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A B S T R A C T

In this study we describe a novel and simple method to couple covalently poly (maleic anhydride-alt-1-alkenes)
to γ-alumina nanofiltration membranes for the first time. The 1-alkenes varied from 1-hexene, 1-decene, 1-
hexadecane to 1-octadecene. The grafting reaction was between the reactive anhydride moieties of the polymer
and surface hydroxyl groups, resulting in highly stable bonds. The modified membranes were investigated for
their permeation and rejection performance of Sudan Black (SB, Mw 457 Da) in either toluene or ethyl acetate
(EA) solution, and very high rejections (> 90%) and high permeation flux were observed compared to un-
modified membranes. Initially, the SB in toluene solution was found to bind strongly to the surface hydroxyl
groups of the unmodified membranes, an effect not observed in EA solution.

1. Introduction

Nanofiltration is a pressure-driven, membrane-based separation
technique with performance properties between those of ultrafiltration
(UF) and reverse osmosis (RO) membranes [1,2]. Organic solvent na-
nofiltration (OSN) is a young separation technique with applications
ranging from the recovery of homogeneous catalysts to the purification
of organic solvents [3–7]. For such applications a high chemical, me-
chanical and thermal membrane stability, an excellent long-time per-
formance, and a limited pre-treatment and maintenance are often de-
sired [8].

As polymer-based membranes have a tendency to swell or even
dissolve in organic solvents, the use of ceramic membranes for OSN has
therefore been growing rapidly in recent years [9–12]. Ceramic mem-
branes show the desired high mechanical strength, are resistant to
compaction and do not swell. Despite these superior properties the
presence of surface hydroxyl groups makes them hydrophilic which
limits their use in non-aqueous media.

A challenging strategy to overcome this limitation is by masking the
surface hydroxyl groups by chemical modification with organic
monolayers or polymers [3,13,14]. The resulting hybrid organic-
ceramic membranes combine the best of two worlds: the superior
properties of ceramics with tuned surface properties by proper organic/

polymer chemistry. While the fabrication of hybrid organic-inorganic
membranes with incorporated nanoparticles has been widely studied
[15–20], hybrid polymeric-ceramic membranes in the area of OSN are
much less explored. Such hybrid membranes can be obtained by two
different methods. Firstly, by in-situ modification of ceramic mem-
branes via sol-gel techniques, where the modification takes place
during the selective layer preparation step. Secondly, by post mod-
ification of the ceramic membranes with polymers [11,21–26]. The
grafting of organic/polymeric moieties to alumina membranes has
proven to be a convenient post-modification technique to adjust and
control the membrane properties [13]. The surface OH groups are first
treated with a primer acting as a linker/coupling agent between the
surface OH and the organic/polymer moiety [27,28]. In order to obtain
this first step, various silane coupling agents have been investigated
[29,30]. For instance, 3-amino propyl triethoxy silane (APTES) and 3-
mercapto propyl triethoxy silane (MPTES) were used as linker for the
covalent grafting of polydimethylsilane (PDMS) to γ-alumina mem-
branes [13,31–33].

We have now explored the application of maleic anhydride-alt-1-
alkenes alternating copolymers in the modification of inorganic mem-
branes for the first time. The maleic anhydride unit is highly reactive
towards surface OH-groups, enabling direct covalent polymer coupling,
thus without the use of a linker unit. In addition, the 1-alkene unit can
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be varied from short chain to long chain alkenes, enabling tuning of the
affinity of the functionalized membranes with various organic solvents.
Here, we have investigated a series of four copolymers: three tailor-
made alternating copolymers using 1-hexene to 1-hexadecene and one
commercially available copolymer containing a hydrophobic block
based on 1-octadecene. The (physico-) chemical properties of these
compounds are studied in detail, before providing a comprehensive
investigation on the performance of γ-alumina membranes grafted with
these copolymers.

2. Experimental section

2.1. Materials

All chemicals were purchased from Sigma-Aldrich, unless otherwise
indicated. 1-Hexene (≥ 99%), 1-octene (98%), 1-decene (purum,
≥ 97%, Fluka) and 1-hexadecene (> 99%, TCI Europe N.V.) were used
for the alternating copolymerization reaction. 2,2ˊ-Azo-bis-iso-butyr-
onitrile (AIBN) (purum, ≥ 98%) was recrystallized twice from me-
thanol. Maleic anhydride (MA) (puriss, ≥ 99%) was purified before use
by recrystallization from anhydrous benzene and followed by sub-
limation. Poly(maleic anhydride-alt-1-octadecene) (number-average
molecular weight Mn: 30–50 kDa). Flat disc-shaped α-alumina mem-
branes (having a diameter of 39mm, a thickness of 2mm, and a pore
diameter of 80 nm) supporting a thin (3 µm) γ-alumina layer (mean
pore diameter of 5 nm), and mesoporous γ-alumina flakes with a pore
diameter of ca. 5 nm, were all purchased from Pervatech B.V., The
Netherlands.

2.2. Copolymerization procedure

MA (50mmol), AIBN (0.5 mmol) and the respective 1-alkene (C6,
C10 and C16) (50mmol) were dissolved in anhydrous 1,4-dioxane
(10ml). The reaction mixture was then deaerated by a freeze-thaw
method (3×) and sealed under argon atmosphere. Typically, the re-
action proceeded for 4 h at 70 °C after which the reaction solution was
added dropwise to methanol (100ml, 5 °C). The precipitated polymers
were collected by filtration, and reprecipitated from a tetrahydrofuran
(THF) solution by pouring into methanol (5 °C). The solid material was
dried for 24 h at 30 °C under vacuum. The obtained alternating copo-
lymers of MA and 1-alkenes are further referred as P(MA-alt-CX) where
X indicates the number of carbon atoms of the used alkene.

2.3. Grafting to γ-alumina flakes and supported γ-alumina membranes

The unmodified γ-alumina membranes were washed with water and
soaked in ethanol/water (2:1, vol) mixture for 24 h at room tempera-
ture to clean the surface. Then, the membranes were dried at 100 °C for
12 h under vacuum and subsequently dipped into a stirred 0.2 wt%
solution of the different alternating copolymers in acetone for 12 h. Any
contact between the membrane and the magnet stirrer bar was pre-
vented. The samples were washed with pure acetone (3 times). Each
membrane sample was subsequently treated at a temperature of 10 °C
above their respective glass transition temperature (Tg; see Fig. S6) for
3 h. To remove any non-grafted alternating copolymers, the membranes
were washed with acetone for 12 h in a Soxhlet apparatus. The same
grafting procedure of the P(MA-alt-CX) copolymers was performed for
grafting to the unmodified γ-alumina flakes. A schematic diagram of the
whole modification procedure is shown in Fig. 1. As shown, nucleo-
philic attack by the surface hydroxyl groups promotes ring opening of
maleic anhydride and esterification reaction, resulting in carboxyl
group formation. The membranes grafted with different copolymers are
further referred to as γ-alumina-g-CX, where X has the meaning as in-
dicated before.

2.4. Characterization

2.4.1. Materials characterization
The number average molecular weight (Mn) of the different syn-

thesized alternating copolymers was determined by gel permeation
chromatography (GPC) in a mixture of THF: acetic acid (9:1, vol.) as
eluent (flow rate: 1 ml min−1, at 40 °C). The molecular weight and
polydispersity index (PDI = Mw/Mn) were calibrated with polystyrene
(PS) standards. Proton nuclear magnetic resonance (1H-NMR) spectra of
the different alternating copolymers in CDCl3 were recorded at room
temperature using a 400MHz pulsed Fourier Transform NMR spectro-
meter (Agilent 400-MR DD2). Fourier transform infrared (FTIR) spectra
of the different alternating copolymers in KBr tablets were measured
using a Nicolet iS50 FTIR (Thermo Fisher Scientific Co., Madison, USA)
spectrophotometer in the range of 4000–500 cm−1. Each spectrum was
captured by 128 scans at a resolution of 4 cm−1. The thermogravimetric
properties of the modified γ-alumina flakes were determined by a
thermogravimetric analyzer (TGA; Mettler Toledo, TGA/SDTA 851e).
The samples were heated under a N2 atmosphere from 25 to 850 °C at a
heating rate of 10 °Cmin−1. The glass transition temperatures (Tg) of
the different alternating copolymers were determined under an N2 at-
mosphere using a Perkin Elmer 6000 differential scanning calorimeter
(DSC). The samples were first heated to 250 °C and then cooled to 25 °C,
before the DSC recordings started by heating to 250 °C at a heating rate
of 10 °Cmin−1. N2 adsorption-desorption experiments were performed
at − 196 °C for both the unmodified and copolymers grafted γ-alumina
flakes, using a Gemini System VII apparatus. The surface areas were
determined by using the Brunauer-Emmet-Teller (BET) method, while
the pore size distributions were determined from the desorption branch
of the isotherm by the Barret-Joyner-Halenda (BJH) method. The ef-
fects of surface modification on the morphology and surface roughness
was studied by analyzing the membrane surface topology using an
atomic force microscope (AFM, NT-MDT, Ntegra). The roughness
average (Sa) in a 500 nm×500 nm area of the membrane surface was
determined from three-dimensional AFM images. Energy dispersive X-
ray (EDX) analysis was conducted in the low-vacuum mode at 10 kV
using JEOL 6010 LA scanning electron microscopy (SEM). The surface
wetting properties (hydrophilicity/hydrophobicity) of the differently
modified membranes were determined by their static water contact
angle using a Krüss FM40 Easy Drop Standard instrument. According to
the standard sessile drop method, a drop of water was put on the top
surface of the membrane and the contact angle was measured optically
using a camera from the initial contact of the water drop. At least two
measurements per membrane and three different samples of each
membrane were analysed and the average values are reported.

2.4.2. OSN experimental procedure
Freshly grafted membranes were used for our permeation experi-

ments. These experiments were carried out at a transmembrane pres-
sure (TMP) of 8 bar at room temperature using a dead-end pressure cell
made from stainless steel (purchased from Pervatech B.V.). The system
is pressurised using inert argon. Prior to each experiment, the mem-
branes were preconditioned with the organic solvent for 12 h. The ef-
fective area of each membrane was 8.9 cm2 and at least three different
samples of each membrane type were tested to study the reproduci-
bility. The model solution to be separated was composed of 20mg L−1

of Sudan Black (SB) in either ethyl acetate (EA) or toluene. During the
permeation, the feed solution was stirred at 400 rpm to minimize
concentration polarization. The membrane cell was filled with 50ml of
feed solution per membrane and 20ml (i.e., 40% recovery) of the
permeate was collected for each membrane at the permeate side. In
between the separation experiments, the membrane cell was thoroughly
cleaned and the membranes were rinsed with the solvent used before,
dipped in absolute ethanol for 8 h and then cleaned in an ultrasonic
bath of absolute ethanol for 5min. Finally, the cleaned membranes
were dried in a vacuum oven at 60 °C for 24 h before the next
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experiment started. The membrane flux was calculated according to Eq.
(1) [15],

= = = − −J V
At

Lm hFlux [ ]2 1
(1)

where J is the solvent flux [Lm−2 h−1], V is the permeate volume [L],
A is the effective membrane surface area [m2] and t is the collecting
permeate sample time [h]. The rejections (R) of the SB dye were cal-
culated from the SB concentration in the permeate (Cp) and initial
concentration in the feed (Cf), using Eq. (2) [15]:
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⎝
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The SB concentrations were determined spectrophotometrically
using a double beam UV–Vis spectrophotometer (Shimadzu, UV-1800).

3. Results and discussion

Before discussing the OSN performances of the modified membranes
in Section 3.3, we first present and discuss the molecular character-
ization of the synthesized alternating copolymers and physio-chemical
characterization of the copolymer-grafted flakes and membranes in
Sections 3.1 and 3.2, respectively.

3.1. Characterization of synthesized alternating copolymers

In Table 1 the number average molecular weight (Mn), weight

average molecular weight (Mw) and PDI of the alternating copolymers
as measured by GPC are shown. The Mw ranges between ~ 27 and ~
36 Da, andMn ranges between ~ 17 and ~ 23 kDa. The average number
of repeating units is calculated from Mn divided by the molecular
weight of the repeating unit. From the used molar ratios of MA and 1-
alkene to AIBN initiator in our synthesis procedure, the number of re-
peating units in the copolymer is expected to be 100. Indeed, for alkene
lengths X= 6 and 10 this is observed. For X=16, the number of re-
peating units is found to be 55. It is speculated that solubility limita-
tions of the growing polymer chain is accountable for this observation.
In addition, the molecular weight was found to be independent of the
alkene length used in the polymerization reaction. The same observa-
tion was reported before for the alternating copolymers made of MA
and different monomers [34–36]. The PDI ranges from 1.49 to 1.56,
which is characteristic for free radical polymerizations.

The 1H-NMR spectra of the different copolymers are shown in Figs.
S1–S4, ESI†. The obtained results are similar to those reported for

Fig. 1. Schematic diagram showing the grafting process of the alternating copolymers to γ-alumina membranes.

Table 1
Molecular weights and PDI values of the MA/α-olefins (C6–C18) copolymers.

Copolymer Mw (Da) Mn (Da) PDI N

Poly(MA-alt-C6) 27,281 18,272 1.49 100
Poly(MA-alt-C10) 36,562 23,520 1.55 99
Poly(MA-alt-C16) 27,644 17,732 1.56 55
Poly(MA-alt-C18) 28,246 18,230 1.55 81

N= average number of repeating units.
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copolymers of MA and 1-alkenes [37]. The FTIR spectra of all copoly-
mers used are shown in Fig. S5, ESI†, including a detailed assignment of
the most characteristic bands. Finally, the thermal properties of the
copolymers synthesized with different 1-alkenes are presented in the
Fig. S6, ESI†. The obtained Tg values of the copolymers are in excellent
agreement with literature [38].

3.2. Copolymer-grafted flakes and membranes

The FTIR spectra of the copolymer-grafted γ-alumina are shown in
Fig. 2. As shown, some characteristic peaks of the copolymers appeared
for the grafted flakes. Small peak observed at 1730 cm−1 can be as-
signed to the C˭O bond of esters and carboxylic acids indicating suc-
cessful grafting. Two peaks observed at 1225 and 1467 cm−1 of can be
related to the C-O stretching vibration of the anhydride group of co-
polymers during the grafting to γ-alumina flakes. They also may at-
tributed to the partially hydrolization of copolymers. The peak ob-
served at 1781 cm−1 is attributed to the stretching vibrations of the
carbonyl group and is indicative for anhydride functionality. The peaks
at 2925 and 2853 cm−1 can be attributed to the 1-alkene moiety in the
copolymers and are clearly presented in the γ-alumina-g-copolymers.
The observed higher intensity of the peaks for the γ-Al2O3-g-C18 are
attributed to the higher grafting density of C18. Comparing the FTIR
spectra between the unmodified and grafted γ-alumina flakes, the latter
shows new characteristic peaks belong to alternating copolymers
showing the successful grafting of γ-alumina.

The TGA results of the pure γ-alumina flakes and copolymer-grafted
flakes are presented in Fig. S7, ESI†. The total weight loss of the un-
modified γ-alumina flake was just over 9 wt% at 850 °C, which is at-
tributed to the removal of water molecules trapped inside the nano-
pores and to the dehydration of surface OH groups. The additional
weight loss of the modified γ-alumina flakes is about 1–1.5 wt%, which
can be related the loss of copolymers. The weight loss increased by
grafting and the loss reached a maximum value of ~ 10.5 wt% for the γ-
alumina-g-C18. In addition, γ-alumina-g-C10 flakes showed the lowest
weight loss of ~ 10wt%, indicating the lowest coverage of grafted
copolymer of this series.

N2 adsorption-desorption isotherm showed that the pore size of the
grafted flakes are almost the same as those of the unmodified flakes
(Fig. S8 and Fig. S9, ESI†). This strongly suggests that only the top
surface of the flakes was modified.

TGA results of the unmodified γ-alumina membrane and copolymer-

grafted membranes are presented in the Fig. S10, ESI†. The total weight
loss of the unmodified membrane was ~ 0.15% and increased to
0.4–0.5% for the copolymer-grafted membranes. Although, there is no
significant difference between the total weight loss of copolymer-
grafted membrane, γ-alumina-g-C18 membranes showed the highest
total weight loss of ~ 0.5% indicating highest grafting density of poly
(MA-alt-C18).

AFM analysis was carried out to quantitatively study the roughness
and roughness changes at the nanoscale of the unmodified and copo-
lymer-grafted membranes at the nanoscale (Fig. S11, ESI†). In Fig. S11
a ESI†, the image of the unmodified γ-alumina membrane shows a peak-
valley structure, while the images of the grafted membranes become
smoother as reflected by the reduced Sa values, i.e. the arithmetic
average of the 3D roughness. The values of Sa for X= 10 and 16 are less
pronounced compared to X= 6 and 18 (Figs. S11 b–e ESI†). Small
differences in grafting density may be the reason for that observation,
i.e. a lower grafting densities lead to a lower reduction of Sa. Indeed for
X=10, it was found that the weight loss in the TGA experiments was
lower compared to others, indicating the lower grafting density (Fig. S7
and S10, ESI†).

Low-vacuum mode EDX was performed in this study to analyze the
elemental composition of the surface of both unmodified and γ-alu-
mina-g-C10 membranes and the results are presented in Fig. 3. The in-
tegrity of membrane surface morphology will be preserved in low-va-
cuum mode EDX as no additional conductive coating is needed. As
presented in Figs. 3a and 3b, carbon (C), oxygen (O), aluminium (Al)
and phosphorus (P) were found in both unmodified and γ-alumina-g-
C10. However, the C atom content of the γ-alumina-g-C10 is significantly
higher than observed for the unmodified membrane. This proves that
the membrane surface is covered with copolymer.

The effect of grafting the alternating copolymers to the γ-alumina
membranes on the hydrophilic/hydrophobic surface properties was
investigated by static water contact angle measurements. Upon
grafting, the static water contact angle increases, and this increase is
larger for increasing alkyl chain length (X from 6 to 18, see Fig. 4),
reflecting an increase of hydrophobicity of the grafted surface. The
highest static water contact angle of ~ 87 degrees was observed for the
copolymer carrying the longest alkyl chain unit (X=18). This water
contact angle indicates that the surface is not completely occupied by
the alkyl chains. That part of the non-grafted surface OH groups and
also the formed carboxylic acid group (COOH) by the anhydride ring
opening reaction, contribute to the final surface polarity.

In conclusion, the grafted ceramic membranes show a strongly re-
duced surface hydrophilicity in comparison to the unmodified mem-
branes.

3.3. OSN performance

The performance of the alternating copolymer-grafted membranes
was investigated by permeation of the organic solvents and the rejec-
tion of SB solubilised in both EA and toluene. The solvent flux are found
to be higher or similar for EA compared to toluene, for both the un-
modified and grafted membranes (Fig. 5).

The difference is most pronounced for unmodified membranes. This
result indicates a favourable interaction between the hydrophilic alu-
mina pores and the more polar EA compared to the less polar toluene.
Grafting reduces the solvent permeation in all cases. The highest flux
were observed for C10 and C16, while the solvent flux for C6 and C18

were somewhat lower. This correlates nicely with our observed differ-
ences in the roughness of the grafted surfaces, obtained by AFM and
observed total weight loss by the TGA experiments. The C10 and C16-
grafted surfaces were less smooth compared to the surfaces grafted by
C6 and C18, explained by a reduced grafting density. This reduced
grafting density contributes to the somewhat higher solvent flux.

To quantify the separation performance, UV–vis absorbance spectra
of SB in EA and toluene from unmodified and γ-alumina-g-C10

Fig. 2. FTIR spectra of the γ-alumina flakes grafted with different copolymers.
The spectra were obtained by subtracting the spectrum of unmodified γ-alu-
mina from each measurement.
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membranes were obtained as well as optical images of the feed,
permeate, and retentate (see Fig. S12, ESI†). The rejection was calcu-
lated via Eq. (2) (Section 2.4.2) and the results are presented in Table 2.
By using this equation, it is assumed that the amount of SB adsorbed to
the membrane is negligible compared to the amounts present in re-
tentate and permeate. The validity of this assumption was checked by
making a mass balance of the situation after 40% of recovery. In Table 2
the SB rejection is calculated based on Eq. (2) and the adsorbed amount
of SB to the membrane are presented. The adsorbed amount of SB to the
membrane was calculated from the mass balance of SB in the initial
feed, permeate and retentate, and expressed as percent of the initial SB
concentration in the feed phase.

It turns out that for most membranes (unmodified and grafted),
1–6% of the initial SB in the feed solution found to be bound to the
membrane. The binding sites are most likely the surface OH groups of
the alumina membranes and, for the grafted membranes, the formed
carboxylic acid groups (COOH) may also play a role. A remarkably high
SB adsorption of 36% is found for the unmodified membrane in toluene
solution compared to an adsorption of only 2% in EA solution. This has
a serious disturbing effect on the calculated (apparent) rejection of
87%. The reason for this large difference in adsorption might be that
the more polar EA binds to the pore surface in competition with SB
(thus less SB is bound), while the a polar toluene does not bind strongly
to the pore surface, making binding of SB favourable. Also, the earlier

Fig. 3. Elemental analysis of the (a) unmodified and (b) γ-alumina-g-C10 membrane by EDX.

Fig. 4. Water contact angle of unmodified and grafted membranes.

Fig. 5. Solvent flux of the unmodified and alternating copolymer-grafted γ-
alumina membranes at TMP of 8 bar.
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mentioned lower grafting coverage by copolymers with X=10 and 16
(from solvent permeation flux and AFM measurements), is reflected by
the higher adsorption of SB in toluene compared to EA. The amount of
bound SB of 1–6% is assumed to be an equilibrium value. For these
situations the rejections can be calculated reliably, based on permeate
concentrations and initial feed concentrations (Table 2). The SB rejec-
tion of the copolymer-grafted membranes significantly improved com-
pared to the unmodified membranes. In addition, it was shown that the
copolymer-grafted membranes showed slightly higher SB rejection in
the presence of toluene compared to EA. The favourable interaction
between the polymer grafted surface and toluene compared to EA might
be the reason for the higher SB rejection in the presence of toluene than
in the presence of EA. Changing the alkene chain length does not show
any significant effect on the SB rejection. Our obtained results show
that the membrane surface layer properties and the specific solvent/
solute interaction with the membrane surface affect the overall per-
formance of OSN membranes [3,39,40].

In order to investigate the adsorption equilibrium, the separation
performance of unmodified and γ-alumina-g-C10 membranes with a
higher feed volume (200ml containing 20mg L−1 SB in toluene) at a
TMP of 8 bar was studied. The higher feed volume allows one to in-
vestigate whether the adsorption equilibrium is obtained. Different
20ml batches of permeate were collected separately and analysed by
UV–Vis to determine the SB concentration (see Fig. S13, ESI†). The
variation of SB concentration for each collected sample of permeate is
shown in Fig. 6.

Initially the SB concentration was low (~ 6.8 mg L−1 for the batch

number 3), while after 60ml of permeation (30% recovery), the SB
concentration significantly increased to ~ 16.2 mg L−1 in the 4th batch.
Clearly, after permeating 60ml, the SB binding sites in the membrane
get saturated, and no significant additional loss of SB by binding to the
membrane occurred. However the SB concentration in the retentate
also might have resulted in a (slight) increase of SB bound to the
membrane, as long as the binding sites were not all occupied.

To study the rejection of unmodified and γ-alumina-g-C10 mem-
branes at different cumulative recoveries, collected batches (20ml) of
permeate were mixed and analysed with UV–Vis (Fig. S14, ESI†). For
instance, 20% recovery permeate sample were prepared by mixing of
1st and 2nd batch while for the 30% recovery the 3rd batch was also
added.

The UV–Vis absorption spectra of the different cumulative re-
coveries (from 10 up to 80%) for unmodified membrane reveal that the
SB concentration increases with recovery (Fig. S14 a, ESI†). This was
not observed for the γ-alumina-g-C10 membrane as the SB concentration
was found to be almost constant at the full range of recoveries (Fig. S14,
ESI†). The strong affinity of SB in toluene to the unmodified membrane
at the first recoveries results in an initially low SB concentration in the
permeate. This affinity is clearly visible by the naked eye (insets in the
Fig. S14, ESI†). As during permeation saturation of the adsorption sites
on the γ-alumina is approximated, the SB concentration in the permeate
increases, and rejection (as a logical consequence) decreases from ~ 87
to ~ 30% (Fig. 7).

The photographs taken from the feed, retentate and permeate with
different recoveries are presented in Fig. S15, ESI†.

To gain more insight into the overall OSN performance of the γ-
alumina-g-copolymer membranes, the performance of a γ-alumina-g-C10

membrane for purification of EA and toluene was compared with pre-
viously reported functionalized ceramic membranes [21,29,41] and
commercially polymeric STARMEM 122 membrane [42,43]. These re-
sults are summarized in Fig. 8. It is observed that the γ-alumina-g-C10

has the highest rejection values with comparable EA and toluene flux
compared with commercially and previously reported ceramic mem-
branes. Only commercial polydimethylsiloxane (PDMS) with different
chain lengths was used in previous work on functionalization of γ-
alumina membranes [29]. Generally, PDMS grafted γ-alumina mem-
branes showed higher flux of EA and toluene while their rejection va-
lues are significantly lower than observed for the γ-alumina-g-C10

membrane. It is assumed that PDMS with a short chain length (Mw: ~
1000–1900 Da) is grafted into the internal surface of the pores and
narrows the pore diameter. In contrast, in our study the copolymers
with higher molecular weight did not graft into the pores. However, the
copolymers grafted on the surface of γ-alumina membranes, covered

Table 2
Separation performance of unmodified and copolymer-grafted membranes
(40% recovery of the feed)*.

SB/EA SB/Toluene

Membrane Rejection (%)† Membrane
adsorption
(%)

Rejection (%)† Membrane
adsorption
(%)

Unmodified 18 ± 2 2 87 ± 1 36
γ-alumina-g-C6 94 ± 1 5 99 ± 1 3
γ-alumina-g-C10 90 ± 1 3 98 ± 1 6
γ-alumina-g-C16 91 ± 1 2 99 ± 1 4
γ-alumina-g-C18 92 ± 1 4 99 ± 1 1

* The model feed solution was a 50ml mixture of SB (20mg L−1) in EA and
toluene.

† The rejection value are calculated based on the Eq. (2), expressing the ef-
fects of retention and adsorption of solute by membranes.

Fig. 6. SB concentrations from sample to sample for consecutive 20ml batches
of permeate for the unmodified membrane tested with 200ml of SB/toluene.

Fig. 7. SB rejection from toluene solution as function of recovery observed for
unmodified and γ-alumina-g-C10 membranes.

M. Amirilargani et al. Journal of Membrane Science 564 (2018) 259–266

264



the pores and resulted in lower flux and significantly higher rejection
compared with small-chain PDMS grafted γ-alumina.

4. Conclusions

Hybrid organic solvent nanofiltration (OSN) membranes were suc-
cessfully made by covalent modification of ceramic γ-alumina mem-
branes with alternating copolymers from maleic anhydride and 1-al-
kenes (hexene, decene, hexadecane, and octadecene). The maleic
anhydride unit in the polymer reacts with the surface OH groups of the
ceramic membrane and reduces the surface polarity by masking the
surface OH groups. The permeation is sensitive to the grafting density
as shown by the higher permeation observed for X=10 and 16 com-
pared to the other, as a result of a somewhat lower grafting density. The
modification has a large effect on the increased rejection of Sudan Black
(SB) from EA and toluene solution, up to values of 90% and 99%, re-
spectively. For SB in toluene solution it was found that the SB molecules
bind more strongly to the surface OH groups present in the unmodified
ceramic membrane compared to SB in EA solution. The weaker binding
of SB for the EA situation is attributed to a favourable competitive
binding of EA with respect to SB for binding to surface OH groups. For
SB in toluene the SB binding is more favourable than the toluene
binding. By increasing the permeation volume, a situation is obtained
where the bound SB to surface OH groups is close to saturation, and for
that situation a SB rejection of ~ 35% was achieved. Covalent mod-
ification of the polar γ-alumina membranes by grafting with alternating
copolymers of maleic anhydride and 1-alkenes, increases their hydro-
phobicity and selectivity, rendering such membranes suitable for OSN.
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