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ARTICLE INFO ABSTRACT

Keywords: Competition for adsorption sites between atmospheric moisture and volatile organic compounds (VOCs) can
Adsorption significantly impact the VOC removal performance of novel metal-organic framework adsorbent such as MIL-
Hydrophobic

101. MIL-101 has high surface area and high porosity, but its inherent hydrophilicity hinders selectivity for
hydrophobic organic species in the presence of atmospheric moisture. In this study, a vapor phase deposition of
polydimethylsiloxane (PDMS) was used to create more hydrophobic MIL-101 composites. The external hydro-
phobicity of the composites was evaluated through water contact angle measurements whereas the internal
hydrophobicity was assessed using a vapor-sorption based hydrophobicity index. After an optimized vapor
deposition time of 0.25 hr employing a low molecular weight PDMS, a MIL-101 composite with enhanced in-
ternal hydrophobicity and intact porosity was fabricated. The composite’s efficacy for VOC capture was inves-
tigated through toluene-water vapor co-adsorption experiments which involved vapor adsorption at 40% RH and
at two toluene concentrations: 0.5% P/Py and 10% P/Py. At 0.5% toluene P/P, the new composite exhibited
almost 60% higher adsorption capacity and 34% higher overall capture rate relative to pristine MIL-101 due to
the presence of a hydrophobic PDMS layer which delayed the onset of water condensation in the mesopores. At
10% toluene P/Py, the new composite’s overall toluene uptake was 2.8 times higher than activated carbon, but
slightly lower than pristine MIL-101. This new composite also showed excellent structural stability and
adsorption performance after 10 sorption/desorption cycles. The superior performance of the MIL-101-PDMS
composite could be utilized to selectively remove toluene from real world humidities and VOC concentrations.

Metal-organic frameworks (MOFs)
polydimethylsiloxane (PDMS)
Toluene

volatile organic compounds (VOCs)

devices. However, their amorphous, heterogeneous chemical structures
make targeted removal of specific hydrocarbon species challenging [9].

1. Introduction

Volatile organic compounds (VOCs) released by various indoor and
outdoor processes, such as automobile emissions, chemical production
processes and consumer product usage can all severely contaminate air
quality [1-3]. There is an urgent need for novel materials that can
adsorb VOCs in real world conditions, thus minimizing their negative
impacts on environment [2,4] and public health [5,6]. An especially
significant challenge is to minimize the loss of VOC capture performance
by adsorbents because of preferential moisture adsorption.

VOC removal from contaminated air using porous adsorbents is an
established method of separation [7,8]. Carbon-based adsorbents which
are in common usage are low cost, have high porosity, and good
chemical stability, rendering them ubiquitous for use in air purification
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Recently, metal-organic frameworks (MOFs) emerged as a new class of
adsorbents for targeted capture, storage, and release of organic vapours
in a controlled fashion. Furthermore, the extensive metal-linker possi-
bilities endow them with an orderly pore structure, high surface area,
and excellent selectivity for VOC removal [10,11]. The practical usage of
MOFs for removing VOCs is nonetheless limited by their adsorption
competition with omnipresent moisture in the environment, which is
especially problematic for polar or hydrophilic MOF materials.

An efficient adsorbent should exhibit high selectivity, high uptake
capacity, and fast kinetics for targeted removal of a specific VOC species.
In the atmosphere, water vapor exists at 10000 times or higher con-
centrations than many VOC species concentrations. Consequently,
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relative to VOCs, the water molecules get favourably adsorbed onto the
adsorbents at these higher concentrations, resulting in poor VOC uptake.
The maximum uptake capacity and kinetics of VOCs adsorption depend
on several key factors such as available surface area, surface chemical
groups, pore volume, and pore size of the adsorbent [12]. Therefore,
MOFs could be designed using these criteria to adsorb toxic aromatic
hydrocarbons from ambient air, while rejecting water molecules [9,13].

Among the currently available MOFs, MIL-101 is frequently studied
for VOC capture [14-17] as it has high surface area and pore volume,
tuneable surface properties, and excellent hydrothermal stability [18].
However, the natural hydrophilicity of MIL-101 [19,20] results in low
selectivity for common hydrophobic VOCs, especially in humid envi-
ronments. Typically, a MOF’s hydrophobicity can be improved using
three surface modification strategies: ligand functionalization with hy-
drophobic moieties [21,22], in-situ hydrophobization [23-25], and
post-synthetic modification [26,27]. Of these methods, post-synthetic
modification via coatings is preferred because of its low cost, control-
lable, simple and scalable fabrication process [13,26]. Therefore, gas
phase coating techniques, such as polymer vapor deposition could be a
suitable approach to enhance MIL-101’s selectivity and kinetics for
VOCs adsorption from air [10].

Polydimethylsiloxane (PDMS) is a common hydrophobic, silicon-
based polymer that prevents liquids, but permits gases to diffuse
through the surfaces [28]. With its excellent hydrophobicity, gas phase
selectivity, and low cost, PDMS can be considered as a promising coating
material for enhancing the hydrophobicity of MIL-101. To date, research
efforts have been focused on synthesizing MOF-PDMS composites,
though not for VOC capture applications [29-33]. Encouraging data
from competitive benzene-moisture adsorption experiments has been
reported for activated carbon (AC)-PDMS composites [34] although
specific water sorption isotherms were not reported, and the authors
used an unrealistic benzene concentration of >1400 ppm. The US
Occupational Safety and Health Administration (OSHA) has set a
permissible exposure limit of 1 ppm for benzene in the workplace during
an 8-hour workday within a 40-hour workweek, and the UK has the
same exposure limit [35].

Given MIL-101's high porosity and surface area, combined with the
hydrophobicity of the PDMS, MIL-101-PDMS composites could poten-
tially exhibit high selectivity and uptake of VOCs. In this work, a series
of PDMS-coated MIL-101 materials for VOC capture were prepared by
tuning the PDMS coating timescale and the molecular weights, followed
by an evaluation of their effectiveness for competitive co-adsorption of
toluene and water vapor. Toluene co-adsorption studies were performed
at 0.5% P/P, (188 ppm) and 10% P/P, (3750 ppm) with 40% relative
humidity (RH) at 25 °C. The 188 ppm is in the mid-range of the envi-
ronmental concentration for human exposure; the OSHA Permissible
Exposure Limits are 200 ppm while the National Institute for Occupa-
tional Safety and Health (NIOSH) Recommended Exposure Limit (REL)
is 100 ppm [36]. On the other hand, the 3750 ppm is meant to represent
an industrial solvent-recovery scenario. All tests were conducted
alongside pristine MIL-101 as well as AC for a more comparative
understanding.

2. Material and methods
2.1. Material

Chromium (VI) nitrate nonahydrate (98%), terephthalic acid (99%),
PDMS-Sigma (dynamic viscosity, u = 10 cST), were supplied by Sigma-
Aldrich. Glacial acetic acid (100%) was purchased from VWR and
toluene (ACS, 99.5%) was purchased from Alfa Aesar. Silicone elastomer
kit SYLGARD™ 184 was ordered from Dow Chemical Company. This 2-
part kit contains PDMS and a curing agent, but only the PDMS was used,
herein denoted as PDMS-Dow (u = 3500 cST). The reference adsorbent is
a commercial granular activated charcoal (AC) F400 procured from
Chemviron Carbon.
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2.2. Synthesis of MIL-101

Hydrofluoric acid-free MIL-101 was synthesized by preparing equi-
molar quantities of chromium (VI) nitrate nonahydrate (5 mmol, 2 g),
terephthalic acid (0.83 g) and acetic acid (0.29 mL) to be dissolved in 25
mL of water [37]. The mixture was sealed in a Teflon-lined reactor and
heated in an oven at 220 °C for 8 hrs. The resultant green crystals were
centrifuged and thoroughly rinsed with water (20 mL x 2) and ethanol
(20 mL x 1) to remove unreacted terephthalic acid from the product.
The suspension was finally dried overnight in a vacuum oven at 120 °C
to obtain dehydrated MIL-101 product.

2.3. PDMS coating method

50 - 100 mg of activated MIL-101 was spread in a small glass petri
dish to form a thin powder layer. The dish containing the substrate was
placed inside a larger dish filled with liquid PDMS. Both dishes were
covered with aluminium foil and then heated in an oven. The dish
containing PDMS-Dow was heated at 235 °C while PDMS-Sigma at
180 °C for a series of specific coating times. After the coating time
completed, the sample was left to cool, yielding a range of coated MIL-
101 samples designated as MIL-PDMS-XXX-T. The suffix XXX describes
the PDMS source and T represents the time spent in the oven (hr).
Different oven temperatures were used depending on the PDMS boiling
points to ensure polymer volatility [38]. Fig. S1 in the Supplementary
Information shows the gas-phase deposition experimental setup in more
detail.

2.4. Material characterization

Powder x-ray diffraction (PXRD) spectra were recorded on X'Pert
PRO PANalytical diffractometer using Cu Ko radiation (40 kV, 20 mA)
within a scattering range (20) from 5° to 30°. The theoretical PXRD
spectra of MIL-101 were derived from the Cambridge Crystallographic
Data Centre (CCDC) code OCUNAC. FTIR spectra were measured with
Cary 630 spectrometer (Agilent, USA). Thermal stability of the coated
samples was examined using a thermogravimetric analyser (TGA) in-
strument Netzsch STA 449 F5 Jupiter® from 30° to 900 °C under flowing
air (40 mL/min) at a heating rate of 20 K/min. Nitrogen (N5) adsorp-
tion—desorption measurements were conducted with 3Flex Micro-
meritics analyser at 77 K from partial pressures (P/Pg) of O to 0.99. Prior
to testing, the samples were degassed overnight in vacuo at 150 °C.
Brunauer Emmett Teller (BET) method was used to calculate the specific
surface area of the adsorbents. External surface area and micropore
volume (Viicro) Were estimated from the respective adsorbent’s t-plot.
Total pore volume (Vioa)) and pore size distribution were estimated
according to Tarazona non-local density functional theory (NLDFT) Ny
model by assuming a cylindrical pore geometry. X-ray fluorescence
(XRF) measurements for the samples were performed on PANalytical
Epsilon 3XLE XRF spectrometer. SEM images were acquired using Zeiss
Leo Gemini 1525 operated at 5 kV. A Kriiss drop shape analyser was used
to measure the samples’ static water contact angle at ambient
temperature.

2.5. Single-solvent adsorption measurements

The solvent adsorption experiments were performed at 25 °C with
water and toluene in static mode using IGA-002 (Hiden Isochema, UK).
Dynamic and competitive isotherms were obtained using DVS Resolu-
tion (Surface Measurement Systems, UK). Toluene was chosen as a
model hydrophobic VOC molecule. It is a relatively common environ-
mental VOC with exposure limits in the 100 to 200 ppm range [36] and
was tested at 188 ppm in the current study. Descriptions on the humid
toluene adsorption experimental methodology can be found in Fig. S2.
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Fig. 1. (A) PXRD spectra of PDMS-coated samples. (B) Thermal decomposition profiles of the composites in air atmosphere (40 mL/min). (C) FTIR spectra of the

composites. (D) Elemental Si wt% quantification by XRF.
2.6. Hydrophobicity index

An effective VOC adsorbent requires hydrophobicity on both internal
pore surfaces as well as external surfaces for optimal organic molecule
adsorption [13]. However, contact angle measurements only determine
the hydrophobicity for the outer surface, but not for the surface of the
internal pores. Furthermore, contact angle measurements do not
consider factors specific to adsorption performance including differ-
ences in size, volume, and shape of the pores. To address this gap, the
internal adsorbent hydrophobicity is usually evaluated through water
and other vapour/gas adsorption isotherms. A recently proposed hy-
drophobicity index (HI) was used in this study as a comprehensive and
quantitative descriptor of pore hydrophobicity. In general, hydropho-
bicity indexes take into account a material’s adsorption capacity ratio
for a hydrophobic molecule such as toluene [39] or cyclohexane [40]
relative to water, either obtained from separate single [39] or dual
component adsorption experiments [41]. Alternatively, other hydro-
phobicity indexes can also be estimated through pore volume mea-
surement from N, adsorption and volume of desorbed water from TGA
analysis [42]. A representative comparison of the reported hydropho-
bicity indexes values can only be achieved if the mode of the hydro-
phobicity index experiment is clearly specified, either conducted in
dynamic (simultaneous exposure of competing species) or static (sepa-
rate exposure). Eq. (1) shows the preferred HI calculation formula used
in this study [43] which allows a humidity dependent metric to be
determined (static mode):

HIslat[c(x) = w .
water—x

where Hlgic(x) (mol/mol) is the material’s molar hydrophobicity index
calculated using the quantity of toluene adsorbed at 5% toluene P/Pg
(Qtoluene-0.05, Mmol/g) as a function of adsorbed water quantity (Qwater-x,
mol/g) at different water humidity expressed as P/Pg (x).

2.7. Competitive adsorption experiments

To mimic real-world conditions, the adsorbent samples were pre-
exposed in separate experiments at 0.5% P/P, and at 10% P/P, simul-
taneously with 40% RH of water vapor at 25 °C. It is acknowledged that
factors such as geographical, seasonal, and building environments can
influence the average building humidity levels, however, 40% RH can be
reasonably considered as a typical daily average indoor value and is the
focus for the current study. At a high humidity condition (80% RH), the
samples showed negligible toluene uptake because water adsorption
process overwhelmed any measurable toluene adsorption. So, the per-
formance of all adsorbents was evaluated at 40% RH and two separate
toluene concentrations of 0.5% P/Pj and at 10% P/P, representing a
mid-range environmental VOC concentration of interest, and concen-
tration from an industrial solvent separation/recovery process,
respectively.
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Table 1
Surface area, pore volume and water contact angles for all MIL-101 samples and
AC.

Sample BET External Viotal Vinicro Vmicro/ ~ Water
surface surface (em®/ (em®/ Viotal contact
area area (m?/ g) g) angle (°)
g @
MIL-101 2607 + 227 1.705 1.127 0.661 0
56
MIL- 2865 + 287 1.797 1.231 0.685 0
PDMS- 76
Sigma-
0.25*

MIL- 1192+7 145 1.006 0.477 0.474 131 +1
PDMS-
Sigma-6

MIL- 2398 + 277 1.488 0.979 0.658 0
PDMS- 35
Dow-
0.25%

MIL- 656 + 1 115 0.672 0.237 0.353 133+ 3
PDMS-
Dow-6

Activated 1358+2 242 0.805 0.470 0.584 120 + 2!
carbon
(AC)

" Higher values due to batch-to-batch variations in synthesis process.
 Taken from [45].

2.8. Moisture stability and adsorbent reusability tests

The materials were assessed for their short-term chemical stability at
a high RH condition where other MOF adsorbents are known to be un-
stable. Starting with (A) a 40% RH background, the samples were first
equilibrated with 0.5% toluene P/Py, then exposed to (B) 90% RH at 0%
toluene P/P, for 24 hrs. Finally, they were tested at (C) 40% RH and
0.5% toluene P/Pg again. The toluene uptake (A) before and (C) after the
90% RH exposure was reported as a metric for their hydro-stability. In
the reusability experiment, also undertaken at 40% RH background, the
samples were exposed to 10% toluene P/P for 3 hrs followed by 1 hr of
desorption and repeated for 10 experimental cycles. All experiments
were conducted at 25 °C.

3. Results and discussion
3.1. Solid state characterization

Fig. 1A shows the PXRD spectra of the samples. The identical 20
peaks at 8.7°, 9.3°, 10.6° and 16.9° exhibited by all coated materials
signify their intact crystallinity relative to the theoretical peaks of MIL-
101. However, MIL-PDMS-Dow-6 exhibited slightly degraded peaks. The
high coating temperature of 235 °C could be the reason for its crystal-
linity loss. The TGA plots in Fig. 1B compare the thermal decomposition
of PDMS-Sigma samples to the pristine MIL-101 in an air atmosphere.
The oxidative deposition atmosphere may have also accelerated the
MOF degradation. Fig. S3 shows the SEM images for the studied samples.
Irrespective of heating temperature, they display the typical octahedral
morphology of MIL-101 crystals. The PDMS coating contents in MIL-
PDMS-Sigma-0.25 and MIL-PDMS-Sigma-6 were measured as 0.14 wt
% and 0.55 wt%, respectively. Details for the calculation methodology
using Eq. S1 and further explanations of the TGA plots (Section S3) are
given in the Supplementary Information.

The PDMS coating presence on MIL-101 was identified using FTIR
spectroscopy. The FTIR spectra in Fig. 1C of all PDMS-coated samples
display the characteristic vibration of Si—O—Si bonds [44]. The
chemical stability or leaching of the coating was also studied with the
findings described in Section S5. The XRF analysis in Fig. 1D illustrates
the cumulative PDMS deposition for different coating time as repre-
sented by elemental Si wt%. Generally, the Si coating quantities for both
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PDMS types had plateaued at about 1 hr.
3.2. Porosity analysis

In a chemical vapour deposition (CVD) method, the coating time
would directly influence the amount of coating deposited on the outer
surface and in the pore surface of the MOFs. Therefore, the effect of
PDMS exposure time to the MOF’s pore volume was evaluated at 0.25
and 6 hrs. The complete (up to 0.99 N3 P/Pg) and the low P/Pj range
(maximum of 0.1 Ny P/Pg) N3 adsorption and desorption isotherm plots
are shown in Fig. S4 and S5 respectively. In Fig. S4, the MIL-PDMS-Dow-
6 and MIL-PDMS-Sigma-6 both seem to have lost their mesoporosity,
since there is no characteristic abrupt mesopore filling (after capillary
condensation) at around 0.2 Ny P/P,. Instead, after this point, their
adsorption isotherms became quite flat which supports their major loss
of mesoporosity. Below 0.1 Ny P/Py (Fig. S5), the first group (MIL-101,
MIL-PDMS-Sigma-0.25, MIL-PDMS-Dow-0.25) showed higher micropo-
rous adsorption quantity than the second group (MIL-PDMS-Sigma-6,
MIL-PDMS-Dow-6). The micropores for the adsorbents in the second
group are likely to be severely blocked. Table 1 provides the details of
the BET surface area and total pore volume measurements where it in-
dicates that an extension from 0.25 hr to 6 hrs of coating reduced the
Vmicro/ Viotal Tatio. This change is also visually identifiable from the ad-
sorbents’ pore size distribution plots (Fig. S6). For the second group,
there is a significant drop in the micropore region which continues into
the mesopore region.

For MIL-PDMS-Sigma, the total surface area and the pore volume
were each 140% and 79% higher for 0.25 hr relative to 6 hrs coating.
Whilst for MIL-PDMS-Dow, the total surface area and the pore volume
were 266% and 121% higher for 0.25 hr relative to 6 hrs. These com-
bined results strongly imply that longer exposure times filled the pores
with PDMS. Notably, when the lower molecular weight Sigma PDMS
was used with a 0.25 hr coating time, the surface area as well as the pore
volume were preserved. MIL-PDMS-Dow-0.25 exhibited some pore
volume reduction which may be associated with greater pore space
occupation by this higher molecular weight PDMS. To further evaluate
their adsorption performance corresponding to the available surface
area, MIL-PDMS-0.25 and MIL-PDMS-6 samples were compared. Note
that that this study only considered the impact of PDMS molecular
weight on the adsorbent’s pore blockage. According to a previous report,
fine tuning the polymer chain architecture was a proven viable option to
achieve excellent PDMS coating without compromising the adsorbent’s
porosity [33].

3.3. Water contact angle

The extent of hydrophobicity on the MOF’s outer surface and in its
internal pores was evaluated using water contact angles and a vapour
adsorption-based hydrophobicity index (HI), respectively. The static
contact angles reported in Table 1 were measured using sessile drop
method with water, though these measurements were not possible for
AC due to its granular nature and surface roughness. However, AC is
well accepted to be a hydrophobic material with a high water contact
angle value (120° + 2) [45] whereas MIL-101 has a contact angle of
0° with water because of its innate hydrophilicity. After 0.25 hr coating
time both the MIL-PDMS-Sigma and Dow samples, have contact angles
are the same as unmodified MIL-101. This result is slightly surprising
and is most likely due to incomplete external surface coverage by the
PDMS coating eg patchwise coating. However, after 6 hrs of coating, the
deposited PDMS resulted in an increased contact angle >130°, con-
firming successful external surface modification from a hydrophilic to a
hydrophobic surface (Fig. S7). The influence of prolonged coating time
on the sample’s hydrophobicity agrees well with other reports in the
literature [30,46]. Although controlling the PDMS layer thickness uni-
formity can certainly improve the adsorbents’ surface hydrophobicity, it
is considered more essential to assess the impact of the treatment on
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Fig. 2. Water (A) and dry toluene (B) adsorption-desorption isotherms at
25 °C. Filled symbols and empty symbols are the adsorption and desorption
data points respectively.

MIL-101’s internal hydrophobicity for VOC adsorption applications.

3.4. Water adsorption isotherms

Fig. 2A shows the water adsorption and the desorption isotherms of
all samples. Details on water adsorption mechanisms for MIL-101 have
been reported previously in which the water molecules initially bind to
the metal sites on the MOF scaffold, followed by gradual occupation of
the mesopores. During this initial adsorption stage, additional water
build-up leads to formation of small hydrogen-bound water clusters.
Finally, the water uptake proceeds at a slower rate as the molecules
transfer into the large molecular cages and the remaining inter partic-
ulate voids before reaching uptake saturation [47,48]. The water
adsorption isotherm for MIL-101 displays two distinct adsorption steps;
a first step at 35 to 40% water P/Py and a second step between 40 and
50% water P/Py, confirming the presence of two mesoporous cages with
different aperture sizes [20].

After the 0.25 hr coating time, MIL-PDMS-Sigma-0.25 exhibited no
decrease in its Type-V water uptake isotherm compared with the pristine
form. Even though Table 1 shows MIL-PDMS-Sigma-0.25 has a 10%
higher BET surface area than the pristine MIL-101, this increase is
fortuitous due to some small variations in the MOFs batches produced.
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For the 6-hr coated MIL-101 samples, the reductions in water uptake
capacity correlated with their respective surface area reduction. Despite
this CVD technique being commonly used [29,30,32,33,49], the risks of
severe pore blockage reported here highlight the need for a careful
application process to be an effective means to enhance MIL-101’s hy-
drophobicity. Whilst longer coating times yielded greater surface hy-
drophobicity, excessive duration negatively impeded pore access [30].
Both 6 hr-coated MIL-101 samples exhibited substantial pore blockage.
MIL-PDMS-Dow-6 suffered the greatest porosity loss, hence its low water
uptake at 80% water P/Py.

There appears to be a divergence between a material’s external
surface hydrophobicity and its water adsorption isotherms. The reason is
because a water contact angle measurement can only interrogate the
external surface chemistry that highly depends on the surface
morphology and structure (i.e., grain size and arrangement), as well as
the uniformity of any surface treatments being used. On the other hand,
a material’s water isotherms are representative of the adsorption
chemistry arising from its internal hydrophobicity. Furthermore, water
contact angles on irregular surfaces, such as particulate substrates, are
partially dependent on the substrate’s roughness [46,50]. This behav-
iour is demonstrated by AC as the intrinsically hydrophobic pores
resulted in a slower, gradual water uptake until it is capped by the
material surface area. The 80% P/P, water uptake performance of the
adsorbents can therefore be ranked as follows : MIL-PDMS-Dow-6 < AC
< MIL-PDMS-Sigma-6 < MIL-PDMS-Dow-0.25 < MIL-101 < MIL-PDMS-
Sigma-0.25

3.5. Toluene adsorption isotherms

Fig. 2B shows the amount of dry toluene adsorbed by all samples as a
function of toluene % P/Py. MIL-PDMS-Sigma-0.25 and MIL-101 have
almost identical and the highest adsorption capacity at 80% toluene P/
Py; 110 wt%. This result is also 260% higher than the industrial AC. Even
though these two materials have hydrophobic and hydrophilic pores
respectively, toluene which has a low surface tension (28.5 mJ /mz), will
exhibit a contact angle of close to 0 for both materials. In the case of the
MOF, its high surface energy will result in a contact angle of 0', whereas
for PDMS, which is swellable by toluene, will similarly exhibit a small
contact angle. Thus very similar toluene isotherms, including the mes-
opore filling regions, are observed in Fig. 2B. Reductions in toluene
adsorption for the other MIL materials generally scale with their avail-
able surface area and pore volume. For example, MIL-PDMS-Dow-6 has
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the lowest toluene uptake, lowest surface area and lowest pore volume.

To examine the adsorption rate at low toluene P/P, range (<10%
toluene P/Py), the quantity of toluene uptake was plotted against the
adsorption time, and the plots are shown in Fig. S8. Interestingly, AC
showed faster adsorption rate in this condition which reveals the utility
of AC at low toluene P/Py when only a single adsorbate species is pre-
sent, whilst MOFs are preferred for adsorbing higher toluene quantities
due to their high 80% toluene P/Py adsorption capacity [51].

3.6. Hydrophobicity index

Fig. 3 shows the experimentally estimated HI values as a function of
humidity for all samples. Below 10% RH, the HI value of MIL-PDMS-
Sigma-0.25 is between 2 and 8 times higher than MIL-101. Therefore,
MIL-PDMS-Sigma-0.25 is expected to offer superior VOC capture in low
RH environment. Above 10% RH, AC exhibits the highest HI values. This
suggests that AC could perform better if the application involves higher
humidity between 10 and 50% RH. Nevertheless, as the humidity level
increases, all samples will become fully saturated with adsorbed water,
eventually losing some of their capability to readily adsorb hydrophobic
organic molecules [43].

3.7. Water and toluene co-adsorption experiments

The increased hydrophobicity of the mesopores in MIL-PDMS-Sigma-
0.25 has a clear impact on the water mesopore filling events as shown by
the isotherms in Fig. 2A. a careful examination of Fig. 2A shows that the
mesopore filling by water starts at around 35 to 40% water P/P, for MIL-
101. However, for MIL-PDMS-Sigma-0.25, the start of pore filling is
delayed to between 45% — 50% P/Py_This delay in pore filling can be
directly ascribed to the change in contact angle for water condensing in
these pores, and the Kelvin equation described condensation vapor
pressures. In the case of the original MIL-101 surface, the contact angle
between water and MIL-101 will be 0°, whilst for water on a PDMS
coated surface such as a mesopore, the contact angle of about 130°
would be expected. The Kelvin equation which broadly governs
condensation events within pores and the vapor pressures at which these
events occur, depends on the contact angle the liquid makes with the
pore surface as this governs the local capillary curvature and vapour
pressure. Higher liquid contact angles result in lower radii of curvature
for condensing droplets in pores which results in higher vapour pres-
sures for pore condensation to occur. For hydrophobic and hydrophilic
variants of MCM-41, David et al. [52] reported an increase in pore filling
humidities from 45% to 70% P/Pg of water for 2.4 nm hydrophilic pores
compared to the hydrophobic pores, for the nominally identical pore
sizes. In the case of 9 nm pores the authors reported a hydrophobic
MCM-41 which exhibited no pore filling below 80% P/Py of water

adsorption or desorption. That is, whenever the humidity was under
80% P/P, the mesopores were effectively empty.

Co-adsorption results corresponding to 40% RH/0.5% toluene P/Pg
adsorption capacity are displayed in Fig. 4A whilst Fig. 4B shows the
data at 40% RH/10% toluene P/Py. In, Fig. 4A the PDMS coating on MIL-
PDMS-Sigma-0.25 helped to achieve a 60% higher final toluene uptake
level compared to the standard MIL-101; 170 and 107 mg/g respec-
tively. AC fell slightly behind these two MOFs, adsorbing about 100 mg/
g, but its pore diffusion kinetics is very slow (see Fig. 5A). It is also
apparent that even for the shortest coating time, MIL-PDMS-Dow-0.25's
performance at 40% RH/0.5% toluene P/P, is inferior to the substantial
improvement exhibited by MIL-PDMS-Sigma-0.25. For this reason, this
former material was not taken forward for more detailed studies.

In Fig. 4B at 40% RH/10% toluene P/Py, the pristine MIL-101 (507
mg/g) outperformed the MIL-PDMS-Sigma-0.25 (426 mg/g) uptake by
about 19%. This result is somewhat surprising as it might have been
anticipated that MIL-PDMS-Sigma-0.25, which at 40% RH has a signif-
icant amount of mesopores unoccupied, would have performed best, just
as it did for 0.5% toluene P/P. Clearly the 20 times higher concentra-
tion of toluene of 10% P/P, versus 0.5% P/Py toluene is significant. One
potential explanation for this behaviour is the stronger toluene affinity
for the pristine MIL-101 adsorbent, at the much higher concentrations of
10% toluene P/Py, highlighting the importance of chemical interactions
between the adsorbate and the adsorbent. Specifically, the inherent
donor-acceptor bonding and the n-n interactions taking place between
the MOF ligands and the toluene molecules [53]. However, the impor-
tance of these hydrogen bonding and =n-t interactions for toluene
adsorption on the MIL-PDMS-Sigma-0.25 composite will be compro-
mised by the low surface energy PDMS coating which will shield these
chemical interactions, resulting in a lower toluene uptake compared to
the pristine MIL-101.

The overall outstanding performance of MIL-101 and its MIL-PDMS-
Sigma-0.25 variant is significantly due to the fact that MIL-101 has a
high surface area and pore volume, thus providing a higher number of
potential adsorption/condensation sites [54]. In practice, at a typical
room’s RH of 40%, MIL-101 will have significant amounts of its meso-
pores already filled by water, whilst for MIL-PDMS-Sigma-0.25, far
fewer mesopores will be filled. So, in turn, when the MIL-101 is exposed
at 40% RH and then to 0.5% P/Py of toluene vapor, it exhibits very
limited pore filling ability to adsorb toluene on the remaining vacant
sites. Whilst MIL-PDMS-Sigma-0.25 can in contrast, offer a significantly
higher toluene sorption capacity at 0.5% P/Py as its PDMS-coated
mesopores are substantially unfilled by water at 40% RH. The amount
of 0.5% toluene P/P( adsorbed by MIL-101 as a function of % RH (0 to
80%) is reported in Fig. S9. With virtually no toluene being adsorbed
above 60% RH, this observation fully supports the complete filling of the
MIL-101’s mesopores with water.
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Table 2
Pseudo-first order kinetics model fitted parameters of all samples.
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Sample Experimental values and their pseudo-first order model parameters

40% RH/0.5% toluene P/P, 40% RH/10% toluene P/P,

qe(mg/g)  qm(mg/g) ki x10°(min") gk (mg/s. R* 4e(mg/g)  gm(mg/g) ki x10°(min")  geky (mg/s. R?

min) min)
MIL-101 107 111 1.9 0.203 0.997 507 522 121 6.135 0.991
MIL-PDMS-Sigma- 170 185 1.6 0.272 0.998 426 437 13.2 5.623 0.989
0.25

MIL-PDMS-Sigma-6 16 15 11.8 0.189 0.927 151 153 20 3.020 0.987
MIL-PDMS-Dow-0.25 31 31 7.8 0.242 0.989 - - - -
MIL-PDMS-Dow-6 23 25 4.0 0.092 0.999 70 70 37.9 2.653 0.991
AC - - - - - 212 232 9.9 2.010 0.994

Based on the ge.k; values for 40% RH/0.5% toluene P/Py, the increasing order of the best material is: MIL-PDMS-Dow-6 < MIL-PDMS-Sigma-6 < MIL-101 < MIL-

PDMS-Dow-0.25 < MIL-PDMS-Sigma-0.25
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Fig. 5. Adsorption kinetics at 40% RH and at (A) 0.5% toluene P/P, and (B) at 10%

red lines are the fitted values obtained from pseudo first order (PFO) model.
3.8. Kinetics modelling and analysis

Fig. 5A shows the adsorption kinetics by all modified MIL-101
samples at 40% RH with 0.5% toluene P/P,. MIL-101, MIL-PDMS-
Sigma-0.25 and MIL-PDMS-Dow-0.25 all show incredibly faster uptake
rate than the very slow AC which further demonstrates the benefit of the
PDMS treatment. Fig. 5B displays the adsorbents’ toluene uptake ki-
netics at 40% RH and 10% toluene P/Py. At both 0.5% and 10% toluene
P/Py, similar trend was observed where AC performed poorly with
slower adsorption kinetics than MIL-PDMS-Sigma-0.25.

Table 2 details the calculated pseudo first order (PFO) kinetics pa-
rameters for the results in Fig. 5 (A and B). The kinetics parameters could
not be calculated for AC at 0.5% toluene P/Py as its high micro porosity
prevents it from reaching equilibrium uptake (q.) within the specified
DVS’ measurement thresholds (dm/dt = 0.001 or 1440 mins, whichever
comes first). The two main parameters that can be derived from the PFO
model are maximum theoretical equilibrium capacity (¢qm) and PFO ki-
netics coefficient (k). Ideally, for practical and industrial applications, a
material should have high values in both categories, meaning it will be
able to adsorb a high quantity of adsorbate at a fast rate. For a better
understanding of each material’s performance and a convenient ranking
assortment, a new metric is proposed by taking the product of the
equilibrium capacity and the PFO kinetics coefficients (ge.k1) or inter-
changeably termed as the aggregate adsorption rate.

Although MIL-PDMS-Dow-0.25 showed a low g, it has a high k;
which makes it suitable for applications where fast adsorption is
required. This data also confirms the superior performance of the MIL-
PDMS-Sigma-0.25 composite over other studied materials.

At 40% RH/10% toluene P/Py, the pristine MIL-101 has the highest
gek1, followed by MIL-PDMS-Sigma-0.25, MIL-PDMS-Sigma-6, MIL-
PDMS-Dow-6 and lastly AC. Remarkably, MIL-PDMS-Sigma-0.25 has
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toluene P/Py. Solid coloured lines are the experimental data whereas the dotted

good performance at both toluene concentrations, suggesting this ma-
terial may be the right starting point for further optimization work.
Compared to the MOFs, AC offers relatively modest overall performance
which is only compensated for by its very low cost.

3.9. Moisture stability and reusability tests

Table S1 shows the humidity performance test results for MIL-101,
MIL-PDMS-Sigma-0.25 and AC at 90% RH. This preliminary data
shows that at high relative humidity, both MIL-101 materials are poor at
VOC capture as their mesopore adsorption sites are still fully occupied
with water molecules [55]. The hydrophobic AC, on the other hand is
very selective towards toluene even after pre-exposure to 90% RH.
Fig. S10 and S11 compare the amount of toluene adsorbed by the ad-
sorbents after being subjected to 10 adsorption/desorption cycles. All
materials demonstrated reliable and consistent performance across
these 10 adsorption/desorption cycles.

4. Conclusions

In summary, a series of MIL-101-PDMS composites were fabricated
by optimising the polymer vapour deposition time and molecular
weights. Longer coating times of 6 hrs led to pore blockage as evident
from the substantial decrease in the composites’ surface area and pore
volume. Alternatively, a 0.25 hr coating time using a lower molecular
weight PDMS produced the best MIL-101 composite (MIL-PDMS-Sigma-
0.25) which exhibited equivalent surface area and porosity with the
unmodified MIL-101. This composite has the highest hydrophobicity
index values among all samples evaluated at <10% RH. MIL-PDMS-
Sigma-0.25 and MIL-101 were assessed for competitive adsorption of
toluene (0.5% P/Py and 10% P/Py) at 40% RH and 25 °C. At 40% RH/
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0.5% toluene P/Pg (188 ppm, concentration commonly seen in practical
VOC capture applications), the composite demonstrated a 60% higher
toluene uptake (170 mg/g) compared to the regular MIL-101 (107 mg/
g), as well as a 34% increased aggregate adsorption rate (inclusive of
both toluene uptake capacity and adsorption kinetics). The composite’s
superior performance at 40% RH/0.5% toluene P/P, could be directly
attributed to the shift in the mesopore condensation/pore filling pro-
cesses in its now hydrophobic mesopores. At 40% RH/10% toluene P/
Py, MIL-101 exhibited a higher uptake (507 mg/g) than the composite
(426 mg/g) which highlights the importance of uncoated, native MOF
framework’s strong chemical interactions with toluene for these higher
toluene concentrations. Additionally, this new composite demonstrated
a 2.8 times higher aggregate adsorption rate than activated carbon, the
industry reference material. Optimized MIL-101-PDMS composites of
the type described in this work could form the basis of future adsorbent
materials for the environmental capture of hydrophobic VOCs.
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