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Abstract This work studies structure and properties

of cellulose ultrafiltration membrane created by cou-

pling of TiO2 nanoparticles onto the cellulose matrix.

Supported cellulose ultrafiltration membranes were

cast out of cellulose-titanium dioxide-ionic liquid

solution via phase inversion. The aim was to deter-

mine the effect of titanium dioxide concentration on

cellulose membrane morphology and performance.

1-ethyl-3-methylimidazolium acetate ([emim][OAc])

was used to obtain cellulose-ionic liquid solutions at a

concentration of 9 %. Thin polymeric films of 250 lm
thickness were cast onto a non-woven PET support

material with an adjustable casting knife. Pure deion-

ized water was employed as a non-solvent agent. The

obtained product morphology (cross-section) was

examined with field emission scanning electron

microscopy. Filtration tests were made to determine

pure water flux and molar mass cut-off (MMCO).

Filtration tests with humic acid solutions were carried

out to provide initial indications of performance in

industrial applications. The obtained results showed

that addition of titanium dioxide particles in small

amounts had a positive impact on virgin cellulose

ultrafiltration membranes. Tested samples had good

mechanical stability, stable pure water flux and a

MMCO typical for commercial ultrafiltration

membranes. In addition, all tested samples showed

excellent fouling resistance to humic acid solutions. In

general, incorporation of titanium dioxide particles

into cellulose matrix membrane should be taken into

account as a potential way to create ultrafiltration

membranes with high operation performance.

Keywords Cellulose � Ionic liquid � Ultrafiltration �
TiO2 nanoparticles � Immersion precipitation

Introduction

Cellulose membranes are widely utilized in industry

and research, with variety of applications in manufac-

turing and the pharmaceutical industry. In a view of

unique cellulose properties and natural prevalence

among vast range of polymer materials this material

has attracted the attention of scientists since the very

beginning of membrane technology development

(Baker 2004; Mulder 2003). This consideration can

be attributed to the low material costs, perfect

hydrophilicity, non-toxicity and biodegradability of

cellulose. However, this polymer is also well-known

due to difficulties in dissolution and further processing,

because of large amount of intra- and intermolecular

hydrogen bonds in cellulose chains. Nowadays almost

all existing and industrially utilized traditional ways of

cellulose dissolution and shaping can be considered as

hazardous or technologically complicated (Hameed

et al. 2013). As an example, viscose process, the oldest
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and the most used one globally (Fink et al. 2014),

produces not only cellulose films and fibres, but also an

unreasonable amount of gaseous and aqueous by-

products.

Thus, growing interest in environmentally friendly

processes is encouraging scientists to find alternatives

for existing methods of cellulose dissolution, and

recent findings in the area of organic solvents have led

ionic liquids to be considered as an alternative solvent

for cellulosic materials (Kosan et al. 2008; Gericke

et al. 2012). Ionic liquids (molten salts consisting of

anions and cations) are non-flammable, recyclable,

and chemically and thermally stable solvents. It has

already been shown that at least some of them yield

good results in the cellulose dissolution process

(Zhang et al. 2005; Liu et al. 2013). Hence, ionic

liquids can be regarded as a valid substitute for volatile

organic solvents in cellulose membrane production.

Their inherent properties mean that ultrafiltration and

nanofiltration membranes prepared out of cellulose

and ionic liquids can be used in a wide range of

industrial purification applications. Therefore, usage

of mentioned combination will certainly improve

membrane effectiveness and lead for the new ways

of membrane production.

All above mentioned membrane types, such as

ultra-, nano- and microfiltration, can be prepared with

phase inversion process-immersion precipitation tech-

nique. This technique is one of the most studied

membrane preparation processes (Baker 2004).

Immersion precipitation can be used to prepare

membranes out of a wide range of different polymers.

Using this approach, these polymers can be trans-

formed into a membrane with desirable properties by

appropriate choice of a suitable solvent for the casting

solution and non-solvent for the coagulation bath

(Mulder 2003; Reuvers et al. 1987). However, final

membrane properties (morphology, pure water flux,

solute rejection) can be tailored not only with basic

casting conditions, but also with big variety of

additional ones. So, one more option for control of

membrane effectiveness is to modify the membrane

properties during the preparation process by altering,

for example, the coagulation bath temperature, the

concentration of cellulose in the casting solution, or by

incorporating metal oxide nanoparticles in the mem-

brane matrix. Recently, the latter one has gained an

interest from different scientific groups because of

unique properties of metallic oxide particles. One of

the most studied for now, titanium dioxide has been

the focus of much research, because of its hydrophilic-

ity, photocatalytic effects and anti-bacterial properties

(Yang et al. 2006; Sotto et al. 2011). According to

already done studies, there are two ways for creation

of titanium dioxide/polymer membrane. One approach

is to incorporate metal oxide nanoparticles in the

casting solution and prepare a blended titanium

dioxide-polymer membrane (Zhu et al. 2012). Another

possibility for casting of metal oxide treated mem-

branes is to focus on changing the membrane surface

through self-assembly of nanoparticles (Li et al.

2009). Although, in this case, natural chemical or

physical interaction should exist between titanium and

the membrane material. In this study, creation of

titanium dioxide-cellulose blended membranes with

direct incorporation of nanoparticles into the mem-

brane matrix was chosen as the most appropriate

approach.

The objective of the work reported in this paper was

to prepare cellulose and cellulose-titanium dioxide

mixed matrix membranes via immersion precipitation

using a new type of green solvent, 1-ethyl-3-

methylimidazolium acetate, to dissolve the cellulose.

To the best of our knowledge, this research is a first

ever attempt to create and characterize mixed-matrix

cellulose-titanium dioxide membrane, based on dis-

solution of cellulose in ionic liquid. The influence of

the nanoparticle filler and solvent type on the

morphology of the newly created ultrafiltration mem-

branes was assessed using X-ray diffraction (XRD),

atomic force microscopy (AFM) and field emission

microscopy (FESEM) techniques. Investigation of

cellulose membrane surface chemistry was done with

contact angle measurements. In addition, a number of

ultrafiltration experiments was carried out to deter-

mine the effect of the nanoparticles concentration and

solvent type on the filtration performance of the

membrane.

Experiments

Materials

Ionic liquid, 1-ethyl-3-methylimidazolium acetate

([emim][OAc]), was obtained from BASF (Basion-

icsTM BC01, CAS: 143314-17-4, assay[98 %) and

used as received in preparation of a membrane casting
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solution. Cellulose (degree of polymerization 780, a-
cellulose content[93 %) for the membrane prepara-

tion was purchased from Domsjö pulp mill, Sweden.

Titanium dioxide nanoparticles with a reported pri-

mary particle size of 21 nm (Degussa, Aeroxid TiO2

P25) were used as an inorganic additive in the

membrane casting solution. Humic acid (HA) and

dextran (with different mean molar masses of 20, 40,

70, 110 and 150 kDa) were supplied by Sigma-

Aldrich and Pharmacosmos, respectively. HA (tech.

cat.: H1, 675-2) water solutions with a concentration

of 200 ppm were used as a model organic foulant

during membrane filtration tests. Dextran water solu-

tions of 200 ppm concentration were used to deter-

mine the cellulose membrane molar mass cut-off.

Deionized water was used for preparation of all

membrane samples (as a coagulant) and during

membrane storing and testing.

Membrane preparation

Flat sheet cellulose membranes were prepared with a

phase inversion (immersion precipitation) method

(Baker 2004; Reuvers et al. 1987). An appropriate

amount of cellulose was ground and dissolved in the

ionic liquid under vigorous stirring at 90�C for 12 h to

produce a 9 % casting solution. It should be noted that

insufficient mixing can lead to the formation of

undissolved cellulose lumps in the solution (Cao

et al. 2009).These unevenly distributed lumps may

cause defects in the cellulose film during membrane

casting and precipitation, which can be a cause for

significant changes in the filtration and retention

ability of the membrane samples.

For formation of the cellulose-titanium dioxide

blended membranes, a precise amount of TiO2

nanoparticles (0.1, 0.5 or 1 wt%) was dispersed in

the ionic liquid and the dispersion was placed in an

ultrasound bath for 30 min to prevent possible imme-

diate agglomeration of the metal oxide particles. The

dispersion was then added to the hot cellulose-

[emim][OAc] solution. The solution with the polymer

and the regarded amount of nanoparticles was placed

into the hot oil bath for 12 h under vigorous stirring.

Finally, light-yellow and transparent cellulose or

white cellulose-titanium dioxide solution was

obtained. It was left for 2 h without stirring to prevent

occurrence of defects in the film by air bubbles in the

casting solution. The resultant casting solution was

poured onto a non-woven PET support material

(Ahlstrom Filtration LLC, grade 3329) and distributed

with an adjustable casting knife (BYK Additives &

Instruments) via an automatic film applicator (BYK

Additives & Instruments) at room temperature. Cast-

ing speed was uniform throughout (50 mm/s) and

nominal film casting thickness was 250 lm for all cast

membranes. The samples created were immediately

immersed in the coagulation bath with deionized water

at 19�C for 24 h. The membranes obtained were stored

in deionized water to prevent the samples from drying

and to guarantee complete phase separation (solvent

removal).

Characterization of membranes

All prepared flat sheet ultrafiltration cellulose-tita-

nium dioxide membranes were investigated in terms

of morphology, pure water flux, MMCO, contact angle

and fouling.

Membrane morphology

Field emission scanning electron microscopy (FESEM,

Philips XL30 FEG) was used for observation and

characterization of the cross-sections of the membranes

obtained. Wet membrane samples were cut into small

pieces and semi-dried with filter paper. The half-dried

pieces were then immediately immersed in liquid

nitrogen prior to being cut with razor blades to get

clean cross-sections for further analysis. The samples

obtained were coated with a thin gold layer before

scanning to improve electrical conductivity.

XRD analysis

To determine the crystal phase composition of the

TiO2 nanoparticles and to ascertain formation of

membranes of mixed-matrix nature, X-ray diffraction

(XRD) measurements were carried out with an

acceleration voltage of 40 kV and 30 mA emission

at room temperature (Bruker D8 Advance).

Contact angle measurements

The membrane surface hydrophilicity was examined

with optical tensiometry (Theta model, Attention)

using a sessile drop method. All membrane samples

were dried prior to the contact angle experiments to
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obtain a flat and homogeneous surface. A deionized

water drop (3 lL) was automatically distributed onto

the membrane by the system syringe. The contact

angle between the water drop and membrane surface

was measured and recorded for further calculations.

For each sample, five random locations were utilized

to minimize possible measurement error. The contact

angle results are an average of the five trials for each

membrane.

AFM analysis

The surface roughness of the blended membranes was

characterized with AFM (BrukerMultimode 8) using a

root mean square (RMS) roughness determination

mode. All samples were dried and cleaned with

pressurized air before the measurements. An area of

10 9 10 lm was taken as the determination area. All

further calculations were carried out by the program

software.

Pure water flux measurements

All PWF, MMCO and fouling filtration tests were

carried out in an in-house made cross-flow filter

equipped with two parallel cells of active membrane

surface area of 40 cm2 (Fig. 1). All membrane sam-

ples were washed thoroughly with distilled water to

remove possible ionic liquid residue. The washed

membranes were fixed in the filtration cells and

pressurized with water for 30 min under 2.5 bar and

23�C temperature. This step was taken to prevent any

possible compaction effect causing errors in future

PWF tests (Stade et al. 2013). The operating pressure

was then reduced and all further filtration experiments

were run at 1 bar and room temperature. Pure water

fluxes were calculated according to the following

Eq. (1):

F ¼ Q=A� Dt ð1Þ

where Q is the quantity of collected permeate (kg), A

is the active membrane area (m2), and Dt is the

sampling time (h).

Molar mass cut-off experiments

MMCO of all the obtained samples (cellulose and

cellulose-titanium dioxidemembranes) was determined

using 200 ppm aqueous solutions of dextrans of

different molar mass. Filtration experiments were

performed in the same cross-flow set-up as the PWF

experiments (Fig. 1). Concentrations of the sample feed

and permeates were analyzed with a total organic

carbon analyzer (TOC-L, Shimadzu). Retention (R)

was calculated according to the Eq. (2):

R ¼ cf � cpð Þ=cf � 100% ð2Þ

where cf is the concentration of dextran in the feed

solution, and cp is the concentration of dextran in the

permeate.

Molar mass with retention higher than 90 % was

considered to be the MMCO of the ultrafiltration

membranes.

Fouling tests with humic acid solutions

All membranes were tested with humic acid aqueous

solutions (200 ppm) to determine their anti-fouling

and retention ability for humic acid compounds.

Filtrations were carried out at 1 bar operational

pressure and at room temperature for 24 h. PWF was

measured before and after the fouling experiments to

find the normalized flux ratio (NFR) that characterizes

the anti-fouling ability of the membrane. NFR was

calculated according to the following Eq. (3):

NFR ¼ F2=F1ð Þ � 100% ð3Þ

where F2 is the flux after the fouling experiments (kg/

m2 h), and F1 is the flux before the fouling experi-

ments (kg/m2 h).

Higher membrane NFR values indicate better

antifouling properties.

Concentrations of the HA sample feed and perme-

ates were analyzed with a UV–visible spectroscopy

(Jasco V-670 spectrophotometer) to evaluate retention

of humic acid from the water solutions.

Results and discussion

Morphological studies

The presence of nanoparticles and their distribution in the

cellulosemembranematrix was observed with a FESEM

microscope. Cross-section micrographs (Fig. 2) of the

prepared samples were taken to characterize possible

changes and to study the effect of titanium dioxide on the

membrane structure. No information about pore size or

3868 Cellulose (2015) 22:3865–3876

123



pore size distribution could be obtained from the FESEM

micrographs, which is typical for cellulose membranes

precipitated from solutions of cellulose in ionic liquids

(Cao et al. 2010; Li et al. 2011).

The cellulosemembrane without additives (Fig. 2a)

was seen to have a macrovoid-free and dense-layered

structure. This observation can be explained by the

mechanism of the cellulose dissolution in ionic liquid

and subsequent precipitation process. During prepa-

ration of the casting solution, numerous cellulose

hydroxyl groups form an association with the organic

cation [emim?] and organic anion [OAc-] of the

solvent. With such a tight ionic interaction, it will take

a longer period of time for the ionic liquid components

to overcome the chemical bonding forces and diffuse

into the coagulation bath (water) during membrane

precipitation. In addition, the high concentration of the

casting solution (Cao et al. 2009; Pinkert et al. 2009)

results in a slower penetration velocity of the coagu-

lant (water), resulting in prolongation of the precipi-

tation time and formation of a dense-layered

membrane structure. Thus, high dope viscosity may

also lead to dense membrane formation with suppres-

sion of possible macrovoid occurrence (Li et al. 2011).

The FESEM micrographs (Fig. 2a–c) can be consid-

ered as demonstrating the influence of the ionic liquid

chemistry on cellulose matrix during membrane

formation and precipitation. The achieved membrane

structure had a completely different dense-layered

structure than found in commercial cellulose mem-

branes created with utilization of traditional organic

solvents.

It can be clearly observed from Fig. 2b–d, that TiO2

nanoparticles are trapped in the cellulose matrix. Also

it can be seen that nanoparticles distribution increases

with augmentation in TiO2 concentration. However,

an agglomeration effect occurs with growth in the

particle concentration distribution (from 0 to 1 %).

The presence of big nanoparticle agglomerates in the

cellulose membrane matrix, Fig. 2c–d, can be

explained with the high viscosity of the casting

solution, which prevents even distribution of the

nanoparticles in the casting solution even with inten-

sive mixing. Although nanoparticles have a natural

affinity for aggregates formation in ionic liquid

suspensions due to lack of electrostatic repulsion, the

viscosity of the casting solution also has a significant

effect. Thus, during film casting and subsequent

Fig. 1 Schematic diagram of experimental cross flow set: (1) thermometer, (2) feed tank, (3) temperature control, (4) feed valve, (5)

pump, (6) manometer, (7) membrane module, (8) pressure valve, and (9) flow meter
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immersion precipitation, titanium dioxide nanoparti-

cle clusters stay trapped in the membrane matrix. The

FESEM micrographs in this study indicate that the

addition of titanium dioxide nanoparticles does not

appear to impact membrane morphology. All created

samples can be characterized as macrovoid-free and

dense-layered membranes.

XRD analysis

The X-ray diffraction diagrams of the cellulose-

titanium dioxide mixed matrix membrane and TiO2

nanoparticles are shown in Fig. 3. The diffraction

pattern in the XRD analysis shows the nanoparticle

crystal structure type and confirms the presence of

TiO2 in the cellulose matrix.

Titanium dioxide particles can exist in two different

crystal forms: rutile and anatase. The anatase form has

photocatalytic properties and high hydrophilicity,

which makes it an appealing additive for membrane

manufacturing (Balta et al. 2012). In Fig. 3, the one

main peak at 25.3� characteristic for the anatase form
of titanium dioxide can clearly be seen, while the other

peaks belong to the rutile form (about 20 % of the

initial product; more detailed information can be

found from the product specification).

The diffraction peaks from the mixed matrix

membrane at 12.1� and 21� can be assigned to

cellulose II (crystal). Though Domsjö cellulose is

known to be cellulose I crystalline type, a finding of

earlier studies, its dissolution in ionic liquid and

further precipitation initiates crystalline structure

transformation (Li et al. 2011; Liu et al. 2013). The

diffraction peak for the anatase form of TiO2 remains

the same, but with lower intensity, due to the

nanoparticles embedded in the membrane matrix.

The rutile form is almost undetectable in the analyzed

membrane sample because of the small amount of this

form in the pure product. Thus, the XRD results can be

taken as indicating that a reasonable amount of anatase

TiO2 was trapped in the cellulose membrane during

the immersion precipitation process, and it can be

concluded that a cellulose-TiO2 mixed matrix mem-

brane was successfully obtained.

Contact angle measurements

The contact angle between the prepared membranes

and water was measured with a sessile drop method to

evaluate the hydrophilicity of the obtained samples.

Surface hydrophilicity is a critical membrane property

because it can directly affect the flux and fouling

Fig. 2 FESEM micrographs of cellulose UF membrane cross-sections with different amounts of TiO2 nanoparticles: a 0 %, b 0.1 %,

c 0.5 % and d 1 %
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resistance of the membrane. Contact angle data for the

differentmembrane samples is summarized inTable 1.

As can be seen from the data, the contact angle of

the mixed matrix membranes gradually decreases with

increase in TiO2 content in the cellulose membrane

matrix, indicating that addition of nanoparticles to the

casting solution enhances hydrophilicity. The decreas-

ing trend in contact angle can be explained with the

high natural hydrophilicity of titanium dioxide

nanoparticles (Huang et al. 2012). In this case,

embedded metal oxide particles, trapped too close to

membrane surface, may provide more hydrophilic

groups, improving membrane hydrophilicity.

However, a noticeable change in hydrophilicity can

be detected for samples with a relatively small amount

of TiO2 (0.1 and 0.5 %), while 1 % TiO2 mixed-

matrix membranes exhibit almost the same value of

contact angle as that 0.5 % TiO2 membranes. This

effect can be explained with changes in nanoparticles

distribution in the membrane matrix. The FESEM

micrographs, Fig. 2b, show that the distribution of

nanoparticles at small concentration is almost uni-

form, without any big aggregation effect. However,

increasing the amount of nanoparticles in the mem-

brane matrix leads to aggregate formation (Fig. 2c–d).

Thus, reduced effective area of newly formed aggre-

gates may cause the observed effect on contact angles

(Oh et al. 2009).

AFM analysis

Membrane surface roughness has the same level of

importance as hydrophilicity for characterization of

membranes. With knowledge of certain sample

roughness anti-fouling and filtration abilities for

newly developed membranes can be explained

(Pinkert et al. 2009). AFM images for the cellulose

Fig. 3 XRD diagrams of titanium dioxide powder and cellulose-titanium dioxide mixed matrix membrane with 0.1 % TiO2

Table 1 RMS, PWF and contact angle values of mixed matrix

membranes as a function of additive concentration

Membrane sample RMS

(nm)

PWF

(kg/m2 h)

Contact

angle (�)

Cellulose 15 21 37

Cellulose ? 0.1 %TiO2 22 26 27

Cellulose ? 0.5 %TiO2 42 29 22

Cellulose ? 1 %TiO2 131 25 21

Cellulose (2015) 22:3865–3876 3871

123



and cellulose-titanium dioxide membranes are pre-

sented in Fig. 4. It can be seen that the cellulose

membrane surface is almost homogeneous with

typical granular morphology, with the exception of

some errors caused by dirt accumulation during

sample preparation (Fig. 4a). The surfaces of the

mixed-matrix membranes are not smooth, with

obvious growth in the RMS parameter, as can be

seen from Table 1.

The detected change in the RMS of the surface of

the mixed matrix membranes can be explained with

the presence of TiO2 nanoparticles in the membrane

body. The originally homogeneous and smooth poly-

mer matrix covers the particles and aggregates, which

causes roughness growth. With increase in TiO2

concentration, the aggregation effect also increases,

which results in the higher RMS values for the 1 %

TiO2 mixed matrix membranes (Table 1). These

observations are in agreement with similar research

on membrane creation with other polymers and

solvents (Zhu et al. 2012).

Ultrafiltration experiments

The influence of TiO2 nanoparticles concentration on

the mixed matrix membrane PWF and retention of

dextran from themodel compoundwater solutions was

studied with filtration experiments. As shown in

Fig. 5, the cellulose membrane demonstrates rela-

tively low but stable PWF of 21 kg/m2 h at 1 bar

operating pressure and room temperature. The some-

what lower permeate flux compared to commercial

cellulose UF membranes can be explained with

differences in membrane morphology caused by

unique interactions between the casting solution and

coagulation media (deionized water) during the

immersion precipitation process. The high viscosity

of the casting solution causes lower velocity of the

membrane precipitation with suppression of macro-

void occurrence and formation of a dense-layered

structure for all membranes cast. This newly formed

structure with minimal roughness of the membrane

surface (Table 1) and a dense filtration layer may lead

Fig. 4 3-DAFM surface images of cellulose UFmembranes with different amounts of TiO2 nanoparticles: a 0 %, b 0.1 %, c 0.5 % and

d 1 %
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to prolonged sample wettability time and also signif-

icantly decreased permeation of water. The high

density of the cellulose membrane thus results in

relatively low PWF (Yang et al. 2006).

The PWF of the mixed matrix samples analyzed

showed a clear trend of growth in PWF with increase

in the amount of TiO2 nanoparticles in the membrane

body. However, at the highest studied additive con-

centration (1 % TiO2) PWF decreased almost to the

level of the 0.1 % TiO2- cellulose membrane.

From Table 1, it can be seen that the increase in the

PWF values of the membranes may be caused by the

growth in membrane surface roughness and decrease

in contact angle (enhanced sample hydrophilicity).

However, the RMS of the 1 % TiO2 membrane is the

highest, while the contact angle is the lowest, yet this

membrane still exhibited a quite low PWF value. This

result can be explained with the combined effect of the

dense membrane structure and the aggregation affinity

of titanium dioxide nanoparticles. Big aggregate

nanoparticle clusters may act as a bonding agent for

polymer chains during the immersion precipitation

process, resulting in the formation of a packed

membrane structure (Arsuaga et al. 2013). The large

nanoparticle aggregates observed in the membrane

matrix for 1 % concentration of TiO2 nanoparticles in

the casting solution may greatly affect the membrane

morphology and filtration ability, suppressing all

positive effects deriving from the addition of the

nanoparticles to the membrane matrix.

Molar mass cut-off curves were made for all

membrane samples by measuring solute retention

with various dextran compounds of molar masses from

20 to 150 kDa. The results are presented in Fig. 6.

As can be seen from Fig. 6, retention for all samples

increases with growth in dextran molar mass. The

curves are gradual, without any noticeable peaks,

which indicate similar pore size distribution for all

membrane samples. The MMCO of the cellulose

membrane is around 110 kDa, while that of the 0.1 and

0.5 % TiO2 membranes is around 150 kDa. The cut-

off of the 1 % TiO2 membrane was found to be higher

than 150 kDa (retention for 150 kDa dextran was

about 81 %). It is interesting to note that the retention

values of 150 kDa dextran do not exhibit any signif-

icant difference, for all membranes, which allows the

assumption to be made that addition of TiO2 did not

initiate any significant change in pore formation.

However, retention results for smaller molar masses

were found to be clearly different, with the cellulose

membrane showing the best rejection for 20 kDa

dextran. The results can be explained as being

indicative of the membrane separation being based

on the sieve effect for compounds with large molar

masses (110 and 150 kDa). Additionally, the purity of

the dextran should be taken into account: all dextrans

Fig. 5 PWFmeasurements for cellulose and cellulose-titanium dioxide mixedmatrix membranes at 1 bar operating pressure and room

temperature
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used in the ultrafiltration experiments were technical

grade compounds with main molar mass ratio of

C90 %. Thus, some small weight impurities could

slightly change MMCO results for the tested mem-

brane samples.

The fact that all membranes were found to be very

dense, based the FESEM images, corresponds to the

PWF results but does not correlate with the MMCO

results. These conflicting findings may have an

obvious explanation, as discussed elsewhere (Li

et al. 2011). Namely, all FESEM pictures were taken

for dry membrane samples and the UF tests were

carried out in a wet state; cellulose is known to change

remarkably during the drying process. In the filtration

experiments, all samples were treated with water until

they attained their swelling equilibrium, thus the

membrane sample pores were open, allowing the

dextran molecules to penetrate the membrane surface.

However, during the drying process, pores collapse

and close, which in this case may have led to the

inability of FESEM to detect pores.

Humic acid filtration

Humic acid compounds are known to be one of themost

abundant contaminants in natural waters. Combination

of these substances with other non-humic chemicals

(also called natural organic matter or NOM) are

considered a major fouling agent for surface water

membrane purification processes, especially

ultrafiltration (Costa and de Pinho 2005; Gullinkala

and Escobar 2010). All the prepared membranes were

tested with a 200 ppm water solution of HA in a cross-

flow set-up (flow velocity = 1.33 m/s and Re = 2520)

for 24 h. PWFwasmeasured before and after the humic

acid filtrations and rinsing to calculate the NFR values.

All effluents were analyzed with UV–visible spec-

troscopy to evaluate retention of humic acid from the

water solutions. Results are presented in Table 2. It can

be seen that the NFR values are 100 % for all tested

membranes, both mixed-matrix and pure cellulose. In

practice, this practically means that all the prepared

membrane samples had very good anti-fouling ability

for the humic acid compound.

Such a high NFR can be explained with excellent

membrane hydrophilicity. Furthermore, cellulose is

known to be a non-charged (or only slightly negatively

charged) polymer, which can help prevent molecules of

HA accumulating on the membrane surface to form a

Fig. 6 Dextran MMCO curves for mixed matrix membranes with different amounts of additive in the membrane body

Table 2 NFR and humic acid retention values calculated for

cellulose and mixed-matrix membranes (all measurements

were done at room temperature, operating pressure of 1 bar,

flow velocity of 1.33 m/s and Re = 2520)

Membrane sample NFR (%) Retention of HA (%)

Cellulose 100 80

Cellulose ? 0.1 % TiO2 100 78

Cellulose ? 0.5 % TiO2 100 76

Cellulose ? 1 % TiO2 100 70
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surface cake. No direct influence of the titanium dioxide

nanoparticles could be noted, since all the membranes

demonstrated perfect anti-fouling properties.

The retentionvalues for theHAwater solutions show

the same trend aswith theMMCOmeasurements.HA is

a mixture of differently sized molecules, so it is

expected that retention values do not reach 100 %.

Conclusions

Cellulose and mixed matrix (cellulose-titanium diox-

ide) ultrafiltration membranes were successfully pre-

pared via immersion precipitation from cellulose

dissolved in an ionic liquid, 1-ethyl-3-methylimida-

zolium acetate (C8H14N2O2), a new type of green

solvent. The effect of the nanoparticle concentration in

the casting solution on the membrane morphology and

filtration performance was studied. The morphologies

and properties of the resulting membranes were inves-

tigated with XRD, FESEM and AFM characterization

techniques. The study showed that the addition of small

concentrations of TiO2 to the membrane casting

solution had a negligible effect on the membrane

structure but led to an increase in PWF. Larger amounts

of nanoparticles caused slight changes in membrane

structure (titanium aggregates formation) but no

marked change in the filtration properties. All the

prepared membranes showed perfect anti-fouling abil-

ities for humic acid water solutions, (NFR = 100 %).

Differences in retention between the cellulose mem-

brane and mixed matrix membranes with a small

amount of TiO2 (0.1–0.5 %TiO2)were found to be very

moderate. The 1 % TiO2 mixed matrix membranes

showed the lowest retention results. The results suggest

that the addition of larger amounts of nanoparticles to

themembranematrix is not beneficial, because the PWF

andmodel compound retention values for these samples

exhibited almost no improvement. It can be concluded

that the addition of only small amounts of nanoparticles

to the cellulose matrix is sufficient for significant

improvement in membrane filtration performance.
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