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1.1 Nanofiltration: Principles 

A membrane is a permselective barrier between two phases that facilitates 

separation of components on application of a driving force. This kind of separation 

can be classified as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) or 

reverse osmosis (RO), depending on the size and charge of the components to be 

separated (Figure 1) [1]. Nanofiltration membranes are membranes that are used 

for molecular separation in the range of 200-1000 g mol-1.

                                1             2            5      10      100 
Pore size 
(nm)                RO      NF                UF                  MF 

α-Al2O3                                                                                                    Stable                                                       

γ-Al2O3                                                Unstable in aqueous solutions                                                      

TiO2                                               Stable in aqueous solutions                                                     

ZrO2                                              Stable in alkali solutions 

SiO2                                            Unstable in aqueous solutions 

SiO2 – ZrO2                            Improve stability  

Zeolite/template    zeolite              MCM41, etc. 

Carbon                 gas separation           
Stainless steel 

Polymer                    Poly(amide)           Poly(sulfone), Poly(acrylonitrile) 

Figure 1 ch 1 

Figure 1: Materials and pore sizes of porous materials [2] 

Nanofiltration (NF) is the most recently developed pressure-driven membrane 

process [3] and is, with success, increasingly used as an alternative for reverse 

osmosis (RO) applications, like water softening [4-6], production of pure water 

by eliminating bivalent or trivalent salts from ground water [7, 8], the removal of 

middle to low molar mass molecules from aqueous solutions as pesticides and 

micro-pollutants [9-14], viruses and bacteria [15-17] and also in decontamination 

and recycling of industrial waste waters [18-22]. 

The success of NF in aqueous systems has triggered the expansion of NF for the 

separation and purification in non-aqueous systems. The application of these 

membranes introduces several benefits as:

•• Use of low operation temperatures when compared with distillation. Besides 
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energy reduction for separation processes, low temperatures are also 

important for thermal sensitive molecules in e.g. pharmaceutical industry.

•• Recycling of solvents and/or valuable compounds and lower losses or exhaust, 

resulting too in a lower environmental impact.

•• Easy installation in a continuous process.

•• Can be combined with already existing technologies.

The established NF membranes for aqueous applications present still several 

limitations regarding non-aqueous applications, so solvent-resistant nanofiltration 

(SRNF) membranes are required. Therefore much research has been devoted in the 

development of new membrane materials. 

1.2. Solvent resistant nanofiltration membranes: 
Challenges and state of the art.

Despite all these advantages, the implementation of nanofiltration membranes in 

chemical industry is very slow. One of the main reasons is related with the lack of 

membrane robustness. For this purpose, the main challenge for further expansion 

of solvent resistant nanofiltration (SRNF) membranes is the development of 

materials that are stable in a wide range of organic solvents and/or pH values, 

combined with high solvent permeabilities. Furthermore, no suitable mass 

transport models are available to explain membrane separation accurately, while 

no general methods are available for choosing materials for SRNF membrane 

applications. Until now it is not clear whether the transport of liquids through 

these type of membranes obeys a pore-flow or a solution-diffusion mechanism or 

even if it is a transient stage between these two mechanisms. This is mainly caused 

by the fact that each organic solvent has different properties and thus different 

interactions with the membrane material. The situation becomes even more 

complicated if we also take into account the great variety of available membrane 

materials. Finally, membrane fouling and concentration polarization have a huge 

impact on membrane performance. These phenomena are not fully understood 

for organic feeds. 

Materials used for membranes are often divided in ceramic or polymeric. Ceramic 

(or inorganic) membranes generally show high fluxes and superior mechanical, 

chemical and thermal stability [23]. These membranes are easy to clean, do not 

swell in organic solvents, nor show any sign of compaction, but due to their limited 
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available pore size they often lack the possibility to separate on a molecular level. 

Metal-oxide based ceramic membranes contain surface hydroxyl groups (OH), 

which can easily link to water molecules and limit their application for non-aqueous 

separations. Verrecht et al. [24] and Van Gestel et al. [25] observed negligible fluxes 

of non-polar solvents, caused by the hydrophilic character of ceramic membranes. 

Other limitations of ceramic membranes are their brittleness (easy to crack), low 

surface-to-volume ratio and high production costs.

In contrast to ceramic membranes, polymeric membranes possess high selectivity 

on a molecular level, are easy to process and to scale up. Furthermore tailoring 

for a specific application is easier for those membranes. However, they suffer 

from extensive swelling and compaction [26, 27]. Swelling is caused by excessive 

solubility of a solvent into the polymer and as a result the plasticized polymer loses 

its selectivity. In general, it can be stated that polymer materials are less stable than 

inorganic materials. Even though, a number of polymeric SRNF membranes have 

been successfully developed but they do not cover all potential applications. A state 

of the art review for polymer nanofiltration membranes is made by Vandezande et 

al. [28].

The ideal SRNF membrane combines the thermal, chemical and mechanical stability, 

the non-swelling and non-compaction behavior of inorganic materials with the high 

selectivity of polymeric materials. By using this combination there is still much room 

for development both in the field of application, as well as in membrane stability/

performance. The development and characterization of these new type of ceramic/

polymeric composite membranes is therefore the main scope of this work.

1.3. Inorganic membranes: Chemical stability 

High performance ceramic membranes, showing high selectivity and high fluxes, 

can only be obtained in an asymmetric multilayer configuration. The development 

of such multilayer configuration includes a macroporous support that provide the 

mechanical integrity, one or more mesoporous interlayers to reduce the surface 

roughness and for proper application of an active thin microporous top layer, which 

determines the membrane performance. The pore size of such an asymmetric 

composite membrane shows a gradient in order to minimize the resistance to 

permeation across the membrane. The mesoporous and microporous layers are 

normally prepared via sol-gel methods.
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For the development of high-quality membranes properties like pore size 

distribution, porosity and surface quality are of major importance, as well as a 

high mechanical and chemical stability. In this thesis we are especially concerned 

about the chemical stability of the mesoporous intermediate layer(s) and the 

microporous separation layer. Therefore, a comparative description of these 

properties is made for each ceramic material. Much research focuses to date on 

the development of ceramic NF membranes that presents a good performance 

in aggressive environments. As ceramic materials, mostly Al2O3
, ZrO

2
 and TiO

2
 are 

considered.

Almost all literature mainly focuses on the structural properties of the developed 

membrane materials. Therefore, limited data on chemical stability of meso- or 

microporous membranes are available.

As referred in the previous section ceramic membranes are inert to virtually all 

organic solvents [2, 25, 29-31] and as a result they have the potential for use in 

separation and filtration of nonaqueous solutions. However, their stability at high 

and low pH values is limited and depends on the metal oxide considered.

Hoffman-Züter [32] reported acid corrosion tests (HNO3
, pH 1-3) on mesoporous 

γ-Al
2
O

3
, TiO

2
 (anatase) and ZrO

2
 membranes. Measurements of membrane 

corrosion, based on changes in permeability and the analysis of dissolved ions, 

showed that TiO
2
 and ZrO

2 
were less soluble under these circumstances than 

γ-Al
2
O

3
 membranes. Unfortunately only a relative exposure time of 16 hours was 

applied.

Van Gestel et al. [31] analyzed the corrosion of micro- and mesoporous Al
2
O

3
, Al

2
O

3
-

TiO
2
 and TiO

2
 NF membrane materials in acidic (HNO

3
, pH 1-3) and alkaline solutions 

(NaOH, pH 11-13) using simple static corrosion experiments. They indicated the 

importance of material parameters like crystal structure, degree of crystallinity 

and the presence of amorphous phases. Anatase titania showed a high degree of 

crystallinity and almost no corrosion. Materials, containing transition Al
2
O

3-
phases, 

were characterized as being semi-crystalline or completely amorphous and high 

amounts of Al were released during corrosion tests. The order of corrosion was 

γ-AlOOH > γ-AlOOH/Anatase > mixed Al
2
O

3
-TiO

2
, while the degree of crystallinity 

followed the opposite order.

Alumina, prepared at temperatures below 1000 ˚C (γ-AlOOH, δ-AlOOH or 

θ-AlOOH), with mesoporous properties showed high corrosion in strong acid 

solutions (pH1 and 2), while after a thermal treatment at 1200 ˚C, a very good 

stability was obtained but the corresponding pore size showed a transition from 
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a fine mesoporous structure into a partially macroporous layer (α-Al
2
O

3
) with a 

pore size distribution in the range of 50-100 nm. For Al
3
O

2
-TiO

2
 materials an 

increase in firing temperature results in the formation of three chemically stable 

phases: α-Al
2
O

3
 and rutile. This also results in a decrease in the corrosion behavior 

in the acid zone, while the pore structure remained relatively stable and kept its 

mesoporous properties (mean pore size = 8.0-9.0 nm). Corrosion in NaOH solutions 

is largely comparable to that in HNO
3
. For the γ-Al

2
O

3
 membranes, low amounts 

of Al were released up to pH 11; above this pH large amounts were found. In this 

high pH range, mixed α-Al
2
O

3
/anatase showed a much lower corrosion rate. These 

membranes can represent an alternative for mesoporous γ-Al
2
O

3
membrane layers. 

The price to pay is an increase of the average pore diameter to 7.5 nm (Al
3
O

2
-

TiO
2
) compared with 4 nm (γ-Al

2
O

3
). Finally, for titania in the anatase phase, a good 

resistance was obtained over the complete acid and basic ranges down to a pH 

of 1 and up to a pH of 13, respectively. Therefore, when smaller average pore size 

is required in combination with improved resistance; membrane interlayers of 

anatase are to be preferred.

More recently, Van Gestel et al. [33] reported long-term dynamic corrosion tests (6 

weeks) for Al
2
O

3
 and TiO

2
 membranes in acid (HNO

3
) and alkaline solutions (NaOH) 

with a pH ranging from 1.5 to 13. Mesoporous γ-Al
2
O

3
 showed the same corrosion 

behavior as reported earlier [31]. Van Gestel et al. concluded that membrane failure 

is mainly due to dissolution of membrane material, especially in acid solutions with 

pH < 3. For titania membranes fired at 300 ˚C rapid degradation of the membrane 

performance took place with pH 2 feed solutions. For titania NF membranes fired 

at 400 ˚C, consisting of a strong crystalline membrane structure, a very good pH 

resistance was demonstrated. Corrosion tests, performed for more than one week, 

showed that a wide pH range from 1.5 to 13 can be applied with this type of 

membranes. 

In conclusion, TiO2
 and ZrO

2
 are suitable supports for either applications that 

involve aggressive solvents or extreme pH solutions. High quality γ- and α-Al
2
O

3
 

membranes in a wide range of pore sizes (e.g. 5, 10, 20, 70, 80 nm) and configurations 

(flat or tubular or multichannel) are commercial available and they are an excellent 

candidate for use in separation and filtration of aggressive solvents, even though 

they lack stability at high and low pH values. 
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1.4. Inorganic membranes as SRNF membranes

Ceramic γ-alumina (5 nm), zirconia (50 nm) and silica (10 nm, 5 nm) membranes 

are used in the petrochemical industry for the cleaning of waste lubricating oils at 

temperatures ranging from 150-260 ˚C [34]. Another application is the removal of 

asphaltenes from crude oil with zirconia and silica membranes [35].

The major challenge in broadening the range of molecular separation with 

ceramic membranes in solvents is the evolution towards smaller pore sizes 

of approximately 1 nm. For a long time, the MWCO of ceramic membranes 

was retained at approximately 1000 Da. However, recently developed ceramic 

nanofiltration (NF) membranes, having molecular weight cut-offs (MWCO) in the 

range   200-1000 Da and estimated pore diameters from 1-2 nm, have opened 

new perspectives for SRNF. An example is a γ-alumina membrane with a MWCO 

of 900 Da as prepared by calcining the system at 400 ˚C [36]. Here it was reported 

that increasing the firing temperature resulted in a larger MWCO. 

Larbot et al. [37] successfully prepared alumina NF membranes by using a colloidal 

gel process. The pore size, and thus the MWCO, was controlled by the firing 

temperature as well as by varying different sol preparation conditions resulting 

in e.g. larger colloidal diameters. γ-Alumina membranes having a MWCO of 350 

Da and 450 Da were prepared by calcining at respectively 400 ˚C and 650 ˚C. 

Witte et al. [38] have successfully recycled a homogenous catalyst (Sandwich 

type polyoxometalate, Q12POM) in a toluene solution by nanofiltration using 

an α-alumina supported mesoporous γ-alumina membrane with a pore size of 

around 5 nm. Toluene soluble Q12POM was retained nearly quantitatively (99%) 

by this inorganic membrane. The retention of the catalyst was mainly due to size 

exclusion. It was also shown that there was no loss in catalytic activity of the POM 

after 6 cycles. The same study was done for an α-alumina supported mesoporous 

γ-alumina membrane calcined at higher temperature with a pore size around 8 

nm. Here retentions of 93% of toluene soluble POM were obtained [39].

Besides alumina membranes, NF titania membranes were developed [40-42]. 

Tsuru et al. [42-44] prepared a variety of titania membranes with different MWCO 

of approximately 500, 600, 800 or > 1000 Da.  These membranes were prepared by 

using sols with different sol particle diameters, which were coated onto an alumina 

membrane and fired at 450 ˚C. Solvent performance for these membranes was 

reported [43, 44]. Voight et al. [41, 45], prepared titania-based NF membrane with a 

pore size of 0.9 nm showing a MWCO of 450 Da. These membranes were prepared 
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by coating a polymeric titania sol on a TiO
2
 intermediate layer (pore size 5 nm after 

calcining at 450 ˚C). This membrane  has been applied since 2002 in the treatment 

of harsh textile waste water [22]. Other membranes as silica and titania with a pore 

size of 1nm and a cut off of 650 and 750 Da, respectively are commercialized as 

well.

Another approach is the use of composite colloidal sols. Tsuru et al. [46] fabricated 

silica-zirconia membranes coated on an α-alumina support from Si/Zr sols (molar 

ratio Si/Zr=9/1). Pore sizes of 1, 1.6, 2.9 nm and MWCO of 200, 500 and 1000 Da 

were obtained by regulating the colloidal diameter in the final coating stage. 

Solvent permeation data were reported [46-48]. These authors have also studied 

silica-titania NF membranes for separations in aqueous solutions [46, 49] and non-

aqueous solutions [48]. It should be noted that the stability in aqueous solutions 

was improved by the incorporation of zirconia into silica.

Guizard et al. [50] prepared three different microporous mixed oxides membranes 

respectively 3Al2O3
/2ZrO

2 
(pore size: 1.4 nm), SiO

2
/ZrO

2
 (pore size: 1 nm) and SiO

2
/

TiO
2
 (pore size: 1 nm) by sol-gel methods and studied the effect of surface chemistry 

on the permeability of polar (toluene, heptane) and non-polar (ethanol) solvents. 

As expected, ethanol permeances were higher (1.0-10.3 l m-2 hr-1 bar1) than the 

ones measured for heptane (0.1-1.3 l m-2 hr-1 bar-1) and toluene (0.2-2.5 l m-2 hr-1 

bar-1). more recently, Dobrak et al. [29] have studied the flux of alcohols, hexane 

and toluene and the retention characteristics (MWCO 275, 650, 1400, 7000 Da) 

as a function of the temperature using different microporous titania membranes. 

Solvent permeabilities could be increased by working at elevated temperatures 

by making use of the mechanism of activated permeability. However, the intrinsic 

hydrophilicity of the oxide pore surfaces results in low fluxes for several organics, 

e.g. alkanes, aromatics. As a consequence, only a few papers have been reported 

on the use of ceramic membranes in NF of organic solvents. Several approaches 

have been proposed in literature to cope with this problem. The modification of 

the pore surface by coupling agents and/or polymers has been found to be a 

good solution [24, 25, 29, 51, 52]. A detailed literature review on the preparation 

and applications of these hybrid systems (ceramic-grafted polymer membranes) 

is given in chapter 2.
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1.5. Polymeric membranes as SNRF

Nowadays the majority of the SRNF membranes reported in literature are based 

on polymers, either comprising of a thin, dense polydimethylsiloxane (PDMS) 

selective layer applied on porous supports like polyacrilonitrile (PAN) [26, 27, 53-

56] and polyimides [53] or as integrally skinned, asymmetric, membranes, made of 

polyimides [28, 57-60]. Despite its broad chemical stability and its frequent use in 

SRNF applications (e.g. separation of dewaxed oil from MEK/toluene mixtures or the 

de-acidification of vegetable oils) the extensive, but reversible, swelling of PDMS 

in organic solvents limits its utility in some apolar solvents because of a decrease 

in selectivity, due to an increase in free space between polymer chains. Swelling 

has been identified as a key problem in the performance of PDMS membranes for 

organic-organic separations [27, 61-68]. For example, for hydrophobic membranes 

Van der Bruggen et al. [69] found lower solute rejection when hexane was used as 

solvent when compared with separations involving alcohols and water as solvent 

and they proposed that this was due to the interaction between membrane and 

solvent. In literature several methods have been proposed to suppress these 

swelling effects like the use of halogen-substituted silicon rubbers [70] or extra 

crosslinking via a plasma treatment [56]. Robinson et al. [60] and Tarleton et al. [26, 

71] have used an electron beam irradiation technique to crosslink a PDMS/PAN 

composite NF membrane. Here the degree of crosslinking affected permeability 

and selectivity because this changed the degree of solvent induced swelling. At 

increasing degree of crosslinking, solute rejection increased,  but a decrease in 

solvent permeability was observed as well. More recently, it was reported that the 

addition of fillers in silicon rubber reduced the swelling behavior [72-75]. For silica 

and zeolite fillers in PDMS such reduction in swelling was explained by adsorption 

of the PDMS polymer chains on the surface silanol groups of the filler [74]. At the 

same time it is expected that the use of porous zeolite fillers can prevent a reduction 

in permeability because solvent is transported through the porous zeolites as well. 

When the filler interacts well with the polymer the degree of crosslinking increases 

and swelling of the polymer network reduces. Gevers et al. [73] and Vankelecom 

et al. [74] prepared filled PDMS membranes using three different fillers (silica, 

carbon and zeolites). Incorporation of zeolites (silicalite) resulted in an increased 

solute rejection for nonpolar solvents (e.g. toluene, hexane, etc.) even at high 

temperatures (up to 80 ˚C) [73, 75]. However, these membranes still showed low 

effective permeances, due to their large top layer thicknesses (> 20 μm). More 
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recently the same authors [53] prepared different thin zeolite filled PDMS top 

layers on PAN or PI (Matrimid® based) by using a dipcoating procedure.

Another important class of membranes are polyimide (PI)-based membranes. The 

superior thermal stability, combined with their chemical resistance to organic 

solvents (e.g. toluene, hydrocarbons, alcohols, ketones and a broad range of 

pH’s conditions) and excellent mechanical properties make these materials very 

attractive for gas separation [76], pervaporation [77, 78] and more recently for 

nanofiltration of organic solvents [57, 79-81]. SRNF PI-membranes present good 

performances in several organic solvents like toluene, hydrocarbons, alcohols, 

ketones, ethyl acetate, etc. [59, 82]. However polyimides are instable in amines 

like dimthylacetamide (DMAc) and have generally poor stability and performance 

in polar aprotic solvents such as dimethylsulfide (DMSO), tetrahydrofuran (THF), 

dimethyl formamide (DMF), methylene chlorine (DCM) and n-methyl pyrrolidone 

(NMP). [82]. A possibility to solve this problem is by cross-linking the PI polymer 

chains. It is shown that crosslinking these systems results in an increase in thermal 

and chemical stability and prevents the polymer from excessive swelling [57, 58, 

83-86]. A PI membrane can be cross-linked by radical initiation, through thermal 

treatments, by UV irradiation [84, 87] or by chemical crosslinking [57, 58, 88-91]. For 

SRNF, radical initiation is not suitable, because crosslinking cannot be throughout 

the whole membrane. Chemical crosslinking is selected as a better method for the 

preparation of an integrally-skinned asymmetric SRNF membrane from a Lenzing 

P84 membrane, chemically modified by aliphatic diamines [57]. In this work the 

porous PI film was submersed in a methanol solution of the diamines at room 

temperature, resulting in a stable membrane in polar, aprotic, solvents like DMF, 

DMSO, NMP, DMAc  and DMF with permeability values of 1-8 l m-2 hr-1 bar-1 and 

MWCO values of 250–450 g mol-1. By using a similar method Vanherck et al. [58] 

have cross-linked an integrally skinned asymmetric Matrimid®–based polyimide 

membrane with aromatic diamines. They also prepared particle-filled cross-linked 

PI membranes by the addition of nano-sized zeolites.  Both unfilled and filled 

membranes were stable in aprotic solvents DMF, NMP, DMAc and DMSO with 

permeabilities in DMF up to 5.4 l m-2 hr-1 bar-1 and rejections of 64%-96% for Methyl 

Orange (327 g mol-1) and 95-98% Bengal Rose (1017 g mol-1). However, these 

post-synthesis crosslinking processes result in extra reaction time and solvent 

consumption and thus in an uneconomical and environmentally unfriendly step. 

In order to solve this issue Vanherck at al. [91] reported a new method for amine 

crosslinking, where crosslinking is performed during the phase inversion step 
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by dissolving the aromatic diamines in the coagulation bath. This resulted in a 

cheaper and more environmentally friendly crosslinking. In this work four different 

commercial membranes were used: Lenpzing P84, Matrimid®, Torlon 4000TF and 

a polyetherimide. For the Lenzing P84 membrane rejections of 97-98% for Bengal 

Rose (MW 1017 g mol-1) with DMF and NMP fluxes of 0.43 and 0.19 l m-2 hr-1 (at 10 

bar) were attained. More recently, an optimization of this membrane process is 

reported and this membrane shows 10 times better flux in DMF than a commercial 

Duramem® series at equal rejections [92]. This simpler amine crosslinking method 

can result in a more efficient and easier membrane fabrication process. 

Even though much has been done in the last couple of years in the development of 

new polymeric materials, there still is an urgent need for robust SRNF membranes 

to cope with increasing separations demands in non-aqueous systems. 

1.6. Applications of SRNF membranes 

The developments in the area of solvent resistant nanofiltration membranes have 

led to many applications in the petrochemical, chemical synthesis, pharmaceutical 

and food industry. 

SRNF membranes show a high potential in chemical synthesis as the recovery of 

homogeneous catalysts from reaction products [93][94-98]. Many of the reactions 

where these catalysts are used are performed in solvents, resulting in extensive 

and usually destructive separations. In most of these processes the purpose of 

separation is purification of the product rather than catalyst recovery. Since the 

size of the catalysts (MW > 450 Da) is in most cases significantly larger than that of 

the reaction products, separation is feasible by SRNF. In fact catalyst recovery and 

product purification can be done simultaneously in this way. SRNF has also been 

applied in this sector for other applications e.g. the recovery of organometallic 

complexes [99] from organic solvents and separation of phase transfer catalysts 

(PTC) from toluene [94, 100, 101]. 

In contrast to homogeneous catalyst separation, separations in petrochemical 

applications are often between compounds, which have very similar molecular 

properties. One of the first SRNF applications on industrial scale was the recovery 

of dewaxing solvents (e.g. methyl ethyl ketone and toluene) from lube oil filtrates 

[102-104][105]. Other examples of SRNF applications involve the enrichment of 

aromatic components in refinery streams [106], deacidification of crude oil [107] 
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and desulfurization of gasoline [108]. More recently, a study by Othman et al. 

demonstrated the applicability in biodiesel production [109].

One of the main applications in food industry is the separation and purification 

of edible oils. Several papers have been published on the membrane applications 

in the edible oil industry for solvent recovery [110, 111] (hexane, acetone and 

isopropanol) and oil refining processes. This technology was proven to be safer 

and more cost efficient than conventional techniques [28]. The efficiency of SRNF 

in edible oil processing has now been demonstrated practically in vegetable oil 

and sun oil processing [110, 112].

Besides the petrochemical and chemical synthesis industry, SRNF has high 
potential in the pharmaceutical industry, since many active pharmaceutical 
ingredients are high-value natural molecules and sensitive to thermal 
degradation. The operating temperature can be minimized by using NF and 
consequently loss in activity and /or nutritive properties are minimized as well 
as lower energy consumption is required if compared to traditional techniques 
like evaporation and distillation [113, 114]. One example is the recovery of 
6-aminopenicilannic acid (MW = 216 g mol-1) an intermediate in the enzymatic 
manufacturing of synthetic penicillin [115]. Synthesis of pharmaceuticals often 
involve multi-step reactions, performed in different solvents, thus solvent 
exchange is required in most sequential synthesis pathways to concentrate 
active intermediates [94, 116, 117]. The use of SRNF can reduce energy and the 
amount of solvents.  
Despite the wide range of potential applications in a large variety of industrial 

sectors, the use of SRNF is still limited. Actual limitations of SRNF are mainly related 

to membrane stability and lifetime and lack of fundamental understanding on 

modeling of the transport mechanism for SRNF.

1.7. Hybrid membranes: Polymer-grafted ceramic 
membranes 

As discussed before, both polymeric and ceramic state of the art SRNF membranes 

present major drawbacks which hamper the expansion of SRNF, thus a new 

class of membranes are required. The strategy, as described in this thesis, is the 

combination of both organic and inorganic materials – hybrid inorganic-organic 

membranes. 
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Hybrid inorganic-organic materials are usually classified in two categories. In the 

first category only weak interactions like Van der Waals and/or hydrogen bonds 

exist between the organic and inorganic moieties. These types of hybrid materials 

can be described as micro- or nanocomposites in which one part is dispersed in 

the other part that acts as host matrix. In the second category a covalent bond 

exists between the organic and inorganic moiety. This is the approach used in 

this thesis. The strategy for the polymer grafted membranes as developed in this 

work is to use the porous structure of the ceramic material as a stable support for 

the polymeric separation layer, which is terminally and covalently bonded onto 

the surface and in the pores of the ceramic support. This inorganic/organic hybrid 

membrane is expected to provide sufficient chemical and thermal stability to 

withstand highly aggressive organic solvents, oxidative environments and high 

temperatures. Furthermore, this approach allows us to engineer surface properties 

(e.g. hydrophobicity, surface chemistry, chemical affinity) that may result in 

enhancing and/or tuning the transport properties (permeability and selectivity). 

Up to now the majority of the reported applications for these type of membranes 

is either on gas separation [118-125] or pervaporation [126-128],  while very few 

results are related to nanofiltration [24, 31, 51, 52]. Some examples on nanofiltration 

of this polymer grafted ceramic membranes are discussed in chapter 3, 5, 6 and 

7. In chapter 2, a more detailed description will be given about the fabrication, 

chemistry and reaction mechanisms on grafting of ceramic membranes as well as 

some applications of these new type of hybrid membranes.
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2.1. Polymer-grafted ceramic membranes

Solvent separations typically rely on energy intensive processes to create a liquid-

vapor interface. When dealing with macromolecular solutes and suspended 

particles (hydrophobic nanoparticles), continuous nanofiltration can be used to 

concentrate the processing phase and to reduce the energy consumption for 

product and solvent recovery. The ideal membrane would be capable of handling 

aggressive multicomponent solvent streams with large variations in feed pressure 

and temperature. Moreover, it is well known that nanofiltration separations are 

not only based on the pore size but also on factors as surface charge, polarity, 

hydrophobicity and surface energy. 

Various chemical and physical techniques are proposed to modify existing 

membranes with the goal to improve membrane performance, e.g. chemical, 

mechanical and thermal stability as well as, eliminating swelling effects in 

polymeric membranes and enhancing permeability of ceramic membranes.

The majority of inorganic-polymer composite membranes rely on the physical 

attachment of the polymer or other compounds onto the surface of the inorganic 

substrate via solution casting [1], coating [2], coating a substrate followed by 

subsequent crosslinking [3, 4]  or asymmetric incorporation of inorganic materials 

like powders [5] or zeolites [6, 7] in a polymer matrix . 

In contrast, the ceramic-supported polymeric membranes, as discussed in this 

thesis, are based on a chemical modification. They are created by terminally and 

covalently bonding a layer of polymer chains onto the surface and in the pores of 

a porous ceramic support. Consequently, the polymer phase is even stable when, 

in contact with liquid mixtures in which the native polymer is (completely) soluble. 

The polymer imparts the desired membrane selectivity and hydrophobicity, while 

the ceramic support provides the structural integrity to the membrane system. 

This bonding of the polymer matrix to the ceramic and confinement in the 

pores is expected to reduce swelling of the polymer in organic solvents. Finally 

a wide variety of monomers can be used allowing one to design a tailor-made 

membrane, suitable for a specific separation. Such modifications can increase the 

performance of the membrane, on one hand by reducing the mean pore size, and 

on the other hand, by promoting an eventual specific interaction between the 

surface of the membrane and the permeating molecules, to enhance permeation 

and selectivity.
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Polymers can be chemically attached to metal oxide supports via:

•• Surface-initiated radical polymerization [8] techniques as:

•° Bulk or solution free-radical graft polymerization (FRGP) to reactive sites in 

the surface – “grafting from” or “graft polymerization” (Figure 1 right). The 

polymer chains are synthesized from the monomer molecules by initiating 

chain growth from an active center on the substrate surface [9-11]. e.g. azo 

[12-15], peroxo [16, 17], etc.

•° Atomic transfer radical polymerization (ATRP) [18-20]

•° Anionically-initiated polymerization (AGP) [21, 22]

•° Cationically-initiated polymerization (CGP)

•° Reversible-addition and fragmentation chain transfer (RAFT) [23]

•° Nitroxide mediated polymerization (NMP) [24, 25]

•• Grafting of “living” polymer chains onto the surface – “grafting onto” or “polymer 

grafting” (Figure 1 left). Direct attachment of preformed chains, with one 

reactive end, to an anchoring site of the (ceramic) substrate surface [26]. For 

example poly(ethylene oxide) chains are grafted onto a silica surface group 

by direct covalent esterification of the silanol groups. An example is given in 

chapter 4 and 5, where a preformed PDMS polymer is grafted onto a 5 nm 

APTES grafted γ-Al2O3
 membrane. 

•• Plasma polymerization and deposition. 

Substrate Substrate 

Substrate 

Surface “sticky”groups  Polymerization initiators   

Adsorbing polymer Monomer solution  

end-anchored polymers 

Figure 1 ch 2 

Figure 1: Right: Monomer addition to a growing chain, “grafting from” (graft polymerization); Left: 
Attachment of a growing chain from the bulk to the surface “grafting onto” (polymer grafting).
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All these processes result in a covalently bonded tethered polymer chain on the 

substrate surface.

The main advantage of polymer grafting over graft polymerization is a better 

control of the surface chain size of the grafted layer, however it also leads to a 

reduction in degree of coverage and graft yield, due to steric hindrance and 

diffusion limitation, associated with chain crowding as the homopolymer chains 

approach the surface. In contrast, for the process of graft polymerization: coverage 

is mainly affected by the diffusion of smaller monomers to the reactive sites on 

the surface, permitting a more uniform and dense surface coverage. When a more 

dense and uniform layer is preferred, the contribution of graft polymerization 

has to dominate relative to polymer grafting. A drawback for grafting can be the 

density of grafting sites, which in most cases is determined by the availability of 

surface hydroxyl groups on the oxide surface, serving as anchoring sites. 

This literature report will focus on both polymer grafting which relies on the initiator 

species, in which polymers, as grown in solution, bind to reactive surface sites 

by polymer grafting, or on surface polymerization in which monomers undergo 

direct surface grafting from immobilized surface initiators by graft polymerization 

(e.g. surface-grafted reactive groups)

Generally, the grafted compound must contain two or three fragments: 1) a 

functional group that determines the chemical properties of the surface to be 

modified, 2) an anchoring group responsible for the immobilization of the grafted 

layer through covalent bonding and 3) a spacer (or linker) that connects the 

functional group to the anchoring group (Figure 2). In some cases the linker is 

already incorporated in the polymer structure, and thus the spacer is not required.

Membrane 
top layer 

Anchoring 
group (s) 

Membrane 
support 

Linking 
agent 

(molecule) 
Polymer 

Linking 
agent 

(molecule) 
Linking atom Functional 

group(s) = 

Figure 2 ch 2 

Figure 2:  Structure of the surface of a chemically modified support.
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Modification of the surface of the oxide materials by an anchoring group usually 

involves electrophilic substitution, where a proton or a surface hydroxyl group 

is replaced by the anchoring group of the grafted group. Therefore the grafted 

molecule must contain a leaving group that forms a stable compound with a 

proton. One of the requirements for the cation of the anchoring group is that 

it should have at least a valence of two. Most often silicon and phosphorous 

compounds are used as anchoring elements. Other anchoring elements include 

B, C, N, S, Ge, As, Sn, Sb, Hg and Pb. Several surface modification methods have 

been described in the literature, including:

•• Grafting of hydrophobic/hydrophilic silane molecules: alkoxysilanes (R4-n
SiX

n
, 

X = Cl, OCH
3
, OC

2
H

5
) e.g. alkyl- [27], chloro-, amino- [28-31], thiol- [32, 33], 

epoxy- [18], vinyl- [34-36] or fluoroalkylsilanes [37-39].

•• Grafting of phosphorous organic compounds (e.g. phosphonic acids) [40]. 

•• Esterification by alcohols (e.g. methanol, ethanol. 1-propanol) [41].

•• Chlorination by thionyl chloride (SOCl
2
) [20, 42-44].

•• Chlorination by thionyl chloride followed by the reaction with LiAlH
4
 generating 

an M (metal) -H surface which then by an hydrosilylation reaction with a with a 

vinyl-terminated compound generates a M (metal) -H-CH
2
-CH

2
-R [45].

•• Modification by dehydroxylation route by using Grignard reactants (RMgX) or 

lithium coumpounds (RLi) [44, 46, 47][48]. This is usually performed in activated 

surfaces, e.g. Si-Cl, Si-Br, Si-I, Si-H.

•• Grafting of polymeric alcohols, like poly(vinyl alcohol) (PVA) and high boiling 

alcohols (e.g. octanol, octadecanol) [49, 50].

•• Grafting of silanated-terminated polymers, e.g. silanated-poly(ethylene glycol) 

(PEG)  [51, 52],  3-(trimethoxysilyl)propyl methacrylate [53] and a poly(N-

acetylethylenimine) [54].

•• Grafting of polysiloxanes (e.g. PDMS) [55].

•• Grafting isocyanate–terminated polybutadiene [56], poly(ethelyne oxide) 

(PEO) [57], poly(propylene glycol) (PPG) [58, 59]. 

•• Chemical vapor deposition (CVD) [60-63]. 

•• Chemical vapor infiltration (CVI) [64].

•• Plasma graft polymerization of several polymers, e.g. polyvinyl polymers [65]. 

•• Induced plasma chemical process-vapor deposition (SPCP-CVD) [66, 67]

 

In section 2.2 a detailed description is given of the silylation mechanism and the 

influence of several reaction parameters (e.g. water content,reaction phase, nature 
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of the silane, reaction temperature and time) will be discussed. Some examples 

of silane grafted membranes and their applications are also reported. In section 

2.3 phosphorous coupling will be introduced. The reaction mechanism and some 

examples will be also discussed. In section 2.4 a detailed description of different 

modification methods of ceramic surfaces by different grafted polymers (e.g. 

PDMS, polyimides, polyvinyl polymers, etc.) will be treated.

2.2. Silane coupling agents as surface modifiers

Silane coupling agents are silicon based chemicals that contain two types of 

reactive groups – inorganic and organic – in the same molecule. A typical structure 

of such a coupling agent is: 

R - (CH2)n – Si - X Hydrolysable group 

Silicon atom  

Organofunctional group  

Linker 

Just a scheme not label picture in the text 

where X is a hydrolysable group typically alkoxy, chloro and R is a non-hydrolysable 

organo-functional group that possesses a functionality (amino, epoxy, vinyl, 

metacrylate, thiol, etc) that imparts the desired (separation) characteristics or the 

proper chemistry for further grafting of the polymer.

A silane coupling agent will act as an interface (anchoring group) between an 

inorganic material (including metals) and an organic material. The final result of 

the reaction of an organosilane with a substrate ranges from altering the wetting 

or adhesion characteristics of the substrate, utilizing the substrate to catalyze 

chemical transformations at the heterogeneous interface, ordering the interfacial 

region and modifying the partition properties. Especially, it includes the ability 

to realize a covalent bond between organic and inorganic materials, providing a 

stable bond between two otherwise poorly bonding surfaces. Besides coupling 

agents, silanes can be used as agents to crosslink polymers (Figure 3) such as 

acrylates, polyethers, polyurethanes and polyesters which then by a silylation 

reaction can be reacted with the inorganic surface. 

Vinyl silanes, like vinyltriethoxysilanes, can form covalent bonds to the 

polyethylene backbone, yielding a silane-modified polyethylene that contains a 

pendant trialkoxysilyl functionality. This type of functionalization can represent an 
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interesting path to promote the attachment of polymeric materials to inorganic 

surfaces by a silylation reaction between the pendant silyl groups and the OH- 

groups of the inorganic material.

R'  + R (CH2)n Si OH
OH

OH

HO

HO

R' R (CH2)n Si O
OH

O

Figure 3: Schematic representation of the attachment of a polymer-silane molecule to a silica 
oxide surface.

Another advantage of these compounds is their ability to change the hydrophilic 

character of a surface to a hydrophobic one. For instance, silanes with alkyl groups 

(such as butyl and octyl) and aromatic groups (such as phenyl) and even some 

organofunctional groups (such as chloropropyl and methacrylate) are hydrophobic.

The selection of the silane has therefore a major influence with regard to 

application. Two different perspectives should be taking into account: 

•• The properties of the polymeric matrix such as: chemical reactivity, solubility 

and structural characteristics. These should match with the ones of the silane. 

•• The physical and chemical properties of the inorganic interphase such as: 

type and concentration of surface hydroxyl groups, water content, hydrolytic 

stability of the bond formed, physical dimensions of the substrate (pore size, 

pore structure) or substrate features (roughness). 

Therefore, a better understanding of the silylation reaction is needed. A detailed 

description of the reaction mechanism, synthetic routes and some examples will 

now be described.
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2.2.1. Silylation reaction mechanism and influence of the reaction 
conditions 
Chemical modification of oxide surfaces (e.g. silica, alumina, zirconia) by silylation 

is a well-known method for altering the chemical and physical properties of 

ceramic substrates. Two general strategies can be followed. The first strategy is 

to make a hydrophobic layer by in situ hydrolysis and condensation of alkoxide 

precursors with hydrophobic side groups, such as organosilanes or bridged 

silsesquioxanes, the so-called hybrid membranes [68-76]. De Vos and Verweij 

[76] prepared hydrophobic silica layers using a combination of tetraethoxysilane 

and methoxysilane as a hydrophobic agent, which results in a microporous silica 

membrane with ethyl groups incorporated in the silica structure. As a result 

the surface and microstructural properties of the microporous silica changed 

significantly.

The second strategy, which is going to be employed in the present project, is to 

post-modify a mesoporous inorganic membrane by grafting the internal pore 

surface with organosilanes [14, 27, 29, 37, 38, 55, 77-86]. Hydroxyl groups covering 

the surface of metal oxides can serve as reactive sites to anchor monolayers by 

covalent bonds. Reaction with mono-, di- and trifunctional organosilanes are of 

particular interest. Apart from good thermal stability, such layers also resist in some 

extend to hydrolytic degradation, especially with increasing surface coverage [87].

Modification of a surface can be achieved either by:

•• Exposing it directly to a silane vapor (vapor phase reaction).

•• Immersing it in a solution containing the silane reagent (liquid phase reaction). 

It is generally accepted that silylation performed in the vapor phase or with 

monofunctional silanes result in a monolayer or near-monolayer surface 

coverage. For several applications monolayer silylation coverage may be desired, 

such as promotion of adhesion between polymers and ceramics, for molecular 

recognition sensors, lubricating films in digital mirror devices, etc. However, for 

applications where the organosilane molecules provide a specific functionality, 

multilayer coverage can be more appropriate. For example, in the free-radical graft 

polymerization the vinyl-silane groups, bonded to the surface during silylation, 

provide vinyl anchoring sites for polymer chains [9, 11]. In this case the maximum 

chain surface density is largely controlled by the initial surface concentration of 

the vinyl groups, which also affects the yield and distribution of grafted polymer 

chains on the support surface [10, 88]. 

Coverage by multilayer silylation can be achieved using a di- or trifunctional 
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silylating agents in either aqueous or anhydrous (i.e., organic solvent) solvents, 

while the choice of the solvent largely affects the resulting silylation coverage 

[89-92]. Specifically, in an aqueous environment the chloro and alkoxy groups of 

multifunctional organosilanes undergo bulk hydrolysis and (inter)condensation, 

forming polysilane networks before depositing onto the substrates [92]. As a result, 

the fraction of initial surface silanols that reacts with the functional organosilanes 

is quite small, and the silylation process is usually nonuniform and difficult to 

control [29, 31] .

In contrast, in an anhydrous silylation reaction (e.g. in toluene) condensation 

and hydrolysis between one or more functional groups of neighboring silane 

molecules mainly occurs on the surface with minimal intercondensation between 

silane molecules in the bulk phase [85, 89, 92].  For these multifunctional silanes, 

silylation occurs by hydrolysis of one or more of the chloro or alkoxy groups by water, 

which is preadsorbed on the support surface [89, 91, 93], present in the solvent  

(traces of humidity) [93, 94] or provided by a post-silylation curing [93], followed by 

releasing of hydrochloric acid (HCl) or an alcohol (CH3
OH or CH

3
CH

2
OH) for chloro- 

or alkoxysilanes, respectively (equation 1). In a second step the hydrolyzed silane 

is adsorbed via hydrogen bonding and reacts with the surface OH group to form a 

M-O-Si bond via a condensation reaction (equation 2): 

RSi(X)
f
 + mH

2
O         RSi(X)

(f-m)
(OH)

m
 + HX

m
                                             (1)

Hydrogen bond: RSi-OH + OH-M          RSi-O-H

                                                                                                         

        H-O-M

RSi(X)
(f-m)

(OH)
m

 + HO-M   RSi(X)
(f-m)

(OH)
m-1

-O-M  + H
2
O                        (2)

Where X is an alkoxy or chlorine (-OCH
3
, – OCH

2
CH

3 
or Cl) group, M is a surface 

molecule (i.e. Si, Al, Zr), and the number of hydrolyzed groups, m, is less than or 

equal to the maximum functionality, f, of the precursor silane. It should be noted 

that the general forms of equations 1 and 2 do not preclude the possibility of silane 

attached to the surface via multiple points through sequential or simultaneous 

steps. The hydrolysis reaction (equation 1) is a requirement for condensation; direct 

condensation between chloro- or alkoxysilanes and surface hydroxyl groups, in the 

absence of an amine catalyst or water, is not observed [31, 82, 94-96].
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Once initial surface silylation is achieved via a first-layer reaction (equation 1 and 

equation 2; see also Figure 4a), a subsequent growth of the silylated surface layer 

will proceed by multilayer silylation reactions (Figure 4b). Nevertheless, first layer and 

multilayer reactions can proceed simultaneously at different places of the surface.

OH

Si

X

R

X X

H2O

OH

Si

OH

R

X X

+ HX O

Si

R

XX

O

Si

X

XR

+ H2O

Si

X

R
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O

Si
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Si
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X X
H2O

H2O
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O

Si

O
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Si
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O
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O
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O
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Figure 4: (a) Reaction of initial silane coverage (hydroxyl/alkoxy/chlorine), (b) Reaction for 
multilayer silane coverage (alkoxy/alkoxy or chlorine/chlorine), (c) Surface-bonded multilayer 
polysiloxane resulting from initial and multilayer reactions. 

In a multilayer silylation reaction (Figure 4b and c) hydrolyzed alkoxy groups of 

a free silane (molecule 1, M1) (equation 3) undergo hydrolysis with a surface 

silane (molecule 2, M2) (equation 4) followed by a homocondensation reactions 

(equation 5)

RSi(X)
m1

 + H
2
O                 RSi(X)

m1-1
(OH) + HX                                                         (3)
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RSi(X)
m2

 - M≡ + H
2
O                      RSi(X)

m2-1
(OH) - M≡+ HX                                        (4)

RSi(X)
m1-1

(OH) + RSi(X)
m2-1

(OH)-M≡RSi(X)
m1-1

Si-O-Si(R) (X)
m2-1

(-M≡) +2 H
2
O      (5)

The presence of water appears to be necessary for complete monolayer formation. 

However, as we can see in equations 3 and 4, homocondensation increases as the 

water content increases and the risk therefore is to form multilayers by polymerization 

of multifunctional organosilicon molecules (Figure 4c). Because, usually the silylation 

agent used is greatly in excess, the degree of multilayer silylation coverage is limited 

by the consumption of surface water. 

The influence of water content in the silylation coverage and in the quality of the 

monolayer has been extensively studied [90, 96-99]. Silberzan et al. [94], along with 

Angst et al. [97] have shown that the water content on the surface is vital for the 

formation of a complete monolayer. Angst and Simmons were able to obtain a 

tightly packed monolayer on a fully hydrated oxidized silicon wafer, whereas reaction 

with a dry silicon wafer gave a disordered monolayer with a lower surface coverage.

Yoshida et al. [85] demonstrated for the silylation with VTMS (vinyltrimethoxysilane) 

onto a zirconia or silica surface that the surface silylation coverage was found to 

be negligible at low surface water coverage (Figure 5) but increases quickly with 

the number of water monolayers to a maximum at around 2-3 water monolayers 

- thickness between 2.69-4.27 Å followed by a marked decline at higher initial 

surface water coverage. 
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Figure 5: Effect of surface water on the silylation coverage for silica and zirconia particles [85].

24334 Pinheiro, Ana.indd   37 07-02-13   12:17



Chapter 2

38

Yoshida et al. propose that this tendency in the trend on silylation coverage at 

high surface water concentration is related to the hydrophobic nature of the non-

reacting group, in this case the vinyl group. Therefore, if the thickness of the surface 

water layer exceeds the size of the VTMS molecule (3,02 Å), which correspond to 

a thickness of 2-3 water monolayers, the penetration and access to the surface 

would become increasingly difficult. The silane molecules might condense in the 

water layer without covalent attachment to the surface. Once these agglomerates 

reacted with the external support surface they could further reduce the uniformity 

of the monolayer by blocking other, non-polymerized silanes from diffusing 

into the pore openings, forming a thin polymeric layer, which would affect the 

performance of the membrane due a less deeply penetrating silane layer. Another 

interesting observation was that lower silylation coverage for zirconia particles 

was observed (see Figure 4). This may be due to the lower [OH]
Surface 

of the fully 

hydroxylated zirconia (5.6-5.9 µmol m-2) compared with silica (7.4 µmol m-2). Similar 

observations were reported by McGovern et al. [90], where an excess of water 

resulted on the condensation of the silanes on the top of the water monolayers. 

In this case the silane layer could be easily floated off [94]. Tripp and Hair [96] also 

reported that, if a thick surface layer is present, silane molecules might condense 

in the water layer without covalent attachment to the surface preventing the 

subsequent attachment by other silane molecules. However, extensive washing 

could help to remove these physically deposited silanes [85].

Simon et al. [100] have studied the influence of a water film, adsorbed 

on the surface and the amount of water on the grafting of a hydrophilic 

3-aminopropyltriethoxysilane (APTES) onto a silica surface. They demonstrated 

that grafting in an anhydrous solution is more homogeneous and thermally stable 

than grafting in an acid-aqueous solution resulting in a limited number of APTES 

aggregates. Furthermore, results showed that anhydrous silylation promote the 

formation of a more hydrophobic and homogeneous monolayer.

Kurth et al. [29] modified aluminum oxide with a 3-aminopropyltriethoxysilane 

(APTES) and studied the influence of using an aqueous or anhydrous solvent for 

the silylation reaction on the type of layer formed. Results showed that adsorption 

from aqueous solutions results in oligomeric species and the film thickness is 

greater than that of monolayers, whereas adsorption from boiling vapors results in 

thin films of approximately two or three layers of thickness. In a humid atmosphere 

it is also shown that the thickness increases with exposure time.

In conclusion, the structure of these hybrids, based on silicon coupling 
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molecules (alkoxy- and chlorosilanes), is governed by a competition between 

heterocondensation and homocondensation reactions. This balance depends on 

the nature of the support as mentioned earlier for Si and Zr (Figure 5), on the water 

content and on the nature of the organosilanes. The nature of the organosilanes 

(number and type of functional groups) can also influence the silylation coverage 

to a great extent.

An alternative strategy for the use of water as a catalyst is the use of a base catalyst 

to promote the reaction of silanes with surface OH [89, 101-103]. Tripp et al. [101], 

reported a method that uses a nitrogen-containing base (e.g. triethylamine, TEA) to 

promote the direct reaction of the chlorosilyl head group with the surface hydroxyl 

group, where the amine and the silane are added sequentially in two steps. First, 

the silica is evacuated and exposed to the vapor of the nitrogen containing base 

which forms a strong hydrogen bond with the surface silanols. The excess base is 

removed by evacuation and the silica is then placed in contact with the chlorosilane. 

It is the evacuation of the excess of the amine that suppresses the polymerization. 

The base catalyzes the reaction immediately and leaves the chlorosilane chemically 

attached to the surface of the silica. Through this method, it is possible to control the 

amount of silane attached by limiting the amount of base initially attached to the 

surface. This results in the formation of multilayer systems in a controlled manner, 

by the deposition of sequential layers of silanes, with potential applications as 

chromatography and moleculair recognizing sensors. 

The degree of silylation coverage, obtained via anhydrous silylation of an 

inorganic oxide surface, not only depends on the degree of hydration but also 

on the hydroxylation degree of the surface. During the preparation of ceramic 

membranes firing at high temperatures is usually required (650-1200 ˚C). This 

results in the depleting of the OH surface groups. To restore the OH groups a pre-

treatment step is usually required. 

Luebke et al [104], have studied the impact of different parameters during the pre-

treatment upon the silylation of alumina membranes with octadecyltrichlorosilane. 

These include: firing temperature, hydroxylation technique (H2
0/H

2
0

2
), drying 

temperature (80 ˚C or150 ˚C), and silylation temperature (25 ˚C or 0 ˚C). An 

increase in the intensity of the FTIR band of the bound silanes (ω = 2800-3000 cm1) 

species were observed when H
2
O

2 
was used as hydroxylation agent and by drying 

at 80 ˚C rather than at 150 ˚C. Moreover, it was demonstrated that a reduction in 

reaction temperature results in greater penetration of the silane into pores of the 

support and a corresponding increase in overall silane loading of the membrane.
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Besides the water content and the solvent nature, other experimental parameters 

as the temperature [31, 94, 105], reaction time [106] and silane concentration plays 

a crucial role in the surface coverage and in the thickness of the grafted layer and 

it’s homogeneity. 

2.2.2. Vapor phase vs. solution phase silylation
As discussed before, deposition of silanes from the liquid phase has been found to 

suffer from the deposition of aggregated alkylsilane molecules, which can result in 

non-uniform layers with poor quality or in multilayer formation. The main reason 

is the presence of water or traces of humidity that are difficult to eliminate even 

in reactions performed in nonaqueous solvents, as discussed before, whereas 

the water adsorbed onto the metal oxide surface can easily be removed e.g. by 

evacuation at room temperature [107]. However, in practice it is impossible to stop 

the competitive self-polymerization reactions taking place in solution. An alternative 

is the use of vapor phase methods [27, 29, 107, 108]. Several studies involving 

silylation in the gas phase have been performed by using alkyl-[108], alkoxy- [29, 

107, 109-112] or chlorosilanes [27, 113, 114] as well as hexamethyldisilazane [115, 

116]. This vapor phase reaction is considered to be more convenient since the 

presence of water can be excluded in a simple way and undesired adsorption of 

silane aggregates can be prevented because oligimeric precursors in solution have 

lower vapor pressure and are rarely vaporized. Furthermore the use of a vapor-phase 

process allows for higher reaction temperatures meaning that a direct reaction of 

gaseous alkoxy- or chlorosilanes can occur via surface hydroxyl groups occurs of 

silica at 300 ˚C with no need of water [107, 117]. The use of vapor phase methods 

also eliminates many of the tedious operations of the alternative methods, such as 

solvent removal and recovery, washing procedures and many other manipulations. 

It has also been observed that alkylsilane overlayers, deposited from the gas phase, 

are better ordered than layers deposited in toluene solutions [108]. 

The sensitivity of silane molecules towards water is even more enhanced for 

amino silanes like aminoalkoxysilanes, since the amino groups self-catalyzes 

the formation of both chemisorbed species and polymerized products. Further 

complications arise because the amine functionalities compete with the alkoxy 

moieties for surface sites [30, 107, 118-120]. The adsorbed amine groups interact 

with OH, present at the metal oxide surface, and/or with adjacent hydrolyzed 

APTES via hydrogen bonding or electrostatic interactions. This considerably 

reduces the number of available OH groups on both the metal oxide surface 
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and for further siloxane condensation. The amount of H-bonded and protonated 

species is dependent on the amount of water. Therefore, the use of a vapor phase 

method for grafting of aminoalkoxysilanes can be very advantageous. In chapter 

4, 5, 6 and 7 examples are given. 

Kurth et al. [29], demonstrated that vapor phase adsorption of APTES at room 

temperature is a convenient method to prepare thin films when compared with 

solution phase methods (boiling solvent).  Ek et al. [28], modified a porous silica 

with mono-, di- and triaminopropylalkoxysilanes by a gas-phase, atomic layer 

deposition (ALD). By means of this technique, surface-saturated overlayers can 

be reproducibly deposited on solid surfaces. Physisorption of precursors could 

be avoided by using elevated temperatures to promote evaporation and purging 

physisorbed molecules from the surface with inert gas. Hydrogen bonding of 

precursors with silanols of silica, hydrolysis of alkoxy groups of cross-polymerization 

was avoided by depositing via the gas phase. A reaction temperature of 150 ˚C 

(at a pressure 20-50 mbar) was enough to achieve saturation of the silica surface 

with all aminosilanes studied. The degree of hydroxylation and in some degree the 

structure of the precursor, was found to affect the surface density of amino groups 

and surface species in silica. The densest surface-saturated molecular layers were 

achieved with difunctional and trifunctional silanes that are 2.0-2.1 molecules nm-2, 

on silica pretreated at 200 ˚C. The pretreatment temperatures of silica (200-800 ˚C) 

can also control the surface density of amino groups (2.1-1.1 molecules nm-2). The 

surface density of amino silanes on silica decreased when the heat-treatment of 

silica was increased. 

Modifications based on vapor phase methods have also been reported for the 

deposition of fluoroalkylsilanes [121-123].

2.2.3. The influence of the silane nature in the silylated grafted 
layer.
Depending on the reaction conditions (temperature, time, and solvent) surface 

history, as mentioned earlier, a number of different structures can be produced as 

discussed before. Another parameter that has a crucial influence on the properties 

of the layer formed is the nature of the silane like the size [27, 78], the number of 

functional groups [95, 117, 124], the hydrophilicity/hydrophobicity [125, 126], and 

steric hindrance [127].  The complexity of this chemistry is illustrated in Figure 6 for 

a silicon dioxide surface [128]
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Figure 6: Possible products of the reaction of alkylchlorosilanes onto a silica dioxide surface 
[128] 
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Monofunctional organosilanes (R
3
SiX, X = Cl, OR, N(CH

3
)

2
, OH, H), having only one 

hydrolysable group in the molecule are attractive in terms of reproducible surface 

structures, because only one type of grafting is possible in the system (Figure 

6) , namely a covalent attachment to the surface by chemical bonds (Si-O-Si). 

In solution the reaction of multifunctional silanes with solid interfaces are very 

slow in the later stages of the reaction and long reaction times are required to 

maximum bonding densities [129]. Trifunctional organosilanes (RSiX
3
), if compared 

with their monofunctional analogues, are more reactive and are capable to 

polymerize in the presence of water, which gives rise to a number of possible 

surface structures (Figure 6). Under certain conditions the reaction of long-chained 

trifunctional silanes gives monolayers that are closely packed and highly ordered. 

These monolayers are usually referred to as self-assembled monolayers (SAMs). 

For difunctional organosilanes (R
2
SiX

2
), covalent attachments as well as surface-

induced polymerization to form grafted polysiloxanes are conceived reactions with 

inorganic substrates. Dimethyldichlorosilane and octadecylmethyldichlorosilane 

were shown to react with silica surface, yielding covalently attached monolayers 

[130, 131].

Granier et al. [132] grafted oxidized silicon wafers with octadecylchlorosilanes under 

anhydrous conditions to determine the influence of the number of hydrolysable 

functions on the quality of the film deposited on the surface. The surfaces obtained 

after grafting of the tri- and difunctional silanes, where cross-linking is possible, 

are hydrophobic with a very dense film of organized alkyl chains in the all-trans 

configuration. On the other hand, in the case of the monochlorosilane which can 

attach to the surface only by reaction with surface silanol a less organized and 

dense film of monografted species is obtained. 

2.2.4. Silane Grafted Membranes: Applications
Modification of ceramic surfaces by silanes has been extensively reported in 

the literature. The majority of these studies are focused on gas separations, 

pervaporation or desalination and only a few in liquid separations, particularly in 

non-aqueous applications. In Table 1 some examples of silylating agents used for 

modification of inorganic surfaces are listed. Applications and information about 

the support is also included. 
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Table 1: Some examples of silylating agents used for modification of inorganic surfaces

Silane Agent Inorganic support Silylation 
method

Application Ref

Alkoxysilanes

MTMS, DMDMS γ-Al
2
O

3
/α-Al

2
O

3
 (5 nm) Liquid Pervaporation of different 

solvent mixtures  
( e,g. Ciclohexane/toluene 
MEK/ciclohexano)

 [86, 133]

MPTMS Silica molecular sieves Adsorbents for heavy metal 
ions

[134, 
135]

PTES γ-Al
2
O

3
/TiO

2
(4.4 nm)

Liquid Gas separation [136]

Aminoalkoxysilanes

APTMS, APTES, APDMES α-Al
2
0

3
 (100 µm)1 Liquid  Separation of a racemic of   

D, L-tryptophan
[137]

APTES SBA-15 Liquid Removal of heavy metals 
from aqueous solutions 

[138, 
139]

Flouroalkoxysilanes

n-octadecyltriflouroace-
toxysilane

Silica particles Liquid/
Vapor 

Reverse-phase packings for 
HPLC

[140]

FOTES Silica wafers Vapor No application [121, 
141]

FMTES, FOTES, FHTES, 
FPTS

γ-Al
2
O

3
/α-Al

2
O

3
 (5nm),

α-Al
2
0

3
/ZrO

2
 NF

Anodisc™
(20, 200 nm)

Liquid Desalination of salt solutions 
(NaCl)
Pervaporation of H

2
O/EtOH 

and H
2
0/MTBE

Water ozonation 

[37, 39, 
142-146]  

FOTS Membralox®  (4 nm) Vapor Gas separation
Recuperation of toluene from  
lube oil (MW=600 gmol-1)

[147]

FOTES γ-Al
2
O

3 
  (5 nm) Liquid Gas separation [148]

Chlorosilanes

OTS Membralox®
γ-Al

2
O

3
 4 nm

Liquid Removal of VOCs from water 
or air

[149]

Alkyltriclhorosilanes, 
number of car-
bons=1-18

γ-Al
2
O

3
(5, 10, 12 nm)

Liquid Gas separation 
CO

2
 separation fom fuel gas

[79, 80, 
150-154]

PTS γ-Al
2
O

3 
(2.2 nm) Gas separation [136]

TCMS Anodisc™
(200 nm)

Liquid Membrane distillation [146]

1 pore size 28 nm, particle size 10 µm

Until now only a few reports are available on the use of ceramic membranes in NF 

in organic solvents. In order to optimize membranes for non-aqueous application, 

Tsuru et al. have hydrophobized these membranes via gas-phase reaction with 

trimethylchlorosilane at 200 ˚C [155]. Two systems were studied. In the first, 
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permeation experiments with pure solvents were carried out (hexane, methanol, 

toluene, and ethanol) at different temperatures (from 25 ˚C to 60 ˚C). In a second 

report they applied these hybrid membranes to the separation by RO of alcohols 

(hexanol, octanol, decanol) and alkanes (hexane, decane, tetradecane) in ethanol 

solutions at the same temperature ranges [156]. Ethanol fluxes of up to 3 kg m-2 

hr-1 at 30 bar and 60 ˚C were obtained with a membrane containing pores of 1nm 

diameter and a MWCO as low as 200 Da [157]. 

Van Gestel et al. [83] modified hydrophilic γ-Al
2
O

3
/anatase-TiO

2
 multilayer 

membranes with trichloromethylsilane (C
1
) and octyltrichlorosilane (C

8
) in ethyl 

acetate. Hexane and water permeability were studied before and after silane 

treatment as an indication of the effect of the modification. Two membranes 

with different pore sizes were used (mesoporous or microporous top layer). For 

(partly) mesoporous membranes fired at temperatures ranging from 400-500 °C, 

permeability results indicated that silanes could be successful introduced in 

the pore structure of the membrane. On the other hand, for the microporous 

membrane fired at 300 ˚C, it was shown that the silane coupling reactions 

occurred in the pores only at the outer part of the membrane, but leaving the 

internal pore unaffected as a consequence of steric hindrance, due to the relatively 

small pore size (1.5 nm). The membrane consisting of C8 
silanes shows a MWCO 

of 400 Da and hexane permeability of 3 l m-2 hr-1 bar-1. A higher permeability of 

5 l m-2 hr-1 bar 1 is obtained for the membrane with an inorganic top layer fired at 

450 ˚C and modified with a C
1
 silane, but that membrane shows a slighter higher 

MWCO of 620 Da.  For the ceramic membrane fired at 500 ˚C and treated with C
8
 

silane a complete hydrophobic behavior was attained. Therefore, these authors  

concluded that the degree of hydrophilic/hydrophobic modification (indicated by 

the hexane/water permeability ratio)  increased with increasing firing temperature 

of the ceramic support and increasing alkyl chain length.

Sah et al. [81] have modified γ-Al
2
O

3
membranes (pore size 5 nm) with a series 

of monofunctional, difunctional and trifunctional organochlorosilanes with 

organic groups of different sizes (phenyl, methyl and t-butyl) to study the 

influence of the of the nature of the modifying agent on the extent of grafting 

and the selectivity of these grafted membranes towards liquids with different 

polarities (hexane, toluene and water). The toluene/water permeability ratio 

appears to increase slightly after grafting from 0.6 for the unmodified membrane 

to 0.8 for the trimethylchlorosilane, 1.0 for the dichloromethylsilane and 1.1 for the 

trichloromethylsilane indicating that for both mono and difunctional silanes a low 
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level of hydrophobic modification is achieved. Therefore, the trichloromethylsilane 

was the only one imparting predominant hydrophobic character. Alami Younssi et al. 

[86] also show that hydrophobic modification is more efficient with multifunctional 

silanes. However, the permeability of these membranes was very low in comparison 

with the results obtained on other grafted membranes. The reason for this behavior 

was the creation of a polymerized network for both di- and trifunctional silanes that 

blocks the small pores, thereby decreasing the overall permeability with a more 

profound effect for the trifunctional silane, as demonstrated by the decreased 

pore size after modification when compared with the unmodified membrane. As 

a result the permeation is the result of porosity and pore-size reduction as well as 

hydrophobization of the pores which is dependent on the nature of the silane (size 

and functionality) and the extension of modification on both surface and pore wall. 

More recently, Verrecht et al. [84] have studied the influence of different silane 

treatments on the hexane and water permeabilities of γ-alumina membranes 

(MWCO 2000 Da and 2300 Da). It was demonstrated that for these mesoporous 

membranes, trifunctional silanes cause a much sharper increase in contact angle 

than the less reactive di- and monofunctional chlorosilanes, independently 

of the length of the hydrophobic tail. However, for smaller pores, due to steric 

hindrance, this can be a problem as discussed before [81, 83, 158]. Difunctional 

and trifunctional silanes provide the best results, probably due to their higher 

reactivity: hexane permeability increases, while water permeability decreases. For 

the membrane grafted with the octyldichloromethylsilane, the ratio hexane/water 

increases from zero for the unmodified membrane (no hexane permeation) to 3.23 

after modification. For the membrane treated with the trichloromethylsilane no 

water permeation was observed and a hexane permeability of 1.98 l m-2 hr-1 bar-1 

was measured. However, the monofunctional silanes show no hexane permeability 

and the water permeability stays at the same level. Preliminary results show that 

surface and pore modification by silane results in hydrophobic membranes and 

thus improved solvent permeation properties.

The modification of ceramic mesoporous membranes (TiO
2
,
 
pore size = 5 nm and 

ZrO
2
, pore size = 3 nm) with silylating agents has been patented by HITK. They 

claimed toluene and methanol fluxes of 52 and 22 l m-2 hr-1 bar-1 respectively and 

MWCO down to 660 Da [159]. For a 3 nm UF-ZrO
2
 membrane (MWCO 1300 Da) 

modifications, made by grafting n-octyldimethychlorosilane or tridecafluoro-1,1,2,2 

terahydrooctyltriethoxysilane, resulted in a permeance increase for toluene up 

to 16.5 and 7 kg m-2 hr-1 bar-1, respectively and for ethanol up to 52 and 16 kg 
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m-2 hr-1 bar-1, respectively [160]. A decrease in water permeance was observed 

for both membranes and molecular weight cut off measurements of 600 g mol 1 

were reported. It was then demonstrated that, if a proper modification of the 

pores is preformed, permeation of (non-polar) solvents can be enhanced through 

inorganic membranes.

An important category among the silanes is that of the fluoroalkylsilanes. These 

compounds present low water adsorption and high resistance to oxidation or strong 

solvents. Fluoroakylsilanes are the group of compounds which can be efficiently 

used to create hydrophobic surfaces due to their hydrophobic fluorocarbon groups. 

This is achieved by the reaction between the –OH groups of the ceramic and the 

chloro/alkoxy groups of the fluorosilane, forming a hydrophobic layer of the silane 

on the surface of the membrane. 

Picard and co-workers [38, 39] grafted zirconia, titania, alumina and silica membranes 

with fluorosilanes C2
F

2n+1
C

2
H

4
(OR

3
), (n = 1, 6, 8; R = OCH

3
, OC

2
H

5
). This had led to super 

hydrophobic surfaces, with contact angles between 116 and 145˚.The influence of 

different reaction parameters, as number of soakings, grafting time and drying steps, 

on the membrane hydrophobicity was evaluated. Water permeability significantly 

decreases with increased grafting time (higher concentrations of surface modifier). 

However, no solvent permeation data were reported in this work.

More recently Bothun et al. [78], using a similar method as described by Van Gestel 

et al. [83], modified γ-alumina (5 nm) and titania (9.8 nm) ceramic membranes with 

fluorosilanes (trichloroperfluorooctylsilane, Cl3SiC
2
H

4
C

6
F

13
) and an alkyltrichlorosilane 

(octyltrichlorosilane) and they reported some data on liquid permeation 

performance (ethanol, hexane and liquid CO
2
). The effect of tail chemistry on the 

extent of modification and liquid transport was evaluated. For the fluorinated titania 

membrane Km (hexane) > Km (ethanol) > Km (liquid CO
2
). The membrane was 

nearly impermeable to water (Km < 0.01) due to an unfavorable interaction with the 

fluorine. Unlike the grafted titania membrane, the fluorinated alumina membrane 

was nearly impermeable to liquids. This was attributed to pore blocking by the 

fluorosilane. For membranes modified with alkylchlorosilanes permeability values 

were one order higher than the fluorinated membranes, where hexane presents the 

highest value of all. However, water was still able to permeate (Km= 25.2x10-15 m for 

titania and Km= 1.6 x10-15 m for alumina membranes). 

For the octyltrichlorosilane grafted titania membrane Km (hexane)>Km (ethanol)> 

Km (water) while in the case of the alumina grafted membranes permeability 

through these membrane was similar for both polar and apolar solvents. A 
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plausible explanation for the difference in solvent permeability between the two 

membranes can be related with the extension of modification. As demonstrated by 

higher Si/Ti ratios when compared by the Si/Al ratios as determined by SEM/EDX. 

Therefore, it was proposed that permeability behavior was the result of (organic) 

solvent transport through both small-inaccessible pores and large accessible 

pores of the silane-modified γ-alumina membrane. This was confirmed before by 

Van Gestel et al. [83] and Sah et al. [81]. These authors also shown that for each 

membrane similar Si/Ti and Si/Al ratios were obtained independently of the silane, 

indicating that the size of the organic molecule does not influence the extension 

of modification whereas steric hindrance and nature of the surface reactions 

control the silylation. A tribonding mechanism was evident and no evidence 

of thick polymeric surface layer was observed. These results demonstrated that 

silane surface modifications can be used to tailor liquid transport behavior and 

improve apolar solvent flux in ceramics relatively to polar solvents. In addition 

water permeability can be inhibited which can prevent water fouling and capillary 

condensation in partially hydrated solvents.

These results validate silylation as a promising method for SRNF membranes 

however conclusions about their application should be done carefully, due to the 

limited data available.

2.3. Phosphorous coupling agents as surface 
modifiers

Organophosphorous precursors can offer an attractive alternative to silicon-based 

coupling in the design of organic-inorganic hybrid systems either by sol-gel 

processing or by surface modification of inorganic supports. Organophosphorous 

coupling agents (OPCA), with general formula RXP(O)(OX)
3-x

 (x = 1 or 2, X = H, Na, 

alkyl, etc.) are quite complementary to organosilane coupling agents: organosilane 

are more suitable for anchoring organic groups to silicon containing-inorganic 

matrices or supports such as silica, silicates and silicon whereas, while OPCA 

appear te be best suited for the preparation of hybrid materials based on metals or 

transition metals such as Al
2
O

3
, ZrO

2
 and TiO

2
. In order to provide strong bonds with 

the surface OH groups, the coupling molecule should be an organic phosphorous 

acid (phosphoric, phosphonic and phosphinic acids) and its derivatives (salts or 

esters) exemplified in Figure 7. 
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Figure 7: Organophosphorous acids used as coupling agents.

Thanks to the versatility of phosphor chemistry a wide range of functional organic 

groups are available (see Table 2).

Table 2: Examples of organophosphorous coupling molecules reported in literature.

Phosphorous coupling molecule Reference

H(CH
2
)

n
PO(OH

2
) n=1-18 [161-163]

F(CH
2
)8(CH

2
PO(OH

2
) [164]

(OH)
2
OP(CH

2
)

n
PO(OH)

2
 n=10,12 [162, 165]

(OH)
2
OP(CH

2
)

n
S

x
(CH

2
)

n
PO(OH)

2
 n=3,4 x=2-4 [165],[166]

PhPO(OH)
2
, PhPO(OSiMe

3
)

2
, PhPO(OEt)

2
Ph

2
PO(OH)Ph

2
PO(OSiMe

3
), Ph

2
PO(OEt) [167]

H
2
O

3
PO(CH

2
)

3
OCOC

3
H

5
[168]

H
2
O

3
P-O-(CH

2
)

6
-SH [168]

H(CH
2
)

18
OPO(OH)

2
[169]

H(CH
2
)

12
OPO(ONH

4
)

2
, HO(CH

2
)

12
OPO(ONH

4
)

2
[170]

The attachment of an OPCA to oxide surfaces can result in more stable systems 

in comparison with silica-based coupling agents. The linkage mode between the 

coupling agent and the surface plays a crucial role in stability. The OPCA’s are in most 

cases potentially tridentate species, like phosphonic acids and monoalkylphosporic 

acids (or the corresponding ammonium salts) [170-172]. Only a few work deals 

with potentially bidentate species such as phosphinic acids and dialkylphosphoric 

acids [167]. Anchoring of the OPCA to oxide surfaces most probably involves the 

formation of M-O-P bridges. These bridges result from heterocondensation of the 

surface hydroxyl groups with P-OH (or P-ONH4
) groups of the OPCA, owing to the 

protonation of the leaving alkoxy group by acidic P-OH groups, equation (6), and 

from the complexation of the phosphoryl oxygen surface metal atoms (Figure 

8). In the case of titanium and aluminum oxide, FTIR experiments suggest that 

phosphonate surface species are predominantly tridentate RP(OM)
3
 species [167, 

173, 174]
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       M-O-R + P-O-H     M-O + (H)-R + P-O-    M-O-P + R-OH               (6)

OHOHOH
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OH
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O
OH

P
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OH

O O OH OHOO O

P

R

- H2O - H2O

Figure 8: Schematic representations of the formation of a mono-, bi-, tridentate phosphonate 
surface species by coordination and condensation to the surface [175]. 

However, the bonding mode of OPCA surface species appears to depend strongly 

on the nature of both the OPCA and the surface, and on the reaction conditions 

(time, temperature). 

Unlike organosilanes, P-O-P bridges, formed by homocondensation of OPCA, are 

not observed. This has two important consequences:

•• P-O-C bonds are quite stable towards hydrolysis.

•• The surface modification can be done in water.

•• The formation of multilayers by homocondensation of the OPCA can be 

discarded and, under mild conditions, only (partial) monolayers are formed [175].

The adsorption of phosphonate or phosphate containing long alkyl chains 

(typically from 6 to 18 carbon atoms) on metal or metal oxide surfaces leads to the 

formation of self-assembled monolayers (SAMs). Self-assembly results from non-

bonding interactions between the long alkyl chains that induce a high grafting 

density and a high chain organization. These represent the best grafted layer.

Different studies with octadecylphosphonic acid (OPDA)  [176-178] on metal oxide 

supports showed the formation of well-ordered monolayers with high grafting 

densities of about 4 groups/nm-2. Self-assembly monolayers, comprising the 

molecules of three phosphonic acids, namely CF
3
(CF

2
)

7
(CH

2
)

11
PO

3
H

2
, n-C

16
H

33
PO

3
H

2
 

and n-C
22

H
45

PO
3
H

2
, on the surface of aluminium metal covered with a native 

oxide film were studied [179]. These authors demonstrated that in all cases a 

monolayer is formed, however, in the case of the fluorinate acids more time is 

needed. Contact angle measurements show that surface modification imparts 

high hydrophobic character, that is, the water contact angle for the modification 

with hexadecylphosphonic and dodecylphosphonic acids is 110˚ and 122˚ for the 

partially fluorinated acid. In other studies, it was demonstrated that the longer the 

alkyl group in the modifier the larger the contact angle [180, 181]. The explanation 
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proposed was that an elongation of the alkyl chain will led to an increase in the 

degree of ordering of the grafted layer. 

Gao et al. [176] demonstrate that for long chains phosphonic acids, ZrO
2
 appears 

to be the best substrate for the formation of ordered monolayers. Despite the large 

size of the phosphonic acid headgroup and the fact that the surface bonding 

is not homogeneous, monolayers on this substrate display a high degree of 

conformational order, similar to SAMs on planar surfaces. Octadecylphosphonic 

acids adsorb less strongly onto TiO
2
 and domains of disordered chains are present, 

specially in the region of terminal chain segments (the use of short acids causes 

the formation of dense layers) [173]. Most likely, the octadecylphosphonic acid 

molecules are attached to the surface in a bidentate fashion (free P-OH groups). 

Aluminium oxide, on the other hand, seems to be a less suitable substrate when 

compared with titania or zirconia, due to the formation of bulk (aluminoalkyl)

phosphonate in some cases (Figure 9)

Al
O

Al
+ RP(O)(OH)2

Al
O

Al

H

+ RP(O)(OH)O- Al
O

Al

OP(O)(OH)R

H

Figure 9: Formation of a bulk (aluminoalkyl)phosphonate phase. 

The adsorption of alkylphosphonic and alkanecarboxilic acids and aliphatic 

triethoxysilanes, trichlorosilanes, amines and epoxides on the surface of 

magnetron-sputtered aluminium was also studied [182]. Prior to modification 

the aluminium surface was exposed to air for a short time, which resulted in the 

formation of a thin oxide layer. The modification was carried out in toluene. It 

was found that phosphonic acids and carboxylic acids form well-ordered layers 

with grafting densities of about 5 nm-2, whereas trichlorosilanes form polymeric 

layers and other compounds form disordered layers with low grafting density. 

The maximum contact angle values attained in these experiments were 120˚ for 

phosphonic acids and 117˚ for carboxylic acids. 

In the case of silica, a different strategy to attach phosphonic acids, other than direct 

zirconation, is necessary. Although a high degree of conformational order is present 

in alkylphosphonate layers on zirconated silica, it results in lower coverage as well 

as the formation of some bulk Zr-OPCA when this type of primary layer is used. In 

order to consider if this modification strategy is suitable for our applications, some 
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more data are needed, namely, their hydrolytic and thermal stability. In literature 

few reports have focused on these characteristics. A comparative analysis [178] 

of the stability of the grafted layers, formed on a TiO
2
 (anatase) surface treated 

with octadecylphosphonic acid and various octadecylsilanes (with SiH
3
, SiCl

3
, 

Si(OMe)
3
 and SiMeCl anchoring groups), reveal the formation of highly ordered 

monolayers with high grafting densities in all cases, except for the modification 

with dimethyloctadecylchlorosilane. The thermal stability of the grafted layers is 

rather high, 200 ˚C in air and 300 ˚C in inert atmosphere. 

The hydrolytic stabilities of the surfaces of TiO
2
 (anatase) and ZrO

2 
(monoclinic) 

powders modified with C
18

-monolayers of organosilanes and organophosphorous 

compounds (C
18

H
37

SiH
3
, C

18
H

37
Si(CH

3
)

2
Cl and C

18
H

37
P(O)(OH)

2
) [183] showed that 

the acid forms highly ordered surface monolayers with a grafting density of 

4-5 nm-2, while the silane forms disordered layers with a grafting density of at 

most 2.2 m-2, as expected. Hydrolysis was performed using tetrahydrofuran/ water 

mixtures. The C
18

H
37

P(O)(OH)
2
 monolayer represents the best hydrolytic stability 

(mass loss 2 %) among the surfaces studied in the pH range of 1 to 10. The extent 

of hydrolysis (θ
hydrolyzed

) for the TiO
2
 and ZrO

2
 supported surfaces was 0.02 - 0.05. At 

65 ˚C, the stability of the layers somewhat decreases but remains high (θ
hydrolyzed

 = 

0.05-0.15 for zirconia and 0.15-0.2 for titania). High stability of these monolayers 

is due to the strong specific interactions of the phosphonic acid group with the 

surfaces of the metal oxide. The presence of strong acid sites on the surface of ZrO
2 

and TiO
2 
facilitates the donor-acceptor interaction of the phosphoryl group of the 

modifier with the Lewis acid sites. This interaction makes the phosphorus atom 

more electrophilic and facilitates a subsequent reaction between the modifier and 

the surface hydroxyl group. Besides this donor-acceptor interaction the anchoring 

group of the modifier molecules helps to block efficiently the surface acid sites, 

so the surface becomes more uniform and non-specific. A somewhat higher 

hydrolytic stability of the monolayers supported on ZrO
2
 may be explained by their 

more basic character (IEP: 7-10) compared to TiO
2
-supported monolayers (IEP: 4-7), 

or in less extension due to the higher OH concentration on the ZrO
2
 surface. 

Rigney et al. [184], reported high stabilities for zirconia and alumina phosphate 

modified particles for alkaline stable HPLC supports. Several phosphonic and 

phosphinic acids (phenyl phosphonic acid, diphenyl and triphenyl phosphinic 

acid and diphenyl phosphonate) were used. Static pH stability studies showed no 

evidence of dissolution of zirconia particles at any pH conditions between 1-14, 

whereas more than 1 % (w/w) of a 10 mg sample of alumina dissolved in 900 ml 
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aliquots of aqueous solutions at any pH < 3 or pH > 12.

In the case of phosphonic and phosphoric acids it was shown that, depending 

on the oxide chemical stability and on the grafting conditions (temperature, pH, 

concentration of OPCA, time of reaction), a dissolution-precipitation mechanism 

can be operative, leading to the formation of metal phosphonate or phosphinate 

phases (Figure 10), even in the case of chemically stable oxides like zirconia and 

titania [167, 176] . Considering the excellent stability of these oxides, the cleavage 

of M-O-P bonds by phosphonic acids and phosphoric acids was proposed. 

Furthermore, owing to the relative stability of  the P-C bond,  it was demonstrated 

by Caro et al. [154], that  alkyl and aryl-phoshonic grafted alumina membranes 

were stable up to 400 ˚C. Even after a thermal treatment for over 45 hours at 

400 ˚C, by rehydration, the former gas permeation behaviour could be restored. 

However, for the silylated–grafted membranes using a alkyltriclorosilane (OTS) a 

stability up to 250 ˚C is reported.

 OH   OH   OH    OH   OH 

Low T and [ ] High T and [ ] 
      R                            R  
 
      P                            P       
  
 O      O     OH     O     O     O 

Metal phosphonate 

Surface Modification                                      Dissolution/Precipitation  

Figure 10 ch 2 

Figure 10: Schematic representation of the competition between surface modification and 
dissolution-precipitation [185].

The use of ω-functionalized phosphoric acids for SAM formation was also 

investigated. The hydrophilicity of SAMs can be controlled by co-adsorption of 

methyl- and hydroxyl-terminated dodecyl phosphate monolayers [186].

Carboxyalkylphosphonic acids HO
2
C(CH

2
)

n
PO(OH)

2
 (n = 2,3,11,15) have also shown 

the ability in forming self-assembled monolayers on TiO
2
 [187, 188] and ZrO

2
 [189] 

surfaces by selective binding of the phosphoric end group on the metal oxide 

surface, leaving the carboxylic acid as a free pendant group. The conformation of 

the (CH
2
)

n
CO

2
H chains in the formed grafted layer depends on the chain length. 
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Moreover, a trend to the formation of poly-layer coatings on both surfaces is 

observed. In the case of TiO
2
, these poly layers are however removed by washing 

the samples with polar solvents (e.g. acetone). On the other hand ZrO
2
 multilayers 

remain stable to multiple washing with acetone but not when washed with 

methanol or aqueous acetone solutions.

Phosphinic acids can also be used to modify the surface of inorganic materials. 

Di-n-buthylphosphinic acid interacts with γ-alumina to give an aluminium 

dibuthylphosphinate surface layer with a high grafting density (4.8 nm-2). The hydrolytic 

stability of the obtained coating is relatively high (phosphoryl oxygen atom forms a 

rather strong donor-acceptor bond with Lewis acid site). The grafting intensity remains 

almost unchanged after two days of treatment with aqueous dioxane in a pH range of 

2 to 7. However, it appreciably decreases beyond these limits.

At present covalent hybrid materials based on OPCA have found relatively few 

applications. In separation domains, OPCA have been used to modify inorganic 

membranes [154] or supports for chromatography [190]. Random et al. [40] prepared 

an organo-ceramic membrane by grafting n-butylphosphonic acid and dodecyl-

phosphonate on the surface of an alumina membrane with a pore diameter of 

5 nm. Modified membranes have been tested for various gas permeations (CH4
, 

C
2
H

6
, C

3
H

8
, N

2
, H

2
 and CO

2
) at room temperature. The membrane displayed high 

permeability and a high selective coefficient for propane/nitrogen mixture. The 

same membrane modification was used recently on a TiO
2 
for separation of bovine 

serum albumin from native bovine by ultrafiltration. The acid modified membrane 

is highly hydrophobic [191]. The acid-modified membrane is highly hydrophobic.

2.4. Graft polymerization onto silylated surfaces

In this section some examples are given of polymers used to functionalize inorganic 

surfaces. Many more are described in literature reviews [14, 192-197] but the majority 

is focused on the functionalization of metal oxide particles. Due to the same type of 

chemistry, involving the OH surface groups onto an inorganic support, these studies 

can be interesting future paths for surface modification of flat sheet supports and 

tubular membranes regarding our application. Examples are:

•• Poly(vinyl actetate) [36, 198, 199]

•• Poly(vinyl pyrrolidone) [11, 17, 36]
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•• Polybutadiene [26, 56, 200]

•• Polyimide [201-203]

•• Polyamide [204-206]

•• Polystyrene [12, 16, 17, 207, 208]

•• poly(ethylene glycol) [34, 59, 209-212]

•• poly(acrylamide) [14, 213] 

•• poly(butylacrylate) [214]

•• poly(acrylonitrile) [14] and poly(acrylic acid) [14, 215, 216]

•• poly(methyl metacrylate) [17, 25, 217-219] 

•• polycarbonate [220, 221]

•• Polysulfone [221-223]

•• Polyamidoamine [224] 

•• Poly(maleic anhydride) [207, 225, 226]

In the next sections some more detailed examples are given of different classes of 

polymers grafted onto inorganic materials.

2.4.1. Polysiloxanes
PDMS is the most important elastomeric member of the organosiloxanes, usually 

known as silicone. It is chemically stable in all organic solvents when cross-linked, 

but it is preferably used in apolar solvents, due to its low polarity. It also presents a 

robust backbone and superior thermal stability. This polymer already showed great 

utility in membranes for industrial applications with organic solvents. Despite its 

broad chemical stability and its frequent use in SRNF applications, the extensive 

swelling of PDMS in organic solvents is an important issue which limits its utility in 

some apolar solvents. Since ceramic membranes do not present swelling behavior, 

the covalent bonding to a metal oxide support and confinement in the pores can 

eventually reduce the swelling and render to the top-layer a higher chemical and 

mechanical stability. Therefore some examples of grating PDMS on metal oxide 

particles/surfaces will be discussed.

Leger et al. [55], grafted polydimethylsiloxane oil onto a porous alumina membrane 

(pore size =5nm) by heating to 180 ˚C producing a covalently grafted monolayer 

(Figure 11). These membrane were tested for both pervaporation and gas separation. 
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Figure 11: Scheme for the attachment of PDMS to a alumina oxide surface. The reactions consist 
of the cleavage of the Si-O of the silicone polymer with recombination of the hydroxylated 
alumina surface.

The membrane proved to be selective for volatile organic compounds (VOCs) over 

water by pervaporation. The monolayer formed was chemically and thermal stable 

(up to 300 ˚C), unaffected by organic solvents. The silicon layers were not altered 

or removed by solvents or liquids (alcohols with low MW, toluene, THF, acetone, 

CHCl
3
, Et

2
O) and gases, but were susceptible to alkaline attack (as the silicone oil 

itself ). The membrane is totally impermeable to water, which makes it interesting 

for recovering of organic solvents from aqueous systems. Therefore, testing of 

these hybrid membranes for SRNF applications should be performed. 

γ-Alumina nanoparticles were also modified by surface functionalization with a 

vinyltrimethoxysilane followed by the grafting of the silicone polymer (hydride-

terminated poydimethylsiloxane) through an hydrosilylation reaction catalyzed 

by a platinum catalyst (e.g. Karstedt catalyst) [227]. Thermal, chemical and 

mechanical stabilities were evaluated in order to access potential applications as 

encapsulation of organic devices such as photovoltaic devices. The samples were 

then dipped into deionized water for 24 hours and put into an excess of acidic (1 

N hydrochloric acid) and basic (1N sodium hydroxide) solutions. The samples were 

then dipped into deionized water again to remove dissolved alumina. No weight 

loss was observed under these extreme conditions and FTIR did not observe any 

evidence for degradation. Furthermore, these composites were thermally stable 

up to 400 ˚C (10 % weight loss).

Phosphonic acids were also used for preparing a grafted PDMS aluminum oxide 

particle [228]. The PDMS was firstly modified through a radical addition reaction 

of the PDMS thiol onto vinyl phosphonate ester. This is followed by the cleavage 

of the ester unit followed by the protonation of the disalt forming the bis-

phosphonicpolydimethylsiloxane (PDMS) (Figure 12). After which the polymer is 

grafted onto the alumina surface. In a final stage nanocomposites were prepared 

by melt blending polymerization in poly(methyl metacrylate).  Besides PDMS bis-

phosphonic aromatic polyester (PET) and a polyether (TER) were also grafted.

Fadeev at al. [229] covalently attached monolayers of oligo(dimethylsiloxane)s 

on silica particles by liquid and gas phase reactions. Examples of a series of α,ω-
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diclorodimethylsiloxanes are given in Figure 13. 

Monomeric and oligomeric surfaces were prepared. As referred before, in chapter 

2.1., for the organosilanes, these reactions are also controlled by the amount of 

pre-adsorbed water on silica. TGA analysis showed that dimethylsiloxane surfaces 

have superior thermal and oxidative stability. Oligomeric surfaces show no weight 

loss until 350 ˚C-380 ˚C. Monomeric surfaces are even more stable and show no 

weight loss until 550 ˚C-650 ˚C in air. The easy preparation and the control of 

bonding, accompanied by excellent thermal stability, make these layer a superior 

alternative to conventional silanes with alkyl or fluoroalkyl groups. 

Many other studies have been reported in literature, that makes use of 

these family of polymers, including: poly(methyloctylsiloxane) (PMOS) [230], 

poly(dimethyloctadecylsiloxane) (PMODS) [231]. 
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Figure 12: Bis- phosphonic acid oligomers based on polydimethylsiloxane (PDMS), polyethylene 
teraphtalate diethylene glycol (PET) and Terathane ® (TER).
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Figure 13: Structures of the precursors to dimethyl surfaces [229].
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2.4.2. Polyvinyl monomers 

The modification of oxide surfaces with polyvinyl monomers like poly(vinylpyrrolidone) 

(PVP) and polyvinyl acetate (PVAc) were first described by Cohen et al.[232] for 

separation of resins used in size exclusion chromatography (SEC). More recently, 

surface modifications of silica, zirconia and alumina substrates, grafted with PVAc and 

PVP, were also demonstrated to be successful for membrane separations processes 

like: a) pervaporation of organics from aqueous systems and non-aqueous systems; 

b) ultrafiltration of oil-in–water emulsions. Some examples are described in Table 3.

Table 3: Examples of graft polymerization with polyvinyl polymers onto different metal oxide 
supports and applications reported in the literature.

Oxide Support Graft 
polymer

Membrane 
Process

Application Observations 

Silica; 
Pore size : 500Å [88] 

PVAc Pervaporation Removal of trichlo-
roethylene (TCE) 
from water 
Removal of chloro-
form from water

High selectivity for TCE and chlo-
roform 
Separation factors: TCE-106, Chlo-
roform-118 
Permeation fluxes : 0,37 Kg m-2 h-1

Negligible membrane mass trans-
fer resistance for organic species

Zirconia UF [85] PVP Ultrafiltration Separation of oil/
water microemul-
sions

Fouling resistance despite mem-
brane roughness
High oil rejection and low surfac-
tance rejection

γ-Alumina (50Å) in 
a α-Alumina su-
pport [36]

PVAc
PVP

Pervaporation Separation of 
methanol /methyl 
tert-butyl ether 
(MBTE)

Methanol selectiveSeparations 
factors: 
PVA-100, PVP-26
Permeation fluxes : 
PVA: 0,055-1,26 Kg m-2 h-1

PVP: 0,55-6,19 Kg m-2 h-1

Sílica 
Pore size: 
500Å [233]

PVAc Pervaporation Removal of MBTE 
from water

MBTE selective
Separation factors (MBTE): 68-77 at 
corresponding total flux of 0,31-
0,71 Kg m-2 h-1. Negligible mem-
brane mass transfer resistance for 
organic species

This surface modification is achieved by a two-step process consisting of a surface 

activation by silylation followed by free radical graft polymerization resulting in a 

macromolecular phase of polymer chains that are terminally and covalently attached 

onto the surface of the ceramic membrane as shown in the mechanism presented 

in Figure 14, for the graft polymerization of PVAc and PVP on to a silica surface.

The silylation is promoted by the reaction of a trifunctional silane like 

trimetoxyvinylsilane (VTMS) in xylene in an anhydrous environment, which 

results in the introduction of vinyl active sites that will act as the anchoring sites 
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on the ceramic surface for the grafted chains. This step is usually preceded by a 

pre-treatment that involves a cleaning and a hydroxylation of the surface -OH 

groups with HCl and water, followed by drying. The subsequent step consists of 

the graft polymerization of vinyl monomers onto the support surface in such a 

way that the polymer chains are grown from the vinyl active sites. In general this 

involves the addition of the monomer to the pre-silylated membranes in a suitable 

reaction medium (temperature, solvent, presence of initiators and/or co-catalyst). 

Depending on the type of polymer, graft polymerization has to be performed in 

an inert (nitrogen) atmosphere in order to prevent attack from oxygen radicals. 

OH

Si

OCH3

H3CO OCH3

HC CH2

O

Si

HC

H3CO OCH3

CH2

Particule/wafer 
hydrolyzed surface

Vinyl silane
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           +
HC CH2

O

C O

CH3

O
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HC
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O
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CHN

O

m
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Figure 14: Scheme of a two-step graft polymerization mechanism for the 1-vinyl-2-pyrrolidone 
(VP) and vinyl acetate (VAc) onto a silica surface  [234].

Many studies have demonstrated the influence of parameters such as polymer 

configuration [36] and graft polymer yield [88] on the selectivity and permeate 

flux of the CSP membranes. An important advantage of this surface modification 

is that through the control of the silane coverage and polymerization conditions 

[199] (temperature, time, monomer concentration) and by enhancing graft 
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polymerization over polymer grafting we can adjust the parameters as mentioned 

earlier. However, increase in selectivity by grafting will also require careful 

optimization of the grafted polymer chain spacing and chain length relative to 

the native support pore size. By choosing a proper selection of these variables, 

membranes can be tailored for a variety of separation applications.

Radical polymerization of vinyl monomers, initiated by peroxyester- [235], 

peroxide- [236] and azo- [217] groups, has also been reported for ultrafine 

silica. In addition, it has been reported that acylium perchlorate groups are 

successfully introduced onto silica followed by the cationic polymerization of vinyl 

monomers to give the corresponding polymer-grafted silica [237]. For instance, 

the introduction of vinyl monomers, like styrene (St), N-vinyl-2-pyrrolidinone 

(NPV) and 2-hydroxyethylacrylate (HEMA) onto a silica surface initiated by 

peroxycarbonate groups were investigated by Hayashi et al. [17]. The introduction 

of peroxycarbonate groups onto a silica surface was achieved by Michael 

addition of amino groups, introduced onto a silica surface by t-butylperoxy-2-

methacryloyloxyethylcarbonate (HEPO). The introduction of the amino groups 

was achieved by the reaction of the γ- aminopropylethoxysilane (APTES) with 

surface silanol groups (Figure 15).

OH
3-Aminopropyltrieythoxysilane

O Si CH2 NH23

HEPO

Michael addition

R NH CH2 CH C

CH3

O

O CH2 CH2 O C

O

O O C

CH3

CH3

CH3

Heat

Vinyl monomer
R NH CH2 C

CH3

O

O CH2 CH2 O CH2 CH

R'

CH2

n

Silica-NH2

Silica-HEPO

Polymer- grafted silica

Figure 15: Scheme for the graft polymerization of vinyl monomers: (1) Introduction of 
peroxycarbonate groups onto a silica surface by Michael addition of amino groups previously 
introduce on the silica surface to HEPO; (2) Radical graft polymerization of vinyl monomers 
initiated by peroxycarbonate groups [17]. 

No studies are reported on the chemical stability of these systems in extreme 

conditions, or even for nanofiltration application applications. One can expect that 

these membranes show some limitations due to the low resistance to hydrolytic 
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attack of the Si-O-Si bond. Nevertheless, the incorporation of a polymer can 

eventually prevent this attack, stabilizing these bonds towards hydrolytic attack in 

extreme conditions. 

2.4.3. Poly(ethyleneimine) (PEI)
Recently, Kumar et al. [238], have developed an ordered mesoporous silica MCM-

48 membrane modified with amino-containing polymers for CO
2
 separations from 

flue gas. These membranes were applied on an α-alumina support. PEI containing 

primary amines, secondary amines and tertiary amines were attached to the 

surface of the mesoporous silica by a two-step grafting procedure:

-Si-OH + C
2
H

5
-O-Si-R-Cl  -Si-O-Si-R-Cl +C

2
H

5
OH

-Si-O-Si-R-Cl  + R-NH- -Si-O-Si-R-NH-R’ + HCl

In the first step, the silica silanol groups of MCM-48 silica reacted with 

3-chloropropryltriethoxysilane to form surface chloroporpyl-silyl groups. These 

groups served as a linker for attachment of PEI to the surface of mesoporous channels 

in MCM-48. Further on they were functionalized with branched PEI by nucleophilic 

substitution of the chlorine atom with the primary, secondary and tertiary amino 

groups of the PEI in THF. A schematic of PEI attachment is shown in Figure 16.

OH 

HO 

O-Si-Cl 

Cl-Si-O 

PEI LINKER Surfactant 
removal 

Surfactant 

Figure 16 ch 2  

Figure 16: Schematic of PEI attachment on MCM-48 mesoporous silica [238].

2.4.4. Polyimides
Polyimides (PI) show an excellent thermal and mechanical stability due to their 

stiff aromatic backbone. They are also resistant at room temperature to a number 

of solvents such as aromatics, aliphatic, ketones, esters, alcohols and concentrated 

acids [239]. Therefore these materials have been extensively used as SRNF membranes 

[239-244]. However, PI membranes can become instable in certain classes of solvents 

such as amines (DMAc and DMSO) as well as chlorinated and protic solvents (NMP, 

THF, DMF), which hampers the application of these membranes. Several cross-
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linking methods have been proposed in order to increase the chemical stability 

these membranes, [242-248]. Another approach can be grafting polyimide polymers 

onto ceramic supports which contain superior chemical stability.

More recently, Cheng et al. [249], prepared a covalently bonded nanoscale 

mesoporous silica (60 nm) polyimide ODPA (4,4’-oxydiphtalic anhydride)-BAPP 

(2,2-bis[4(4-aminophenoxy)phenyl] propane) nanocomposite by pre-modification 

with a grafted 3-aminopropyltrinethoxysilane, as illustrated in Figure 17. The amino 

groups inside the mesoporous channels can interconnect with the polyimide 

main chains forming a multi-linked and complex silica/Pi network. This approach 

resulted in increased thermal (increased Tg) and mechanical stability. Moreover, 

polymer chains were not only bond to the silica particle surface but also penetrated 

the pore channel, becoming tethered to the channel surface. 

Leu et al. [250] modified a Na-kenyaite by first grafting with 

3-aminopropyltriethoxysilane (APTES) followed by the grafting of a pre-formed 

poly (amic acid) BTDA (3,3’,4,4’ Benzophenone tetracarboxylic dianhydride)-ODA 

(4,4’-oxydianiline) type followed by a thermal imidization step. The amino group of 

the APTES can react with the anhydride end group of the poly (amic acid) to form 

a covalently bonded polymer tethered silicate. It was also demonstrated that an 

increase in both thermal and mechanical stability was attained. 

Mixed matrix membranes, consisting of polyimides and zeolites, have been 

extensively studied [6, 7, 251, 252]. However, the majority of these systems rely 

on physical attachments, even though few papers have reported the formation 

of a covalent bond between the polyimide and the zeolite particle, by grafting 

silane coupling agents on the surface of the sieve, as discussed before. Mahajan 

et al. [253] prepared a mixed matrix membrane composed of a APTES modified 

zeolite/Matrimid® membrane. The polyimide polymer was covalently bonded 

through the introduction of a bridged silane (APTES). Pechar et al. [254] use of 

a similar approach for the preparation of a mixed matrix membrane composed 

of a zeolite covalently bonded to a 6FDA-6FpDA-DABA. In both cases increased 

adhesion between the organic and inorganic moiety was achieved wth increased 

gas permeability at the cost of selectivity.

2.4.5. Polyethylene (PE), polypropylene (PP)

Hydrophobic polymers like PE and PP, especially the latter, offer a promising 

approach. Due to its high durability and stability in the wide pH and solvent range 
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polypropylene is particularly interesting supporting material for solvent resistant 

membranes [255, 256]. 

Lui et al. [257] have immobilized three different polymers (PP, PE, PEG) onto a silica 

wafer via a photoactive heterofunctional crosslinker, using a silane-functionalized 

perfluorophenylazide (PFPA-silane) as a photoactive crosslinker. The immobilization 

of polymers (polypropylene, poly(ethyleneglycol) with low molecular weight and 

polystyrenes was studied (Figure 18)
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ν
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Figure 18: Covalent immobilization of a polymer on a PFPA-functionalized surface [257] .

The process is relative simple to perform. It involves coating of the polymer on 

the photolinker-functionalized surface (PFFA-silane-M, M=metal oxide) followed 

by UV radiation. Upon irradiation perfluorophenylnitrenes are generated and 

undergo efficient C-H and/or N-H insertion reactions of the reactive intermediate. 

For this reason, there is no need to functionalize the molecule to be immobilized 

as long as it possesses C-H and/or N-H bonds. On the other hand only a monolayer 

of the polymer is covalently immobilized. This immobilization technique appears 

to be highly reproducible and defect-tolerant.
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2.4.6. “Dendrimer-like” highly branched polymers
Dendrimers, hyperbranched polymers are able to entrap a diversity of organic 

molecules in their interior. Tsubokawa et al. [258], reported grafting of a 

polyamidoamine dendrimer onto a silica surface. Introduction of amino groups 

as an initiator site on the silica surface was achieved by the treatment of the silica 

with γ-aminopropyltriethoxysilane (APTES). The polyamidoamine dendrimer was 

propagated on the silica surface by repeating two processes: (1) Michael addition 

of methyl acrylate to surface amino groups, and (2) amidation of the resulting 

esters with ethylenediamine (Figure 19).
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Figure 19: Polyamidoamine dendrimer-grafted silica [258].

These compounds present a controlled molecular weight building structure, 

controlled branching and versatility in design and modification of terminal end 

groups. These characteristics can be interesting for design of structures with 

controlled pore size with suitable functional groups, regarding the application in 

question. 

Another example of a highly branched compound was investigated by Javaid et al. 

[149], where a γAl
2
O

3
 membrane (pore size = 5-10nm) was modified with a triazine-

based hyperbranched molecule presented in Figure 20. For comparison they used 

two chlorosilanes: Otcadecyltrichlorosilane (OTS) and phenyltrichlorosilane (PTS). 

Pervaporation of organic liquid/ liquid solutions (nitrogen, methane, propane and 

toluene) was evaluated. 
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Figure 20:  Chemical structures of the organic modifiers used in this study:  Octadecyltrichlorosilane 
(OTS), Phenyltrichlorosilane (PTS), Triazine-based hyperbranched molecule (molecule 1) [149] .

All membranes were solubility-selective (SF>1) for the separation of toluene from 

nitrogen. The apparently very densely-packed structure presented by PTS and 

the large resistance to toluene due to its large size compared to nitrogen, yielded 

extremely low permeability and selectivity. Moreover, they became mobility-

selective for nitrogen, in one case. Whereas, the hyperbranched triazine molecule 

apparently formed a much looser structure that yielded good stability and high 

permeability. The selectivity of the OTS membrane was slightly higher than that of 

the hyperbranched triazine molecule, but its permeability was lower. 

2.5. Conclusions 

Based on this literature search the following grafting methods are proposed for 

the work, as described in this thesis:

1.  The use of silanes as surface modifiers seems to be a promising grafting route 

for hydrophobizing ceramic membranes. The attaching of hydrophobic 

silanes onto inorganic surfaces seems special suitable for organic solvents, 

where the chemical stability in very low and high pHs is not a issue. 

2.  Along with silylation, the grafting of polysiloxanes polymers (chapter 3 

and 4) and polyimides (chapter 6 and 7) has been selected as a second 

functionalization route. An amino trialkoxysilane was selected as the silane 

coupling agent, e.g. APTES.
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2.6. List of Abbreviations

AGP:   Anionic graft polymerization 

APTES:   3-aminopropylethoxysilane

APTMS:  3-aminopropylmethoxysilane  

APDMES: 3-aminopropyldimethylethoxysilane  

CGP:   Cationic graft polymerization 

CSP:   Ceramic supported polymeric membranes

DMDMS:  Dimethyldimethoxysilane

FMTES:  1H,1H,2H, 2H-perfluoromethyltriethoxysilane

FOTES:  1H,1H,2H, 2H-perfluorooctyltriethoxysilane

FOTS:   1H,1H,2H, 2H-perfluorooctyltrichlorosilane

FDTES:  1H,1H,2H, 2H-perfluorodecyltriethoxysilane

FHTES:  1H,1H,2H, 2H-perfluorohexylltriethoxysilane

FPTES:  1H,1H,2H, 2H-perfluorophenyltriethoxysilane

FRGP:   Free radical graft polymerization  

FTIR:   Fourier transform infrared

HEMA:  2-Hydroxyethylacrylate

HEPO:   t-Butylperoxy-2-methacryloyloxyethylcarbonate

Km:   Permeability coefficient

MTBE:   Methyl-tert-buthyl ether

MTMS:   Methyltrimethoxysilane

MPTMS:  3-mercaptotrimethoxysilane

MWCO:   Molecular weight cut-off

NVP:   N-Vinyl-2-pyrrolidone

OPCA:   Organophorous coupling agents

OTS:   Octadecyltrichlorosilane

PDMS:   Poly(dimethylsiloxane)

PE:   poly(ethylene)

PEG:   Poly(ethyleneglycol)

PEI:   Poly(ethyleneimine)

PEO:   Poly (ethylene oxide)

PFPA:   Perfluorophenylazidesilane

PMODS:   Poly(dimethyloctadecylsiloxane)

PMOS:   Poly(methyloctylsiloxane)

PP:   Polypropylene
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PPG:   Polypropylene glycol

PTS:   Phenyltrichlorosilane

PVA:   Poly (vinyl alcohol) 

PVAc:   Poly(vinyl actetate)

PVP:   Poly(vinyl pyrrolidone)

SAMs:   Self-assembly monolayers

SRNF:   Solvent resistant nanofiltration membranes

St:   Styrene

TCMS:  Trichloromethylsilane

TCE:  Trichloroethene

TGA:   Thermogravrimetric Analysis

THF:   Tetrahydrofuran

Vac:   Vinyl acetate

VP:   1-Vinyl-2-pyrrolidone

VTMS:   Vinyltrimethoxysilane
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Abstract 

This paper reports the fabrication and characteristics of titania powders and 

membranes, chemically modified (grafted) with several organo silanes. Trichloro-

alkyl silanes were examined with carbon chain lengths of C
1
, C

4
, C

8
 and C

18
, while 

for the methyl silanes the grafting of mono- and di-chloro precursors were studied 

as well. Grafting of the powders was proven by FTIR analysis. For C
18

 the methylene 

chain was trans extended (or ordered) and almost perpendicular to the titania 

surface, while for C
4
 and C

8
 disordered alkyl chains are expected. Grafting of these 

silanes on titania membranes resulted in hydrophobic membranes. XPS analysis 

showed that not only the membrane surface but also pore walls were grafted 

with the silanes. Influence of precursor concentration and reaction conditions 

(temperature and time) are studied as well. Finally it is shown that these covalent 

bonds between the silanes and titania are stable during immersion in toluene or 

hexane for 14 days.
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3.1. Introduction

Over the last decades, there has been a growing interest in ceramic membranes 

due to their superior thermal, mechanical and chemical stability when compared 

with polymeric membranes. However, their low selectivity and hydrophilic 

character hampers their application for separations in non-aqueous systems.  

Special attention has been paid on the development of several methods for 

engineering the chemical (hydrophilicity/hydrophobicity) and physical properties 

(pore size, pore structure) of ceramic membranes. As a consequence the 

membrane performance (selectivity, permeability and fouling characteristics) can 

be altered. Surface engineering can either be achieved by physically adsorbing or 

chemically bonding polymer chains onto a substrate. Chemical bonding offers a 

unique opportunity to design membranes that simultaneously deliver the desired 

chemistry and the desired pore size/pore structure for specific applications. 

Furthermore, these hybrid membranes reduce swelling of the polymer due to the 

covalent bond, formed between the polymer and the rigid ceramic framework. 

Phosphoric acids derivatives [1], organosilanes, i.e. chloro- [1-8] and alkoxysilanes 

[9], fluorosilanes [10, 11] and even polysiloxanes [12] have been successfully grafted 

onto inorganic membranes. Van Gestel et al. [6] modified γ-Al2O3
 membranes with 

organosilanes and evaluated the effect of silane treatment on hexane and water 

permeability. They obtained hydrophobic membranes, showing permeation 

of hexane, when trichlorosilanes were grafted into the mesoporous pores and 

on the surface of the membrane. An increase in hexane permeability was also 

shown by Verrecht et al. [13] when a γ-Al
2
O

3
 membrane was grafted with different 

chlorosilanes. By modifying the surface of a 3 nm zirconia membrane, using 

different coupling  silanes, Voigt et al. [14] have shown an increase in toluene flux 

by a factor 2-3 as well as a decrease in the molecular weight cut off value of the 

membrane. Younssi et al. [9] showed that, when alkoxysilanes are used as grafting 

moiety, membrane properties like hydrophobicity, selectivity and membrane 

flux of different solvents clearly depend on grafting conditions and nature of the 

silanes.

Depending on the reaction conditions (e. g. temperature, nature of the solvent, 

time), the silane chemistry (e.g. number and type of reactive groups) and the 

amount of water adsorbed on the surface, different structures can be obtained 

[15]. The number of available surface reactive groups plays a crucial role in the final 

structure of the grafted layer. The formation of a monolayer on the ceramic surface 
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is preferred for obtaining sufficient functional accessibility as well as reproducibility 

in fabrication. For monofunctional silanes, having only one hydrolysable group, a 

monolayer is always achieved. Meanwhile, a silane precursor with two or more 

hydrolysable groups will have more reactions routes. Difunctional silanes are 

capable to either form a covalent attachment to the surface or to form a 3-D surface-

induced polycondensation product. Dichlorosilanes react with silica surfaces, 

yielding either covalently attached monolayers or polymeric layers, depending 

on reaction conditions. Similarly for trichlorosilanes, covalent attachment to the 

ceramic surface is not the only possible reaction. Along with covalent bonding, 

2-D (self-assembly) and 3-D surface-induced polycondensation is possible.

In the case of alkyl-chlorosilanes covalent bonding occurs through the hydrolysis 

of the Si-Cl bonds forming Si-OH groups (equation 1) and only HCl as byproduct, 

which can easily be removed. The Si-OH groups interact with the OH groups of the 

surface forming M-O-Si bonds to the substrate through condensation reactions 

(equation 2). Moreover, Si-O-Si bonds are also formed between adjacent silanols, 

available in the solution phase creating a polymer network. 

 (Cn
H

2n-1
)

4-x
SiCl

x
 + mH

2
O (C

n
H

2n-1
)

4-x
SiCl

(x-m)
(OH)

m
 + mHCl                                (1)

 (C
n
H

2n-1
)

4-x
SiCl

(x-m) 
(OH)

m
 + HO-M(C

n
H

2n-1
)

4-x
SiCl

(x-m) 
(OH)

(m-1)
-O-M≡  + H

2
O     (2)

Where, M is the metal (in this work Ti), m the number of hydrolyzed surface groups 

and x the number of functional groups present in the silane. 

The presence of a catalyst as water [16] or an amine [17] during hydrolysis (equation 

1) is required for the condensation reaction. However, the presence of too much 

water causes polycondensation of the silanes leading to low surface and pore 

coverage and hence to a poor quality of the layer. Anhydrous silylation, which is the 

focus of this work, has shown to be an effective method of achieving a controlled 

degree of silylation and preventing polycondensation of the silanes in the bulk. A 

uniform layer and complete surface silylation coverage can be obtained in this way.  

In this paper grafting is reported of tri, di and mono chloro-alkylsilanes onto 

titania membranes with a pore size of 5 nm as well as on titania powders. In 

order to obtain a uniform and high surface coverage several reaction conditions 

(reaction temperature, reaction time and concentration of the precursor) are 

studied. Fourier transform infrared (FTIR) spectroscopy was used to prove if the 

silanes were successfully grafted. Furthermore, contact angle measurements on 
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grafted membranes were performed to determine the hydrophobic character of 

the surface. XPS analysis was done and the Si and C depth profile was analyzed 

and the Si and C atomic concentration were determined. In order to check the 

feasibility of these systems in solvent filtration, stability tests in different solvents 

are performed. 

3.2. Experimental

3.2.1. Materials
Trichloromethylsilane (TCMS: CH

3
SiCl

3
 = C

1
), dichlorodimethylsilane (DCDMS: 

(CH
3
)
2
SiCl

2
), chlorodimethylsilane (CDMS: (CH

3
)
2
HSiCl), butyltrichlorosilane (BuTCS: 

C
4
H

9
SiCl

3 
= C

4
), octyltrichlorosilane (OcTS: C

8
H

17
SiCl

3 
= C

8
) and octadecyl-trichlorosilane 

(OTS: C
18

H
37

SiCl
3 
= C

18
) were obtained from Aldrich and used as received. Anhydrous 

toluene, anhydrous n-hexane, anhydrous isopropanol and hydrogen peroxide 

(H
2
O

2
, 30 wt. % in water) were obtained from Aldrich and used as received. The TiO

2 

coated α-Al
2
O

3
 supports, used in this work, were supplied by Hermsdorfer Intitut für 

Technische keramik e.v. (HTIK)/Inopor® ultra. The flat supports had a diameter of 39 

mm, a thickness of 2 mm, a porosity in the range of 30-55 % and a mean pore size of 

5 nm for TiO
2
 according to the information received from the provider.

The TiO
2
 powder (Hombikat UV 100) had an anatase structure and was supplied by 

Sachtleben Chemie GmbH. The crystal structure of the TiO
2
 powder was verified by 

XRD. The BET surface area, as determined by N
2
 desorption/adsorption was 341 m2 g-1.

3.2.2 . Grafting procedure
Grafting titania powders 

Prior to grafting the powders were washed in an ethanol/water (2:1) solution for 24 

hours at ambient temperature and dried in a vacuum oven for 30 minutes at 100 ̊ C. 

Grafting of powders with organo chlorosilanes was done at various temperatures 

using silane concentrations of 25 mM or 50 Mm in anhydrous toluene.

For modifications performed at room temperature a typical procedure was as 

follows: (1) In a glove box under nitrogen atmosphere a 100 ml toluene-silane 

solution, using silane concentrations of either 25 or 50 mM,  was added to 0.5 g 

TiO2
 powder in an Erlenmeyer flask and stirred for different reaction times (0.5 – 24 

hours); (2) the mixture was removed from the glove box, filtrated and washed first 

with fresh toluene and then with a 2:1 ethanol/water solution for the removal of 
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unbound silanes and afterwards dried at100 ˚C for 24 hours in a vacuum oven to 

remove traces of solvents.

Two reactions for TCMS were performed at higher temperatures (50 or 100 ˚C) 

using an almost similar procedure. TiO
2
 powder (0.5 g) was added to a four-necked 

round flask, equipped with a reflux condenser, a water trap and a nitrogen inlet. 

A 100 ml toluene-TCMS solution with a concentration of 50 mM, as prepared in a 

glove box, was slowly added by means of a dropping funnel to the TiO
2
 powder 

and refluxed for 24 hours under nitrogen. The suspension was then filtered, washed 

and finally dried as described above. 

Grafting titania membranes

Prior to grafting the membranes were pre-treated to remove dust and to promote 

a suitable hydroxylation by soaking in an ethanol/water (2:1) solution for 24 hours 

at ambient temperature and dried in a vacuum oven for 30 minutes at 100 ˚C. 

For promoting a higher hydroxylation degree, the ceramic membranes were 

subsequently subjected to first boiling in H2
O

2
 and then in H

2
O (Millipore Q2) (1 

hour for both cases). Finally, the membranes were dried under vacuum at 100 ˚C 

for 24 hours and stored under nitrogen atmosphere until further use. The grafting 

procedures used for flat membranes were similar to the ones used for powders. 

For reactions performed at room temperature a 100 ml a silane-toluene solution 

(with concentrations varying from 25 – 100 mM) was first prepared in a beaker in 

a glove box under nitrogen atmosphere. Subsequently, a membrane was added 

and the solution was stirred for different reaction times (0.5 – 24 hours). After the 

reaction the membranes were washed by soaking in toluene and subsequently in 

ethanol/water (2:1) and dried as described above. 

For reactions at higher temperatures (50 or 100 ˚C), the membranes were placed 

in a five necked round flask equipped with a nitrogen inlet, a magnetic stirring, a 

water trap and a reflux condenser. A 100 ml 50 mM TCMS solution, as prepared 

in a glove box, was slowly added to the reactor vessel using a dropping funnel. 

The solution was stirred for 24 hours under nitrogen at 50 or 100 ˚C. After the 

reaction was finished, the solution with the membrane was cooled down to room 

temperature and washed and dried as described before.

3.2.3. Powders and membrane characterization
Infrared spectroscopy 

The FTIR spectra of grafted powders were obtained with a TGA-IR Tensor 27 system 
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spectrometer obtained from Bruker Optick GmbH, in the range 400-4000 cm-1, using a 

resolution of 4 cm-1 and 16 scans. Unmodified titania powders was used as background.

Contact angle 

Static contact angle measurements were performed on grafted membranes 

using a video-based optical contact angle instrument (OCA 200) and a Hamilton 

Microliter syringe. A 5 μl droplet of water (Millipore Q2) was injected at a speed 

of 1 µl s-1. Immediately hereafter a snapshot was taken and the contact angle 

was calculated using the static sessile drop method. The sessile drop method is 

measured by a contact angle goniometer using an optical subsystem to capture 

the profile of a pure liquid on a solid substrate. The angle formed between the 

liquid/solid interface and the liquid/vapor interface is the contact angle. The 

droplet is deposited by a syringe pointed vertically down onto the sample surface 

and a high resolution camera captures the image, which then is analyzed by image 

analysis software. The calculated contact angle value is an average of 5 drops.

X-ray photoelectron spectroscopy (XPS)

XPS was carried out on grafted TiO2
 membranes using a PHI Quantera Scanning 

ESCA microprobe at a spatial resolution < 10 µm. Al-Kα monochromatic X-Rays 

(1486.6 eV) have been generated at an accelerating voltage of 25 V and a 2.6 mA 

emission current. The atomic percentages of Si, Ti, Al and C were determined by 

taking into account the atomic concentrations calculated from the Si2p, Ti2p 

Al2p and C2p energy bands respectively. Atomic-concentration depth profiles 

were obtained by Ar+ sputtering (3.5 keV) on a 2x2 mm area with an estimated 

sputter rate of 20 nm/min. Moreover, the Si concentration per unit area of titania 

membrane surface (mol m-2) was determined by taking into account the atomic 

concentrations of Si and Ti while for the titania layer a surface area of 73.0 m2 g-1 

and a (theoretical) density of 3.84 g cm-3 was considered.

Chemical stability tests

In order to assess the stability of titania grafted systems several powders were 

soaked in various solvents: toluene, n-hexane and isopropanol. Approximately 

0.2 g of a titania grafted powder was soaked in 20 g of solvent and stirred for 7 to 14 

days at room temperature. The powders were centrifuged at a speed of 1000 rpm 

for 5 minutes and then washed and centrifuged with fresh solvent. This procedure 

was repeated three times; a total volume of 60 ml of solvent was used per 0.2 g of 
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powder. The powders were dried in air overnight and afterwards analyzed by FTIR, 

which results were compared with those of freshly grafted powders.

3.3. Results and Discussion 

3.3.1 General considerations 
Chemical pretreatment of the membrane prior to grafting has a crucial influence 

on the degree of silylation. Efficient hydroxylation by H
2
O

2
 can improve the amount 

of bonds between surface and silanes [7, 18]. The drying temperature is another 

important parameter as the presence of a surface water layer is required for the 

hydrolysis step. Tripp at al., have shown that no reaction occurs when TCMS is added 

to totally dehydrated silica at room temperature [19] It has been shown that an 

insufficient water layer is present when drying temperatures of more than 150 ˚C 

are used [18]. Therefore in this work a drying temperature of 100 ˚C was selected.

Control over process parameters like water content [20] and temperature during 

the silylation reaction is also crucial for preventing cross-polymerization of the 

silanes by the formation of Si-O-Si bonds prior to the formation of covalent 

bonds to the surface. In the case of silanes with two or more hydrolysable groups 

intermolecular condensation between adjacent molecules forming a cross-linked, 

fully packed polymerized silane layer can occur. The condensation reaction of the 

first hydroxyl group readily occurs, while the condensation of the second and third 

hydroxyl groups attached to the same silicon becomes increasingly more difficult 

[21] Therefore, an extra step is required, called baking or curing by heating the 

sample at temperatures 100 or 200 ˚C. This completes the lateral condensation 

reactions with the formation of a lateral cross-linked silane layer.

3.3.2. FTIR analysis of grafted powders
In order to prove if the studied organosilanes were grafted onto titania powders 

and membranes FTIR spectroscopy is performed. In this section respectively 

the influence of alkyl chain length, the number of reactive groups and reaction 

conditions on grafting performance are discussed.

Influence of alkyl chain length on grafting performance

The FTIR spectra for unmodified titania andpowders modified with different 

trichloroalkylsilanes are presented in Figure 1. 
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Figure 1: FTIR spectra of titania powders (AF) and titania powders grafted with trichloromethylsilane 
(TCMS), butyltrichlorosilane (BuTCS), octyltrichlorosilane(OcTS), octadecyltrichlorosilane (OTS). 
The reactions were performed at RT for 24 hours with [silane] =25mM 

For the unmodified titania a peak at 1640 cm-1 and a large hump between 3000 

and 3600 cm-1 are observed, which are attributed to the OH groups, present in the 

powder. 

Infrared spectroscopy has proven to be a suitable technique for assessing grafting of 

hydrocarbon chains on metal oxide surfaces, because C-H stretching bands (2800-

3000 cm-1) can easily be detected. Furthermore, the position of the CH
2
 symmetric 

and asymmetric stretching peaks provide information about the conformational 

arrangement of the alkyl chains. For all trans extended (or ordered) methylene 

chains the IR frequencies are reported to be in the range of 2846 to 2850 cm-1 and 
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2915 to 2920 cm-1 which corresponds to the bands of crystalline alkanes, while 

for highly disordered chains the frequencies are shifted to higher values close to 

those of liquid alkanes, near 2925 cm1 and 2856 cm-1 [22]. For C
18

 (OTS) grafted 

on silicon [23] or aluminum [24] wafers it has been reported that highly-ordered, 

densely-packed OTS monolayers with chains close to perpendicular to the surface 

show methylene (-CH
2
) symmetric and asymmetric bands at 2850 cm-1 and  2920 

cm-1 respectively and methyl symmetric and asymmetric stretching at 2968 cm-1 

and 2879 cm-1. In our case similar values were obtained for both methylene 

bands for octadecyltrichlorosilane (C
18

) grafted onto a titania powder (Figure 1) 

indicating that alkyl chains with a high conformational degree were obtained after 

grafting OTS on titania powders. On the other hand, these authors showed that 

for silanes with shorter alkyl chains (n<10) a shift towards higher wavenumbers for 

the methylene symmetric and asymmetric stretching was observed and can be 

ascribed to a disordered alkyl chain. This is in agreement with the values obtained 

for titania powders grafted with C
4
 and C

8
 (Figure 1). 

After grafting the broad peak centered at 3450 cm-1 as presented in Figure 1 in the 

unmodified titania powder due to the stretching mode of the physically adsorbed 

water molecules almost disappears indicating that the silanes molecules have 

reacted with the surface water, confirming the silane grafting.

For all silanes several bands between 1600 and 1200 cm-1 can be observed 

attributed to the bending, twisting, rocking of the methyl and methylene groups. 

A strong band found around between 1466-1448 cm-1 is due to CH
2
 scissor (δ 

CH
2
) [25], while a peak around 1404 cm-1 is attributed to the bending mode of 

the methylene group adjacent to Si (δ Si-CH
2
) [25]. A weak peak around 1367 

cm-1 is due to the symmetric bending mode of the methylene groups (δ CH
2
). As 

expected these peaks cannot be found for the TCMS, which contains only a methyl 

group as side group.

The signal around at 1302 and 1262 cm-1 is assigned to the CH
2
 wagging CH

2
 twist-

rock mode [25]. The strong band at 1272 cm-1 which is only observed for TCMS, is 

assigned to the Si-CH
3
 deformation mode. As shown by the spectra in Figure 1 a 

broad doublet band appears between 1180 and 1000 cm-1. This band is ascribed to 

the asymmetric and symmetric Si-O-Si stretching, indicating the formation of a Si-O 

bond and of Si-O-Si polycondensation [17, 26].  The bands between700-800 cm-1 

are due to the rocking modes of the CH
3
 group and to the Si-C stretching. Finally, 
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the presence of a band attributed to the Ti-O-Si stretching band represented by 

a small shoulder in the region of 910 cm-1 allows us to conclude that silanes are 

grafted onto the titania powders. For the TCMS no shoulder could be observed. 

Influence of the number of reactive groups on grafting performance

The effect of the number of reactive groups on grafting is studied as well. In Figure 

2 the FTIR spectra are given for samples treated with tri-, di-, or monochlorosilanes 

(resp. TCMS, DCDMS and CDMS).

Figure 2: FTIR spectra of titania powder grafted with trichloromethylsilane (TCMS), 
dichlorodimethylsilane (DCDMS). The reactions were performed at RT for 24 hours with [silane] 
=50mM

It is well known that the tendency for condensation increases with the number of 

hydroxyl groups attached to the silicon atom (formed after hydrolysis). The degree 

of condensation therefore follows the order RSi(OH)
3
>R

2
Si(OH)

2
>R

3
SiOH. 

The presence of four characteristic bands for both TCMS and DCDMS allows us to 

conclude that here grafting is successful. These bands include a peak around 2960 

cm-1 due to C-H vibration modes, a peak around 1272 cm-1 , attributed to symmetric 

deformation of the Si-CH
3
 group and finally a broad peak between 1136 and 1024 

cm-1 due to Si-O-Si bond indicating some degree of polymerization on the powder 

surface. NMR [27], IR [28] and other methods [29] have shown that for trifunctional 

silanes 1:1 (one Si-O-M bond) as well as 1:2 (two Si-O-M bond) grafted structures 
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are present on the surface, however structures 1:3 (three Si-O-M bonds) are not 

formed due to steric reasons [29]. In the latter case one of the three hydrolysable 

groups can condense with an adjacent silane, resulting in the formation of a 

siloxane bond indicated by the broad peak at 1180-930 cm-1. This confirms that a 

fully developed network was formed for the di- and trichlorosilanes. As expected, 

a more intense band for the siloxane bond formation is observed for the trichloro 

than for the dichloro system. These characteristics bands are not present for the 

monochlorosilane, or when they are present, they only exhibit at low intensities. 

The lack of reactivity of the monochlorosilane can be due to steric hindrance of the 

two additional methyl groups, limiting the access of Si-OH to the hydroxyl groups 

of the titania powders. However, in the case of the dichlorosilane, the presence of 

these two methyl groups do not seem to affect grafting. A possible explanation is 

an additional reactive group for the dichlorosilane, which is available to either form 

a covalent bond with the surface or to react with an adjacent free silanol group. In 

conclusion, more strongly bonded layers with some degree of crosslinking can be 

achieved when di- and trifunctional silanes are used as a grafted moiety. 

Influence of reaction conditions on grafting performance

Finally the effect of reaction conditions (time and temperature) on grafting 

performance was studied for the trichloromethylsilane and octadecyltrichlorosilane. 

Figure 3 presents FTIR spectra for these two silanes for a reaction time of 2 hours 

and 24 hours. 

The characteristic bands for OTS- grafter titania powders are present after 2 hours 

of reaction; e.g.: the presence of Si-CH2
 at 1404 cm-1, CH

2
 in the hydrocarbon chain 

between 2920-2850 cm-1 and between 1466-1448 and, the CH
3
 groups at 2968 

cm-1. The Si-O-Si peak due to polycondensation between the silane molecules 

at 1100-980 cm-1 and the presence of the peak around 910 cm-1 due to Ti-O-Si 

bond formation indicates that the bonding of the silanes to the surface is achieved 

after 2 hours of reaction, while an increased number of Si-O-Si bonds is formed for 

longer times, since a more intense band for the Si-O-Si can be seen after 24 hours 

of reaction. In the case of the TCMS, after 2 hours reaction, one could conclude 

that grafting of TCMS has occurred since the characteristic band for the CH
3
 at 

2980 cm-1 and for the Si-CH
3
 at 1272 cm-1, as well as the band due to the Si-O-Si 

bond formation at 1100-930 cm-1are observed. These data are consistent with the 

appearance of alkyl groups on the surface.
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a)

b)

Figure 3: FTIR spectra of titania powder grafted with a) trichloromethylsilane (TCMS), b) 

octadecyltrichlorosilane (OTS). The reactions were performed at RT for 2 or 24 hours with [silane] 

=25mM. 

3.3.3. Hydrophobic character of the grafted membrane
Since it was proven that modification of titania powders was possible by silylation, 

titania membranes were modified with different silylated agents. Due to their 

hydrocarbon side chains it is expected that hydrophobic surfaces are produced. 

In Figure 4 the contact angle for different silanes grafted onto a titania membrane 

are presented. 
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Figure 4: Water contact angle in degrees (deg) for titania membranes grafted 
with trichloromethylsilane, buthyltrichlorosilane, octyltrichloromethylsilane and 
octadecyltrichlorosilane. The reactions were performed 24 hours at RT with a [silane] = 25 mM.

All membranes were hydrophobised when trichloroalkylsilanes (C
1
, C

4
, C

8
 and C

18
) 

were used as grafting moiety. Furthermore it is shown that with increasing chain 

length, the contact angle increases, e.g. 97˚ for TCMS and 116˚ for OTS. A similar 

trend was observed by Fadeev at al. [15], who showed an increase in contact 

angle with chain length for mono-, di- and trichloroalkylsilanes grafted on silicon 

wafers. However, for OTS increases in the number of CH
2
 groups do not result in a 

signicficantly higher contact angle value, which might indicate certain degree of 

organization.

For di- and monochloroalkylsilanes (DCDMS and CDMS) lower contact angles 

were observed, 82˚ for DCDMS and 74˚ as for TCMS. Due to their short chain 

length (methyl) and a lower number of hydrolysable groups, a lower bonding 

density is expected for the di- and monochloro derived systems. Therefore, a fully 

hydrophobised surface and pore was not achieved in the latter case. Contrarily, in 

the case of all trichlorosilanes a fully hydrophobic surface was achieved. 

As can be seen in Table 1, process parameters like reaction time, temperature and 

concentration have an influence on the degree of wettability.
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Table 1: Water contact angle for trichloromethylsilanes TCMS grafted on titania membranes at 
various silane concentrations, reaction times and reaction temperatures. 

[silane] 
(mM)

Time
 (h)

Temperature 
(˚C)

Contact angle 
(o)

25 24 22 97

50 24 22 116

100 24 22 126

50 0.5 22 112

50 1 22 113

50 2 22 115

50 24 50 128

50 24 100 127

 

With an increase in reaction time, temperature and concentration an increase in 

contact angle is observed. An increase in concentration can result in either the 

formation of more bonds to the surface and/or self polycondensation, forming 

a denser layer, which results in an increase in the contact angle due to poor 

infiltration of water in a denser methyl layer. A reaction time of 1 hour was sufficient 

to attain an hydrophobic surface, meaning that the reaction between the surface 

and the silane moiety occurs very fast. Moreover, as the reaction time increases, 

only a slight increase in contact angle is observed between 2 and 24 hours. Also 

from these results one can conclude that long reaction times are not required for 

the silylation reaction to be completed.

3.3.4. XPS analysis on grafted membranes
Contact angle results have shown that grafting of chlorosilanes is achieved on 

the surface of a titania membranes for all silanes. XPS analyses were performed in 

order to prove that grafting has occurred on both surface and pore walls of the 

membranes. Compositional information on the Al, Ti, Si, C atomic concentrations 

as a function of depth were obtained by sputtering and subsequent XPS analysis. 

An XPS survey was done for all alkyl-titania grafted membranes. For all materials 

no XPS signals related to Cl were observed indicating the complete hydrolysis of 

the Si-Cl bonds to yield silanols, the majority of which couple to form siloxanes as 

is consistent with F-TIR data.
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Influence of precursor type on grafting performance

Figure 5 shows XPS Si 2p depth profiles for different trichloroalkylsilanes (C
1
, C

4
, C

8
, 

C
18

; [silane] = 25mM). 

Figure 5: XPS Si depth profile for trichloromethylsilane (TCMS), butyltrichlorosilane (BuTCS), 
octyltrichlorosilane (OcTS), octadecyltrichlorosilane (OTS). The reactions were performed 24 
hours at RT with a [silane]=25 mM.

Table 2: Silicon concentration (per unit surface area of titania membrane) inside the mesopores 
calculated form XPS data at a sputtering depth of 100 nm for different precursors under various 
reaction conditions. 

ID Silane precursor [silane] 
(mM)

reaction time 
(hours)

Reaction
temp. (˚C)

[Si] 
Mol m-2 (10-5)

1 TCMS (C1) 25 24 22 6.9

2 BuTCS (C4) 25 24 22 2.0

3 OcTS (C8) 25 24 22 2.0

4 OTS (C18) 25 24 22 2.6

5 DCDMS 50 24 22 1.6

6 TCMS 50 24 22 9.0 

7 TCMS 100 24 22 10.1

8 TCMS 50 24 50 10.5

9 TCMS 50 24 100 11.1

10 TCMS 50 0.5 22 4.3

11 TCMS 50 1 22 5.7

12 TCMS 50 2 22 7.0

TCMS: Trichloromethylsilane, BuTCS: n-Butyltrichlorosilane, OcTS: Octyltrichlorosilane, OTS: 
Octadecyltrichlorosilane and DCDMS: Dicholorodimethylsilane.
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The profiles presented in figure 5 show an almost constant atomic concentration 

of Si up to a depth of 100 nm. These results indicate that for all silanes both the 

internal mesopore surface as well as the external surface of the titania membranes 

were grafted. Table 2 list the silicon concentrations per unit surface area calculated 

from XPS data for different percursors and different reaction conditions.

As presented in Table 2, the Si atomic fraction at a depth of 100 nm is still 

significant around 7.0x10-5 mol m-2 for C
1
, 2.0x10-5 mol m-2 for C

4
, 2.0x10-5 mol m-2 

C
8
 and 2.6x10-5 mol m-2 for C

18
 (see Table 2). This is in agreement with the results of 

McCarley et al. [3], who observed the presence of Si till a depth of approximately 

10 nm for porous anodized alumina (“anodiscs”) treated at room temperature with 

octadecyltrichlorosilane (C
18

). Similar results were found by Lueke et al. [18], who 

detected the presence of a Si 2p signal for room temperature C
4
 treated anodiscs 

even after removing 100 nm of the material by sputtering. Besides the Si2p the 

C2p depth profile was analyzed as well. In Figure 6 the carbon atomic percentages 

at a sputtering depth of 100 nm are given for a pure titania membrane and 

membranes grafted by chlorosilanes with different alkyl chain lengths. 

Figure 6: C atomic concentration at a depth of 100 nm as determined by XPS for 
trichloromethylsilane (TCMS), butyltrichlorosilane (BuTCS), octyltrichlorosilane (OcTS), 
octadecyltrichlorosilane (OTS) at 100 nm. The reactions were performed 24 hours at RT with a 
[silane] = 25 mM.

As expected, with the increase in chain length the carbon content inside the 

pores increases. The presence of carbon after removal of 100 nm by sputtering 

also confirms that the silanes are grafted inside the pores. 

The influence of the number of reactive groups on grafting performance was 
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studied by comparing trichloromethylsilane (TCMS) and dichlorodimethylsilane 

(DCDMS) grafted membranes. XPS analysis of the surface showed 5-6 times more 

Si for the TCMS-grafted membrane than for the DCDMS-grafted system. At a 

depth of 100 nm the surface coverage per titania membrane area (mol m-2) is for 

the TCMS-grafted system more than 4 times higher than for the DCDMS grafted 

membrane (compare sample ID 5 and 6 in Table 2). As expected, the trichloro 

system showed higher Si atomic concentration both on the surface and in the 

pores if compared with DCDMS, due to the higher reactivity of the first one. This is 

another explanation for the observed lower contact angle for DCDMS compared 

with the value for TCMS grafted membranes.

Influence of reaction conditions on grafting performance

AFM [30], ellipsometry [15], contact angle [15], TGA [31] and FTIR [32] results 

revealed that the grafting process is influenced by reaction parameters such 

as temperature [24], time, silane concentration and solvent. Therefore a more 

detailed study was performed, using C1
 as the precursor. The influence of several 

reaction parameters on surface/pore coverage was studied in order to achieve the 

most optimal grafted layer, meaning a densely grafted layer, but uniform over both 

surface and pore walls. In Figure 7 XPS depth profiles are given for the Si 2p peak 

for C
1
 using reactant concentrations ranging from 25 mM to 100 mM. 

Figure 7:  XPS Si depth of titania membranes grafted with for different concentrations of 
trichloromethylsilane (TCMS). The reactions were performed at RT for 24 hours under nitrogen 
atmosphere.
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At concentrations of 50 mM or less grafting seems to be homogenous, meaning 

that the atomic concentration of Si in the outer and the inner surface are almost 

similar. At higher TCMS concentrations higher Si atomic concentrations are found 

on the surface, while inside the pores (at 100 nm) almost identical values are 

obtained, around 7.0x10-5 mol m-2 for 25 mM and 10.1x10-5 mol m-2 for 100 mM 

(Table 2; resp. sample ID 1 and 7). This can be explained by the presence of three 

reactive groups per silane molecule, available for reaction both with the surface 

and with other silanes. At an excess of silanes, they easily form a thick multilayer 

resulting in a less uniform distribution as function of the pore depth (Figure 7). The 

higher surface concentration when using higher precursor concentration during 

reaction is in agreement with contact angle results (Table 1), where higher contact 

angles were found for higher concentrations. Based on all these results, 50 mM 

was selected as the optimum concentration for further studies.

The reaction temperature also has an impact on structure and density of the 

grafted layer. The standard concentration of 50 mM and reaction time of 24 

hours was selected. The atomic concentrations of Si and C at 100 nm for different 

temperatures are given in Table 2 (sample ID 6, 8 and 9) and Table 3.

Table 3: Silicon and carbon atomic concentration on the outer titania surface (10 nm) and inside 
mesopores (100 nm) for different temperatures. TCMS (C1was used as precursor. A concentration 
of 50 mM and a reaction time of 24 hours were selected.

Si atomic concentration (%) C atomic concentration (%)

ID Temperature 
(˚C)

Surface  
concentration

10 nm

Mesopore   
concentration  

100 nm

Surface  
concentration

10 nm

Mesopore   
concentration 

100 nm

7 22 27.2 25.4 25.0 7.32

8 50 42.4 30.3 32.9 7.53

9 100 53.1 27.6 31.7 6,89

The Si 2p XPS depth profile of a 50 mM system reacted at 50 ˚C or 100 ˚C is 

similar to the trend observed for high concentrations (75-100 mM) at room 

temperature, meaning a high concentration at the outer surface with increasing 

temperature and lower values at 100 nm (Table 3). This is an indication that at 

higher temperature as well as at higher concentrations a polymerized layer on 

the surface and/or at the entrance of the pores of the membrane is formed due 

to polycondensation of the silanes prior to attachment to the surface. These 

partially polymerized agglomerates will present reduced ability to migrate into the 
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pores, forming most probably a multilayer with few attachments to the surface. 

Moreover, the presence of a Si-O-Si band on the FTIR spectra for all temperatures 

and concentrations considered confirms that polycondensation happens. 

Brzoska et al.[33] [34], have demonstrated that the uniformity of grafted 

monolayers onto a silica wafer in the case of several n- trichloroalkylsilanes (n=10-

22) is influenced by the reaction temperature. A clear evidence for a near room 

temperature threshold temperature (Tc) is obtained, which is a/o determined 

by the alkyl-chain length of the grafted silane. At T < Tc highly ordered densely 

packed islands are obtained, whereas above this critical temperature disordered 

and less dense layers are formed [35-37]. In order to understand this effect, we 

need to understand the monolayer formation process. 

It is proposed that monolayers can be formed through an island-type growth [38] 

and/or a homogeneous disorder and incomplete monolayer growth [39], [40], [41]. 

In general the silanemolecules, as present in the reactive solution, are gradually 

adsorbed on the membrane surface and island formation begins due to an initial 

water layer present on the substrate. This physisorption process is followed by 

hydrolysis of the head group forming trisilanols. During this step drastic changes in 

the conformation of the alkyl chains occur. Under proper experimental conditions, 

a uniform densely packed monolayer is formed consisting of vertical chains, all 

in a trans-ordered conformation. At prolonged reaction covalent siloxane bonds 

are formed at the head group-substrate interface and a grafted layer is formed. 

Furthermore, intermolecular crosslinking can occur. Bierhaum et al. [42] observed 

for longer silanes (like C18
) island formation, while for smaller-chained silanes (n<10), 

island formation was not observed. This phenomenon provides an explanation 

for the higher Si atomic concentration found for C
18

 if compared with shorter 

silanes, like C
4
 and C

8
 (Table 2; ID 2, 3, 4), since it is expected that C

18
 can form more 

ordered and densely packed layers, while in the case of the other two silanes more 

disordered layers are expected and therefore lower surface coverage.  In the case 

of the C
1
, due to its small side chain, the steric hindrance effect is probably too low 

to have a large impact on grafting if compared with C
4
 and C

8
.

Finally the influence of reaction time on grafting performance will be treated. 

As discussed before the reaction between the silane and the surface OH groups 

seems to occur very fast. It was observed that after 30 minutes Si is present on the 

pore walls (Table 2; ID 10), indicating that the silanes have already diffused inside 

the pores. However, an increase is still observed after 1-2 hours of reaction, from 

4.3x10-5 mol m-2 after 30 minutes to 5.7x10-5 mol m-2 after 1 hour (Table 2; ID 11 
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and 12). A comparison with a reaction time of 24 hours only showed a very small 

increase in Si atomic concentration, from 7.0x10-5 mol m-2after 2 hours to 9.0x10-5 

mol m-2 after  24 hours (Table 2; resp. ID 12 and 8) indicating that the hydrolysis 

and diffusion of the silanes into the pores is achieved after 2 hours of reaction. This 

confirms the FTIR results as given in Figure 3. 

3.3.5 Solvent stability tests 
In order to establish the stability of these systems in different solvents, grafted 

powders (C
1
, C

4
, C

8
 and C

18
) were soaked in toluene or hexane. The FTIR spectra 

for the C
18 

grafted powder before and after soaking in the selected solvents are 

presented in Figure 8. 

Figure 8: FTIR spectra of titania powder grafted with octadecyltrichlorosilane (OTS) after 14 days 
soaking in toluene and hexane.

As can be observed all bands present in the as-grafted powder before soaking 

are still present after soaking, meaning no degradation of the grafted systems has 

occurred and hence these grafted systems present a proper stability in organic 

solvents, as toluene and hexane. For C
1
, C

8
 and C

4
 similar results were obtained, 

meaning C
1
, C

4
 and C

8
 grafted powders were stable as well in both solvents. 
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3.4. Conclusions 

An experimental study was conducted on the silylation of different chlorosilanes 

onto titania powders and titania membranes with pores of 5 nm, focusing on 

the effect of the reaction conditions (e.g. time, temperature and concentration) 

and the number of reactive groups of the silane on structural characteristics of 

the silylated layer formed.  FTIR studies have proven that titania powders can be 

successfully grafted with both dichloro and trichlorosilanes at room temperature 

under an inert atmosphere. 

Through the use of silanes with hydrocarbon end chains, hydrophobic membranes 

have been produced. This modification has not only occurred on the surface of 

the membrane, but also on the internal walls of the pores, as observed by XPS. 

Therefore, hydrophobic pores were obtained as well. Due to the presence of 

silanes along the pore walls, a decrease in pore size is expected compared with 

the unmodified membrane. A desirable uniform and packed layer was obtained, 

especially when mild conditions were used. Grafting at room temperature and 

concentrations less than 50 mM are preferable, while reaction times of 24 hours 

are not really required, since after only 2 hours the silanes were successfully grafted 

onto the titania powders. Stability tests have shown that these systems show good 

stability in toluene and hexane for all silanes. Surface modification of inorganic 

membranes with silanes moieties can then render promising solvent resistant 

nanofiltration membranes. 
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Abstract

Meso-porous (5 nm) γ-alumina flakes were grafted with several alkyl-

trichlorosilanes or with a PDMS polymer. The systems were analyzed by FTIR, gas 

adsorption/desorption and TGA in order to gain more insight into the grafting on 

both surface and in pores of inorganic powders. In all cases grafting was proven, 

meaning a covalent bond between inorganic particle and organic moiety exists. 

A new method for PDMS grafting was developed which involved grafting of a 

linker (3-aminopropyltriethoxysilane: APTES) on alumina, either in the solution 

phase (SPD) or in the vapor phase (VPD), followed by PDMS grafting. It is proven 

that a more controlled, uniform mono layer of the APTES linker is grafted by the 

VPD deposition method, resulting in a more efficient grafting of PDMS onto the 

inner pore walls. Alumina, grafted with alkyl-trichlorosilanes, however showed a 

low chemical stability in protic solvents, which hampers their application where 

solvent resistance is required, whereas PDMS-grafted alumina is stable in a wide 

range of solvents. 

24334 Pinheiro, Ana.indd   110 07-02-13   12:17



PDMS grafted γ-Al
2
O

3
 flakes

111

Ch
ap

te
r 4

4.1. Introduction 

Surface modification of metal oxide particles with organic moieties has typically 

been achieved by means of reactions between the surface hydroxyl groups of 

metal oxide particles (M-OH) and coupling reagents such as organosilane or 

organophosphorus compounds. This process is called grafting. In this process, a 

covalent bond is formed between the polymer matrix and the inorganic particle. 

For membrane applications, particularly for nanofiltration of non-aqueous systems, 

the use of hybrids is a new and promising strategy. Ceramic membranes present 

high thermal, mechanical and chemical stability. Unfortunately, their reduced 

selectivity and limited pore size availability combined with their hydrophilic 

character hampers their application. Grafting polymers on ceramic membranes 

offers the opportunity to tailor and manipulate interfacial properties, while 

retaining the mechanical strength and geometry of the supported material. Several 

types of molecules can be used the modification of inorganic unsupported and 

supported materials, for instance phosphate derivatives [1-3][4],  chlorosilanes and 

alkoxysilane derivatives [5-7], triethoxysilane compounds [3], polydimethylsiloxane 

derivatives [8][9] and Grignard reactants [10]. Two general strategies can be pursued 

to bring about a hydrophobic modification of a hydrophilic inorganic powders/

membranes through the use of silicon-based organics. The strategy employed in 

this paper, is a post-modification of mesoporous inorganic powders/membranes 

by grafting the pores with organosilanes. These molecules contain one, two or 

three hydrolysable (alkoxy or chloro) groups, capable for covalent bonding with 

the surface OH groups, forming either a mono- or multi-layer structure. 

Silanes can also be used as coupling agents and act as a bridge between the surface 

and the polymer to be grafted. In order to achieve this, the silanization agent should 

contain a hydrolysable group as well as a functional group (anchoring site), which 

can act as a linkage point for the attachment of other (e.g. polymer) molecules to the 

surface. In this work a mono-epoxy PDMS is selected as the polymer to be grafted. 

Due to their hydrophobic character, thermal and chemical stability and solubility 

in non-polar solvents PDMS-based membranes have been widely used as solvent 

resistant nanofiltration (SRNF) polymeric membranes. However, their swelling 

behavior, particularly in non-polar solvents hampers their applications. Since ceramic 

membranes present no swelling, the bonding of suitable polysiloxanes in the surface 

and pores is expected to reduce their swelling behavior.
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The morphology and structure of alkylchlorosilane- or aminosilane-modified 

surfaces strongly depends on (1) reaction conditions [11-18] (e.g. concentration, 

reaction temperature, type of solvent, time, phase of reaction, surface water 

or humidity) (2) type of silane [5, 19-21] (number and type of reactive groups, 

hydrophilic nature, size of the side chain), (3) curing conditions [22, 23]  and 

(4) the properties of the inorganic support (pore size and shape, OH surface 

concentration). Surface-saturated layers of aminosilanes can be deposited under 

dry conditions, meaning in a dried organic solvent, or in the gas phase. Hydrolysis 

of alkoxy groups, hydrogen bonding of hydrolyzed alkoxy groups and further 

cross polymerization can be avoided in this way. However, an organic solvent still 

contains small amounts of water, resulting in multilayer formation. Because no 

solvents are needed in the gas phase, the presence of water can be excluded. 

Still modification of metal oxides with different kinds of organosilanes is mostly 

performed by solution phase methods [5, 11, 24-29]. In literature some studies are 

reported on gas-solid reactions of silanes [13, 18, 21] onto metal oxide surfaces. 

Controlled hydrolysis of alkoxysilanes, solvent removal, washing procedures and 

others can be avoided when using gas-phase techniques. Furthermore, alkylsilane 

overlayers, deposited by a gas phase are better ordered, more uniform and more 

reproducible than layers deposited toluene solutions.

In this work we use γ-alumina flakes containing pores with a size of 5 nm treated 

with alkyltrichlorosilanes with different side chains or 3-aminopropyltriethoxysilane 

(APTES ) followed by PDMS grafting using two different APTES deposition 

methods, a solution phase method (SPD) and vapor phase method (VPD). In the 

first part of this paper the influence of the side chain of the alkyltrichlorosilanes 

on the microstructure and morphology of the grafted powder is analyzed. In the 

second part the influence of the phase deposition method on the structure of the 

aminosilane (APTES) layer and the impact on subsequent PDMS grafting is studied. 

In the third part a comparison in terms of thermal and chemical stability of these 

two systems is performed. 

A combination of techniques, like FTIR spectroscopy, gas adsorption/desorption, 

thermogravimetrical analysis, are used to provide detailed information about 

the chemical nature of the incorporated organic moieties and their effect on 

the mesoporous structure of the alumina flakes. This work gives insight into the 

phenomenon of grafting occurring on both surface and in pores of inorganic 

powders. 

24334 Pinheiro, Ana.indd   112 07-02-13   12:17



PDMS grafted γ-Al
2
O

3
 flakes

113

Ch
ap

te
r 4

4.2. Experimental

4.2.1. Materials
Trichloromethylsilane (TCMS: CH

3
SiCl

3
, C

1
), butyltrichlorosilane (BuTCS: C

4
H

9
SiCl

3, 
C

4
), 

octyltrichlorosilane (OcTS: C
8
H

17
SiCl

3,
 C

8
), octadecyltrichlorosilane (OTS: C

18
H

37
SiCl

3
, 

C
18

) and 3-aminopropyltriethoxysilane (APTES) were obtained from Aldrich and 

used as received. The solvents (toluene, n-hexane, isopropanol, tetrahydrofuran, 

chloroform, methanol, dimethylformamide, 1-methy-2-pyrrolidone and butanol) 

were obtained from Aldrich and used as received. All solvents referred before 

were anhydrous. Acetone and ethanol were purchased from Aldrich and used as 

received. Mesoporous γ-alumina flakes were prepared from a boehmite sol. These 

flakes were dried and subsequently calcined at 625 ˚C for 1 hour at a heating rate 

of 1 ˚C min-1, as described in detail in ref. [30]. The polysiloxane (mono(2,3-epoxy) 

polyetherterminated polydimethylsiloxane: PDMS) was obtained from ACBR. The 

polymer has a molecular weight of 1000 g mol-1 and a viscosity of 10-15 mPa s 

4.2.2. Grafting procedure
Pre-treatment of γ-alumina flakes

Before grafting, the γ-alumina flakes were pre-treated by soaking in an ethanol/

water (2:1) solution for 24 hours at ambient temperature, dried in a vacuum oven 

at 100 ˚C for 24 hours and stored under nitrogen atmosphere until further use. 

This pre-treatment was done to remove dust and to promote a suitable degree of 

hydroxylation.

Grafting of γ-alumina flakes with alkyltrichlorosilanes

Grafting of γ-alumina flakes with chlorosilanes was done at room temperature in 

anhydrous toluene. A typical procedure was as follows: (1) In a glove box under 

nitrogen atmosphere a 100 mL toluene-silane solution, using a silane concentration 

of 25 mM, was added to 0.5 g of pre-treated γ-alumina flakes in an Erlenmeyer flask 

and stirred for 24 hours, (2) the mixture was then removed from the glove box, 

filtrated and washed with fresh toluene and then with a 2:1 ethanol/water solution 

for the removal of unbound silanes and afterwards dried at 100 ˚C for 24 hours in 

a vacuum oven to remove traces of solvents.

Grafting of γ-alumina flakes with APTES by solution phase deposition (SPD)

The introduction of amino groups onto the alumina surface, i.e. the preparation 
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of an “initiator site”, was achieved by the treatment of the surface OH groups with 

APTES. A typical example is as follows: (1) in a glove box under nitrogen atmosphere 

a 100 ml 50 mM APTES-toluene solution was added to 600 mg of γ-alumina flakes 

in a 250 ml 4-necked round flask, (2) The mixture was then removed from the 

glove box, refluxed for 4 hours at 80 ˚C under a nitrogen flow. After this reaction 

the mixture was cooled to room temperature and centrifuged at 7500 rpm for 20 

min. This washing procedure was repeated 3 times with fresh solvent to remove 

any non-reacted silane. After that the modified flakes were washed in a mixture 

of 2:1 ethanol/water and centrifuged at 7500 rpm for 10 min. This procedure was 

again repeated 2 more times with a fresh solution. The solvent was removed and 

the modified flakes were dried at 100 ˚C under vacuum for 24 hours.

Grafting of γ-alumina flakes with APTES by vapor phase deposition (VPD)

A vapor phase method was used for grafting the APTES linker on γ-alumina flakes. 

This method implies that inside a glove box, under nitrogen atmosphere, a 100 ml 

toluene-silane solution, using an APTES concentration of 25 mM, was added to a 

250 ml 2-necked round flask. In a second 250 ml 2- necked round flask 600 mg of 

alumina flakes were placed. Magnetic stirrers were added to both flasks. The flasks 

were then connected with a glass tube (“bridge”) and the system was removed from 

the glove box, flushed with nitrogen and heated to 80 ˚C. After 4 hours both flasks 

were allowed to cool down and the modified flakes were washed and dried using 

the same procedure as described for the γ-alumina modified by the SPD method.

Grafting of the APTES-grafted alumina flakes with PDMS

The introduction of the siloxane-based polymer was achieved by the reaction 

between the grafted amino groups and the epoxy groups of the siloxane polymer 

(PDMS). A typical procedure is as follows: (1) In a glove box, under nitrogen 

atmosphere, a 100 ml 2-isopropanol-PDMS solution, using an PDMS concentration 

of 25 mM, was added to 300 mg of APTES-grafted alumina flakes, (2) the mixture 

was removed from the glove box, refluxed for 24 hours at 75 ˚C under a nitrogen 

flow. After 3 hours the reaction vessel was cooled to room temperature and 

the solvent was removed by centrifuging at 7500 rpm for 20 min., washed with 

anhydrous 2-isopropanol and dried in the same way as described before. For both 

APTES-grafted alumina flakes modified by SPD or VPD the same procedure was 

followed.
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4.2.3. Powder characterization 
Infrared spectroscopy 

FTIR spectra of the modified alumina flakes were obtained with a TGA-IR Tensor 27 

system spectrometer as described in chapter 3. An FTIR spectrum of unmodified 

γ-alumina flakes was used for background correction.

Gas adsorption measurements

Nitrogen adsorption/desorption isotherms were collected at 77 K using a Gemini 

system, VII version  obtained from Micromeritics Instruments Corp. under nitrogen 

flow of 50 ml min-1. Specific surface areas were calculated by using the multi-point 

Brunauer-Emmett-Teller (BET) method in the relative pressure range of p/p
0
 = 

0.05-0.2. Pore size distributions were evaluated from the desorption branches of 

the N
2
 isotherms by means of the Barrett-Halenda-Joyner (BHJ) model between 

relative pressures p/p
0 
= 0.35-0.9 and the pore sizes were estimated from the peak 

positions of the BHJ pore size distribution curves. This method is based on Kelvin’s 

equation, stating that condensation occurs in pores with radius r
k
 at p/p

0 
which for 

cylindrical pores is represented by:

ln (p/p
0
) = -2γ

s
V

mol
/RTr

K
                                                                                    (1)

with γ
s
 the surface tension of the liquid-vapor interface (8.85 MJ/m2 for N

2
), V

mol
 

the molar volume of the condensed N
2
 (34.7 cm3), R the gas constant and T the 

temperature. The pore volumes of these meso pores were obtained from the 

amount of nitrogen adsorbed at p/p
0 

= 0.95. Before measurement each sample 

was vacuum-degassed at 200 ˚C for 12 hours.

Thermo gravimetrical analysis

Thermo gravimetrical analysis was conducted at a heating rate of 10 ˚C min-1 

under N
2
 atmosphere. In all cases a run from room temperature till 1000 ˚C was 

performed and around 20 mg of sample was used. Before the measurement, each 

sample was pre-treated from room temperature till 150 ˚C with a heating rate of 

10 ˚C min-1 to remove any adsorbed water.

Chemical stability tests

In order to assess the stability, γ-alumina flakes, grafted with different trichlorosilanes, 

were soaked in various solvents: toluene, n-hexane and isopropanol. For PDMS-

grafted systems, solvents as tetrahydrofuran, dichloromethane, acetone, 
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chloroform, n-butanol, methanol, N,N’-dimethylformamide and 1-methyl-2-

pyrrolidone were used as well. Approximately 0.1 g of grafted γalumina flakes was 

soaked in 10 g of solvent and stirred for 7 days at room temperature. The powders 

were centrifuged at a speed of 7500 rpm for 5 minutes, 3-times washed with fresh 

solvent, centrifuged and air-dried overnight. The stability of the grafted flakes was 

analyzed by FTIR.

4.3. Results and discussion

4.3.1. General considerations for alkyltrichlorosilanes 
Anhydrous silylation of trifunctional silanes occurs by means of hydrolysis between 

water molecules and chlorosilane molecules under formation of hydrolyzed 

species which then condense with the hydroxyl groups of the inorganic particles 

to form a covalent bond M (e.g. Al)-O-Si (eq. 2 and 3).

 

(C
n
H

2n+1
)SiCl

3 
+ mH

2
O  (C

n
H

2n+1
)SiCl

3-m 
(OH)

m
 + mHCl                           (2)

(C
n
H

2n+1
)SiCl

3-m 
(OH)

m 
+ mOH-M≡(C

n
H

2n+1
)SiCl

3-m
(OH)

m-1
-O-M≡ + mH

2
O     (3)

Although the overall reaction between surface hydroxyl and chlorine molecules 

does not consume water, a covalent bond cannot occur in complete absence 

of water because of the catalytic role of water in this reaction [31]. Yoshida et al. 

have shown that at low surface water coverage the silylation is negligible but as 

the number of water monolayers (2-3) increases, a maximum of silane coverage 

is achieved both for silica and zirconia surfaces grafted with a vinyl silane (VTMS), 

followed by a decline at higher surface water content. The latter is due to the 

presence of a very thick silane layer, which can condense in the water layer without 

covalent attachment to the surface, particularly for hydrophobic silane precursors 

like alkyltrichlorosilanes [31].

After this first layer is formed (equation 2 and 3), multilayer reactions are expected. 

However, it is possible that multilayer and first layer silylation reactions occur 

simultaneously. These multilayer reactions proceed through the hydrolysis of the 

chlorine groups of the free silanes (equation 4) and a surface silane (equation 5) 

followed by a condensation reaction (equation 6)
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(C
n
H

2n+1
)SiCl

m1
+ H

2
O   (C

n
H

2n+1
)SiCl

m1-1 
(OH) + HCl (4)

(C
n
H

2n+1
)SiCl

m1-1
+ H

2
O   (C

n
H

2n+1
)SiCl

m2-1 
(OH) - M≡  + HCl (5)

(C
n
H

2n+1
)SiCl

3 m1-1
- M≡ + (C

n
H

2n+1
)SiCl

m2-1 
(OH) - M≡     

    (C
n
H

2n+1
)SiCl

m1-1
Si-O-Si--(C

n
H

2n+1
) Cl

m2-1 
(-M≡) + H

2
O (6)

The water molecules required for the multilayer formation can be provided by 

the surface water, traces of water in the organic solvent or humidity during the 

curing step. Thus a proper sample pre-treatment is required as well as the use of 

anhydrous solvents and an inert atmosphere in order to control moisture.

4.3.2. Principles of aminosilanes grafting 
For trialkoxysilanes, like aminosilanes, the silylation mechanism (equations 1-5) 

also applies. However, in the case of these silanes where the non-hydrolysable 

group, e.g. an amino group (-NH
2
), acts as the catalyst, equation 3-5 may not apply. 

The electron-rich amino group catalyzes the condensation of the silicon side of 

the molecule with a surface OH group forming a covalent siloxane bond [32]. 

Besides, hydrogen bonding or ionic interaction with surface OH groups or with 

other aminosilane molecules, that are not relevant for surface modification, are 

also possible reaction paths. This results in weakly attached layers. Vandenberg at 

al. [11] have shown that parameters as type of solvent (aqueous, organic, organic 

and anhydrous), reaction time and curing conditions have a direct effect on 

monolayer/multilayer formation and on aggregate formation. Reactions in dry 

solvents at room temperature for shorter times were shown to be preferable for 

monolayer formation with no aggregate formation.

4.3.3. IR Analysis
Alkyltrichlorosilane grafting 

Figure 1 presents the FTIR spectra for unmodified and alumina flakes grafted with 

different alkyltrichlorosilanes. 
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Figure 1: FTIR spectra for pure γ-alumina flakes and for materials grafted with methyltrichlorosilane 
(TCMS), butyltrichlorosilane(BuTCS), octyltrichlorosilane(OcTS) and octadecyltrichlorosilane(OTS).

The frequencies and assignments of each vibrational mode are listed in Table 1. 

After the introduction of the alkyltrichlorosilanes new peaks can be seen, providing 

evidence of the attachment of these molecules on alumina. The region between 

3000-2700 cm-1 is assigned to several C-H stretching modes from the methyl and 

methylene groups (Table 1). The appearance of these bands confirms the presence 

of the CH
2
 and/or CH

3
 groups from the hydrocarbon side chain present in all silanes. 

The structural organization of the grafted layer can be determined by the positions 

of these methylene stretching modes. For highly ordered and densely-packed 

grafted molecules with close to perpendicular chain axis orientation, methylene 

stretching modes at around 2920 and 2950 cm-1 are expected, as well as a methyl 

stretching mode at 2968 cm-1 [33, 34]. Similar wavenumber values are found for 

both OTS and OcTS (Table 1), indicating that an all trans OTS and OcTS layer might 

have been formed. The absorption signals due to -CH
2
- stretching broaden and shift 

to higher wavenumbers when the degree of disorder increases [33, 34]. For BuTCS 
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the deviation towards higher wavenumbers indicates a more disordered and less 

densely packed structure with more gauche defects. The region at 1500 - 1100 cm-1 

and 900 - 650 cm-1 is dominated by several bands assigned to methyl (CH
3
) and 

methylene (CH
2
) deformation (bending, rocking, twisting, stretching) due to the 

hydrocarbon side chain present in all alkyltrichlorosilanes (Table 1). This confirms 

the successful incorporation of the silanes onto the alumina flakes in all cases. The 

broad band between 1100 and 980 cm-1 is assigned to symmetric and asymmetric 

stretching of the Si-O-Si band due to the formation of a polymerized layer through 

a condensation reaction between adjacent silanes, which results in the formation 

of siloxane bonds [35]. However, due to this broad band, the peak attributed to the 

Al-O-Si stretching mode, expected at 960 cm-1, could not be resolved. The presence 

of all these characteristics bands for alkyltrichlorosilanes on the FTIR spectra of the 

modified flakes proves that the surface was modified.

Table 1: FTIR wavenumbers (in cm-1) assignments of the main bands for different 
alkyltrichlorosilanes as grafted on γ-alumina flakes 

OTS OCTS BuTCS TCMS Assignment Ref.

2964 2964 2962 2964 CH
3
 symmetric stretching (ν

s
 CH

3
) [33, 34]

2920 2920 2965 - CH
2
 symmetric stretching (ν

s
 CH

2
) [33, 34]

2850 2848 2858 CH
2
 asymmetric stretching (ν

as
 CH

2
) [33, 34]

1465 1467 1467 - CH
2
 bending (scissoring) (δ CH

2
) [36, 37]

1406 1406 1409 Bending mode of the (CH
2
)Si (δ CH

2
) [36, 38]

1379 1379 1379 1373 CH
3
 bending (symmetric) mode (δ CH

3
) [37, 38]

1344 1344 1344 CH
2
 bending (δ CH

2
)

1302 1302 1302 - CH
2
 twist-rock deformation (τ CH

2
)  

and CH
2
 wagging (ω CH

2
)

[36, 39]

- - - 1272 CH
3
 bending mode of the Si-CH

3
 (δ CH

3
) [5, 36]

1261 1261 1261 (CH
2
)Si wagging (ω CH

2
)  

and C(CH
2
) twisting (τ CH

2
)

[36, 38, 
39]

1213 1204 1204 (CH
2
)Si wagging (ω CH

2
) [36, 39]

1180-935 1180-935 1180-935 1180-935 Si-O-Si stretch (νs/as Si-O-Si) [5, 36, 
37]

783 783 783 770 CH
3 
rock (τ CH

3
) [37-40]

739 739 739 739 (CH
2
)C rock (τ CH

2
)  

and Si–C stretching mode (ν Si-C)
[39, 40]

714 714 714 714 CH
2
 rocking (τ CH

2
)
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Grafting of PDMS - Influence of the APTES deposition method 

Figure 2 shows the FTIR spectra of the alumina flakes grafted with 

3-aminopropyltriethoxysilane (APTES) by solution phase deposition (SPD) and 

vapor phase deposition (VPD). 

Figure 2: FTIR spectra for γ-alumina flakes modified with 3-aminopropyltriethoxysilane (APTES) 
by solution phase deposition (SPD) and by vapor phase deposition (VPD)

The frequencies and assignments of each vibrational mode are listed in Table 2. 

For the unmodified alumina flakes the broad peak between 3600-3000 cm-1 can 

be assigned to the stretching modes of the various types of surface hydroxyl 

groups (M-OH) of alumina, while the peak at 1640 cm-1 can be attributed to the 

bending mode of residual intra-molecular water (δ OH). After APTES grafting new 

characteristic peaks, consistent with the incorporation of APTES, were formed. The 

peaks in the range 3000-2700 cm-1, due to the methyl and methylene stretches 

(Table 2) confirms the presence of the propyl chain of APTES. However, for the 

SPD method the presence of the weak peaks at 2968, 2870, 1387 cm-1, due to 

the different vibrations modes of the methyl group present in the ethoxy group, 
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indicate that not all ethoxy groups were efficiently hydrolyzed. This means that 

either an incomplete siloxane hydrolysis has occurred or physically adsorbed non-

hydrolyzed APTES was not effectively removed. For the VPD method only one of 

these bands, with lower intensity, can be observed (2972 cm-1), indicating that for 

VPD the majority of the alkoxy groups have reacted by hydrolysis and condensation 

reactions. 

Table 2: FTIR wavenumbers (cm-1) assignments of the main bands for APTES as grafted on 
γ-alumina flakes by solution phase deposition (SPD) and vapor phase deposition (VPD).

APTES SPD APTES VPD Assignment Ref.

2968 2972 CH
3
 asymmetric stretching (ν

s
 CH

3
) [13, 21, 29]

2927 2927 CH
2
 asymmetric stretching (ν

as
 CH

2
) [13, 21, 29]

- 2854 CH
2
 symmetric stretching (ν

s
 CH

2
) [13, 21, 29]

2870 - CH
3
 symmetric stretching (ν

s
 CH

3
) [21, 29]

1625 - Al-OH……NH
2
 bending (δ NH

2
 hydrogen bonded) [14, 42]

1555 1570 NH
2
 bending (scissoring) (δ NH

2
) [11, 21, 43]

1470 1460 CH
2
 bending (scissoring) (δ CH

2
)  

and CH
3
 (ethoxy) bending (CH

3
, only for SPD)

[13, 29, 43]

1410 1417 Bending mode of CH
2
 directly attached to Si (δ CH

2
) [13, 29, 43]

1387 - CH
3
 (ethoxy) symmetric deformation (δ CH

3
) [13, 29]

1330 - C(CH
2
) deformation (wagging) (δ CH

2
) [39]

1305 - CH
2
 twist-rock deformation (τ CH

2
) [13]

1215 1211 Si(CH
2
) wagging (ω CH

2
) [43]

1161 1161 CH
2
 twisting (τ CH

2
) [43]

1070-990 1080-990 Si-O in-plane stretching (υ Si-O-Si) [13, 29]

775 775 Si- C stretch (νSi-C)

730 730 CH
2
 rock-twist (τ CH

2
) [39]

The presence of the propyl side chain of APTES is also confirmed by the 

appearance of peaks between 1500-1200 cm-1 and 800-700 cm-1. These regions 

are characterized by the bending, twisting, rocking and wagging vibration modes 

of the methylene group, as assigned in Table 2. The presence of a broad band 

centered at 1560-1550 cm-1 due to the bending of NH
2
 groups is a clear evidence 

for the presence of amine groups, proving the incorporation of the APTES onto 

the alumina flakes. In the case of SPD grafting another peak at 1625 cm-1 is present 

as well. Several authors have attributed this peak to the oxidation of the amine to 

form a bicarbonate salt in a reaction with atmospheric CO
2
, particularly when the 

samples were reacted and dried in air. However, in our case the reactions were 

performed under nitrogen and subsequently dried under nitrogen. Culler et al. [14, 
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41, 42] have attributed this peak to the formation of a hydrogen-bonded coupling 

structure, formed between the Al-OH  groups of the surface  and/or with free 

silanol groups (Si-OH) and the amine groups of the coupling agent. Therefore, the 

presence of this band might indicate the presence of hydrogen bonded species. 

Another, possible explanation is due to the presence of impurities as adsorption of 

some water molecules in the surface/thick siloxane network, capable of hydrogen 

bonding with OH surface groups that have not reacted with APTES, or/and with 

the amino group of the APTES molecules. This can lead to a band around 1630 cm-1. 

However given the intensity of this band and the absence in the FTIR for the APTES 

VPD grafted flakes (Figure 2) this does not seem to be a plausible explanation.

a)

O

Si
OOH

NH2

Si

O

NH2

O

b)
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Figure 3: Possible types of bonding/ interaction between aminopropyltriethoxysilane molecules 
and alumina substrates (a) horizontal polymerization (b) horizontal and vertical polymerization 
combined with hydrogen bonding between adjacent amino groups and with surface OH 
groups.

For the VPD system less intense bands are observed, especially the ones attributed 

to the methylene group and amino group, most probably due to a lower loading 

of the linker since one monolayer is expected in this case, whereas for the SPD 

a thick multilayer is expected. This is also confirmed by the broad and intense 

band observed for the SPD IR spectrum between 1100-900 cm-1 due to the Si-O-

Si stretching modes (symmetric and asymmetric) when compared with the VPD 

spectra (1080-1022 cm1). A possible explanation for the stronger appearance of 

Si-O-Si stretching modes is that the deposition of silane from the liquid phase 

suffers from the deposition of aggregated alkylsilane molecules while in the 

vapor-phase method aggregate formation is prevented. Vertical polymerization 

(Figure 3) is avoided in the VPD case since oligomeric precursors in solution 

have a low vapor pressure and rarely vaporize [16]. For VPD only condensation 

reactions between adjacent silanes, bound to the surface, are possible (horizontal 
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polymerization) resulting in a thin layer, whereas a thicker and more loosely bound 

layer is obtained by SPD (Figure 3). In solution-phase reactions APTES molecules 

can either  covalently bond to the surface OH or/and with adjacent silanol groups, 

but the amino groups can also form hydrogen bonds with other amino or silanol 

groups of adjacent silanes and/or with the surface OH as illustrated in figure 3.

In conclusion, the presence of all the characteristic bands described above allows 

us to conclude that modified amino silalyted γ-alumina flakes were successfully 

obtained. 

Polydimethylsiloxane grafting

By means of the successful grafting of APTES anchoring amine groups (NH2
) are 

introduced on the surface and pore wall of the alumina flakes. A PDMS grafted 

alumina flake can be obtained through a nucleophilic substitution reaction 

between these amine groups and the epoxy groups present on the polysiloxane 

polymer. This is achieved by epoxy ring opening. 

The polysiloxane (mono(2,3-epoxy) polyetherterminated polydimethylsiloxane  

was chosen because of its low viscosity. A low viscosity polymer is preferable 

for a more efficient pore infiltration since the diffusion will be easier for such a 

system. The use of a monofunctional PDMS results in only one bond formation to 

the surface through the amino anchoring groups allowing the chain to stretch far 

from the surface, as desired.
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Figure 4: FTIR spectra for γ-alumina flakes modified with 3-aminopropyltriethoxysilane (APTES) 
by solution phase deposition (SPD) and by vapor phase deposition (VPD) and subsequently with 
mono (2,3-epoxy)polyether terminated polydimethylsiloxane for APTES modified by (a) SPD and 
(b) VPD.

Figure 4a and b display the FTIR results of PDMS grafted on alumina modified 

with APTES by SPD and VPD respectively. The wavenumbers and assignments 

of each vibrational mode are listed in Table 3. Due to PDMS grafting, new peaks 

appear between 3000-2800 cm-1, which confirms the presence of (Si-CH
3
)

2
 and 

CH
2
 and (CH

2
)

3
 groups. In the region between 1500-800 cm-1 more intense bands 

are observed when compared with the linker IR spectra (Figure 2). This IR region 

corresponds to vibration modes for both methyl and methylene groups including 

a band at 1470-1440 cm-1 due to the CH
2
 scissoring mode and [37], a peak at 1410 

cm-1 due to the asymmetric bending mode (δ
as 

CH
3
) [44], a band at 1340-1330 

cm-1 due to the twisting deformation mode of the methylene group (τ CH
2
) and 

finally three new peaks at 1260-1259 cm-1, 840-838 cm-1 and 790 cm-1 due to the 

symmetric bending of the methyl groups connected to the silicon atom (δ
s
 Si-

CH
3
) [45]. The presence of all these bands proves the incorporation of the polymer 

on the flakes. As discussed before the VPD process results in the formation of an 

APTES monolayer. Less PDMS is expected to be grafted and therefore less intense 

bands were observed in the PDMS VPD IR spectra when compared with the PDMS 

SPD IR spectra as is confirmed by a more intense band at around 1200-1000 cm-1, 

due to the Si-O-Si stretch, for SPD when compared with VPD. Due to the presence 

of this broad band, the peak corresponding to the C-O stretching band of the CH
2
-

O-CH
2
 bond in the polymer structure, expected at 1113 cm-1 is not observed [46].

The chemical modification through the reaction with the epoxy ring results in the 

formation of a secondary amine (figure 5), which is confirmed by FTIR through the 

deformation mode of the N-H group at around 1570-1560 cm-1 (Table 3). The PDMS 

grafting is proven by the absence of the anti-symmetric stretching vibration of the 

cyclic ether at around 910 cm-1 and the peak at 1289 cm-1 due to the symmetric 

stretching vibration of the cyclic ether.
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Figure 5: Schematic reaction between of 3-aminopropyltriethoxysilane (APTES) and the 
mono(2,3-epoxy) polyetherterminated polydimethylsiloxane (PDMS) on a γ-alumina surface.

From these IR data it can be concluded that all epoxy rings of PDMS have reacted 

completely with the amine group of the APTES via a covalent bonding [35, 46], 

resulting in a successful grafting of PDMS on APTES modified γ-alumina flakes.

Table 3: FTIR wavenumbers (cm-1) assignments of the main bands for PDMS as grafted on 
γ-alumina flakes modified with APTES by solution phase deposition (SPD) and vapour phase 
deposition (VPD).

PDMS SPD PDMS VPD Assignment Ref.

2962 2960 CH
3
 asymmetric stretching (ν

as
 CH

3
) [44, 45]

2927 2925 C-H stretch (ν C-H) [44, 45]

2873 2874 CH
2
 asymmetric stretching (δ CH

2
) [47]

1562 1562 NH bending (scissoring) (δ NH) [45]

1460-1450 1470-1440 CH
2
 bending (scissoring) (δ CH

2
) [48]

1410 1410 CH
3
 asymmetric bending mode of the Si-CH

3
 (δ C-H

3
) [44, 48]

1342 1344 C(CH
2
) wagging mode (ω CH

2
)

1260 1259 CH
3
 symmetric bending of the Si-CH

3
 (δ C-H

3
) [44, 48]

1080 1080 Si-O-Si symmetric stretching (υ
s
, υ

s 
Si-O-Si) [45]

1018 1028 Si-O-Si asymmetric stretching (υ
as

, υ
as 

Si-O-Si))

838 840 CH
3
 rocking of the Si-CH

3
 (δ C-H

3
) [48]

787 791 Si- C stretch (νSi-C)

740 740 CH
3
 rocking (δ CH

3
) + CH

2
 rock-twist (τ CH

2
) [44]

683 674 Si- C stretch (νSi-C) [44]

4.3.4. Pore microstructure of grafted alumina flakes
In order to evaluate the effect of different grafting moieties [24, 25] (e.g. nature, 

steric hindrance, hydrophobicity) and deposition methods [18, 24] on the 

morphology and structure of pores of the γ-alumina flakes, nitrogen adsorption/



R
1

R
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desorption measurements were performed. Other parameters as texture of the 

porous flakes (i.e. the size and shape of the pores), the number of reactive sites, the 

silane concentration [20, 25] and the steric hindrance of the precursor molecules 

can also determine the amount of species grafted till saturation and have a direct 

impact on the structure and morphology of the modified material. 

Alkyl chain length

Figure 6a shows the N
2
 adsorption-desorption isotherms of alumina flakes grafted 

with alkyltrichlorosilanes. For all samples the isotherms are characteristic for 

monolayer-multilayer adsorption followed by capillary condensation at P/P
0
=0.76. 

This is typically for a type IV isotherm with an H1 hysteresis loop, associated 

with mesoporous materials with narrow necks and a relative low level of pore 

connectivity [17]. In addition the relative sharp increase in volume adsorbed at 

P/ P
0 

= 0.76 is indicative for the presence of uniform mesopores, resulting in a 

uniform pore size distribution, as calculated by the  BJH method based on the 

desorption branch [49] (Figure 6b).

a b

Figure 6: (a) N
2
 physisorption isotherms for pure γ-alumina flakes and for materials modified 

with methyltrichlorosilane (TCMS), buthyltrichlorosilane (BuTCS), octyltrichlorosilane (OcTS) 
and octadecyltrichlorosilane (OTS) (b) Pore size distribution for pure γ-alumina flakes (A) and for 
materials modified with (B) buthyltrichlorosilane (BuTCS) (C) methyltrichlorosilane (TCMS), (D) 
octyltrichlorosilane (OcTS), (E) octadecyltrichlorosilane (OTS).

The mean pore diameter (d
p
), pore volume (V

p
) and BET surface area (S

BET
) values 

are included in Table 4. In all cases, after modification with alkylchlorosilanes, both 

BET surface area, mean pore diameter (d
p
) and pore volume (V

p
) values decrease 

if compared with the unmodified flakes, meaning that not only the surface of the 

alumina flakes but also the inner pore walls were grafted. 
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Table 4: Mean mesopore diameter (Mean d
p
) , from BJH fit,  pore volume (V

p
) and surface area 

A for pure γ-alumina flakes (AF) and materials modified with methyltrichlorosilane (TCMS), 
buthyltrichlorosilane (BuTCS), octyltrichlorosilane (OcTS) and octadecyltrichlorosilane (OTS). 

Mean d
p

(nm)
V

p
(cm3 g-1)

A(N
2
)

(m2 g-1)

AF 4.7 0.39 280

AF+TCMS 3.9 0.17 121

AF+BuTCS 3.7 0.29 249

AF+OcTS 3.4 0.23 234

AF+OTS 2.9 0.19 102

As expected, with increasing hydrocarbon side chain length a larger reduction in 

pore volume, pore size and surface area is observed in the order of C
4
 (BuTCS), 

via C
8
 (OcTS) to C1

6
 (OTS). However, for the TCMS (C

1
), which contains only one 

methyl groups as side chain, the some of the lowest values are attained for both 

pore volume and surface area, being 0.17 cm3 g-1 and 121 m2 g-1, respectively. 

A possible explanation for this is the formation of a polymerized network or 

multilayer deposition. The presence of traces of water present in the solvent (even 

though an anhydrous solvent was used) and of three chlorine groups on TCMS 

easily results in condensation reactions between adjacent silanes prior to surface 

reaction resulting and subsequently a higher degree of pore filling. The formation 

of these multilayer systems is confirmed for all cases by the Si-O-Si asymmetric 

and symmetric stretching band in the FTIR spectrum (Figure 1). Furthermore, as 

expected OTS (C18
) presents the highest reduction on both surface area, pore size 

and pore volume when compared with smaller silanes as OcTS (C
8
) and BuTCS (C

4
)

These results are in agreement with the results reported by Pinheiro et al. [50], 

where TiO
2 

membranes with a pore size of 4 nm were modified with different 

trichlorosilanes using the same reaction conditions. XPS measurements showed 

3 - 4 times higher Si atomic concentration from the surface till 100 nm inside the 

porous structure for TCMS (6.9x10-5 mol m-2) if compared with BuTCS, OcTS and 

OTS. Furthermore, in this reference it is shown that a uniform modification could 

be achieved along the pores. 

APTES linker deposition 

The N
2
 adsorption-desorption isotherms of alumina flakes grafted with 

3-aminopropyltriethoxysilane (APTES) via solution phase deposition (SPD) and 

vapor phase deposition are presented in Figure 7a and Figure 8a, respectively.
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a b

Figure 7: (a) N
2
 physisorption isotherms and (b) Pore size distribution curves  for pure γ-alumina 

flakes and for materials modified with 3-aminopropyltriethoxysilane (APTES) via solution phase 
deposition (SPD) and subsequently with PDMS, by using APTES as a linker for PDMS grafting.

a b

Figure 8: (a) N
2
 physisorption isotherms (b) Pore size distribution for pure γ-alumina flakes and 

for materials modified with 3-aminopropyltriethoxysilane (APTES) via vapor phase deposition 
(VPD) and subsequently with PDMS, by using APTES as a linker for PDMS grafting.

It can be seen that for both systems a type IV isotherm with an H1 hysteresis loop 

was obtained, indicating the presence of mesopores. The pore size distribution 

curves show for both methods a uniform and sharp pore size distribution (Figure 

7b and 8b). The BET surface area (S
BET

), mesopore volume (v
p
) and mean pore size 

(d
p
) values are given in Table 5. 

For the SPD and VPD method a decrease in pore size is observed of 0.9 nm and 0.4 

nm respectively if compared with the unmodified alumina flakes. A reduction in pore 

volume and surface area of around 28 % and 18 % is respectively attained in the case 

of SPD, whereas for VPD a less pronounced reduction of 5 % for pore volume and 2 

% for surface area is obtained. All these results are an indication that the pores within 
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the alumina flakes become more densely filled with ATPTES by using SPD due to the 

possible formation of a multilayer system whereas with VPD only a monolayer might 

be formed. The presence of a multilayer APTES system is also confirmed by the SPD FTIR 

spectra (Figure 2) showing a broad Si-O-Si stretching band, due to polycondensation 

reactions between adjacent silanes. Here the three hydrolysable ethoxy groups can 

react, in the presence of traces of water, either with the surface hydroxyl groups and/or 

with adjacent silanes, forming a thick polymeric network and thus a strong reduction 

in pore size and pore volume. Ritter et al. [18] have shown that, while the water content 

has no effect on surface silane loading, a strong pore blocking is promoted in the 

presence of water due to cross-linking of silane molecules. On the other hand, the 

tendency towards aggregation (island formation) is expected to be less pronounced in 

the vapor phase deposition, as discussed before [51]. A monolayer can more easily be 

achieved for VPD, resulting in a lower decrease in pore volume, pore size and surface 

area when compared with SPD methods. 

Table 5: Mean mesopore diameter (Mean d
p
) from BJH fit (d

p
 BJH), pore volume (v

p
) and surface 

area (A) for pure γ-alumina flakes and flakes modified with 3-aminopropyltriethoxysilane (APTES) 
via solution phase deposition (SPD) and by vapor phase deposition (VPD) and subsequently 
with PDMS, by using the APTES as a linker for PDMS grafting. 

Mean d
p

(nm)
V

p
(cm3 g-1)

A(N
2
)

(m2 g-1)

AF (Alumina Flakes) 4.8 0.39 256

AF+APTES SPD 3.8 0.28 211

AF+APTES SPD +PDMS 3.5 0.18 120

AF+APTES VPD 4.2 0.37 252

AF+APTES VPD +PDMS 2.2 0.12 106

Polydimethylsiloxane grafting 

The adsorption/desorption isotherms for PDMS grafted on alumina flakes modified 

by APTES with VPD and SPD are presented in Figure 7a and 8a, respectively. For 

both methods a type IV isotherm is still obtained. A clear reduction in pore volume 

is observed when the polymer is grafted onto the linker modified surface, 36 % 

for SPD and 68 % for VPD, indicating that modification has indeed occurred inside 

the pores and that the modification was uniform in a sense that the pore structure 

remained intact and no microporosity was observed. 

In addition, for both cases, a decrease in pore size was achieved (see Table 5 and 
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Figures 7b and 8b), also confirming the presence of PDMS inside the pores. For the 

VPD system a stronger reduction in pore size is achieved than for the SPD system. 

Due the formation of an APTES monolayer more space is available for the diffusion 

of the polymer inside the pores for VPD while the multilayer deposition of APTES by 

SPD hampers diffusion of PDMS into the pores. In conclusion, the gas adsorption/

desorption results on PDMS grafted membranes show that a deposition of the linker 

through a VPD method is preferable for obtaining well-grafted PDMS systems. 

4.3.5. Thermal stability of the grafted alumina systems
In Figure 9a thermogravimetric analysis (TGA) results are presented for alumina 

flakes grafted with different alkyltrichlorosilanes. 

a 

b 

Figure 9: TGA of γ-alumina flakes modified with a) different trichlorosilanes as 
octadecyltrichlorosilane (OTS), octyltrichlorosilane (OcTS), buthyltrichlorosilane (BuTCS) and 
methyltrichlorosilane (TCMS), b) with 3-aminopropyltriethoxysilane (APTES) by solution phase 
deposition (SPD) and vapor phase deposition (VPD) followed by grafting with PDMS.
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All flakes show a constant, slight weight loss up to 200 ˚C that can be assigned to 

absorbed water on the surface and inside the mesopores of the material. Above 

this temperature, larger silanes, like OTS, OcTS and BuTCS, show a weight loss of 

around 20 % for OTS, 16 % for OCTS and 17 % for BuTCS in the temperature range 

of 280 to 600 ˚C. Similar results were obtained by Fadeev at al. [52]. However, for 

TCMS, the maximum decrease in weight is shifted towards higher temperatures, 

showing the most significant weight loss in the range of 470 to 600 ˚C. For the 

TCMS-grafted system it is also remarkable that a total weight loss of almost 25 % 

is observed. This larger weight loss for the TCMS system is in agreement with the 

stronger formation of a polymerized network or multilayer deposition for TCMS if 

compared with the higher alkyl chains as confirmed by FTIR and N2
-adsoroption/

desorption.

Figure 9b shows TGA results for γ-alumina flakes modified with APTES and 

subsequently PDMS. For both types of grafted powders (VPD and SPD) a small 

weight loss of 4 % up to 340 ˚C is observed that can be related to adsorbed water 

of the modified γ-alumina surface, trapped ethanol and partial decomposition of 

unreacted APTES and/or PDMS. These TGA results indicate that the γ-alumina flakes 

modified by VPD and SPD are thermally stable up till 340 ˚C. The decomposition 

temperatures as observed in this work (around 340 ˚C) is higher than the boiling 

points of the individual liquids (APTES, b.p. = 217 ˚C and PDMS, b.p. = 205 ˚C). 

Therefore, an increase in thermal stability is observed after modification. This 

supports that the aminopropyl and siloxane groups are chemically bonded to the 

alumina flakes.  

For alumina flakes, modified with APTES by VPD and subsequently with PDMS, a 

second stage of mass loss is observed between 340 till 500 ˚C accounts around 12 

%. This weight loss represents the degradation of the organic groups. After heating 

up to 1000 ˚C an overall weight loss of 15 % for VPD is observed, though most of 

the weight loss was observed up till 600 ˚C. 

For flakes modified by SPD two distinct stages of significant weight loss can be 

seen above 340 ˚C. The first one is observed at around 400 ˚C with a total weight 

loss of 34 %. After heating up to about 600 ˚C, the overall weight loss is 43 % for 

SPD, while for VPD only 15 % is observed. The much stronger decrease in weight 

for SPD modified flakes compared to the VPD ones cannot be explained by the 

decomposition of the polymer as grafted in the mesopores. It is assumed that the 

γ-alumina flakes are agglomerated in such a way that they enclose the mesopores 

as observed by N2
 adsorption/desorption. During the grafting procedure not only 
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the internal pores are grafted but also the outer surface of the agglomerates. For 

the SPD-derived flakes it is obvious that multilayer formation on the outer surface 

of APTES is much more pronounced than for VPD-derived flakes, which explains 

the much stronger weight decrease for the SPD-derived systems. As was shown 

by FTIR (Figure 4a) a more intense band is obtained for the Si-O-Si stretching mode 

due to polycondensation reactions. 

4.3.6. Chemical Stability 
The grafted materials were soaked in different solvents for seven days in order 

to access if the systems are stable under harsh conditions. FTIR was performed 

and the disappearance of the main characteristic bands for the grafted systems or 

the presence of new bands was assigned as possible degradation of the grafted 

flakes. For the alkyltrichlorosilanes, toluene, hexane and isopropanol were used. 

For toluene all the characteristics bands were present (results not shown). Powders 

soaked in isopropanol and hexane showed degradation of some of the bands. 

FTIR spectra before and after soaking of the PDMS grafted γ-alumina powders 

in different solvents are presented in Figure 10, which include hexane, toluene, 

isopropanol and dichloromethane.

Figure 10: FTIR spectra for γ-alumina dense powders modified with PDMS by using APTES as the 
linker before and after 7 days soaking in several organic solvents as: toluene, hexane, isopropanol, 
dichloromethane. In Table 6 a complete list of all the solvents tested and the respective stability 
is presented.
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Table 6: Stability tests for γ-alumina flakes modified with mono(2,3-epoxy)polyether 
terminated polydimethylsiloxane (A) methyltrichlorosilane  (B), buthyltrichlorosilane (C), 
octyltrichlorosilane (D), and octadecyltrichlorosilane (E)  after 7 days soaking in different solvents.  
+ = stable, +/- = some degree of degradation, - = degradation (not stable) 

Chloroform THF Acetone MeOH ButOH NMP DMF Toluene Hexane IPA

A + + + + + +/- + + + +

B Stability not tested + + -

C Stability not tested + +/- -

D Stability not tested + +/- -

E Stability not tested + + +/-

In all solvents, the characteristic bands attributed to the successful incorporation 

of both APTES and PDMS are present. Therefore, this PDMS surface modification 

presents a promising grafting route for the preparation of solvent resistance 

nanofiltration membranes. The alkylchlorosilane-grafted systems are less stable in 

protic solvents like IPA, but show no degradation in toluene. The latter observation 

is again a prove that alkyltrichlorosilanes are grafted on alumina as toluene is used 

for dissolving the precursors during the grafting reaction.

4.4. Conclusions

In this study grafting through silylation of alumina flakes has proven to be a 

suitable approach for engineering both surface chemistry and pore size.  In the 

first grafting route, γ-Alumina flakes were grafted with alkyltrichlorosilanes with 

different chain lengths at room temperature. Both the pores and the surface 

were grafted, however their low stability in organic protic solvents hampers their 

application where solvent resistance is a requirement. Therefore, another grafting 

route was designed. This involved the use of an aminosilane as a linker (APTES) 

followed by the attachment of PDMS.   The final product was a PDMS grafted flake. 

PDMS grafted alumina flakes are attained through a two-step grafting method 

using APTES as linker, applied by either vapor phase deposition or solution phase 

deposition and subsequent with a mono-epoxy PDMS. By using these methods 

PDMS was grafted on both the external surface walls and the internal pore wall.

Through the use of a vapor phase deposition technique for linker deposition a 

more controlled deposition can be achieved when compared to the solution 

phase method. The vapor phase deposition method resulted in a thinner and 

more uniform layer of the linker and thus more free space for efficient diffusion 
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of the PDMS polymer into the pores. Alumina flakes grafted with PDMS by either 

applying the SPD or VPD method for the linker, were stable at temperatures 

up to 380 ˚C. Stability tests show that the PDMS grafted alumina powders are 

stable in a wide range of solvents, even though for a harsh solvent as NMP some 

degradation could be observed. Therefore, this approach of PDMS grafting shows 

a promising way for solvent filtration, particularly in the nanofiltration range, where 

hydrophobic surfaces and solvent resistant systems are required.
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Abstract

A new solvent resistant nanofiltration (SRNF) membrane is developed by grafting 

a PDMS polymer into the pores of a 5 nm γ-alumina ceramic membrane. These 

PDMS grafted γ-alumina membranes were attained through a two-step synthesis 

which initially involved grafting of the linker, APTES, by a vapor phase deposition 

(VPD) or a solution phase deposition (SPD) method, followed by grafting of an 

epoxy terminated PDMS. Through this route one is able to tune pore size and to 

engineer surface chemistry (e.g. hydrophobicity) of membranes in favor of non-

polar organic solvent permeation. Reproducible results were obtained for filtration 

experiments with hexane, toluene and isopropyl alcohol (IPA). As expected, higher 

permeances were found for non-polar solvents than for more polar solvents (resp. 

4.8 ± 0.1 l m-2 hr-1 bar-1 for hexane, 3.1 ± 0.5 l m-2 hr-1 bar-1 for toluene and 0.54 ± 0.04 

l m2 hr1 bar-1 for IPA). A Molecular Weight Cut Off (MWCO) of 500 ± 10 Da was 

determined. Stability tests in hexane, toluene and IPA have shown that these newly 

developed membranes were stable in all these solvents during testing periods of 

up to 170 days.
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5.1. Introduction

Solvent resistant nanofiltration (SRNF) has gained increasing interest, as it is an effective 

and energy-saving technology in several strategic fields, such as pharmaceutical 

industry, fine chemistry and petrochemistry. In these applications state-of-the-

art NF membranes for aqueous applications are not suitable and solvent-resistant 

nanofiltration (SRNF) membranes are required. In general, nanofiltration membranes 

can be divided into two major groups according to their material properties: organic 

polymeric membranes and inorganic ceramic membranes. 

Today, polymeric membranes are commercially available and have found multiple 

applications in fields like recovery of organometallic catalysts from organic solutions 

[1] and the de-acidification of vegetable oils [2]. However, these membranes tend to 

swell in solvents, which reduce their potential for separation, in particular involving 

non-polar solvents [3-5]. For non-polar solvents Tarleton et al. [6] observed ~80% 

swelling of the initial thickness at ambient pressure for a 2 μm thick PDMS separating 

layer coated on a PAN support. Another drawback is their limited chemical stability 

with respect to aggressive solvents, e.g. NMP and DMF [7].

In contrast to polymeric membranes, ceramic membranes are characterized by no 

swelling behavior and a very high chemical, thermal and mechanical stability in all 

types of polar and non-polar organic solvents [8, 9]. However, conventional ceramic 

membranes are hydrophilic due to the presence of surface hydroxyl groups, which 

leads to low fluxes for non-polar solvents [10-12]. 

Therefore, much focus is on developing new classes of chemically modified 

membranes for improving the filtration performance of SRNF membranes, i.e. 

enhancing chemical and mechanical stability and reduced swelling effects of 

polymeric membranes and enhancing solvent affinity of ceramic membranes. 

Polysiloxane-based polymers, like PDMS, are normally used as polymeric SRNF 

membranes. PDMS displays a unique combination of characteristics which include 

high free volume, flexibility of the siloxane backbone, thermal and chemical 

stability, hydrophobicity and solubility in non-polar solvents. However, their swelling 

behavior, particularly in non-polar solvents hampers its application. The use of 

strongly swelling solvents like hexane will result in an increase in free space between 

the polymer chains and consequently in a less selective convective solute transport.

In literature several solutions are proposed to overcome or to reduce this 

swelling behavior [13-15]. Gevers et al. [16] incorporated fillers as zeolites onto 

a silicon-based membrane via further crosslinking which resulted in a decrease 
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in membrane swelling by non-polar solvents [6, 17]. Dutczak et al. [18] prepared 

a SRNF α-Alumina/PDMS hollow fiber composite membrane by coating a PDMS 

layer on an α-Alumina ceramic support. 

An alternative approach is the introduction of a covalent bond between a polymer 

and the ceramic surface resulting in a ceramic grafted polymer membrane. This 

is expected to reduce polymer swelling, since the polymer is immobilized inside 

the pore. An increase in membrane performance is expected as well through a 

reduction in pore size and an enhancement of specific interaction/affinity between 

the membrane and the permeating molecules. 

To our knowledge the only reported PDMS (as silicon oil) grafted membrane by 

using a ceramic as support was by Leger at al. [19]. They evaluated this system for 

both gas permeation and pervaporation of pure organic solvents. This membrane 

was chemically and thermally stable, unaffected by organic solvents as toluene, 

THF and acetone, but it degrades in high and low pH media.

In this paper a new grafting route was designed for grafting PDMS on an alumina 

ceramic membrane. The surface modification strategy employed is based on the 

formation of an aminosilane monolayer on a hydroxyl-terminated substrate and 

subsequent reaction of the amine group with epoxy-terminated PDMS, having 

a low molecular weight and viscosity, enabling the formation of a PDMS grafted 

layer in the pores.

As already mentioned, grafting PDMS alters the pore size and solvent affinity of 

the γ-alumina membrane. It has been shown that for hydrophilic membranes 

the permeability for polar solvents (methanol, ethanol and propanol) was higher 

than for non-polar solvents (pentane, hexane, octane). On the contrary, for 

hydrophobic membranes, permeability for non-polar solvents was higher than for 

polar solvents [20-22]. The wide range of polarities, viscosities, surface tensions 

between the different solvents and solvent mixtures complicates a unified 

approach to describe the transport mechanism of these solvents through the 

membrane [20, 23-25]. Several authors have shown that the transport mechanism 

will always be a competition between the pore flow and the solution-diffusion 

transport mechanism in non-aqueous applications, especially for PDMS polymeric 

membranes [20, 21, 26-30]. However, few studies are focused on the transport 

mechanisms through inorganic or hybrid membranes for non-aqueous systems 

[31-34]. Therefore, one of the aims of this work is an elucidation about the transport 

mechanism through a PDMS-γ-alumina grafted membrane by studying the 

permeation performance of solvents with different polarities, molecule sizes and 

24334 Pinheiro, Ana.indd   144 07-02-13   12:17



PDMS grafted γ-Al
2
O

3
 Membranes

145

Ch
ap

te
r 5

viscosities. The influence of membrane properties like swelling and compaction 

effects is also taken into account. 

In this paper a supported γ-alumina membrane (pore size 5 nm) was grafted with 

a polysiloxane (mono(2,3-epoxy) polyetherterminated polydimethylsiloxane: 

PDMS). Two different linker deposition methods (solution or vapor phase) were 

used in order to evaluate the effect of linker deposition on PDMS grafting. Contact 

angle and permporometry measurements were used to access the extension of 

the modification. In order to evaluate the effect of the PDMS treatment on the 

membrane performance, toluene, hexane and IPA permeabilities of the membranes 

were determined. To further characterize the membrane the Molecular Weight 

Cut Off (MWCO) was also determined. Finally silica wafers were grafted in order to 

study the swelling of the polymer used and to evaluate its effect on the membrane 

performance for different solvents.

5.2. Experimental

5.2.1. Materials  
As ceramic support γ-alumina supported α-Alumina was used. Flat disc-shaped 

α-alumina supports with a diameter of 39 mm, a thickness of 2.0 mm and a 

pore size of 70 nm were purchased from Pervatech (Enter, the Netherlands). 

These supports were coated with a 300 nm γ-alumina layer by dip-coating the 

supports in a boehmite sol followed by drying and calcining at 650˚C (heating 

and cooling rates: 1˚C min-1; hold: 1 hour). The deposition /calcination cycle was 

carried out twice. A pore size of 5-5.5 nm for the mesoporous γ-Alumina layer 

was measured by permporometry. Anhydrous toluene, n-hexane, isopropanol 

and 3-aminopropyltriethoxysilane (APTES) were obtained from Aldrich and 

used as received. The polysiloxane, mono(2,3-epoxy)polyetherterminated 

polydimethylsiloxane, was obtained from ABCR. The polymer has a molecular 

weight of 1000 g mol-1 and a viscosity of 10-15 mPa s. 

5.2.2. Grafting procedure
Pre-treatment of γ-alumina membranes  

Prior to grafting, the γ-alumina membranes were pre-treated to remove any 

impurities and to promote a suitable hydroxylation and hydration degree by 

soaking in an ethanol/water (2:1) solution for 24 hours at ambient temperature 
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and subsequent drying in a vacuum oven at 100 ˚C for 24 hours. The membranes 

were then stored under nitrogen atmosphere until further use. 

Grafting of γ-Alumina membranes with APTES by solution phase deposition (SPD)

The introduction of amino groups onto the alumina surface, as an “initiator site”, was 

achieved by treatment of the surface hydroxyl groups with APTES. The procedure 

was as follows: (1) inside a glove box under nitrogen atmosphere, a 100 ml toluene-

APTES solution, using APTES concentrations of 12.5 or 25 mM, was added to a 500 

ml 5 necked round flask fitted with a sample holder on which the membrane was 

placed, which is submersed in the reaction mixture and a magnetic stirrer. (2) The 

flask containing the mixture was removed from the glove box and refluxed for 4 

hours at 80 ˚C under a nitrogen flow. After the refluxing step the membrane was 

retrieved from the reaction solution and washed with fresh toluene (20 ml), soaked 

overnight in toluene to remove any physical adsorbed silane and washed with 

ethanol afterwards followed by drying at 100 ˚C under vacuum for 24 hours.

Grafting of γ-Alumina membranes with APTES by vapor phase deposition (VPD)

Grafting γ-alumina membranes with APTES by VPD is based on the method as 

described in [35] for grafting γ-alumina flakes with APTES.  Inside a glove box 

under nitrogen atmosphere, a 100 ml toluene-silane solution, using an APTES 

concentration of 12.5 or 25 mM was added to a 500 ml 5-necked round flask, 

fitted with a magnetic stirrer. The vessel was removed from the glove box and a 

cleaned membrane was placed (with the mesoporous layer facing to the APTES-

toluene solution) in a sample holder a few centimeters above the solvent surface. 

The sample holder was placed inside a glass tube that was connected to both 

the vessel containing the solution and a condenser connected to a water trap. 

A thermocouple was placed and a nitrogen flow was applied to saturate the 

vessel with nitrogen. The reaction was performed by refluxing for 4 hours at 80 ˚C. 

Subsequently the membrane was soaked, washed and dried as described above 

for the SPD deposition method. 

Grafting of APTES-grafted γ-Alumina membranes with PDMS

The introduction of the siloxane-based polymer was achieved by the reaction 

between the amino group of the grafted APTES molecule and the epoxy 

groups of the siloxane polymer. A mono(2,3-epoxy)polyether-terminated 

polydimethylsiloxane (PDMS) was used.
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The procedure was as follows: (1) a 100 ml isopropanol-PDMS solution, using a 

PDMS concentration of 12.5 or 25 mM, was added to an APTES-grafted γ-alumina 

membrane placed in a sample holder submersed in the reaction mixture in a 

500 ml 5 necked round flask, inside a glove box; (2) the flask was removed from 

the glove box and refluxed for 24 hours at 75˚C under a nitrogen flow. After 24 

hours the reaction mixture was allowed to cool down and the membrane was 

soaked overnight in isopropanol (20 ml) to remove any physical adsorbed silane 

and afterwards washed with ethanol and acetone. The modified membrane was 

placed in a glass petri dish and dried at 100 ˚C under vacuum for 24 hours.

5.2.3. Membrane Characterization 
Contact angle 

Static contact angle measurements were performed on the grafted as described 

in chapter 3 on the grafted membranes. A droplet of 5 μL of water (Millipore Q2) 

was injected at a speed of 1 μl s-1. The calculated contact angle values were an 

average of 5 drops.

Permporometry 

Permporometry was employed to determine the pore size distribution of the 

modified and unmodified membrane layers. Permporometry is based on the 

stepwise blocking of pores by capillary condensation of a vapor and simultaneous 

measurement of the diffusional flux of a non-condensable gas through the 

remaining open pores [36]. Cyclohexane (T = 70 ˚C) was used as the condensable 

vapor (blocking vapor) as it has a high evaporation rate and is inert to the membranes 

to be characterized. Oxygen and nitrogen are used as non-condensable gases. A 

permporometry measurement is started at low relative vapor pressures where all 

pores are open because in this case the vapor molecules only adsorb to the pore 

walls. As the relative vapor pressure increases, a multi-molecular layer starts to form, 

the so-called t-layer. When the relative vapor pressure rises further, the adsorption 

process is followed by capillary condensation till all pores are completely filled. 

When adsorption is completed the desorption process starts, which consists of 

stepwise decreasing of the relative vapor pressure. In the beginning, the liquid in 

the larger pores evaporates, while by further reducing the relative vapor pressure 

also smaller pores open. The pore size can be calculated by the Kelvin equation 

(equation 1):
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ln P
rel 

= (-γ
s
Vm

ol
/RT) (1/r

k1
+1/r

k2
) cosθ                                                                                     (1)

where P
rel

 is the relative vapor pressure of the condensable vapor, γ
s
 the surface 

tension of the liquid-vapor interface (N m-1), V
mol

 the molar volume of the 

condensable vapor (m3/mol), R the gas constant (J mol-1 K-1),  T the temperature (K), 

θ the contact angle which the liquid makes with the pore wall and r
k1

 and r
k2 

the 

Kelvin radii (m) which are the radii of curvature of the vapor-liquid interface  under 

consideration. The contact angle θ = 0 when it is assumed that the condensable 

vapor completely wets the membrane. 

Solvent permeation experiments 

Steady state solvent flux analyses were carried out on unmodified and PDMS 

modified membranes using a stainless steel dead-end filtration set-up. Figure 1 

shows a schematic drawing and a picture of the set-up. An active membrane area 

of 6.6 x10-4 m2 was used. The feed solution was poured into the cell and pressurized 

with helium to the desired pressure at room temperature. A trans membrane 

pressure (TMP) range of 1-11 bar was used.

Solvents 

The solvents used in this study were anhydrous n-hexane, toluene and isopropanol 

(IPA) supplied by Sigma-Aldrich Ltd. These solvents have been chosen to cover a 

wide range of organic solvents, from  aromatic (toluene) to linear alkane (n-hexane) 

and an alcohol (isopropanol, IPA), showing different properties like polarity and 

solubility behavior in polymers, which are important properties with respect to 

nanofiltration. N-hexane is the most hydrophobic solvent followed by toluene and 

IPA. Other solvent properties are listed in Table 1. Effective solvent diameters are 

determined taking into account the molecular structure, the chemical bond length 

and the bonding angles of the molecules. Accordingly the effective diameter is 

not considered as an absolute diameter of the molecule but as a relative measure 

of the molecular size.  
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Figure 1: A scheme and a photo of the dead-end filtration set-up.
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Table 1: Solvent characteristics. 

Solvent Formula Molecular 
weight 
[g mol-1]

Density 
[g cm-3]

Viscosity 
[mPa s]

Surface 
tension 
[mN m-1]

Dipole 
moment 
[D]

Effec-
tive 
solvent 
diame-
ter [nm]

Kinetic 
diameter 
[nm]

n-hexane C
6
H

14
86.2 0.6594 0.307 18.396 0.09 0.46 0.43

toluene C
6
H

5
CH

3
92.1 0.8667 0.590 28.522 0.32 0.50 0.59

IPA C
3
H

7
OH 60.1 0.7869 2.381 21.322 1.66 0.39 0.47

Liquid permeation experiments were carried out in a sequence that started with the 

most hydrophobic (hexane) to the most hydrophilic (IPA). Prior to the experiments 

the membranes were soaked overnight in the solvent to be measured. After each 

measurement, the membrane was washed and dried for 24 hours at 100 ˚C to 

remove any water and solvent adsorbed in the membrane micropores.

Molecular Weight Cut Off measurements 

The molecular weight cut off (MWCO) was determined by filtration experiments with 

a solution of polyisobutylenes (PIB’s) with different molecular masses. PIB’s (Glissopal®) 

of 550, 1000, 1300 and 2300 g mol-1 were provided by BASF (Germany) and PIB of 

350 g mol-1 by Janes S.A. (Switzerland). All chemicals were used as supplied without 

additional purification. These five PIB’s, all having a broad MW distribution, were used 

to create a mixture in toluene of equal weight ratios of the respective PIB’s at a total 

polymer concentration of 0.3 % (w/w) resulting in molecular weights ranging from 

200 to 20,000 g mol-1. The MWCO measurements were performed by filtration of the 

PIB mixture through a membrane using the dead-end filtration set-up (Figure 1) for 

90 minutes at 10 bar trans membrane pressure under continuous stirring (250 rpm) 

to prevent oligomer deposition on top of the membrane.

In order to determine the retention of the membrane the feed, permeate and 

retentate were analyzed by gel permeation chromatography (GPC). This analysis 

gives the fraction of molecules permeated through the membrane as a function 

of the molecular mass. By plotting these retentions against the Molecular Weight 

(MW), the MWCO is determined at 90 % retention.  

A GPC-analyzer, “Agilient Technologies 1200 Series” equipped with a refractive 

index “Shodex-RI-7”, was used. The columns used for separation of PIB oligomers 

was a tandem of Polymer Standards services GmbH PSS SDV 100 Å and PSS SDV 
1000 Å (injection volume = 100 μl , flow rate = 1 ml min-1 , temperature: RT). 

Analytical grade THF was used as a mobile phase. Chromatographs were analyzed 

using software of PDD (WinGPC scientific V6.20). 
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Ellipsometry 

Ellipsometry experiments are performed with a J.A. Woollan Co., Inc M-2000X 

spectroscopic ellipsometer for measuring layer thickness and swelling. Swelling is 

determined by comparing the layer thickness in liquid (toluene and hexane) and 

dry environment. These experiments are performed on APTES and PDMS grafted 

on a silica wafer since the surface of the porous alumina supports are too rough for 

accurate ellipsometry studies. It is assumed PDMS grafted on a silica wafer presents 

a similar layer thickness as when grafted on the surface of the alumina support. 

During ellipsometry measurements the polarization of the light changes when light 

reflects or transmits from a material. The change in polarization (ρ) is represented as 

an amplitude ratio (ψ) and a phase difference (Δ) as given in equation 2:

ρ = tan(ψ) eiΔ                                                                                                                             (2)

The optical constants (refractive index) must be known or determined to analyze 

the correct layer thickness from an optical measurement. The optical constants 

are known for dense PDMS polymers and are assumed to be equal to those of the 

PDMS grafted on silicon wafer. The used refractive index has a value of 1.402 at a 

wavelength of 632.8 nm.

5.3. Results and discussion 

A series of membranes, which were prepared via the two different deposition 

methods for the APTES linker were characterized by contact angle, permporometry 

and filtration experiments. Two different precursor concentrations were chosen: 

12.5 and 25 mM, while the linking molecule (APTES) was either applied by a 

solution phase or by a vapor phase deposition method (resp. SPD and VPD). 

A previous FTIR study by these authors [35] has proven that γ-alumina flakes could 

be grafted with APTES as a linker and subsequently with a mono-epoxy terminated 

PDMS. Therefore, exactly the same reaction conditions and materials were used in 

this study. 

5.3.1 Contact angle 
In order to confirm the attachment of APTES and PDMS static contact angles were 

determined. Table 2 shows water contact angle data for γ-alumina membranes 
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modified with APTES by SPD as well as VPD and subsequently grafted with PDMS. 

Table 2: Water contact angle data (in degrees) for APTES and PDMS grafted on alumina 
membranes by different methods (SPD and VPD) and linker concentrations.

ID Sample Method Precursor Concentration (mM) Contact angle
(o)

APTES PDMS

1 Alumina + APTES SPD 25 - 67 ± 3

2 Alumina + APTES  VPD 25 - 32 ± 2

3 (C) Alumina + APTES +PDMS VPD 12.5 12.5 72 ±  1 
86 ± 3 
72 ± 3 

(C1) (C2) (C3)

4 (A) Alumina + APTES +PDMS VPD 25 25 94 ± 1 
97 ± 1 
91 ± 1 

(A1) (A2) (A3)

5 (B) Alumina + APTES +PDMS SPD 12.5 12.5 101 ± 2 (B1)

6 (D) Alumina + APTES +PDMS SPD 25 25 113 ± 2 (D1)

For unmodified membranes no water contact angle could be measured, which was 

expected because of the hydrophilic character of the surface OH groups. 

An increase in contact angle can be observed by modifying the γ-alumina membrane 

with APTES using either the SPD or VPD method (Table 2). The wetting behavior of 

APTES is a result of several contributions including the hydrophilic amino group and 

the hydrophobic propyl group. APTES grafted membranes still show a hydrophilic 

character, due to the exposed amino functionality. In general, for the SPD system 

higher values were obtained when compared with the VPD system. For APTES the 

electron rich amine group can catalyze the condensation reaction of the ethoxy group 

with a surface OH group of alumina, forming a covalent bond. However hydrogen 

bonding or ionic interaction with surface OH groups and/or covalent crosslinking 

with hydroxyl groups of other aminosilane molecules are also possible reaction paths. 

Consequently the morphology of γ-alumina surfaces modified with APTES tends to be 

complex [22, 37-43]. The surface coverage and structure of the grafted layer depends 

on reaction parameters like reaction time [40], temperature [44], choice of solvent and 

water content of the solvent [22, 41, 44, 45], silane concentration [46] and reaction 

phase (liquid or vapor) [22, 37, 43, 44]. The degree of crosslinking can also influence 

the contact angle values. A higher degree of crosslinking (silane cross-polymerization) 

is expected to result in higher contact angle values. The formation of a monolayer 

system is expected for the VPD reaction while for the SPD system a multilayer can easily 

be formed. Pinheiro et al. [35] have modified γ-alumina flakes with a pore size of 5 nm 

with APTES through both VPD and SPD and subsequently with PDMS by using similar 
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experimental conditions as described in this paper. These authors have shown that for 

SPD a multilayer system is achieved whereas for VPD a monolayer of APTES is formed. 

This confirms the higher contact angles attained for SPD. 

5.3.2 Permporometry 
Permporometry experiments were carried out on unmodified and grafted 

γ-Alumina membranes in order to assess if the pores walls were grafted and to 

what extent. Figure 2 shows the accumulated oxygen flux through open pores 

versus the relative vapor pressure of cyclohexane, while Figure 3 displays the pore 

size distribution as calculated from the data given in Figure 2, for both unmodified 

and grafted γ-Alumina membranes. 

Figure 2: Accumulated oxygen permeation vs relative cyclohexane vapor pressure at 15 ˚C 
for γ-alumina membranes grafted with APTES by solution phase deposition (SPD) and vapour 
phase deposition (VPD) and futher on with PDMS. [APTES] and [PDMS]: 25 mM.

A reduction in mean Kelvin radius is observed from 2.7 nm for the unmodified 

membrane to 2.2 nm for the membrane modified with APTES by VPD and to 1.5 

nm for the membrane modified by SPD. The higher reduction in pore size for the 

SPD-derived system can be attributed to the formation of a multilayer, whereas for 

VPD a monolayer is expected as discussed before. Since the theoretical length of 

an APTES grafted bonded molecule to the OH surface group is 0.53 nm, assuming 

a completely stretched molecule and bond angles of 109˚, the observed decrease 

in pore radius of 0.5 nm for VPD is due to monolayer formation, while for SPD at 

least two layers can be formed. This was also supported by the results reported by 

Pinheiro at al. [35], where γ-alumina flakes, having a pore diameter of 5 nm, were 
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modified with APTES using identical reaction conditions. In that work nitrogen gas 

adsorption/desorption measurements showed a more pronounced reduction in 

pore volume, pore size and surface area for SPD when compared to VPD, indicating a 

multilayer formation in the case of SPD. Haller et al. [47] showed that the tendency of 

aggregate formation is reduced when silylation is performed in the vapor phase due 

to the low vapor pressure of aggregates present in the precursor solution, which will 

not migrate towards the membrane surface but remain in the precursor solution.

Figure 3: Pore size distribution, calculated from permporometry data, of unmodified γ-alumina 
membranes, membranes grafted with APTES by solution phase deposition (SPD) or vapour 
phase deposition (VPD). During VPD or SPD reaction a concentration of 25 mM was used.

After PDMS grafting a change in pore size was observed for both cases and as 

the pores remained closed at very low cyclohexane relative partial pressure, a 

microporous or dense membrane is assumed (Figure 3), which might indicate 

that the PDMS was successfully grafted not only on the surface but also in the 

pores of the mesoporous alumina membrane. A theoretical (maximum) length of 

3.0 nm was calculated for the PDMS polymer itself, whereas for the APTES-PDMS 

bonded to the γ-alumina surface a length of 3.6 was estimated. The pore diameter 

of the unmodified γ-alumina measured is 5.4 nm, after the APTES is grafted by 

SPD and VPD a pore diameter of 3 and 4.4 nm is measured, respectively. Thus a 

pore diameter less than 1.4 nm can be expected after PDMS grafting for the VPD 

system (if assumed that only one of the pore walls are grafted), which is below the 

detection limit of the permporometry analysis as used in this work. For the SPD, 

the pore is probably too small for allowing the diffusion of PDMS inside the pore 

and thus for grafting the PDMS.
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5.3.3. Permeation performance
The influence of both APTES deposition methods and concentration of the linker 

and polymer (PDMS) on membrane performance (flux, permeability, MWCO and 

stability) was investigated. 

First the results are discussed for the 25 mM PDMS-alumina grafted membranes 

where the APTES was grafted by the vapor phase deposition (VPD) method (= 

25 mM-VPD).

Figure 4: Solvent flux in toluene versus trans membrane pressure (TMP) of a 25 mM APTES (VPD) 
plus PDMS-grafted membrane. TMP is first stepwise increased from 4 till 11 bar and subsequently 
stepwise decreased until 3.5 bar.

In Figure 4 the flux - trans membrane pressure (TMP) relationship is shown for 

pure toluene through a 25 mM-VPD-PDMS membrane. The results, generated by 

stepwise increasing and subsequent decreasing the pressure, clearly show a linear 

relation and by extrapolating these results a zero flux is observed at zero pressure 

as expected for pure solvents. No hysteresis between up and down is noticeable, 

meaning that in the applied pressure range no plastic deformation of the grafted 

polymer and the support has occurred
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Figure 5: Isopropanol (IPA), n-hexane and toluene flux versus trans membrane pressure (TMP) 
for a 25 mM APTES (VPD)PDMS-grafted alumina membrane (A1).

Figure 5 shows the steady state toluene, hexane and isopropanol fluxes as a 

function of the trans membrane pressure through a 25 mM PDMS-grafted 

membrane by VPD. These results are obtained with freshly grafted membranes, 

which were soaked in the respective solvents for 1 day prior to the filtration 

experiment. Hexane presents the highest flux, followed by respectively toluene 

and IPA. Similar results as in Figure 5 were obtained for a commercial radiation 

cross-linked PDMS (2μm)-polyacrylonitrile (PAN) composite membrane, where 

linear alkanes e.g. hexane and cyclic/aromatic compounds e.g. cyclohexane and 

xylene, presented fluxes of around two orders of magnitude higher than alcohols 

[26]. However, 1.5-2 times higher fluxes were reported for all solvents by these 

authors when compared with our results. As shown in Figure 5, in all cases the flux-

TMP relationship is clearly linear and obeys Darcy’s law, stating the TMP (ΔP) is the 

driving force in solvent permeation:

J= (K
m

/η).ΔP                                                                                                                              (3)

The slope of flux, J, versus TMP is equal to the permeance according to Darcy’s law 

which contains the solvent viscosity (η) and a constant K
m

, which is the membrane 

permeability coefficient and for a single membrane layer with a pore radius r, can 

be expressed as:  

 K
m

= (ε.r2)/(8τL)                                                                                                                         (4)
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where ε is the porosity of the membrane material, τ the tortuosity of the membrane 

layer, and L the membrane layer thickness.

Figure 6: Permeances for toluene, hexane and IPA of 25 mM VPD PDMS grafted membranes (A1 
and A2) and an unmodified γ-alumina.

Figure 6 shows the permeance for each solvent for the unmodified and PDMS 

grafted membranes. Between the two grafted membranes (A1 and A2) the 

deviation in permeance for each solvent is small, with the largest deviation for 

toluene. Overall it can be said that the results for these membranes are reproducible. 

Permeances of the modified membranes are lower than the γ-alumina membrane, 

supporting the reduction in pore size observed by permporometry and proving 

that grafting has occurred successfully. 

In general flux and permeance performance can be explained by using either the 

pore-flow (hydraulic) or the solution-diffusion (chemical) model. Both theories will 

now be discussed for the results obtained in this work. In the solution-diffusion model 

chemical transport is dominating the permeance. For pore-flow transport Darcy’s law 

is obeyed and the Hagen-Poiseuille model can be applied. If flux obeys this law then 

the flux is dependent on trans membrane pressure as well as on structural properties 

of the membrane material (like porosity and pore size) and solvent viscosity but not on 

other physical and chemical properties of membrane and permeating solvent. 

Figure 7 illustrates this flux dependency according to Darcy’s law (equation 3) 

by showing a linear relation between flux and TMP/η. For unmodified γ-alumina 

membranes, such a linear fit of the solvent data could not be obtained, meaning 

that the mechanism of permeation through these membranes does not obey the 

pore flow model. Similar observations were reported by Tsuru et al. [48] showing 

that for unmodified SiO2
-TiO

2 
membranes pore flow did not apply whereas for  
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hydrophobic membranes, obtained by modifying the ceramic membranes with 

trichloromethylsilane (TCMS), the transport mechanism was found to obey the 

pore flow model.

Figure 7: Flux as function of the trans membrane pressure divided by the viscosity for two 
different 25 mM VPD PDMS grafted γ-alumina membranes. The grey symbols represent the 
measurements IPA, the black symbols toluene and the open ones hexane. The line is the average 
slope of the data points.

A linear fit of the data for the grafted membrane (Figure 7) yields a value of K
m

 

= 5.14 m, which is defined as the viscosity corrected permeance (VCP). All data 

points are close to a straight line even though some values for the toluene flux 

present a slight deviation from the general trend. It can therefore be stated that 

the modified membrane obeys the Hagen-Poiseuille model for all solvents in the 

pressure range considered, meaning that transport is dominated by pore flow 

transport mechanism. Some literature references also indicate that this pore flow 

mechanism explains the solvent flux behavior in polymeric PDMS membranes 

[21, 25]. However, other researchers found that chemical transport via a solution-

diffusion mechanism is prevalent for these systems, as non-polar solvents are 

expected to have affinity towards PDMS [23, 24]. In general, the hydrophobic 

character of the PDMS membrane leads to a preferential chemical interaction 

towards non-polar solvents [49]. This preferential interaction can also be attributed 

to comparable values for the solubility coefficients of these solvents and PDMS 

[26]. The Hildebrand solubility parameter (δ) provides a numerical estimate for 

the degree of interaction between materials and can be a good indication for 
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interaction between solvent and membrane material, particularly for non-polar 

materials like several polymers. The Hildebrand solubility parameter is a reflection 

of the van der Waals force and is derived from the cohesive energy, which in turn 

is derived from the heat of vaporization (ΔH
vap

). The square root of this cohesive 

energy equals the Hildebrand solubility parameter:

 

 δ =
ΔH!"# − RT

V!
=

E!"#
V!

 (5) 

Where E
coh

 is the cohesive energy, R is the gas constant, T is the temperature and 

V
m

 is the molar volume. Materials are miscible when they have similar cohesive 

energy densities and thus similar Hildebrand solubility parameters. For solvents 

the values for ΔH
vap 

and V
m

 are easily obtained from literature, but for polymeric 

and ceramic materials this is more problematic. For the determination of 

Hildebrand solubility parameters for these kind of materials the group contribution 

method as proposed by Fedors et al. [50] is used. In this method the cohesive 

energies and molar volumes of the different groups are summed and then the 

Hildebrand solubility parameter (δ) can be calculated by equation 5.  In this way for 

PDMS a δ value of 15 MPa1/2 is calculated. In Figure 8 solvent permeances as 

function of their Hildebrand solubility (δ) parameter are shown. 

Figure 8: Permeance of 25 mM VPD PDMS grafted membranes as a function of the Hildebrand 
solubility parameter. The dotted line represents the solubility parameter of PDMS.
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A solubility parameter of the solvent close to the δ-value of PDMS, means a higher 

affinity between solvent and polymer and consequently a higher permeance can 

be expected if transport is determined by chemical affinity. Since the solubility 

parameter of hexane is closer to the value of PDMS than those for toluene and IPA, 

it is expected that hexane shows the highest permeance as can be deduced from 

the permeance results in Figure 8.

Figure 9: Viscosity-corrected permeance (VCP) as a function of the Hildebrand solubility 
parameter for the unmodified and 25 Mm VPD PDMS grafted membranes (A1 and A2). The 
dotted line represents the solubility parameter of PDMS.

However, in this work the influence of viscosity by means of the Hagen–Poiseuille 

model for pore flow mechanism is also discussed (see e.g. Figure 7). In order to 

identify the influence of affinity (solution-diffusion model) versus the influence of 

viscosity (pore flow model) on solvent transport through these membranes, the 

viscosity-corrected permeance (= VCP) is plotted against the Hildebrand solubility 

parameter (see Figure 9). The VCP values were determined by the slope of an 

individual set of data points belonging to one membrane and one type of solvent. 

For the unmodified membrane IPA presents the highest VCP value, followed by 

toluene and hexane. The Hildebrand solubility parameter of γ-alumina is expected 

to be closer to IPA (polar), followed by toluene and hexane (both non-polar) due to 

the formation of a hydrogen bridge between the polar groups of the solvent and 

the surface hydrophilic hydroxyl groups of γ-alumina. The VCP of the γ-alumina 

membranes will therefore increase with solubility parameter of the solvents 

studied when the chemical transport mechanism is playing an important role.
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In contrast with the γ-alumina membrane, the Hildebrand solubility parameter 

of PDMS is closest to the value of hexane, followed by toluene and then IPA 

indicating that there is affinity towards the solvents in the same order. Hexane, 

a linear molecule presents the highest affinity with PDMS but shows a lower VCP 

than toluene, a cyclic molecule, which in turn shows a lower affinity (Figure 9). This 

contradiction with the “Hildebrand-solubility parameter theory” is also observed 

by Robinson et al. [26], where higher permeability values were obtained for 

cyclic alkanes, e.g. cyclohexane and aromatics e.g. xylene when compared with 

n-alkanes. 

An effect of chemical interactions between solvent and polymeric membranes 

is swelling of the polymer. Even though, it is expected that pore confinement in 

the ceramic membrane restricts swelling of the PDMS network due to the rigidity 

of the support matrix. It is expected that the degree of swelling is the highest 

for the best matching solubility parameters between solvent and membrane 

material. In the case of PDMS more solvent sorption results in a more stretched/

swelled polymeric structure. For that reason the swelling behavior was studied on 

PDMS grafted on a silica wafer by means of ellipsometry. Through this method it 

was found that the layer thickness (APTES+PDMS) increased with a factor 1.5 after 

immersing in toluene and with a factor 2.3 after immersing in hexane. Swelling 

could not be determined accurately in IPA because of similar refractive indexes for 

IPA and PDMS. A stronger swelling of PDMS in hexane than in toluene confirms 

the validity of the solubility parameter used for grafted APTES+PDMS implying 

a higher affinity for PDMS and hexane than for PDMS and toluene and hence a 

better chemical transport for hexane is expected when applying this model.

For grafted porous membranes it seems feasible that pores can be more confined 

by more swelling in hexane resulting in smaller pores and hence less pore flow 

transport, with respect to toluene.  However, for dense PDMS systems Robinson 

et al. [19] obtained similar permeation results as described in this paper, implying 

that in our case the grafted PDMS membrane is also dense and has completely 

confined pores for both hexane and toluene. A dense membrane suggests 

that pore flow transport is similar for hexane and toluene. Nevertheless higher 

VCP values are found for toluene. Considering Darcy’s law (equation 3), the 

only parameter able to explain these observations is the viscosity. A plausible 

explanation can be related to the molecular shape of the molecules considered. 

Speculations are that straight-chain hydrocarbons, such as hexane become more 

ordered under compression and hence increase their viscosity while the cyclic 
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shape of toluene makes the molecule rigid and not as compressible as hexane [26]. 

An increase of pressure from 1 to 12 bar will increase the hexane viscosity by 1.2 % 

[51] and toluene viscosity by 0.8 % [52] which is not sufficient to fully explain the 

difference in VCP values. An increase in hexane viscosity of 10.5 % (for membrane 

A1) is necessary to obtain equal VCP values for toluene and hexane. The values 

used for the viscosity (Table 1) represent the macroscopic viscosity of the bulk 

liquid. A liquid confined inside the membrane only consists of a few molecules 

which are affected more by the PDMS present in these pores. It is imaginable that 

this confinement increases the resistance for the fluid to flow and as a result the 

“microscopic” viscosity (if compared with the normal “macroscopic” one) increases 

more for the more flexible hexane than for the rigid toluene molecule. However, it 

is unclear what the value of the microscopic viscosity might be and therefore also 

to what extent there is chemical transport. 

Finally, for flux-TMP plots higher positive intercepts for n-alkanes than for aromatic 

(2.5 vs. 1-2 l m-2 hr-1) were found by Robinson et al. [26] confirming higher affinity 

towards hexane than toluene. Due to the similarity of Robinson’s results and our 

results there might be a slightly stronger chemical transport supporting pore flow 

for hexane than for toluene in a grafted PDMS system. However in our work not 

enough data points at different pressures were taken, necessary to give accurate 

intercepts.

5.3.3.1. Permeation of membranes grafted with PDMS using a SPD-
grafted APTES linker  
For γ-Alumina membranes modified with APTES by a solution phase deposition 

(SPD) method and subsequently grafted with PDMS by using the same reaction 

condition as discussed before (reaction time, temperature and concentration) no 

flux was measured for any of the solvents. Three membranes were tested. This is 

most likely due to complete pore blocking caused by the formation of a dense 

polymerized PDMS network on the APTES linker. As shown in Figure 3, when APTES 

is grafted by SPD a reduction in pore radius from 2.7 nm to 1.5 nm has occurred 

indicating multilayer formation and thus a less uniform, thick and high density 

layer of anchoring amino groups is expected. This can lead to some degree of pore 

blocking, particularly in the entrance of the pores. Asefa et al. [53] showed that 

the deposition of APTMS from a toluene solution produced aggregated grafted 

groups onto a MCM-41 silica support, while Ritter et al. [44] indicated that the 

tendency towards aggregation and external surface grafting is less pronounced 
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for VPD systems. Yokoi et al. [54] found that the surface-bonded amino groups 

were concentrated near the pore entrance and on the external surface. It can be 

expected that for the SPD system in our work the linker deposition will restrict the 

diffusion of the PDMS inside of the pores when compared with the VPD-grafted 

APTES. For the SPD-grafted APTES membranes PDMS is preferable grafted at the 

surface and pore entrance of the ceramic membrane, which results in strong pore 

blocking and consequently no flux for any of the solvents tested. A decrease in 

the concentration of the APTES linker to 12.5 mM resulted in low toluene fluxes 

for pressures as high as 11 bar (2.2 l m-2
 
hr-1 bar-1) and no flux or a negligible flux for 

low pressures like 6 or 8 bar.

From these results it can be concluded that applying APTES by VPD is the preferred 

modification method for obtaining reproducible membranes with good flux 

values for the tested solvents. 

5.3.3.2. Influence of the polymer loading on membrane 
performance
In order to assess the influence of linker and subsequent polymer loading on 

membrane performance, two different concentrations (12.5 and 25 mM) of 

linker and polymer were used during membrane fabrication. These samples have 

respectively the ID code D and A in Table 2. The solvent permeation behavior of 

membrane with code A (25 mM APTES applied by VPD + 25 mM PDMS) is described 

in detail before.

In Figure 12 the permeance for all three solvents for unmodified and modified 

membranes, using a linker and polymer concentrations of 12.5 mM, are presented. 

As expected, the membrane presents similar behavior as the membranes grafted 

with 25 mM of linker and polymer (Figure 6), meaning a reduction in permeance 

for all solvents when compared to unmodified membranes. This is an indication 

that grafting has occurred. As expected, for all membranes hexane shows the 

highest permeance and IPA the lowest. However, if compared e.g. with the 25 mM 

samples (A), a larger variation in permeances for each solvent is observed for all 

three membranes, indicating that fabrication of the 12.5 mM membranes is less 

reproducible. A possible explanation can be an incomplete coverage of the surface 

with the linker (APTES) and subsequently with the polymer (PDMS). Contact angle 

measurements show for all of membranes hydrophilic contact angles (C1=72±1o, 

C2=86±3o and C3=72±3o). This supports a less complete coverage with PDMS, at 

least on the surface. 
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Figure 10: Permeance for toluene, hexane and IPA of 12.5 mM VPD PDMS grafted membranes 
(C1, C2 and C3) and unmodified γ-alumina.

5.3.4 Chemical stability
Since for all membranes the 25 mM VPD APTES-PDMS-γ-alumina membrane was 

the only one delivering reproducible permeance values, stability tests in toluene, 

hexane and IPA were performed on these membranes (A1, A2, A3). Membrane 

A1 was used for the stability in hexane, A2 for toluene and A3 for IPA. Filtration 

experiments for stability were performed at 11 bar TMP, while the membrane 

remained soaked in the selected solvent during the testing period. A few times 

solvents were exchanged for a certain period.

Figure 11 shows the stability in hexane. After the initial permeation measurements, 

as discussed before, a MWCO measurement (Time = 0 days) was performed. After 

21 days the solvent was changed to toluene for 4 days, after which the membrane 

was cleaned, dried and soaked again in hexane. Overall, the permeance in hexane 

was stable for at least 35 days while the solvent change did not seem to have 

any influence. Contact angle measurements were performed at 0 days and after 

33 days. A shift from 94±1° 
to 93±1° was measured, indicating that no degradation 

or removal of the PDMS from the membrane after hexane soaking was observed, 

which supports the stable permeation data. 
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Figure 11: n-Hexane permeance of a 25 mM PDMS membrane (A1) as function of time. Filtration 
experiments were conducted at 11 bar TMP and room temperature. 

Figure 12: Toluene permeance for a 25 mM PDMS membrane (A2) as function of time. In 
period A the solvent was changed to hexane and after 4 days back to toluene. In period B the 
membrane was treated in toluene at 80 ˚C for 4 days and in period C in IPA at 75 ˚C for 5 days. 
The permeance data at Time < 0 days represent initial experiments as given in Figure 6 and 8. 

A more elaborate study on membrane stability has been performed in toluene. These 

results are summarized in Figure 12. Prior to these stability tests (i.e. prior to Time = 0 

days in Figure 12) the membrane permeance was measured in toluene, hexane and 

IPA (so-called initial tests, which results are e.g. given in Figure 6) and subsequently 

soaked for 7 days in hexane where upon the molecular weight cut off (MWCO) was 
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determined (Time = 0 days). Subsequently, the membrane was soaked in toluene for 

another 7 days and again the MWCO was determined. After that the membrane was 

maintained in toluene till the solvent was exchanged to hexane at day 40, followed 

by drying and soaking in toluene. All these experiments were performed at room 

temperature. In order to determine the stability in a boiling solvent and thus to 

simulate the APTES and PDMS reaction conditions, the membranes were soaked in 

boiling IPA and toluene i.e. at day 157 the membrane was soaked in toluene at 80˚C 

for 4 days and at day 163 in IPA at 75˚C in IPA for 4 days. 

A decrease in toluene permeance from 3.8 to 2.1 l m-2 hr-1 bar-1 is observed 

between the initial experiment (Time = -7 days) and the moment the system is 

stabilized (Time ~ 29 days), while the contact angle shows a small decrease from 

an initial value of 97±1° till 92±2° (Time = 60 days). A decrease in permeance is 

often attributed to starting-up effects which are usually related to some traces 

of water or organic impurities in the membrane as e.g. reported by Chowdhury 

et al. [47], who analyzed hexane and toluene fluxes using hydrophilic γ-alumina 

membranes with different pore sizes (3.5 – 5.9 nm). In their work the decrease in 

solvent permeance was attributed to a possible on-going capillary condensation of 

water in the membrane pores, which is present in the solvents in small amounts. A 

comparable decrease in permeance in long-term experiments is also observed by 

Sah et al. [55] where pervaporation experiments with a n-butanol / water mixture 

(97.5/2.5 wt.%) were performed using (hydrophobic) hybrid silica membranes. 

The authors ascribed this phenomenon to initial interaction of the solvent 

mixture with the hybrid silica network in the early stages of operation as well as 

to a structural rearrangement of the polymeric network by the applied pressure. 

However, since it is assumed that in our case the grafted PDMS layer is completely 

confined in the pores, structural rearrangements will most probably not be the 

case. Capillary condensation of water seems to be the most probably source for 

the permeation behaviour of hydrophilic membranes used by Chowdhury et al. 

[47], but (hydrophobic) PDMS-grafted membranes as ours have a much lower 

tendency for capillary condensation of water, though other organic impurities 

might give similar effects.  

In the period between the initial experiments (Time = 0 days) and the time stability 

in permeance is reached (Time ~ 29 days) a drop in permeance is observed 

from 3.8 to 1.1 l m-2 hr-1 bar-1. This can be ascribed to some (larger) PIB molecules 

which remained inside the membrane after the (two) MWCO measurements. The 

most feasible explanation is that flushing time and pressure were not sufficient 
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for complete removal of the PIB molecules from the membrane. After the two 

MWCO measurements the permeance slowly increased until probably all the PIB 

molecules were released from the membrane. 

No significant change in permeance occurred after a change from toluene to 

hexane at day 40. Eventually the permeance is constant and it can be stated that 

the membrane is stable for at least 130 days in toluene.  

During grafting of the APTES linker the toluene-APTES solution is kept at a temperature 

of 80 ˚C, allowing the formation of a vapor, which reacts with the OH groups of the 

membrane surface. PDMS is subsequently grafted to the modified membrane in IPA 

at 75 ˚C. In order to investigate the stability of a 25 mM PDMS grafted membrane 

(A2) under more extreme conditions, the membrane was soaked after 157 days 

in toluene at 80˚C. As presented in Figure 12, the toluene permeance remained 

constant as it is still within the error range, which was determined from the data 

points around 60 days. Here an error of 0.4 l m-2 hr-1 bar-1 was determined. After this 

experiment in boiling toluene the membrane was dried and soaked for 4 days in IPA 

at 75 ̊ C and subsequently the permeance in IPA, toluene and hexane was measured. 

Between each measurement the membrane was dried and soaked overnight in the 

respective solvent. As shown in Figure 12, a slight increase in toluene permeance 

was observed after this latter treatment. A possible explanation is degradation of the 

PDMS layer. Contact angle measurements show a decrease from 92±2o (Time = 60 

days) to 82±2o (Time = 170 days) which can be an indication of some detachment of 

PDMS molecules. Another explanation is related to the removal of impurities present 

inside the membrane, combined with changes in morphology of the grafted layer 

due to multiple swelling and compaction cycles that occurred during the soaking 

and drying steps. Degradation of the PDMS layer does not seem to be plausible 

in this case, since a lower value of toluene (Figure 12, after period C) permeance is 

measured when compared to the initial value. 

The permeances of hexane, toluene and IPA at the end of the stability tests (Figure 

12, after period C), are presented in Figure 15 as viscosity corrected permeance 

(VCP) values versus the Hildebrand solubility parameter. 

A comparison between these values and the ones determined before stability 

tests shows a slight, almost negligible, decrease in permeance but a similar trend 

(Figure 9), meaning that toluene still presents the highest VCP value whereas for 

hexane and IPA identical values for VCP are found. Therefore, the unexpected 

higher VCP for toluene when compared with hexane cannot be explained by start-

up effects.
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Figure 13: Viscosity corrected permeance (VCP) versus the Hildebrand solubility parameter of a 
25 Mm PDMS grafted membrane (A2) before and after stability tests 

Figure 14: Stability of a 25 mM PDMS (A3) membrane in IPA. Filtrations were conducted at 11bar 
TMP and room temperature. 

Figure 14 shows the stability in IPA. After 7 days the MWCO is measured. The 

permeance values for IPA are in the range of 0.4-0.8 l m-2 hr-1 bar-1 and are within the 

experimental error (0.4 l m-2 hr-1 bar-1). For IPA permeance values at the end of the 

stability testing period are comparable to the initial value and thus the membrane 

can be considered stable in IPA for at least 130 days. An initial contact angle value 

of 91±1˚ is measured, while after 73 days to a contact angle is 73±4˚. This decrease 

in hydrophobicity seems not to influence the permeance performance.

In conclusion, it can be stated that PDMS grafted membranes are stable in hexane 
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(Figure 11), toluene (Figure 12) and in IPA (Figure 14). Furthermore, changing 

solvents seems to have a non-damaging effect on flux of the different solvents. 

5.3.5. MWCO measurements 
Several methods have been proposed in literature for the determination of 

the MWCO for SRNF membranes, however till so far no universal protocol is 

available. The complexity arises from pronounced effects of process conditions 

(e.g. concentration polymerization phenomenon), inherent properties of the 

membrane and solute (shape and flexibility), and solvent-solute-membrane 

interactions [56]. A promising method is the filtration of a mixture of different 

MW fractions of styrenes or isobutylene oligomers dissolved in toluene or hexane 

as proposed by different authors [57][58]. In this work a 0.3% (w/w) solution of 

polyisobutylene (PIB) in toluene was used. 

Figure 15: PIB retention curves for a 25 mM VPD modified membranes (A1) before and after 
treatment for 7 days in toluene (A2), or for 7 days in IPA (A3).

Figure 15 shows PIB retentions as performed on 3 different membranes (A1, A2, 

A3), synthesized under identical conditions. For membrane A1 the MWCO of the 

PIB/toluene solution was determined on a freshly prepared membrane, while 

for membranes A2 and A3 the MWCO of a PIB/toluene solution was determined 

after the membranes were soaked for 7 days in respectively toluene and IPA. The 

MWCO’s of the modified membranes are significantly lower than the MWCO of the 

unmodified membrane (2500 Da). As the maximum retention of the membranes 

was 100 % (for MW > 900 Da) it is clear that no defects or cracks are present. In 
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all cases the polyisobutylene retention curves for the 25 mM VPD PDMS grafted 

γ-alumina membranes intersect at 90 % retention with a MW of around 500 Da. 

By using lower precursor concentrations during grafting, like 12.5 mM for a VPD 

modified membrane, MWCO values between 800-2000 Da were obtained. The 

wide range for MWCO values confirms and supports the lack of reproducibility for 

pure solvent fluxes as shown in Figure 10. This is another proof that in our case only 

APTES and PDMS concentrations of 25 mM are suitable for making reproducible 

membranes.

Table 3: Toluene and hexane permeance and MWCO values for several membranes reported 
in the literature.

Toluene  
permeance
(l m-2 hr-1 bar-1)

Hexane  
permeance
(l m-2 hr-1 bar-1)

IPA permeance
(l m-2 hr-1 bar-1)

MWCO 
(Da)

Ref.

PDMS grafted Alumina 
(This work)

3.1±0.5 4.8± 0.1 0.54±0.04 500 -

MPF-50 (Koch, Silicon 
based NF membrane) 
(Suffers from compac-
tion)

1.3 1.52 0.15 700a) [20, 21, 25]

Membrane D (Osmonics)
Composite dimethylsili-
cone NF

2.44 1.6 0.2 807b) [21, 30]

Plasma treated
1.2 - 0.2 1000c) [27]

PAN/PDMS cross-linked - 8.41 - 350-400d) [26, 59]

1200-1250f ) [17]

α-Alumina Tubular shape 
(20 nm)/PDMS coated 
membrane 

1.6 ± 0.1 - - 500g) [18]

a) Determined in a mixture of Sudan IV/ ethylacetate, b) Determine in a mixture of tripalmitin/
hexane c) Determine in a Rose bengal/IPA solution , d) Determine with a mixture of Iron (III) 
naphtalene/xylene, f ) Determine in  a PIB/hexane solution 

5.3.6. Comparison with literature
For a 25 mM VPD grafted membrane a toluene permeance of 3.1 l m-2 hr-1 bar-1 (Figure 

8) and a MWCO of 500 Da are obtained. Table 3 presents the values for toluene, 

hexane and IPA permeances and MWCO values for several membranes reported in 
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the literature. A comparison in terms of toluene and hexane permeances reveals in 

all case the highest values for membranes prepared in this work. This holds as well 

for laboratory-made membranes as reported by Dutczak et al. [18], Vankelecom et 

al. [27] and Stafie et al. [17], as well as two commercial available membranes, the 

MPF-50 and membrane D [21, 30]. Most of these membranes present similar or 

higher MWCO values if compared with the systems, described in this work. Only 

the PAN-PDMS composite membrane of Robinson et al. [26] shows the highest 

hexane permeance and the lowest MWCO value [9].

In conclusion, the membranes, developed in this work, can be a suitable membrane 

for SRNF, since it presents relative good fluxes when compared with others, good 

stability in organic solvents, a suitable MWCO range and reproducible membranes 

can be attained. 

5.4. Conclusions 

In this study it is shown that modifying a porous ceramic support by polymer 

grafting allows us to tune the pore size and engineer the surface chemistry 

(e.g. hydrophobicity) of membranes, which play a crucial role in the membrane 

performance. PDMS grafted γ-alumina membranes were attained through a two-

step synthesis which initially involves a silylation step with APTES and followed by 

a ring opening reaction with an epoxy terminated PDMS. In this work the linker 

was deposited using two different methods, a vapor phase method (VPD) and a 

solution phase method (SPD). Through both methods the linker was successfully 

grafted, and subsequently the PDMS. After grafting the linker on the membrane a 

reduction in pore radius was observed for both methods and thus proving that the 

pore walls were successfully modified. However, a clear difference in the thickness 

and structure of the APTES linker grafted layer was attained. For VPD, a monolayer-

like structure was observed, whereas for SPD a multilayer system was obtained. 

Further reduction in pore size was observed after PDMS grafting, indicating that 

the PDMS successfully modified the pores. The incorporation of polymeric material 

by grafting allows us to engineer the properties of the γ-Alumina membrane as 

proven by the increase in contact angle towards a more hydrophobic membrane. 

A concentration of 25 mM was found to be efficient to promote a suitable 

hydrophobicity (94o) and pore size reduction towards a microporous or dense 

material.
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Permeation at room temperature was examined for three solvents with different 

viscosities, shapes and polarities, i.e. hexane, toluene and IPA. As expected, non-

polar solvents showed higher permeances  than more polar ones (4.8 ± 0.1 l m-2 

hr-1 bar-1 for hexane, 3.1 ± 0.5 l m-2 hr-1 bar-1 for toluene vs. 0.54 ± 0.04 l m-2 hr-1 bar-1 

for IPA). Similar values were obtained for a set of 3 membranes using the same 

experimental conditions. 

In conclusion, reproducible membranes were synthesized and a MWCO of a 500 Da 

was measured. Therefore, a nanofiltration membrane was synthesized. Moreover, 

stability tests performed in hexane, toluene and IPA at room temperature have 

shown that these membranes were stable in all solvents during testing periods 

of up to 170 days. The membrane was also soaked in toluene and IPA at higher 

temperatures in order to simulate the reaction conditions during membrane 

fabrication. No change in toluene permeance was observed after this treatment, 

indicating that these membranes are stable under the conditions, used during 

fabrication of the membranes. Correcting the flux-pressure relationships for 

viscosity shows that for all solvents the transport is mainly controlled by pore 

flow and that solution/diffusion is less significant. Higher viscosity corrected 

permeances (VCPs) are observed for toluene than for hexane and IPA. However, 

according to the Hildebrand solubility model, hexane is expected to present the 

highest VCP, followed by toluene and IPA. Similar behavior for dense polymeric 

PDMS membranes suggests that our grafted PDMS is dense as well. Swelling 

experiments have indicated that more swelling was observed for hexane. The 

apperent viscosity of the liquid, if confined inside the membrane, may differ from 

the macroscopic/bulk viscosity of a solvent due to interaction between solvent 

and membrane. This confined viscosity effect is more pronounced for hexane than 

for toluene, almost certainly caused by the flexibility of hexane and the rigidity 

of toluene. However, no actual value could be determined for the microscopic 

viscosity. Therefore, further studies are needed in order to clarify the role of 

chemical transport and how the microscopic viscosity influences the transport in 

dense systems as the one study.
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Abstract

Hydrophilic nanofiltration membranes are developed by grafting a polyimide-

based polymer (BTDA-ODA) into the pores of 5 or 9 nm γ-alumina membranes. 

Polyimide grafted membranes were prepared through a two-step synthesis which 

involved grafting of the linker (APTES), using a vapor phase (VPD) or a solution 

phase deposition method (SPD), followed by grafting of the dianhydride (BTDA) 

monomer and subsequently the diamine (ODA) by applying either an in-situ 

polymerization or a layer by layer method. Grafting (covalently bonding) of the 

subsequent monomers on alumina was proven by FTIR. Filtration experiments 

showed that grafting method and ceramic membrane pore size directly influence 

membrane performance. For membranes prepared by in-situ polymerization 

no detectable solvent flux could be measured, whilst for a porous 9 nm grafted 

membrane grafted by a layer by layer method reproducible toluene (1.7 l m-2 hr-1 

bar-1) and hexane permeances (3.9 l m-2 hr-1 bar-1) were attained. A Molecular Weight 

Cut Off (MWCO) of 830 Da was determined. Stability tests in toluene and hexane 

show that these polyimide grafted membranes were stable in toluene during 

a period of up to 29 days, however for hexane on going capillary condensation 

of water resulted in a drastic decrease in hexane permeance. It is demonstrated 

that layer by layer method results in better control over membrane pore size and 

solvent performance. 
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6.1. Introduction 

Separation and purification of organic-organic mixtures are a major problem in 

the chemical industry. Membrane technology has the potential to answer to these 

demands. Solvent Resistant Nanofiltration Membranes (SRNF) allow economic 

(reduction in energy costs) and efficient (reduction of waste by recycling) separation 

of molecules in the in the molecular weight range of 200-1000 g mol-1. Several 

examples are available in the petrochemical [1-3], food [4-6], chemical synthesis 

[7, 8] and pharmaceutical industry [9, 10] e.g. recovering of dewaxing solvents 

from lubricant oil filtrates [11] and recovering of organometallic complexes from 

organic solvents [12]. Despite all these advantages, the limit in choice of robust 

membranes hampers the application of SRNF membranes. The development of 

membranes with improved chemical resistance, long term stability and separation 

performance is crucial. 

Many polymeric membranes used for organic solvent nanofiltration (OSN) 

are composites based on a polydimethylsiloxane (PDMS) separating layer on 

a polyacrilonitrile (PAN) support [13-18]. Although PAN shows good solvent 

resistance, the PDMS separation layer suffers from swelling in many solvents 

resulting in limited solvent stability and poor performance [18-21]. 

Another very important class of advanced polymers as membrane materials are 

aromatic polyimides. Polyimide SRNF membranes are usually integrally skinned 

asymmetric membranes. Some examples are the BTDA based Lenzing P84 [22][23] 

and the BTDA based Matrimid®, the PMDA based Kapton™ and the polyetherimide 

Ultrem 100. These polymers show an excellent thermal and mechanical stability 

due to their stiff aromatic backbone. Prolonged use of polyimides (PI) is possible 

at temperatures up to 200 ˚C, and  for short-term applications at temperatures up 

to 400 ˚C [24]. They are also resistant at room temperature to a number of solvents 

such as aromatics, aliphatics and ketones, esters, alcohols and concentrated acids 

[22] [25]. However, PI membranes can become instable in certain classes of solvents 

such as amines (DMAc and DMSO) as well as chlorinated and protic solvents (NMP, 

THF, DMF) which are common solvents for polyimides synthesis [26].

In order to solve this problem the polymer chains are usually crossslinked. A PI 

membrane can be crosslinked by thermal or UV irradiation [27, 28] or by chemical 

reactions [29-31]. Crosslinking promotes resistance to chemical attack and reduces 

the mobility of the polymer chains (swelling effects) [32-35]. Chemical crosslinking 

of PI with diamines in an imide ring-opening reaction is the most commonly used 
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method. Toh et al.[34]  crosslinked a PI-Lenzing P84 based SRNF membrane by 

immersion of the preformed membrane into a bath of an aliphatic diamine. The 

resulting membrane showed to be stable in protic solvents, e.g. DMF while a MWCO 

of 250-420 g mol-1 was achieved. A Matrimid®-based PI membrane, crosslinked with 

aromatic diamines, was reported by Vanherck et al. [33]. The membrane displayed 

good stability in DMAc, DMSO, NMP and DMF.

Another approach is the use of inorganic membranes as a support, since, in 

contrast with polymeric membranes, these ceramic materials present a high 

mechanical and  thermal stability, no swelling effects and are inert to virtually all 

organic solvents, making them excellent candidates for use as membrane support 

[20, 33, 36]. Through a grafting technique one can covalently bond a polymeric 

layer, in this case a polyimide, to an inorganic membrane support. This covalent 

bonding prevents detachment of the polyimide, even in solvents in which most 

polyimides are soluble, which can result in increased chemical and mechanical 

stability. 

In this work grafting of an alumina membrane with a polyimide-based polymer 

by a two-step process is described. First, the alumina oxide support is grafted 

with a functionalized amino silane (linker) which provides anchoring groups for 

subsequent grafting of the dianhydride and diamine monomers resulting in a 

polyimide grafted alumina membrane.

Polyimides are usually the product of a reaction between a dianhydride and a 

diamine to produce a soluble polyamic acid, which is thermally or chemically 

converted to a polyamide by the loss of water. For the dianhydride we used the 

3,3’-4,4’-benzophenonetetracarboxylic dianhydride (BTDA) and oxydianiline (ODA) 

was selected as the diamine (Figure 1). Both monomers are commercially available. 

The influence of the pore size of the ceramic membrane support, linker grafting 

method, monomer grafting method to the membrane on membrane struture 

and filtration performance is evaluated. The molecular structure and morphology 

of the grafted-polyimides were characterized by FTIR, gas adsorption and 

thermogravimetrical analysis on grafted alumina powders/flakes, whereas the 

membrane structure and wettability were characterized by permporometry and 

contact angle. Furthermore, liquid permeation and MWCO measurements were 

done to evaluate the membrane performance for nanofiltration.
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Figure 1: Chemical structures of the monomers used for generating the correspondent 
polyimide: the dianhydride benzophenonetetracarboxylic dianhydride (BTDA) and the diamine, 
3,3’-diaminodiphenyl ether (ODA). 

6.2. Experimental

6.2.1. Materials
All chemicals were used as received. The diamine, 3,3’-diaminodiphenyl ether 

(ODA), the dianhydride 3,3’,4,4’-benzophenonetetracarboxylic dianhydride (BTDA) 

and the linking agent 3-aminopropyltriethoxysilane (APTES) were supplied by 

Aldrich. The solvents (toluene, n-hexane, isopropanol, dimethylacetamide) were 

anhydrous and obtained from Aldrich. Acetone and ethanol were purchased from 

Aldrich. Mesoporous γ-alumina flakes were prepared from a boehmite sol. These 

flakes were dried and subsequently calcined at 650 ˚C or 825 ˚C for 1 hour at a 

heating rate of 1 ˚C min-1, as described in detail in [37]. The ceramic membranes 

consisted of a mesoporous γ-alumina top layer on a macroporous α-alumina 

support. The α-alumina supports were obtained from Pervatech. Flat discs with 

diameter 39 mm, thickness 2.0 mm and a pore size of 70 nm were used. These 

supports were then coated with a γ-alumina layer of 300 nm thickness by dip-

coating. The membranes were dried and subsequently calcined at 650 ˚C or 

825 ˚C for 1 hour using a heating rate of 1 ˚C min-1.

6.2.2. Grafting procedure 

6.2.2.1. γ-alumina flakes 
Pre-treatment of γ-alumina flakes  

Before grafting, the γ-alumina flakes were pre-treated by soaking in an ethanol/

water (2:1) solution for 24 hours at ambient temperature, dried in a vacuum oven 

at 100 ̊ C for 24 hours and stored under nitrogen atmosphere until further use. This 
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was done to remove impurities and to promote a suitable degree of hydroxylation 

and hydratation.

Grafting of γ-alumina flakes with APTES by solution phase deposition (SPD)

The introduction of amino groups onto the γ-alumina flakes, i.e. the preparation of 

an “initiator site”, was achieved by a reaction of the surface OH groups with APTES 

as described in a previous work [40] (chapter 4). In this work a 100 ml 50 mM 

APTES-toluene solution was used.

Grafting of APTES-grafted
 
γ-alumina flakes with polyimide: BTDA-ODA

A two-step synthesis was employed. In a first stage, a poly(amic acid) was formed 

and subsequently a polyimide is formed through a thermal imidization process. 

Two methods were used to introduce the monomers:

1)  In-situ polymerization: A reaction between the amino group of APTES and the 

anhydride group of BTDA (4,4’-benzophenonetetracarboxylic dianhydride), 

followed by a subsequent reaction between the anhydride and the amino 

group of diamine, 3’- diaminodiphenyl ether (ODA).

2)  Layer by layer grafting: after the reaction with a monomer the product was 

washed and thermally imidized before the reaction with the next monomer. 

A typical procedure for the in-situ polymerization method is as follows: (1) To a 

solution of 300 mg of APTES-grafted γ-alumina Al2O3
 in dimethylacetamide 

(DMAc) (100 mL) BTDA was added (4.8 g, 150 mmol), (2) the mixture was stirred for 

3 hours at 75 ˚C, (3) subsequently the diamine ODA (1.5g, 100 mmol) was added, 

(4) the mixture was stirred for 3 hours at 75 ˚C and finally the reaction mixture was 

refluxed for 24 hours at 150 ˚C. After the reaction was completed, the mixture 

was allowed to cool down and centrifuged with 20 ml of fresh DMAc at 7500 rpm 

for 20 min. This was repeated 2 more times with fresh DMAc to remove any non-

bonded polymer. Immediately after the modified flakes were thermal imidized by 

stepwise heating the modified flakes for 1 hour at 100, 150, 200, 250 and finally at 

300 ˚C with an intermediate heating rate of 1˚C min-1 and then cooled down at 

1 ˚C min1 till room temperature.

For the layer by layer method the reaction was stopped before addition of the 

diamine, ODA. After reaction with BTDA, the APTES-grafted flakes were washed and 

thermal imidized as described above for the whole polymer. For the reaction with 

the second monomer, ODA, the same procedure was used as for grafting BTDA, 

followed again by a thermal imidization treatment. For this layer by layer method 
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an excess of dianhydride was not required and therefore identical concentrations 

of monomers were used: BTDA 50 mmol (1.6 g) and ODA 50 mmol (1.0 g).

6.2.2.2. Membranes 
Pre-treatment of γ-alumina membranes  

Before grafting, the γ-alumina membranes were pre-treated to remove any 

impurities and to promote a suitable degree of hydroxylation and hydration by 

soaking in an ethanol/water (2:1) solution for 24 hours at ambient temperature 

and drying in a vacuum oven at 100 ˚C for 24 hours. The membranes were then 

stored under nitrogen atmosphere until further use.

Grafting of γ-alumina membranes with APTES by solution phase deposition (SPD)

The introduction of amino groups onto the γ-alumina membrane was achieved 

by the reaction of the surface hydroxyl groups with APTES as described in chapter 

5 [38]. In this work a 100 ml toluene-silane solution, with a silane concentration of 

50 mM, was used. 

Grafting of γ-alumina membrane with APTES by vapor phase deposition (VPD)

APTES was grafted on a γ-alumina membrane as described in chapter 5 [38]. In 

this work a 100 ml toluene-silane solution with an APTES concentration of 50 mM 

was used. 

Grafting of APTES-grafted γ-alumina membranes with BTDA-ODA

A typical procedure for the in-situ polymerization method is as follows: (1) An 

APTES-Al2O3
 grafted membrane was placed in a sample holder in a 5 necked round 

flask, (2) 100 ml of DMAc and 4.8 g  (150 mmol) BTDA were added to the round 

bottom flask, (2) The mixture was stirred for 3 hours at 75 ˚C and after 3 hours 1.5 

g ODA (100 mmol) was added, (3) The mixture was stirred for 3 hours at 75 ˚C and 

finally the reaction is reflux for 24 hours at 150 ˚C. After the reaction was complete, 

the membrane was washed and soaked in fresh DMAc to remove any non-bonded 

polymer. Immediately after, the modified membranes was thermally imidized at 

300 ˚C using an identical thermal procedure as described for the γ-alumina 
flakes.

In the layer by layer polymerization method the reaction was first stopped after 

reaction with BTDA by means of thermal imidization before addition of the 

diamine, ODA. The second monomer (ODA) was added using the same procedure 

as for grafting BTDA followed again by a thermal imidization. For the layer by 
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layer method an excess of dianhydride was not required and therefore identical 

concentrations of the monomers were used: BTDA 50 mmol (1.6 g) and ODA 50 

mmol (1.0 g). 

6.2.3. Characterization 
Infrared spectroscopy 

FTIR spectra of the modified alumina flakes were obtained with a TGA-IR Tensor 27 

system spectrometer in the range 400-4000 cm-1. An FTIR spectrum of unmodified 

γ-alumina flakes was used for background correction. For further details see 

chapter 3 of this thesis.

Gas adsorption measurements

Nitrogen adsorption/desorption isotherms were collected at 77 K using a Gemini 

system, VII version (Micromeritics Instruments Corp.). Before each measurement 

the samples were vacuum-degassed at 200 ˚C for 12 hours. Pore size distribution, 

surface area and pore volume were determined. A detailed description of the 

method can be found in chapter 4. 

Thermo gravimetrical analysis

Thermo gravimetrical analysis was conducted at a heating rate of 10 ̊ C min-1 under 

N
2
 atmosphere from room temperature till 1000 ˚C was performed and around 20 

mg of sample was used. Before each measurement the samples were pre-treated 

from room temperature till 150 ˚C with a heating rate of 10 ˚C min-1 to remove any 

adsorbed water. 

Contact angle

Static contact angle measurements were performed on the grafted as described 

in chapter 3 on the grafted membranes. A droplet of 5 μL of water (Millipore Q2) 

was injected at a speed of 1 µl s-1. The calculated contact angle values were an 

average of 5 drops.

Permporometry

Permporometry was employed to determine the pore size distribution of the 

modified and unmodified membrane layers [39]. A detailed description is given 

in chapter 5. 
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Solvent permeation experiments 

Steady-state solvent flux analyses of toluene and n-hexane at room temperature 

were carried out on unmodified and BTDA-ODA modified alumina membranes 

in a stainless steel dead-end nanofiltration set-up pressurized with helium to the 

desired pressure. A trans membrane pressure (TMP) of 1-11 bar was used. A more 

detailed description can be found in chapter 5. 

Molecular weight cut-off measurements 

The molecular weight cut off was determined by filtration experiments with a 

0.3% (w/w) solution of polyisobutylenes (PIB’s) in toluene with different molecular 

masses, using a dead-end filtration set-up, as described before in chapter 5. The 

MWCO measurements were performed for 90 minutes at a TMP of 10 bar with 

continuously stirring (250 rpm). The feed, permeate and retentate were then 

analyzed by gel permeation chromatography (GPC).

6.3. Results and discussion 

In order to graft each monomer, and consequently the resulting polyimide to 

γ-alumina flakes or membranes first a linker was grafted. By means of a silylation 

step APTES was grafted on γ-alumina, generating amino anchoring groups as 

illustrated in Figure 2a). The next step is the polyimide synthesis.  Polyimides are 

in general either prepared by a one-step or by a two-step method. In  the one-

step method no intermediate poly(amic acid) is  formed and the final polyimide 

is soluble in organic solvents like phenol. In this work a two-step method was 

employed, involving the formation of a poly(amic acid) intermediate by a reaction 

between an aromatic dianhydride (BTDA) and an aromatic diamine (ODA) in a 

protic solvent, e.g. DMAc. This was followed by an imidization or cyclodehydration 

step of this poly(amic acid) to yield the final polyimide. The final polyimide is 

insoluble in organic solvents.

In this work two different methods in the two-step approach were used, as 

illustrated in Figure 2b) and 2c) and its influence in the membrane performance 

was evaluated. In the first method, “in-situ polymerization”, as illustrated in Figure 

2b), the BTDA-DMAc solution was added to the APTES-grafted flake/membrane 

and allowed to react, subsequently the diamine (ODA) was added after which the 

resulting poly(amic acid) was thermally imidizated into its polyimide form. 
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c) Layer by layer grafting method (1:1:1) 
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Figure 2: Scheme for the synthesis of a γ-aluminaflake/ membrane with 
(a) 3-aminopropyltriethoxysilane (APTES) and subsequently with both 
4,4’-benzophenonetetracarboxylic dianhydride (BTDA) and 3’- diaminodiphenyl ether (ODA) by 
(b) in-situ polymerization method or (c) a layer by layer method. 

A second method was developed to achieve a better controlled deposition and 

growth of the polymer and to prevent possible pore blocking in the membrane. 

This route is referred to as the “layer by layer” route and is schematically presented 

in Figure 2c). The BTDA\DMAc solution was added to the vessel containing the 

APTES grafted flake/membrane and the dianhydride was allowed to react at 75 ˚C, 

after which the reaction mixture was cooled to room temperature and the flakes/

membranes were washed and thermally imidized at 300 ˚C. Subsequently, the 

ODA/DMAc was added and after 3 hours the reaction was stopped, the mixture 

washed and thermally imidized again.

6.3.1. Grafting of γ-alumina flakes with APTES/ BTDA-ODA 
Figure 3 and 4 show the FT-IR spectra of unmodified and modified flakes with 

APTES linker and the BTDA-ODA polyimide, respectively. Here the linker was 

grafted by using a solution phase method. In a previous study it was proven that 

APTES-grafted γ-alumina flakes/membranes can be obtained by applying either 

an SPD or a VPD method [40] (chapter 4).
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The flakes, modified with APTES, show the characteristic peaks attributed to APTES. 

These include the peaks between 3000-2800 cm-1 due to the C-H stretching modes 

(2964, 2929, 2883 cm-1) indicating the presence of both methyl and methylene 

bands. The bands between 1500-1200 cm-1 and 800-700 cm-1 are assigned to 

bending, twisting, rocking and wagging vibrations of the methylene groups 

confirming the incorporation of the propyl groups. The presence of the amino 

group can be confirmed by the peak at 1588 cm-1. Finally, the incorporation of 

APTES is confirmed by the presence of a broad band attributed to the symmetric 

and anti-symmetric Si-O-Si stretching mode due to the formation of siloxane 

bonds between adjacent silanes, which leads to multilayer formation when SPD 

is used as grafting method. Similar results were obtained in a previous study. All 

these FTIR results agree with the data as given in [40], in which paper a more 

detailed discussion on the FTIR data is given.

Figure 3: FTIR spectra for pure γ-alumina flakes calcined at 650 ˚C and for materials modified 
with (A) 3-aminopropyltriethoxysilane (APTES) via solution phase deposition.

After APTES grafting was confirmed, the first monomer was added. Figure 4 presents 

the FTIR spectra of theγ-alumina flakes grafted with BTDA and subsequently with 

ODA. The reaction of the BTDA monomer with the APTES modified γ-alumina 

flakes involves a nucleophile attack of the amino group to the carbonyl carbon of 

the anhydride ring, followed by opening of the anhydride ring. In order to study 

the reaction step by step the reaction was stopped by thermal imidization at this 

stage as presented schematically in Figure 2c).  Since the sample was thermally 

treated, one expects ring closure. This will lead to the formation of imide bonds 

between BTDA and APTES proving that the dianhydride is covalently bonded to 

the APTES and consequently grafted onto the flakes. 
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Figure 4: FTIR spectra for unmodified γ-alumina flakes, calcined at 650 ̊ C (pore size 5 nm) and for 
materials modified with the linker 3-aminopropyltriethoxysilane (APTES) and followed by grafting 
with 3,3’,4,4’benzophenonetetracarboxylic dianhydride (BTDA) (A)  and 3,3’-diaminodiphenyl 
ether (ODA) (B).

The presence of characteristic imide bands like the duplet band at 1780 and 1720 

cm-1 and the band at 1370 cm-1, attributed to the C=O asymmetric stretching, 

C=O symmetric stretching and to the C-N stretching (υ
C-N-C

) [41-44], suggesting 

the conversion of the amide groups into imide groups, proves that grafting of 

the imide groups of BTDA was successful. Furthermore, the absence of the bands 

related with the amide bands at 1660-1650 cm-1 due to stretching of the amide I 

(υ C=O stretching of the CONH group) and a band at 1530-1550 cm-1 due to 

stretching of the amide II (coupling υ C-N and δ N-H of the C-NH group) [42, 43, 

45] supports that BTDA was successfully grafted and imidized. 

The presence of the bands ascribed to different stretching and bending modes of 

the carbon - carbon double bond of the aromatic ring of the BTDA between 1620-

1300 cm-1 (1620, 1490 and 1390 cm-1) [43, 44, 46] and the other bands between 

1450-1300 cm-1, due to the different stretching and bending modes of the C-H 

bonds [47], support the grafting of BTDA onto alumina flakes. The band at 1670 cm1, 

to be ascribed to the carbonyl stretching (υ C=O) of the benzophenone unit of the 

BTDA [48, 49], confirms that the BTDA was incorporated onto alumina flakes.

Since the BTDA possesses two dianhydride rings and only one is expected to 

react with the amino group of the APTES to form an imide, the band at 1780 cm-1 

can be attributed to the C=O  stretching of those dianhydride groups that have 

not reacted with APTES and are available for further reaction with a diamine in a 

subsequent step. This latter is also confirmed by the presence of a band at 1260 
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cm-1, attributed to the stretching mode of the C=O of the dianhydride group. 

After the reaction with the dianhydride (BTDA), the diamine (ODA) was added to 

the reaction mixture containing BTDA/DMAc. In this in-situ polymerization case the 

reaction was not stopped after the reaction with BTDA was completed. The amino 

group from the aromatic diamine ODA reacted with the anhydride ring through a 

nucleophilic acyl substitution of one of the  carbonyl carbons of the phthalic anhydride 

unit, followed by a polymerization reaction forming the correspondent poly(amic 

acid)  (Figure 2b). Through a thermal (imidization) treatment at 300 ˚C the poly(amic 

acid) was transformed into its polyimide form by ring closure forming again an imide 

bond. An FTIR spectrum of the product formed is given in Figure 4. The formation of 

the APTES+BTDA+ODA bond is confirmed by the increase of the characteristic bands 

for the imide group as discussed above (1780, 1720, 1370 cm-1). The absence of the 

amide bands at 1660-1650 cm1 and at 1530-1550 cm-1 supports the conversion of the 

amide bonds into imide, resulting into the respective polyimide. Also an increase in 

intensity is observed for the bands attributed to the stretching and bending modes of 

the C=C of the aromatic rings present in BTDA as well as in ODA (e.g. 1620, 1500-1490 

and 1300 cm-1). The asymmetric stretching of the –C-O-C- (originating from aromatic-

O-aromatic) of the 3,4’-ODA unit is clearly visible at 1240 cm-1 [45, 47]. In this final 

stage of the grafting process the linker, APTES, is till grafted onto the alumina flakes as 

can be seen by the presence a broad band between 1100-1000 cm-1, assigned to the 

Si-O-Si stretching modes due to siloxane bond formation and thus polyimide grafted 

γ-alumina flakes were successfully grafted. 

The FTIR results described above concern grafting of γ-alumina flakes calcined at 

650 ̊ C. For the γ-alumina flakes calcined at 825 ̊ C (enclosing pores with size of 9 nm) 

all the characteristic bands were observed in the infrared spectra as well (results not 

shown). This confirms that APTES was successfully grafted on alumina and both 

BTDA and ODA were covalently bonded to this linker and thus to the alumina flakes.

6.3.2. Structural characterization of γ-alumina grafted with APTES/
BTDA-ODA
Figure 5a and 6a presents the N

2
 adsorption/desorption isotherms curves for 

unmodified γ-alumina flakes, calcined at 650 ˚C or 825 ˚C respectively, and 

modified with APTES by solution phase deposition, followed by a reaction with 

3,3’,4,4’-benzophenonetetracarboxylic dianhydride (BTDA) and subsequently with 

3,3’-diaminodiphenyl ether (ODA).

Figure 5a shows for all systems a type IV isotherm with a H2 hysteresis, generally 
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associated with mesoporous materials with narrow necks and a relative low level 

of pore connectivity [50]. The BET surface area (S
BET

), pore volume (v
p
) and mean 

pore size (d
p
) values are given in Table 1.

a b

Figure 5: (a) N
2
 physisorption isotherms  (b) Pore size distribution curves for pure γ-alumina flakes 

calcined at 650 ˚C and for materials modified with 3-aminopropyltriethoxysilane (APTES) via 
solution phase deposition (SPD) followed by grafting of 3,3’,4,4’-benzophenonetetracarboxylic 
dianhydride (BTDA) and subsequently with 3,3’-diaminodiphenyl ether (ODA).

Table 1: BET Surface area (S
BET

(N
2
)), mean mesopore pore diameter from fits (d

p
 BJH) and pore 

volume (v
p
) for pure γ-alumina flakes calcined at 650 ˚C and 825 ˚C and materials modified 

with 3,3’,4,4’-benzophenonetetracarboxylic dianhydride (BTDA) and subsequently with 
3,3’diaminodiphenyl ether (ODA). 

Mean d
p

(nm)

v
p

(cm3 g-1)

S
BET

(N
2
)

(m2 g-1)

AF (650 °C) 4.7 0.35 240

AF (650 °C) + APTES SPD 3.9 0.26 203

AF (650 °C) + APTES SPD+BTDA 3.6 0.20 169

AF (650 °C) +APTES SPD+BTDA+ODA 3.4 0.15 134

AF (825 °C) 10 0.30 94,3

AF (825 °C) +APTES SPD 9.1 0.24 86.1

AF (825 °C) +APTES SPD+BTDA 8.3 0.20 80.6

AF (825 °C) +APTES SPD+BTDA+ODA 5.8 0.11 74.3

For all modified flakes a sequential decrease in pore size, pore volume and surface 

area can be observed by increasing the number of organic moieties, demonstrating 
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a sequential filling of the pores after each grafting step. In combination with 

the FTIR results discussed above (Figure 3 and 4), these adsorption/desorption 

results indicate that grafting has not only occurred on the surface but also within 

the pores.  The pore size distribution curves shown in Figure 4b were calculated 

by the BJH method [51] based on the desorption branch. The degree of pore wall 

grafting will now be discussed. For the monomers BTDA and ODA a molecular size 

of respectively 1 nm and 0.8 nm is determined assuming an angle of 109.5o between 

the C-atoms and a complete stretched structure. Taking into account this values a 

decrease in pore diameter of 1.8-1.9 nm is expected if one mono layer of each of 

the monomers is grafted on the pore wall.  However, after the addition of BTDA and 

subsequently with ODA a decrease in pore size was observed of only 0.3 nm and 0.2 

nm respectively for the 650 ˚C calcined γ-alumina flakes (Table 1). A pore size of 3.9 

nm remains after grafting these γ-alumina flakes with APTES by the SPD method. 

In theory one can expect that the available pore is large enough for the BTDA and 

ODA monomers to diffuse inside and to react with the linker. However, this is not the 

case assuming that grafting only occurred at the pore entrance and the surface of 

the flakes. A possible reason is the rigid and bulky shape of the molecules BTDA and 

ODA which can hamper diffusion in such small pores.

a b

Figure 6: (a) N
2
 physisorption isotherms (b) pore size distribution curve for pure γ-alumina 

flakes calcined at 825 ˚C and for materials modified with 3-aminopropyltriethoxysilane (APTES) 
via solution phase deposition followed by grafting of 3,3’,4,4’-benzophenonetetracarboxylic 
dianhydride (BTDA) and subsequently with 3,3’-diaminodiphenyl ether (ODA).

Therefore, γ-alumina flakes with bigger pore sizes were grafted as well. In Figure 6a 

the isotherms for 9 nm γ-alumina (825 ̊ C calcined) unmodified and modified flakes 

are presented. As already observed in Figure 5a, before and after grafting a type IV 

isotherm is observed indicating the presence of a mesoporous system. In addition, 

the relative sharp increase in volume adsorbed at P/P
0 

= 0.7 is indicative for the 
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a sequential filling of the pores after each grafting step. In combination with 

the FTIR results discussed above (Figure 3 and 4), these adsorption/desorption 

results indicate that grafting has not only occurred on the surface but also within 

the pores.  The pore size distribution curves shown in Figure 4b were calculated 

by the BJH method [51] based on the desorption branch. The degree of pore wall 

grafting will now be discussed. For the monomers BTDA and ODA a molecular size 

of respectively 1 nm and 0.8 nm is determined assuming an angle of 109.5o between 

the C-atoms and a complete stretched structure. Taking into account this values a 

decrease in pore diameter of 1.8-1.9 nm is expected if one mono layer of each of 

the monomers is grafted on the pore wall.  However, after the addition of BTDA and 

subsequently with ODA a decrease in pore size was observed of only 0.3 nm and 0.2 

nm respectively for the 650 ˚C calcined γ-alumina flakes (Table 1). A pore size of 3.9 

nm remains after grafting these γ-alumina flakes with APTES by the SPD method. 

In theory one can expect that the available pore is large enough for the BTDA and 

ODA monomers to diffuse inside and to react with the linker. However, this is not the 

case assuming that grafting only occurred at the pore entrance and the surface of 

the flakes. A possible reason is the rigid and bulky shape of the molecules BTDA and 

ODA which can hamper diffusion in such small pores.

a b

Figure 6: (a) N
2
 physisorption isotherms (b) pore size distribution curve for pure γ-alumina 

flakes calcined at 825 ˚C and for materials modified with 3-aminopropyltriethoxysilane (APTES) 
via solution phase deposition followed by grafting of 3,3’,4,4’-benzophenonetetracarboxylic 
dianhydride (BTDA) and subsequently with 3,3’-diaminodiphenyl ether (ODA).

Therefore, γ-alumina flakes with bigger pore sizes were grafted as well. In Figure 6a 

the isotherms for 9 nm γ-alumina (825 ̊ C calcined) unmodified and modified flakes 

are presented. As already observed in Figure 5a, before and after grafting a type IV 

isotherm is observed indicating the presence of a mesoporous system. In addition, 

the relative sharp increase in volume adsorbed at P/P
0 

= 0.7 is indicative for the 

presence of uniform mesopores, resulting in a uniform pore size distribution, as 

observed in Figure 6b). As shown in table 1, a sequential decrease in both surface 

area, pore volume and pore size is attained, agreeing with successful filling of the 

pores. A similar decrease in both pore size and pore volume after grafting the 

APTES is shown (Table 1) for each flake type (650 and 825 ˚C calcined). However, 

for the 10 nm flakes, the available space for further grafting of the monomers is two 

times more. In the case of the 10 nm γ-alumina, a reduction in pore size of 1.7 nm 

is observed after APTES+BTDA grafting and a further reduction of around 2.5 nm 

is attained after the addition of the diamine, ODA. This total reduction of 4.2  nm 

indicates that at least two layers of BTDA and one layer of ODA is grafted within the 

pores. Therefore, by increasing the pore size of the γ-alumina flakes the polyimide 

was grafted onto the inner pore walls, even when the linker was deposited by 

using a solution phase method (SPD). Grafting by a vapor phase technique 

(VPD) results in a thin monolayer of APTES will in turn render more space for the 

diffusion of each monomer and subsequently for the polymerization reaction, as 

demonstrated in a previous study [40] on PDMS grafted alumina systems.

6.3.3. Thermal stability of γ-alumina flakes grafted with APTES/
BTDA-ODA
Figure 7 shows TGA results for the 10 nm modified γ-alumina flakes with APTES/

BTDA-ODA. Up to about 540 ˚C no clear change in weight is observed, while after 

this temperature the sample weight decreased 45% by heating to 1000 ˚C. This 

weight loss represents the degradation of organic groups. From these results, it 

is concluded that the grafted γ-alumina flakes are thermally stable up to 540 ˚C. 

The decomposition temperature observed in this work (around 540 ˚C or more) 

is higher than the boiling points (b.p.) of the individual precursors (APTES b.p. = 

223 ̊ C, BTDA b.p. = 452 ̊ C and ODA b.p. = 219 °C). Therefore, an increase in thermal 

stability is assumed after modification. This again confirms that the aminopropyl 

and polyimide groups are chemically bonded to the γ-alumina flakes.
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Figure 7: TGA curve for γ-alumina flakes calcined at 825 ̊ C, grafted with APTES and subsequently 
with BTDA and ODA.

6.3.4. Structural characterization and membrane performance 
A series of membranes were synthesized by using two different deposition 

methods of the APTES linker, a solution and a vapor phase method (SPD and VPD 

respectively). γ-alumina membranes with a pore size of 5 nm (650 ˚C) and 9 nm 

(825 ˚C) were used as supports for modification. 

In the case of the γ -alumina with a pore size of 9 nm, the deposition of both 

monomers BTDA-ODA was conducted by the in-situ polymerization as well as by 

the layer by layer method, while for the γ-alumina membranes with a pore size of 

5 nm only the in-situ polymerization method was used for grafting the monomers. 

Contact angle, permporometry and liquid filtrations measurements were 

conducted to elucidate both membrane structure and performance.

Influence of the pore size of the γ-alumina
 
layer on the grafting performance

Table 2 lists the contact angle values measured for unmodified (for both 5 and 

9 nm) and γ-alumina membranes modified with APTES/BTDA-ODA. Different 

deposition methods of the linker (SPD and VPD) were used. In both cases, in-situ 

polymerization was selected for grafting BTDA-ODA.

For both unmodified membranes (Table 2, ID A and B) no contact angle could be 

measured due to the presence of OH hydrophilic groups. After modification an 

increase in contact angle is observed, however the membrane is still hydrophilic, as 

expected. Both monomers used possess hydrophilic groups like carbonyl groups 

present in the dianhydride unit of BTDA and amino groups from ODA (Figure 1). The 

increase in contact angle confirms that grafting has occurred. This is in agreement with 

FT-IR, gas adsorption and TGA results for modified γ-alumina flakes as discussed before. 
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Table 2: Contact angles (θ) for unmodified γ-alumina membranes with a pore size of 5 and 
9 nm, respectively and γ-alumina membranes modified with APTES/BTDA-ODA. The linker is 
deposited by two different methods a solution phase (SPD) and a vapor phase (VPD) method. 
The addition of the BTDA and ODA is performed by the “in-situ polymerization” method.

Membrane Linker Deposition θ,  

γ-Al
2
O

3
 (650 ˚C) 5 nm (A) - ~0

γ-Al
2
O

3
 (825 ˚C) 9 nm (B) - ~0

γ-Al
2
O

3
 (5nm) +APTES/BTDA-ODA (C) SPD 67 ± 5

γ-Al
2
O

3
 (5nm) +APTES/BTDA-ODA (D) VPD 60 ± 2

γ-Al
2
O

3
 (9nm) +APTES/BTDA-ODA (E) SPD 65 ± 4

γ-Al
2
O

3
 (9nm) +APTES/BTDA-ODA (F) VPD 59 ± 3

In order to show whether grafting has occurred inside the pores, permporometry 

measurements were performed for both unmodified membranes (Table 2, ID A 

and B) and membranes, modified by in-situ polymerization (Table 2, ID D, E, F). 

Figure 8 presents the oxygen permeance as function of the cyclohexane partial 

pressure. For all grafted systems no detectable transition was observed stating that 

the structure is dense or micro porous with pores smaller than a radius of 1.5 nm. 

As a consequence, no pores could be detected by means of permporometry for 

these grafted membranes, because the invalidity of the Kelvin equation for micro 

porous and dense systems. 

Figure 8: Oxygen permeation as function of the cyclohexane vapor pressure at 15 oC for 
the unmodified membranes with a pore size of 5 nm (650 ˚C) and 9 nm (825 ˚C). (D) a 5 nm 
γ-alumina

 
membrane modified with APTES by VPD and subsequently with BTDA-ODA. (E) and 

(F) a 9 nm γ-alumina
 
membrane modified with APTES by SPD and VPD and subsequently with 

BTDA-ODA, respectively. All membranes were prepared by “in-situ polymerization”.
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Toluene and hexane fluxes were analyzed for both unmodified 5 and 9 nm (Table 2 

ID A and B, respectively) and modified membranes with APTES/BTDA-ODA by in-situ 

polymerization (Table 2, ID C, D, E, F). For the 5 nm γ-alumina membrane a toluene 

permeance of 5.6 l m-2 h-1 bar-1 and a hexane permeance of 8.5 l m-2 hr-1 bar-1 was 

measured, whereas for the 9 nm γ-alumina membrane a toluene permeance of 

8.5 l m-2 hr-1 bar-1 and a hexane permeance of 10.8 l m-2 hr-1 bar-1 was obtained. After 

modification by in-situ polymerization no detectable flux for any of the solvents was 

measured for any of the membranes. An absence of permeance indicates that grafting 

was successful but it resulted in a dense membrane for organic solvent filtration. 

Influence of the monomer deposition method

As discussed in the previous section, polyimides grafted by in-situ polymerization 

result in dense membranes for solvent filtration. In order to overcome this issue a 

new method was employed: a layer by layer deposition (Figure 2c). In a sequantial 

form being L = APTES, M1 = BTDA and M2 = ODA, a general struture of a layer by 

layer grafted polyimide is:

Al2O3
- L – M1 – M2 

In this work after the linker (L) was grafted only one layer of BTDA (M1) and one 

layer of ODA (M2) were applied. 

In  order to check if this method resulted in a porous system, permporometry 

measurments were performed after grafting each layer (APTES, BTDA and ODA), 

as presented in Figure 9 and 10. 

In Figure 9 for both unmodified and membranes modified by the a layer by 

layer deposition a clear increase in oxygen permeation is observed when the 

cyclohexane partial pressure decreases, indicating a transition between capillary 

condensation and adsorption on pore walls, and thus the presence of a porous 

struture. Contrarilary, this is not observed when the grafted membrane is produced 

by in-situ polymerization (polymerized) meaning that the membrane is dense 

or microporous, as discussed before. In conclusion, the sequential layer by layer 

grafting renders a sequential decrease in pore size as seen in Figure 10. 
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Figure 9: Accumulated oxygen permeation as function of the cyclohexane vapor pressure at 15oC 
for the 9 nm unmodified γ-alumina membrane (825 ˚C) and a γ-alumina membrane modified 
with APTES by VPD and subsequently with BTDA-ODA prepared by “in-situ polymerization and” 
membranes modified with APTES by VPD (APTES VPD), followed by a “layer by layer” reaction 
with BTDA (APTES +BTDA) and subsequently with ODA (APTES+BTDA+ODA).

Figure 10: Cumulative Kelvin radius  calculated from data given in Figure 9 for the 9 nm 
unmodified γ-alumina membrane and γ-alumina membranes modified with APTES/BTDA-ODA 
prepared by the “layer by layer” method.

As expected, a decrease of around 0.5 nm is observed when the linker (APTES) was 

grafted by vapor phase deposition (VPD) [52]. A further reduction in pore radius of 

0.8 nm was observed after BTDA grafting matching the theorical calculated length 

of this molecule. Finally, grafting of the diamine ODA renders a further decrease of 

0.6 nm which is aproximatly the theorical calculated length (0.7  0.8 nm). Therefore, 

one can conclude that a γ-alumina membrane is obtained of which the pore walls 

are grafted with APTES/BTDA-ODA. 
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Table 3: Contact angles for unmodified γ-alumina membranes with a pore size of 9 nm, 
respectively and modified with APTES/BTDA-ODA. The linker is deposited by a vapor phase 
(VPD) method. Different methods are described in this table as:“in-situ polymerization” and “layer 
by layer”.

Membrane Linker Deposition Monomer Deposition θ

γ-Al
2
O

3
 (825 ˚C) 9 nm (B) - - ~0

γ-Al
2
O3 (9nm) +APTES/BTDA-ODA (E) VPD in-situ polymerization 59±3o

γ-Al
2
O

3
 (9nm) +APTES/BTDA (G) VPD Layer by layer 39±1o

γ-Al
2
O

3
 (9nm) +APTES/BTDA-ODA (H1,H2) VPD Layer by layer 46±1o

Membrane performance

Toluene and hexane fluxes at different trans membrane pressures (TMP) were 

determined on 3 membranes (ID G, H1 and H2). Membrane G was grafted with 

APTES+BTDA. After permeance analysis membrane G (the permeance was only 

measured at a TMP of 11 bar) was cleaned and dried, after which ODA was grafted 

(Membrane ID H1). In the case of the membrane H2, no filtration experiments 

were conducted after grafting BTDA, instead ODA was directly grafted.

Toluene and hexane flux-pressure relationships of two grafted APTES/BTDA-ODA 

membranes (Table 3 ID H1 and H2) for pure toluene and hexane are shown in 

Figure 11. 

Figure 11:  The flux pressure relationship for γ-alumina membranes modified with APTES/BTDA-
ODA (H1 and H2). The filled symbols represent toluene and the open ones hexane.

As observed in Figure 10, the flux (J)-pressure (TMP) relationships show a linear 

behavior and it can be assumed both toluene and hexane obey Darcy’s law, stating 

that the trans membrane pressure (TMP) is the driving force in solvent permeation:
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J=(km/η) TMP (1)

where J is the flux (l m-2 hr-1), Km a constant (m), η the solvent viscosity (Pa.s) and 

TMP the trans membrane pressure (bar). 

The slope of flux (l m-2 hr-1) versus the TMP (bar) is equal to the permeance, which 

contains a constant, Km and solvent viscosity, η (Darcy’s Law, equation 1). A 

comparison for toluene and hexane permeances between unmodified γ-alumina 

and the modified membranes with BTDA and BTDA-ODA are presented in Figure 12.

Figure 12: Toluene and hexane permeances for unmodified 9 nm γ-alumina membranes and 
modifications with BTDA and ODA (G, H1and H2).

A sequential decrease in permeance is observed for both solvents as the membrane 

is grafted with more and more monomers, supporting that all grafting steps were 

successful, and that the pore walls were grafted with both monomers. This is in 

agreement with the reduction in pore size as measured by permporometry (Figure 

10). For both APTES/BTDA-ODA grafted membranes presented in Figure 12 (H1, 

and H2), the difference in permeance for each solvent is small. Therefore, it can 

be concluded that the results for these membrane are reproducible and that 

solvent permeation experiments after grafting of the first monomer, BTDA, does 

not degrade the grafted layer and has no influence on the reaction of the second 

monomer, ODA (compare H1 and H2).

Generally, flux-pressure relationships for pure solvents go through the origin, 

but this is not observed for both BTDA-ODA grafted membranes, as presented 

in Figure 11. Negative intercepts with the y-axis (flux) are observed for both 
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hexane and toluene but the values are clearly larger for hexane than for toluene. 

This effect can be ascribed to the presence of chemical transport assisting pore-

flow transport [13]. During pore-flow transport Darcy’s law (equation 1) is obeyed 

and the Hagen-Poissuelle model can be applied. The solution diffusion model is 

often favored when chemical transport is the dominant transport mechanism. 

However, when chemical transport is playing a significant role a positive intercept 

is expected in the TMP versus flux curve [13]. A negative intercept may probably 

represent the opposite of chemical transport, meaning solvent repulsion, meaning 

that a minimal pressure is required for the solvent to start permeating. The two 

membranes (H1 and H2) show comparable repulsion towards toluene, but a 

slightly higher deviation is observed for hexane. The stronger repulsion towards 

hexane than to toluene is in agreement with the calculated Hildebrand solubility 

parameter presented in Table 4. The difference in Hildebrand solubility parameters 

(see Table 4) between the solvent and the polymer (BTDA-ODA), which acts as 

an indication for the relative solvency behavior of a solvent or polymer, can be 

a measure for affinity (chemical transport) of a solvent through BTDA-ODA. The 

solubility parameter of BTDA-ODA is a bit closer to toluene than to hexane, which 

might indicate that affinity towards toluene is higher than to hexane. Assuming 

this is correct and taken the less negative intercept for toluene into account, one 

would expect a higher permeance for toluene. Instead, a higher permeance for 

hexane is observed (Figure 12, membranes H1 and H2).

Table 4: Hildebrand solubility parameters for the monomers and polymer used. A list of different 
solvents is also included.

Δ, MPa1/2

Hexane 15

Toluene 19

IPA 24

Water 48

BTDA 33

ODA 27

BTDA-ODA 31

To identify the influence of affinity (chemical transport) versus the influence of the 

viscosity (pore-flow transport) the viscosity corrected permeance (VCP) (for the 

macroscopic viscosity) is plotted against the Hildebrand solubility parameter in 

Figure 13.

A higher VCP for toluene than hexane is observed for the unmodified membrane 
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as expected. Contrarily, for the modified membranes (H1 and H2) similar VCPs 

are observed for initial filtration measurements indicating that the transport 

mechanism is solely based on pore-flow transport. Therefore, the VCP is primarily 

dependent on material properties of the membrane and not on the solvents 

considered.  

Stability tests were carried out in both toluene and hexane using the same 

membrane (H2) and are presented in Figure 14. The membrane is cleaned and 

dried before switching to the other solvent.

The membrane is initially soaked in toluene for 24 hours (Time = day 1) and the 

permeance is measured. After this, the membrane is soaked in hexane for 24 hours 

(Time = day 2) and the permeance is measured. The membrane is subsequent-

ly soaked in toluene (Time = day 3 till day 9) followed by a soaking in hexane 

for 32 days (Time = day 10 till day 41) and finally in toluene for another 19 days 

(Time = day 42 till day 61).

Figure 13: Toluene and hexane viscosity corrected permeances (VCP) as function of the solubility 
parameter for both unmodified 9 nm γ-alumina membranes and modified with APTES/BTDA-
ODA (H1 and H2). The Hildebrand solubility parameter for a BTDA-ODA is around 31 MPa1/2.
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Figure 14: Toluene and hexane permeances as function of total soaking time in days for 9 nm 
γ-alumina modified with APTES/BTDA-ODA (H2). A trans membrane pressure of 11 bar was used.

As shown in figure 14 the toluene permeance initially shows a small decline, 

but at the end of the stability test series the permeance reaches a stable value 

(0.9 l m-2 hr-1 bar-1). Contrarily, the hexane permeance drastically decreases and 

reached permeance values close to zero at the end of the test series, even though 

a higher permeance is initially measured for hexane compared to toluene.

The initial decrease in permeance for both solvents can be ascribed to start-

up effects due to some ppm of water adsorbed by the membrane. Capillary 

condensation of water in a pore with an effective Kelvin radius (r
k
) can occur 

after phase separation from the hydrocarbon-water mixture and is energetically 

favorable when: 

r
k
 < -γ

sw
V

m
 / RT ln(x

w
χ

w
) (2)

where γ
sw

 is the surface tension between the solvent and water, V
m

 is the molar 

volume of water, R is the gas constant, T is the temperature, x
w
 is the molar fraction 

of water in the solvent and χ
w
 is the activity coefficient of the water in the solvent 

[53-55]. Pores smaller than this critical Kelvin radius will be completely filled with 

water causing blocking of these pores for the transport of organic solvents. Pores 

larger than this critical radius will not be filled with water, but still a layer of water will 

be present on the pore walls as the interaction between water and the membrane 

will be stronger than the interactions between solvent and membrane. This leads 

to less pore volume, available for solvent permeation. This effect is expected to be 

more pronounced for hydrophilic membranes (Table 3 ID H1, H2) compared to 
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hydrophobic membranes [56] (e.g. grafted PDMS γ-alumina membranes [39]) as 

the affinity towards water is higher. This is supported by the calculated Hildebrand 

solubility parameter which is discussed before (Table 4). In addition, water bridge 

formation which can occur between membrane and water is a much stronger 

interaction than the interactions between membrane and solvent. 

An ongoing capillary condensation is observed by Chowdhury et al. [57] where 

filtration experiments on hydrophilic γ-alumina membranes of different pore sizes 

(3.5 – 5.9 nm) were conducted with hexane and toluene dissolved with different 

amounts of water. It was observed that with increasing amount of water the hexane 

and toluene flux decreased, with a more pronounced reduction for hexane. Similar 

observations were made by Tsuru et al. [56], for TiO2
 with pore sizes between 1 

and 3 nm. These membranes showed a decrease in flux with an increase in water 

concentration.

The drastic decrease in hexane permeance compared to the small decrease in 

toluene permeance can be ascribed to the solubility characteristics of water in 

these solvents. Because water is less soluble in hexane than in toluene (0.0067 

mol l-1 for hexane and 0.015 mol l-1 for toluene), more free water is present and 

consequently more pores will be blocked in the hexane-water mixture. 

The negative intercepts (Figure 11) is here might be ascribed to solvent repulsion, 

presumably caused by water present in the solvents, resulting in a minimum 

pressure required for solvent filtration to (partially) open up the pores. One can 

imagine that an increasing amount of water absorbed in the membrane enhances 

solvent repulsion, assuming the water is spread along the membrane pore walls 

in the pores. This effect is likely to be more pronounced for hexane which can led 

to the drastic decrease in hexane permeance in the stability test series (Figure 14).  

Initial measurements showed comparable VCPs for hexane and toluene (Figure 13), 

however, as the stability test series proceeds, the hexane and toluene permeances 

decreased (and thus also the VCPs), resulting in a lower hexane VCP than toluene 

VCP. This might indicate that the capillary condensation of water limits pore-flow 

transport, in particular for hexane, and the Hagen-Poissuelle model is not obeyed 

anymore. Transport limitations caused by the capillary condensation of water and 

possible increase in solvent repulsion plus the differences between pore-flow and 

solution/diffusion make the solvent transport mechanism difficult to describe. 

Nonetheless, at the end of the stability test series the membrane still shows an 

appreciable toluene flux, whereas the hexane flux has severely decreased.  

The viscosity effect, which can specifically be observed for hexane, makes the VCP 
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appear to be lower than it actually is. This is due to an increase in viscosity, caused 

by interactions between the membrane and the solvent narrowly confined in the 

membrane pores, which then differs from the macrascopic/bulk viscosity [53, 58]. 

This is observed in the PDMS grafted γ-alumina membranes [38] but not observed 

in the BTDA-ODA grafted γ-alumina membranes. It is likely the viscosity effect is 

influenced by pore size and hydrophobicity. 

6.3.5. MWCO measurements
The MWCO is determined for the BTDA-ODA grafted membranes using the 

method described by Zwijnenberg et al. [59] and described in detail in chapter 5. 

A MWCO of 830 Da is found, as indicated in Figure 15, which is in the nanofiltration 

range (MWCO < 1000 Da) as desired. A reduction in MWCO is observed when 

compared to an unmodified γ-alumina membrane (2500 Da) indicating that the 

polymer was grafted onto the pore walls. This supports the results obtained from 

both FTIR and permporometry as discussed before. 

Figure 15: Rejection curve of poly isobutylenes (PIB’s) in toluene for a 9 nm γ-alumina modified 
with APTES/BTDA-ODA (H1) by layer by layer deposition.

6.3.6. Comparison of PI-grafted with PDMS-grafted membranes
Toluene and hexane permeances and contact angles for both a PDMS grafted 

system, as described in a previous study [38] (chapter 5) and a BTDA-ODA 

membrane are presented in Table 5.
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Table 5: Comparison between hexane and toluene permeance for a 5 nm γ-alumina PDMS and 
a 9 nm γ-alumina BTDA-ODA layer by layer grafted membranes. 

Membrane Toluene permeance
(l m-2hr-1bar-1)

Hexane permeance
(l m-2hr-1bar-1)

Contact angle  
(o)

5 nm γ-Al
2
O

3
 PDMS 3.1 4.8 44 ± 1

9 nm γ-Al
2
O

3
 BTDA-ODA 1.7 3.9 94 ± 3

As expected, higher permeances are observed for the PDMS system for both 

solvents. Due to their hydrophilic character, permeation of non-polar solvents 

through BTDA-ODA grafted membranes is lower when compared to hydrophobic 

membranes like the PDMS grafted ones.

6.4. Conclusions

Chemical modification of both γ-alumina flakes and membranes was achieved 

by grafting a polyimide-based polymer BTDA-ODA. A silylation reaction with 

an amino silane (APTES) resulted in the formation of a covalent bond between 

the inorganic surface and simultaneously with the BTDA-ODA polymer. Two 

different methods were used for the deposition of both linker and each monomer. 

Sequential grafting of the monomers (layer by layer) resulted in pore infiltration 

whereas an in-situ polymerization route showed that grafting mainly occurred 

onto the surface and in the entrance of the pores, resulting in a dense membrane. 

This demonstrated that a more controlled deposition was achieved by means of 

a layer by layer grafting of the monomers. Furthermore, an increase in thermal 

stability is achieved through grafting when compared to a non-grafted BTDA-ODA 

system.

Modification of γ-alumina membranes with BTDA-ODA resulted in an increase 

in contact angle confirming that the polymer was grafted onto the membrane 

surface. Filtration exepriments showed that the grafting method and membrane 

pore size directly influence membrane performance. Membranes prepared by 

the in-situ polymerization technique resulted in a dense membrane which led 

to no detectable permeation of either toluene or hexane. However, a membrane 

prepared by the layer by layer method showed both toluene and hexane 

permeation. Filtration of these solvents through two membranes prepared by 

identical experimental conditions demonstrated that reproducible membranes 
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were obtained. A reduction in MWCO to the nanofiltration range was observed 

with a MWCO value of 830 Da for a γ-alumina membrane grafted with APTES /

BTDA-ODA, supporting that the pores walls were successefully grafted. 

Initial filtration experiments showed that negative affinity/solvent repulsion 

towards hexane and toluene, with more solvent repulsion towards hexane than 

toluene could be expected. However, similar VCPs were observed for hexane and 

toluene implying the Hagen-Poissuelle model for pore-flow transport is obeyed 

and thus chemical transport can be neglected. In time, the Hagen-Poissuelle 

model was not obeyed anymore; the hexane permeance was decreased till 

approximately zero while the toluene permeance only slightly decreased. This is 

probably due to ongoing cappilary condensation of small amounts of water into 

the membrane, partially blocking the pores and limitting solvent transport. This 

effect was more pronounced for hexane which can be ascribed to the solubility 

characteristics of water in these solvents. 
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Abstract

Hydrophobic nanofiltration membranes are developed by grafting a 

fluoropolyimide-based polymer (6FDA-BDAF) into the pores of 5 or 9 nm γ- 

alumina membranes and a 70 nm α-alumina membrane. The grafted membranes 

were prepared by a two-step synthesis which involved grafting of the linker 

(APTMS), using a vapor phase deposition (VPD) method followed by grafting of 

the dianhydride (6FDA) monomer and subsequently the diamine (BDAF) by using 

either an in-situ polymerization or a layer by layer method. Grafting (covalently 

bonding) of the subsequent monomers on alumina was proven by FTIR. Filtration 

experiments showed that grafting method and ceramic membrane pore size 

directly influence membrane performance. Polyimide (6FDA-BDAF)-grafted 

γ-alumina membranes resulted in too dense membranes for solvent permeation, 

while 6FDA-grafted 9 nm membranes show reproducible toluene (5.7-6.0 l m-2 hr-1 

bar-1) and hexane (9.7 l m-2 hr-1 bar-1) permeances. When the layer by layer method 

is applied in a 70 nm α-alumina membrane, toluene fluxes were observed after 

a complete polyimide is grafted. The layer by layer grafting method allows us to 

develop SRNF membranes with tailored pore size and reproducible performance.
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7.1. Introduction

Polyimide materials have been extensively investigated for membrane applications 

in various separation processes like gas separation [1-4], pervaporation [5-9] and 

more recently in solvent resistant nanofiltration (SRNF) [10-15]. Polyimide polymers 

are well known for their superior thermal stability, combined with their resistance 

to organic solvents (e.g. toluene, hydrocarbons, alcohols, ketones and a broad 

range of pH conditions), excellent mechanical properties and the easy formation 

of thin films [16], making these materials very attractive as SRNF membranes. It is 

also known that the chain stiffness and packing density of polyimides influence 

selectivity and permeability [17]. In this context, introduction of bulky pendent 

groups, as fluorine groups into high performance polymers like polyimides is one 

of the most widely used strategies for structural modification leading to substantial 

property enhancement [18]. 

It is found that by using dianhydrides with -CF3
 groups, like 2,2-bis(3,4-

carboxyphenyl)- hexaflouropropane dianhydride (6FDA), the chain mobility 

and simultaneously chain packing can be restricted and therefore a significant 

improvement in selectivity can be reached [4, 19]. The high free volume of the bulky 

-CF
3
 connector groups causes inter-chain steric hindrance, which disrupts chain 

order and packing efficiency, leading to a high free volume and consequently to 

an enhanced permeability [17, 20, 21]. The incorporation of trifluoromethyl (-CF
3
) 

groups also results in an increased thermal and chemical stability and solvent 

solubility along with a hydrophobic character (low water uptake) [18, 22-27], 

rendering them suitable for separation of gases, solvent applications e.g. olefin/

paraffin [1, 28] and aromatic/aliphatic mixtures, like toluene/octane, naphthalene/

n-decane or benzene/cyclohexane [5, 29-34]. However, 6FDA-based polyimide 

membranes significantly swell when high concentrations of aromatics are present 

in the feed mixture. As a result, the flux increases with increasing aromatic content 

in the feed while the selectivity strongly decreases.

Crosslinking of polymer structures has been found as a suitable method to 

improve separation properties as well as chemical and thermal stability [10, 12, 

35-38]. Crosslinking by aliphatic and aromatic diamines resulted in increased gas 

permeation performance [38-42] and enhanced chemical stability for SRNF [10-

12]. Carboxy groups containing 6FDA-based polyimides and copolyimides have 

been developed [32, 37], resulting in functional polymers which can be cross-

linked or further modified. Introduction of 3,5-diaminobenzoic acid (DABA) groups 
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into the polyimide structure and further crosslinking leads to an increase in flux 

without loss of selectivity and strongly reduces swelling. Pithan et al. reported for 

these membranes an increase in selectivity towards aromatics, e.g. benzene in an 

aromatic/aliphatic mixture [31].

More recently, new polyimide-inorganic hybrid nano-composites [43-47], 

polyimide modified poly(silsesquioxane) [48-52] and polyimide modified zeolites 

[53-56] have been developed. Improvements in thermal and mechanical stability 

have been reported compared with pure polymeric membranes.

Another approach is grafting (covalently-bonding) the polymer onto a porous 

inorganic material, which serves as a support. The confinement of the polymer in 

the pores of the ceramic membranes is expected to reduce swelling. In addition, 

an increase in thermal, mechanical and chemical stability of the polymer can be 

expected due to the formation of a covalent bond between inorganic support 

and polymer. Furthermore, this covalent bonding prevents detachment of the 

polyimide, even in solvents in which most polyimides are soluble, which can result 

in increased chemical and mechanical stability. 

In this work an alumina membrane is grafted with a polyimide-based polymer. In 

order to covalently bond the polyimide to the membrane surface a linker is used, 

in this case 3-aminopropyltrimethoxysilane (APTMS). The alkoxy groups of APTMS 

reacts with the OH surface groups onto the alumina oxide support whereas the 

amino groups (linker) provides the anchoring groups for subsequent grafting of 

the dianhydride and diamine monomers resulting in a polyimide grafted alumina 

membrane. For the dianhydride we used 4,4’-(hexafluoroisopropylidene)diphthalic 

anhydride (6FDA) and 4,4’-(hexafluoroisopropylidene)-bis(p-phenyleneoxy)

dianiline (BDAF) was selected as the diamine (Figure 1). Both monomers are 

commercially available.

The influence of the pore size of the ceramic membrane support and the method 

of monomer addition to the membrane structure and filtration performance was 

evaluated. The molecular structure and morphology of the grafted-polyimides were 

characterized by FTIR, gas adsorption/desorption on grafted γ-alumina powders/

flakes, whereas the membrane structure and wettability were characterized by 

permporometry and contact angle. Furthermore, preliminary liquid permeation 

measurements were done to evaluate the membrane performance for 

nanofiltration.
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Figure 1: Chemical structures of the monomers used for generating the correspondent 
polyimide: the dianhydride,2-bis(3,4-carboxyphenyl)hexafluoropropane dianhydride (6FDA) 
and diamine the 4,4’-(hexafluoroisopropylidene)bis(p-phenyleneoxy) dianiline (BDAF).

7.2. Experimental

7.2.1. Materials
The diamine, 4,4’-(hexafluoroisopropylidene)bis(p-phenyleneoxy) dianiline (BDAF) 

the dianhydride, 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6FDA), and 

3-aminopropyltrimethoxysilane (APTMS) were supplied by Aldrich and used as 

received. The solvents toluene, n-hexane and dimethylacetamide were obtained 

from Aldrich and used as received. All solvents were anhydrous. Ethanol was 

purchased from Aldrich and used as received.

The γ-alumina membranes consisted of a macroporous α-alumina membrane 

support and a thin mesoporous γ-alumina layer. Flat disc-shaped, α–alumina 

supports with a diameter of 39 mm and 2.0 mm of thickness and a pore size of 70 

nm were purchased from Pervatech and were used as received. These supports 

were then coated with a γ-alumina layer of 300 nm of thickness by dip-coating 

and calcined at 625 ˚C or 825 ˚C for 1 hour at a heating rate of 1 ˚C min-1, as 

described in detail in ref. [57].

7.2.2. Grafting procedure for γ-alumina flakes
Pre-treatment of γ-alumina flakes  

Before grafting, the γ-alumina flakes were pre-treated by soaking in an ethanol/

water (2:1) solution for 24 hours at ambient temperature, dried in a vacuum oven 

at 100 ˚C for 24 hours and stored under nitrogen atmosphere until further use. This 

was done to remove impurities and to promote a suitable degree of hydroxylation. 

24334 Pinheiro, Ana.indd   215 07-02-13   12:18



Chapter 7

216

Grafting of γ-alumina flakes with APTMS by vapor phase deposition (VPD)

The introduction of amino groups onto the γ-alumina flakes, i.e. the preparation of 

an “initiator site”, was achieved by a reaction of the surface OH groups with APTMS 

as described in previous work [58] (chapter 4). In this work a 100 ml, 50 mM APTMS-

toluene solution was used. A total amount of 700 mg γ-alumina flakes was used.

Grafting of APTMS-grafted
 
γ-alumina flakes with polyimide: 6FDA-BDAF

A two-step synthesis was employed. In a first stage, a poly(amic acid) was formed 

and subsequently through a thermal imidization process a polyimide was formed. 

Two methods were used to introduce the monomers, as described in a previous 

work [59] (chapter 6): 

1)  In situ polymerization: A reaction between the amino group of APTMS and 

the anhydride group of 6FDA, followed by a subsequent reaction between the 

anhydride and the amino group of diamine, BDAF

2)  Layer by layer grafting: after the reaction with one monomer the product was 

washed and thermally imidized before the reaction with the next monomer. 

A typical procedure for the in situ polymerization method is as follows: (1) To a 

solution of 300 mg of APTMS-grafted γ-alumina in dimethylacetamide (DMAc) (50 

ml) 6FDA was added (6.66 g, 150 mmol), (2) the mixture was stirred for 24 hours 

at RT under nitrogen, (3) subsequently the diamine BDAF (5.18 g , 100 mmol) was 

added, (4) and finally the reaction mixture was stirred for 24 hours at RT under 

nitrogen. After the reaction was completed, the mixture was centrifuged with 20 

ml of fresh DMAc at 7500 rpm for 20 min. This was repeated 2 more times with 

fresh DMAc to remove any non-bonded polymer. Immediately after, the modified 

flakes were thermal imidized by stepwise heating the modified flakes for 1 hour 

at 100, 150, 200, and 250 to a final temperature of 300 ˚C with an intermediate 

heating rate of 1 ̊ C/min and then cooled down at 1 ̊ C min-1 till room temperature.

For the layer by layer method the reaction was stopped before addition of the 

diamine, BDAF. After reaction with 6FDA, the APTMS-grafted flakes were washed 

and thermal imidized as described above for the whole polymer. For the reaction 

with the second monomer, BDAF, the same procedure was used as for grafting 

6FDA, followed again by a thermal imidization treatment. For this layer by layer 

method an excess of dianhydride was not required and therefore different 
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concentrations of monomers were used: 6FDA 50 mmol (2.22 g) and BDAF 50 

mmol (2.59 g).

7.2.3. Grafting procedure for γ-alumina membranes 
Pre-treatment of γ-alumina membranes 

Before grafting, the γ-alumina membranes were pre-treated to remove any 

particles and to promote a suitable hydroxylation and hydration degree by soaking 

in an ethanol/water (2:1) solution for 24 hours at ambient temperature and drying 

in a vacuum oven at 100 ˚C for 24 hours. The membranes were then stored under 

nitrogen atmosphere until further use. 

Grafting of γ-alumina with APTMS by vapor phase deposition (VPD)

The introduction of amino groups onto the γ-alumina membrane was achieved by 

the reaction of the surface hydroxyl groups with APTMS as described in previous 

work [60] (chapter 5). In this work a 100 ml toluene-silane solution, using an APTMS 

concentration of 50 mM was used. 

Grafting of APTMS-grafted γ-alumina with 6FDA-BDAF

A typical procedure for the in-situ polymerization method is as follows: (1) A 50 mM 

APTMS-alumina grafted membrane is placed in a sample holder in a 5-necked round 

flask, (2) 100 ml of DMAc and 6.66 g (150 mmol) 6FDA were added to the flask, (2) 

The mixture was stirred for 24 hours at RT under nitrogen atmosphere and after 

24 hours 5.18 g BDAF (100 mmol) was added, (3) The mixture was then stirred for 

another 24 hours under nitrogen atmosphere. After the reaction was completed, 

the membrane was washed and soaked in fresh DMAc to remove any non-bonded 

polymer. Immediately after, the modified membranes were thermally imidized at 

300 ˚C using an identical thermal procedure as described for the γ-alumina 
flakes.

In the layer by layer polymerization method the reaction was first stopped 

after reaction with 6FDA by means of thermal imidization before addition of 

the diamine, BDAF. The second monomer (BDAF) was added using the same 

procedure as for grafting 6FDA followed again by a thermal imidization. For the 

layer by layer method an excess of dianhydride was not required and therefore 

different concentrations of the monomers were used: 6FDA 50 mmol (2.22 g) and 

BDAF 50 mmol (2.59 g). 
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7.2.4. Membrane characterization 
Infrared spectroscopy 

FTIR spectra of the modified γ-alumina flakes were obtained with a TGA-IR Tensor 

27 system spectrometer. An FTIR spectrum of unmodified γ-alumina flakes was 

used for background correction. For further details see chapter 3 of this thesis.

Gas adsorption measurements

Nitrogen adsorption/desorption isotherms were collected at 77 K using a Gemini 

system, VII version (Micromeritics Instruments Corp.). Before each measurement 

the samples were vacuum-degassed at 200 ˚C for 12 hours. Pore size distribution, 

surface area and pore volume were determined. A detailed description of the 

method can be found in chapter 4. 

Contact angle

Static contact angle measurements were performed on the grafted membranes 

as described in chapter 3. A droplet of 5 μL of water (Millipore Q2) was injected at 

a speed of 1µl/s. The calculated contact angle values were an average of 5 drops.

Permporometry 

Permporometry [61] was employed to determine the pore size distribution of 

the modified and unmodified membrane layers. A detailed description is given 

in chapter 5. 

Solvent permeation experiments 

Steady-state solvent flux analyses of toluene and n-hexane at room temperature 

were carried out on unmodified and 6FDA-BDAF modified γ-alumina membranes 

in a stainless steel dead-end filtration set-up pressurized with helium to the desired 

pressure. A trans membrane pressure (TMP) of 1-11 bar was used. A more detailed 

description can be found in chapter 5. 

Molecular weight cut-off measurements 

The molecular weight cut off is determined by filtration experiments with a 0.3 

% (w/w) solution of polyisobutylenes (PIB’s) in toluene with different molecular 

masses, using a dead-end filtration set-up, as described before in chapter 5. The 

MWCO measurements were performed for 90 minutes at a TMP of 10 bar with 

continuously stirring (250 rpm). The feed, permeate and retentate were then 
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analyzed by gel permeation chromatography (GPC).

7.3. Results and discussion 

In this work two different methods in the two-step approach were used, 

as illustrated in Figure 2b) and 2c). The influence of the method applied on 

membrane characteristics and performance was evaluated. A similar way was 

developed for another polyimide system [59], a BTDA-ODA polyimide, as described 

in chapter 6. In the first method, in situ polymerization, illustrated in figure 2b) 

the 4,4’-(hexafluoroisopropylidene)diphthalic anhydride, 6FDA, was added to 

the APTMS-grafted γ-alumina flakes/membranes system and allowed to react, 

subsequently the diamine, BDAF was added after which, by a thermal imidization 

process, the polyimide was formed. In the second approach, called layer by layer, 

the 6FDA/DMAc solution was added to the APTMS-modified flakes and allow 

to react, after which the flakes were imidized, Subsequently the BDAF/DMAc is 

added, and reacted for 24 hours, followed by a second imidization step at 300 ˚C.

7.3.1. Flakes characterization 
Characterization of the grafted flakes by FTIR

A similar procedure has been reported for a BTDA-ODA grafted γ-alumina flake, 

where the polyimide was successfully bonded to the alumina surface, as described 

in [59] (chapter 6). Figure 3 shows the FT-IR spectra of unmodified and modified 

flakes with an APTMS linker and the 6FDA-BDAF polyimide, respectively.
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2. Grafting BDAF (M2) 
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Figure 2: Scheme for the synthesis of an alumina membrane with (a) 3-aminopropyl-
trimethoxysilane (APTMS) and subsequently with both 4,4’-(hexafluoroisopropylidene) 
diphthalic anhydride (6FDA) and 4,4’-(hexafluoroisopropylidene)bis(p-phenyleneoxy) dianiline 
(BDAF)  by (b) in-situ polymerization method or (c) a layer by layer method.

a b

Figure 3:  FTIR  spectra of γ-alumina flakes, grafted with (a) 3-aminopropyltrimethoxysilane 
(APTMS) and subsequently with both 4,4’-(hexafluoroisopropylidene)diphthalic anhydride 
(6FDA) and 4,4’-(hexafluoroisopropylidene)bis(p-phenyleneoxy)dianiline (BDAF)  
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APTMS modified-flakes exhibit some new FTIR peaks, such as the stretching of 

the methylene (υ CH
2
) and methyl groups between 3000 and 2800 cm-1, the 

deformation mode of the NH
2
 group (δ NH

2
) around 1580 cm-1 and the band 

corresponding to the bending of the methylene at around 1470 cm-1 (δ CH
2
) group, 

indicating the incorporating of the APTMS onto the alumina flakes. The bands 

between 1400-1100 are assigned to the twisting, rocking and wagging vibrations 

of the methylene groups. Finally, the incorporation of the APTMS is confirmed by 

the presence a broad band at 1000-1100 cm-1 due to the stretching of the Si-O-Si 

due to the formation of siloxane bonds.

After APTMS grafting was confirmed, the first monomer was added (Figure 2c). 

The presence of characteristic imide bands like a duplet band at 1780 and 1720 

cm-1, the band at 1370 cm-1 and the band at 723 cm-1 attributed to the C=O 

asymmetric stretching, C=O symmetric stretching, C-N stretching (υ C-N-C) and 

to the C=O bending (δ C=O) suggesting the conversion of the amide groups into 

imide groups, proves that grafting of the imide groups of 6FDA was successful [22, 

44]. This is also confirmed by the absence of the amide bands at 1660-1650 cm-1 

(υ C=O stretching of the CONH group) and at 1530-1550 cm-1 (coupling υ C-N and 

δ N-H of the C-NH group) [22].The bands between 1300-1100 cm-1 are due to the 

multiple C-F bonds indicating the presence of fluoromethyl groups of the 6FDA 

[62], confirms that the 6FDA was incorporated onto alumina flakes.

After the reaction with 6FDA there is still however, some free NH
2
 groups that 

haven’t reacted with the dianhydride, as indicated by the weak band at 1580 cm-1.

Since the 6FDA presents two dianhydride end groups and only one is expected to 

react with the amino group to form an imide, the band at 1780 cm-1 can also be 

attributed to the C=O. 

After the reaction with the 6FDA, the diamine (BDAF) was added to the reaction 

mixture containing BDAF/DMAc. In this in-situ polymerization case the reaction 

was not stopped after the reaction with BTDA was completed. The amino group 

from the aromatic diamine ODA reacted with the anhydride ring through a 

nucleophilic acyl substitution of one of the  carbonyl carbons of the phthalic 

anhydride unit, followed by a polymerization reaction forming the correspondent 

poly(amic acid) (Figure 2b). Through a thermal (imidization) treatment at 300°C 

the poly(amic acid) was transformed into its polyimide form. This is confirmed by 

the absence of amide I and II bands (1660-1650 cm-1 and 1530-1550 cm-1) and 

an increased intensity for the imide bands (1780,1720, 1390 and 723 cm-1). The 

incorporation of the diamine is also indicated by an increased intensity (1300-1100 
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cm-1) regarding the bands attributed to the stretching and bending of the C-F due 

to the CF
3
 groups present in the diamine [63]. The asymmetric stretching of the 

-C-O-C- (originating from aromatic-O-aromatic) characteristic of the BDAF unit was 

expected at 1240 cm-1, however the presence of multiple peaks corresponding to 

stretching and bending modes of the C-F of the CF
3
 groups present in the diamine 

overlaps with this band. Moreover, an increased intensity is observed for these 

bands after the reaction with BDAF and the appearing of a new band at 1504 

cm-1 attributed to stretching modes of the phenyl rings (υ C
6
H

4
 or υ C

6
H

2
) [44] also 

suggests grafting of the BDAF monomer.

The presence of the a broad band at between 1100-1000 cm-1, assigned to the 

Si-O-Si stretching modes due to siloxane bond formation is still present in the 

last step, indicating that the APTMS is still grafted and thus polyimide grafted 

γ-alumina flakes were successfully grafted.

Gas adsorption/desorption 

In order to determine if the inner pore walls were grafted with the polyimide system, 

N
2
 adsorption/desorption measurements were performed.  Figure 4 a) shows the 

N
2
 isotherms curves whereas Figure 4b) presents the pore size distribution curves 

of unmodified γ-alumina flakes calcined at 650 ˚C and γ-alumina modified with 

APTMS via a vapor phase method, followed by a reaction with the dianhydride 

4,4’-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) and subsequently 

with the diamine 4,4’-(hexafluoroisopropylidene) bis(p-phenyleneoxy)dianiline 

(BDAF).

a b

Figure 4: (a) N
2
 physisorption isotherms and (b) Pore size distribution curves  for pure γ-alumina 

flakes calcined at 650 ˚C and for materials modified with 3-amino-propyltrimethoxysilane by 
a vapor phase method, followed by a reaction with 4,4’-(hexafluoroisopropylidene)diphthalic 
anhydride (6FDA) and subsequently with 4,4’-(hexafluoroisopropylidene)bis(p-phenyleneoxy)
dianiline (BDAF).
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For all samples the isotherms presented in Figure 4a) are characteristic of a type IV 

isotherm with a  H1 hysteresis loop which is usually associated with mesoporous 

materials with narrow necks and a relative low level of pore connectivity [64]. In 

addition the pore size distribution curves, as calculated by the BJH method [65] 

on the desorption branch show for all samples a uniform and sharp pore size 

distribution. The mean pore diameter (d
p
), pore volume (V

p
) and BET surface area 

(S
BET

) values are given in Table 1.

Table 1: Mean pore diameter (d
p
), pore volume (V

p
) and surface area (A (N

2
)) for pure γ-alumina 

flakes and modified with APTMS, 6FDA and BDAF.

Mean d
p

(nm)
V

p
(cm3 g-1)

A (N
2
)

(m2 g-1)

AF (650 ˚C) 4.6 0.36 245

AF+APTMS 4.1 0.32 213

AF+APTMS+6FDA 3.5 0.23 141

AF+APTMS+6FDA+BDAF 3.1 0.21 124

In all grafted systems both surface area, pore volume and pore size decreased, 

showing a sequential filling of the pores, which might indicate that both linker and 

monomers were grafted in the inner pore wall. Grafting is supported by the FTIR 

results presented in Figure 3. As discussed in previous work [58,59], a maximum 

length of 0.52 nm is expected for a bonded APTMS (assuming a complete stretched 

molecule). This corresponds to a maximum monolayer thickness for APTMS. A 

reduction of 0.4 nm in pore diameter excludes the formation of a multilayer of 

the linker and therefore only a monolayer can be formed (non-fully stretched). For 

both monomers the molecular size was determined as well. Assuming an angle of 

109.5˚ between the C-atoms and a complete stretched structure, a molecular size 

of 0.9 nm and 1.7 nm is calculated for a 6FDA and BDAF monomer, respectively. By 

taking into account these values, a maximum decrease in pore radius of 2.7 nm can 

be expected for one 6FDA monomer bonded to one BDAF monomer. However, after 

the addition of the 6FDA and BDAF monomers a reduction of only 0.6 nm and 0.4 nm 

is observed, respectively, while a pore size of 2 nm remains. This might be due to the 

rigid structure of both monomers, containing 5 and 6 ring structures, combined with 

the presence of bulky fluorine groups and thus difficult to diffuse in such small pores. 

This might result in a high grafting density on both the membrane surface and at 

the entrance of the pores, but restricted grafting inside of the pores. Therefore flakes/

membranes with bigger pore sizes are required for a proper grafting of the inner 

pore wall. Two alumina membranes with pore sizes of 9 and 70 nm were selected as 

supports for grafting 6FDA-BDAF polyimide. Since the maximum molecular length 
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of alumina-APTMS-6FDA-BDAF (considering 1 layer of each monomer is 3.2 nm, this 

membranes should have a suitable pore size.

7.3.2. Structural characterization and membrane performance of 
γ-alumina membranes 
α-alumina membranes with a pore size of 70 nm and γ- alumina membranes 

with a pore size of 5 and 9 nm were used as supports for grafting a polyimide 

(6DA-BDAF). Two different monomers deposition methods were used: an in situ 

polymerization method and a layer by layer method. The influence of the pore 

size and deposition method on the membrane performance and on the pore size 

reduction was evaluated. In this section the focus is on γ-alumina membranes and 

the α-alumina membranes are evaluated in the next section.

In order to evaluate if grafting was succesfull contact angle measurments were 

performed. Contact angle values measured for the modified and unmodified 

membranes are listed in Table 2. In the case of the unmodified membranes no 

contact angle could be measured (Table 2, ID A and B, Table 3 ID A) due to the 

presence of OH hydrophilic groups on the membrane surface. After the linker 

(APTMS) and the first monomer (6FDA) is grafted by a layer by layer method 

(Table 2, sample E1), an increase in the contact angle value is observed indicating 

that the membrane surface is made hydrophobic meaning that the hydrophilic 

OH groups on the alumina have reacted with the alkoxy groups of the linker and 

subsequently the amino groups of APTMS have reacted with the dianhydride 

groups of 6FDA. Due to the presence of flourine (-CF3
) groups a hydrophobic 

membrane can be expected. Subsequently the diamine BDAF (Table 2, 

sample F) is grafted and a further increase in the contact angle is observed, as 

expected. This increase is mainly due to the introduction of more aromatic and 

flourine groups (CF
3
) present in BDAF, as illustrated in Figure 2c). This results in 

a hydrophobic membrane, which indicates that both APTMS, 6FDA and BDAF 

were grafted onto the membrane surface. This results are in agreemnt with the 

FTIR results. For the membranes prepared by an in-situ polymerization method 

an increase hydrophobic contact angle were also measured confirming that 

grafting has ocurred. This is supported by the FTIR results presented in Figure 3.
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Table 2: Contact angles (θ) for 6FDA-BDAF grafted on γ-alumina (5 and 9 nm) 

Membrane Monomer Deposition θ (°)

γ-Al
2
O

3
 (650 oC) 5 nm (A) - ~0

γ-Al
2
O

3
 (825 oC) 9 nm (B) - ~0

γ-Al
2
O

3
 (5nm) +APTMS/6FDA-BDAF (C) in situ polymerization 105 ± 2

γ-Al
2
O

3
 (9nm) +APTMS/6FDA-BDAF (D) in situ polymerization 98 ± 3

γ-Al
2
O

3
 (9nm) +APTMS/6FDA (E1) Layer by layer 95 ± 3

γ-Al
2
O

3
 (9nm) +APTMS/6FDA-BDAF (F) Layer by layer 101 ± 2

Permporometry and liquid filtration measurements were conducted to elucidate 

structure and performance of the membrane. The influence of both pore size 

of the support and the method by which the monomers were added (in-situ 

polymerization vs. layer by layer) on membrane structure was analyzed. 

Influence of the support pore size

For non-grafted 5 nm and a 9 nm γ-alumina membranes toluene permeances 

of 5.6 l m2 hr1 bar-1 and 8.5 l m-2hr-1bar-1 were measured respectively whereas 

permeance values of 8.5 l m2 hr1 bar-1 and 10.8 l m-2 hr-1 bar-1 were measured for 

hexane. However, after grafting the 6FDA-BDAF system no detectable flux could 

be measured in both cases, meaning when either a 5 nm or a 9 nm alumina 

membrane was used as support a dense, impermeable, membrane is obtained. 

This might be an indication that grafting has occurred not only in the surface as 

supported by the contact angle measurements (Table 2 ID C and D) but also inside 

the pores, resulting in a dense membrane, as also shown by permporometry 

measurements, presented in Figure 5 (ID C and D). 

As expected, for the unmodified membranes a clear increase in oxygen perme-

ation is observed when the cyclohexane partial pressure decreases (Figure 5). 

When the cyclohexane partial pressure decreases even further another transition 

in oxygen permeance is observed, indicating adsorption on pore walls and capil-

lary condensation, meaning that these structures are porous. This is not observed 

for the 6FDA-BDAF grafted membrane indicating that the structure is dense or 

microporous (pore size < 1.5 nm). In conclusion, grafting of γ-alumina membranes 

with pores sizes of either 5 or 9 nm has not resulted in a suitable membrane for 

solvent permeation of e.g. toluene and hexane. Therefore, another approach was 

chosen for the addition of the monomers. 
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Figure 5: Oxygen permeation as function of the cyclohexane pressure for unmodified γ-alumina 
membranes with a pore size of 5 nm (A) and 9 nm (B) and membranes A and B grafted with 
APTMS/6FDA-BDAF by in-situ polymerization (C and D, respectively).

Influence of the deposition method

Instead of adding both reactants in a one-pot reaction as illustrated in Figure 2b (in-

situ polymerization), a sequential addition of each of the monomers is performed. 

This latter method is referred as layer by layer method (Figure 2c). In this approach 

only the membrane with a pore size of 9 nm was used. After the linker (APTMS) is 

grafted, the first monomer is added, 6FDA, after which the membrane is washed 

and thermal imidized, as illustrated in Figure 2c. Toluene and hexane permeances 

were measured and are listed in table 3.

Table 3: Toluene and hexane permeances for the unmodified 9 nm γ-alumina and modified 
with 6FDA-BDAF by a in situ-polymerization method and a layer by layer method.

Membrane Toluene Permeance
l m-2 hr-1bar-1

Hexane Permeance
l m-2 hr-1 bar-1

γ-Al
2
O

3
 (825 ˚C) 9 nm (B) 8.5 10.8

γ-Al
2
O

3
 (9nm) +APTMS/6FDA-BDAF (C)a) 0 0

γ-Al
2
O

3
 (9nm) +APTMS/6FDA (E1) 5.7 -

γ-Al
2
O

3
 (9nm) +APTMS/6FDA (E2) 6.0 9.7

γ-Al
2
O

3
 (9nm) +APTMS/6FDA-BDAF(F)b) 0 0

a) Prepared by in-situ polymerization, b) prepared by layer by layer

A reduction in permeance for both solvents is observed after grafting the alumina 

membrane with APTMS plus 6FDA (Table 3) implying that grafting has occurred 

what is also supported by the contact angle results (Table 2, ID E1). Therefore, the 

layer by layer 6FDA-grafted membrane was open enough for solvent filtration 
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of which flux-pressure relationships are shown in Figure 6. A linear flux-pressure 

relationship was not found in this case. Instead a semi-exponential increase in 

flux can be observed as function of pressure, which might be explained by the 

opening of smaller pores at higher pressures. However, no hard conclusions can 

be drawn because only a small number of experiments were performed.  

Figure 6: Flux-pressure relationship for the 6FDA-grafted γ-alumina membrane (ID E1 and E2).

Similar toluene permeances were achieved for two different grafted 6FDA membranes 

(Table 3, ID E1 and E2) indicating that membrane grafting was reproducible.

After subsequent grafting of the second monomer, the diamine BDAF, no 

detectable permeances of toluene and hexane were observed. Therefore, this layer 

by layer 6FDA-BDAF system is still too dense for solvent filtration. This is confirmed 

by permporometry measurements presented in Figure 7, where the oxygen 

permeance versus the cyclohexane partial vapor pressure are given for both 

unmodified and modified 9 nm γ-alumina  membranes by in situ polymerization 

or layer by layer methods. 

For all modified membranes, no transition could be detected and thus dense 

membranes were produced independently of the deposition method used. 

This indicates that pore filling and thus grafting has occurred for both methods. 

However, except for the reproducible 6FDA grafted membranes, no suitable PI 

(6FDA-BDAF) grafted membrane was developed for solvent filtration.
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Figure 7 : Oxygen permeation as function of the cyclohexane pressure for the pure γ-alumina 
membranes with a pore size of 9 nm (B) and subsequently grafted with APTMS/6FDA-BDAF by 
an “in-situ polymerization” (D) or by a “layer-by-layer” method (F).

7.3.3. Membrane performance of α-alumina membranes
As observed in Table 3 (ID C and F) all γ-alumina membranes, grafted with 6FDA-

BDAF, are still too dense for solvent filtration even when a layer by layer method is 

used. For this reason another support is used, and both linker and monomers are 

grafted in an α-alumina membrane with a poresize of 70 nm. The layer by layer 

method was used, since it allows us to have a better control on pore size reduction, 

as demonstrated before.

Table 4: Toluene permeances of grafted 6FDA-BDAF on α-alumina

Membrane Contact Angle
θ 

Toluene Permeance
l m-2 hr-1 bar-1

α-Al
2
O

3 
(70 nm) (G) - 9.9

α-Al
2
O

3
 (70 nm) +APTMS (H) 65 -

α-Al
2
O

3
 (70 nm) +APTMS/6FDA (I1) 85 8.4

α-Al
2
O

3
 (70 nm) +APTMS/6FDA (I2) 8.7

α-Al
2
O

3
 (70 nm) +APTMS/6FDA-BDAF (J) 123 9.7

A sequentional increase in contact angle is observed after each grafting step, 

indicating that both linker and monomers could be grafted. After each step the 

toluene permeance was measured, and the permeances values are presented in 

Table 4. These preliminary results show that a small decrease in toluene permeance 

is observed after the linker and the first monomer, 6FDA (Table 4, ID I1 and I2) 

was. Moreover, similar toluene permeances were observed  (Table 4 ID I1 and I2), 

implying that 6FDA α-alumina membranes were reproducibilly made.
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After grafting the second monomer, BDAF, the toluene permeance increases 

again. It is unclear whether this behaviour is the result of the degradation of the 

polyimide or the in increase affinity towards toluene (non polar solvents). However 

no hard conclusons can be made up to now, due to the few number of experiments 

performed. Nevertheless, this membrane was still porous after the diamine layer is 

applied and thus it might be suitable for SRNF. 

7.4. Conclusions 

The 6FDA-BDAF polyimide system was successfully grafted on γ-alumina flakes 

with a pore size of 5 and 9 nm. For flakes with a pore size of 5 nm pore filling of 

both monomers was not efficient, most probably due to the stiff and bulky shape 

of the monomers hampering diffusion in such small pores, which might result in 

pore blocking and only allowed grafting in the surface and pore entrance. This is 

confirmed by the absence of solvent permeation.

It was proven that both γ- and α-alumina membranes were grafted with the 

polyimide 6FDA-BDAF rendering in both cases hydrophobic membranes. 

When grafting was applied by an in-situ polymerization method to γ-alumina 

membranes with pore sizes of 5 and 9 nm too dense membranes for solvent 

permeation were obtained. A better controlled grafting can be performed by 

applying a layer by layer method. A reproducible 6FDA grafted membrane was 

developed showing reproducible permeation of toluene and hexane. When 

a diamine (BDAF) layer is grafted on this membrane, the system is dense as 

demonstrated by permporometry and by the absence of detectable solvent 

permation. The same layer by layer method applied on to an α-alumina membrane 

with a pore size of 70 nm, shows toluene permeances. If compared with the in-

situ polymerization method the better controlled layer by layer method gives 

more reproducible, porous, polyimide grafted membranes with tailored pore 

morphology, suitable for solvent permeation. 
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In this thesis different methods were described for functionalization of inorganic 

membranes by trifunctional silane coupling agents, containing alkyl and 

amino terminal groups, either for direct hydrophobization of the membrane 

surface (chapter 3) or for further attachment of polymers like PDMS (chapter 

4) or polyimides (chapter 6 and 7). Grafting of PDMS resulted in hydrophobic 

membranes while polyimide grafting resulted in hydrophilic membranes. 

Furthermore, the introduction of -CF
3
 groups chapter 6 in polyimide polymers 

has resulted in hydrophobic membranes. In short it was demonstrated that:

•• Polymers/silanes of different nature can easily be grafted on metal oxide 

surfaces.

•• Properties as hydrophobicity/hydrophilicity, pore size, permeability and 

MWCO of inorganic membranes can be manipulated by grafting.

•• Controlled deposition of the silanes can be achieved by a simple vapor phase 

method (VPD). This in turn results in a thin and homogeneous layer for further 

polymer attachments.

•• Through this approach several different classes of polymers can be grafted, 

allowing easy tailoring of the surface chemistry.

In chapter 3 titania membranes with pore sizes of 5 nm were grafted with 

different alkylchlorosilanes and reaction parameters (reaction temperature and 

time) were studied as function of the silane used (number of hydrolysable groups 

and chain length). In all cases the result was a hydrophobic grafted membrane. 

Room temperature reactions yield an efficient and homogeneous grafting onto 

the pore walls, which were stable in toluene and hexane after 14 days of soaking. 

However for porous alkyl-grafted γ-alumina flakes, using the same reaction 

conditions, lower stability in solvents was observed if compared with alkyl-grafted 

titania powders (chapter 4). This can be related to lower reactivity of the γ-alumina 

flakes, type of bond formed and the pore shape, as well as the use of water and not 

H2
O

2
 as hydroxylating agent, which all can result in poorly bonding of the organic 

moiety to the surface. For grafted titania membranes, applications as SRNF should 

be considered. In this respect solvent flux including MWCO measurements should 

be performed.

As described in literature that the alkyl chain length of the silane and the number 

of hydrolysable groups are crucial parameters for the solvent permeation 

performance of such membranes with nano-ranged pore sizes [1-3]. Further 

studies on the grafting of mono- and di-, alkyl silanes with different chain length 

or fluorinated silanes and its influence on the permeation properties should be 
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performed. Preliminary results in fluorosilane grafted titania membranes (pore size 

10 nm, results not shown in this thesis) present toluene, hexane and IPA permeances 

up to 11 l m-2 hr-1 bar-1, 30 l m-2 hr-1 bar-1 and 2.3 l m-2 hr-1 bar-1, respectively.  

In this respect, the use of a vapor phase (VPD) method (as described in chapter 

4 and 5) can also lead to a better control on the structure of the grafting layer is 

avoiding pore blocking. 

In chapter 4 an epoxy terminated PDMS is grafted onto a γ-alumina membrane 

using an amino silane as linker. The influence of the linker deposition method 

was studied by performing reactions in the solution (SPD) and in the vapor phase 

(VPD). It was demonstrated that the vapor phase method resulted in a thin silane 

layer (close to a monolayer thickness) whereas in the case of SPD a thick APTES 

layer was formed. The quality of the resulted APTES layer (thickness, uniformity, 

coverage density) has a profound influence on the amount and degree of pore 

infiltration on PDMS grafting. Solvent permeation experiments, described in 

chapter 5 and 6, show no detectable flux for any of the solvents studied when 

the linker is deposited by an SPD method. The formation of a monolayer was also 

proven for VPD by permporometry measurements. This method of deposition 

can find multiple uses not only in membranes, but also in coatings, (bio)sensors, 

micro/nanofluidic devices, etc. 

The use of the VPD deposition method should be optimized for other silanes 

with different functional groups like vinyl, thiol, methacrylate and epoxy. This can 

allow us to graft a wide variety of polymers and thus to cover a wide range of 

applications.

Accurate measurements for the thickness of the PDMS-grafted layer can be done 

by means of atomic force microscopy or ellipsometry. This can also be performed 

on silica wafers (as described in chapter 5) or even on porous alumina membranes 

(lower accuracy). This can provide us with important information regarding pore 

blocking and consequently allowing a better choice of the suitable support.

The PDMS-grafted γ-alumina flakes were found to be thermally stable until 550 oC and 

are stable in a series of solvents after 7 days of soaking, and therefore PDMS-grafted 

γ-alumina membranes are very promising for application in SRNF (chapter 5).

In chapter 5 hydrophobic microporous PDMS grafted γ-alumina membranes were 

fabricated. It was demonstrated that by the grafting route one is able to tune pore 

size and to engineer surface chemistry (e.g. hydrophobicity) of membranes. After 

APTES was grafted by a VPD method on a γ-alumina membrane, calcined at 650 
oC with a pore radius of 2.6 nm, a reduction of 0.5 nm in pore radius demonstrated 
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that a monolayer of fully stretched APTES molecules was formed on the pore wall. 

This reduction in pore size by one monolayer of linking agent is also observed 

for γ-alumina membranes, grafted with BTDA-ODA (chapter 6). This validates that 

VPD is a useful method to graft silane layers with a controlled thickness on and 

in porous supports, and therefore is a more suitable method for further polymer 

attachments 

Permeation at room temperature was examined for three solvents with different 

viscosities, molecular shapes and polarities, i.e. hexane, toluene and IPA. 

Membranes, where the linker was grafted by SPD, resulted in dense systems, which 

were impermeable to these solvents. Contrarily for PDMS-grafted membranes, 

in which the linker was grafted by means of a VPD technique, reproducible 

permeances (in l m-2 hr-1 bar-1) of 4.8±0.1 for hexane, 3.1±0.5 for toluene and 

0.54±0.04 for IPA. A molecular weight cut-off (MWCO) in the NF range of 509 Da 

was attained. Furthermore, stability tests showed that this membrane was stable 

in all the tested solvents (up to 170 days), validating these membranes as SRNF 

membranes. Stability tests performed at high temperatures demonstrated that 

these membranes were also stable in toluene and IPA up to temperatures of 80 oC, 

enabling the use of these membranes for separations at elevated temperatures. 

However, no specific application was tested. 

In this respect a selection should be made in order to find potential applications 

for this membrane in both solvent/solvent and solvent/solute mixtures at room 

temperature and higher temperatures. The last opportunity one presents more 

industrial potential like the recovery of homogeneous catalysts. 

During the stability tests on both PDMS (chapter 5) and BTDA-ODA (chapter 6) 

grafted membranes a clear reduction in solvent flux was observed in the case of the 

BTDA-ODA for hexane leading to no detectable fluxes after 32 days. This is explained 

by the ongoing capillary condensation of water or impurities. This effect is expected 

to be more pronounced for hydrophilic than for hydrophobic membranes and 

for nanosized pores [4, 5][6]. Permeation of organic solvents, containing known 

ppm amounts of water or impurities, can provide a better understanding on 

this phenomenon, which has a crucial effect in the permeance of non-aqueous 

solvents. A comparison between aromatic and aliphatic hydrocarbons might also 

be interesting. Aromatic solvents are known to dissolve water better than alifatics , 

however it is not clear if this has an effect on permeability or if the degree of water 

saturation is the main factor controlling the permeability decrease.

An attempt on elucidating the transport through these membranes was made. 
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It was demonstrated that the transport mechanism is mainly controlled by pore 

flow transport and that solution/diffusion is less significant. However, higher 

viscosity corrected permeances (VCP’s) are observed for toluene than for hexane 

and IPA, while swelling experiments on silicon wafers by ellipsometry show that 

more swelling is observed for hexane. This difference in swelling behavior was also 

observed for dense PDMS polymeric membranes. Viscosity related effects were 

proposed to play a role, meaning that the apparent viscosity of the liquid, confined 

in the pores, may differ from the macroscopic/bulk viscosity of the solvent. To prove 

the existence of this viscosity effect and to gain some insight in solvent transport 

through these systems towards a fundamental and application point of view the 

viscosity dependency has to be studied. The VCP (Km) is obtained according to 

Darcy’s law by multiplying the ΔJ/ΔTMP by the bulk viscosity. 

J = (Km/η)*TMP  Km=η*(ΔJ/ΔTMP)  km=TMP ΔJ/Δη

When the VCP is equal for every solvent, viscous flow is dominating, as was 

observed in this work for PDMS grafted membranes. It is assumed that the viscosity 

of especially hexane inside the membrane pores is different than the bulk viscosity. 

To confirm this effect, one can fix the TMP and change the viscosity of the solvent 

by altering the temperature, since the temperature dependency of the viscosity 

follows an Arrhenius relation. Then the gradient ΔJ/Δη can be determined and 

the VCP of each solvent can be acquired. The viscosity effect is confirmed when 

the VCP in hexane is equal to or higher than the VCP of toluene. In order to get a 

better insight of the transport, more classes of solvents with different polarities 

and shapes should be tested. 

Finally, the use of a PDMS polymer with a larger MW (e.g.: 5000 g mol-1), combined 

with the use of ceramic membranes with different pore sizes can give valuable 

information on the influence of PDMS loading on chemical transport as well as 

elucidating whether the confinement of the polymer in the pores of the ceramic 

membrane suppresses swelling and to what extent. 

In chapter 6 a hydrophilic polyimide (BTDA-ODA) grafted membrane was prepared. 

The influence of several parameters was studied including the support pore size, 

the linker deposition method and the way by which the monomers were added. 

The addition of the monomers in a sequential (layer by layer) way, combined with 

grafting the linker by VPD on a γ-alumina membrane with a pore size of 9 nm 

resulted reproducibly in a mesoporous (pore size 2.7 nm) membrane with hexane 

24334 Pinheiro, Ana.indd   239 07-02-13   12:18



Chapter 8

240

and toluene permeances of 1.7 l m-2 hr-1 bar-1 and 4.0 l m-2 hr-1 bar-1, respectively. A 

molecular weight cut-off  of 830 Da was achieved. The membrane was stable in 

toluene while in hexane ongoing capillary condensation of water strongly aff ects 

its permeation. Permeation results should be repeated in hexane and a rigorous 

control of the water content should be done. Stability tests for longer periods are 

also needed. 

A comparison of permeance data for all the developed membranes is made in 

fi gure 1. Clearly, hydrophobicity enhances the solvent permeation. The porous 

BTDA-ODA membrane with a MWCO of 830 Da presents lower fl uxes than the 

hydrophobic microporous (or dense) PDMS membrane with a MWCO 500 Da. 

 

 

PDMS/Al2O3	  
(5	  nm)	  

BTDA/Al2O3	  
(9	  nm)	  

BTDA-‐ODA/
Al2O3	  (9	  nm)	  

6FDA/Al2O3	  
(9nm)	  

6FDA/Al2O3	  
(70	  nm)	  

6FDA-‐BDAF/
Al2O3	  (70	  

nm)	  
Toluene	   3,1	   4,1	   1,7	   6	   8,7	   9,3	  

Hexane	   4,8	   6,3	   4	   9,7	  

0	  

2	  

4	  

6	  

8	  

10	  

12	  

Pe
rm

ea
nc
e	  
(l	  
m

-‐2
	  	   h
r	  -‐

1	  
ba

rr-‐
1 )
	  

500 Da 830 Da 

Figure 1: Toluene (black bars) and hexane (grey bars) permeances for the diff erent membranes 
developed in this thesis in chapter 5, 6 and 7. For the alumina with 70 nm modifi ed with the 
6FDA and BDAF no hexane permeance was measured.  

In chapter 6 and 7 it was demonstrated that a sequential grafting of the monomers 

resulted in a sequential and controlled decrease in pore size (for membranes as 

well as for fl akes) and solvent permeance (Figure 1). Therefore tailoring of the 

MWCO is expected to be possible. However, in this work only one layer of each 

monomer was applied and more iterations are needed and evaluation of toluene 

permeance and MWCO should be performed simultaneously. Thus, the use of 

a ceramic support with a bigger pore size is interesting to study, e.g. α-alumina 

membranes with a pore-size of 70 nm. 
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Further research should also focus on the permeation of other solvents, particularly 

solvents where presently polyimide membranes show instability such as amines, 

chlorinated and protic solvents e.g. n-methylpyrrolidone (NMP), tetrahydrofuran 

(THF), dimethylformamide (DMF), dimethylacetamide (DMAc), dimethylsulfoxide 

(DMSO). On the other hand, the incorporation of spacer groups like C(CF
3
)

2
 can 

increase solvent solubility, chemical as well as mechanical stability, permeability, 

hydrophobicity and can reduce swelling effects [7-9] (chapter 7).  This is 

demonstrated in figure 1, where higher permeances were obtained for hexane 

and toluene for a 6FDA grafted γ-alumina membrane (chapter 7) when compared 

with a BTDA grafted γ-alumina membrane (chapter 6). Therefore, the introduction 

of fluorine diamines like 4,4’-(hexafluoroisopropylidene)bis(p-phenyleneoxy) 

dianiline (BDAF), 4,4’-hexafluoroisopropyldiene dianiline (6FpDA) or substituting 

the BTDA by the 6FDA and using ODA as the diamine can be useful to increase the 

permeability as well as to avoid undesired water condensation effects. 

In chapter 7 hydrophobic polyimide (6FDA-BADF) grafted membranes were 

developed. In all cases the linker was grafted by a VPD technique. The influence 

of the support pore size and the monomer deposition method were studied. 

For ceramic supports with pore diameters of 5 and 9 nm no solvent permeation 

was detected for both monomer deposition methods of the polyimide. Even 

though, a hydrophobic and reproducible 6FDA-grafted γ-alumina membrane 

reproducible shows toluene and hexane permeances of resp. 5.7-6.0 and 9.7 l m-2 

hr-1 bar-1. α-Alumina membranes with a pore size of 70 nm were also grafted by 

a layer by layer method. Toluene permeation was observed and a hydrophobic, 

reproducible 6FDA grafted membrane was fabricated. The relatively large pore size 

of the α-alumina membrane offers the possibility of producing membranes with a 

tailored permeance and MWCO by making use of a layer by layer method.

In this respect more membranes need to be synthesized with increased number of 

layers of each monomer and a sequential analysis of both permeance and MWCO 

needs to be performed. Permeation experiments with different solvents should 

be done. 

Pervaporation experiments with 6FDA-based polyimides and copolyimides and 

the introduction of aromatic diamines containing carboxyl groups as DABA and/

or crosslinking with ethylene glycol has demonstrated to increase the selectivity 

towards aromatics (e.g. benzene) in aromatic/aliphatic mixtures and to reduce 

swelling effects with no reduction in permeability. Furthermore, due to their thermal 

stability, it was also possible to operate at temperatures between 60 oC and 100 
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oC [10-14]. The preparation of 6FDA polyimide and copolyimide grafted ceramic 

membranes by using various diamines as the 4,4’-(Hexafluoroisopropylidene)

bis(p-phenyleneoxy) dianiline (BDAF).4,4’-hexafluoroisopropyldiene dianiline 

(6FpDA), 3.5-diaminobenzioc acid (DABA) and 2,3,5,6 tetramethyl-1,4-phenylene 

diamine (4MPD) should be considered. Examples of monomer combinations are 

(6FDA/BADF/DABA), (6FDA/BADF)/(6FDA-DABA) or (6FDA/4MPD)/(6FDA/DABA).

In this thesis silanes were used to introduce alkyl chains on a titania membrane 

(chapter 3). Alternatively the use of Grignard reagents, forming a M-C-Si bond, 

can be advantageous, because they are more stable towards hydrolysis than the 

M-O-Si bond, which are formed when silanes are used. However, when a further 

functionalization of the surface, other than with alkyl or aryl moieties, is required, 

e.g. for a post polymerization process, phosphoric acids can be considered as it has  

been demonstrated that the bond M (metal)-O-P, which is formed after reaction 

with the ceramic surface, is more stable, particularly at high and low pH values. 

This can represent an alternative for separations where pH stability is required.

Finally, some more general recommendations regarding the results as described 

in chapters 5, 6 and 7 are: 

•• Grafting and consequently solvent permeation is performed on flat supports. 

Tubular membranes are preferable since they possess a higher surface to 

volume ratio and the transport through these membranes can easily be 

modeled, which is an advantage in predicting solute retentions. Furthermore 

in the majority of industrial modules tubular membranes are preferred

•• All permeation experiments were performed using a dead-end filtration 

system. However, measurements in a cross-flow system are preferable. 

24334 Pinheiro, Ana.indd   242 07-02-13   12:18



Conclusions and Recommendations

243

Ch
ap

te
r 8

References

1. Sah, A., et al., Hydrophobic modification of γ-alumina membranes with organochlorosilanes. 
Journal of Membrane Science, 2004. 243(1–2): p. 125-132.

2. Van Gestel, T., et al., Surface modification of γ-Al
2
O

3
/TiO

2
 multilayer membranes for 

applications in non-polar organic solvents. Journal of Membrane Science, 2003. 224(1–2): 
p. 3-10.

3. Verrecht, B., et al., Chemical surface modification of gamma-Al2O3 TiO2 toplayer 
membranes for increased hydrophobicity. Desalination, 2006. 200(1-3): p. 385-386.

4. Tsuru, T., et al., Nanoporous titania membranes for permeation and filtration of organic 
solutions. Desalination, 2008. 233(1-3): p. 1-9.

5. Tsuru, T., et al., Permeation of nonaqueous solution through organic/lnorganic hybrid 
nanoporous membranes. AIChE Journal, 2004. 50(5): p. 1080-1087.

6. Chowdhury S.R., Ordered And Disordered: Porous Materials For Nanofiltration Application. 
PhD thesis, 2005, University of Twente, Enschede

7. Dhara, M.G. and S. Banerjee, Fluorinated high-performance polymers: Poly(arylene ether)s 
and aromatic polyimides containing trifluoromethyl groups. Progress in Polymer Science, 
2010. 35(8): p. 1022-1077.

8. Staudt-Bickel, C. and W.J. Koros, Improvement of CO
2
/CH

4
 separation characteristics of 

polyimides by chemical crosslinking. Journal of Membrane Science, 1999. 155(1): p. 145-
154.

9. Vora, R.H., S.H. Goh, and T.S. Chung, Synthesis and properties of fluoro-polyetherimides. 
Polymer Engineering and Science, 2000. 40(6): p. 1318-1329.

10. Katarzynski, D., F. Pithan, and C. Staudt, Pervaporation of multi component aromatic/
aliphatic mixtures through copolyimide membranes. Separation Science and Technology, 
2008. 43(1): p. 59-70.

11. Katarzynski, D. and C. Staudt, Temperature-dependent separation of naphthalene/n-
decane mixtures using 6FDA-DABA-copolyimide membranes. Journal of Membrane 
Science, 2010. 348(1-2): p. 84-90.

12. Pithan, F., et al., Polymeric membranes for aromatic/aliphatic separation processes. 
Chemphyschem, 2002. 3(10): p. 856-862.

13. Ren, J.Z., C. Staudt-Bickel, and R.N. Lichtenthaler, Separation of aromatics/aliphatics with 
crosslinked 6FDA-based copolyimides. Separation and Purification Technology, 2001. 22-
3(1-3): p. 31-43.

14. Staudt-Bickel, C. and W.J. Koros, Olefin/paraffin gas separations with 6FDA-based polyimide 
membranes. Journal of Membrane Science, 2000. 170(2): p. 205-214.

24334 Pinheiro, Ana.indd   243 07-02-13   12:18



                                                                                                                                                                                                                                                                                       

ΔP

24334 Pinheiro, Ana.indd   244 07-02-13   12:18



                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

Summary

Samenvatting

Acknowledgments

24334 Pinheiro, Ana.indd   245 07-02-13   12:18



246

Summary
The research described in this thesis focuses on the functionalization and pore 

size tuning of γ- and α-alumina membranes to be used for liquid separation. The 

research covers alumina grafted membranes with different silanes (alkyltrichlo-

rosilanes and aminotrialkoxysilanes) and polymers like PDMS and polyimides. In 

addition, the application of these materials as membranes in solvent nanofiltration 

is described.

Chapter 1 gives a general introduction on currently used polymeric and ceramic 

nanofiltration membranes and further focuses on the so-called polymer-grafted 

ceramic membranes. This introductory chapter highlights the limitations and ad-

vantages of both polymeric and ceramic membranes presently used and empha-

sized the benefits of combining both materials by grafting polymers onto a porous 

ceramic support.

In chapter 2 an introduction is given about different methods for modifying the 

surface of ceramic materials. This literature review highlights silane and phospho-

rous coupling agents as suitable modifiers of the inorganic support. Through this 

approach it is demonstrated that pore size can be tuned and surface chemistry can 

be engineered to favor non-polar solvent permeation. These coupling agents, which 

are covalently bonded to the inorganic support, are either used to obtain a modi-

fied membrane or as a linker for further polymer attachment. Both approaches are 

potentially suitable for a broad field of applications for these classes of membranes. 

The role of these molecules as a linker for further attachment of several polymers is 

emphasized and some examples are given, including PDMS and polyimides.

In chapter 3 grafting of titania membranes with different alkylchlorosilanes is dis-

cussed. The effect of the reaction conditions (time, temperature, concentration) 

and nature of the silane (number of hydrolysable groups and the length of the 

alkyl chain) on membrane structure and pore infiltration are studied. It is proven 

by Fourier transform infrared spectroscopy that both tri- and dichlorosilanes were 

grafted onto titania at room temperature. For silanes with longer chain lengths, 

evidences were found that organized structures could be produced. By means of 

XPS it was demonstrated that a desired uniformed and packed layer over the sur-

face and pore walls was obtained when mild conditions were used. An optimum 

in silane concentration was found. In addition, in this study it is highlighted that 

these systems presented a good solvent stability rendering them promising Sol-
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vent Resistant NanoFiltration (SRNF) membranes.

In chapter 4 grafting is described of γ-alumina flakes with several alkyltrichlo-

rosilanes or with a PDMS polymer. A novel route is designed for grafting a PDMS 

polymer which involved a two-step approach. First 3-aminopropyltriethoxysilane 

(APTES) is grafted as linker, followed by grafting of a mono-epoxy PDMS polymer. 

The influence of the grafting method of the linker (vapor phase - VPD, or solution 

phase - SPD) on the grafting performance and membrane structure (pore size and 

pore volume) is studied. By means of Fourier transform infrared spectroscopy and 

nitrogen adsorption/desorption it is demonstrated that the vapor phase method 

results in a more controllable, uniform, mono layer of the linker and consequently 

in more efficient grafting of PDMS onto the pore walls. For accessing the potential 

of these materials as SRNF membranes, simple stability tests in different solvents 

on these organically-grafted inorganic powders are performed. Gamma-alumina 

flakes, grafted with alkyltriclhorosilanes, showed a low chemical stability in sol-

vents like hexane and toluene which hampers their application as SRNF mem-

brane. Contrarily, PDMS-grafted alumina showed to be stable in all tested solvents 

like isopropanol and toluene enabling them as potential SRNF membranes as 

demonstrated in chapter 5.

In chapter 5 a description is given of new SRNF membranes, made by grafting a 

PDMS polymer into the pores of a 5 nm alumina membrane, using the grafting 

methods as described in chapter 4. By means of permporometry it is proven that 

grafting the linker by a vapor phase technique results in a more uniform monolay-

er. The impact of the linker deposition method (SPD or VPD) on membrane perfor-

mance is also shown. Covalently bonding of hydrophobic polymers like PDMS on 

ceramic membranes enables the opportunity to tune both pore size and surface 

chemistry in favor of non-polar organic solvent permeation. This results into the 

creation of very stable, hydrophobic nano-filtration membranes having a Molec-

ular Weight Cut-Off (MWCO) of 500 Da with great potential for numerous applica-

tions. The interpretation of the filtration results for these PDMS grafted inorganic 

membranes seems at first rather straight forward, as solvent permeation through 

the hydrophobic membranes show the highest values for the most non-polar sol-

vent and the lowest for the most polar solvent. After taking a closer look to the 

transport mechanisms it is found that besides polarity and hydrophobicity another 

key factor plays a role: solvent viscosity, in particular the viscosity inside the pores, 

which can differ to a large extend from bulk viscosity values. The performance of 

the developed membranes is compared with literature data of commercial and 
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laboratory-made 100 % polymeric PDMS based membranes.

Chapter 6 and 7 are dedicated to the preparation of polyimide grafted alumina 

membranes. In Chapter 6 hydrophilic BTDA-ODA polyimide-based SRNF mem-

branes with a MWCO of 830 Da are developed. It is proven that polyimide-based 

polymers can be successfully grafted onto alumina flakes/membranes. The in-

fluence of parameters like support pore size (5 or 9 nm) and monomer grafting 

method on membrane structure and performance were studied. It is shown that 

the monomer grafting method (in-situ polymerization or layer by layer monomer 

addition) is crucial for achieving porous membranes that are suitable for solvent 

permeation. Solvent transport through these membranes obeyed the pore flow 

transport mechanism in the initial state, however, ongoing capillary condensation 

of small amounts of water into the membrane resulted in a decrease in solvent 

permeance, particularly for hexane. 

A comparison of the permeance data of porous (pore size 4.8 nm) hydrophilic 

BTDA-ODA polyimide membranes (chapter 6) with microporous (pore size < 1.5 

nm) hydrophobic PDMS-grafted membranes (chapter 5) revealed that hydropho-

bicity has a pronounced effect on the permeance of non-polar solvents and that 

for these membranes pore size is of less importance. Therefore, by using a similar 

grafting procedure as developed in chapter 6, hydrophobic polyimide nanofiltra-

tion membranes were fabricated and described in chapter 7. This was achieved 

by grafting a 6FDA-BDAF polyimide based polymer into alumina membranes with 

pores sizes ranging from 5 to 70 nm. Grafting of the subsequent monomers on alu-

mina powders was proven by Fourier transform infrared spectroscopy. For ceramic 

supports with a pore size of 5 and 9 nm, dense and solvent impermeable mem-

branes were fabricated independently of the monomer addition method used. 

An increase in pore size combined with the layer by layer method for monomer 

grafting, resulted in a hydrophobic, porous and solvent permeable membrane. As 

already demonstrated in chapter 6, the layer by layer method allowed us to ma-

nipulate pore size, solvent permeance and MWCO in a sequential and controlled 

manner. Reproducible toluene fluxes for 6FDA-grafted alumina membranes (pore 

size 9 and 70) nm using the layer by layer method highlights the reproducibility 

of this method for producing surface and pore grafted polyimide ceramic mem-

branes. 

Finally, the conclusive chapter 8 summarizes the main results as described in 

the previous chapters and provides ideas and needs for future research. In this 

chapter an evaluation of the grafting chemistry and pore-size tuning of different 
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polymer-grafted ceramic membranes is presented. The work described in this 

thesis shows that a wide range of polymers/molecules can be used for grafting 

ceramic membranes. An evaluation of membrane performances clearly show that 

the functionality/chemistry of the grafted polymer/molecule effects solvent per-

meation behavior.  Evaluation of the solvent transport through these membranes 

gives us a better understanding of the mechanisms occurring inside pores of the 

membranes, which can result in a better selection of the most suitable materials 

to be grafted. This means that an extensive toolbox of options is available for tailor 

made ceramic membranes for SRNF.

24334 Pinheiro, Ana.indd   249 07-02-13   12:18



250

Samenvatting
Het onderzoek, beschreven in dit proefschrift, richt zich op het functionaliseren of 

“graften” van poreuze keramische membranen en het aanpassen van de porieg-

rootte. Keramische membranen op basis van γ-alumina, α-alumina of titania  

worden chemisch gemodificeerd  met verschillende silaan moleculen (alkyltri-

chlorosilanen en aminotrialkoxysilanen) of polymeren, zoals PDMS en polyimides.  

Tevens worden de nanofiltratie resultaten van deze membranen bediscussieerd. 

Het gaat hierbij ook om de stabiliteit van deze membranen in verschillende organ-

ische oplosmiddelen zoals tolueen, hexaan, isopropanol, tetrahydrofuraan (THF), 

dimethylfomamide (DMF) en N-methyl-2-pyrrolidone (NMP).

Hoofdstuk 1 geeft een algemene inleiding van polymere en keramische nano-

filtratie membranen die thans gebruikt worden en besteed daarnaast aandacht 

aan de zogenaamde polymeer gegrafte keramische membranen. In deze gegrafte 

hybride membranen zijn polymeren chemisch (covalent) gebonden aan kera-

mische membranen. De voor- en nadelen van zowel polymere als keramische 

membranen voor  nanofiltratie toepassingen worden aangegeven en aandacht 

wordt besteed aan het belang van de van het graften van polymeren op poreuze 

keramische dragers voor verbetering van nanofiltratie en stabiliteit,

In hoofdstuk 2  wordt een literatuuroverzicht gegeven van de verschillende meth-

oden voor het modificeren van anorganische materialen. Als eerste worden orga-

no-silaan en organo-fosfor  verbindingen behandeld, die een chemische binding 

vormen met anorganisch materialen. Door deze benadering is aangetoond dat 

zowel de oppervlakte chemie als de gewenste porie grootte van het membraan 

kunnen worden ingesteld, zodat apolaire oplosmiddelen worden doorgelaten. 

Deze organo-silaan en -fosfor  verbindingen worden aan de ene kant gebruikt om 

een organisch gemodificeerd keramisch membraan te verkrijgen en aan de an-

dere kant als een mogelijkheid om polymeren aan het keramiek te binden. Beide 

benaderingen bieden de mogelijkheid voor een breed scala van toepassingen van 

deze klasse van membranen. Voor het graften van polymeren worden met name 

PDMS en polyimides als voorbeeld gegeven 

In hoofdstuk 3 wordt het graften van titania membranen met verschillende al-

kyl-chlorosilananen beschreven. De invloed van reactie condities (reactie tijd, tem-

peratuur, concentratie) en de aard van het silaan molecuul (aantal hydrolyseerbare 

groepen en de lengte van de alkyl keten) op membraan structuur en mate van 
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porie infiltratie worden beschreven. Fourier Transform Infrarood (FTIR) spectros-

copie heeft laten zien dat zowel di- als trichlorosilanen covalent gebonden zijn 

aan het titania na reactie bij kamertemperatuur. Het is aangetoond dat geordende 

structuren  verkregen worden voor silanen met langere koolstofketens. XPS anal-

yse heeft laten zien, dat onder milde reactie omstandigheden een gewenste uni-

forme silaan laag is gevormd aan het oppervlak en de wanden van de poriën van 

het membraan. Daarnaast is aangetoond dat deze gegrafte systemen een goede 

stabiliteit vertonen in verschillende organische oplosmiddelen.

In hoofdstuk 4 wordt het graften beschreven van poreuze γ-alumina poeder 

deeltjes met verschillende alkyl tricholorosilanen of met een PDMS polymeer. 

Een nieuwe twee staps reactie route is ontwikkeld voor het graften van PDMS. 

Als eerste wordt 3-aminopropyltriethoxysilane (APTES) aangebracht  als tussen-

verbinding (“linker”) gevolgd door het graften van een mono-epoxy PDMS poly-

meer. Twee manieren van aanbrengen van deze APTES tussenverbinding worden 

behandeld, nl. via de dampfase (VPD) of via de vloeistoffase (SPD). Door middel 

van FTIR en stikstof adsorptie/desorptie metingen is aangetoond dat de dampfase 

methode resulteert in de gecontroleerde vorming van  een uniforme monolaag 

van de tussenverbinding en met als gevolg een meer efficiënt aanbrenging van het 

PDMS op de poriewanden.  Eenvoudig stabiliteits experimenten zijn uitgevoerd in 

verschillende oplosmiddelen om het potentieel gebruik te bestuderen van deze 

materialen als (organisch) oplosmiddel resistente nanofiltratie (ORNF) membraan. 

Poreuze γ-alumina poeders, chemisch gemodificeerd met alkyltricholorosilanen, 

vertonen een lage chemische stabiliteit in oplosmiddelen als hexaan en tolueen, 

wat deze systemen beperkt in de toepassing als ORNF membranen. Daarentegen 

vertonen alumina membranen, gemodificeerd met PDMS, een stabiel gedrag in 

oplosmiddelen als isopropanol, tolueen, THF en DMF.

In hoofdstuk 5 wordt een beschrijving gegeven van de ontwikkeling van ORNF 

membranen door het graften van een PDMS polymeer in de poriën van een 5 nm 

alumina membraan, waarbij gebruik gemaakt wordt van de methodes, zoals bes-

chreven in hoodstuk 4. Permporometrie analyse heeft aangetoond, dat het graft-

en van de tussenverbinding (APTES) d.m.v. de VPD methode resulteert in een meer 

uniforme monolaag in vergelijking met APTES aangebracht via de SPD methode. 

Het covalent binden aan keramische membranen van hydrofobe polymeren zoals  

PDMS  biedt de mogelijkheid om zowel de poriegrootte als de oppervlakte che-

mie zodanig in te stellen dat een gunstig transport plaats kan vinden van apolaire 

organische oplosmiddelen. Stabiele, hydrofobe ORNF membranen zijn ontwikkeld 
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en hebben een moleculaire massa cut off waarde (MWCO) van 500 Da. In eerste in-

stantie lijken de filtratie resultaten eenvoudig gecorreleerd te kunnen worden met 

de hydrofobe eigenschap van het membraan, omdat de hoogste flux waardes zijn 

gevonden voor het meest apolaire oplosmiddel.  Echter bij verdere analyse van de 

resultaten blijkt dat ook de viscositeit van het oplosmiddel een belangrijke factor 

is in het transportgedrag en dan met name de viscositeit in de poriën, welke kan 

verschillen van de bulk viscositeit. Als laatste is het gedrag van de hier ontwikkel-

de membranen vergeleken met literatuur gegevens van 100 % polymere PDMS 

membranen.

De hoofdstukken 6 en 7 behandelen de bereiding van polyimide gegrafte alumi-

na membranen. In hoofdstuk 6 wordt de ontwikkeling van hydrofiele BTDA-ODA 

polyimide ORNF membranen beschreven. Deze membranen hebben een molec-

ulaire massa cut off waarde van 830 Da. Polymides kunnen met succes op alu-

mina poeders en membranen worden aangebracht. De invloed van de porieg-

rootte van de drager (5 of 9 nm) en de manier van graften van de monomeren 

op membraan structuur en eigenschapen zijn bestudeerd. Aangetoond is dat de 

aanbrengingsmethode (in-situ polymerisatie of laag na laag monomeer toevoeg-

ing) van belang is om membranen te verkrijgen met een poriegrootte, die ges-

chikt is voor oplosmiddel permeatie. Transport door het membraan volgt in eerste 

instantie een model, dat transport door een poreus membranen beschrijft. Echter 

na verloop van tijd zorgt capillaire condensatie van kleine hoeveelheden water in 

de oplosmiddelen voor een afname in de permeatie, in het bijzonder voor hexaan.

Vergelijking van de permeatie door poreuze (porie grootte 4.8 nm) hydrofiele BT-

DA-ODA membranen (hoofdstuk 6) met permeatie door microporeuze (porie 

grootte< 1.5 nm) hydrofobe PDMS membranen (hoofdstuk 5) laat zien dat hy-

drofobiciteit van het membraan een sterk effect heeft op transport gedrag van 

apolaire oplosmiddelen en dat voor de hier onderzochte membranen de porieg-

rootte van minder belang is. Om die reden zijn hydrofobe polyimide membranen 

gemaakt, zoals beschreven in hoofdstuk 7. Door gebruik te maken van de in 

hoofdstuk 6 beschreven grafting methodes is een 6FDA-BDAF polyimide aange-

bracht op alumina membranen met porie groottes variërend van 5 tot 70 nm. 

Graften is hier ook aangetoond met FTIR. Door gebruik te maken van keramische 

dragers met een poriegrootte van 5 of 9 nm zijn, na (in-situ) graften van 6FDA en 

BDAF, membranen verkregen, die te dicht zijn om organische oplosmiddelen door 

te laten. Door een drager met grotere poriegrootte te nemen en de laag na laag 

methode toe te passen kan wel oplosmiddel door het membraan getransport-
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eerd worden. Als voorbeeld wordt het transport van tolueen besproken door een 

membranen gegraft met 6FDA, wat eveneens de reproduceerbaarheid van deze 

laag na laag methode aantoont.

Tenslotte worden in het afsluitende hoofdstuk 8  de belangrijkste resultaten uit dit 

proefschrift samengevat en worden suggesties gegeven voor verder onderzoek. 

Een evaluatie van de chemie van het graften van verschillende polymeren en het 

instellen van de poriegrootte met deze methode wordt gegeven. Het werk, zoals 

beschreven in dit proefschrift, toont aan dat een breed scala van polymeren geb-

ruikt kan worden voor het graften van keramische membranen. De functionaliteit 

en de chemie van het polymeer hebben effect op het oplosmiddel permeatie 

gedrag. Nadere beschouwing van het transport van deze oplosmiddelen biedt 

de mogelijkheid om een beter inzicht te krijgen in het transport mechanisme in 

de poriën van het membraan, wat kan resulteren in een betere selectie van de 

meest geschikt polymeren/monomeren. Dit houdt in dat een uitgebreide “tool-

box” beschikbaar gemaakt kan worden voor het op maat maken van keramische 

membranen voor organische oplosmiddel resistente nanofiltratie.
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