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An electret filter media coated with highly porous metal-organic framework (MOF, i.e., MIL-125-NH> in this
work) particles, called E-MOFilter, has been developed to remove fine particulate matters (PMs 5, particulate
matter less than 2.5 pm in diameter) and volatile organic compounds (VOCs, e.g., toluene) simultaneously.
However, its adsorption efficiency and capacity of toluene was deteriorated at an elevated relative humidity
(RH). This was due to the hydrophilic nature of MIL-125-NH; leading to competitive adsorption between toluene
and water molecules. To address this issue, five modification methods were conducted to alter MIL-125-NH; from
inherent hydrophilic into hydrophobic, which included the internal (alkylation method), external (coating with
polydimethylsiloxane, PDMS), combined (alkylation plus PDMS coating), polyvinylpyrrolidone (PVP) surfactant,
and N-coordination modifications. The new E-MOFilters were fabricated based on these modified MIL-125-NHy
and then systematically compared for their toluene adsorption efficiency and capacity under various RH levels
(from 10, 30, 40, 50 to 60%). In addition to toluene, the PM removal efficiency and PMj 5 holding capacity by the
modified E-MOFilters were also evaluated. The toluene adsorption results revealed the PDMS-coated E-MOFilter
outperformed all other modifications. The PM removal ability were retained for all modified E-MOFilters indi-
cating the charge and structure of the electret media were not altered. This study is the first to combine the MOFs
with electret filter media for a low pressure drop and simultaneous removal of PM and toluene under different
RHs. The effectiveness and performance towards toluene adsorption under elevated RH conditions for E-
MOFilters with various modifications were comprehensively evaluated and discussed.

1. Introduction ventilation, and air conditioning (HVAC) systems and indoor air puri-

fiers, which show a high initial PMs filtration efficiency and a much

Indoor air quality (IAQ) has been becoming a major concern
worldwide because statistical data showed that the indoor concentra-
tions of gas pollutants, e.g., volatile organic compounds (VOCs) and
particulate matters (PMs) are often 2-5 times higher than that of out-
doors [1,2]. Especially, people spend 87% of their time indoors and
increasing to more than 90% during COVID-19 pandemic [3-6]. The
high concentration of these indoor air pollutants is mainly due to the
reduced air change rate for the design of energy-efficient building con-
struction and the increased usage of furnishings, glues, paints, furnaces,
etc., leading to outgassing and particle emission [2]. Prolonged exposure
to these pollutants can cause acute and chronic effects on respiratory
and central nervous systems [7-10]. Therefore, it is urgent to effectively
remove PMs and VOCs to improve the indoor air quality.

To mitigate indoor PMs, electret filters, with quasi-permanent elec-
trical charges on the fibers have been widely used in the heating,
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lower pressure drop (AP) compared to the mechanical filters [11]. To
remove VOCs, gas adsorbents, e.g., activated carbon (AC) and zeolites,
are usually used because of their high efficiency and relatively low price.
However, low selectivity and weak affinity to polar pollutants of these
adsorbents are of a great concern [12,20]. In addition to these common
adsorbents, the metal-organic frameworks (MOFs), a type of novel
porous materials, have been receiving increased attention due to their
large surface area, tailorable particle size and tunable functionality,
making them promising candidates for capturing gaseous pollutants
[13-15]. To simultaneously remove PMs and VOCs, the MIL-125-NH,
MOF was synthesized and successfully integrated into a commercially
available electret filter with a minimum efficiency reporting value of 13
(MERV 13), named E-MOFilter [16]. This E-MOFilter demonstrated a
low pressure drop (less than15 Pa at 5 cm s~ ! face velocity) and a high
removal efficiency (~90%) for both PMs and toluene (C¢HsCH3) under a
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relative humidity (RH) less than 30%. However, the adsorption effi-
ciency of toluene reduces with increasing RH levels [17-20]. This RH
effect on VOC adsorption degradation is commonly seen in many
traditional adsorbents, including AC and zeolites [21]. Because under
high RH conditions the adsorption sites of the adsorbents are competi-
tively occupied by the water molecules. This adverse RH effect is more
significant for hydrophilic adsorbents, such as MIL-125-NH; where the
adsorption sites have stronger affinity to water molecules than the less
polar VOC molecules [22]. To address this issue [23], the adsorbents are
often modified to increase their hydrophobicity to repel water molecules
[20,24-30]. The water contact angle (WCA) tests are usually conducted
to evaluate the hydrophobicity of the adsorbents. Typically, a WCA less
than 90°, within 90°-150° and larger than 150° is considered to be
hydrophilic, hydrophobic, and superhydrophobic, respectively [24].

The modifications can be categorized into three major methods,
including internal, external and others. Internal modifications usually
involve the reactions of ligand or metal cluster functionalization at the
molecular level [24-27]. External modification is completely different,
where a layer of hydrophobic materials is coated on the surface of ad-
sorbents [19,28-31]. Other modifications mainly involve adding sur-
factants or nitrogenous compounds into the solution during MOFs
synthesis [18,32-34]. The fundamental mechanisms, advantages and
disadvantages of these modifications are compared in Table S1 of SI A
(Synthesis and modification of MOFs). Besides, the details of these
modifications are discussed in SI A. Basically, there exists an inherent
tradeoff between the increase of hydrophobicity of MOFs for the water
resistance and a reduction of surface area of MOFs due to the modifi-
cation. Thus, it is important to conduct these modifications systemati-
cally to find the optimal condition and to compare their effectiveness on
minimizing the RH effects.

In this study, the MIL-125-NH; MOF was synthesized and modified to
increase its hydrophobicity in order to mitigate the adverse effects of RH
on the removal efficiency towards toluene, a representative indoor VOC.
Several modification methods, i.e., internal (alkylation method),
external (PDMS-coating method), combined (alkylation plus PDMS-
coating method), and other modifications (PVP and N-coordination
methods) were conducted. The modified MIL-125-NH, MOFs were then
transported to MERV13 electret filter media to form modified E-
MOfFilters. Systematic evaluations on the toluene removal efficiency by
the original and modified E-MOFilters under different RHs (10-60%)
were conducted. This study aims to compare and report the effectiveness
of different modifications on mitigating the RH effects for both initial
removal efficiency and adsorption capacity of toluene. As a simulta-
neous gas-particle removal filter, the modified E-MOFilters were also
examined for their PM removal efficiency and PMj; 5 (particulate matter
less than 2.5 pm in diameter) holding capacity to confirm the modifi-
cations would not cause any degradation for PM removal performances.
The ultimate goal of this study is to demonstrate the modified E-
MOFilters not only have a high PMs filtration performance, but also an
enhanced efficiency and adsorption capacity for toluene under elevated
RH conditions.

2. Experimental
2.1. Modification of MOF MIL-125-NH, particles

MIL-125-NH; was synthesized according to our previous report [16]
and the procedure is described in SI A. Then, the original MOFs MIL-125-
NH; were undertaken alkylation, PDMS, surfactant and N-coordination
modifications to obtain the modified MOFs.

For the alkylation modification, the MIL-125-NH, was grafted with
long alkyl chains to yield MIL-125-R7 by following the procedures
published elsewhere [25]. Briefly, the prepared MIL-125-NH> (49 mg)
was activated at 200 °C for 2 h in air before the further modification.
Then the MOF was dispersed in 5.0 mL of acetonitrile, to which 40
equivalent of n-octanoic anhydride was then added. The suspension was
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stirred for 24 h at 80 °C. The final product was washed by CHxCl, three
times.

In the PDMS coating method, a fresh PDMS stamp was placed inside a
100 mm glass petri dish [30] on the top with MIL-125-NH; particles
uniformly spread on the bottom. The above glass petri dish containing
both PDMS and MIL-125-NH; was sealed and kept in the oven at 235 °C
for 6 h and then cooled down to room temperature [31,35]. The ob-
tained products are named as PDMS@MIL-125-NH, and PDMS@MIL-
125-R7 (combination of internal and external modification). It should
be noted that the mass ratios of PDMS stamps to MOF particles were set
from 3:1 to 400:1, for different coating amounts of PDMS on MOFs. The
Energy Dispersive X-Ray (EDX, HITACHI SU-70, HITACHI Corp., Tokyo,
Japan) analysis was conducted to determine the atomic ratio of Si and Ti
and quantify the PDMS coated on the MOFs.

The PVP surfactant modification (MIL-125-NH5/PVP) and N-coor-
dination method (MIL-125-NHy/Ny) were conducted according to Zhang
et al. [18] and Hu et al. [34], respectively. Noteworthy, in addition to
MIL-125-NHy, the inherent hydrophobic MOF ZIF-8 was also synthe-
sized for comparison [36]. The modification and synthesis procedures of
these three MOFs are discussed in SI A.

2.2. Electret filter media and modified E-MOFilter

The 50 mm diameter flat sheets of the MERV 13 electret filter media
were used for the deposition of modified (hydrophobicity) MOF particles
to form modified E-MOFilter for the PM5 5 and toluene removal tests.
Table S2 of SI B. (Specifications of the MERV 13) summarizes the
specifications of the MERV 13. The experimental setup and parameters
for the MOF coating onto electret filter media can be found in our pre-
vious work [16,37-39]. The coating level of differently modified MOFs
was controlled at 10 wt% (MOFs/media). Two layers of MERV 13 flat
sheet were used to enhance the removal efficiency of both PM, 5 and
toluene. In total, there were seven kinds of E-MOFilters fabricated and
tested, which were coated with MIL-125-NH,;, MIL-125-R7,
PDMS@MIL-125-NH,, PDMS@MIL-125-R7, MIL-125-NH,/PVP, MIL-
125-NH,/Ny and ZIF-8 MOFs.

2.3. Characterization of MOF particles and E-MOFilters

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), optical contact angle goniometer (OCA 15 goniometer, Data-
Physics Instruments Corp., Charlotte, NC) were utilized to characterize
the size and morphology, crystal structure, surface chemistry and WCA,
respectively, of the modified MOF particles. The energy dispersive x-ray
(EDX, HITACHI SU-70, HITACHI Corp., Tokyo, Japan) analysis were
conducted to determine the atomic ratio of Si and Ti to confirm the
quantity of PDMS coated on the MOFs. Besides, nitrogen adsorp-
tion—desorption isotherms were collected using a gas sorption analyzer
(Autosorb iQ, Quantachrome Instruments Corp., Boynton Beach, FL) at
77 K to characterize the pore size distribution and Brunauer-Emmett-
Teller (BET) surface area. The SEM analysis was also conducted for
the modified E-MOFilters to evaluate if the MOF particles were coated
uniformly on the filters.

2.4. Initial efficiency and holding capacity of modified E-MOFilters for
PMs

After the characterization of the modified MOFs and E-MOFilters, the
E-MOFilters were evaluated for their performance of PM and VOC
removal under different test conditions. Table S3 of SI C. (Test condi-
tions for the modified E-MOFilters against PM and VOC) summarizes the
test conditions for the E-MOFilters against PM and VOC. Basically, the
filtration face velocity for the PM tests was 5 cm s~ *. As demonstrated in
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our previous work [16], the order of the PM filtration and VOCs removal
tests would not cause different results. Therefore, this study conducted
the PM initial efficiency and PM aging (size distribution close to ambient
PM, 5) tests first followed by the VOC removal and adsorption tests. The
details of experiments for conducting PM removal performance tests and
methods to determine the PM initial removal efficiency and holding
capacity of E-MOFilters can be found elsewhere [11,16,40-44].

2.5. RH effects on the initial efficiency and adsorption capacity of the E-
MOFilter for toluene

Toluene, a common and representative harmful indoor VOC, was
selected to challenge the E-MOFilters [45-50]. Fig. 1 shows the exper-
imental setup for investigating the RH effects on the toluene adsorption
of the E-MOFilter. Different RHs were controlled by adjusting the flow
rates of the compressed air (~5% RH) and the water mists generated by
the single jet atomizer (Model 9302, TSI Inc., Shoreview, MN). The
toluene removal efficiency at 10% RH was first measured and the results
were treated as dry condition and the baseline for examining the effi-
ciency degradation at elevated RH values. The RH was raised to 30, 40,
50 and 60% and then followed by the efficiency measurement. Two face
velocities, 0.5 and 5 cm s~ %, were applied to investigate their toluene
removal efficiency. 5 cm s! is commonly used in an HAVC application
(velocity in pleated media) and 0.5 cm s_l, a fairly low face velocity, is
to simulate the relatively static flow condition that was often seen in the
literature [51]. The toluene with 5 ppm concentration was prepared by
adjusting the air and toluene flow rates via the mass flow controller
(MFC, MKS Instruments Inc., Andover, MA) and confirmed by 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) to challenge the E-MOFilters. The
toluene removal efficiency, 7%, was calculated from the measured up-
stream (Cyp, through the dummy holder) and downstream (Cgown,
through the filter holder) toluene concentration of the E-MOFilter as:

n% = (1— 4oy o 100% o)
Cyp
When the toluene flow continued passing the E-MOFilter, the
breakthrough curve, or the adsorption capacity, was determined. To
obtain the representative results, measurements for both toluene and PM
removal efficiency were repeated at least four times.

3. Results and discussion
3.1. Characterization of MOF particles
Fig. 2 summarizes the SEM images, XRD patterns, N, adsorption

isotherms and FT-IR spectra for both original and modified MIL-125-
NH; MOF particles. Fig. 2 (a)-(d) show the SEM images and WCAs of
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PDMS@MIL-125-NH, (PDMS-coated MIL-125-NH;), and PDMS@MIL-
125-R7 (alkylated and PDMS-coated MIL-125-NH3) MOFs, respec-
tively. The modified MIL-125-NH; particles have an almost identical
tetragonal plate morphology as the original MOFs [49,52]. Besides, the
WCASs were found to be 0°, 131.5°, 155.5° and 151.5° for the four MOFs,
respectively. The SEM images and WCAs of other modified MOFs are
shown in Fig. S1 of SI D. (Physical and chemical characterizations for
other modified MOFs). According to the WCA results, the original MIL-
125-NH; MOF was hydrophilic, and the PDMS-coated samples showed
the best hydrophobicity amongst all modified MOFs, which should be a
desired modification method for the current MIL-125-NH, as it was
relatively simple and straightforward.

The mass ratio of PDMS to MIL-125-NH, was evaluated by deter-
mining the atomic ratios of Si/Ti using EDX, where Si and Ti were from
PDMS and MIL-125-NHj, respectively. As shown in Fig. S2 and SI D, the
atomic ratios of Si/Ti were from 0.1 to 1.23, corresponding to the
counterpart mass ratio of PDMS to MOF particles as desired. With
various amounts of PDMS coating, the PDMS@MIL-125-NH, with a Si/
Ti ratio of 0.43 and PDMS@MIL-125-R7 with a Si/Ti ratio of 0.22
showed the best toluene removal efficiency as compared to other ratios.

The XRD patterns of original MIL-125-NHy;, MIL-125-R7,
PDMS@MIL-125-NH, and PDMS@MIL-125-R7 are shown in Fig. 2 (e)
and that of other modified MOFs (not performing as well as aforemen-
tioned MOFs) are shown in Fig. S3. In Fig. 2 (e), it is seen the alkylated
and PDMS-treated MOFs maintained their original crystal structures of
MIL-125-NHy. Similar results were also seen in the analysis of other
modified MOFs (Fig. S3). It is concluded here that the crystal structure
remained unchanged after the modification.

The FT-IR spectra shown in Fig. 2 (f) confirm that the major func-
tional groups of modified MIL-125-NH; remained unchanged from the
original MIL-125-NHj; but some new peaks appeared. For MIL-125-R7, a
new small peak at 3400-3500 cm " ascribed to the symmetric stretching
vibration of the amino group disappeared after MIL-125-NH> was post-
treated with n-octanoic anhydrides, indicating that the N-H band was
replaced by other functional groups. A new small peak appeared at 1690
cm~! due to the C=0 stretching vibrations of the amide group [20],
confirming the reaction between the amino group and anhydrides. For
PDMS@MIL-125-NH,, the appearing of peak at 1020-1074 cm ™' was
assigned to the stretching mode of Si-O-Si bond [53], which can be a
confirmation of a PDMS film coated on the external surface MOFs. To be
noted, the Si/Ti here is 0.43, which is a relatively high ratio and thus the
vibrations of Si-O-Si can be observed clearly. In comparison, there was a
lower Si/Ti (0.22) for PDMS@MIL-125-R7, thus the absence of a peak
appearing at 1690 cm ' should be attributed to the low Si/Ti. This result
was in agreement with that found by Zheng et al. [20] where no peak
was seen at Si/Al = 0.2.

Fig. 2 (g) shows the Ny adsorption/desorption isotherms of MIL-125-
NH; and modified MIL-125-NH; MOFs. As expected, both original MIL-
125-NH; and the modified MOFs exhibited type I adsorption isotherms
at 77 K with no obvious hysteresis, which verified their microporous

original MIL-125-NH,, MIL-125-R7  (alkylated MIL-125-NHy),
Air Toluene
Compressed Hygro-
Alr | MFC | | MFC | meter Excess
Filter flow ACF
holder
. Mixi
Atomizer 1Xing —‘—‘%{
l chamber
Dumm
Excess ol y MEC GC
flow holder

Fig. 1. Experimental setup for the initial removal efficiency and adsorption capacity of toluene by the E-MOFilters under different RHs.
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Fig. 2. Comparison of SEM images and WCAs (a: MIL-125-NHj, b: MIL-125-R7, c: PDMS@MIL-125-NH,, d: PDMS@MIL-125- R7), XRD patterns (e), FT-IR spectra (f)

N, adsorption isotherms (g) between original and modified MIL-125-NH,

structure [49]. The BET specific surface area (SSA) and micropore vol-
ume of all modified MIL-125-NH; MOFs are summarized in Table 1. The
SSA had an order of MIL-125-NH; > PDMS@MIL-125-NH; > MIL-125-
R7 > PDMS@MIL-125-R7, which illustrated that PDMS@MIL-125-NHj,
has the largest SSA and micropore volume amongst the modified MOF.
In addition, the results also indicated that both internal and external
surface modification reduced the SSA and pore volume of MIL-125-NH,
to some extent. That was because the pores were partially occupied by
the long alkyl chains for the MIL-125-R7 [25] and PDMS would cover
some of pores of MOFs, and the more PDMS coating there were lower

Table 1
BET analysis of original and modified MOF powders and E-MOFilters.

Adsorbents BET surface  Total /Micro Pore
area (m?/g)  pore volume diameter
(cm®/g) (nm)
Original and MIL-125-NHy 1871 0.837/0.667 0.78
modified MIL-125-R7 771 0.379/0.223 0.72
MOF powder PDMS@ MIL- 1417 0.726/0.463 0.78
125-NH,
PDMS@ MIL- 561 0.263/0.155 0.72
125-R7
MIL-125- 1580 0.744/0.544 0.75
NH,/PVP
MIL-125- 1388 0.673/0.468 0.75
NHa/Ny
ZIF-8 1357 0.735/0.627 1.08

Original and MIL-125-NH, 320 0.149/0.114 0.78

modified E- MIL-125-R7 206 0.089/0.073 0.72
MOFilter PDMS@ MIL- 301 0.135/0.105 0.78
125-NH,
PDMS@ MIL- 181 0.071/0.063 0.72
125-R7

SSA, as shown in Fig. S4 and Table S4. For PDMS@MIL-125- R7, two
factors as aforementioned, i.e., alkyl groups blockage and PDMS-
coating, synergistically led to a significant decrease of its SSA and
micropore volume. Therefore, based on the analysis above, it is of great
importance to find out an optimal Si/Ti to not only enhance the hy-
drophobicity of PDMS-coated MOFs but also retain the toluene adsorp-
tion performance under humid conditions. In addition to SSA and
micropore volume, the peak pore size of the PDMS@-MIL-125-NH; were
found to be 0.75 nm independent on Ti/Si as shown in Table S4. This
value was in good agreement with that reported by Kim et al. [49]. The
kinetic diameter of the toluene molecule is 5.85 A (or 0.585 nm) [54-56]
, which is expected to be easily captured by the PDMS@-MIL-125-NHy
particles due to their suitable pore to molecule diameter ratio.

According to the results of WCA and BET analysis, the WCAs of PDMS
coated MOFs remained ~ 150° without strong correlation of PDMS
coating amount in the ranges of 0.1-1.23 of Si/Ti. However, SSA and
micropore volume of PDMS coated MOFs exhibited a significant
reduction with increasing PDMS coating as shown in Table S4 of SID. In
this study, it is found both PDMS@MIL-125-NH; (Si/Ti = 0.43) and
PDMS@MIL-125-R7 (Si/Ti = 0.22) had better humidity resistance and
remained acceptable SSA area and micropore volume. The lower PDMS
coating for the latter was to compensate its already reduced SSA due to
alkylation.

3.2. Characterization of modified E-MOFilters

The modified MIL-125-NH, MOFs were transported to MERV13
electret filter media to fabricate modified E-MOFilters. Fig. 3 (a) shows
the SEM images of the depositions of modified MIL-125-NHj, particles on
the fibers of MERV13 electret filter. It is seen that the modified MOF
particles were uniformly deposited on individual fibers and in-depth of
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Fig. 3. SEM images of the depositions of modified MIL-125-NH, particles on the fibers of MERV13 electret filter (a) and N, adsorption isotherms of original and

modified E-MOFilters (b).

the E-MOFilter, which again indicated that the liquid filtration coating
method was feasible and effective in practice [16].

Fig. 3 (b) shows Ny adsorption/desorption isotherms for the original
and modified E-MOFilter. Table 1 summarizes the results of BET anal-
ysis, including SSA, pore volume, and peak pore diameter for the orig-
inal and modified E-MOFilters. Compared with the MIL-125-NH,
particles (1871 m? g™1), the original E-MOFilter already had a signifi-
cant SSA reduction to 320 m? g~!. Nevertheless, this SSA is still higher
than activated carbon fiber respirators used to protect welding workers
[16]. The PDMS@MIL-125-NH> coated E-MOFilters has a similar SSA
value compared to the original E-MOFilter. However, MIL-125-R7 and
PDMS@MIL-125-R7 E-MOFilters had a SSA of only 206 and 181 m? g},
respectively. Nevertheless, they all maintain a peak pore diameter of ~
0.75 nm. This is because the MIL-125-NH; particles rather than the
coated polymers that contributed most of the microporous structures of
the E-MOFilters. From above BET and SEM results, it is expected that the
modified E-MOFilters would be capable of capturing toluene under
different humidity due to their remained microporous structures,

successful in-depth hydrophobic MOF particles coating and acceptable
SSA.

3.3. Initial efficiency of modified E-MOFilters for PMs

To investigate the effects of MOF coating (10 wt%) on the PM
removal of fabricated E-MOFilters, the size-fractioned efficiencies of the
MERV13 and original and modified E-MOFilters were measured (5 cm
s~! face velocity) and compared. The efficiency of discharged MERV 13
(by isopropyl alcohol, IPA, vapor) was also compared to evaluate the
efficiency decline due to charge degradation by the coated MOFs. As
shown in Fig. 4, a decline of less than 10% of PM removal efficiency in
all particle sizes was observed for the alkylated and PDMS modified E-
MOFilters as compared to the original MERV 13. The substantial higher
efficiency of all modified E-MOFilters than the discharged MERV 13
indicates a significant retention of fiber charges after the coating of
MOFs. It is noted that the PM removal performance was not evaluated
for other modified E-MOFilters due to their relatively poor VOCs
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Fig. 4. Initial size-fractioned efficiency of MERV 13 E-MOFilter coated with
MIL-125-NH;, PDMS@MIL-125-NH,, MIL-125-R7 and PDMS@MIL-125-R7
MOF particles.

removal performance compared to those shown in Fig. 4.

3.4. Performance of modified E-MOFilters on PM loading

In addition to the initial efficiency, the filtration performance of the
filters over a period of operation, e.g., a few months, is of great concern.
A common criterion is the PM holding capacity, i.e., the loaded PM mass
versus the pressure drop growth which relates to the energy consump-
tion in operating the filtration.

Table 2 summarizes the initial pressure drop and holding capacity of
fabricated E-MOFilters. To be noted again that there were two layers of
MERV 13 flat media used in each fabricated E-MOFilters. It was found
that the increase of initial pressure drops was very minor with around 4
Pa for all the E-MOFilters. In the PM; 5 aging tests, the endpoint was set
at 1.0 in-H5O (250 Pa) and the more mass of PM, 5 can be collected the
better the filter is. As shown in Table 2, the clean MERV 13 had the
highest holding capacity (19.1 g m~2) and all fabricated E-MOFilters
remained a decent holding capacity of ~ 14.2 g m~2. Therefore, it can be
concluded that, in terms of degradation of PM holding capacity, the
alkylated and PDMS E-MOFilters should be acceptable. To be noted, the
PM, 5 holding capacity tests were conducted at 30 + 5% in this study
and the RH effects on PM loading were discussed in our previous study
[42].

3.5. RH effects on the initial efficiency and adsorption capacity of the E-
MO¥ilter for toluene

3.5.1. Initial removal efficiency

In the previous section, the PM filtration performances of the
modified E-MOFilters have been demonstrated to be comparable to that
of the clean electret filters. In this section, the toluene removal perfor-
mance will be quantitatively compared amongst different modified E-
MOFilters under different RHs. Fig. 5 (a) and (b) compare the initial
toluene (5 ppm) removal efficiency of original, alkylated and PDMS

Table 2
Initial pressure drops and holding capacities of fabricated E-MOFilters (2 layers
of MERV13 as the substrate).

Type Initial AP (Pa) Holding capacity
MERV 13 8.8 19.1
MIL-125-NHy 12.5 14.3
MIL-125-R7 12.6 14.1
PDMS@ MIL-125-NH; 12.7 14.0
PDMS@ MIL-125-R7 12.4 14.5
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coated E-MOFilters under different RH conditions (10-60%) at 5 cm s~ !
and 0.5 cm s~! face velocity, respectively. It is seen the initial removal
efficiency was decreased with increasing RH and it was higher at
reduced filtration face velocity. Under extremely dry condition of 10%
RH, the efficiency of the four modified E-MOFilters was very close with
an efficiency of about 80-85%. However, it is clearly seen the efficiency
of original E-MOFilter (MIL-125-NHy) decreases dramatically with
increasing RH, especially when RH is higher than 30%, indicating the
MIL-125-NH; does need a hydrophobic modification. At elevated RHs,
the toluene removal efficiency had an order of PDMS@MIL-125-NH, >
PDMS@MIL-125-R7 > MIL-125-R7 > MIL-125-NH,. This is consistent
with the order of the measured WCAs. However, from the results tested
at 50 and 60% RH, only the PDMS@MIL-125-NH; could remain a fairly
good initial toluene removal efficiency (56% and 41%, respectively). Its
better toluene removal was attributed to its superhydrophobicity and
larger surface area compared with the PDMS@MIL-125-R7 and MIL-
125-R7.

In Fig. 5 (b), it is seen the initial toluene removal efficiency under 0.5
cm s7! face velocity amongst fabricated E-MOFilters were remained
higher at elevated RHs than that under 5 cm s~!. The higher toluene
removal efficiency at dry conditions (RH < 30%) was due to the longer
residence time in the filtration. Again, a significant efficiency degrada-
tion is seen at elevated RH for the original MIL-125-NH, E-MOFilter,
which was due to its inherent hydrophilicity. The higher efficiency for
modified E-MOFilters at elevated RHs was due to the lower amount of
water molecules at reduced flow velocity, which reduced their occu-
pancy at the adsorption sites facilitating the adsorption of toluene.
Similar to the results under 5 cm s~*, the toluene removal efficiency had
an order of PDMS@MIL-125-NH; > PDMS@MIL-125-R7 > MIL-125-R7
> MIL-125-NH; at elevated RHs. It is worth mentioning that
PDMS@MIL-125-NH; E-MOFilter exhibited a decent toluene initial
removal efficiency of 83% and 71%, respectively, at 50 and 60% RH.
Besides, the toluene initial removal efficiencies by PDMS@MIL-125-R7
were of 63 and 45%, respectively, and that of MIL-125-R7 were 45
and 31%, respectively.

The toluene removal efficiencies of other modified E-MOFilters, i.e.,
PVP surfactant modified (MIL-125-NH>/PVP) and N-coordination
modified (MIL-125-NHy/Ny), and hydrophobic ZIF-8 E-MOFilter were
also investigated under different RHs at both 5 and 0.5 cm s~* face ve-
locity. As expected, the efficiencies of these three filters were also
decreased with increasing RH under both face velocities, as shown in
Figs. S6 (a) and (b) of SI E. (Toluene removal efficiency at different RHs
for other modified MOFs). The MIL-125-NH5/Ny and MIL-125-NH,/PVP
E-MOFilters had a close performance for toluene removal and much
better than the ZIF-8. The low efficiency of ZIF-8 E-MOFilter under any
RH conditions was due to its smaller pore diameter (0.34 nm) than the
size of toluene molecules (dynamic molecules length, 0.58 nm) causing
obstacles for toluene molecules to diffuse into its pores [55,56].
Although MIL-125-NH,/PVP and MIL-125-NHs/Ny performed closely, a
trend with the former performing better at low RH and the latter better
at raised RH can be seen. This was because the MIL-125-NH,/PVP had a
higher surface area than that of MIL-125-NHy/Ny (Table 1). In com-
parison, at raised RHs 30-60%, N groups in MIL-125-NHy/Ny replaced
part of oxygen in the metal clusters (Ti-O-Ti) to coordinate with Ti**,
which will weaken the interaction between hydrophilic metal sites and
water molecules and promote the toluene adsorption [34]. Comparing
the results shown in Fig. 5 and Fig. S7, it is concluded that the PDMS-
coating E-MOFilter exhibited the best toluene removal efficiency
amongst all the methods.

3.5.2. Toluene adsorption capacity

In previous section, the toluene initial removal efficiency of E-
MOFilters under different RHs (10-60% RH) were systematically tested.
In this section, toluene adsorption capacity of alkylated and PDMS
modified E-MOFilters under 50% RH at 0.5 cm s™! face velocity was
specially shown to illustrate the breakthrough curves of the fabricated E-
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Fig. 5. Comparison of initial toluene removal efficiency of MERV 13 based E-MOFilters coated with alkylated and PDMS-treated MIL-125-NH, at 5 cm s * (a) and

0.5 cm s ! (b).

MOFilters. The adsorption capacities for other E-MOFilters were not
tested as their efficiency for toluene were not as good as the alkylated
and PDMS modified E-MOFilters. In addition, the 50% RH is not only a
typical indoor air RH, but also a recommended value for assessing the
performance of air cleaning systems by ASHER 145.2.

Fig. 6 compares the toluene adsorption capacity, or breakthrough
curves, between alkylated and PDMS modified E-MOFilters under 50%
RH. As seen, the original MIL-125-NH, E-MOFitler did not show an
obvious toluene adsorption capacity (shortest breakthrough time), due
to water vapor competitive adsorption caused by its abundant metal
sites and hydrophilic amine groups. In comparison, the PDMS@MIL-
125-NHy showed the highest toluene adsorption capacity (longest
breakthrough time) due to its superhydrophobic surface property
demonstrated by the WCA results and its relatively high SSA, then fol-
lowed by PDMS@MIL-125-R7 and MIL-125-R7. It is worth mentioning
that the PDMS coated MIL-125-R7 showed a slightly higher toluene
adsorption capacity than the MIL-125-R7. This could be again due to the
higher hydrophobicity induced by PDMS coating, as evidenced by its
higher WCA.

It was calculated that the adsorption capacity of PDMS@MIL-125-
NH, E-MOFilter was 8 times of the original MIL-125-NH, E-MOFilter.
Furthermore, it is also worth mentioning that the breakthrough time for
PDMS@MIL-125-NH, E-MOFiter only lasted for ~ 1.5 h under current
experiment conditions even if it showed the highest hydrophobicity and

RH = 50%
—a— MIL-125-NH,

0.2+ —e— MIL-125-R7 -
—4— PDMS@MIL-125-NH,
0 —v— PDMS@MIL-125-R7
T T T -

T T T T T T T T T T T

0 10 20 30 40 50 60 70 80
Time, min

Fig. 6. Comparison of breakthrough curves amongst E-MOFilters coated with

original and modified MOF particles under 0.5 cm s~! face velocity.

surface area among all the modified E-MOFilters. This breakthrough
time is fairly shorter than that reported by Zheng et al. [20]. This was
because the current E-MOFilter coated relatively low quantity of MOFs
(only ~ 30%) compared with that of Zheng et al. [20], besides, the
toluene concentration in the challenge was five times higher in this
study (5 vs. 1 ppm). Table S5 of SI E compares the challenging toluene
concentration, filtration flow rate, removal efficiency, breakthrough
time and adsorption capacity at RH = 50% amongst the current E-
MOFilters with different modifications and the MOFs CAU-1 ([Al4(O-
H)2(OCH3)4(HoN-BDC)3]-xH0) tested by Zheng et al. [20]. It is
observed the performance of the PDMS modified E-MOFilter is compa-
rable with the MOF CAU-1 on the adsorption capacity. To be concluded,
PDMS@MIL-125-NH, E-MOFiter was demonstrated to have the best
toluene adsorption performance under 50% RH amongst all modified E-
MOFilters. Besides, since this method is relatively facile and cost effec-
tive, it could be used in practical application to decrease the RH effects
on the gas removal filter media.

To evaluate the mechanical stability of the modified E-MOFilter, we
conducted the MOF shedding test using a ultrafine condensation particle
counter according to [16] to realize whether MOFs would detect from
the MERV13 fibers. Besides, morphologies and crystalline structures of
PDMS modified E-MOFilter after toluene adsorption were compared
with the untreated one using the SEM and XRD, respectively. A negli-
gible MOF shedding under the filtration velocity of 5-30 cm s~! was
obtained which concluded a good physical stability of the E-MOFilter.
The SEM and XRD analysis results shown in Fig. S7 indicated the
morphology and crystal structure of the modified E-MOFilter remained
unchanged after adsorption tests.

4. Conclusion

In this study, a representative MOF (MIL-125-NH;) was successfully
synthesized and modified via internal, external and combined modifi-
cations, i.e., alkylation, PDMS and both. Then these modified MOFs
were coated to a MERV 13 grade electret filter media to develop a water/
moisture resistant E-MOFilter for a simultaneous removal of PM5 5 and
volatile organic compounds (VOCs) under different humid conditions
(10-60% RH). The modified MOFs were characterized by SEM, EDX,
XRD, FTIR and WCA and BET analysis and demonstrated to be hydro-
phobic. A series of systematic experiments for the toluene removal by
the original and modified E-MOFilter under different RHs were con-
ducted. Results showed the toluene initial removal efficiency of the
original E-MOFilter was decreased to almost below 10% when RH was
increased to 60%. However, the hydrophobically modified E-MOFilters
performed much better than the original filter. Amongst the modified
filters, the PDMS modified MIL-125-NH; E-MOFilter outperformed all
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filters having a decent initial removal efficiency (~80% at 0.5 cm s~ !

face velocity and ~ 60% at 5 cm s~ ! face velocity) and the longest
breakthrough time for toluene under 50% RH. This was because of the
high hydrophobicity and retaining high surface area and pore volume of
the PDMS modified MIL-125-NH,. Meanwhile, a series of measurements
were conducted to test the PM removal performances, in terms of initial
efficiency and holding capacity by the modified E-MOFilters. Results
showed that the PM removal performance by the modified E-MOFilters
were found to be comparable to the original MERV 13 filter. This in-
dicates the modifications did not deteriorate the fiber charges and
structures.

Comparing all the modifications in this work, it becomes clear that
SSA, micropore volume and hydrophobicity are of great significance for
achieving a good toluene removal efficiency under elevated humid
conditions. Besides, regardless the hydrophobicity of the adsorbents,
there is a prerequisite that the relative pore size of the MOFs and three-
dimensional size of VOC molecules are crucial for achieving good
toluene adsorption performance of the filters. It is not easy to funda-
mentally tackle with the water competitive adsorption issue and much
more efforts should be made to extend the E-MOFilter applications in
high humid conditions. Nevertheless, the systematic tests and the results
from this study provided some new insights into the application of E-
MOFilter under elevated RHs.

In conclusion, the significance and distinction of this study include:
1. The first to combine the MOF (MIL-125-NH,) particles on electret
filter media (as the E-MOFilter) for a low pressure drop and simulta-
neous removal of PM and VOC; 2. The E-MOFilter readily for both gas
and particle purification towards a good indoor air quality. 3. Providing
a series of modifications and optimization for the MIL-125-NH; MOFs
and a systematic evaluation of the modified E-MOFilter against toluene
under different RH levels. 4. Showing and ranking the effectiveness of
the modifications on the mitigation of RH effects for the reference of
future study.
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SI A. Synthesis and modification of MOF's

Table S1. Comparison of existing modification methods towards the mitigation of RH effects on

VOCs adsorption.
Category Mechanisms Advantages Disadvantages Ref.
Grafting hydrophobic Molecular level gre}ftlng Long alkyl chains
. and hydrophobic block the pore of the
alkyl chains through ; s
Internal . functional group MOFs; relatively [1-5]
ligand or metal cluster . . o ;
. N introduction achievinga  complex preparation
functionalization o
better stability procedures
Simple procedures,
Coning pephobic R  prcusiveconin
External PDMS) on the MOFs higher surface area would block the pore L1, 6-10]
. of MOFs
surface remained after the
modification
Surfactants (PVP, Simple procedures,
Others CTAB, P123, etc.) higher surface area Lower hydrophobicity [11-14]
incorporation; N- remained after after modification

coordination

modification

Nguyen et al. [2] reported that amine-contained MOFs, such as MIL-53(Al)-NH>, would

readily undergo modification to form amide-functionalized MOFs to improve its moisture

resistance. Specifically, the authors added hydrophobic alkyl chains to the linkers of MIL-53(Al)-
NH: to form MIL-53(Al)-AMn (-AMn: “amide” with a n-carbon chain). The results showed that
MIL-53(Al)-AMn (n>4) had a> 150° WCA, while the original MIL-53(Al)-NH; was ~ 0° WCA,

which means the modified MIL-53(Al)-AMn demonstrated a superhydrophobic property. It is



worth mentioning that whether the modification could cause a decrease in the surface area of the
MOFs was not reported. Similarly, Isaka et al. [3] reported that by the alkylation of the linkers of
MIL-125(Ti)-NH2, the amino groups of MIL-125-NH; were transformed into hydrophobic groups
via amide reaction. After modification, the WCA of MIL-125-R7 (n=7) showed a significant
increase from 30° to 124° compared with that of pristine MIL-125-NH»>. However, with this
alkylation method, a significant decrease of surface area of the MOFs was observed [3]. To keep
a high surface area of MOFs when they are imparted with hydrophobic character, Sun et al. [4]
developed a facile strategy of grafting alkylphosphonic acid molecules on the outer surface of
MOFs. This was based on the fact that alkylphosphonic acids with a long alkyl chain end
[CH3(CH2),P(O)(OH):] (n >6) can be coordinated to metals (Ti, Zr, Zn, Al, etc.) with strong M—
O-P bonds. Results showed that the octylphosphonic acid (OPA, an alkylphosphonic acid)
modified MOFs (Zr-based MOFs) retained their high surface area (1068 m? g'!) while obtained a
superhydrophobicity (WCA =160°). However, OPA is too expensive to be widely applied.

External modification, is completely different from that of internal, where a layer of
hydrophobic materials is coated on the surface of adsorbents [1, 6-10]. For instance, Li et al. [6]
used a chemical vapor deposition (CVD) method to coat a thin layer of hydrophobic
polydimethysiloxane (PDMS) film on the surface of AC in the form of Si-O-Si group at 200 C.

Their results showed that the VOCs adsorption capacity of hydrophilic bare-AC decreased by
55.9% when RH increased from 0 to 90%. However, the AC modified with PDMS had only a
reduction of 19.3% [6]. Again, this was because the introduction of hydrophobicity on the surface
of absorbents, which made them to remain more adsorption sites readily for VOC adsorption.
However, their results also demonstrated that the surface areas of PDMS/ACs were decreased
with increasing coating amount of PDMS. Besides, PDMS could fill some pores of ACs, which
degraded the VOCs adsorption capacity. Similarly, Liu et al. [8] observed PDMS-coated ACs at
250 C (PDMS/ACs-250) had a superhydrophobicity property and a significant increase in

benzene adsorption capacities compared to bare AC at elevated (0-90%) RHs. In addition to ACs,
Zhang et al. [9] applied PDMS to hydrophilic MOFs (MOF-5, HKUST-1, and ZnBT) and found
the modified MOFs exhibited highly hydrophobic feature, excellent moisture/water tolerance and
remained a high surface area. In addition to CVD method, Wen et al. [10] reported a facile
chemical immersion method to impart superhydrophobicity on hydrophilic MIL-125(Ti)-NHa.



Their results demonstrated a superhydrophobic character after the treatment, meanwhile, this

PDMS-treated MOF retained high crystallinity and porosity.

Zheng et al. [1] tried to apply both internal and external modification methods and found the
hydrophobicity of the modified MOF, Pos-CAU-1-vale, was significantly enhanced and the
toluene adsorption capacity was also significantly increased from 0.89 to 6.82 mg/g under 50%
RH. However, the application of both internal and external modifications increases the
complexity. In addition to internal and external modification techniques, adding surfactants, e.g.,
polyvinylpyrrolidone (PVP), Cetyltrimethylammonium bromide (CTAB), P123 (EO20PO70EO2o),
etc., during the synthesis of MOFs, were reported to be able to increase the VOCs adsorption in
elevated RH conditions [11-13]. Besides, Hu et al. [14] reported that MOF UiO-66(Zr) modified
with dopamine (DA) demonstrated a significantly enhanced chlorobenzene (CIB)/H>O
competitive adsorption. Although there have been many techniques reported to improve the gas
adsorption in elevated RH, there is a lack of systematic study that compares the effectiveness of
different hydrophobicity modifications for MOF particles. Thus, it is very important to conduct a
systematic experiment to determine the RH effects on the PM and VOC removal for the original

and modified E-MOPFilters.

Synthesis of original and modified MIL-125-NH:

MIL-125-NH: [15]: 0.797 mL titanium tetraisopropoxide (TTIP) and 0.651 g 2-
aminoterephthalic acid (BDC-NHz) 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 hours. 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.

MIL-125-NH2/PVP [11]: Briefly, 0.797 mL titanium tetraisopropoxide (TTIP), 0.651 g 2-
aminoterephthalic acid (BDC-NH,) and 1.046 g PVP (Mw = 55000 g mol!) 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 hours.

The obtained yellow products were isolated by centrifugation and washed by 30 mL DMF and 30


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chlorobenzene

mL methanol, respectively, for three times. Finally, the samples were dried under 50 °C overnight

1n vacuum.

MIL-125-NH2/Nx [14]: A total of 0.797 mL titanium tetraisopropoxide (TTIP) and 0.651 g 2-
aminoterephthalic acid (BDC-NH>) and 0.0149 g dopamine hydrochloride (DA) were dissolved
in the mixture of dimethylformamide (DMF)/methanol (15 mL/15 mL). Thereafter, the mixture
is heated for 15 h at 150 °C in a Teflon lined autoclave. After the reaction, the autoclave is cooled
down to normal temperature, and resulting product is filtered and washed three times with 30 mL
DMF and 30 mL methanol, respectively, for three times. Finally, the yellow powder is dried at

50 °C overnight in vacuum.

ZIF-8 [16]: Briefly, 1.188 g of Zn(NO3)>-6H>0 was dissolved in 6 mL of DI water (precursor I),
and 0.656 g of 2-methylimidazole was dissolved in 7.52 g of an ammonium hydroxide solution
(precursor II). The precursor I was added to the precursor II while mixing. The white products
were collected by centrifugation and washed by DI water for three times. The final product was

dried in oven at 60 °C overnight.



SI B. Specifications of the MERYV 13

Table S2. Specification of the MERV 13 electret media (1 layer) for the MOF coating.

Initial Initial
.Flber Thickness Ba.s1c Solidity Charglng pressure efficiency .
Grade diameter weight density for 0.3 um SEM images
(mm) 5 (o) 5. dropat5 .
(um) (g/m*) (LC/m?) cm/s (Pa) particles at 5
cm/s (%)

MERV

13 13.1£09047£0.0275£2 0.104 ~50 45+0.1 91102 |




SI C. Test conditions for the modified E-MOPFilters against PM and VOC

Table S3. Experimental conditions for PM and toluene removal tests of modified E-MOFilters.

E-MOFilters

PM tests (5 cm s™)

5 ppm toluene tests
(5ecms!'&0.5cms™)

Other

Initial Aging RH (%)
efficiency test (10,30, 40, 50, 60)
MIL-125-NH; J N, N, -
59 % of linkers were
MIL-125-R7 N, N, N, alkylated [3]
PDMS@ e
MIL-125-NH, N, N, N, Si/Ti=0.43
PDMS@ e
MIL-125-R7 N, N, N, Si/Ti=0.22
PVP/MIL-125-NH; - - N, -
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SI D. Physical and chemical characterizations for other modified MOF's

Fig. S1. SEM images and WCAs of (a) MIL-125-NH»/PVP, (b) MIL-125-NH»/Nx and (c) ZIF-8
MOF particles.
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Fig. S2. The atomic ratios of Si and Ti (denoted as Si/T1) obtained by EDS analysis of MIL-125-
NH; treated with different quantities of PDMS (mass ratios of PDMS to MIL-125-NH: in (a-f)
are 3:1, 10:1, 100:1, 200:1, 300:1 and 400:1, respectively).
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Fig. S3. XRD patterns of MIL-125-NH2/PVP, MIL-125-NH>/Nx and ZIF-8 MOF particles.

Table S4. BET analysis of PDMS@-MIL-125-NH; with different PDMS coating quantity.

Powd Atomic ratio BET surface  Total/Micropore Peak pore WCAS (°)
owder . S
(Si/Ti) area (m?/g)  volume (cm?/g) diameter
0.1 1790 0.871/0.602 0.78 150.5
PDMS@ 0.43 1417 0.726/0.463 0.78 155.5
MIL-125-
NH, 0.68 623 0.294/0.222 0.72 155.5
1.23 582 0.195/0.009 0.72 155.5
(3)600 Atomic rlatio: Si/'ll'i : ‘ (b) 02 Atomic ratio: Si/Ti
500 0.1 W‘Z"’{M -
_— ,j—'wj_m’-l 2 047
2 2
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Fig. S4. Nitrogen adsorption isotherm (a) and pore size distribution (b) of PDMS-treated MIL-
125-NH; with different PDMS coating amount at 77 K.
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Fig. SS. Nitrogen adsorption isotherm and pore size distribution of MIL-125-NH2/PVP, MIL-
125-NH2/Ny and ZIF-8 MOF particles at 77 K.
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SI E. Toluene removal efficiency at different RHs for other modified MOF's
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Fig. S6. Comparison of initial toluene removal efficiency of E-MOFilters coated with ZIF-§,
MIL-125-NH2/PVP and MIL-125-NH2/Nx MOFs at 5 cm s™! (a) and 0.5 cm s7! (b).

Table S5. Comparison of VOCs adsorption performance of the modified E-MOFilters and MOF
CAU [1] under RH=50%.

E-MOFilters Co Flowrate  Initial removal 90% breakthrough  Adsorption

(ppm) (mL/min) efficiency (%) time (min) capacity (mg/g) Ref.
MIL-125-NH, 5 435 8.3 9 0.90 This work
MIL-125-R7 5 435 448 30 2.7 This work
PDMS
MIL—lZS-IC%Hz 5 435 82.7 81 8.11 This work
PDMS .
MIL-125<—%7 5 435 63.0 45 3.04 This work
MIL-125-NH,/PVP 5 435 26.1 15 1.29 This work
MIL-125- NH2/Nx 5 435 323 18 1.97 This work
CAU-1-vale 1 200 100 650 3.29 [1]
pos-CAU-1 1 200 100 350 1.55 [1]
po.s-CAU-1-vale 1 200 100 800 6.82 [1]
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Fig. S7. Comparison of SEM images (a) and XRD patterns before and after the toluene adsorption
tests on PDMS@MIL-125-NH; E-MOFilter (b).
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