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Synthesis of hydrophobized analogue of MIL-53(Al)
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Abstract

Dimethyl carbonate (DMC) is considered an alternative, green solvent. This paper focused
on enhancement in membrane performance in DMC removal by pervaporation (PV)
from azeotropic mixture of DMC/methanol as a consequence of the incorporation of nanofiller
into a PDMS matrix. Engineering a hydrophobized analogue of MIL-53(Al)
(NHOCOCFs-MIL-53(Al)) as nanoenhancers for improved membrane materials is presented.
XRD analysis confirmed the successful synthesis of MOFs and proved that modification
does not influence crystalline structure of MOF, which is well retained. Properties
of the membranes in PV were assessed employing separation factor (5) and thickness-
normalized Pervaporation Separation Index (PSIn). Modified PDMS membranes possess better
separation properties compared with pristine one. Results revealed that the incorporation of 5
wt% of NHOCOCF3-MIL-53(Al) caused an increase of g from 3.1 to 3.7, a significant value
for organic-organic PV. Essential part of the work was to analyze impact of the presence
of water in the feed on overall membrane effectiveness. It was observed that in the case of traces
amount of water in the feed solution, water was preferentially transported from the feed
to the permeate side. However, the transport of water through membranes was partially

suppressed when water content in the feed was over 0.7 wt%.
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1. Introduction

Dimethyl carbonate (DMC) is considered as an alternative, green solvent characterized
by low toxicity and good biodegradable properties [1]. DMC is being widely used in various
industries. In the petrochemical industry, DMC is added to petrol to enhance the octane number
[2]. DMC can also replace harsh solvents such as dimethyl sulfate and phosphate in the reaction
of methylation and carbonylation [3].

There are several routes of synthesis of dimethyl carbonate, however, the most common
are phosgenation of methanol and oxy-carbonylation of methanol or methyl nitrile process [1].
During the synthesis of DMC, an excess of methanol is used, therefore resultant mixture
consists of dimethyl carbonate and unreacted methanol. The post-reaction mixture cannot
be separated easily by distillation as dimethyl carbonate and methanol create the azeotrope
mixture, containing 70 wt% of methanol [4]. Several methods have been proposed
for the separation of an azeotropic mixture of dimethyl carbonate/methanol such as pressure
swing distillation, extractive distillation, and membrane separation techniques. Comparing all
available methods, membrane separation techniques, especially pervaporation, appears
to be agood alternative to the classical separation methods [5]. Moreover, owing
to the different mechanisms of separation, pervaporation overcomes the vapour-liquid
equilibrium of azeotropic mixtures [6].

Several types of membranes have been evaluated for the separation of DMC/methanol
mixture by pervaporation methanol selective membranes (such as chitosan — CS [6], poly(vinyl
alcohol) — PVA [7], poly(acrylic acid) — PAA [8]) and dimethyl carbonate selective membranes
(such as poly(dimethylsiloxane) — PDMS [9] or poly(vinylidene fluoride) — PVDF [10]).
However, it should be mentioned that methanol is a major component of the azeotropic mixture
(70 wt%). The application of methanol selective membranes would require much more energy
used for the separation compared to the use of DMC selective ones. Therefore, it could be more
reasonable to apply hydrophobic membranes for the separation of dimethyl carbonate/methanol
mixtures owing to the affinity between the membrane material and the separated mixture.

Moreover, it should be mentioned that binary mixtures of organic solvents always
contain traces of water (the third component). The presence of water in a separated mixture
isan important factor influencing and limiting the overall efficiency of organic-organic
pervaporation. Inour previous research [11, 12] we tested both hydrophobic (PDMS)
and hydrophilic (PVA) polymeric membranes in the separation of an ethyl tert-butyl
ether/ethanol (ETBE/EtOH) mixture. Research showed that the PDMS membrane selectively
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transported ETBE while forthe PVA membrane, EtOH was selectively transported.
Additionally, during experiments, the transport of water through the membranes
was also investigated. The comparison of water transport for the PDMS and PVA
was performed for mixture of ETBE/EtOH containing an equal amount of ETBE/EtOH mixture
and ca. 0.30 wt% of water. It was found that water was present also in the permeate.
However, a lower amount of water in permeate was noticed for the PDMS membrane.
In this case, the water content in permeate was equal to 0.14 wt%, while during the experiment
with the PVA based membrane, 3.21 wt% of water was detected. During the pervaporation
process, the membrane swells, which results in the free volume increase and this facilitates
the transport of separated components. Water is characterized by a smaller kinetic diameter
(2.65 A [13]) compared with organic solvents (> 3.6 A [14]). Therefore small water molecules
can easily pass through both hydrophilic and hydrophobic membranes. However, taking
into account the hydrophobic character of PDMS membranes, the transport of water during
the separation of organic solvent mixtures is reduced. Based onthese results,
it can be concluded that hydrophobic membranes would be a better choice for the separation
of polar/nonpolar organic mixtures if the nonpolar component should be removed.

Among various hydrophobic polymers, PDMS appears asagood material
for the membrane preparation for the removal of DMC from DMC/methanol mixture
[9, 10, 15, 16]. PDMS is characterized by good film-forming properties, low cost, and excellent
mechanical and chemical stability [17]. However, polymeric membranes show
permeability/selectivity trade-off limitations [18-21]. To overcome that issue, various fillers
can be incorporated into the polymer matrix to prepare Mixed Matrix Membranes (MMMs).
Owing to the good compatibility with the polymer matrix, tunable structure, and possibility
of functionalization, metal organic frameworks (MOFs) have been extensively used as fillers
for the preparation of MMMs [22].

MIL-53(Al) (Materials Institute Lavoisier-53) is an excellent candidate
for a filler for the preparation of pervaporative MMMs. MIL-53(Al) consists of corner-sharing
AlO4(OH2) octahedral coordinated by benzene-1,4-dicarboxylate linkers (BDC) [23].
This MOF is characterized by very good thermal and chemical properties and stability in water
[24, 25]. Qian et al. [26] investigated the stability of MIL-53(Al) in an aqueous solution
at pH equal to 2, 7, and 14. Results showed that MIL-53(Al) demonstrated excellent resistance
to hydrolysis at pH=2 and pH=7. After 7 days of soaking in acidic or neutral aqueous solution
at a temperature equal to 50°C and 100°C, practically no changes in crystalline structure

were observed. Only at pH=14, MIL-53 particles show limited stability, i.e., after 2 days
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of soaking in a basic aqueous solution the gradual degradation of the crystalline structure
was noticed [26].

MIL-53(Al) belongs also to the special group of MOFs called “breathing” MOFs
[27-29]. MIL-53(Al) possesses the ability to change the framework conformations from narrow
pores “np” to large pores “Ip” in the presence of guest molecules trapped inside the pores.
The breathing effect depends on the amount and the nature of guest molecules
and in the case of MIL-53, this effect is reversible [29]. Mounfield and Walton [30]
investigated the influence of solvothermal preparation methods on the breathing properties
of MIL-53(Al). It was noticed that MIL-53(Al) synthesized with N,N-dimethylformamide
(DMF) at 120°C did not demonstrate the breathing effect, whereas the MIL-53(Al) synthesized
with DMF at 220°C showed a slight, gradual breathing effect [30].

Several studies indicated that MIL-53(Al) might absorb water from the atmosphere
[24, 31, 32]. This property may limit the usage of MIL-53(Al) in processes where water
is an undesirable component. Therefore, the best solution is to additionally hydrophobize
MIL-53(Al). There are two ways to hydrophobize MIL-53(Al), i.e. during the synthesis
(application of ionic liquid as solvent [31]) or during the post-synthesis modification
(incorporation of modulators possessing a hydrophobic alkyl chain [33]).

In this work, hydrophobic and heterogeneous PDMS based membranes
with MIL-53(Al) and its analogues, i.e., NH2-MIL-53(Al) and NHOCOCF3-MIL-53(Al)
were fabricated for the selective removal of dimethyl carbonate from azeotropic dimethyl
carbonate/methanol mixture. Hydrophobic NHOCOCF3-MIL-53(Al) was obtained during
the post-synthesis modification of NH2-MIL-53(Al) with a hydrophobic modulator
i.e., trifluoroacetic anhydrate. Modification of NH2-MIL-53(Al) adjusted the interaction
between the MMM and the separated mixture resulting in an increase in MMMs performance.
Moreover, the influence of the presence of water in the separated mixture on the efficiency

of organic-organic pervaporation was also investigated and evaluated.
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2. Experimental
2.1 Materials

Silicone rubber compounds (RTV615A and RTV615B) were delivered by Momentive
Performance Materials (Waterford, USA).

Aluminium nitrate nonahydrate (Al(NOz3)3-9H20), acetonitrile anhydrous (99.8%),
and dimethyl carbonate ReagentPlus® (99%) (DMC) were purchased from MilliporeSigma
(Milwaukee, USA). Benzene-1,4-dicarboxylic acid (BDC)
and 2-aminobenzene-1,4-dicarboxylic acid (NH2-BDC) were provided by Acros Organic
B.V.B.A. (Geel, Belgium). Trifluoroacetic acid anhydrous (TFA) was acquired from abcr
GmbH (Karlsruhe, Germany). Methanol, ethanol, acetone, N,N-dimethylformamide (DMF),
and hexane were supplied by Chempur (Piekary Slaskie, Poland). All solvents were utilized
as received without further purification. 15 MQ cm reverse osmosis water (Hydrolab sp. z o.0.,

Straszyn, Poland) was used.

2.2 Synthesis of MIL-53(Al)

MIL-53(Al) was synthesized according to the procedure proposed by Mounfield and
Walton [30] with some modifications. In brief, 2.246 g of AI(NO3)3-9H20 and 0.895 g of BDC
were dissolved in 30 mL of DMF in a Schott glass bottle at room temperature.
Subsequently, the obtained solution was placed in an oven and heated at 120°C for 12h.
After aslow cooling down, the whitish solution was centrifuged (4500 rpm, 30 min)
and washed 3times in DMF and 3 times in acetone. In the final step, MIL-53(Al)
was dried at 100°C for 12 h.

2.3 Synthesis of NH>-MIL-53(Al)

NH2-MIL-53(Al) was synthesized as described in [34]. 0.76 g of AI(NOs3)s3-9H20
and 0.56 g of BDC-NH:z were dissolved in 15 mL of water and DMF, respectively.
Subsequently, the solutions were mixed and placed in the oven at 150°C for 24h.
In the next step, a cooled yellowish solution of NH2-MIL-53(Al) was centrifuged (4500 rpm,
30 min) and activated by heating under reflux in DMF at 153°C for 5h. NH2-MIL-53(Al)
powder was washed 4 times in acetone, followed by a centrifugation (4500 rpm, 30 min).

In the final step, the product was dried at 30°C for 12h.
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2.4 Modification of NH>-MIL-53(Al) by trifluoroacetic anhydride

Prior to the modification, 1.5 g of NH2-MIL-53(Al) was placed in the round bottom
flask and heated at 150°C for 6 h. After cooling down, NH2-MIL-53(Al) powder was suspended
in 125 mL of acetonitrile, and 64 mL of trifluoroacetic anhydrate was added to the suspension
for incorporation of trifluoroacetic anhydrate into the structure of NH2-MIL-53(Al).
Subsequently, the suspension was heated under the reflux at 80°C for 24h. The final product
(NHOCOCFs-MIL-53(Al))  was centrifuged and washed 4 times in chloroform.
Finally, NHOCOCF3-MIL-53(Al) was dried in an oven at 50°C for 12h [33].

The scheme of the modification is presented in Figure 1.

NH2
= 0 0 acetonitrile = \O/ \CFg
= FaC o CF3 80°C, 24h ==

Figure 1. Scheme of the post-modification of NH2-MIL-53(Al) by trifluoroacetic anhydride.

2.5 Preparation of pristine PDMS membrane

PDMS membranes were prepared using the phase inversion techniques induced
by solvent evaporation. Components, i.e., RTV615A and RTV615B were dissolved in hexane.
The obtained solution contains 15 wt% of polymer and the ratio of silicon crosslinker
(RTV615B) with platinum catalyst to vinylfunctionalized prepolymer (RTV615A)
was constant and equal to 1:10. In the next step, the obtained solution of PDMS was poured
into a Teflon mould and left for the solvent evaporation. Finally, the membrane was crosslinked

in an oven at 80°C for 2h.

2.6 Preparation of PDMS-based MMMs

PDMS-based MMMs were also prepared by the phase inversion technique -induced
by solvent -evaporation. A given amount of MIL-53(Al), NHz2-MIL-53(Al)
or NHOCOCFs-MIL-53(Al) was suspended in the previously prepared 15 wt% solutions
of PDMS in hexane to fabricate the membranes containing 5, 10, or 15 wt% of fillers
with regard to mass of the polymer. Subsequently, the PDMS solutions with fillers were mixed
at room temperature for 24h and sonicated for 15 min. Casting and crosslinking of MMMs
were done following the same procedure asused for the preparation of the pristine

PDMS membrane samples.
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2.7 Characterization of fillers and PDMS based membranes

XRD analysis of the crystalline structure of MIL-53(Al), NH2-MIL-53(Al),
and NHCOCFs-MIL-53(Al) was performed using Philips X’’Pert (Malvern Panalytical,
Malvern, UK) in transmission mode with an X’Celerator Scientific detector with Cu anode.
Scans were recorded in the range of 5-60° 26. X’ Pert Plus software (v. 1.0, Malvern Panalytical,
Malvern, UK) was used for the data acquisition and processing.

FTIR-ATR spectra of MOF particles were accomplished using a Vertex 70V
spectrometer (Bruker, Billerica, USA) in the range of 400-4000 cm™ with a resolution
of 4 cm™ and a number of scans equal to 512. Results were analysed using OPUS software
(v. 7.5, Bruker, Billerica, USA).

Particle size distribution of synthesized MOFs was analysed by dynamic light scattering
(DLS) using Litesizer™500 (Anthon Paar, Graz, Austria) according to the procedure described
elsewhere [35]. Kalliope™ software (v2.10.5, Anthon Paar, Graz, Austria) was used for data
analysis.

MOF particles were also analysed using high-resolution transmission electron
microscopy (HR-TEM) with a Tecnai G2 F20 X-Twin microscope (200 kV, FEI Europe, B.V.,
Eindhoven, the Netherlands). Analysis was performed on a copper mesh and particles
were suspended in ethanol.

The low-temperature nitrogen adsorption/desorption measurements of MIL-53(Al),
NH2-MIL-53(Al), and NHCOCF3-MIL-53(Al) were accomplished using a Gemini VI
instrument (Micrometritcs Instrument Corp., Norcross, USA). Samples were first degassed
at 110°C for at least 4h and then measurements were performed at around -200°C.
The Brunauer-Emmett-Teller and the Barrett-Joyner-Halenda models were implemented
for the calculation of specific surface area and pore volume, respectively.

Surface topography measurements of MOF particles and membranes were performed
with a LEO 1430 VP microscope (Leo Electron Microscopy Lrd., Cambridge, UK).
Prior to the analysis, a conductive layer of Au/Pd was sputtered on the surface of the samples.

NanoScope MultiMode SPM system (Veeco Digital Instrument Plainview, USA)
was implemented in AFM analysis. Analysis was performed in a tapping mode with a nitride
probe. Nanoscope software (v6.13, Bruker Optik GmbH, Ettlingen, Germany)
was used for data analysis. The roughness parameter Ra was an average of 4 measurements

with the scanned area equal to 5 pm X 5 pm.
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The thermal stability of synthesized MOF particles and fabricated membranes
was tested using a TGA-DTA Thermal Analysis Instruments type SDT 2960 (TA Instrument,
Champaign, USA). Tests were achieved at the temperature range of 25-1000°C
under the nitrogen atmosphere. The heating rate during all measurements was equal
to 10°C/min. TA Universal Analysis software (v5.5.24, TA Instrument, Champaign, USA)
was implemented during the acquisition and processing of the results.

The apparent contact angles for water and diiodomethane were measured using
a goniometer Attention Theta (Biolin Scientific, Gothenburg, Sweden). Experiments
were conducted at room temperature. The drop volume of water and diiodomethane was equal
to 2 ul. OneAttention software (v2.8 r 5543, Biolin Scientific, Gothenburg, Sweden)
was used for the data acquisition and processing.

A thickness gauge Sylvac type S 299 was used for measuring the thickness of fabricated
membranes. The resolution and accuracy of the measurements were equal to 0.001 mm

and 0.002 mm, respectively.

2.8 Pervaporation experiments

All pervaporation measurements were conducted using a standard laboratory set-up
equipped with a membrane module with an active membrane area equal to 14.5 cm? [36].
Experiments were performed at 40°C = 1°C. Dimethyl carbonate/methanol (DMC/MeOH)
mixtures at the following mass ratios were used as feeds during pervaporation: 20/80, 30/70,
50/50, 70/80, and 80/20

Performance (transport and separation properties) of the fabricated membranes
were assessed using the thickness normalized total permeate flux (JIn), thickness normalized
partial permeate flux (Jn,), separation factor (5), and thickness normalized Pervaporation
Separation Index (PSIn) [37, 38].

Thickness normalized total permeate flux was calculated based on Eqg. (1) [37]:
A
Iue = gt (1)
where Am is the mass of collected permeate [g], A active area of the membrane [m?],

At time of collecting the permeate sample [h].

Thickness normalized partial permeate flux was estimated using Eq. (2)
Ing =Ine " Vi (2)
where yi is a mass fraction of component i in permeate.



257

258

259
260
261
262
263
264
265
266
267
268

269

270
271
272

273
274
275
276
277
278
279
280
281

282
283
284
285
286
287
288

Eqg. (3) [37] was implemented to calculate the separation factor (5):

_yi/(A=yy)
P = ®)

where yiis the mass fraction of component i permeate and xi is the mass fraction of component
I in the feed.

Thickness normalised Pervaporation Separation Index (Eq. (4)) was applied
for the comparison of performances of various PDMS based membranes during the separation
of DMC/MeOH mixtures [38]. According to the definition, the higher the value
of this parameter, the more efficient membrane is in particle separation [39].

PSIy =1yt~ B-1 4)
The influence of water presence in organic solvents on the overall efficiency
of pervaporation was also investigated using the enrichment factor of water (Eq. (7))

as a metric.

P
EFyater = % (7)

where Pw and Fw are the content of water in permeate and feed, respectively.

2.9 Gas chromatography

Shimadzu Nexis GC-2030 gas chromatograph (Shimadzu Corp., Kyoto, Japan)
with a TCD detector and Q Bond column was used to determine the feed and permeate
composition. The temperature of the column was programmed from 140°C to 180°C.
The set temperature of the TCD detector and injector was equal to 250°C and 220°C,
respectively. Obtained chromatograms were processed with Lab Solutions software

(v.5.106, Shimadzu Corp., Kyoto, Japan).

3. Results and discussion

3.1 Characterization of MOF particles

Synthesized ~ MIL-53(Al),  NH2-MIL-53(Al), and NHOCOCFs-MIL-53(Al)
were characterized using various analytical techniques. XRD patterns of synthesized MOFs
are presented in Figure 2. Based on these results, it can be concluded that MIL-53(Al)
and NH2-MIL-53(Al) possess high crystalline structures. Synthesized MOF particles
can form an Ip and np crystalline form structures with peaks at around 8.6° related to the Ip
form crystallizing in the orthorhombic Imma space group, while the peaks at around

9.2 and 12.3° correspond to the np form crystallizing in the monoclinic Cc space group [24].
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In the case of MIL-53(Al), characteristic peaks at 9.4 (200) and 12.4° (110) correspond
to the low temperature (It) phase while the peak at 10.8° (010) can be ascribed to high

temperature (ht) structure.

NH,-MIL-53(Al)

theoretical NH,-MIL-53(Al),,

Intensity (a.u.)

MIL-53(Al)

theorethical MIL-53(Al),,

........................................

i theorethical MIL-53(Al),

5 75 10 125 15 175 20 225 25
2Theta [°]
Figure 2. XRD pattern of MIL-53(Al), NH2>-MIL-53(Al), and NHOCOCF3z-MIL-53(Al).

The XRD spectra of NH2-MIL-53(Al) showed characteristic peaks of low-temperature
structure  (9.2° (200), 10.2° (200), and 18.4° (400) [40]) (Figure 2).
As can be seen from Figure 2, the peaks are narrow and their positions indicate that mainly
np form was obtained. Additionally, no peak at 8.6° related to the high-temperature structure
was noticed. For NHOCOCF3-MIL-53(Al) any single crystal model is not known.
Nevertheless, it was noticed that after the modification, the peak positions were not altered
and the crystalline structure of NH2-MIL-53(Al) was retained (Figure 2). This indicated
that the attachment of trifluoroacetic anhydrate to NH2-MIL-53(Al) does not change
the crystalline structure of particles. These results are consistent with the work reported
by Wu et al. [7].

The size and crystal morphology of synthesized MIL-53(Al), NH2-MIL-53(Al),
and NHOCOCF3-MIL-53(Al) were investigated with Scanning (SEM) and Transmission
(TEM) Electron Microscopy as well as Dynamic Light Scattering (DLS).

10
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Figure 3. SEM  micrographs of MIL-53(Al) - A, NHx-MIL-53(Al) - B,
and NHOCOCF;-MIL-53(Al) - C.

SEM pictures of obtained MOFs are presented in Figure 3. It was observed
that the MIL-53(Al) and NH2-MIL-53(Al) crystallites showed a needle-like structure
(Figure 3A and B). In the case of NHOCOCFs-MIL-53(Al) (Figure 3C), no significant change

in structure was noticed compared with the structure of the unmodified NHz2-MIL-53(Al).

MIL-53(Al)

NH,-MIL-53(Al)

NHOCOCF,-MIL-53(Al )

Figure 4. TEM images of the synthesized enhancers. A and B - MIL-53(Al);
C and D — NH>-MIL-53(Al); E and F — NHOCOCF3;-MIL-53(Al).

11
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The crystallines were also analyzed by applying the TEM technique (Figure 4).
From the images, it was possible to measure the size of the particles that were equal
to 95+ 15 nm for MIL-53(Al), 113 £ 28 nm for NH2-MIL-53(Al), and 160 = 28 nm
for NHOCOCFs-MIL-53(Al), respectively.

22
20
18 1
16

14

MIL-53(Al)
....... NH,-MIL-53(Al)
————— NHOCOCF,-MIL-53(Al)

12+

-
o
|

Number [%]

‘ T T
0 50 100 150 200 250 300 350 400 450 500
Particle size [nm]

Figure 5. Results of DLS analysis of MIL-53(Al), NH.-MIL-53(Al), and NHOCOCF;-MIL-53(Al).

Synthesized MIL-53(Al), NHz2-MIL-53(Al), and NHOCOCF3-MIL-53(Al) molecules
were characterized by particle sizes in the range of 110 + 10 nm, 125 + 26 nm,
and 160 + 30 nm, respectively (Figure 5). A similar value of NH2-MIL-53(Al) particle size
was found by Nguyen et al. [34]. It should be mentioned that the size of MOF particles depends
on the conditions of synthesis. Nguyen et al. [34] investigated the influence of solvents
(DMF, water, and a mixture of water and DMF) used during the synthesis on the particle
size of NH2-MIL-53(Al). It was reported that the presence of water influences not only particle
size but also the shape of obtained crystals. SEM analysis of NH2-MIL-53(Al) demonstrated
that when the water content in the mixture increased from 50 vol% to 70 vol%, the particle size
increased from 127 nm to 419 nm [34].

FTIR-ATR analysis was performed to prove the successful modification of MIL-53(Al).
Obtained FTIR-ATR spectra are presented in Figure 6. Analysing the obtained results,
it can be stated that in all cases, the characteristic peaks of MIL-53(Al) were detected.
Bands in the range of 3660-3707 cm™ and 902 cm™ correspond to the vibration of OH groups
from the aluminium cluster, while the peak at 587 cm™ is associated with AlO vibration

12
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(Figure 6). The bands at 1602 cm™ and 1412 cm™ are related to the asymmetric stretching
of the COO~ a group of BDC ligands. Bands at 1696 cm™ and 753 cm™ correspond
to the vibration of C=0O groups from the BDC ligands and the —CH group, respectively.
In the case of NH2-MIL-53(Al), additional bands have been detected. Bands in the range
of 3385 cm™ — 3503 cm™ correspond to vibration from the amine group of NH2-BDC ligands
(Figure 6). In the case of the modified NH2-MIL-53(Al) by the trifluoroacetic anhydrate, peaks
from NH2-MIL-53(Al) and trifluoroacetic anhydrate were detected. It was found that after
modification, bands from the primary amine disappeared and a new band from the secondary
amine was observed (3325 cmt). Moreover, the additional peak from the symmetric stretching
vibration of CF3 groups (1005 cm™) was also found (Figure 6). Based on the obtained results,
it can be concluded that the modification of NH2-MIL-53(Al) led to the successful

incorporation of trifluoroacetic anhydride.

NH } 'n_t;“ ":: L :: ; ‘.‘- "", [
(secondary amine) <co' w ! LR
jcn ot VU
NHOCOCF,-MIL-53(Al) . -CF3 4

-CO0O AlO
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-NH ] .
(primary amine) i
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NH,-MIL-53(Al)

Transmittance [a.u.]

MIL-53(Al) -C=0
p -OH

-CO0 +.CO0 _cﬁ
— T T T " T T T ‘' T ‘' T T T T T 7
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Figure 6. FTIR spectra of synthesized MIL-53(Al), NH2-MIL-53(Al), and NHOCOCF;-MIL-53(Al).

“_AIO
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Thermogravimetric analysis of MIL-53(Al), NH2-MIL-53(Al),
and NHOCOCFs-MIL-53(Al) is presented in Figure 7A and B. As it can be seen,
the degradation of synthesized MOFs occurs through multiple stages. The mass loss
of up to 300°C is related to the removal of guest molecules (DMF, H20). Next, mass loss

in the temperature range of 300°C-500°C corresponds to the condensation of the carboxylic
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group and acid anhydrases are formed as a result of condensation [41]. Subsequently, starting
from the temperature of 500°C-550°C, BDC, NH2-BDC, and NHOCOCFs-BTC ligands
were detached from the structure and the collapsing of frameworks occurred (Figure 7A and B).
Moreover, based on TGA the results, it can be indicated that the final product of thermal
degradation of MIL-53(Al), NH2-MIL-53(Al), and NHOCOCFs-MIL-53(Al) was Al20s.
It should be mentioned that in this research MOFs are used as fillers for the modification
of membranes operating below 100°C. Therefore, it can be considered that MOFs are stable
under these conditions.

100 — 0.7
90
B 0.6 MIL-53(Al)
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_ 707_ ;\30.5—
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8 40— 203
= ] g
30 502
7 (=]
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Figure 7. Thermogravimetric analysis (A and B) of MIL-53(Al), NH:-MIL-53(Al),
and NHOCOCF3-MIL-53(Al).

Specific surface area (Sser), pore size, and pore volume (Vpores) Of MIL-53(Al),
NH2-MIL-53(Al), and NHOCOCF3-MIL-53(Al) were determined by measuring
the N2 adsorption isotherms at 73 K. Results are gathered in Figure 8 and Table 1.
The adsorption isotherms of MIL-53(Al) and NH2-MIL-53(Al) can be classified as Type |
and Type IV, respectively [42] (Figure 8A and B) which is in good accordance with literature
data [43-45].

Table 1. Comparison of Sger, pore volume and pore diameter of MIL-53(Al), NH>-MIL-53(Al),
and NHOCOCF3z-MIL-53(Al).

. SBeT Vpores Vmicro (t-plot)  pore diameter
Particles m2g ]  [emigl  [em®g’] [A]
MIL-53(Al) 584.70 0.28 0.25 9.21
NH2-MIL-53(Al) 325.69 0.15 0.11 8.77
NHOCOCF3-MIL-53(Al) 105.76 0.09 0.06 7.31
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Figure 8. N adsorption isotherm of A - MIL-53(Al), B — NH>-MIL-53(Al),
and C — NHOCOCF3-MIL-53(Al).

The highest value of specific surface area (Sser) was noticed for the MIL-53(Al), while
the lowest one was for modified NHOCOCFs-MIL-53(Al). MIL-53(Al) demonstrated
acomparable value of Seer with values reported in the literature [46].
In the case of NH2-MIL-53(Al), a lower value of Sger was detected compared with the literature.
The lower specific surface of NH2-MIL-53(Al) could be related to the presence of the residual
amounts of solvents (DMF and water) detected on TGA analysis (Figure 7).
However, it should be mentioned that the solvent used for the synthesis of NH2-MIL-53(Al)
significantly affected the Sger value and Vpores [34]. Cheng et al. [34] observed that when water
ratio in DMF/water mixed solvents increased from 3.3% to 75%, Seet decreased from 1882 m?
g to 1088 m? gt with a simultaneous increase of Vpores from 1.03 cm® g* to 1.30 cm® gL,

Moreover, it was also observed that modification of NH2-MIL-53(Al) by trifluoroacetic
anhydrate caused degradation of a specific surface and pore size to 105.76 m? g and 7.31 A,
respectively. After modification, trifluoroacetic groups partially filled the pores of MOF
particles. Moreover, the pore distribution of NH2-MIL-53(Al) and NHOCOCF3s-MIL-53(Al)
revealed that the modified NH2-MIL-53(Al) had lower pore volume and micropore volume
compared with the pristine NH2-MIL-53(Al). A similar reduction of Sger, pore size and pore

volume was also reported in other post-synthetic modifications of NH2-MIL-53(Al) [45-48].
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3.2 Membrane characterization

SEM analysis of the surface of pristine and heterogeneous membranes is shown
in Figure 9. As it can be seen, SEM analysis proved the formation of dense membranes without
visible porous structure (Figure 9A-D).

Moreover, in the case of PDMS membranes with 5 wt% MIL-53(Al)
and NHOCOCFs-MIL-53(Al) micrographs suggest good incorporation of MOF particles
without agglomeration (Figure 9B and D). Agglomeration of particles was only detected
for the PDMS membrane modified by 5 wt% of NH2-MIL-53(Al) (Figure 9C).

100 pm : 100 pm .

: "180 pm

Figure 9. SEM micrographs of the surface of pristine PDMS (A), PDMS/MIL-53(Al) 5 wt% (B),
PDMS/NH,-MIL-53(Al) 5 wt% (C), and PDMS/NHOCOCF3-MIL-53(Al) 5 wt% (D) membranes.

Thermal properties of pristine PDMS and heterogeneous PDMS based membranes
containing MIL-53(Al), NH2-MIL-53(Al), and NHOCOCF3-MIL-53(Al) were investigated
using thermogravimetric analysis (Figure 10A-D). In the case of pristine PDMS membrane,
itwas observed that degradation of this membrane occurred as a one-step process.
Cyclic hexamethylcyclotrisiloxane is a product of the degradation of poly(dimethylsiloxane)
polymer [49] and PDMS based membranes are thermally stable up to 400°C (Figure 10A-D).
As it can be seen from Figure 10, the degradation of heterogeneous PDMS based membranes
containing MIL-53(Al), NH2-MIL-53(Al), and NHOCOCFs-MIL-53(Al) occurs through
multiple stages. Moreover, it was also noticed that the incorporation of MOF particles slightly
decreased the thermal stability of MMMs compared with a pristine PDMS.
In the case of PDMS/NH2-MIL-53(Al) 5 wt% and PDMS/NHOCOCFs-MIL-53(Al) 5 wt%

membranes are thermally stable up to 300°C and 250°C, respectively.
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Figure 10. TGA (A, C) and DTG (B, D) curves of pristine and heterogeneous PDMS-based membranes.

Measurements of the contact angle for water and diiodomethane were performed
to investigate the influence of the incorporation of MIL-53(Al), NH2-MIL-53(Al),
and NHOCOCF3-MIL-53(Al)  particles on  membrane  surface  hydrophobicity.
In the case of the modified membrane by the various amounts of MIL-53(Al), the alterations
in wettability of the membrane surfaces are noticeable. The highest increase in contact angle
from 113° for pristine PDMS membranes to 117° was found for the PDMS/MIL-53(Al) 5 wt%
membranes (Figure 11A).

In the case of PDMS based membrane modified by 5 wt% of NH2-MIL-53(Al), after
incorporation of NH2-MIL-53(Al), the contact angle of water decreased slightly from 113°
to 110° (Figure 11A). The lower contact angle of water for PDMS/NH2-MIL-53(Al) is related
to the hydrophilic character of the NH2-MIL-53(Al). NH2-MIL-53(Al) contains hydrophilic
amino NHz groups. Additionally, the PDMS membrane modified by 5 wt% of NH2-MIL-53(Al)
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is characterized by the highest Ra parameter (Figure S1 and Table S1). A simar trend was
observed by Al-Shaeli et al. [50]. It was reported that the modification of the polyethersulfone
(PES) ultrafiltration membrane by 5 wt% of UiO-66-NH2 caused the reduction of the water
contact angle from 80° to 44° [50].
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Figure 11. The apparent contact angle of water (A), calculated surface free energy (B) of pristine and
heterogeneous PDMS-based membranes and apparent contact angle of methanol and dimethyl
carbonate.

Analysing the obtained results, it can be noticed that the PDMS membrane
which contains hydrophobic NHOCOCFs-MIL-53(Al) particles demonstrated a higher water
contact angle (120°) compared with the pristine one (113°) (Figure 11A). It can be concluded
that the incorporation of NHOCOCFs3-MIL-53(Al) increased the hydrophobic character
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of the PDMS membrane. Han et al. [51] modified ZIF-90 with (3-aminopropyl) triethoxysilane
(APTES) using Schiff’s base reaction. Subsequently, APTES-ZIF-90 particles
were used as a filler for the preparation of heterogeneous PDMS based membranes.
Analysing the values of the contact angle for water it was shown that the incorporation
of 5 wt% of APTES-ZIF-90 caused an increase in water contact angle from ca. 112° to 120°
[51].

The value of the ~contact angle for water and diiodomethane
was also used for the calculation of the surface free energy (SFE) by Owen ’s-Wendt’s method
[52] (Figure 11B). According to Owen’s-Wendt’s theory, surface free energy (SFE)
is expressed by polar and dispersive components [52]. Taking into account of results
of the calculation, it was observed that the incorporation of 5 wt% of MIL-53(Al)
and NHOCOCFs-MIL-53(Al) leads to a decrease in the polar part of surface free energy.
Asitcan be seen from Figure 11B, PDMS/NHOCOCF3-MIL-53(Al) 5 wt% membrane
demonstrated a 34% (6.7 mN m™*) lower value of polar part of SFE compared with a pristine
PDMS one (10.0 mN m?) (Figure 11B). This confirms, that after modification
by 5 wt% of NHOCOCF3-MIL-53(Al), the hydrophobic character of the PDMS membrane
increased.

The contact angle of methanol and dimethyl carbonate for pristine and modified
membranes was also measured (Figure 11C). Both pristine and modified membranes showed
similar values of contact angle (45.0 = 1.6°). In the case of contact angle of DMC,
only PDMS/NH2-MIL-53(Al) demonstrated a much higher contact angle (57.9 = 0.6°)
compared with the contact angle of methanol while rest membranes exhibited only a slightly
higher contact angle (50.3 £ 0.9°). The relatively low contact angle of methanol and dimethy!l
carbonate for both pristine and modified PDMS-based membranes is related to the low surface
tension of PDMS (20.4 mN/m [53]). Its means that PDMS is characterized by good wettability.
It should be also mentioned that the surface tension of MeOH and DMC is equal to 22.7 mN/m
[54] and 29.4 mN/m [55], respectively. Therefore, both methanol and dimethyl carbonate
can partially wet the surface of PDMS-based membranes. The slightly higher contact angle
of dimethyl carbonate could be related to the properties of the DMC. Dimethyl carbonate

is a nonpolar aprotic solvent while methanol is polar [56].

19



497

498
499
500
501
502
503

504

505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

3.3 Hansen’s Solubility Parameters

According to the solution-diffusion theory, transport and separation in pervaporation
occurs in three subsequent stages: sorption, diffusion, and desorption [57]. Hansen’s Solubility
Parameters (HSP), especially the distance parameter (4, Eg. (5)) can be used for the estimation
and prediction of relations between separated mixture/pure solvents and membrane [58] during
the sorption step. According to the definition of the distance parameter, the lower the distance

parameter is, the stronger interactions between solvent/mixture and membrane occur [58].

A= J(5d,s1 - 5d,sz)2 + (5p,s1 - 5p,sz)2 + (5h,s1 - 5h,52)2 (5)
where 84 51, 84,57 are dispersion interactions, &, 51, 6, s, are polar interactions, and &, 51, S 52
are hydrogen bonding interactions.

However, it should be emphasized that Eqg. (5) can be used for pristine membranes
and pure solvents. The situation became more complex when modified membranes
were used for the separation of a mixture of solvents. The incorporation of various fillers into
a polymer matrix changed the interaction between the membrane and separated mixtures.
Therefore, before the calculation of distance parameters between MMMs and a mixture
of solvents, modified Hansen’s Solubility Parameters (Jom) should be determined
for both MMMs and a mixture of solvents. In the next step, using the modified HSP, distance
parameters between MMMSs and a mixture of solvents can be calculated. There are several
approaches which can be applied for the determination of the modified HSP (Eq. (6)), however,
Bagley’s approach is the most suitable for the polymer membranes.
8m = [64,6p,6n | = [(@* a1 +b-8az),(a8p1 +b-8,),(a8py + b 8yy)]/(a+b) (6)
where: dd1, dp1, Oh1 — dispersive, polar and hydrogen bonding interactions for the first component
and dd2, Op2, On2 — dispersive, polar and hydrogen bonding interactions for the second
component, a and b — mass fraction (wt.%) of the first and the second component, respectively.

In the case of polymeric membranes modified by MOF particles, the interaction between
MOF particles and pure solvents/mixture of solvents depended not only on the dispersive,
hydrogen, and polar interaction but also on the pore size of MOFs and kinetic dimensions of
guest molecules [59]. There is a limiting research which estimated the parameter for MOF
particles [12, 59, 60]. All of this research used the procedure proposed by Hansen [61].
Nevertheless, the application of HSP to evaluate host—guest interactions involving MOFs is in
the spotlight [59].
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Hansen postulated that polymer-ligand interactions dominated the MOF-polymer
interaction and that the ligand's solubility parameters are equivalent to the solubility parameters
of the supplied MOF [61]. MOF particles are composed of metal ions and organic ligands. MIL-
53(Al), NH2-MIL-53(Al), and NHOCOF3-MIL-53(Al) are consisted of the same metal ion
(ARY but various ligands (BDC — MIL-53(Al), NH2-BDC — NH2-MIL-53(Al), and NHOCOFs3
— NHOCOF3-MIL-53(Al)). The value of HSP parameters of NHOCOCF3-MIL-53(Al) was
calculated based on the van Krevelen group contribution method [62] (Table 2). The definition
of the SP does not cover the determination of solubility of a solid substance, e.g., MOF. The
phase transition from the solid crystal to the liquid state prior to mixing as well as entropy
effects on solubility is not considered. The solubility parameters rather predict the enthalpic
contribution to the mixing energy by using the cohesion energy as measure of intermolecular
attraction in a respective liquid. Thereby, it relies on the chemical rule of similarity when it
comes to interaction between different species. In solid dosage forms, e.g., polymer films, the
filler, i.e., MOF is not interacting with the polymeric matrix. This case of solid dispersions is
described as solid amorphous suspensions. Regarding the application to solid dispersions, the
solubility parameter estimates the extent of interaction between filler and polymer on a
molecular scale which is an important condition for solubility. It does not provide direct
information on the solid state after mixing both compounds. This is why in some case, the HSP
need to be supported by group contribution parameters, e.g., van Krevelen/Hoftyzer [63],
Breitkreutz [64], and Stefanis/Panayiotou [65].

Based on Hansen’s approach it can be assumed that HSP for MIL-53(Al), NH2-MIL-
53(Al), and NHOCOF3-MIL-53(Al) are equal to HSP of BDC, NH2-BDC, and NHOCOCFs,

respectively.
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Table 2. Hansen’s Solubility Parameters for polymer, solvents, and ligands.

Hansen’s Solubility Parameters [MPa®°]

Solvent, ligand or polymer s s s Ref.
d p h
MeOH 15.1 12.3 22.3 [58]
DMC 155 8.6 9.7 [66]
BDC 20.0 7.2 12.8 [59]
NH2-BDC 20.8 8.6 16.4 [59]
NHOCOCFs 18.4 9.7 17.5 -
PDMS 15.9 0.0 41 [36]
PDMS/MIL-53(Al) 5wt% 16.1 0.4 45 -
PDMS/MIL-53(Al) 10wt% 16.3 0.7 5.0 -
PDMS/MIL-53(Al) 15wt% 16.5 1.1 5.4 -
PDMS/NH2-MIL-53(Al) 5wt% 16.2 0.4 47 -
PDMS/NHOCOF3-MIL-53(Al) 5wt% 16.2 0.9 5.2 -
Table 3. Calculated distance parameters (A4) between PDMS based membranes and pure solvents (MeOH
and DMC).
Memb MeOH DMC
embranes A[MPa05]
PMDS 22.0 10.3
PDMS/MIL-53(Al) 5 wt% 21.4 9.7
PMDS/MIL-53(Al) 10 wt% 20.9 9.2
PDMS/MIL-53(Al) 15 wt% 20.6 8.7
PDMS/NH2-MIL-53(Al) 5 wt% 21.2 9.6
PDMS/NHOCOCF3-MIL-53(Al) 5 wt% 20.7 9.0

Table 4. Calculated distance parameters (A) between separated mixture (MeOH/DMC) and PDMS based

membranes.
A[MPa®]

Membranes DMC/MeOH

20/80 30/70 50/50 70/30 80/20
PDMS 195 18.3 15.8 13.5 10.2
PDMS/MIL-53(Al) 5 wt% 18.9 17.7 15.3 13.0 9.7
PMDS/MIL-53(Al) 10 wt% 18.4 17.2 14.7 12.4 9.3
PDMS/MIL-53(Al) 15 wt% 17.8 16.6 14.2 119 8.8
PDMS/NH2-MIL-53(Al) 5 wt% 18.8 175 15.1 12.8 9.6
PDMS/NHOCOCF3-MIL-53(Al) 5 wt% 18.2 16.9 145 12.2 11.1

Calculated values of distance parameters for pure solvents (MeOH, DMC) and a mixture

of MeOH/DMC are gathered in Table 3 and 4. Analysing the distance parameter between

membranes and pure solvents (methanol and DMC), it can be concluded that the DMC should
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be more selective toward PDMS membranes during the sorption  step.
Moreover, it was also noticed that after the incorporation of MOF particles, the value of the
distance  parameter decreased. Incorporation of MIL-53(Al), NH2-MIL-53(Al)
and NHOCOCFs-MIL-53(Al) into the PDMS matrix may improve the efficiency
of the heterogeneous membrane compared to a pristine one during the sorption step.
The distance parameter between solvents (MeOH, DMC) and PDMS membranes
(pristine and modified) decreased with an increasing amount of MIL-53(Al) in the polymer
matrix. The smallest value of 4 was found for the PDMS/MIL-53(Al) 15 wt% in contact
with DMC. In the case of the PDMS membranes modified by 5 wt% of fillers, it was observed
that the smallest value of the distance parameters was found for the PDMS/NHOCOCF3-MIL-
53(Al) 5 wt% (Table 3 and 4). In light of this, it can be supposed that PDMS/NHOCOCFs-
MIL-53(Al) 5 wt% should be more selective than PDMS/MIL-53(Al) 5 wt% and PDMS/NH:-
MIL-53(Al) 5 wt% during the sorption stage.

Taking into consideration separated mixtures of dimethyl carbonate/methanol,
it was noticed that interaction between membranes (both pristine and heterogeneous)
and separated liquid mixtures increased with increasing content of dimethyl carbonate
in the mixture (Table 4). Similarly, to the interaction between membranes and pure solvents,
the distance parameter (4) decreased after the incorporation of MOFs. In the case of the mixture
containing 80 wt% of DMC, PDMS/NHOCOCF3-MIL-53(Al) 5 wt% membrane showed
slightly higher 4 compared with pristine PDMS membranes. The smallest 4 parameter
was found for PDMS/MIL-53(Al) 15 wt% during the contact with 20/80 MeOH/DMC mixture

which is coherent with the abovementioned results.

3.4 Effectiveness of dimethyl carbonate/methanol separation using pervaporation

The performance of a modified PDMS-based membrane in the pervaporative removal
of dimethyl carbonate from a dimethyl carbonate/methanol mixture was investigated at 40°C
and using the thickness normalized flux (Egs. 1 and 2), the separation factor (Eq. 3),
and the thickness normalized Pervaporation Separation Index (Eq. 4). The thickness of tested
membranes was in the range of 228-395 um.

In the first stage of pervaporation experiments, PDMS-based membranes with various
amounts of MIL-53(Al) were tested to find the optimal content of particles in the PDMS matrix.
McCabe-Thiele diagrams present in Figure 12 revealed that both pristine and modified
membranes selectively transported dimethyl carbonated from separated mixtures.
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It was observed that the vapour fraction of dimethyl carbonate in permeate increased with
increasing the liquid fraction of DMC in the feed solution. Based on the data presented
in Table 4, it was found that the affinity between the membranes and the separated mixture
increased with the increasing content of DMC.
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Figure 12. McCabe-Thiele separation diagrams for PDMS, PDMS/MIL-53(Al) 5 wt%, PDMS/MIL-

53(Al) 10 wt%, and PDMS/MIL-53(Al) 15 wt% membranes in contact with DMC/MeOH mixtures.
Vapour-liquid (VL) equilibrium of MeOH and DMC data was taken from the work of Cho et al.[67].
Figure 12 also presents the vapour-liquid for methanol and dimethyl carbonate. DMC
and MeOH possess boiling points equal to 90.3 °C [68] and 64.7 °C [69], respectively.
Based on this information it can be  assumed that simple  distillation
can be used for the separation of DMC/MeOH. However, dimethyl carbonate and methanol
create the azeotrope, therefore, simple distillation cannot be applied. The solution
could be pressure-swing distillation, azeotopic distillation, and extractive distillation.
Application of extractive and azeotropic distillation necessitates the incorporation of a mass-
separating agent [70]. Extractive distillation is a process which uses the fluctuation of the
azeotrope point with pressure [71]. Generally, all of these processes are very energy-intensive.
The VL equilibrium demonstrated that the methanol/dimethyl carbonate mixture creates the
azeotrope at 80 wt% of methanol, therefore distillation can not be applied to separate the
mixture containing mixtures containing 80 wt% and more percent of methanol. At the same
time, when the pervaporation was applied for the separation of this mixture, ca. 80 wt% of
DMC. Based on these results, it can be concluded that the best option for the separation of the
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DMC/MeOH mixture could be a hybrid process containing distillation and pervaporation.
During the distillation, DMC/MeOH is separated to obtain azeotrope, then azeotrope is
separated by pervaporation. Such a solution combines the advantages of distillation (large
capacity) and pervaporation (high selectivity). Research performed by Norkobilov et al. [72]
showed that the application of a hybrid process (distillation followed by pervaporation) for
ethyl tert-butyl ether production can save 52% and 49% in heating and cooling utilities,
respectively [72].

Figure 13 demonstrates the comparison of the separation factors and thickness-
normalized total fluxes of pristine and heterogeneous PDMS-based membranes obtained during
the separation of the DMC/MeOH mixture containing 30 wt% of dimethyl carbonate.

It was noticed that in the case of PDMS membranes modified by 5 and 10 wt% of MIL-
53(Al), the separation factor (transport properties) increased while the thickness normalized
total flux (transport properties) slightly decreased after modification. PDMS/MIL-53(Al)
membrane demonstrated 1.13 higher value of separation factor (5=3.5) compared to the pristine
PDMS membrane ($=3.1) (Figure 13). Despite the lower transport properties of PDMS/MIL-
53(Al) 5wt% and PDMS/MIL-53(Al) 10 wit% membranes compared with pristine PDMS,
these membranes revealed a higher value of PSiIn (Figure 13).

Thickness normalized Pervaporation Separation Index (PSIn) is a valuable parameter
used for the assessment of various membranes applied in pervaraporation. A comparison
of PSIn values shows that the highest value of this parameter was found for the PDMS
membrane modified by 5 wt% of MIL-53(Al). The incorporation of 5 wt% of MIL-53(Al)
caused an increase in PSIn from 248 um kg m? h to 296 um kg m?2 h't. The PDMS/MIL-
53(Al) 15 wt% membrane, membrane showed transport and separation properties lower than
the pristine PDMS one. It should be mentioned that the maximum filler content in the PDMS
polymer matrix was equal to 15 wt%. Above this amount, interactions between the filler and
the platinum catalyst stopped the crosslinking process and a stable membrane could be not
formed.

Based on the obtained results it can be concluded that 5 wt% of MIL-53(Al)
is an optimum amount of particles incorporated into the PDMS matrix. Therefore, in the next
part of this research, PDMS membranes were modified with 5 wt% of NH2-MIL-53(Al) and
NHOCOCFs-MIL-53(Al).
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Figure 13. Comparison of the efficiency of pristine and heterogeneous PDMS-based membranes
modified by 5, 10, and 15 wt% of MIL-53(Al). Feed mixture: DMC (30 wt%) — MeOH (70 wt%).

Results of the pervaporative separation of DMC/methanol using pristine PDMS
and PDMS with 5 wt% of MIL-53(Al), NH2-MIL-53(Al), and NHOCOCFs-MIL-53(Al)
membranes are presented in Figure 14.

Similarly to the PDMS/MIL-53(Al) membrane, the incorporation of 5 wt% of NH2-
MIL-53(Al) and NHOCOCFs-MIL-53 influenced the separation properties of heterogeneous
membranes. It was noticed that after modification, heterogeneous membranes possessed higher
separation properties compared with pristine PDMS. MIL-53(Al), NH2-MIL-53(Al), and
NHOCOCFs-MIL-53(Al) possessed different properties. Therefore, the incorporation of MIL-
53(Al), NH2-MIL-53(Al), and NHOCOCFs-MIL-53(Al) into the PDMS matrix showed
different impacts on the transport and separation properties of PDMS membranes. The highest
value of the separation factor () was noticed for the membrane modified by NHOCOCFs-MIL-
53(Al). After the addition of hydrophobic NHOCOCF3-MIL-53(Al) value of 5 increased from
3.1to0 3.7 (Figure 14).
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Figure 14. Comparison of the efficiency of pristine PDMS, PDMS/MIL-53(Al) 5 wt%, PDMS/NH,-
MIL-53(Al) 5 wt%, and PDMS/NHOCOCF;-MIL-53(Al) membranes obtained during the separation of
the DMC/MeOH mixture containing 30 wt% of DMC.

Based on the established results it can be concluded that the incorporation
of hydrophobized MIL-53(Al) is the best choice to improve the efficiency of recovery of DMC
from a dimethyl carbonate/methanol mixture. The experimental data are consistent with HSP
calculations (Table 4). The distance parameter (4) for the pristine membrane was equal
to 18.3 MPa®® and was reduced to 16.9 MPa®® after the introduction of the hydrophobic
NHOCOCFs-MIL-53(Al). Taking into account the transport properties, it was observed
that after the modification total permeate flux slightly decreased. The incorporation of 5 wt%
of NHOCOF3-MIL-53(Al) into PDMS reduced the total flux from 121 pum kg m? h?
(for pristine PDMS) to 117 um kg m hl. However, it should be mentioned that both pristine
PDMS and PDMS/NHOCOCFs-MIL-53(Al) 5 wt% membranes demonstrated similar DMC
permeate flux equal to 71 pm kg m2 ht and 73 um kg m2 h?, respectively. While the MeOH
flux was reduced, it was observed that the MeOH flux decreased from 50 pm kg m?2 h*
for the pristine PDMS membrane to 44 um kg m2 h! for the PDMS/NHOCOCF3-MIL-53(Al)
5 wt% one.
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In the case of PDMS/NH2-MIL-53(Al) 5 wt% membrane, the membrane demonstrated
the lowest transport and separation properties among the heterogeneous PDMS based
membranes. This is related to the least hydrophobic character of the PDMS/NH2-MIL-53(Al)
membrane. According to the calculated value of SFE, this membrane is characterized
by the highest value of the polar part of SFE and it also demonstrated a lower value
of the contact angle of water compared to PDMS/MIL-53(Al) and PDMS/NHOCOCF3-MIL-
53(Al) membranes (Figure 11A and B). The lower efficiency of the PDMS/NH2-MIL-53(Al)
membrane could be also connected with the agglomeration of fillers detected by SEM analysis
(Figure 9C).

According to the solution-diffusion mechanism, separation in pervaporation is related
to the different affinities of the separated components to the membrane, while diffusion
of separated components depends on free volume in the polymer matrix and the molecular size
of the penetrant [57]. The incorporation of porous MIL-53(Al), NH2-MIL-53(Al), and
NHOCOCFs-MIL-53(Al) rearranged the conformation of polymer chains and the value of free
volume increased. Based on the nitrogen adsorption/desorption measurements, pore sizes of
MIL-53(Al), NH2-MIL-53(Al), and NHOCOCF3-MIL-53(Al) are higher than the kinetic
diameter of methanol (3.6 A [14]) and dimethyl carbonate (between 4.7 and 6.3 A [73]). Both
separated components can pass through the pores of used fillers. It is known that when the pore
size of the MOF particle is slightly larger than the kinetic diameter of separated components,
separation occurs by the difference in diffusion rates of components [74]. Methanol and
dimethyl carbonate possess different properties, methanol is polar, while dimethyl carbonate is
a nonpolar aprotic solvent [56]. In the case of hydrophobic NHOCOCF3-MIL-53(Al), dimethyl
carbonate is more preferentially transported through the pores of this filler and interfacial
regions around the filler, while methanol is rejected. Therefore, PDMS/NHOCOCFs-MIL-
53(Al) 5 wt% demonstrated the best efficiency in the separation of the dimethyl
carbonate/methanol mixture. Whereas, regarding the hydrophilic NHz-MIL-53(Al), methanol
is transported to a greater extent through the pores of this filler and around the interfacial region
compared to the MIL-53(Al) and NHOCOCFs-MIL-53(Al). Consequently, PDMS/NH2-MIL-
53(Al) revealed the lowest efficiency in the removal of DMC from binary DMC/MeOH

mixture.
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3.5 Comparison with literature data

Table 5 compares the efficiency of PDMS/MIL-53(Al) 5 wt% and PDMS/NHOCOCFs-
MIL-53(Al) 5 wt% membranes in the removal of DMC from the DMC/MeOH mixture with
efficiencies of various hydrophobic membranes used for the separation of the same mixture.
The comparison shows that PDMS/NHOCOCFs-MIL-53(Al) 5 wt% demonstrated the
comparable value of separation factor and slightly lower value of total flux. However, it should
be emphasized that membranes used in this research were obtained by incorporating a lower
amount of fillers (5 wt%) compared with the literature data (30 wt%). The lower amount of
fillers added into the polymer matrix may reduce the agglomeration of fillers and also the
overall cost of the preparation of Mixed Matrix Membranes.

Furthermore, the comparison revealed a typical trend observed in pervaporation,
i.e., increasing the temperature of experiments causes an increase in the value of the total flux

with a simultaneous decrease in the separation factor (Table 5).

Table 5. Comparison of the efficiency of various PDMS membranes in the removal of DMC
from the azeotropic DMC/methanol mixture containing 30 wt% of DMC.

DMC
Membrane T content Jr B Refs.
[°C] [wt %] [kgm?h'] [

PDMS/PVDF 40 28 0.48 3.9 [10]
PDMS/DNS-2 15 wt% 40 30 0.71 3.9 9]
RTV 50 30 ca18 37 [75]
PAN/RTV/nano SiO, 30 wt% 50 30 ca. 3.8 4.4 [75]
PDMS/MCM-41 30 wt% 40 30 ca.08 38 [16]
PDMS/MCM-41 30 wt% 60 30 ca. 2.5 2.2 [16]
PDMS 40 30 0.60 3.1 this work
PDMS/MIL-53(Al) 5 wt% 40 30 0.56 35 this work
PDMS/NHOCOCF;-MIL-53(Al) 5 wt% 40 30 0.55 3.7 this work

29



736
737

738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765

3.6 Influence of traces of water in the feed solution on the separation efficiency
of the DMC/MeOH mixture

The influence of water presence in organic solvents on the overall efficiency of organic-
organic pervaporation was also investigated using the enrichment factor of water (Eq. (5))
as a metric. EFwater higher than unity indicates the preferential transport of water from feed
to permeate side. It should be mentioned that water presence in the feed solution of investigated
mixtures was in the range of 0.1 to 0.2 wt%.

The obtained values of the enrichment factor of water are gathered in Table 6.
The comparison showed that all PDMS-based membranes demonstrated a value of EFwater
higher than unity, which means that water was preferentially transported
from the feed to the permeate side. It can be explained by the fact, that water possesses a much
lower kinetic diameter compared with methanol and dimethyl carbonate. During pervaporation,
membranes swelled in contact with MeOH and DMC, therefore, small water molecules could
easily be transported through the membranes, regardless of their polar nature.

Taking into account the results with MMMs, it was noticed that the incorporation
of particles decreased the transport of water across the membranes. The lowest value
of the enrichment factor of water was found for the PDMS membrane modified
by the hydrophobic NHOCOCFs-MIL-53(Al). The incorporation of 5 wt% of hydrophobic
particles caused the reduction of EFwater by 54% compared to the pristine PDMS membrane.
The reduction of water transport through the membranes during the organic-organic
pervaporation is crucial for the further development of organic solvent separation
by pervaporation. Indeed, the excessive presence of water in permeate might cause
the occurrence of a two-phase system and lead to the corrosion of the piping system.

PDMS/NH2-MIL-53(Al) 5 wt% and PDMS/MIL-53(Al) 15 wt% membranes
demonstrated slightly higher values of EFwater compared with the pristine PDMS membrane.
In the case of the PDMS membrane modified with 5 wt% of NH2-MIL-53(Al) higher EFwater
could be connected with the hydrophilic character of NH2-MIL-53(Al) particles (Figure 11).
Regarding the PDMS/MIL-53(Al) 15 wt% membrane higher water transport could be related

to the agglomerates detected on the surface of the membrane (Figure S2).
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Table 6. Comparison of the calculated value of enrichment factor of water (EFwaer) for pristine
and modified PDMS based membranes (mixture of DMC/MeOH 30:70).

Membranes ET‘_’V]"“”
PMDS 2.7
PDMS/MIL-53(Al) 5 wt% 1.8
PMDS/MIL-53(Al) 10 wt% 2.0
PDMS/MIL-53(Al) 15 wt% 2.8
PDMS/NH2-MIL-53(Al) 5 wt% 2.9
PDMS/NHOCOCFs-MIL-53(Al) 5 wt% 1.3

One of the most common methods used for the production of dimethyl carbonate is oxy-
-carbonylation of methanol on a CuCl catalyst [76]. Usually, the reactor contains 50-70 wt%
of methanol, 30—40 wt% of dimethyl carbonate and 2-5 wt% of water [77]. After synthesis, the
obtained mixture consists of 51.9 wt% methanol, 42.8 wt% DMC and 5.3 wt% water [78].
Therefore, in this research, the influence of increasing water content in DMC/MeOH on
pervaporation efficiency was also investigated. In that case, pervaporation experiments were
performed with a DMC/MeOH (equimass) mixture and increasing the content of water from
0.1 to 6 wt%. Based on the obtained results (Figure 14 and Table 6), two membranes were
selected for further investigation, i.e., pristine PDMS and PDMS/NHOCOCF3-MIL-53(Al) 5

wit%.
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Figure 15. Comparison of thickness normalized partial fluxes of DMC and MeOH (A). Comparison of
thickness normalized water flux (B).

31



782
783
784
785
786
787
788
789

790

791
792
793

794
795
796
797
798
799
800
801
802

803

The transport properties of the membranes are shown in Figure 15. It was observed
that up to 3 wt% of water in a DMC/MeOH mixture, fluxes of dimethyl carbonate and methanol
decreased (Figure 15A). A more significant change in the value of thickness normalized partial
permeate fluxes, especially for DMC was noticed for the PDMS/NHOCOCF3-MIL-53(Al)
5wt% membrane. Above 3 wt% of water in the feed mixture, the fluxes of methanol
and dimethyl carbonate stabilized. In the case of water flux, it was observed that water flux
increased with increasing content of water in the feed solution (Figure 15B) and a slightly

higher water flux was noticed for the pristine PDMS membrane.
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Figure 16. Water content in permeate as a function of water content in the feed mixture
(DMC/MeOH 50 wt%:50 wtd%).

Figure 16 presents the comparison of water content in permeate for pristine PDMS
and PDMS/NHOCOCF3-MIL-53(Al) 5 wt% membranes. Results indicated that water content
in permeate increased with increasing content of water in feed. PDMS is characterized
by a hydrophobic character, therefore the transport of water through the membrane should
be suppressed. During the pervaporation with a DMC/MeOH mixture containing ca. 5.8 wt%
of water in feed, in the permeate, only 1.8 wt% and 1.5 wt% were detected for the pristine
PDMS and PDMS/NHOCOCF3-MIL-53(Al) 5 wt% membranes, respectively.
It can be concluded that the incorporation of hydrophobic particles is a good way to reduce

the transport of water from feed to the permeate side.
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Table 7. Comparison of experimental data for separation of DMC/MeOH mixture (50 wt%:50 wt%)
with increased the content of water in the feed mixture for PDMS/NHOCOCF;-MIL-53(Al) 5 wt%
membrane.

Water content in feed MeOH content [wt%] DMC content [wt%o]
[wt%o] feed permeate feed permeate
0.1 50.5 28.5 494 713
0.7 49.8 26.1 49.5 73.4
0.9 48.4 26.4 50.7 73.1
1.6 46.5 25.6 51.9 73.7
2.4 47.7 25.8 49.9 73.3
34 48.1 25.7 48.5 73.3
4.3 49.2 25.5 46.5 73.2
5.8 49.8 25.1 44.4 73.4

A comparison of experimental data for PDMS/NHOCOCF3-MIL-53(Al) 5 wt%
membrane is presented in Table 7. It can be seen that when the water content in the feed
increased, the content of MeOH in the permeate decreased. Whereas the content of DMC
in permeate remained unchanged. These results may indicate that separated compounds
were not transported independently and couplings between methanol and water transport occur
(Table 7 and S2). The coupling effect is a very complex phenomenon and could be described
by e.g. changes in solubility and activity of components in the polymer matrix [79].
In this research, the coupling effect could be related to the similar properties of water
and methanol. Both methanol and water are polar components in contrast
to the nonpolar dimethyl carbonate. During pervaporation, methanol molecules interact
with water molecules and the H-bondings between methanol and water molecules are created
[80]. Therefore water together was with methanol transported through the membrane.
A much stronger coupling effect was observed by Won et al. [76]. The authors tested
the efficiency of the hydrophilic chitosan membrane in the separation of a ternary
(DMC/MeOH/H20) mixture containing 1.1 wt% and 6.8 wt% of water. It was noticed
that with increasing content of water (from 1.1 wt% to 6.8 wt%) the methanol content
in permeate decreased from 86.3 wt% to 73.0 wt%. At the same time, the water content
in permeate increased from 11.2 wt% to 24.2 wt% Additionally, no influence of water presence
in feed solution on DMC concentration in permeate was observed [76].

Parameter rejection of water Revw was used to evaluate and discuss the ability
of rejection of water by pristine PDMS and PDMS/NHOCOCF3-MIL-53(Al) 5 wt%
membranes. The rejection of water was calculated based on Eq. (8) and the results

of the calculation are presented in Figure 17.
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e (6)

R =
PV,W Fw

The pristine PDMS membrane demonstrated smaller values of rejection
of water compared with the PDMS/NHOCOCF3-MIL-53(Al) 5 wt%. It can be concluded
that the incorporation of a hydrophobic modifier slightly increases the efficiency
in the rejection of water. However, it should be mentioned that the character of the used
membrane (hydrophilic or hydrophobic) mainly influenced the transport of water from the feed
to the permeate. An interesting observation was noticed for the experiments
with DMC/methanol with traces amount of water (ca. 0.1 wt% of water).
In the case of this mixture negative rejection of water was observed (-1.7 and -1.0 for pristine
and modified PDMS membrane, respectively) (Figure 17). These results are directly related
to the calculated EFwater (Table 6). This means, that despite the hydrophobic character
of the PDMS membrane, water is selectively transported through the membrane.
When the content of water in the feed increased from ca. 0.1 wt% to ca. 0.7 wt%,
both membranes demonstrated a positive value of Revw coefficient. In the case of the feed
mixture containing ca. 0.7 wt% of water, the water content in the permeate was 19% (for pristine
PDMS) and 27% (for PDMS/NHOCOCFs-MIL-53(Al) 5 wt%) lower in comparison with the
content of water in the feed solution (Figure 17). As it was mentioned before during the sorption
step, the membrane swelled, the relaxation of polymer chains took place and the free volume
of polymer increased. Swelling of the membrane is especially high during the organic-organic
pervaporation. At the very low content of water (traces amount), due to the swelling
of the PDMS membranes, such a small amount of water together with methanol can easily pass
through the membrane. When the water content in the feed solution increased (starting from ca.
0.7 wt%, Figure 17) the affinity of both PDMS-based membranes towards the separated mixture
decreased. It was noticed that 4 parameter between membranes and feed solution increased
with increasing content of water in the feed solution (Tables S3-S5). Despite the swelling of
the membrane, both pristine and modified PDMS membranes begin to reduce the transport of
water molecules through the membranes. Negative rejection was also noticed by
Darvishmanesh et al. [81]. The authors studied the efficiency of STARMEM™122 membrane
in the rejection of Sudan 11, Sudan Black, and Sudan 408. Analyzing the obtained results, it was
observed that the STARMEM™122 membrane demonstrated negative rejection when the n-
hexane was used as a solvent. In other cases (when methanol, ethanol, acetone, methyl ethyl
ketone, and toluene were used as a solvent) positive values of rejection were observed. It should

be mentioned that the molecular weight of the selected dye (Sudan Il — 276.33 g mol™, Sudan
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Black — 456.54 g mol, and Sudan 408 — 464.60 g mol™*) was above the MWCO of membrane
(220 g mol™). It is suggested that the rejection value is influenced not only by the MWCO of
the selected membrane but also by the interaction (calculated based on Hansen’s Solubility of
Parameters) between solvent and membrane and solute and membrane. In the case of
experiments

with n-hexane, a higher affinity between solute (dye) and membrane was noticed compared
to an affinity between solvent (n-hexane) and membrane. Despite the higher MWCO
of the STARMEM™122 membrane, Sudan Il, Sudan Black, and Sudan 408 were selectively

transported through the membrane.
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Figure 17. Comparison in the efficiency of rejection of water for pristine PDMS
and PDMS/NHOCOCF3-MIL-53(Al) 5 wt% membranes.

Additionally, it was also observed that with increasing content of water in feed,
the rejection coefficient increased and reached a stable value of ca. 0.67 and 0.76 for pristine
PDMS and PDMS/NHOCOCF3-MIL-53(Al) 5 wt% membranes, respectively.

4. Conclusions

Hydrophobic NHOCOCF3-MIL-53(Al) was successfully synthesized
and for the first time, incorporated into a PDMS matrix for the separation of dimethyl carbonate

from methanol. XRD analysis confirmed the crystal structure of MOF particles, additionally,
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it was also confirmed that post-synthesis modification of NH2-MIL-53(Al) did not influence
the crystal structure of NH2-MIL-53(Al). The particle sizes measured with TEM and DLS
techniques were coherent, and an increase in the studied values proved the accomplished
modification. A comparison of the BET surface area of NH2-MIL-53(Al) and NHOCOCFs-
MIL-53(Al) revealed that after modification, the specific surface area decreased owing to the
attachment of trifluoroacetic anhydride. The Hansen Solubility Parameters were implemented
to understand the interactions between the membrane and solvents during the sorption as well
as how the modification of the membrane influenced these interactions. The implemented
functionalization process allows for an increase in the affinity between the membrane matrix
and dimethyl carbonate. The best affinity was found for the PDMS functionalized with
NHOCOCFs-MIL-53(Al) 5 wt%. At an optimal filler loading (5 wt%), the NHOCOCF3-MIL-
53(Al) increase the separation properties compared to the pristine PDMS membrane.
Improvement of the separation efficiency was related to the creation of a permeable region
selective toward DMC. PDMS/NHOCOCF3-MIL-53(Al) 5 wt% membrane enhanced the
separation of DMC with 119% (from 3.1 to 3.7). A comparison with literature data related to
PDMS-based membranes showed that PDMS based membrane with only 5 wt% of
NHOCOCFs-MIL-53(Al) 5 wt% demonstrated the comparable value of separation factor with
PDMS membranes containing a high amount of fillers (30 wt%). The undoubted advantage of
modification with a small amount of modifier is the reduction of the modifier agglomeration.
The influence of water presence in the feed solution was also investigated. The obtained results
indicated the presence of a coupling effect between methanol and water molecules. The
coupling effect could be explained by the swelling of the membranes and the creation of the H-
bondings between the water and methanol molecules. Interesting results were noticed for the
mixture containing traces amount of water (ca. 0.1 wt%). It was found that despite the
hydrophobic  character of both pristine and modified PDMS membranes,
water was preferentially transported from the feed to the permeate side. Both membranes
demonstrated EFwater results higher than unity and negative value of Rev,w. This phenomenon
could be related to the swelling of the membranes. A quite different phenomenon was observed
for the mixtures containing a higher amount of water in the feed solution, as it was found that
both membranes partially suppressed the transport of water molecules. The possible
explanation for this behaviour could be the decreasing the affinity between the membrane and

the separated mixture when increasing the water content.
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= Asimple and successful synthesis of hydrophobic hydrophobized analogue of MIL-53(Al)
= Novel PDMS MMM membrane for enhanced removal of DMC from DMC/MeOH mixture
= Implementation of HSP approach for discussion of pervaporation results

= Detailed evaluation of water content in DMC/MeOH feed mixture on PV efficiency
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