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ABSTRACT

Zeolitic imidazolate framework ZIF-8 beads of 2-3 mm in diameter were prepared using a simple one-
step phase inversion method. The beads were fabricated by different amounts of ZIF-8 to polyether sul-
fone (PES) ratios. ZIF-8 played the role of an adsorbent while PES acted as a binder in the composite
matrix to keep the ZIF-8 particles. Since ZIF-8 is highly hydrophobic, the beads floated on water and
adsorbed oil droplets successfully. This efficient oil adsorption is attributed to the hydrophobicity and
high surface area of ZIF-8 particles which can effectively adsorb oil droplets. Different characterization
techniques were used to understand the textural properties of the composite beads. The FESEM analysis
showed that ZIF-8 particles were well coated and dispersed into the polymer bead composites and some
pores are created on the beads surface at higher loadings which facilitated high oil sorption. The nitrogen
adsorption-desorption indicated that ZIF-8/PES beads had very high surface area which makes them suit-
able for adsorption applications. The ZIF-8/PES beads demonstrate easy handling and recycling compared
to ZIF-8 powder and showed superior buoyancy and oil sorption capacity compared with natural sorbents
like activated carbon. This study shows the phase inversion method can be applied to produce a variety of
functional composite bead materials for specific applications like adsorption.
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1. Introduction

0Oil spillage and industrial organic pollution have become seri-
ous environmental issues around the world which pose threats
to human health as well as the ecosystem [1-4]. Oil contamination
can result in the increase of biochemical oxygen demand (BOD)
and chemical oxygen demand (COD) causing serious environmen-
tal hazards [5]. As a result, great attention has been paid to the
development of efficient and cost-effective approaches to cleaning
up oil spillage, especially where it occurs in water bodies [3].

Among the various different approaches, adsorption has the
advantage of being simple and cost effective with the ability of
removing different types of contaminants form water [6]. Natural
adsorbents such as activated carbon [7] and natural zeolites [8]
have been shown to be somewhat effective in oil removal.
Although these natural sorbents have the advantage of being eco-
nomic, they have the limitation of low oil sorption capacity, low
hydrophobicity and poor buoyancy [9]. Therefore, many efforts
have been made to tackle the issue of oil spillage pollution by
developing efficient adsorbents like microporous polymers [10-
12], carbon-nanotube (CNT) [13], graphene [1] as well as carbon
soot sponge [2], graphene aerogel [14] and macroporous carbon
nanofiber film [15]. A universal and consistent drawback of these
materials is their complex synthesis procedures and they usually
require surface modification before oil adsorption which restricts
their practical applications. For example, in the synthesis of spongy
graphene, it is required to prepare graphene oxide by oxidizing
expandable graphite under 98 wt.% sulphuric acid and potassium
permanganate solution at 98 °C [1]| which is very dangerous. In
addition, for preparation of carbon nanofiber oil sorbent, the coat-
ing of the material by polydimethylsiloxane is needed prior to
application in oil adsorption [16].

Different kinds of monodisperse composite spheres have been
employed in separation [17], drug delivery [18] catalysis [19] as
well as adsorption [20] due to their high surface area and porous
structure. However, millimetre sized spheres and beads are much
easier to handle and recover compared with smaller scale (like
nano scale) spheres. To date, there have been several attempts to
produce beads and spheres using different techniques. For exam-
ple, a templating technique involving high internal phase emul-
sions (HIPEs) has been developed for producing monodisperse
emulsion-templated polymer beads via sedimentation polymeriza-
tion. Nevertheless, this technique has a number of limitations
including utilization of alkoxide precursors which are highly reac-
tive to water and should be separated before formation of oil-in-
water emulsion. Moreover, it is likely that the emulsion converts
to gel before the injection process is completed [21]. In addition,
this method includes several steps like immersion of polymer bead
scaffolds into inorganic precursor, filtration, gelation and calcina-
tion. These steps make the process complicated and time consum-
ing. Therefore, since the existing preparation methods are very
complicated, an easy and straight forward method was established
to prepare millimetre-sized beads.

Phase inversion is a common method for preparation of asym-
metric membranes. This method has been utilized in our group
to synthesize porous hollow fiber membrane [22], nanocomposite
ultrafiltration membrane [23], hollow carbon beads for oil sorption
[24], and zeolitic imidazolate framework ZIF-8 polymer spheres for
gas adsorption [25].

Metal organic frame works (MOFs) are a group of porous
materials composed of a metal ion or a cluster of metal ions and
an organic molecule which is called a linker. MOFs have high
porosity and open metal sites which makes them suitable for
different applications specifically for adsorptive removal of
contaminates from water [26]. Zeolitic imidazolate frameworks

(ZIFs) are a category of MOF materials which exhibit satisfying
chemical and thermal stability. ZIF-8 is one of the most studied
ZIF materials with the formula of Zn(2-methylimidazole), with a
sodalite zeolitic structure. ZIF-8 has pore size of 1.1 nm and acces-
sible pore window of 0.34 nm which has been investigated for a
variety of applications such as adsorption, separation and catalytic
applications [27-30]. Furthermore, ZIF-8 has been extensively
studied for the adsorptive removal of pollutants from water
[27,31-35] since it is amongst the most stable metal organic
frameworks. Recently, ZIF-8 particles in the form of powder have
been utilized for adsorption of oil droplets from water [36].

Metal organic frameworks are generally prepared as powders
which are not suitable for many practical applications including
adsorption and catalysis. Therefore, shaping these materials is
required for easy handling and recycling [37]. HKUST-1 MOF has
been shaped as beads by coating onto polymer and oxide compos-
ite beads [37]. SIM-1 (an isostructural to ZIF-8) was coated on
spherical alumina beads [38]. However, the methods utilized for
coating MOF on the beads require high temperatures like 85 °C
for 48 h [38].

In this work we demonstrate a simple, fast and one step method
at room temperature for fabricating ZIF-8 particles into polymer
beads using a phase inversion method. The beads prepared by this
method are very easy to handle and recover from oil-water mix-
ture compared to ZIF-8 powder. ZIF-8/PES composite beads exhib-
ited efficient oil sorption and they are amongst the best sorbent
materials previously reported; especially in comparison with natu-
ral common sorbents like activated carbon as well as other synthe-
sized beads.

2. Materials and methods
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0), 2-methylimidazole
(Hmim), 1-methyl-2-pyrrolidone (NMP) (99%), toluene, paraffin
oil, olive oil and oil red were purchased from Sigma Aldrich. n-
Hexane was purchased from Merck. Polyethersulfone (PES) was
supplied from BASF Company. All chemicals were used as received
without further purification.

2.2. Synthesis of ZIF-8 nanocrystals

ZIF-8 was synthesized by a synthesis method reported by Koji
Kida et al. [16] in aqueous solution. 0.744 g (2.5 mmol) of Zn
(NO3)-6H,0 and 12.3 g (0.15mol) of Hmim were dissolved in
10 ml and 90 ml of deionized water respectively and stirred for
24 h. ZIF-8 nanocrystals were collected by washing with methanol
and centrifuging (8000 rpm, 15 min) for three times and then dried
at 60 °C overnight.

2.3. Preparation of polyethersulfone spheres and ZIF-8/PES composite
beads by phase inversion method

Typically, 1 g of polyethersulfone was dissolved in 5.5 g NMP
under magnetic stirring at room temperature overnight. The poly-
mer solution was vertically pumped into water with an air gap (the
distance between the needle tip and water surface) of about 4 cm.
The flowrate of the polymer solution was set at 0.2 ml/min and the
syringe tip was 18 G (inner diameter of roughly 0.84 mm). Solid
polymer spheres were formed in water immediately through sol-
vent/water exchange and kept in water overnight for further
solvent/non-solvent exchange. Then formed PES spheres were
dried at 80 °C overnight.
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ZIF-8/PES composite beads were made by the same method
except that a syringe tip with 14G (inner diameter of roughly
1.6 mm) size was used. ZIF-8/PES composite beads were prepared
by ZIF-8: PES ratios of 0.5, 1, 2 and 4. The ZIF-8/polymer slurry was
viscous and the resulting beads were oval in shape as with the
ZIF-8: PES ratio of 4. It is worth mentioning that for higher loadings
of ZIF-8, i.e. for ZIF-8: PES ratios of 2 and 4, the amount of NMP
solvent increased to 8 and 10.5g respectively. Moreover, for
ZIF-8/PES-2 and ZIF-8/PES-4, the air gap had to be increased to
double (8 cm) in order to be able to form the ZIF-8/PES beads in
the water tank.

2.4. Characterization

Nitrogen adsorption and desorption isotherms were measured at
liquid nitrogen temperature (77 K) using an accelerated surface area
and porosimetry system (ASAP 2020, Micromeritics, USA) for sur-
face area measurements. The pore size distributions of ZIF-8 powder
and ZIF-8/PES composite beads were measured by nitrogen sorption
using ASAP 2020. However, the pore size distribution for PES
spheres was analysed by mercury porosimetry (AutoPore IV 9500
mercury porosimeter, Micromeritics, USA). The crystal structures
of the samples were identified using an X-ray diffractometer (Mini-
flex 600, Rigaku) with Cu Ko radiation at 40 kV and 20 mA over the
20 range of 5-40°. The morphology of the adsorbent materials was
observed using a scanning electron microscope (FEI Nova NanoSEM
450 FEG SEM). The water droplet contact angle measurement was
carried out at room temperature with 1 pL water droplet on the film
of samples using contact angle goniometer (Dataphysics OCA15,
Dataphysics, Germany). A film of the sample was made by manual
pressing. An attenuated total reflectance (ATR) Fourier Transform
Infrared (FTIR) (Perkin Elmer, USA) was used to collect the FTIR
spectra of the samples in the range of 500-4000 cm~! at an average
of 32 scans with a resolution of 4 cm™™.

2.5. Oil sorption experiments

For oil adsorption capacity measurement, the composite beads
were immersed in several oils and organic compounds including
paraffin oil, olive oil, toluene and n-Hexane for half an hour. Then
the beads were wiped to remove the extra oil or organic compound
on the surface and then weighed very quickly by a balance to min-
imize errors arising from solvent evaporation. The amount of
adsorbed oil (the volume percentage of oil adsorbed on the com-
posite beads) was calculated as follows:

Volume gain(%) = Ws=We) P, 100%
We Po

where W is the weight of ZIF-8 composite beads after oil
adsorption and W¢ is the initial weight of the beads before adsorp-
tion. p, is the bulk density of ZIF-8/PES beads and p, is the oil
density.

The composite beads were regenerated by simple washing with
ethanol to assess the recyclability of the prepared beads. The used
oil-rich beads were added to ethanol and mixed for a few hours.
The regenerated beads were dried at 70 °C and tested for subse-
quent oil sorption experiments.

3. Results and discussions
3.1. Characterization of ZIF-8/PES composite beads
The XRD analysis on ZIF-8 beads was done to investigate the

incorporation of ZIF-8 particles into the polymer (PES) framework.
The X-ray diffraction patterns (Fig. 1) confirms the existence of

ZIF-8 particles in the matrix of the polymer composite beads. All
of the composite beads exhibit the diffraction patterns similar to
that of pure ZIF-8 powder shown in Fig. 1. It is apparent that by
increasing the ZIF-8 loading the corresponding XRD peaks intensity
also increases. This also shows that ZIF-8 particles are dispersed
within the beads matrices and this is consistent with SEM results.

Fig. 2 shows the morphology of the top surface of the beads
indicating that ZIF-8 particles are coated and dispersed on the
outer surface of the beads. It is evident from the figure that the
outer surface of the composite spheres are covered by ZIF-8 parti-
cles and the coverage becomes more pronounce as the ZIF-8 load-
ing increases. For the PES spheres the outer surface of the beads are
very smooth without any particles on the surface. As the ZIF-8
loading increases, the top surface contains more ZIF-8 particles.
As ZIF-8 particles migrate to the surface, large pores are created
at the outer surface of the composite bead. Apart from the creation
of large pores on the surface, the polymer keeps the ZIF particles
together very uniform in the composite texture. This results in
more exposure of the ZIF particles to the oil and organic molecules
and leads to a higher performance. The creation of the large pores
on the surface also facilitates the pollutant absorption and diffu-
sion into the composite bead framework.

For investigation of the inner structure of ZIF polymer compos-
ite beads, a single bead was cut into half. From the cross sectional
images it can be seen that ZIF-8 particles are fully dispersed within
the pores of the polymer framework. Fig. 3 shows the coverage at
different magnifications. The cross section of the ZIF-8/PES beads
shows a very porous structure with large channels of macrometer
sizes which are covered by ZIF-8 particles. The ZIF-8 particles are
distributed inside the pores and have the diameter of about
250 nm. The macropores inside the beads facilitate ZIF-8 incorpo-
ration in the beads matrices. As can be seen from the SEM images,
ZIF-8 particles are fairly well distributed among the channels and
inside the pores. The porous framework within the polymer matrix
consists of large micrometre pores which were created during the
phase inversion process. Fig. 4 shows the inversion process and
how the macrometer pores are created in the polymer sphere dur-
ing this process.

Nitrogen adsorption-desorption isotherms at 77 K for the com-
posite beads are shown in Fig. 5. As can be seen from Fig. 5 the sur-
face areas of the composite beads increased with raising the
loading of ZIF-8 powder into the polymer matrix. Therefore, the
adsorption capacities of the oil and organic compounds increased
accordingly. ZIF-8 is well-known for having very high surface area
(1384.2m?/g BET and 1849 m?/g Langmuir surface area) as
reported in Table 1. With increasing the loading of ZIF-8 particles
in the polymer composite, the BET surface area increases as
343.2, 602, 882.3 and 1030.6 for ZIF/PES-0.5, ZIF/PES-1, ZIF/PES-2
and ZIF/PES-4 respectively. ZIF/PES-4 has the highest surface area
among the polymer composite beads and the surface area is very
close to the pure ZIF-8 powder’s surface area. ZIF/PES-4 exhibits
the highest adsorption capacity for all the oil and organic model
compounds which can be attributed to the very high surface area
as well as its high pore volume. The pore size distributions are
demonstrated in Fig. 5. The ZIF-8/PES beads exhibit pore size distri-
butions similar to ZIF-8.

The pore size distribution of the PES beads was defined using
the mercury intrusion porosimetry to analyse the macroporous
structure of the PES beads, since the nitrogen sorption analysis is
only applicable for microporous and mesoporous materials. There-
fore, the pore size distribution of ZIF-8 was determined by nitrogen
adsorption-desorption analysis but for PES spheres, mercury
porosimetry was utilized. The macro metre pore size distribution
of PES spheres is shown in Fig. 6. The macropore size from the mer-
cury porosimetry is defined in the range of 1-3 pm which is consis-
tent with the SEM results (Fig. 3).
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Fig. 1. XRD pattern (a) and SEM image (b) of ZIF-8 nanocrystals and XRD patterns of PES polymer and ZIF-8/PES composite beads with different loadings (c)

FTIR spectra of ZIF-8/PES beads were very similar to the pure
ZIF-8 (Fig. 7). The peaks at 3135 and 2929 are characteristic of aro-
matic and aliphatic C—H stretch of imidazole while the peaks
observed at 1584 and 800-1500 (759, 1145, 1306 and 1444) are
assigned to C=N stretch mode and entire imidazole ring vibrations
mode, respectively [39].

3.2. Oil sorption of ZIF-8/PES composite beads

The bulk densities of the ZIF-8/PES composite beads were calcu-
lated as 0.035, 0.053, 0.173, 0.1875 and 0.2657 g/cm? correspond-
ing to PES, ZIF/PES-0.5, ZIF/PES-1, ZIF/PES-2 and ZIF/PES-4
respectively as shown in Table 2. The very low bulk density allows
the beads to float easily on the surface of water. Consequently,
these ZIF-8/PES composite beads are evaluated as sorbents for oil
spillage clean-up.

The ZIF-8/PES composite beads with various loadings are shown
in Fig. 8. It can be seen that by increasing the ZIF-8 loading, the
shape of the beads changes from spheres to ovals. The diameter
of the PES beads and ZIF-8 composite beads are 1-2 mm and 2-
3 mm respectively. To demonstrate ZIF-8/PES beads adsorb oil effi-
ciently, paraffin oil which was labelled with oil red was poured on
the surface of water. Then ZIF-8/PES composite beads were gently
placed on the surface of oil-water as illustrated in Fig. 9. The figure
shows that composite beads absorb oil efficiently from the surface
of water.

The oil adsorption capacity depends on the hydrophobic nature
of the adsorbent since oil droplets are hydrophobic in nature. Thus
hydrophobic interaction between the oil molecules and the adsor-
bent surface facilitates the oil sorption process. It is believed that
the suitable oil sorbent is required to be hydrophobic. Improving
hydrophobicity of the sorbent surface will enhance the van der
Waals force and hydrophobic interaction between oil droplets
and sorbent materials which leads to high sorption capacity.

Sorbent materials are also required to have high surface area and
porosity to offer adequate surface sorption sites for catching oil
molecules [40]. Several oils and organic solvents were used to
examine the saturated oil sorption capacities of the ZIF-8/PES com-
posite beads for different kind of pollutants and the results are pre-
sented in Fig. 11. It can be seen that the composite beads have
more tendency to adsorb paraffin and olive oil rather than n-
Hexane and toluene organic solvents. The ZIF-8/PES beads with
ZIF-8: PES ratio of 4, can adsorb up to 37.6% of their volume for
paraffin oil while the corresponding uptake for olive oil is 35.6%.
The corresponding uptakes for the composite beads with the ZIF-
8: PES ratios of 0.5, 1 and 2 were 6.5, 10.2 and 24.9% for paraffin
oil and 3.2, 8.5 and 18.9% for olive oil respectively.

ZIF-8 has been reported to be a highly hydrophobic microp-
orous material [41-44]. The hydrophobicity of ZIF-8 has been
investigated and proved by water adsorption [42]. This hydropho-
bicity is attributed to its chemical composition i.e. the methyl-
functionalized Im linkers as well as the coordinative saturation of
the metal sites. Typically, ZIF materials can have hydrophobic
framework if the Im linkers do not consist of hydrophilic function-
alities [41]. The increasing of the ZIF-8 loading in the composite
beads framework, results in a large amount of ZIF-8 particles to
be present on the beads surfaces (refer to the SEM image in
Fig.3). This feature is further confirmed by the water contact angle
measurement shown in Fig. 10. The water contact angle of the
samples was measured, and the left and right angles of ZIF-8 pow-
der were 120 and 118°, respectively as shown in Fig. 10(a). The left
and right contact angles of ZIF/PES-4 composite beads were deter-
mined to be 100 and 115°, respectively as can be seen from Fig. 10
(b). Thus, increasing the ZIF-8 loading helps to benefit from both
hydrophobicity and high surface area of ZIF-8 particles for oil
adsorption. Therefore, we can observe much higher adsorption
properties for the highest ZIF-8 loading (ZIF/PES-4) compared to
lower ZIF-8 loadings and PES spheres.
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Fig. 2. Top-surface SEM images of PES (a), ZIF/PES-0.5 (b), ZIF/PES-1 (c) and ZIF/PES-2 (d). The images (e-h) show the top surface of ZIF/PES-4.

The hydrophobic interactions between ZIF-8 and hydrophobic
chains of oil molecules result in the adsorption of oil compounds
on the surface of ZIF-8/PES composite beads. In order to under-
stand the reason behind the difference in oil adsorption capacity
amongst the ZIF-8/PES beads, the morphologies, surface areas
and the pore size distributions of the composite beads were
investigated.

The performance of ZIF-8 composite beads is shown in Fig.11.
As shown in the figure, all the ZIF-8/PES beads show the highest
sorption for paraffin oil followed by olive oil, n-hexane and
toluene. It is observed that increasing the ZIF-8 loading for ZIF/
PES-2 and ZIF/PES-4 rises the sorption capacity dramatically. For
example, for paraffin oil, the sorption capacity raises from 6.5
and 10 percent (volume gain) for ZIF/PES-0.5 and ZIF/PES-1 to
24.9 and 37.6 percent for ZIF/PES-0.2 and ZIF/PES-4. The equivalent
sorption capacity (weight basis) for ZIF/PES-4 is calculated as
1260 mg/g which is quite high in comparison with most natural
sorbents like activated carbon (Table 3). The high sorption capacity

could be due to the high surface area of the composite beads as
well as the created pores on the surface which is the result of large
amount of ZIF-8 particles movement toward the outer surface of
the polymer composite beads. These pores offer little resistance
to diffusion of the oil molecules into the sphere, increasing the
adsorption capacity.

From Fig. 11 it can be seen that ZIF-8/PES beads have a high ten-
dency to adsorb n-Hexane. The critical diameter' of n-hexane is
0.43 nm [45]. ZIF-8/PES composite beads adsorb n-hexane up to
30.2 percent of their volumes for the ZIF/PES-4. The high adsorption
capacity of ZIF-8 for n-hexane is in accordance with the findings in
literature [45]. It is worth noting that the adsorption of n-hexane
might have been underestimated since it has a low boiling point of
68 °C and evaporates rapidly. To explore the ZIF-8/PES composite
beads’ capacities for the adsorption of branched organic molecules,

! The critical diameter refers to the smallest cross-sectional diameter of the
molecule.
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ZIF-8/PES /NMP

Phase inversion process PES/ZIF-8 composite bead

Fig. 4. Schematic illustration of formation of ZIF-8/PES composite beads via phase inversion and the creation of porous framework

toluene was used as an aromatic molecule in this study. In contrast
with what has been reported in literature, we found the ZIF-8/PES
beads have fairly moderate tendency to adsorb toluene. It has been
reported that toluene (kinetic diameter of 0.58 nm) cannot enter

and diffuse into the microporous structure of ZIF-8 (with accessible
pore size of 0.34 nm) [46,47]. ZIF-8 was reported to have almost nil
adsorption capacity for toluene. In another study it was declared that
branched alkanes cannot penetrate the pores of ZIF-8 [48]. However,
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Table 1
Surface area analysis parameters of ZIF-8, PES and ZIF-8/PES composite beads.
Sample BET surface Langmuir Total pore Micropore
area surface area volume volume
(m*g™") (m*g™) (em’g™!)  (em’g)
ZIF-8 1384.2 1849 1.1 0.63
ZIF|PES-4 1030.6 1382 0.81 0.47
ZIF|PES-2 8823 1185.2 0.77 0.4
ZIF|PES-1 602 814.8 0.49 0.27
ZIF|PES-0.5 343.2 470.8 0.27 0.16
PES 0.6 NA 0.01 0.0

2 At P/PO = 0.99.

in our study we report that ZIF-8 composite beads show fairly high
adsorption capacity for toluene which might be due to the formation
of large pores on the top surface of the composite beads at higher
ZIF-8 loadings. There are similar reports in the literature which show
ZIF-8 has the potential to adsorb the molecules larger than the ZIF-8
pore opening. Adsorption of benzene [45] and p-xylene [49] in liquid
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Fig. 6. Mercury porosimetry curve of PES.
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phase on ZIF-8 has been reported. The investigations showed that
ZIF-8 is capable of adsorbing benzene and p-xylene although the
kinetic diameters of these molecules are much larger than the pore
size of ZIF-8 particles. Benzene, toluene and p-xylene have the
kinetic diameters of 0.58 nm [50] which is almost twice the ZIF-8
aperture size and ZIF-8 tendency for adsorption of these molecules
show the flexibility of ZIF-8 structure. It was also stated that ZIF-8
adsorbs organic molecules in the order of alkane > alkene > aromatic
[49] which was confirmed in this study, as n-hexane adsorbed at
much higher levels than toluene as an aromatic compound.

The difference in the oil and organic sorption can be related to
the viscosity and surface tension of the oil and organic compounds
as well. Viscosity can affect the sorption in two ways. High viscos-
ity can improve the adherence of oil on to the sorbent surface
which increases the sorption capacity. On the other hand, viscous
oils are difficult to penetrate into the inner surfaces of the sorbents

Table 2
Bulk density of the ZIF-8/PES composite beads in comparison with ZIF-8 and PES.

Material Bulk density (g.cm3)
ZIF-8 0.36

ZIF|PES-4 0.26

ZIF[PES-2 0.18

ZIF|PES-1 0.17

ZIF/PES-0.5 0.053

PES 0.035

[51]. Key properties of several oils and organic solvents are listed in
Table 4. The sorption capacity of the sorbents shown in Fig. 11
agrees with the decreasing tendency of oil viscosities. The compos-
ite beads show higher sorption capacities for paraffin and olive oils
with higher viscosities compared to n-hexane and toluene which
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Fig. 8. Digital images of ZIF-8 composite beads: ZIF/PES-0.5 (a), ZIF/PES-1 (b), ZIF/PES-2 (c) ZIF/PES-4 (d)

(a) (b) A

Left angle: 100°
Right angle: 115°

Left angle: 120° I
Right angle: 118°

Fig. 10. The water contact angle of ZIF-8 powder (left angle: 120° and right angle:
118°) (a) and ZIF/PES-4 (left angle: 100° and right angle: 115°) (b)

have much lower viscosities. The sorption of n-hexane is still com-
parable with the sorption of paraffin and olive oils despite the low
viscosity of n-hexane, probably due to the very small kinetic
diameter of this solvent which makes its penetration into the
ZIF-8 pores much easier. Although the oil diffusion rate is inversely
proportional to the viscosity, the hydrophobic nature of ZIF-8 par-
ticles and the large pores on the surface of the beads at high ZIF-8
loading overcome the penetration difficulty leading to high sorp-
tion capacities.

Volume Gain (%)

PES ZIF/PES-0.5 ZIF/PES-1
ZIF-8 beads

ZIF/PES-2  ZIF/PES-4

Fig. 11. Oil sorption capacities of ZIF-8 composite beads for oils and organic
solvents in terms of volume gain.

It is necessary for an adsorbent to be regenerated and reused in
the adsorption process. The reusability of the beads for organic sol-
vents was tested by heating the beads up to the normal boiling
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Table 3

Comparison of oil/organic sorption capacities of different sorbents.
Sorbent Long-chain Sorbent Reference

oil (mg.g~!)  density (g.cm™3)

ZIF|PES-4 composite beads 1260 0.26 This study
Pure ZIF-8 powder 3000 NA? [36]
Pure ZIF-8 powder 2650 0.36 This study
UHMOF-100 2000 NA [52]
HFGO@ZIF-8 200 NA [53]
Sponge@HFGO@ZIF-8 2000 NA [53]
HKUST-1 (MOF) 260 1.22 [54]
Hollow carbon beads 1557 0.2 [24]
Carbon/TiO, beads 1151.7 0.6 [55]
Activated carbon 50 NA [54]
Activated carbon 167 NA [7]
Activated carbon 300 2 [56]
Bentonite 378 1.15 [57]
Zeolite 55-100 1.6-2.4 18]

Table 4

Density and normal boiling points of the organic compounds.

Organic compounds Density Viscosity (cp) Normal boiling
(g.cm™3) point (°C)

Paraffin oil 0.89 20 260-450

Olive oil 0.9 69 300

n-Hexane 0.65 0.3 69

Toluene 0.86 0.59 110

point of n-hexane (68 °C) and toluene (110 °C) for one hour. The
beads showed almost one hundred percent regeneration efficiency.
However, the normal boiling point of paraffin oil is in the range of
260-450 °C, therefore, the solvent washing method was utilized to
regenerate the composite beads for desorbing paraffin oil form the
beads. Although heat treatment is a more effective method in recy-
cling adsorbents, due to the low stability of ZIF-8 (300 °C) and
polymer framework (185 °C) at high temperatures, the solvent
method was utilized for recycling of the composite beads for paraf-
fin oil.

The regeneration test was done for the composite beads after
paraffin oil sorption and the used beads were washed with ethanol.
The regeneration results are shown in Fig. 12(a) demonstrating
that composite beads are able to retain 88 percent of the original
oil sorption after 5 regeneration cycles. This indicates that solvent
washing is a simple and effective method for the regeneration of
the composite beads and can be considered as an alternative to
heat treatment for recycling purposes. The XRD patterns of the
ZIF-8 composite beads before oil sorption and after regeneration
are illustrated in Fig. 12(b) showing that the XRD pattern of the
beads after 5 cycles of regeneration is similar to the beads before
oil sorption. This indicates the composite beads have a stable struc-
ture and can be reused for oil sorption.

Table 3 summarizes the oil sorption capacities of different kind
of sorbents for comparison. The capacity of the ZIF-8 composite
beads was converted to weight basis from volume basis to be com-
parable with the sorption capacities from literature. The table
shows that the ZIF composite beads can compete with other sor-
bents for oil sorption and have very high sorption capacities.

The ZIF-8 composite beads have lower sorption capacities com-
pared with the pure ZIF-8 powder, which is due to the fact that the
beads include polymer in their matrices and the bead framework is
composed of a mixture of ZIF-8 particles as well as polymer. More-
over, the ZIF-8 powder has more accessible surface area to the oils
and organic solvents since the particles are nano-sized and have
high exposure to the pollutant molecules. The sorption capacity
of ZIF-8 powder is based on the weight of pure ZIF-8 powder while
the sorption capacity of composite beads is based on the weight of
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Fig. 12. Recyclability of ZIF-8/PES composite beads. Regeneration efficiency of the
composite beads (a) and XRD patterns of ZIF-8/PES beads before and after oil
sorption.

the ZIF/PES composite beads. It is also shown that the ZIF-8/PES
composite beads have greater oil sorption capacities compared
with HKUST-1 metal organic framework. The composite beads also
exhibit appropriate sorption capacities in comparison with
UHMOF-100 and HFGO@ZIF-8 considering the fact that the
above-mentioned sorbents are difficult to handle and recycle.
Although pure ZIF-8, UHMOF-100 and HFGO@ZIF-8 exhibit higher
sorption capacities compared to ZIF-8 composite beads, they are in
powder form which is simply not useful for practical oil spillage
clean-up purposes. The composite beads in this study have the
advantage of keeping ZIF-8 particles in a rigid, robust and stable
framework to enable simple handling during oil sorption and recy-
cling processes.

In comparison with hollow carbon beads and carbon/TiO,
beads, the ZIF-8 composite beads still show good sorption proper-
ties. In particular, when compared with natural sorbents like acti-
vated carbon, zeolite and bentonite, the ZIF-8/PES beads exhibit
much higher sorption capacities. It is worth mentioning that ZIF-
8 composite beads present a very low bulk density compared to
the other sorbents listed in Table 2. HKUST-1 metal organic frame-
work has bulk density of 1.22 g.cm 3 which is higher than water
density. The bulk density of zeolite is in the range of 1.6-2.4 g.
cm~ and that of activated carbon is 2 g.cm™3, which are much
higher than the bulk density of ZIF/PES-4 beads reported in this
study. The bulk density of the ZIF-8 composite beads is even lower
than the carbon/TiO, beads and close to that of hollow carbon
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beads. As mentioned previously, the natural sorbents mostly exhi-
bit poor buoyancy which is not suitable for cleaning oil spills from
the surfaces of water. These natural sorbents cannot float on the
surface of water and therefore have limitation regarding with oil
spill removals. These materials do not benefit from simultaneous
high oil sorption capacity and good buoyancy. In most cases, either
sorption capacity or buoyancy is sacrificed. In contrast, ZIF-8 com-
posite beads benefit from both high sorption uptake and suitable
buoyancy which makes them interesting for oil spillage uptake.
The ZIF-8/PES beads have bulk densities even lower than ZIF-8
powder (0.36 g.cm™3).

It is worth noting that in comparison with other beads which
are reported for oil spill removal like hollow carbon beads and car-
bon/TiO, beads, ZIF-8/PES beads have the advantage of being pre-
pared from a simple one step method, while the carbon beads are
prepared via a second carbonization step which is time and energy
consuming. The HFGO@ZIF-8 and sponge@HFGO@ZIF-8 are also
prepared from several complicated steps which restricts practical
application. The stability of the beads after oil sorption experi-
ments was also evaluated by XRD analysis. It can be observed from
Fig. 10 that the prepared beads exhibit stability after oil adsorption
since the XRD pattern is quite similar before and after oil
adsorption.

Therefore, the high oil sorption capacity along with the rigidity
and robustness of the beads frameworks, plus low bulk density and
excellent buoyancy make these composite beads suitable candi-
dates for oil spill clean-up in practical purposes. In addition, the
simple one step method for fabrication of ZIF-8 is superior to other
complicated techniques utilized for preparing the other synthetic
sorbent materials.

4. Conclusions

The ZIF-8 composite beads were prepared successfully using the
phase inversion method. This is a very simple and straight forward
technique and the prepared ZIF-8/PES beads are quite rigid and
stable. The SEM and XRD analyses confirmed the uniform incorpo-
ration of ZIF-8 particles in the polymer matrix. The surface area of
the ZIF-8/PES composite beads increased with increasing the ZIF-8
loading up to 1030.6 m?/g close to the surface area of pure ZIF-8
(1384.2 m?/g). The oil sorption experiments showed that the com-
posite beads are capable of adsorbing oils and organic solvents effi-
ciently. The oil adsorption capacity of the ZIF-8/PES-4 composite
beads was 1260 mg/g which is significantly higher than that of nat-
ural adsorbents such as activated carbon, zeolite and bentonite
with adsorption capacities of 300, 100 and 378 mg/g, respectively.
The ZIF-8/PES-4 composite beads also exhibited a very low bulk
density (0.26 g/cm?) in comparison with ZIF-8 powder with a bulk
density of 0.36 g/cm® as well as natural adsorbents such as acti-
vated carbon, zeolite and bentonite with bulk densities of 2, 1.6
and 1.15 g/cm?, respectively. This low bulk density of the ZIF-8/
PES beads resulted in excellent buoyancy compared with the nat-
ural adsorbents.

The high sorption is attributed to the hydrophobicity and high
surface area of the ZIF-8 particles. This study showed ZIF-8 com-
posite beads can compete with other sorbent materials and exhibit
much higher sorption capacities in comparison with activated car-
bon. The synthesized composite beads are easy to handle and recy-
cle and can retain up to 88 percent of the oil sorption capacity after
five regeneration cycles.
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