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In this work, thin film nanocomposite (TFN) membranes of super-glassy polymer PIM-1 containing zeolitic
imidazolate framework-8 (ZIF-8)/graphene oxide (GO) composites (ZG) have been prepared by dip-coating onto
water pre-impregnated polyvinylidene fluoride (PVDF) substrates. Higher flux and improved separation factors
as compared to bare PIM-1 thin film composite (TFC) membranes have been achieved in organophilic perva-
poration; for an aqueous feed solution with 5 wt% of butanol at 65 °C, a total permeate flux of 7.9 + 0.69 kg
m>*h'anda separation factor (fpion/n20) of 29.9 + 1.99 have been obtained with a TFC membrane containing

0.5 wt% of ZG filler. The pervaporation separation index (PSI) of this membrane (228 kg m~2h!) is amongst the
highest values reported in the literature. This excellent performance is attributed to the formation of a defect-free
PIM-1 active layer (<1 pm) and the hydrophobic nature of the ZG fillers.

1. Introduction

Pervaporation (PV) is a membrane-based technology that can
potentially replace some energy-intensive distillation processes
currently used for industrial separations [1]. For instance, organophilic
PV can be used for the recovery of bio-organics (such as acetone,
butanol, and ethanol) from fermentation broths, avoiding this way
product inhibition and increasing product yield [2-4]. Currently, poly-
dimethylsiloxane (PDMS), poly[1-(trimethylsilyl)-1-propyne] (PTMSP),
polyether block amide (PEBA), and polymers of intrinsic microporosity
(PIMs) membranes, are used for the preparation of PV membranes for
bio-alcohol recovery at laboratory scale [5-9]. Among PIMs, PIM-1,
with a unique rigid and contorted ladder-like backbone and soluble in
only a few solvents, show outstanding permeability and fair separation
factors compared to conventional rubbery polymer membranes
[5,10,11].

Freestanding films of PIM-1, several tens of micron thick, are typi-
cally prepared at laboratory scale for PV applications and they are ideal
for lab-scale investigation. However, thin-film composite (TFC)

membranes are the preferred configuration for large-scale PV processes
due to their higher flux (typically the flux is inversely proportional to the
membrane thickness) and good mechanical stability [12,13]. One issue
when working with TFCs is the infiltration of the polymer solution in the
pores of the substrate during the coating process, which creates addi-
tional mass transfer resistance and can lead to defects in the thin sepa-
ration layer [10,14]. To date, the highest reported flux of a PIM-1 TFC
membrane prepared onto conventional asymmetric polymer substrates
for the PV of n-butanol/water mixtures is 9 kg m~?h~!, with a separation
factor of 13.3 [11]. The control of the pore size and surface porosity of
the support allowed for the formation of a TFC with a PIM-1 layer of just
1 pm in thickness. The bigger the pore size of the substrate, the higher
the polymer infiltration. It is generally accepted that a little penetration
of the active layer into the substrate imparts mechanical stability to a
TFC membrane. However, it is difficult to assess how much is the opti-
mum degree of penetration, or if it is possible to completely prevent it
without affecting stability and reducing as much as possible mass
transfer resistance. If substrates with higher porosity are to be used to
further decrease their contribution to mass transfer resistance, for
instance electrospun supports such as those recently published by our
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Nomenclature

m; Mass of components

J Membrane flux

m Mass of permeate collected

A Membrane of area

o Selectivity

X Mole fractions of the component in feed side

Y Mole fractions of the component in the permeate side

PSI Pervaporation separation index

Joi Pre-exponential factors

Ejyi Apparent activation energies of the flux of component i
Ideal gas constant

T Feed temperature

E, Apparent activation energy

P; The permeability of component i

p Separation factor

Di The partial pressure of component i

Vi Activity coefficient and mole fraction of component i

Xi Mole fraction of component i

P Saturation vapour pressure of the pure component i

research group [15], one strategy to avoiding PIM-1 infiltration is by
filling the pores of the substrate with a solvent prior to dip/kiss coating;
our research group reported the use of a range of solvents (ethanol,
methanol and chloroform) to pre-fill the pores of these highly porous
PVDF electrospun substrates for the preparation of high-flux PIM-1
TFCs. Yet, the prepared TFCs showed low separation factors of ~8 due to
defects/pinholes that were formed by the rapid interdiffusion between
the two miscible liquids (the impregnating solvent and chloroform from
the coating solution) during the formation of the PIM-1 layer. Herein,
the use of immiscible solvent systems (water/chloroform) for a more
stable interface is proposed.

In addition to increased flux, the ability to perform more effective
separations (i.e. higher separation factors) is equally important. In an
attempt to favour the permeation of organic compounds over water, a
variety of micro- or nanofiller materials (e.g., zeolites, carbon nanotubes
(CNTs), graphene oxide (GO), metal-organic frameworks (MOFs), and
covalent organic frameworks (COFs)) have been successfully incorpo-
rated into free-standing polymeric PV membranes [16-20]. Among
them, MOFs such as ZIF-8 [21,22], ZIF-71 [23,24], MIL-53 [25], with
versatile/tuneable pore structures and functionalities as well as good
compatibility with polymers, show promising for organophilic separa-
tions. Specifically, ZIF-8 nanoparticles with inner superhydrophobicity
channels accompanied by a ‘gate-opening’ effect, can create preferential
pathways for the permeation of organic compound, and have been re-
ported to improve the organic/water separation performance of rubbery
polymer membranes [26]. However, it is still challenging to prepare
defect-free PIM-1 TFN membranes, where suitable fillers must be in the
nanometre range due to the low thickness of their active layers. Some
work on PIM-1-based TFNs for gas separation has been reported [27,28],
but little data is available on PIM-1 TFNs for pervaporation. Nanosized
MOFs tend to aggregate to minimize their surface energies, and thus
additional non-selectivity voids can be created when they are added into
a thin polymer layer. In an attempt to avoid aggregation, nanosized ZIF-
8 was grown on GO and used as fillers in polydimethylsiloxane (PDMS)
[29] and polyether block amide (PEBA) [30] membranes. The use of the
2D ZIF-8/GO fillers can simultaneously provide additional mass transfer
pathways with high organophilic selectivity and help to reduce the
active layer infiltration by partial blockage of the substrate pores during
the coating process.

In this work, we investigate, for the first time, the incorporation of
ZIF-8/GO nanohybrids into thin films of PIM-1 to obtain TFNs with
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defect-free active layers and PIM-1-infiltration-free substrates for
improved flux and separation of alcohols. The PV performance of the
membranes for butanol/water mixtures is systematically investigated,
by varying the ZIF-8 synthesis time on GO, filler loading, and thickness
of the active layers. Moreover, PIM-1 TFN membranes with different
fillers including ZIF-8/GO, ZIF-8, and GO are compared to evaluate
potential synergistic effects between ZIF-8 and GO in the TFN
membranes.

2. Methods
2.1. Materials and chemicals

GO was purchased from William Blythe Ltd (United Kingdom).
Monomers of PIM-1 (including 2,3,5,6,-tetrafluoroterephthalonitrile
(TFTPN) and 5,5,6,6-tetrahydroxy-3,3,3,3'-tetramethyl-1,1’-spi-
robisindane (TTSBI)) were acquired from Fluorochem Ltd and Alfa Aesar
(UK), respectively. TFTPN was used as supplied, whilst TTSBI required
further purification. The purification of TTSBI was carried out as fol-
lows: TTSBI (40 g) was placed in a 3 L round bottom flask. The flask was
fitted with a 3-neck connector holding a reflux condenser and N inlet.
After adding ethyl acetate (667 mL) into the flask, the mixture was
refluxed (90 °C) until the dissolution of TTSBI neared its completion.
Then, hexane (667 mL) was added (still under reflux), and the mixture
was stirred for 10 min, cooled down to room temperature and then
chilled in an ice bath for 3 h. The product was filtered using a sintered
funnel, and then dried in a vacuum desiccator for 24 h before use. All the
other chemicals were used as received.

Polyvinylidene fluoride (PVDF, M,, ~ 5.34 x 10° g mol™!) was
purchased from Sigma-Aldrich. Polypropylene/polyethylene non-woven
fabric was purchased from Freudenberg Filtration Tech Ltd (Germany).
Methanol (MeOH), 1-butanol (BtOH), ethanol (EtOH), acetone, dime-
thylacetamide (DMAc), n,n-dimethylformamide (DMF), chloroform,
phosphoric acid (37 wt% in water), zinc nitrate hexahydrate (Zn
(NO3)2-6H50, 99%), 2-methylimidazole (2-mIm, 98%) were supplied by
Sigma-Aldrich. All reagents were used without further purification.

2.2. Preparation of fillers

ZIF-8/GO nanohybrids (ZG) were prepared following the method
reported by Hu et al. [31] with slight modifications. The procedure is as
illustrated in Fig. 1(A). In detail, 3.2 mL GO aqueous solution was
diluted with 12.8 mL MeOH. After sonication for 2 h, the GO solution
was mixed with 24 mL of 2-mIm solution (1.622 g). 40 mL of Zn
(NO3)2'6H20 (0.732 g) was added under vigorous stirring and the
mixture was then kept stirring for varying reaction times (10-80 min) at
room temperature to obtain different loading of ZIF-8 on GO. The solid
products were separated by centrifugation (at 10,000 rpm for 10 min),
washed with DMF three times, and then washed with chloroform three
times. Finally, the resulting material was dispersed in chloroform before
use. The nanocomposites were named as ZG,, where n represents the
synthesis time (in min).

To prepare non-supported ZIF-8, that is bulk ZIF-8, 40 mL of Zn
(NO3)2'6H20 (0.732 g) was added to a 40 mL 2-mIm solution (1.622 g)
under vigorous stirring. The mixture was stirred at room temperature for
80 min. The solid products were separated by centrifugation (10,000
rpm for 10 min), washed with DMF three times, and then washed with
chloroform three times. Finally, the ZIF-8 was dispersed in chloroform
before use.

2.3. Preparation of water impregnated PVDF substrates and PIM-1 TFN
membranes

Porous PVDF support membranes were prepared following a phase
inversion procedure reported elsewhere [11]. Water cannot directly
penetrate the pores of the PVDF substrate due to its hydrophobic nature.
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Therefore, as illustrated in Fig. 1(B), it was first immersed in ethanol for
20 min, and then placed into deionized (DI) water for 1 h to exchange
the ethanol inside the pores with water. Prior to the dip-coating of PIM-1
solutions, the excess water on the surface of the PVDF was wiped out
using tissue paper.

PIM-1 was synthesized as described in the Supporting Information
(SI) following a modified reported procedure [5,32]. Polymeric solu-
tions with different PIM-1 concentrations (1-5 wt%) and different
loadings of ZG (0.25-1.00 wt%) were used to prepare TFN membranes
via dip-coating. The filler loading (y) in the composite membrane (in
percentage) is defined by Eq. (1).

y=— e 100%

Meiner + Mpim - 1

(€8]

where mygjer is the weight of filler, and mppy.; is the weight of the
polymer in the membrane.

The dip-coating procedure for the preparation of TFCs and TFNs is
described in the SI. Membranes were tested fresh (i.e. one day after
preparation) for PV without any further treatment. The nanocomposite
membranes were named ZGp,/PIM-1,, TFN, where x and y represent the
filler loading (wt%) and the concentration of PIM-1 (wt%), respectively.
When y = 2.0 (for most of the prepared membranes) the value is omitted
in the notation. PIM-1-based TFNs containing free-standing ZIF-8 (ZIF-
8,/PIM-1 TFN) and pristine GO (GO,/PIM-1 TFN) were also prepared
using the same procedure for comparison.

2.4. Fillers and membranes characterization

The fillers and membranes were characterized using X-ray powder
diffraction (XRD), attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), Na adsorption/desorption,
thermogravimetric analysis (TGA), scanning transmission electron mi-
croscopy (STEM), water contact angles, solvent uptake, and swelling
degree. More detail can be found in the SI.
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Fig. 1. Schematic of the PIM-1 TFN membranes preparation (A: preparation of ZIF-8/GO nanohybrids, ZG; B: preparation of the TFN membranes by dip-coating of
water-impregnated PVDF substrate with ZG/PIM-1 solutions).
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2.5. Pervaporation

For the PV of alcohol/water mixtures, an aqueous solution with a
concentration range of 1-5 wt% of organics was kept at a constant
temperature between 35 and 75 °C using a water bath. Vacuum at 0.2
mbar was applied and kept constant on the permeate side of the mem-
brane, and the permeate vapour was cooled by liquid nitrogen and
collected in a trap. At least 1 h was required to reach steady state, and
the testing was carried out for 2 h. More details on the PV testing pro-
cedure can be found in a previous publication [11]. The total flux, J (kg
m~2h1), was calculated using Eq. (5):

m

I=o )

where m (kg) is the mass of permeate collected over time ¢ (h) for a given
membrane area A (m?) For each type of membrane, measurements were
repeated with five membrane coupons to obtain the average value and
standard deviation. Tukey significance tests have been carried out for
the membrane performance and characterization data. Unless specified
otherwise, statistically significant differences exist between reported
results.

The concentration of the collected permeate was determined by gas
chromatography (GC). Before the analysis, the collected permeated was
diluted with acetone to form a homogeneous mixture. Analysis was
performed using an Agilent 7820A GC system with the PoraPLOT Q-HT

column (10 m x 0.32 mm x 20 pm) and flame ionization detector (FID).
The procedure is described in more detail in the SI.

Separation factors were calculated using Eq. (6):

Y/(1-Y)

Bijmo = X/(1=X)

(6)

where Y; and X; (dimensionless) are the mole fractions of component i in
the permeate and feed sides, respectively.

The overall PV membrane performance was evaluated through the
PV separation index (PSI, kg m~2h™!) calculated using Eq. (7).

PSI= (f—1)-J )

The relationship between the flux or permeability and feed
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temperature can be determined using an Arrhenius-type equation (Eq.

(8)):

E .
Ji= Jo.,-exp( - R’;) ®)

Ji=Jx; ©

where J; (kg m~2h~ 1) is the flux of component i and x; (dimensionless) is
the mass fraction of component i in the permeate, J, ; (kg m2h1) is the
pre-exponential factor of component i, Ej; (kJ mol 1) is the apparent
activation energy of flux of component i, R is the gas constant (8.314 J
mol* K1), and T is the feed temperature (K).

Normalization of the permeation flux using the driving forces is
essential to interpret the intrinsic membrane properties. The perme-
ability of component i (g m h™! kPa™!) and the selectivity (a, dimen-
sionless) are calculated as follows:

Jix o
P — X

A (10)
Api = pis — pip a1
pPir = yi.l‘){i,fp;flft 12)

Py

_ Py 13

a o 13)

where § is the thickness of the active layer (m); Ap; (kPa) is the driving
force of component i across the membrane, and p; ¢ and p; , (kPa) are the
partial pressure of component i in the feed and permeate side, respec-
tively. p; ¢ is calculated using Eq. (12) and the results at different butanol
concentrations in the feed are shown in Table S1, and p; ;, is assumed to
be zero due to the vacuum in the permeate side; y; ¢ (dimensionless) is
the activity coefficient determined by the software Aspen Plus with
Wilson model and are also displayed in Table S1. y; ¢ (dimensionless) is

the mole fraction of component i in the feed side. pi¥ (kPa) is the

€2-C element

005 010 0.15
Length (um)
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saturation vapor pressure of the pure component i calculated by the
Antoine equation, which is 10465.5 Pa and 25029.8 Pa for butanol and
water, respectively, at 65 °C.

3. Results and discussion
3.1. Characterization of the fillers

The physicochemical properties of the ZIF-8/GO nanohybrids, ZG,
were determined by XRD, FTIR, XPS, TGA and N adsorption/desorption
measurements (Fig. 52).

The key to forming a defect-free TFN membrane is to produce GZ
where ZIF-8 is immobilized and formed as a continuous, uniform, and
thin layer on top of the GO. The morphology of ZGgy was evaluated by
TEM, SEM and AFM, as shown in Fig. 2. After ZIF-8 growth on GO, the
2D morphology of ZG (Fig. 2(A — B)) is similar to that of pristine GO
(Fig. S4). The well-defined ring-shaped diffraction pattern in the inset of
Fig. 2(A2) confirms the crystallinity of the supported ZIF-8 [33,34].
TEM-EDX mapping of C, O and Zn elements (Fig. 2(C)) shows the even
distribution of ZIF-8 nanocrystals onto the GO flakes, which was also
confirmed by SEM-EDX Mapping (Fig. S5). The thickness of pristine GO
and ZG is measured by AFM, which is ~ 3 nm (Fig. 2(D1 — 2) and ~ 45
nm (Fig. 2(D3 — 4)), respectively. The average lateral flake size of ZG is
about 3.9 pm (Fig. S6), that is, the aspect ratio of ZG exceeds 86. The
roughness of ZG was determined by AFM at about 2.5 nm, which is much
lower than the size of the bulk ZIF-8. This proved that the ZIF-8 crystals
are continuously supported on GO. In ZG, ZIF-8 crystals were grown on
both sides of the GO flakes, and hence the thickness of the supported ZIF-
8 crystals layer was estimated at 20-30 nm.

Smaller crystal sizes of the ZIF-8 nanoparticles in the ZG are pref-
erable to reduce the thickness of the ZG nanohybrid; besides, smaller
particle sizes with higher external surface areas can lead to a bigger
fraction of the polymer at the interface, thereby minimizing the number
of non-selective pathways and enhance the interaction between fillers
and PIM-1 chains [35,36]. The grain boundary between the supported

€3-0 element

Height (nm)

10
Length (um)

Fig. 2. HRTEM (A1 — A2), SEM (B1 — B2), TEM-EDX mapping (C1 — C4) of ZGgo.o.5, and AFM images and height profiles of GO (D1 — D2) and ZG (D3 — D4).
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ZIF-8 crystals could be identified on the phase graph in the AFM of ZGgy,
which leads to the extraction of the particle size and size distribution of
the supported ZIF-8 (The calculation method of the crystal size is pre-
sented in the SI). The size of the ZIF-8 crystals is ~ 32 nm (Fig. 3(A)),
which agrees well with the aforementioned estimated thickness by AFM.
The size of the supported ZIF-8 is significantly smaller than that of the
bulk ZIF-8 (~94 nm based on SEM analysis, Fig. 3(B)). This could be
attributed to the large surface area of GO which can serve as the plat-
form for the nucleation of ZIF-8. Besides, the large number of carboxyl
groups on GO can form hydrogen bonding with — NH in 2-mIm and also
form complexation with Zn?*, and thus act as the nucleation sites to
promote ZIF-8 synthesis [29]. Because of the well-known trade-off be-
tween nucleation sites and crystal growth, the size of the supported ZIF-
8 was reduced significantly compared to that of bulk ZIF-8 crystals
[29,37].

3.2. Characterization of ZG/PIM-1 TFN membranes

ZG/PIM-1 TFN membranes were prepared by dip-coating on water-
impregnated PVDF substrate (the surface of pristine PVDF was charac-
terized by SEM as shown in Fig. S7(A) and the average pore size of PVDF
substrate is 61 nm (Fig. S7(B)). ZG nanohybrids were incorporated into
the PIM-1 active layer of TFN membranes. XRD and XPS analyses (Fig. 4)
confirm the successful incorporation; XRD patterns in Fig. 4(A) show the
presence of crystalline peaks of ZG in the amorphous PIM-1 matrix, and
Zn LMM peaks were detected in the XPS survey spectra of the ZGgg.g 5/
PIM-1 TFN (Fig. 4(B)). ZG dispersed well in the TFN membranes evi-
denced by SEM-EDX analysis (Fig. S8).

To reduce mass transfer resistance, TFN membranes with thin active

A1

Frequency (%)

Frequency (%)
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layers are needed to reduce the diffusion path of adsorbed species. The
infiltration of the active layer in the substrate pores by dip-coating can
result in a less uniform active layer with additional mass transfer
resistance and should be avoided. This can be achieved by impregnating
the PVDF substrates with water before dip-coating as shown in Fig. 5(A).
Since water and chloroform (solvent for PIM-1) are immiscible, a stable
interface between water and chloroform during the dip-coating is ob-
tained, which prevents ZG/PIM-1 (in chloroform) from permeating into
the pores of the PVDF substrate. In addition, water can be evaporated
once the TFN membrane is formed, avoiding any contamination of the
permeate during PV. The cross-section of the ZG/PIM-1 TFN membrane
prepared by dip-coating with water-impregnation method was charac-
terized by SEM. Thin layers of ZG/PIM-1 were formed on the PVDF
substrate without defects; a clear interface can be seen between the PIM-
1 active layer and PVDF substrate in the SEM picture in Fig. 5(B1). The
minimum active layer thickness is 0.67 pm for the ZGgp.9 5/PIM-17 o TFN
membranes, with thickness increasing as a function of the concentration
of PIM-1 in the coating solution, as shown in Fig. 5(B2) (the thickness
was estimated from the cross-sectional images of TFNs made with PIM-1
concentrations of 1.0-5.0 wt% in the coating solution, Fig. S9). The
relationship is not linear due to the increased viscosity of the PIM-1 in
the chloroform solution as the concentration of PIM-1 increases. Besides,
the ZGgg.9.5/PIM-11 ¢ TFN membranes show good mechanical stability,
and the active layer cannot be peeled off. The effect of water-
impregnation on preventing PIM-1 infiltration was also evidenced by
SEM. Fig. 5(C) shows penetration of PIM-1 in a cross-sectional image of a
TFN produced from a non-impregnated support, which was confirmed
by visual inspection (Fig. S10) and SEM of the back side of the prepared
membranes (Fig. 5D). It was found that the yellow PIM-1 was visible on

Average size=32 nm

I I I 1
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Average size=94 nm
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Fig. 3. Comparison of size of supported ZIF-8 and bulk ZIF-8 (A1l: AFM of ZG, A2: size distribution of supported ZIF-8; B1: SEM of bulk ZIF-8; B2: size distribution of

bulk ZIF-8).
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side images of the ZG/PIM-1 TFN membranes. B1: cross-section of the ZGgg.o.5/PIM-17 o TFN membrane prepared by dip-coating with water impregnation; B2:
membrane thickness as a function of the PIM-1 concentration in the coating solution (5 membranes were measured to obtain the average value and standard de-
viation), the adjusted function between thickness and concentration of PIM-1 is shown as an inset; C1 — C2: cross-section of the ZGgg.g.5/PIM-1, ¢ TFN membrane
coated by dip-coating without water impregnation, D1 — D2: back side of the ZGgg.¢ 5/PIM-15 ¢ TFN membrane prepared by dip-coating of PVDF with and without

water impregnation).

the back of the PVDF after dip coating on the pristine PVDF substrate,
whilst the back of the water impregnated substrate remained white (its
original colour) after PIM-1 coating.

Moreover, ZG, with an average flake size of 3.9 pm, can also partially
block the pore of the substrate and contribute to preventing the infil-
tration of the polymer. However, due to the limitation of the SEM res-
olution, this can only be assessed based on PV results as will be
explained in Section 3.4.

The incorporation of ZG also affected the physicochemical properties
of the membranes including solvent uptake, membrane swelling and
water contact angle. Higher hydrophobicity was obtained as confirmed
by the increase in the water contact angle, i.e., from 87.6 + 0.97° for

PIM-1 to 89.1 + 0.68° for ZGgp.0.50/PIM-1 (Fig. 6(A)). However, both
ZIF-80.50/PIM-1 and GOg 50/PIM-1 had lower water contact angle that
could be due to the aggregation of ZIF-8 and the hydrophilic nature of
GO, respectively. ZGgg.o.50/PIM-1 membranes also showed higher sol-
vent uptake of acetone, butanol, and ethanol than pure PIM-1 mem-
branes (increased by 89.1, 39.5, and 39.4%, respectively) (Fig. 6(B)).
The solvent uptake of ZIF-8 50/PIM-1 was also higher than that of neat
PIM-1 TFCs and approximately equal to that of ZGgg.g 50/PIM-1. This is
indeed an indication of the positive effect of adding ZIF-8 fillers with
superhydrophobic and flexible pore apertures [29]. Contrarily, GOg 50/
PIM-1 membranes showed slightly lower solvent (acetone, butanol and
ethanol) uptake and higher water uptake, as expected from the
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Fig. 6. Water contact angle (A), solvent uptake (B), and membrane swelling (C) of PIM-1, ZGgg.0.50/PIM-1, ZIF-8¢ 50/PIM-1, and GOq50/PIM-1 free-standing
membranes. Average measurements with standard deviations are reported; for the water contact angle, 8 measurements were carried out for each membrane,
whereas 3 membrane samples were measured for solvent uptake and membrane swelling.

hydrophilic nature of the GO. Swelling was also investigated in free-
standing membranes and results are summarized in the graph in Fig. 6
(C). All membranes containing fillers showed lower swelling degree than
pure PIM-1 membranes when exposed to ethanol and acetone, for
instance the addition of 0.5 wt% ZGgg led to reduced swelling values by
48.0 and 60.0%, respectively. This confirms lower mobility of PIM-1
chain fragments due to interaction with the fillers. However, the
reduction in swelling was not as high for butanol, with only 27.5% for
ZGgo.0.50/PIM-1 and almost no improvement for the control membranes
prepared with neither non-supported ZIF-8 nor GO.

In addition, it was observed that the incorporation of ZG led to a
more uniform and smoother active layer as compared to those of pristine
PIM-1 thin films (SEM and AFM surface images of a range of membranes
are shown in Fig. 7). The pristine PIM-1 TFC membrane (Fig. 7(A))

R,=61.0£3.4 nm

’

e
Ve
R_=96.8+7.9 nm

presented a low surface roughness of 61.0 nm. There was no statistically
significant difference in the surface roughness after adding 0.25 and
0.50 wt% ZGgg (58.6 and 56.2 nm for ZGgg.g.25/PIM-1 and ZGgg..50/
PIM-1, respectively) (Fig. 7(B — C)). However, when the concentration
of ZG went up to 0.75 wt% the surface roughness of the TFN membrane
(ZGgg.0.75/PIM-1) increased to 96.8 nm, which may be attributed to filler
aggregation (Fig. 7(D)). For TFNs with GO and ZIF-8, the surface
roughness was 106.8 nm and 127.4 nm, respectively (Fig. 7(E — F)),
which may be ascribed to aggregation of fillers due to low dispersity of
ZIF-8 and low compatibility of GO with chloroform and PIM-1. Some
crystals were observed on the surface of the ZIF-8 membrane (Fig. 7(F)).

)
st

R =56.2t6.4 nm

Fig. 7. SEM images of the surface of PIM-1 TFC (A) and PIM-1 TFN membranes with different fillers and loadings: ZGgg.o.25 (B), ZGgo.0.50 (C), GZgo.0.75 (D), GOg 5 (E),
ZIF-8 5 (F). Insets in A-F are the AFM topography images of the membranes. Three membranes were measures to obtain the average value and standard deviation.



B. Qiu et al.

3.3. PV performance of ZG/PIM-1 TEN membranes

To evaluate the separation performance of the prepared membranes,
PV of different aqueous solutions containing either acetone, butanol or
ethanol were carried out. The performance of the PIM-1 TFC and the
ZGgp-0.5/PIM-1 TFN membranes is plotted in a graph in Fig. 8. As it can
be observed, the highest separation factors for both pristine PIM-1 and
7ZG/PIM-1 membranes are for butanol over water, in agreement with the
obtained solvent uptake (Fig. 6(B)) and their lower swelling degree
(Fig. 6(Q)).

For the separation of butanol from water, the ZGgg.g.5/PIM-1 TFN
membrane, with only 0.5 wt% of filler, showed both high flux (7.9 +
0.69 kg m2h~!) and the highest separation factor (29.9 + 1.99) of all
prepared membranes (the performance of TFNs with other filler loadings
is discussed in Section 3.4). This results in a PV separation index (PSI) of
228 kg m2h !, which is among the highest values reported to date (see
Fig. 9, where the performance of the TFN membranes prepared in this
work is compared to the performance of other membranes found in the
literature, exact values are shown in Table 1). The improvement in the
membrane performance could be attributed to both, the formation of a
defect-free thin active layer and the incorporation of ZG. The permeate
flux of a free-standing (several tens of ym thick) ZGgg.9.5/PIM-1 mem-
brane for butanol separation under the same testing conditions was 0.8
+0.08 kg m~2h~! with a very similar separation factor to that of the TFC
counterpart (30.9 + 0.63). Compared to the freestanding and the TFC
membranes of pristine PIM-1, the incorporation of ZG also improved the
separation factor by 64.4 and 61.6%, respectively, with flux decreases of
13.3 and 16.8%, respectively (Fig. 9). It is also worth noting that, for a
PIM-1 TFC membrane prepared without water pre-impregnation (that
was reported by the group in a previous publication [11]), its separation
factor (13.3) is lower than that of its free-standing counterpart (19.6 as
reported in [11] and 18.8 + 0.40 in this work), but also lower than that
of the PIM-1 TFC membrane prepared with water-impregnated supports
in this work (18.5 + 1.73).

PV testing up to 40 h was conducted for the TFN membrane ZGgg.g 5/
PIM-1 and the PIM-1 TFC. The performance is shown in a graph in
Fig. S11; as it can be observed, the ZGgg.¢.5/PIM-1 TFN showed a more
stable membrane flux and separation factor than the PIM-1 TFC, which
suggests certain degree of aging reduction upon the addition of the ZG.
Surface and cross-sectional SEM images of the ZGggs5/PIM-1 TFN
membrane after the 40-h PV test are displayed in Fig. S12, where no
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Fig. 8. PV performance of PIM-1 TFC and ZGgg.9.5/PIM-1 TFN membranes for
acetone, butanol, and ethanol (Temperature = 65 °C, feed concentration = 5 wt
%). Reported values are the average of 5 measurements (5 coupons for each
membrane type) with standard deviations.
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changes to the morphology, cracks or foulants can be observed.
3.4. Unveiling the role of ZG fillers in PV

To further explore the effect of the ZG nanohybrid materials on the
organophilic PV of butanol/water mixtures, PIM-1 TFN membranes with
either non-supported ZIF-8 nanoparticles or GO were prepared and
tested. Both the separation factor (29.9) and flux (7.9 kg m’zhfl) of the
ZG-based TFN membrane ZGgp.9 5/PIM-1 were higher than those of the
ZIF-8 and GO-based TFNs (Fig. 10(A)); the ZIF-8j5/PIM-1 membrane
had a flux of 7.2 kg m*h~!and Pbutanol/water = 24.9, and the GOg 5/PIM-
1 membranes had a flux of 5.4 kg m~2h~! and Pbutanol/water = 15.5. This
is in agreement with the improved hydrophobicity, high solvent uptake,
and low swelling degree of shown in the previous section for ZGgg.o.5/
PIM-1 (Fig. 6), and good dispersity and compatibility with PIM-1
(Fig. 7). For all the nanocomposite membranes, the permeate flux is
lower than for the purely PIM-1 TFC (9.5 kg m~2h™!). As illustrated in
Fig. 10(B), all non-porous GO nanosheets, the ZG nanohybrids and the
ZIF-8 nanoparticles impose a barrier effect to the feed solution, that was
more pronounced for the stand-alone GO. Permeation for membranes
containing ZIF-8 or ZG was still lower than that in pristine PIM-1, but
higher as compared to TFNs with GO, which suggests again higher af-
finity between porous ZIF-8 (superhydrophobic material) and butanol
and possibly solvent permeation through the ZIF-8 due to its structural
flexibility. The higher Sputanol/water When incorporating ZG and ZIF-8
into PIM-1 also confirms the higher affinity towards butanol is due to
the presence of ZIF-8 nanoparticles. It is worth noting that the incor-
poration of only GO led to no improvement in the separation factor,
which confirms that anti-swelling effects did not play a role in the sep-
aration (as seen for butanol in Section 3.2).

A parametric study was performed for the pervaporation of butanol/
water mixtures using ZG/PIM-1 TFN membranes. Flux, fputanol /water and
PSI of PIM-1 TFN membranes were plotted as a function of various pa-
rameters including the synthesis time of the GO-supported ZIF-8 (Fig. 11
(A)), loading of ZGgp (Fig. 11(B)), and the concentration of PIM-1 in the
coating solution (Fig. 11(C)). Accordingly, as the synthesis time of
supported ZIF-8 extended, the loading of ZIF-8 increased, and a
continuous layer of ZIF-8 was gradually formed on the GO. Therefore,
both Sputanol/water and flux of the resulting ZG/PIM-1 TFN membranes
increased as a function of the synthesis time (Fig. 11(A)). This proves
that ZIF-8 on GO can provide an efficient and selective mass transfer
path for n-butanol. Fig. 11(B) shows that the membrane flux decreased
continuously with an increase in the loading of ZGgg in the PIM-1. This
was due to the more tortuous path for mass transfer with the presence of
fillers in the membrane. Conversely, Sbytanol water ShOWS @ maximum as a
function of ZG loading, i.e., Sbutanol/water = 29.9 for the membrane with
0.5 wt% ZGgop, suggesting that excessive loading of the filler could lead
to aggregation. By comparing the PSI of the membranes, ZGgg.g 5/PIM-1
TFN membranes also gave the best performance.

Membrane flux reflects the mass transfer resistance of the active
layer (PIM-1) and the substrate (PVDF). Fig. 11(C) shows that a decrease
in the concentration of PIM-1 in the coating solution improved the flux
of the resulting membranes. This is related to the thickness of the active
layer, as shown in Fig. 5(B2), i.e. lower membrane thickness resulted in
lower mass transfer resistance. Interestingly, when the concentration of
PIM-1 was reduced from 2.0 to 1.0 wt%, the flux of the PIM-1 TFC
membranes decreased from 9.5 to 8.2 kg m~2h~! (Fig. S13), whilst that
of the ZGgg.o.5/PIM-1 TFN membranes still showed an increase from 7.9
t0 9.0 kg m~2h! (Fig. 11(C)). The decrease in the flux of the PIM-1 TFC
membranes could be attributed to PIM-1 infiltration into the PVDF
substrate and high mass transfer resistance since the interface between
water and the PIM-1 solution are more likely to be disturbed as the
viscosity of the coating solution decreases. The addition of the 2D ZG
could help to prevent the infiltration of PIM-1 into the substrate even
when the concentration of the coating solution was low.

The effect of the operating parameters including butanol
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Fig. 9. Comparison of butanol/water pervaporation performance with other membranes.

Table 1
PV performance of various membranes in the separation of butanol-water mixture.
Membrane Feed concentration (wt%) Feed temperature Total flux (kg m 2h~1) B PSI Ref.
(o] (kg m~*h™")

PIM-1 free-standing 5 65 1.2 +£0.22 18.8 + 0.40 21 This work
ZGgo.0.5/PIM-1 free-standing 5 65 0.8 + 0.08 30.9 £ 0.63 24 This work
PIM-1 TFC 5 65 9.5+ 1.53 18.5+1.73 166 This work
ZGgp.0.5/PIM-1 TEN 5 65 7.9 + 0.69 29.9 +£1.99 228 This work
ZIF-8¢.5/PIM-1 TFN 5 65 7.2+ 1.23 24.9 + 3.94 172 This work
GOy 5/PIM-1 TFEN 5 65 5.4 +£0.76 15.5 £3.31 78 This work
PIM-1 free-standing 5 65 1.85 19.6 34 [11]
PIM-1/e-PVDF 5 65 19.4 +£ 0.7 71+04 118 [15]
PIM-1/e-PVDF (chloroform impregnated) 5 65 16.1 £ 0.7 8+0.1 113 [15]
PIM-1/e-PVDF (methanol impregnated) 5 65 30.2 + 0.3 4.8 +£0.1 115 [15]
PIM-1/e-PVDF (ethanol impregnated) 5 65 35.4+1.8 4.8+ 0.2 118 [15]
PIM-1/PVDF (2% PIM-1) (TFC) 5 65 9.08 £+ 0.42 13.3 112 [11]
PIM-1/0.1rGO-OA free-standing 5 65 1.36 32.9 +10.4 43 [5]
PIM-1/0.1rGO-OA (TFN) 5 65 5.8+ 0.6 17.0 £ 2.4 61 [10]
PIM-1/Zn/Co-ZIF 5 65 1.74 21.3 [38]
PDMS 1 37 0.095 34 3 [39]
PDMS/CNT (10%) 1.5 80 0.24 32.9 8 [40]
PDMS/PE 2 37 0.13 32 4 [39]
PDMS/20% ZIF-7 1 60 1.68 65 108 [41]
PDMS/40% ZIF-7 1 60 1.46 36 51 [41]
PDMS (PERVAP™ 1070) <0.5 55 0.36 34.5 12 [42]
PDMS (Pervatech BV) 2 40 1.03 9 8 [43]
PDMS (MEM-100™™) 2 52 0.17 46 8 [44]
PDMS/Ceramic 1 40 0.46 26 12 [45]
PDMS/40 %ZIF-8 1 80 4.8 81.6 392 [22]
Silicalite filled PDMS 1 40 9.5+ 0.7 104 +£1 12 [71
Si-PDMS-2 2 80 8.9 27.6 237 [46]
PDMS/ZIF-71 2 60 0.21 69.9 15 [23]
PDMS/MAF-9 1.5 55 0.85 53 45.1 [47]
PDMS/ZIF-8 5 30 1.14 28.3 32.3 [48]
PDMS/MAF-6 5 30 0.55 58.6 32.2 [48]
PERVAP-2200 1 37 0.33 10 3.3 [49]
PEBA 1 23 0.03 12 0.3 [50]
PTMSP free-standing 6 70 2.09 41 85.7 [51]
PEBA/25% ZIF-71 1 40 0.43 22.3 9.6 [52]
PMPS/ZIF-8 1 80 6.4 40.1 250 [53]
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concentration in the feed and temperature was investigated for PIM-1
TFC and ZGgg.9.5/PIM-1 TFN membranes. Butanol flux increased with
an increase in butanol concentration, whilst the water flux was relatively
constant (Fig. S14 (A — B)). This is due to the increased driving force of
butanol with the increased concentration in the feed; the driving force of
butanol increased by ~ 4 times when butanol concentration in the feed
increased from 1 to 5 wt%, the results are shown in Table S1 and were
calculated using Eq. (11)—(12). Comparatively, the driving force of the
water was almost constant.

In order to figure out the effect of ZG on the intrinsic property of
membranes, permeability and selectivity of butanol to water of PIM-1
TFC and ZGggos5/PIM-1 TFN were calculated by normalizing the
driving force using Eqgs. (10)-(13).The average values are shown in
Fig. 12 [54]. After the addition of the ZG filler, permeabilities of both
butanol and water decreased because the aforementioned increased
tortuosity. However, it is worth noting that, in comparison with the PIM-
1 TFC membrane, the butanol permeability decreased by 21.5%, whist
the water permeability decreased by 45.3%. This could be due to the
superhydrophobicity nature of the filler that prevents the adsorption
and mass transfer of water. Besides, the flexible pore apertures in ZIF-8
allow the high adsorption of bio-alcohols including butanol based on the
‘gate-opening’ mechanism, and the continuous ZIF-8 on GO provided a
selective mass transfer path for butanol [26]. Therefore, the membrane
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Fig. 12. Comparison of the permeability and selectivity between PIM-1 TFC
and ZGgg.o.s/PIM-1 TFN.
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selectivity increased from 6.2 to 8.9 with ZG as the filler. The effect of
feed temperature on the pervaporation performance was also studied in
the range 35-75 °C, and as expected, flux and separation factors
increased (Fig. S15).

4. Conclusions

In this study, a series of PIM-1-based thin film nanocomposite
membranes containing ZIF-8/GO nanohybrids were prepared via dip-
coating and led to defect-free active layers (thickness < 1 pm). Poly-
mer infiltration in the pores of the PVDF substrate did not take place due
to the impregnation of the substrate with water prior to coating and the
presence of 2D ZIF-8/GO (ZG) fillers in the PIM-1 coating solution. The
ZG composite nanosheets were prepared by in-situ growth of ZIF-8 onto
the surface of GO nanosheets.

The enhancement of the PV performance of the prepared TFNs was
validated for butanol/water mixtures; the resulting ZGgg.g 5/PIM-1 TFN
membrane showed high flux (7.9 + 0.69 kg m2h™!) and high separa-
tion factor (29.9 =+ 1.99) that gave a PSI of 228 kg m~2h™L. This PSI
value is over twice that of pure PIM-1 TFC membranes prepared without
water impregnation and no fillers (PSI = 112 kg m’zh’l). The
improvement is due to the formation of a defect-free active layer and
synergistic effects between the ZIF-8 NPs and GO in the polymer PIM-1
matrix. The incorporation of ZG can slightly decrease the mobility of
PIM-1 but it is mainly the hydrophobic nature and high affinity of ZIF-8
towards butanol that favors mass transfer of butanol over water.
Furthermore, the incorporation of ZIF-8/GO can increase the free vol-
ume in the membrane and ZIF-8 nanoparticles can create preferential
pathways for n-butanol molecules due to their high adsorption
selectivity.
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