropyl alcohol (IPA) vapor 
were also tested to determine the efficiency decline due to charge 
degradation and remainder from the coating. The decline of PM removal 
efficiency gets severer with increasing loading level due to charge 

Fig. 4. BET analysis for MIL-125-NH2 coated HEPA E-MOFilter (a) and MERV 13 E-MOFilter (b), and SEM images of MIL-125-NH2 depositions on two E-MOFil-
ters (c). 
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shielding, nevertheless, the declines in all particle sizes were less than 
10% for all three levels of coating. The E-MOFilter with a high-level 
MOF coating had a higher efficiency in the removal of larger particles 
than that with medium-level MOF coating, which should be attributed to 
loading effects. There were substantial efficiency differences between 
the E-MOFilters with that of discharged one, indicating a negligible ef-
ficiency degradation due to the coating. Although more MIL-125-NH2 
coating should enhance the capture of toluene, to compromise the decay 
of PM efficiency and the increase of pressure drop, and the decline of PM 
holding capacity (shown later), low or medium level of coating might be 
more desirable. A similar result with only minor efficiency decline was 
obtained for the HEPA E-MOFilters coated with high level of MIL-125- 
NH2 (Fig. S6). 

One question that may be asked is if the shedding of MOF particles 
can occur during the filtration of E-MOFilters. To address this issue, the 
MERV 13 E-MOFilters coated with all three levels of MIL-125-NH2 were 
tested. In the experiments, E-MOFilters were blown with clean air at face 
velocities of 5 and 10 cm s−1, the common filtration velocities, and a 
raised velocity of 30 cm s−1 for challenging the stability of the current 
coating method. The air downstream of the filter was introduced to the 
UCPC which was operated with the accumulation counting mode. Ten 
times with 1 min for each was run. Table S3 shows the results of the 
particle shedding, in which the average values and standard deviations 
were rounded to the nearest integer. It is seen the shedding of particles 
does increase with increasing velocity and coating level. However, a 
quick calculation shows that there will be only ~0.001–0.01% of MOF 
particles released for the high coating E-MOFilter being operated at 30 
cm s−1 for 7/24 for a year. Therefore, the coating method presented here 
maintains the merits of electret media, including high efficiency and low 
pressure drop, and has a negligible shedding effect. 

3.4. Performance of E-MOFilters on PM loading 

For an IAC or HVAC filter, in addition to the initial efficiency, its 
performance over a period of operation, e.g., a few months, is of great 
concern. A commonly applied criterion is the PM holding capacity, i.e., 
the loaded PM mass versus the pressure drop growth which relates to the 
energy consumption in operating the filtration. Besides, as an electret 
media, its efficiency usually declines from the beginning of the opera-
tion, due to charge shielding, until loading effects occur and beat the 
decline. Therefore, this time-dependent and dynamic filter efficiency 
should also be considered as the second criterion. Since the focus of this 
study was to examine if the coating of MOF particles could deteriorate 

the performance of the electret media, only the two criteria about PM 
loading will be compared, as follows. The insights into PM loading 
characteristics for electret media, i.e., mechanisms of charge decay, 
transitions in the pressure drop growth curve, loading effects on effi-
ciency enhancement, etc., can be found elsewhere [46], thus, will not be 
discussed here. 

Fig. 6 compares the PM2.5 holding capacities of the clean MERV 13 
and MERV 13 E-MOFilters coated with different levels of MIL-125-NH2 
particles. The initial pressure drop of these filters are also shown in the 
figure and it was found the increase of initial pressure drops were very 
minor with only 1.5 and 3.7 Pa for the low and medium coated E- 
MOFilters, respectively. In comparison, the highly coated E-MOFilter 
gained a significant pressure drop (12.5 Pa). In the PM2.5 aging tests, the 
endpoint was set at 1.0 in-H2O (249 Pa) and the more mass of PMs can 
be collected the better the filter is. As expected, the clean MERV 13 had 
the highest holding capacity (19.1 g m−2) and it was about 10, 25, and 
50% higher than that of the low, medium, and high coating, respec-
tively. It becomes clear that, in terms of deterioration of PM holding 
capacity, the E-MOFilters with low and medium coating should be 
acceptable, whereas, not for the high coating. 

Fig. 7 compares dynamic size-fractioned efficiency at different mass 
loads amongst original MERV 13 and E-MOFilters with the three coating 
levels (MIL-125-NH2). The curves in each figure correspond to the effi-
ciencies at initial (0 loading), minimum values (onset of efficiency in-
crease for most particle sizes), pressure drop at 0.5 in-H2O, and 1.0 in- 
H2O (endpoint of aging), respectively. The minimum efficiency is 
important as it represents the worst filtration condition in the use of 
electret-based filters [46]. When the loading started, due to charge 
degradation the size-fractioned efficiency of these electret filters began 
declining (except for small particles in original and low coating level 
media) from their initial efficiency to the minimum efficiency, after 
which filter efficiency kept increasing because of loading effects [8,46]. 

The minimum efficiencies of low and medium coated E-MOFilters 
remain to be greater than 80%, whereas the minimum efficiency for the 
one with high MOF coating was found to be less than 80%. To be 
highlighted, the small particles (<50 nm) did not or almost had no ef-
ficiency reduction during the PM loading. This was because their 
deposition mechanism inherently relied mainly on diffusion rather than 
electrostatic force. From Fig. 7, it is seen the dynamic efficiency curves 
of E-MOFilters did differ quite much from the original MERV 13, 
nevertheless, the trend remained a very close characteristic as the 
original MERV 13. In summary, the test results for PM loading for E- 

Fig. 5. Initial size-fractioned efficiency of MERV 13 E-MOFilter coated with 
different levels of MIL-125-NH2 particles. 

Fig. 6. Effects of the MOF loading on the evolution of pressure drop of the 
MERV 13 E-MOFilters during filtration. 
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MOFilters confirmed the current coating method, liquid filtration and 
from back to front, did not degrade the fiber charge too much or alter the 
fiber structure of electret media. 

3.5. Performance of E-MOFilters for toluene removal 

3.5.1. Initial removal efficiency 
In the previous section, the performances of E-MOFilters for PM 

removal have been demonstrated to be comparable to that of the orig-
inal electret filters, especially for the E-MOFilters with low and medium 

Fig. 7. Dynamic size-fractioned efficiency of original (a), low coating (b), medium coating (c), and high coating (d) MERV 13 filters along PM aging process.  

Fig. 8. (a) Comparison of initial toluene removal efficiency between HEPA and MERV 13 based E-MOFilters coated with different MOF particles (25 wt% high level). 
(b) Comparison of initial toluene removal efficiency by 1 and 2 layers of MERV 13 filter coated with different levels of MIL-125-NH2 particles. 
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level coating. In this section, the removal of toluene by the E-MOFilers 
will be quantitatively compared amongst different base substrates, 
MERV 13 (1 or 2 layers) and HEPA, and different MOF particles with 
different levels of coating. 

Fig. 8 (a) compares the initial toluene removal efficiency under 5 cm 
s−1 face velocity between the MERV 13 (1 layer) and HEPA (1 layer) E- 
MOFilters coated with high levels (25 wt%) of the three MOF particles. 
The removal efficiency by the bare electret filter is also included, and it 
was found to be less than 2% for both HEPA and MERV 13 media, 
indicating the toluene removal was mainly attributed to the MOF par-
ticles. An order of MIL-125-NH2 > UiO-66-NH2 > ZIF-67 for the toluene 
removal efficiency was found for both MERV 13 and HEPA E-MOFilters. 
In comparison, the MERV 13 exhibited better performance than HEPA 
towards the toluene removal when coated with MOF particles. This was 
attributed to the uniformity of coating influenced by the ratio of media 
pore to MOF particle diameter as discussed in section 3.2. The ZIF-67 
(29% with MERV 13) and UiO-66-NH2 (44% with MERV 13) may not 
be qualified to be applied in the E-MOFilter as their efficiencies were too 
low. While for MIL-125-NH2, the efficiency was as good as 72%. This 
promising result should be highlighted because the method proposed 
within this study does prove not only the coating method retains the 
charge of electret media but also the coated MOF particles can remove 
toluene efficiently. From the above discussion, the HEPA, ZIF-67, and 
UiO-66-NH2 could be excluded from the further tests in examining the 
effects of the coating level and using two layers of MERV 13 on toluene 
removal efficiency and adsorption capacity. 

Fig. 8 (b) compares the toluene removal efficiency amongst 1 and 2 
layers of MERV 13 E-MOFilters coated with three levels of MIL-125-NH2 
under 5 cm s−1 face velocity. Reasonably, the efficiency increases with 
one additional layer of MERV 13 and coating level of MOF particles, 
however, not as large as expected. An average improvement of ~20% 
from 1 layer to 2 layers and ~8% from increasing coating level was 
obtained. To be mentioned, the 2-layer low coated E-MOFilter already 
had a decent efficiency of 74%. Besides, 2 layers of MERV 13 is required 
as it would enhance the PM removal efficiency and toluene adsorption 
capacity which will be shown later. 

From the results of the initial toluene removal efficiency shown in 
Fig. 8, it becomes clear that the ratio of the filter pore size to MOF 
particle size is a crucial parameter for achieving a good coating and thus 
a good toluene removal. Besides, the amino functional group in ligand 

should also contribute to the toluene removal via chemisorption. 
Although HEPA filter has high initial efficiency, however, as has been 
reported in literature [8,46], electret HEPA filter has a much lower 
holding capacity for PM, therefore, applying MERV 13 (two layers here) 
as the coating substrate is more desirable. Its larger pore size increases 
the flexibility to be the base substrate for coating many other MOF 
particles with different sizes, which may extend the applications for 
removing other gaseous pollutants. 

3.5.2. Toluene adsorption capacity 
Fig. 9 shows the toluene adsorption capacity, or breakthrough 

curves, of the 2-layer MERV 13 E-MOFilter coated with different levels 
of MIL-125-NH2. The breakthrough curves for 2 ACF filters used in 
respirators for welding workers and the 1-layer E-MOFilter with high 
coating are also shown for comparison. It can be seen that the adsorption 
capacity increases substantially with increasing coating quantity. The 
two ACFs do have higher initial efficiency, ~90–95%, however, their 
adsorption capacity is only comparable with the low coating E-MOFilter, 
and worse than the medium and high coating E-MOFilters. The capacity 
of the 1-layer highly coated E-MOFileter is close to that of medium 
coated 2-layer E-MOFilter but lower than the 2-layer highly coated one, 
indicating the doubling of MOF particles does increase the toluene 
adsorption capacity. A rough calculation considering the area of the 
right triangle upper the breakthrough curve shows the captured quantity 
of toluene is about double by the 2-layer E-MOFilter. 

Fig. 9 also compares the adsorption capacity amongst the E-MOFil-
ters evaluated for PM loading first (particle first), toluene adsorption 
first (toluene first), and simultaneously but without characterizing PM 
efficiency and loading (simultaneous) to understand whether the treat-
ment order and separate measurement would lead to different results. 
Results showed that the adsorption capacity for treating toluene first 
was only slightly better than that of particle first and the simultaneous 
one, the current results of E-MOFiltters for different coating levels and 
different MOFs are applicable for the real operation when particle and 
toluene filtrations are taking place simultaneously. Based on the decent 
results obtained, the newly developed method for the fabrication of E- 
MOFilter should be extended to the applications in making filter media 
for IAC, HVAC, and respirator filters. Although the 2-layer highly coated 
E-MOFilter had an outstanding performance towards the removal of 
toluene, an overall evaluation on the trade-off of gained pressure drop 

Fig. 9. Comparison of breakthrough curves amongst ACFs and MERV 13 based E-MOFilters coated with different levels of MIL-125-NH2 particles.  
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and charge degradation causing the decline of PM initial efficiency and 
PM holding capacity is needed. Both low and medium coated 2-layer 
MOFilter would be good choices for now before an optimized coating 
condition and better MOF particles are found. 

4. Conclusion 

Three MOF particles, including MIL-125-NH2, UiO-66-NH2 and ZIF- 
67, were synthesized, characterized, and coated to a MERV 13 and a 
HEPA grade electret filter media to form E-MOFilters for the simulta-
neous removal of fine particulate matters (PM2.5) and volatile organic 
compounds (VOCs). As for the MOF coating, 5, 10 and 25 wt% of the 
mass of the MERV 13 and HEPA media were applied to figure out which 
level is the most appropriate, in terms of low increase of air resistance, 
low charge degradation, and sufficient VOC removal efficiency and 
adsorption capacity. A series of measurements were conducted to test 
the initial efficiency and holding/adsorption capacity of PM and toluene 
by the E-MOFilters. 

The characterization results show that the MOF particles were suc-
cessfully synthesized with similar morphology, size, surface area, pore 
diameter, FT-IR spectrum, and XRD patterns to those reported in the 
literature. The PM removal performances, in terms of initial efficiency, 
holding capacity, and dynamic efficiency, of the low and medium coated 
E-MOFilter were found to be comparable to the original MERV 13. 
However, the highly coated one gained an essential air resistance and 
had a much lower PM holding capacity. The comparison of the time- 
dependent size-fractioned efficiency along the aging between E-MOFil-
ter and original electret media shows that they have a similar trend of 
efficiency decline due to charge shielding and efficiency enhancement 
caused by loading effects. This indicates the coating method presented 
here does not significantly deteriorate the charge density and change the 
fibrous structure to a considerable extent. 

The initial toluene removal efficiency of the MERV 13 E-MOFilters 
coated with MIL-125-NH2 reaches 74% and 85% for the low and me-
dium coating levels, respectively. It was found the pore of filter media to 
MOF particle size is a crucial parameter for achieving a good coating and 
good toluene removal. Although HEPA filter had high initial efficiency, 
its lower holding capacity for PM and small pore size result in clogging 
during the MOF coating. Therefore, using MERV 13 as the coating 
substrate is more desirable. From the toluene adsorption capacity re-
sults, it is seen the newly developed MERV 13 E-MOFilter had a com-
parable capacity to that of two ACF media used in the respirators for 
welding workers. The low medium and high coating MOFilter pre-
dominated the ACFs. However, to consider the deterioration of the PM 
removal for the highly coated E-MOFilter, the parameters of the low and 
medium coated E-MOFilter may be more desirable to be applied in the 
designs of IAC, HVAC, and respirator filters. 
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